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	Figure 11.4 66-year-old asymptomatic woman with bilateral squamous cell lung cancers. Contrast-enhanced CT shows nodules in the left upper lobe (*) and right upper lobe (arrow). Although classification is M1a (nonresectable) left upper lobectomy was performed and right lung malignancy was treated with stereotatic radiation. Note M1a designation may imply a worse prognosis than is warranted.

	Figure 11.5 58-year-old woman with a left upper lobe non-small cell lung cancer being evaluated for surgical resection. a: CT shows a left upper lobe mass (M) and small (short axis diameter < cm) nodes in the ipsilateral mediastinum (arrow). b: Axial PET-CT shows increased [18F]-2-deoxy-D-glucose (FDG) uptake in the mass and in the left lower paratracheal lymph nodes. Biopsy was positive for nodal metastatic disease and the patient underwent induction chemotherapy followed by surgical resection.

	Figure 11.6 78-year-old man with a right upper lobe non-small cell lung cancer (NSCLC) being evaluated for surgical resection. a: CT shows a right upper lobe mass (M) and small (short axis diameter 1 cm) node in the ipsilateral mediastinum (*). b: Axial PET-CT shows increased [18F]-2-deoxy-D-glucose (FDG) uptake in the mass (M) and in the right lower paratracheal lymph node (*). Biopsy was negative for nodal metastatic disease and the patient underwent surgical resection. Note in patients with NSCLC and small nodes on CT and a positive PET, the predicted posttest probability of N2 malignancy is 62%.

	Figure 11.7 60-year-old woman with non-small cell cancer of the right lower lobe and adrenal adenomas. a: Contrast-enhanced CT shows a right lower lobe mass (M). b: Axial, unenhanced CT shows well-circumscribed, lipid-rich adrenal adenomas (arrows) with homogeneous low attenuation of approximately 2 Hounsfield units (HU). The unenhanced CT attenuation of less than 10 HU permits benign diagnostic characterization.

	Figure 11.8 45-year-old woman with left upper lobe non-small cell lung cancer and solitary bone metastasis presenting with neck and shoulder pain. a: Contrast- enhanced CT shows a spiculated left upper lobe nodule. b: Whole-body PET maximum intensity projection image shows increased [18F]-2-deoxy-D-glucose (FDG) uptake in the left lung nodule (*), hilar and mediastinal nodes (short arrows) and in the right shoulder region (long arrow). B, accumulation of FDG in the bladder; L = liver, S = spleen. C. Axial PET-CT shows increased uptake of FDG in the corocoid process of the scapula (arrow) suspicious for a metastasis (arrow). Biopsy confirmed metastatic disease and the patient was treated palliatively.





	Chapter 12

	Figure 12.1 a: EBUS-TBNA scope during a procedure. b: Needle aspect on the scope. c: Ultrasound image of a lymph nodal biopsy.

	Figure 12.2 Videomediastinoscopy: visualization can be done directly through the scope (a) or on the HD monitor (b) [37]. 

	Figure 12.3 a–f: The International Association for the Study of Lung Cancer (IASLC) lymph node map as applied to clinical staging by computed tomography scan in axial (a–c), coronal (d), and sagittal (e, f) views. The border between the right and left paratracheal region is shown in a and b. Ao, aorta; AV, azygos vein; Br, bronchus; IA, innominate artery; IV, innominate vein; LA, ligamentum arteriosum; LIV, left innominate vein; LSA, left subclavian artery; PA, pulmonary artery; PV, pulmonary vein; RIV, right innominate vein; SVC, superior vena cava [55]. 

	Figure 12.4 a: Algorithm for population of non-small-cell lung cancer clinically staged T1–4, N0–3, with no distant metastases, potentially surgically resectable patients. aT1: primary tumour diameter 3 cm or smaller and surrounded by lung or visceral pleura, or endobronchial tumor distal to the lobar bronchus. Modified from Darling et al. [14]. b: A mediastinal staging approach for patients with stage IIIA N2 disease.





	Chapter 14

	Figure 14.1 a: Thoracoscopic lobectomy port placement options for right-sided surgery. b: Thoracoscopic lobectomy port placement options for left-sided surgery.

	Figure 14.2 a: Steps for thoracoscopic right upper lobectomy; posterior pleural dissection. b: Steps for thoracoscopic right upper lobectomy; right upper lobe pulmonary vein dissection. c: Steps for thoracoscopic right upper lobectomy; right upper lobe truncus arteriosus pulmonary artery dissection. d: Steps for thoracoscopic right upper lobectomy; posterior ascending pulmonary artery branch and right upper lobe bronchus dissection. Abbreviations: PA, pulmonary artery; PV, pulmonary vein; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe; TA, truncus anterior.

	Figure 14.3 Steps for thoracoscopic right middle lobectomy. Abbreviations: PA, pulmonary artery; PV, pulmonary vein; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe; TA, truncus anterior.

	Figure 14.4 Steps for thoracoscopic right lower lobectomy. Abbreviations: PA, pulmonary artery; PV, pulmonary vein; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe.

	Figure 14.5 Steps for thoracoscopic left upper lobectomy. Abbreviations: LLL: left lower lobe; LUL, left upper lobe; PA, pulmonary artery; PV, pulmonary vein.

	Figure 14.6 Steps for thoracoscopic left lower lobectomy. Abbreviations: LLL: left lower lobe; LUL, left upper lobe; PA, pulmonary artery; PV, pulmonary vein.





	Chapter 15

	Figure 15.1 Polypropylene mesh reconstruction with methylmethacrylate.

	Figure 15.2 Axial imaging CT demonstrates bony involvement of both rib and vertebra.

	Figure 15.3 Extensive resection of the spine due to local invasion requires stabilization with hardware as demonstrated in postoperative imaging (a) and intraoperative photograph (b).

	Figure 15.4 Resection of superior sulcus tumor in conjunction with spine (stabilization hardware shown) and subclavian vessel (replaced by ringed PTFE graft).





	Chapter 16

	Figure 16.1 Selection of appropriate endobronchial therapeutic options based on location and type of lesion. Source: Reproduced with permission of Dr R. Morice.

	Figure 16.2 a: A 69-year-old female with adenoid cystic carcinoma presenting with severe dyspnea and tumor obstructing the lower trachea and bilateral mainstem bronchi. b: Sequential balloon dilation of the lower tracheal stricture. c: Restoration of airway patency after sequential balloon dilation and tracheobronchial silicone Y stent placement.

	Figure 16.3 a: A 49-year-old female presenting with dyspnea and complete obstruction of the right bronchus intermedius from a right middle lobe adenocarcinoma. b: Complete recanalization of the right bronchus intermedius and right lower lobe following snare electrocautery and argon plasma coagulation of the endoluminal mass.





	Chapter 17

	Figure 17.1 a: Cross section of a tracheal tumor. * = submucosa, # = mucosa, [image: inline] = c-shaped cartilage ring, + = membranosus part, ++ = trachealis muscle. b: CT-scan showing a well-defined tracheal tumor at the anterior wall of the trachea. white arrow indicating tracheal tumor. c: Bronchoscopic view on an intraluminal tracheal tumor with high grade luminal occlusion.

	Figure 17.2 a: Anterior view on the middle and distal part of intrathoracic trachea after mobilizing ascending aorta (AO). # = part of trachea to be removed due to a tracheal tumor. b: Lateral intraoperative view of the dissected trachea and a placed running suture at the posterior wall. c: Tightened running suture. d: Single sutures (7x) at the anterior wall of the trachea. e: Tightened single sutures and closed anastomosis.
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	Figure 20.1 A 62-year-old male with inoperable Stage IIIB NSCLC. 60 Gy in 30 fractions was delivered to this site safely. Treatment planning was done using PET-CT registration. a: A CT scan slice from the treatment planning simulation with the planning target volume outlined in red. b: The FDG-PET image of the corresponding slice. The 6000 cGy, 4000 cGy and 2000 cGy isodose curves are shown in green, cyan and blue respectively.

	Figure 20.2 An 89-year-old male with medically inoperable early stage NSCLC. 54 Gy in three fractions was delivered to this site safely. The yellow contour represents the gross tumor volume. The green, white and blue isodose curves represent 1000 cGy, 4000 cGy and 5400 cGy respectively. The normal structures which need to have their radiation dose minimized include the chest wall (magenta), spinal cord (yellow), esophagus (blue), bronchial tree (orange and blue).

	Figure 20.3 Varian kV Imaging system (OBI). The kV source, kV detector, and MV detector are all mounted on robotic arms.
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	Figure 21.1 Total dose versus log of survival probability (retained ability to form colonies, clonogenicity) for idealized treatments given in a single fraction and for similar doses given in multiple fractions.

	Figure 21.2 Targeting and dose construction for a typical SBRT treatment in the lung. Ten nonopposing and noncoplanar beams deliver radiation fluence to the demarcated tumor target with high dose delivery to the tumor and margin and rapid falloff in all directions.

	Figure 21.3 Patient with a solitary pulmonary nodule before and 2 years after treatment with SABR. The tumor has dramatically reduced in size, but a remnant remains. The lung shows some focal fibrosis and the nearby pericardium is thicker in the posttreatment scan.





	Chapter 22

	Figure 22.1 a: A typical proton dose distribution for a Bragg peak. b: Spread-out Bragg peak.

	Figure 22.2 Typical beam arrangement for a passive scattering proton therapy plan. The internal gross tumor volume (iGTV) is shown in maroon; the surrounding clinical target volume (CTV) in khaki (green); and the planning target volume (PTV) in aqua. Arrows indicate beam angles. The numbers at top indicate isodoses in cGy, as represented by the respective colors.

	Figure 22.3 a: Typical dynamic spot scanning beam. b: Illustration of scanning beam dose painting.

	Figure 22.4 Comparison of dose distributions from intensity-modulated (photon) radiation therapy (IMRT) and those from intensity-modulated proton therapy (IMPT) for stage III NSCLC.





	Chapter 23

	Figure 23.1 Overall and progression-free survival curves for patients in a meta-analysis of concurrent vs. sequential chemoradiation for locally advanced non-small cell lung cancer. Source: From Auperin A, Le Pechoux C, Rolland E et al. (2010) Meta-analysis of concomitant versus sequential radiochemotherapy in locally advanced non-small-cell lung cancer. J Clin Oncol, 28: 2181–90 [36]. Reproduced with permission of American Society of Clinical Oncology.

	Figure 23.2 a: Improvement of locoregional control translating to a benefit in overall survival in patients treated with definitive radiation therapy. b: Declining rates of locoregional control (LRC) over time for 1390 patients, from 46% immediately after treatment to 8% at 5 years. FFLP, freedom from locoregional progression. c: Decreased rates of treatment failure and improved rates of overall survival with increased intensity of radiation therapy. Source: From Machtay M, Paulus R, Moughan J et al. (2012) Defining local-regional control and its importance in locally advanced non-small cell lung carcinoma. J Thorac Oncol, 7: 716–22 [44]. Reproduced with permission of Elsevier.

	Figure 23.3 Typical dose-distribution images and dose-volume histograms for use in planning treatment of stage III non-small cell lung cancer (NSCLC). Upper panel, intensity-modulated radiation therapy (IMRT) plan based on CT images; middle panel, IMRT plan based on lung single positron emission computed tomography images; lower panel, a typical dose-volume histogram. Different colors in the histogram indicate different organ structures.

	Figure 23.4 Findings from two phase III trials of irinotecan and cisplatin (IP) versus etoposide and cisplatin (EP) for extensive-stage small-cell lung cancer. A study from Japan demonstrated higher overall survival and disease-free survival with IP than with EP (panel a), but a larger trial by the Southwest Oncology Group did not demonstrate any advantage (panel b). Currently, National Comprehensive Cancer Network considers either chemotherapy couplet an option for extensive-stage disease.

	Figure 23.5 The comparative effectiveness of carboplatin versus cisplatin in chemotherapy regimens for small cell lung cancer. A meta-analysis of four randomized trials involving 663 patients revealed no differences in overall survival (panel a) or progression-free survival (panel b) for the two agents, although their toxicity profiles are different (see text).
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	Figure 25.1 Improving outcomes in lung cancer requires both physics and biological innovations. The figure represents therapeutic index curves, with the theoretical incremental improvements in therapeutic ratio with each successive improvements in technologic innovations. However, while toxicities improve with these advancements, the biologic efficacy has reached a threshold. To enhance disease outcomes will require a leftward shift in the biologic curve by combining molecularly targeted agents with radiation therapy.

	Figure 25.2 Approaches to identify the targeted agents to bring forward into clinical testing. a: Pathway-based approach of rational understanding of the interplay of DDR and cellular pathway activation after irradiation will allow the prioritizing candidates for clinical testing. These pathways represent a small example of pathways that have been shown preclinically to have important interactions with the radiation response. Red circles with a diagonal line indicate known inhibitors that can radiosensitize cells to the damaging effects of radiation. b: Screening approach to identify the genes or drugs that are synthetically lethal with radiation. In vitro discovery and downstream validation are necessary steps prior to clinical testing. GEMM, Genetically Engineered Mouse Models.

	Figure 25.3 Phase I/II trial designs for bringing targeted agents into clinical testing with radiation therapy. a: Concept of a phase I trial determine the maximum tolerated dose (MTD) with a certain drug X in combination with radiation. In a classic 3+3 dose escalation design, 3 patients are enrolled at any one time to each drug X, and flip-flops to other drugs in the pipeline. This parallel drug trial design will allow the use of a “master” template. b: After determining the MTD of drug X, patients are enrolled into a phase II trial, that could select patients based on a particular validated biomarker or stratified based on a marker of interest, and randomized to either the control or the experimental (drug X + radiation) groups. The primary endpoints commonly employed are progression free survival, 1–2 year overall survival rates, pathologic or imaging responses.





	Chapter 27

	Figure 27.1 Mechanisms of primary resistance to EGFR TKIs. a: The spectrum and relative frequency of known oncogenic drivers of primary resistance to EGFR inhibition therapy in lung cancer. b: The activation of EGFR downstream molecules and the other ErbB family member receptor tyrosine kinases bypasses EGFR inhibition signaling by EGFR TKIs and induces primary resistance to EGFR TKIs.

	Figure 27.2 Mechanisms of acquired resistant to EGFR TKIs. a: The spectrum and relative frequency of known oncogenic drivers of acquired resistance to EGFR inhibition therapy in lung cancer. b: Schematic representation of pathways to EGFR inhibitor acquired resistance. The secondary T790M mutation of EGFR leads to a decrease in the affinity to EGFR TKIs. MET or IGFR activation induces activation of the PI3K/Akt pathway, independent of EGFR activation.





	Chapter 28

	Figure 28.1 Signaling pathway of EGFR and related molecules. Binding of ligand to EGFR induce the receptors to form homodimers or heterodimers, which activate the intrinsic intracellular TK by autophosphorylation of tyrosine residues. The activation of EGFR drives signaling cascades involving downstream RAS, PI3K/AKT and STAT pathways and eventually results in cellular response such as proliferation, anti-apoptosis, increased cell motility and angiogenesis. MET amplification triggers HER3-dependent activation of PI3K/AKT pathway bypassing EGFR, which results in acquired resistance in EGFR mutant tumors. Genetic and epigenetic abnormalities targeting EGFR and downstream molecules which are associated with sensitivity (blue box) or resistance (red box) to EGR-TKIs are indicated.

	Figure 28.2 The overview of acquired resistance mechanism induced by EGFR T790M mutation. Proliferation of tumor cells induces emergence of mixed population of clones with diverse genetic abnormalities and a small number of tumor cells harboring T790M mutation appear in it. Under the influence of EGFR-TKIs, tumor cells with EGFR sensitizing mutations undergo apoptosis, while the T790M mutant cells continue to proliferate with selective pressure, which causes drug resistance.

	Figure 28.3 Common detection methods for EGFR mutation, gene copy number change, and protein expression. a: Direct sequencing results of EGFR L858R point mutation and Exon 19 deletion mutation. b: Immunohistochemistry with EGFR L858R mutation-specific antibody shows distinct membranous and cytoplasmic staining pattern in EGFR mutant tumor cells. c: EGFR amplification detected by fluorescence in situ hybridization. (Red signals, EGFR gene probe; green signals, chromosome 7 centromere probe.) d: EGFR protein expression assessed by immunohistochemistry shows distinct membranous staining pattern in the lung squamous cell carcinoma cells.

	Figure 28.4 Decision-making algorithm for patients with newly diagnosed advanced NSCLC regarding EGFR mutation tests for directing first-line EGFR-TKI therapy.





	Chapter 31

	Figure 31.1 Schema of the BATTLE study. Patients were initially randomized equally to the four study arms followed by adaptive randomization.

	Figure 31.2 Schema of the BATTLE-2 study. Adaptive randomization to the four study arms starts from the beginning of the study. Patients whose tumors harbor sensitizing EGFR mutations or EML4/ALK gene fusion are excluded.





	Chapter 32

	Figure 32.1 Evolution of knowledge in classifying non-small cell lung cancer. a: Traditional view by histology; 1987 with the discovery of KRAS mutation; 2004 with the discovery of EGFR mutation; 2009 with many new mutations identified. b: Common, rare, and overlapping mutations.

	Figure 32.2 Schematic diagram of simple randomization design, marker stratified design, marker strategy design, efficient targeted design, and Biomarker stratified Bayesian adaptive randomization design (BSBARD). Randm: Randomization; AR: Adaptive Randomization; MB: Marker Based; TX1: Standard Therapy; TX2: Targeted Therapy.

	Figure 32.3 BATTLE trials. a: BATTLE trial design schema. b: Probability of adaptive randomization by treatment and marker group at the end of the BATTLE trial.

	Figure 32.4 BATTLE-2 trial principles and design schema.





	Chapter 35

	Figure 35.1 a: Schematic of native ALK structure and cellular localization. b: Schematic of an ALK fusion oncogene. ALK rearrangements, which consist of a 5' fusion partner and the ALK tyrosine kinase domain, most commonly arise through chromosomal inversions involving chromosome 2. The resulting fusion protein is ectopically expressed and redistributed to the cytoplasm, where it is constitutively active.

	Figure 35.2 a: ALK FISH reveals split red and green probes (arrows), indicative of an ALK rearrangement. b: ALK immunohistochemistry demonstrates positive ALK staining. c: Hematoxylin and eosin stain shows signet ring cells, a common morphologic feature of ALK-positive NSCLC. From Shaw AT, Yeap BY, Mino-Kenudson M, et al. (2009) Clinical features and outcomes of patients with non-small-cell lung cancer who harbor EML4-ALK, 27(26): 4247–53. Reprinted with permission. © (2009) American Society of Clinical Oncology. All rights reserved.

	Figure 35.3 Marked radiographic response to crizotinib in an ALK-positive patient with advanced NSCLC. (a) demonstrates a pre-crizotinib radiograph; b represents a radiograph obtained 8 weeks after starting crizotinib.
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Preface



The publication of the fourth edition of Lung Cancer is occurring 20 years after the first edition. Looking back on those 20 years, the editors see major advances in our understanding of the molecular alterations in cells that cause lung cancer, the development of drugs targeted to specific gene mutations that drive lung cancer growth, identification of biomarkers that predict outcome and response to treatment, technological innovations in surgery and radiation therapy that improve outcomes, and developing more effective strategies in primary and secondary lung cancer prevention. Progress, particularly in targeted molecular and immunological therapeutics, has accelerated over the past five years since publication of the third edition.

One of the hallmarks of this book has been an attempt to concisely summarize recent major advances in lung cancer clinical research and treatment for the clinician. The editors and authors have attempted to describe state-of-the-art prevention, diagnosis, and treatment in the context of the newest developments in research and clinical care. The senior editors also felt it was appropriate to include a group of younger experts on the editorial board. We welcome the next generation of innovators and leaders in the field of lung cancer basic, translational, and clinical research.

The editors once again emphasize that advances are possible because of the work of those dedicated to translational research and rigorously conducted clinical trials. We are optimistic that progress will continue at a rapid pace and that deaths from lung cancer will continue to decline.


The Editors








CHAPTER 1

Smoking Prevention and Cessation


Alexander V. Prokhorov1 and Karen Suchanek Hudmon2

1Department of Behavioral Science, The University of Texas MD Anderson Cancer Center, USA

2Department of Pharmacy Practice, Purdue University, USA


Overview

It is well established that tobacco use is a leading cause of disease and death worldwide, and smoking is the primary risk factor for the development of lung cancer [1]. A considerable body of knowledge has been gained with respect to environmental, personal, and behavioral factors leading to smoking initiation and development of tobacco dependence. Two key elements of successful tobacco control are prevention and cessation. According to the 2012 Surgeon General's Report, prevention of tobacco use among adolescents and young adults is a matter of particular importance [2]. The dramatic downward trends in tobacco use rates among youth, observed since the mid-1990s, have stalled; furthermore, the use of smokeless tobacco is increasing among some age groups [2]. A variety of strategies, including policy change and education, have been shown to positively impact tobacco prevention [3]. Cessation of tobacco use provides extensive health benefits for everyone, regardless of age, sex, ethnicity, or health status [4]. Evidence-based treatment for smoking cessation includes behavioral counseling in conjunction with one or more FDA-approved pharmaceutical aids for cessation. The US Public Health Service Clinical Practice Guideline for Treating Tobacco Use and Dependence advocates a five-step approach to smoking cessation (Ask about tobacco use, Advise patients to quit, Assess readiness to quit, Assist with quitting, and Arrange follow-up) [5]. Systematic referral of patients who use tobacco to helpful resources, such as telephone quitlines, is recently emerging as a feasible and promising approach. Health care providers are encouraged to provide at least brief interventions at each encounter with a patient who uses tobacco [5].



Introduction

In 2011, an estimated 19% of adults in the United States were cigarette smokers [6], and in 2012, 17% of high-school seniors smoked at least 1 cigarette in the past 30 days [7]. This is despite the fact that five decades ago, the former US Surgeon General C. Everett Koop stated that cigarette smoking is the “chief, single, avoidable cause of death in our society and the most important public health issue of our time” [8]. Cigarette smoking is associated with nearly 443 000 deaths each year, including more than 49 000 deaths from exposure to secondhand smoke [9]. The economic implications are enormous: more than $75 billion in medical expenses and $81 billion in loss of productivity, as a result of premature death, are attributed to smoking each year [10]. While the public often associates tobacco use with elevated cancer risk, the negative health consequences are much broader. The 2004 Surgeon General's Report on the health consequences of smoking provides compelling evidence of the adverse impact of smoking and concluded that smoking harms nearly every organ in the body [11] (Table 1.1). In 2000, 8.6 million persons in the United States were living with an estimated 12.7 million smoking-attributable medical conditions [12]. There is convincing evidence that stopping smoking is associated with immediate as well as long-term health benefits, including reduced cumulative risk for cancer. This is true even among older individuals and among patients who have been diagnosed with cancer [13].



Table 1.1 Health consequences of smoking (USDHHS SGR report, 2004)





	Cancer
	Acute myeloid leukemia

Bladder

Cervical

Esophageal

Gastric

Kidney

Laryngeal

Lung

Oral cavity and pharyngeal

Pancreatic



	Cardiovascular diseases
	Abdominal aortic aneurysm

Coronary heart disease (angina pectoris, ischemic heart disease, myocardial infarction, sudden death)

Cerebrovascular disease (transient ischemic attacks, stroke)

Peripheral arterial disease



	Pulmonary diseases
	Acute respiratory illnesses

–Pneumonia

Chronic respiratory illnesses

–Chronic obstructive pulmonary disease

–Respiratory symptoms (cough, phlegm, wheezing, dyspnea)

–Poor asthma control

–Reduced lung function in infants exposed (in utero) to maternal smoking



	Reproductive effects
	Reduced fertility in women

Pregnancy and pregnancy outcomes

–Premature rupture of membranes

–Placenta previa

–Placental abruption

–Pre-term delivery

–Low infant birth weight

Infant mortality (sudden infant death syndrome)



	Other effects
	Cataract

Osteoporosis (reduced bone density in postmenopausal women, increased risk of hip fracture)

Periodontitis

Peptic ulcer disease (in patients who are infected with Helicobacter pylori)

Surgical outcomes

–Poor wound healing

–Respiratory complications





Source: [11].


Of key importance, often undermined by health professionals, is the primary prevention of smoking initiation among youth. Indeed, 99% of first use of tobacco occurs by 26 years of age [2]. Thus, nearly all tobacco use starts in childhood or adolescence. Although a substantial decline in tobacco use rates among youth has been observed since the mid-1990s, this favorable trend appears to have stalled in the recent years, especially in smokeless tobacco use [7]. Tobacco use among adolescents is not just a social phenomenon. Rapidly developing physiological dependence on nicotine prevents many adolescents from quitting tobacco products; as such, about 80% of adolescent smokers will smoke into adulthood [2]. Each year, more than 1 million new tobacco users emerge in the United States. In his foreword to the 2012 Surgeon General's report, the Director of the Centers for Disease Control and Prevention, Dr Thomas R. Frieden, indicated that preventing smoking and smokeless tobacco use among young people is crucial to ending the epidemic of tobacco use [2].



Tobacco and lung cancer

In the United States, approximately 85% of all lung cancers occur among people who smoke or who have smoked [14]. Lung cancer is fatal for most patients, with the estimated number of deaths of lung cancer projected to exceed 1.3 million annually early in the third millennium [15]. Lung cancer is the leading cause of cancer-related deaths among both men and women in the USA, with 174 470 estimated newly diagnosed cases and 162 460 deaths each year [16,17]. The number of deaths due to lung cancer exceeds the annual number of deaths from breast, colon, and prostate cancer combined [18]. Recent advances in technology have enabled earlier diagnoses, and advances in surgery, radiation therapy, imaging, and chemotherapy have produced improved responses rates. However, despite these efforts, overall survival has not been appreciably affected in 30 years, and only 12–15% of patients with lung cancer are being cured with current treatment approaches [19]. The prognosis of lung cancer depends largely on early detection and immediate, premetastatic stage treatment [20]. Prevention of lung cancer is the most desirable [21]. The causal role of cigarette smoking in lung cancer mortality has been irrefutably established in longitudinal studies, one of which lasted as long as 50 years [15]. Tobacco smoke, which is inhaled either directly or as secondhand smoke, contains an estimated 4000 chemical compounds, including 69 substances that are known to cause cancer [22]. Tobacco irritants and carcinogens damage the cells in the lungs, and over time the damaged cells may become cancerous. Cigarette smokers have lower levels of lung function than nonsmokers [23,24], and quitting smoking greatly reduces cumulative risk for developing lung cancer [25,26].

The association of smoking with the development of lung cancer is the most thoroughly documented causal relationship in biomedical history [27]. The link was first observed in the early 1950s through the research of Sir Richard Doll [28], whose pioneering research has, perhaps more so than any other epidemiologist of his time, altered the landscape of disease prevention and consequently saved millions of lives worldwide. In two landmark US Surgeon Generals' reports published within a 40-year interval (in 1964 and in 2004), literature syntheses further documented the strong link between smoking and cancer. Compared to never-smokers, smokers have a 15–30 times elevated risk of developing lung cancer, and more than 90% of lung cancers are attributable to smoking [29]. The risk for developing lung cancer increases with younger age at initiation of smoking, greater number of cigarettes smoked, and greater number of years smoked [30]. Findings are mixed in regards to the susceptibility of developing lung cancer in males or females for a given history of smoking [31].



Secondhand smoke and lung cancer

While active smoking has been shown to be the main preventable cause of lung cancer, secondhand smoke contains the same carcinogens that are inhaled by smokers [23,32]. Consequently, there has been a concern since the release of the 1986 US Surgeon General's Report, which concluded that secondhand smoke causes cancer among nonsmokers and smokers. Although estimates vary by exposure location (e.g., workplace, home), the 2006 Surgeon General's Report estimates that 60% of children and 40% of nonsmoking adults were exposed to secondhand smoke [33]. Secondhand exposure to tobacco smoke kills more than 3000 adult nonsmokers from lung cancer [33]. According to Glantz and colleagues, for every eight smokers who die from a smoking-attributable illness, one additional nonsmoker dies because of secondhand smoke exposure [34].

Since 1986, numerous additional studies have been conducted and are summarized in the 2006 US Surgeon General's Report on The Health Consequences of Involuntary Exposure of Tobacco Smoke. The Report's conclusions based on this additional evidence are consistent with the previous reports: exposure to secondhand smoke increases risk of lung cancer. More than 50 epidemiologic studies of nonsmokers' cigarette smoke exposure at the household and/or in the workplace showed an increased risk of lung cancer associated with secondhand smoke exposure [33]. This means that 20 years after secondhand smoke was first established as a cause of lung cancer in lifetime nonsmokers, the evidence supporting smoking cessation and reduction of secondhand smoke exposure continues to mount. Eliminating secondhand smoke exposure at home, in the workplaces, and other public places appears to be essential for reducing the risk of lung cancer development among nonsmokers [33].



Smoking among lung cancer patients

Tobacco use among patients with cancer is a serious health problem with significant implications for morbidity and mortality [35]. Evidence indicates that continued smoking after a diagnosis of cancer has substantial adverse effects on treatment effectiveness [36,37], overall survival [38], risk of second primary malignancy [39,40], and increases the rate and severity of treatment-related complications such as pulmonary and circulatory problems, infections, impaired wound healing, mucositis, and xerostomia [41].

Despite the strong evidence for the role of smoking in the development of cancer, many cancer patients continue to smoke [42,43]. Specifically, about one third of cancer patients who smoked prior to their diagnoses continue to smoke, and among patients who received surgical treatment of lung cancer 30% were abstinent at follow-up [44]. It is estimated that more than one half of former smokers resume regular smoking after surgical treatment for lung cancer [45]. Therefore, among patients with smoking-related malignancies, the likelihood of a positive smoking history at and after diagnosis is high [46].

Patients who are diagnosed with lung cancer may face tremendous challenges and motivation to quit after a cancer diagnosis can be influenced by a range of psychological variables [47]. Schnoll and colleagues reported that continued smoking among patients with head, neck, or lung cancer is associated with lesser readiness to quit, having relatives who smoke at home, greater time between diagnoses and assessment, greater nicotine dependence, lower self-efficacy, lower risk perception, fewer perceived pros and greater cons for quitting, more fatalistic beliefs, and higher emotional distress. Lung cancer patients should be advised to quit smoking, but once they are diagnosed, some might feel that there is nothing to be gained from quitting [48]. Smoking cessation should be a matter of special concern throughout cancer diagnosis, treatment, and the survival continuum, and the diagnosis of cancer should be used as a “teachable moment” to encourage smoking cessation among patients, family members, and significant others [43].



Forms of tobacco


Smoked tobacco

Cigarettes have been the most widely used form of tobacco in the United States for several decades, yet in recent years, cigarette smoking has been declining steadily among most population subgroups [6]. The number of former US smokers has exceeded the number of current smokers since 2002 [49]. Nineteen percent (43.8 million) of US adults were current cigarette smokers in 2011; of these, 77.8% (34.1 million) smoked every day, and 22.2% (9.7 million) smoked some days [6]. The prevalence of smoking varies considerably across populations (Table 1.2), with a greater proportion of men (21.5%) than women (16.5%) reporting current smoking. Persons of Asian or Hispanic origin exhibited the lowest prevalence of smoking (9.9 and 12.9%, respectively). American Indian/Alaska natives exhibited the highest prevalence (31.5%). Also, the prevalence of smoking among adults varies widely across the regions in the United States, ranging from 15.0% in the West to 21.8% in the Midwest [6]. According to the 2012 Monitoring the Future report, 17% of high school students reported smoking in the past 30 days [7]. Data from the 2011 National Youth Tobacco Survey indicated that among high-school males reported 12.9% used smokeless tobacco and 15.7% smoked cigars. These figures are of particular concern because nearly 90% of smokers begin smoking before the age of 18 years [50].



Table 1.2 Percentage of persons aged ≥ 18 years who were current cigarette smokers,a by selected characteristics – National Health Interview Survey, United States, 2011


[image: images]

Other common forms of smoked tobacco in the United States include cigars, pipe tobacco, and bidis. Cigars represent a roll of tobacco wrapped in leaf tobacco or in any substance containing tobacco [51]. Popularity of cigarns has somewhat increased over the past decade [50]. The latter phenomenon is likely to be explained by a certain proportion of smokers switching cigarettes for cigars and by adolescents' experimentation with cigars [50]. In 1998, approximately 5% of adults had smoked at least one cigar in the past month [53]. The nicotine content of cigars sold in the United States ranges from 5.9 to 335.2 mg per cigar [54], while cigarettes have a narrow range of total nicotine content, between 7.2 and 13.4 mg per cigarette [55]. Therefore, one large cigar, which could contain as much tobacco as an entire pack of cigarettes, is able to deliver enough nicotine to establish and maintain physical dependence [56].

Pipe smoking has been declining steadily over the past 50 years [57]. It is a form of tobacco use seen among less than 1% of Americans [57]. Bidi smoking is a more recent phenomenon in the United States. Bidis are hand-rolled brown cigarettes, imported mostly from Southeast Asian countries, that are wrapped in a tendu or temburni leaf [58]. Visually, they somewhat resemble marijuana joints, which might make them attractive to certain population groups. Bidis are available in multiple flavors (e.g., chocolate, vanilla, cinnamon, strawberry, cherry, mango, etc.), which might make them particularly attractive to younger smokers. A survey of nearly 64 000 people in 15 states in the United States revealed that young people (18–24 years of age) reported higher rates of ever (16.5%) and current (1.4%) use of bidis than among older adults (ages 25 plus years). With respect to sociodemographic characteristics, the use of bidis is most common among males, African Americans, and concomitant cigarette smokers [59]. Although featuring less tobacco than standard cigarettes, bidis expose their smokers to considerable amounts of hazardous compounds. A smoking machine-based investigation found that bidis deliver three times the amount of carbon monoxide and nicotine and almost five times the amount of tar found in conventional cigarettes [60].



Smokeless tobacco

Smokeless tobacco products, also commonly called “spit tobacco,” are placed in the mouth to allow absorption of nicotine through the buccal mucosa. Spit tobacco includes chewing tobacco and snuff. Chewing tobacco, which is typically available in loose leaf, plug, and twist formulations, is chewed or parked in the cheek or lower lip. Snus, commonly available as loose particles or sachets (resembling tea bags), has a much finer consistency and is generally held in the mouth and not chewed. Most snus products in the United States are classified as moist snuff. The users park a “pinch” (small amount) of snuff between the cheek and gum (also known as dipping) for 30 minutes or longer. In contrast dry snus, which is typically sniffed or inhaled through the nostrils, is used less commonly [61].

In 2004, an estimated 3.0% of Americans 12 years of age or older had used spit tobacco in the past month, with males using it at higher rates (5.8%) than women (0.3%) [62]. The prevalence of spit tobacco is the highest among 18- to 25-year-olds and is substantially higher among American Indians, Alaska natives, residents of the southern states, and rural residents [63]. The consumption of chewing tobacco has been declining since the mid-1980s; conversely, in 2005, snus consumption increased by approximately 5% over the previous year [63], possibly because tobacco users are consuming snus instead of cigarettes in locations and situations where smoking is banned.

While cigarette consumption in the United States continues to decline, promotion for and consumption of smokeless tobacco products is increasing [64]. A recent report indicated that between 2005 and 2011, sales of moist snus products increased by 65.6%. Sales of pouched and flavored forms of moist snus increased by 333.8% and 72.1%, respectively, and contributed to 28% and 59.4% of the total growth in the moist snus category respectively. Increased sales of flavored and discounted snuff raise concerns about use and appeal to youth [64] and warrant strong prevention programs addressing these tobacco products.




Recent developments on the tobacco market

Over the past decade, the tobacco industry has substantially increased its repertoire of potentially harmful products. The industry is broadly advertising new potentially reduced-exposure tobacco products (PREPs). These products are typically marketed as an “alternative to conventional cigarettes,” implying that they are likely to cause less harm than traditional forms of tobacco (i.e., cigarettes) or decrease exposure to toxic compounds in the PREPs' smoke. These PREPs include modified-tobacco cigarettes (e.g., Omni, Advance), cigarette-like items (e.g., Accord, Eclipse), and smokeless tobacco products (e.g., Ariva, Exalt) [65].

The oral formulations of tobacco are available as small sachets of flavored tobacco (Camel Snus, Marlboro Snus), lozenges containing compressed low-nitrosamine tobacco powder (Ariva, Stonewall), or a dissolvable of finely grained tobacco with additives (Camel Orbs, Strips, and Sticks) that are often marketed as cigarette substitutes for situations where smoking is prohibited. Smokeless tobacco products reduce exposure to the harmful products associated with combustion, but do not substitute for a smoker's own brand of cigarette. Research has shown that noncombustible PREP use for typical smokers does not offer sufficient nicotine to suppress withdrawal symptoms, and therefore smokers are unlikely to switch from cigarettes [66]. Overall, no sufficient evidence has been obtained regarding these products' harmful effects [67]. It is clear, however, that all these nicotine-containing products possess addition potential. This, in turn, makes them dangerous with respect to engaging young people in tobacco use and possibly lifelong nicotine dependence.

There is public health concern about smoking tobacco through hookah (aka waterpipe, shisha, narghile, qalyan, etc.). In this smoking device, tobacco smoke passes through water in a special container before it is inhaled. Hookah smoking is becoming rapidly widespread in the United States, especially among young people [68–74]. For example, among college students, hookah smoking rates are second to the frequency of conventional cigarette use [75]. Importantly, many hookah users believe that this type of smoking is safer than cigarettes [76]. Research indicates though that hookah use is no less harmful than cigarette smoke, it may lead to the known tobacco-attributable diseases, and can interfere with successful quitting due to nicotine addiction [77].

Electronic cigarettes (or e-cigarettes) are another rapidly spreading form of unregulated nicotine delivery in the United States. An e-cigarette is a battery-operated device containing nicotine, various flavors, and other chemicals. The e-cigarette appearance resembles that of conventional cigarettes. Once switched on, the e-cigarette turns the chemical compounds into a vapor that is inhaled by the user in a way similar to smoking a regular cigarette. The laboratory analysis has detected toxic compounds such as diethylene glycol (used in antifreeze) and carcinogens (including nitrosamines) [78]. The particular public health concern regarding this type of product is in the appeal to modern youth who are highly interested in technology [79]. Young e-cigarette users are likely to develop nicotine addiction and may switch to conventional cigarettes later in life.



Factors explaining tobacco use


Smoking initiation

In the United States, smoking initiation typically occurs during adolescence. From mid-1990 to 2004, the past-month prevalence had decreased by 56% in 8th graders, 47% in 10th graders, and 32% in 12th graders [80]. In recent years, however, this downward trend has decelerated [80]. The downward trend is unlikely to be sustained without steady and systematic efforts by health care providers in preventing initiation of tobacco use and assisting young smokers in quitting.

A wide range of sociodemographic, behavioral, personal, and environmental factors have been examined as potential predictors of tobacco experimentation and initiation of regular tobacco use among adolescents. For example, it has been suggested that the prevalence of adolescent smoking is related inversely to parental socioeconomic status and adolescent academic performance [81]. Other identified predictors of adolescent smoking include social influence and normative beliefs, negative affect, outcome expectations associated with smoking, resistance skills (self-efficacy), engaging in other risk-taking behaviors, exposure to smoking in movies, and having friends who smoke [82–87].

Although numerous studies have been successful in identifying predictors of smoking initiation, few studies have identified successful methods for promoting cessation among youth, despite the finding that in 2005, more than half of high school cigarette smokers have tried to quit smoking in the past year and failed [88]. These results confirm the highly addictive nature of tobacco emphasizing the need for more effective methods for facilitating cessation among the young.




Smoking prevention

After decades of research, it became clear that only comprehensive, concerted efforts may lead to successful prevention of tobacco use among youth. Among the major conclusions of the 2012 Surgeon General's report, there is one that states the following: “Coordinated, multicomponent interventions that combine mass media campaigns, price increases including those that result from tax increases, school-based policies and programs, and statewide or community-wide changes in smokefree policies and norms are effective in reducing the initiation, prevalence, and intensity of smoking among youth and young adults” [2]. Indeed, it “takes a village” to prevent tobacco use successfully, and healthcare providers represent a key group in this multicomponent system.

There are multiple ways for a healthcare provider to be engaged in smoking prevention among youth. First and foremost, efforts to prevent tobacco use should be applied routinely in the medical practice. Asking about tobacco use, advising to quit or not to start and assisting in adopting a non-smoking tobacco lifestyle through evidence-based materials and resources should become an indispensable component of patient care. It is essential to work with parents of young children to eliminate all secondhand smoke from the children's environment. A recent study, conducted among a predominantly low-socioeconomic status Mexican-American community, indicated very low knowledge about secondhand smoke exposure and associated health consequences [89]. A series of culturally sensitive, printed materials effectively increased this knowledge and practically eliminated secondhand smoke from the targeted Mexican-American households [89]. In addition to these direct health-enhancing effects, such elimination is likely to help in prevention of smoking initiation among children and adolescents.

Because young people do not seem to respond positively to telephone tobacco quitlines [90], it would be important to consider alternative resources designed specifically for the young audiences. Among them, Internet-based resources should be considered [91]. Healthcare providers need to be familiar with contemporary approaches to helping young patients make the right decisions to avoid initiation of tobacco use. Referral to these resources should be integrated into healthcare practice. Furthermore, as highly respected members of their communities, healthcare providers are positioned to make a difference in tobacco use prevention among youth beyond their medical practices. One possible highly rewarding direction of their activities could be advocating for smoking prevention programs in schools. Despite the criticism of school-based education programs aimed at prevention of tobacco use [92], these programs appear to represent an indispensable part of the systematic, comprehensive approach to reducing tobacco use among youth. It is imperative to realize that children, adolescents, and young adults are special population groups with unique needs and requirements that are often simply unmet or underappreciated.

In his systematic review of school-based programs, Dr Brian Flay, an internationally recognized expert in the area of smoking prevention among youth, outlined several key characteristics of effective school-based programs that were able to produce long-term effects [93]. He concluded that school-based programs can have long-term effects of practical importance if they: (a) include 15 or more educational sessions over multiple years, including sessions in high school; (b) use the social influence model and interactive delivery methods; (c) include components on norms, commitment not to use, intentions not to use, and training and practice in the use of refusal and other life skills; and (d) use peer leaders in some role. Such programs, Dr Flay concludes, are able to reduce smoking onset by 25–30%. A combination of school-based programs with community programs can dramatically reduce smoking onset (by 35–40%) by the time teens graduate from high school.

We would like to add to this analysis that the school-based programs should to be culturally sensitive, to better resonate of the needs with the culturally diverse adolescent populations in the United States. Program developers should be mindful of literacy levels in general, and health literacy in particular, among their target populations. The latter notion is of particular importance due to the fact that youth with the lowest literacy skills tend to be at the highest risk for smoking initiation and lifelong nicotine dependence. Finally, it is critically important to realize that we live in the era of technology. Therefore, using the interactive multimedia programs delivered via Internet, use of social networks (Facebook, Twitter, YouTube, etc.) highly popular among young populations, as well as programs and apps for smart phones, is becoming absolutely essential and standard for making smoking prevention programs attractive, effective, and sustainable. Our own evidence-based bilingual (English and Spanish) smoking prevention and cessation program for youth, called ASPIRE (A Smoking Prevention InteRactive Experience; www.mdanderson.org/aspire), is based on many of the aforementioned principles [91,94,95]. It is currently being disseminated to 29 states in the United States with consistently positive feedback from the participating communities. For example, of the nearly 15 000 student participants, 92% said they learned new tobacco facts, 83% said the program influenced their decision not to use tobacco, 91% said they have a greater understanding of the effects of tobacco, and 77% said they would recommend ASPIRE to a friend/family member.



Nicotine addiction

Nicotine, the addictive component of tobacco, reaches the brain rapidly (within 10–20 seconds) [96] and produces a wide range of pharmacologic effects [97,98]. Nicotine stimulates the release of neurotransmitters, inducing pharmacologic effects, such as pleasure and reward (dopamine), arousal (acetylcholine, norepinephrine), cognitive enhancement (acetylcholine), appetite suppression (norepinephrine), learning and memory enhancement (glutamate), mood modulation and appetite suppression (serotonin), and reduction of anxiety and tension (3-endorphin and GABA) [99]. Upon entering the brain, a bolus of nicotine activates the dopamine reward pathway, a network of nervous tissue in the brain that elicits feelings of pleasure and stimulates the release of dopamine.

In the absence of nicotine, the dependent patient experiences symptoms of withdrawal that can range from mild to severe. Although withdrawal symptoms are not the only consequence of abstinence, most quitters do experience withdrawal and cravings upon cessation [100], and relapse is common [101]. In general, most withdrawal symptoms manifest within 1–2 days after quitting, peak within the first week, and subside within 2–4 weeks [100]. The near-immediate calming effect of nicotine reported by many users is usually associated with alleviation of withdrawal effects rather than the direct effects of nicotine. This rapid dose-response, along with the short half-life of nicotine (approximately 2 hours), underlies tobacco users' frequent, repeated administration, thereby perpetuating tobacco use and establishment of dependence. Tobacco users become proficient in titrating their nicotine levels throughout the day to avoid withdrawal symptoms, to maintain pleasure and arousal, and to modulate mood. Withdrawal symptoms can include irritability/frustration/anger, anxiety, difficulty concentrating, restlessness/ impatience, depressed mood/depression, insomnia, impaired performance, increased appetite/weight gain, and cravings [100].

Tobacco initiation, use, and dependence are hypothesized to result from an interplay of many factors (including pharmacologic, genetic, social and environmental, and learned/conditioned factors) [98]. Some of these factors are shared within families, either environmentally or genetically. Studies of families consistently demonstrate that compared to family members of nonsmokers, family members of smokers are more likely to be smokers also. However, in addition to shared genetic predispositions, it is important to consider environmental factors that promote tobacco use – siblings within the same family share many of the same environmental influences as well as the same genes. Because a myriad of factors contribute to tobacco use and dependence, tobacco control initiatives (e.g., community-based efforts) as well as tobacco cessation counseling services (provided at the individual level) should be multi-faceted [102].



Benefits of quitting

The reports of the US Surgeon General on the health consequences of smoking, released in 1990 and 2004, summarize abundant and significant health benefits associated with giving up tobacco [11,103]. Benefits noticed shortly after quitting (e.g., within 2 weeks to 3 months), include improvements in pulmonary function and circulation. Within 1–9 months of quitting, the ciliary function of the lung epithelium is restored. Initially, patients might experience increased coughing while the lungs clear excess mucus and tobacco smoke particulates. With just a few months, smoking cessation leads to measurable improvements in lung function. Over time, patients experience decreased coughing, sinus congestion, fatigue, shortness of breath, and risk for pulmonary infection. One year post-cessation, the excess risk for coronary heart disease is reduced to half that of continuing smokers. After 5–15 years, the risk for stroke is reduced to a rate similar to that of people who are lifetime nonsmokers, and 10 years after quitting, an individual's chance of dying of lung cancer is approximately half that of continuing smokers. Additionally, the risk of developing mouth, larynx, pharynx, esophagus, bladder, kidney, or pancreatic cancer is decreased. Finally, 15 years after quitting, a risk for coronary heart disease is reduced to a rate similar of that of people who have never smoked. Smoking cessation can also lead to a significant reduction in the cumulative risk for death from lung cancer for males and females.

A growing body of evidence indicates that continued smoking after a cancer diagnosis has substantial adverse effects. Smoking reduces the overall effectiveness of treatment, causing complications with healing, exacerbating treatment side effects, increasing risk of developing second primary malignancy, and decreasing overall quality of life and survival rates. As such, smoking cessation should be considered an essential component of cancer treatment for all types of cancer – including, but not limited to, cancers of the lung [42].



Smoking cessation interventions

Effective and timely administration of smoking cessation interventions can significantly reduce the risk of smoking-related disease. Recognizing the complexity of tobacco use is a necessary first step in developing effective interventions and trials for cessation and prevention.

Health care providers are uniquely positioned to assist patients with quitting, having both access to quitting aids and commanding a level of respect that renders them particularly influential in advising patients on health-related issues. To date, physicians have received the greatest attention in the scientific community as providers of tobacco cessation treatment. Although less attention has been paid to other health care providers such as pharmacists, nurses, and respiratory therapists, they too are in a unique position to assist with quitting and are situated to initiate behavior change among patients or complement the efforts of other providers.

A meta-analysis of 29 studies determined that compared with smokers who do not receive an intervention from a clinician, patients who receive a tobacco cessation intervention from a physician clinician or a nonphysician clinician are 2.2 and 1.7 times as likely to quit smoking at 5 or more months post-cessation, respectively [101]. To assist clinicians with providing cessation treatment, the US Public Health Service has published a Clinical Practice Guideline for the Treatment of Tobacco Use and Dependence [101]. The Guideline is based on a systematic review and analysis of relevant scientific literature, yielding a series of recommendations and strategies to assist clinicians with delivering treatment for tobacco use and dependence. The update emphasizes the importance of identification of tobacco users by health care providers and offering at least brief treatment interventions to every patient who uses tobacco. Among the most effective approaches for quitting are behavioral counseling and pharmacotherapy, used alone or, preferably, in combination [101]. Effectiveness of the various behavioral and pharmaceutical strategies for cessation is shown in Table 1.3.



Table 1.3 Efficacy of treatment methods for tobacco use and dependence





	
	Estimated odds ratioa
	Estimated abstinenceb



	Treatment method
	(95% CI)
	 rate (95% CI)






	Behavioral interventions
	
	



	Advice to quit
	
	



	    No advice to quit
	1.0
	7.9



	    Physician advice to quit
	1.3 (1.1–1.6)
	10.2 (8.5–12.0)



	Clinician intervention
	
	



	    No counseling by a clinician
	1.0
	10.2



	    Counseling by a nonphysician
	1.7 (1.3–2.1)
	15.8 (12.8–18.8)



	    Counseling by a physician
	2.2 (1.5–3.2)
	19.9 (13.7–26.2)



	Format of smoking cessation counseling
	
	



	    No format
	1.0
	10.8



	    Self-help
	1.2 (1.0–1.3)
	12.3 (10.9–13.6)



	    Proactive telephone counselingc
	1.2 (1.1–1.4)
	13.1 (11.4–14.8)



	    Group counseling
	1.3 (1.1–1.6)
	13.9 (11.6–16.1)



	    Individual counseling
	1.7 (1.4–2.0)
	16.8 (14.7–19.1)



	Pharmacotherapy interventions
	
	



	Placebo
	1.0
	13.8



	First-line agents
	
	



	    Bupropion SR
	2.0 (1.8–2.2)
	24.2 (22.2–26.4)



	    Nicotine gum (6–14 weeks)
	1.5 (1.2–1.7)
	19.0 (16.5–21.9)



	    Nicotine inhaler
	2.1 (1.5–2.9)
	24.8 (19.1–31.6)



	    Nicotine lozenge (2 mg)
	2.0 (1.4–2.8)
	24.2d



	    Nicotine patch (6–14 weeks)
	1.9 (1.7–2.2)
	23.4 (21.3–25.8)



	    Nicotine nasal spray
	2.3 (1.7–3.0)
	26.7 (21.5–32.7)



	    Varenicline (2 mg/day)
	3.1 (2.5–3.8)
	33.2 (28.9–37.8)



	Second-line agentse
	
	



	    Clonidine
	2.1 (1.2–3.7)
	25.0 (15.7–37.3)



	    Nortriptyline
	1.8 (1.3–2.6)
	22.5 (16.8–29.4)



	Combination therapy
	
	



	    Patch (>14 weeks) + ad lib nicotine (gum or nasal spray)
	3.6 (2.5–5.2)
	36.5 (28.6–45.3)



	    Nicotine patch + bupropion SR
	2.5 (1.9–3.4)
	28.9 (23.5–35.1)



	    Nicotine patch + nortriptyline
	2.3 (1.3–4.2)
	27.3 (17.2–40.4)



	    Nicotine patch + nicotine inhaler
	2.2 (1.2–3.6)
	25.8 (17.4–36.5)





aEstimated relative to referent group.

bAbstinence percentages for specified treatment method.

cA quitline that responds to incoming calls and makes outbound follow-up calls. Following an initial request by the smoker or via a fax-to-quit program, the clinician initiates telephone contact to counsel the patient.

dOne qualifying randomized trial; 95% CI not reported in 2008 Clinical Practice Guideline.

eNot approved by the US Food and Drug Administration as a smoking cessation aid; recommended by the USPHS Guideline as a second-line agent for treating tobacco use and dependence.

Reprinted from [105], with permission. Copyright 1999–2014 The Regents of the University of California. All rights reserved.

Data from [98].




Behavioral counseling

Behavioral interventions play an integral role in smoking cessation treatment, either alone or in conjunction with pharmacotherapy [101]. These interventions, which include a variety of methods ranging from self-help materials to individual cognitive-behavioral therapy, enable individuals to more effectively recognize high-risk smoking situations, develop alternative coping strategies, manage stress, improve problem-solving skills, and increase social support. The Clinical Practice Guideline outlines a five-step framework that clinicians can apply when assisting patients with quitting. Health care providers should: (a) systematically identify all tobacco users, (b) strongly advise all tobacco users to quit, (c) assess readiness to make a quit attempt, (d) assist patients in quitting, and (e) arrange follow-up contact. The steps have been described as the 5 A's: Ask, Advise, Assess, Assist, and Arrange. Due to the possibility of relapse, health care providers should also provide patients with brief relapse prevention treatment. Relapse prevention reinforces the patient's decision to quit, reviews the benefits of quitting, and assists the patient in resolving any problems arising from quitting. In the absence of time or expertise for providing more comprehensive counseling, clinicians are advised to (at a minimum), ask about tobacco use, advise tobacco users to quit, and refer these patients to other resources for quitting, such as a toll-free tobacco cessation quitline (1–800-QUIT NOW, in the United States).

Tobacco quitlines are telephone services that provide tobacco cessation counseling, generally at no cost, to the caller. Quitlines have proliferated in recent years, providing comprehensive interventions that can reach patients who might otherwise have limited access to medical treatment because of geographic location, financial resources or lack of insurance. In clinical trials, telephone counseling services for which at least some of the contacts are initiated by the quitline counselor have been shown to be effective in promoting abstinence [101, 104], and these results have been shown to translate into real-world effectiveness [105]. The addition of medication to quitline counseling significantly improves abstinence rates compared to medication alone [106]. In some states, clinicians can submit a fax-referral form, on behalf of a patient, to the quitline. This form initiates a process whereby a quitline counselor then contacts the patient directly. Up to 30% success rates have been shown for patients who complete all follow-up sessions. However, most physicians are unfamiliar with quitline services, and clinician referrals are low – yet even the busiest of clinicians can serve an important role by simply asking about tobacco use, advising patients who smoke to quit, and referring patients who are ready to quit to a quitline for more comprehensive counseling (Ask-Advise- Refer) [107].

Clinicians should also attempt to become familiar with local, community-based resources for tobacco cessation, such as group programs that might be offered through local hospitals or clinics. For some patients, an internet-based cessation program might be preferred, such as www.quitnet.com, an online quitting community where quitters can share experiences and support each other in achieving their cessation goals. Patients now have more options for obtaining assistance; clinicians should advise patients to utilize as many services as needed to achieve long-term success.

Our group has recently developed QuitMedKit©, a free iOS app, designed to assist healthcare providers in effective counseling and treatment of tobacco dependence among their patients. This program provides state-of-the-art knowledge on behavioral counseling, pharmacological treatments for nicotine dependence and is based on the Clinical Practice Guideline. QuitMedKit© is available in the Apple iTunes store and is compatible with iPhone, iPod touch, and iPad. It requires iOS 4.3 or later and is optimized for iPhone 5.



Pharmaceutical aids for smoking cessation

According to the Clinical Practice Guideline for Treating Tobacco Use and Dependence [101], all patients attempting to quit should be encouraged to use one or more effective pharmacotherapy agents for cessation except in the presence of special circumstances. These recommendations are supported by the results of more than 100 controlled trials demonstrating that patients receiving pharmacotherapy are approximately twice as likely to remain abstinent long-term (greater than 5 months) when compared to patients receiving placebo (Table 1.3) [101, 108]. Although one could argue that pharmacotherapy is costly and might not be a necessary component of a treatment plan for each patient, it is the most effective known method for maximizing the odds of success for any given quit attempt, particularly when combined with behavioral counseling [101].

Currently, seven marketed agents have an FDA-approved indication for smoking cessation in the United States: five nicotine replacement therapy (NRT) formulations (nicotine gum, nicotine lozenge, transdermal nicotine patches, nicotine nasal spray, and nicotine oral inhaler), sustained-release bupropion, and varenicline. These are described in brief below, and summaries of the prescribing information for each medication are provided in Table 1.4. For more details, readers are referred to the manufacturer's prescribing information.



Table 1.4 FDA-approved medications for smoking cessation
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Nicotine replacement therapy

In clinical trials, use of an NRT significantly increases quitting rates, compared to placebo [101]. The main mechanism of action of NRT products is thought to be a stimulation of nicotine receptors in the ventral tegmental area of the brain, which results in dopamine release in the nucleus accumbens. The rationale for use of NRT is to reduce the physical withdrawal symptoms and to alleviate the physiologic symptoms of withdrawal, so the smoker can focus on the behavioral and psychological aspects of quitting before fully abstaining from nicotine. Key advantages of NRT are that patients are not exposed to the carcinogens or other toxic compounds found in tobacco and tobacco smoke. NRT provides slower onset of action than nicotine delivered via cigarettes, thereby eliminating the near-immediate reinforcing effects of nicotine obtained through smoking (Figure 1.1).


[image: images]

Figure 1.1 Plasma nicotine concentrations for various nicotine-containing products. Source: Reprinted from [108], with permission. Copyright © 1999–2014 The Regents of the University of California. All rights reserved. Plasma nicotine concentration curves derived from references [109–111].



Because the efficacy of the various NRT formulations (gum, lozenge, transdermal patch, inhaler, nasal spray) are similar [101], selection should be based on patient preference. With the exception of the nicotine patch, which is dosed once a day, all NRT formulations require frequent administration to ensure adequate concentrations of nicotine to alleviate withdrawal. To maximize chances for success, clinicians should advise patients to take the full recommended number of doses each day and continue to adhere to the recommended regimen for the entire course of therapy. There are no specific contraindications to NRT use, but because nicotine stimulates the sympathetic nervous system and leads to increases in heart rate, myocardial contractility, and blood pressure, NRT products should be used with caution in patients who have serious arrhythmias, underlying serious or worsening angina pectoris, or a recent (within 2 weeks) myocardial infarction [101]. Because the blood levels of nicotine associated with the recommended doses of NRT products are generally lower than those attained through smoking, most experts contend that the risks associated with NRT use in patients with cardiovascular disease are minimal relative to the significant risks associated with continued smoking [112].



Sustained-release bupropion

Initially marketed as an atypical antidepressant, sustained-release bupropion is hypothesized to facilitate smoking cessation by inhibiting the reuptake of dopamine and norepinephrine in the central nervous system [101] and acting as a nicotinic acetylcholine receptor antagonist [113]. These neurochemical effects are believed to modulate the dopamine reward pathway and reduce the cravings for nicotine and symptoms of withdrawal [101].

Because seizures are a dose-related toxicity associated with bupropion, this medication is contraindicated in patients with underlying seizure disorders and in patients receiving concurrent therapy with other forms of bupropion (Wellbutrin, Wellbutrin SR, and Wellbutrin XL). Bupropion also is contraindicated in patients with anorexia or bulimia nervosa and in patients who are undergoing abrupt discontinuation of alcohol or sedatives (including benzodiazepines) due to the increased risk for seizures. The concurrent administration of bupropion and a monoamine oxidase (MAO) inhibitor is contraindicated. At least 14 days should elapse between discontinuation of an MAO inhibitor and initiation of treatment with bupropion [114]. The incidence of seizures associated with the recommended 300 mg/day dose of the sustained-release formulation when used in the treatment of depression was 0.1% (1/1000) among patients without a previous history of seizures. For this reason, bupropion should be used with extreme caution in patients with a history of seizure, cranial trauma, patients receiving medications known to lower the seizure threshold, and patients with underlying severe hepatic cirrhosis.

In July 2009, the FDA mandated that the prescribing information for all bupropion-containing products include a black-boxed warning to highlight the risk of serious neuropsychiatric events, including but not limited to depression, suicidal ideation, suicide attempt, and completed suicide. All patients being treated with bupropion should be observed for neuropsychiatric symptoms including changes in behavior, hostility, agitation, depressed mood, and suicide-related events, including ideation, behavior, and attempted suicide. Patients should be advised to stop taking bupropion and contact a healthcare provider immediately if agitation, hostility, depressed mood, or changes in thinking or behavior that are not typical for the patient are observed, or if the patient develops suicidal ideation or suicidal behavior. Ongoing monitoring and supportive care should be provided until symptoms resolve [114].



Varenicline

The efficacy of varenicline, a partial agonist selective for the α4β2 nicotinic acetylcholine receptor [115, 116], is believed to be the result of sustained, low-level agonist activity at the receptor site combined with competitive inhibition of nicotine binding. The partial agonist activity induces modest receptor stimulation, which leads to increased dopamine levels, thereby attenuating the symptoms of nicotine withdrawal. In addition, by competitively blocking the binding of nicotine to nicotinic acetylcholine receptors in the central nervous system, varenicline inhibits the surges of dopamine release that occur following the inhalation of tobacco smoke. The latter effect might be effective in preventing relapse by reducing the reinforcing and rewarding effects of smoking [116].

Similar to bupropion, in 2009 the FDA mandated that the prescribing information for varenicline include a black-boxed warning to highlight the risk of serious neuropsychiatric events, including but not limited to depression, suicidal ideation, suicide attempt and completed suicide. All patients being treated with varenicline should be observed for neuropsychiatric symptoms including changes in behavior, hostility, agitation, depressed mood, and suicide-related events, including ideation, behavior, and attempted suicide. Patients should be advised to stop taking varenicline and contact a healthcare provider immediately if agitation, hostility, depressed mood, or changes in thinking or behavior that are not typical for the patient are observed, or if the patient develops suicidal ideation or suicidal behavior [117].

More recently, a warning/precaution related to use among patients with known cardiovascular disease was added to the manufacturer's labeling for varenicline. Specifically, patients should be instructed to notify their health care provider if they notice any new or worsening cardiovascular symptoms and to seek immediate medical attention if they experience signs and symptoms of myocardial infarction or stroke. Although a meta-analysis of 15 clinical trials (including a trial in patients with stable cardiovascular disease) demonstrated that cardiovascular events were infrequent overall, some were reported more frequently in patients treated with varenicline, and these events occurred primarily among patients with known cardiovascular disease. In both the clinical trial and meta-analysis, however, all-cause and cardiovascular mortality was lower among patients treated with varenicline [117].



Combination therapy

While the use of a cessation medication approximately doubles the likelihood that a patient will successfully quit smoking, improvements in long-term quit rates are needed. Based on data from eight clinical trials, the 2008 Clinical Practice Guideline [101] recommends that clinicians consider the use of combination pharmacotherapy as a first-line treatment approach for patients during a quit attempt. Combination therapy approaches, which typically include a long-acting formulation (e.g., nicotine patch) in combination with a short-acting formulation (e.g., gum, lozenge, inhaler, or nasal spray) are being increasingly utilized. The long-acting formulation helps to prevent the onset of severe withdrawal symptoms while the short-acting formulation is used as needed to control situational cravings. Furthermore, the optimal combinations, dosages, and duration of dual NRTs are not yet known.



Use of medications in pregnancy

The Clinical Practice Guideline [101] states that pregnant smokers should be encouraged to quit without medication, because of insufficient evidence of effectiveness and hypothetical concerns with safety.

Animal data suggest that nicotine is harmful to the developing fetus. As such prescription formulations of NRT are classified by the FDA as pregnancy category D agents. Bupropion and varenicline are classified as a pregnancy category C drug. Correspondingly, the manufacturers recommend that this agent be used during pregnancy only if the potential benefit outweighs the potential risk to the fetus [114, 117].



Summary

Tobacco use remains prevalent among the population and represents a matter of special public health concern. It is the primary risk factor for the development of lung cancer. It has been shown to cause malignancies in other locations, as well as numerous other diseases. The body of knowledge of various aspects of smoking behavior has largely increased over the past several decades. Studies of factors predisposing to smoking initiation among youth may provide important clues for the development of feasible and effective smoking prevention activities. The knowledge of biobehavioral factors leading to development of nicotine dependence may assist in providing more effective treatments to patients who use tobacco products. The 5 A's approach (Ask about tobacco use, Advise patients to quit, Assess readiness to quit, Assist with quitting, and Arrange follow-up) is described in the US Public Health Service Clinical Practice Guideline for Treating Tobacco Use and Dependence. Health care providers are encouraged to prevent smoking initiation among youth and implement at least brief interventions (Ask-Advise-Refer) at each encounter with a patient who uses tobacco.
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Introduction

The global incidence of lung cancer (LC) has rapidly increased ever since the beginning of the 20th century. Although the number of new LC cases has steadily decreased among men in the United States during the past two decades, LC is still the number one cause of cancer-related mortality [1]. In 2013, it is estimated that there will be 228 190 new cases of LC and 159 480 LC-related deaths in the USA. These deaths represent 28% of total mortality from all cancers in US men and 26% in US women [1]. While tobacco smoking is the predominant cause of LC, a variety of other exposures, such as family history of LC, various chronic respiratory diseases, and environmental tobacco smoke (ETS), are also linked to elevated LC risk. Host susceptibility may also be involved in LC risk, since only a fraction of smokers develops LC [2–5]. Because carcinogenesis is a multistep process, understanding the multiple components contributing to LC risk can lead to the identification of high-risk subgroups who may benefit from targeted screening or other interventions. Next, we provide a summary of recent advances in the molecular epidemiology of LC.



Epidemiologic risk factors

Smoking is the predominant risk factor for LC. Several additional environmental exposure such as asbestos, arsenic, bischloromethylether, chromium, nickel, polycyclic aromatic compounds, radon, vinyl chloride and air pollution have all been implicated in LC etiology, and have been reviewed extensively in previous chapter. We focus on a few other epidemiological factors that have an established role in the current literature.


Family history

There have been a number of published studies showing familial aggregation of LCs in first-degree relatives of probands with LC [6–12]. Moreover, many association studies have reported an increased risk of LC (1.3 to 6.0 fold) among first-degree relatives [11, 13–15]. In a systematic review and meta-analysis of 53 studies on family history and LC risk, Matakidou et al. found a significant increased LC risk among those who have at least one affected relative (RR = 1.84, 95% CI = 1.64–2.05). The association was found stronger in those individuals with early-onset relatives. They also performed a pooled estimate of risk among never-smokers, and identified a similar effect (RR = 1.51, 95% CI = 1.11–2.06), indicating the role of family history on LC independent of smoking [15]. In another meta-analysis of first-degree relatives of 2861 lung cancer cases and 3118 healthy control from 41 studies conducted within the International Agency for Research on Cancer (IARC) multicenter case-control Study, a 1.63 fold increased risk (95% CI = 1.31–2.01) was found in individuals with at least one affected relative. Risk increased to 3.60 fold (95% CI = 1.56–8.31) if the individual has two or more affected relatives. They also found that this risk effect was obvious among squamous cell carcinoma and large cell carcinoma subtype [16].



Prior inflammatory diseases and disorders


COPD

Chronic obstructive pulmonary disease (COPD) occurred in 50–90% of lung cancer cases [17]. Epidemiologic studies have repeatedly shown COPD as a risk factor for LC [18–23]. It has been estimated that the presence of COPD increases the risk of lung cancer by up to 4.5-fold [21] Since lung cancer and COPD are leading causes of morbidity and mortality in the United States and worldwide and they share smoking as the major risk factor, COPD as a comorbidity of lung cancer has received much attention in recent years. The National Heart, Lung, and Blood Institute (NHLBI) and the National Cancer Institute (NCI) held a workshop to expand the collaborative efforts to effectively address the interface of COPD and lung cancer, focusing on identify common epidemiological, genetic and epigenetic risk factors as well as to determine common and disparate pathogenetic mechanisms.



Emphysema

Many studies have identified prior history of emphysema as a risk factor of LC. In a recent meta-analysis of previous lung diseases and lung cancer risk, which included 20 studies with data on emphysema and lung cancer, a twofold increased risk for those with emphysema was reported (relative risk [RR] = 2.04, 95% CI = 1.72–2.41) [24]. Another meta-analysis with 7368 subjects screened with computed tomography revealed that emphysema was associated with 2.11 fold increased risk of LC (95% CI = 1.10–4.04), and that this effect was more obvious in patients with visually detected emphysema (OR = 3.50, 95% CI = 2.71–4.51) [25]. In a pooled analysis of 24 607 cases and 81 829 controls conducted by the International Lung Cancer Consortium, a history of emphysema was found to confer a 2.44-fold increased risk of LC (95% CI = 1.64–3.62) in overall population, and similar increased risk was also observed in never-smokers when stratified by smoking status [26].



Asthma

In a meta-analysis, asthma was a significant risk factor for LC among never-smokers with a pooled relative risk (RR) of 1.9 (95% CI, 1.4–2.5) when adjusted for ETS exposure [27]. Recently, another meta-analysis by the International Lung Cancer Consortium including 585 444 individuals from 16 studies reported a significant association between asthma and LC risk in the overall population (RR = 1.28, 95% CI = 1.16–1.41), and also in squamous cell carcinoma (SCC) subgroup (RR = 1.69, 95% CI = 1.26–2.26) [28].



Hay fever

While no association was observed in early studies (Talbot-Smith et al. [29] and Osann et al. [10]), prior history of hay fever was found to be associated with reduced risk of LC in a large case-control study (odds ratio [OR] = 0.58; 95% CI, 0.48–0.70) [30]. Consistent with the observation, a significantly lower frequency of hay fever was seen among patients with malignancies of lung, colon, bladder, and prostate as compared to controls [31]. It was suggested that the protective effects were attributed to enhanced immune surveillance resulting in better detection and destruction of malignant cells [10, 29, 31–34]. Alternatively, anti-inflammatory agents used to treat hay fever might contribute to this protection.




Diet and nutritional risk factors


Dietary intakes of fruits and vegetables

Increased vegetable and fruit intake has been associated with reduced risk of LC in several cohort studies [35–38]. In the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort, with data collected from 478 021 subjects, a 40% reduction in LC risk was observed with high fruit consumption after adjusting for smoking and other confounders; however, there was no association with vegetable consumption [38]. In a large prospective Danish cohort study comprising 54 158 participants, with increasing intake of plant food, the age-standardized rate ratio of lung cancer increased significantly from 0.35 (0.27–0.45) to 0.65 (0.45–0.93) after control for smoking [39]. In a pooled analysis of eight prospective studies with a total of 3206 incident LC cases among 430 281 individuals followed for 6–16 years, Neuhouser et al. [40] reported that compared to the lowest quintile of consumption, the RRs of the highest quintile consumption for total fruits, total fruits and vegetables, and total vegetables were 0.77 (95% CI, 0.67–0.87; p < 0.001), 0.7 (95% CI, 0.69–0.90; p = 0.001), and 0.88 (95% CI, 0.78–1.00; p = 0.12), respectively. They concluded that higher fruit and vegetable consumption, mostly due to fruit intake, is associated with a modest reduction in LC risk [40]. In a systematic review of epidemiologic studies performed in Japanese populations, it was concluded that fruit intake could possibly decrease lung cancer risk; however, solid data supporting an association between vegetable intake and LC is still lacking [41]. However, data from large prospective studies with extensive adjustment for smoking have revealed nonsignificant associations of fruit and vegetable intake and LC risk [42].

One group of nonnutrient compounds in cruciferous vegetables with anticarcinogenic properties is isothiocyanates (ITCs). One possible mechanism for their anticancer action is through downregulation of cytochrome P-450 biotransformation enzyme levels and induction of phase II enzymes [43,44]. ITCs can also induce apoptosis, cell cycle arrest, and cell differentiation [45]. Several studies have reported significant associations between low consumption of cruciferous vegetables and incre-ased LC risk, especially within subgroups of population carrying susceptible genetic variants, such as GSTM1 null genotypes [46–48]. In a meta-analysis of LC studies with total cruciferous vegetable consumption (18 studies) or specific cruciferous vegetables (11 studies), cruciferous vegetable intake was associated with slightly decreased LC risk in both case-control (OR = 0.78, 95% CI = 0.70–0.88) and cohort studies (RR = 0.83, 95% CI = 0.62–1.08) and the association was more evident in subjects carrying GSTM1 and GSTT1 double null genotypes (OR = 0.41; 95% CI = 0.26–0.65; P for interaction = 0.01) [49].



Carotenoids

Carotenoids are red and yellow fat-soluble pigments found in fruits and vegetables. In a pooled analysis of seven early cohort studies in North America and Europe based on a follow-up of 7–16 years with 3155 incident LC cases among 399 765 participants, Mannisto et al. [50] reported that only β-cryptoxanthin intake was inversely associated with LC risk with a RR of 0.76 (95% CI, 0.67–0.86) after controlling for intake of vitamin C, folate, other carotenoids, multivitamin use, and smoking status. In the Alpha-Tocopherol, β-carotene Cancer Prevention Study (ATBC) [51], a total of 27 084 male smokers who are 50–69 years old have participated with 1644 incident LC cases occurred during 14 years of follow-up, lower risks were observed for the highest versus the lowest quintiles of lycopene (28% reduction), lutein/zeaxanthin (17%), β-cryptoxanthin (15%), total carotenoids (16%), serum β-carotene (19%), and serum retinol (27%), while intakes of β-carotene, α-carotene, and retinol were not associated with significant reduction. In a pooled analysis of the Nurse's Health Study and the Health Professional Follow-up Study (HPFS), Michaud et al. [52] reported that only α-carotene and lycopene intakes were significantly associate with lower risk of LC. In overall analyses of all carotenoids combined, LC risk was significantly lower in subjects with high total carotenoid intake (RR = 0.68, 95% CI, 0.49–0.94). Inadequate adjustment for confounding, especially smoking factors, and the lack of consideration of multicollinearity between individual carotenoids may be responsible for inconsistent results across studies. A recent meta-analysis including 25 prospective studies on carotenoids and LC risk reported a pooled RR of 0.79 (95% CI, 0.71–0.87) when comparing the highest and the lowest categories of total carotenoids intake, but no significant reduction in LC risk was observed for high beta-carotene intake [53].



Dietary supplementation of beta-carotene

As data from observational epidemiologic studies accumulated and tended to support an inverse association of LC incidence with beta-carotene intake and with serum concentrations of beta-carotene, several large-scale randomized chemoprevention trials had been initiated to test the hypothesis that beta-carotene supplementation protected against LC. However, data generated by the Beta-Carotene and Retinol Efficacy Trial (CARET) and ATBC trials was disappointing [40,51]. Contrary to the expectation and observational epidemiologic evidence, supplementation of β-carotene resulted in a surprisingly increased overall LC incidence and higher total mortality among current smokers [54–56]. Debate has been focused on dosage, duration of trials, and the difference between dietary intake and supplement use [57]. Preclinical data provide biologic plausibility for this adverse interaction between cigarette smoking and β-carotene [58,59]. A recent meta-analysis of six randomized clinical trials comparing beta-carotene supplements with placebo found a pooled RR of 1.10, but not statistically significant, suggesting that beta-carotene supplementation is not associated with reduced risk of LC [53].



Phytoestrogens

Dietary phytoestrogens are plant-derived nonsteroidal compounds with weak estrogen-like activity. A significant reduction in risk of LC with increased phytoestrogen intake was observed [60]. The highest quartile of intake of total phytoestrogens from food sources was associated with a 46% reduction in risk (OR = 0.54, 95% CI 0.42–0.70). Several studies in Asian populations, whose diet contains large quantities of phytoestrogens, also reported reduced risk of LC associated with high intakes of phytoestrogens [61,62,63,64,65]. For example, reduced risk for LC has been observed with high intake of nonfermented soy foods [61] in men and reduce risk of SCC with tofu consumption in women. Soy consumption has also been associated with reduced risk in several studies in China [66,67].



Folate

Folate deficiency has been implicated in lung carcinogenesis due to its adverse effect on DNA methylation, DNA synthesis, and DNA repair activities [68,69]; however, observational studies have yielded inconsistent results [69,70,71,72]. In a recent large randomized trial with folic acid and vitamin B treatment on cancer incidence and mortality, there was a significant increased risk in the group receiving both folic acid and vitamin B during follow-up as compared to the group receiving neither. Also, a significantly increased risk of LC in the folic acid group was observed (HR = 1.59; 95% CI = 0.92–2.75) as compared to the group who did not receive such treatment.





Genetic susceptibility

Although smoking is the predominant risk factor for LC, only a small fraction of smokers eventually develop the disease, which suggests heritable host factors influencing LC susceptibility. Moreover, evidence from familial clustering has further supported genetic susceptibility to LC [73]. Hence, the elucidation of LC susceptibility genes could help in the understanding of disease mechanism, as well as developing personalized therapeutic and chemoprevention strategies [74].

LC susceptibility genes are generally categorized as having rare high-risk (OR > 10), moderate risk (OR = 2–5), or common low risk variants (OR = 1.2–1.5). Several high risk variants of LC have been identified through linkage analysis studies in members from high-risk families (family with multiple cases). For example, a potential high risk locus on chromosome 6q23–25 has been identified by studying 52 high-risk families with many lung or larynx cancer cases [75]. Follow-up fine-mapping has identified RGS17 as a potential high risk susceptibility gene [76].

However, most LC susceptibility genes are of moderate or low risk. Individual susceptibility could be modulated by multiple moderate/low risk loci in genes involved in diverse cellular processes such as carcinogen metabolism, DNA repair, cell cycle checkpoint control, apoptosis, telomere integrity and microenvironment control. These moderate/low risk variants are tested by genetic association studies. By comparing the allelic frequencies of genetic loci between cases and healthy controls, population-based association studies are commonly used in susceptibility gene identification. Single nucleotide polymorphism (SNP) is the most commonly investigated form of genetic variation in cancer association studies. Evidence shows that functional SNPs may affect host gene either in terms of gene expression or protein activities, which may impact LC susceptibility [77–79]. In the past few decades, genetic association studies have rapidly evolved from candidate gene-based studies to genome-wide association studies (GWAS). The following section will focus on results from both candidate gene-based studies and GWAS.


Candidate gene approaches

Based on “common variant common disease” hypothesis, candidate gene-based association studies evaluated the association between genetic variations within prespecified genes of interest and cancer risk. Candidate gene study is a hypothesis-driven and largely depends on prior knowledge of the selected gene's known or presumed gene function. Often the selected variants may be functional SNPs in genes with known function relevant to the disease of study. Pathway-based approach is an extension of candidate gene approach. It increases the gene coverage by investigating markers within a whole biological or functional pathway.

Numerous molecular epidemiological studies have used candidate gene- or pathway-based approaches to evaluate the associations of common sequence variants with LC risk. Most efforts have been focused on genetic variants within genes involved in several major cellular processes, mainly carcinogen metabolism, DNA repair, cell cycle regulation pathways, and in some cancer-related genes, such as oncogenes and tumor suppressor genes. However, few studies have included a validation stage, and the results for most polymorphisms are conflicting with a few exceptions [74].

The null genotype of GSTM1 gene has been repeatedly reported to increase LC risk, likely due to its decreased ability to detoxify carcinogens. Moreover, interactions between nutrition patterns and GSTM1 genotype have also been identified by various research groups [46–48]. A large meta-analysis of 98 studies including around 45 000 individuals has confirmed the significant association of GSTM1 null genotype with increased LC risk (OR = 1.22, 95% C = 1.14–1.30). When stratified by ethnicity, the effect was only evident in Asian population (OR = 1.38; 95% CI, 1.24–1.55) [80]. The I157T missense variant in CHEK2, a key player in cell-cycle control regulation, is another locus showing consistent association with LC in many reports. This variant is present in 5–7% of northern and central Europe population [81,82]. Interestingly, the variant allele of this SNP was found to increase susceptibility to several cancers; however, this variant also has been consistently associated with a reduced risk for lung cancer [81–84]. The underlying mechanism of this differential effect has yet to be elucidated.



Genome-wide association studies

With advances in high-throughput genotyping technology, genome-wide association study (GWAS) has emerged as a powerful tool to comprehensively detect genetic susceptibility loci in recent years. As an alternative to candidate gene-based approach, GWAS provides a thorough screening of whole genome by scanning millions of common SNPs across the entire human genome [85]. In order to obtain sufficient statistical power, the GWAS approach usually includes a very large population with multiple phases for validation. A recent report on commercially-available whole-genome SNP panels has claimed that 70–90% of common variants in European population are covered [86]. However, since the panel covers common variants (MAF>1%) in the human genome, the rare variants with low allele frequencies are missed.

Unlike hypothesis-driven candidate gene approach, GWAS is discovery-driven and does not require any prior knowledge of disease processes; therefore, GWAS provides the opportunity to discover novel loci in genes whose function may not be fully understood. In recent years, the GWAS approach has been applied in more than 30 different cancer sites with greater than 230 susceptibility loci being identified. Due to the large number of SNPs tested, the statistical requirement is very stringent (P-value < 5 × 10−8) to account for multiple testing, and multistage validation is usually required to control for false positives [87].

The first GWAS of LC was published in 2007 [88]. An European group performed genome-wide scan using Affymetrix 100K SNP array in a relatively small sample population. A total of 38 significant SNPs were identified, none of which reached genome-wide significance according to current GWAS standard. In the following years, several other groups have conducted large-scale LC GWAS with usually thousands of cases and controls. Moreover, all of these studies included validation stages with thousands of samples. Importantly, the susceptibility regions identified by three earliest GWAS were all mapped to 15q25.1 with similar main effects. These findings confirmed the role of this region in LC susceptibility and provided evidence for the power of the GWAS approach to reproducibly detect cancer associations. Other than 15q25.1, genetic variants on chromosome 5p13 (89), 6p21 (90), and 12p13 (91) were also identified as being associated with LC risk. The results of these studies are detailed below:


15q25.1

In 2008, three separate research groups conducted GWAS of LC risk in populations of European descent: the IARC [92], the University of Texas MD Anderson Cancer Center [75], and Iceland deCODE [93]. Three SNPs (rs10151730, rs8034191, and rs16969968) in CHRNA5 were identified as being significantly associated with LC risk with similar ORs between 1.30–1.32. The Iceland deCODE study further discovered a significant association between rs1015730 and nicotine dependence. Subsequently, several other studies have replicated the significant association of rs1015730 with LC risk in European populations as well as other ethnicity groups [94–97].

Chromsome 15q25.1 contains three nicotinic-acetylcholine receptor (nAChRs) encoding genes (CHRNA3, CHRNA5, and CHRNB4). NAChRs are ubiquitous cell-surface receptors involved in neurotransmission, which influence smoking behavior. Tobacco-specific carcinogens can bind to nAChRs with a higher affinity than nicotine and induce the flow of cations into the cytoplasm leading to the stimulation of intracellular signaling cascades [98,99]. These genes are therefore biologically relevant to LC carcinogenesis [75,92] and nicotine dependence [93]. Although the functional significance of the 15q25 SNPs is unknown, these SNPs could play a role in lung carcinogenesis through modulating host gene functions. This may be especially true for rs16969968, which is a missense SNP (Asp398Arg) causing an amino-acid change in a loop region directly involved in the closure of cation channels (e.g., Ca2+). The underlying mechanisms of how CHRN genes influence LC susceptibility have not yet been completely elucidated. Several hypotheses have been proposed for the impact of CHRN polymorphisms influencing host susceptibility to lung carcinogenesis. Due to the high affinity and sensitivity of nAChRs to nicotine, and taking into account the major risk factor of smoking in LC, it was hypothesized that CHRN genes could modulate a person's LC risk by inducing smoking addiction. Other than nicotine dependence, evidence from studies in never-smokers has shown that CHRN genes also could lead to LC development independent of tobacco smoking [75,92,96]. CHRN polymorphisms might affect cell motility of the bronchial epithelium leading to delayed wound healing and persistent tissue damage and inflammation, which provides favorable microenvironment for carcinogenesis and tumor progression [74]. Different expression pattern of genes encoding nAChRs has been identified between smokers and nonsmokers [100]. Hypermethylation of CHRNA3 and the downregulation of gene expression have been found in cancer cells, while induced expression of CHRNA3 led to higher apoptotic activity [101]. These studies provided evidence and biological plausibility linking nAChR signaling with lung carcinogenesis [99].



5p15.33

Chromosome 5p15.33 is another region that has been repeatedly identified by GWAS as susceptibility locus for LC [76,89,102]. In 2008, two research groups identified rs401681, rs402710 and rs2736100 associated with LC risk; however, only rs401681 reached genome-wide significance [89,102]. In 2010, an expanded replication was performed through an international consortium effort involving over 20 000 subjects (11 645 cases and 14 954 controls). In this study, rs2736100 and rs402710 both reached genome-wide significance in their association with LC risk [103].

Chromosome 5p15.33, commonly referred as the TERT-CLPTM1L locus, contains two genes encoding the telomerase reverse transcriptase (TERT) and Cleft Lip and Palate Transmembrane Protein 1-Like protein (CLPTM1L). Other than lung cancer, this region has been implicated as susceptibility locus in many other cancers, including bladder, prostate, and cervical cancers [104].

TERT is the protein component of telomerase complex, which is highly conserved among species. It plays a pivotal role in telomerase activation and maintenance. Telomerase is highly active in stem cells and progenitor cells, but is repressed or non-expressed in normal cells. Cancer cell is characterized by its high expression of telomerase to overcome telomere attrition. Although it has not been definitively shown that telomerase activation contributes to lung carcinogenesis, compelling evidence indicated a role of TERT in LC development. The human TERT gene was either amplified or mutated in LC tissues [105]. Many known oncogenes or tumor suppressor genes (TSG), such as MYC, RAS and p53 have been found to regulate TERT transcription. Moreover, the catalytic subunit of TERT was used as a drug target for treatment and prevention in various clinical trials, aiming at stopping cancer cell growth with minimal effect on normal cells [106]. The significant findings in independent GWA studies further highlighted the role of TERT in lung carcinogenesis.

CLPTM1L is named after its homolog on chromosome 19p [107]. The role of CLPTM1L in cancer was not as extensively investigated as that of TERT. The first evidence of CLPTM1L in carcinogenesis is the discovery of its overexpression in cisplatin resistant ovarian cancer cell lines [107]. In a recent report, CLPTM1L was found to be overexpressed in human lung adenocarcinoma tissues, and was demonstrated to protect from genotoxic stress-induced apoptosis in tumor cells [108].





6p21 and 12p13

6p21 is the third LC susceptibility region identified by several GWAS [102,109,110]. A meta-analysis has found 61 candidate LC susceptibility SNPs, most of which are highly linked with rs3117582, with the strongest effect found in SCC [109]. Rs3117582 is mapped 73 bps 5′ to BAG6/BAT3, a gene encoding BCL2-associated athanogene 6 which was known to involve in p53-mediated apoptosis (111). Evidence from animal experiments have supported the critical role of this gene in lung development (112). Another SNP rs3131379, which is highly linked with rs3117582, is located in MSH5, which encodes DNA mismatch repair mutS homolog 5. It is also possible that this region influences host's DNA repair capacity, which may explain the stronger association of this region with SCC since SCC is more closely linked to external carcinogen exposure (109).

The 12p13 region was identified by Shi et al. in a pathway-based analysis of nearly 20 000 SNPs in inflammation genes from a GWAS of 5355 lung cancer cases and 4344 controls followed by three validation phases. All the subjects included are European smokers. They identified rs6489769 in RAD52 as a novel susceptibility locus for SCC. RAD52 homolog gene is a key player in DNA double-strand repair and homologous recombination [113,114], therefore biologically supported the role of this region for LC in smokers. In a recent large scale meta-analysis, Timofeeva et al. confirmed the significance of this locus in SCC in a recent meta-analysis of GWAS of 14 900 cases and 29 485 controls [109].



Racial subgroups

GWAS of LC were initially focused on subjects of European descent. Because of the racial disparity and genetic heterogeneity in LC, in recent years several research groups have conducted GWAS in specific racial/ethnic subgroups. Several common susceptibility loci have been confirmed of their significance in different racial populations, and a few race-specific susceptibility loci have also been identified. For example, 5p15.33 has been replicated in the Han Chinese population [115]. In addition, several variants of CHRNA5 in 15q25 were found to be associated with increased LC risk and smoking behavior in African-Americans as well as Chinese population [96,116]. Because the previously identified SNPs (rs1051730, rs8034191 and rs16969968) were identified in European population, which were very rare in Asian population, Wu et al. screened this region for other possible candidate SNP in a Chinese population [96]. They identified four novel SNPs (rs2036534, rs667282, rs12910984 and rs6495309) which reached genome-wide significance. Their finding confirmed the importance of this region with LC in Asian population. However, null result was reported for this region in a recent GWAS of lung cancer in Asian women who never smoked, likely due to the tight relationship of this region with smoking behavior [117]. In another large-scale GWAS analysis conducted in Chinese population, Hu et al. confirmed association of two identified susceptibility loci (3q28 and 5p15.33) which were previously identified in European population [118]. In addition, they identified two novel loci (13q12.12 and 22q12.2) that appeared specific for Asians, since these two loci were not significant in a large meta-analysis of GWAS of European ancestry population [109]. Table 2.1 summarizes the susceptibility loci in different racial populations.



Table 2.1 Summary of susceptibility loci identified from GWAS


[image: images]



Tumor histology

Different LC histologies have common and distinct susceptibility loci. Landi et al. reported that the association of 5p15 locus with LC was only evident in the adenocarcinoma subgroup, not in the SCC subgroup [119]. In a recent meta-analysis of 14 900 cases and 29 485 controls in the European population, the investigators identified histology-specific effects for the 5p15 (TERT: adenocarcinoma; CLPTM1L: squamous and large-cell carcinoma), 6p21 (BAG6/BAT3: squamous cell carcinoma) and 12p13 (RAD52: squamous and small-cell carcinoma), but the 15q25 region was significant for all the histologies [109].



Never-smokers

Approximately 15% of lung cancer cases developed in individuals without any apparent tobacco consumption history [120]. Many hypotheses have been proposed regarding the etiology and environmental exposures of lung cancer in never-smokers (LCINS), such as secondhand smoke, occupational exposure, radon gas, cooking fumes, air pollution, and viral infection. Nevertheless, it is clear that LCINS is characterized by molecular changes and natural history distinct from LC in ever smokers, including the increased frequency of activating mutations in the epidermal growth factor receptor (EGFR) gene [121]. The contribution of inherited genetic susceptibility to LCINS has been explored in recent few years. In 2010, the first effort was conducted by Li et al. in 377 never-smoker LC cases and equally matched controls, followed by a two validation stages and an expression quantitative trait loci (eQTL) analysis. Two SNPs in 13q31.3 gene were identified as top SNPs associated with risk of LCINS. In addition, these two SNPs were also shown to correlate with the expression of GPC5 gene [122]. In the following year, a GWAS in Korean population identified another locus on chromosome 18p11.22 [73]. However, the findings from both studies did not reach genome-wide significance, and replication effort with larger sample size is warranted to confirm these two loci. Most recently, Lan et al. conducted a GWAS of LC in Asian female never-smokers (5510 cases and 4544 controls) [117] and identified three novel susceptibility loci at 10q25.2, 6q22.2 and 6p21.32 with genome-wide significance. The authors also confirmed previously reported loci at 5p15.33, 3q28 and 17q24.3, which have been previously identified as susceptibility loci in Asian populations [110,115]; however, 15q25 SNPs were not significant in their population.





Intermediate phenotypic assays in measuring genetic susceptibility


DNA damage and repair phenotypic assays

There were several different phenotypic assays that directly or indirectly measure constitutive DNA damage/repair in peripheral blood lymphocytes (PBLs), include: (a) DNA damage/repair after a chemical or physical mutagen challenge (such as the mutagen sensitivity, comet, and DNA adduct assays); (b) unscheduled DNA synthesis; (c) cellular ability to repair damaged reporter genes (the host–cell reactivation assay); (d) activity of DNA repair enzyme (repair activity assay for 8-OH-Guanine) [123,124].


Mutagen sensitivity

The mutagen sensitivity assay quantifies chromatid breaks induced by mutagens in cultured PBLs in vitro as an indirect measure of DNA repair capacity (DRC) [125,126]. Different mutagens induce different DNA damage and elicit specific DNA repair pathways. For example, BPDE is a tobacco carcinogen that forms bulky DNA adducts and elicits nucleotide excision repair (NER). Bleomycin is a clastogenic agent that mimics the effects of radiation by generating free oxygen radicals capable of producing DNA single and double-strand breaks (DSB) that initiate base excision repair (BER) and DSB repair [127]. Wu et al. showed that higher BPDE and bleomycin sensitivities were independently associated with increased risks of LC, a finding that has been confirmed by other studies [2–4, 128, 129].



Comet assay

The comet assay is a single-cell gel electrophoresis method used to measure DNA damage in individual cells. It is a sensitive and versatile method with high throughout potential [130,131]. The alkaline version (pH > 13) of the comet assay can detect DNA damage such as single-strand breaks, double-strand breaks, and alkaline labile sites [132]. Common mutagens used in this assay include BPDE, bleomycin, and γ-radiation. Wu et al. found that higher γ-radiation- and BPDE-induced olive tail moments, one of the parameters for measuring DNA damage, were significantly associated with 2.32- and 4.49-fold increased risks of LC, respectively [133]. Rajaee-Behbahani et al. reported lower repair rate of bleomycin-induced DNA damage using the alkaline comet assay in LC patients compared with controls [134].



DNA adducts

Using phosphorus-32 post-labeling techniques, two studies by the same group reported a significant association between the level of in vitro BPDE-induced DNA adducts and risk for LC [135,136], suggesting suboptimal ability to remove the BPDE-DNA adduct resulted in increased susceptibility to tobacco carcinogen exposure [136].



Host cell reactivation assay

The host cell reactivation assay measures DRC by quantifying the activity of a reporter gene (e.g., luciferase gene) in intact lymphocytes transfected with mutagen-treated, damaged plasmids (137–139), Because a single unrepaired BPDE-induced DNA adduct can block reporter gene transcription [140], the measured reporter gene activity reflects the ability of the transfected cells to remove the adducts from the plasmid. Reduced capacity to repair adducts is observed in cases compared to controls and is associated with an increased risk of LC with evidence of a significant dose–response association between decreased DRC and risk of LC [137–139].



8-OGG assay

The enzyme 8-oxoguanine DNA N-glycosylase is encoded by the OGG1 gene and initiates the BER pathway. The OGG activity assay monitors the ability of OGG to remove an 8-oxoguanine residue from a radiolabeled synthetic DNA oligonucleotide, generating two DNA products that can be distinguished on the basis of size [141]. Paz-Elizur et al. showed that OGG activity was significantly lower in peripheral blood mononuclear cells from LC patients than in those from controls. Individuals in the lowest tertile of OGG activity exhibited an increased risk of NSCLC compared with those in the highest tertile (OR = 4.8; 95% CI, 1.5–15.9) [141]. Gackowski et al. also reported that the repair activity of OGG was significantly higher in blood leukocytes of healthy volunteers than in LC patients [142].



Gamma-H2AX

It is known that chromatin structure could be modified following DNA damage [143]. Gamma-H2AX (phosphorylation of serine 139 of the histone H2A variant) is rapidly formed on chromatin following double-strand breaks (DSBs) mediated by ATM/ATR/DNA-PK activity [144]. Gamma-H2AX could facilitate DSB repair and amplify DSB signaling [145]. By measuring immunofluorescent foci induced by the reaction of the antibodies against the phosphorylated H2AX C-terminal peptide, the gamma-H2AX cytometry assay can measure DSBs with high accuracy and sensitivity [146,147]. Gamma-H2AX has been adopted as a biomarker with a wide range of applications [148–150], including lung cancer research [151–153]. Measuring gamma-H2AX signal in peripheral blood leukocytes at baseline and after gamma-irradiation, He et al. have found a significantly higher gamma-H2AX ratio in lung cancer cases (1.46±0.14) compared to health subjects (1.41±0.12). They also demonstrated a dose–response relationship between increased gamma-H2AX ratio and escalated lung cancer risk (P for trend <0.001) [154].




Cell cycle phenotypic assays

Two types of cell cycle arrest phenotypic assays have been developed to assess LC risk. Using flow cytometry, Zhao et al. showed that when compared to control subjects, LC patients exhibited significantly less gamma-radiation-elicited increases in G2/M cell percentages as well as a lower apoptosis rate [155]. Moreover, the change in p53 protein level correlated with the G2/M delay and chromatid breaks upon gamma radiation exposure, indicating that defective cell cycle checkpoint functions in cancer patients might be associated with p53-dependent DNA damage response and DRC. These findings were replicated in a larger case–control study by Wu et al. reporting that the gamma-radiation-induced delay of both S and G2/M phases were associated with LC susceptibility [133]. Similarly, Zheng et al. reported that less efficient G2/M checkpoint is associated with an increased risk of LC in African Americans [156].



Phenotypic assays in apoptotic pathways

Zhao et al. has reported that impaired mutagen induced apoptotic capacity was associated with increased risk of LC using the TUNEL (Terminal transferase dUTP nick end labeling) method [155]. Biros et al. [157] reported that in LC patients, individuals with the variant allele of p53 Pro72Arg polymorphism exhibited a lower percentage of apoptotic white blood cells. This finding was consistent with the results from Wu et al. [158] who showed that the haplotype containing the wild-type alleles of the three p53 polymorphisms at intron 3, exon 4, and intron 6 was associated with higher apoptotic index than those with at least one variant allele.



Emerging novel biomarkers for LC risk and early detection


Inflammatory biomarkers

Chronic inflammation is well known to be associated with elevated risk of lung cancer; therefore, extensive research has been conducted on identifying novel inflammation-related risk markers with potential clinical application [159]. The level of serum C-reactive protein (CRP), a well-established systematic marker for chronic inflammation, has been consistently reported to be associated with increased lung cancer risk [160–162]. In addition, genetic variations in CRP gene have been shown to be correlated with differential blood CRP level and LC risk [160,163]. Some pro-inflammatory cytokines, such as interleukin 6 (IL-6) and interleukin 8 (IL-8), are also found to be associated with altered LC risk [164,165]. Other inflammation-related molecules, such as surfactant protein-D [166] and tumor necrosis factor-α [167], have been reported to be associated with altered LC risk. Few of the putative inflammatory biomarkers (except CRP) have been replicated in independent studies.



Circulating MicroRNA (miRNA)

miRNAs are a class of small noncoding RNAs of 18–25 nucleotides, which are highly stable and tissue specific [168]. They regulate an estimated 30% of human genes, and have been extensively investigated for their roles in cancer initiation, progression and prognosis. The expression pattern of miRNAs in normal bronchial tissue has been shown to be altered during LC carcinogenesis [169], and miRNAs could be used as quantitative biomarkers for chemoprevention of high-risk individuals [170]. Moreover, circulating miRNAs are emerging as novel biomarkers for lung cancer risk assessment and early detection [171,172]. For example, in a phase I/II biomarker study, Hennessey et al. reported that a combination of two serum miRNAs miR-15b and miR-27b was able to discriminate NSCLC from healthy controls [184]. In another study, plasma miR-155, miR-182, and miR-197 levels were able to differentiate stage I LC patients from controls [173]. Boeri et al. found plasma signature of miRNA ratios was able to predict LC development even prior to detection of clinical disease by computed tomography [174]. Although none of the candidate markers has been validated, these studies provide supportive evidence for circulating miRNAs as potential biomarkers for LC surveillance and early detection.



Circulating DNA and promoter methylation

Lung cancer is a multistep process involving different genetic and epigenetic changes. Turnover of cellular components is associated with shedding of DNA by tumor cells. Circulating, cell-free DNA has been proposed as a promising surrogate noninvasive markers for the detection of these changes, therefore facilitating lung cancer screening and early detection [175]. In a case-control study of NSCLC patients, plasma telomerase reverse transcriptase (hTERT) DNA content was found to be four times higher in cases compared to controls [176]. Belinsky and colleagues reported that gene promoter methylation of cell-free DNA in plasma and sputum DNA was increased with LC risk [177] and that promoter hypermethylation of multiple genes could be detected in the sputum preceding LC incidence [178]. Many other genetic and epigenetic changes were also found in the circulating DNA of LC patients [179]. However, the methods and results described thus far were variable with little data on reproducibility and quality control.



Circulating mRNAs and proteins

hTERT and epidermal growth factor receptor (EGFR) are commonly overexpressed in LC tumors. Using quantitative real-time reverse-transcription polymerase chain reaction (RT-PCR) assay, Miura et al. [180] measured serum hTERT and EGFR transcripts in LC patients and controls and found the two markers have sensitivity of 89% and 73% and specificity of 71% and 80% for hTERT and EGFR, respectively, which were superior to other tested tumor markers, such as CEA. Moreover, the levels of these transcripts correlated with tumor number and clinical stage, and were prognostic for recurrence and metastasis.

The CIZ1 gene encodes a cyclin-interacting factor that promotes initiation of DNA replication. A recent study by Higgins et al. [181] demonstrated the variant form of Ciz1 protein was detected in the plasma of two sets of early-stage LC patients and could differentiate early stage LC patients from healthy controls with a sensitivity of 95% and a specificity of greater than 70%. Moreover, the authors determined the function of the gene in vitro and in vivo, providing biological plausibility for it to be used as a promising candidate biomarker for early LC detection.



Telomere length

Telomeres function as protective DNA structures capping the ends of chromosomes and play a key role in maintaining genomic integrity and stability. Shortened telomeres are involved in the initiation and progression of malignancies. Many epidemiological studies have found that short telomeres in PBLs are associated with increased risks of different cancers, including lung cancer [182–184]; however, one study has found opposite result [185]. This discrepancy is likely due to small sample size and different study design. Future large, prospective studies are needed to clarify the associations of telomere length in PBLs with the risk of LC.





LC risk assessment models


An overview of cancer risk prediction models

In the general population, there is a continuous spectrum of risk in cancer development. Because high-risk individuals only represent a small subset of the general population, implementing appropriate surveillance program and developing strategies for intervention trials greatly depend on risk prediction efficiency that can effectively separate those at high risk from those who are not. Statistical models incorporating multiple risk factors is a promising tool to assist identification of high-risk individuals and to assist the development of risk reduction strategies.

Different study designs could be utilized to develop risk model and each study design has strengths and limitations [186]. Cohort studies allow directly obtain baseline hazard rates of incidence, mortality rates from competing risks, and relative risk from the study population but are limited by long follow-up times and imprecise data on competing causes of death. Case-control data can be an efficient approach to use detailed information on covariates in a relatively short time but subject to the usual limitations of case-control study approach such as potential recall bias and the lack of national registry data for many noncancer diseases. Statistical criteria that are commonly used to assess the performance of risk assessment model include: calibration (reliability), discrimination, and accuracy [186]. Calibration assesses the ability of a model to predict the number of endpoint events in subgroups of the population and is evaluated by using the goodness-of-fit statistic. Discrimination is a measure of a model's ability to distinguish between those who will and will not develop disease, and is quantified by calculating the concordance statistic, or area under a receiver operating characteristic curve (AUC). Accuracy including positive and negative predictive values refers to the model's ability to categorize specific individuals. However, statistical criteria for evaluating the model performance are limited in clinical decision making because the importance of harms and benefits related to treatment decisions should be considered. Two recently proposed methods that put risk model assessment into clinical perspective are decision curve analysis and the relative utility curve methods [187]. In particular, relative utility could assist evaluating the cost-benefit tradeoffs in risk prediction model [187]. To quantify the clinical utility of a model, harms and benefits need to be incorporated into utility formulations to identify a risk threshold. A risk threshold is the absolute risk for lung cancer at which one might choose to initiate screening. One hurdle in risk threshold identification is the complexity to assess multiple levels of harms and benefits associated with lifestyle modification as compared to single test, intervention or treatment.

In the past decade, with the enormous amounts of genomic information being brought to attention and with the rapid advancement in molecular technology, epidemiology has been evolving rapidly from traditional epidemiology to integrative epidemiology [188]. In light of the evolution of epidemiologic approach, cancer risk prediction models have great potential to gain improved model performance by integrating risk factors other than those traditionally obtained from questionnaire data.


Current state of lung cancer risk prediction models

There has been an increasing interest in developing methods of individual risk prediction for lung cancer with the goal to identify high-risk populations for early detection interventions such as computed tomography (CT) screening. Colditz et al. [189] postulated number of cigarette per day, lung cancer in first-degree relatives, occupational exposure, air pollution, as exposures with different strength of association with lung cancer risk. This “expert opinion-based” index of cancer risk was the first step toward the development of statistical prediction model.

Bach et al. [190] used age, sex, asbestos exposure history, and smoking history to predict LC risk based on data derived from five Carotene and Retinol Efficacy Trial (CARET) study sites and then validated the model in the sixth study site. The model provided strong evidence that LC risk varies greatly among smokers and was validated and well calibrated with a cross-validated concordance index of 0.72. An external validation study [191] in the Alpha-Tocopherol, beta-Carotene Cancer Prevention Study (ATBC) reported that the Bach model slightly underestimated the observed lung cancer incidence over 10 years, which was attributed to the enhanced surveillance of the ATBC population. As limited by the special population (i.e., old heavy smokers), from which the model was derived, Bach's model is most applicable to heavy smokers aged between 50 and 75 years.

Spitz et al. [192] developed a set of three lung cancer risk models for never, former, and current smokers, respectively, using data collected in a large case-control study. In addition to age and smoking history, the models included family history, exposure to an array of environmental dusts, and prior lung diseases in the model for smokers. In never-smokers, in addition to family history of lung cancer, exposure to environmental smoke was identified as significant predictor. The models were internally validated with an average cross-validated concordance statistics of 0.60. These models extended the Bach's model by including risk factors other than smoking history. However, as limited by the study design of matching cases and controls by age and smoking status, these models were unable to address the effects of age and smoking status. The same research group expanded their model by adding two DNA repair capacity biomarkers and claimed a modest improvement in discriminative ability [193]. The modest improvement indicated the potential of integrating molecular and clinical markers to risk models, which was evidenced in a bladder cancer risk prediction model [194].

The Liverpool Lung Cancer Project (LLP) model [195] included asbestos exposures, pneumonia, family history of lung cancer and age at onset, and prior malignancy. The model has moderate discrimination power with an AUC statistic of 0.70 [195]. The model was based on case-control design with a smaller number of subjects as compared to the Bach and Spitz models. The LLP model was externally validated in the European Early Lung Cancer (EUELC), Harvard case-control studies and the LLP population-based prospective cohort study (LLPC) with good discrimination accuracy in the Harvard studies and in the LLPC study and a moderate discrimination in the EUELC study [196]. In decision utility analysis, the LLP model was found to have better performance than smoking duration and family history alone in stratifying high-risk patients for LC CT screening [196].

One limitation of the Bach, Spitz, and LLP models is that the models were built using data that were not sampled from the general population. A recently published model built from the general population was the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial [181] (PLCO) model which included age, education, body mass index, family history of lung cancer, chronic obstructive disease, recent chest x-ray, smoking status, pack years of smoking, smoking duration, years since quitting (in subgroup of former smokers). The model was based on data collected from the PLCO prospective screening trial which included more than 70 000 subjects and has demonstrated a high discrimination and calibration in external validation.

Another general population-based model was built from the European Prospective Investigation in Cancer and Nutrition (EPIC) cohort. [197]. The EPIC model was developed mainly for former and current smokers using age started smoking, smoking intensity, ten occupational/environmental exposures previously implicated in lung cancer, and SNPs identified from GWAs. Evaluation of model performance suggested that smoking information alone gave good discrimination accuracy with an AUC of 0.84 and that incorporating other risk factors had negligible effects to improve AUC.

As stated earlier, the recent advent of GWAS offers the possibility of integrating panels of genetic variants into existing risk prediction models. However, up to now, challenges have been arising while adding SNPs into risk prediction models [198,199]. While adding LC GWAS SNPs did not improve model prediction [182], a recent study from the LLP group compared discrimination accuracy between the LLP model and an enhanced model incorporating the seizure 6-like (SEZ6L) SNP(rs663048) identified from high-throughput sequencing revealed a significant improvement as measured by the net reclassification improvements (NRI) [200]. While there is still debate on the value of adding genetic markers into lung cancer risk models, one implication from the enhanced LLP model is that models with genetic markers may be especially applicable to differentiate individuals with intermediate risk, a subgroup whose risk classification is usually ambiguous as defined by models with only traditional epidemiologic model.

In summary, lung cancer risk prediction models hold great promise to improve screening strategies for early detection. CT screening for lung cancer in heavy smokers can reduce lung cancer mortality by 20%, but has a 95% false positive rate [201,201]. It is imperative to improve risk prediction beyond smoking alone to identify populations suitable for CT screening [203]. Integrating molecular/genetic and other novel risk factors would be a valuable next step to follow.





Concluding remarks

Although smoking is the predominant risk factor in LC etiology, other epidemiological factors and genetic susceptibility markers have been identified as potential risk modifiers for LC. Certain environmental exposures and comorbidities have been consistently associated with elevated LC risk, including various chronic respiratory diseases such as COPD and emphysema. There is also suggestive evidence supporting a link between diet and LC, but the results are less conclusive. Despite the large number of candidate gene studies of LC in literature, the results are often inconsistent and fail to replicate. Limitations in study design, small sample size, lack of control for confounding, selection bias, and multiple testing, may account for the inconsistent results. The transition from candidate gene and pathway-based approaches to GWAS has transformed the landscape of cancer genomics. However, the genetic susceptibility loci identified by GWAS only explained less than 10% of the excess risk for LC. Since GWAS only covers common genetic variants with relatively high frequency (minor allele frequency [MAF] >5%), rare variants (MAF < 1%) with presumably larger effects are missed by the chip design used for GWAS. Given that cancer is a multistep and multifactorial disease, the influence of individual variants on overall cancer risk might be modest. Multigenic models should be developed to integrate the effects of individual genetic loci as well as potential gene–gene and gene–environment interactions. A systematic evaluation of structural variations such as copy number variants, small insertion and deletions, loss of heterozygosity (LOH), and epigenetic alterations also might contribute to an integrative view of LC genetic architecture. Moreover, high-power computational methodologies could be developed to detect the numerous interactions among genetic and environmental factors that are otherwise undetectable by conventional statistical methods. Molecular and cellular functional assays may be carried out to determine the genotype–phenotype correlations and to validate the biological significance of the identified high risk alleles. Genetic determinants of lifestyle factors such as smoking dependence should also be further studied due to the large impact of smoking and other environmental factors on lung cancer carcinogenesis. Furthermore, the implementation of high-throughput next-generation sequencing technologies with high coverage of the whole genome and exome holds great promise to comprehensively detect the “missing heritability” as well as to probe the underlying complexity in LC genomics. Intermediate phenotypic biomarkers, such as DNA repair capacity, telomere length and other phenotypic biomarkers, have high heritability and possibly stronger effects on cancer risk, and are promising biomarkers for risk stratification and prediction. Finally, these environmental, genetic, and phenotypic markers need to be integrated into comprehensive risk prediction models to improve the overall prediction power with careful consideration of cost-benefit tradeoffs, thereby improving screening strategies for LC early detection and prevention.
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Introduction

In 2001, drafts of the first two human genomes were published, marking a landmark advance in molecular profiling [1,2]. Since that time, rapid progress in technologies and new discoveries in biology, such as the identification of microRNAs (miRNAs), have contributed to a growing body of molecular information about many diseases, including lung cancer. Although there are 20 000–25 000 protein-coding genes, only a fraction of these are expressed within a cell at any given time. Understanding the genes that are active within a patient's lung cancer cells; how these genes are regulated; their impact on cancer growth, invasion, and metastasis; and how these molecular characteristics are associated with specific clinical outcomes (e.g., response to therapy) are some of the key goals of molecular profiling.

In the previous decade, two major advances in lung cancer have been directly tied to molecular profiling: the discoveries that non-small cell lung cancers (NSCLCs) harboring an Epidermal Growth Factor Receptor (EGFR) mutation or echinoderm microtubule-associated protein-like 4-Anaplastic lymphoma kinase (EML4-ALK) fusion are highly sensitive to, respectively, EGFR inhibitors (e.g., erlotinib, gefitinib) and ALK inhibitors (e.g., crizotinib) [3–7]. These discoveries have led to routine tumor testing for these genetic abnormalities to guide drug selection in the frontline treatment of metastatic, non-squamous NSCLC [8]. ROS1 fusions and DDR1 mutations are examples of some of the newly recognized molecular drivers that may also predict response to targeted therapies [9,10]. The roles of these and other gene mutations as potential predictive markers of drug response are being actively investigated in several ongoing clinical trials.

Nevertheless, for a majority of lung cancers, the critical genes or pathways driving tumorigenic behavior are not yet fully known or understood. NSCLC and small cell lung cancer (SCLC) are complex diseases with a great deal of heterogeneity both between tumors (i.e., many molecular subtypes of these cancers) and within tumors or patients (i.e., different clonal populations of cancer cells with distinct mutations or molecular profiles within an individual patient). The ability to reliably measure and analyze key features of DNA, RNA, and protein (the “molecular profile”) across a large number of lung cancers will allow us to better understand lung cancer biology and, in turn, will be applied to critical aspects of patient care. The clinical goals of molecular profiling include (1) selection of the most effective treatment for an individual patient, (2) development of new biomarkers for early cancer detection or treatment selection, and (3) identification of drug targets. Already, there is a growing body of molecular data on thousands of lung cancers, as well as new tools to mine these data and put them into clinical context. These resources include major publicly funded efforts such as The Cancer Genome Atlas (TCGA), which has profiled more than 400 squamous and adenocarcinoma lung cancers [11], and efforts by individual investigators and research consortiums [12,13] (e.g., the Lung Cancer Mutation Consortium, http://www.golcmc.com). Much of the molecular information, especially mRNA gene expression data, is made publicly available when the primary research paper is published, as required by many top peer-reviewed journals and by the US National Institutes of Health (NIH) for research that it funds. These data can be accessed through online repositories such as the Gene Expression Omnibus (GEO) [14], Oncomine [15], or the cBio Cancer Genomics Portal [16].

Finally, in the face of growing information about how mutations and other molecular markers may be used to direct patient care, additional resources are being developed to connect health care providers and patients with evidence-based information about potential clinical applications of molecular test results, including ongoing clinical trials for patients with specific mutations or biomarkers. One example of this is the website www.mycancergenome.org, which was developed by translational investigators at Vanderbilt University and provides information about specific mutations, primary references, and links to relevant trials.

Molecular profiling encompasses experiments in which the expression of hundreds or thousands of unique molecules (e.g., mRNA, genomic DNA, proteins) is measured within a single sample (Figure 3.1). For example, investigators might analyze DNA from a set of tumors to assess the frequency of specific gene mutations, changes in gene copy number (e.g., amplifications, deletions), or patterns of gene methylation (i.e., epigenetic regulation). Likewise, RNA extracted from lung tumors could be analyzed for the levels of several thousand messenger RNAs (mRNAs) or miRNAs within each tumor.


[image: images]

Figure 3.1 Modes of analysis for DNA, RNA, and protein profiling. Various genotyping and sequencing platforms are available to profile molecular changes at the DNA, RNA, and protein level. DNA mutations can be identified by numerous sequencing or genotyping techniques. Copy number variations in DNA are commonly analyzed with DNA sequencing, CGH, or SNP arrays. SNP arrays, along with methylation arrays, can also detect variations in DNA methylation. Gene expression arrays are frequently used to detect changes at the mRNA level, while RNA-Seq can determine alterations in mRNA, miRNA, or lincRNA. Proteins are most often profiled with reverse phase protein array or mass spectrometry techniques. CGH: comparative genomic hybridization; SNP: single nucleotide polymorphism; miRNA: microRNA; lincRNA: large intergenic noncoding RNAs; MALDI: matrix-assisted laser desorption/ionization.



The resulting sets of measurements can be compared over a large collection of patient samples using a variety of statistical techniques to identify molecular features or “profiles” that underlie specific disease behavior. Relationships between the expression pattern and the disease behavior are first developed based on analysis of a “training set” of samples. The training set conclusions are then validated in a new set (or sets) of samples (the “testing set”) to determine whether the relationships observed in the training set hold up in an independent set of samples [17]. Molecular profiling is a dynamic concept – theoretically, it can be used to investigate and define relationships between any measurable set of analytes and any phenotype associated with a specific variable (e.g., disease stage, drug response, mutation status), provided each is adequately described and reliably measured.



Techniques used in molecular profiling

Molecular profiling experiments can be used to investigate relationships between any clinical variable and any type of analyte. Thus, any technique that measures a large number of distinct molecules from a sample could find application for particular clinical questions. However, partially due to (1) the diverse actions of proteins in regulating cellular processes, (2) the dependence of protein translation on the transcription and processing of mRNA, and (3) key enabling technological developments, the best developed techniques are profiling of DNA (genomics), RNA (e.g., gene expression profiling), and proteins (proteomics); these are the current forerunners in advancing our understanding of human disease.

Genomics and proteomics are complementary modes of investigation. Genomics is currently more widely used and more developmentally mature. The physical properties of DNA and RNA that allow complementary base pairing simplify their analysis. Proteins are, by virtue of their heterogeneity, more difficult to characterize. However, proteins have more direct impact on pathological behavior, and many complexities of their regulation and/or function are not captured by studies of gene expression levels. For these reasons, integrated analyses of DNA, RNA, and protein expression will be key to understanding the complex biology and heterogeneity underlying lung cancer.

The technologies available to measure specific characteristics of tumor DNA, RNA, and protein – often on a genome-wide scale – have rapidly evolved over the past several years and continue to rapidly expand. Here, we will review some of the key platforms that are currently being used.



DNA sequencing

As described above, an area of great success in the treatment of lung cancer has been the identification of druggable driver mutations, such as EGFR and ALK. Recent studies such as one by the Lung Cancer Mutation Consortium [18] have added to the body of knowledge regarding the frequency of these and other mutations in NSCLC. With the growing availability of targeted drugs (>800 currently in development), there is interest in profiling larger numbers of potentially actionable genetic alterations in patient tumors. These alterations include mutations, gene copy number alterations (e.g., deletions or amplifications), and gene fusions. Information about specific mutations or alterations can then be used to direct patients to standard treatments or clinical trials.

Discovery efforts involving more extensive genomic analysis continue to grow as the cost of DNA sequencing falls. One approach that is being used frequently in research and clinical application involves targeted sequencing of individual cancer genes (e.g., EGFR, KRAS, BRAF) or gene panels (∼50–400 genes) that can be used for drug selection or other potential clinical application. Methods for this type of directed sequencing are evolving rapidly. Previous approaches have focused on assaying only mutation hot spots [19], but many molecular pathology labs are transitioning to targeted deep sequencing of entire gene exons (protein-coding regions) as the associated costs and required labor rapidly decrease. These types of analyses are being done in many academic centers and are also commercially available through companies such as Foundation Medicine (Cambridge, MA) or Knight Diagnostic Laboratories (Oregon Health & Science University, Portland, Oregon).

Beyond targeted analysis of a select group of cancer genes, whole-exome sequencing and whole-genome sequencing are increasingly employed as a way of investigating DNA alterations that may be contributing to cancer behavior and/or that represent potential therapeutic targets. Since the first human genomes were published in 2001 [1,2], next-generation sequencing technology has allowed for faster and cheaper whole-genome analyses. In 2008, the first complete human genome sequenced using this technology was published [20]. Recently, we have seen a growing number of publications of complete lung cancer genomes [10, 12, 13].

Whole-exome sequencing (in contrast to whole genome sequencing) provides a less expensive approach to sequencing by focusing just on the exons. This represents roughly 3% of the total DNA content and is the part of the genome transcribed into mRNA. In contrast, whole-genome sequencing provides information about both the protein-coding and noncoding regions. Advantages of whole-genome sequencing include better detection of copy number variants, the ability to detect fusion events (e.g., EML4-ALK, Kif5b/RET) [21,22], and the inclusion of noncoding DNA regions (such as miRNAs and large intergenic noncoding RNAs [lincRNAs]), which play important roles in regulating mRNA and protein expression – and, thus, cancer cell behavior.

Nevertheless, as with any new technology, there are challenges associated with DNA sequencing. These include the need to process, analyze, and store massive quantities of data. Interpretation of the results is further complicated by incomplete information – so far – on which DNA alternations are normal variants and which may be contributing to disease behavior. For example, despite a majority of DNA sequences being conserved between humans and even across species, out of 6 billion base pairs (bp) in the human genome (in each cell), approximately 24 million bp (<1%) would be expected to vary between individuals due to normal person-to-person variation [23].

Finally, even with highly accurate sequencing techniques, a large number of variant calls will be false positives (up to 6000 per genome) [23]. Although most whole-exome and whole-genome sequencing is currently done in the context of research, decreases in cost, more rapid turnaround time, and direct-to-consumer marketing will likely bring this type of sequence data into the clinic with increasing frequency in the near future. Sorting out the true mutations or other alterations from the background “noise” represents a major challenge facing molecular biologists, bioinformaticians, and physicians.

Other types of DNA analyses, such as single-nucleotide polymorphism (SNP) array, copy number assessment, and methylation profiling can give information about the genome and may be complementary to mRNA expression levels (described below) [24–29]. Comparative genomic hybridization allows a rapid means of determining changes in gene copy number across the genome relative to that in normal tissues. This technique can be performed with gene arrays similar to those used for profiling mRNA. Specific gene amplifications can also be assessed in tumor tissues using fluorescent in situ hybridization (FISH), frequently used to assess Her2 copy number in breast cancer tumors. Profiling of large numbers of SNPs allows linkage of phenotype inheritance with specific chromosomal regions in populations as well as uncovering losses of heterozygosity in tumor samples that may be related to malignant transformation and disease phenotype.



RNA profiling

Two types of RNA that are commonly measured in molecular profiling studies are mRNA and miRNA. mRNA is transcribed from protein-coding genes contained within a cell's DNA and, in turn, can be translated into proteins. In any given cell, only 3–5% of genes are actively transcribed into mRNA, despite all cells having the same DNA content. mRNA has been used extensively in molecular profiling studies to give a picture of what genes are “turned on” or expressed within a cell, which is frequently referred to as gene expression profiling. Different patterns of mRNA expression have been shown in lung cancer to correspond to differences in tumor types (e.g., NSCLC versus SCLC) and may correspond to differences in drug sensitivity.

Like mRNA, miRNA can also be measured using array technologies. miRNA are short, noncoding RNA (usually 22 nucleotides long) that can regulate cell behavior by inhibiting multiple mRNAs. Because a single miRNA can regulate many targets, they can act as a switch turning “on” or “off” complex biological processes [23, 30, 31]. In lung cancer, differences in miRNA have been associated with differences in survival, NSCLC subtypes [32–34], and key biological programs such as epithelial-to-mesenchymal transition [35]. More recently, a new class of RNA called lincRNA has been described [36] that can be measured with whole-genome sequencing.

Three approaches are commonly used today to measure mRNA expression levels. These include [1] oligonucleotide arrays (microarrays), [2] transcriptome sequencing (or “RNA-Seq”), and [3] reverse-transcription quantitative polymerase chain reaction (RT-PCR). Early microarray studies used fewer than 10 000 oligomer probes mounted on in-house-produced chips [37,38]. The potential power of microarray technology was readily apparent, and the technique was featured on the cover of the journal Science in 1991 [39], 3 years after the first prototype was manufactured. With the dramatic increase in interest and use, chips are now commercially manufactured, and the number of oligomer probes represented on a chip has also greatly increased (>1 million per array). Landmark studies using the early microarrays included the description of distinct molecular subsets in breast cancer and lymphomas associated with differences in clinical outcome [40,41].

Oligonucleotide arrays (microarrays) are the contemporary version of spotted cDNA arrays, which were used in many of the early, high-impact microarray experiments [42,43]. In contrast to spotted cDNA arrays, where cDNA probes representing genes of interest were printed onto glass slides, for oligonucleotide arrays, short probes measuring 20–60 bp are synthesized directly on each array. mRNA is then isolated from the cells or tissue of interest, reverse-transcribed into cDNA, and converted into biotin-labeled cRNA. cRNA representing all of the mRNA expressed in the experimental sample (e.g., cell line, tumor) is then hybridized with the array and binds probes with complementary sequences. To quantify the level of each cRNA present in the sample, it is labeled with a fluorophore that emits light when exposed to a laser scanner. The intensity of fluorescent signal that is bound to that probe mounted on the array reflects the amount of cRNA (and therefore mRNA) present in the original sample. Commercially available mRNA arrays that are frequently used include those made by Affymetrix (Santa Clara, CA) and Illumina (San Diego, CA). miRNA arrays are also available; they use a similar approach to assess the levels of >1000 miRNAs within a sample.

A newer approach to measuring RNA expression levels within cancer cells is transcriptome sequencing (RNA-Seq). In this method, the expression levels of mRNA are quantified using direct sequencing of the RNA. In addition to providing information about the level of mRNA expression, this technique has the potential to identify other genomic characteristics of the sample, such as the detection of mutations or polymorphisms within a transcript [44].

Finally, RT-PCR may be used to measure RNA expression in a smaller set of genes (whereas in a microarray or RNA-Seq, all protein-coding genes are routinely measured). RT-PCR is in routine use for certain clinical applications of RNA expression analysis; for example, Oncotype DX (Genomic Health, Redwood City, CA), a RT-PCR-based test to determine a breast cancer patient's risk of relapse, is used to guide decisions about adjuvant chemotherapy.

With the rapid adoption of expression arrays into biomedical research, top peer-reviewed journals and the NIH (for NIH-funded research) mandate the publication of full expression data from their experiments at the time the primary research paper is published. The publication of array data allows for scientific transparency in providing the full gene expression results (in addition to the summary analysis of key findings) and also makes these datasets readily available for other investigators to use as independent sets for hypothesis testing or validation. Expression array data are maintained in the online Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/), an open-access database run by the NIH/National Center for Biotechnology Information [14].



Proteomics

Proteomics encompasses the study of protein expression, including spatial and temporal profiles, posttranslational modifications, and interactions with other molecules. Protein function is often dysregulated in lung cancers, and sometimes these alterations are not visible at the level of the RNA or DNA. For example, proteins are frequently modified after their translation from mRNA in important ways that affect their activity and function (e.g., phosphorylation or cleavage). Therefore, these posttranslational modifications need to be reflected in proteomic profiles for the protein data to be useful. Furthermore, studies comparing genomic and proteomic data have shown that there may be important differences between gene and protein levels and that changes in expression level may occur discordantly [24,25, 45].

Characterization of the expression and activation of particular signaling proteins within a tumor can enable the physician to identify the best therapeutic for a patient. Several important analytical tools and methodologies have been used extensively in proteomic research. These include reverse phase protein array (RPPA), mass spectrometry (MS), forward phase arrays (e.g., receptor tyrosine kinase arrays), ELISA for single-analyte analysis, bead-based assays for multi-analyte testing, and analysis of circulating tumor cells.

Antibody microarrays are an extremely valuable technique for assaying protein expression and activation. RPPAs are fundamentally similar to mRNA microarrays in that very small quantities of samples, in this case protein lysates, are spotted onto an inert substrate, often a glass slide. It is imperative that lysates are diluted to equal concentrations prior to their application and spotted in multiple dilutions. The slide is then incubated with an antibody against one or more known proteins. RPPAs will often test nearly 200 antibodies, allowing the user to simultaneously examine changes in numerous proteins that may belong to the same or complementary signaling pathways or networks. Either fluorescent or chemiluminescent detection methods will then determine the relative expression of the corresponding target protein. Because antibodies that target both total and phosphoproteins are used, RPPAs reveal changes in the activation status of proteins, which often correspond to a phosphorylated form of the protein. As with genomic profiling techniques, RPPAs can be used to examine proteins related to lung cancer phenotypes and underlying similarities between samples. For example, RPPA experiments recently revealed distinct protein signaling differences between NSCLC and SCLC [46,47]. Additionally, RPPAs may allow development of practical clinical assays for multifactor predictive markers derived using other technologies.

RPPAs are highly sensitive, but they have some limitations. Because each antibody may have slightly different optimal binding conditions, it can be difficult to both obtain antibodies that are suitable for RPPA and determine their ideal experimental conditions. When selecting antibodies to use for this method, it is therefore important to consider the experimental questions at hand and tailor the selection of antibodies accordingly. Using antibodies that recognize proteins involved in key cell signaling pathways with known biological relevance will likely yield better results than those targeting an unbiased list of proteins. Additional considerations should be made when using clinical tissue specimens. Although RPPAs are highly sensitive and reliable when using lysates derived from cell lines or snap-frozen tissue, when formalin-fixed, paraffin-embedded tissues are used, detection of phosphoproteins may be problematic.

MS is an accurate means of determining the molecular weight of proteins and is sensitive in detecting proteins in low concentrations. MS can be coupled with a variety of protein separation techniques, including gel and column separations, and can also be used directly (without a separation step) to assay protein profiles in tissues or blood. The mass spectrometer ionizes molecules from a sample and measures the abundance and the ratio of molecular mass to unit charge (m/z) for all ions produced above a certain sensitivity threshold. A sample is ionized in a vacuum, and the m/z ratios of each ionized species are distinguished by different physical properties depending on the type of detector: time-of-flight (TOF), Fourier-transform (FT), quadrupole, etc. Two methods of ionization are generally employed: matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI). The important distinction between MALDI and ESI is that MALDI produces ions by laser irradiation of samples fixed to a solid conductive plate coated with a crystalline layer of organic acid, whereas ESI produces ions from a sample in solution as it passes through a small-bore highly charged capillary. MALDI can be used to produce protein profiles from frozen tissue sections or whole-cell cytological preparations; unfortunately, with limited exceptions, paraffin-embedded tissue cannot be used. Multiple protein mass spectra can be obtained from different positions on a frozen tissue section, allowing analysis of a protein's spatial distribution and production of two-dimensional images of protein location and abundance. Thus, MALDI is useful for discerning field effects or distinguishing protein expression in tumor from that in surrounding stroma or lymphocytic infiltrate. MALDI can also be used to analyze dried droplets of biologic samples, such as blood, serum, or plasma, pleural or ascitic fluid, or fractions collected from column separations or extracted proteins from one-dimensional or two-dimensional gel separations. ESI requires samples to be in solution and has been particularly useful for online analysis of proteins and peptides in the eluate of column separations. MALDI experiments have been used in profiling studies of rescued lung tumors and patient serum.

More recently, the technique of tandem mass spectrometry, also called MS/MS, has enabled direct sequencing of peptides in a mixture. Intact peptide ions are separated in one stage of the mass spectrometer; next, a collision gas is introduced into the vacuum, which causes the ions to fragment, producing characteristic fragment ions resulting from cleavage of the carbon–carbon and carbon–nitrogen bonds of the polypeptide backbone. These fragments are then separated and detected in the second stage of the mass spectrometer. This fragmentation does not occur efficiently with full-length proteins, which must first be digested into smaller peptides by proteolytic enzymes such as trypsin. For each peptide undergoing MS/MS analysis, a new mass spectrum is recorded that measures the m/z ratios of the fragment ions, and the identity of the parent ion is established by matching to the predicted fragmentation patterns of peptides in a human protein database. These fragmentation patterns can also be used to study post-translational modifications.

Enzyme-linked immunosorbent assay (ELISA) is a commonly used laboratory technique that detects secreted proteins, such as cytokines, chemokines, and angiogenic and growth factors. These assays are run in a 96-well plate format and can often be purchased commercially. In general, the 96-well plates are pre-coated with the antibody of interest. Samples are then applied to the wells of each plate and allowed to incubate, and a colorimetric change indicates the detection of proteins. Clinically, ELISAs can be used for profiling of circulating proteins using blood or other biological fluids from patients. One disadvantage to an ELISA is that it can only test one secreted protein or analyte at a time. Although the sample size required for each ELISA is quite small (on the order of 50–100 μL), multiple ELISAs must be run to examine a number of proteins.

Multiplex bead-based technology is similar to an ELISA assay in that it can detect small quantities of secreted proteins; however, it has one major advantage over an ELISA in that it enables the simultaneous quantitation of up to 100 analytes. This technology uses polystyrene beads internally dyed with differing ratios of two spectrally distinct fluorophores. Each fluorophore can have any of 10 possible levels of fluorescent intensity; thereby creating a family of 100 spectrally addressed bead sets. These assays contain dyed beads conjugated with monoclonal antibodies specific for a target protein or peptide, such as a cytokine or a phosphoprotein. Each of the 100 spectrally addressed bead sets can contain a capture antibody specific for a unique target protein. The antibody-conjugated beads are allowed to react with sample and a secondary, or detection, antibody in a microplate well to form a capture sandwich immunoassay. Multiplex assays can be created by mixing bead sets with different conjugated antibodies to simultaneously test for many analytes in a single sample. The use of this technique has been well documented in the literature, and results are comparable to that of ELISA [48–50].

Proteomic profiling of blood-based markers has one important advantage over other types of testing in that samples are readily available, simple to prepare and store, and can be taken prior to, during, or after treatment. The resulting proteomic profiles can then be used to identify patients likely to benefit from anticancer treatments, select the dose, and understand mechanisms of resistance. This allows for the assessment of predictive markers based on the baseline evaluation as well as markers of activity and resistance based on changes that occur during treatment [51–53].

The identification, isolation, and analysis of circulating tumor cells (CTCs) holds promise for early detection of cancer, rapid monitoring of tumor response and drug efficacy, serial noninvasive analysis of tumor genotypes, and eventual characterization of “metastasis precursors,” a currently poorly understood tumor cell subpopulation whose targeting with novel therapies may provide effective prevention of cancer metastasis [54,55]. However to date, technological limitations in rare cell detection have prevented successful application of either diagnostic or therapeutic approaches based on CTC analysis [56,57]. The current state-of-the-art commercial technology is the CellSearch assay (Veridex Co.), involving multistep batch purification of fixed cells, using antibodies against the ubiquitous epithelial adhesion marker EpCAM conjugated to magnetic beads, which are then used to separate cells in a magnetic field [58–61]. While elegant in design, this assay can only identify CTCs in ∼50% of patients with known metastatic disease, with an average yield of 1 CTC/mL (cut-off 5 cells/7.5 mL), and a final purity of 1 CTC/1000 leukocytes (0.1%). While this is a considerable achievement, given that the prevalence of CTCs is estimated to be 1 CTC/1 billion blood cells, the yield and purity of CTCs isolated using this approach are not sensitive enough for clinically useful dynamic monitoring and are too low for detailed molecular analyses. Hence, presence of CTCs has been proposed as a general prognostic marker, rather than being of direct utility in monitoring or designing cancer treatments [62].



Data analysis and statistics

Each molecular profiling experiment yields data on the relative abundances of large numbers of mRNA species or proteins in a number of different samples. Statistical algorithms have been developed that allow clustering of different samples with similar expression profiles. When coupled with biologic or clinical data for each sample – response to chemotherapy, metastatic patterns, or survival, for example – statistical correlations between molecular profile clusters and clinical outcome can be made. Although different profiling techniques vary in the type and quantity of molecular analytes measured, the statistical methods used to analyze the data are quite similar. A first step may include removing low-quality samples or data values from the analysis and filtering out molecular variables that are either expressed only sporadically or expressed with low variance across samples. Sophisticated statistical techniques are then required to discover statistically meaningful classifications of samples or relationships between clinical parameters and measured molecular variables. Most studies use a training–testing approach to developing these relationships. A sufficiently large training set is used to define a set of predictive genes or proteins, and the accuracy of this model is then assessed in an independent testing set, with no samples overlapping between the training and testing sets [17].

Once samples and genes are selected, a number of statistical techniques are applied to discover patterns of gene or protein expression that underlie tumor biology or phenotype. These techniques can be broadly classified as either “supervised” or “unsupervised.” Unsupervised techniques use gene expression data without input of nongenetic descriptors to discover subgroups whose members share genetic similarities. Supervised techniques, on the other hand, include one or more clinical covariates such as histological type, presence of distant metastasis, or clinical outcome data, and use gene expression data to discover relationships that specifically pertain to a clinical question of interest.

Unsupervised clustering is based on the hypothesis that there may exist subgroups that can be discerned solely on the basis of shared gene expression profiles, and that these clusters may exhibit distinct clinical behaviors not previously appreciated without the profiling data. Hierarchical clustering is a common means of defining genetic clusters in which correlations of gene expression between two samples are calculated and a clustering diagram is produced that visually represents underlying similarity of gene expression. Researchers define some number of subgroups based on the clustering results and attempt to discern whether any of these apparent genetic groupings has significance with regard to clinically relevant variables. A common method is to produce Kaplan–Meier survival curves comparing overall or disease-free survival for members of one subgroup against all nonmembers. Any number of subgroups can be defined from the results of a given clustering experiment, depending on the cutoff used to define two tumor samples as similar or dissimilar. A given cutoff may define two patient groups but may fail to adequately capture the genetic complexities of the sample set. A more stringent similarity cutoff can define a larger number of subgroups, each composed of samples that have more uniform gene expression profiles; however, this makes it more difficult for observed differences (e.g., in survival) to reach statistical significance, because of the shrinking number of patients in each group, and increases the likelihood of arriving at false conclusions due to multiple subgroup analysis. On the other hand, if newly discovered clinical correlations are statistically robust, the information may be further validated in prospective studies and be applied in individualizing treatment decisions.

Supervised classification schemes start with two or more clinically or biologically defined groups – for instance, node negative versus node positive, responders versus nonresponders, or tumors that harbor a mutation versus those that do not – and attempt to determine genetic profiles capable of predicting to which group an unknown sample belongs. One can perform a clustering approach similar to that described earlier but with the constraint that the two dominant clusters must differ by the clinical variable of interest. Alternatively, one can use statistical tests (e.g., t-test, analysis of variance (ANOVA)) to determine individual genes or proteins that may correlate with the clinical variable of interest and then construct a model using weighted linear combinations of these features to make predictions on unknown samples.

One important consideration is the impact of repeat testing on the significance of a finding. When comparing thousands of variables between two groups, some of the observed differences will be false positives. Various analytical approaches can be applied that correct for “multiple comparison testing” and will give an estimate of the p-value (or level of significance) at which an observation is likely to be real. For example, one method commonly used is the Bonferroni correction, in which the desired p-value (commonly set at p = 0.05, meaning there is a 1 in 20 chance of detecting a difference between two groups when none actually exists) is divided by the number of variables being tested. In other words, if the mRNA expression of 10 000 genes were being compared between patients in two groups, those differences with p-values less than 0.05/10 000 (i.e., p = 5 × 10−6) would be considered significant. This approach minimizes the number of false positives, but at the risk of throwing out some results that may be real but fall below the strict p-value cutoff. Another approach is to set an acceptable false discovery rate (FDR) using the Benjamini-Hochberg method, which can be adjusted to be more or less strict [63,64]. The acceptable FDR (or percentage of genes or observations that are allowed to be falsely positive) is then used to determine the p-value cutoff. For example, if 5000 genes are below a certain p-value determined to correspond to an FDR of 0.05 (or 5%), then 250 of those can be expected to be false positives. This approach allows for greater flexibility to scale how many false positives would be acceptable, depending on the goals and design of the experiment.

Both supervised and unsupervised techniques have the potential to “overtrain” the data, yielding models that perform well on the sample set from which they were derived, but with poor accuracy on independent testing cohorts. Validation of results is thus the most important step in any molecular profiling experiment, since even relationships that appear convincing may fail to have significance when applied to an independent set of samples.

It is often underappreciated that high-quality clinical samples are difficult to obtain and costly to collect and store, and maintaining accurate and complete clinical follow-up is labor-intensive. Thus, the limited size of many studies necessitates the most efficient possible use of samples, and setting aside a large number of samples for adequate validation leaves fewer samples for training and less robust predictive models. Furthermore, the genes picked as predictive are very dependent on the patients included in the training set [65]. Cross-validation is an approach that maximizes the size of the training set while still allowing validation of results on a sufficiently large testing set [66,67]. In this method, a single sample or a small number of samples is removed from a set, and the remaining samples are used to construct a predictive model. The model is applied to the sample or samples that were left out of the model-building process, and its accuracy in predicting the feature of interest is recorded. This is then repeated a large number of times, and the combined accuracy over all the left-out samples is reported as an estimate of the classification accuracy rate of the model.

Another method to minimize the necessary number of precious samples required for validating results is to use online databases of previously published gene expression profiles as independent test sets, as described above. This is an attractive method made possible by the increasing standardization of some of the technologies [68–72], but there are challenges in integrating data sets from different experiments. There may be substantial differences in the methods used to obtain the expression profiles; for instance, studies use microarray chips from different manufacturers and even arrays produced at in-house microarray facilities. Even data obtained for the same genes from newer versions of chips from a given manufacturer may not be directly comparable to data obtained from earlier versions. Also, compared with older versions, newer microarrays typically have more probes spanning more genetic elements. Thus, many genes may not be represented in both data sets, and it may be difficult to translate expression data from one set to another. With the advent of exon arrays, it has become clear that the location of the oligonucleotide within the putative transcript yields different measurement results. Furthermore, idiosyncratic differences in sample handling and experimental protocol can lead to other systematic differences between gene expression sets.

Despite these challenges, many studies have shown that relationships observed in one data set can be successfully and convincingly demonstrated to hold true in large independent sets. When efforts are taken to standardize procedures, interlaboratory reproducibility has been shown to be quite good [68–71, 73]. Current microarray-based profiling will likely benefit from such increased standardization across laboratories, careful attention to sources of error or variation that can be controlled (such as batch effect), and the ongoing development of bioinformatics tools that permit sharing of large data sets and integrating data optimally despite lab-to-lab differences. These advances not only will lead to more effective validation of models but also will allow large-scale meta-analyses to look for important molecular–clinical relationships in much larger sample sets, with better statistical power for developing robust molecular signatures. Of course, regardless of its reproducibility in training and validation sets, the real rubric of success for any molecular classification scheme will be its performance in prospective clinical trials that determine whether its clinical use improves patient outcomes.



Clinical applications

Data being generated now will change the treatment of lung cancer significantly over the next 5, 10, and 20 years in ways that we cannot fully predict today. Currently, the most widespread type of molecular profiling within the clinic – and, therefore, the one likely to have the most immediate impact on clinical decision making – is the DNA testing of lung tumors (usually formalin-fixed, paraffin-embedded tissue from diagnostic biopsies) for panels of mutations and/or fusions. The introduction of technologies that allow several genes to be tested in parallel in a single reaction (i.e., multiplexed) is making it possible for an expanding number of genes to be profiled on relatively small amounts of tissue and without significant increases in cost. Cancer gene panels are being run routinely in many academic centers and by community-based oncologists using commercially available profiling. Increasingly, patient tumors are also being assessed for mRNA and protein expression levels that may predict response to certain treatments. While the clinical utility of many of these is not yet clear, it is likely that some of these will become the standard of care in the management of lung cancer patients based on the results of ongoing clinical trials that are investigating targeted drugs in molecularly defined subsets of patients. In addition to predictive biomarkers for drug selection, other areas in which molecular profiling will likely affect clinical care include early detection and diagnosis, subclassification and staging, and surveillance. Finally, advances in molecular testing technologies are likely to expand the availability of molecular profiling in blood, saliva, urine, or other samples that can be collected in minimally invasive ways. The further development of nontumor (e.g., blood-based) biomarkers will also help facilitate broader implementation of molecular testing in patients for whom available tumor tissue is limited or cannot be safely obtained, or when repeat testing would be informative (e.g., at the time of progression or after acquisition of drug resistance).



Early detection and diagnosis

The peripheral blood is clearly the most readily available and clinically practical biospecimen source for early detection and diagnosis. Pathological states can cause disease-related changes in molecules circulating in the blood, due to altered cellular expression of secreted proteins, proteins being directly released into extracellular fluid after cell death, posttranslational modification by cleavage, glycosylation, or other processes, or as a result of the host's response to the disease. If a change in blood protein composition occurs reproducibly in the presence of a disease, then such a change may be useful for disease detection and diagnosis. For example, the detection of troponins and other proteins leaked from damaged cardiac myocytes has become the gold standard for detection of myocardial infarction, even though they are not themselves causal.

One reason for the abysmal survival rates in lung cancer may be the absence of effective screening for early detection. Previously, a variety of screening tests for lung cancer in patients at high risk failed to show any impact on survival, including yearly chest X-rays, sputum cytologies, and bronchoscopic screening. However, a large randomized study recently demonstrated that spiral CT scans could detect early lung cancers in high-risk patients with strong smoking histories and that this early detection of lung cancers translated into an improvement in overall survival [74].

Molecular profiling studies of blood and/or sputum samples obtained from patients on this trial are planned and may provide markers that could be used in molecular tests to identify patients at highest risk for lung cancer or, as a companion to imaging studies, to aid in early detection of lung cancer, when it is most treatable. These types of noninvasive tests would be particularly attractive for nonsmoking patients, for whom incidence of lung cancer is relatively lower and, therefore, the benefits of CT screening are currently outweighed by the risk associated with repeated exposure to radiation from CT screening.



Molecular subclassification and staging

Treatment decisions in lung cancer are based largely on the extent of disease as determined by staging criteria and generalizations on disease behavior associated with histological distinctions. Stage has a strong impact on determining which patients are most likely to benefit from different types of treatment. However, there is significant variability in the clinical outcome of individual patients within each stage classification or histological subgroup, with some lung cancers showing more aggressive behavior in terms of metastatic potential, pace of disease progression, or resistance to chemotherapy. The ability to elucidate factors predicting individual prognosis and response to therapy will be invaluable clinically by helping to identify patients most likely to benefit from more (or less) aggressive therapy, such as adjuvant chemotherapy.

The most important pathologic distinction described so far is that between SCLC and NSCLC. These are readily apparent by histological and immunohistochemical evaluation and have fundamental differences in probable cell of origin, natural history, and response to chemotherapy. Subtype classification of NSCLC has minimal impact on patient care, with a few notable exceptions: e.g., enrichment of EGFR mutations and ALK fusions in non-squamous tumors, greater response of non-squamous cancers to pemetrexed relative to gemcitabine chemotherapy. Unfortunately, the behavioral features that most likely affect clinical outcome – aggressiveness, likelihood of metastasis, resistance to apoptosis, and response to therapy – are indistinguishable with conventional microscopic evaluation. However, these features clearly have underlying genetic determinants, and uncovering these with molecular profiling may lead to dramatic changes in the management of lung cancer.

Gene profiling experiments in other cancer disciplines have uncovered such determinants. For example, five reproducible genetic clusters within breast cancer have been disclosed by mRNA expression profiling, with corresponding differences in prognosis and response to therapy; the basal-like, or “triple-negative,” subtype in particular has a distinctly worse prognosis [75–78]. Other expression studies have uncovered independent sets of genes capable of reliably distinguishing good-prognosis from poor-prognosis patients among women with node-negative, estrogen receptor-positive breast cancer treated with tamoxifen. In the clinic, the Oncotype DX assay is a commonly used 21-gene marker set that uses RT-PCR to profile expression and predict those patients most likely to benefit from the addition of chemotherapy to their treatment [79,80].

Efforts to uncover useful predictive classifiers in lung cancer have also been fruitful. Many studies [24, 26, 27, 46, 47, 81–94] have identified subtypes of lung cancer based on overall similarities in gene and protein expression profiles using approaches comparable to those successfully employed in breast and other cancers. The numbers of patients enrolled in these studies have ranged from approximately 50 to >200, and the number of RNA probes has increased in recent studies as commercial chip technology has advanced.

Early studies such as those by Bhattacharjee et al. demonstrated that many clinical or histological groups clustered together by their natural genetic similarity [82]. Normal lung could be distinguished from tumor, NSCLC from SCLC, and adenocarcinomas, squamous cell carcinomas, and large cell carcinomas largely segregated into their respective groups. The ability to differentiate samples with obvious histological differences was not a step forward in itself but proved the concept that gene profiling experiments could lead to meaningful classifications. Several studies have demonstrated clustering of samples within one or more histological subtypes [24, 83, 85, 88–90, 95–100]. These results suggest that there may be genetic subgroups within the main histological subtypes, with possible different biologic implications. This likelihood is supported by more recent studies such as the molecular profiling of squamous lung tumors by TCGA [11].

Some signatures or molecular profiles may also be prognostic in lung cancer [22, 101]. These can be single biomarkers (such as EGFR mutation, which is associated with longer overall survival) or marker signatures. For example, Beer et al. used microarray profiling to study 86 patients with adenocarcinoma and described three dominant clusters within this cohort, one of which differed significantly from the others prognostically [83]. Other signatures that are prognostic in specific patient populations, such as those receiving adjuvant chemotherapy, have also been published and could have future applications for selecting patients with the greatest chance of benefiting from existing therapies [102]. Alternatively, results from recent studies have shown that these molecular differences may be associated with expression of novel druggable targets such as DDR2 mutations and FGFR1 alterations in squamous lung cancers or PARP1 in SCLC [10, 46, 103]. Finally, integrated analyses linking differences in mRNA or protein expression with alterations at the DNA level are advancing our understanding of the biology underlying specific molecular subgroups such as LKB1- and KRAS-mutated NSCLC and will help guide the development of new therapies for patients with these common genetic alterations [104,105].



Selection of therapy

Although numerous chemotherapy regimens and/or targeted drugs have clear clinical activity in the treatment of lung cancer, their observed effectiveness in individual patients varies greatly. The ability to select the most active regimen for a specific patient is a key goal of molecular profiling, especially considering the substantial treatment-related morbidity and opportunity cost associated with ineffective therapy. The ability of molecular profiling to effectively predict the clinical efficacy of different therapies against a particular tumor has already had a profound impact on patient care. The best examples of these currently are the use of EGFR mutations and ALK fusions to identify those patients most likely to respond to FDA-approved, oral targeted drugs (erlotinib and crizotinib, respectively), which became part of the NCCN guidelines for management of metastatic NSCLC in 2012. The discovery of these predictive biomarkers and their use in clinical practice are described in greater detail in subsequent chapters.

In addition to alterations in EGFR and ALK, a growing number of new driver genes have been identified in lung cancer, including BRAF, PIK3CA, ROS1, RET, and HER2 (Figure 3.2). Drugs capable of inhibiting these targets may have clinical benefit for molecularly defined subsets of patients (such as those whose tumors carry a mutation, fusion, or amplification in one of these genes). However, because each driver may be present in only a fraction of NSCLC patients (e.g., 1–5%), even a drug that has a major impact in some patients could fail in clinical trials if its activity is not evaluated (at least in part) in a molecularly defined subset of patients. An example of this is HER2 inhibitors (e.g., traztuzumab, lapatinib), which are highly active in and a standard of care for HER2-amplified breast cancer. However, had the activity of these drugs been studied exclusively in an unselected population of breast cancer patients, their substantial benefit would have been missed.


[image: images]

Figure 3.2 Different mutation spectrums in lung adenocarcinomas in never-smokers and current/former smokers. EGFR mutations and other targetable mutations (e.g., ALK fusions) are more common in never-smokers vs. current/former smokers. However, the driver mutations have not been identified in 45% of never-smokers.

Source: Adapted from Paik et al. [108]. Reproduced with permission of John Wiley and Sons, Inc.



Conversely, some number of patients without recognized driver mutations may still benefit from a targeted drug, and our hypothesis about the biomarkers likely to predict response may be inaccurate or incomplete. For example, a recent study of NSCLC patients with recurrent, refractory disease demonstrated that epithelial-to-mesenchymal transition may predict response to the EGFR inhibitor erlotinib in patients with normal (nonmutated) EGFR [47]. For these reasons, thoughtful clinical trial design – with carefully planned correlative biomarker studies – is critical for making sure we do not dismiss potentially active drugs or patient populations that could benefit from them. Key challenges to routine molecular testing in standard practice and in clinical trials include the need for adequate amounts of tumor tissue and the type of tissue available. For example, most diagnostic biopsy samples are formalin fixed and paraffin embedded. Although this is not an issue for many DNA analyses, such tissues are currently limited in their utility for other types of profiling, such as gene expression arrays and proteomic profiling. Furthermore, several studies have documented that cancers change at the molecular level over time, especially in response to therapies. For example, a study by Sequist et al. demonstrated that patients with EGFR-mutated cancers who became resistant to EGFR inhibitors had a variety of histological or molecular changes that contributed to resistance. Repeat biopsies to identify the features contributing to drug resistance (e.g., the appearance of resistance mutations, such as T790M, in the EGFR gene or expression of EMT markers [106,107]) are likely to have important implications for selecting second-line and subsequent therapies. Thus, repeat molecular testing of a patient's cancer cells (or other biospecimen, such as blood) at the time of disease progression or acquired drug resistance to document the current tumor biology or profile will have important clinical applications.



Future directions and conclusions

Many challenges must be met before profiling techniques can reach their full potential. A major limitation of many lung cancer studies in the past has been that the number of patient samples investigated has been too small to draw meaningful conclusions. However, with the growth of publicly available biomarker databases, decreased cost associated with molecular profiling, and technologies to analyze smaller and smaller tissue samples, this landscape is changing. Given the growing use of DNA sequencing and other high-throughput platforms, continuing advances in bioinformatics and computational tools will also be essential to efficiently utilize the large quantities of data, to adjust for variability between labs, and to integrate different types of molecular data (e.g., proteomic and genomic studies).

Once a predictive profile has been described and validated, an additional challenge is posed in developing a suitable clinical assay. This may pose a particular challenge for profiles derived from cell lines or animal models or from highly technical, limited-availability platforms. Once assays are developed, clinical utility will be aided by efforts to accommodate smaller samples and to get accurate results from potentially lower quality real-world clinical samples. For mRNA markers, quantitative real-time PCR is highly sensitive and can be used clinically to measure expression levels of each gene used in a profile. Furthermore, this technique can be applied to fixed tissue embedded in paraffin, rather than the fresh-frozen samples required for full microarray analysis. For protein markers identified in high-throughput platforms, immunohistochemistry and ELISA are potential options for rapidly translating these markers into the clinic.

Although many challenges remain, molecular profiling experiments have already produced exciting results in lung cancer and are changing treatment for lung cancer patients. These early successes attest to the potential of profiling experiments to improve patient outcome through individualized risk assessment and optimal selection of therapy options. As proteomic and genomic technology and methodology continue to mature, they will without doubt become more and more integral to research and patient care. The level of information and understanding that can be attained from molecular profiling and the speed at which these technologies are evolving are revolutionizing the study of cancer biology and the practice of clinical oncology.
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Lung cancer genetics overview

While this chapter will review the unique genomic alterations found in lung adenocarcinomas, lung squamous cell carcinomas and small cell lung carcinomas, respectively, we begin by discussing some general features that are common to the genomes of lung cancers – notably the high somatic mutation rates, the relative rarity of familial or germline causation, and the identification of oncogenic driver mutations that provide targets for genome-directed therapies.

Lung cancers are characterized by unusually high rates of somatic mutation (those mutations found only in the tumor cells and not in the germline or other cells or tissues), high levels of inter- and intra-chromosomal rearrangement, and frequent chromosome arm level and focal copy number alterations [1–5]. Along with melanomas, lung cancers exhibit the highest frequency of somatic mutations [5,6] – these two cancer types are those most clearly caused by DNA-damaging mutagens, ultraviolet radiation in the case of melanoma and tobacco-smoke derived carcinogens in the case of lung cancer.

In addition, lung carcinomas have been at the heart of the revolution in genomically targeted therapies for cancer. For lung adenocarcinoma, therapies that target tumors with mutations in the epidermal growth factor receptor tyrosine kinase gene, EGFR [7–9], and the anaplastic lymphoma kinase gene, ALK [10–12], have proven highly effective. For lung squamous cell carcinoma, the identification of multiple targetable alterations now promises the potential of direct therapeutic targeting as well. Finally, for small cell lung carcinoma, comprehensive profiling has identified a number of recurrent genomic alterations, but clear paths to targeted tharpy are less apparent in most cases.

For all types of lung carcinoma, systematic genomic studies have been both confirming known genomic alterations and revealing new ones. Beyond the protein kinase signal transduction pathways and common TP53 mutations and aneuploidy, these include recurrent mutations in cell cycle genes and in chromatin modifiers and splicing factors. Understanding the role of each of these types of pathways in lung cancers will be important for the development of future targeted therapies, while the understanding of the high mutational burden of lung carcinomas may contribute to the development of immune-modulatory therapies.



Lung adenocarcinoma genomics

Lung adenocarcinoma is the most common subtype of lung cancer and ranks as one of the best genetically characterized human epithelial malignancies. In recent years, discoveries regarding the somatic genetic features of lung adenocarcinoma have been translated into targeted therapies that routinely impact patient care.

The characterization of somatic alterations in lung cancer, as in other tumor types, has proceeded in roughly three historical phases. The first phase leveraged insight from cytogenetics, tumor virology, and pedigree analysis. These early studies employed transformation, cloning, and targeted sequencing approaches to implicate specific genetic alterations in lung tumorigenesis, including mutations in Ras family genes (KRAS, NRAS, HRAS), TP53, and CDKN2A, among others [13–21]. The sequencing of the human genome in 2001 [22,23] greatly improved the feasibility of targeted molecular genetic analyses, heralding a second wave of discoveries, including therapy-sensitizing mutations in EGFR [24–26], oncogenic ERBB2 [27] and BRAF [28–30] mutations, ALK fusions [31,32], and truncating mutations in STK11 [33] and SMARCA4 [34,35].

During the past decade, the advent of high-throughput molecular genetic technologies, including microarrays and massively parallel sequencing, has revolutionized cancer genomics [36–40]. This third phase of investigation has involved large-scale surveys of somatic alterations that yield global spectra of gene expression, copy number alteration, rearrangement, and/or mutation across many lung adenocarcinoma tumor samples [41–47]. This is highlighted most recently by studies employing massively parallel sequencing to analyze the exomes, genomes, and transcriptomes of lung adenocarcinoma tumor-normal pairs [2,3,44,48–52].

Genome-wide studies provide compendia of molecular features for pathological tumor classification and serve as unbiased screens for recurrent alterations that have previously evaded hypothesis-based investigation. Discoveries made during this third phase include focal amplifications in the lineage-specific transcription factor gene NKX2–1 [45,47,53,54], recurrent fusions involving the receptor tyrosine kinase genes RET and ROS1 [31,48,55–58], and the discovery of genetic alterations in genes and pathways not previously known to be mutated in cancer (U2AF1, RBM10, ARID1A, SETD2) [3,49].


Molecular alteration spectra of lung adenocarcinoma

The molecular alteration burden in lung adenocarcinomas is among the highest found in human cancer. This is apparent whether one examines the frequency of somatic mutations, broad and focal copy number alterations, rearrangements, or gene expression changes. Lung adenocarcinomas harbor on average 12 somatic mutations (substitutions or small insertions/deletions) per exonic megabase [2,3,50], an estimated 26 regions of recurrent arm level amplification or deletion (spanning over half of the genome) and an estimated 31 regions of recurrent focal copy gain or loss [47], and 98 detectable rearrangement breakpoints.

This genetic complexity of lung adenocarcinoma poses a challenge in differentiating between alterations that are causal for carcinogenesis (i.e., “drivers”) and those that are bystanders to the underlying alteration mechanism (i.e., “passengers”). Virtually all known mechanisms of cancer gene activation and inactivation have been shown to play a role in lung adenocarcinoma: Lung adenocarcinoma genes may accumulate abnormal numbers of truncating mutations (e.g., NF1) [44] or hotspots of mutation around particular codons (e.g., KRAS G12V) [59]. They may be often focally amplified to a high copy number (e.g., NKX2–1) [45,47,53,54] or frequently homozygously deleted (e.g., PTEN) [47,60]. They may undergo recurrent genetic fusions that retain an important catalytic domain of the encoded protein (e.g., ALK) [31,32]. They may be transcriptionally silenced through promoter methylation (e.g., CDKN2A), alternatively spliced (e.g., MET), or upregulated through the aberrant activity of a transcription factor (e.g., MYC). Notwithstanding these important examples, the majority of genetic alterations in lung adenocarcinoma, particularly those at the DNA level, are thought to be neutral. Statistical analyses of genome-wide data must be exquisitely calibrated to differentiate between these neutral changes and those that undergo somatic selection in the tumor [3].

Global molecular spectra can be used to group lung adenocarcinoma cases into subtypes and generate complex signatures that predict patient outcome. This approach has been pioneered with microarray-based gene expression profiling. The earliest such analyses employed unsupervised clustering to group lung adenocarcinoma cases into subsets, with the observation that the resulting clusters displayed distinct survival and histopathological features [41,43,61]. A comprehensive analysis grouped lung adenocarcinoma into three reproducible gene-expression based groups: bronchioid, squamoid, and magnoid [62]. Additional studies have employed supervised approaches to define gene-expression based prognostic classifiers. Among these, Shedden et al., used a multisite blinded retrospective analysis of 442 cases to identify a robust gene-expression based predictor of patient overall-survival [46]. This signature employed the expression of hundreds of genes involved in pathways mediating cellular proliferation, differentiation, and immunologic function to differentiate between aggressive and indolent lung adenocarcinoma cases. The signature was most effective when used in tandem with clinical and pathological covariates.

Similar approaches have been applied to group lung adenocarcinoma cases with respect to DNA alteration-based features, such as point mutations. For example, smokers and never-smokers are readily distinguished on the basis of total or context-specific mutation somatic substitution rates. On average, lung adenocarcinomas arising in never-smokers harbor an order of magnitude fewer mutations than those in smokers, the majority of which cytosine deaminations at CpG dinucleotides (C[pG]→T). In contrast, tumors arising in heavy smokers preferentially contain C→A transversions, both in and outside of the CpG context [2,3]. C→A are thought to arise from polycycline amine hydrocarbon adducts in tobacco smoke [63]. Smokers and never-smokers also differ distinctly with regard to the pattern of “driver” sequence alterations (discussed below), leading some to posit that these represent distinct disease entities [64]. Lung adenocarcinomas from never-smokers preferentially harbor kinase domain mutations in EGFR and ERBB2 and rearrangements in ALK, RET, and ROS1, while lung adenocarcinomas from smokers often harbor KRAS, TP53, and STK11 mutations.



Key genetic alterations in lung adenocarcinoma in a few selected pathways

The key genetic alterations in lung adenocarcinoma (and other tumor types) have been identified on the basis of their recurrence in clinical patient samples and (for most) a demonstrated role in experimental models of cancer [36,37,65–67]. Such models include benign and malignant cell lines that are engineered to over-express the mutant form of a gene or undergo knockdown, and assayed for proliferation or anchorage independent growth in cell culture or xenograft formation in nude mice. These models also include genetically engineered mice in which mutated genes are stably integrated into the germline genome and expressed constitutively, inducibly, or under the guidance of tissue specific promoters, following which specific phenotypes (e.g., decreased tumor latency) are observed. For many of these key alterations, pathways have been elucidated that mechanistically link specific genetic perturbations to biochemical models of cellular processes, such as growth, motility, and apoptosis. In a subset of cases, therapies have been developed that target these altered pathways and yield significant clinical response in lung adenocarcinoma patients – most notably inhibitors of mutated EGFR [7,8,68] and translocated ALK [10–12].


Proliferation circuits

Growth and proliferation are exquisitely regulated cellular processes that are constitutively activated in malignancy [36,37,65–67]. Lung adenocarcinomas activate these circuits through the mitogen activated kinase pathway (MAPK), the PI(3)-K / mTOR pathway, and through the amplification of c-Myc. These pathways have been of considerable interest as therapeutic targets in lung adenocarcinoma, where a few have met significant success [69,70,71].

The MAPK pathway regulates proliferation in benign cells in response to extracellular ligand binding, which causes homo- or hetero- dimerization of receptor tyrosine kinase monomers. This triggers a signaling cascade through the small G-protein Ras and the Raf, Mek, and Erk serine-threonine kinases.

In North America 10–20% of lung adenocarcinoma cases (and 30–50% of cases in Asia) harbor kinase domain somatic mutations in the receptor tyrosine kinase gene EGFR (epidermal growth factor receptor) [24–26,72]. The vast majority of these comprise exon 18 nucleotide binding loop mutations (G719A), frame-preserving exon 19 deletions near the ELREA motif at amino acid 746, frame-preserving exon 20 insertions, and exon 21 activation loop point mutations (L858R), most of which result in increased or constitutive kinase activation. These EGFR mutations correlate exquisitely with sensitivity to targeted EGFR inhibition through the small-molecules erlotinib and gefitinib [24–26], with the exception of the exon 20 insertion mutations [73]. Focal amplification of EGFR is often seen both in conjunction and in the absence of EGFR kinase domain mutations; however, amplification does not correlate with sensitivity to either small molecule (e.g., erlotinib) or antibody-based (e.g., cetuximab) anti-EGFR therapy.

The related tyrosine kinase genes ERBB2 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 2), also harbors point mutations and frame-preserving deletions in its extracellular and kinase domains in another 2–3% of lung adenocarcinoma cases [27,44,74]. There has not yet been any clinical correlation between the status of these mutations and response to anti-Erbb2 antibodies (trastuzumab) or small molecule Erbb2 inhibition (lapatanib, neratinib, or afatinib), though initial cell line evidence has demonstrated response [74–77].

Receptor tyrosine kinase gene rearrangements affect 3–8% of lung adenocarcinoma patients, primarily never-smokers [31,32,48,55–58]. The 3' regions of tyrosine kinases ALK (anaplastic lymphoma kinase), RET (ret proto-oncogene), and ROS1 undergo recurrent rearrangements that preserve the kinase domain and fuse to at least 6 different genes as their 5' binding partners, including EML4, CCD6, and KIF5B [31,32,48,55–58]. The proteins encoded by the 5' fusion partners of these genes engage in spontaneous homo-dimerization as part of their normal cellular function, which implies a mechanism for the oncogenicity of their fusion protein product. Patients whose tumors harbor ALK fusions show a dramatic response to ALK inhibition via crizotinib [11], which has also been shown to have preliminary efficacy in patients harboring ROS1 rearrangements [55]. Preliminary studies of RET1 fusions in lung cancer cell lines have demonstrated sensitivity to several kinase inhibitors, including the RET specific small-molecule vandetanib [57].

The most common mechanism for MAPK pathway activation in lung adenocarcinoma from smokers is through substitution mutations in 12th, 13th, and 61st amino acids of the Ras family gene [14,16,17,78,79]. This occurs predominantly through KRAS (20–30%) but also through NRAS and HRAS (<1–2%). Ras proteins are cellular switches that exist in the inactive GDP-bound and the active GTP-bound state, the latter which is stabilized through hotspot mutations that abolish Ras's intrinsic GTP-ase activity. There are no current targeted therapies that are clinically effective against mutated Ras, despite initial attempts using farnesyltransferase inhibitors and ongoing trials involving small molecule inhibition of the downstream protein Mek [80].

Constitutive Ras activation in lung adenocarcinoma can occur through the mutational inactivation or deletion of NF1. NF1 encodes one of the key GTP-ase activating proteins that converts Ras into its inactive GDP bound state [81]. Deletions and truncating mutations in NF1 occur in 10–20% of lung adenocarcinoma cases, and predominantly in smokers [3,44,49].

BRAF encodes the first direct effector of Ras in the MAPK pathway and is mutated in 5–10% of lung adenocarcinoma at two hotspots encoding the glycine-rich loop near residue 469 (G469) and the activation segment near residue 600 (V600E) [3,28,30,44,49]. Though V600E mutations have been associated with therapeutic sensitivity to the mutant-specific B-raf inhibitor vemurafenib in melanoma [82,83], such a response has yet to be clinically demonstrated in BRAF mutant lung adenocarcinomas. The remaining two kinases in the core MAPK signaling cascade are rarely mutated in lung adenocarcinoma, though activating MEK mutations (p.K57N) have been previously described in this disease (<1%) [84]. Other recurrent MAPK pathway mutations that have been reported include splicing mutations in MET [52,85], point mutations in the Ntrk gene family (NTRK1, NTRK2, NTRK3), and point mutations in PTPN11 [44,52,86].

Receptor tyrosine kinases activate a second intracellular signaling pathway mediated by the lipid kinase PI(3)-K [87,88]. This pathway comprises a highly conserved eukaryotic mechanism for growth control under fluctuating nutrient conditions, which synapses on the mammalian target of rapamycin (mTOR) [89]. PIK3CA, which encodes the 110-kD catalytic subunit of PI(3)-K, is mutated or focally amplified in 5–10% of lung adenocarcinomas [3,44,49]. The majority of mutations cluster at two hotspots in exon 9 and exon 20, causing constitutive kinase activity and production of second messenger molecules PtdIns(3,4,5)P3, which activate downstream effector, Akt.

A second mechanism of PI(3)-K pathway activation in lung adenocarcinomas is through the deletion or mutational inactivation of the phosphatase and tensin homologue Pten [3,44,47,49]. Pten is a lipid phosphatase that results in PtdIns(3,4,5)P3 hydrolysis, reversing the reaction catalyzed by PI(3)K. PTEN deletion or mutational inactivation is seen in 2–8% of lung adenocarcinomas. Akt, the downstream effector of PI(3)-K, harbors rare constitutively activating N-terminal mutations at a hotspot around Glutamic Acid 17 (E17K) in <1% of lung adenocarcinoma cases [44,49]. The oncogenic effect of Akt activation is thought to be mediated through mTOR, whose activity is antagonized through the drug rapamycin and its chemical derivatives. Clinical trials employing pharmaceutical inhibition of PIK3CA and PTEN mutant lung adenocarcinomas using small molecular inhibitors against PI(3)K, Akt, or mTOR, are currently in progress [90].

Of lung adenocarcinomas 5–15% harbor focal or high level amplification of MYC [3,47,91]. MYC encodes a transcription factor, c-Myc, classically associated with the initiation of cellular proliferation and survival programs immediately following serum reconstitution in cell culture [65,66]. The biological role of c-Myc has since been demonstrated to be much broader: it is implicated in the direct regulation of as many as 15% of all human genes and recently suggested to be a “global amplifier” of transcription [92]. c-Myc is also one of the key transcriptional effectors downstream of the MAPK pathway, though MYC amplifications are not mutually exclusive with MAPK pathway mutations [3].



Cell cycle and TP53 circuits

The most frequently mutated gene in lung adenocarcinoma (and in human cancer) is TP53 [3,44,49]. TP53 encodes a transcription factor that promotes cell death and cell cycle arrest in response to DNA damage, hypoxia, and metabolic stress [93]. Genes upregulated by TP53 also catalyze DNA repair, promote autophagy, block glycolysis, promote mitochondrial respiration, reduces levels of reactive oxygen species, and promotes stem cell differentiation. Over 50% of lung adenocarcinoma harbor truncating, splice site, or missense mutations in TP53 [3,44,49]. Lung adenocarcinomas lacking TP53 mutations often harbor alterations in proteins that directly engage TP53: 7–10% of lung adenocarcinomas harbor mutations of ATM [3,44,49], which encodes a DNA damage sensor and cell cycle checkpoint kinase that activates TP53 through phosphorylation; 6–8% of cases harbor focal or high level amplifications in MDM2 [47], which encodes an E3 ubiquitin ligase that targets TP53 for degradation. Though the ubiquity of direct or indirect genetic lesions of TP53 in lung adenocarcinoma makes it an attractive therapeutic target, the development of drugs directed against this pathway has been challenging. Efforts to either restore TP53 function (through gene reconstitution or native protein conformation stabilization) or target synthetic lethal vulnerabilities (e.g., G2 checkpoint abrogation) in TP53 mutant tumors have not met widespread clinical success.

The cell cycle machinery upon which TP53 synapses is often dysregulated by somatic genetic alterations that inhibit the protein Rb. In its unphosphorylated state, Rb is a transcriptional repressor of genes that mediate G1 cell cycle progression [65,66,67]. RB1, the gene encoding Rb is mutated in 3–4% of lung adenocarcinomas and a target of copy number loss in another 10–20% of cases [3,44,47]. More frequently, Rb is inactivated through the genetic loss of p16/CDKN2A, which promotes G1 cell cycle arrest by inhibiting Rb phosphorylation. CDKN2A is lost or mutationally inactivated in 10–30% of lung adenocarcinomas, including via truncating or missense mutations in 5% of cases [3,18,19,44,47]. Conversely, the amplification of CDK4, CCND1, and CCNE1 (10–20% of cases) [47] promote Rb phosphorylation and G1 cell cycle progression. Rb is also believed to integrate upstream extracellular growth suppression signals from the TGF-Beta pathway, which are genetically silenced through the mutation of SMAD4 in 2–4% of lung adenocarcinoma cases [3].



Viability circuits

The most frequent focal copy number alteration in lung adenocarcinoma is the amplification of NKX2–1 (10–20% of cases) [45,47,53,54]. NKX2–1 (also referred to as TITF1) resides on chr 14q13.3 and encodes a transcription factor that is essential for the development of type II pneumocytes, which line alveoli of the lung. These features suggest that NKX2–1 may be a lineage-specific survival factor. Initial cell-line experiments implicated NKX2–1 as necessary for anchorage independent growth in lung cancer cell lines expressing NKX2–1, supporting its putative role as an oncogene. However, recent data from a transgenic mouse model suggests that in certain contexts NKX2–1 may behave as a lung cancer tumor suppressor gene [94].

Another viability circuit that is genetically activated in lung adenocarcinoma mediates survival under oxidative stress. KEAP1 encodes a cysteine-rich redox sensor protein that binds the transcription factor NRF2 and targets it for proteosomal degradation [95]. Oxidative stress disrupts KEAP1-NRF2 binding, resulting in NRF2 translocation to the nucleus and transcription of genes promoting survival under stress. KEAP1 mutations are frequent in lung adenocarcinoma (11% of cases) [3,49,96], and presumably disrupt the KEAP1-NRF2 complex and promote survival under conditions of oxidative stress. Mutations in KEAP1 and the NFE2L2 gene are even more common in squamous cell lung carcinomas, as described below [1,97]. Despite the extensive evidence showing KEAP1 to be a mutational target in lung cancer and other tumor types, the tumorigenicity of KEAP1 variants remain to be demonstrated in cellular or animal cancer models.



Motility circuits

One of the more common sequence alterations in lung adenocarcinoma is mutational loss of serine-threonine protein kinase 11 (also known as Lkb1) [33]. Truncating mutations and deletions targeting STK11 occur in 15–35% of lung adenocarcinomas, and are predominantly found in smokers [3,49]. STK11 is necessary for the catalytic activity of a family of 14 structurally related Lkb1-dependent kinases that mediate cell metabolism, growth, and polarity [98]. These targets include AMPK, a multifunctional protein kinase that inhibits mTOR, and SIK1, which mediates anoikis (apoptosis by cell detachment) through TP53 dependent pathways. STK11 knockdown accelerates tumorigenesis and metastasis in KRAS mutant mouse models of NSCLC [99]. These results suggest that STK11 loss acts in concert with other genetic lesions to modulate invasion, metastasis, and differentiation programs at various stages of lung tumorigenesis.

The APC pathway links cellular adhesion signals to growth and proliferation [100]. This pathway is targeted in lung adenocarcinoma through activating mutations in CTNNB1 (encoding beta-catenin) and truncating mutations and deletions in APC (adenomatous polyposis coli). Beta-catenin is normally sequestered at adhesion junctions or targeted for degradation by an APC-containing “destruction complex” through phosphorylation at four N-terminal serine/threonine residues. CTNNB1 mutations (1–2% of cases) at one of these residues (e.g., p.S37) or loss-of-function alterations in APC (3–5% of cases) are recurrently found in lung adenocarcinoma [3,44,49]. These alterations are predicted to enable beta-catenin translocation into the nucleus and activation of transcriptional programs promoting invasion, metastasis, and proliferation.



Epigenetic modifier pathways

Epigenetic modifiers, as a gene class, have recently been shown to be recurrently mutated in lung adenocarcinoma and other tumor types [101,102]. 10% of lung adenocarcinomas harbor truncating and/or missense mutations in SMARCA4, which encodes an ATPase subunit of the SWI / SNF complex (also called BRG1) [34,35]. SWI/SNF complexes contribute to both silencing and activation of target genes, including genes in pathways mediating cell cycle checkpoint control, cell migration, proliferation, and embryonic stem cell programs. SMARCA4 knockout increases the number and size of tumors in a carcinogen-induced mouse model of lung cancer [103]. Recently, lung adenocarcinomas have been shown to harbor truncating or missense mutations in another SWI/SNF complex gene ARID1A (10%) and the histone demethylase gene SETD2 (13%) [3]. RNA binding proteins are another gene class to recently emerge as significantly mutated in genome-wide somatic mutation scans. U2AF1 encodes a core member of the U2 spliceosome and is recurrently mutated at a single codon (p.S34F) in 3–5% of lung adenocarcinomas [3] as well as over 50% of certain myelodysplastic syndrome subtypes [104]. RBM10 is a less well characterized RNA binding protein targeted by truncating and missense mutations in 7% of lung adenocarcinomas. RBM10, U2AF1, SETD2, and ARID1A variants have yet to be validated in a cell-line or animal model of cancer. Furthermore, the biochemical mechanism through which these epigenetic and splicing modifiers impact carcinogenesis remains to be fully elucidated.




Genetic correlates of sensitivity and resistance

The era of targeted therapy in lung adenocarcinoma was instantiated in 2004 following the correlation of EGFR mutations with erlotinib sensitivity [24,26,105]. The subsequent link between ALK fusions and crizotinib sensitivity in 2010 gave additional momentum to the targeted treatment paradigm [10–12]. Ongoing trials employing agents targeted against BRAF, HER2, PI3 Kinase, AKT, MEK, and MET (among others) are imminently poised to extend this approach to additional patient subgroups [106].

A key caveat in the widespread application of targeted therapy in cancer is drug resistance [69]. Patients receiving EGFR inhibitors receive an indisputable survival benefit, however their tumor invariably returns, often harboring a novel change in somatic genotype and/or histology [107]. In about half of patients, this relapsed tumor harbors a second site mutation in EGFR converting the “gatekeeper” residue p.T790 to a methionine and inhibiting drug binding [108,109]. Smaller subsets of patients acquire novel alterations, including MET amplifications [110]. An intriguing subset of patients (14%) show conversion to a small-cell lung cancer phenotype, which reverts to lung adenocarcinoma histology following small-cell chemotherapy [107]. A similar phenomenon has been observed with second site mutations in the ALK gene following crizotinib therapy (p.C1196M, C1156Y), however the spectrum of resistance alterations in the ALK / crizotinib setting has yet to be fully explored [111–113].

These examples suggest that the next era in cancer molecular genetics (and targeted therapy) may involve multiple snapshots of a “dynamic genotype” that evolves through several treatment cycles. Tumor genomes subjected to novel selective pressures induced by targeted agents will evolve novel (and possibly recurrent) patterns of alteration that may require treatment with alternate classes of drugs. Lung adenocarcinoma patients of the future may expect to receive multiple longitudinal biopsies and complex cocktails of targeted agents specifically designed to prevent the emergence of resistance. Clinical cancer genetics, which has been mostly a static and observational science, will need to evolve dynamic predictive models to account for the somatic evolutionary consequences of tailored drug treatments [114].



Germline predisposition

The discussion of lung cancer genetics is primarily focused on somatic genetic alterations that develop during a patient's lifetime. Until recently, not much was known regarding genetic mediators of inherited lung cancer risk. Genome wide association studies (GWAS) employing high density single nucleotide polymorphism (SNP) arrays on large retrospective series of cases and controls have been recently used to probe the common variant inheritance of many complex inherited diseases, including many cancer types [115,116].

GWAS's performed on European populations have yielded three loci (15q25.1, 5p15.33, and 6p21.33) demonstrating reproducible clusters of association across multiple independent cohorts. The genes associated with these loci include CHRNA5, CHRNA3, and CHRNB4 (15q25.1), TERT and CLPTM1L (5p15.33), and BAT3-MSH5 (6p21.33) [117–122]. Genes associated with 15q25.1 encode nicotinic acetylcholine receptor subunits that are expressed in neuronal and alveolar cells and known to bind nicotine and its derivatives. Variants in this region were previously associated with nicotine addiction, though the impact of these variants on lung cancer susceptibility were shown to be independent of smoking behavior.

GWAS's performed on East Asian populations have identified additional population specific risk loci in addition to those susceptibility regions found in European populations: GWAS's in Korean and Japanese populations have associated three loci: 3q28 (near TP63), 17q24 (near BPTF), and 6p21.3 (near BTNL2), that appear to be population specific [123,124]. GWAS's in Han Chinese population have identified additional loci at 13q12.12 (near MIPEP and TNFRSF19) and 22q12.2 (near MTMR3, HORMAD2, LIF) [125]. One of the most compelling phenomena in lung cancer genetics is the increased risk of east Asian never-smokers, in particular females, to develop lung adenocarcinomas, in particular those harboring activating somatic EGFR mutations. The contrasting landscape of genetic lung cancer susceptibility between European and East Asian populations suggests that a complex and yet uncharacterized interplay between the germline and somatic genome may play a role in this phenomenon.

Unlike Mendelian predisposition alleles, common variants nominated by GWAS studies tend to have a weak prognostic effects and in many cases are only correlated to a causal (and likely rare) inherited allele. Further fine-mapping around existing loci and next-generation sequencing based GWAS's will further expand the knowledge of germline lung adenocarcinoma predisposition.



Future directions

The age of next-generation sequencing and large statistically powered case-series is poised to greatly illuminate the understanding of lung adenocarcinoma genetics. Increased power to detect rare “driver” alterations through the analysis of large clinically annotated sample sets and correlations of alteration patterns across many tumor types will greatly enrich this knowledge. The correlation and mutual exclusivity of DNA-based alterations with each other in large sample sets will provide an important signal to untangle cooperating and redundant cancer pathways. Large scale analyses of methylation, histone modification, and mRNA and microRNA expression, such as those carried out by The Cancer Genome Atlas in conjunction with sequencing studies [1,126–128], will shed light on the role of these additional sources of somatic genetic variation in lung adenocarcinomagenesis. The correlation of molecular features with the recently revised histopathological subclassification of lung adenocarcinoma [129] will improve diagnostic paradigms and generate important biological insight. Longitudinal analyses of molecular genetic changes in the context of multiple rounds of novel targeted therapeutics will impact the understanding of treatment resistance and somatic evolution. Next-generation sequencing based germline association studies may yield further insight into the inherited susceptibility of lung adenocarcinoma. These insights will be bolstered through the development of novel targeted therapeutics and more efficient approaches for screening variants in cellular and animal models of cancers.




Lung squamous cell carcinoma genomics


Introduction and overview of genomic alterations of lung SqCCs

Lung squamous cell carcinoma (lung SqCC) is the second most commonly diagnosed subtype of non-small cell lung cancer (NSCLC). It is thought to originate in the proximal airways through a process of squamous metaplasia secondary to chronic airway injury, typically the result of tobacco smoke [130]. Squamous epithelial cells are not normally resident in the adult lung and the molecular events which drive metaplasia are only recently beginning to be described [130,131]. Lung SqCC can be distinguished from other subtypes of NSCLC by a combination of morphology and immunohistochemical analysis with a typical staining pattern of TTF1 negativity and p40/p63 positivity. Until recently it was unclear whether specific molecular features distinguished lung SqCCs from other lung cancer subtypes; however, several studies have now provided definitive evidence that squamous cell carcinoma is a distinct entity from lung adenocarcinoma and small cell carcinoma and more closely resembles squamous cell carcinomas of the head and neck than other lung cancer subtypes [1]. While the use of targeted therapeutic agents has not been as successful in lung SqCC as compared to lung adenocarcinoma, the recent comprehensive description of the molecular features of lung SqCCs provides hope that personalized treatment of this disease will be achievable in the near future.

Squamous cell carcinoma, like other subtypes of lung cancer, is strongly associated with tobacco exposure. Prior studies of cohorts of lung SqCC patients have reported rates of smoking in patients with this disease in excess of 90% [132]. In contrast to lung adenocarcinoma, no large studies of nonsmokers with lung SqCCs have been reported and it is not known whether there are specific genomic alterations found in nonsmokers with this disease. Furthermore, large studies comparing patients from different ethnic backgrounds with lung SqCCs have not been published, and it is not clear if there will be significant differences in molecular features based on ethnic background in lung SqCCs as there are in adenocarcinoma.

Lung SqCCs are defined by a substantial degree of genomic complexity. The Cancer Genome Atlas Network (TCGA) reported that lung SqCCs display among the highest rates of somatic mutation, copy number alteration and gene rearrangements of all epithelial tumor types [1]. This observation presents a challenge to identification of which alterations described in lung SqCCs are the most critical for cancer development and therapeutics.


Gene expression

Microarray profiling of cohorts of non-small cell lung cancers by several groups demonstrated that gene expression profiles of lung SqCCs are distinct from lung adenocarcinoma [43,46,61,133]. Furthermore, lung SqCCs could be separated by gene expression profiles into distinct subtypes with different biologic and clinical characteristics and which represent different cell types and differentiation states of the normal lung [134]. These subtypes have been reproduced in more recent studies using RNA sequencing and are associated with specific genomic alterations. For example, the most common expression subtype, the “classical” type, is associated with amplification of chromosome 3q26 (including SOX2, PIK3CA and TP63), mutation of NFE2L2 and KEAP1 and a high degree of CpG promoter methylation when compared to the other three expression subtypes [1]. In contrast, alterations of FGFR family kinases, RB1 and PTEN were more associated with other expression subtypes. Several studies have reported gene expression signatures associated with patient outcome in lung SqCCs; however, validation of these data by independent groups has demonstrated that developing clinical predictors with gene expression data alone remains challenging.




Somatic copy number alterations

SNP array and aCGH analysis of lung SqCCs has demonstrated that SqCCs harbor complex and distinct copy number profiles when compared to lung adenocarcinomas. Lung SqCCs also share recurrent regions of gene amplification and deletion with squamous cell carcinomas from other tissue types such as the skin and cervix [42]. Lung SqCCs are characterized and distinct from lung adenocarcinomas in amplification of 3q26, where the transcription factor SOX2 has been shown to play a critical role in squamous differentiation, 8p11–12, a region containing FGFR1 and WHSC1L1 and 7p11, where the EGFR gene is located [135–140]. [135–140]SOX2 and FGFR1 are essential genes in a subset of lung SqCC cell lines [135,136,140] and anti-FGFR1 therapies are being pursued clinically [141]. Other regions of gene amplification in lung SqCCs include the PDGFRA, CCND1, MYC, CDK6, BCL2L1, MDM2 and NFE2L2 loci [1]. CDKN2A and PTEN deletion have been commonly observed [1].


Somatic mutations

Early Sanger sequencing studies of lung SqCCs identified recurrent mutations in the tumor suppressor TP53 [21,142] and the oncogene NFE2L2 [97]. In addition, focused seqeuncing studies suggested a lack of frequent mutations in lung SqCC in EGFR or KRAS [143], which are commonly observed events in lung adenocarcinoma [14,24–26,59]. More comprehensive profiling by Sanger sequencing of all tyrosine kinases demonstrated that the DDR2 kinase is mutated in 3–4% of lung SqCCs [144]. DDR2 is known to be the target of several kinase inhibitors and trials of anti-DDR2 therapy are ongoing. Sequencing of lung SqCCs by DNA mismatch repair technology identified recurrent mutations of TP53, NFE2L2, KEAP1, BAI3, FBXW7, GRM8, MUC16, RUNX1T1, STK11 and ERBB4, several of which demonstrated statistical evidence of mutational enrichment in lung SqCCs [49].

Whole-exome and whole-genome sequencing studies of lung SqCCs have only recently begun to be reported. The Cancer Genome Atlas Research Network (TCGA) completed whole-exome sequencing of 178 lung SqCCs and whole-genome sequencing of 19 tumor/normal pairs [1]. The analysis revealed that lung SqCCs display a high rate of somatic mutations with a median rate of 8.4 mutations per sequenced megabase (Mb). Mutations were most commonly observed at CpG sites (20.6/Mb) as compared to non-CpG sites and there was an enrichment for transversion mutations, as has been reported for tobacco-associated lung adenocarcinomas [2,3] and small cell lung carcinomas [4,5,145] as well.

As in lung adenocarcinoma, the majority of genes in the genome were found to be mutated in one or more cases in this study of lung SqCC, presenting a challenge for discovery of genes which are the most important in the biology of lung SqCCs. To this end, statistical analysis was applied to the dataset to identify genes displaying rates of mutation above which would be expected by chance given the background mutation rate of a gene. This analysis identified 10 genes which displayed statistical enrichment for mutation and clear evidence of expression in the studied tumors: TP53, CDKN2A, PTEN, PIK3CA, KEAP1, MLL2, HLA-A, NFE2L2, NOTCH1 and RB1 [1]. Additional statistical analysis demonstrated that other genes also displayed enrichment for mutation and included FAM123B (WTX), HRAS, FBXW7, SMARCA4, NF1, SMAD4, EGFR, APC, TSC1, BRAF, TNFAIP3 and CREBBP. Importantly, no instances of EGFR L858R or exon 19 deletion mutations were identified though the report documented two cases of EGFR L861Q mutations. KRAS mutations were notably rare as well. Mutations in BRAF did reach statistical significance though no position 600 mutations were identified, raising the issue of whether these mutations are therapeutically important [1].

Whole genome sequencing confirmed the high degree of genomic complexity of lung SqCCs and documented a high rate of genomic rearrangements with an average of 165 per studied tumor, a number comparable to the rate in smokers with lung adenocarcinoma. No recurrent fusion events involving kinases were identified in this relatively small number of studied tumors, though an intriguing finding was the observation of a number of tumor suppressor gene disruptions (CDKN2A, RB1, NF1) by rearrangements [1].



Pathway alterations

The genomic alterations of lung SqCCs suggest that a number of key cellular pathways are commonly altered in this disease. Two of the most significantly mutated genes in lung SqCC, NFE2L2 and KEAP1, encode binding partners with a well-established role in the regulation of transcription of genes involved in the cellular response to oxidative stress [96,97,146]. It has been hypothesized that alterations in NFE2L2 and KEAP1 may confer a survival advantage to airway cells chronically exposed to carcinogens from tobacco smoke by constitutive activation of a cytoprotective transcriptional program [147–149]. However, in the setting of cancer, activation of this pathway has been shown to promote chemo- and radioresistance in tumor cells [150–155]. Mutated NF2L2 and KEAP1 have been shown to cooperative with mutated KRAS in driving lung carcinomas in mouse models, suggesting that this pathway may regulate processes in addition to the cellular response to oxidative damage [156].

Loss-of-function NOTCH1 mutations have been described in squamous cell carcinomas of the head and neck and skin [157–159]. NOTCH genes have a documented role in squamous metaplasia, suggesting that genes involved in the normal development of squamous epithelium may be dysregulated in SqCCs, NOTCH1 is also subject to loss-of-function mutations in lung SqCCs; other genes implicated in differentiation such as SOX2 and TP63 are also commonly altered in SqCCs and largely exclusive with mutations of NOTCH1 [1]. Given that squamous epithelial cells are not resident in the normal human airway, it is likely that an alteration of a gene or genes involved in squamous differentiation would be required for the development of a lung SqCC.

In addition to deregulation of redox response genes and genes involved in squamous differentiation, mitogenic and pro-survival kinases are commonly altered in lung SqCCs. The most commonly altered kinase pathway in lung SqCC is PI3K/AKT [1]. Approximately half of lung SqCCs in the TCGA cohort had a documented mutation, somatic copy number alteration or significant up- or down-regulation of expression of a Pi3K/AKT pathway gene, most commonly PIK3CA or PTEN [1]. Other frequently altered kinase families are FGFR genes which display copy number alteration or mutation in 10–20% of cases [1]. EGFR and other ERBB kinases are also commonly altered by amplification or mis-expression, though the significance of these alterations is less clear than in lung adenocarcinoma. Other kinase families also display recurrent evidence of alteration such as DDR2, BRAF and JAK kinases which may also be important therapeutic biomarkers [1].

A surprising result from the TCGA survey of lung SqCC was the identification of recurrent loss-of-function mutations in the HLA-A gene [1]. These alterations would be predicted to decrease the ability of the tumor to present immunogenic peptides to the immune system and could enable the tumor to escape some degree of immuno-surveillance. Somatic alterations of genes involved in the recognition of a lung SqCC by the host immune system are encountered frequently in this disease and may explain the efficacy of immune checkpoint inhibitors in preliminary clinical studies [160,161], that could help restore the ability of the immune system to recognize and respond to the tumor.

In summary, squamous cell lung cancers have high levels of targetable genomic alterations, suggesting that targeted therapies are likely to play a large role in this disease. Furthermore, lung SqCCs have mutational signatures of immune evasion, supporting the potential of immune modulatory therapies.





Genomic features of small cell lung cancers

Small cell lung cancer (SCLC) is a highly malignant tumor of the lung, which belongs to the family of pulmonary neuroendocrine tumors. In addition to SCLC this tumor entity includes the histological subtypes of large-cell neuroendocrine lung cancer (LCNEC), and the clinically benign lung carcinoids. SCLC is the most common tumor type within this group of neuroendocrine tumors accounting for approximately 80% of the cases, followed by LCNECs with 12% [162]. Combined, SCLC and LCNEC are responsible for approximately 20–25% of all lung cancer cases in humans [163].


Previous molecular findings in SCLC

SCLC and LCNEC are characterized by a high load of genetic alterations with frequent losses on 3p, which is invariably lost in SCLC, 13q, 9p, and 17p [164–166]. Furthermore, TP53 mutations are frequently found in LCNECs (59%) and SCLC (71%) tumors [21,167,168]. Carcinoids are shown to have G:C > A:T transition or non-sense mutations, whereas SCLC and LCNEC tumors mainly bear G:C > T:A transversions [5]. This fact supports the finding that in contrast to carcinoids, smoking is involved in the pathogenesis of SCLC and LCNEC tumors [169]. Genetic changes in the p16INK4 / Cyclin D1 / Rb pathway play a decisive role in deregulating the cell cycle of neuroendocrine lung tumors. The loss of RB1 is a common event in SCLC and LCNEC [18,170–172], but is rare in carcinoids [170]. According to the COSMIC database of somatic mutations found in cancer (www.sanger.ac.uk/genetics/CGP/cosmic/), the most frequent mutations in SCLC are in TP53 (90% of the cases tested), RB1 (57%), PTEN (15%), PIK3CA (10%), and EGFR (5%).

In traditional genetic studies, the hallmark alterations of SCLC and LCNECs were both mutations in TP53 and RB1. Loss of RB1 is by far more frequent in these tumors than in any of the other lung tumor types. Furthermore, while combined lung-specific inactivation of TP53 and KRAS give rise to adenocarcinomas in genetically manipulated mice [173], lung epithelial cells deficient of TP53 and RB1 give rise to small cell carcinomas in mice [174]. Thus, loss of RB1 appears to be a critical event in the pathogenesis of the SCLC tumor type. There is increasing evidence proving that beyond its role in cell cycle control, Rb1 is also are involved in many other cellular pathways which impact on tumor initiation and progression (see below).



Large-scale genome analysis studies of SCLC

Unfortunately, comprehensive genomic analyses in neuroendocrine cancers are notoriously difficult because of limiting amounts of tissue available. SCLC is usually diagnosed by small biopsies, which are not suitable for comprehensive genomic analyses. Only in extremely rare cases SCLC is treated by surgical resection yielding samples that are suitable for in-depth genomic studies. Thus, despite their relatively high frequency in the population, obtaining large numbers of adequate tumor specimens is difficult.

Recently, two studies have addressed the need for comprehensive genomic characterization of small cell lung cancer [4,145]. In total, over 100 SCLC specimens were analyzed by exome sequencing in addition to copy number arrays and transcriptome sequencing. One of the most striking observations was the extremely high background mutation rate of up to 7.4 somatic mutations per megabase of sequence. C:G>A:T transversions, which are typically caused by tobacco-associated carcinogens, were frequently detected in SCLC, thus confirming the association with heavy smoking. The high mutation rate in SCLC tumors poses a major challenge in identifying biologically relevant gene mutations, as for lung adenocarcinoma and lung SqCC. In order to address this need, analytical approaches are required to assign significance to recurrently mutated genes. These filters correct for gene size, gene-specific background mutation rate, determine, whether a given gene is also expressed, analyze if the pattern of mutations is reminiscent of tumor suppressor genes (out-of-frame insertions or deletions, mutations introducing stop codons) or oncogenes (in-frame insertions or deletions), furthermore local clustering of mutations is assigned to a given gene. When applying these approaches, the authors found almost universal mutations of TP53 as well as frequent mutations of RB1 [4,145]. Furthermore, both studies identified mutations in PTEN and in histone modifying genes, such as EP300 and MLL2. Another histone acetyl transferase, CREBBP, was also recurrently mutated in one of these studies [4]. The mutations in CREBBP and in EP300 occurred in mutually exclusive fashion suggesting that the inactivation of both genes may fulfill overlapping functions. Furthermore, mutations in CREBBP and EP300 clustered around the histone acetyl transferase domain. Altogether, genomic events affecting either of these two genes occurred in 18% of all SCLC cases. Thus, next to TP53 and RB1, the two histone acetyltransferase genes EP300 and CREBBP were identified as the third most frequently mutated class of genes in this tumor type. Several of the additional gene mutations detected in SCLC affect kinases which in some instances are involved in the PI3-kinase pathway [145].

Detailed analyses of chromosomal gene copy number have revealed a remarkable pattern of somatic copy number alterations (SCNAs) [4,145,175]. Predominantly, large chromosome-level events are detectable, whereas highly focal amplifications and deletions are typically rare. These events include hemizygous losses affecting the short arm of chromosome 3, gains of 5p (possibly targeting the telomerase gene TERT), losses of RB1 (13q) and TP53 (17p), amplifications of all three MYC family members (MYCL1, MYCN, MYC), and finally FGFR1 (8p) amplifications detected in approximately 6% of the cases [4,145]. At least one FGFR1-amplified cell line was found to be highly sensitive to FGFR inhibition [140,176], suggesting that treatment with FGFR inhibitors may be beneficial in FGFR1-amplified SCLC. The SOX2 gene was also found to be amplified at high levels in approximately 25% of the cases [145]. SOX2 is a lineage transcription factor that was identified to be amplified in a large proportion of squamous cell lung cancers [135]. Consistent with the notion that SOX2 amplifications may contribute to the oncogenic phenotype in SCLC as well, two SOX2-amplified SCLC cell lines showed a decrease in proliferation upon knockdown of SOX2 [145]. It is currently unclear whether amplifications of 3q have the same biological effects in SCLC as they have in lung squamous cell carcinomas.



Biological and clinical implications of SCLC genome alterations

Despite the fact that several novel mutations have been characterized in SCLC, none of the recent studies provide a plausible explanation for the characteristic clinical features of this tumor type; namely, the extremely high proliferation rate, the tendency to early metastasis, the high sensitivity to chemotherapy treatment, and the rapid relapse.

One intriguing possibility for explaining the high sensitivity to chemotherapy is the almost universal loss of RB1 itself. RB1 is involved in DNA damage repair partly through the interaction with E2F1 and its pro-apoptotic target genes [177]. Consequently, loss of RB1 may enhance chemosensitivity by inhibiting DNA damage repair. This notion is supported by a recent study in which SCLC cell lines were shown to be highly sensitive to PARP1 inhibition [178]. PARP1 is involved in DNA damage repair, and acts as a transcriptional co-activator of the transcription factor E2F1, which itself is repressed by RB1. PARP inhibition may therefore repress E2F1 target genes involved in the DNA damage response. Furthermore, the large amount of somatic mutations in SCLC points to an intrinsic DNA damage repair deficiency in these cells [4,145]. In the context of a constant rate of background mutations, inhibition of both, the DNA double-strand repair machinery (by PARP itself) and other mechanisms involved in the repair of single base substitution, may synergistically aid in suppressing the growth of SCLC tumors.

Furthermore, genetic defects in SCLC are repeatedly found to impact histone modifying genes. At this point it is unclear how the inactivation of the histone acetyl transferases, CREBBP or EP300, or the histone methyl transferase MLL, may contribute to the tumorigenesis in SCLC. In addition to histone modifications, these histone acetyl transferases have been reported to directly acetylate other proteins that may be centrally involved in protecting cells from oncogenic transformation. Alternatively, inactivation of the EP300, CREBBP, and MLL genes could also alter the pattern of histone acetylation, which may consequently lead to a global change in gene expression. The primary target of CBP and p300 is histone H3; where in particular acetylation occurs on the lysine residues K18 and K27 [179]. Since hypoacetylation of H3K18 is associated with oncogenic transformation [180–182], it is tempting to speculate that this histone mark is also the functional consequence of CREBBP and EP300 inactivation in SCLC.

As mentioned above, only a few candidate alterations were found that could serve as therapeutic targets in SCLC. Among these, FGFR1 amplifications may point to a therapeutic opportunity for FGFR1-amplified SCLC [140,176]. Furthermore, tumors with inactivation of PTEN may be susceptible to inhibition of PI3-kinase, AKT, or HSP90 [176]. Additionally, cancers bearing EPHA kinase fusions [145] could be treated with EPHA kinase inhibitors. However, the number of preclinical models harboring these respective genetic alterations is currently limited. Furthermore, the molecular epidemiology of most of these genetic lesions is at this point in time not fully explored. Therefore, the degree of preclinical validation of these possible targets needs to be further investigated.

A recent report provided preclinical evidence that the Hedgehog signaling pathway is activated in SCLC [183]. It was found that SCLC tumors in mice were sensitive to a combination of chemotherapy with the Hedgehog pathway inhibitor NVP-LDE225, which is currently in Phase-II clinical trials. The mechanistic basis of the observed dependency on the Hedgehog pathway remains at this point unclear. While somatic mutations are found to cause the activation of the Hedgehog pathway in medulloblastoma and basal cell carcinoma of the skin [184], no such mutations have been observed in SCLC [4,145].

In summary, multiple novel genome alterations have recently been discovered in SCLC, several of which occur at high frequency (e.g., CREBBP, EP300 mutations). Detailed mechanistic studies in cells and mice are needed to provide explanations as to how these novel alterations cause SCLC, and if they associate with therapeutically tractable pathway activation.
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Natural history of lung cancer progression and potential utility for biomarkers in the clinic

Lung cancer represents a spectrum of diseases with tremendous heterogeneity both at the pathological and molecular levels [1–4] that is strongly associated with smoking as a risk factor. With about 20% of the US adult population smoking and 1 billion people worldwide, lung cancer claims more lives than breast, prostate, colon, liver, kidney and melanoma cancers combined [5,6]. Despite the recent improvements of bronchoscopic and surgical techniques as well as advances in chemotherapy, targeted therapies, and radiation therapy treatments, attempts to improve patient outcomes by targeting patients with advanced disease are faced with immense challenges. In order to detect cancer earlier, when it is most curable, several noninvasive detection technologies have been investigated. Imaging techniques such as chest X-ray, low-dose spiral computed tomography (CT), sputum cytology and molecular biomarkers in various biological samples have been tested for their diagnostic value for early detection for lung cancer [7,8]. Although these tests vary in their sensitivity and specificity, only low dose chest CT was shown to reduce lung cancer specific mortality [9–11]. This very encouraging finding increases the importance of finding new molecular biomarkers for risk assessment and noninvasive diagnosis, and potentially to identify the patient population that can most benefit from specific targeted chemopreventive or therapeutic strategies. These molecular biomarkers will have to be rigorously tested to demonstrate their clinical utility and complement currently used strategies.

Lung cancer in smokers can be considered to result from a long history of repeated airway damage and repair cycles. This disease process develops over the course of many years before coming to clinical attention. This rather long disease process (Figure 5.1) represents a window of opportunity during which intervention could take place with the potential for preventing the development of disease (e.g., primary prevention-smoking cessation or chemoprevention). While only about 20% of high risk individuals develop lung cancer [12], some of the key unanswered questions remaining include: who will develop a malignancy (who might benefit from screening or preventive strategies), at what rate will the disease progress when it develops (is the detected disease “clinically significant”), and what patient population will benefit most from specific targeted therapies (therapy selection)? To this aim, the search for lung cancer specific biomarkers has been intensified; however, no biomarker has been proven clinically useful or widely applied to the diagnosis of lung cancer [13].
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Figure 5.1 Clinical contexts for biomarker utility during lung cancer progression. This diagram illustrates four clinical contexts within four windows of time. The period during which lung cancer is nonmeasurable and precedes the diagnosis characterizes the context of risk assessment. It represents a long window of time during which the disease develops and corresponds to an opportunity for chemoprevention. When the disease becomes measurable but remains asymptomatic, we enter the context of early diagnosis. Two other clinical contexts relate to clinical diagnosis, i.e., when the disease is measurable and patients symptomatic, and to detection of recurrence. These windows of time correspond to the different contexts during which different biomarker targets can be developed.

Source: Adapted from Hassanein et al. [94]. Reprinted with permission of the American Thoracic Society. Copyright © 2012 American Thoracic Society. This modified figure is based on the original figure available from www.atsjournals.org.





The blood proteome

Blood is a complex and dynamic medium whose components can reflect various physiological or pathological states throughout the body, including the presence of some cancers. Blood proteome analysis assumes that tissue perfusion of tumors or host responses contribute to novel or modified circulating proteins or peptides (Figure 5.2). Proteomic analysis of blood represents an appealing choice to researchers addressing the discovery of biomarkers since it can be quickly and easily obtained in a noninvasive manner and in adequate quantities over time. These features can potentially allow for early diagnosis of cancer, monitoring of disease status, development of targeted therapies, evaluation of response to therapy and survival. Given the low abundance of known cancer markers in serum or plasma, it is critical to select proteomic technologies that provide sufficient depth of analysis for biomarker discovery. Several recent studies have investigated the extent to which proteomic technologies can unravel the complexity of the plasma proteome, and the Human Proteome Organization published a comprehensive collaborative study that characterized the human serum and plasma proteomes [14].


[image: images]

Figure 5.2 Origins of serum protein and peptide biomarkers. Tumor associated proteins can be generated by tumor cells directly or as host response to carcinogenesis by surrounding cells of microenvironment including fibroblasts and immune cells. Proteolytic cascades within the tissue (a product of the interacting cellular ecology such as stromal epithelial interactions), immune cell MHC presentation, or apoptosis generate protein fragments (peptides) that passively diffuse into the circulation.





Proteomic discovery platforms

Several analytical approaches have been adopted to identify novel proteins and understand their structure, function and interaction with proteins and other molecules. There have been attempts to bring this knowledge to the clinic by means of new diagnostic and predictive biomarkers as well as the identification of therapeutic targets. A list of the most common proteomic approaches is summarized in Table 5.1. These were reviewed in detail elsewhere [15–17].



Table 5.1 Comparison of proteomic approaches in cancer biomarker discovery research
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Proteomic approaches for discovery and validation of blood biomarkers

Considerable progress has been made in the past decade in identifying tumor characteristics through advances of molecular biology technologies. Much of this progress was driven by increasing knowledge of tumor related aberrations that affect nucleic acids both at genomic, transcriptional, and posttranscriptional levels. Proteins are the functional end product of genes that ultimately control vital biological processes via their expression level, posttranslational modifications, and function. Moreover, the number of proteins produced by cells far exceeds the number of genes because proteins vary in their stability compared to mRNA, and are subjected to many levels of post transcriptional and post translational regulation such as splicing variants, fusions, and posttranslational modifications. Therefore, to advance our understanding of the biology of lung cancer and to obtain a more integrated view of the disease biology, it is critical to capture as much as possible of the full spectrum of the variations in protein expression patterns, their post translational modifications and functions in cancer cells. This information can thus provide a more comprehensive understanding of the disease when integrated into comprehensive genomic and transcriptomic analysis. Table 5.2 summarizes the results of several published studies of proteomic lung cancer diagnostic markers.



Table 5.2 Characteristics and performance of the most recent blood-based biomarkers for the early detection of lung cancer
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MALDI-TOF MS serum analysis for diagnosis

Among proteomic technologies, matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) is a technique that has allowed rapid progress in cancer biology. It is a simple and high-throughput technique that analyzes with modest sensitivity but higher specificity proteins expressed in complex biological mixtures, such as serum, urine and tissues. This technique requires sample co-crystallization of the biospecimen with a matrix that absorbs laser energy and subsequently ejects and ionizes molecules into the gas phase (Figure 5.3). Ions are then accelerated in the ion source by a fixed potential difference and travel a fixed distance before reaching the detector time of flight (TOF), inversely proportional to their m/z ratios (lighter ions are faster to reach the detector than heavier ions for a same charge). The time it takes for each ion to hit the detector creates a signal, which indicates m/z ratio in the X axis and ion intensity in the Y axis. Because the MALDI process essentially favors the production of singly charged molecular ions, it allows the analysis of complex protein mixtures with or without fractionation [18]. Molecular masses from 1 to >100 kDa can be determined with high accuracy. Several characteristics of MALDI-TOF MS makes it a widely used technique for analysis of complex biological samples (such as tissues, whole cells, laser-captured microdissected cells, blood, serum, urine) with high mass accuracy (far better than any gel system), high-throughput capability (sample analysis in seconds), small required sample size (possible analysis of just a few cells) and higher tolerance for salts, buffers, or biological contaminants. When used in combination with surface chromatography, this method is also known as surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF MS). It uses chromatographic chip arrays to selectively bind subsets of proteins from complex samples. The surfaces can be washed to remove nonspecifically bound proteins and substances that can interfere with the ionization process. Then, matrix solution is applied to the array binding the proteins and MALDI-TOF MS is performed.
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Figure 5.3 Principle of matrix-assisted laser desorption/ionization (MALDI) time-of-flight mass spectrometry. a: Analyte molecules are first mixed with matrix molecules in a ratio ∼1 to 5000. Upon solvent evaporation, matrix-analyte co-crystals form. In the ion source of the instrument, irradiation of these with a brief laser pulse initiates the desorption-ionization events. b: The newly formed molecular ions are accelerated in the source of the instrument by a constant potential difference, giving all of the ions of the same charge the same energy. Ions are therefore separated in time according to their mass as they travel the length of the time-of-flight. c: MALDI time-of-flight mass spectrum obtained in the positive ionization mode from a complex protein mixture.

Source: Adapted from Ocak et al. [15]. Reprinted with permission of the American Thoracic Society. Copyright © 2013 American Thoracic Society. This modified figure is based on the original figure available from www.atsjournals.org.



The rapid proteomic profiling of blood, tissue, or urine with minimal sample preparation, using the peak pattern as a diagnostic tool, has generated great enthusiasm, but has yet to be minimally successful in providing robust signatures to translate to the clinic for diagnostic/early detection purposes. One application of MALDI TOF MS is to detect patterns of abundant proteins or peptide fragments diagnostic of cancer. In this application, detected MS peaks are typically abundant proteins or peptide fragments that correlate with the disease state but are usually not readily connected with the disease mechanistically (Figure 5.4). Several studies have utilized MALDI MS to develop diagnostic signatures of proteins/peptides in serum [19,20]. For example, we previously identified a seven signal proteomic signature diagnostic of stage I NSCLC (non-small cell lung cancer) using MALDI MS analysis of undepleted and unfractionated serum with an overall accuracy of 78% and a sensitivity of 67.4% [20]. Patz and colleagues were also able to identify four differentially expressed serum proteins (transferrin, retinol-binding protein [RBP], antitrypsin and haptoglobin) that discriminate between NSCLC and controls [21]. Using the same MALDI MS approaches, several other groups have reported serum protein expression profiles that distinguish patients with various cancers from control subjects [15].
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Figure 5.4 MALDI MS serum spectra from individuals with lung cancer and matched controls. Average intensity of spectrum analysis between matched cases (red, plain line) and controls (blue dotted line) are presented. Arrows point to m/z values of discriminatory features.

Source: Adapted from Ocak et al. [15]. Reprinted with permission of the American Thoracic Society. Copyright © 2013 American Thoracic Society. This modified figure is based on the original figure available from www.atsjournals.org.



Han et al., used SELDI-TOF MS to analyze the serum of 253 individuals split into a training set (89 NSCLC, 68 controls) and a validation set (62 NSCLC, 34 controls) [22]. From the proteomic spectra of serum samples obtained from the training set, using Biomarker Pattern software, they generated a classification tree with 3 different protein masses that effectively identified lung cancer patients from controls with 94% accuracy, 91% sensitivity and 97% specificity. When applied to the validation test, the classification tree allowed 89% sensitivity, 91% specificity and 90% positive predictive value. The authors also used electrochemiluminescent immunoassay to detect CEA and Cyfra21-1 serum levels, and showed that the specificity and sensitivity of these biomarkers taken individually or in combination were significantly lower compared to the SELDI proteomic profile (42% sensitivity and 72% specificity for Cyfra21-1; 46% sensitivity and 76% specificity for CEA). Using SELDI-TOF MS on serum samples from 158 lung cancer patients and 50 controls, Yang et al. [23] reported a 5-signal protein signature distinguishing lung cancer cases from controls with 86.9% sensitivity and 80.0% specificity in the validation set.

Despite the technical advantages of SELDI-TOF MS and MALDI-TOF MS technologies, several pre-analytical and analytical limitations still hinder wider applications and implementation of this approach in the clinical setting. The major pre-analytical challenges are related to variability in collection and preparation techniques, leading to the introduction of analytical bias and lack of reproducibility. Analytically, it has been proven challenging to detect low-abundance/high molecular weight proteins and to develop a robust signal analytic algorithm for single patient classification.

The extreme complexity of biofluids such as blood, serum, or plasma and the low abundance of most of the specific protein markers are among other factors that reduce the sensitivity of detection by MS technologies. In fact, the sensitivity of MALDI MS and most other MS technologies is limited to the most abundant proteins, typically within the 1 μg/ml range, while most of the known serum biomarkers are present at 1000-fold lower concentrations. Finally, while implementation of MALDI MS techniques to fresh tissue or blood samples may provide a large number of discriminatory peaks, direct identification of the corresponding proteins has been proven challenging [15].

An alternative approach to direct analysis of serum by MS is to separate serum samples in 1 or 2 dimensional gels, subject excise bands of interest to tryptic digestion, then identify proteins of interest by mass spectrometry (Table 5.1). Patz et al. used 2D difference gel electrophoresis (DIGE) and MALDI-TOF MS. They identified 3 differentially expressed serum proteins by 2D DIGE (transferrin, retinol binding protein (RBP) and haptoglobin) and 1 by MALDI-TOF MS (α1-antitrypsin)[21]. They assayed these 4 proteins as well as 2 others previously known to be cancer associated (SCC (squamous cell carcinoma) antigen, CEA) on a training set of sera from 100 patients (50 lung cancers, 50 controls). Using Classification and Regression Tree (CART) analysis, they found that 4 of these proteins (CEA, RBP, α1-antitrypsin and SCC antigen) were able to distinguish lung cancer cases from controls with 89.3% sensitivity and 84.7% specificity in the training set. When applied to the independent validation set, these markers displayed 77.8% sensitivity and 75.4% specificity. Using the classification scheme produced by CART analysis, the probability of lung cancer for each patient was determined based on the terminal node into which they fell. For patients assigned to 3 of the different terminal nodes, the probability of having cancer was 92% in the training set and 90% in the validation set. When used alone, none of these 4 markers had sufficient diagnostic power, but when combined, they appeared to have value in suggesting lung cancer diagnosis and may be helpful for clinical management at different levels.



Serum proteomics for response to therapy

To identify NSCLC patients who are likely to benefit from treatment with epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs), Taguchi et al. [24] used MALDI MS on pretreatment serum of 302 patients treated with gefitinib or erlotinib, 139 of them assigned to a training set (from 3 cohorts) and 163 into a validation set (from 2 independent cohorts). Sera from 158 NSCLC patients not treated with EGFR TKIs (from 3 cohorts) were also tested. Based on survival and time to progression after EGFR TKIs treatment, an algorithm based on 8 mass spectrometry signals was developed in the training set. The classification algorithm was then applied to the validation set, successfully identifying patients with improved outcome after EGFR TKIs treatment. Indeed, the median survival of patients in the predicted “good” and “poor” groups was 207 and 92 days, respectively, (HR of death in the good versus poor groups = 0.50, 95% CI = 0.24 to 0.78) in the first cohort, and 306 and 107 days respectively (HR = 0.41, 95% CI = 0.17 to 0.63) in the second cohort. The algorithm kept its predictive value independent of clinical factors associated with sensitivity to EGFR TKIs, such as gender, smoking history and histology. The algorithm identified subgroups of smokers with favorable outcome after EGFR TKIs treatment, showing its benefit even in patients with clinical characteristics associated with low sensitivity to these drugs. For patients not treated with chemotherapy and not EGFR TKIs, the classification algorithm did not classify patients for survival. This classifier was applied to the available samples from BR.21, a randomized trial of erlotinib vs. placebo in second and third line therapy of patients felt to be unfit for chemotherapy [25]. This classifier was highly predictive of response to erlotinib and 18 of 19 responders were identified as proteomics “good”. Patients on erlotinib who were proteomics “good” lived significantly longer than patients who were proteomics “poor” (median survivals of 10.5 vs 6.6 months), but patients in the placebo arm also had a not significant difference in survival (4 vs. 3.4 months), and the interaction test was not significant. This signature was recently reported to be statistically significantly predictive of survival in a prospective randomized trial (PROSE) and is currently being tested in another large randomized trials in squamous cancer patients [26].

In a separate study using candidate protein markers, the prognostic and predictive value of the plasma levels of two adhesion molecules, soluble intercellular adhesion molecule (ICAM) and E-selectin, and two angiogenic factors vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) were evaluated in E4599 phase II/phase III clinical trial cohorts, in which 878 patients with advanced NSCLC were randomized to carboplatin + paclitaxel (PC arm) or PC + bevacizumab (BPC arm). Only ICAM levels were prognostic for survival and predictive of response to chemotherapy with or without bevacizumab, while VEGF levels were predictive of response to bevacizumab but not survival [27]. Another report also showed that the plasma level of a panel of 8 cytokine and angiogenic factors (CAFs) measured by multiplex assays or ELISA (enzyme linked immunosorbant assay) can accurately predict the response to pazopanib, an oral angiogenesis inhibitor targeting VEGFR, platelet-derived growth factor receptor, and c-kit in 33 patients with early-stage NSCLC participating in a single-arm phase II trial [28].

Recently, an automated technology has been developed for the simultaneous measurement of serum peptides. In this approach, peptides are captured and concentrated using reversed-phase batch processing in a magnetic particle-based format, automated on a liquid handling robot, followed by MALDI-TOF MS. This technique is simple, scalable and may provide better reproducibility, multidimensionality and high throughput [29], but must be validated in larger populations and from several institutions.



Strategies to address serum proteome complexity

The enormous complexity of the serum proteome with tens of thousands of different protein species [30], a wide range of concentrations, a large number of peptides generated from each protein, their posttranslational modifications [30] and isoforms variations among individuals [31] present current proteomic technologies with unlimited challenges. To overcome some these challenges, different complexity reduction strategies have been implemented. In one strategy, affinity depletion removes the most abundant serum proteins such as albumin [32–35] and detects lower-abundance proteins, which are more informative as tumor-specific biomarkers but otherwise are obscured by high-abundance proteins. Depletion procedures are limited by difficulties in standardization and of reproducibility. In a second strategy, proteins or peptides are fractionated using physicochemical properties such as size, residue charge, and hydropathy before analysis by MS [34,36,37]. This fractionation has several limitations as it requires large sample amounts, is more expensive and time-consuming, and increases the risk of variability within and between samples.


Liquid chromatography (LC) tandem mass spectrometry (MS/MS)

LC MS/MS is a powerful tool for the separation and identification of peptides and proteins in a complex mixture, this technique directly couples liquid chromatography (HPLC) with ESI MS and has a profound impact on tumor protein profiling [38]. This fully automated platform follows a “bottom-up” approach (as opposed to “top down” approach where intact proteins are ionized and fragmented to peptide fragments). In the bottom-up (also referred to as “shotgun”) proteomic approach, proteins are first digested with site-specific proteases, and the resulting peptides are separated by LC and analyzed online by ESI MS and MS/MS (Figure 5.5) [15, 38]. In the first MS, charged peptides are measured according to their m/z ratios. The most abundant of these are sequentially selected for MS/MS analyses. The resulting fragment ions are then analyzed in a second MS scan according to their m/z ratios. Based on our understanding of the fragments produced in the collision cell and their precise molecular weight, the peptide sequence can be deduced. Through comparisons of predicted sequences with the same nominal mass in databases, peptides are identified and proteins from which they came are deduced. However, with extremely complex protein mixtures, confident and reproducible identification by MS/MS sequencing becomes difficult. Also, high abundance proteins may obscure low abundance ones. To overcome these problems, different separation methods are combined with MS analysis, such as size exclusion, anion exchange, strong cation exchange, isoelectric focusing and reverse phase chromatography. In particular, multidimensional protein identification technology (MudPIT), a combination of strong cation exchange and reverse phase columns can be adapted to a shotgun MS proteomics platform [40–42] taking advantage of ion exchange and reverse phase separations, data-independent scanning [43] and a reduced total analysis time. Using shotgun proteomics combined with MudPIT [42,44,45] on the plasma of patients with lung cancer, 120 proteins have been shown to be exclusively expressed in the plasma of lung ADC patients [46].
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Figure 5.5 Shotgun protein identification by liquid chromatography (LC)-mass spectrometry (MS)/MS from a complex protein mixture. a: the protein mixture is first digested (by trypsin) and the resulting peptides are separated by multidimensional liquid chromatography (typically strong cation exchange followed by reverse-phase separation) coupled online to the mass spectrometer. As they elute, the m/z ratios of the peptides are first determined followed by one or several MS/MS scans from the most abundant peptide signals. This cycle is repeated until all of the peptides have eluted from the chromatography column. For each precursor peptide selected for MS/MS, peptides of similar nominal mass are extracted from sequence databases and predicted fragmentation patterns are derived in silico. These patterns are then compared to the experimental fragmentation spectrum to generate correlation scores. Positive identification of a protein is based on the observation of two or more peptides issued from its sequence.

Source: Adapted from Ocak et al. [15]. Reprinted with permission of the American Thoracic Society. Copyright © 2013 American Thoracic Society. This modified figure is based on the original figure available from www.atsjournals.org.



In the last strategy, specific chemical probes are used to tag and facilitate isolation of a target peptide. After digestion of proteins with trypsin in the shotgun approach, analyses are complicated by the large number of redundant peptides from each protein. By targeting peptides containing unique or rare amino acids or posttranslational modifications such as phosphorylation or glycosylation [47], we can reduce the complexity of the biological samples and analyze subproteomes. For example, Zhou et al. [48] developed a method for high-throughput analysis of serum glycoproteins using solid-phase extraction of N-linked glycopeptides from glycoproteins (SPEG). Glycoproteins are conjugated to a solid support using hydrazide chemistry, nonglycosylated proteins are removed by trypsin digestion, and N-glycopeptides are specifically released via peptide-N-glycosidase F before finally being identified and quantified by tandem MS [49]. Although quite appealing these subproteomic strategies are early in development and require methodological standardization.



Targeted proteomics using multiple reaction monitoring (LC MRM MS)

MRM MS (multiple reaction monitoring: molecular weight) allows for the verification of candidate biomarkers by accurate quantitation of proteins/peptides. In this strategy, which requires a triple quadrupole-class tandem MS [50], there are two stages of mass selection: the first stage (MS1) selects a limited number of precursor ions with pre-specified m/z values that will undergo fragmentation, while the second stage (MS2) gives spectra only for a specific pre-identified fragment ion associated with a given precursor. The association of two mass filters leads to a very specific and sensitive identification. Several “precursor ion/fragment ion” pairs can be specified in a single LC-MS/MS (liquid chromatography coupled to tandem mass spectrometry) run, allowing parallel quantification of several proteins/peptides. Improved quantification can be achieved by iTRAQ (isobaric Tags for Relative and Absolute Quantification; covalent linkage to lysines, -NH2 termini) [51] at the MS2 level or by label-free methodology at the MS1 level. C-reactive protein [52], apolipoprotein A-I [53], human growth hormone [54] and prostate-specific antigen [55] have been measured in plasma or serum using the MRM approach.




Bio-analytical validation of serum protein biomarkers

Following the discovery of new biomarkers, the next critical steps are to validate and evaluate their performance in clinically relevant patient populations [56]. Multiple levels of validation have to take place before confirming the clinical utility of the biomarkers [57,58]. This includes confirmation of detected changes in protein level by different techniques, correlation with biological outcomes of lung cancer such as early detection, chemosensitivity, or survival. These phases of clinical validation will evaluate the biomarkers performance in relevant clinical context and how they may impact clinical management of risk or disease [59] (see “Clinical validation of serum biomarkers” section below).

Biochemical methods for protein markers validation have been dominated by immuno-based assays. Although immune-based detection assays have been the most trusted and reliable method for biomarker validation, they rely on the tight and specific binding of the antibodies against the targeted molecule but are limited by the quality of antibodies, high labor intensity and relatively low-throughput [60]. Recently, Kuhn et al. used MRM to identify a panel of serum biomarkers from rheumatoid arthritis patients [61]. Another novel technology that combines the specificity of immune assays with the sensitivity of mass spectrometry, denoted by stable isotope standards and capture by anti-peptide antibodies or SISCAPA, was developed to quantify peptides in complex digests [62]. In this method, anti-peptide antibodies immobilized on nano affinity columns are used to enrich specific peptides along with spiked stable-isotope-labeled internal standards of the same sequence. Upon elution from the anti-peptide antibody supports, electrospray mass spectrometry is used to quantify the peptides (natural and labeled). SISCAPA is thus limited to sequence-defined (predetermined) analytes, but offers the possibility of significantly increased sensitivity by removing unwanted peptides from the set delivered to the MS. No blood-based biomarker for lung cancer has yet been validated using these techniques, although ongoing technical improvements of protein separation and detection may allow for applications of these approaches as validation platforms in the near future. Blood samples repositories were recently developed in the context of a joint NCI/SPORE/EDRN effort and are now available for phase II validation of candidate bio-markers (http://edrn.nci.nih.gov/resources/sample-reference-sets).



Circulating autoantibodies

Tumor associated antigens or TAA are proteins that are altered in a variety of ways in cancer cells that render them immunogenic. These include overexpression, mutations, misfolding, truncation, and degradation [63]. A large number of TAA targets have been identified from patient sera in several immunological diseases and malignancies using various high throughput screening platforms such as cDNA expression phage display libraries and protein microarrays [64]. In lung cancer, autoantibodies against the protein gene product 9.5 (PGP 9.5) have been identified as a potential lung cancer TAA using immunoreactivity of patients sera against tumor proteins isolated by two dimensional proteomics [65]. Interestingly, using phage display libraries, TAAs have been detected in the blood of patients who developed lung cancer up to 5 years before any tumor were detected with spiral computed tomography using screening [66]. Therefore, monitoring these autoantibodies in serum from individuals at high risk for lung cancer represents an attractive option for developing a screening test.

Using these approaches, several groups reported the identification of large numbers of immunogenic peptides that are potential targets for autoantibodies. For example, two separate groups identified several potential immunoreactive peptides for autoantibodies using the T-7 cDNA-based phage library as a screen from sera of NSCLC patients [66–68]. Using similar techniques, Chen et al. also identified and validated ubiquitin 1 amongst several other peptides as a potential autoantibody target in lung adenocarcinoma from sera of patients with early stage disease [69]. Also recently, a study by Wu et al. reported the identification of 6 peptide clones discriminatory of NSCLC using phage display techniques, but only one protein identity has been confirmed [70]. However, most of the identified antigens were found to elicit antibodies in a relatively small proportion of patients, yielding a test of high specificity but very low sensitivity.

One other common challenge to these phage display techniques is the inability to detect post-translational modifications. Recently this obstacle was overcome by the development of a multidimensional fractionation technique using liquid chromatography (LC) to isolate a mixture of native proteins extracted from cancer cell lines. Using this method, antibodies directed against C-terminal hydrolase L3 ubiquitin were identified in the sera of patients with colon cancer and, more recently, in the blood of patients with lung adenocarcinoma [71]. The validation of these novel lung cancer autoantibodies mandated the development of robust detection assays that are sensitive, reproducible, and high-throughput.

To test the utility of autoantibodies as a diagnostic tool for lung cancer, indirect ELISA tests were developed and validated for a panel of 6 known lung cancer TAAs (p53, NY-ESO-1, cancer-associated antigen (CAGE), GBU4-5, Annexin 1 and SOX2) [72,73]. These efforts yielded an assay with high reproducibility, precision, and linearity that was able to identify nearly 40% of primary lung cancers via a peripheral blood test. This approach promises to address the need for early diagnosis (Figure 5.2) particularly for presymptomatic, curable disease. These assays will also need further clinical validation in large cohorts of high-risk patients, both retrospectively and prospectively before moving to the clinical practice.



Clinical validation of serum biomarkers

Appropriate study design is critical for the successful validation of a promising biomarker for clinical use. Validation of a biomarker useful for lung cancer diagnosis or early screening should be conducted using a nested case-control study design within a prospective longitudinal cohort following the PRoBE design [74]. Specifically, random sampling of cases and controls identified from within a well-defined cohort population allows both cases and controls to be sampled from the same source population, thus providing validity to the case-control design. Matching strategies may be considered, such as using incidence density sampling to sample controls at the same time each case occurs so that cases and controls are matched on time. While there are advantages to matching the potential pitfalls of matching should be carefully considered prior to implementation [74,75].

Assessment of the generalizability of biomarkers in different clinical settings and populations is necessary for a clinically useful biomarker. In biomarker discovery, the prospective cohort from which the cases and controls are sampled must be representative of the targeted clinical population to which the biomarker will be applied. Thus the cohort study population should comprise individuals with conditions found in the target population, such as inflammatory disease, granulomas, or benign tumors so that false positives can be minimized and individuals developing lung cancer can be differentiated from those not developing the disease [76].

Biospecimens necessary for biomarker development should be collected at the initiation of the prospective cohort study, prior to ascertainment of lung cancer status [74], and potentially over multiple time points if the biomarker changes with age and with progression to disease [76]. These biospecimens are then evaluated in patients who develop biopsy proven cancer (cases) and those who do not (controls) to develop a biomarker for clinical use as a cost efficient approach. Importantly, the outcome should be clearly defined [77] and the biomarker assay development should be blinded to case-control status to avoid information bias [74]. To validate the usefulness of a biomarker for early detection of lung cancer, diagnostic validation of the biomarker should be conducted in different, potentially confounding, populations other than the one in which the biomarker was developed to test specificity for lung cancer [78]. Finally, this should be followed by early diagnostic validation using a screening trial with lung cancer mortality as the endpoint [79].

Assessing whether a biomarker has clinical validity requires estimation of sensitivity and specificity, which can be summarized with the receiver operator characteristic curve (ROC] [80]. Two additional clinically relevant measures that can be measured by ROC include negative predictive value (NPV) and positive predictive value (PPV), which are estimated using sensitivity and specificity. These clinically important indices describe the probability of developing or having disease given a positive test and the probability of not having the disease given a negative test. Estimates of PPV and NPV are influenced by the prevalence of the disease and consequently will vary by patient age, target population, and disease stage. Merely targeting the screening to a high-risk population based on demographic factors can alter the screening test performance characteristics [81]. Thus for a biomarker to be clinically valid and generalizable, the biomarker validation process must be applied to multiple populations having different demographic characteristics for determining the clinical validity and utility of a biomarker, and each population may have different requirements for biomarker clinical utility.


Current challenges in lung cancer biomarker development and implementation

One of the main objectives of molecular medicine in lung cancer is to identify biomarkers that discriminate between low and high risk individuals and between benign and malignant lung tumors. Ultimately these biomarkers can potentially be translated to noninvasive, simple, and reliable diagnostic tests for early detection of the disease. The underlying assumption behind these efforts is that tumor-specific or overexpressed proteins can be detected simply and accurately in complex clinical samples such as surrogate tissues and biofluids. The intensive research in genomics and proteomics aimed at identifying these biomarkers has yielded a large number of potential diagnostic biomarkers, although few have progressed to the level of FDA-approval for diagnostics [82]. A list of several recent diagnostic serum protein biomarker studies is summarized in Table 5.2. These biomarkers were selected based on two main criteria. First, the proposed marker, or panel of markers must be quantitatively measurable and its performance tested in at least one sample set of clinically relevant specimens. Second, the report must adhered to the rigorous clinical validation guidelines discussed above (“Clinical validation of serum biomarkers” section). The validation sets reported in the tables correspond to an attempt to test the biomarker (or signature) in a true independent population, also described as clinical validation [83], to evaluate the performance of the test in an independent cohort.

This disappointingly slow pace of lung cancer biomarkers discovery and validation is attributed to a host of technological and methodological factors. The gap between promise and product can partially be explained by the fact that current discovery methods are neither reliable nor efficient. One reason is that the current analytical technologies still suffer from the limited power to detect low-abundant cancer markers against a high background of high-abundance molecular species such as proteins in very complex matrices such as plasma or serum. These low-abundance markers in biofluids such as serum may be the most promising cancer biomarkers. Consequently, many of the best candidates may be missed during the discovery phase.

Another quandary is the limited capacity to verify and validate analytically existing candidate markers in a high-throughput manner. This is particularly true in proteomics research. The lack of available quality reagents such as antibodies, or methodologies to translate the discovery of candidates in tissue specimens and measure their concentration in the circulation remains an enormous challenge. Therefore it is possible that biomarkers have already been “discovered,” but not yet validated. Furthermore, once a long list of candidate biomarkers is compiled, no current standardized method exists for selecting those that are most promising for systematic validation. In addition, the reproducibility of biomarker data has been flawed because of the poor design (e.g., underrepresentation of studies using a nested case-control design [74]), model over-fitting, and the lack of cross-validation and independent validation. Changing technology, low concentration of signals combined with very few prospective studies, and a low incidence disease, make the area of biomarker research challenging.




Conclusions and future clinical implications

The molecular analysis of a variety of biospecimens has allowed the discovery of relevant candidate biomarkers and consequently the identification of novel proteins that may have a role in the development of lung cancer. High volume of data from multiple high-throughput biochemical analyses of clinical material from “Omics” sources has been accumulating at an exponential rate in the last few years, generating large number of biomarker candidates. None of the published candidate biomarkers of risk or of lung cancer diagnosis is ready for clinical use, and few have moved to phase III biomarker development. Lung cancer is recognized as a complex and heterogeneous disease, not only at the biochemical level (genes, proteins, metabolites), but also at the tissue, organism, and population level. There is a need for incorporating findings from multiple discovery platforms into a mathematical framework that can improve our level of understanding of the disease process. A biofluids-based molecular test may improve the selection of high risk individuals for CT screening, distinguish those with malignant nodules from benign lesions, and identify patients with particularly aggressive cancer. Clinical benefit could include further reductions in mortality and thus provide significant cost-savings to the healthcare system.

The importance of serum biomarkers also arises from its potential impact on our understanding of pathogenesis and progression of complex disease such as lung cancer, and will offer new opportunities in the early detection, prognosis, and therapeutic management of the disease. In this chapter we attempted to provide an up-to-date overview of the recent progress in serum proteomics technologies and their wide range of applications in lung cancer, with a main emphasis on early detection. The rapid development of proteomic technologies has led to the assembly of large protein and peptide inventories and to a better understanding of how they interact, of the role of specific posttranslational modifications, and to addressing some of their biological functions. Although proteomic profiling of lung cancer sera and related biological specimens have yet to demonstrate clinical utility, it has the potential to highlight differences between lung cancer and nonmalignant lesions, and between different levels of risks as well as stages and histology subtypes. Molecular profiling may assist with identifying high-risk populations, offering a unique opportunity to study early carcinogenesis or aid with identifying patient populations that can benefit from specific targeted therapy. Integrating the findings from different scales of biological organization from gene to protein to cell using systems biology approaches will provide a global view of the key molecular changes associated with tumor progression. Therefore, systems biology can potentially expedite the translation of “Omics” to personalized molecular medicine in the foreseeable future.

The development of specific and sensitive diagnostic biomarkers from biological fluids, such as sputum, blood, or exhaled breath, should improve early detection strategies, monitoring of disease progression, treatment response, and surveillance for recurrence. There is a need for extensive validation using novel proteomics research platforms and demonstration of clinical utility.
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Introduction

From histopathological and biological perspectives, lung cancer is a highly complex set of different but related neoplasms [1], probably having multiple preneoplastic pathways. Lung cancer consists of several histological types, including small cell lung carcinoma (SCLC) and non-small cell lung carcinoma (NSCLC) types of squamous cell carcinoma, adenocarcinoma (including the noninvasive type of bronchioloalveolar carcinoma, BAC), and large cell carcinoma [2]. Lung cancers may arise from the major bronchi (central tumors) or small bronchi, bronchioles, or alveoli (peripheral tumors) of the distant airway of the lung. Squamous cell carcinomas and SCLCs usually arise centrally, whereas adenocarcinomas and large cell carcinomas usually arise peripherally [2]. However, the specific respiratory epithelial cell type from which each lung cancer type develops has not been established. As with other epithelial malignancies, it is believed that lung cancers arise after a series of progressive pathological changes, known as preneoplastic or premalignant lesions [3,4]. Although the sequential preneoplastic changes have been defined for centrally arising squamous carcinomas of the lung [2], they have been poorly documented for the other major forms of lung cancers [3,4].

Several studies have provided information regarding the molecular characterization of the preneoplastic changes involved in the pathogenesis of lung cancer, especially squamous cell carcinoma and adenocarcinoma [5–8]. Moreover, earlier studies have demonstrated that lung cancer displays a field cancerization phenomenon in which molecular abnormalities (e.g., loss of heterozygosity) are shared between lung tumors and adjacent histologically normal-appearing tissue [2,9,10]. Many of these molecular changes have been detected in the histologically normal respiratory mucosa of smokers [9–12]. The high-risk population targeted for early detection efforts are heavy smokers and patients who have survived a cancer of the upper aerodigestive tract suggesting that further understanding the field cancerization phenomenon would have favorable impact on earlier diagnosis of lung cancer [9,13]. It is important to mention that conventional morphologic methods for the identification of premalignant cell populations in the lung airways have important limitations. This has led to research in biological properties, including molecular and genetic changes, of the respiratory epithelium and its corresponding preneoplastic cells and lesions.

Compared to the molecular pathology of overt or clinically evident lung tumors [1,2,14,15], relatively little is known about the molecular events preceding the development of lung carcinomas and the underlying genetic basis of lung carcinogenesis. Thus, our current state of knowledge is not sufficient to identify with certainty molecular markers useful for risks assessment, targeted chemoprevention or treatment, and early detection of lung premalignant lesions. Moreover, attempts to better define the pathogenesis of lung premalignancy have been thwarted by the relative invisibility of the cellular lesions and their random distribution throughout the respiratory airway field. Moreover, despite recent encouraging findings from the National Lung Screening Trial (NLST) [16], early detection and prevention of lung cancer is challenging due to the lack of biomarkers for early diagnosis of the disease and to the presence of multiple neoplastic molecular pathways that mediate lung carcinogenesis. It is plausible to assume that further research in this area and increasing our understanding of early phases in lung tumor development including those that commence in normal epithelia would pave the way for unmet and effective early detection and prevention strategies.

In this chapter we summarize the current information on lung cancer molecular and histopathologic pathogenesis and discuss the complexity of the identification of novel molecular mechanisms involved in the development of the lung premalignant disease, and their relevance to the development of new strategies for early detection and chemoprevention. In addition, we describe the recognized preneoplastic lesions for major types of lung cancers and review the current concepts of early pathogenesis and the progression of the most important histologic types of lung cancer. Furthermore, we summarize recent advances in understanding the field cancerization phenomenon and the potential relevance of this knowledge to gain important and novel insights into the molecular pathogenesis of lung cancer.



Pathology of lung cancer preneoplastic lesions

Lung cancers are believed to arise after a series of progressive pathological changes (preneoplastic or precursor lesions) in the respiratory mucosa [2,5]. The International Association for the Study of Lung Cancer (IASLC) histological classification of preinvasive lesions of the lung lists three main morphologic forms of preneoplastic lesions in the lung [17]: (a) squamous dysplasia and carcinoma in situ (CIS); (b) atypical adenomatous hyperplasia (AAH); and (c) diffuse idiopathic pulmonary neuroendocrine cell hyperplasia (DIPNECH). While the sequential preneoplastic changes have been defined for centrally arising squamous carcinomas, they have been poorly documented for large cell carcinomas, adenocarcinomas and SCLCs [3,4,15]. Changes in airways that precede invasive squamous cell carcinoma include squamous dysplasia and CIS [3,4]. Adenocarcinomas may be preceded by morphological changes including AAH in peripheral airway cells [3,18] While DIPNECH are thought to be precursors lesions for carcinoids of the lung. For SCLC, there are no specific preneoplastic changes that have been identified.


Squamous cell carcinoma preneoplasia

Hyperplasia, squamous metaplasia, squamous dysplasia and CIS [2–4,8] comprise changes in the large airways that precede or accompany invasive squamous cell carcinoma (Figure 6.1). It is important to note that there are no squamous cells in the normal airways. Moreover, progenitor or stem cells for squamous metaplastic epithelium have not been identified. It has been postulated that the basal cells in the large airways exhibit pluripotent capacity following cigarette smoke exposure giving rise to metaplastic and dysplastic squamous cells, which in turn function as precursors of squamous cell carcinomas.


[image: images]

Figure 6.1 Summary of histopatholologic changes involved in the pathogenesis of lung cancer. The sequence of preneoplastic lesions involved in the development of squamous cell carcinoma of the lung has been elucidated. For adenocarcinoma histology, the only known preneoplastic lesion is AAH (atypical adenomatous hyperplasia), which seems to be the precursor for a subset of lung adenocarcinomas. No preneoplastic lesion has been recognized for SCLC (microphotographs of histological tissue sections stained with hematoxylin and eosin).



Dysplastic squamous lesions are typically categorized in different intensities; (mild, moderate and severe); however, these lesions represent a continuum of cytologic and histologic atypical changes that may show some overlap between categories. Mild squamous dysplasias are characterized by minimal architectural and cytological disturbance, moderate dysplasias exhibit more cytological irregularity, and severe dysplasias display further irregular cytology as well as substantial cellular polymorphism. In addition and in a subset of dysplastic lesions, termed angiogenic squamous dysplasias, the basal membrane thickens and there is vascular budding in the subepithelial tissue that results in papillary protrusions of the epithelium [19]. These lesions highly suggest that angiogenesis, a hallmark of overt tumors [20], commences at a relatively early preneoplastic stage. CIS demonstrates extreme cytological aberrations with almost complete architectural disarray, but with an intact basement membrane and absence of stromal invasion. Foci of CIS usually arise near bifurcations in the segmental bronchi, subsequently extending proximally into the adjacent lobar bronchus and distally into subsegmental branches. These lesions are often not detected by conventional white-light bronchoscopy or gross examination. However, the utilization of fluorescent bronchoscopy, such as lung-imaging fluorescent endoscopy (LIFE), greatly increases the sensitivity for detection of squamous dysplastic and CIS lesions [21].



Adenocarcinoma precursor lesions

Clara cells and the type II pneumocytes are believed to be the progenitor cells of the peripheral airways, and peripherally arising adenocarcinomas often express markers of these cell types [22–24]. AAHs are considered to be a precursor lesion for peripheral lung adenocarcinomas [2,3,18]. However and until now, AAH is the only sequence of morphologic change identified so far for the development of invasive lung adenocarcinomas and there is consensus that the pathogenesis of many adenocarcinomas is largely unknown. The postulated progression of AAHs to adenocarcinomas in situ, which is characterized by the growth of neoplastic cells along pre-existing alveolar structures without invasion, is supported by molecular studies [4,18]. Distinction between highly atypical AAH and what was known as bronchioalveolar carcinoma (BAC) is sometimes difficult. Notably, the ERS, IASLC and ATS sponsored a new classification of lung adenocarcinoma that presented several modifications to the WHO 2004 criteria for diagnosis of resected adenocarcinoma specimens. The term BAC was suggested to be discontinued and replaced with adenocarcinoma in situ and minimally invasive adenocarcinoma used for small adenocarcinomas with either pure lepidic growth or predominant lepidic growth with less than 5 mm invasion, respectively. Importantly, the clinical features of both adenocarcinoma progression types are unique as patients with adenocarcinoma in situ or minimally invasive adenocarcinoma have a 100% 5 year survival rate after definitive surgery [17].

The differentiation phenotype derived from immunohistochemical and ultrastructural features indicates that AAHs originate from the progenitor cells of the peripheral airways [2,15,22–24]. Surfactant apoprotein and Clara cell–specific 10-kDd protein are expressed in almost all AAHs. In addition, an increasing body of evidence suggests that AAH is the precursor of at least a subset of adenocarcinomas. For example, AAH is most frequently detected in lungs of patients bearing lung cancers (9–20%), especially adenocarcinomas (as many as 40%), compared with lung SCCs (11%) [25]. It is important to note that AAH is detected more frequently in East Asian patients relative to Western patients. In such studies, it has been suggested that AAH is involved in the linear progression of cells of the “terminal respiratory unit” (TRU) to adenocarcinoma in situ and subsequently invasive adenocarcinomas [24,26,27] due to the expression of common genes between the TRU and AAH. Such studies have postulated that most if not all peripheral lung adenocarcinomas progress from alveoli through AAH as a preneoplastic lesion. As will be discussed further below, we have noted similar molecular abnormalities (e.g., epidermal growth factor receptor mutations) between adenocarcinomas arising in never-smokers and small bronchioles within the localized and adjacent fields of the adenocarcinomas suggesting that lung adenocarcinomas may arise from bronchiolar epithelium and small bronchi and not only from alveoli [28,29]. In a recent review by Yatabe et al., a nonlinear progression schema for lung adenocarcinomas was suggested [26]. In this nonlinear schema, Yatabe et al. postulated that lung adenocarcinomas of the TRU subtype, as named by the authors, develop through AAH. On the other hand and according to the same non-linear progression hypothesis, some lung adenocarcinomas arise through unknown preneoplastic precursors from other cells besides the TRU, which we believe, may as well be the bronchiolar epithelium [15,28,29].



Precursor lesions of neuroendocrine tumors

As stated above, the precursor lesions for the most common type of neuroendocrine carcinoma of the lung, the SCLC, are unknown [2–4] (Figure 6.1). However, a rare lesion called DIPENECH has been associated with the development of other neuroendocrine tumors of the lung, typical and atypical carcinoids [3,30]. DIPENECH lesions include local extraluminal proliferations in the form of tumorlets. Carcinoid tumors are arbitrarily separated from tumorlets if the neuroendocrine proliferation is 0.5 cm or larger.




Molecular pathogenesis of lung cancer

Previous studies have shed light on important vignettes in the molecular pathogenesis of lung cancer, including the following: (a) There are several histopathologic and molecular pathways associated with the development of the major types of NSCLC [2]. (b) Lung adenocarcinomas and SCCs exhibit differential expression of cell-lineage genes that play important roles in the pathogenesis of the diseases [15]. (c) Although there is a field effect phenomenon for lung preneoplastic lesions, recent data suggest that there are at least two distinct lung airways compartments (central and peripheral) for lung cancer pathogenesis [9]. (d) Inflammation may play an important role in lung cancer development and it could be an important component of the field effect phenomenon [2,10]. (e) For lung adenocarcinoma, at least two smoking and nonsmoking-related pathways have been identified mediated by the Kirsten rat sarcoma viral oncogene (KRAS) and epidermal growth factor receptor (EGFR) oncogenes, respectively [14,31–38].

Several studies have revealed that multiple genetic changes are found in clinically evident lung cancers, and involve known and putative tumor suppressor genes as well as several dominant oncogenes [1,14]. Lung cancers arise after a series of molecular changes that commence in histologically normal epithelium and demonstrate a specific sequence [5,8]. There is a preferred order of these allele loss changes with 3p allele loss (several 3p sites) followed by 9p (p16INK4a locus) as the earliest changes occurring in histologically normal epithelium [5,6,39] (Table 6.1). Various 3p genes are involved in lung cancer pathogenesis including RARβ at 3p24, FHIT at 3p14.2, RASSF1A, BLU, FUS1, and SEMA3B located at 3p21.3, and potentially ROBO1 at 3p12 [6,40,41].



Table 6.1 Histopathological and molecular abnormalities of lung cancer precursor lesions
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Telomerase activation has been also implicated as an early event in lung cancer pathogenesis [42,43]. Telomerase shortening represents an early genetic abnormality in bronchial carcinogenesis, preceding telomerase expression and p53/Rb inactivation, which predominate in high-grade squamous preinvasive lesions [44]. Precise microscopic based microdissection of epithelial tissue followed by allelotyping of smoking damaged lung from lung cancer patients or current or former smokers without lung cancer revealed multiple lesions containing clonal abnormalities of allele loss, occurring in both histologically normal as well as mildly abnormal (hyperplasia and squamous metaplasia) and preneoplastic (dysplasia) respiratory epithelium [45]. While those changes are found in the lungs of current and former smokers without lung cancer they are almost never found in lifetime never-smokers [11,12]. Interestingly, these clonal changes persist for decades after smoking cessation [11]. These previous findings pinpoint to a multistage and multistep fashion of lung cancer development.

It important to mention that one cannot neglect the alternative hypothesis that the sequence of molecular and genetic changes is irrelevant to lung cancer pathogenesis but rather the accumulation of molecular aberrations. For example, mutations in KRAS have been shown to be more frequent in AAHs than in invasive adenocarcinomas [24,26]. Conversely, our group revealed that EGFR mutations, which commence in normal bronchial or bronchiolar epithelia, precede copy number gains of the oncogene in the course of the pathogenesis of adenocarcinomas [29]. It is plausible to suggest that increasing our understanding of lung cancer molecular pathogenesis would help to determine the nature (sequential vs nonsequential) of the development of the disease, and for now, it is not counterintuitive to suggest that lung cancer pathogenesis is due to both stepwise and sequence-specific changes as well as accumulation of genetic molecular abnormalities [9].


Pathogenesis of squamous cell carcinoma.

The current working model of the sequential molecular abnormalities in the pathogenesis of squamous cell lung carcinoma indicates that genetic abnormalities commence in histologically normal epithelium and increase with increasing severity of histologic changes [45] (Figure 6.2). Moreover, molecular changes in the respiratory epithelium are extensive and multifocal throughout the bronchial tree of smokers and lung cancer patients, indicating a field effect or field cancerization [5,6,11,12]. It is important to note that mutations follow a sequence, with progressive allelic losses at multiple 3p (3p21, 3p14, 3p22–24 and 3p12) chromosome sites and 9p21 (p16 INK4a) as the earliest detected changes. Later changes include 8p21–23, 13q14 (RB) and 17p13 (TP53) [5,6,39]. p16INK4a methylation has been also detected at an early stage of squamous preinvasive lesions with a frequency that increases during histopathologic progression (24% in squamous metaplasia and 50% in CIS) [46]. Multiple clonal and subclonal patches of molecular abnormalities not much larger in size than the average bronchial biopsy obtained by fluorescent bronchoscopy, estimated to be approximately 40 000 to 360 000 cells, can be detected in the normal and slightly abnormal bronchial epithelium of patients with lung cancer [45]. Despite encouraging results from isolated studies [47], most of these findings have not been useful for the development of successful strategies for lung cancer risk assessment, early detection and chemoprevention.
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Figure 6.2 Molecular pathogenesis of squamous cell carcinoma of the lung. Several sequential molecular abnormalities have been recognized in the multistep pathogenesis of squamous cell carcinoma of the lung and have been detected in high-risk individuals.



As mentioned before, angiogenic squamous dysplasias (ASDs), a subset of squamous dysplasias, exhibit a thickened basal membrane and vascular budding in the subepithelial tissues that results in papillary protrusions of the epithelium [19]. In the bronchial biopsies with these lesions microvessel density is elevated in comparison to normal mucosa but not in comparison to other forms of hyperplasia or dysplasia. ASD thus represents a qualitatively distinct form of angiogenesis in which there is architectural rearrangement of the capillary microvasculature. Genetic analysis of surface epithelium in a subset of lesions revealed loss of heterozygosity (LOH) at chromosome 3p in 53% of lesions, and compared with normal epithelium, proliferative activity was markedly elevated in ASD lesions. ASD was found to occur in approximately 19% of high-risk smokers without carcinoma who underwent fluorescence bronchoscopy [48] and was not present in biopsies from 16 normal nonsmoker control subjects [19]. The presence of this lesion in high-risk smokers suggests that aberrant patterns of microvascularization may occur at an early stage of bronchial carcinogenesis. The finding of vascular endothelial growth factor (VEGF) isoforms and VEGF receptors (VEGFR) by semiquantitative reverse transcriptase-PCR confirmed by immunohistochemistry in bronchial squamous dysplastic compared to normal bronchial epithelia [49] supports the notion that angiogenesis develops early in lung carcinogenesis and that these abnormalities provide rationale for the development of targeted antiangiogenic chemoprevention strategies. Of interest, most important signaling pathways that are being targeted in lung cancer have been shown to be also deregulated in lung cancer preneoplastic lesions, mostly in the squamous cell carcinoma pathway, including, among others, the inflammation-related polyunsaturated fatty acid metabolic pathways [50], retinoic acid signaling [51], and pathways involving Ras [14,18], EGFR [52], phosphoinositide 3-kinase (PI3K)/AKT [53], insulin-like growth (IGF) factor axis [54] and mTOR [55]. Thus, the possible activation of therapeutically pliable signaling pathways early in the pathogenesis of lung cancer creates an opportunity for the design of targeted chemoprevention strategies [56].

The recent developments in molecular biology have increased our knowledge of critical biological pathways that are deregulated in lung cancers. Studies by Bass et al. and Hussenet and colleagues revealed that the lineage-specific oncogene SOX2 is amplified in the 3q (3q26.3) chromosomal region in lung SCC and squamous esophageal cancers and promotes survival of SCCs with amplification of this gene [57,58]. Moreover, SOX2 immunohistochemical protein expression was completely absent in lung adenocarcinoma pathogenesis, highly expressed in SCC development and significantly elevated in lung SCCs relative to adenocarcinomas [59]. In addition, various studies have highlighted tumor promoting roles for this lineage-specific oncogene in lung cancer [57,60,61]. Later, McCaughan and colleagues specifically analyzed 3q copy number alteration in bronchial dysplasia of varying grades and severity and demonstrated that SOX2 amplification, found in overt SCCs, was also present in high-grade bronchial dysplasias but not in low grade lesions and, importantly, was associated with clinical progression of high-grade preinvasive squamous lesions [62]. It is important to mention that Yuan et al. had found relatively high SOX2 immunohistochemical protein expression in normal bronchial epithelia and alveolar bronchiolarization structures [59]. The studies by both Yuan et al. and McCaughan and colleagues demonstrate the implication of SOX2 in the early pathogenesis of lung SCCs [59,62].



Pathogenesis of lung adenocarcinoma

Several molecular changes frequently present in lung adenocarcinomas are also present in AAH lesions, and they are further evidence that AAH may represent true preneoplastic lesions [22] (Figure 6.3). The most important finding is the presence of KRAS (codon 12) mutations in as many as 39% of AAHs, which are also a relatively frequent alteration in lung adenocarcinomas [2,63]. Other molecular aberrations that were identified in AAH are overexpression of Cyclin D1 (70%), survivin (48%), and HER2/neu (7%) proteins [2]. Moreover, and as mentioned in the review by Wistuba and Gazdar, some AAH lesions were found to exhibit LOH in chromosomes 3p (18%), 9p (p16INK4a, 13%), 9q (53%), 17q, and 17p (TP53, 6%) [2]. It is noteworthy that most if not all of the aforementioned changes identified in AAH lesions are also frequently detected in lung adenocarcinomas. Later, AAH lesions were shown to exhibit LOH of tuberous sclerosis complex (TSC)-associated regions, activation of telomerase, loss of LKB1, over-expression of DICER, a key effector protein for small interfering RNA and miRNA function, and DNA methylation of CDKN2A and PTPRN2 [2,64,65]. It is important to note that several studies have attempted to globally comprehend differential gene expression patterns and copy number alterations between low-grade lesions (e.g., precursor lesions) or in situ adenocarcinomas and invasive tumors and found that amplification of the EGFR oncogene was the predominant differential molecular feature between the two different adenocarcinoma grade classes and occurred after mutations in the gene [26].
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Figure 6.3 Molecular pathogenesis of adenocarcinoma of the lung. At least two molecular pathways have been identified in the development of lung adenocarcinoma, smoking and nonsmoking-related (AAH, atypical adenomatous hyperplasia; BAC, bronchioloalveolar carcinoma).



A large body of evidence suggests that at least two molecular pathways are involved, the KRAS and EGFR pathways in smoker and never-smoker adenocarcinoma subpopulations, respectively [14,31–38]. Mutations in EGFR, in particular in-frame deletions of exon 19 and L858R and L861Q of exon 21, are strongly associated with never-smoking status, female gender and East Asian ethnicity as well as predict favorable response to EGFR TKIs [14,33,36,37,66,67]. On the other hand, mutations in KRAS, are strongly associated with development of adenocarcinomas linked to tobacco consumption [14,32–35,37].

It has been suggested that the vast majority of AAH precursor lesions and adenocarcinomas in situ are associated with the “terminal respiratory unit” adenocarcinoma subtype that were found to express high levels of TITF-1 and surfactant proteins leading to the conclusion that such adenocarcinomas are of the same lineage as terminal airway epithelial cells [27]. In addition, it has been postulated that EGFR mutations are predominant in or specific to peripheral lung adenocarcinomas of the TRU subtype, that were suggested to arise from AAH lesions [24,27,68], since 90 of 97 EGFR mutant adenocarcinomas were positive for TITF-1 and 91 of the 97 tumors were of the TRU subtype [68]. In addition, the hypothesis put forward that EGFR mutations are associated with or specific to the TRU subtype of lung adenocarcinomas is also in part due to the observation that the frequency of EGFR and KRAS mutations among AAH lesions, adenocarcinomas in situ and invasive adenocarcinomas is significantly different [24,26]. It was determined that whereas KRAS mutations decreased along adenocarcinoma progression, from 33% in AAH to 8% in adenocarcinomas, EGFR mutations were evenly distributed suggesting that KRAS-mutated AAH lesions rarely progress to adenocarcinomas.

Mutations in the tyrosine kinase domain of EGFR mutations were shown to be involved in the early pathogenesis of lung cancer, being identified in histologically normal epithelium of small bronchi and bronchioles adjacent to EGFR mutant adenocarcinomas [28]. EGFR mutations were detected in normal-appearing peripheral respiratory epithelium in adenocarcinoma patients [28], but not in patients without mutation in the tumor [28]. These findings may signify different cell types comprising the examined epithelia, which could represent sites of the cells of origin for EGFR mutant adenocarcinomas of the lung. Although the cell type having those mutations is unknown, our group has hypothesized that stem or progenitor cells of the bronchial and bronchiolar epithelium bear such mutations. It is also noteworthy that EGFR mutations were identified in only 3 of 40 AAH lesions examined [68,69] and were shown to be absent [36] or relatively infrequent in what was previously known as BACs of the lung [69]. These earlier observations support the argument that abnormalities of EGFR are not only relevant to the pathogenesis of alveolar-type lung neoplasia but also may drive the development of peripheral lung adenocarcinoma from bronchiolar epithelium cells that are distinct from terminal respiratory and alveolar cells [2,15,24].

TITF-1 is a homeodomain-containing transactivating factor predominantly expressed in the terminal lung bronchioles and lung periphery in the developing and adult mouse [70,71]. In addition, TITF-1 is crucial for branching morphogenesis during normal lung development [70–72] and transactivates the expression of the surfactant proteins (SPs) such as SPs-A, -B and –C which are in turn typically expressed in the Clara cells and are important for the differentiation of alveolar type II pneumocyte cells in the peripheral lung [73]. Several studies have demonstrated increased copy number and amplification of the 14q13.3 locus that harbors the TITF-1 gene [74,75] pinpointing to cell-lineage specific oncogenic function to this transcriptional factor in lung adenocarcinomas. It is postulated that TITF-1 functions as a lineage-specific oncogene in lung adenocarcinoma as knockdown of TITF-1 expression, in cells with amplification of the gene, by RNA interference results in lung adenocarcinoma cell growth inhibition and apoptosis demonstrating a lineage-specific dependency of lung adenocarcinomas on TITF-1 [74–76]. However, recently in Kras(LSL-G12D/+);p53(flox/flox) mice, TITF-1 was shown to suppress tumorigenesis and limit metastatic potential in vivo [77].



Pathogenesis of SCLC

As stated before, no phenotypically identifiable epithelial lesion has been identified as a precursor for SCLC (Figure 6.1). A study comparing the molecular changes (LOH at several chromosomal sites and microsatellite instability) occurring in histologically normal and mildly abnormal (hyperplastic) centrally located bronchial epithelia accompanying SCLCs and NSCLCs tumors demonstrated a significantly higher incidence of genetic abnormalities in bronchial epithelia accompanying SCLC than those adjacent to NSCLC (squamous cell carcinoma and adenocarcinoma) [7]. These findings indicate that more widespread and more extensive genetic damage is present in bronchial epithelium in patients with SCLC. The finding that some specimens of normal or mildly abnormal epithelia accompanying SCLCs have a high incidence of genetic changes suggests that SCLC may arise directly from histologically normal or mildly abnormal epithelium, without passing through a more complex histologic sequence. Animal model studies have shown that SCLC development is driven by inactivation of TP53 and RB [78] and activation of the hedgehog pathway [79,80]. Recently, integrative genomic analyses of SCLCs confirmed known inactivation of TP53 and RB1 and identified recurrent mutations in the histone modifiers CREBBP, EP300 and MLL, mutations in PTEN, SLIT2 and EPHA7, and FGFR1 amplifications [81].




Field cancerization in lung cancer pathogenesis

Earlier work by Danely Slaughter in patients with oral cancer and oral premalignant lesions has suggested that histologically normal-appearing tissue adjacent to neoplastic and preneoplastic lesions display molecular abnormalities some of which are in common with those in the tumors [82]. In 1961, a seminal report by Auerbach et al. suggested that cigarette smoke induces extensive histological changes in the bronchial epithelia in the lungs of smokers and that premalignant lesions are widespread and multifocal throughout the respiratory epithelium, suggestive of a field effect [83]. This phenomenon, coined “field of cancerization,” was later shown to be evident in various epithelial cell malignancies including lung cancer. Some degree of inflammation and inflammatory-related damage is almost invariably present in the central and peripheral airways of smokers and may precede the development of lung cancer [2,9]. Thus, the field of cancerization may also be explained by both direct effect of tobacco carcinogens and initiation of inflammatory response. In this context, different theories for the origin of the field cancerization or smoking related field of injury have been put forward and extensively reviewed elsewhere by Steiling et al. [10].


Smoking damaged epithelium and lung field cancerization

Multiple altered foci of bronchial epithelium are present throughout the airway in lung cancer patients and smokers [5–7]. Detailed analysis of histologically normal epithelium, premalignant and malignant epithelia from lung SCC patients indicated that multiple, sequentially occurring allele-specific chromosomal deletions of LOH commence in clonally independent foci early in the multistage pathogenesis of SCCs [5,6]. Notably, 31% percent of histologically normal epithelium and 42% of mildly abnormal (hyperplasia/metaplasia) specimens had clones of cells with allelic loss at one or more regions examined. Nelson et al. demonstrated that KRAS is also mutated in histologically normal lung tissue adjacent to lung tumors [84]. In addition, similar epigenetic and gene methylation patterns between tumors and adjacent histologically normal epithelia were described. Belinsky et al reported aberrant promoter methylation of p16, which was described to be commonly methylated in lung tumors [46], in at least one bronchial epithelial site from 44% of lung cancer cases examined [85]. Moreover, p16 and death associated protein kinase (DAPK) promoter methylation were frequently observed in bronchial epithelium from smoker but not from never-smoker lung cancer patients and persisted after smoking cessation [85].

The aforementioned molecular abnormalities were detected in histologically normal epithelia adjacent to archival surgically resected tumors from primary lung cancer patients. LOH and microsatellite alterations in multiple foci were also detected in distal histological normal bronchial epithelia of smokers without cancer [11,12]. Moreover and importantly, these molecular abnormalities were detected in bronchial epithelia of cancer-free former smokers that appeared to have persisted for many years after smoking cessation. In addition, LOH was detected in DNA obtained from bronchial brushings of normal and abnormal lungs from patients undergoing diagnostic bronchoscopy and was detected in cells from the ipsilateral and contralateral lung [86]. Mutations in TP53 were also described to occur in bronchial epithelia of cancer-free smokers in a widely dispersed manner [87]. Similar evidence also exists for promoter methylation and epigenetic changes in smoking-damaged lung epithelium of cancer-free patients. Methylation of various genes, including retinoic acid receptor 2 beta (RAR-β2), H-cadherin (CDH13), adenomatous polyposis coli (APC), p16 and Ras association (RalGDS/AF-6) domain family member 1 (RASSFF1A) has been described in bronchial epithelial cells of heavy smokers [88]. Moreover, methylation of p16, glutathione S-transferase pi 1 (GSTP1) and DAPK was reported to be evident in bronchial brushings of one third of cancer-free smokers examined [89]. A more detailed list of aberrant gene promoter methylation in lung cancer patients and cancer-free smokers is well summarized and explained in the review by Heller et al. [90].



Field cancerization transcriptome

High-throughput microarray profiling was shown to be useful to study the transcriptome of lung airways. Hackett et al. studied the expression of 44 anti-oxidant related genes using bronchial brushings from cancer-free current smokers and never-smokers littand found significant up-regulation of 16 of the antioxidant genes in the airways of smokers compared to nonsmokers [91]. Later, Spira et al. described global alterations in gene expression between normal-appearing bronchial epithelium of healthy cancer-free smokers and that of nonsmokers [92]. Importantly, irreversible changes in expression in airways of former smokers after years of smoking cessation were described that were thought to underlie the increased risk former smokers exhibit for developing lung cancer [92,93]. Alterations in the expression of microRNAs (miRNAs) were also demonstrated between large airways of current and never-smokers [94]. Notably, an 80-gene signature was derived from the transcriptome of large airway epithelial cells that can distinguish smokers without overt cancer from smokers with lung cancer despite originating from normal bronchial epithelia [95]. More recently, Gustafson et al. derived a phosphoinositide-3-kinase (PI3K) pathway activation signature by using recombinant adenoviruses to express the 110α subunit of PI3K in primary human epithelial cells [96]. The PI3K pathway activation signature was elevated in cytologically normal bronchial airways of smokers with lung cancer and, importantly, was decreased in the airways of high-risk smokers whose dysplastic lesions regressed following treatment with the PI3K inhibitor myoinositol [96]. Microarray and gene expression profiling methodologies were also used to demonstrate the wide anatomical spread of the lung field cancerization. Common gene expression alterations were identified in bronchial, nasal and buccal epithelia of smokers [97] and in a separate study, the expression of 119 genes was demonstrated to be affected by smoking similarly in both bronchial and nasal epithelium [98]. Recently, Beane et al. applied next-generation RNA sequencing technology to analyze bronchial airway epithelial cell brushings from healthy never-smokers and smokers with and without lung cancer [99]. The study highlighted transcripts whose expression was either not interrogated or not found to be significantly altered when using microarrays, demonstrating that next-generation sequencing (NGS), as in established lung tumors, has the potential to provide new insights into the biology of the airway field cancerization associated with smoking and lung cancer [99].




Field cancerization compartmentalization

In light of the prevalence of mutations in the EGFR oncogene in adenocarcinomas and in particular those occurring in never-smokers, Tang and colleagues investigated the presence of EGFR mutations in normal bronchial and bronchiolar epithelium adjacent to EGFR mutant tumors. EGFR mutations were detected in histologically normal peripheral epithelia in 44% of lung adenocarcinoma patients with mutations but none in patients lacking mutations in the oncogene [28]. Moreover, the same study highlighted more frequent EGFR mutations in normal epithelium within the tumor (43%) than in adjacent sites (24%) suggesting a localized field effect phenomenon for this abnormality in the respiratory epithelium of the lung [28]. These findings suggest that adenocarcinomas may be associated with a field cancerization dissimilar from that linked to SCCs.

The low frequency of molecular abnormalities detected in the centrally located bronchial respiratory epithelium in patients with peripheral lung adenocarcinomas, compared with specimens from patients with SCCs [6], suggests the presence of two compartments in the lung with different degrees of smoking-related genetic damage. Thus, smokers who develop SCCs display more smoking-related genetic damage in the respiratory epithelium of the central airway, whereas patients who develop adenocarcinomas exhibit molecular and histological damage mainly in the peripheral airways. While some molecular changes (e.g., inflammation and signaling pathways activation) have been detected throughout the lung airway and include both compartments (central and peripheral airway), other aberrations have been more frequently altered in either central (e.g., LOH, genetic instability evidenced by microsatellite repeats) or peripheral (e.g., EGFR mutations as mentioned above) airways [2,9]. These interesting observations indicate a possible compartmentalization of the field cancerization and its dissimilarity between adenocarcinomas and SCCs which may well reflect the differential mechanisms of pathogenesis of both NSCLC subtypes (Figure 6.4, left) [2,9].
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Figure 6.4 Field cancerization phenomenon in early-stage NSCLC patients. The relevance of the lung field cancerization to the development of a particular subtype of NSCLC, i.e., adenocarcinomas compared to SCCs, is still unknown yet possible. Analyzing local and distant field of cancerization by analysis of the transcriptome of airway brushings from multiple sites independently for lung adenocarcinoma (yellow spots) and SCC (red spots) cases, may shed light on events common or unique to the molecular pathogenesis of the two major subtypes of NSCLC (left panel). The potential important clinical relevance of the field cancerization to early-stage NSCLC can be investigated by studying the molecular cancerization before and after surgery to determine whether the cancerization effect persists (upper right) or decreases (bottom right) following surgical removal of the lung tumor. Such analysis may aid to determine whether the persistence of a molecular field cancerization effect in NSCLC patients after surgery is associated with disease relapse, and if so, whether the effect can be leveraged for development of novel prevention strategies.



We have recently studied the smoking-damaged field cancerization in early-stage NSCLC patients that were treated by definitive surgery and after which they were enrolled in a phase II surveillance trial (Department of Defense Vanguard cohort). Our recent study indicated significantly altered patterns of expression between airways adjacent to the primary resected tumors compared to airways contralateral to the tumor as well as alterations in the field of cancerization or injury with time up to 3 years from the baseline time point or enrollment into the study (within one year from respective surgery) [100]. In addition, immunohistochemical expression of phosphorylated ERK1/2 and AKT kinases exhibited statistically significantly different levels of expression in corresponding airway biopsies by distance from the primary tumor and by time the biopsy was sampled following inclusion of patients in the trial [100]. Our group's recent findings enrich the molecular definition of the airway field cancerization phenomenon [100,101] and have important implications in lung cancer prevention. It is still not clear whether the differences in expression described in this study reflect an already present gradient field of injury that may have contributed to tumor development in light of the differential cancer-associated pathways identified or one that arises due to the molecular impact of the tumor on the adjacent field [9]. Future studies that will analyze in-depth the molecular spatial and temporal airway field of injury/cancerization prior to and after surgery in early stage patients would answer the above speculation and have favorable far-reaching clinical implications in lung cancer prevention in particular in the tertiary setting (Figure 6.4) [9]. It is intriguing to postulate that while the molecular field cancerization effect may decrease after definitive surgery in some early-stage NSCLC patients (Figure 6.4, bottom right), it may persist in other patients and be associated with higher risk of disease recurrence or relapse (Figure 6.4, top right).



Inflammation and lung cancer

The association between chronic inflammatory conditions of the lung and cancer has been studied extensively [102]. Several studies have found that smokers with chronic obstructive pulmonary disease (COPD) have an increased risk of lung cancer compared to smokers without COPD [102]. In COPD, at the level of the alveoli, inflammation leads to protease release and oxidative inactivation of antiproteases by inflammatory cells contributing to degradation of the extracellular matrix [103,104]. At the level of the conducting airways, there is metaplasia of the airway epithelium to a mucus-secreting phenotype, thickening of the airway wall from the increased deposition of matrix molecules and the proliferation of mesenchymal cells, and narrowing from fibrosis [103,104]. These changes are also present in the lungs of smokers without COPD but they are not as severe [105]. COPD patients with 40 or more pack-years of smoking history have demonstrated a high prevalence of premalignant dysplasia (24% severe and CIS) detectable through sputum cytology [106]. Compared with men, women smokers have a lower prevalence of high-grade preinvasive lesions in the observed airways (14% versus 31%), and women with preinvasive lesions had fewer such lesions. The prevalence of preinvasive lesions did not change substantially for more than 10 years after cessation of smoking. Lung function was associated with the prevalence of preinvasive lesions, but the association was weaker in women than in men [107].

A number of lines of evidence suggest that chronic inflammation contributes to the process of lung carcinogenesis through activation of a number of molecular pathways, including the nuclear factor kappa B (NF-κB) [102]. In NSCLC cell lines, it was shown that tobacco components stimulate NF-κB-dependent survival [108]. Moreover, NF-κB p65 protein nuclear overexpression was demonstrated to be an early and frequent phenomenon in the pathogenesis of lung cancer, being frequently detected in bronchial squamous dysplastic changes and peripheral lung AAH lesions in lung cancer patients [109], and in a limited number of squamous dysplasias obtained from smokers without cancer [110]. The eicosanoid pathway, specifically COX-2, has been also shown to be involved in the pathogenesis of lung cancer. COX-2, an intermediate early response gene induced by growth factors, oncogenes, carcinogens, and tumor-promoter phorbol esters [111], is overexpressed in lung adenocarcinoma and squamous cell carcinoma [112]. Both preclinical and clinical trials of the effect of celecoxib on lung cancer prevention have shown a marked reduction in PGE2 production [113]. COX-2 immunohistochemical expression has shown to be highly expressed in bronchial squamous dysplasias, especially those having high-grade histology (severe dysplasia and CIS) [114]. Recent findings suggest that the COX-2 inhibitor celecoxib may be capable of modulating the proliferation indices and apoptotic balance in bronchial tissue of active smokers [115–117].



Summary and perspectives

Lung cancer results from the accumulation of multiple genetic and epigenetic changes and different patterns of molecular alterations have been detected among the major lung cancer histology types. There are three main morphologic forms of preneoplastic lesions recognized in the lung: squamous dysplasias, AAH, and DIPENECH. However, these lesions account for the development of only a subset of lung cancers. For squamous cell carcinoma of the lung, the current working model indicates a stepwise sequence of molecular and histopathological changes, with the molecular abnormalities starting in histologically normal and mildly abnormal epithelia. AAH is considered a putative precursor of a subset of lung adenocarcinoma, and it exhibits similar molecular changes found in invasive tumors. At least, two different molecular pathways have been detected in lung adenocarcinoma pathogenesis: smoking-related pathways associated with KRAS mutations and nonsmoking-related pathways associated with EGFR mutations; the latter are detected in histologically normal respiratory epithelium. Molecular changes detected in lung tumors and associated preneoplastic lesions have been detected in smoking-damaged epithelium of smokers, including histologically normal bronchial epithelium. Molecular and histopathological changes in the respiratory epithelium are extensive and multifocal throughout the bronchial tree of smokers and lung cancer patients, indicating a field effect phenomenon. A number of lines of evidence suggest that chronic inflammation contributes to the process of lung carcinogenesis through activation of a number of molecular pathways.

NGS technology, through whole-genome, whole-exome and whole-transcriptome appro-aches, holds great promise for providing invaluable insights into lung cancer biology, diagnosis, prevention and therapy [118]. Recently, the genomic landscapes of lung adenocarcinoma, SCCs and SCLCs have been characterized by NGS including deep sequencing [81,119–121]. Applying the same advanced high-throughput methodologies currently used in studying established tumors for the genetic analysis of lung cancer preneoplasia and intraepithelial lesions as well as histologically normal adjacent regions and airway epithelia is expected to expand our understanding of the biology of this prevalent disease.

Despite numerous efforts that have centered on increasing our understanding of the biology of lung cancer, this malignancy still comprises the biggest share of cancer-related deaths in the United States and worldwide. Compared to advances in targeted and personalized therapy of NSCLC, little progress has been made in the tailored prevention of this fatal malignancy. This may change with the recent encouraging and significant findings of the NLST [16]. Various molecular markers and expression classifiers previously described in the lung airways and in less invasive sites of the field cancerization can aid in selecting high-risk individuals best suited for CT screening. A comprehensive analysis of early molecular events in NSCLC pathogenesis will undoubtedly identify new and important biomarkers for lung cancer detection and prevention.
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Introduction

Currently, lung cancer survival is poor with only 15% of patients surviving 5 years or more after diagnosis [1]. While new systemic therapy agents and radiotherapy have improved survival and quality of life of patients, the overall impact in the last decade has been mainly on palliation rather than reduction in mortality. Lung cancer survival is strongly associated with stage. The Surveillance Epidemiology and End Results (SEER) data indicate that only 16% of lung cancer patients present with localized disease while the remaining presents with either regional or distant metastasis [2]. Improving cure rates would involve diagnosing patients at an earlier stage, when the cancer is still localized.

There are unique challenges to localize preneoplastic lesions in the lung. In contrast to other epithelial organs, the lung is an internal organ consisting of a complex branching system of conducting airways leading to peripheral gas exchange units with a surface area of the size of a tennis court. In addition, instead of a single cell type, lung cancer consists of several cell types and they are preferentially located in different parts of the airways and lung parenchyma. There is no single method that can scan the entire bronchial epithelium for preneoplastic lesions and allow tissue sampling for pathological diagnosis and molecular profiling. Several biophotonic imaging methods have been developed such as autofluorescence bronchoscopy (AFB) and optical coherence tomography (OCT) for localization of preneoplastic lesions in areas accessible by fiberoptic probes. Multidetector spiral CT is a sensitive tool to detect preneoplastic lesions in the peripheral lung. CT can serve as a virtual map to enable biopsy of peripheral lung lesions using navigational systems. In this chapter, current evidence supporting the use of these methods and direction for future research is discussed.



Detection of preneoplastic lesions in central airways


Principles of biophotonic imaging

When the bronchial surface is illuminated by light, the light can be absorbed, reflected, back scattered, or induce fluorescence [3]. These optical properties can he used for determining the structural features as well as the biochemical composition and functional changes in normal and abnormal bronchial tissues. White-light bronchoscopy (WLB) makes use of differences in specular reflection, back scattering, and absorption properties of broadband visible light to define the structural features of the bronchial surface to discriminate between normal and abnormal tissues. Although it is the simplest imaging technique, less than 40% of carcinoma in situ (CIS) is detectable by standard WLB [4]. AFB makes use of fluorescence and absorption properties to provide information about the biochemical composition and metabolic state of bronchial tissues. Collagen and elastin are the most important structural fluorophores. Fluorophores involve in cellular metabolism include nicotinamide adenine dinucleotide (NADH) and flavins. Other fluorophores include the aromatic amino adds (e.g., tryptophan, tyrosine, phenylalanine), various porphyrins, and lipopigments (e.g., ceroids, lipofuscin). The fluorescence properties of bronchial tissue is determined by the concentration and distribution of these fluorophores, their distinct excitation and emission spectra, metabolic state as well as the tissue architecture and the distribution of nonfluorescent chromophores such as hemoglobin [3]. Upon illumination by violet or blue light, normal bronchial tissues fluoresce strongly in the green. As the bronchial epithelium changes from normal to dysphasia, and then to CIS and invasive cancer, there is a progressive decrease in green autofluorescence but proportionately less decrease in red fluorescence intensity [5]. This change is due a decrease in strongly fluorescent extracellular matrix in the submucosa such as collagen and elastin, alteration of the light scattering process from an increase in nuclear size, cellular density and cell distribution as well as increase in the microvascular density [6,7]. The presence of an increased concentration and distribution of hemoglobin results in increased absorption of the blue excitation light and reduced fluorescence. For example, angiogenic squamous dysplasia was found to have decreased autofluorescence [8]. In addition, there is a reduction in the amount of flavins and NADH in premalignant and malignant cells. Other factors such as pH and oxygenation may also alter the fluorescence quantum yield [9]. In bronchoscopy, the excitation wavelengths producing the highest tumor to normal tissue contrasts are between 400 and 480 nm with a peak at 405 nm [5,10]. The spectral differences between 500 and 700 nm in normal, preneoplastic and neoplastic tissues serve as the basis for the design of several autofluorescence endoscopic imaging devices for localization of early lung cancer in the bronchial tree [5,11,12]. Recent versions of these devices usually use a combination of reflectance and fluorescence for imaging to make use of all the optical properties to optimize detection of subtle preneoplastic lesions [12–18].



Autofluorescence bronchoscopy (AFB)

AFB allows rapid scanning of large areas of the bronchial surface for subtle abnormalities that are difficult to detect by white-light examination (WLB). Current devices make use of CCD tipped videobronchoscopes with higher resolution than fiberoptic bronchoscopes. They allow rapid switching between white-light and fluorescence examination or simultaneous display of the white-light and fluorescence images [13,18]. Small amounts of reflected light (blue, green, or near infrared) is used to enhance the chromatic contrast and to normalize the green autofluorescence image to correct for nonuniformity caused by optical and geometrical factors such as variable distances and angles between the endoscope tip to the bronchial surface. Depending on the type of reflected light used to combine with the fluorescence image for display, abnormal areas appear brownish red, red, purple or magenta while normal areas appear green or light blue [12–18].

In addition to multiple single center studies [19], there are two randomized trials [20,21], and three large multicenter trials [11,12,22] comparing WLB and AFB. The studies showed an improvement in the detection rate of high-grade dysplasia, CIS and microinvasive cancer with AFB compared to WLB. In general, there is a twofold improvement in the relative sensitivity with AFB. However, the specificity of AFB is lower – ∼60% versus ∼90% for WLB. A recent meta-analysis reported a pooled sensitivity on a per-lesion basis to detect pre-invasive lesions of 85% for AFB. The relative sensitivity compared to WLB was 2.04 (95% CI: 1.56–11.55) [23]. However, the sensitivity AFB vs. WLB alone for invasive squamous cell carcinoma (SCC) was only marginally improved (95% vs. 89%, respectively; relative sensitivity 1.15, 95% CI: 1.05–1.26). The specificity of AFB (61%) was lower than WLB (80%) [23].

The lower specificity of AFB is due to false positive fluorescence with inflammation, mucous gland hyperplasia, suction trauma and interobserver variation. The specificity of AFB can be improved to 80% by quantifying the red to green fluorescence ratio (R/G) during the bronchoscopic procedure [24]. Combining the R/G ratios with the visual score improved the specificity further to 88%. A higher false-positive rate was also found in a multicenter trial where the R/G ratios were hidden from the bronchoscopists when making the visual classification of the bronchial mucosal changes [12]. Quantitative imaging decreases intra- and interobserver variation.

The presence of autofluorescence abnormalities in some cases may be an indicator of field cancerization and increased cancer risk. Lesions that are positive on AFB but only mild dysplasia or lower grade pathology in the biopsies were found to have more genetic alterations than similar lesions with normal fluorescence [25,26]. They may have a higher potential for progression. The presence of multiple areas of abnormal autofluorescence, notwithstanding the histopathology grade, appears to be a risk factor for subsequent development of lung cancer. Pasic et al. reported that the risk of developing lung cancer over the next 4 years is 50% in those with two or more areas of abnormal autofluorescence compared to 8% in those with only one abnormal site [27].



Narrow band imaging (NBI)

Angiogenesis is a relatively early event during lung cancer pathogenesis and neovascularization correlates with tumor progression [28]. NBI, also known as image enhanced endoscopy, was developed to enhance the superficial microvasculature [29]. It is widely used in gastrointestinal endoscopy for classification of early neoplasia in Barrett's esophagus [30], but its place in routine bronchoscopic examination has not been established. NBI uses narrow band blue light centered at 415 nm (400 nm to 430 nm) and green light centered at 540 nm (530 nm to 550 nm) corresponding to the maximal hemoglobin absorption peaks. The blue light highlights the superficial capillaries while the green light can penetrate deeper to highlight the larger blood vessels in the submucosa. The narrow bandwidths reduce the scattering of light from other wavelengths that are present in a broad spectrum white-light and enable enhanced visualization of blood vessels [31]. NBI may improve the detection of pre-invasive lesions and differentiation of these lesions from invasive carcinoma. Dotted vessels, increased vessel growth and complex networks of tortuous vessels of various sizes are observed with angiogenic squamous dysplasia. With CIS, dotted vessels and small spiral or corkscrew type tumor vessels are observed. Prominent spiral or cork-screw type tumor vessels of various sizes and grades are visible in micro-invasive or invasive lung cancer [31]. A prospective study compares the accuracy of WLB followed by either AFB or NBI as determined by a randomized code to detect intraepithelial neoplasia [32]. The sensitivity of WLB to detect high-grade dysplasia or CIS was 0.18 and the specificity was 0.88. The relative sensitivity of WLB+AFB versus WLB alone was 3.7 compared to 3.0 with WLB+NBI but the difference was not statistically significant. The relative specificities of WLB+AFB and WLB+NBI were 0.5 and 1.0 respectively. WLB+NBI showed a significantly higher specificity compared to WLB+AFB (p < 0.001).

Currently it is not known as to how NBI compares to high-definition WLB that makes use of CCD with markedly higher pixel densities and high-definition images. With the shift in lung cancer cell types from the more centrally located squamous cell and small cell carcinomas to adenocarcinomas that are generally located in smaller airways and lung parenchyma, the prevalence of preneoplastic lesions found by AFB with a standard adult size bronchoscope (5.8 mm to 6 mm) has been decreasing steadily in the last decade as noted by experience in the British Columbia Cancer Agency (Figure 7.1). To make use of AFB or NBI, a reduction in the size of the bronchoscope to <4 mm outer diameter with a 2 mm biopsy channel is needed.
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Figure 7.1 Proportion of heavy smokers participating in the BCCA Lung Health Study between 1998 and 2009 found to have one or more sites of bronchial dysplasia on autofluorescence bronchoscopy and biopsy using a 5.8 mm bronchoscope showing a steady decline in the prevalence of bronchial dysplasia since 2000.





Optical coherence tomography (OCT)

OCT is an optical imaging method that can offer near histologic resolution for visualizing cellular and extracellular structures at and below the tissue surface [33–35]. OCT is similar to ultrasound, but instead of sound, near infrared light is used. The light that is back scattered or reflected by the tissue is used to generate a one-dimensional tissue profile using optical interferometry. By scanning the light beam over the tissue, two-dimensional images or three-dimensional volumetric images can be displayed. The procedure is performed using fiberoptic probes that can be miniaturized to enable imaging of airways down to the terminal bronchioles. These probes can be inserted to airways of interest through the biopsy channel of a standard bronchoscope during the examination under conscious sedation. The axial and lateral resolutions of OCT range from approximately 5 μm to 30 μm depending on imaging conditions. The imaging depth is 2 to 3 millimeters [35]. This combination of resolution and imaging depth is ideal for examining pre-neoplastic changes originating in epithelial tissues or tumors involving smaller airways. Additionally, unlike ultrasound, light does not require a liquid coupling medium and thus is more compatible with airway imaging. There are no associated risks from the weak near-infrared light sources that are used for OCT.

OCT images of normal bronchus, primary tumors and alveoli from seven human lung cancer lobectomy specimens have been compared with the histopathology [33–36]. OCT imaging revealed a layered bronchial wall structure in normal bronchi that is lost in lung cancer. In peripheral lung, air-containing alveoli are imaged by OCT as a honeycomb structure beyond the bronchial wall. Lam et al. investigated the ability of OCT to discern invasive cancer versus CIS or dysplasia [34]. Normal or hyperplasia is characterized by one or two cell layers above a highly scattering basement membrane and upper submucosa. As the epithelium changes from normal/hyperplasia to metaplasia, various grades of dysplasia, and CIS, the thickness of the epithelial layer increases. Quantitative measurement of the epithelial thickness showed that invasive carcinoma is significantly thicker than carcinoma in situ (p = 0.004) and dysplasia is significantly thicker than metaplasia or hyperplasia (p = 0.002). The nuclei become more readily visible in high-grade dysplasia or CIS. The basement membrane is still intact in CIS but became discontinuous or no longer visible with invasive cancer [34,35]. Squamous cell carcinoma (SCC) has different volumetric features than adenocarcinoma [36]. OCT may be useful for confirming the nature of the lesion before taking a biopsy.




Indications for autofluorescence bronchoscopy


Evaluation of patients with abnormal sputum cytology

There is no controversy that a finding of cells suspicious or diagnostic of malignancy on sputum cytology examination requires further investigation, usually bronchoscopy and CT scanning. Sato et al. reported a marked improvement in survival of patients with a sputum diagnosis of SCC and negative chest radiographs that were treated following bronchoscopic localization of the cancer compared to a group with the same diagnosis but declined treatment. The treated group had a 94.9% survival at 10 years versus 33.5% in the untreated group [37].

Severe atypia on sputum cytology examination has been reported in several studies to have an approximately 45% risk of developing lung cancer within 2 years [38,39]. In the Johns Hopkins Early Lung Cancer Detection Project, moderate atypia was also found to have an increased risk of the subsequent development of lung cancer. Fourteen percent of the participants with moderate atypia developed lung cancer compared to 3% of participants without atypia [38]. In the Colorado SPORE cohort of high-risk smokers and ex-smokers with airflow obstruction, the relative risks of developing lung cancer, adjusted for age, gender, pack-years, and smoking status, was found to increase from 1.10 for mild atypia, 1.68 for moderate atypia, 3.18 for moderate atypia or worse, and 31.4 for severe atypia or worse [40]. Sputum cytology of severe atypia or worse clearly carries a risk of lung cancer that is high enough to warrant an aggressive diagnostic approach with WLB+AFB. A case may also be made for bronchoscopic examination of patients with moderate atypia although the evidence is not as strong as patients with severe atypia. In a series of 79 subjects with moderate sputum atypia with chest radiographs negative for cancer, lung cancer was found at bronchoscopy in 5 (6.3%; 95% CI, 0.7–11%) [41]. Two of the cancers were CIS lesions and three were invasive. This rate of discovery of cancer at bronchoscopy exceeds the rate of discovery of colon cancer when colonoscopy is performed for a positive fecal occult blood test.



Evaluation of patients with suspected, known or previously completely resected lung cancer

AFB can play a useful role in both the delineation of tumor margins and to assess the presence of synchronous lesions in patients with early lung cancer who are being assessed for curative surgical resection [27,41–43]. A careful clinical-pathological study by Ikeda et al. in 30 patients with NSCLC who had preoperative AFB examination and subsequently surgical resection showed more accurate delineation of the tumor extent as well as finding other sites of dysplasia with AFB compared to WLB [44]. Synchronous cancer can be found on AFB in up to 15% of patients with early lung cancer [43–45]. The discovery of synchronous lesions altered the therapeutic plan in these patients.

Following successful curative resection of NSCLC, a high rate (1–3% per year) of second primary (metachronous) tumors is reported [46]. In the subset of patients with prior early SCC, the reported rate of metachronous lesions appears to be even higher with nearly 30% develop a second central carcinoma within 4 years [47,48]. Postoperative surveillance WLB and AFB was performed in patients with completely resected NSCLC [27,48,49]. In 25 patients, Weigel et al. found 12% of the patients subsequently developed three lesions of moderate/severe dysplasia and one micro-invasive cancer over an average of 20.5 months of follow-up [48]. Pasic et al., found that 28% of patients with a previous lung cancer developed metachronous SCC within a median of 47 months [27]. The predominance of metachronous lesions in the central airways in patients with previous SCC versus those with peripheral adenocarcinoma is suggested by a study that showed 30% of the patients with a previously resected SCC had high-grade dysphasia or worse compared to only 4% with a previously resected adenocarcinoma [50]. Patients with a previous curative resection for lung cancer are at high risk of developing second primary lung cancers. Surveillance AFB may be useful in those with previous SCC who have good performance status and no significant comorbidities.




Assessment of patients with early central lung cancer prior to endobronchial therapy

When considering an early central carcinoma for curative endobronchial therapy, AFB plays an important role in determining the extent of the lesion. Complete response after endobronchial therapy such as photodynamic therapy is influenced by the surface area of the lesion and whether all margins can be visualized [51]. These factors cannot be accurately assessed with WLB alone. Sutedja et al. performed AFB on 23 patients referred for intraluminal therapy of NSCLC following WLB [52]. The lesions were determined to be too extensive for intraluminal therapy by CT scan and AFB examination in 4 (17%) and 19 (68%) patients, respectively.



Surveillance of bronchial intraepithelial neoplasia

Dysplasia and CIS have been considered as precursors of SCC of the lung. The risk and rate of progression of preneoplastic lesions to invasive SCC as well as the mechanism of progression or regression are incompletely understood due to small number of patients in longitudinal studies. A review of the published reports showed that on the average, 60% of severe dysplasia regressed spontaneously and 40% progressed or persisted [53]. The extent to which repeat biopsies of the same site actually removed the lesion cannot be estimated. The natural history of CIS is even more difficult to evaluate as all studies except one [54] intervened with treatment at the time of the diagnosis or when CIS persisted on repeat bronchoscopy and biopsy within 3 months. CIS is different than severe dysplasia at the molecular level and appears to have different clinical outcome. The spontaneous regression rate of CIS is ∼13% versus >50% for high grade dysplasia [53]. In the single study in 16 patients with 36 high-grade lesions (7 severe dysplasia and 29 CIS) who were not treated initially, 11 cancers were diagnosed in 9 of 16 patients. Six high-grade lesions in 5 patients progressed to invasive cancers at intervals ranging from 4 to 17 months; 3 of these 5 patients had incurable disease despite treatment [54]. Thus, CIS, when allowed to progress to invasive cancer can become incurable by local therapy [53,54]. While it may be appropriate to perform surveillance bronchoscopy in those with severe dysplasia, treatment is preferable for CIS lesions instead of observation with repeat bronchoscopies and biopsies. As discussed below, endobronchial therapy such as electrocautery treatment and cryotherapy is simple, low cost and safe [55,56].

Genetic alterations such as loss of heterozygosity in chromosome 3p or chromosomal aneusomy as well as host factors such as the inflammatory load and levels of anti-inflammatory proteins in the lung influence the progression or regression of preneoplastic lesions [53,57]. In a study at the BC Cancer Agency, a significantly higher progression rate was found to occur in those who developed SCC compared with those who developed adenocarcinoma [53]. The progression rate of mild dysplasia was 30.9% for those who developed SCC versus 3.3% in those who developed adenocarcinoma (P = 0.041). The underlying mechanism has not been identified yet. Some lesions appear to progress rapidly from hyperplasia/metaplasia to CIS/invasive cancer within 2 years [53,58], which is much shorter than the traditional thinking of 10–20 years. The addition of nuclear morphometry or molecular analysis to histopathologic grading allows more accurate classification of preneoplastic lesions and better identification of lesions that are biologically more aggressive. A recent study by van Boerdonk et al. [26] compared the genetic alterations in squamous metaplasia lesions from 6 subjects that progressed to CIS or invasive carcinoma in the same site with squamous metaplasia lesions from 20 subjects that did not progress. p53, p63, and Ki-67 immunostaining were not predictive for a differential clinical outcome of the lesions. The mean copy number alterations (CNA) in baseline squamous metaplasia lesions of cases that progressed was significantly higher than the control subjects (P < 0.01). A model based on CNAs at 3p26.3–p11.1, 3q26.2–29, and 6p25.3–24.3 predicted cancer development with 97% accuracy. If these findings can be validated, it would provide the evidence to support the use of surveillance AFB or endobronchial therapy in patients with these apparently low grade lesions.

The presence of high-grade dysplasia or CIS is a risk marker for lung cancer both in the central airways and peripheral lung [53,54]. Close follow-up with AFB and CT imaging should be considered in patients with these lesions.



Detection of preneoplastic lesions in peripheral lung

Atypical adenomatous hyperplasia (AAH) is considered to be the preinvasive lesion of adenocarcinoma [59,60]. These lesions are usually less than 7 mm in diameter and are detectable on CT scan as small, “ground glass” densities [61,62]. In resected lungs, the incidence of AAH was estimated to be 9–21% in patients with primary lung cancer and 4–10% in patients without lung cancer [59]. Laboratory investigations demonstrate that AAH cells have the ultrastructural features of Clara cells or Type II pneumocytes [63] and that many of the molecular changes present in lung adenocarcinomas are present in these lesions supporting the concept that AAH lesions are precursor lesions of peripheral adenocarcinoma. The finding of ground glass densities, small semi-solid or noncalcified nodules on a CT scan is not specific for AAH, adenocarcinoma in-situ, minimally invasive or invasive adenocarcinoma. The majority of these small lung densities are not preneoplastic or neoplastic [61,62]. Diagnosis of subcentimeter lung nodules that grow or increase in density requires a biopsy.

CT guided transthoracic needle/core biopsy for lesions ≤15 mm has a sensitivity of 70–82% [64,65]. Transthoracic needle biopsy has an average pneumothorax rate of 15%. Chest tube drainage is required in approximately 6.6% [66]. Several bronchoscopic biopsy methods show diagnostic yields approaching that of CT guided transthoracic lung biopsy with a significantly lower complication rate. With the advancement of thin slice CT and image reconstruction technology, virtual bronchoscopy navigation (VBN) uses a computer-generated 3D road map to locate the lung lesion. At each branching point, the bronchoscopist can match the actual videobronchoscopy image with the virtual image to steer the bronchoscope [67]. A randomized trial by Ishida et al. showed that the diagnostic yield was significantly higher with VBN compared to no VBN assistance (75.9% versus 59.3 mm for lesions < 20 mm) [68]. A further development is the ability to overlay the videobronchoscopy and virtual images to indicate which airway to follow in real time as well as displaying the location and distance of the lesion behind the bronchial wall if there is no airway leading to the lesion directly [69]. VBN significantly shortens the bronchoscopy time.

VBN can also be used with co-registration of a steerable catheter, a bronchoscope or biopsy forceps with a sensor at the tip that can be tracked by an external electromagnetic device similar in concept to a Global Positioning System. The procedure is known as Electromagnetic Navigation (EMN). Once the target lesion is reached on the virtual image, the location may be further confirmed by radial endoscopic ultrasound (R-EBUS) or fluoroscopy before taking a biopsy to minimize registration error [70]. R-EBUS can visualize lesions that are not well-defined on fluoroscopy [71]. A meta-analysis of EMN showed an average diagnostic yield of 67% (95% CI 62.6% to 71.4%) [72]. In the community setting, the diagnostic yield is lower. A recent multicenter experience with EMN showed a sensitivity of 50% for lesions ≤ 2 cm [73]. A combination of technologies can improve the diagnostic yield. Randomized trials showed improved sensitivity of 90% for lesions ≤ 20 mm with VBN+EMN+R-EBUS compares to 78% with R-EBUS alone and 75% for EMN alone [74]. A recent meta-analysis of guided bronchoscopy showed similar results [72].

Two small randomized trials comparing transthoracic needle biopsy and R-EBUS bronchoscopy show a similar overall diagnostic yield [75,76]. The incidence of pneumothorax and other complications are significantly lower. The average incidence of pneumothorax is 1% (range 0–5%) with R-EBUS [72,75,76].

Newer technologies such as OCT [35,36], which allows visualization with micron resolution or SpyGlass [77] that allows direct visualization of the airways as small as 1 mm using a fiberoptic probe, has the potential to further improve the diagnostic yield and real time sampling. Coupling the navigation system with OCT may allow better localization and characterization of the growth behavior of small lung densities to separate preneoplastic lesions and early adenocarcinoma from benign lesions. As illustrated in Figure 7.2, calculation of volume doubling time of adenocarcinoma based on serial CT scans without a biopsy of the lung nodule detected on the first CT can be erroneous as the nodule may represent AAH before progression to invasive carcinoma.
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Figure 7.2 a: Progressive increase in size and density of the lung nodule in the right upper lobe [arrow] between two consecutive annual repeat low dose spiral CT scans [b, c]. b: Wedge resection showed atypical adenomatous hyperplasia.





Treatment of preinvasive bronchial lesions

Surgery remains the gold standard for the treatment of CIS and results in 80∼90% 5-year survival rate [47–79]. However, a significant limitation is the need to remove a substantial amount of lung tissue for curative treatment. Up to 30% may require a bilobectomy or pneumonectomy to achieve cure, and the remaining 70% require a lobectomy [47–79]. Segmentectomy has only been used in small series of selected patients. Excellent 5-year survival rate of >90% was reported [79].

Some patients may not be candidates for surgical resection due to co-morbidities or limited pulmonary reserves. Up to 30% of patients with central SCC will develop metachronous cancer and approximately 15% will be found to have synchronous cancer [42,43,45,47,78–80]. Therefore, lung sparing local treatment modality should be considered with surgery reserved for patients who fail endobronchial therapy.

Prior to endobronchial therapy with curative intent, it is important to rule out peribronchial tumor extension, regional or systemic spread. Thoracic CT and PET imaging are useful techniques [81]. CT scan has been shown to alter clinical management in 22∼35% of cases being considered for curative therapy [81]. Positive lymph nodes either on CT or PET imaging should be investigated to exclude metastases.

Endobronchial therapy is usually not curative for lesions that have invaded into the bronchial cartilage or beyond [81–83]. Konaka et al. suggested that flat lesions >10 mm in length and nodular or polypoid tumors are associated with a higher risk of cartilaginous invasion [84]. EBUS has been shown to be a helpful tool to evaluate cartilaginous involvement in the assessment of small central SCC with a sensitivity and specificity of 89% and 100% respectively [82,85]. In addition, EBUS can be used for staging with lymph node sampling. EBUS resulted in a change in management in 36% of tumors thought to be curable by endobronchial therapy after WLB and thoracic CT [82].

In addition to determining the depth of tumor infiltration into the bronchial wall and rule out extrabronchial spread, the margins of the lesion must be visualized and accessible for endoscopic therapy. Lesions that do not fit these criteria should be referred for curative surgery if the patient is an operable candidate. AFB is the best modality to evaluate to accurately visualize all margins [44,52].



Endobronchial therapies

Although there are no prospective, randomized studies comparing surgery to endobronchial therapy for CIS, outcomes of similar cases of early central lung cancer treated with endobronchial therapy or surgery appear to be comparable [47,56]. In addition to the benefits of lung tissue conservation and low risks associated with the procedure, endobronchial therapy is cost-effective, with up to 70% cost saving compared to surgical resection [56].

Commonly used and well-described endobronchial techniques include photodynamic therapy (PDT), electrocautery, argon plasma coagulation (APC), cryotherapy, brachytherapy, and Nd-YAG laser therapy. All these techniques when used for CIS lesions are generally performed with flexible bronchoscopy under conscious sedation compared to bulkier obstructive lesions that may require rigid bronchoscopy. Among them, PDT has the most worldwide clinical experience, but cost and skin photosensitivity are the main disadvantages. Electrocautery/APC and cryotherapy are cheaper and simpler alternatives to PDT but there are less data for their efficacy. Nd-YAG laser therapy is not generally considered appropriate for curative therapy for superficial CIS due to the increased risk of perforation and hemorrhage [86].


Photodynamic therapy (PDT)

PDT refers to intravenous administration of a photosensitizer such as Photofrin that is preferentially retained in higher concentrations in the tumor than the surrounding tissue, and activation of the drug in 24–72 hours with light of a specific wavelength to produce a photochemical reaction to destroy the tumor [51,87,88]. Newer photosensitizer such as mono-L-aspartyl chlorine e6 (talaporfin sodium, NPe6), has much shorter skin photosensitivity, compared to Photofrin [89,90].

Kato et al. reported complete responses (CR) were obtained in 85% of the 264 centrally located early-stage cancers [91]. With increasing size of the cancers, CR rates fall from 94% for tumors with a longitudinal length of <10 mm, 80% for those between 10–20 mm, and 44% for tumors >20 mm. Smaller studies from North America and Europe reported CR rates in 62% to 100% [92,93]. Local recurrence occurred in approximately 12% [88,91] and most occurred with 12 months [94]. These were thought to be due to inadequate visualization of the peripheral margin or depth leading to inadequate irradiation. To improve the efficacy of PDT, EBUS, OCT and AFB have been used in conjunction to better delineate the lesions [82,91].



Electrocautery

Bronchoscopic electrocautery causes tissue destruction through direct contact of the probe to deliver heat energy generated by a high frequency alternating current. Through a wide variety of applicators such as forceps, cutting loops, and blunt heat probes, electrocautery achieves tissue destruction and coagulation through adjustment of the wattage, contact surface area, and duration of energy application. It is an inexpensive technique with low complication rates. One report by Van Boxem et al. showed a complete response rate of 80% in 13 patients with 15 small intraluminal lesions ≤10 mm2 and normal CT scans. No residual disease was seen at a median follow-up of 22 months [95]. A subsequent report by the same group evaluated multiple curative endobronchial modalities including electrocautery of small intraluminal, microinvasive stage 1A disease (CIS excluded) in 32 inoperable patients. Seventy-five percent of these patients were treated with electrocautery and more than 95% achieved bronchoscopic eradication. Half the patients died in the mean follow-up of 5 years but only one death was attributable to the failure or complications of the bronchoscopic treatment [80].

Argon plasma coagulation (APC) is another relatively low cost noncontact thermal ablation technique [96]. Ionized argon gas that jets out of the probe conducts electrons between the active electrode of the probe and the tissue. These electrons encountering high resistance in human tissue generate heat that leads to superficial tissue damage. Data on the efficacy of APC in treatment of bronchial CIS [97] is scanty but in theory, the result should be similar to electrocautery.



Cryotherapy

Cryotherapy uses nitrous oxide or liquid nitrogen to achieve rapid freezing and thawing to cause tissue destruction. It is an inexpensive and safe technique. Bronchial cartilage and extracellular matrix are highly cold resistant making cryosurgery relatively safe from airway perforation or stricture formation [98]. In contrast to the denaturation of proteins seen with heat-based techniques, the preservation of the extracellular matrix engenders an environment that promotes ablation of an unwanted tissue without significant scarring [99,100].

There are limited studies of cryotherapy as curative therapy for CIS or micro-invasive bronchial cancer. Deygas et al. [100] reported no severe adverse events and 91% CR in 35 patients with 41 CIS or micro-invasive disease at 12 months follow-up. Ten patients (28%) developed local recurrence within 12 months and the overall long-term cure rate was 80%. Cryotherapy with an endobronchial cryo-probe is not efficient and can be difficult to perform depending on the tumor location. Recently, spray cryotherapy (SCT) was developed to deliver liquid nitrogen at a much lower temperature than a cryo-probe through an endoscopic catheter. The noncontact approach facilitates more precise treatment in larger areas. Clinical experience with SCT has been mainly with large obstructive bronchial tumors [101,102]. Applying shorter but more cycles of SCT and proper positioning of the catheter are important to avoid pneumothorax due to rapid gas expansion.



Brachytherapy

Endobronchial brachytherapy (EBBT) delivers local irradiation through the insertion of a polyurethane catheter to the tumor site in the airway by flexible bronchoscopy to serve as a conduit for the radioactive source (usually Iridium192). This technique has been used effectively for palliative treatment of obstructive endobronchial tumors but there are limited reports on EBBT as a treatment of CIS and micro-invasive tumors. The unique advantage of EBBT is its ability to treat tumors that have invaded beyond the bronchial cartilage. One of the largest series was from Hennequin et al. on curative EBBT treatment of 106 patients with localized central airway tumors, not visible on CT and <10 mm in thickness [103]. The patients were not candidates for surgery or external beam radiotherapy due to medical contraindications. EBBT achieved complete histologic response in 59% of the patients. Shorter endobronchial tumor length and tumors that were not visible on CT scan showed significant better response to EBBT. Response rates of 83–85% were observed in two smaller studies [104,105]. Potential complications of EBBT include hemoptysis and radiation-induced bronchitis/stenosis.



Follow-up after endobronchial treatment

Careful surveillance with repeat biopsies after the initial endobronchial therapy is required as 10–15% of patients may require a second treatment to achieve cure [80,92,100]. In addition, longer-term surveillance is recommended after curative therapy as up to 30% subjects will develop metachronous disease at other sites. Follow-up bronchoscopy and biopsy are generally performed at 4–6 weeks after the initial treatment, every 3∼6 month for the first 1–2 years, and then yearly for up to 5 years. Although there is no published data of its utilities, surveillance CT scan may offer additional benefits given high risk of metachronous diseases in these patients.
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Introduction

Adenocarcinoma is the most common histologic subtype of lung cancer in most countries. In 2013 the American Cancer Society estimated there would be 228 190 new lung cancers in the United States (US) and 159 480 lung cancer deaths [1]. With 41% of lung cancers estimated to be adenocarcinomas according to the NCI SEER Cancer Statistics Review 1975–2010 [2], there would be over 93 000 lung adenocarcinomas expected in the US in 2013.

Lung adenocarcinoma is very heterogeneous from every perspective, including clinical, radiologic, pathologic, surgical and molecular aspects. Even within an individual tumor there is considerable histologic heterogeneity that has presented challenges to pathologists in developing a clinically meaningful classification that is prognostically relevant. In the past decade many advances have occurred that gave a need for an international multidisciplinary classification effort. This led to a new lung adenocarcinoma classification sponsored by the IASLC/ATS and ERS that has made major changes in how lung adenocarcinoma is diagnosed [3–5]. This classification addresses not only resection specimens (Table 8.1), but also small biopsies and cytology specimens (Table 8.2). This chapter will primarily address the classification in resection specimens with brief discussion of the small biopsy and cytology aspects.



Table 8.1 Histologic classification of lung adenocarcinoma in resection specimens*





	Preinvasive lesions



	    Atypical adenomatous hyperplasia



	    Adenocarcinoma in situ (≤3 cm pure lepidic tumor without invasion)



	        Nonmucinous, mucinous or mixed nonmucinous/mucinous



	Minimally invasive adenocarcinoma (≤3 cm lepidic predominant tumor with ≤5 mm invasion)



	    Nonmucinous, mucinous, mixed mucinous/nonmucinous



	Invasive adenocarcinoma



	    Lepidic predominant (formerly nonmucinous BAC pattern, with >5 mm invasion)



	    Acinar predominant



	    Papillary predominant



	    Micropapillary predominant



	    Solid predominant with mucin



	Variants of invasive adenocarcinoma



	    Invasive mucinous adenocarcinoma (formerly mucinous BAC)



	    Colloid



	    Fetal



	    Enteric





*Modified from the 2004 World Health Organization Classification [10] and the 2011 International Association for the Study of Lung Cancer/American Thoracic Society/European Respiratory Society Classification of Lung Adenocarcinoma [4]. This classification primarily addresses histology in resected specimens.




Table 8.2 Proposed IASLC/ATS/ERS classification for small biopsies/cytology*





	2004 WHO classification
	SMALL BIOPSY/CYTOLOGY: IASLC/ATS/ERS






	Adenocarcinoma
    Mixed subtype
    Acinar
    Papillary
    Solid
	 Morphologic adenocarcinoma patterns clearly present:
 Adenocarcinoma, describe identifiable patterns present (including micropapillary pattern not included in 2004 WHO classification)
 If pure lepidic growth – mention an invasive component cannot be excluded in this small specimen



	
	



	    Bronchioloalveolar carcinoma (nonmucinous)
	 Adenocarcinoma with lepidic pattern (if pure, add note: an invasive component cannot be excluded)



	    Bronchioloalveolar carcinoma (mucinous)
	 Mucinous adenocarcinoma (describe patterns present)



	    Fetal
	 Adenocarcinoma with fetal pattern



	    Mucinous (colloid)
	 Adenocarcinoma with colloid pattern



	    Signet ring
	 Adenocarcinoma with (describe patterns present) and signet ring features



	    Clear cell
	 Adenocarcinoma with (describe patterns present) and clear cell features



	No 2004 WHO counterpart – most will be solid adenocarcinomas
	 Morphologic adenocarcinoma patterns not present (supported by special stains):
 Non-small cell carcinoma, favor adenocarcinoma



	SQUAMOUS CELL CARCINOMA
    Papillary
    Clear cell
    Small cell
    Basaloid
	 Morphologic squamous cell patterns clearly present:
 Squamous cell carcinoma



	No 2004 WHO counterpart
	 Morphologic squamous cell patterns not present (supported by stains):
 Non-small cell carcinoma, favor squamous cell carcinoma



	SMALL CELL CARCINOMA
	 Small cell carcinoma



	LARGE CELL CARCINOMA
	 Non-small cell carcinoma, not otherwise specified (NOS)



	Large cell neuroendocrine carcinoma (LCNEC)
	 Non-small cell carcinoma with neuroendocrine (NE) morphology (positive NE markers), possible LCNEC



	    Large cell carcinoma with NE morphology (LCNEM)
	 Non-small cell carcinoma with NE morphology (negative NE markers) – see comment
 Comment: This is a non-small cell carcinoma where LCNEC is suspected, but stains failed to demonstrate NE differentiation



	ADENOSQUAMOUS CARCINOMA
	 Morphologic squamous cell and adenocarcinoma patterns present:
 Non-small cell carcinoma, NOS, (comment that glandular and squamous components are present)
 Comment: this could represent adenosquamous carcinoma



	No counterpart in 2004 WHO classification
	 Morphologic squamous cell or adenocarcinoma patterns not present but immunostains favor separate favor glandular and adenocarcinoma component
 Non-small cell carcinoma, NOS, (specify the results of the immunohistochemical stains and the interpretation)
 Comment: this could represent adenosquamous carcinoma



	Sarcomatoid carcinoma
	 Poorly differentiated NSCLC with spindle and/or giant cell carcinoma (mention if adenocarcinoma or squamous carcinoma are present)





*From reference: [4]. Reproduced with permission of Lippincott Williams and Wilkins.


The 2011 IASLC/ATS/ERS lung adenocarcinoma classification recommends multiple major changes (Table 8.1) [3–6]. First, it is recommended to no longer use the term bronchioloalveolar carcinoma (BAC) since the tumors formerly classified under this term are now classified into five different tumors. Second, there are new concepts of AIS and minimally invasive adenocarcinoma (MIA). Third, it is recommended to no longer use the term “mixed subtype,” but rather to use comprehensive histologic subtyping to estimate the percentage of histologic patterns in 5% increments within a tumor with final classification according to the predominant subtype. Fourth, tumors with a predominant component formerly called nonmucinous BAC, should be classified as lepidic predominant adenocarcinoma. Fifth, micropapillary adenocarcinoma is recognized as a new subtype with a poor prognosis. Sixth, invasive mucinous adenocarcinoma is the term recommended for those tumors formerly classified as mucinous BAC (formerly mucinous BAC). Finally, specific terminology and diagnostic criteria are proposed for tumors in small biopsies and cytology specimens along with recommendations for strategic management of tissue and EGFR mutation testing in patients with advanced adenocarcinoma [3–6].



Adenocarcinoma classification in resected specimens


Preinvasive lesions

In the 2011 IASLC/ATS/ERS Classification of Lung Adenocarcinoma, adenocarcinoma in situ (AIS) was added as a new preinvasive lesion for adenocarcinoma (Table 8.1) [4]. Atypical adenomatous hyperplasia is comparable to squamous dysplasia and adenocarcinoma in situ the counterpart to squamous cell carcinoma in situ.


Atypical adenomatous hyperplasia

Atypical adenomatous hyperplasia (AAH) is an atypical pneumocyte proliferation that resembles but falls short of criteria for adenocarcinoma in situ [4, 7–12] AAH is typically an incidental histologic finding in the lung parenchyma surrounding a lung cancer in a resection specimen [13–15]. Most AAH lesions measure less than 5 mm in diameter and they are often multiple [15,16]. Histologically AAH consists of a focal proliferation of slightly atypical cuboidal to low columnar pneumocytes spreading along the surface of alveolar walls. There may be slight thickening of alveolar septa.

The differential diagnosis for AAH includes nonmucinous AIS, minimally invasive adenocarcinoma (MIA) or lepidic predominant adenocarcinoma [17]. Separation between AAH and AIS can be challenging due to the potential overlap in the morphologic features between AAH and the lepidic pattern of adenocarcinoma [13,14, 18,19].


Adenocarcinoma in situ

AIS is defined in the new IASLC/ATS/ERS adenocarcinoma classification as a glandular proliferation measuring 3 centimeters or less that has a pure lepidic growth pattern lacking invasion (Figure 8.1) [4]. In most cases the tumor cells are nonmucinous, with a proliferation of type II pneumocytes or Clara cells. Rare cases of mucinous AIS occur consisting of tall columnar goblet cells having abundant apical mucin. With mucinous AIS one has to be very cautious to be sure the lesion is solitary and sharply circumscribed without miliary spread in the surrounding parenchyma. If lesions of AIS are completely resected, patients have been reported to have 100% 5-year disease free survival [20–27]. The typical CT appearance of nonmucinous AIS is a ground glass nodule if nonmucinous and for mucinous AIS a solid nodule of consolidation [4].


[image: images]

Figure 8.1 Nonmucinous adenocarcinoma in situ. a: This circumscribed nonmucinous tumor grows purely with a lepidic pattern. No foci of invasion or scarring are seen. Hematoxylin and eosin X 1.25. b: This area shows lepidic growth or atypical pneumocytes along thin alveolar walls. Hematoxylin and eosin X20. c: This area shows fibrotic thickening of the alveolar walls but no clear invasive growth, only a lepidic pattern. Hematoxylin and eosin X20.



Most lesions that meet the historical strict definition of BAC according to the 1999 and 2004 WHO classification [10] criteria, these would correspond to the current definition of AIS. The concept of AIS was proposed based on multiple observational studies on solitary lung adenocarcinomas with pure lepidic growth, smaller than either 2 cm or 3 cm that documented 100% disease free survival when completely resected [20–26, 28]. While most of the published data focused on nonmucinous tumors, two of the 28 tumors reported in Noguchi's 1995 paper as type A and B were mucinous [26]. In the new definition of AIS, small size (≤3 cm) and a discrete circumscribed border is important, to exclude cases with miliary spread into adjacent lung parenchyma and/or lobar consolidation, particularly for mucinous AIS. Most of the data that indicates 100% 5-year disease free survival in resected AIS is in series of tumors 2 cm or less with fewer studies including tumors up to 3 cm in diameter; however little data is published regarding mucinous AIS [20–26, 28].




Minimally invasive adenocarcinoma

Minimally invasive adenocarcinoma (MIA) is defined as a lepidic predominant adenocarcinoma measuring 3 cm or less that has an invasive component measuring 5 mm or less (Figure 8.2) [4]. Only a few studies were available at the time of the initial proposal of the IASLC/ATS/ERS classification to support that patients with MIA would have a near 100% 5-year disease free survival [4, 27, 29] and some did not use the exact same criteria [30,31]. Similar to AIS, most of these are nonmucinous, but rarely mucinous cases may occur [4]. Nonmucinous MIA typically shows by CT a ground glass nodule (GGN) with a solid component measuring 5 mm or less; but mucinous MIA presents as a solid nodule on CT [4].
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Figure 8.2 Nonmucinous minimally invasive adenocarcinoma. a: This adenocarcinoma tumor consists primarily of lepidic growth with a central scar which is mostly benign with small foci of invasion at the edges of the scar (<0.5 cm) area of invasion. Hematoxylin and eosin X 1.25. b: From the area of invasion, these acinar glands are invading in the fibrous stroma. Hematoxylin and eosin X 20. c: Other areas show a lepidic pattern with thin alveolar walls. Hematoxylin and eosin X20.



Invasion in MIA that needs to be measured is defined as follows: (1) invasive histological subtypes (i.e., acinar, papillary, micropapillary and/or solid) other than a lepidic pattern or (2) tumor cells invading myofibroblastic stroma. The diagnosis of MIA should not be made in the presence of (1) invasion of lymphatics, blood vessels, or pleura or (2) the presence of tumor necrosis. If there are multiple microinvasive foci in one tumor, the size of the largest invasive area should be measured in its greatest dimension and it should be ≤ 5 mm in size. Arbitrarily it was suggested that the size of invasion is not the summation of all such foci, if more than one occurs. This approach was arbitrarily adopted from the approach recommended by the Collage of American Pathologists for measurement of the invasive component of breast cancers that have multiple foci [32]. Another approach is to estimate the invasive size by multiplying the total percentage of the invasive (nonlepidic) components times the total tumor size.

Also, it remains to be determined if patients with MIA will still have a 100% disease free survival if the area of invasion shows a poorly differentiated component such as solid or micropapillary adenocarcinoma or if there is a giant and spindle cell component that does not meet criteria for pleomorphic carcinoma.

If there are multiple lung tumors the criteria for AIS as well as MIA can be applied only if the other tumors are regarded as synchronous primaries rather than intrapulmonary metastases.

Before making the diagnosis of AIS or MIA the entire tumor needs to be examined histologically, however, in a research setting, tissue procurement for frozen tissue banking is encouraged. In such cases, if there is a question regarding possible invasion, a frozen section could be performed to address this question.

Review of a CT scan may be helpful in tumors with a prominent lepidic component to assess tumor size and the extent of an invasive versus lepidic component because it is difficult to see these lesions grossly.

For tumors larger than 3.0 cm where the diagnoses of AIS or MIA are being considered, it is recommended to render the diagnosis of lepidic predominant adenocarcinoma. This is because most of the literature that was used to establish the criteria for AIS and MIA addressed tumors measuring 2.0 or 3.0 cm or less. Since the classification was an evidence-based effort, there was insufficient evidence to support that 100% disease free survival can occur in completely resected solitary tumors suspected to be AIS or MIA that are larger than 3.0 cm. The term “lepidic predominant adenocarcinoma” should be used for tumors where the diagnosis of AIS or MIA is being considered if they are larger than 3.0 cm or if they have not been completely sampled histologically, with a comment that an invasive component cannot be excluded.





Invasive adenocarcinoma

Overtly invasive adenocarcinomas are now classified according to the predominant subtype after using comprehensive histologic subtyping to estimate the percentages of the various histologic subtypes within a tumor in a semiquantitative fashion in 5–10% increments. Lepidic predominant adenocarcinoma (LPA) consists of tumors formerly classified as mixed subtype tumors containing a predominant lepidic growth pattern (formerly known as nonmucinous BAC) that have an invasive component greater than 5 mm or that measure greater than 3 cm (Figure 8.3a–c). The other major subtypes include acinar (Figure 8.3d), papillary (Figure 8.3e), micropapillary (Figure 8.3f) and solid with mucin predominant adenocarcinomas (Figure 8.3g). The micropapillary predominant subtype has been shown in multiple studies to be associated with poor prognosis in early stage adenocarcinomas (Figure 8.3f) [4, 29, 33,34]. Signet ring and clear cell carcinoma subtypes are now documented as cytologic features rather than as histologic subtypes and mentioned whenever present with a comment about the percentage identified. Although clear and signet ring cell cytologic changes are seen mostly in the solid subtype, they can also be seen in acinar or papillary patterns as well [35,36].
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Figure 8.3 Major histologic patterns of invasive adenocarcinoma. a: Lepidic predominant pattern with mostly lepidic growth (left) and an area of invasive acinar adenocarcinoma (right). Hematoxylin and eosin X 100. b: Lepidic pattern consists of a proliferation type II pneumocytes and Clara cells along the surface alveolar walls. Hematoxylin and eosin X 200. c: Area of invasive acinar adenocarcinoma (same tumor as in 3A&B). Hematoxylin and eosin X 400. d: Acinar adenocarcinoma composed of round to oval shaped malignant glands invading a fibrous stroma. Hematoxylin and eosin X 200, e: Papillary adenocarcinoma consists of malignant cuboidal to columnar tumor cells growing on the surface of fibrovascular cores. Hematoxylin and eosin X 100, f: Micropapillary adenocarcinoma consists of small papillary clusters of glandular cells growing within this airspace, most of which do not show fibrovascular cores. Hematoxylin and eosin X 200. g: Solid adenocarcinoma with mucin consisting of sheets of tumor cells with abundant cytoplasm and mostly vesicular nuclei with several conspicuous nucleoli. No acinar, papillary or lepidic patterns are seen, but multiple cells have intracytoplasmic basophilic globules that suggest intracytoplasmic mucin. Hematoxylin and eosin X 400, h: Invasive mucinous adenocarcinoma demonstrates lepidic and acinar growth. The tumor consists of columnar cells filled with abundant mucin in the apical cytoplasm and shows small basal oriented nuclei. Hematoxylin and eosin X 200.



There is a good correlation between amount of the ground glass vs solid component seen on CT and the lepidic vs invasive components seen on biopsy [29, 37].


Adenocarcinoma variants

The variants of lung adenocarcinoma consist of invasive mucinous adenocarcinoma (formerly mucinous BAC), colloid adenocarcinoma, fetal adenocarcinoma and enteric adenocarcinoma [4]. Invasive mucinous adenocarcinomas (formerly mucinous BAC) are separated from the nonmucinous invasive adenocarcinomas for several reasons. These tumors frequently associated with KRAS mutation, lack of TTF-1 and multicentric lung lesions. These tumors histologically show varying amounts of lepidic, acinar, papillary or micropapillary growth consisting of columnar cells with abundant apical mucin and small basally oriented nuclei (Figure 8.3h) [4]. By CT these tumors often show localized or multifocal consolidation with air bronchograms and lobar consolidation.



Prognosis of adenocarcinoma subtypes in resected specimens

Several studies have shown prognostic significance to this approach to histologic subtyping of resected lung adenocarcinomas with some variation in results [29, 38–41]. In a study of 514 Stage I adenocarcinomas reported by Yoshizawa A et al., three groups of tumors were identified according to grades of clinical behavior: (1) low grade AIS and MIA with 100% 5-year disease free survival (DFS); (2) intermediate grade nonmucinous lepidic predominant, papillary predominant and acinar predominant with 90%, 83% and 84% 5-year DFS respectively; and (3) high grade: invasive mucinous adenocarcinoma, colloid predominant, solid predominant and micropapillary predominant with 75%, 71%, 70% and 67% 5-year DFS, respectively [29]. Similar results were found in two other datasets [40, 42]. In a Japanese cohort of 440 patients Yoshizawa found 5-year DFS was 100% for AIS and MIA, 94% for LPD, 86.67% for papillary, 88.7% for acinar, 43.3% for solid predominant, and 0% for micropapillary (at 3 years) with 88.8% for invasive mucinous adenocarcinoma [40]. Kadota et al. found similar findings in a separate dataset of 540 Stage I lung adenocarcinomas where there was 100% DFS for AIS and MIA, 91% for LPD, 87% for acinar, 80% for papillary, 59% for micropapillary, and 69% for solid with a 62% 3-year DFS for invasive mucinous and colloid adenocarcinoma [42].



TNM staging: impact of 2011 adenocarcinoma classification

TNM staging of lung adenocarcinoma can be impacted in two major ways by the 2011 IASLC/ATS/ERS lung adenocarcinoma classification. First, morphologic assessment is a powerful tool for determining if two adenocarcinoma nodules represent metastatic disease or separate primaries. One tool is the use of comprehensive histologic subtyping to compare the percentage of histologic patterns. It is also useful to compare cytologic and stromal characteristics. These correlate well with molecular and clinical data in making this distinction [43–45]. The issue whether or not a second tumor is classified as a separate primary or an intrapulmonary metastasis has great importance for TNM staging and patient management, particularly for separate lobe or contralateral tumors.

In addition the 2012 UICC TNM Supplement states that “when size is a criterion for the T/pT category, it is a measurement of the invasive component” [46]. In lung cancer we have traditionally used total tumor size for determining T-factor size. Now it is possible that in invasive lung adenocarcinomas with a prominent lepidic component, that comprehensive histologic subtyping may help to determine the size of the invasive component. The invasive tumor size can be estimated by subtracting the percentage of the lepidic component from the total gross size. This approach has been used in breast cancer for many years. So the size T factor for early lung adenocarcinomas may be best determined by the size of the invasive component rather than the total tumor size and this may be more predictive of survival than total tumor size as suggested in several studies demonstrating that the invasive size is an independent prognostic factor [29,30]. Several studies suggest that clinical stage by CT measurement is more predictive of prognosis according to invasive size rather than total size where the ground glass vs solid component by CT corresponds to lepidic vs invasive growth by histology. This also needs to be studied by CT to determine if prognosis is best predicted according to the size of the solid component rather than total tumor size including the ground glass component [4, 47, 48]. Hopefully these accumulating data will be sufficient to help include this issue in the next TNM revision.




Adenocarcinoma classification in small biopsies and cytology

A major new aspect of lung cancer classification has been focused on small biopsies and cytology since 70% of non-small cell lung carcinomas (NSCLC) present in advanced stages [4]. In recent years, there has been a major transformation in the approach to diagnosis of NSCLC, so now more attention is given to its precise classification in small biopsies and cytology [3–6]. The main reason for this new importance to classify NSCLC further is because the choice of therapies now is dependent on histology. For example, according to the new classification patients with adenocarcinoma, non-small cell carcinoma, favor adenocarcinoma and NSCLC-not otherwise specified (NSCLC-NOS) should be tested for EGFR mutation and if one is identified, these patients are eligible for EGFR tyrosine kinase inhibitors [49–53]. If no mutation is present they are also eligible for either pemetrexed [54–57] or bevacizumab based regimens [58]. In contrast, if the diagnosis is squamous cell carcinoma, tumors should not be tested for EGFR mutation and patients are not eligible for these therapies, but there is hope that newly recognized markers such as FRFR1 amplification and DDR2 mutation may represent potentially effective molecular targets [59–61]. The implications of these new therapeutic paradigms for lung cancer classification are profound.

Because of these therapeutic advances, in the 2011 IASLC/ATS/ERS lung adenocarcinoma classification, formal criteria for diagnosis of lung cancer in small biopsies and cytology were proposed (Table 8.2) [4]. Development of these new terms and criteria were driven by the need to separate adenocarcinoma from squamous cell carcinoma because of the therapeutic implications largely dependent on histology. Patients who have either adenocarcinoma, NSCLC, favor adenocarcinoma or NSCLC-NOS rather than squamous cell carcinoma are eligible at the moment for three therapeutic options. Patients with advanced stage lung adenocarcinoma that have one of these histologic diagnoses should be tested for EGFR mutation, and if the result is positive, EGFR tyrosine kinase inhibitor therapy has predictive benefit for response rate and progression free survival [49–52]. Patients who do not have EGFR mutation should also be tested for ALK rearrangement as this is a predictor or responsiveness to crizotinib [62,63]. Further more it has been shown that in patients with adenocarcinoma or NSCLC-NOS, histology is a strong predictor of response to pemetrexed in advanced lung cancer patients [54–57].

The new classifications recommends to simply use the terms adenocarcinoma (Figure 8.4a) or squamous cell carcinoma (Figure 8.4b) if the tumors that show clear differentiation by morphology. However, if the tumor only shows a carcinoma with no clear squamous or adenocarcinoma features (NSCLC-NOS), a minimal immunohistochemical workup is recommended using a single adenocarcinoma marker and squamous marker, which should allow for classification of most tumors. At the moment the best markers for adenocarcinoma and squamous cell carcinoma are TTF-1 and p40, respectively [4, 64–66]. In a tumor that shows no clear squamous or adenocarcinoma morphology, but the staining results favor adenocarcinoma (i.e., TTF-1 positive, p63 negative), the tumor should be classified as NSCLC, favor adenocarcinoma (Figures 8.4c and 8.4d). Likewise, if the stains in such a tumor favor squamous cell carcinoma, the diagnosis would be NSCLC, favor squamous cell carcinoma (Figure 8.4e and 8.4f). Then for tumors where there is no clear differentiation by light microscopy or special stains, or if the results are conflicting, the diagnosis remains NSCLC-NOS. In addition to immunohistochemistry, cytology is another powerful tool in subclassifying poorly differentiated NSCLC. Cytology may be able to help classify some tumors better than can be done in the biopsy alone [3, 67]. It is recommended to avoid use of the term “nonsquamous carcinoma” and state the specific diagnosis in precise terms as outlined above [4]. Also use of the term NSCLC should be minimized and instead the specific diagnosis (adenocarcinoma or squamous cell carcinoma) should be used whenever possible [4].
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Figure 8.4 a: Adenocarcinoma: This tumor shows an acinar pattern of growth indicating adenocarcinoma. Hematoxylin and Eosin X20. b: Squamous cell carcinoma: This tumor shows keratinization indicating squamous cell carcinoma. c: Non-small cell carcinoma, favor adenocarcinoma. This carcinoma shows no clear squamous or glandular differentiation. Hematoxylin and eosin X 200. d: The diffuse positive TTF-1 staining, allows for the diagnosis of non-small cell carcinoma, favor adenocarcinoma. Hematoxylin and eosin X 200. e: Non-Small cell carcinoma, favor squamous cell carcinoma. This carcinoma shows no clear squamous or glandular differentiation. Hematoxylin and eosin X 200 f: The diffuse positive p63 staining and negative TTF-1 staining (not shown), allows for the diagnosis of non-small cell carcinoma, favor squamous cell carcinoma. Immunohistochemistry for p63 × 200.



Since not all tumors in the lung are adenocarcinoma or squamous carcinoma, pathologists must approach interpretation of small biopsies and cytology with consideration of diagnoses other than NSCLC, such as neuroendocrine tumors (carcinoid, small cell carcinoma or large cell neuroendocrine carcinoma) as well as metastatic tumors including metastatic breast cancer, malignant melanoma, or prostate cancer [3]. Therefore it the initial evaluation does not clearly point to adenocarcinoma or squamous cell carcinoma, some of these other diagnoses may need to be considered.

Using the new IASLC/ATS/ERS criteria and utilization of immunohistochemistry as well as cytology correlation, the percentage of NSCLC diagnosed as NSCLC-NOS, should be less than 5% of cases [3, 67]. This is a major change from the historical use of the diagnosis of NSCLC-NOS where in studies of advanced NSCLC, this diagnosis has been made in 20–40% of cases and some data suggest its use has been increasing [56, 68].

A multidisciplinary strategic plan is needed for each institution to manage these small biopsies and cytology specimens that addresses (1) obtaining the specimen, (2) processing it in the pathology laboratory, (3) providing material to the molecular diagnostic laboratory and (4) getting the results back into a pathology report and into the medical record [3,4]. This process requires ongoing communication between experts involved with lung cancer patients and specimens to assure optimal management of tissues and efficient reporting of results. The specialists obtaining the biopsies such as the radiologists, pulmonologists or surgeons, need to obtain sufficient tissue not only for diagnosis, but also for molecular studies. Therefore the planned biopsy procedures should result either in a core biopsy or a cell block from tissue samples obtained for cytology [4, 69]. With voluminous pleural fluids that are positive by cytology for tumor, the fluid should be preserved rather than discarded to allow for generating cell blocks so immunostaining and molecular studies can be performed.

Another major change in clinical practice for pathologists is to minimize the amount of tissue used for making the diagnosis including use of as few special stains as possible in order to maximize tissue for molecular testing [3,4]. It can be helpful to cut multiple unstained slides from the block after initial review in cases that are potential candidates for molecular testing, so valuable tissue is not lost by facing the block multiple times [3]. This would include tumors that are either clearly adenocarcinoma or those with NSCLC-NOS patterns on H&E that will require special stains. If adenocarcinoma is suspected, by performing only a TTF-1 stain, if the result is positive, it would confirm not only the adenocarcinoma diagnosis, but also a pulmonary origin. If by morphology the tumor could be either adenocarcinoma or squamous cell carcinoma, it may be best to perform one adenocarcinoma (i.e., TTF-1) and one squamous (i.e., p40) marker as recommended in the new classification [4, 64]. In the small percentage of cases where this limited panel does not allow for precise classification it is best to be conservative in using additional stains to further classify the tumor [3,4].
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Introduction

The management of advanced bronchioloalveolar carcinoma (BAC) must begin with the caveat that this clinical entity has been the subject of changing definitions and is no longer recognized as a discrete subtype of lung cancer by the new classification system for adenocarcinomas developed by the International Association for the Study of Lung Cancer (IASLC)/American Thoracic Society (ATS)/European Respiratory Society (ERS) [1]. While BAC had historically been defined histologically as an adenocarcinoma that does not invade the basement membrane or lung parenchyma, the new IASLC/ATS/ERS classification of adenocarcinomas classifies a noninvasive adenocarcinoma as adenocarcinoma in situ for a solitary lesion and lepidic predominant adenocarcinoma (LPA) for a multifocal process with the same histologic appearance if nonmucinous, or alternatively mucinous adenocarcinoma for what were previously termed nonmucinous and mucinous BAC, respectively.

Nevertheless, there has historically been a discordance between the recommendations of many leading pathologists and the use of terms like BAC in clinical practice [2], and it remains to be seen whether the new classification will be widely adopted by the clinical oncology community. As patients continue to be diagnosed by pathologists with BAC and clinicians routinely approach and publish about this group of patients as a distinct clinical entity, it remains relevant to discuss their clinical management within the functional definitions that persist in practice.

It is also necessary to offer several caveats in discussing management recommendations in this setting. The term BAC is applied to a broad range of patients who are heterogeneous in their histologic findings, natural history, molecular features, and responses to therapy [2], while trials dedicated to BAC are very infrequent, small in number, and may include such a variable population that definitive conclusions remain elusive. Moreover, even within the same individual patient, different lesions may demonstrate variable pace of progression, invasiveness, radiologic features, and molecular profiles, though these observations remain poorly characterized in publications. By necessity, therefore, as is true of the new proposed reclassification of lung adenocarcinomas, no recommendations made about multifocal BAC can be offered on the basis of level 1 evidence but rather can only be provided on the basis of significant clinical experience with this patient population, combined with extensive conversations with others who share a similarly extensive experience.



Heterogeneity in the presentation with advanced BAC

Multifocal BAC, at least as it is recognized functionally in clinical practice, is an extremely heterogeneous disease setting. Radiographic findings may demonstrate a very indolent process that may include a few scattered subcentimeter ground glass opacities, a widespread miliary pattern, or diffuse parenchymal infiltrates that are extremely difficult to distinguish from bacterial pneumonia [3,4]. BAC may progress at a rate that can vary from barely perceptible growth over years to virulent progression over weeks. Pathologically, what is termed BAC often includes not only a strictly noninvasive component (“pure BAC”), but often also microscopic areas of invasive disease. It may be mucinous, nonmucinous, or a mix of both components. As with other lung adenocarcinomas, multifocal BAC may sometimes present with an EGFR mutation, KRAS mutation, ALK rearrangement, or sometimes other identifiable but rare molecular features that have significant implications for responsiveness to our available systemic therapies.

Even within the same patient, different areas of disease may demonstrate varying rates of progression, metabolic uptake on positron emission tomography (PET) scans, solid vs. nonsolid component on imaging, invasiveness vs. noninvasiveness on pathologic examination, and molecular marker profiles. In addition, areas of indolent disease may, over time, become invasive and more aggressive in rate of progression [5]. This wide array of clinico-pathologic scenarios, despite all being loosely classified under the same category of multifocal BAC, is likely to be best managed through a corresponding diversity of management strategies. What is optimal management for a steadily progressing, widely multifocal miliary pattern of progression and an activating EGFR mutation is not likely to be the optimal treatment for a patient with 4–5 very small ground-glass opacities in different lung lobes that are growing imperceptibly over three years of follow-up scans.

Our staging system, published case series, and clinical trial eligibility do not make distinctions among the varied presentations and natural histories of what is defined as multifocal BAC (Figure 9.1). Nevertheless, proposed treatment considerations are discussed below based on a range of clinical presentations that merit individualized therapeutic strategies rather than a unified approach based on amalgamation of distinct patterns.
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Figure 9.1 Range of case scenarios presenting with advanced BAC. a: Asymptomatic woman with minimal scattered ground-glass nodules (GGNs) (shown in left lower lobe). b: Miliary pattern of diffuse nonmucinous BAC in very symptomatic patient with dyspnea and nonproductive cough. c: Multilobal consolidation from mucinous BAC in patient with productive cough and dyspnea.



Because of the heterogeneity of the disease and its potential indolence, there is a significant potential for patients to be overtreated based on patient and/or physician anxiety and a compulsion to “treat the scan” or the stated diagnosis even when the objective findings indicate a natural history of the disease that on a trajectory of many years. In fact, this leads some patients with a more indolent process to experience significant limitations based on serial resections or prolonged systemic therapy for asymptomatic and even clinically irrelevant disease. Conversely, many clinicians remain nihilistic of the potential utility of chemotherapy for advanced BAC or reflexively dismiss the concept of local therapy for what may technically be multifocal but actually has only a single clinically significant focus that is growing at a far greater pace than any other background disease, and for which local therapy may be a very appropriate recommendation.



Evaluating Multifocal BAC

Though BAC is most commonly (50–85% of cases) diagnosed as a solitary nodule highly amenable to surgical resection, multifocal disease may present as satellites within a single lobe (60–65% of multifocal disease), multiple lobes of one lung (20–25%), or bilateral lung nodules (10–15%) [6–8].

In light of the variability of presentations, natural history, and heterogeneity of the disease process in an individual patient (potentially with one or a few areas of disease progressing at a fast rate against a relatively indolent disease process in the background), it becomes particularly helpful to characterize the features of multifocal BAC in an individual patient before developing and committing to therapeutic interventions. This initial characterization includes careful assessment of symptomatology, evaluation of the pace of the cancer and whether that is uniform or discordant across a patient's foci of disease, and, to the extent available, an assessment of the pathological findings that includes meticulous assessment of invasiveness and determination of a molecular profile that can shape recommendations for systemic therapy.


Symptomatology

BAC is commonly detected as an incidental finding in an asymptomatic patient who undergoes chest imaging for a routine pre-operative evaluation or nonspecific complaints. Up to two-thirds of patients with BAC (any stage) present with asymptomatic imaging findings, with symptomatic patients most commonly presenting with cough (30–50%), dyspnea (15%), weight loss (10–15%), hemoptysis (5–10%), or chest pain (5–10%) [9–11].

Bronchorrhea, a symptom of multifocal BAC characterized by copious production of thick, frothy sputum, is observed in approximately 5–10% of patients with BAC. In severe cases, patients may produce up to 1–2 liters of fluid per day, leading to significant electrolyte imbalances, as well as hypoxemia from intrapulmonary shunting [12–14]. Specific management considerations for bronchorrhea are discussed further below.



Natural history and imaging findings

Very commonly, the symptomatic and radiographic resemblance of advanced BAC to an infectious or inflammatory process leads to an initial trial of antibiotics and/or steroids, and sometimes multiple courses, for several weeks to months before it is concluded that the clinical and radiographic findings are not readily reversible with these treatments and a period of follow-up. The severity of initial symptoms and trajectory of progression, or lack thereof, are very relevant factors to be considered prior to initiating interventions with anticipated morbidity.

PET scans have become integrated in the workup of lung nodules, infiltrates of unknown etiology, as well as the routine staging of established lung cancers. It is common for pulmonary lesions to be discounted and a PET scan interpreted as inconsistent with malignancy if they do not demonstrate significant uptake. BAC lesions, however, are often characterized by an indolent natural history, very often with a volume doubling time of one to several years [15–17], which is typically associated with a metabolic rate too low to register as abnormally elevated on a PET scan [18]. Moreover, subcentimeter, nonsolid lesions will often not be of sufficient size and cellular density to reach the threshold of detection of a PET scan. In contrast, more significant hypermetabolism of known or presumed BAC lesions on PET scan is highly associated with invasive disease, greater malignant behavior, and inferior survival [19–21].

In this setting, a PET scan without appreciable hypermetabolism of lesions noted on chest CT may be considered as a false negative [22,23]. Nevertheless, the lower uptake often seen on PET scans is consistent with the slower natural history and overall significantly more favorable prognosis of many patients with BAC, potentially with a survival of many years, including with multifocal disease [9,10, 24]. This prolonged natural history is indicated by the terminology of the new classification of solitary lesions that reclassifies smaller unifocal lesions of nonmucinous, noninvasive adenocarcinomas from BAC to adenocarcinoma in situ, underscoring the very significant potential for overtreatment if therapeutic strategies intended for an invasive cancer process are applied. Though the practical implications for managing multifocal BAC/LPA are not specifically addressed in the new classification proposal [1], this designation is associated with a very favorable survival when reviewed specifically for differences in clinical outcomes when divided among lung adenocarcinoma subtypes under the new schema [25].

Another implication of the term of adenocarcinoma in situ is the implication from this terminology that the noninvasive in situ form of this disease, often referred to as BAC or pure BAC, represents a pre-malignant condition that evolves into invasive, malignant lung adenocarcinoma. Though this is presumed to be the case [26], it remains unclear whether the noninvasive adenocarcinomas are particularly prone to evolve into invasive lung adenocarcinoma, as more than half of a series of cases of both noninvasive lesions and synchronous invasive adenocarcinoma did not share the same K-ras mutation [27].




Interventions to manage multifocal BAC

There are several critical questions that should emerge early in the process of determining an optimal approach for managing what is functionally termed multifocal BAC (see proposed algorithm in Figure 9.2).
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Figure 9.2 Proposed algorithm for management of asymptomatic multifocal BAC.




Is the multifocal disease encompassed within a single lobe or lung?

The most current revision of the NSCLC staging system (7th edition) reflects the potential utility of surgery for multifocal disease in one lobe or pneumonectomy if several lobes of the same lung involved in absence of disease in other areas [28–35].

Changes made in the most recent revision of the AJCC staging system for non-small cell lung cancer (NSCLC) consider satellite nodules within the same lobe as the primary tumor as T3 disease, and in the absence of nodal or distant metastatic involvement, this is now considered stage IIB, compared with stage IIIB in the 6th edition of AJCC staging [36]. Similarly, nodules in a separate lobe of the same lung as the primary tumor are now defined as T4 rather than M1 disease, defined as stage IIIA disease in the absence of nodal or distant metastatic disease, compared with stage IV NSCLC in the prior version of the NSCLC staging system [37].

These revisions reflect the more favorable prognosis of patients, who most commonly have AIS/BAC histology in these additional nodules, compared with patients who shared the same stage in the 6th edition of the AJCC staging system. However, it is important to note that the lower stage does not imply that the biology of the underlying disease clearly makes local therapy an optimal approach. Patients with AIS/BAC histology demonstrate a distinct natural history and pattern of progression compared with other NSCLC histologic subtypes that makes it appropriate to consider treatment strategies as distinct compared with the recommendations for other NSCLC subtypes, but the new staging system is not predicated on evidence that patients with satellite AIS/BAC nodules in the same lobe or other lobes of the same lung clearly benefit from surgery. The staging system is based on overall survival alone, whether this is improved by surgery or not.

Several studies have demonstrated that patients with satellite nodules in the same lobe can feasibly undergo resection and demonstrate no evidence of recurrence for many years [28, 38–42]. In the face of an indolent multifocal disease process, however, patients may potentially live as well and as long with no surgery. In the absence of comparative data to direct recommendations for or away from resection, it is certainly reasonable to defer to judgment of the treating physicians, along with patient preference and consideration of performance status, patient comorbidities, and the pattern of disease, to pursue primary surgery, favor systemic therapy, or pursue a strategy of initial attentive clinical and radiographic follow-up with consideration of treatment based on the pattern of change over time.



Is the patient symptomatic, or is there any progression at a clinically significant rate?

Because the natural history of adenocarcinoma in situ/multifocal BAC is often extremely indolent, it is important to first clarify whether treatment with a potentially morbid therapy is indicated. While advanced BAC may present as a symptomatic and sometimes even fulminant disease, patients may also be classified as having multifocal BAC on the basis of asymptomatic, scattered subcentimeter GGNs that demonstrate a doubling time of several years and may not change perceptibly over the course of one or more years. Even in patients with larger and/or more widespread lung nodules, these radiologic findings may remain asymptomatic and minimally changing on follow-up imaging for many years.

In patients with minimally progressing multifocal BAC, it is challenging to justify therapeutic interventions accompanied by treatment-related toxicities that can only worsen patient quality of life in the setting of an asymptomatic process that poses an exceptionally minimal threat to survival over a trajectory of many years. While it is always appropriate to review a range of treatment options with an individual patient, it is critical to recognize that this situation represents a fundamentally different situation than a highly PET-avid, metastatic invasive lung adenocarcinoma that clearly demonstrates progression between scans obtained over an interval of one or a few months during the initial workup.

In many cases, patients have had a PET scan that documents a very low SUV consistent with an indolent natural history, or serial imaging that has documented extremely indolent progression over many years prior to the pursuit of a tissue diagnosis. With the benefit of hindsight to illustrate the course over many years, the primary motivation for intervention is often based on patient and/or physician anxiety or is reflexive, based on a tissue diagnosis that mentions carcinoma, despite all signals suggesting that this may not be a clinically relevant threat in terms of either cancer-related symptoms or survival.



If there is evidence of progression at a clinically significant pace, is this a unifocal (or arguably “oligo-focal”) or multifocal process?

In light of the heterogeneity of the disease, it is appropriate to ask whether, even in the setting of multifocal disease, the clinically relevant progression is unifocal or multifocal. Here again, as the revised lung adenocarcinoma classification attempts to highlight, it is valuable to distinguish between an indolent process (implied by the in situ moniker) that may progress in the background over many years to decades and a faster-progressing process that poses a more immediate threat in terms of cancer-related symptoms and survival.

The critical distinction between progression as a more focal versus diffuse process emerges because it may be very appropriate to favor a local therapy, most commonly surgery or radiation, in the setting of unifocal progression, even if this is against a background of multifocal disease (Figure 9.3). While a discordantly faster growth rate than other lesions may potentially be interpreted as sufficient evidence of unique biology in the progressing lesion, additional evidence may be available in terms of a transition from nonsolid to solid, greater metabolic uptake on PET, and/or evidence of invasive carcinoma based on a biopsy of the progressing lesion.
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Figure 9.3 Progression over 17 months (from A to B) of a single focus of disease in the right upper lobe of a in a woman with multifocal BAC. All other lesions remained stable over this interval. She was treated with stereotactic body radiation therapy (SBRT) to the only lesion demonstrating appreciable interval progression.



Functionally, unifocal progression may be interpreted as analogous to a solitary lesion. While the oncology community has historically defined multifocal BAC as clearly stage IV and therefore appropriately limited to systemic therapies, it is helpful to consider the implications of the revised classification. In the setting of a diffuse premalignant in situ process, the presence of a solitary focus of clinically significant progression against a background of minimal change should not preclude local treatment of the focus of progression. The central issue is whether a solitary area of progression is estimated to be the likely driver of a patient's prognosis, or alternatively, whether it is more likely that diffuse progression aside from the leading area of progression is likely to limit a patient's quality of life and/or survival. This is essentially a question of the differential growth rate between the leading area of progression and additional areas of disease: if the difference is very significant, it is quite appropriate to consider local therapy, even if there are additional lung lesions detectable.




Approach to unifocal progression in the setting of multifocal disease

The question of whether to pursue surgery, radiation, or an alternative local therapy such as radiofrequency ablation, cryotherapy, or another less established intervention may be approached in essentially the same way as someone who does not have background lesions consistent with multifocal disease, as long as the background lesions demonstrate a very indolent growth pattern. A recently published single center series [43] demonstrated that among 39 patients with suspected multifocal BAC but a single “dominant nodule”, only 9 patients (23%) demonstrated radiographic progression of an unresected nodule over a mean duration of followup of over 30 months.

Given the significant risk of multifocal progression in the future f compared with patients who have no visible lesions, the potential to treat definitively with stereotactic body radiation therapy (SBRT) has emerged as an appealing option with minimal morbidity and a realistic potential for definitive treatment here. In a setting in which the value of local therapy remains poorly established, there may be a particular value to interventions that are associated with minimal risk. Analogous to the well described clinical setting of “precocious metastasis” that is sometimes associated with very prolonged survival following local therapy of the solitary metastatic focus [44,45], this situation may be considered as “precocious progression” and approached similarly.

In an era of minimally invasive video-assisted thoracoscopic (VATS) surgery and greater availability of stereotactic radiosurgery (SRS), it is increasingly feasible and even tempting to pursue serial local therapies for multifocal disease that demonstrate metachronous multifocal progression over time. While this may be a very reasonable and even optimal approach if the interval between treatments is measured in years and treatments are limited to areas of demonstrated progression and not just identifiable, stable GGNs, there is a danger that may appear in clinical practice of multiple resections and/or radiation-directed treatments for what is, in essence, truly diffuse and multifocal progression if these lesions demonstrate changes over an interval of only several months.

It is necessary to acknowledge that there are no evidence-based guidelines to dictate a doubling time or interval for which it is appropriate to recommend serial local therapies. However, the value of serial local interventions is dubious if progression in multiple lesions is demonstrated over a course of less than a year. Moreover, there is a very real risk that the functional loss of significant amounts of functional lung parenchyma from serial surgeries or radiation treatments may lead to an overall harm of the patient if further progression within the lungs is very likely to lead to more loss of functional lung tissue. It is regrettable to have patients undergo resections of two lobes or a pneumonectomy for a process that should, on careful reflection, be recognized as highly likely to demonstrate multifocal progression.

Similarly, isolated small series have described the potential to pursue lung transplantation surgery for patients with pneumonic BAC or multifocal BAC [46–51]. Though they note encouraging short-term results, recurrence has been a very common outcome with prolonged follow up [47, 52]. Nevertheless, data from the United Network for Organ Sharing Registry notes a 5–7 year posttransplant survival of 57% among a total of 29 patients who underwent lung transplantation for multifocal BAC, compared with 50% for the entire population of lung transplant recipients. Overall, while the role for lung transplantation for patients with advanced BAC remains undefined, this is not a strategy amenable to widespread application.

As noted above, several groups have also reported on the feasibility of multiple resections, either synchronously or sequentially, for multifocal lung nodules [28, 38–42]. These series have not distinguished between lesions that are growing at a clinically significant rate and those that are visible but demonstrate little or no progression over prolonged follow-up. Notably, the surgical literature largely refers to such cases as separate primary tumors, often citing the circular argument that those patients who demonstrate favorable prognosis must by definition have had separate primary cancers, rather than considering that this is actually an indolent clonal but multifocal process. Unfortunately, recurrence of lung nodules is a common occurrence after surgery for multifocal disease [34, 53].

It is critical to recognize that BAC may often follow an indolent pattern of progression that would be associated with a favorable outcome in the short term whether any intervention is pursued or not. In addition, the patients offered such interventions may well be subject to selection bias and be uncharacteristically young and fit or have a disease indolent enough to be amenable to traveling for opinions at multiple centers. It therefore remains unknown whether more heroic interventions in the setting of multifocal BAC translate to clinical benefit or whether such patients are likely to do unusually well regardless of treatment, perhaps specifically enriched by selection bias for these more aggressive interventions.

In this setting, it is important to highlight the distinction between what can be done and what should be done. Though many patients and physicians may feel a bias toward pursuing the most aggressive strategy possible, overtreatment has a very real potential to cause harm if local therapies are truly futile because they are applied in a setting of multifocally progressing disease. Nevertheless, if we consider specifically the pattern of progression in an individual case, multifocal BAC arguably represents a setting in which a local therapy may be quite defensible and even optimal if considered judiciously for selected patients.



Palliative surgery

In rare cases, surgery may be a consideration as a palliative intervention even if more diffuse progression is seen. Particularly in the unique setting of “pneumonic BAC”, a clinical picture in which a patient demonstrates an extensive infiltration that looks extremely consistent with pneumonia involving one or more lobes (Figure 9.1c), surgery may be considered as a palliative intervention to alleviate severe cough, bronchorrhea, or dyspnea caused by “shunting”, where blood perfusing these extensively infiltrated areas of lung is not aerated. Though progression shortly after surgery is the pattern most typically seen in such cases [54], isolated reports have supported the concept of palliative surgery as a means of controlling severe symptoms in patients without other appealing treatment options [55,56].



Systemic therapy for multifocal BAC

Because of the potential for AIS/BAC to demonstrate a very indolent natural history, an initial question is whether immediate treatment with systemic therapy is clearly indicated, even with multifocal disease and a more diffuse pattern of progression. Whether imaging demonstrates a few limited foci of asymptomatic subcentimeter GGNs or a more extensive pattern of disease visible on CT imaging, it is appropriate to consider an interval of clinical and radiologic follow-up without immediate treatment in asymptomatic or minimally symptomatic patients. If a slow pace of interval change on scans obtained prior to diagnosis is available, this can often provide confidence that rapid radiologic change and clinical decline during initial observation with a repeat CT scan in 6–8 weeks is very unlikely. Though resistance from anxious patients (and physicians) may limit the application of this strategy, many patients can avoid treatment-related side effects for months or years, while the additional observation can provide valuable insight into the natural history for an individual patient's case. Particularly if patients are instructed to convey any significant change in symptoms, an initial period of attentive follow up is extremely unlikely to obviate the opportunity for the treatment options available.

Similarly, it is helpful to avoid discarding a generally effective therapy prematurely, based on the appearance of an equivocal small nodule or subtle progression of existing GGNs. If the natural history of multifocal BAC is likely to follow a trajectory of several years, whether due to effective therapy, the biology of the underlying disease, or both, it is easy to exhaust multiple appealing treatment options long before a patient has a decline in performance status or diminished motivation to receive further therapy. While it is appropriate to recognize clinically significant progression and not continue to administer clearly futile therapy, it is also optimal to be resistant to discontinuing a well-tolerated treatment that is associated with very modest, equivocal progression in an era in which the high resolution of our scans may document clinically irrelevant progression based on subtle appearance of new tiny lesions or minimal interval growth or PET-identified increased hypermetabolism in existing lung lesions.

Historically, multifocal BAC has not been consistently distinguished from other subtypes of NSCLC in trials of systemic therapy for advanced NSCLC. In most cases, patients with multifocal BAC have been eligible for trials for a broad range of NSCLC subtypes, despite demonstrating a more favorable prognosis for this stage compared with patients with metastatic invasive adenocarcinoma [57].

The more favorable prognosis of patients with multifocal BAC is also now reflected in the most recent revision of the AJCC staging system for NSCLC, which designates disease outside of a single lung but within the chest as M1a disease, which is associated with a more favorable prognosis than is seen in stage M1b, defined by metastatic spread outside of the chest. While this change reflecting superior survival in patients with cancer limited to the chest includes patients with pleural effusions and/or pleural implants, many of the patients with stage M1a NSCLC in the database that led to the staging revision [37] had what was considered to be multifocal BAC, associated with a relatively indolent pattern of disease and a comparably favorable survival compared with other NSCLC subtypes presenting with stage IV disease [57–59].

Importantly, the definition of BAC in both retrospective and prospective clinical trials of systemic therapy has generally not been subject to central histologic review, instead relying on the terminology used in pathology reports or physician assignment of histology. Studies that have subjected tumor tissue to central histologic review have clearly demonstrated that there is considerable variability in what is called BAC in practice, with a more loose use of this pathologic descriptor in broad clinical settings than is felt to be warranted by expert reviewers of lung pathology [2,60]. Studies directed at multifocal BAC have continued to generally pursue a practice of more lenient, local definition of BAC, but the work on central review of BAC pathology has underscored the heterogeneity of what is called BAC in trials of advanced NSCLC. Moreover, within the realm of advanced BAC, patients may have extremely variable natural histories and disease burdens yet still remain eligible for the same trials.

There has been a prevalent view of BAC as being unresponsive to conventional chemotherapy, or at least less responsive to chemotherapy than other NSCLC histologies. In part, this may be related to the association of greater chemo-responsiveness with fast cell turnover and disease natural history [61], but it is likely to be in part related to the difficulty in assessing response to therapy in patients whose cancer is less likely to appear as solid, discrete and measurable lesions than invasive NSCLC.

Despite the prevalent view in the oncology community that BAC is poorly responsive to chemotherapy, the limited data on the subject indicate that the response rate (RR) to conventional chemotherapy is actually comparable to that seen in other NSCLC histologic types. A retrospective review of patients treated at Mayo Clinic revealed a response rate of 32% for patients with BAC, versus 33% for patients with other NSCLC subtypes [62].

Limited prospective trial data on patients with advanced BAC also supports the view that conventional chemotherapy may have activity in BAC that is in the same range as what is expected in broader NSCLC populations. A study of single agent paclitaxel in 58 patients with advanced BAC who received by continuous infusion over 96 hours revealed a RR of 14% and stable disease (SD) in another 40%, and a median overall survival (OS) of 12 months [63]. A smaller trial of paclitaxel administered over 3 hours demonstrated a RR of 11%, with SD in another 50%, and a median OS of 8.6 months [64]. Finally, a report describes the results with a range of chemotherapy approaches given as second line therapy in 43 of 47 patients who had progressed on first line gefitinib in the French IFCT-0401 trial [65] described further below. The specific chemotherapy administered included platinum-based doublet chemotherapy in 38 (with a taxane in 29, gemcitabine in 9), five receiving single agent chemotherapy (gemcitabine in 3, pemetrexed in 2). The RR was 21% for the broad range of regimens administered, with a median PFS of 3 months. Although the small numbers preclude any conclusive thoughts on the comparison of different chemotherapeutic options, it is interesting that the RR with a platinum/taxane regimen was 28%, vs. 0% with the platinum/gemcitabine combination, and prolonged responses were seen in both patients receiving pemetrexed (PFS 10 and 32 months). Though limited to anecdotal reports, others have also noted particularly gratifying responses to pemetrexed in some patients with advanced BAC, including mucinous BAC with a pneumonic clinical picture [66,67].

Early work with oral epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) such as gefitinib and erlotinib identified that BAC histology was among the clinico-pathologic features associated with a high probability of response to EGFR TKIs [68,69]. Combined with frequent anecdotal reports of dramatic and prolonged responses to EGFR TKIs in patients with BAC, this work led to the development of multiple trials of EGFR TKIs in advanced BAC, which all confirmed encouraging efficacy. A four-center phase II trial of erlotinib 150 orally per day in 101 patients with advanced BAC, most of whom previously untreated (N = 74), demonstrated a RR of 22% and median OS of 17 months [60]. A multicenter SWOG phase II trial of 136 patients with advanced BAC, 101 of whom were chemotherapy-naïve, administered gefitinib at 500 mg/day, yielding a RR of 17% in chemo-naïve patients and 9% among patients who had received prior chemotherapy [70]. Finally, a multicenter French study of 99 previously untreated patients with advanced BAC who received gefitinib 250 mg/day demonstrated a RR of 13%, with another 16% experiencing SD [71].

Over the last several years, however, clinical variables such as histology have largely been superseded by molecular marker results with regard to association of substantial clinical benefit from targeted therapies like EGFR TKIs. For instance, in the IPASS trial of Asian never-smokers or remote prior smokers with a lung adenocarcinoma, a very significant difference in outcome with gefitinib vs. standard chemotherapy was seen in patients with an activating mutation in the EGFR gene compared with those with EGFR wild type [72], a finding that definitively illustrated that the presence or absence of this molecular marker trumps clinical and pathologic variables in predicting clinical benefit with EGFR TKI therapy.

In terms of the potential utility of the anti-angiogenic agent bevacizumab, a SWOG follow-up phase II study to the S0126 trial of single agent gefitinib tested the combination of erlotinib and the anti-angiogenic agent bevacizumab in 78 patients with advanced BAC [73]. The results revealed a RR of 18%, with a median PFS of 5 months, and median OS of 17 months. Though not remarkably superior to the prior SWOG experience with gefitinib alone, the more recent trial included relatively few never-smokers, who were preferentially enrolled on a competing trial of the same regimen, so these results may be considered as encouraging. Nevertheless, in the absence of a prospective randomized trial, the incremental value of bevacizumab, whether added to chemotherapy or EGFR TKI-based therapy, in patients with advanced BAC otherwise remains undefined. Because such patients were eligible for the ECOG 4599 trial of carboplatin/paclitaxel with or without bevacizumab that demonstrated a survival benefit with the active drug it is certainly reasonable to include this agent in otherwise appropriate patients.

Though limited, data from studies of BAC have supported the concept that the association of BAC histology with benefit from EGFR TKIs is likely primarily due to the enrichment for patients with EGFR mutations among those with advanced BAC [74,75], and specifically the nonmucinous subtype of BAC [60,75–78]. EGFR mutations were detected in 26% of a series of 86 patients with BAC, all of whom had nonmucinous BAC (22/69 vs. 0/17) (71). Similar results were seen in smaller Italian series, in which EGFR mutations were seen in 30% of patients with nonmucinous and 0% of patients with mucinous BAC [54]. Finally, results from tissue from 44 of 59 Japanese patients with BAC or adenocarcinoma with BAC features revealed that EGFR mutations were present in 15% of patients with mucinous BAC vs. 58% with nonmucinous BAC, while KRAS mutations were present in 70% vs. 29%, respectively [79]. Nevertheless, recent reports have also documented the variability of molecular profiles of different lung nodules within the same patient [80–82].

These differences in molecular profiles have been associated with differences in responsiveness to EGFR TKI therapy in the trials that have evaluated this question. In the four-center study of single agent erlotinib described above [60], the RR among patients with an EGFR mutation was 87%, compared with 7% among those with EGFR wild type; the difference in median PFS was 13 vs. 2 months, respectively. Conversely, the presence of a KRAS mutation in this study was associated with a RR of 0%, compared with 32% in patients with KRAS wild type, consistent with the widely observed very low probability of objective response or significant clinical benefit from EGFR TKIs in advanced NSCLC [83–85].

A more recent French phase II trial, IFCT-0504, randomized patients with previously untreated advanced BAC to either erlotinib or standard chemotherapy carboplatin/paclitaxel, with all patients crossing over to the other therapy at progression and then receiving pemetrexed as third line therapy [86]. Among 130 eligible patients, 46% had nonmucinous BAC and 41% had mucinous BAC, with 13% undetermined subtype. This trial demonstrated a RR of 39% vs. 53%, median PFS of 3.2 vs. 6.1 months, and median OS of 20.2 vs. 16.4 months for erlotinib vs. chemotherapy, respectively. Subset analysis revealed that a significant interaction with nonmucinous vs. mucinous subtype: specifically, patients with nonmucinous BAC demonstrated a comparable PFS from the two approaches, while patients with mucinous BAC demonstrated a superior PFS with chemotherapy (HR 2.86). However, molecular marker studies were not reported, so it is very possible, if not probable, that differences in efficacy were fundamentally correlated with differences in the relative incidence of activating EGFR mutations in patients with nonmucinous vs. mucinous BAC.

Another recently identified driver mutation of lung cancer is a rearrangement of the anaplastic lymphoma kinase (ALK) gene. The oral ALK inhibitor crizotinib has recently been identified as an optimal systemic therapy approach for patients with an ALK rearrangement [87], for which this agent is now FDA approved [88]. Though only recently identified and still not well studied for individual and relatively uncommon lung cancer subtypes, several reports have highlighted that an ALK rearrangement is disproportionately seen in patients with adenocarcinoma with bronchiololalveolar features [89,90].

In summary, though data of any systemic therapies specifically for patients with multifocal BAC remains limited, the association in advanced BAC of dramatic and prolonged responses to EGFR TKIs with the presence of an activating mutation in the EGFR gene and the absence of a KRAS mutation strongly suggests that such patients be approached in the same way as other patients with advanced NSCLC. Specifically, if it is determined that a patient with multifocal BAC has symptoms and/or progression that warrants initiation of systemic therapy, the optimal treatment is likely to be guided by the presence or absence of a “driver mutation,” just as is the current standard of care for a stage IV invasive lung adenocarcinoma. Patients with an EGFR mutation or ALK rearrangement are most likely to demonstrate significant an objective response and significant clinical benefit from an oral EGFR or ALK inhibitor, respectively; while patients whose cancer demonstrates wild type with regard to EGFR or ALK are most appropriately directed to conventional chemotherapy as initial treatment. Importantly, clinical data available at this time do not support the view that either chemotherapy or EGFR TKI therapy is futile in patients with advanced BAC.



Bronchorrhea

As noted previously, bronchorrhea can be a severe symptom most commonly associated with the BAC subtype of lung cancer. Though consistently effective therapy has remained elusive, some of the treatment approaches that have demonstrated limited success, essentially in the form of case studies, have included corticosteroids [91,92] and nonsteroidal anti-inflammatory drugs [93,94]. Otherwise, the most effective intervention for managing bronchorrhea has been successful treatment of the underlying disease, primarily with systemic therapy such as an EGFR TKI [95–97]. Successful treatment of bronchorrhea with crizotinib in ALK-positive patients with mucinous BAC have also been seen in anecdotal cases from clinical practice.

In some cases, surgery has been pursued as a palliative intervention, with mixed success [13,98].

Overall, bronchorrhea remains a difficult symptom to manage and one for which there is no recognized beneficial intervention aside from effective treatment of the underlying BAC process, when possible.



Conclusions

Though the latest reclassification of lung adenocarcinoma [1] favors no longer using the term bronchioloalveolar carcinoma, it almost exclusively discusses small and solitary lesions and provides very little discussion or insight about the multifocal disease process recognized clinically as advanced BAC. Though recognized in part for its significant variability in natural history and response to therapy, it is characterized as a distinct clinical entity by its significant potential to follow an indolent course, even when multifocal, and for its association with a relatively high incidence of EGFR mutations that are associated with often dramatic and prolonged responses to EGFR TKIs.

In light of the potentially indolent progression of multifocal disease, it is often extremely valuable to determine the pace of progression for the disease in an individual patient before initiating therapy, at least in someone what does not have a significant disease burden or symptoms clearly related to their cancer. If patient and physician anxiety can be allayed by the absence of clinically significant progression on interval scans leading up to or following diagnosis, many patients will demonstrate no clinically significant progression over a prolonged period of many months or even years, with some patients never demonstrating disease progression that causes symptoms or limits survival relative to other comordities or a normal lifespan.

Once the admittedly subjective threshold clinically significant and threatening progression is demonstrated, it can be useful to distinguish advanced BAC from most other NSCLC settings by questioning whether the progression is unifocal/limited or a more diffuse process. Many patients with multifocal BAC can have a single nodule progress at a pace that is uniquely faster than a background of nodules that continue to demonstrate relatively indolent or imperceptible change. Because very indolent nodules may well prove to be clinically insignificant, they can be discounted and a patient considered for local therapy if surgery or radiation would otherwise be appropriate for this treatment approach based on the location of the progressing disease, patient performance status, and competing comorbidities.

For patients who demonstrate diffuse, multifocal progression of disease that would be broadly defined as the clinical entity of advanced BAC, treatment recommendations are the same as those that would be recommended for patients with another form of advanced lung adenocarcinoma. The best evidence currently available suggests that the widely cited high probability of response of advanced BAC, and specifically nonmucinous BAC, to EGFR TKI therapy, is predicated upon the high incidence of activating mutations in the EGFR gene in such patients. Therefore, whether the diagnosis is clinically or pathologically defined as nonmucinous or mucinous BAC, decisions on systemic therapy are best directed by the presence or absence of molecular driver mutations such as an EGFR mutation or ALK rearrangement that should lead to a recommendation for an EGFR TKI or ALK inhibitor, respectively, if present, or conventional chemotherapy-based treatment with or without bevacizumab if a clinically relevant driver mutation is not identified.

Because the prevailing evidence suggests that patients with advanced BAC may respond to standard chemotherapy-based treatment comparably to other patients with advanced NSCLC, it is not recommended that patients be denied the opportunity to benefit from chemotherapy based on the widely held but not evidence-based perception that such patients do not respond to standard chemotherapy. This view may well be a product, in large part, of the difficulty in assessing response radiographically in many patients with multifocal BAC.

Overall, multifocal BAC represents a clinical setting in which there is a significant risk of overtreatment that may be detrimental to the patient if it is directed by anxiety or reflexive initiation of aggressive therapy, whether local or systemic. With an extremely variable clinical course that may potentially pose no threat to quality of life or survival over an extended period, pulmonary lesions that are asymptomatic and demonstrate little or no progression may be discounted, meaning that particular focus should be paid only to clearly progressing disease, which should otherwise be approached like other forms of NSCLC. The treatment strategy should include consideration of local therapy if the disease progression is very limited, while the optimal systemic therapy should be directed by the presence or absence of clinically relevant molecular markers if progression is diffuse.
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Introduction

Lung cancer is the leading cause of cancer mortality in the world, with more than 1.37 million deaths annually [1]. In the United States, it is responsible for just over one-quarter of all cancer deaths each year. Despite the declining incidence of lung cancer in American men since the 1980s, it is almost three times as deadly as prostate cancer, the second leading cause of male cancer deaths. In American women, lung cancer is nearly twice as lethal as breast cancer [2]. The disease burden in the US is seen disproportionately in minorities and less educated individuals [3]. In the European Union, the estimated annual toll from lung cancer in men is also approximately 25% of cancer deaths, but male lung cancer mortality has been decreasing over the last two decades. In contrast, lung cancer deaths in European women have increased 7% since 2009 and are projected to continue rising until 2020 [4]. Lung cancer 5-year survival rates within the 27 countries of the EU are quite variable, with the United Kingdom having one of the lowest in the developed world, approximately 8% survival at 5 years [5,6]. Lung cancer incidence and mortality are also rising in China, Korea and some African nations as smoking has become more prevalent in these countries in recent decades [7].

Lung cancer is a heterogeneous disease morphologically, histologically, and with respect to behavior [8]. Multiple cell types are included within the designation, including small cell, squamous cell, large cell and adenocarcinoma of the lung. Current medical research is focused on the genomics and proteomics of tumors, and evidence shows that cell mutations in lung neoplasms have a marked effect on natural history, response to treatment and prognosis, even within the same histologic category of tumor [9].

Overall lung cancer survival is abysmally low, with an aggregate 5-year survival of 15% that has remained unchanged over decades, primarily because most lung carcinomas come to medical attention as advanced stage III or IV disease. However, treated Stage IA lung carcinoma has a considerable 5-year survival rate of over 70% [10], underscoring the need for a reliable method of identifying early stage disease.



Concept of screening

The fundamental aim of screening is to decrease disease-specific mortality by means of the screening test [11,12]. Until recently, all attempts to screen for lung cancer failed to demonstrate a statistically significant reduction in lung cancer deaths [8]. Acceptable screening tests must fulfill a number of well-established criteria to be justifiable, which had not occurred with lung cancer screening. For successful screening, the target disease must have considerable morbidity and mortality and must have a high prevalence in the population to be screened. It must have an established preclinical phase in which the disease is present but the patient is asymptomatic. It is also important that disease in the preclinical phase be able to be detected by the test before a critical point in the natural history, after which treatment is associated with a poorer prognosis. There must be an established effective treatment for the target disease when identified in earlier stages [11,12].

Additionally, a screening test must be both sensitive and specific for the disease, to minimize false positive and false negative results [11,12]. It must be accurate and reproducible. Finally, other psychosocial and economic features are required for effective screening. Procedures that are safe and painless are more likely to be acceptable to patients and clinicians, and the ease of performance and low cost are also necessary [12].



Bias

Trials to establish the validity of screening tests can be subject to several types of bias, leading to artificially inflated or possibly conflicting results. Lead time bias refers to diagnosis of the tested disease in the preclinical phase but the outcome is the same as if it had been diagnosed at the time clinical symptoms appeared. In other words, the time between diagnosis and death is longer, but there is no actual effect on survival. Length time bias is seen because of differing rates of disease progression, with indolent disease having a longer preclinical phase and increased detection rates during screening. This leads to overrepresentation of less aggressive forms of the disease, which may have better prognosis, in the screened population. Recurrent screening restricts length time bias by finding incident cancers that arise between test events.

The detection of disease that will have no effect on the life expectancy of the patient constitutes overdiagnosis bias. It is considered to be present when something other than the target disease is the actual cause of a patient's death [8, 11]. However, the concept of overdiagnosis is considered by some to be misleading in the context of lung cancer [13,14]. Any lung cancer identified by screening has lethal potential based on both epidemiological and pathological evidence [15–17], even in the event that death is caused by another factor. The object screening population for lung carcinomas has competing comorbidities associated with tobacco consumption, including emphysema and cardiovascular disease. However, recent advances in understanding the natural history of adenocarcinoma, the most common type of lung cancer, suggest that length time and overdiagnosis bias may be significant in lung cancer. The mean volume doubling time of adenocarcinomas presenting as pure ground glass or subsolid lesions may be longer than 400 days in up to 27% of cases, particularly in women [18].

The accepted method to manage the effects of these limitations in a screening trial is a randomized, controlled clinical trial. Randomized controlled trials themselves are subject to drawbacks that include noncompliance by the participants and crossover, or contamination, from subjects obtaining relevant medical procedures outside the trial setting [8, 11].

Another form of bias may be inherent in voluntary screening trials: a type of selection bias, specifically self-selection by persons who choose to participate and undergo screening. It has also been called volunteer bias and participation bias. For instance, only 0.5% of those persons initially sent a letter of invitation finally took part in the US National Lung Screening Trial (NLST) [19]. While this may not affect comparison between the study arms of a randomized trial, it has implications for the generalizability of the study results to the population at large. A study of the Danish Lung Cancer Screening Trial (DLCST) suggests that there are significant sociodemographic and psychosocial factors that influence willingness to volunteer for screening [19].



Historical perspectives

The identification of a risk group for lung cancer occurred in 1950 when the landmark study by Doll and Hill incontrovertibly linked tobacco smoking with the development of lung carcinoma [20]. Current World Health Organization data estimates that tobacco use is responsible for 71% of global lung cancer deaths and 22% of all cancer deaths [1]. Attempts to validate effective screening measures in this high risk population began in the 1950s and continue today [21,22].


Radiographic screening

A large trial in the 1960s with 55 000 subjects in two arms differentiated by frequency of chest radiographic evaluation found that although more lung cancers and more resectable disease were identified in the group with more frequent radiographs, overall lung cancer mortality was not impacted, being very similar in both groups [22].

Four randomized clinical trials were initiated in the 1970s, three of them funded by the National Cancer Institute (NCI): the Johns Hopkins Lung Project, the Memorial Sloan Kettering Lung Project and the Mayo Lung Project [23–25]. The fourth took place in Czechoslovakia [26]. Of these, the Johns Hopkins and Memorial Sloan Kettering trials involved annual chest radiographs with and without sputum cytology (screening and control groups, respectively). The results failed to demonstrate any difference in the number of lung cancers detected, in the resectability of the disease, or in disease-specific mortality. The Mayo lung project evaluated frequency of chest radiography in conjunction with sputum analysis for screening purposes but was limited by noncompliance and crossover. Long term follow-up and analysis of the Mayo lung cohort has shown that, paradoxically, lung cancer mortality was actually slightly higher in the experimental (radiograph and sputum) arm. However, 5-year and 9-year survival in the screened group was improved. This dichotomy is attributed to a higher incidence of lung cancer in the experimental arm and possible unmeasured risk factors affecting randomization [27]. The Czech study was also based on chest radiographs together with sputum cytology performed at different intervals in the screened and nonscreened arms, and did not identify an improvement in overall lung cancer mortality based on screening [26].

Four government-funded population-based case-control studies of radiographic screening were performed in Japan in the 1990s, one each in the prefectures of Miyagi, Gunma, Niigata and Okayama [28]. Under the Japanese Health and Medical Service Law for the Elderly, annual chest screening for cancer has been available since 1987 to all persons over 40 years of age with miniature fluoro-photography (a procedure developed in 1935 similar to a frontal chest radiograph), and annual sputum cytology analysis is provided for smokers [29]. Even earlier, under the Tuberculosis Control Law of the 1950s, Japanese residents have undergone mass screening with a mini-chest X-ray annually [30]. However, despite these programs, there was insufficient evidence that the screening improved lung cancer-specific mortality, prompting initiation of the case-control projects [28]. Three of the four studies found that annual radiographic screening would reduce lung cancer deaths by statistically significant amounts. There has been hesitation, however, about applying this model to Western populations [28].



Computed tomography screening

The advent and especially the technological refinement of computed tomography (CT) of the chest has led to new efforts to establish effective screening measures. Chest CT is known to be much more sensitive than radiograph for the detection of small nodules less than 1 cm in diameter and also of nonsolid and part-solid nodules [31–33]. Low dose CT (LDCT) reduces the dose of ionizing radiation to the patient during the study, making it more feasible to employ the procedure in patients with risk factors but without known disease.

In the early to mid 1990s, three major lung cancer screening studies using low dose CT were performed in Japan [33–35], including an ambitious three-year population-based mass screening program with a mobile CT scanner undertaken in a rural Japanese prefecture [29, 33]. These studies integrated both chest fluoro-photography, performed under Japan's existing programs, and low-dose CT screening. All participants received the same screening protocol. There was no classification of high-risk populations, as smokers and nonsmokers alike were able to participate. In all of the studies, there was a large percentage of stage IA, resectable lung cancers among the identified lesions. They also showed evidence that low dose CT was more sensitive than chest radiograph for lung cancer detection. One of the more significant findings of the Japanese trials was the detection of lung cancers, primarily adenocarcinomas, in nonsmoking women. The results of these observational studies suggested an improvement in 10-year lung cancer survival rates [29].

At the same time, the Early Lung Cancer Action Project (ELCAP) was initiated in the United States. This study also incorporated conventional chest radiographs and low dose CT, and demonstrated the increased sensitivity of LDCT for lung cancer compared with radiographs, this time in a high-risk smoking population. It highlighted the value of LDCT in diagnosing early stage lung cancers, the majority of which (96%) were resectable. The study predicted that 5-year survival of the participants would be at least 80%; however, the sample size was small and the study had only a single arm [15, 36, 37]. The International-ELCAP promulgated this model and by 2005 had performed low dose CT screenings on approximately 25 000 individuals in eight countries in addition to the USA. Within this group, the majority of the lung cancers found were stage I and potentially curable [15].

The Mayo CT Screening study started in the late 1990s, using low-dose CT screening, annual sputum cytology, phlebotomy and spirometry in a high risk cohort for 5 consecutive years. Although a number of stage I lung cancers were identified during the course of the trial, the study concluded that no benefit in lung cancer mortality was observed [28]. Further, there was an exceptionally high rate of noncancerous, false-positive nodules identified during the course of the study, possibly due to endemic histoplasmosis in the geographical region of the trial [38]. A later study investigated and concluded that adherence to protocol would allow for successful CT screening in an area with endemic fungal disease, while minimizing benign biopsies [39].

None of the early trials using LDCT was able to demonstrate a benefit in disease-specific mortality or a decrease in the incidence of advanced lung cancer [40], because they were observational studies rather than randomized controlled studies.

The National Prostate, Lung, Colorectal and Ovarian (PLCO) Screening Trial was initiated in 1992 as a large randomized trial assessing screening modalities for four different malignancies. It enrolled 154 901 participants in the lung cancer screening portion of the study, which had an intervention arm offering either three or four chest radiograph screenings (for nonsmokers and ever-smokers, respectively) and a control arm with usual community care [41]. Of the trial participants, 50.5% were women. Approximately 45% were never-smokers, 42% were former smokers and 10% were active smokers. This is the only randomized controlled lung cancer screening trial and the only trial outside of Japan to include nonsmokers. The mean follow up of trial participants was 11.2 years [42]. In conjunction with the primary analysis comparing lung cancer mortality rates between the two randomized arms, there was additional evaluation of a subset of the participants who would have met eligibility criteria for the National Lung Screening Trial. The trial concluded that annual chest radiographic screening did not decrease lung cancer mortality [42].




The National Lung Screening Trial

The National Lung Screening Trial (NLST) was initiated specifically to answer the question of whether screening with low-dose CT could reduce lung cancer mortality. A randomized, controlled multicenter trial, it was launched in 2002 with collaboration between the National Cancer Institute Lung Screening Study (LSS) centers and the American College of Radiology Imaging Network (ACRIN) [43,44]. With 53 454 participants randomized to two arms, it was sufficiently powered to detect a 20% reduction in disease-specific mortality [45].

The primary endpoint of the NLST was disease-specific mortality. Several secondary endpoints were also incorporated into the design, including lung cancer incidence and stage distribution, lung cancer survival and all-cause mortality. Additionally, the NLST-ACRIN centers are compiling data on the effects of screening and screening results on the smoking habits of trial subjects [44].


Trial design

Participants in the NLST were assigned randomly to one of two arms: annual screening with posteroanterior (PA) chest radiography or annual screening with low dose chest CT. There was a baseline examination and two additional annual screenings in each group [44]. Of the total number of participants, 26 732 received chest radiography and 26 722 received LDCT [46,47]. Follow-up on the participants was conducted for a median duration of 6.5 years, through December 31, 2009 [47].

Chest radiographs used in the study were of several types, including screen-film, computed and digital radiographs, depending on the equipment available at each trial center. Multidetector CTs were used for all LDCT examinations, at first 4 channel scanners but over time 16 and 64 channel machines were also utilized. All radiographic and CT systems were certified by the NLST, met the trial protocol requirements and guidelines set out by the American College of Radiology (ACR) [44]. A rigorous quality assurance process was included in the trial protocol [43].

Radiologists interpreting the screening chest radiographs and LDCT examinations at each of the 33 trial centers were approved by the NLST [44]. The majority of them were specialists in thoracic radiology. They received specific training and quality assurance education in interpretation and reporting of the screening studies [48].



Participant cohort

Recruitment of volunteers was conducted via targeted mailings, public service television, radio and newspaper advertisements, internet advertising and community outreach [46]. Particular efforts were made to enroll minority participants based on regional demographics, through targeted mailings, advertisements and community ambassadors in order to have the trial population represent the general US population at high risk for lung cancer.

Study volunteers were eligible for trial participation if between 55 and 74 years of age, with a minimum of 30 pack-years of smoking. Former smokers meeting the 30 pack-year requirement could participate if they had quit within the previous 15 years [47]. Exclusion criteria included a previous diagnosis of lung cancer, history of any cancer other than nonmelanoma skin cancers and certain carcinomas in situ within the preceding 5 years, and prior lung surgery. Participation in another cancer screening trial, cancer prevention trial or having a chest CT within the previous 18 months was not allowed. Also excluded were those with home oxygen supplementation and metallic implants such as pacemakers. Symptoms of hemoptysis, an unexplained 15 pound weight loss, or a respiratory infection treated in the previous 12 weeks precluded enrollment [44].

Of the 55 456 participants, 31 533 (59%) were men. The majority, 39 234 (73%), were less than 65 years old. A total of 27 677 (52%) were former smokers; the rest were active smokers. Approximately 91% of participants were white, 4.4% were black and 1.7% were Hispanic or Latino [46]. Randomization between the two arms produced equivalent demographics. In comparison with the total high-risk population in the US, the trial participants tended to be younger in age. More of them were former rather than current smokers, and the level of education was higher, with 32% of the volunteers having at least a college degree.



Results

For each of the three screening rounds, there was a higher rate of positive findings in the LDCT group compared with the radiography group. The number of lung cancers found in the LDCT group was 1,060, compared with 941 in the radiography group. Of these, 367 carcinomas in the LDCT group and 525 in the CXR arm presented in patients after the screening ended or were missed during the screening and subsequently diagnosed in the years after the three screenings. The higher number of cancers found later in the radiograph group suggests that some cancers were missed by radiograph that would not have been missed on LDCT. The low dose CT group had more adenocarcinomas, particularly of the lepidic pattern. Fewer stage IV cancers were found in the LDCT group at the 2nd and 3rd screenings, leading to a better stage distribution vis-à-vis treatment options and prognosis [47].

Of all CT screenings, 24% had findings suggestive of lung cancer and were therefore classified as a positive screen. Of these cases, 96% were determined to be false positive screens. Additionally, in the CT arm, at least one positive CT was reported in 39% of the participants. These high rates have raised concern among some as to the effectiveness of screening in the general population. The cost effectiveness of lung cancer screening in the NLST is currently under review and may answer some of these concerns [47].

Of the cancers diagnosed by CT screening, 52% were Stage IA and 11.2% were Stage 1B compared to chest radiograph screening with 33% Stage 1A and 15% Stage 1B cancers. The complications from screening with CT were very low, 0.4%. In all, the NLST proved to meet the requirements for an effective screening test and programs are being implemented throughout the US [47].

The lower number of lung cancer deaths in the low-dose CT group represents a relative decrease in the lung cancer specific mortality rate of 20%. All-cause mortality was also improved in the low dose CT group, a 6.7% reduction compared with the radiography group. In light of these positive results, the trial was concluded in advance of the original plan [47].




Ongoing lung cancer screening trials and programs

There are a number of lung cancer screening trials using low-dose CT currently underway worldwide. The trial populations, inclusion and exclusion criteria, endpoints and amount of follow-up are varied. In Europe, randomized screening studies include the Nederlands-Leuvens Longkanker Screening Onderzoek (NELSON) trial in the Netherlands and Belgium; the Danish Lung Cancer Screening Trial (DLCST); Italian trials Italian Lung Cancer Computed Tomography (ITALUNG-Florence), Multicentric Italian Lung Detection (MILD), and DANTE-Milan; and the German Lung Cancer Screening Intervention (LUSI) study, a component of the European trial on the efficacy of multislice-CT for the early detection of lung cancer. These trials will publish final results in the next few years [10, 49]. A French randomized pilot trial of lung cancer screening with radiography and low dose CT, Dépiscan, published baseline results in 2007 that inform the larger trial Grandépiscan with 20 000 participants [49,50]. The United Kingdom Lung Screen (UKLS) group is currently conducting a pilot study with 4200 subjects that will segue into a 10-year UKLS randomized controlled trial with 32 000 participants [51,52]. The investigators in these trials have concluded that all trials will be continued, both to confirm the findings of the NLST, and to address numerous tangential questions relevant to ideal target populations for screening, optimal protocols and management of findings, and cost-effectiveness, among others [52,53].

There is renewed interest in chest radiographic screening for lung cancer in China [54,55]. There is better availability and lower cost associated with chest radiographs. Recent studies have attempted to better the accuracy of chest radiographic screening by using it in conjunction with a detailed self-assessment questionnaire about risk factors [54], or with computer-aided nodule detection systems [55]. In both cases, mature follow-up data is lacking.

Low dose CT lung cancer screening programs have been in place in Japan for over a decade, often administered by the government or employers. Employer sponsored programs may cover employees, retirees and their spouses aged 50 to 69 years, whereas other programs are available for community residents. A smoking history is not a prerequisite [56,57].



Lung cancer screening recommendations in the US

In 2012 a number of groups for the first time issued guidelines recommending screening for lung cancer based on the positive results of the NLST. The National Comprehensive Cancer Network (NCCN) recommendations include annual LDCT screening for high risk patients aged 55–74 years who meet the NLST inclusion and exclusion criteria, and for adults 50 years and older with at least a 20 pack-year tobacco history in conjunction with one of the other known risk factors for lung cancer. Lung cancer survivors are not included in a screening group under the NCCN guidelines [58].

Lung cancer screening with low-dose CT is not recommended by the NCCN for either moderate risk or low risk individuals, a category 2A recommendation. Patients over 50 years old with 20 pack-years of smoking or secondhand smoke exposure but without additional risk factors are considered to have moderate risk. The low risk category includes those under 50 years of age and/or a smoking history less than 20 pack-years [58].

The American Association for Thoracic Surgery (AATS) guidelines published in 2012 contain similar recommendations, but include lung cancer survivors as an at-risk population for screening purposes [59]. Tier 1 Guidelines for the highest risk population recommends annual lung cancer screening with low-dose CT beginning at age 55 and continuing to age 79 for current or former smokers with a 30 pack-year smoking history. This is considered to have level 1 evidence support [59] (see Figure 10.1).
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Figure 10.1 AATS lung cancer screening guidelines category 1 for highest risk. CT, Computed tomography; LDCT, low dose computed tomography. Source: Reprinted from Jaklitsch MT et al. (2012) The American Association for Thoracic Surgery guidelines for lung cancer screening using low-dose computed tomography scans for lung cancer survivors and other high-risk groups, J Thorac Cardiovasc Surg, 144: 35, with permission from Elsevier.



The AATS Tier 2 Guidelines for lung cancer survivors recommends annual LDCT screening in patients who have already completed 4 years of radiologic surveillance following treatment for primary lung carcinoma without evidence of recurrence or metastatic disease. Tier 2 recommendations also apply to younger persons beginning at 50 years of age with at least a 20 pack-year smoking history and additional factors that increase the individual's risk of developing lung cancer within 5 years by at least 5%. Examples of risk factors include environmental or occupational exposures, COPD, prior radiation therapy or family history. Tier 2 recommendations are supported by level 2 evidence and have unanimous approval of the AATS Task Force [59] (see Figure 10.2).
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Figure 10.2 AATS lung cancer screening guidelines for combined risk or lung cancer survivor. CT, Computed tomography; LDCT, low-dose computed tomography; COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second. Source: Reprinted from Jaklitsch MT et al. (2012) The American Association for Thoracic Surgery guidelines for lung cancer screening using low-dose computed tomography scans for lung cancer survivors and other high-risk groups, J Thorac Cardiovasc Surg, 144: 35, with permission from Elsevier.



Other organizations have also issued recommendations, including the American Cancer Society (ACS), the American Lung Association (ALA), and the American College of Chest Physicians (ACCP) and American Society of Clinical Oncology (ASCO) in a joint recommendation. They all follow the NLST guidelines and recommend annual LDCT screening only for high-risk individuals who meet the exact NLST inclusion and exclusion criteria. Further, most of these bodies recommend that screening candidates be referred only to centers that can provide the experienced, multidisciplinary care afforded to NLST participants [60].



Nodule detection and management

Low dose CT has greater sensitivity to detect pulmonary abnormalities than chest radiograph, both in terms of size and density [36]. Small nodules less than 1 cm are better seen on CT, as are nodules of ground glass or mixed ground glass and solid density. The malignant potential of nodules is related to both size and density.

Very small noncalcified solid nodules less than 5 mm have a smaller than 1% likelihood of being malignant. Nodules between 8 and 20 mm diameter have an 18% chance, and solid nodules greater than 20 mm have a 50% chance of malignancy [61]. Interval increase in size of a nodule at follow-up is a sign that favors malignant disease, although a very rapid increase may also indicate an infectious etiology. Protocols for follow-up of solid indeterminate nodules are well-established [61,62]. The Fleischner Society recommends that high-risk patients having a history of smoking with small nodules less than or equal to 4 mm should receive a single follow-up at 12 months following the baseline examination; if unchanged, no further follow-up is needed. For nodules >4–6 mm, follow-up at 6–12 months and then at 18–24 months if unchanged. Nodules >6–8 mm should be followed at 3–6 months, 9–12 months and at 24 months to establish 2-year stability. Nodules greater than 8 mm should be reassessed at 3, 9 and 24 months with CT and/or with dynamic perfusion CT, PET/CT or biopsy [61] (see Figures 10.3 and 10.4 for AATS nodule management guidelines).
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Figure 10.3 AATS lung cancer screening guidelines for solid nodules on low-dose computed tomography. LDCT, low-dose computed tomography; PET/CT, positron emission tomography/computed tomography. Source: Reprinted from Jaklitsch MT et al. (2012) The American Association for Thoracic Surgery guidelines for lung cancer screening using low-dose computed tomography scans for lung cancer survivors and other high-risk groups, J Thorac Cardiovasc Surg, 144: 36, with permission from Elsevier.
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Figure 10.4 AATS lung cancer screening guidelines for ground-glass nodule. LDCT, Low-dose computed tomography. Source: Reprinted from Jaklitsch MT et al. (2012) The American Association for Thoracic Surgery guidelines for lung cancer screening using low-dose computed tomography scans for lung cancer survivors and other high-risk groups, J Thorac Cardiovasc Surg, 144: 36, with permission from Elsevier.



Overall, however, solid nodules have less malignant potential (7%) compared with ground glass nodules (18%). Part ground glass/part solid nodules have the highest malignancy rate of 63% [16].

An increasing number of adenocarcinomas of the lung present as ground glass and part-solid nodules on LDCT. There are three main categories. Pre-invasive lesions correspond with Noguchi type A and B tumors and include atypical adenomatous hyperplasia and adenocarcinoma in situ (AIS). The CT appearance ranges from pure ground glass opacities (GGO) to GGOs with small internal alveolar collapse. Many of these lesions have doubling times up to 2 years (see Figure 10.5). Minimally invasive adenocarcinoma with a predominantly lepidic pattern and an invasive component less than 5 mm is in the second category, and often appears as a GGO with a small solid focus. The last category is invasive adenocarcinoma of all subtypes (lepidic, acinar, papillary, micropapillary). These solid nodules may have lobulated or spiculated margins as well as air bronchograms, and correspond with some Noguchi type C tumors and Noguchi D through F categories [18, 63].
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Figure 10.5 a: Low dose chest CT with lung windows demonstrates a small 6 mm left upper lobe ground glass nodule (white arrow). This nodule was not visible by conventional chest radiograph. b: Low dose chest CT with lung windows four years later shows the nodule (white arrow) with interval increase in size to 14 × 11 mm. The patient underwent left upper lobectomy, and pathology showed a moderately differentiated adenocarcinoma with predominantly acinar and lepidic subtypes.



Pure GGO lesions greater than 10 mm in size that persist on follow up imaging are suspicious for AIS. PET/CT is often falsely negative in the evaluation of these lesions and needle biopsy is prone to sampling error. Any lesion with mixed solid and ground glass components is worrisome for malignancy with invasive potential and prompt work up is recommended [18, 64]. The Fleischner Society in 2013 issued the following recommendations based on size and density of the lesion. Pure GGOs of 5 mm or less do not require follow up. Solitary pure GGOs larger than 5 mm should have a repeat CT after 3 months, and if persistent and unchanged, should undergo annual surveillance for a minimum of 3 years. Single part-solid lesions with a solid component greater than 5 mm should be considered malignant; a 3 month follow-up CT is advised if there is a question of infection and depending on the risk factors of the patient. When multiple ground glass lesions are present, an initial 3 month follow-up CT will confirm persistence. Management is then based on the characteristics of the dominant lesion [64] (see Figures 10.3 and 10.4 for AATS nodule management guidelines).

There has been an increase in the number of adenocarcinomas relative to squamous cell carcinomas over the last 30 years [65], and it is now the most common tumor histology in North America [66]. Although the lung cancer types most associated with cigarette smoking have been squamous cell and small cell, adenocarcinomas are also strongly related to smoking [67].



Risks of LDCT screening


Risks of radiation

Low-dose CT screening is estimated to have an effective radiation dose to the patient of approximately 1.5 mSv (milliSieverts) per annual exam. This is lower than the average background radiation accumulated by every individual in the course of normal activity, which in the US is estimated to be 3.5 mSv annually. It can be compared with diagnostic chest CT, in which the effective dose is ∼8 mSV, and PET/CT, which has an effective radiation dose of 14 mSv [48].

While the risk to the individual of radiation-induced cancer from a single CT examination is negligible, factors such as repeat examinations, age of the patient and synergistic effects of radiation and smoking may have an impact on relative risk [45, 68]. Models of increased risk of cancer from imaging-related radiation using the NLST exposure data predict one cancer death among 2500 screened [48]. Predictions of lung cancer risk from radiation by annual screening of high-risk populations show that radiation induced lung cancer would add to the number smoking-related lung cancers by 1.8% if screening started at 50 years of age, and by 0.8% if the screening started at age 60 [68]. Since radiation related carcinogenesis typically occurs 10–20 years after exposure, the risk–benefit ratio of screening for younger persons and low-risk populations may not be advantageous [48].



Psychological and procedural risks

Many of the abnormalities detected on low dose CT examinations are benign. Statistically, over 90% of pulmonary nodules are not cancerous [48]. Nevertheless, they may require follow up or diagnostic work-up for definitive characterization, and are thus classified as “positive” findings. In one study, half of screening participants reported dread and discomfort in waiting for the CT results [69]. The anxiety that may be provoked in the screening candidate by findings that are indeterminate or need further evaluation can be considerable.

Invasive diagnostic and therapeutic procedures carry a risk of morbidity and mortality. The complications during the NLST from screening with CT were very low, 0.4% [47]. Work up for findings in the NLST included 1.2% of patients who underwent needle biopsy or bronchoscopy and about 0.7% of persons who underwent thoracoscopy, thoracotomy or mediastinoscopy, and did not have lung cancer [48]. The risk of major complication or death following diagnostic interventions for nodules that turned out not to be cancer was 4.5 and 4.1 per 10 000 screened. The rate of major complications from surgery in patients with lung cancer found at screening was 14% [48].




Cost effectiveness of LDCT screening

The costs of a lung cancer screening program include not only the cost of the low-dose CT scanning, but also the costs of any follow-up imaging, diagnostic procedures and treatment that may ensue as well as the costs of tobacco cessation services. There are approximately 7 million high-risk ever-smokers in the US that would meet the NLST criteria, and a combined total of 94.9 million smokers and former smokers in the US alone. It is estimated that periodic annual LDCT screening of 25 million ever-smokers in the US would cost $115 billion dollars [70]. Some modeling studies based on monetized estimates of life-year and quality-adjusted life year (QALY) gained by screening have indicated that reduction in cancer mortality would have to exceed 40% in order for an LDCT screening program to be cost-effective [45]. Screening with CT can therefore be recommended only for high-risk cohorts [14]. Participation rates and compliance with screening will also affect the cost–benefit ratio.



Lung cancer screening and smoking cessation

The medical community agrees that smoking cessation programs and counseling should be a high priority in any lung cancer screening program [58–60]. There are 54.9 million active smokers in the US [71]. Worldwide, at least 1.3 billion people smoke tobacco [10]. Studies have found conflicting evidence about intention to quit on the part of potential and actual screening participants [72,73]. While many of them in theory are interested in smoking cessation services, some studies have found that up to a fifth of smokers would interpret a negative screening study as enabling them to continue smoking without concern [73,74]. Conversely, only 3% said they would continue to smoke if positive results were returned [73]. A study of NELSON trial participants noted that although smokers who received indeterminate screening results with request for follow up made more attempts to quit smoking than those who received negative results, there was no statistically significant difference in smoking cessation rates after two years of follow-up [75]. More intensive and integrative smoking cessation programs may be beneficial [73].



Translation from trial to practice


Recruitment

Improvement in lung cancer mortality and the cost-effectiveness of screening are dependent on successfully screening a sufficiently large high risk population. The experience of large-scale cancer screening programs for breast and colorectal carcinomas has revealed some prevalent obstacles to screening participation on the part of both patients and the health care system [74]. Lung cancer screening is unusual, however, in that the target disease is more strongly linked with a lifestyle habit, which may increase defensive attitudes in smokers.

Although the potential lung cancer screening populations in the US and other countries are sizeable, some qualitative studies have shown that active smokers may be less likely than anticipated to undergo screening [57, 74, 76]. In one report only 23% of interviewed smokers believed that they were at risk for lung cancer. Smokers also display fatalistic attitudes about lung cancer and are less likely to perceive that early detection and treatment can affect outcome. The accuracy of the screening test was less important to smokers than to nonsmokers in one survey, whereas the cost of the test was more important to them. Misconceptions about low-dose CT screening include anticipated pain and fear of radiation-induced cancer, which adversely affect intention to pursue screening. Mistrust of healthcare providers and anxiety and avoidance behaviors also play a part in decisions to decline screening [74, 76].

The majority of active smokers in one US study were nonwhite, male, poorly educated and the sole breadwinner of their family. Although they had employer-provided health insurance, they were much less likely than nonsmokers to have a designated healthcare provider. This demographic corresponds with the part of the population less likely to participate in screening of any sort [57]. In Britain, there is considerable interest in a subset of the smoking population, hard-core smokers. They tend to be white, male, older, poorly educated, have manual occupations and be single. They are less likely to believe that smoking affects their health, and more resistant to social pressures to quit [77]. A recent study evaluated a social marketing campaign in a poor English community focused on raising awareness of persistent cough as a symptom that should prompt a doctor's visit and a request for chest radiograph. Although the goal of the intervention was to promote earlier diagnosis of lung cancer and it was aimed at men over 50 who were ever-smokers, neither cancer nor smoking was specifically mentioned in the campaign materials [6].

Former smokers appear to be more willing to undergo screening [57], and former smokers slightly outnumbered active smokers among the NLST participants [46]. This high risk population is substantial in the US [71].



Academic center to community hospital

The NLST, like many of the previous lung cancer screening studies before it, was conducted primarily at large academic or university-based health centers [44]. Quality control and a nodule management algorithm were included in the trial design [48]. Studies were read by subspecialist trained radiologists, procedures were performed by highly experienced surgeons and interventionalists, and multidisciplinary teams collaborated on patient care. In particular, complication rates from surgical procedures within the trial setting are significantly lower than reported elsewhere [14,48]. It may be difficult to develop a lung cancer screening program in settings without these advantages, and potential results may be affected. The ACS includes in its recommendations the caveat that whenever possible screening should be done at an institution with an organized lung cancer screening program having experience in LDCT interpretation and availability of multidisciplinary clinical expertise [60].




Conclusion

For the first time, there is evidence that screening with low-dose CT will reduce lung-cancer specific mortality. Although some questions remain to be answered, current guidelines recommend screening for certain high-risk populations. Concerted efforts to reach and educate eligible active smokers about the test and its benefits may be necessary to enroll substantial numbers in lung screening programs. Ultimately, smoking cessation and prevention should be emphasized.
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Introduction

Imaging is important in the detection, diagnosis, and staging of non-small cell lung (NSCLC) as well as in assessing response to therapy and monitoring for tumor recurrence after therapy. In the management of patients with NSCLC at initial presentation, comprehensive evaluation, including imaging, is performed to define disease extent. In this regard, patients are staged clinically according to the 7th edition of the American Joint Committee on Cancer (AJCC) tumor-node-metastasis (TNM) staging system [1–3]. This chapter reviews the use of computed tomography (CT), magnetic resonance (MR) and 18F-2-deoxy-D-glucose (FDG) positron emission tomography (PET) in the initial evaluation of patients with NSCLC.



Imaging of the primary tumor (T)

The primary tumor is described according to its size, location and extent of local invasion (Table 1). Although chest radiographs can be useful in the evaluation of the primary tumor and in the detection of intrathoracic metastases, computed tomography (CT) is more reliable in the detection of loco-regional invasion of the chest wall, mediastinum and diaphragm as well as nodal and lung metastases. Furthermore, there is an emphasis on accurate determination of primary tumor size in the current 7th AJCC staging system i.e., T1a (≤2 cm), T1b (>2 cm to ≤3 cm), T2a (>3 cm to ≤5 cm, T2b (>5 cm to ≤7 cm), T3 >7 cm and CT is the optimal modality in this assessment. In this regard, the relatively poor spatial resolution of MR and PET limit their utility in the evaluation of the primary tumor. Additionally, CT is almost universally used to evaluate patients with NSCLC because it is widely available and often used to direct invasive sampling (mediastinoscopy, endobronchial ultrasound-guided biopsy) and assist in surgical management decisions.

Although CT is useful in defining the T descriptors of the primary tumor, in many patients this assessment has limitations. In this regard, CT and MR are both useful in confirming gross chest wall (T3) or mediastinal invasion (T4) but are inaccurate in differentiating between anatomic contiguity and microscopic invasion (Figures 11.1 and 11.2). It is important to be aware that although a T4 descriptor generally precludes resection, patients with cardiac, tracheal and vertebral body invasion are potentially resectable when regional nodal metastases are absent or confined to the ipsilateral hilar nodes. In those patients being considered for surgical resection, MR can be an important adjunct to CT in showing the extent of vertebral body invasion, as well as great vessel, pericardial or cardiac involvement. Additionally, because of its superior soft-tissue contrast resolution and multiplanar imaging ability, MR is particularly useful in the evaluation of patients with superior sulcus tumors [4–6]. MR is used to determine the degree of involvement of the brachial plexus, subclavian vessels and vertebral bodies in patients with superior sulcus tumors (Figure 11.3) [4,5]. Importantly, absolute contraindications to surgery (invasion of the brachial plexus roots or trunks above the level of T1, invasion of greater than 50% of a vertebral body and invasion of the esophagus or trachea) are often accurately assessed by MR [7,8].
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Figure 11.1 54-year-old woman with non-small cell lung cancer and extensive mediastinal invasion. Contrast-enhanced CT shows large, poorly marginated mass surrounding and narrowing the left main pulmonary artery (*). Mediastinal invasion is T4 and is nonresectable. Note opacity abutting pleural is due to post-obstructive consolidation.




[image: images]

Figure 11.2 54-year-old man with primary non-small cell lung cancer presenting with a history of chronic cough. Contrast-enhanced CT (cropped to right lung) shows a right lower lobe nodule (*) abutting the pleura. Note poor margination of the interface of the nodule and pleura (arrowheads) raising the possibility of limited loco-regional invasion. At surgical resection there was no invasion of the pleura.




[image: images]

Figure 11.3 47-year-old man with a superior sulcus non-small cell lung cancer presenting with shoulder pain. a: Contrast-enhanced CT shows a mass (M) in the left lung apex. There are no findings of rib or vertebral body invasion. b: Sagittal T1-weighted MR shows the superior sulcus tumor (M) abutting the subclavian artery (*) but clear of the C8 nerve root (arrow). MR allows optimal assessment of the brachial plexus and because there is no invasion of the C8 nerve root, the patient underwent surgical resection. C = clavicle, R = first rib.



Besides evaluation of the primary tumor, the T descriptor is also used to differentiate those patients with a solitary tumor from those with an additional lung nodule/s. Because of the recent changes incorporated in the 7th AJCC staging system, the presence and location of additional lung nodule/s can significantly change the T descriptor. Specifically, additional nodule/s are classified as T3 when in the primary tumor lobe, T4 when in the ipsilateral lung (different lobe) and M1a when in the contralateral lung. The higher spatial resolution of CT compared to MR and PET allows optimal evaluation of the lungs and the detection of lung metastases, particularly when they are small. Although CT detection of nodules is important, unfortunately the 7th AJCC staging system assigns a M1a descriptor for both single and multiple contralateral nodules. Furthermore, a solitary tumor and an additional nodule can be synchronous primary tumors or a primary tumor and a pulmonary metastasis (Figure 11.4). In this regard, patients with a single M1a nodule (which presumptively could be a synchronous primary rather than a metastasis) and no nodal metastasis have similar survival to those with satellite nodules in the primary (T3) and nonprimary (T4) lobes after resection [9].


[image: images]

Figure 11.4 66-year-old asymptomatic woman with bilateral squamous cell lung cancers. Contrast-enhanced CT shows nodules in the left upper lobe (*) and right upper lobe (arrow). Although classification is M1a (nonresectable) left upper lobectomy was performed and right lung malignancy was treated with stereotatic radiation. Note M1a designation may imply a worse prognosis than is warranted.





Imaging of regional lymph nodes (N)

The presence and location of nodal metastases are important in determining management in patients with NSCLC (Table 11.1) [2]. In the imaging evaluation of nodal metastasis, nodes greater than 1 cm in short-axis diameter on a chest radiograph, CT or MR are considered abnormal. Chest radiographs are not sensitive or specific in evaluating nodal metastasis. Although CT and MR are better in detecting nodal metastasis, there is no definite correlation between lymph node size and metastatic involvement, i.e., enlarged nodes can be hyperplastic and small nodes can contain metastases. In this regard, Prenzel et al. reported that in 2891 resected hilar and mediastinal nodes obtained from 256 patients with NSCLC, 77% of the 139 patients with no nodal metastases had at least one node greater than 1 cm in diameter and 12% of the 127 patients with nodal metastases had no nodes greater than 1 cm [10]. The limitations of CT in the evaluation of mediastinal nodal metastasis in patients with NSCLC are shown in a meta-analysis by Toloza and colleagues [11]. Of the 3438 patients evaluated there was a pooled sensitivity of 57%, specificity of 82%, positive predictive value of 56% and negative predictive value of 83%.



Table 11.1 TNM descriptors





	T – Primary tumor



	TX
	Primary tumor cannot be assessed, or tumor proven by the presence of malignant cells in sputum or bronchial washings but not visualized by imaging or bronchoscopy



	T0
	No evidence of primary tumor



	Tis
	Carcinoma in situ



	T1
	Tumor 3 cm or less in greatest dimension, surrounded by lung or visceral pleura, without bronchoscopic evidence of invasion more proximal than the lobar bronchus (i.e., not in the main bronchus)
	    T1a    tumor 2 cm or less in greatest dimension1

	    T1b    tumor more than 2 cm but not more than 3 cm in greatest dimension






	T2
	Tumor more than 3 cm but not more than 7 cm; or tumor with any of the following features2:
	Involves main bronchus, 2 cm or more distal to the carina

	Invades visceral pleura

	Associated with atelectasis or obstructive pneumonitis that extends to the hilar region but does not involve the entire lung
	T2a    Tumor more than 3 cm but not more than 5 cm in greatest dimension

	T2b    Tumor more than 5 cm but not more than 7 cm in greatest dimension









	T3
	Tumor more than 7 cm or one that directly invades any of the following: chest wall (including superior sulcus tumors), diaphragm, phrenic nerve, mediastinal pleura, parietal pericardium; or tumor in the main bronchus less than 2 cm distal to the carina1 but without involvement of the carina; or associated atelectasis or obstructive pneumonitis of the entire lung or separate tumor nodule(s) in the same lobe as the primary.



	T4
	Tumor of any size that invades any of the following: mediastinum, heart, great vessels, trachea, recurrent laryngeal nerve, esophagus, vertebral body, carina; separate tumor nodule(s) in a different ipsilateral lobe to that of the primary.



	N – Regional lymph nodes



	NX
	Regional lymph nodes cannot be assessed



	N0
	No regional lymph node metastasis



	N1
	Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and intrapulmonary nodes, including involvement by direct extension



	N2
	Metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s)



	N3
	Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or contralateral scalene, or supraclavicular lymph node(s)



	M – Distant metastasis



	M0
	No distant metastasis



	M1
	Distant metastasis

	M1a    Separate tumor nodule(s) in a contralateral lobe; tumor with pleural nodules or malignant pleural or pericardial effusion3

	M1b    Distant metastasis








Source: Reprinted with permission of the International Association for the Study of Lung Cancer. © Copyright 2009 IASLC.

Notes:

1The uncommon superficial spreading tumor of any size with its invasive component limited to the bronchial wall, which may extend proximal to the main bronchus, is also classified as T1a.

2T2 tumors with these features are classified T2a if 5 cm or less or if size cannot be determined, and T2b if greater than 5 cm but not larger than 7 cm.

3Most pleural (pericardial) effusions with lung cancer are due to tumor. In a few patients, however, multiple microscopical examinations of pleural (pericardial) fluid are negative for tumor, and the fluid is non-bloody and is not an exudate. Where these elements and clinical judgment dictate that the effusion is not related to the tumor, the effusion should be excluded as a staging element and the patient should be classified as M0.


FDG-PET is being increasingly used to evaluate patients with NSCLC and improves the detection of nodal metastases (Figure 11.5). In a meta-analysis comparing PET and CT in nodal staging in patients with NSCLC, the sensitivity and specificity of FDG-PET for detecting mediastinal lymph node metastases ranged from 66% to 100% (overall 83%) and 81% to 100% (overall 92%), respectively compared to sensitivity and specificity of CT of 20% to 81% (overall 59%) and 44% to 100% (overall 78%), respectively [12]. Because surgical resection and potential use of adjuvant therapy are dependent on the N descriptor in patients with NSCLC, the performance of FDG-PET-CT should be considered in all patients without CT findings of distant metastasis [12,13].
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Figure 11.5 58-year-old woman with a left upper lobe non-small cell lung cancer being evaluated for surgical resection. a: CT shows a left upper lobe mass (M) and small (short axis diameter < cm) nodes in the ipsilateral mediastinum (arrow). b: Axial PET-CT shows increased [18F]-2-deoxy-D-glucose (FDG) uptake in the mass and in the left lower paratracheal lymph nodes. Biopsy was positive for nodal metastatic disease and the patient underwent induction chemotherapy followed by surgical resection.



Currently, the performance of FDG-PET imaging is usually integrated with CT (rather than CT and PET performed separately). Integrated PET-CT allows precise anatomic localization of regions of focal increased FDG-uptake and is useful in confirming that FDG uptake correlates to nodal disease in the hila, mediastinum and supraclavicular regions [14]. However, a commonly encountered dilemma in the evaluation of nodes with PET-CT occurs when nodal imaging is discordant, i.e., enlarged nodes on CT that are not FDG avid on PET or small nodes on CT that are FDG avid on PET. Information that is potentially useful in understanding the likelihood of nodal metastasis when discordant nodal imaging findings are encountered was reported in a study by de Langen and colleagues regarding the size of mediastinal lymph nodes, FDG avidity and pathologic correlation [15]. In patients with NSCLC and small nodes on CT and a positive PET, the predicted post-test probability of N2 malignancy is 62% and when the nodes 
are ≥16 mm and the PET is negative, the posttest probability of N2 malignancy is 21% (Figure 11.6). Additionally, with concordant findings of enlarged nodes and positive PET, the posttest probability of N2 malignancy is only 90%. Accordingly, while the exact role of FDG-PET in nodal evaluation is not explicitly defined, FDG-PET should be used to direct invasive sampling rather than as an alternative to invasive nodal staging.
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Figure 11.6 78-year-old man with a right upper lobe non-small cell lung cancer (NSCLC) being evaluated for surgical resection. a: CT shows a right upper lobe mass (M) and small (short axis diameter 1 cm) node in the ipsilateral mediastinum (*). b: Axial PET-CT shows increased [18F]-2-deoxy-D-glucose (FDG) uptake in the mass (M) and in the right lower paratracheal lymph node (*). Biopsy was negative for nodal metastatic disease and the patient underwent surgical resection. Note in patients with NSCLC and small nodes on CT and a positive PET, the predicted posttest probability of N2 malignancy is 62%.





Imaging of distant metastasis (M)

Additional nodule/s in the contralateral lung, pleural nodules, malignant pleural or pericardial effusion and extrathoracic metastasis are common in patients with NSCLC at presentation. However, imaging performed in the detection of these metastases is not precisely defined. There is general agreement that CT of the thorax is the primary modality used in the detection of intra- and extrathoracic metastasis and that this imaging should routinely include the adrenals. In the evaluation of intrathoracic metastasis (M1a), malignant pleural effusions are common and pleural thickening or nodularity on CT is suggestive of metastasis. However, the absence of pleural thickening or nodularity does not exclude pleural metastasis. Accordingly, it can be difficult, on the basis of CT findings, alone to diagnose pleural metastasis. FDG-PET has been reported in small series to be useful in the evaluation of pleural effusions in patients with NSCLC [16–18]. However, it is important to emphasize that FDG-PET is performed as part of the staging algorithm and not specifically to evaluate pleural effusions in patients with NSCLC.

Adrenal lesions have typically been characterized by CT and/or MR. Adrenal nodules or masses of low density (10 Hounsfield units or less) on non-contrast-enhanced CT are diagnosed as lipid-rich adenomas while those of higher attenuation are considered indeterminate in etiology (Figure 11.7) [19]. Indeterminate adrenal nodules or masses have typically been further evaluated with MR (chemical shift analysis, dynamic gadolinium-enhancement) or contrast-enhanced CT (adrenal enhancement and washout) [20,21]. However, in a recent meta-analysis, FDG-PET was highly sensitive and specific for differentiating malignant from benign adrenal lesions and no further imaging evaluation was necessary in characterization [22]. In fact, if an adrenal mass in a patient with potentially resectable NSCLC has normal FDG uptake on PET, curative resection should be considered without further evaluation. If an adrenal mass has increased FDG uptake, biopsy should be performed to confirm metastatic disease.


[image: images]

Figure 11.7 60-year-old woman with non-small cell cancer of the right lower lobe and adrenal adenomas. a: Contrast-enhanced CT shows a right lower lobe mass (M). b: Axial, unenhanced CT shows well-circumscribed, lipid-rich adrenal adenomas (arrows) with homogeneous low attenuation of approximately 2 Hounsfield units (HU). The unenhanced CT attenuation of less than 10 HU permits benign diagnostic characterization.



The imaging performed to detect occult metastases to other organs such as the liver, brain, and bones is more variable than adrenal evaluation. Metastases to the liver typically occur when there is locally advanced, inoperable intrathoracic disease and/or metastases to other organs [23]. A meta-analysis that evaluated the utility of imaging in asymptomatic patients with NSCLC showed a pooled yield of only 3% in detecting hepatic metastases and routine imaging of the liver is generally not performed [24]. In addition, although FDG-PET has high specificity in detecting hepatic metastasis, the sensitivity is low and accordingly FDG-PET is not recommended.

Imaging to detect occult brain metastases is controversial. In patients with NSCLC without neurologic symptoms, a normal neurologic examination has high negative predictive value (79–100%) and CT or MR of the brain in these patients detects metastasis in only 0–10% [25]. However, occult brain metastasis in neurologically asymptomatic patients with NSCLC may be more common than previously thought, especially in patients with adenocarcinoma [26]. In addition, because the brain is often the only site of distant disease and approximately one-third of these patients will have limited, potentially resectable disease, it has been suggested that routine imaging should be performed in the initial staging evaluation of patients with NSCLC [27]. The discrepancy in opinion regarding the importance of imaging in detecting occult brain metastasis may account for the lack of consensus in practice guidelines. In this regard, the American Thoracic and European Respiratory Societies advocate no routine screening in asymptomatic patients while American Society of Clinical Oncology recommends that asymptomatic patients with stage III NSCLC being considered for local therapy should have CT or MR imaging performed [28]. Although FDG-PET can occasionally detect brain metastases, the high background activity of FDG in normal brain tissue contributes to the low sensitivity and precludes routine use.

Occult metastases to the bones are rarely detected by radiographs, technetium (Tc)-99m labeled methylene diphosphonate (MDP) bone scintigraphy or MR and these imaging modalities should not be performed routinely in asymptomatic patients. In a recent study comparing whole-body FDG-PET/CT and Tc-99m MDP in patients with newly diagnosed NSCLC, the two studies had similar sensitivities (93.3% and 93.5%, respectively) but PET-CT had higher specificity (94.1% and 44.1%, respectively) and accuracy (93.4% and 52.2%, respectively) [29]. Once the mainstay for detection of bone metastasis, Tc-99m MDP now has no additional utility in NSCLC patients if FDG-PET is performed as part of the staging algorithm. In fact, discordant findings of skeletal metastasis between Tc-99m MDP scintigraphy and FDG-PET-CT are reported to occur in 20% of the patients with NSCLC. [30] This discordance is in large part due to the ability of FDG-PET to detect early bone metastasis and the failure of Tc-99m MDP scintigraphy to detect early neoplastic infiltration of bone marrow. However, it is important to emphasize that in patients with bone lesions detected on FGD-PET and potentially resectable disease, histologic confirmation or corroboration by additional imaging studies (radiographs, CT and/or MR) is required.

Whole-body FDG-PET has a higher sensitivity and specificity than CT in detecting metastases to the adrenals, bones and extrathoracic lymph nodes (Figure 11.8). Consequently, FDG-PET is increasingly being used to detect metastases and is usually performed in patients without metastases on CT and other imaging modalities. The American College of Surgeons Oncology Trial reports PET sensitivity, specificity, positive predictive value and negative predictive values of 83%, 90%, 36% and 99%, respectively for M1 disease [31]. Importantly, whole-body PET imaging is useful in the detection of occult extrathoracic metastases in patients considered resectable by standard imaging and clinical evaluation and is reported to prevent inappropriate resection in 20% of these patients [31,32]. However, because the incidence of detection of occult metastases increases as the staging T and N descriptors increase, the utility of FDG-PET in patients with early stage disease has been questioned [33,34]. In this regard, distant metastases were rarely detected (< 5%) in a randomized controlled trial of the role of PET in early stage lung cancer and management in the remaining patients was not substantially changed [34]. However, the subsequent use of neoadjuvant chemotherapy in stage IIIA N2 disease at the participating hospitals in the study would have resulted in a change in management in up to 20% of these patients.
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Figure 11.8 45-year-old woman with left upper lobe non-small cell lung cancer and solitary bone metastasis presenting with neck and shoulder pain. a: Contrast- enhanced CT shows a spiculated left upper lobe nodule. b: Whole-body PET maximum intensity projection image shows increased [18F]-2-deoxy-D-glucose (FDG) uptake in the left lung nodule (*), hilar and mediastinal nodes (short arrows) and in the right shoulder region (long arrow). B, accumulation of FDG in the bladder; L = liver, S = spleen. C. Axial PET-CT shows increased uptake of FDG in the corocoid process of the scapula (arrow) suspicious for a metastasis (arrow). Biopsy confirmed metastatic disease and the patient was treated palliatively.



Although whole-body FDG-PET imaging improves the accuracy of staging, focal increased uptake of FDG in extrathoracic lesions unrelated to the primary NSCLC can mimic distant metastasis. Accordingly, all extrathoracic FDG-avid lesions that potentially would alter patient management should be further imaged or biopsied to confirm the diagnosis of distant metastasis. The rationale for this management approach is supported by the results of a prospective study performed to assess the incidence and diagnosis of a single site of extrapulmonary accumulation of FDG in patients with newly diagnosed NSCLC [35]. In the 350 patients in the study group, 72 patients had solitary FDG-avid lesions. Sixty-nine of these lesions were biopsied and 37 (54%) had a solitary metastasis while 32 (46%) had lesions unrelated to the NSCLC (benign tumor or inflammatory lesion (n = 26), clinically unsuspected second malignancy or recurrence of a previously diagnosed carcinoma (n = 6)).



Conclusion

Imaging is an integral component of TNM staging and is important in the determination of therapeutic management in patients with NSCLC. However, there is substantial variability in the imaging performed to evaluate the primary tumor and to detect nodal and extrathoracic metastases. Chest CT is almost universally used to stage patients with NSCLC and is typically performed to assess the primary tumor, direct invasive sampling and detect intra- and extrathoracic metastases. Magnetic resonance (MR) imaging is particularly useful in the evaluation of superior sulcus tumors. Otherwise, MR imaging is generally used as an adjunct to CT in evaluating patients with equivocal CT findings. FDG-PET has limited utility in the evaluation of the primary tumor. However, whole-body FDG-PET imaging is better than CT and MR in the detection of nodal and extrathoracic metastasis and improves the accuracy of staging and the determination of the optimal therapeutic strategy.
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Staging of the Mediastinum
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Introduction

Lung cancer is the leading cause of cancer death among both men and women. Each year, more people die of lung cancer than from colon, breast, and prostate cancers combined [1]. The treatment of lung cancer is directed by the TNM staging system [2]. Clinical and pathological staging concordance is low and hence patients usually are clinically understaged [3]. Mediastinal lymph nodal status indicates the potential for curative treatment if there are no distant metastases. Patients with no mediastinal involvement are candidates for curative treatment with surgery alone. Patients with lymph node involvement are generally associated with a poorer prognosis, and accurate staging of the nodes will determine the treatment plan for the patient with respect for the potential for combined modality therapies, such as neoadjuvant chemoradiation.



Imaging

A CT scan of the chest is a basic examination that should be performed on all patients with suspected lung cancer. Accurate evaluation of lymph node disease usually requires a contrast-enhanced scan. A generally accepted parameter to describe a lymph node suspicious for metastases is a short axis diameter greater than 1 cm on a transverse CT scan. However, not all lymph nodes greater than one centimeter are malignant. About 40% of all lymph nodes considered to be malignant on CT are actually benign. On the other hand, about 20% of all lymph considered to be “benign” are malignant [4]. Considering central tumors or a tumor with enlarged N1 nodes, but a normal mediastinum makes the chance of N2–N3 nodal involvement in a range of 20% to 25% [57]. A recent review of pooled data reported a sensitivity of 57%, a specificity of 82%, a positive predictive value of 56% and a negative predictive value (NPV) of 83%, with marked heterogeneity across individual studies [5]. The subgroup of patients with peripheral tumors less than 3 cm in size and lymph nodes less than 1 cm may have mediastinal metastasis in 9% of cases [6].

The addition of PET represents an overall advance over CT alone. This modality is more sensitive and specific in detecting metastatic lymph nodes. A meta-analysis showed that FDG-PET was more accurate than CT, reporting sensitivity values of 79% and 60% and specificity 91% and 77% for PET vs. CT, respectively [7]. It should be noted that PET alone is not as helpful as a combined PET-CT.

Integrated PET-CT provides the ability to identify and anatomically localize metastatic lymph nodes. The anatomical location of a metastatic lymph node is delineated in an image where the FDG uptake is fused with the CT image. An appropriately targeted biopsy can be performed to confirm the diagnosis [8,9]. A prospective study showed that integrated PET-CT improved specificity compared with CT alone, 85% vs. 61% respectively [10]. Integrated PET-CT compared with PET alone showed increased sensitivity, however a decrease in specificity [11]. This underscores the need for tissue confirmation (invasive staging) in order to confirm mediastinal node metastasis. Cerfolio et al. compared PET-CT and PET alone specifically for N2 lymph node, and demonstrated a higher accuracy for PET-CT being 96% vs 93% [12]. Darling et al. reported that PET-CT has a false-positive rate of 50%, 20% and 29% for cN0, cN1 and cN2 patients, respectively [13]. In patients with stage I tumors with normal lymph node size and hence a low risk of mediastinal metastasis, a negative PET scan presents a false negative rate of 5% [14]. This has been corroborated by others reporting that a negative result in the mediastinum is generally reliable for the cN0 patient with a false negative rate of 3% [13]. The ACCP recommendation thus for these patients with stage I tumors, with a negative CT scan and a negative mediastinal PET where the tumor is PET positive, is that mediastinoscopy is not needed. In the current (7th) edition of the TNM staging system, patients with T2aN0 are stage IB but are excluded from this recommendation [15].



Endoscopic evaluation

Endobronchial ultrasound with trans-bronchial fine needle aspiration (EBUS-TBNA or EBUS-FNA) is an alternative technique that provides ultrasound visualization of mediastinal and peri-bronchial lymph nodes with the possibility of needle aspiration biopsy performed trans-bronchoscopically [16]. The procedure is performed under sedation or general anesthesia. The bronchoscope is introduced orally, through a laryngeal mask or through an endotracheal tube. An ultrasound-imaged inspection is performed to localize and characterize lymph nodes at N3, N2 and N1 stations. A special ultrasound-visible needle is introduced through the bronchoscope (Figure 12.1). Once a lymph node is identified, a needle aspiration biopsy is performed. The material can be evaluated ideally by an on-site cytopathologist to confirm that the material is adequate (contains lymphocytes at least) and to confirm a diagnosis of cancer if present.
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Figure 12.1 a: EBUS-TBNA scope during a procedure. b: Needle aspect on the scope. c: Ultrasound image of a lymph nodal biopsy.



EBUS-TBNA was first reported in 2004 to be a novel minimally invasive staging modality with a high diagnostic yield for the evaluation of mediastinal and hilar lymph nodes [17]. Its minimally invasive nature, real-time targeting of lymph nodes and safety are significant benefits. Interestingly, EBUS can also access hilar, interlobar and lobar lymph nodes in this minimally invasive fashion – a capability not available before this technology came along [18]. A meta-analysis showed that EBUS-TBNA has a pooled sensitivity of 93% and specificity of 100%. This sensitivity increased to 94% if patient selection is based on positive CT or PET. In the subgroup without any selection, sensitivity reported was 76% [19]. Adams et al. published a systematic review and meta-analysis comparing EBUS-TBNA yield versus CT and PET. A total of 10 studies (n = 817) were reviewed showing that EBUS-TBNA had an excellent pooled specificity of 1.00 (95% CI 0.92 to 1.00) and a good pooled sensitivity of 0.88 (95% CI 0.79 to 0.94) [20]. In 2011 a study showed excellent agreement between EBUS-TBNA and mediastinoscopy for mediastinal staging. The sensitivity, negative predictive value, and diagnostic accuracy for mediastinal lymph node staging for EBUS-TBNA and mediastinoscopy were 81%, 91%, 93%, and 79%, 90%, 93%, respectively. Specificity and positive predictive value for both techniques, when metastatic cancer was identified, were 100 % [21]. The authors concluded that both techniques have similar results and that EBUS-TBNA could replace cervical mediastinoscopy in mediastinal staging for lung cancer. However, in high-risk patients, EBUS-TBNA negative aspirations should be confirmed by mediastinoscopy. Andrade et al., commented that EBUS-TBNA should be done by a physician involved in a multidisciplinary lung cancer team [22].

Endoscopic esophageal ultrasound-guided fine needle aspiration (EUS-FNA) is a diagnostic procedure that provides an alternate route to biopsies of lymph node stations 2R, 2L, 3p, 4R, 4L. In addition however, one can access the lower part of station 5, station 7 – particularly the posterior part, as well as paraesophageal stations 8 and 9 [23,24]. A meta-analysis including 18 studies and 1201 patients showed a sensitivity of 83% and a specificity of 97% [25]. Considering unenlarged lymph nodes the sensitivity was 58% [25]. When integrating EBUS-TBNA and EUS-FNA it is possible to biopsy additional lymph nodes that are not accessible by mediastinoscopy like station 3p, 8 and 9. Szlubowski showed that in a normal mediastinum the sensitivity was 68%, specificity 98%, accuracy 91%, PPV 91%, NPV 91% [26]. Herth et al. performed mediastinal staging in 139 patients diagnosed with NSCLC. In his study the sensitivity was 89% for EUS-FNA and 92% for EBUS-TBNA. With the combined approach, sensitivity rose to 96% with a NPV of 95% [27]. A combined approach therefore is feasible [23,28–31]; however, there is no specific recommendation for using the combination routinely. It is useful to be aware of the capabilities and limitations of each in the event that a specific nodal area is identified on CT and PET. Essentially, EBUS and EUS provide the surgeon with a route for minimally invasive biopsy of tissue for confirmation and staging of every lymph node station in the mediastinum.

In a study done by Filho et al., mediastinal staging was performed using mediastinoscopy and video-assisted thoracoscopy to access the posterior lymph node areas, particularly in the posterior subcarinal area. In 11 patients out of 62, mediastinoscopy showed no involvement of the subcarinal nodes, which were identified by VATS approach, presenting a positive predictive value of 89%, negative predictive value of 94%, prevalence of 18%, sensitivity of 73% and specificity of 99%. This approach could be used in institutions where EBUS-TBNA and/or EUS-FNA are not available [32].



Mediastinoscopy

Mediastinoscopy is an outpatient procedure performed under general anesthesia. A skin incision about 3 cm is made in the suprasternal notch. Dissection is carried down to the pre-tracheal fascia, which is incised to expose the trachea. Blunt finger dissection is used to open this paratracheal plane down to the carina. Digital palpation for abnormal lymph nodes or masses is performed. A video mediastinoscope is then inserted into the mediastinum to biopsy lymph nodes under direct vision. A video mediastinoscope is preferred due to the superior visualization, although a surgeon may look down directly through the mediastinoscope in the traditional fashion if desired (Figure 12.2). A systematic evaluation and dissection of the mediastinum is performed using a mediastinoscopy dissector (a tubular suction instrument which is insulated and has an exposed metal tip that is used to dissect the tissues and cauterize as needed). The lymph nodes in each station are systematically identified for biopsy. Stations 2R and 4R, 7, 2L and 4L can be assessed by mediastinoscopy. Stations 1 and 10 can be also assessed and biopsied by mediastinoscopy as required. Station 3, 5, 6, 8, and 9 cannot be assessed by mediastinoscopy. Ideally, 5 lymph node stations (2R, 4R, 7, 4L and 2L) should be sampled during a mediastinoscopy [15] (Figure 12.3).
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Figure 12.2 Videomediastinoscopy: visualization can be done directly through the scope (a) or on the HD monitor (b) [37]. 

Source: Yasufuku, 2010 [37]. Reproduced with permission of Lippincott Williams and Wilkins.



Advances in imaging technology have led to the development of cervical video-mediastinoscopy. Conceptually, this is a conventional mediastinoscope with a high definition video camera that can transmit images to a screen. The surgeon and team in the operating suite can clearly visualize the dissection on a video monitor as well as under direct vision [33]. The clarity of visualization improves the precision and safety of the procedure. This also facilitates teaching as the surgeon can clearly see and direct the learner who is performing the procedure. More than one person can watch the procedure simultaneously. Video-mediastinoscopy permits rapid learning and adequate supervision without compromising safety, operative time or completeness of the procedure [34]. A comparison between regular mediastino-scopy and video-mediastinoscopy showed a negative predictive value of 0.81 and 0.83 respectively. Accuracy was 83.8% and 87.9% [35].
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Figure 12.3 a–f: The International Association for the Study of Lung Cancer (IASLC) lymph node map as applied to clinical staging by computed tomography scan in axial (a–c), coronal (d), and sagittal (e, f) views. The border between the right and left paratracheal region is shown in a and b. Ao, aorta; AV, azygos vein; Br, bronchus; IA, innominate artery; IV, innominate vein; LA, ligamentum arteriosum; LIV, left innominate vein; LSA, left subclavian artery; PA, pulmonary artery; PV, pulmonary vein; RIV, right innominate vein; SVC, superior vena cava [55]. 

Source: Rusch, 2009 [55]. Reproduced with permission of Lippincott Williams and Wilkins.



Complications of mediastinoscopy are extremely low if performed by experienced surgeons [36]. Morbidity and mortality are 1.5% and 0.4% respectively [37]. Complications include left recurrent nerve injury, pneumothorax, and wound infection. More serious complications include tracheal-bronchial injury, esophageal trauma and bleeding from injury of the great vessels or azygous vein. The major complications are potentially life threatening and often require median sternotomy or right thoracotomy for repair [38].

Cervical mediastinoscopy is considered the gold standard method for staging the mediastinum. A review revealed that the sensitivity of cervical mediastinoscopy varied between 72% to 89%, with an average of 81% with a NPV of 91% [39]. The specificity of mediastinoscopy is reported as 100%. One explanation for the false-negatives cases related to metastatic lymph nodes that are not accessed by mediastinoscopy – usually stations 5 and 6 and sometimes posterior station 7 nodes. It can also be explained by incomplete nodal sampling, as this method is skill-dependent. On the other hand, the high negative predictive value makes this procedure reliable in excluding mediastinal metastases [37].


Anterior mediastinotomy, extended cervical mediastinoscopy, thoracoscopy and re-do mediatinoscopy

The parasternal anterior mediastinotomy approach was first described in 1966 by McNeil and Chamberlain [40]. A small incision in the left anterior chest wall in the second intercostal space giving access to the stations 5 and 6 (aorto-pulmonary window and para-aortic lymph nodes). Some surgeons remove the costal cartilage. A mediastinoscope is inserted to proceed with dissection and biopsies. This procedure is effective and safe, with a low morbidity and mortality. Sometimes video-thoracoscopy (VATS) can be used to evaluate lymph node stations 5 and 6. An added value of this modality is the ability to also evaluate and biopsy stations 8, 9, posterior station 7 and the pleural space if pleural disease is suspected.

Extended cervical mediastinoscopy is a procedure described by Robert Ginsberg, which accesses stations 5 and 6 through a conventional cervical mediastinoscopy incision. A blunt dissection is performed creating a space posterior to the innominate vein and anterior to the aorta between the left carotid and innominate arteries. This is a challenging procedure to carry out and with the advent of other techniques this procedure is rarely indicated.

Re-do mediastinoscopy is a procedure that may be considered in a patient after neoadjuvant treatment or sometimes for staging a patient with a second primary lung cancer. Both of these situations call for restaging of a previously staged mediastinum. This procedure can be challenging secondary to the scarring from the previous dissection of the mediastinal tissue planes. Adhesions involving the innominate artery and vein, azygous vein and the pulmonary artery are all areas of concern. Technically, the dissection is generally initiated going down the left side into the mediastinum and carefully extendeding over to the right side. Even though re-do mediastinoscopy is technically more challenging, studies have shown a sensitivity of 73%, a specificity of 100%, an accuracy of 85%, and positive and negative predictive values of 100 and 75%, respectively. [41] Mateu-Navarro et al. reported on 24 patients who underwent re-mediastinoscopy after neoadjuvant therapy for N2 lung cancer. Fifty percent were positive. Sensitivity was 70%, specificity 100% and accuracy 80%. [42] An additional report by DeWaele et al reported that re-do mediastinoscopy was positive in 40 patients and negative in 64. There were 17 false-negative re-do mediastinoscopies. Sensitivity of re-do mediastinoscopy was 71%, specificity 100% and accuracy 84%. [43] In the current era, we prefer to use PET plus EBUS-TBNA for the first staging of the mediastinum and plan to do the video mediastinoscopy post induction therapy to be able to perform a thorough and safe staging of the mediastinum in these higher oncologic-risk patients.




Video Assisted Mediastinal Lymphadenectomy (VAMLA) – a staging procedure?

Video Assisted Mediastinoscopic Lymphadenectomy (VAMLA) and Transcervical Extended Mediastinal Lymphadenectomy (TEMLA) are relatively recently described techniques proposed for mediastinal staging [44]. The proponents advocate complete removal not only of mediastinal lymph nodes, but also of the surrounding adipose tissue, claiming an improvement in accuracy [45]. In the VAMLA technique, the lymph nodes dissected are the same as in conventional mediastinoscopy, but essentially an en-bloc excisional biopsy is done [46]. In the TEMLA procedure an extensive lymph node dissection is performed: lymph node stations 1, 2R, 4R, 2L, 4L, 7, 8, 3A, 3P, 5, 6, 7, 8 through a combination of an open and mediastinoscope assisted technique. A study done by Zielinski with 256 patients reported an accuracy of 98% in a patient population with a disease prevalence of N2-N3 involvement of 31.3% [47]. VAMLA has a reported specificity of 93.75% and a sensitivity of 100% [48]. Both methods involve a “minimally invasive” or “hybrid” procedure, although TEMLA uses a bigger incision and sternal retraction in contrast to the other techniques. The mediastinal dissection in both TEMLA and VAMLA are extensive and, as suggested in the literature, the morbidity is high compared with other methods of staging the mediastinum. Laryngeal nerve injury is the most common complication with a rate of 3% and 5% for TEMLA and VAMLA, respectively [49]. The added value of these procedures to justify the added morbidity is not clear at this time.



Discussion

Staging of the mediastinum is a prerequisite in treatment decision making for a lung cancer patient. Patients with a tissue diagnosis and extensive inoperable infiltration of the mediastinum evident on CT scan, even with no distant metastases, don't need extensive invasive staging [14]. If the mediastinal lymph nodes are enlarged, some form of invasive staging is required. As discussed before, even if a PET/CT shows lymph node involvement, the false positive rate is high and a tissue diagnose should be obtained to confirm this before assuming the patient has advanced disease. This can be performed by several methods. Mediastinoscopy is still the gold standard approach for mediastinal staging; however EBUS-TBNA analyzed in a prospective study, compared favorably to mediastinoscopy in diagnostic accuracy [21]. It should be noted that this endoscopic approach was performed in an experienced center using a rapid on-site cytological evaluation of the specimen. A combined approach using EBUS-TBNA and EUS-FNA showed increased sensitivity and specificity as well. EBUS-TBNA and EUS-FNA are still very much operator skill-dependent procedures. As such, there is no consensus yet that mediastinoscopy can be substituted in a generalizable fashion by one or a combination of those methods.

In cases where mediastinal lymph nodes are normal in size on CT scan and PET negative, but associated with a central tumor or suspicious for N1 nodes, invasive mediastinal staging should be performed. Furthermore, in this setting if the EBUS-TBNA is nondiagnostic or negative and suspicion is high, then a mediastinoscopy should be performed to confirm or rule out N2 and particularly N3 disease.

Patients with a peripheral T1 tumor with normal sized mediastinal lymph nodes that are PET positive should have a tissue confirmation of the PET positivity to rule out a false positive PET (EBUS-TBNA or mediastinoscopy – recognizing that EBUS-TBNA is more challenging to do with normal/small sized mediastinal nodes). However, if the primary tumor is PET positive (hot) and mediastinum is PET negative, invasive staging can be omitted.

An additional concept to consider is that the endoscopic approach with EBUS-TBNA now gives us relatively easy access to sample N1 nodes – hilar and intrapulmonary nodes – in a minimally invasive way. This is a capability that was not available before this technology became a reality. This presents the possibility to identify N1 disease preoperatively and hopefully future trials will determine if this added information will be helpful in prognostication or treatment planning for lung cancer patients. Certainly, as we increasingly consider sub-lobar resections for T1 tumors, the ability to confirm the absence of N1 node positivity would be helpful in operative planning and even in planning of nonresecting techniques such as SBRT. Furthermore, it is conceivable that identification of and neoadjuvant treatment of patients with N1 disease might prove to be more beneficial than adjuvant therapy, although this remains to be studied.

Sampling of N1 nodes could also be used to obtain tissue for biomarker studies to predict response to targeted therapies. Our experience in lung cancer patients with N2 or N3 disease proven by EBUS-TBNA has shown that molecular diagnosis for targeted therapy, prognostic information by immunohistochemistry, as well as the assessment of chemosensitivity-related aberrant methylation is possible from the tissue samples obtained through EBUS-TBNA [37,50].

A systematic review was done comparing different methods of restaging the mediastinum after neoadjuvant therapy for stage III NSCLC. It showed that a complete response presents with a false negative rate of 50% and 30% for CT and PET, respectively [53]. Mediastinal lymph node involvement carries a false negative rate of 33% and 25% for CT and PET respectively and false positive rates of 33% and 33% respectively. For invasive staging the results appeared to be better. Re-do mediastinoscopy showed a false negative rate of 22%, EUS-FNA 14% and primary mediastinoscopy 9% [53]. Furthermore, evaluation of down-staging should not be based on the assumption that imaging tests can accurately predict the status of the mediastinal nodes [53]. Even though systematic preoperative staging is done, there are still incidences wherein false negative mediastinal lymph node involvement is confirmed by surgical resection [54] (Figure 12.4).


[image: images]

Figure 12.4 a: Algorithm for population of non-small-cell lung cancer clinically staged T1–4, N0–3, with no distant metastases, potentially surgically resectable patients. aT1: primary tumour diameter 3 cm or smaller and surrounded by lung or visceral pleura, or endobronchial tumor distal to the lobar bronchus. Modified from Darling et al. [14]. b: A mediastinal staging approach for patients with stage IIIA N2 disease.



EBUS-TBNA for post induction staging is also an option. In a review by Herth et al., 124 NSCLC patients with N2 disease were restaged after induction chemotherapy. EBUS-TBNA detected 72% of patients with persistent nodal disease. In this group, of 35 patients with negative EBUS-TBNA mediastinal staging, 28 were found to have residual N2 disease at thoracotomy. Overall sensitivity, specificity, positive predictive value, negative predictive value, and diagnostic accuracy of EBUS-TBNA for mediastinal restaging after induction chemotherapy were 76%, 100%, 100%, 20%, and 77%, respectively [51]. Given this, the authors concluded that if presented with negative findings on EBUS-TBNA, because of the low NPV, mediastinoscopy should be performed before thoracotomy. Szlubowski et al. performed a prospective study in 61 patients that were restaged by EBUS-TBNA. Mediastinal involvement was detected in 18 patients (30%). In 43 patients with negative or uncertain mediastinal involvement, TEMLA was performed showing metastatic disease in 9 patients (15%) of which 7 patients (12%) were positive in the EBUS-TBNA accessible stations [52]. It should be noted that the false-negative results of biopsies were found only in small nodes. Also, all positive N2 nodes diagnosed by TEMLA contained only micrometastatic deposits. A diagnostic sensitivity, specificity, accuracy, positive predictive value (PPV) and negative predictive value (NPV) of the restaging EBUS-TBNA was 67%, 86%, 80%, 91% and 78%, respectively. In summary, EBUS-TBNA appears to be an effective technique for restaging of the mediastinum. With increasing experience with this technique, the performance may further improve.

Patients with stage IIIA N2 disease should be restaged after completing neoadjuvant treatment. It is well known that patients with a complete or near complete pathological response to induction chemoradiation have the best long-term prognosis for cure. Restaging of the mediastinum is particularly important to rule out the presence of N3 disease for which the benefit of surgical resection has not yet been demonstrated. Again, persistence of mediastinal lymph node positivity may lead to abandoning the plan for extensive resection in some high-risk patients or to consideration of further induction therapy in others. We prefer in these patients to stage the mediastinum pre-induction with CT, PET and EBUS–FNA, and post induction with CT, PET and mediastinoscopy. This avoids the need for re-do mediastinoscopy which as described above is technically more challenging and associated with a lower sensitivity and diagnostic accuracy [24,28].
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CHAPTER 13

Management of the Solitary Pulmonary Nodule
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Introduction

A solitary pulmonary nodule is defined as a single opacity on a chest radiograph that is smaller than or equal to 3 cm, and surrounded by aerated lung [1–3]. A lesion larger than 3 cm is called a lung mass. Successful management of solitary pulmonary nodules is based on accurate assessment of the risk of a solitary pulmonary nodule being a malignant lesion and based on the risk assessment providing appropriate tests and interventions. The ultimate goal is to provide early diagnosis and treatment for patients with malignant tumors and reduce morbidity for patients with benign nodules. It is a fine balance of considering all of the available information about the patient and setting a management plan that provides the best outcome.

A solitary pulmonary nodule could be a benign lesion such as hamartoma, chondroma, granuloma, pneumonia, abscess, rheumatoid arthritis, Wegener granulomatosis, arteriovenous malformation, vascular infarction, hematoma, congenital bronchial atresia, or sequestration. It also could be a malignant lesion such as lung cancer or solitary metastatic cancer to the lung from other organs [4]. The clinical and radiographic features can provide information on the probability that the nodule is malignant.



Prevalence of lung nodules

The National Lung Cancer Screening trial has shown that individuals with a high risk of lung cancer benefit from low-dose computed tomography (CT) screening [5]. The study showed that there was a 20% relative decrease in mortality in the individuals who underwent low-dose CT screening for lung cancer. This trial enrolled more than 50 000 patients between 55 and 74 years of age with at least 30-pack-year of smoking history who had smoked within the previous 15 years. The trial excluded patients who had a previous diagnosis of lung cancer, a chest CT in the previous 18 months, recent hemoptysis, or a 15-lb weight loss in the past year. They were randomized to either three annual screening low-dose CT scans or a single chest radiographic screening. In the low-dose CT group, 39% of the patients had at least one positive screening result. In the patients with a positive result, 96% had a benign lesion. The screening eventually resulted in finding tumors in 649 patients (2.4%). However, it missed cancer in 44 patients (0.2%); 367 patients (1.4%) developed cancer after the trial-screening phase. This trial did not develop an algorithm to manage lung nodules. The radiologist reported the results to the participant and his or her health care provider, but there was no specific evaluation approach. The most common approach was additional imaging, with few patients undergoing invasive procedures [5].

This study, along with other large screening studies [6–9], showed that the nodules that are identified in a screening trial tend to be smaller with a lower prevalence of malignancy. A review of eight other large screening trials showed that the prevalence of solitary pulmonary nodules in the screened population varied from 8% to 51%, with 1.1% to 12% of the nodules identified as malignant [10]. However, when solitary lung nodules that have an intermediate or high probability of being malignant are resected, the probability of the nodule being malignant can be as high as 55% [11].

Since the National Lung Screening Trial showed that low-dose CT screening for high-risk patients reduces mortality, more individuals will be diagnosed with a solitary pulmonary nodule. There are no set rules in terms of how to manage a solitary pulmonary nodule. However, there are some guidelines to help balance between performing excessive diagnostic procedures and delaying cancer diagnosis and treatment. These guidelines are based on the data of clinical features and diagnostic imaging features that help provide an assessment of risk of the nodule being malignant.



Risk of malignancy

For an individual with a solitary lung nodule, the clinician should take account of both clinical and radiologic features to assess the probability of the nodule being malignant. The management of the solitary lung nodule should be based on this assessment.


Clinical features

Several clinical features increase the risk of the nodule being a malignancy, including age of the individual, smoking status, occupational exposure, medical history of chronic obstructive pulmonary disease (COPD), and history of extrathoracic malignancy. On the other hand, individuals with a recent history of pneumonia or history of fungal infections will show decreased risk of malignant nodules.

Smoking is the single greatest risk factor for lung cancer. Thus, a patient with a solitary pulmonary nodule with a long history of smoking multiple packs per day has a very high risk of the nodule being malignant. Current high-rate smokers (> 1 pack per day) have the highest risk of a solitary lung nodule being malignant compared to current smokers who smoke less then a pack per day and patients who were never-smokers [1]. The individual who quit smoking less then 7 years ago has a higher risk of a nodule being malignant compared to patients who quit more then 7 years ago [1]. Thus, former smokers are at a much lower risk for malignancy than the current smoker.

In addition to smoking status, the age of the individual contributes to the probability of the solitary lung nodule malignancy. The lung cancer rates are very high for patients between 65 and 70 years old, while it is rarely diagnosed before the age of 40 [12]. Thus, a 30-year-old individual with a solitary lung nodule is less likely to have primary lung cancer than a 65-year-old with a solitary lung nodule.

An individual's medical history also contributes to the probability of the patient having a malignant solitary pulmonary nodule. An individual with COPD is more likely to have a malignant nodule than one without COPD [1]. An individual with a history of asbestos exposure has a higher risk of developing a cancer than patients who never had asbestos exposure [1]. Finally, an individual with a history of extrathoracic cancer with a solitary pulmonary nodule on a CT scan has an increased probability of a malignant nodule [13]. Thus, a patient who had a colon cancer resected with a pulmonary nodule that has increased over serial CT scans will most likely have a metastatic colon cancer. However, individuals with a recent history of bacterial or fungal pneumonia are less likely to have a malignancy. Further imaging should be obtained and, if the nodule decreases in size or disappears, it is most likely related to patient's pneumonia.



Radiographic features

The radiographic feature of a solitary lung nodule is best assessed using CT. An individual who is diagnosed with a solitary pulmonary nodule on a chest X-ray should have a CT of the chest to further evaluate the probability of the nodule being malignant. In addition, any previous imaging of the chest should be obtained to estimate the growth rate of the nodule [14]. The size of the tumor, nodule characteristics, and growth rate help determine the probability of a malignant solitary nodule.

The probability of the nodule being a tumor increases with its size. In eight large clinical lung cancer screening studies, it was shown that nodules < 5 mm had a prevalence of malignancy 0–1% of the time, 5–10 mm nodules had a prevalence of 6–28%, 11–20 mm nodules had a prevalence of 33–64%, and those greater than 20 mm had a prevalence of 64–82% [10, 15]. Thus, the larger the lesion, the greater the likelihood that the solitary lung nodule is malignant.

The features of the nodule also provide information on the probability of a malignant nodule. A review of six lung cancer screening studies showed that a nodule with a smooth edge had a 20–30% probability of malignancy, while a nodule with irregular, lobulated, or spiculated borders had a 33–100% chance of malignancy [10]. Malignant tumor with smooth edge tends to be metastatic cancer to the lung from other organs. Certain patterns of calcification of the solitary pulmonary nodule denote that the nodule is benign. Individuals with nodules with a diffuse, centrally laminated and popcorn pattern of calcification are likely to have a benign nodule while patients with nodules with stippled and eccentric patterns of calcification are less likely to have a benign nodule [14].

The growth rate of the solitary nodule will provide information about its probability of malignancy. Most malignant solitary pulmonary nodules will double in size between 40 and 400 days. When a nodule grows more rapidly, it is usually infectious; if it grows more slowly, it is usually benign [16–19]. A pulmonary nodule's stability for more than two years or 730 days is a reliable indicator for being benign [16, 20]. However, this is not absolute: this indication is accurate only 65% of the time [17]. This may be due to the fact that the doubling time for smaller solitary lung nodules is difficult to assess. For example, a 5 mm solitary nodule will double in volume and will then measure 6 mm. However, the CT scan might not be able to detect the difference between these two sizes and, thus, it may appear stable on the CT scan. Thus, smaller nodules may require longer follow-up to establish the nodule's benign nature, based on imaging criteria alone [17].




Management


Patient preference and shared decision-making

After assessing the probability of a malignant nodule, the clinician should discuss the risks and benefits of each of the management plans. Some patients may be uncomfortable with a plan of watchful waiting with any probability that that nodule is malignant, while some patients would be similarly risk adverse about undergoing surgery unless there is confirmation that the nodule is a tumor. Thus, each of the management plans outlined below should also take into account the patient's preference [14].



Management plan

Based on the patient's clinical history and radiographic studies, the risk of a solitary pulmonary nodule being a malignancy should be determined and an individualized management plan should be offered. Individuals with a very low probability of having a malignancy should be managed with serial imaging. Individuals with an intermediate probability of having a malignancy should be managed with an additional non-invasive test of FDG-PET; if it is still indeterminate, then a sampling of the nodule should be obtained. Finally, individuals with a very high probability of having a malignancy should be managed based on the surgical candidacy of the patient and the location of the lesion.



Low probability

After an assessment of the risk of a malignant solitary pulmonary nodule, if an individual has a high probability of having a benign lung lesion, the patient should undergo serial CT scans. The rationale for this strategy is based on the fact that the malignant nodules tend to double in size between 40 and 400 days. Thus, if a nodule doubles in size during serial CT scans, then the probability that the nodule is indeed a malignancy increases and the person should undergo the management strategy that is outlined in a high-risk probability group. The only downside of this strategy of watchful waiting is that there are hazards with delaying a diagnosis of malignancy [15]. There is a possibility that a patient with a lung nodule that is surgically curable at the time of initial detection may develop a metastatic lesion during the interval CT scan. This makes an individual's curative lung cancer become noncurable, significantly decreasing the likelihood of overall survival for that individual. With this in mind, the individual should be imaged at a set interval.

There are no standard set time interval recommendations for imaging patients, but there are general guidelines and societal recommendations. A strategy for a patient with a smaller nodule (< 8 mm) is described by the Fleischner Society [21]. In patients with clinical risk for malignancy such as smoking, the patients with < 4 mm nodule should have a follow-up CT scan in 12 months and no additional follow-up if the nodule is stable. For a > 4–6 mm lesion, the patients should have a follow-up scan at 6–12 months, with another follow-up at 18–24 months. For a > 6–8 mm lesion, the patients should have a follow-up scan at 3–6 months, 9–12 months, and 24 months, if stable. Four years since the recommendation came out, about 80% of the radiologists who were surveyed were aware of the recommendation and 50% of them have incorporated it into their practice [22]. For small nodules (< 8 mm), the Fleischner Society recommendation is a reasonable approach, with a caveat that there can still be malignant nodules that can be missed with this approach. If there is any question about the stability of the nodule, then an additional scan at a longer interval may be needed to confirm that the nodule is nonmalignant [17]. For larger nodules, more frequent intervals should be adopted to follow the growth of the nodule; stability in two years is a reasonable metric for a nonmalignant solitary pulmonary nodule. For an individual with a solitary pulmonary nodule that measures 8–10 mm, serial CT scans at least 3, 6, 12, and 24 months is a reasonable strategy [14]. Patients with > 1 cm nodules tend to have shorter initial intervals for imaging, but there is no set recommendation for how to image this group of patients. Typically a CT of the chest is obtained in 2–3 month intervals for this group of patients with larger nodules. Such a nodule increasing its size over subsequent imaging increases the risk of it being malignant. Thus, the individual should be managed based on an intermediate or high-probability algorithm as outlined below.



Intermediate probability

Individuals with clinical and radiographic evidence of a nodule's intermediate probability of malignancy should undergo further studies to help determine whether the lesion is a malignancy. The additional tests would include a FDG-PET with or without sampling of a tissue. This strategy will either increase or decrease the probability of malignant solitary pulmonary nodule.


FDG-PET

The FDG-PET is a nuclear medicine scan in which 18F-fluorodeoxyglucose (FDG), a glucose analog, is injected in the patient and the amount of the FDG uptake on the scan suggests the possibility of the nodule being malignant. The FDG-PET has very high sensitivity between 80% and 100% for detecting a malignancy with specificity between 40% and 100%, depending on the series [10, 23]. The lower specificity in some series is due to the fact that glucose uptake also takes place in inflammation and infection; thus, a patient with pneumonia can have false-positive FDG-PET results. The maximum standardized uptake (maxSUV) can also provide information on the probability of the nodule being malignant. In one series, a nodule with maxSUV between 0 and 2.5 had a 24% probability of the nodule being malignant; if it was between 2.6 and 4.0, it had an 80% chance of being malignant; and if it was greater than 4.1, it had a 96% chance of being malignant [24]. Another study showed that the highest diagnostic accuracy for malignancy was found for solitary pulmonary nodules with SUV > 4 [25].

A negative FDG-PET can significantly decrease the probability that the nodule is malignant; thus patients with a negative FDG-PET scan may be monitored with serial imaging. In one series, the 85% of the patients with negative FDG-PET scans were managed by watchful waiting. Five percent of the individuals in the study had a false negative scan, but the survival in this group did not differ significantly from the patients with a true-positive FDG-PET scan [26]. The FDG-PET scan often misses the small malignant tumors (< 8 mm), certain types of metastatic tumor, and certain types of lung cancer, such as carcinoid and bronchoalveolar carcinomas [24].

If the nodule is malignant, the FDG-PET is an effective test for providing staging information for patients with primary lung cancer. One series showed that including the FDG-PET can provide improved diagnostic accuracy in detecting mediastinal lymph node metastasis in patients with lung cancer [27], thus providing better staging information for patients with lung cancer before operating for therapeutic resection. Cost-effectiveness of using FDG-PET in staging and management of solitary pulmonary nodules have shown that overall the PET imaging is cost effective in context of proper medical indication [28].



Sampling of a tissue

Information obtained on the FDG-PET scan can significantly increase the probability that the nodule is malignant, which may change the algorithm from the intermediate-probability to the high-probability algorithm. However, after the FDG-PET, if the probability of a malignant nodule is still intermediate, the individual should obtain a tissue sampling. The modality to sample the tissue can be separated, based on the location of the lesion.


Central

Individuals with a central pulmonary lung nodule should obtain a biopsy either through bronchoscopy or radial endobronchial ultrasound (EBUS)-guided biopsy. The bronchoscopy will help obtain a diagnosis of a solitary pulmonary nodule with endobronchial component, while the radial EBUS will help in obtaining a diagnosis with a pulmonary nodule that is located near the trachea and the main bronchus.

Bronchoscopy and bronchial washing with or without a transbronchial needle biopsy has diagnostic yield of up to 74% for patients with an endobronchial component [29]. However, for patients with a solitary pulmonary nodule without an endobronchial component, the diagnostic yield is about 30–40% [29,30]. The advantage of this method of obtaining a tissue is that it can be performed in an awake patient with conscious sedation, with very low morbidity.

The radial EBUS combines the direct visualization of the airway along with the ability to perform an ultrasound of the structures next to the airway. Thus, it offers the ability to perform ultrasound-guided visualization of a solitary pulmonary nodule and subsequent biopsy of the nodule. However, this is limited to the solitary pulmonary nodules located near the major airway. Overall, EBUS has a very low complication rate and very good diagnostic yield. In addition, if the nodule is indeed malignant, the patient can undergo staging of the mediastinal lymph nodes at the same setting to complete the lung cancer staging. The EBUS allows examination of the mediastinal lymph nodes and some hilar lymph nodes.



Mid to peripheral

There are two major modalities that can be used to obtain a diagnosis for a mid to peripheral nodule: the CT-guided transthoracic biopsy and the guided transbronchial biopsy. Currently, the transthoracic biopsy has higher diagnostic yield than the guided transbronchial biopsy, but it carries a significantly higher pneumothorax rate.




Transthoracic biopsy

Transthoracic needle biopsy using CT provides a diagnostic yield 36–86% of the time, depending on the series [10, 14], with an accepted diagnostic yield of about 80%. It is performed in an awake patient with light sedation and local anesthetic. In spite of a high diagnostic yield, transthoracic needle biopsy has a pneumothorax rate of about 30–50% [31,32]. Another downside of the CT-guided needle biopsy is the difficulty in obtaining a biopsy in certain locations such as central lesions and lesions located between the fissure. This risk of pneumothorax increases, depending on the size of the lesion, amount of emphysema, distance of the nodule from the pleura, and number of passes [33]. In one study, a diagnostic specimen was obtained in patients with nodules greater then 1.5 cm in 73% of the time compared to the patient with 51% of the time for nodules less then 1.5 cm. The overall diagnostic yield in that study was 68%, with 35% of the patients getting a pneumothorax and 5% of patients requiring a thoracostomy tube [32].



Guided transbronchial biopsy

There are three types of guided transbronchial biopsy. The technology allows the placement of a sheath to the nodule and allowing the biopsy of the nodule using a needle, forcep and brush. Meta-analysis of electromagnetic navigation bronchoscopy (ENB) (SuperDimension, Minneapolis, MN), virtual bronchoscopy navigation (VBN) using LungPoint (Broncus Technologies, Mountain View, CA), and radial endobronchial ultrasound (Olympus Medical, Tokyo, Japan) shows significant improvement of diagnostic yield compared to bronchoscopy alone. The diagnostic yield ranged from 46% to 80%, with pooled diagnostic yield of 70%, but the overall incidence of pneumothorax was 1.5% [34].

ENB allows guided placement of a sheath to the nodule and, then, different tools can be placed to take a biopsy. The procedure involves taking a thin-slice CT of the chest and converting it to a three-dimensional rendering of the lung. Next, the patient is placed in an electromagnetic field, which allows merging the real bronchoscopy image to the virtual computer-generated image. This allows for guiding the sheath with turn by turn directions into the lung nodule beyond the area that can be visualized on simple bronchoscopy [35]. There are several factors that can enhance the diagnostic yield of this procedure. Two major factors are size of the nodule and the presence of a CT scan image that shows an airway going to the nodule [36]. This technology also allows for placement of a fiducial marker for individuals who are diagnosed with lung cancer who are not operative candidates. This technology can be used with conscious sedation; however, it is much easier to perform the procedure with general anesthesia. Overall, it has very good diagnostic yield with very low pneumothorax rate.

VBN, on the other hand, does not use real-time positioning information provided by the ENB but simply uses a CT scan alone to make a map of the bronchial tree. LungPoint software (Broncus Technologies), takes a thin-slice CT image and creates a map of the bronchial tree [37]. The virtual image is superimposed over the live bronchoscopic view and the ultrathin bronchoscope is guided to the nodule [38]. Depending on the location of the lesion, standard bronchoscope or ultrathin bronchoscope can be used to get to the nodule, and the nodule is biopsied under X-ray fluoroscopy [37]. In one series, the overall diagnostic yield was 63%, with no pneumothorax rate [37].

The radial endobronchial ultrasound-guided sheath (Olympus Medical) and biopsy allows biopsy of the lesion under conscious sedation. An individual undergoing a standard bronchoscopy will have a plastic sheath with mini radial EBUS placed through the bronchoscope and the sheath guided to the lesion. Then, the EBUS is removed and disposable biopsy forceps and cytology brushes are used to obtain the biopsy. A fluoroscopy is used to ensure that the ultrasound miniprobe has not reached the visceral pleura and that the forceps is working during the biopsy. Diagnostic sensitivity was 64%, with a 1% pneumonthorax rate for one series using this technology [39]. Radial endobronchial ultrasound can be combined with ENB or VBN. In one study, combining the VBN and radial EBUS led to 80% diagnostic yield, with faster time to localization than radial EBUS alone [38].




High probability

Individuals with a high probability of having a malignant solitary pulmonary nodule should be managed based on whether the individual can tolerate surgical resection. The individual should undergo the standard pulmonary and cardiac workup to see whether he or she is a surgical candidate if the solitary pulmonary nodule is indeed primary lung cancer. If the FDG-PET was not used to make the determination of a high probability of having a malignant nodule, a FDG-PET should be performed for staging of possible lung cancer. If the FDG-PET shows a widely metastatic disease to other sites, then the individual should have a biopsy of the most accessible place and be subsequently treated for metastatic lung cancer. If the FDG-PET shows uptake only at the solitary pulmonary nodule, the individual should be managed based on the ability of the individual to tolerate the surgical resection of the lesion.


Nonsurgical patients

If the patient is determined to not be a surgical candidate, every effort should be made to obtain a diagnosis of the solitary pulmonary nodule. There are several different methods of obtaining a diagnosis, which are outlined above. Depending of the location of the lesion, the individual should have bronchoscopy, radial EBUS, or CT-guided transthoracic or guided transbronchial biopsy of the pulmonary nodule. An advantage of guided bronchoscopy for a nonsurgical patient with a solitary pulmonary nodule is that the individual can get a fiducial marker to receive radiation therapy if the patient has an early-stage lung cancer. Guided bronchoscopy, such as electromagnetic navigation bronchoscopy, has been used with a very high success rate of placement of the fiducial marker without migration [28]. Once the diagnosis of the solitary pulmonary nodule is made in the nonsurgical patient with a high probability of a malignant solitary pulmonary nodule, the patient should undergo staging and appropriate treatment of the nodule.



Surgical patients

After evaluation of the cardiopulmonary status, if the individual is a surgical candidate, the management of the solitary pulmonary nodule should be based on the location of the lesion.


Peripheral nodules

An individual with a high probability of having a malignant solitary pulmonary nodule in the periphery of the lung after FDG-PET who can tolerate a surgical resection should undergo VATS (video assisted thoracic surgery) wedge resection and subsequent VATS completion lobectomy and mediastinal lymph node dissection, if the lesion is a primary lung cancer. For example, a 65-year-old man with a 40-pack-a-year smoking history with a 2 cm spiculated, noncalcified peripheral nodule, which has grown in size over 3 months on serial CT scans with maxSUV of 8 on FDG-PET, without any signs of metastasis, and who can tolerate a lobectomy, may benefit from going directly to the operating room for both diagnostic and surgical treatment for the early-stage lung cancer.

The individual should undergo VATS wedge resection, which can be performed with low morbidity for a peripheral lesion, and undergo intra-op freezing of the nodule. The introduction of VATS wedge resection has increased the overall success rate of resection of a benign lesion [40], but when performed, it results in decreased morbidity and mortality compared to open thoracotomy and lung resection [41]. If the nodule is a primary lung cancer, the patient should undergo completion lobectomy and mediastinal lymph node dissection for definitive treatment of early-stage lung cancer, since that is the standard of care for a patient with a < 3 cm tumor without evidence of mediastinal lymph node spread [42]. This will provide both definitive diagnosis and treatment of the cancer. If the VATS wedge resection shows a metastasis from extrathoracic malignancy, the procedure provides both diagnosis and treatment of the solitary lung nodule. If the VATS wedge resection shows a benign nodule, the individual has a definitive diagnosis of the solitary lung nodule and the individual does not have to undergo additional CT scans.

This method avoids obtaining a transthoracic or transbronchial needle biopsy of the nodule in this select group of patients with high risk of malignancy. The argument for this strategy is that, if the needle biopsy shows nondiagnostic tissue then the patient will be scheduled for VATS wedge resection. If the needle biopsy shows a benign lesion, there is still a possibility that the needle biopsy missed the malignant cells. Thus the results may be due to an error in the biopsy technique or misinterpretation of the cytology, and the individual will be scheduled for VATS wedge resection. If the needle biopsy shows diagnostic tissue that is consistent with malignancy, the patient will undergo an operation. Regardless of the results of the needle biopsy, the patient will undergo surgery. Thus, needle biopsy result of a nodule that is at high risk of being malignant may not alter the management of the individual. Most likely the individual will take on all of the risks of the needle biopsy with minimal benefit from the biopsy. However, certain individuals would be risk-averse to any type of surgical intervention without proof of presence of malignancy. In this group, patients should get a needle biopsy to confirm the presence of malignancy.



Mid to central nodules

An individual with a high risk of having a malignant nodule located in the mid to central lung who is a surgical candidate and requires either segmentectomy or lobectomy to obtain a diagnosis should undergo transbronchial or transthoracic biopsy of the nodule to confirm the diagnosis. Since VATS segmentectomy and lobectomy carries significantly higher morbidity and mortality than VATS wedge resection, the individual should undergo a needle biopsy of the lesion to confirm the presence of malignancy. If the biopsy shows that the individual has early-stage lung cancer, the individual should undergo VATS or open lobectomy and mediastinal lymph node dissection.






Conclusion

As more institutions adopt screening for lung cancer, there will be an increase in the diagnosis of solitary pulmonary nodule. Management of this group of individuals should be based on accurate assessment of clinical risk factors such as age, smoking status, occupational exposure, history of extrathoracic malignancy or COPD, and assessment of nodule size, characteristics, and growth rate on a CT scan of the chest. If the clinical and radiographic assessment shows a low probability of a malignant nodule, the individual should undergo serial CT scans or a watchful waiting strategy. If the individual has an intermediate probability of a malignant nodule, the individual should get a FDG-PET with or without sampling of the nodule. If the individual has a high probability of having a malignant nodule, the nonsurgical patients should undergo every attempt possible to get a sampling of the tissue, while the surgical patients should undergo either VATS wedge for a peripheral nodule or transthoracic or transbronchial sampling of the tissue for a mid to central nodule. After the diagnosis is obtained, the patient will receive the appropriate therapy for the nodule as per the diagnosis. This strategy will provide diagnosis and treatment of patients with early-stage lung cancer while providing low morbidity for the individual with a benign lesion.
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Introduction

Primary lung cancer remains the most lethal of all malignancies, predicted to accounting for nearly 160 000 deaths and 226 000 new diagnoses in 2012 [1]. The cornerstone of therapy for early-stage lung cancer is anatomic individual vessel ligation and division by surgical lobectomy with concomitant removal of the draining nodal basin. Thoracoscopic lobectomy is defined as individual vessel ligation with no rib spreading and complete visualization with a camera inside the chest for visualization. There are generally two approaches to thoracoscopic lobectomy; the multiple incision approach with three or more incisions and a utility port (which is larger than the others and averages 3–4 cm in length) or the two-incision technique (which includes a utility incision and a camera incision) (Figures 14.1a and b). The double-action instrumentation and slightly curved instruments as well as articulating stapler now make approaching the hilum much easier and the location of the ports more forgiving.
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Figure 14.1 a: Thoracoscopic lobectomy port placement options for right-sided surgery. b: Thoracoscopic lobectomy port placement options for left-sided surgery.

Source: Blackmon/de la Flor © 2013.



The steps to perform a thoracoscopic right upper lobectomy (Figures 14.2a–d) include positioning the patient in the lateral decubitus position tilted posteriorly, using an arm board, and securing the hip to prevent rotation. After creating the necessary ports (when operating on the left side of the patient, these are positioned more posteriorly to correct for the pericardium), the hilum is dissected posteriorly to reveal the branch of the right upper lobe from the bronchus intermedius. Instead of standing on the posterior side of the patient, the surgeon stands on the anterior side of the patient during the dissection. The nodal dissection can also be done at this time. After releasing the pleura, the rest of the surgery can be approached from the front of the patient's hilum proceeding towards the back. This is the hallmark difference between thoracoscopic lobectomy and open lobectomy. The first structure to be identified is the superior pulmonary vein. It is important to make sure there is no common vein, and then to make sure the branches to the right middle lobe are spared. A vascular load stapler is ideal for dividing the veins and artery. The truncus anterior branch of the right pulmonary artery is then dissected and divided, followed by additional nodal dissection. Each time a node is removed, a branch point of the vessels is revealed. Finally, either the right upper lobe bronchus is taken or the posterior ascending pulmonary artery; this depends on the position of the structures, the size of the artery, and the stapler angle. Once the lobe has been removed, it is placed into a bag to prevent port site recurrence. All nodes are labeled according to station and sent as separate specimens. When resecting other lobes of the lung, the hilar structures are removed in a similar manner proceeding from the front of the patient to the back. The steps for removing the remaining lobes of the lung are illustrated in Figures 14.3, 14.4, 14.5 and 14.6.
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Figure 14.2 a: Steps for thoracoscopic right upper lobectomy; posterior pleural dissection. b: Steps for thoracoscopic right upper lobectomy; right upper lobe pulmonary vein dissection. c: Steps for thoracoscopic right upper lobectomy; right upper lobe truncus arteriosus pulmonary artery dissection. d: Steps for thoracoscopic right upper lobectomy; posterior ascending pulmonary artery branch and right upper lobe bronchus dissection. Abbreviations: PA, pulmonary artery; PV, pulmonary vein; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe; TA, truncus anterior.

Source: Blackmon/de la Flor © 2013.
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Figure 14.3 Steps for thoracoscopic right middle lobectomy. Abbreviations: PA, pulmonary artery; PV, pulmonary vein; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe; TA, truncus anterior.

Source: Blackmon/de la Flor © 2013.
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Figure 14.4 Steps for thoracoscopic right lower lobectomy. Abbreviations: PA, pulmonary artery; PV, pulmonary vein; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe.

Source: Blackmon/de la Flor © 2013.
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Figure 14.5 Steps for thoracoscopic left upper lobectomy. Abbreviations: LLL: left lower lobe; LUL, left upper lobe; PA, pulmonary artery; PV, pulmonary vein.

Source: Blackmon/de la Flor © 2013.
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Figure 14.6 Steps for thoracoscopic left lower lobectomy. Abbreviations: LLL: left lower lobe; LUL, left upper lobe; PA, pulmonary artery; PV, pulmonary vein.

Source: Blackmon/de la Flor © 2013.



Surgeons have successfully performed thoracoscopic lobectomy for more than a decade, with such technology disseminating throughout the thoracic surgical community establishing it as a standard for the management of early-stage non-small cell lung cancer (NSCLC) [2,3]. Thoracoscopic lobectomy is now clearly supported by evidence-based treatment guidelines [4], as three of the four published randomized clinical trials of thoracoscopic lobectomy versus open lobectomy demonstrated an advantage in the VATS (Video Assisted Thoracoscopic Surgery) group [5–8]. Some of the advantages of thoracoscopic lobectomy compared to thoracotomy include less postoperative pain [9–11], less blood loss [5, 8, 10, 12], improved inflammatory response [13], shorter chest tube duration [9,10, 13–15], improved postoperative independence [14], better pulmonary function [16–19], comparable operative times [9, 13, 14, 20], shorter hospitalization [2,3, 5, 13–15, 21–24], more cost-effective [16], and improved delivery of adjuvant chemotherapy to eligible patients [15, 17]. A recent assessment of morbidity and mortality after thoracoscopic lobectomy demonstrated improved results for many additional outcomes [18, 20, 25–30]. Despite the milieu of published advantages, thoracoscopic lobectomy is underutilized. Analyzing the board-certified thoracic surgeons participating in the General Thoracic Surgery component of the Society of Thoracic Surgeons database from 1999 to 2006, only 20% of all lobectomies for NSCLC were thoracoscopically performed [31]. Because of these many advantages, thoracoscopic lobectomy is now considered a gold standard for patients with NSCLC [32].



Postoperative pain

Demmy and colleagues [9] reported their results in a series of patients who underwent either thoracoscopic lobectomy or conventional thoracotomy. Using similar pain control treatment, the percentage of patients reporting severe pain was 6% after thoracoscopic lobectomy and 65% after thoracotomy. Moreover, the percentage of patients reporting minimal or no pain was 63% after thoracoscopic lobectomy and 6% after thoracotomy. Other studies analyzing acute pain have concluded that video-assisted thoracoscopic surgery either causes less pain or lower analgesia requirement in the early postoperative period [11, 17, 18]. There is evidence this improved pain control extends beyond one year [10].



Estimated blood loss and chest tube duration

Tajiri and colleagues found less blood loss in a VATS group (168) compared to a thoracotomy group (61) [10]. Other studies have shown either less blood loss or no significant difference between the two groups [5, 8, 10,11]. With regard to chest tube duration, many studies have shown equivalent outcomes relating to chest tube duration and some with statistically significant improved chest tube output at the end of three days [3, 10, 13–15].



Postoperative independence and return to pre-operative function

Improved postoperative independence is seen in a study published by Demmy and colleagues, which analyzed the number of patients requiring postoperative discharge with home health care or transfer to a separate care facility [9]. Additional studies show improved return to pre-operative function [14].



Pulmonary function

Because thoracoscopic lobectomy may be easier to tolerate, the traditional accepted pulmonary function minimum values may no longer apply, as more patients are able to tolerate a less invasive resection. Less pain and smaller incisions logically lead to better postoperative respiratory mechanics for patients undergoing minimally invasive lung resections. This is demonstrated by testing performed immediately after the operation as well as up to 3 months postoperatively. In 1996, Tschernko and colleagues compared patients from their prospective series of 47 patients assigned to VATS or axillary thoracotomy and showed that the thoracoscopic lobectomy group demonstrated superior oxygen saturation at all time points up to 72 hours after lung resection [17]. Furthermore, forced expiratory volumes in 1 second have been studied and compared. Nagahiro and colleagues showed that at 14 days postoperatively, the VATS patients recovered 95% of their preoperative forced expiratory volume in 1 second compared with 80% for those undergoing thoracotomy [11]. Findings from another Japanese group support the improved recovery of forced expiratory volume in 1 second in those undergoing thoracoscopic lobectomies out to 3 months after the operation [18]. Improved 1 year pulmonary function was reported by Kaseda and colleagues [18]. Poor pulmonary function predicts respiratory complications regardless of approach. Respiratory complications increase at a significantly greater rate in lobectomy patients with poor pulmonary function after thoracotomy compared with VATS. Planned surgical approach should be considered while determining whether a high-risk patient is an appropriate resection candidate [33].



Operative time and length of stay

Operative times are overall not expected to be different given a surgeon has advanced along the learning curve and is proficient with the technique and has a trained team [5, 9, 13,14]. The Cancer and Leukemia Group B reported the results of a multi-institutional series of 97 patients who underwent thoracoscopic lobectomy [8]. Mortality was 2%, the operative time was 130 minutes, and the median length of stay was 3 days. The three-day length of stay is commensurate with many other published series [2,3, 5, 13–15, 23,24]. Onaitis and colleagues reported the results of thoracoscopic lobectomy in 500 consecutive patients [3]. The 30-day mortality was 1%, with no intraoperative deaths. The conversion rate was less than 2%, and none was emergent. The median chest tube duration was 2 days, and median length of stay was 3 days. Overall, most studies are presenting a shorter expected length of stay with thoracoscopic lobectomy [14,15].



Cost-effectiveness

Burfeind and colleagues performed a retrospective analysis of cost associated with thoracoscopic lobectomy and open lobectomy in 113 patients having surgery between 2002 and 2004 [16]. In this study, cost and cost-utility analysis was performed by using prospectively acquired quality of life measurements and calculating a quality-adjusted life-year for each patient. Total costs were significantly greater for thoracotomy (US $12 119) vs thoracoscopy (US $10 084; p = 0.0012). The use of minimally invasive techniques for the 50 000 lobectomies performed in the United States each year was estimated to represent a savings of approximately $100 million.



Administration of adjuvant chemotherapy

Improved compliance with adjuvant chemotherapy appears to be one of the most promising advantages associated with thoracoscopic lobectomy [15]. Petersen's study compared the ability to deliver adjuvant chemotherapy in 100 patients who underwent complete resection for NSCLC by thoracotomy(43) or thoracoscopy(57) [15]. Those undergoing thoracoscopic lobectomy had significantly fewer delayed (18% vs 58%; p = 0.001) and reduced (26% vs 49%; p = 0.02) chemotherapy doses. A higher percentage of patients undergoing thoracoscopic resection received 75% or more of their planned adjuvant regimen without delayed or reduced doses (61% vs 40%; p = 0.03). A separate group also looked at adjuvant chemotherapy received after VATS and noted that 85% of patients received all cycles of planned chemotherapy, with or without some delay [17]. Although long-term survival was not an end point of either of these studies, similar differences in chemotherapy administered for other tumor types are associated with improved survival [34, 36]. Also, these chemotherapy administration rates compare favorably with historical controls in which only 55–70% of patients received full regimens of chemotherapy after thoracotomy [37,38].



Complications

Several studies ranging from case-matched to analyzing the large prospective STS database have recently demonstrated that the incidence of postoperative complications is lower after thoracoscopic lobectomy than after thoracotomy [18, 20, 25–30]. A recent meta-analysis of morbidity and mortality after thoracoscopic lobectomy combined the results of reported incidence of morbidity and mortality from 21 eligible comparative studies (2 randomized and 19 nonrandomized) [35]. In this meta-analysis, thoracoscopic lobectomy was not associated with a difference in locoregional recurrence (p = 0.24) compared with the open lobectomy arm, but the data suggested a reduced systemic recurrence rate (p = 0.03) and an improved 5-year mortality rate for the thoracoscopic approach (p = 0.04) [35].

Intraoperative events of significant consequence occur in less than 1% of cases [39]. Although catastrophic intraoperative complications of VATS lobectomy are uncommon, awareness of the possibility of such injuries is critical to avoid them. Specific techniques designed to lessen such complications include a solid knowledge of anatomic relationships, careful dissection, awareness of certain potential complications, and judicious conversion to thoracotomy.



Special circumstances


Reoperation

Another advantage of thoracoscopic resections is during the development of a second primary that requires repeat surgical resection. It is possible the decreased scar tissue facilitates a better reoperation due to less scar tissue against the chest wall and in the hilum as well.



Barriers to adoption

There remain barriers to adoption of thoracoscopic lobectomy. The misconception that pulmonary artery bleeding is uncontrollable thoracoscopically is an obstacle that is likely to dissuade surgeons from considering learning thoracoscopic lobectomy. Most practicing thoracic surgeons in the United States completed their training before the advent of thoracoscopic lobectomy, and postgraduate training along with credentialing is an extensive process. Although it is probable that most training programs in thoracic surgery in the United States provide exposure to thoracoscopic lobectomy, it is unknown what the actual operative experience is for residents. The American Board of Thoracic Surgery has recently included thoracoscopic lobectomy as a required index case. Advanced training pathways and credentialing guidelines are needed to guide hospitals and programs as they seek to train their older generation of surgeons.



Thoracoscopic segmentectomy

A study by Yang and colleagues analyzed outcomes of published studies including segmentectomy patients and found, when compared with open segmentectomy, thoracoscopic segmentectomy was found to have equivalent oncologic results, with shorter hospital length of stay, reduced rates of morbidity, and lower cost [40]. When compared with thoracoscopic lobectomy, thoracoscopic segmentectomy had equivalent rates of morbidity, recurrence, and survival. Preliminarily, thoracoscopic segmentectomy was found to result in greater preservation of lung function and exercise capacity than the thoracoscopic lobectomy. What remains to be determined is the overall oncologic outcome, evidenced by equivalent recurrence-free survival, associated with a segmentectomy compared to a lobectomy. CALGB 140503 and JCOG0802/WJOG4607L are two well-designed studies that aim to determine the benefit of VATS segmentectomy that have yet to publish results.



Thoracoscopic pneumonectomy

Nwogu and colleagues retrospectively analyzed 70 patients over a six-year period at a single institution according to the type of resection, and found those patients having a thoracoscopic pneumonectomy had a shorter length of stay and less blood loss with equivalent complications when compared to the open pneumonectomy group [41]. Pneumonectomy performed either by means of thoracoscopy or thoracotomy resulted in equivalent survival.



Thoracoscopic bronchoplasty

Although there are single case studies and videos discussing technique and methods to perform bronchoplastic resections using a minimally invasive technique [42], nothing beyond feasibility has been discussed in the literature. This may be one of the key areas in minimally invasive surgery where robotic suturing or advanced articulating devices may play a role.



Thoracoscopic chest wall resections

Although the more basic operations like thoracoscopic lobectomy and segmentectomy have clearly shown improved outcomes compared to open procedures, the advantage of minimally invasive surgery for more complex chest wall resections or extended resections is not as clearly defined. Advanced thoracoscopic instrumentation is more essential for chest wall resections than lobectomy or segmentectomy. Minimally invasive bone manipulation instrumentation commonly available in scoliosis surgery is helpful when performing thoracoscopic chest wall resections. Such necessary equipment includes either an endoscopic rib cutter (now made by Medtronic), a long rotating burr that can divide ribs, an orthopedic Kerrison No.5, or a gigli saw. When reconstructing the chest wall with mesh, trans-thoracic fixation sutures, tacking devices, and laparoscopic suturing devices may facilitate placement and fixation [43,44].



Thoracoscopic lymphadenectomy

Boffa and colleagues determined the frequency of nodal metastases identified in 11 531 clinically node-negative tumors by thoracotomy (7137) and thoracoscopic approaches (4394) to approximate the completeness of surgical nodal dissections over a nine-year period using the Society of Thoracic Surgeons (STS) database [45]. During lobectomy or segmentectomy for clinical N0 lung cancer, mediastinal nodal evaluation by VATS and thoracotomy resulted in equivalent upstaging. In contrast, lower rates of N1 upstaging in the VATS group possibly indicated variability in the completeness of the peribronchial and hilar lymph node evaluation. Because of these results, concern about the completeness of nodal dissection has been raised as more surgeons adopt the VATS approach. To compensate for a less thorough nodal dissection performed by some surgeons who do not feel comfortable performing an extensive lymphadenectomy, the robotic approach offers an alternative yet still minimally invasive technique.



Robotic-assisted lobectomy

Robotic-assisted lobectomy (RATS) is an alternative to VATS, with a similar technique of video-guided resection, but has improved three-dimension viewing, instrumentation with seven degrees of freedom, high definition imaging, and a master slave surgical cart. Using a 3–4 arm totally robotic approach, a 325 multi-institutional international series of patients reported an 8% conversion rate, 3.7% (12/325) major complication rate, and one in-hospital death [46]. Although some centers have reported excessive cost associated with this new technology, RATS can be performed with low morbidity and mortality. Long-term stage-specific survival is acceptable and consistent with prior results for VATS and thoracotomy.




Conclusions

Minimally invasive lung resections have demonstrated safety, efficacy, and less cost of care for patients with early stage NSCLC. Thoracoscopic lobectomy is designed to achieve the same oncologic result as conventional lobectomy: complete hilar dissection and individual vessel control. The recognized advantages of thoracoscopic anatomic resection include less short-term postoperative pain, shorter hospital stay, faster return to full activity, preserved pulmonary function, and fewer postoperative complications. In addition, thoracoscopic lobectomy has demonstrated improved compliance with adjuvant therapy. A randomized clinical trial is needed, but unlikely to be performed. Thoracoscopic lobectomy is considered an acceptable standard for patients with early stage lung cancer.
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Introduction

Lung cancer is a leading cause of cancer mortality with over 160 000 deaths annually in the United States and over 1.3 million deaths worldwide [1,2]. With the recent benefit of screening demonstrated in high-risk individuals, the future of lung cancer treatment may involve an increasing proportion of small, localized early stage cancers. However, screening is not widely performed, and lung cancer can certainly develop in individuals not eligible for screening programs. Therefore, despite screening efforts, many cases of lung cancer may continue to present as locally advanced disease. While most individuals with advanced lung cancer may not benefit from surgical resection, particularly those with advanced mediastinal nodal disease or distant metastases, some presenting with locally advanced lung cancer may be candidates for curative surgical resection. Since survival of locally advanced lung cancer without resection is not common, it is critical for all clinicians who treat lung cancer to appreciate the potential ability of locally advanced tumors to be resected in order to provide the best opportunity for cure.

This chapter focuses on extended resection for lung cancer, specifically anatomic resection of the tumor and lung, with resection and reconstruction of adjacent structures as needed. Overall, practice guidelines such as the NCCN guidelines for non-small cell lung cancer [3] are excellent sources to provide consistent care, but even within the context of guidelines, care must be individualized based upon performance status, local expertise, and patient wishes. Patient selection is a challenging decision-making process. One must balance risks and benefits which must be weighed for each individual patient in order to extend survival options to those who may benefit, while judiciously refraining from surgical resection which may be harmful. Using the AJCC 7th Edition Cancer Staging Manual [4] criteria as a framework, we will discuss strategies to evaluate and treat several types of locally invasive T3 and T4 non-small cell lung cancer (see Table 15.1).



Table 15.1 Staging of locally advanced NSCLC per AJCC 7th edition. [4]





	
	T3
	T4






	Involvement of:
	Chest wall

Diaphragm

Phrenic nerve

Mediastinal pleura

Parietal pericardium

Main bronchus <2 cm from carina

Obstructive collapse entire lung

Separate tumor nodule: same lobe
	Mediastinum

Heart

Great vessels

Trachea

Recurrent laryngeal nerve

Esophagus

Vertebral body

Carina

Separate tumor nodule: ipsilateral different lobe





Source: Staging of locally advanced NSCLC per AJCC 7th Edition [4].




General principles for all extended resections

Standard lobectomy carries approximately a 2% mortality rate and 32% morbidity rate as reported in a retrospective review of the Society of Thoracic Surgeons Database [5]. Locally advanced lung cancers are by definition higher stage and have a greater chance of subsequent development of metastatic disease and local recurrence. Extended resection of lung cancer, whether it involves chest wall, great vessels, airway, or other structures, can be done but often carries higher perioperative risk than standard lobectomy. The combination of higher risk, more complex surgery with a greater propensity for nodal and/or metastatic disease in locally advanced cancers mandates a thorough and efficient preoperative assessment.

In general, any patient being evaluated for extended resection of any type should undergo dedicated chest computed tomography (CT) with intravenous contrast to best define the tumor in relationship to its surrounding anatomy and integrated positron emission tomography / CT (PET/CT) to evaluate the patient for nodal and distant metastatic disease. Any mediastinal nodes greater than 1 centimeter on short axis, or with elevated standard uptake value (SUV) on PET are suspect and warrant histologic confirmation. In the setting of clinical T4 tumors, surgical outcomes for known positive N2 or N3 disease are poor, and typically resection is not offered if discovered preoperatively. Even in the face of negative imaging, mediastinal node biopsy is critical in patients considered for extended resection. Staging procedures have low morbidity, and if positive, thoracotomy may be avoided with sooner initiation of chemotherapy and radiotherapy. Mediastinoscopy has been the standard for mediastinal nodal staging for many years and in certain cases, can be useful preoperatively to directly assess invasion of the trachea and mediastinal tissues. Increasingly, endobronchial ultrasound (EBUS) and esophageal ultrasound (EUS) are used in place of mediastinoscopy with similar sensitivity and specificity to mediastinoscopy while being less invasive. Radial endobronchial ultrasound has greater sensitivity than CT for assessing tracheal invasion. More detail regarding sensitivity and specificity of mediastinal staging is discussed in Chapter 12.

Due to the poor sensitivity of PET for detecting intracranial metastases, preoperative imaging of the brain, preferably by magnetic resonance imaging (MRI), should be routinely performed in any patient presenting for extended resection. It is not routine to obtain MRI of the chest for all patients, but rather this modality is used selectively to determine tissue invasion and relationship of the tumor to the spine, and central vasculature.

Patients with locally advanced tumors that are node-negative, but found to have distant metastatic spread are not considered for curative surgery except in very rare circumstances. A contralateral lung nodule may not be a metastasis, but instead a synchronous primary tumor, and, if fulfilling the accepted criteria established by Martini and Melamed [6], can be treated as such, with staged resection or possibly a combination of resection and stereotactic radiation. Those with a negative mediastinum and an isolated brain metastasis that is resected, or completely treated with gamma knife radiation, could be considered for extended resection, but these are truly rare circumstances and require a judicial evaluation of the anticipated benefit versus the potential morbidity of resection of the lung lesion in a multi-disciplinary thoracic tumor board conference.

Selection of patients for surgery requires a rigorous oncologic and physiologic evaluation. The traditional criteria for lung resection include a predicted postoperative forced expiratory volume in 1 second (FEV1) and diffusion capacity in the lungs for carbon monoxide (DLCO) of greater than 40% predicted, however, this value should not be used as an absolute contraindication for resection in all cases. This is particularly relevant for locally advanced tumors leading to obstructive atelectasis of the lung parenchyma to be resected. Calculation of postoperative predicted pulmonary function is familiar to practicing thoracic surgeons and the details of this are beyond the scope of this chapter; however, when discussing preoperative evaluation, a quantitative ventilation/perfusion (V/Q) scan can be critical to determine if a patient would tolerate resection. Often, the locally advanced tumor has impeded either the ventilation or the blood flow to the anatomic portion of the lung to be resected. Typically V/Q scans are not necessary for routine lobectomy, but are often used to help surgeons best determine resectability for more advanced tumors, particularly those requiring pneumonectomy.

Once deemed a candidate for curative surgery, certain principles guide surgical resection. Regardless of the structure invaded, anatomic resection the tumor involving dissection and division of pulmonary artery, pulmonary vein and airway at the hilum, with microscopically negative margins is the goal. Even in the face of negative preoperative mediastinal staging with imaging and biopsy, mediastinal lymphadenectomy is an integral part of any oncologically sound lung cancer resection, and particularly for extended resections. Osarogiagbon and colleagues recently reported a retrospective database review of lung cancer resection in the United States. The subgroup of patients who had undergone resection which “extended to chest wall, carina, or further” comprised 5% of their overall study population and had a disappointing rate of 54% (n = 316/582) of cases in which no mediastinal nodes were examined from surgery [7]. Adequate surgical mediastinal staging at the time of resection is critical to determine prognosis and for making evidence-based decisions regarding the appropriateness and extent of adjuvant therapy. Despite thorough preoperative staging with imaging and mediastinal node biopsy, some clinically node negative patients are found to harbor unexpected microscopic positive N2 nodes at the time of surgery. The combination of increased risk from extended resection, and the poorer survival of T3N2 and T4N2 lung cancer would lead many to abandon resection.



Chest wall invasion

Direct extension to the chest wall by primary pulmonary malignancy is the most commonly resectable scenario of locally advanced lung cancer that presents to the thoracic surgeon. Historically, this seemingly incurable situation was initially challenged by Coleman in 1947 who reported extended resection in seven patients, five of which underwent combined lung and chest wall resection [8]. Currently, lung and en-bloc chest wall resection is commonly performed and is considered the standard of care for T3N0 and T3N1 tumors with direct extension to the chest wall. Approximately 5% of patients presenting for lung resection have tumors of T3 status due to involvement of the chest wall [9], which is defined as invasion into the parietal pleura, and deeper.

Direct extension is obvious in some cases with evidence of bony destruction on the CT imaging, but can be subtle in cases where the tumor appears to abut the visceral pleural surface. While obvious bony destruction clearly indicates involvement, many patients have more subtle radiographic findings. The most sensitive CT finding is felt to be obliteration of the extrapleural fat plane (sensitivity of 85% versus rib invasion which had a sensitivity of 16%) [10]. The peripheral location of tumors invading the chest wall make symptoms such as cough, hemoptysis and postobstructive pneumonia rare, whereas focal chest wall pain is the most common symptom of chest wall invasion. Pain radiating along intercostal dermatomes or brachial plexus distribution can be seen with invasion as well. Since the parietal pleura and chest wall are richly innervated with sensory fibers, a patient's symptom of focal pain localized to the area may be more reliable to determine chest wall invasion than CT imaging. Focal chest wall pain has been shown to be a reliable indicator of chest wall involvement independent of CT imaging [11]. While PET is obtained on all patients with chest wall invasion to evaluate for distant metastatic disease, it is not sensitive for determining local invasion. Magnetic resonance imaging can provide information about local invasion, but is most useful for evaluating superior sulcus tumors to determine involvement of the brachial plexus, and subclavian vessels. It is not routinely used for preoperative evaluation of tumors with lower chest wall invasion. Most tumors with chest wall invasion should be biopsied percutaneously, rather than by bronchoscope due to their peripheral location. In occasional cases with questionable chest wall invasion, reviewing the CT images obtained during biopsy can demonstrate separation of the lung from the chest wall if a pneumothorax has occurred. Ultrasonography (US) can determine chest wall invasion by visualizing the pleural plane and lung movement during respiration. This dynamic examination in the hands of experienced clinicians is felt to have better sensitivity and similar specificity to the use of CT scan (US: 89% sensitivity, 95% specificity versus CT, 42% sensitivity, 100% specificity) [12], and this may be more useful for tumors lower in the chest which may move in real time imaging with diaphragmatic excursion during breathing. The apices of the lungs do not move during respiration and utility of this test may be more limited for those tumors. Routine ultrasonography for preoperative imaging is not necessary, since chest wall invasion is not a contraindication for curative surgery, and the decision about resection can often be made intraoperatively.

For the patient whose predicted postoperative pulmonary FEV1 (ppoFEV1) or DLCO is borderline after a prospective lung resection, it is important to recognize that typical calculations and guidelines relate to lung resection alone, and this does not take into account the physiologic insult of chest wall resection [13]. A single rib resection likely has minimal negative impact on breathing physiology, but resection of several ribs can lead to a physiologic scenario similar to flail chest from trauma, with paradoxical breathing motion, unless reconstructed. For the borderline patient, chest wall resection can greatly increase chances of respiratory failure and need for mechanical ventilation. Rigid stabilization with mesh and cement can decrease paradoxical movement to a large degree. It is still crucial for the clinician to appreciate that respiratory physiology will be more impaired postoperatively after a large chest wall resection combined with lung resection than simply lung resection alone. Martin-Ucar and colleagues found that low body mass index, age greater than 75 years, and preoperative FEV1 less than 70% predicted were independently associated with increased risk for postoperative mortality most often secondary to respiratory complications [13]. In rare cases which may have truly borderline pulmonary function and may not tolerate concomitant chest wall resection, additional preoperative imaging beyond CT alone such as MRI or US may determine eligibility for surgery.

In some cases, benign adhesions may tether the lung to the chest wall without tumor invasion. In cases of questionable invasion, the surgeon will have to decide whether to proceed with full thickness chest wall resection versus dissection in an extrapleural plane. In the absence of chest wall pain and firm fixation of the mass to the chest wall, combined with no clear radiographic evidence of invasion or violation of extrapleural fat planes, it may be acceptable to initiate dissection in an extrapleural plane, converting to a full thickness resection if there is later evidence of deeper invasion on frozen section. This may avoid unnecessary chest wall resection. If there is indeed invasion, the tumor plane has been breached, or there is microscopic deeper invasion, intrapleural resection could lead to a higher risk of local recurrence [11, 14, 15]. Frozen section histology can be useful in this situation to confirm completeness of resection.

The goal of surgery with chest wall invasion is complete en-bloc resection of the tumor with negative margins (R0 resection). Anatomic resection with lobectomy is standard, and can be accomplished several ways. Either a traditional open thoracotomy or a thoracoscopic approach for division of structures at the hilum and lymphadenectomy, with a more limited open incision for resection of the chest wall. Pleural disease is rare and precludes curative resection. Discovery of this thoracoscopically may allow quicker recovery than nontherapeutic thoracotomy. Entry into the chest is in a remote location from the tumor and thoracoscopic visualization can also guide margins of the chest wall resection rather than palpation. It can also confirm absence of pleural metastases [16]. For resection with an open thoracotomy, careful preoperative planning and review of imaging is crucial in order to enter the pleural space in a location remote from the tumor to avoid breaching tumor planes. After entering the pleural space, palpation of the chest wall and tumor typically guides resection. Typical margins are one grossly negative rib space above and below the affected area of chest wall invasion, and at least 3–4 cm anteriorly and posteriorly [16,17], although some advocate 1 cm gross negative margins [15]. One of the many challenges with resection of the chest wall and anatomic lung resection can be exposure of the hilum with a bulky mass fixed to the chest wall. In select cases, the chest wall resection is carried out first, then the lung is divided in a nonanatomic (wedge) resection to separate the tumor and contiguous chest wall from the remaining lung tissue at the hilum. This can greatly improve visualization of the hilum to remove the remaining amount of the lobe in an anatomic fashion and facilitate mediastinal lymphadenectomy.

Reconstruction with prosthetic mesh is generally not required for resection of a single rib. Defects of 5 cm or greater, which typically result from resecting multiple ribs, may benefit from reconstruction in certain locations. Some authors do not routinely reconstruct the chest wall with mesh and reporting minimal morbidity [17]. Typically, defects at the apex and those posterior defects covered by the scapula and paraspinous musculature may not need reconstruction even if more than one rib is resected. Anterior, lateral and inferior defects may benefit from reconstruction due to deformity and greater paradoxical breathing motion. Reconstruction may be indicated in some posterior defects at or just above the level of the scapular tip to prevent scapular entrapment from occurring. Alternatively, the tip of the scapula may be resected to mitigate against this. Some surgeons prefer to perform chest wall reconstructions with polytetrafluoroethylene (PTFE). It is available as solid sheets, impervious to fluid, has minimal ingrowth, and minimal incorporation into surrounding tissues. However, the prosthesis most frequently used is polypropylene mesh, a less expensive material than PTFE that has excellent tissue incorporation and resists infection well. As the tissue heals, there is ingrowth of tissue into the interstices of this mesh, which can add to the rigidity of the reconstruction. The open lattice of the mesh provides a framework for methylmethacrylate cement (sandwich technique) stiffening the reconstruction prosthesis of the chest wall (see Figure 15.1).


[image: images]

Figure 15.1 Polypropylene mesh reconstruction with methylmethacrylate.



Weyant et al. discussed chest wall resection in 262 patients and found a low incidence of respiratory failure (3.1%) following chest wall resection, which they attributed to selective use of mesh reconstruction, with and without methylmethacrylate. Although this was a heterogenous group containing patients with a variety of tumor types, their use of chest wall reconstruction was felt to improve respiratory mechanics and decrease postoperative pulmonary complications. [19]. While this cement can provide contour for anterior and lateral defects, and stiffen the mesh for less paradoxical movement, it is not perfect. The rigidity of the cement plate can be painful if placed in direct contact with the ribs, which move during respiration and body movement. Typically, if cement is to be used, it is contoured so that the edges of the methylmethacrylate do not abut or overlap the rib edges. A more anatomic reconstruction involves use of polypropylene mesh and injection of methylmethacrylate into silicone tubes to act as molds, which are formed to the desired contour of the chest wall and allowed to harden. The silicone tubes then are interposed between the cut ends of the ribs and sutured into place to create new rib-shaped prostheses [20]. Newer options for chest wall reconstruction include acellular collagen sheets which have been used after vertebral and chest wall resection for a primary chest wall neoplasm [21]. The biologic materials, such as the acellular collagen products, may be more resistant to infection than the synthetic prosthetic materials; however, due to increased costs, variable long term strength and limited availability, its routine use for chest wall reconstruction is not preferred over a traditional polypropylene mesh. If possible, a preserved muscle layer between the mesh and skin closure may improve healing and decrease the possibility for wound and mesh infection. The latissimus dorsi, serratus anterior, and pectoralis major muscles all have reliable blood supply and can be rotated to cover the mesh prosthesis. In the event of a superficial cutaneous and subcutaneous wound disruption, the mesh is not exposed. The need to preserve chest wall musculature is best considered from the outset of the operation in order to mobilize and spare the muscle when performing thoracotomy. Omental flaps and rectus abdominus muscle flaps may also be useful to cover mesh, but this also requires appropriate planning of the operative site. The placement of chest drainage tubes is a seemingly small detail, but important to keep the tube insertion site remote from the chest wall mesh site to minimize possibility of contamination. Finally, frozen section margins are obtained on soft tissue, but bone will take days to de-calcify.

Outcomes of lung resection for T3 tumors due to chest wall invasion are summarized in Table 15.2. Not all of the listed studies are directly comparable, since some studies included extrapleural dissection for what was deemed to be pleural invasion only, whereas other studies only included full thickness chest wall resection. Several studies report N status individually, whereas others report N1 and N2 combined [24,25, 28]. The reported mortality from surgical resection ranges from 0 to 8%, with a five year survival of 22–61% for all patients. Not surprisingly, survival was best for node negative (N0) patients, with five-year survival of 78%, while it is worse for patients with N2 metastases (0–20%). [15, 17, 18, 22–30]. The overall poor survival of this group of patients reinforces the importance of careful preoperative mediastinal staging.



Table 15.2 Outcomes of lung resection for direct invasion of the chest wall


[image: images]



Superior sulcus tumor resection

Superior sulcus tumors were first described by Henry Pancoast, a radiologist who noted a pattern of apical chest masses associated with significant pain. He did not attribute the masses to invasive lung cancer and initially felt they may be tumors of embryonal epithelial rests of the last branchial cleft [31]. Apical lung masses which invade adjacent structures have historically been called Pancoast tumors or superior sulcus tumors. Recently, however, there has been further discussion that a more accurate name would be apical chest tumors since there is no clear anatomic or radiographic correlation to a “superior sulcus” [32]. Despite different perspectives on terminology, most literature published regarding these tumors has used the phrase “superior sulcus tumors” which we will use for continuity. The strategy of radiation followed by surgical resection for these painful apical tumors was first discussed by Shaw, Paulson, and Kee in 1961 [33]. This extended posterior thoracotomy remained the most common surgical approach for this type of tumor for several decades. The Shaw Paulson approach is still used in many centers today.

While most would agree that these advanced locally aggressive tumors should be treated with trimodality therapy (involving surgery, radiation therapy and chemotherapy), there are different approaches and opinions regarding the order of the treatment components. The prospective, phase II Southwest Oncology Group trial (SWOG 9416), treated patients with cT3-4N0-1 superior sulcus tumors with concurrent cisplatin, etoposide and radiation to 45 Gy. Perioperative mortality was 1.8% and 5-year survival was 44% [34]. A European study included 31 patients with superior sulcus tumors, which included some N2 and N3 patients (cT3-4N0-3), incorporated three cycles of chemotherapy followed by chemoradiation to 45 Gy followed by resection after restaging. Complete resection was noted in 94% and 5-year survival was 46% [35]. The multidisciplinary approach from Toronto included induction chemoradiation according to the same protocol as SWOG 9416 and reported 5% operative mortality and 59% 5-year survival [36]. Lastly, a phase II Japanese trial of induction chemoradiation with platinum-based chemotherapy administered concurrently with 45 Gy of radiation showed similar outcomes to SWOG 9416 and had a 3.5% operative mortality rate with a 5-year survival of 56%. For bulky apical tumors that may be questionably resectable based upon imaging studies, there is theoretical appeal to delivering preoperative chemoradiation with the hope of tumor shrinkage, thus increasing the complete resection rate. Response to therapy can also inform the clinician regarding the efficacy of that particular treatment regimen on the individual tumor. Finally, there may be some patients who, despite upfront therapy with chemoradiation, may show signs of distant progression while on treatment. These patients may already have had undetectable subclinical distant disease, would have progressed after surgery and thus were spared a futile thoracotomy and its associated pain and complications. Despite these potential benefits of induction treatment, other centers hold the perspective that initial surgery allows upfront resection without the challenges and complications of operating in a radiated field. Post-radiation changes are not infrequently difficult to distinguish from tumor and tissue planes may be obliterated, making resection more difficult. Microscopic or macroscopic tumor left after surgery is impossible to treat effectively with radiation following preoperative radiation treatment. Proponents of postoperative radiation maintain that saving radiation until after surgery allows delivery of higher doses of radiotherapy than can be delivered in a preoperative setting. In addition, these patients frequently have severe unrelenting pain, and initial surgery may offer quicker and more durable palliation [37]. Finally, there are more supportive data for delivery of adjuvant therapy compared to preoperative delivery of therapy for non-small cell lung cancer in general. A recent prospective phase II study was conducted by a multidisciplinary group at the M.D. Anderson Cancer Center. Initial surgery for superior sulcus tumors was followed by radiation therapy (RT) of 60 to 64.8 Gray (Gy) with two cycles of etoposide and cisplatin administered concurrently with RT and 3 additional cycles after completion of RT. The results demonstrated 2-year, 5-year, and 10-year rates of locoregional control of 84%, 76%, and 76%; with overall survival of 72%, 50%, and 45%, respectively. This approach of trimodality therapy allows delivery of higher doses of RT than the strategies in which pre-operative radiation is used limiting the radiation dose to 45 Gy [38].

Involvement of the subclavian artery or vein, once felt to be a contraindication to curative resection is routinely resected in some centers. The anterior cervical incision extending along the sternocleidomastoid muscle, over the clavicle, and across the anterior chest wall as described by Dartevelle and colleagues provides excellent exposure to the apex of the chest. It provides proximal and distal control of the vasculature as well. A modification to this anterior approach presented by Grunenwald et al. [39] involving division of the manubrium (but preservation of the clavicle and sternoclavicular joint) and rotation of the entire clavicle and musculature, which is known as a “trap door” approach. The rotation of this ostemuscular flap provides excellent exposure, with the benefit of easier stabilization with wires to reapproximate the cut manubrium. An additional benefit of the cervicothoracic approach is the ability to dissect and submit scalene nodes through this approach. Some centers use the cervicothoracic approach for most superior sulcus tumors and usually perform the apical dissection and hilar dissection from that single incision. Some use combined cervicothoracic approach for vascular dissection and separate thoracotomy for hilar dissection, even A hybrid approach combining a transmanubrial cervicothoracic incision with the addition of thoracoscopic dissection of the hilum is another option [40,41]. It has been proposed by de Perrot and colleagues that the thoracic inlet can be divided into different zones, with more anterior involvement being better approached via an anterior cervicothoracic incision with preservation of the clavicle, central involvement which is most challenging is best exposed with transclavicular exposure, and posterior involvement along the spine and nerve roots being better exposed posteriorly [42]. Despite the variety of perspectives, local expertise and familiarity with the different approaches certainly can play a role in the choice of surgical approach. Resection and reconstruction of the artery and vein are routinely done in centers with significant expertise. Simple ligation of the vein can be done, if necessary, and may be tolerated due to significant collateral venous flow around the shoulder girdle. Due to a risk of postoperative upper extremity edema, most would reconstruct the subclavian vein.



Vertebral body involvement

Invasion of the chest wall alone constitutes T3 status whereas vertebral body invasion is considered T4 (see Figure 15.2). There is a spectrum of vertebral invasion ranging from focal invasion of the transverse process or vertebral body to near replacement of the entire vertebra by tumor. In some cases, extension of the tumor into the spinal canal with impending cord compromise is seen. Invasion into the vertebral body is not a contraindication for curative resection, but does require careful planning for safe complete resection. This should be performed in an experienced center and in collaboration with spine surgeons. In a few select centers, tumors with invasion into the vertebral body have been successfully treated by either partial vertebrectomy or total vertebrectomy with prosthetic reconstruction hardware to stabilize the spine (see Figure 15.3). [37, 43–45]. Resection is typically only done for curative intent. Palliative surgery for pain control or to limit spinal cord compromise is reported in 10% (4/39) of those undergoing vertebrectomy in one series [37]. A retrospective review of 39 cases of superior sulcus tumors with vertebral invasion was reported by Bolton and colleagues from the M.D. Anderson Cancer Center. Surgery was performed with adjuvant radiation and chemotherapy administered following resection, R0 resection was achieved in 22 of 39 cases (56%). Median survival was 18 months and 5-year survival of 27% was highly dependent on the presence or absence of nodal metastases. Patients who underwent resection, who had negative nodes had a 5-year survival of 41%, whereas there were no long-term survivors in patients who had positive mediastinal or hilar nodes [37].
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Figure 15.2 Axial imaging CT demonstrates bony involvement of both rib and vertebra.
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Figure 15.3 Extensive resection of the spine due to local invasion requires stabilization with hardware as demonstrated in postoperative imaging (a) and intraoperative photograph (b).



The complications of chest wall and spine resection in conjunction with anatomic lung resection include all of the common complications of lung resection (such as arrhythmia, pneumonia, atelectasis, or air leak) however, certain complications are unique to chest wall and vertebral resection or reconstruction. Infection of the mesh prosthesis can be challenging. Prosthetic material such as polytetraflouroethylene (PTFE) has poor tissue ingrowth and almost always requires complete removal. Polypropylene mesh, if infected, may require removal. If the mesh is partially incorporated, it can often be treated with surgical irrigation or a negative pressure wound therapy system (VAC- Kinetic Concepts Inc., San Antonio, Texas, USA) can be used to promote granulation tissue through the mesh and healing with the mesh in place. The rigidity of methylmethacrylate can be painful if placed in close proximity to ribs or sternum. The painful clicking or popping can occasionally necessitate a second operation. This is best avoided by keeping the rigid material away from bony structures. Due to the location of the thoracic duct and its junction with the left subclavian-jugular vein confluence, dissection of apical structures on the left side must be done with care. The surgeon should be vigilant for any pooling of lymphatic fluid and ligate any lymphatic leaks during the operation with permanent suture. Postoperative low volume chyle leaks from minor ducts can be treated nonoperatively with minimizing oral intake, parenteral nutrition, and octreotide. However, if the leak is high output and does not respond to these initial measures, it may be due to an injury of the main duct. Reoperation and ligation of the duct (usually through the right chest) is often required and can readily be performed thoracoscopically.

Dissection of posterior chest wall tumors can require disarticulation of the rib heads from the costotransverse and costovertebral joints. Care should be taken to identify and ligate the nerve roots and intercostal vessels. Cerebrospinal fluid (CSF) leaks have occurred following transection of nerve roots. The accompanying dural sheath encasing the nerve root can be damaged by proximal division of the nerve and lead to a CSF leak if it is not ligated first. The clinical scenario of high output from the chest tubes and severe postural headache worsening in the upright position should raise suspicion. The combination of positive pressure of the CSF and negative intrathoracic pressure leads to a challenging situation unlikely to resolve without some form of intervention. Placement of a lumbar CSF drain and/or autologous blood patch may used to treat some dura leaks, but if it does not respond to these measures, reoperation may be required. A case report of neurologic dysfunction due to pneumocephalus following superior sulcus tumor resection [46] included a literature review and cited 17 other cases of pneumocephalus following thoracotomy for superior sulcus tumors due to dura leak. Some cases with minimal symptoms demonstrated spontaneous resolution, but cases with more serious neurologic dysfunction required reoperation. If a dural tear is encountered during vertebrectomy this is best treated with immediate repair and coverage with a pedicled soft tissue rotational flap such as intercostal or serratus muscle.



Diaphragm Involvement

Few reports are available regarding lung resection for tumors with direct extension into the diaphragm. While this is not common for lung cancer, this is a common scenario in patients with malignant pleural mesothelioma and imaging tumors with CT or MR does not always demonstrate diaphragmatic invasion. Diaphragmatic invasion by lung cancer may not be suspected initially, and is primarily encountered intraoperatively. Diaphragm invasion is a rare situation, presenting in less than 0.2% of all lung cancer resections at a single institution (n = 8/4668) reviewed retrospectively by Weksler et al. [47]. Portions of the diaphragm can easily be resected, and small defects can be repaired primarily with nonabsorbable suture using horizontal mattress sutures of nonabsorbable material such as braided polyester. If a defect is larger than can be repaired primarily, mesh can be used, but a smooth solid mesh prosthesis such as PTFE is preferable over coarser polypropylene mesh due to potential contact with abdominal viscera. Long-term survival is reported to range from 20 to 39% at five years following en-bloc resection of lung cancer with the diaphragm [48,49]. Poorer survival of patients with diaphragmatic invasion compared to other sites of T3 invasion may be related to the lymphatic drainage of the diaphragm itself, which drains not only to the mediastinal nodes, but also the internal mammary chain and the infradiaphragmatic para-aortic nodes [50]. Finally, depending upon the location of the diaphragm resection and potential denervation of remaining diaphragm muscle, resection may impair breathing physiology. This should be considered in more marginal patients.



Phrenic nerve involvement

Lung tumors abutting the mediastinum with concomitant ipsilateral elevated hemidiaphragm signify phrenic nerve invasion. A quantitative V/Q scan may demonstrate that the affected lung may contribute less to their breathing physiology than the contralateral side. Alternatively, a “sniff” test may be performed using fluoroscopy to document paradoxical movement of the ipsilateral hemidiaphragm upon inspiration. In these patients, resection of the tumor en-bloc with the nerve is done to offer a curative resection if the patient meets other oncologic and physiologic criteria for surgery. No attempt is made to dissect and spare the nerve if it is nonfunctional.

Unexpected phrenic nerve involvement (the diaphragm is in a normal position preoperatively) can be encountered, and, if possible, careful dissection and neurolysis is sometimes possible if the tumor does not directly invade the nerve. There is risk of short-term and even long-term paresis because of devascularization of the nerve. However, if invasion is present, the nerve can be sacrificed safely in most patients unless their pulmonary reserve is borderline. Plication of the affected diaphragm after unilateral nerve resection was reported in 6/13 patients undergoing resection of lung and mediastinal tumors by Tokunaga et al. They noted a need for mechanical ventilation longer than 7 days in 2/13 (15%) of their patients overall but in 2/6 (33%) of those who had undergone lung resection with phrenic nerve sacrifice [51].



Recurrent laryngeal nerve involvement

The right recurrent laryngeal nerve (RLN) descends as fibers of the vagus nerve. After coursing around the right subclavian artery, it ascends in the tracheoseophageal groove to innervate the larynx. The left RLN descends along with the left vagus anterior to the aortic arch before wrapping around the inferior arch and ascending again in the left tracheo-esophageal groove. Preoperative hoarseness is an ominous sign, for it signifies not just invasion of the nerve, but often invasion of associated mediastinal structures (subclavian artery, aorta, esophagus or trachea). Invasion of only the nerve usually does not preclude surgery, but the limitation to resectability may be the direct extension into associated vascular structures, viscera or the presence of nodal and distant disease. Intraoperative discovery of tumor abutting a preoperatively functioning nerve can happen, and if a tissue plane exists, neurolysis can spare the nerve. However, if the RLN is sacrificed the risk of aspiration in the postoperative period is high. These patients should remain fasting and nutritionally maintained using either enteral feeding or total parenteral nutrition until a speech therapist has been able to document their aspiration risk. Frequently, a contrast fluoroscopic modified barium swallow examination is required. If patients aspirate, then temporary medialization of the affected vocal cord can be performed using Teflon or fat injection. Definitive vocal cord medialization may be required but is best performed after 2–3 months have passed so that the degree of lateralization of the affected cord stablizes allowing the otolaryngologist to perform an optimized medialization procedure. Early vocal cord injection can improve voice quality, decrease aspiration, and improve the ability to cough and clear secretions in the postoperative period.



Pericardium

Direct extension of tumor onto the pericardium is considered stage T3 and is amenable to resection. However, presence of pericardial fluid on imaging may represent a malignant pericardial effusion. If confirmed, this is considered M1a and is not surgically curable. Unfortunately, the diagnosis of transmural pericardial invasion with epicardial involvement can be difficult to diagnose accurately in the preoperative setting. While pericardial resection due to direct invasion is not commonly described in the literature, surgical principles such as resection to a negative margin are followed. Often this will require resection of the phrenic nerve as well. Lung resection combined with resection of a portion of the pericardium can result in a pericardial defect, and if left untreated could be a risk for cardiac herniation, which is of particular concern on the right side following pneumonectomy where herniation may lead to torsion of the heart on the caval axis resulting in rapid hemodynamic collapse and death. Most surgeons choose to repair the pericardial defects with smooth PTFE mesh or softer absorbable material such as polyglycolic acid or polyglactin mesh. If a solid material such as PTFE is used, it is prudent to create multiple small fenestrations to evacuate postoperative fluid. This avoids tamponade from accumulated intrapericardial fluid. Bulky tumors at the hilum can be more easily resected if the pericardium is opened. Intrapericardial dissection of the pulmonary artery and veins is performed as well. Closure of the pericardial defect is a simple but important step to avoid cardiac herniation, which is often lethal. On the left side, even if pneumonectomy is performed, pericardial reconstruction is not required, however, the defect should be widely opened to prevent partial herniation of the heart. On the right, if sufficient pulmonary parenchyma remains, the defect does not generally require repair. Repair is advised if a lower and middle lobe bilobectomy is performed and is mandatory in conjuncton with a pneumonectomy.



Heart and great vessels

Invasion of the vena cava, aorta, or subclavian artery have been deemed incurable clinical scenarios at one time or another. Currently, tumors with great vessel invasion are often not amenable to surgical cure due to bulky nodal or distant disease. For select T4N0 or T4N1 patients without metastatic disease and adequate respiratory reserve, resection to negative margins for curative intent (see Figure 15.4) has been done in specialized thoracic centers with acceptable morbidity and long-term survival.
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Figure 15.4 Resection of superior sulcus tumor in conjunction with spine (stabilization hardware shown) and subclavian vessel (replaced by ringed PTFE graft).



Direct ingrowth of the tumor into the superior vena cava (SVC) does not preclude curative resection. Preoperative planning is critical. Obtaining large bore intravenous access in the lower body allows intravenous fluids and pharmacologic agents to be infused during SVC clamping. Depending on tumor location and size, either sternotomy, or an anterior thoracosternotomy, also known as hemi-clamshell incision can be used to provide better access to the upper mediastinum and hilum than a traditional thoracotomy. Limited involvement can be addressed by resection to negative margins with primary repair. Larger defects may require patch repair with either prosthetic material or autologous tissue such as pericardium, saphenous vein as a spiral graft, or azygous vein. Complete segmental resection and reconstruction is possible with good results using dacron grafts, PTFE, or bovine pericardium, however, clamping the SVC can lead to a rapid drop in preload and subsequent hypotension. Generally, this will require resection of the right phrenic nerve as well. The combination of arterial hypotension and acute venous congestion can lead to cerebral edema. Protective strategies such as intravenous steroids, heparin, and use of vasoconstrictors may decrease this risk [52]. Furthermore, it is essential that infra-diaphramatic venous access be established in cases where SVC resection is anticipated. Series reporting SVC resection for lung cancer have reported an operative mortality ranging from 7.7 to 14% and a 5-year survival from 24–31% [53–56]. For complex cases entailing SVC reconstruction as well as carina resection, care must be taken to minimize contamination from the airway to decrease risk of graft infection, which could be a truly disastrous complication. Tumors invading the SVC may present with SVC syndrome, which is swelling and congestion of the face and upper extremities, though the absence of these symptoms do not imply lack of SVC invasion. Development of collateral supply over a the slow course of tumor progression may prevent such facial swelling. Rarely, SVC syndrome presents with negative mediastinal nodes, no distant metastases and is compatible with resection of localized disease. In cases not surgically resectable, symptomatic patients are referred for palliative SVC angioplasty and stenting to relieve the symptoms due to venous congestion. Surgical bypass of the SVC may also be performed.

Aortic invasion was previously felt to be a contraindication for curative resection, yet select cases of NSCLC invading the aorta have been resected with acceptable long term survival. Aortic invasion is suspected in patients with an absent fat plane between the aorta and tumor on imaging, flattening of the concave wall of the aorta when filled with contrast, intraluminal irregularity, and interscapular back pain. The imaging characteristics for aortic invasion on CT and MRI have low sensitivity. Intravascular ultrasound has improved sensitivity, but this may not be widely available at all centers. Often, the only way one can definitively establish the presence or absence of invasion is intraoperative examination by an experienced thoracic surgeon. Most often, lung cancers abut but do not invade the aorta. Encountering focal adhesions between the tumor and descending aorta can be readily addressed with careful dissection along the vessel, and a clear plane may exist beneath the adventitia, however, deeper invasion into the media may require with full thickness excision and repair with a prosthetic graft. Simply cross-clamping the aorta puts significant afterload on the left ventricle while the lower half of the body is ischemic. Either passive arterial shunting or bypass from atrium to descending aorta should be considered to avoid deleterious hemodynamic effects of clamping, and perfuse the lower body. Misthos and colleagues reported resection of T4 lung cancer with aortic invasion in 13 patients with 0% complication rate and 100% survival at 5 years for the subgroup of T4N0 and 30.7% five year survival overall [57]. Ohta and colleagues also reported their series of 16 resections of T4 with aortic invasion (n = 16). In their series, they report a 12.5% mortality rate and 31% complication rate. Despite significant perioperative morbidity and mortality, five year survival for pT4N0 (n = 10) was 70%. The other 6 patients were staged as pT4N2-3 with only one surviving five years (17% survival) [58]. Preoperative endovascular stent grafting has been reported in a case of the descending aorta to facilitate resection of a left lower lobe tumor with invasion of the aorta and avoid the hemodynamic challenges of cross-clamping the aorta, while avoiding complications associated with bypass. A redo thoracotomy and completion left pneumonectomy permitted an R0 resection of a T4N1 without the need for bypass and the patient was reported alive and well, disease free at 23 months [59].

Cardiopulmonary bypass (CPB) has been employed to allow some tumors to be resected. A recent literature review yielded 20 articles discussing CPB with resection of non-small cell lung cancer [60]. Overall five-year survival was 37% with a significant difference between planned and unplanned use of CPB (54% vs 11%). Overall 90-day perioperative mortality was 1%, indicating that even with CPB short-term and long-term survival is acceptable, and for select patients with potential for cure, CPB can be a valuable operative strategy [60]. Despite the appeal of CPB to facilitate complex resections, systemic heparinization and resultant inflammatory response from the perfusion pump is associated with its own risks and challenges, including pulmonary edema which is poorly tolerated following pneumonectomy. A report by de Perrot and colleagues of seven cases involving CPB and lung resection involved two cases where CPB was used for carinal resection; both of these patients developed respiratory complications and had a prolonged postoperative course, but did survive [61]. A series of 19 patients with advanced thoracic malignancies underwent resection with CPB. These cases were predominantly sarcomas, but one case in the series was a primary lung cancer invading the descending thoracic aorta. The patient underwent resection for curative intent and was alive at 25 months [62]. Cardiopulmonary bypass can be utilized in cases of lung cancer invading the heart, pulmonary veins or main pulmonary artery or in scenarios as a strategy to maintain oxygenation while resecting and reconstructing the airway. While this is a seemingly aggressive approach, long term survival is clearly demonstrated in some patients. Proper patient selection, combined with surgical expertise, may allow these patients a curative option.

Infiltration of tumor along the pulmonary veins and direct extension into the left atrium is another scenario of limited T4 invasion amenable to local resection. Stella and colleagues report 31 patients with invasion along the intrapericardial pulmonary vein or left atrium. Transesophageal echocardiography was used intraoperatively, and R0 resection was noted in 94% (29/31). Cardiopulmonary bypass was not required. Their three deaths were all right side intrapericardial pneumonectomies. Despite negative margins and a low rate of N2 disease (26% 8/31), the three-year survival rate was only 30% [63]. A similar cohort requiring left atrial resection (n = 46) was reported by Wu and colleagues. In their series they noted 0% operative mortality and 38% three-year survival and 22% five-year survival[64].



Trachea

Tracheal and carinal resection is certainly a technically challenging situation but the combination of proper patient selection and treatment in a high volume center with expertise in these approaches can lead to resection with negative margins and long term disease free survival. The details of tracheal and carinal surgery are covered in detail in Chapter 18.



Surgical perspectives for synchronous tumors

Clinical scenarios presenting two localized tumors in separate lobes (or separate lungs) have interesting diagnostic and therapeutic challenges and may be surgically curable. These warrant referral to a thoracic surgeon for evaluation. While these scenarios are not technically demanding in the manner that T4 tumors with visceral invasion are, they do present their own unique challenges. Certainly, preoperative staging is critical and aforementioned principles of staging the mediastinum with CT and PET and tissue sampling with EBUS, EUS or cervical mediastinoscopy are necessary for accurate patient selection. Different histologic cell types certainly indicate separate primary tumors, whereas the same cell type may represent solitary metastasis or synchronous primary tumors. Molecular testing may be of use to determine if two same histology nodules are likely separate primary tumors or a solitary metastasis; however, this clinical picture can still be approached with curative intent in the absence of mediastinal or other distant disease. The most recent changes to the AJCC staging system have addressed the status of separate nodules. Same lobe satellite nodules, previously considered T4 have been changed to T3 status to reflect overall better prognosis, and can routinely be treated with lobectomy after thorough preoperative staging. Nodules in the same lung, but different lobe, are categorized as T4, and contralateral disease is considered M1a but may be surgically resected for cure.

Lesions in different lobes of the same lung may be addressed with lobectomy for the larger or more central lesion and sublobar resection for the smaller or more peripheral lesion. If two separate primary lesions are found in different lungs, most surgeons would address this as staged procedures rather than trying to resect both sides in the same setting, due to pain and respiratory compromise from bilateral thoracotomies. A midline sternotomy can be performed with access to both pleural spaces, and this approach has routinely been done for wedge resections of bilateral pulmonary metastases from extrathoracic tumors. While bilateral wedge resections can be performed this way, access to the hila of the lungs and ability to do anatomic resection with thorough mediastinal lymphadenectomy is limited and most thoracic surgeons would not approach bilateral lung cancers in this fashion for these reasons. Depending upon the size and location of the tumors, a patient with two separate sites of NSCLC may be treated with surgical resection of both tumors as discussed. If a sublobar resection is performed, segmentectomy may be oncologically preferable to nonanatomic wedge resection, if possible. A combination of resection and other localized nonsurgical ablative techniques such as stereotactic radiation or percutaneous radiofrequency ablation may also be appropriate. While these situations are rare, it may be favorable to perform anatomic resection of the larger or more central tumor whereas, a smaller more peripheral tumor may be amenable to ablation as a staged procedure.

A single center retrospective review of 116 patients with synchronous primary lung cancers in different ipsilateral lobes (T4) or contralateral lung (M1a) demonstrated better survival than would otherwise be predicted by the AJCC staging of these tumors with mean overall survival of 65 months [65]. A systematic review pooled data from six separate studies to determine prognostic factors for survival in patients undergoing resection for synchronous primary lung cancer. Male gender, increased age, and node positivity were all associated with poorer prognosis. Bilateral location of the tumors was associated with decreased mortality: HR 0.69 (95% CI 0.50–0.94) and the median overall survival was 52 months for all patients [66]. The data suggests that while these patients are considered stage IIIB or IVa, their long term survival after curative resection is much more favorable than others with IIIB or IVa, and they should routinely be evaluated for surgical resection if possible.



Summary

Invasion of lung cancer into adjacent organs signifies a locally aggressive tumor. The greatest determinant of survival is not always the degree of local invasion, but instead the lymphatic and hematogenous spread of tumor. This principle is demonstrated by presenting effective curative strategies for locally aggressive and destructive tumors. After thorough preoperative staging has excluded mediastinal nodal or distant disease, complete en bloc resection of the tumor with adjacent structures is the best possible strategy to provide long-term cure. Advances in surgical technique, perioperative care, collaboration with other experts, and appropriate delivery of multimodality therapy has allowed the thoracic surgeon to expand boundaries of resection and offer curative resection or longer survival to many with locally advanced lung cancer.
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Introduction

Lung cancer is the leading cause of cancer mortality in the United States, with more than 150 000 people dying from lung cancer annually [1]. As many as 60% of patients with non-small cell lung cancer (NSCLC) have symptoms related to locoregional involvement at the time of diagnosis [2]. Among the complications of lung cancer that may be amenable to palliation with therapeutic bronchoscopy are central airway obstruction, hemoptysis, and bronchial fistulas [3–5]. Bronchoscopic techniques may also be used to treat central early stage central lung cancers, although the use of such treatment is only recommended for those patients who cannot tolerate standard treatment with surgery or definitive external radiation [6,7]. The only such lesions amenable to bronchoscopic treatment are those within reach of the rigid or flexible bronchoscope – primarily the trachea, main bronchi, bronchus intermedius, and occasionally the proximal lobar bronchi [3,8,9]. In this chapter we will briefly review the types of central airway lesions that are amenable to bronchoscopic intervention (listed in Table 16.1). We will then discuss in more detail the bronchoscopic techniques used for the palliation and treatment of central airway disease in lung cancer. Other causes of central airway disease are beyond the scope of this chapter.



Table 16.1 Bronchoscopic interventions used in lung cancer





	Mechanical interventions

	Rigid bronchoscopy

	Balloon bronchoplasty

	Airway stenting

	Microdebrider bronchoscopy






	Thermal interventions

	Laser bronchoscopy

	Endobronchial electrocautery

	Argon plasma coagulation

	Endobronchial cryotherapy






	Nonmechanical, nonthermal interventions

	Photodynamic therapy

	Endobronchial brachytherapy











Central airway disease in lung cancer amenable to bronchoscopic treatment

The most common indication for therapeutic bronchoscopy in patients with lung cancer is for palliation of symptoms related to tumor involvement of the central airways. Selection of the bronchoscopic method depends on type of symptoms present, the nature and location of the lesion causing the symptoms, and the locally available equipment and expertise (Figure 16.1) Central airway obstruction (CAO) involving the trachea or mainstem bronchi may cause complications in as many as 20–30% of patients with lung cancer [8]. These complications include dyspnea, atelectasis, and postobstructive pneumonia. Patients often do not develop symptoms until the narrowing is severe [8]. The type of central airway obstruction determines the most effective and appropriate therapy. Bolliger et al. describe three types of airway stenosis: those with primarily intraluminal tumor growth, those with primarily extraluminal compression, and those with elements of both [3]. Those lesions with primarily intraluminal involvement are best treated by utilizing mechanical and ablative methods to debulk and destroy the tumor, thereby restoring luminal patency. Lesions characterized primarily by extraluminal compression

of the airway require dilation to restore airway patency followed by stenting if significant residual stenosis remains. Combined modality treatment is usually required for patients with lesions characterized by both intraluminal tumor and extraluminal compression of the airway. Hemoptysis is also a common locoregional complication of lung cancer. Although more commonly seen in esophageal cancer, tracheo-esophageal and broncho-esophageal fistulas may occur in patients with lung cancer [10]. These most often develop after treatment with chemoradiotherapy and may have devastating consequences related to continuous contamination of the respiratory tract [5,10]. Endobronchial therapy with stenting can be used to palliate these lesions and improve the quality of life for patients with such fistulas [11,12].
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Figure 16.1 Selection of appropriate endobronchial therapeutic options based on location and type of lesion. Source: Reproduced with permission of Dr R. Morice.



While massive hemoptysis is relatively rare, submassive hemoptysis occurs in as many as 20% of patients with lung cancer at some time during their disease [13]. The precise definition of massive hemoptysis is controversial, with various authors advocating from 100 to 1000 ml of expectorated blood in a 24-hour period or a bleeding rate greater than 100 ml/hr. From a clinical perspective, massive hemoptysis is better defined as hemoptysis associated with respiratory insufficiency or hemodynamic instability [14]. Hemoptysis originating from discrete lesions in the visible central airways may be amenable to bronchoscopic palliation. Localizing the source of bleeding to a central airway lesion requires rapid clinical evaluation including imaging studies and flexible or rigid bronchoscopy. Imaging and bronchoscopy should be considered complementary techniques, and clinicians are more effective at localizing the bleeding source when both are used [4,15]. Bronchoscopy is most helpful in localizing the site of bleeding if the rate of bleeding is 200 mL/day or more [16]. Once the site has been localized, efforts should initially focus on isolating the bleeding side and protecting the good lung. Useful techniques can include placing the bleeding side down, selectively intubating the nonbleeding mainstem bronchus, or deploying an endobronchial blocker on the bleeding side to tamponade the hemorrhage. Once the patient has been stabilized, sources of bleeding in the central airways can be managed using a variety of bronchoscopic techniques, including thermal therapies, mechanical resection of bleeding tumors, photodynamic therapy, and brachytherapy. More distal sources of bleeding are better managed with bronchial artery embolization or surgery.

Endobronchial treatment with brachytherapy or photodynamic therapy is also indicated for patients who present with early stage lung cancer confined to the central airways and who are not candidates for standard surgical or radiation treatment due to the location of the tumor, poor lung function, or otherwise poor performance status. The intent of treatment in this situation is curative [9]. The types of lesions that respond best to endobronchial treatment with curative intent are less than 1 cm in diameter, do not invade beyond the cartilaginous layer of the bronchial wall, and have not metastasized to regional lymph nodes [17]. Brachytherapy and photodynamic therapy can also be used to augment the effect of traditional external beam radiotherapy for tumors involving the central airways or to treat postsurgical endobronchial recurrence [9].



Mechanical bronchoscopic interventions in lung cancer

Mechanical bronchoscopic techniques can be used to debulk endobronchial tumors and dilate and reinforce narrowed or compromised airways in patients with lung cancer and airway obstruction. These techniques include rigid bronchoscopy, airway stents, and microdebrider bronchoscopy.

Rigid bronchoscopy is among the most important tools available for treating symptomatic central airway lesions of all three types. Rigid bronchoscopes are hollow metal tubes with side ports used for ventilation and the introduction of suction and other tools into the airway. They also permit the establishment of a safe airway and ventilation strategy prior to resection of obstructing tracheal tumors. Jet ventilation rather than volume cycled ventilation can be used with an open circuit to facilitate the passage of instruments through the working channel. They are typically used with a lighted telescope to enable good visualization of the airway distant to the tip of the bronchoscope. Rigid bronchoscopes come in varying sizes ranging from 2 mm external diameter to 14 mm external diameter. The flexible bronchoscope can also be passed through the rigid scope in order to facilitate examination of the more distal bronchi. The relatively large caliber of the interior channel of the rigid bronchoscope is of particular importance and allows it to serve as a conduit for other therapeutic instruments. Interventional bronchoscopists will often use more than one tool at a time through the lumen of the rigid scope, and some interventions, most notably silicone stents, can only be placed via the rigid bronchoscope. The rigid bronchoscope allows the bronchoscopist to secure the airway and facilitates oxygenation and ventilation while interventions are performed. In addition to its function as a conduit for other therapeutic instruments, the rigid bronchoscope itself can be used to treat central airway obstruction from lung cancer by “coring-out” the tumor. Most commercially available rigid bronchoscopes have a beveled tip. The operator can use the rigid bronchoscope to resect endoluminal tumor by placing the beveled edge of the tip against the portion of the endoluminal tumor. A corkscrew motion of the scope is then used to shave off portions of the tumor which are then removed using forceps or suction via the interior channel of the rigid bronchoscope [18,19]. It is important to maintain proper orientation of the rigid bronchoscope during endobronchial tumor resection. If the bronchoscope is not held parallel to the airway wall there is a risk of airway perforation. The pressure of the barrel of the bronchoscope on the airway wall also helps to tamponade the lesion and reduce bleeding after resection [8]. The rigid bronchoscope can also be used to dilate narrowed portions of the airway without resecting endoluminal tumor. Rigid bronchoscopes of sequentially larger size may be passed through a stenotic portion of airway, producing progressive mechanical dilation. The disadvantage of this technique is that it does not allow for visualization of the mucosa during dilation and may cause more mucosal damage than sequential dilation with balloon catheters [8,18,19].

Balloon bronchoplasty is another technique used to treat bronchial obstruction due to extrinsic compression by tumor. In this technique, a flexible inflatable balloon catheter is introduced via either the flexible or rigid bronchoscope and inflated in order to dilate a narrowed segment of the airway. The tip of the balloon catheter should reach beyond the stenosis, and the catheter should be inflated to a diameter greater than that of the stenotic airway in order to achieve dilation. While balloon dilation alone is often enough to achieve an acceptable degree of improvement in airway stenosis due to external compression, many patients with compression due to malignancy also require stents to maintain airway patency after balloon dilation [20] (Figure 16.2a–c)
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Figure 16.2 a: A 69-year-old female with adenoid cystic carcinoma presenting with severe dyspnea and tumor obstructing the lower trachea and bilateral mainstem bronchi. b: Sequential balloon dilation of the lower tracheal stricture. c: Restoration of airway patency after sequential balloon dilation and tracheobronchial silicone Y stent placement.



Airway stents have become an increasingly popular technique for palliating airway stenosis from malignant disease. The most popular types of stents currently in use are silicone stents and self-expanding metal stents (SEMS). Bronchoscopically placed silicone stents were first developed by Dumon and reported in 1990 [21]. Once they are deployed using a rigid bronchoscope, they are relatively easy to remove or adjust. In addition to the traditional straight cylinder, silicone stents can also be configured in a Y-shape to accommodate the trachea and bilateral mainstem bronchi [22]. Most types of silicone stent have studs lining the external wall in order to reduce the chance of migration [21]. Silicone stents can also be customized on-site to optimize their conformation to the patient's airways and allow successful treatment of more complex airway stenosis [23]. Disadvantages of silicone stents are that they may be difficult to deploy at times, are prone to migration, and do not conform well to tortuous airways [22]. Self-expandable metal stents are usually made from alloys such as nitinol (nickel and titanium) which are more elastic than steel while still providing sufficient radial force to resist extrinsic compression from tumor. Some SEMS are uncovered metal, and others are partially or completely coated with polyurethane. They are easier to deploy than silicone stents and can be placed during flexible bronchoscopy. SEMS are also less prone to migration than silicone stents. They cannot be customized on-site, however, and the woven metal design of uncovered SEMS can allow some tumors to grow through the stent wall and into the lumen. They are also more difficult to remove or adjust than silicone stents and more likely to erode through the airway wall [22]. Indications for airway stenting in patients with lung cancer are primarily to relieve airway obstruction and to seal airway fistulas. Stents are not effective for relieving obstruction due primarily to intraluminal tumor. They are best used for bronchial obstruction caused by extrinsic compression of the airway, with or without an associated intraluminal component. It also must be noted that stenting is ineffective in patients who do not have patent airway and viable normal lung distal to the bronchial stenosis. An area of lung that has been collapsed for a prolonged period of time may not recover even if stenting is performed [22]. Stenting can also be a successful palliative measure for patients with lung cancer who form fistulas from the tracheobronchial tree to the esophagus. Esophageal stents are more commonly used than airway stents for palliation of airway-esophageal fistulas, but they may erode into the bronchi (reopening the fistula) or compress the airway (resulting in dyspnea from obstruction) [24]. Double stenting with both airway and esophageal stents or initial treatments with an airway stent prior to placing an esophageal stent have been used in attempting to avoid these complications. Both silicone stents and SEMS have been used successfully for this purpose. It should be emphasized that stenting of bronchial fistulas is at best a palliative procedure for patients who cannot tolerate surgery, which remains the only potentially curative therapy [11,12,24,25]. Once an airway stent has been placed follow up care is not standardized and based largely on local experience. Pulmonary toilet is of utmost importance, since airway stents impair natural mucociliary clearance. No single approach to this has been proven superior. Nebulized bronchodilators, nebulized hypertonic saline, and nebulized acetylcystine have all been reported [22]. Close scheduled clinical follow up is required for as long as the stent is in place, with bronchoscopy generally reserved for patients who have an increase in airway symptoms.

Microdebrider bronchoscopy is the newest mechanical method used for palliation of symptoms due to endobronchial lung cancer. It is a device consisting of a rotary blade enclosed in a hollow metal tube with integrated suction. The blade cuts at between 1000 and 5000 rpm and is controlled by a console and foot pedal. There is a single-side window allowing the blade access to the bronchial wall, and this can be rotated 360 degrees. Although originally developed for upper airway problems and used by otorhinolaryngologists, the newer microdebrider has since been adapted for use in the bronchi by lengthening the tube, allowing it to access the trachea and main bronchi through the rigid bronchoscope [26]. The blade can reach lesions in the trachea, mainstem bronchi, and bronchus intermedius. It is capable of very precise tissue debridement. The integrated suction removes blood and debris rapidly, allowing for an optimal field of view [27]. It is best used for resecting the intraluminal portion of tumors within the proximal airways, and samples obtained can be used for tissue diagnosis without the charring artifacts seen with thermal therapy. Its disadvantages are primarily its inability to reach distal lesions and the possibility of accidental resection of normal tissue [26]. It must also be used with caution in proximity to airway stents, which can be damaged by the cutting blade.



Thermal bronchoscopic interventions in lung cancer

Thermal bronchoscopic techniques are primarily used to palliate obstruction due to intraluminal central airway tumors and to treat hemoptysis arising from bleeding lesions in the central airways. Thermal therapies include laser, electrocautery, argon plasma coagulation, and cryotherapy.

Laser is an acronym for Light Amplified by Stimulated Emission of Radiation [8]. Atoms are stimulated to release photons in phase. The released light travels in the same plane and at the same wavelength. This may be converted into thermal energy, and this is the mechanism by which endobronchial laser therapy has its effect. This may result in cutting, coagulation, or vaporization of the targeted tissue [3]. Laser has long been used for endobronchial lesions causing obstruction or hemoptysis [28]. The neodynium:yttrium aluminum garnet (Nd:YAG) laser is most commonly used in bronchoscopy because it has sufficient power to vaporize tissue while retaining an excellent coagulation effect. Its wavelength is 1064 nanometers, and rigid and flexible probes are available. Endobronchial laser therapy in patients with lung cancer is indicated for the treatment of airway obstruction or hemoptysis arising from proximal lesions which have a significant intraluminal component [3]. The best results with endobronchial laser therapy are likely for exophytic lesions within the trachea or mainstem bronchi with a visible distal lumen in patients who are hemodynamically stable [19,29]. Laser is less useful for lesions characterized by extrinsic compression within the upper lobe or segmental bronchi or who have a completely obstructed lumen [8,28]. The optical fiber transmitting laser light is extended beyond the tip of the bronchoscope and a visible aiming laser is used to target the desired lesion. The fraction of inhaled oxygen (FiO2) must be kept at 0.4 or less to reduce the risk of airway fire. Aim should be parallel to the airway, and coagulation is typically followed by mechanical debridement [3]. Many small case studies have demonstrated the effectiveness of laser therapy for palliation of central airway obstruction in lung cancer, although a clear survival benefit has not been established [8,29,30]. Potential complications of laser therapy include bleeding, hypoxemia, perforation, airway fire, eye injury (for patients or medical staff who are required to wear protective eyewear during the procedure), and gas embolism [3,18,19,28,31].

Endobronchial electrocautery uses high frequency electrical current to generate heat. This enables a cautery probe to cut or coagulate tissue at the point of contact [32]. The tissue effect is affected by the voltage, the duration of contact, the area of contact, and the tissue density [32,33]. Temperatures above 40 degrees centigrade lead to irreversible tissue injury, with coagulation coming between 70 and 100 degrees centigrade and carbonization and vaporization beginning at temperatures above 200 degrees centigrade [32]. Multiple electrocautery tools are available, including a blunt probe, a flat knife, cautery forceps, and a snare [34]. Endobronchial electrocautery is useful in debulking intraluminal tumors, snaring polypoid tumors, and treating hemoptysis [3,32,35]. It does require direct contact between the instrument and the tissue to be cauterized, and its use is limited to those airways that can be reached with the flexible bronchoscope. Endobronchial electrocautery is comparable to Nd:YAG laser in effectiveness for treating airway obstruction from endoluminal tumors at a somewhat reduced cost [34,35]. The risks of electrocautery include bleeding, perforation, hypoxemia, pacemaker malfunction, and airway fire [3]. As with endobronchial laser therapy, the FiO2 should be kept at or below 0.4 to reduce the risk of airway fire. The patient must be grounded, and the use of monopolar electrocautery is not recommended for patients who have pacemakers or automated implanted cardioverter-defibrillators [32].

Argon plasma coagulation (APC) is a noncontact form of electrocautery which has become very popular for endobronchial use in recent years. Argon is ionized by an electric field, resulting in a homogenous monopolar current traveling from the probe to the tissue [32]. The current travels to the point of nearest contact, which may or may not be directly ahead of the probe. Side firing is possible with APC [3,36]. The current is transformed into heat upon contact with the tissue, leading to superficial coagulation and fulguration to a depth of 5 millimeters or less [32,36]. Once a certain depth of coagulation is achieved the current demonstrates a preference for superficial spreading rather than continued deeper penetration because the coagulated tissue has greater resistance. This characteristic reduces the risk of perforation during APC [36]. APC is used via a flexible probe introduced via the working channel of the bronchoscope. The patient must be grounded, and the FiO2 should be maintained at 0.4 or less to reduce the risk of airway fire. The probe is extended until the tip is around 1 centimeter from the end of the bronchoscope and held approximately 3–4 millimeters from the target. The tip of the probe should be closer to the target than to any other tissue, since the current will flow to the nearest point of contact. The application time is for 3–4 seconds. Applying continuous suction during coagulation will help clear airway smoke, reduce the risk of airway fire, and improve visualization of the airway [32,36]. APC has found its greatest use in treating hemoptysis from proximal endobronchial lesions. It is also used to coagulate and debulk intraluminal tumors, with or without adjunct mechanical debulking [32,36]. Potential complications of APC include airway fire, perforation, bleeding, and gas embolism [37,38]. Complications are rare, however, and occur in fewer than 3% of all APC procedures [36,37] (Figures 16.3a and b).
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Figure 16.3 a: A 49-year-old female presenting with dyspnea and complete obstruction of the right bronchus intermedius from a right middle lobe adenocarcinoma. b: Complete recanalization of the right bronchus intermedius and right lower lobe following snare electrocautery and argon plasma coagulation of the endoluminal mass.



Cryotherapy is another endobronchial thermal technique that uses cold to destroy tissues via repeated cycles of freezing and thawing [9]. Rapid freezing followed by slow thawing results in the formation of both intracellular and extracellular ice crystals, leading to cellular damage and dehydration. This process also leads to local vascular damage, including vasoconstriction and increased capillary permeability. Delayed local thrombosis later leads to infarction of the treated tissues, resulting in nonhemorrhagic necrosis in 7–14 days [39]. The success of the resulting freeze injury is increased by rapid cooling, slow thawing, achieving a low tissue temperature of less than -40 degrees centigrade, and repeated freezing [39–41]. The effect of cryotherapy also depends on the type of tissue exposed. Tissues with higher water content tend to be more cryosensitive, and these include skin, mucosa, tumor, and granulation tissue. Conversely, tissues such as fat, cartilage, and connective tissue have lower water content and are relatively cryoresistant [39,40]. Endobronchial cryotherapy is delivered via a flexible contact probe connected by a transfer line to a console containing a gas cylinder. The gas cools rapidly when it moves from high to low pressure – at the tip of the cryoprobe. Nitrous oxide is the most commonly used cooling agent in bronchoscopy [9,41]. The safety of spray cryotherapy in the airways using liquid nitrogen has not been established and so its use cannot be recommended, and concerns about rapid expansion of the gas causing pneumothorax and cardiovascular complications have been raised. Once the lesion of interest is located bronchoscopically, the cryoprobe is advanced through the working channel of the bronchoscope until the tip is a safe distance beyond the end of the scope. The tip of the probe is then placed in contact with the target lesion and the coolant is activated. Approximately 30 seconds of freezing is followed by passive thawing. Until thawing is completed the probe will be frozen to the targeted tissue. Between 1 and 3 freeze-thaw cycles are completed under direct vision, and the operator then moves the probe to the next site, overlapping with the initial treated area so as to ensure the entire surface of the tumor is treated. Cryotherapy may be repeated if needed [9]. Endobronchial cryotherapy is used primarily to treat airway obstruction from intraluminal tumor. Although its necrotic effect is delayed, it can also be used to accomplish immediate “cryorecanalization” by freezing a portion of the obstructing lesion and then removing the probe before thawing can occur. The attached frozen portion of the treated tumor is removed along with the probe, resulting in rapid recanalization. This technique may result in bleeding, so the operator should be prepared to intervene if necessary [42]. Cryotherapy in lung cancer is primarily indicated for treating tumor obstruction of the tracheobronchial tree, either through its delayed effect or via “cryorecanalization” [9, 42–45]. It has also demonstrated effectiveness as an adjunct to more established therapies for lung cancer with endobronchial involvement, particularly in conjunction with radiation therapy [45,46]. One very small study of cryotherapy as monotherapy for early superficial proximal lung cancer demonstrated good local control at one year, but its use for this indication must still be regarded as experimental [47]. Cryotherapy is generally considered to be safer and less expensive than most other ablative endobronchial techniques, partly because there is no risk of airway fire (the patient may remain on 100% oxygen if necessary during the procedure) and partly because many of the normal surrounding tissues are relatively cryoresistant and unlikely to be damaged inadvertently. Complications are primarily limited to bleeding, reactive edema or sloughing of necrotic tissue, and very rare fistulas [42,46].



Nonthermal, nonmechanical bronchoscopic interventions in lung cancer

Photodynamic therapy and brachytherapy use nonmechanical and nonthermal mechanisms to treat and palliate lung cancer involving the airways. Both of these modalities are delivered bronchoscopically, and have shown effectiveness for both palliation and treatment in selected cases [9]. Both of these techniques have a delayed effect, and so should not be used for patients who need immediate palliation of central airway obstruction.

Photodynamic therapy (PDT) is based on damage to tissue arising from interactions between individually innocuous components. These include a photosensitizer, a light source, and oxygen [9,48]. Light in a specific wavelength excites a photosensitive chemical found in tumor cells from its ground state to an excited state. The excited photosensitizer then interacts with tissue oxygen to form free radicals and singlet oxygen resulting in toxicity. Local effects include direct cellular damage to membranes and mitochondria, induction of apoptosis, local vascular injury, and a tumor-sensitized immune and inflammatory response [9,48,49]. An ideal photosensitizer should be selective for tumors, have a light absorption spectrum within a clinically useful range, and have a high yield of singlet oxygen [49]. Most commercially available photosensitizers are derived from hematoporphyrins. Porfimer sodium (Photofrin™, Axcan Pharma, Birmingham, AL) is the most commonly used photosensitizer in the United States. It is given as a slow injection of 2 milligrams/kilogram. Porfimer sodium is cleared from most normal tissues within 72 hours of administration, but it is retained in tumor cells, vascular endothelium, and skin for much longer. After a 48-hour latent period, the tumor is exposed to light at a wavelength of 630 nanometers, activating the compound. This produces tumor destruction to a depth of around 5–10 millimeters [9,48,49]. Photoactivation is accomplished by a nonthermal light source, most often a laser. Commonly used lasers for PDT are an argon pumped dye laser, a potassium-titanyl-phosphate (KTP) laser, and a diode laser. Light is delivered to the tumor by a fiber system advanced through the working channel of the bronchoscope. A diffuser at the tip of the fiber disseminates the light [9]. The approved light dose is 200 Joules/centimeter. This is typically reached with 8 to 12 minutes of light per fiber placement [9,50]. PDT is indicated for palliation of advanced central lung cancer with existing or impending symptoms. It should only be used for treatment of tumors that have a predominantly intraluminal component because of its minimal depth of penetration. PDT is also indicated for the treatment of early stage central lung cancer for curative intent in patients who are not candidates for surgery or definitive radiotherapy and have sufficiently superficial tumor for PDT to treat them effectively [9,50]. It is difficult to precisely assess the depth of tumor invasion using standard bronchoscopy or computed tomography alone. Radial probe endobronchial ultrasound (RP-EBUS) has been demonstrated to be very accurate for assessing the depth of invasion of endobronchial tumors [51]. Miyazu et al. evaluated the use of RP-EBUS as part of the pre-treatment evaluation of 18 patients who were thought to be good candidates for PDT. Half of the cohort were found to have invasion beyond the cartilaginous layer by RP-EBUS and therefore determined to be poor candidates for PDT, despite CT and standard bronchoscopy consistent with only superficial invasion [52]. It is therefore prudent to formally assess the depth of invasion of superficial endobronchial tumors with endobronchial ultrasound before beginning PDT to confirm their indication for this treatment. PDT should not be used for patients with impending life-threatening central airway obstruction because of its delayed effect. Treatment of tumors which are invading adjacent vascular structures or hypersensitivity to porphyrins are other contraindications to PDT [50]. Once an appropriate central superficial lesion is identified, the photosensitizer is injected. After the latent period, a bronchoscopy is performed and the lesion to be treated is visualized. The light fiber is advanced into the airway via the working channel and the diffuser at the tip of the fiber is embedded in the tumor. Light is applied for 8–12 minutes, and the catheter is removed. A repeat bronchoscopy is recommended in 24–48 hours in order to remove necrotic debris. Repeat illumination may also be performed at that time if viable residual tumor is seen [9,50]. Most of the evidence assessing the effectiveness of PDT for palliation of central airway obstruction in lung cancer is in the form of observational case series. In these limited studies PDT is effective at reducing the observed degree of endoluminal obstruction while also reducing symptoms of dyspnea [9, 50, 53–55]. When used for curative intent in patients with early stage central lung cancer who were not candidates for surgery PDT has shown rates of complete local control ranging from 44% to 100% in mostly small studies [52, 56–60]. The most common complication of PDT is photosensitivity. Others include cough, delayed bleeding from the treated tumor, chest discomfort, and airway compromise from edema and necrotic secretions [50].

Endobronchial brachytherapy uses a radiation source placed very close to the targeted tumor to provide local radiation treatment with less toxicity to surrounding tissues. The radiation source is placed within the bronchus, and gamma rays are the primary type of radiation used to damage the tumor cells. The inverse square law states that the dose rate of radiation decreases as a function of the inverse square of the distance to the center of the source: this allows a high radiation dose near the center of the source with a rapid decrease in dose further away. The radiation emitted during brachytherapy does not directly kill the cancer cells. Rather, it damages their DNA leading to apoptosis and decreased cellular proliferation. The effect is delayed, and reaches its maximum at 3 to 4 weeks after treatment. One of the advantages endobronchial brachytherapy offers over PDT is its longer effect and deeper penetration – brachytherapy can destroy tissue beyond cartilage [9]. Early attempts at brachytherapy were limited by the effects of radiation exposure on the medical personnel handling the radiation source. Introduction of automated remote afterloaders increased the safety of endobronchial brachytherapy for medical personnel and have led to increases in its use [61,62]. Endobronchial brachytherapy is typically given at a high dose rate, meaning greater than 12 Gy/hour but more often greater than 100 Gy/hour. The source used is most often iridium-192. Using high dose rate brachytherapy allows for a short treatment time, enabling outpatient therapy. Treatment is usually divided into between 2 and 4 fractions of 5 to 15 Gy each [9,62,63]. Brachytherapy is indicated for the palliation of symptoms related to malignant endobronchial lesions (including airway obstruction, hemoptysis, and cough) in patients who are not candidates for external beam radiation and as an adjunct to surgery or external beam radiation for both cure and palliation. Brachytherapy is also used as a potentially curative therapy for patients with early stage lung cancer in the central airways within reach of the bronchoscope who are not candidates for surgery or external beam radiation [9]. Before brachytherapy can be administered the endobronchial afterloading catheter must be positioned bronchoscopically. Once the operator has localized the tumor, the afterloading catheter is placed within the airway with the distal tip at least 3 centimeters beyond the tumor and then secured to the nose with tape. Dummy wires are introduced in order to confirm the location with fluoroscopy, and the desired irradiation length may also be marked using external tags secured to the skin. Then the patient is transported to the radiation therapy suite, where a dummy seed is inserted into the afterloading catheter and correct placement is confirmed by X-ray. After the dummy seed is removed, the applicator is connected to the radiation source and advanced to the proper position under computer control. It remains in each position long enough to apply the prescribed dose and is then withdrawn at 5 millimeter intervals. Catheters are then removed after treatment [9]. Brachytherapy is effective at palliating symptoms in patients with predominantly endoluminal central airway obstruction. Several studies have shown symptomatic improvement in 65–85% of patients with predominantly endoluminal disease, and one study demonstrated successful palliation requiring no further treatment in 67% of a large 324 patient cohort [63–66]. Brachytherapy may also augment the effect of external beam radiation when used in patients with obstructing tumors in the main bronchi [67]. When used for curative intent the results are less promising, with 2-year survival ranging from 58% to 78% [6,68,69]. Complications of brachytherapy are common and include hemoptysis, bronchial stenosis, bronchomalacia, and fistula formation. Hemoptysis is the most feared complication of brachytherapy, with incidence of between 10% and 50%. Fatal massive hemoptysis is reported in 0–8% of patients treated with brachytherapy [9,66,70]. Because brachytherapy is often used to palliate hemoptysis it is difficult to determine how much is due to the treatment and how much to the underlying malignancy. Clinicians should remain vigilant for hemoptysis in patients who have received brachytherapy.



Conclusion

Bronchoscopic interventions are important adjuncts for the palliation of symptoms due to central airway involvement in patients with lung cancer. They are most effective for proximal central airway obstruction and hemoptysis. The choice of which intervention is most appropriate is based on the nature and location of the lesion, the type of symptoms encountered, and the locally available equipment and expertise. Photodynamic therapy and endobronchial brachytherapy are also indicated for treatment with curative intent for early stage superficial lung cancers of the central airways, but only in patients who are unable to tolerate standard treatment. It should be emphasized that all of these techniques augment but do not replace standard treatments such as surgery, chemotherapy, and radiation therapy.
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Epidemiology

Due to their rare incidence, few epidemiological studies have reported on primary tracheal tumors. Primary tracheal tumors represent about 2% of upper airway tumors and 0.1–0.4% of all malignant diseases. Tracheal tumors occur at a rate of 2.7 new cases per 1 000 000 people per year and 8% of these cases represent tumors in children [1,2]. In adults, 90% of primary tracheal tumors are malignant in contrast to 30% in children [3,4].



Anatomy and physiology

To appreciate the difficulties associated with tracheal surgery, it is mandatory to understand the anatomy and physiology of the upper respiratory tract. The trachea in adults measures approximately 11–12 cm from the cricoid cartilage to the superior edge of the carina. The distal two-thirds are positioned within the thorax, whereas the proximal third is found in the extrathoracic region of the neck. Its full length is composed of 18–22 C-shaped cartilage rings, with almost two rings per cm [5]. The trachea measures about 1.5–2.5 cm in diameter, which allows air to pass without turbulence or associated noise. The posterior wall of the trachea consists of a membranous portion with the embedded trachealis muscle, which connects both ends of the cartilage rings and the intercartilagenous spaces via a longitudinal and transverse layer of smooth muscle. The internal lumen of the trachea is covered by specialized tracheal mucosa composed of ciliated pseudo-stratified columnar epithelium. Underlying the respiratory epithelium, a network of longitudinal elastic fibers, blood vessels, lymphoid tissue, nerves and mucous glands is found.

At a glance, the trachea seems to be a simple conduit for passing air, but a closer look reveals it has many functions. Due to its position in the neck, its lateral rigidity and longitudinal flexibility permit movement and esophageal distention during swallowing. It is flexible enough to allow movement, but strong enough to avoid collapse during positive and negative pressure cycles of respiration. Its exposure to ambient air containing dust particles and harmful organisms require the trachea to perform a clearing function and possess immunocompetence. This is accomplished by mucous glands in the trachea and bronchi which produce a viscous mucous to trap bacteria and foreign particles. They are then transported toward the pharynx via the ciliary apparatus and by coughing (clearance).

Vascularization of the trachea is supplied by a delicate network of fine vessels, which is more pronounced (mostly right) in children than in adults [6]. Branches of the inferior thyroid artery supply the majority upper half of the tracheal lateral longitudinal vessels, whereas bronchial arteries from the aorta supply the lower part of the trachea and carina.

Structures surrounding the trachea require special attention during surgical interventions. Bilateral recurrent laryngeal nerves, which innervate the inner muscles of the larynx, course down each side of the trachea. Along the posterior wall, the esophagus is directly connected and provides a fine vascular network to the trachea. The upper anterior portion is covered by the thyroid gland and has a close proximity to bilateral carotid arteries. The lower portion of the trachea is initially intersected by the brachiocephalic artery (synonym: innominate artery) and then by the left brachiocephalic vein. The aortic arch, superior vena cava and pulmonary artery cross anteriorly over the distal third of the trachea [3].

Lymph nodes are found pretracheal, paratracheal and subcarinal. Pathways of lymph drainage of nodes are similar to those found for bronchial carcinomas, which usually drain to the nodes nearest to the tumor [7].



Symptoms

Most patients with primary malignant tracheal tumors present with advanced or inoperable disease, due to the difficulty in its diagnosis. Benign and malignant tracheal tumors often cause the same signs and symptoms initially – a dry cough and irritation of the throat are common. As the lesion grows within the tracheal lumen, wheezing or stridor may arise, which is often mistaken for asthma. Signs and symptoms vary with the type, but not with the site of the tumor [9,10]. Squamous cell carcinoma can cause startling hemoptysis which usually leads to an early diagnosis [11]. Less than 25% of patients with adenoid-cystic carcinoma have hemoptysis during their clinical course [2,8]. Dysphagia, hoarseness and change in voice are signs of advanced disease but do not preclude resectability. The nonspecificity of these symptoms leads to a prolonged period between symptom onset and eventual diagnosis (up to 18 months), at which time most patients are already in a late stage of disease. By contrast, squamous cell carcinoma has a mean duration of symptoms before diagnosis of only 4 months. Adenoid cystic carcinoma is detected by symptoms of wheezing or stridor, but dyspnea is a more prominent symptom. Dysphagia, hoarseness and change in voice may occur due to direct invasion and involvement of the esophagus and recurrent laryngeal nerve.

A delay in diagnosis can also be attributed to the functional reserve of the tracheal lumen, as a tumor does not cause symptoms until it occludes around 50–70% of the luminal diameter. Wheezing often erroneous diagnoses of asthma, leads to chronic obstructive pulmonary disease or bronchitis first.

Recurrent unilateral or bilateral pneumonitis may occur in patients who initially respond to antibiotic treatment. A summary of symptoms for primary tracheal cancers are summarized in Table 17.1.



Table 17.1 Signs and symptoms





	– Wheezing



	– Stridor



	– Dyspnea



	– Hoarseness



	– Change in voice



	– Hemoptysis



	– Dysphagia



	– Pneumonia








Diagnosis and staging

Bronchoscopy is the most important and commonly used diagnostic tool. It is a fast and simple way to obtain crucial information such as trachea and tumor dimension and location for surgical resection planning as well as a means to obtain biopsies for tumor identification (Figure 17.1). Fluorescence bronchoscopy is an evaluation which differentiates normal (fluorescent green) and abnormal (brown and red in color) mucosal areas. The absence of auto-fluorescence occurs in dysplasia, carcinoma in situ and invasive carcinoma, and may enable earlier detection of endobronchial tumors.
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Figure 17.1 a: Cross section of a tracheal tumor. * = submucosa, # = mucosa, [image: inline] = c-shaped cartilage ring, + = membranosus part, ++ = trachealis muscle. b: CT-scan showing a well-defined tracheal tumor at the anterior wall of the trachea. white arrow indicating tracheal tumor. c: Bronchoscopic view on an intraluminal tracheal tumor with high grade luminal occlusion.



Endotracheal ultrasonography (EU) involves either a radial probe covered in a water-filled balloon which provides a 360° view of the structures beyond the tracheal and bronchial wall or a linear probe which provides a longitudinal view of structures within the wall and outside the trachea for a distance up to 4–5 cm. EU reveals the laminar structure of the tracheal wall and accurately predicts carcinoma invasion. A systematic mediastinal evaluation is also imperative in patients with tracheal tumors and EU provides valuable information about mediastinal and hilar node involvement. Each lymph node is sampled 1–3 times if cytology is positive for malignancy and 3 times if cytology is benign or nondiagnostic. Sampling more than 3 times usually does not ensure a reliable pathologic diagnosis [12]. New integrated bronchoscopes, with a linear-array ultrasound probe, allow excellent evaluation of mediastinal nodes down to 5 mm in size, and enable needle aspiration under image guidance.

Computertomographic (CT)-scan (spiral or helical) is the most useful method to assess tracheal tumors radiologically, since it can rapidly acquire volumetric data of the entire thorax in a single breath-hold, minimizing respiratory and cardiac motion artifact. These data can be reconstructed by postprocessing techniques allowing the trachea to be visualized in the axial plane. Axial images allow assessment of the size and shape of the trachea and measurement of the tracheal wall thickness. Adjacent tracheal structures and the presence of extrinsic compression are clearly delineated, especially following intravenous contrast enhancement.

Coronal and sagittal oblique multiplanar reformats (MPRs) can accurately determine the location (distance from vocal cords and carina) and length of a tracheal lesion, its relation to anatomic landmarks, the degree of luminal narrowing, and the extraluminal component of abnormal tissue growth. It can also detect multifocal lesions and prevent unnecessary surgery in one-third of patients at the time of diagnosis. The surgical planning of tracheal tumors and post therapeutic assessment is improved with two- and three- dimensional techniques, which allow creation of an external (“CT bronchography”) and internal (“Virtual bronchoscopy”) rendered CT-scan [13,14]. Development of new aerosolized contrast agents or spectroscopic techniques, which can discriminate between benign and malignant mucosal tissues, might enhance the sensitivity and specificity of virtual bronchoscopy for the detection of preinvasive cancers within the respiratory tract. Dynamic CT imaging can be performed during inspiration and expiration to detect changes in tracheal diameter in patients with tracheomalacia [15,16].

Magnetic resonance imaging (MRI) is used in the assessment of pediatric patients who often have vascular anomalies that cause tracheal narrowing and in whom radiation dose is a concern [17]. Integrated F-FDG PET/CT imaging allows evaluation of both the metabolic activity of a tumor, its anatomic extent and possible recurrence after treatment, but has not been extensively studied with tracheal tumors [18]. Conventional chest radiograph delays the definitive diagnosis of disease because it is often normal and tumors can be easily missed, making radiographs less helpful when following tracheal tumors.



Tumor pathology and classification

Primary tracheal tumors in adult and in children are malignant in 90% and 30% of cases, respectively [3,4,19], and originate either from the respiratory epithelium (epithelial origin), salivary glands (adenoid origin) or mesenchymal structures (mesenchymal origin). Squamous cell carcinoma and adenoid cystic carcinoma compose about two-thirds of adult primary tracheal tumors and occur in the same proportion. The remaining third is made up of a wide variety of tumors of other histology, most often benign, or of low-grade malignancy such as hemangiomas, leiomyomas and others. A complete list of all primary tracheal tumors can be found in Table 17.2.



Table 17.2 List of primary tracheal tumors





	Epithelial origin
	benign
	Papilloma



	
	
	Papillomatosis



	
	malignant
	Squamous carcinoma in situ



	
	
	Squamous-cell carcinoma



	
	
	Adenocarcinoma



	
	
	Large-cell undifferentiated carcinoma



	
	
	
Neuroendocrine tumors:


    Typical and atypical carcinoids


    Large-cell neuroendocrine tumor


    Small cell carcinoma







	Adenoid origin
	benign
	Pleiomorphic adenoma



	
	
	Mucous-gland adenoma



	
	
	Myoepithelioma



	
	
	Oncocytoma



	
	
	Other



	
	malignant
	Mucoepidermoid carcinoma



	
	
	Adenoid cystic carcinoma



	
	
	Carcinoma ex pleiomorphic adenoma



	Mesenchymal origin
	benign
	Fibroma



	
	
	Fibromatosis



	
	
	Benign fibrous histiocytoma



	
	
	Hemangioma



	
	
	Hemangioperycitoma



	
	
	Paraganglioma (chemodectoma)



	
	
	Glomus tumor



	
	
	Lipoma



	
	
	Leiomyoma



	
	
	Granular-cell tumor



	
	
	Schwann-cell tumors



	
	
	Chondroma



	
	
	Chondroblastoma



	
	malignant
	Soft-tissue type sarcomas



	
	
	Chondrosarcoma



	
	
	Malignant lymphomas



	
	
	Other





Source: Macchiarini 2006 [20]. Reproduced with permission of Elsevier.


Metastatic spread to the trachea rarely occurs through hematogenous spread from melanoma, renal cell carcinoma, breast and colon cancer. Hematogenous spread from tracheal tumors to other sites is also a rare event due to its unique vascular supply, but is mostly found in squamous cell carcinoma.

Squamous cell carcinoma has a behavior, etiology, curability, and associated aerodigestive carcinoma, similar to squamous lung cancer. It affects more men than women (3 male: 1 female ratio), mainly in their sixth and seventh decades, and is mostly associated with habitual cigarette smoking. It can be either exophitic or ulcerative, and multiple and scattered over a considerable length of trachea. The progression is rapid and about a third of patients have either mediastinal or pulmonary metastases at diagnosis. On CT-scan it typically appears as a polyploidy, focal sessile lesion, a mass causing eccentric narrowing of the lumen, or circumferential wall thickening.

In contrast, adenoid cystic carcinoma has the same incidence in men and women and it is most common in patients between 20 and 69 years old with a slight peak in the fifth decade. Its progress is very slow and the clinical symptoms have prolonged courses, sometimes for years. It may extend over a long distance by perineural and submucosal planes and only 10% of patients develop regional lymph node or remote metastases. The prolonged course of adenoid cystic carcinoma clearly requires prolonged observation for complete clinical definition. Usually it is detected on CT as an intraluminal mass or as circumferential wall thickening with a smooth contour. The length of the lesion can be accurately assessed on coronal 2D MPRs and 3D external rendering before resection. F-FDG PET uptake is variable and depends on the grade of differentiation.

In children, tracheal tumors develop between the neonatal period and 14 years of age, predominantly at the posterior wall of the cervical trachea [4]. The trachea may also be involved by a variety of secondary tumors, such as laryngeal, thyroid, lung and esophageal carcinomas, for which palliation therapies are recommended.

To date there have been only two recommendations for TNM- and Staging-classifications because of the rarity of tracheal tumors. A more simple approach of TNM-classification was established by Bhattacharyya N in 2004 [2], followed by a second, more extensive, realization of TNM- and Staging-classification, developed by Macchiarini, P. in 2006 [20]. The impact on prognosis and survival of these classifications has to be determined clinically. In Table 17.3a and 17.3b the TNM- and Staging-classifications are shown.



Table 17.3a TNM classification





	Tumor stage
	
	



	Tx
	Cannot be assessed
	



	Tis
	Any tumor without invasion
	



	T1a
	< 3 cm limited to mucosa
	



	T1b
	< 3 cm limited to mucosa
	



	T2*
	Any tumor that invades cartilage or adventitia
	



	T3
	Any tumor that invades trachea or larynx
	



	T4a
	Any tumor that invades carina or main bronchus
	



	T4b
	Any tumor that invades neighbouring structures
	



	Nodal stage
	
	



	Nx
	Regional lymph nodes cannot be assessed
	



	N0
	No evidence of node metastasis
	



	N1
	Local nodes positive (N1a < 3 cm; N1b < 3 cm)
	



	
	Upper third
	Highest mediastinal nodes; upper paratracheal nodes, prevascular and retrotracheal



	
	Middle third
	Upper paratracheal nodes; prevascular and retrotracheal; lower paratracheal nodes; paraaortic nodes (ascending aorta or phrenic)



	
	Lower third
	Upper paratracheal nodes; prevascular and retrotracheal; subaortic nodes (aorto-pulmonalis window)



	N1A
	1–3 positive nodes in upper third
	



	N1B
	< 3 positive nodes in upper third
	



	N2
	Regional nodes positive
	



	
	Upper third
	Lower paratracheal nodes; subaortic nodes (aortopulmonalis window)



	
	Middle third
	Highest mediastinal nodes; subaortic nodes (aortopulmonalis window)



	
	Lower third
	Upper paratracheal nodes; pulmonary ligament



	Metastasis
	
	



	Mx
	Distant metastasis cannot be assessed
	



	M0
	No distant metastasis
	



	M1
	Metastasis to nodes other than N1 and N2
	



	M2
	Distant metastasis (e.g., lung)
	





*Tumor involvement of pars membranacea always classified at least as T2, irrespective of infiltration depth.

Source: Macchiarini [20]. Reproduced with permission of Elsevier.




Table 17.3b Staging system


[image: images]



Management

Because of the rarity of this disease, there are no clear criteria for the selection and treatment of patients. Standard surgical treatment with tracheal resection with primary reconstruction, should be considered in cases of benign tumors and localized malignant tumors. Often patients with resectable tumors are treated with palliative procedures, such as endotracheal stenting, debridement or brachytherapy [21], which leads to shortened life expectancy. The challenge of treating tracheal tumors provides an the initial purpose for tracheal resection, but its limited incidence provides little incentive to face this problem systematically. Experimental and clinical tracheal therapy started back in the late nineteenth century and different approaches have been attempted. Primary benign and malignant tumors can be treated by open or endoscopic resection and radiotherapy. However, surgical resection is safer and more effective for all benign and low grade malignant tumors, and therefore should be considered as the gold standard for these disorders. It allows for permanent relief of the airway obstruction to achieve long-term survival and provides pathological confirmation of complete tumor removal [22,23] and staging.

Improved survival in patients who undergo tracheal resection suggests that surgery is the only therapeutic option. Co-morbidities, age, general health, previous treatment, histology and tumor extension are factors that may limit eligibility for resection and candidates should be carefully considered. In select patients where meticulous surgical care is provided, the operative mortality is 5%. A sufficient residual native trachea and adequate vascularization of the anastomosis must be ensured for a safe and successful primary reconstruction [3].

Several surgical techniques have been described for the treatment of the upper trachea, resection of the larynx and trachea, trachea, carina, or carina and lung. An absolute contraindication to tracheal resection is the presence of positive lymph nodes, mediastinal invasion of unresectable organs, a mediastinum that has received the maximum radiation dose of more than 60 Gy or has been operated on, and distant metastases of squamous-cell carcinoma [3,8,23]. For those patients, laser resection plus stenting can delay the progression of the tumor, but only as a palliative measure. A summary of contraindications for tracheal resection is summarized in Table 17.4.



Table 17.4 Contraindications for surgical resection





	– More than 1/2 of trachea involved in adults



	– More than 1/3rd of trachea involved in children



	– Presence of positive mediastinal lymph nodes or systemic metastasis



	– Mediastinal invasion of unresectable organs



	– Mediastinum received more than 60 Gy of radiation



	– Distant metastases in squamous cell carcinoma






In order to stage and evaluate the extent of a tracheal tumor, a complete lymphadenectomy should be done, paying attention to avoid impairment of vascularization to the surrounding trachea.

Brachytherapy can be performed as an adjuvant therapy after incomplete removal of a tumor, for unresectable disease, for recurrent disease and to palliate severe symptoms. Endotracheal debridement and stenting can be used to treat and alleviate inoperable tumors to keep the airway patent until further therapy.

When an acute intervention is necessary to maintain air passage in a severely obstructed airway, a salvage endoscopic debulking is indicated. Any procedure that prohibits further surgical resection should be avoided (such as stenting and tracheostomy).

If spread to the esophagus is suspected, an esophagoscopy and endoesophageal ultrasound is indicated. If symptoms indicate bone or brain involvement from metastatic spread, bone scintigraphy or cerebral MRI respectively, should be performed.

Regarding secondary tracheal tumors, the rationale for resection and reconstruction is adherence to oncologic principles. The surgery is not high risk or radical in competent hands.

For many years, palliative surgery has been the most common surgical procedure used to treat patients with thyroid carcinoma invading the trachea. Given the proclivity of papillary tumors to become more aggressive in time, the shaving-off procedure is inadequate. Complete removal, including airway and esophagus if necessary, seems the only radical therapeutic treatment for invasive thyroid carcinoma. Surgeons without extensive experience in tracheal reconstruction still recommend “shave” procedures, in the case of superficial invasion, and “window” resection, in the case of deep invasion. However, tracheal resection with primary repair is now the treatment of choice for such patients showing improved survival in the long term.



Surgical techniques

General anesthesia is required for all tracheal resections. Airway control is critical and intubation should not be taken for granted. Maintaining endotracheal intubation beyond the stenosis can avoid sudden respiratory arrest.

Ventilation can be achieved via an endotracheal tube passed into the operative field and placed past the stenosis after the tracheal transection. JET ventilation or hyperventilation with periods of apnea are additional options for endotracheal ventilation. Lung assist devices (iLA) might also be an alternative in this context to provide CO2-removal during surgery. Rarely, extracorporeal membrane oxygenation (ECMO with cardiopulmonary bypass) needs to be established prior to or during intubation, although recent developments like the venous-venous ECMO may be considered in patients with borderline lung function. The longitudinal extension of the tumor up to one-half of the trachea in adults and one-third in infants and children is a contraindication to surgery as resection renders the residual length of the native airway inadequate for a primary reconstruction. However, resectability should be considered before starting any local or systemic treatment. A very recent novel approach of tissue engineered tracheal replacement provides evidence for a potential clinical alternative for patients with long-segment tracheal disorders, including cancer [24,25].

Technique: A neck-collar incision usually with a mini-sternotomy, or full sternotomy are performed for tumors of the cervical and uppermost portion of the intrathoracic trachea. The innominate artery, superior vena cava, innominate vein, and pulmonary artery are retracted for exposure of the distal trachea. Dissection must be performed directly on the trachea, confined to the area of stenosis, and no more than 1–2 cm of normal trachea above and below the lesion, to preserve the lateral segmental blood supply. The cervical trachea can be approached through a low collar incision or a collar incision combined with an upper partial sternotomy. If a stoma is present, then it is usually incorporated into the collar incision or closed separately. The thyroid isthmus is divided and reflected laterally. The trachea is first divided below the stenosis in an area of normal trachea, and dissection is carried proximally to separate the esophagus posterior to the trachea. Throughout the entire airway procedure, gentle dissection paying attention to both recurrent laryngeal nerves is mandatory. Furthermore, blood should not be allowed to enter the distal opening, and the airway should be cleaned immediately if spillage occurs. The trachea is then divided proximally, and, after the tumorous stenotic segment is removed, cross-field ventilation via the operative field is placed into the distal trachea. Cervical neck flexion and anterior mobilization to the carina will allow, in most cases, a tension-free anastomosis of the cervical trachea. If additional length is required, a suprahyoid laryngeal release can be performed by the Montgomery technique and neck flexion performed for approximately one week postoperatively. To maintain consistent neck flexion after surgery, a reminder suture or collar brace may ensure the patient does not accidentally flex the neck. For tumors of the lower portion of the trachea, a median sternotomy or high right posterolateral thoracotomy is performed. The initial dissection is commenced by division of the azygous vein to expose the carina. The distal trachea and right and left mainstem bronchi are isolated. A flexible bronchoscope through the oral endotracheal tube can guide the incision into the distal trachea. The technique for reconstructing the airway is the same regardless of the level. If excess anastomotic tension is thought to exist, release maneuvers may help reduce tension on the anastomosis. Division of the pulmonary ligament and hilar release accomplished by dividing the pericardium circumferentially around the hilum provide an additional centimeter or two of mobility to the distal airway. Suprahyoid release may also be used to add additional length for carinal resection procedures. Once determination has been made that the airway can be reapproximated, individual circumferential anastomotic sutures for the anterior nonmembranous part and a continuous suture for the posterior membranous part are placed (4-0 Vicryl in adults and 5-0 Vicryl in children) (Figure 17.2). All sutures are made to allow the knots to be on the outside of the anastomosis. Once the continuous suture of the back row is tied, the table neck is flexed, the operative field endotracheal tube is removed, and the oral endotracheal tube is advanced onto the left mainstem bronchus beyond the anastomosis. The front row sutures should then be tied and the endotracheal tube withdrawn to the trachea proximal to the anastomosis. When all of the sutures have been tied, the anastomosis should be checked to see if it is hermetically sealed. The anesthesiologist ventilates the patient to 20, 30, and 40 cm of pressure. The operative field is submersed in saline to allow identification of any leaks. Any leaks should be repaired even to the point of taking the entire anastomosis apart and starting all over if the leak can't be repaired. Once the anastomosis has been secured, soft tissue coverage of the anastomosis is achieved by a pedicled flap of pericardial fat, pleura, or intercostal muscle. Inspection of the anastomosis with bronchoscopy is performed prior to extubation. Frozen section to confirm complete resection for tracheal tumors is also generally indicated prior to completing the anastomosis. A radical lymphadenectomy is always recommended. Several postoperative complications may occur after tracheal resection, such as anastomotic separation, anastomotic granulation tissue formation, aspiration during swallowing and subsequent pneumonia, recurrent nerve paralysis, tracheo-innominate fistula, ventilatory support >48 hours, and the potential need for tracheostomy. In addition to pulmonary insufficiency, general complications such as wound infection or bleeding are possible.
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Figure 17.2 a: Anterior view on the middle and distal part of intrathoracic trachea after mobilizing ascending aorta (AO). # = part of trachea to be removed due to a tracheal tumor. b: Lateral intraoperative view of the dissected trachea and a placed running suture at the posterior wall. c: Tightened running suture. d: Single sutures (7x) at the anterior wall of the trachea. e: Tightened single sutures and closed anastomosis.





Prognosis

Squamous cell carcinoma of the trachea has a subsequent reported 5-year survival rate of about 5%. Five-year survival rates for adenoid cystic carcinoma are improved by surgery combined with radiotherapy, but are associated with a continued decrease in survival at 10 years and thereafter, because of local recurrence and the appearance of metastases.



Conclusion

Tracheal primary tumors are rare and usually diagnosed at a late stage due to their unspecific clinical symptoms. However, for carefully selected patients, surgical resection with a subsequent re-anastomosis, combined with a adjuvant or neo-adjuvant therapeutic strategy (due to the type of tumor) is currently available and has the potential to cure the patient. For patients with advanced tracheal tumors, the therapeutic options are still poor but recent advances give hope. The treatment of patients suffering from a tracheal tumor must be determined by a multidisciplinary process, including diagnostic tools, staging, specific follow-up strategies and detailed therapeutic planning.
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CHAPTER 18

Adjuvant Chemotherapy Following Surgery for Lung Cancer


Kathryn A. Gold
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Introduction

Surgical resection is the standard treatment for early stage non-small cell lung cancer (NSCLC). Unfortunately, 5-year survival following complete resection has been disappointing, ranging from 63% in patients with stage IA tumors to 19% in patients with stage IIIA [1]. Following surgery, 10–15% of patients will experience a local relapse, while a distant recurrence will occur in 15–60% of the cases, generally leading to death. Efforts at improving local and distant control as well as survival for patients with operable NSCLC have examined the addition of chemotherapy and/or radiation in the postoperative (adjuvant) setting.

Outcomes with postoperative radiation therapy have been disappointing, with some studies showing an improvement in local control [2] but a large meta-analysis suggesting a detrimental effect on survival [3]. Postoperative radiation may be indicated for some patients at a high risk of local relapse, including patients with mediastinal nodal involvement or positive surgical margins, but should not routinely be offered to patients with N0 or N1 disease.

The high rate of distant recurrence is thought to be due to unrecognized micro-metastatic disease present at the time of surgery. Following surgical resection, adjuvant chemotherapy can potentially reduce the risk of developing recurrent and metastatic disease, theoretically by treating micro-metastatic disease before it becomes clinical evident. Adjuvant chemotherapy following surgical resection is the standard of care for a number of malignancies, including breast cancer and colon cancer [4,5], and it has been extensively studied for non-small cell lung cancer.



Clinical trials of adjuvant chemotherapy

Early clinical trials of postoperative adjuvant chemotherapy in NSCLC showed a detrimental effect on survival with the use of alkylating agents like cyclophosphamide or nitrosurea [6]. Subsequent randomized trials of postoperative cisplatin-based chemotherapy failed to demonstrate clear benefits in any single study. These studies were pooled in an individual patient data-based meta-analysis reported in 1995 [6]. Eight trials used cisplatin in a range of doses (50–240 mg/m2 total dose) and in various combinations with doxorubicin, cyclophosphamide, and vindesine. The overall hazard ratio (HR) was 0.87 (p = 0.08) in favor of chemotherapy and corresponded to a 13% reduction in the risk of death. This study suggested an absolute benefit for chemotherapy of 3% at 2 years (95% CI, 0.5% detriment to 7% benefit) and 5% at 5 years (95% CI, 1% detriment to 10% benefit). Although these results were not statistically significant, they prompted many groups to launch adjuvant platinum-based chemotherapy trials in completely resected NSCLC. See Tables 18.1 and 18.2 for a summary of these trials.



Table 18.1 Overview of recent randomized, platinum-based adjuvant chemotherapy trials


[image: images]



Table 18.2 Regimens used in adjuvant chemotherapy trials
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Japanese Clinical Oncology Group Trial 9304

Japan Clinical Oncology Group (JCOG) Trial 9304 aimed to determine whether adjuvant chemotherapy with three courses of cisplatin and vindesine was superior to observation only in patients with completely resected NSCLC patients with ipsilateral mediastinal lymph node involvement [7]. Three courses of chemotherapy (cisplatin 80 mg/m2 day 1, vindesine 3 mg/m2 days 1 and 8, administered every four weeks) were administered in the experimental arm. Chemotherapy started within 6 weeks after surgery. Postoperative radiotherapy was not delivered. Eligible patients were under 75 years of age, had a performance status of 0 or 1, and had received no prior chemotherapy or radiotherapy. Patients were stratified by treatment center, and the two groups were well balanced. The trial closed before reaching the planned sample size because of slow accrual. From January 1994 to July 1998, 119 patients were randomized (59 in the chemotherapy arm and 60 in the surgery alone arm). The intended dose of chemotherapy was administered to 58% of patients. There were no statistically significant differences in overall and disease-free survival between the arms. Median survival was 36 months in both groups and 5-year survival was 28% in the chemotherapy arm and 36% in the control arm (p = 0.89). Median disease-free survival was 18 months in the chemotherapy arm and 16 months in the control arm (p = 0.66).



Adjuvant Lung Project Italy

Investigators from the Adjuvant Lung Project Italy (ALPI) and the European Organization for Research and Treatment of Cancer (EORTC) randomly assigned patients with completely resected stage I, II, or IIIA NSCLC to either MVP (mitomycin at 8 mg/m2 on day 1, vindesine at 3 mg/m2 on days 1 and 8, and cisplatin at 100 mg/m2 on day 1) every 3 weeks for three cycles or observation [8]. Treatment had to begin within 42 days after surgical resection. Patients were stratified by center, tumor size, lymph node involvement, and the intention to perform radiotherapy. Patients received radiotherapy according to the policy of the individual participating center, which was decided prior to the enrollment of the first patient. For the patients in the MVP arm, radiotherapy was initiated 3–5 weeks after the last chemotherapy, and for patients in the control arm, radiotherapy was initiated 4 to 6 weeks after surgery. The primary endpoint was overall survival. Secondary endpoints were progression-free survival and toxicity associated with adjuvant treatment. The trial was designed to have 80% power to detect a 20% relative reduction in mortality (increasing 5-year survival from 50–57%) corresponding to a hazard rate of 0.8, with a two-sided alpha of 0.05.

From January 1994 to January 1999, 1209 patients were enrolled, 606 to the MVP arm, and 603 to the control arm. Patients were well balanced between the two arms of the study: 39% had stage I disease, 33% had stage II disease, and 28% had stage IIIA disease. Median age was 61 years. Sixty-nine percent of the MVP patients completed the three planned cycles of chemotherapy, though many required dose reductions. Sixty-five percent of patients received radiotherapy in the MVP arm, and 82% in the control arm. MVP chemotherapy was associated with grade 3 or 4 neutropenia in 16 and 12% of patients, respectively. There were 10 treatment-related deaths in the study; three in the chemotherapy arm and seven in the control arm. After a median follow-up of 64.5 months, no significant difference in overall survival was seen between the arms, with an HR of 0.96 (95% CI, 0.81–1.13; p = 0.589). Progression-free survival was also not significantly different between the arms (HR = 0.89, 95% CI, 0.76–1.03; p = 0.128). Median overall survival was 55 months in the MVP arm and 48 months in the control arm. Disease stage and sex were associated with survival in the multivariable analysis. Kras mutation status, p53 staining, and Ki-67 status were investigated as potential predictive or prognostic markers, but no significant associations were seen between these biomarkers and overall or disease-free survival.



International Adjuvant Lung Cancer Trial

The International Adjuvant Lung Cancer Trial (IALT) Collaborative Group evaluated the effect of cisplatin-based adjuvant chemotherapy on survival in completely resected NSCLC [9]. 1867 patients with completely resected stage I, II, or III NSCLC were randomly assigned to either 3 or 4 cycles of cisplatin-based chemotherapy or to observation. Chemotherapy was one of four different regimens combining cisplatin (80–120 mg/m2, every 3–4 weeks) with either a vinca alkaloid or etoposide (vindesine 3 mg/m2 weekly for 5 weeks then every 2 weeks, vinblastine 4 mg/m2 weekly for 5 weeks then every 2 weeks, vinorelbine 30 mg/m2 weekly, or etoposide 100 mg/m2 days 1–3 per cycle). Because of uncertainty regarding optimal postoperative treatment and to facilitate accrual, each participating center could determine the pathologic stage of disease to include, the dose of cisplatin given per cycle, the drug that was combined with cisplatin, and the postoperative radiotherapy policy. Eligible patients had completely resected stage I, II, or III NSCLC, and were between 18 and 75 years of age. Patients were randomly assigned within 60 days of surgery and were stratified by treatment center, type of surgery, and pathological stage. Chemotherapy was to begin within 60 days of surgery. Postoperative radiotherapy, if indicated, consisted of 60 Gy or less, delivered to the mediastinal lymph nodes. The primary endpoint was overall survival. Secondary endpoints were disease-free survival, second primary cancers, and adverse effects. The trial was designed to demonstrate an absolute improvement in overall survival of 5%, from 50 to 55% at 5 years.

Enrollment began in February 1995 and the steering committee decided to discontinue recruitment on December 31, 2000, citing slow accrual. A total of 1867 patients had been randomly assigned, recruited by 148 centers in 33 countries. Patients were well balanced between the two arms of the study. Ten percent of patients had stage IA disease, 27% stage 1B, 24% stage II, and 39% stage III. Median age was 59 years, 20% were women, 40% had adenocarcinoma. A regimen combining 100 mg/m2 cisplatin for three or four cycles with etoposide was the most commonly used regimen, selected for 49.3% of the patients. Of the patients assigned to the chemotherapy arm, 74% received at least 240 mg/m2 of cisplatin. Twenty-seven percent of patients received postoperative radiotherapy. In the chemotherapy arm, 23% of patients experienced grade 3 or 4 toxicity, and 7 patients (0.8%) died of chemotherapy-related toxicity. In the chemotherapy group, 7.8% did not receive chemotherapy. The median duration of follow-up was 56 months. Patients assigned to chemotherapy had a significantly higher overall survival rate than patients assigned to observation (44.5% versus 40.4% at 5 yr, respectively; HR 0.86 [0.76–0.98], p < 0.03). Disease-free survival was also significantly improved with chemotherapy (HR = 0.83[0.74–0.94], p < 0.003). Median survival was 50.8 months in the chemotherapy arm and 44.4 months in the control arm, while median disease-free survival was 40.2 months and 30.5 months, respectively. Five-year disease-free survival rates were 39.4% and 34.3% in the chemotherapy group and in the control group, respectively.

An updated analysis published in 2009 with a median follow-up of 90 months showed that that benefits of chemotherapy on overall survival persisted, but were no longer statistically significant (HR 0.91, 95% CI 0.81–1.02, p = 0.1) [10]. There was a trend, however, towards increased risk of nonlung cancer related death in the chemotherapy arm (HR 1.34, 95% CI 0.99–1.81, p = 0.06).



Big Lung Trial

The British Big Lung Trial randomized patients with surgically resectable lung cancer to surgery with or without cisplatin-based chemotherapy [11]. Chemotherapy could be administered either prior to surgery (neoadjuvant chemotherapy) or postoperatively, at the treating physician's discretion. Clinicians could select between four chemotherapy regimens: MIC (cisplatin 50 mg/m2, mitomycin 6 mg/m2, and ifosfamide 3 g/m2), MVP (cisplatin 50 mg/m2, mitomycin 6 mg/m2, and vinblastine 6 mg/m2), CV (cisplatin 80 mg/m2, vindesine 3 mg/m2 on days 1 and 8), or NP (cisplatin 80 mg/m2, vinorelbine 30 mg/m2 on days 1 and 8), all of which were given every 3 weeks for 3 cycles.

The primary endpoint of this study was overall survival. This was an underpowered study – with about a 20% power to detect a 5% difference in survival – and the aim was to contribute to an updated meta-analysis. A total of 381 patients were randomized. Median age was 61 years, 69% of patients were male, 48% had squamous cell carcinoma and 37% had adenocarcinoma. Twenty-seven percent of patients had stage I disease, 38% stage II, and 34% stage III. A macroscopic complete resection was achieved in approximately 95% of patients, and an incomplete microscopic resection was reported in 15% of cases. Nearly two-thirds of patients in the chemotherapy group received all three planned cycles of chemotherapy with 40% of these patients requiring a dose reduction. A large majority of those assigned to chemotherapy received adjuvant therapy (97%), rather than neoadjuvant chemotherapy; only a small portion (14%) received postoperative radiation. With a median follow-up of 34.6 months, there was no significant benefit in overall survival to the chemotherapy group (HR: 1.02; p = 0.90). Median overall survival was 33.9 months for the chemotherapy group and 32.6 months for the surgery alone arm, and median progression free survival was 27 months for the surgery with chemotherapy group, and 24.7 months for the surgery alone arm.



JBR.10 Trial

In this North American intergroup trial, patients with completed resected T2N0, T1N1 or T2N1 NSCLC were randomized to adjuvant chemotherapy versus observation [12]. This trial was initially opened by the National Cancer Institute of Canada Clinical Trials Group (NCIC CTG) in 1994; United States cooperative groups (Cancer and Leukemia Group B [CALGB], Southwest Oncology Group [SWOG], and Eastern Cooperative Oncology Group [ECOG]) joined in 1998. Patients randomized to the chemotherapy arm received vinorelbine 25 mg/m2 weekly and cisplatin 50 mg/m2 on days 1 and 8, every 4 weeks for four cycles, to start within 6 weeks of surgery. Patients were stratified by nodal status (N0 versus N1) and RAS mutation (present versus absent versus unknown). The primary study endpoint was overall survival; secondary endpoints included recurrence-free survival, quality of life, and toxicity.

Between 1994 and 2001, 482 patients underwent randomization to chemotherapy (242 patients) or observation alone (240 patients). The two groups were well balanced and the median age was 61 years. Forty-five percent of the patients had T2N0 disease, 15% had T1N1, and 40% had T2N1 disease. Fifty-three percent had adenocarcinoma and RAS mutations (in codons 12, 13, and 61 of NRAS, KRAS, or HRAS) were present in 24% of the samples. Only 45% of patients were able to complete all four planned cycles of chemotherapy. Febrile neutropenia occurred in 7% of patients receiving chemotherapy and treatment-related death was rare (2 patients, 0.8%). With median follow-up over 5 years, significantly increased median overall survival was seen in the chemotherapy group (94 months versus 73 months; HR = 0.69; p = 0.011). There was also a significant improvement in recurrence free survival with chemotherapy (not reached versus 47 months; HR = 0.6; p = 0.0003). The 5-year survival rates were 69 and 54% in the chemotherapy and control group, respectively (p = 0.03). On subgroup analysis, there was no significant improvement in overall survival in patients with stage IB disease (p = 0.79) while patients with stage II disease had a significant improvement in median overall survival with chemotherapy (80 months vs 41 months, p = 0.004). On an updated survival analysis performed after a median follow-up of 9.3 years, adjuvant chemotherapy continued to show a survival benefit (HR 0.78, p = 0.04), though this benefit appeared to be confined to patients with node-positive disease [13].



Adjuvant Navelbine International Trialist's Association Study

In the Adjuvant Navelbine International Trialist's Association (ANITA) trial, investigators randomized patients with completely resected stage IB, II, or IIIA NSCLC to either adjuvant chemotherapy or observation [14]. Patients were enrolled from 101 centers in 14 countries. Patients assigned to the chemotherapy group received vinorelbine 30 mg/m2 weekly and cisplatin 100 mg/m2 every four weeks for 16 weeks. Postoperative radiotherapy was undertaken according to each center's policy and was recommended for patients with node-positive disease. Patients were stratified by center, stage, and histology. The primary endpoint was overall survival, and secondary endpoints were disease-free survival and safety. The trial was designed to have a 90% power to detect an absolute improvement of 10% indicating a benefit for adjuvant chemotherapy, with a two-sided alpha of 0.05. The planned sample size for the study was 400 patients per treatment group. From December 1994 to December 2000, 840 patients were enrolled: 407 to the chemotherapy arm and 433 to the observation group. Patients were well balanced between the two arms of the study, with 36% having stage IB disease, 24% stage II disease, and 39% stage IIIA disease. Sixty-one percent of patients completed at least 3 of the planned four cycles. Chemotherapy was associated with grade 3 or 4 neutropenia in 85% of patients, and febrile neutropenia in 9% of patients. Two percent of patients died from toxic effects of chemotherapy.

At the time of analysis, median follow-up was over 6 years in both groups. Median survival was 65.7 months for patients in the chemotherapy group and 43.7 months for patients assigned to observation (HR = 0.80 [0.66–0.96], p = 0.017). The absolute overall survival benefit with chemotherapy at five years was 8.6%. There was also as statistically significant benefit in disease-free survival between the groups (p = 0.002). On subgroup analysis, patients with stage IB disease did not appear to benefit from adjuvant chemotherapy, while patients with stage II and IIIA disease had a statistically significant benefit in overall survival.



Cancer and Leukemia Group B-9633

The Cancer and Leukemia Group B (CALGB) trial 9633 randomly assigned patients with completely resected stage IB (T2N0) lung cancer to observation alone or chemotherapy with four cycles of paclitaxel (200 mg/m2) and carboplatin (AUC = 6) [15]. This trial was initially presented at the ASCO Annual Meeting in 2004 as positive after a follow-up of 34 months [16], though final survival analysis was negative. Chemotherapy was started within 8 weeks of surgery and there was no planned thoracic radiotherapy. The trial started in September 1996 and planned accrual was 500 patients over 3.5 years. Because of slow accrual and reported results from other trials, the trial was closed following accrual of 344 patients in November 2003.

Patient characteristics were well balanced between the two arms of the study with regard to age, sex, race, weight loss, ethnicity, histology, tumor differentiation, and type of surgery. Adjuvant chemotherapy was well tolerated, and there were no chemotherapy-related deaths. Grade 3 or 4 neutropenia occurred in 35% of patients. With a median follow-up of 74 months, overall survival and disease free survival were not significantly different between the chemotherapy and observation groups. Median overall survival was 95 months for the chemotherapy group and 78 months in the observation group (HR 0.83, p = 0.124), and median disease free survival was 89 months with chemotherapy and 56 months with observation (HR 0.80, p = 0.065).

In an unplanned subgroup analysis, the CALGB investigators found significant benefits in overall and disease free survival for patients with tumors larger than 4 cm, and a trend towards inferior outcomes for those with tumors less than 4 cm. In contrast to other studies, this trial utilized carboplatin-paclitaxel rather than a cisplatin-based regimen.



Pooled analyses of adjuvant chemotherapy trials

Of the trials described above, several (ALPI, Big Lung Trial, and CALGB-9633) showed no clear benefit for adjuvant chemotherapy, while others (IALT, JBR.10, ANITA) showed significant improvement in survival with adjuvant chemotherapy. Some trials, like ALPI, used older, more toxic chemotherapy regimens. Others, like the Big Lung Trial and CALGB-9633, were underpowered to detect small differences in survival. A number of meta-analyses have pooled individual data from randomized trials to try to draw broad conclusions.

In the Lung Adjuvant Cisplatin Evaluation (LACE) analysis, individual data from five randomized cisplatin-based chemotherapy trials (ALPI, IALT, ANITA, Big Lung Trial, and JBR.10) were pooled [17]. These trials were all performed after the 1995 meta-analysis [6]. These trials included 4584 patients. Pathology stages between IA and III were represented (IA: 8%, IB: 29%, II: 35%, III: 28%). Adjuvant chemotherapy was associated with an 11% reduction in the risk of death and absolute overall survival benefit of 5.4% at 5 years. This survival benefit was statistically significant (HR = 0.89, p = 0.005). Patients receiving chemotherapy had an increased risk of death in the first 6 months (74 deaths in chemotherapy arm vs 29 in control arm), mostly due to chemotherapy toxicity and increased cardiovascular/pulmonary deaths. There was a trend in favor of use of higher dose cisplatin (planned dose greater than 300 mg/m2) which did not meet statistical significance (p = 0.1). There was significant interaction between chemotherapy effect and stage. Though the numbers were small, patients with stage IA disease did not appear to benefit from chemotherapy (HR 1.40, 95% CI 0.95–2.06). Patients with stage IB disease had an insignificant trend towards benefit from chemotherapy (HR 0.93; 95% CI 0.78–1.10) and patients with stage II and III disease had statistically significant improvements in survival with adjuvant chemotherapy (HR 0.83, 95% CI 0.70–0.91 and HR 0.83, 95% CI 0.72–0.94, respectively). Patients with good performance status tended to benefit from chemotherapy, whereas the utility of chemotherapy in patients with borderline performance status (PS = 2) was unclear.

Another large meta-analysis by the NSCLC Meta-analyses Collaborative Group included 34 trials randomizing patients between surgery followed by adjuvant chemotherapy versus surgery alone as well as 13 trials randomizing patients to surgery plus radiotherapy and chemotherapy versus surgery plus radiotherapy [18]. A total of 11 107 patients were included in this meta-analysis. This trial found that chemotherapy was associated with a 4% absolute benefit in overall survival at 5 years. In contrast to the LACE meta-analysis, there was no significant interaction between benefit from chemotherapy and tumor stage or performance status.




Selection of patients to receive adjuvant chemotherapy


Stage II and III disease

Clinical trials and meta-analyses suggest a benefit in terms of both overall survival and disease free survival with adjuvant chemotherapy in patients with resected stage II or III non-small cell lung cancer. The magnitude of absolute survival benefit is around 5% at five years [17,18]. For patients with good performance status and no contraindications, adjuvant chemotherapy is the standard of care.



Stage IA disease

The Big Lung Trial, ALPI, and IALT were the only cisplatin-based adjuvant chemotherapy trials to include stage IA disease [8,9, 11]. This group accounted for 347 patients in total between these trials. Individual data have been analyzed in the LACE pooled analysis [17]. This meta-analysis suggested a detrimental effect in that subgroup, taking into account that some of the patients were treated with more toxic, older regimens. Nevertheless, there is no clear evidence of a benefit for adjuvant chemotherapy in resected stage IA non-small cell lung cancer.



Stage IB disease

CALGB-9633 is the only large platinum-based adjuvant trial focusing on patients with stage IB disease [15]. Though initial results were promising, final analysis did not show a benefit of adjuvant carboplatin and paclitaxel. Many hypotheses have been advanced to explain the negative results of this study, including the lower activity of the paclitaxel/carboplatin doublet in comparison with cisplatin-based doublets and the lack of power due to the early discontinuation of accrual. In a subgroup analysis of JBR.10 and ANITA trials, no benefit was observed for patients with stage IB disease, though statistical tests for interactions showed no clear relationship between stage and benefit from chemotherapy [12, 14]. In the LACE pooled analysis, a trend toward a benefit for adjuvant chemotherapy was reported but it was not statistically significant [17].

In an unplanned, post-hoc analysis of data from the CALGB-9633 study, tumor size greater than 4 centimeters was found to predict for benefit from chemotherapy [15]. A similar relationship was found between tumor size and benefit from chemotherapy in JBR.10. Patients with tumors larger than 4 centimeters tended to benefit from chemotherapy, while patients with small tumors did not, though these subset analyses did not reach statistical significance [13]. At our institution, decisions regarding adjuvant chemotherapy for stage IB disease are made on an individual basis, with chemotherapy considered for patients with high risk features such as large (greater than 4 cm) or poorly differentiated tumors, visceral pleural invasion, or vascular invasion.



Elderly patients

The median age at presentation for patients with lung cancer is 70 years old [19] but elderly patients are underrepresented in clinical trials. Older patients tend to have more comorbidities and may have difficulty tolerating chemotherapy. In a subgroup analysis of the JBR.10 trial, patients over the age of 65 were found to have a similar benefit from adjuvant chemotherapy (HR 0.61, 95% CI 0.38 to 098, p = 0.04) as younger patients, though they received fewer doses of chemotherapy on average [20]. On this trial, there were only 23 evaluable patients over the age of 75, and these patients had a trend towards decreased survival with chemotherapy (HR 2.35, 95% CI 0.84 to 6.58, p = 0.09). In the LACE meta-analysis, 414 of a total of 4,584 patients were age 70 or older [21]. There was no statistically significant interaction between age and benefit from chemotherapy, and these elderly patients had a trend towards improvement in overall survival (HR 0.87, 95% CI 0.68 to 1.11). Elderly patients received a lower total cisplatin dose, though adverse events were similar in younger and older patients.

In a large observational cohort study, 3324 patients aged more than 65 years with resected stage II or IIIA lung cancer were identified from the SEER database [22]. Only 21% of these patients received platinum-based adjuvant therapy. Chemotherapy was associated with an improved survival (HR 0.80, 95% CI, 0.72–0.89), similar to the benefit seen in clinical trials, though there was a higher rate of hospitalization for serious adverse events.

Based on these results, adjuvant chemotherapy should not be withheld from patients on the basis of age alone, though comorbidities should be considered, both when deciding whether to use adjuvant chemotherapy and in choosing a regimen.



Patients with poor performance status

The benefit of adjuvant chemotherapy is unclear in patients with WHO performance status (PS) of 2 or higher. JBR.10 and CALGB 9633 only allowed patients with PS 0 or 1 [12, 15] and other trials accrued only small numbers of patients with poor PS. In the LACE meta-analysis, only 183 out of 4584 patients had a PS of 2. These patients had a trend towards worsened outcomes with adjuvant chemotherapy [17].




Selection of adjuvant chemotherapy regimen


Cisplatin versus carboplatin

For patients with metastatic lung cancer, most studies suggest similar progression free and overall survival with the use of cisplatin versus carboplatin based doublets [23,24], though a meta-analysis suggested higher response rates with cisplatin-based therapy [25]. In the adjuvant setting, however, cisplatin based regimens have been used in most large clinical trials, including all the trials incorporated into the LACE meta-analysis [17]. The only large trial to use a carboplatin-based regimen was CALBG-9633, and this trial was not able to demonstrate a significant survival benefit with adjuvant chemotherapy [15]. Cisplatin is considered the preferred agent for adjuvant treatment, though carboplatin-based regimens can be considered for patients unable to tolerate cisplatin.



Choice of a second agent

The most studied adjuvant chemotherapy regimen is cisplatin and vinorelbine, which was used in all patients in the ANITA and JBR.10 trial, and in some patients in IALT and the Big Lung Trial [9, 11, 12, 14]. In the metastatic setting, cisplatin in combination with newer agents such as docetaxel, gemcitabine, or pemetrexed has similar or improved response rates and survival compared to cisplatin with vinorelbine [23, 26, 27]. These newer regimens are often better tolerated. Though these newer agents have not been studied in randomized trials in the adjuvant setting, they are often used in clinical practice. Acceptable options for adjuvant treatment include cisplatin with gemcitabine, cisplatin with docetaxel, and cisplatin with pemetrexed (for non-squamous tumors only). If patients are not able to tolerate cisplatin, carboplatin and paclitaxel, as used in CALGB-9633, is an acceptable regimen [15].




Unanswered questions


Predictive and prognostic biomarkers

There are at present no validated biomarkers to identify subgroups of patients who will derive particular benefit from adjuvant treatment. A treatment decision-making process based on the analysis of biomarkers of response and resistance to cytotoxic drugs would be quite valuable, ensuring that patients likely to benefit from adjuvant chemotherapy receive appropriate therapy and sparing toxicity for those unlikely to benefit. A number of studies have attempted to identify predictive or prognostic biomarkers. Common molecular changes such as p53 mutations, p53 protein expression, or KRAS mutations have not proven to have a consistent prognostic or a predictive value in published adjuvant trials [8, 28–30].

The excision repair cross-complementation group 1 (ERCC1) enzyme, which plays a critical role in the nucleotide excision repair pathway, has been extensively studied as a marker of chemoresistance. In an analysis of ERCC1 protein expression in 761 tumors from IALT, cisplatin-based chemotherapy significantly prolonged survival among patients with ERCC1-negative tumors (56% of the cases, HR = 0.65 [0.50–0.86], p = 0.002) while in patients with ERCC1-positive tumors, adjuvant chemotherapy had no effect (HR = 1.14 [0.84–1.55], p = 0.40) [31]. Measurement of ERCC1 is technically difficult, however, and other studies have shown inconsistent results [32].

A number of groups have used gene expression data to create risk prediction models; however, results are inconsistent between the studies and none have been prospectively validated [33–36]. Currently, the use of biomarkers for selection of adjuvant chemotherapy should be considered experimental and is best done within a clinical trial.



Use of targeted therapies with adjuvant chemotherapy

Targeted therapies are increasingly used in the treatment of metastatic non-small cell lung cancer. Epidermal growth factor receptor (EGFR) inhibitors erlotinib and gefitinib are active in NSCLC, especially in patients with activating EGFR mutations [37–39]. Several trials using these agents as adjuvant therapy were initiated. In the Canadian BR.19 study, 503 patients with resected stage IB to IIIA lung cancer were randomized to either gefitinib 250 mg PO daily or placebo. Patients could receive adjuvant radiation or chemotherapy at the discretion of the treating clinician. This study has been presented only in abstract form, but the preliminary results were not promising – there was a trend towards shorter disease free and overall survival with gefitinib treatment [40]. This trend towards shorter overall survival was also seen in the small subgroup of patients with EGFR mutations. The RADIANT trial is a phase III trial randomizing patients with stage IB to IIIA resected NSCLC to either erlotinib 150 mg PO daily or placebo. Eligible patients must have EGFR-positive tumors, either by immunohistochemistry or FISH. Accrual to this study has been completed, though results have not yet been published. The SELECT trial is a single arm phase II study which is currently enrolling patients with EGFR mutant NSCLC. All patients will receive erlotinib 150 mg PO daily. Expected accrual is 100 patients.

Bevacizumab is an antivascular endothelial growth factor (VEGF) antibody. It has been approved for use in the front-line treatment of nonsquamous NSCLC, in combination with carboplatin and paclitaxel [41]. An ongoing Intergroup trial, E1505, is enrolling patients with resected stage IB to IIIA NSCLC of any histologic subtype. Patients will be randomized to either chemotherapy for four cycles or chemotherapy with bevacizumab for four cycles, followed by maintenance bevacizumab for one year. Planned accrual is 1500 patients.

Currently, there is no standard role for targeted therapies in the adjuvant treatment of lung cancer. These therapies should only be used in the context of a clinical trial.




Summary of recommendations


	Adjuvant chemotherapy with four cycles of a cisplatin-based regimen is the standard of care following surgical resection of stage II or IIIA non-small cell lung cancer in patients with good performance status.

	Adjuvant chemotherapy is not routinely recommended for patients with stage IA lung cancer.

	Patients with stage IB lung cancer with adverse features may benefit from adjuvant chemotherapy.

	The most studied adjuvant chemotherapy regimen is cisplatin with vinorelbine; however, cisplatin in combination with docetaxel, pemetrexed, or gemcitabine is also acceptable.

	Cisplatin-based regimens are preferred to carboplatin-based regimens, in the absence of contraindications.

	There are no proven biomarkers to predict for benefit from adjuvant chemotherapy.

	The role of targeted therapies in adjuvant treatment is under active investigation; however, these drugs are not the standard of care and should be used in the context of a clinical trial.
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Introduction

In 2012, approximately 226 160 new cases of lung cancer were diagnosed in the United States; and 160 340 patients died of lung cancer [1]. Lung cancer is the leading cause of cancer-related death in both men and women. Non-small cell lung cancer (NSCLC) accounts for nearly 90% of these cases [2]. Recently, screening heavy smokers with low-dose CT scan has been shown to reduce the risk of death from lung cancer by detecting lung cancers at an earlier stage [3]. However, widespread lung cancer screening has yet to be implemented, and the majority of patients with lung cancer continue to be diagnosed with advanced, incurable disease [4].

For patients with early-stage NSCLC, surgery offers the best hope for cure. However, despite successful surgery, rates of cancer recurrence and death at 5 years are as high as 27% for pathologic stage IA, 42% for pIB, 54% for pIIA, 64% for pIIB, 76% for pIIIA, and 91% for pIIIB [5]. Clinical, or pre-operative staging often underestimates the extent of disease, particularly if fluorodeoxyglucose positron emission tomography (FDG-PET) and mediastinoscopy are not used. The estimated survival rates for a given clinical stage are worse than the corresponding surgical/pathological stage (Table 19.1) [5]. Given the poor survival rates seen with surgery alone, investigators have studied adjuvant therapies, such as chemotherapy and thoracic irradiation, in an attempt to improve survival.



Table 19.1 Five-year survival based on clinical and pathological staging for resected NSCLC [5]
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For many years, postoperative adjuvant chemotherapy was studied, and the majority of trials did not find a survival benefit. A meta-analysis examining the role of chemotherapy in the treatment of NSCLC was published in 1995 [6]. Part of this meta-analysis examined the role of postoperative chemotherapy compared to surgery alone. For regimens containing cisplatin, the pattern of results was consistent with most trials favoring chemotherapy. In meta-analysis, the overall hazard ratio (HR) was 0.87 with an absolute benefit from cisplatin-based chemotherapy of 5% at 5 years, however the results did not achieve statistical significance (p = 0.08). This prompted a number of large, randomized studies of postoperative adjuvant chemotherapy using cisplatin-based combination chemotherapy. By 2003, the first and largest of these trials was reported showing the benefit of postoperative chemotherapy in patients with completely-resected NSCLC [7–10]. Postoperative chemotherapy has since become a standard of care for stage II-III NSCLC. Postoperative adjuvant chemotherapy is reviewed in detail in Chapter 18 (this volume).

The focus of this chapter will be the use of neoadjuvant, also known as pre-operative, or induction chemotherapy for patients with resectable NSCLC. For over 30 years, pre-operative approaches have been explored, inspired by the poor survival following surgical resection and, before 2003, a lack of evidence to support postoperative chemotherapy. Interest in neoadjuvant therapy was bolstered by data in the early 1990s showing that patients with locally advanced, unresectable NSCLC treated with chemotherapy prior to chest radiation had improved survival compared to patients treated with radiation alone [11,12]. In addition, there are several theoretical advantages to giving chemotherapy prior to surgery. Administration of chemotherapy prior to surgery allows assessment of radiographic and pathologic tumor response to chemotherapy, earlier treatment of clinically undetectable micrometastatic disease, and improved drug delivery compared to post-operative adjuvant therapy [13,14].

Despite early, intense interest, neoadjuvant chemotherapy remains investigational, except in patients with stage IIIA/N2 disease. This is due, primarily, to the historical timing of the phase III clinical trials of neoadjuvant chemotherapy. Postoperative/adjuvant therapy trials had a head start on large, randomized trials comparing neoadjuvant chemotherapy followed by surgery, versus surgery alone, in patients with earlier stages of NSCLC. As a result, most of the large neoadjuvant chemotherapy trials were closed early when the benefit of adjuvant chemotherapy was discovered [15–17]. In addition, there has yet to be a large enough trial to allow a meaningful comparison between postoperative, and pre-operative chemotherapy [14].

It took eight years (1995–2003) for prospective randomized trials to prove the hypothesis that postoperative cisplatin improves survival in patients with resected NSCLC. With advances in new drug development now occurring from year to year, resources to conduct clinical trials must focus on which drugs to give to which patients, with less concern for the peri-operative timing of that treatment. Over the same eight years, phase III clinical trials of pre-operative chemotherapy have demonstrated the neoadjuvant approach to be safe, and beneficial to patients.

This chapter will review these data, and make a case for the advantages of a neoadjuvant approach to more immediately treat micro-metastatic disease, improve drug delivery, and perhaps most importantly, provide surrogate efficacy endpoints, such as radiographic response, pathologic response, and downstaging, to provide a platform for more immediate integration of new chemotherapy drugs into the treatment of patients with resectable NSCLC.



Phase II trials in resectable stage III disease

Initial phase II trials evaluating pre-operative chemotherapy in stage III NSCLC were launched in the 1980s following reports from Memorial Sloan-Kettering Cancer Center (MSKCC) of the poor outcome of surgery alone in this patient subset [18]. Martini et al. demonstrated that patients with ipsilateral mediastinal lymph node involvement could have 5-year survival rates as high as 24% following complete resection, but that a subgroup of patients with bulky ipsilateral nodal involvement (mediastinal lymphadenopathy so large as to be apparent on chest X-ray, or causing splaying of the carina at bronchoscopy) had only an 8% survival at 3 years [18]. Based on these observations, a pre-operative regimen of mitomycin, vinca alkaloid (vindesine or vinblastine) and high-dose cisplatin (MVP) was administered to this poor risk, bulky N2 patient population. In a large phase II trial of 136 patients, the investigators at MSKCC found a radiographic major response rate of 77%, with 65% of patients undergoing complete surgical resection [19]. Pathologically, 14% achieved a complete response with no evidence of viable tumor in the resected surgical specimen. Median survival for the 136 patients was 19 months. Three-year survival was 41% in patients who were completely resected; an improvement over the historical experience of 8% for surgery alone.

A confirmatory phase II trial was conducted by investigators in Canada [20]. The Toronto group enrolled 65 mediastinoscopy-proven stage IIIA NSCLC patients and treated them with two cycles of preoperative mitomycin, vindesine and cisplatin, followed by thoracotomy and two further cycles of postoperative chemotherapy. The radiographic response rate to induction chemotherapy was 68%, and 54% had complete surgical resection. The median survival of the entire patient group was 18.6 months, with a 5-year survival of 29%, and 10-year survival of 22%.

A number of other phase II trials have been completed assessing the role of neoadjuvant chemotherapy, with or without radiation therapy, followed by surgery for stage III disease [21,22,23,24]. These trials have demonstrated that radiographic response rates from chemotherapy are significantly higher than observed in patients with stage IV NSCLC, that surgical resection is feasible following neoadjuvant therapy, and pathologic complete responses and downstaging are seen. In trials utilizing neoadjuvant chemotherapy alone, the pathologic complete response rate has been reported as high as 18%, while those using chemotherapy and radiation have been as high as 26% [20, 24]. Patients who have been found to have pathologic complete responses have been noteworthy for significantly prolonged survival. Another important finding of these trials was that radiographic response did not always correlate with pathological response, with both more, and less extensive disease found at surgery than would have been predicted radiographically. Finally, survival does not appear to be substantially different in studies using combined radiation and chemotherapy, as compared with those using neoadjuvant chemotherapy alone. Integration of radiation therapy before, and after surgical resection is reviewed in greater detail elsewhere in this book.

The United States cooperative groups attempted to conduct a randomized study to compare induction chemoradiation, with induction chemotherapy alone, in patients with resectable stage IIIA/N2 NSCLC (Radiation Therapy Oncology Group (RTOG) 0412/Southwest Oncology Group S0332). The study was open from 2005 to 2006, but was closed due to poor accrual. The investigators learned that physician and patient preferences were so strong in selecting an approach to this stage of disease that neither physicians, nor patients, were comfortable with random assignment. The use of pre-operative radiation therapy in multimodality approaches to resectable stage III NSCLC is discussed in detail elsewhere in this textbook.

More recent phase II investigations have examined newer chemotherapy agents in the neoadjuvant setting. Some of these trials have employed a two-drug regimen, while others have examined three-drug combinations. Some trials have focused only on stage IIIA/N2 patients, while others have allowed selected entry of stage IIIB patients. Although comparison of these phase II trials is hampered by differences in patient selection, and subsequent use of either surgery or thoracic radiation, there have been no striking differences between the two- and three-drug regimens, and old versus newer chemotherapy agents, to merit a randomized trial.

A summary of phase II trials focusing on patients with stage III NSCLC is presented in Table 19.2. Betticher and colleagues from Switzerland have studied docetaxel and cisplatin in stage IIIA/N2 NSCLC [23]. In this trial, 90 patients with potentially operable IIIA/N2 NSCLC were treated with three cycles of cisplatin with docetaxel. Chemotherapy was well tolerated with 96% of patients completing all three cycles. The radiographic response rate was 66%, and 48% underwent complete resection. With mature follow-up, those patients who were completely resected had a median survival of 5.2 years (range 0.3–6.3 years). Multivariate analysis found that mediastinal lymph node downstaging and complete resection were independent predictors for long-term survival.



Table 19.2 Prospective phase II neoadjuvant trials for resectable stage III NSCLC
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Van Zandwijk and colleagues have evaluated cisplatin and gemcitabine as a pre-operative therapy in stage IIIA/N2 NSCLC (EORTC 08955) [25]. Patients received induction chemotherapy (three cycles) before re-evaluation and randomization to surgery or radiotherapy as part of the randomized EORTC 08941 trial. The results of the EORTC 08941 trial are discussed elsewhere in this textbook in chapters which address the role of surgery and radiation therapy for stage III NSCLC. In EORTC 08955, radiographic responses were seen in 70% of the 47 eligible patients. Thirty-three (70%; 95% confidence interval, 55% to 83%) had objective responses. Mediastinal nodes were tumor-free after induction therapy in 53% of cases. Resections were considered complete in 71% of the patients who underwent thoracotomy after induction therapy.

Cisplatin plus gemcitabine induction in stage IIIA/N2 and selected IIIB NSCLC has also been evaluated by investigators from Italy [26]. In a phase II trial of 70 patients, radiographic response was seen in 57% of patients. Twenty-eight patients were able to undergo complete resection (41%), with pathologic complete response seen in two patients. With a median follow-up of 16 months, the median survival was 15 months.

A three-drug regimen of docetaxel, cisplatin, and gemcitabine has been evaluated by investigators in Spain [27]. Mediastinoscopy-proven N2 (IIIA) or T4N0–1 (IIIB) disease was required. Among 129 patients assessable for response, the radiologic response rate was 56%. The overall complete resection rate was 69% of patients eligible for surgery (72% of stage IIIA patients and 66% of stage IIIB patients) and 48% of all assessable patients. Eight (12.9%) of 62 completely resected patients had a pathologic complete response. The median overall survival time was 16 months, 3-year survival rate was 37%, and 5-year survival rate was 21%, with no significant differences in survival between stage IIIA and stage IIIB patients. Median survival time was 48 months for 62 completely resected patients, 13 months for 13 incompletely resected patients, and 17 months for 15 nonresected patients (P = 0.005). Five-year survival rates were 41% for completely resected patients, 11% for incompletely resected patients, and 0% for nonresected patients. In the multivariate analysis, complete resection (hazard ratio [HR] = 0.35; P < 0.0001), clinical response (HR = 0.32; P <0.0001), and age younger than 60 years (HR = 0.64; P = 0.027) were the most powerful prognostic factors.

Another group in Spain has studied cisplatin plus gemcitabine, with or without vinorelbine, as induction therapy in stage III NSCLC [28]. In this study of 154 patients, there was no difference in radiographic response between the two- and three-drug regimens (65% versus 61%, respectively). Hematologic toxicity and fatigue were slightly more frequent with the three-drug regimen, but this difference was not statistically significant. Most patients in both groups received radiotherapy as part of their local treatment. Of those resected, pathological complete response was confirmed by surgery in 18% in the two-drug, and 25% in the three-drug group. Median progression-free survival was 368 days in the two-drug, and 322 days in the three-drug group indicating similar efficacy.

Three cycles of pre-operative vindesine, ifosfamide, and cisplatin were given to 131 patients with stage IIIA/N2 NSCLC by investigators in Belgium [29]. Radiographic response occurred in 54% and the median and 5-year survival rates for the entire patient group were 24 months and 21%, respectively. Seventy-five patients underwent surgery, with complete resection in 47%. Although survival in the entire cohort appeared to correlate with response following chemotherapy, this effect was not seen in patients who underwent complete resection. Resection rates were lower in the subgroup of patients with stable disease; however, the authors emphasized that long-term survival following complete resection was seen in some patients who did not have major radiographic response.

Gemcitabine, paclitaxel, and cisplatin have also been studied as an induction regimen. In one study, this three-drug regimen was given to 42 patients with stage IIIA/N2 and IIIB NSCLC [30]. Major radiographic response was seen in 71%, and 21 patients underwent thoracotomy with 16 complete resections (38%). Pathologic complete responses were seen in 7%. With short median follow-up (14 mo), the median survival was 22 months. This same regimen was studied as an induction treatment in 49 patients with stage IIIA/N2 disease [31]. In this cohort of 49 patients, 74% achieved radiographic response, and 55% were completely resected. In this small study, 8/49 (16%) had pathologic complete response at surgery. With a median follow-up of 15.6 months, the median overall survival was 23 months.



Phase II trials in earlier stage disease

After the use of induction chemotherapy appeared promising in stage III NSCLC, clinical trials were designed and conducted which examined this approach in earlier stages of NSCLC. These trials are summarized in Table 19.3. The first such study was the Bimodality Lung Oncology Team trial (BLOT) [13]. This phase II trial enrolled two sequential cohorts of patients with clinical stage IB, II, and IIIA disease. Clinical staging was defined by CT imaging and all patients were required to undergo mediastinoscopy. PET imaging was not routinely performed in this study. Patients with mediastinoscopy-proven N2 disease or superior sulcus tumors were excluded from this trial. Patients were treated with carboplatin plus paclitaxel before and after surgery (number of cycles in cohort I: 2 pre and 3 post; cohort II: 3 pre and 4 post). For the two cohorts combined, the radiographic response rate was 51%, complete resection rate was 86%, and pathologic complete response rate was 5%. Three- and five-year survival rates were 61 and 42%, respectively. There were no significant differences in patient characteristics or outcome between the two cohorts. Based on this encouraging data, a randomized phase III trial was initiated (S9900) with results discussed below.



Table 19.3 Prospective phase II neoadjuvant trials in patients with earlier stages of resectable NSCLC


[image: images]

Induction docetaxel and cisplatin has been compared to docetaxel alone in a randomized phase II trial from the Japan Clinical Oncology Group [32]. This study of 80 clinical stage IB and II NSCLC patients found improved results with the doublet. Pathologic complete response was observed in two patients treated with docetaxel-cisplatin, and radiologic response was superior to docetaxel (45 vs 15%). Disease-free survival at 1, 2, and 4 years were 78%, 65%, and 57% with two drugs, and 62%, 44%, and 36% with single-agent therapy.

A three-drug regimen, gemcitabine/carboplatin/ paclitaxel was tested in patients with operable stage IB, II, or IIIA [33]. Each 21-day cycle consisted of gemcitabine 1000 mg/m2 on days 1 and 8, carboplatin AUC 5 on day 1, and paclitaxel 175 mg/m2 on day 1. Forty-four patients were enrolled with a radiologic response rate of 76%. Thirty-six patients had a complete tumor resection, five of whom had a complete pathological response with no viable tumor cells in the resected tumor on histological examination. The 1-year survival rate was 86%. The authors concluded that a cytotoxic triplet was both safe and effective as neoadjuvant chemotherapy in patients with operable NSCLC.

A nonplatinum regimen of gemcitabine and vinorelbine for two preoperative cycles was given to clinical stage IB-III NSCLC [34]. This study enrolled 62 patients. Although the radiographic response rate was low at 34%, 77% underwent complete resection, and 3% had pathologic complete response. The 1-year and 2-year overall survival rates were 80% and 65%, and the median overall survival was 38 months. These results using a nonplatinum regimen showed similar survival rates comparable to those obtained with platinum-containing doublets, but lower rates of radiographic and pathologic response rates compared with platinum-containing chemotherapy doublets.



Randomized phase II and phase III trials

Following the initial encouraging phase II reports of neoadjuvant chemotherapy, randomized trials were undertaken comparing neoadjuvant chemotherapy and surgery, to surgery alone. These trials are summarized in Table 19.4. These neoadjuvant chemotherapy trials were designed and launched before 2003, when the first positive results from individual studies of post-operative adjuvant chemotherapy were reported. After 2003, it was no longer reasonable to randomize patients with stage II-III NSCLC to surgery alone, and many of the larger studies which included stage I–III patients closed early with too small of a sample size to provide significant statistical comparisons.



Table 19.4 Randomized trials of neoadjuvant chemotherapy in operable NSCLC
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Nevertheless, the earliest trials which were designed exclusively for patient with stage III NSCLC were able to demonstrate the benefit of neoadjuvant chemotherapy with surprisingly small sample sizes. Roth and colleagues conducted a phase III randomized trial of peri-operative chemotherapy with cyclophosphamide, etoposide, and cisplatin followed by surgery compared to a control arm of surgery alone in potentially resectable clinical stage IIIA NSCLC [35]. Patients randomized to chemotherapy were to receive three cycles of chemotherapy before surgery; and an additional three cycles were given after surgery to patients with pre-operative radiographic response. Following an interim analysis, the trial was closed after 60 patients had been accrued because of a clinically meaningful survival benefit in favor of the neoadjuvant chemotherapy arm. Long-term follow-up of this trial after a median time from randomization of 82 months confirmed the beneficial effect of neoadjuvant chemotherapy. Median and 5-year survival rates were 21 months and 36% versus 14 months and 15% for surgery alone.

A similar phase III trial was conducted by Rosell and colleagues from Barcelona [36]. In this study, clinical stage IIIA NSCLC patients were randomized to immediate surgery or surgery preceded by three cycles of mitomycin, ifosfamide, and cisplatin chemotherapy. Both treatment groups received postoperative mediastinal radiation therapy to 50 Gy. Interim analysis after 24 months follow-up with 60 eligible patients showed a significant difference in survival favoring induction chemotherapy, and enrollment was stopped. Reassessment with 7-year follow-up found median and 5-year survival rates of 22 months and 17% in the chemotherapy arm, compared to 10 months and 0% in the surgery alone arm.

Another phase III randomized study of induction chemotherapy was conducted at the National Cancer Institute [37]. This trial randomized stage IIIA/N2 patients to receive two cycles of cisplatin plus etoposide chemotherapy prior to surgery (and four postoperative cycles if evidence of radiographic response) or surgery followed by 54–60 Gy of mediastinal radiation. After 4 years of accrual only 27 patients had agreed to participate. An interim analysis published in 1992 found a trend toward improved survival in the chemotherapy arm of the study, with median survivals of 29 versus 16 months, p = 0.095.

A large randomized trial of neoadjuvant chemotherapy in stage III NSCLC from China has been reported in abstract [38]. This study randomized 724 patients over a 12-year period to preoperative chemotherapy or a control group of surgery alone. Of the 414 patients assigned to two cycles of chemotherapy, 21 had bronchial artery interventional chemotherapy (details not reported). The other 393 patients were given intravenous chemotherapy (130 patients cisplatin plus gemcitabine, 68 mitomycin, vinca alkaloid, cisplatin, 67 cisplatin and etoposide, 36 cyclophosphamide, doxorubicin, cisplatin, 32 vindesine, cisplatin, 30 paclitaxel, vinorelbine, and 30 paclitaxel, cisplatin). Response to induction chemotherapy was reported for 73% of patients with pathologic complete responses seen in 15%. Complete resection rates were 94% in the chemotherapy arm and 92% in the surgery group. No significant differences in operative complications or mortality were reported. Five- and ten-year survival rates were 34% and 29% versus 24% and 22%, p < 0.01. The response, resection, survival, and pathologic complete response rates are higher than what has been reported in other trials, and there was marked variation in induction regimen.

Nagai and colleagues from the Lung Cancer Surgical Study Group of the Japan Clinical Oncology Group have published their experience of a phase III randomized trial in stage IIIA/N2 NSCLC [39]. The trial was designed to accrue 200 patients over a 3-year period. However, the trial was closed secondary to slow accrual after only 62 patients had entered in 5 years. The authors cited lack of rewarding compensation to the patients, prolonged hospitalization in the induction chemotherapy group, and wide reports in the domestic media of the ineffectiveness of chemotherapy for NSCLC as the major reasons for poor accrual. With a median follow-up of 6.2 years, there was no difference in survival between the two arms in terms of median or 5-year survival rates (17 mo and 10% versus 16 mo and 22% in the surgery alone arm).

As for earlier stages of NSCLC (i.e., without mediastinal lymph node involvement), the first report of a randomized neoadjuvant chemotherapy trial came from the Royal Brompton Hospital in London, England [40]. This feasibility study was performed in 22 patients with early stage (IB, II, and IIIA) resectable NSCLC. Patients were randomized to either three cycles of mitomycin, vinblastine, and cisplatin chemotherapy followed by surgery (n = 11), or to surgery alone (n = 11). Of 40 patients who were potentially eligible for the study, 22 agreed to participate. Patients assigned to chemotherapy tolerated treatment well and did not have increased operative morbidity or mortality. Based on this limited experience, the authors recommended a large, multicenter phase III trial in all patients with operable NSCLC and supported accrual to the Medical Research Council Lung Group trial – the UK Big Lung Trial.

In 2002, the results of a phase III randomized trial of induction mitomycin, ifosfamide, and cisplatin chemotherapy in resectable stage IB, II and IIIA were reported [41]; 355 eligible patients were randomized to surgery alone or combined modality therapy with two cycles of chemotherapy followed by surgery. Responding patients (radiographically or pathologically) received two additional cycles of chemotherapy postoperatively. The arms were well balanced for patient characteristics with the exception that fewer clinical N2 patients were assigned to the surgery-only arm (28% versus 40%, p = 0.65). A nonsignificant excess of postoperative morbidity in the chemotherapy arm was seen (24/167 versus 22/171). Postoperative mortality was 6.7% in the chemotherapy arm and 4.5% in the surgery arm (p = 0.38). Median survival was improved by 11 months (37 versus 26 months) and at 4 years, there was an 8.6% increase in survival in the chemotherapy arm, but this did not achieve statistical significance. In a subset analysis, the benefit of chemotherapy was confined to patients with N0 to N1 disease with a relative risk of death of 0.68, p = 0.027. After a nonsignificant excess of deaths in the combined modality arm during the treatment period, the effect of induction chemotherapy was favorable on survival. No difference was seen in local recurrence rates. A significant decrease in distant metastases was observed favoring the chemotherapy arm with a relative risk of 0.54, p = 0.01. Follow-up data on this trial was presented in 2003, when minimal follow-up exceeded 60 months [42]. The 3- to 5-year survival differences were stable around 10% (p = 0.04 at 3 years and p = 0.06 at 5 years). Statistically significant benefits in the N0–1 subgroup were confirmed with 5-year survival rates of 49% compared to 34% (p = 0.02).

The Scandinavians have reported their randomized trial of neoadjuvant carboplatin plus paclitaxel chemotherapy in clinical stage IB, II, and IIIA (excluding N2 patients) [43]. The study was closed prematurely secondary to slow accrual (90 patients in 6 years). Of the 44 patients randomized to chemotherapy, major radiographic responses were seen in 46%, and 79% had complete resection. In the 46 patients treated with surgery alone, complete resection was achieved in 70%. Median and 5-year survival rates were 34 months and 36% compared to 23 months and 24% in the control arm, a difference which was not statistically significant.

The Southwest Oncology Group trial, S9900, was a phase III randomized study comparing induction carboplatin and paclitaxel for three cycles followed by surgery to surgery alone in clinical stage IB, II, and IIIA NSCLC (excluding superior sulcus and N2 disease) [15]. The study called for 600 patients to detect a 33% increase in median survival or 10% increase in 5-year survival. Accrual to this trial was suspended after data from randomized adjuvant chemotherapy trials in completely-resected NSCLC revealed a survival benefit. Total accrual reached only 354 patients. Patient characteristics were well balanced between the two groups. Of the patients randomized to chemotherapy, 41% had radiographic response, 94% had complete resection, and no unexpected toxicity was observed. The median OS was 41 months in the surgery-only arm and 62 months in the pre-operative chemotherapy arm (HR = 0.79; 95% CI, 0.60 to 1.06; p = 0.11). The median PFS was 20 months for surgery alone and 33 months for pre-operative chemotherapy (HR = 0.80; 95% CI, 0.61 to 1.04; p = 0.10).

A multicenter randomized trial in Europe sponsored by the United Kingdom Medical Research Council, and the European Organization for Research and Treatment of Cancer (LU22/NVALT 2/EORTC 08012) randomized 519 patients with resectable stage I–III NSCLC to receive either surgery alone, or three cycles of platinum-based chemotherapy followed by surgery [16]. Before randomization, clinicians chose the chemotherapy that would be given from a list of six standard regimens, four of which contained cisplatin, and two carboplatin (with either paclitaxel or docetaxel). Most patients (61%) were clinical stage I, including 17% stage IA, and only 7% stage III. Most patients assigned to chemotherapy (75%) received all three cycles, with a response rate of 49%, and down-staging in 31%. Clinicians favored cisplatin regimens over carboplatin regimens (78% cisplatin, 12% carboplatin). Rates of successful surgery were identical between the two arms (lobectomy: 56%/60%, complete resection: 80%/82%, for surgery alone/chemotherapy). Postoperative complications were not increased in the chemotherapy group, and no impairment of quality of life was observed. In the final analysis, there was no evidence of a benefit in terms of PFS (HR = 0.96, 95% CI 0.77–1.21, p = 0.74), or OS (HR = 1.02, 95% CI 0.80–1.31, p = 0.86).

In contrast to the lack of efficacy observed in LU22/NVALT 2/EORTC 08012, an independent European trial completed in parallel was more promising. The Ch.E.S.T. (Chemotherapy in Early Stages in NSCLC Trial) was a phase III randomized trial which compared three cycles of neoadjuvant cisplatin plus gemcitabine followed by surgery, to surgery alone [17]. The primary endpoint of this study was progression-free survival, and the original study design required 700 randomized patients. Similar to the S9900 study, the Ch.E.S.T. trial was closed to patient accrual at 270 patients following the results of the positive adjuvant trials. In contrast to LU22, Ch.E.S.T. enrolled only patients stage IB-IIIA, and only 47% of patients had stage IB. Slightly more patients in the surgery alone arm had disease stage IB/IIA (55% v 49%). The chemotherapy response rate was 35%. The hazard ratios for PFS and OS were 0.70 (95% CI, 0.50 to 0.97; p = 0.003) and 0.63 (95% CI, 0.43 to 0.92; p = 0.02), respectively, both in favor of chemotherapy plus surgery. The greatest benefit was observed in the stage IIB/IIIA subgroup (3-year PFS rate: 36.1% v 55.4%; p = 0.002). There were no unexpected toxicities observed.

The NATCH trial (Neoadjuvant vs. Adjuvant Carbo Taxol Hope) was a three-arm trial which directly compared pre-operative chemotherapy plus surgery, postoperative chemotherapy plus surgery, and surgery alone in patients with earlier stages of resectable NSCLC [14]. Six hundred and twenty-four patients with stage IA (tumor size > 2 cm), IB, II, or T3N1 were randomly assigned to surgery alone, three cycles of pre-operative carboplatin and paclitaxel followed by surgery, or surgery followed by three cycles of postoperative carboplatin and paclitaxel. The primary endpoint was disease-free survival (DFS). In the pre-operative arm, 97% of patients started the planned chemotherapy, and radiologic response rate was 53%. In the adjuvant arm, 66% started the planned chemotherapy. Ninety-four percent of patients underwent surgery; surgical procedures and postoperative mortality were similar across the three arms. Patients in the pre-operative arm had a nonsignificant trend toward longer disease-free survival than those assigned to surgery alone (5-year disease-free survival 38% v 34%; HR = 0.92; p = 0.176). Five-year disease-free survival rates were 37% in the adjuvant arm versus 34% in the surgery arm (HR = 0.96; p = 0.74). Although the NATCH study found no statistically significant differences in disease-free survival with these approaches, trends favored the neoadjuvant approach, and more patients were able to receive pre-operative than adjuvant treatment.



Meta-analyses of neoadjuvant chemotherapy

Given there are both negative, and positive individual studies testing neoadjuvant chemotherapy plus surgery versus surgery alone, and the preponderance of studies which closed early or were underpowered to detect the benefit of neoadjuvant chemotherapy, meta-analyses regarding this approach are of special importance. To date, there have been four meta-analyses examining the efficacy of induction chemotherapy in resectable NSCLC, all of them generated from summary statistics, and not from individual patient data [16, 44–46]. The results of these meta-analyses are summarized in Table 19.5.



Table 19.5 Meta-analyses of randomized trials of neoadjuvant chemotherapy in operable NSCLC
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The first meta-analysis by Berghmans et al. looked at both induction and adjuvant randomized studies reported between 1965 and June 2004 [44]. They found an HR of 0.66 (95% CI, 0.48–0.93) for the addition of induction chemotherapy and an HR of 0.84 (95% CI, 0.78–0.89) for the addition of adjuvant (postoperative chemotherapy). The randomized neoadjuvant trials included in this meta-analysis are a subset of those reviewed above, and included six trials enrolling 590 patients. When examining the effect of induction chemotherapy in the subgroup of patients with clinical stage III NSCLC, the HR became 0.65 (95% CI, 0.41–1.04) and although strongly trended in favor of the use of chemotherapy in stage III disease, did not achieve statistical significance.

A second meta-analysis was conducted by Burdett et al. and was also based on data extracted from abstracts and manuscripts from randomized trials [45]. Literature searches identified 12 eligible randomized controlled trials. Five of these trials were excluded as insufficient data could be extracted from the published results. The remaining seven trials on which the meta-analysis is based included 988 patients. The authors found that pre-operative chemotherapy improved survival with an HR of 0.82 (0.69–0.97, p = 0.02). This is equivalent to an absolute benefit of 6% at 5 years. An analysis grouping trials according to the type of chemotherapy administered was also performed. All patients received a platinum-based chemotherapy – either cisplatin or carboplatin – that was combined with other agents. These other agents were split into the three groups: vinca alkaloid/etoposide, taxane, or other. There was no clear evidence of a difference of treatment effect shown by chemotherapy group. The authors concluded that the meta-analysis suggests a significant survival benefit for patients with NSCLC who receive pre-operative chemotherapy compared to those who do not.

Given the negative result of the LU22/NVALT 2/ EORTC 08012 study, the authors of this study updated the meta-analysis by Burdett et al. and added their trial and re-estimated the HR using summary statistics. When the results of their trial were added to the Burdett meta-analysis, there was still a significant overall benefit observed for neoadjuvant chemotherapy (p = 0.07) with a hazard ratio of 0.88 (0.76–1.01), N = 1507.

The most recent meta-analysis is larger, but like the first three is not an individual patient data meta-analysis [46]. This study incorporated all of the studies that were considered by Burdett et al., and added 6 new ones. The overall survival of NSCLC patients in the neoadjuvant chemotherapy arm was significantly better than in the surgery-alone arm (combined HR = 0.84; 95% confidence interval, 0.77–0.92; p = 0.0001), N = 3224. When only patients with stage III NSCLC were considered, the result was similar (combined HR = 0.84; 95% confidence interval, 0.75–0.95; p = 0.005).



Impact on surgical morbidity and mortality

A consistent, and reassuring finding in every randomized trial studying neoadjuvant chemotherapy, versus surgery alone, is that none of the studies discovered that pre-operative chemotherapy significantly affected the surgical plan of care, or increased surgical risk. As detailed above, several studies report identical rates of type of surgery (lobectomy versus pneumonectomy), complete resection, and similar rates of surgical morbidity and mortality, whether or not patients received pre-operative chemotherapy [14–17].

Independent retrospective studies have also addressed this issue. Siegenthaler et al. from M.D. Anderson Cancer Center (MDACC) reported on a series of 380 consecutive patients undergoing lobectomy or greater resection for NSCLC [47]. Following exclusion of 45 patients (history of prior lung cancer, prior radiation or chemoradiation to the chest, prior malignancy etc.), a population of 335 patients (259 surgery alone, 76 chemotherapy followed by surgery) was studied from the MDACC Thoracic Surgery database. The use of pre-operative chemotherapy did not significantly affect morbidity or mortality overall, based on clinical stage, postoperative stage, or extent of resection. No significant differences in overall or subset mortality or morbidity including pneumonia, acute respiratory distress syndrome, reintubation, tracheostomy, wound complication, or length of hospitalization were seen.

All patients undergoing thoracotomy after induction chemotherapy from 1993 through 1999 at MSKCC were the subject of a review [48]. Four hundred and seventy patients treated with induction chemotherapy and surgery were reviewed. Univariate and multivariate methods for logistic regression model were used to identify predictors of adverse events. Overall, the MSKCC group found a surgical mortality rate of 3.8%, which compared favorably to other primary surgery studies. Total morbidity and major complication rates were 38% and 27%; similar to previous primary surgery studies. The authors concluded that overall morbidity rates were not significantly affected by the use of induction therapy. Of note, they reported a high operative mortality rate of 24% for patients undergoing right pneumonectomy following induction therapy. This number was higher than previous mortality rates seen in trials where patients did not have induction therapy. The authors recommended that right pneumonectomy after induction therapy be performed very selectively, and only when no alternative resection is possible.

A third series from investigators in France reviewed 114 patients who underwent thoracotomy following induction chemotherapy [49]. In this series, there was only 1 death following pneumonectomy in 55 patients. Overall morbidity rate was 29%, similar to other surgical series. The authors concluded that preoperative chemotherapy did not increase postoperative morbidity and mortality.



Surrogate efficacy endpoints in neoadjuvant trials

One of the advantages of a neoadjuvant approach to chemotherapy is that it provides an experimental platform for testing new drugs, otherwise available only to patients with stage IV disease, in the care of patients with earlier stages of NSCLC. When patients receive chemotherapy prior to surgery, efficacy may be measured using a variety of surrogate efficacy endpoints, including radiographic response, pathologic response, and downstaging. These measures are immediately available to the clinician, and may predict future outcomes such as disease-free survival, and overall survival, which would otherwise take years to measure. In addition, observations made during neoadjuvant chemotherapy may, theoretically, be used to select patients for additional, or alternative postoperative therapies.

The question is not whether surrogate efficacy endpoints may be used in neoadjuvant clinical trials, but rather how best to use them. This is complicated by a lack of universal definitions of clinically meaningful radiographic response, FDG-PET response, or pathological response, in the neoadjuvant setting, or even in patients with stage IV disease [50–52]. In patients with stage IV NSCLC, radiographic response remains the most reliable, time-tested, and intuitive indicator that a new drug is effective, and therefore remains a popular measurement in neoadjuvant drug studies using standardized radiographic response criteria, like RECIST (Response Evaluation Criteria In Solid Tumors) [53,54]. In contrast, methods or metrics for measuring pathologic response have not been standardized across clinical trials, although there have been attempts [55]. At the extreme, a complete pathologic response (path CR) means there is no viable cancer discovered at the time of surgery. Path CR is a fairly well-validated endpoint. A retrospective study of 492 patients treated with neoadjuvant chemotherapy in two consecutive neoadjuvant trials of platinum-based chemotherapy in France found a path CR rate of 8%, which reduced the risk of death by over 60% (RR = 0.34, 95% CI 0.18–0.64) [56]. However, rates of path CR in neoadjuvant drug trials are low (3–17%), and relying on this endpoint may miss efficacy indicated by a partial pathologic response [55].

In the NATCH study, which compared surgery alone vs. preoperative carboplatin and paclitaxel, vs. postoperative carboplatin and paclitaxel, the 5-year disease-free survival rates were 34% in the surgery alone arm, 38% in the pre-operative chemotherapy arm, and 37% in the postoperative chemotherapy arm [14]. Within the preoperative arm, the 5-year disease-free survival rate for the 106 patients achieving radiologic response was 51%, and the 5-year disease-free survival rate for the 19 patients with pathologic complete response was 59%. Statistical comparisons of these trends were not provided. Other phase III trials of neoadjuvant chemotherapy also did not report whether radiographic response by serial CT scan predicted survival among patients who received neoadjuvant therapy [15–17].

For patients with esophago-gastric carcinoma, serial FDG-PET scans are routinely used to assess the efficacy of neoadjuvant therapy [57]. Whether serial FDG-PET scans are useful during neoadjuvant therapy for resectable NSCLC is an area of active study. The major problem with FDG-PET is the lack of consistency in scanning protocols, standardized uptake value (SUV) measurement, and consensus regarding the best cutoff values for PET response. A recent review of the literature found 9 prospective studies, with wide ranges in sensitivity, specificity, positive predictive value, and negative predictive value, for PET to document clinical response or survival [58]. Pooling data for N2 restaging after neoadjuvant response, the overall sensitivity was 64% (95% CI, 53–74%) and overall specificity was 85% (95% CI, 80–89%). The authors concluded that FDG-PET is superior to CT for restaging after neoadjuvant therapy; however, unacceptably high rates of false-positive and false-negative results preclude the routine use of FDG-PET as the only reassessment tool for response to therapy [58]. CT scan, endoscopic ultrasound-guided aspiration biopsy or redo-mediastinoscopy should also be employed to verify response and down-staging, especially if the results would impact the surgical plan of care. In addition to FDG-PET, other new technologies, including serial diffusion-weighted MRI, and circulating tumor cells or other serially-measured blood biomarkers, may enhance the ability to measure the efficacy of novel therapies in the neoadjuvant setting [59,60].

Whatever the biomarker, surrogate efficacy measures have never been as reliable as clinical stage, and/or pathologic stage, in predicting disease-free, and overall survival in patients with resectable NSCLC. When considering outcomes from clinical trials of novel agents used in the neoadjuvant setting, the stage admixture of patients enrolled is by far the most important factor to put the measured survival of the study population into context. Given the observed dramatic difference in outcomes between clinically staged, and pathologically staged patients (see Table 19.1), a major concern in neoadjuvant drug trials is ambiguous or inaccurate clinical stage at enrollment. Meticulous pre-operative staging, including FDG-PET, endobronchial ultrasound biopsy (to rule-in lymph node metastases), and mediastinoscopy (to rule-out lymph node metastases), are essential to avoid staging ambiguity in clinical research protocols, as well as routine clinical practice.

Despite these potential pitfalls, surrogate efficacy endpoints have been shown to predict overall survival in prospective studies of neoadjuvant therapy. Such observations are especially meaningful in stage-matched cohorts. For example, the phase II study by Betticher et al., delivered neoadjuvant docetaxel and cisplatin exclusively to patients with resectable IIIA/N2 NSCLC confirmed by mediastinoscopy [61]. Among 75 patients who underwent successful surgery after chemotherapy, several factors were found to strongly correlate (i.e., predict) both overall survival, and disease-free survival, including complete (R0) resection, radiographic response, pathologic response, and mediastinal downstaging. These surrogate efficacy endpoints remain useful in ongoing neoadjuvant research protocols.



Window of opportunity trials

To date, the most important discovery in drug therapy for lung cancer is that oral inhibitors of the epidermal growth factor receptor (EGFR) tyrosine kinase are more effective than traditional chemotherapy for patients with stage IV NSCLC with activating/sensitizing EGFR mutations.[62] This topic is covered extensively in other chapters of this textbook. Patients with stage IV NSCLC who are never, or former light smokers, females, of Asian ethnicity, or adenocarcinoma histology, are more likely to have an activating/sensitizing EGFR mutation.

Soon after this discovery, a phase II study was initiated at MSKCC to determine if the efficacy of the EGFR TKI, gefitinib, could be detected in patients with early-stage NSCLC [63]. Patients with resectable stage I and II NSCLC with ≤ 15 pack-year cigarette smoking history received preoperative gefitinib for 21 days. Radiographic response during gefitinib was measured, and tumor specimens were analyzed for molecular markers. Fifty patients with stage I/II NSCLC were treated. After 21 days of preoperative gefitinib a response of 25% or more was observed in 21 of 50 (42%) patients. Seventeen of 21 patients with a response had an EGFR mutation and 4 of 21 patients with a response did not (P = 0.0001). Half of patients had either radiologic response to gefitinib, or had a detectable EGFR mutation, and went on to receive postoperative gefitinib. With a median follow-up of 44.1 months, the median disease free and overall survivals has not been reached, and 2-year disease free survival is not statistically different between clinically relevant subgroups (i.e., EGFR mutant/nonmutant, and adjuvant gefitinib subgroups). The authors concluded that neoadjuvant therapy provides a platform which may be used to evaluate the activity of new agents in the care of patients with early-stage NSCLC.

A separate phase II trial, performed in four hospitals in the Netherlands, enrolled 60 patients with early-stage, operable NSCLC to receive preoperative erlotinib for 3 weeks [64]. Response to treatment was evaluated using both fluorodeoxyglucose positron emission tomography (PET), computed tomography (CT) scans, and histologic examination of the resection specimen. PET evaluation revealed metabolic response (> 25% standardized uptake value decrease) in 16 patients (27%); CT evaluation showed CT response in three patients (5%), and pathologic examination showed more than 50% necrosis in 14 patients (23%), of whom three (5%) had more than 95% tumor necrosis. Evidence of clinical benefit based on radiographic or pathologic response was observed both in patients with, and without EGFR activating/sensitizing mutations. The authors concluded that the neoadjuvant platform was important for developing medical therapies in early-stage patients, especially when the therapy has apparent efficacy and low toxicity.

Another advance in the medical care of patients with stage IV NSCLC has been the development of bevacizumab, a mononclonal antibody directed against the angiogenic protein vascular endothelial growth factor (VEGF). Bevacizumab has been shown to improve overall survival in patients with stage IV, nonsquamous NSCLC when added to traditional chemotherapy [65]. The same group at MSKCC which studied gefitinib in the neoadjuvant setting tested the safety and efficacy of bevacizumab in early-stage patients by adding it to cisplatin/docetaxel neoadjvuant chemotherapy, and then offering it also after surgery to selected patients [66]. Another novel aspect of the study was to give single-agent bevacizumab with cycle 1, and assess radiologic response to bevacizumab alone. Due to concerns that an anti-angiogenic drug would impair wound healing, patients did not receive bevacizumab with their final cycle of neoadjuvant therapy to allow time for drug clearance prior to surgery. The primary endpoint of the study was the rate of pathological downstaging (decrease from pretreatment clinical stage to posttreatment pathological stage). Fifty patients were enrolled. Thirty-four (68%) were clinical stage IIIA. The primary endpoint, the rate of downstaging, was 38% (95% CI 23–53%). This did not meet the pre-specified increase to 50% [66] (N.A. Rizvi, personal communicaton). Secondary endpoints, including radiologic response rate to chemotherapy (45%), and peri-operative complications (12%), were comparable to historical data. No partial responses were observed to single-agent bevacizumab but 18% developed new intratumoral cavitation with a trend toward improved pathologic response (57% vs. 21%, p = 0.07). A major pathologic response (≥90% treatment effect) was associated with survival at 3 years (100% vs. 49%, p = 0.01). No patients with KRAS-mutant NSCLC (0/10) had a pathologic response as compared with 11/31 with wild-type KRAS. The authors concluded that neoadjuvant chemotherapy with chemotherapy plus bevacizumab was not warranted in unselected patient populations.

Jones et al., completed a phase 1 trial of neoadjuvant vorinostat (histone deacetylase inhibitor), plus bortezomib (proteasome inhibitor) followed by surgery in patients with resectable NSCLC [67]. Twenty-one patients were treated on study, and 20 underwent surgery on study. The maximum tolerated dose was bortezomib 1.3 mg/m2 and vorinostat 300 mg twice daily. Thirty percent of patients (6 of 20) had more than 60% histologic necrosis of their tumor after treatment, with two having 90% or more tumor necrosis. Correlative laboratory studies included measurements of tumor metabolism, 20S proteasome activity, specific protein expression, and comparison of gene-expression arrays pre- and posttherapy. The authors concluded that pre-operative therapy with these targeted drugs was feasible, and may serve as a platform of discovery for the effect of these drugs on cell-signaling pathways.

Altorki et al. treated 29 patients with stages IB to IIIA NSCLC with two pre-operative cycles of paclitaxel and carboplatin, as well as daily celecoxib, followed by surgical resection [68]. The overall clinical response rate was 65% (48% with partial response; 17% with complete response). Grade 3 or 4 neutropenia was observed in 18 patients (62%). Twenty-eight patients were explored and underwent complete resection of their tumors. The addition of celecoxib to a regimen of paclitaxel and carboplatin abrogated the marked increase in levels of PGE2 detected in primary tumors after treatment with paclitaxel and carboplatin alone. The authors concluded that future combinations of chemotherapy and COX2 inhibitors was warranted, however a lack of activity of celecoxib in phase 3 trials in patients with stage IV NSCLC has dampened enthusiasm for simple inhibition of this pathway [69,70].

Another study by Altorki et al., treated patients with early-stage, resectable NSCLC with the oral angiogenesis inhibitor, pazopanib [71]. Patients scheduled for resection received oral pazopanib 800 mg daily dose for 2 to 6 weeks preoperatively. Of 35 patients enrolled, 33 (94%) had clinical stage I NSCLC and two (6%) had clinical stage II NSCLC. Median treatment duration was 16 days (range, 3–29 days). Thirty patients (86%) achieved tumor-volume reduction on serial CT scan after pazopanib treatment. Two patients achieved tumor-volume reduction > or = 50%, and three patients had partial response according to Response Evaluation Criteria in Solid Tumors. Pazopanib was generally well tolerated with expected rates of hypertension, diarrhea, and fatigue. One patient developed pulmonary embolism 11 days after surgery. Several pazopanib target genes and other angiogenic factors were dysregulated posttreatment. Serial plasma cytokine analysis discovered that posttreatment changes in plasma sVEGFR2 and interleukin (IL)-4 significantly correlated with tumor shrinkage [72]. Baseline levels of IL-12, and several other cytokines, significantly correlated with tumor shrinkage. Using multivariate classification, a baseline signature consisting of hepatocyte growth factor and IL-12 was associated with tumor response to pazopanib and identified responding patients with 81% accuracy. The authors promised further clinical evaluation of pazopanib using a similar platform was warranted.



Conclusions

Pre-operative, neoadjuvant chemotherapy for patients with resectable NSCLC has been studied since the 1980s with numerous phase II and phase III trials published. No individual trial has demonstrated a statistically significant survival benefit for patients with resectable stage I-II NSCLC. The conduct of many of the phase III, randomized studies of neoadjuvant chemotherapy was cut short by the discovery of the survival benefit of postoperative adjuvant chemotherapy in 2003. Nevertheless, several basic facts have been established.

All prospective phase III trials have shown that neoadjuvant chemotherapy does not interfere with surgery, with the same rates of R0 resection, surgical morbidity and mortality observed in both arms of the study [14–17]. Single-modality, pre-operative chemotherapy followed by surgery is a standard of care for patients with mediastinoscopy-proven resectable stage IIIA/N2 NSCLC [35,36]. Whether patients with N2 disease should also receive pre-operative radiation therapy remains a matter of debate, and is the subject of other chapters in this textbook. With attention to the meta-analyses, the benefit of pre-operative chemotherapy appears to be similar to that observed with postoperative chemotherapy [46]. Similar to the data for postoperative therapy, the benefit of chemotherapy is more apparent in patients with stage II-III NSCLC. In the one, relatively small study which directly compared the pre-operative with the postoperative approach, efficacy trends favored neoadjuvant therapy and drug delivery was substantially better using a pre-operative approach.

Randomized trials comparing preoperative to postoperative chemotherapy are warranted. However, these protocols are difficult to accomplish. It has proven difficult for physicians and patients with strong opinions to subject themselves to random assignment of such disparate approaches to therapy. Some surgeons and patients want the lung cancer resected as soon as possible, with no delay in potentially curative treatment. Other clinicians are concerned enough about the high risk of lung cancer recurrence after surgery to refer their patients for pre-operative chemotherapy – especially in patients with larger tumors, or N1 disease proven by pre-operative endo-bronchial ultrasound (EBUS), where postoperative chemotherapy will most certainly be recommended.

Finally, and perhaps most importantly, neoadjuvant window-of-opportunity trials will serve as the best platform to test new drugs in patients with resectable NSCLC, using surrogate efficacy endpoints such as radiologic response, pathologic response, and downstaging. It took over 8 years and 4500 patients randomized to prove that postoperative cisplatin improves overall survival for patients with resected stage II-III NSCLC. With rapid advances in new drug development for patients with stage IV NSCLC now being observed from year to year, the unacceptably high rates of recurrence and death in patients with resectable NSCLC, and the anticipated increase in the number of patients with resectable NSCLC due to the advent of lung cancer screening, it is increasingly clear that oncologists must employ neoadjuvant platforms, along with biomarker development and flexible treatment strategies, to promote new drug development for patients with resectable NSCLC. It would be impossible to test all of the new, more effective drugs being discovered in head-to-head adjuvant trials. Fortunately, the evidence supports the neoadjuvant approach as a reasonable standard of care such that it may be boldly employed in this discovery effort.
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Introduction

There are two major treatment techniques for non-small cell lung cancer (NSCLC): stereotactic body radiation therapy (SBRT) for early stage disease and chemoradiation for locally advanced NSCLC.

The clinical efficacy of SBRT has been definitively established by the Radiation Therapy Oncology Group (RTOG) 0236, a Phase II multicenter study that demonstrated a 3-year rate of local tumor control of 97.6% for patients with medically inoperable stage I NSCLC [1]. SBRT typically involves the use of high dose per fraction radiation treatment. A dose of 18 Gy per fraction (correcting for density heterogeneity) given at least every other day was used in RTOG 0236. Due to this large dose and the relatively few treatments (3–5 fractions), many centers use IGRT to insure that the treatment is accurately delivered.

For locally advanced NSCLC, local control and survival continue to be a major challenge when fractionated and protracted radiation therapy is used. Even with newer techniques such as three-dimensional conformal radiation therapy (3D-CRT) and intensity modulated radiation therapy (IMRT) [2–8], 2-year local failure rates have been reported between 22–50% [4, 7]. Recently, the RTOG 0617 reported its preliminary results of a study comparing 60 Gy to 74 Gy(A) and concurrent chemotherapy with or without cetaximab. The 74 Gy experimental arm showed poor over all survival and inferior local control compared to 60 Gy standard dose arm. The local failure rate was 34% in 74 Gy Arm and 25% in 60 Gy Arm [9].

Traditional imaging used for identifying tumor size and location, and geometry and patient anatomy has been through fluoroscopy, or more recently, static computed tomography (CT) scans done prior to treatment planning. However, conventional imaging modalities such as CT may be inadequate for visualization of disease. One strategy to improve tumor delineation has been the incorporation of fludeoxyglucose (FDG)-PET scanning into the treatment planning process. This provides both anatomic and metabolic imaging of the tumor.

Another challenge in planning and delivering radiation to treat tumors in the thorax is tumor and surrounding normal organ motion during respiration. This motion may change the exact location of the tumor during each treatment, from the time of the planning scan and the time of actual treatment and during a course of radiation treatment.

IGRT involves the production of images in the radiation therapy treatment room prior to the initiation of treatment. The images are either three-dimensional (3D) images by CT or two-dimensional (2D) images by x-rays that are aided with bony, anatomical or fiducial markers in, or near, the tumor [10]. There are a number of techniques that are able to provide these images.



Conventional versus CT-based simulation

In the modern era there has been a paradigm shift in the radiation oncology field from 2D treatment planning to 3D treatment planning with the incorporation of CT simulation into the treatment planning process. Chen et al. reviewed the SEER database looking at stage III non-small cell lung cancer patients treated with definitive radiation therapy. They reported a rapid adoption of 3D-CRT: in 1994, it was used in 2.4% of patients undergoing definitive RT in this cohort, in 2000, it was 34% and by the end of the study period, 2005, its use had increased to 77.4%. Controlling for demographic and clinical characteristics, CT simulation was associated with lower risk of death (P < 0.01) when compared with conventional simulation [11].



PET and PET-CT in radiation treatment planning

A crucial component of lung cancer radiation treatment planning is accurate tumor delineation. Often patients present with locally advanced disease that is not detected by CT alone or have abnormalities on PET that do not represent areas of cancer. PET scans have been compared to thoracotomy and mediastinoscopy for detecting mediastinal lymphadenopathy and determining stage. In two meta-analyses the sensitivity and specificity of PET for nodal staging in NSCLC ranged from 84% to 88% and 89% to 92% respectively [12,13]. PET scans have been shown to have a good negative predictive value ranging from 87% to 100% [14–16] and less notable positive predictive values reported as < 80% in several studies [14, 16, 17]. In a multicenter study by Li et al. pre-operative FDG PET-CT were performed in 200 lung cancer patients. In regards to lymph nodes, PET-CT findings were confirmed with histopathological examination. PET-CT demonstrated a specificity of 83% and negative predictive value of 91% for presence of mediastinal lymph node metastases. The conclusion of this study was that a negative PET-CT for mediastinal nodal metastases was sufficient evidence to justify treating the primary tumor alone with SBRT [18].

The effect of FDG-PET imaging on radiation treatment planning has been investigated (Figure 20.1) To assess the adequacy of coverage of RT fields planned with CT or X-ray data, Kiffer et al. retrospectively performed a graphical co-registration of PET and AP simulator images using coordinates measured from the carina. In 4/15 patients, they found inadequate coverage by the AP portals due to abnormal mediastinal nodes detected on PET but not CT [19]. Munley et al. found that PET data increased target volumes (expressed in terms of beam apertures) by up to 15 mm in 34% of patients in their series, using the union of PET and CT-defined volumes [20]. Nestle et al. performed a retrospective evaluation of AP/PA portal sizes as altered by PET data. Thirty-five percent of cases had a change in the size or shape of the original CT portals, mostly a reduction in size, and mostly in patients with atelectasis [21]. Schmuecking et al. report decreases in the PTV of up to 21% due to distinction of atelectasis from tumor after integrating PET data, with subsequent decreases in the volume of normal lung irradiated (V20) [22]. Hellwig et al. showed that PET-CT can also change the radiation field significantly by the inclusion of FDG avid nonenlarged metastatic lymph nodes within the treatment field. While the sensitivity of CT for mediastinal node metastases detection was 56%, for PET-CT it was 83% for all stages, 91% when the CT scan shows enlarged lymph nodes, and 70% for normal-sized lymph nodes [23]. A review article regarding the use of PET-CT in radiation planning for NSCLC further highlighted the role of PET-CT in more accurate radiation treatment planning [24].
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Figure 20.1 A 62-year-old male with inoperable Stage IIIB NSCLC. 60 Gy in 30 fractions was delivered to this site safely. Treatment planning was done using PET-CT registration. a: A CT scan slice from the treatment planning simulation with the planning target volume outlined in red. b: The FDG-PET image of the corresponding slice. The 6000 cGy, 4000 cGy and 2000 cGy isodose curves are shown in green, cyan and blue respectively.



The use of software registered PET/CT images in radiation treatment planning has also been studied. Caldwell et al. evaluated 30 patients who were to be treated with definitive RT for NSCLC who had features of atelectasis on CT scan. The majority of the patients had smaller PTVs when contoured using fused PET and CT images as compared with volumes generated from CT alone, resulting in decreases of dose to normal lung and spinal cord [24]. In a study of 11 patients with NSCLC, Erdi et al. found that registered PET/CT altered the PTV that had previously been contoured on CT images in all cases. Increases in volume were due to inclusion of positive lymph nodes not detected on CT and decreases were due to exclusion of atelectatic lung [26]. Bradley et al. studied differences in GTVs contoured with CT data alone versus PET/CT fusion images. The addition of PET information altered the inclusion of tumor and/or nodal regions in 14 of 24 patients receiving 3D-CRT. Two of these were decreases due to atelectasis distinguished from tumor by PET. In such cases, parameters calculated to predict for normal tissue toxicity such as mean lung dose (MLD), mean esophageal dose (MED) and the volume of lung receiving > 20 Gy (V20) were decreased as well, theoretically decreasing the risk of radiation pneumonitis or esophagitis [27]. Giraud et al. reported results consistent with these studies using PET images from dual-head coincidence (CDET) gamma cameras fused with simulation CT images by use of external fiducial markers [28]. The above findings suggest that the use of PET data can potentially improve patient outcomes, both by identifying areas of disease that would not have been contoured on CT alone, and by decreasing the amount of normal lung tissue included in the target volume and thus the volume at risk for pulmonary toxicity.

Similarly, in patient with limited stage SCLC Shirvani et al. studied dose escalation in PET-CT avid regions with omission of elective nodal irradiation. Sixty-two patients were treated with IMRT based on PET-CT findings with the treatment plan omitting areas if they were PET-CT negative. By planning the target volume based on PET-CT, 45 Gy was delivered in 30 twice-daily fractions. Upon review, only 1 of 62 patients had recurrence in an unirradiated elective nodal region. Most recurrences were either distant or within the high-dose volume and not in the initially PET negative elective nodal regions. This suggests that PET-CT-based radiation therapy planning may obviate elective nodal irradiation even in small-cell lung cancer. However the authors did suggest that, although PET-defined mediastinal radiotherapy fields appear to be safe, because of a false-positive rate of approximately 30%, ideally pathological confirmation of PET-positive mediastinal nodes should be obtained [29].

Due to the promising results of the initial studies of the incorporation of PET imaging in lung cancer treatment planning, the RTOG initiated a trial to further investigate its utility. RTOG 0515 was a Phase II prospective trial that investigated the impact of PET scanning on radiation therapy treatment plans. Each of the 47 evaluable patients had two gross tumor volumes generated: one using just a CT data set and one utilizing PET-CT. The differences between these two datasets was quantified by the size of the GTV, number of involved nodes, nodal station, mean lung dose (MLD), volume of lung exceeding 20 Gy (V20), and mean esophageal dose (MED). The GTV was significantly smaller for PET/CT-derived volumes and the mean lung dose was slightly lower. The other measures were not significantly different. Nodal contours were altered in 51% of patients. This trial demonstrates that the use of PET scanning does alter GTVs in the majority of patients and that they tend to be smaller [30].

The use of adaptive radiation treatment with the use of mid-treatment PET-CT scans stems from the head and neck literature but has started to gain some popularity in the treatment of lung cancer. Two studies investigating mid-treatment PET scan after 5 to 6 weeks of radiation and assessed the volume changes, with the goal of reduced volume high-dose boost. These studies have demonstrated reductions in full-dose radiation target volume by 20% to 44%, although the benefit in normal tissue complications averaged approximately 2% [31,32].



Tumor motion

Managing respiratory motion during radiation treatments is an important aspect of treating thoracic malignancies. For patients who are medically unfit for surgery or whose tumors are inoperable based on stage and/or location, radiotherapy is the primary treatment option often in conjunction with chemotherapy [33]. Organ motion during respiration can limit the accuracy with which radiation can be delivered to the tumor volume. Some investigators have shown underdosing as high as 30% with conventional radiation therapy techniques [34]. Stevens et al. and others have reported that lung tumors move during free breathing from 5 to 10 mm and in some cases as much as 4.5 cm [35]. To account for these inaccuracies larger margins are added to the gross target volume (GTV) to create a planning target volume (PTV). The increase in volume may limit dose escalation to tumoricidal doses based on predictors of normal tissue toxicity, such as the V20 [36].

Lymph nodes are also susceptible to motion during respiration. Donnelly et al. showed that mediastinal and hilar lymph nodes also move during respiration by an average of 2.5–5.2 mm, but as much as 14.4 mm [37]. In a similar study, Pantarotto et al. evaluated the motion of 100 lymph nodes and reported motion of 6.8 mm (range, 1.7–16.4 mm) [38]. Both studies demonstrated that lymph nodes in the lower mediastinum moved significantly more than in the upper mediastinum. Therefore, limiting the effects of organ and tumor motion during treatment planning and delivery may help in increasing accuracy and allow for further dose escalation and more favorable survival outcomes while maintaining an acceptable toxicity profile.

Two distinct techniques have been used to reduce the effects of respiratory motion. The first involves confining radiation delivery to a specified phase in the breathing cycle by gating the linear accelerator while the patient breathes freely. Breathing is monitored with devices that trigger radiation delivery during specific phases of the patient's respiratory cycle [39]. In the second approach, breathing is controlled either voluntarily by the patient or by using an occlusion valve, such as the active breathing control (ABC) developed by Wong et al. [40,41] or the deep inspiration breath hold (DIBH) technique [42].

STIC 2003 was a comparative, nonrandomized, multicenter prospective study based in France [43]. It compared conformal radiation therapy to respiratory-gated conformal radiation therapy in 401 patients with NSCLC. They reported a decrease in dose to the heart, lung and esophagus with respiratory-gated treatment. In addition, treatment toxicity to the lung, esophagus and heart was significantly reduced, especially with deep inspiration techniques. Some practitioners have advocated using respiratory gating only with image guidance since there are interfraction baseline shifts which cannot be accounted for by respiratory gating [44].

Another approach uses images obtained during inspiration and expiration to create an internal target volume (ITV). This ITV would therefore theoretically account for the full extent of organ motion during the entire treatment [45]. There are multiple ways of determining an ITV. One common method is to perform a respiratory correlated CT scan. In this technique, a CT scan is obtained while simultaneously, an external postion-sensitive monitor records respiration. Infrafractional tumor motion can then be obtained and tumor volumes adjusted accordingly [46]. Another method uses the maximum intensity projection from either a CT scan or a PET scan to determine the ITV [47]. Multiple commercial systems are available to monitor patient's breathing.



Image guided radiation therapy

The use of stereotactic body radiation therapy (SBRT) has demonstrated previously unprecedented local control rates of 98% [1]. SBRT typically involves extremely high dose per fraction treatment, such as 1200–2400 cGy per treatment. Day to day changes in organ motion, tumor shape, and patient position can lead to variability in tumor location while patients are being treated. IGRT attempts to account for this variability, which can lead to more accurate treatment. In addition, due to the increased precision of the radiation therapy treatment plan, and radiation doses and fraction sizes not conventionally delivered, such as 5400 cGy in three 1800 cGy fractions, can now be safely delivered (Figure 20.2).
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Figure 20.2 An 89-year-old male with medically inoperable early stage NSCLC. 54 Gy in three fractions was delivered to this site safely. The yellow contour represents the gross tumor volume. The green, white and blue isodose curves represent 1000 cGy, 4000 cGy and 5400 cGy respectively. The normal structures which need to have their radiation dose minimized include the chest wall (magenta), spinal cord (yellow), esophagus (blue), bronchial tree (orange and blue).



Although many of the initial studies of SBRT did not use IGRT for daily set-up verification, most large centers with extensive experience in SBRT use IGRT. Five top academic centers throughout the world recently pooled their experience into a large cohort. Each center used daily CBCT to ensure correct patient position [48]. There are numerous commercially available technical solutions for IGRT in the treatment room. They include cone beam CT, tomotherapy, orthogonal kV x-rays and CT scanning in the treatment room.



Cone-beam CT

Newer therapies, such as IMRT, have high-dose gradients that make it particularly important to verify accurate treatment. Currently, most patient treatments are verified using two-dimensional portal imaging using anatomic structures such as bones or air cavities. Cone-beam CT (CBCT) is a method to assess tumor position for patients on the treatment table. There are two technologies available for producing cone beam images. The first uses the linear accelerator's megavoltage (MV) beam to produce the image. This is called megavoltage cone beam CT (MVCBCT). The other, more popular method uses a separate imaging source with kilovoltage energy to produce the images (kV CBCT, Figure 20.3). Although there are several CBCT technologies available [49–57], the basic concept behind the CBCT system is that the ability to obtain information about anatomy and tumor location immediately before each treatment may lead to more accurate delivery of radiation. By monitoring these daily changes, treatment plans can be tailored for each fraction [58].
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Figure 20.3 Varian kV Imaging system (OBI). The kV source, kV detector, and MV detector are all mounted on robotic arms.



With CBCT, a 3D image can be acquired in the treatment position immediately prior to each treatment without having to reposition the patient on a different imaging machine, which further minimizes the variation in the planned versus actual target position. Increased precision in target localization with image guidance in the form of CBCT can also allow for reduction in the safety margin added to the GTV [59]. Therefore, cone-beam CT facilitates the use of high dose radiotherapy for the treatment of NSCLC by accounting for both inter- and intra-fractional tumor motion and improving treatment accuracy [60].



Tomotherapy

The helical tomotherapy unit is an innovative device used for radiation delivery that combines a linear accelerator and a helical CT scanner allowing for the targeted region to be imaged before, during, and after each treatment. This allows for improved tumor localization and can help account for target motion during and between treatments. CT scans provide improved soft tissue resolution over the standard port films, thereby providing increased anatomical detail. With tomotherapy the concept of “adaptive radiotherapy” can be implemented allowing for daily adjustments in radiation delivery based on changes in tumor position and size [61,62]. By using information obtained during previous fractions to modify an ongoing treatment, errors in dose and tumor location can be better accounted [63,64]. Another concept that is equally important in radiotherapy for lung cancer is “conformal avoidance” which emphasizes the importance of protecting normal structures from radiation damage. With the use of tomotherapy both conformal radiotherapy and “conformal avoidance” can be achieved by daily imaging of target motion and changes in size and position [61, 65, 66].

The unit is designed to deliver IMRT treatments using a binary multi-leaf collimator but has the ability to deliver radiation along every possible gantry angle. This translates into higher degrees of freedom when compared to linac-based IMRT. Clinical results have shown that helical tomotherapy is well tolerated and provides adequate local control for patients with lung cancer [67].



Markers and respiratory gating

Fiducial markers provide another way to localize lung tumors. These markers are placed within the lung tumor or external to the tumor and monitored during all aspects of radiotherapy. The markers are radio-opaque and can be a simple gold seed or more complex, such as a coil. The role of the marker is to act as a surrogate for the tumor's location.

BrainLab (Munich, Germany) has developed a system that allows for image guidance and respiratory gating using the Exactrac Adaptive Gating system (Version 4.5, Gating Version 1). The system itself consists of an infrared camera, 2 amorphous silicon plates, and 2 kilovoltage (kV) X-ray tubes and uses a combination of X-ray and optical tracking to monitor internal target motion. Signals are sent to the linear accelerator to turn on the beam when the target is located at the machine's isocenter. For thoracic tumors, this system can be used to track tumor motion by X-ray localization of internal fiducials along with optical tracking of external landmarks [68–70]. The system works by allowing the placement of internal fiducials as surrogate for tumor location. X-rays are then used to determine the location of the internal target to the linac isocenter and displacement of the internal target is corrected by optical tracking. These X-rays are registered to digitally reconstructed images from the treatment-planning CT. This gating system has been shown to have an accuracy of 1.7 mm for tumor localization with motion up to 2 cm in the anteroposterior and superoinferior directions [71].

The Cyberknife system (Accuray, Sunnyvale, CA) is another system that allows for imaging of tumor motion and variation by monitoring gold seeds placed near the tumor. The system consists of a linear accelerator radiation source that is mounted on a robotic arm and through the use of image-guided cameras can precisely track tumor motion during the treatment. Also with the addition of the Synchrony™ respiratory tracking system, dynamic radiosurgery during respiration is possible. By recording the breathing movements of a patient's chest the Synchrony option combines that information with sequential X-ray pictures of the fiducials to facilitate delivery of radiation during any point in the respiratory cycle. This allows further precision during radiation delivery and reduces normal tissue exposure [72, 73]. Some patients have lung tumors that are visible without fiducial markers through the use of the Xsight® Lung Tracking System [74]. Clinical results with Cyberknife have been favorable with high tolerance and excellent local control.



Orthogonal kV X-rays

The use of orthogonal kV X-rays provides another method of onboard imaging allowing for daily target localization while exposing the patient to lower doses of radiation as compared to MV radiographs [75]. Similar to the kV CBCT system, the kV X-ray source and two fluoroscopic imaging systems (one for the kV X-ray beam and the other for the MV beam) are installed on a linear accelerator. The kV X-ray beam is mounted orthogonally to the MV treatment beam and the two fluoroscopic systems are placed perpendicular to the corresponding beam axis. Three-dimensional target localization is then assessed by measurements of 2D shifts in four orthogonal images (anteroposterior, posteroanterior, and right and left lateral images). Each image provides a way of measuring shifts of the tumor relative to the treatment machine isocenter and simulation films. The benefit of using a kV imaging X-ray system may be that it exposes the patient to less radiation because of its lower imaging dose thereby allowing for more routine use of 2D imaging for daily tumor localization when compared to MV radiographs [76].



In-room CT

Many systems have been developed that incorporate use in-room CT scanners but the basic steps and concepts are the same. First the patient is positioned by aligning the initial setup marks with the treatment positioning lasers. Then the table is rotated 180 degrees to obtain a CT scan of the patient that is limited to the treatment area. Finally the planning CT scan is compared with the CT just obtained to determine if a shift in patient position is necessary and adjustments can be made accordingly.

An example of a system that incorporates the in-room CT with a linear accelerator is a CT-on-Rails. The system consists of a CT scanner that slides on rails in the floor so the patient doesn't have to move between the time of the scan and treatment. It slides over the patient's treatment table and then is pushed out of the way during treatment. The system allows for corrections to be made based on changes in the patient's daily positioning between treatments to assure the accurate delivery of radiation [77].



The role of image guidance in stereotactic body radiotherapy (SBRT)

Standard techniques used in SBRT to reduce respiration-related organ motion include frames, belts, and active breathing control which requires patients to hold their breath at different points during the treatment [78,79]. However, often times these patients are unable to tolerate frames or have poor baseline pulmonary function and are unable to hold their breath long enough. Another method of image guidance in hypofractionated radiotherapy involves fusing the clinical target volumes (CTV) derived from CT scans from different phases of respiration to represent the internal target volume (ITV) which would then account for the effects of respiratory motion. Onimaru et al. implemented this method of analyzing tumor motion through CT scans at inspiration, expiration, and while the patient was breathing normally. CTV was defined for each respiratory cycle and then fused together when determining the PTV. This method was thought to account for the effects of respiratory motion [80]. A similar technique for PTV definition through fusion of CTV's derived from CT scans taken at different phases of respiration was applied by Fukumoto et al. when treating patients with NSCLC with SBRT [81].



Conclusions

The definitive role of IGRT for lung cancer treatment has yet to be established. With local control as the main goal of radiotherapy, precision and accuracy through all parts of the treatment process, including initial staging, treatment planning, and treatment delivery, remains a challenge. Image guidance, whether through PET-CT fusion for staging or MV CBCT, orthogonal kV X-rays and CT-based SBRT for treatment may change how patients with thoracic malignancies are treated in the future.
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Introduction

Stereotactic ablative radiotherapy (SABR), historically known as Stereotactic Body Radiation Therapy (SBRT), has rather quickly emerged as an important cancer treatment strategy that challenges dogmas associated with conventional fractionated radiation therapy (CFRT) [1]. Whereas CFRT is typically administered in daily doses, or fractions, in the range of 1.8–2.0 Gy to total doses of 60–70 Gy or so, with SABR much higher doses per fraction are applied, generally in the range of 10–20 Gy per fraction, in an abbreviated, hypofractionated regimen of 5 or fewer fractions. Such high doses per treatment were unthinkable in the past because of limitations in treatment delivery technology that raised concerns about potential toxicity if large volumes of normal tissues were exposed to so much radiation each treatment.

SABR has clearly been facilitated by recent refinements in technology including image-guided techniques, motion assessment and control techniques, and advanced treatment planning dosimetry. This technology has allowed what was previously unattainable, namely, the delivery of very large or ablative dose treatments without necessarily resulting in unacceptable late toxicity. Careful, disciplined analyses of the results of well-designed clinical trials of SABR have led to new understandings of the nuances of normal tissue responses to high-dose ionizing radiation. As clinician-researchers at more institutions become familiar with the principles and adept in the application of SABR, this new treatment paradigm will likely become an established alternative in numerous clinical indications.

Interestingly, SABR has been most commonly applied in either early stage cancer or in metastatic cancer with few indications for intermediate stage cancer [2]. As a primary therapy for early stage lung cancer, for example, SABR offers an elegantly noninvasive and highly efficient treatment option. And for patients with metastatic disease, SABR can serve as a physically targeted systemic cytoreductive agent, envisioned as complementary to novel biologically targeted agents that retard cancer growth generally but provide low response rates in sites of gross disease. In the latter indication, the conceptual approach is aligned with the Norton-Simon hypothesis of cancer growth within a host, whereby it is proposed that reductions in systemic disease burden will render cancers more susceptible to systemic therapy by increasing the proportion of cells within more sensitive phases of the cell cycle.

While mostly used in frail medically inoperable patients with lung cancer, SABR should still be viewed as a most potent treatment against gross tumor deposits. Local control with SABR has been shown to be dramatically superior to historical controls using CFRT for early stage lung cancer. Indeed, local control with SABR rivals surgical resection for most indications. Limitations definitely exist as will be discussed in this review. With careful clinical testing, SABR is finding a prominent place within the cancer treatment arsenal.



History of SABR

The negative effects suffered by normal tissue related to very large dose per fraction treatment are well known. Soon after the discovery of radiation at the turn of the last century, large dose per treatment irradiations were performed against accessible tumors. Responses were impressive and hopes were high for a true cancer cure. Unfortunately, late toxic effects appeared months and even years after therapy that were severe. This late toxicity associated with large dose per fraction treatment appeared mostly to affect the normal tissue stroma such as soft tissues, connective tissues, and bone. The toxicity was sclerosing and tissues had definite signs of reduced vasculature. The experience led to an abandonment of using limited numbers of large dose treatments in favor of what became CFRT.

CFRT exploited inherent differences between normal and neoplastic tissues. In particular, neoplastic tissues were noted to allocate much of the cellular machinery to proliferation (via a characteristic called clonogenicity). On the other hand, normal tissues have potential for proliferation, but relatively more capability to repair life's day to day injuries. CFRT gives small multiple small daily doses of radiation resulting in injury to both normal tissues and tumors. On a given day, the normal tissues with greater repair capability will fix relatively more of this modest damage than tumor tissues as shown in Figure 21.1. Over the course of very many days (e.g., 30 or more treatments), the cumulative damage to the tumor is greater than the cumulative damage to the normal tissues. Hence, there is a therapeutic benefit as was first explained decades ago by Coutard and Baclesse. This is very different than SABR where all tissues exposed to the high prescription doses, whether normal tissue or tumor, are equally and irreversibly destroyed.


[image: images]

Figure 21.1 Total dose versus log of survival probability (retained ability to form colonies, clonogenicity) for idealized treatments given in a single fraction and for similar doses given in multiple fractions.



The problem with CFRT as demonstrated throughout the modern era of oncology is that even after many days and large cumulative doses of radiation, some populations of tumor clonogens still survive. This puts the patient at substantial risk of local, regional, and distance tumor recurrence with associated morbidity in addition to shortened survival. Oncologists have tried to overcome this inherent radioresistance to CFRT by adding “sensitizers” like chemotherapy or by using CFRT as an adjunct to surgery. While gains have been made, considerable room for improvement remains for many cancer presentations.

The success of brain radiosurgery pioneered by Swedish neurosurgeon Lars Leksell forms the basis of SABR [3]. Leksell broke from the perceived wisdom of CFRT by using large dose single sessions of radiation delivery in, of all places, the radio-intolerant CNS. Although a single large dose radiation treatment was historically intolerable, Leksell's approach defied conventional wisdom by its technology and conduct. Unlike CFRT which often irradiates much larger volumes of normal tissue to the prescription dose than the tumor itself, Leksell's stereotactic radiosurgery (SRS) went to great lengths to avoid delivering high dose to nontargeted tissues. Whatever normal tissue was included, either by being adjacent to the target or by inferior dosimetry, was likely damaged. However, if this damaged tissue was small in volume or noneloquent, the patient did not suffer clinically apparent toxicity, even as a late event. On the other hand, it is undeniable that the large dose per fraction treatments are biologically extremely potent by overwhelming repair mechanisms. The net result was a convenient and effective treatment.

The earliest examples of treatments mimicking the SRS treatments outside of the brain were reported for treating spine tumors by Hamilton and colleagues [4]. These treatments employed the same rigid immobilization principles of SRS by screwing a frame to the spinous processes. While reports were encouraging, the conduct of the treatment was not as gratifying as natural and inherent motion confounded accuracy. The brain can be practically immobilized by immobilizing the skull. Once the skull is immobilized, targets within the brain have very little additional movement. Such is not the case outside of the skull. Tumors in the body may be displaced as a function of time by forces exerted by muscle contraction, breathing, gastrointestinal peristalsis, cardiac activity, and many other important physiological processes. We cannot eliminate or account for all of these forces. As such, SABR is inherently less accurate than SRS.

Not to be dissuaded, researchers again from Sweden, Ingmar Lax and Henric Blomgren, constructed a body frame that would both comfortably immobilize the patient's torso as well as dampen the internal motion relating to respiration [5]. Subsequently, they treated patients with localized tumors using dosimetry plans that mimicked SRS. The dosimetry was constructed using multiple noncoplanar beams with aperture dimensions on the order of the target dimensions. Each of the many beams carried relatively lower weight than with CFRT such that the target dose at the convergence could be dramatically escalated. The team treated patients with mostly metastases initially. Local tumor control was better than expected leading them to treat more limited stage cancer patients. Blomgren and Lax shared their results via publications and eventually trained others in this new technique [6].

Nearly simultaneously with the work carried out by Blomgren and Lax, investigators from Japan were exploring radiosurgery-like treatments in the chest. Shirato and colleagues pioneered investigation into characterization and accounting of respiratory motion [7]. While initially they did not use dose schedules similar to current SABR regimens, the understanding of target motion control was very important for the ultimate feasibility of SABR as it currently exists. Uematsu and colleagues again from Japan worked in the early 1990s on developing technologies for delivering multiple focused beams of radiation for extracranial targets [8]. In addition, Uematsu's group started treating patients with lung tumors and following their outcomes.

With acquisition of more sophisticated technology, the groups at University of Heidelberg, University of Wuerzburg, Kyoto University, and Indiana University refined and broadened their approach for extracranial treatments and began formalized prospective testing [9–12]. Initially, dose escalation toxicity studies were carried out in the liver and lung trying to find the most potent dose schedules for typically radioresistant primary and metastatic tumors. These prospective trials are still following patients long-term and will add a wealth of understanding for the use of SABR. It already has been determined that local tumor control is higher with SABR than has been observed with CFRT. However, true rates of tumor control will require years of follow-up on all treated patients and such data is still maturing. Furthermore, toxicity from large dose per fraction radiation schedules often appears quite “late” from time of treatment. Therefore, it is unlikely that all serious toxicity has yet been observed from prospective trials with less than 10 years follow-up.



Radiobiology of SABR tumor biology

Classical understanding of radiobiology of tumor and normal tissue response was mostly derived from the administration of attainable dose per fraction. SABR involves the administration of very high individual radiation doses. Because many of the fundamental tenets of classical radiobiology were derived and refined over decades through the study of small radiation doses, does SABR stretch traditional radiation dose – response relationship concepts beyond their limits of applicability?

The most widely accepted means of describing the relationship between radiation dose and cell survival is the linear-quadratic (LQ) formula. Although this formula had served the field of radiobiology quite well for decades, Guerrero and Li have questioned whether it is applicable in the range of high doses applied with SABR [13]. These authors have proposed modifying the linear-quadratic formula by incorporating features of the so-called lethal – potentially lethal (LPL) model [14]. The LPL model differs from the LQ model primarily insofar as it accounts for ongoing radiation repair processes that occur during the radiation exposure. The net result is a substantial difference in the predicted tumor cell kill at SABR-level doses. For example, for a dose of approximately 20 Gy, the LQ model would predict several orders of magnitude greater cell kill than the LPL model [13].

This debate has practical clinical implications, because it is possible that different available techniques of SABR will deliver the radiation at noticeably different dose rates, over quite variable lengths of total time. This problem of variable treatment delivery time for cranial radiosurgery has been evaluated experimentally by Benedict and colleagues, who evaluated clonogenic survival in vitro doses in the range of 12–18 Gy, using a glioma cell line [15]. For a dose of 18 Gy, increasing the length of treatment from approximately 1/2 to 2 hours corresponded to an order of magnitude decrement in cytotoxicity. Fowler and colleagues have reviewed this topic of loss of biological effect with length of individual treatment delivery and concluded that any treatment administration that lasts more than half an hour might be associated with a clinically significant loss of cytotoxicity [16].



Normal tissue biology and tolerance

Within the lung itself, there are a variety of tissues that possess unique radiation tolerance characteristics, namely, the airways (both large and small functioning as serial structures), vascular trunks and pedicles following similar routes as the bronchial tree (functioning as serial structures), and the alveoli/capillary complexes (functioning as parallel structures) [17,18]. In addition, the thoracic cavity includes the serially functioning esophagus, serially functioning nerve tissue (e.g., phrenic nerves, brachial plexus, etc.), heart, pericardium, and pleura (all difficult to categorize as parallel or serial), and the bones and musculature of the chest wall. All of these structures will have a unique mechanism of injury and tolerance after SABR.

Conventional radiotherapy commonly causes large serially functioning airway irritation, such as cough, but rarely dose limiting toxicity. In contrast, high-dose SABR schemes may cause significant large airway damage by both mucosal injury and ultimate collapse of the airway. Along the routes of bronchial airways, a similar injury is experienced by blood vessels following a similar route. Altogether, this collective radiation injury appears to mostly affect oxygenation parameters including diffusing capacity for carbon monoxide (DLCO), arterial oxygen tension (pressure) on room air (P02), and supplemental oxygen requirements (FI02) [12]. Decline in spirometry indices, including FEVI and FVC, are less commonly observed. Because the degree of this airway injury toxicity is related to the proximity of the target to proximal trunks of the branching tubular lung structure, great care should be taken when considering treatment to tumors near the hilum or central chest.

While acute and sometimes severe esophageal toxicity is commonly seen after conventionally fractionated radiation for lung cancer, most of the injury is self-limiting and resolves after treatment. After high dose SABR, esophageal strictures may form as a late effect. Another more unique toxicity from stereotactic ablative radiation therapy relates to pericardial injury. Pericardial effusions may result after treatment for tumors treated adjacent to the heart. Probably by a similar mechanism, pleural effusions commonly develop after SABR treatment of tumors treated adjacent to the chest wall. Usually these fluid collections will reabsorb without intervention after several months of follow-up. Rarely, such fluid collections will need to be drained via thoracentesis in patients symptomatic with shortness of breath, pleurisy, or hypoxia.

Most reports of stereotactic ablative radiation therapy do not include long-term follow-up data. As such, there may be unexpected toxicities that need to be recognized, monitored, and evaluated. Particularly with large doses per fraction there may be unexpected injury related to nerve tissue and vascular tissue. Ideally, dose to brachial plexus, spinal cord, phrenic nerves, and intercostal nerves will be kept low via prudent treatment planning. Furthermore, avoiding large blood vessels in the central chest would be reasonable as well. Neurovascular calamities including aneurysms, fistulas with bleeding, or neuropathies (including phrenic or vagal nerve palsies) have rarely been reported but may only manifest after many years of follow-up.

Lung toxicity is correlated to target volume. Toxicity related to serially functioning tissues is more predominant in the central chest. Ideally, SABR should demonstrate a high degree of conformality between the prescription dose and the target. Lung within the target exceeds tolerance and is no longer functional after high dose SABR. A dose fall-off region exists outside of the target, the volume of which depends on the size of the target, the location of the target within the chest, the quality of the radiation dosimetry (e.g., number of beams, beam arrangements, radiation energy, etc.), and the type of radiation (e.g., photon versus proton, etc.). This dose fall-off region, also called the gradient region, constitutes unintended radiation exposure and should be kept as small as possible.



Defining SABR

In 2004 after several years of planning, the lung committee of the Radiation Therapy Oncology Group (RTOG) finalized plans to carry out a multicenter trial of SABR in patients with medically inoperable non-small cell lung cancer (NSCLC). As this was the first multicenter trial of its kind, the first step was to define the therapy. Previously, a working group from the American College of Radiology and American Society for Therapeutic Radiology and Oncology had formulated guidelines for the conduct of SBRT [1]. The guidelines described the following essential components collectively unique to its conduct:

	Secure immobilization avoiding patient movement for the typical long treatment sessions.

	Accurate repositioning of the patient from planning sessions to each of the treatment sessions.

	Proper accounting of inherent internal organ motion including breathing motion consistently between planning and treatment.

	Construction of dose distributions confidently covering tumor and yet falling off very rapidly to surrounding normal tissues. The dosimetry must be extremely conformal in relation to the prescription isodose line compared to the target outline but may allow very heterogeneous target dose ranges.

	Registration of the patient's anatomy, constructed dosimetry, and treatment delivery to a 3D coordinate system as referenced to fiducials. Fiducia are “markers” whose position can be confidently correlated both to the tumor target and the treatment delivery device. A “stereotactic” treatment is one directed by such fiducial references. SABR treatment deliveries can also be guided and directed by volumetric image data sets.

	Biologically potent dose prescriptions using a few (i.e., 1–5) fractions of very high dose (e.g., generally a minimum of 6 Gy per fraction but often as high as 20–30 Gy per fraction).



This therapy is used to treat well demarcated visible gross disease up to 5–7 cm in dimension. It is not used for prophylactic (adjuvant) treatment as the intent is to totally disrupt clonogenicity and likely disrupt all cellular functioning of the target tissues (i.e., the definition of an ablative therapy).

Effectively, SABR is a treatment that can ablate or totally destroy that to which it is aimed. Such a treatment, properly directed would constitute a most potent form of cancer therapy. In turn, if misdirected or used too liberally, SABR could lead to debilitating toxicity. Whether the potent SABR dose can truly be placed primarily within tumor using stereotactic targeting, motion control, ideal immobilization and specialized dosimetry techniques remains to be proven in all clinical circumstances. At any rate, SABR is not similar to CFRT in its conduct, toxicity, or ability to control cancer.



Immobilization and target motion issues related to SABR

The geometry and dose distribution from the radi- ation therapy treatment plan should be a reasonably true characterization of what is actually delivered to the patient. With the typical large volume of treatment and homogeneous dose distributions characteristic of CFRT, such an emphasis on the proper correlation of the treatment plan and actual treatment is probably not so critical. However, for SABR, claims regarding accuracy of equipment, quality of dose distributions, and dose tolerance should not be made based on the virtual computer simulation of the treatment plan; rather, on actual delivery of dose to treated patients. This is particularly true for predicting normal tissue toxicity from SABR where both heterogeneous dose and differential volume effects may equally affect outcome.

Consistent and reproducible immobilization is one option for improving treatment accuracy. Body frames, vacuum pillows, thermal plastic restraints, and other equipment have been used to try to achieve relocalization similar to the position of simulation [19–32]. Other systems will effectively relocate a reference position within the patient prior to each treatment without the aid of frames or other immobilization devices (i.e., “frameless” systems) [33–36]. Both approaches have advantages and disadvantages and no clearly superior method has been identified in clinical practice. In the end, it is most critical to be practical. SABR treatment sessions are longer than CFRT sessions. Hence, it is important that the positioning system be comfortable and avoid awkward positions or positions fighting against gravity. In addition, the system employed must be properly utilized. As such, staff training and properly administered quality assurance programs are more essential than using a particular brand of equipment.

Motion control devices fall into three general categories: (a) dampening, (b) gating, and (c) chasing. Within the category of dampening includes the systems of abdominal compression aimed at decreasing one of the largest contributors to respiratory motion related to the diaphragm [22, 25, 26, 28, 29, 32]. Also included in this category are the systems employing breath hold maneuvers to “freeze” the tumor in a reproducible stage of the respiratory cycle (e.g., deep inspiration) [37–40]. Gating systems follow the respiratory cycle using a surrogate and employ an electronic beam activation trigger allowing irradiation to only occur during a specific segment (e.g., end expiration) [34, 41–43]. Tracking systems literally move the radiation beam along the same path as the tumor from the beam's eye view [44,47]. Tracking may be accomplished by moving the entire accelerator, the aperture (e.g., with the multi-leaf collimator), or moving the patient on the couch counter to the motion of the tumor. In the case of gating and breath hold, the beam is triggered on and off constituting a duty cycle avoided by the other systems. In any case, the acquisition of planning information must include the same consideration for motion accounting as the treatment in order to achieve accuracy. Despite available motion control equipment, some uncertainty continues to require that planning treatment volume (PTV) be larger than gross tumor volume (GTV). In general for typical dose prescriptions, this enlargement should not be greater than 1.0 cm in the cranial caudal plane and 0.5 cm in the axial plane.



Physics and dosimetry of SABR

SABR requires extremely conformal dose distributions that fall off very rapidly, ideally in all directions, and generally requires the use of multiple shaped beams [48–50]. Highly shaped beams are desired because high dose is best eliminated in normal tissues by sharp collimation of primary beam fluence attenuation outside of the target from the beam's-eyeview. Conversely, smaller nonshaped beams may be used to treat successive regions of the target [51]. Scatter dose is less easily controlled, even by highly shaped beams. Most modern SABR treatments for lung and liver targets use around 10–12 highly collimated beams. In order to avoid overlap dose between entrance and exit trajectories, these beams are ideally nonopposing and have as large hinge angles between them as possible. In addition and in an effort to assure dose gradients fall off rapidly in all directions, the beams should generally be noncoplanar. Coplanar treatments such as is commonly utilized in CFRT particularly with IMRT results in low and intermediate dose “spillage” that surrounds the tumor in an annular fashion. Ideally, this spillage dose would be distributed in a geometry potentially capable of treating occult microscopic extension of tumor. Except perhaps for targets in the vertebral bodies of the spine, there is no reason based on anatomy, tissue function, or known patterns of tumor spread to construct such a predominantly axial dose distribution around the target. Collisions between the patient and accelerator head or the couch and accelerator head will limit the ability to create truly isotropically decreasing dose gradients around targets, but effort should be made to mimic such ideal distributions as much as possible [52,53].

For SABR, it is assumed that the GTV is nearly identical to the clinical target volume (CTV) for conduct of the treatment. Because of target motion and setup inaccuracies, an additional margin must encompass the GTV/CTV target in order to avoid missing the intended target during part or all of the treatment session. This expanded target called the PTV constitutes the final target for high-dose conformal coverage. In addition to the PTV and its contents, ablation is likely to occur in the shell of normal tissue immediately outside of the target in the regions of intermediate to high dose. As such, side effects will or will not occur depending on: (1) how essential this inner shell of tissue is for normal function of the organ, and (2) the thickness or volume of this shell as it relates to the quality of the dosimetry. This high dose spillage is likely the culprit in most of the toxicity related to serially functioning tissues like tubular structures in the lung, GI tract, and liver causing obliteration of the lumen and subsequent downstream effects. Furthermore, the quality of the dose distribution will affect the volume and geometry of low to intermediate dose distributions. This intermediate dose spillage is characterized by the maximum dose at a defined distance away from the target (e.g., 2–3 cm) or by the volume of tissue encompassed by an intermediate isodose line (e.g., the 50% of prescription isodose line). Intermediate dose spillage can affect the organ more globally, similar to the historically large fields associated with CFRT damaging parallel functioning tissues, but may also cause focal organ injury if the prescription dose is high enough.

Prescription isodose conformality to the target volume is generally assessed by a conformality index. This index is the ratio of the prescription isodose volume to the PTV volume. Generally, this ratio should be kept below 1.2. Achieving this degree of conformality is easier with larger targets. While CFRT results in mostly homogeneous target dose distributions, SABR may have dramatic heterogeneity of dose. It must be insured that regions within the PTV target is not underdosed relative to the minimum prescription dose; however, overdosage is probably of no consequence and may even be advantageous in centrally hypoxic tumors. It is critical, however, that high dose “hot spots” associated with this dose heterogeneity are not physically located outside of the PTV. This would be an extreme form of high dose spillage and can generally be avoided by using additional highly shaped beams with unique entrance angles.

Organ exposure limits must be respected with SABR. It has been known that radiation tolerance of specific organs is related to total dose (and fractionation), volume, and inherent radiosensitivity. However, most quoted tolerances are generally quantified as essentially dose limits. Such characterization is clearly inadequate for SABR where toxicity is more often related to exceeding a specified volume of tissue receiving a given dose than the absolute dose level itself. Data are accumulating for dose – volume tolerances for specific organs affected by SABR. At the present time, however, such tolerances are not available. Instead, most investigators are using limits converted from CFRT using linear quadratic modeling or applying limits based on limited experience in treated patients. Since volume effects are poorly understood, absolute point limits were implemented for critical organs like the spinal cord, esophagus, and major bronchial airways. These limits are subject to modification after further evaluation but the limits used in the RTOG lung cancer 3 fraction protocols are listed for reference in Table 21.1. These were implemented as part of a protocol that uses 60 Gy total in 3 fractions (20 Gy per fraction) for target prescription and would not necessarily apply to different fractionation schedules.



Table 21.1 Normal tissue dose constraints for 3 fraction SABR treatments to the lung





	Organ
	Volume
	Dose (cGy)






	Spinal cord esophagus
	Any point
	18 Gy (6 Gy per fraction)



	Ipsilateral brachial
	Any point
	27 Gy (9 Gy per fraction)



	Plexus
	Any point
	24 Gy (8 Gy per fraction)



	Heart/pericardium
	Any point
	30 Gy (10 Gy per fraction)



	Trachea and ipsilateral bronchus
	Any point
	30 Gy (10 Gy per fraction)



	Skin
	Any point
	24 Gy (8 Gy per fraction)






Many potential targets for SABR will require beams to travel through tissues of variable electronic density en route to the target. Ideally, then, the planning system would include algorithms for accurate accounting of tissue heterogeneity effects as it relates to dose deposition from both attenuation and scattering events. Some planning systems do a good job of modeling these effects; however, some do a very poor job. Indeed, published reports show that using a primitive heterogeneity correction algorithm may lead to greater inaccuracies of dose representation at the edge of the PTV than using no correction at all [54]. As such, it seems most reasonable that either sophisticated heterogeneity corrections be implemented (e.g., collapsed cone) or that no heterogeneity corrections should be used for SABR treatments in or near the lungs.

An example of typical SABR dosimetry for treating a primary lung cancer is shown in Figure 21.2. The beam angles were chosen by first considering the realm of attainable beam angles for a tumor in this location avoiding collisions with the accelerator head. Within this subset of attainable beam angles, a beam weight optimization algorithm was used to select these particular 10 angles using the RTOG tolerances to construct avoidance structures. In the end, the beams are noncoplanar, nonopposing, and are separated by fairly large hinge angles. Beam weights are divided fairly equal between all beams so as to spread out entrance dose.
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Figure 21.2 Targeting and dose construction for a typical SBRT treatment in the lung. Ten nonopposing and noncoplanar beams deliver radiation fluence to the demarcated tumor target with high dose delivery to the tumor and margin and rapid falloff in all directions.





Treatment experience in non-small cell lung cancer


Medically inoperable stage I patients

Early experience using SABR for NSCLC consisted of mostly uncontrolled retrospective reports as mentioned above in section under history. These experiences showed that tumor shrinkage early after therapy was very likely after SABR, even with more modest dose prescriptions. There was wide variability of both the number of fractions and the dose prescribed per fraction, even within a single institution experience. Some reports had very small numbers followed short periods of time, yet made strong conclusions regarding adequacy of dose and late effects. Tumor recurrence after an effective therapy will occur much later than after an ineffective therapy due to population growth kinetics. Furthermore, toxicity of high dose per fraction therapy will likely occur quite late after therapy. Therefore, it is most rational to investigate the role of SABR in NSCLC using clearly defined selection, consistent treatment, strict quality assurance measures, and uniform follow-up policy. In addition, follow-up should make mandatory that all patients are assessed and published reports await mature evaluation of outcome data. Such constraints can only be met by regimented prospective testing.

Using the treatment process described above, researchers at Indiana University performed a formal phase I dose escalation toxicity study with 47 patients with medically inoperable non-small cell lung cancer, T1-T2, N0 [12,55]. The starting dose was 8 Gy per fraction times three, 24 Gy total. All patients were treated with 3 fractions at all dose levels. Independent dose escalation trials were carried out in three separate patient groups: T1 tumor patients, T2 tumor <5 cm patients, and T2 tumor 5–7 cm patients. There was no restriction regarding the location of the tumor in the lung as both central and peripheral tumors were treated. A total of seven dose levels were tested. The maximum tolerated dose (MTD) was never reached for T1 tumors and T2 tumors less than 5 cm despite reaching 60–66 Gy in 3 fractions. For the largest tumors, dose was escalated all the way to 72 Gy in 3 fractions which proved to be too toxic. A characteristic tumor response for a patient is shown in Figure 21.3. Dose limiting toxicity in that subset included pneumonia and pericardial effusion. Therefore, the MTD for tumors 5–7 cm in diameter was 66 Gy in 3 fractions while the MTD for smaller tumors lies at an undetermined level beyond this dose. Classic radiation pneumonitis (fever, chest pain, shortness of breath, dry cough, and infiltrative X-ray findings), which had been erroneously predicted to be the dose-limiting toxicity, only occurred sporadically.
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Figure 21.3 Patient with a solitary pulmonary nodule before and 2 years after treatment with SABR. The tumor has dramatically reduced in size, but a remnant remains. The lung shows some focal fibrosis and the nearby pericardium is thicker in the posttreatment scan.



At the lower doses (i.e., 24–36 Gy in 3 fractions), very impressive tumor responses with little normal tissue effects were observed by 3 months. Unfortunately many of these patients ultimately had tumor recurrence. As the dose was escalated beyond 42–48 Gy, striking imaging changes began to appear near the treated tumor by around 6–12 months. This seemed to be related to a bronchial toxicity, which was not commonly described with CFRT. Radiographic changes by themselves were not considered dose limiting, and most of these imaging changes were asymptomatic. In many cases the radiographic changes mimic tumor recurrence. With no salvage therapy in this population, patients were followed without treatment. Repeat PET scans and biopsies showed no evidence of tumor recurrence in the large majority of patients treated at the higher dose levels. In the end, a dose of 60–66 Gy in 3 fractions was determined to be reasonably safe for enrolled medically inoperable NSCLC patients.

Upon completion of the phase I study finding a clearly potent dose for SABR, the Indiana group embarked on a 70-patient phase II study in the same population. The phase II study was aimed at validating toxicity in a larger patient population and determining efficacy (local control or survival) using a total dose of 60 Gy in 3 fractions for the small tumors and 66 Gy in 3 fractions for the large tumors (35 patients for each group). The target control rate for the statistical power calculation was 80% which is dramatically higher than the typical 30–45% control seen with CFRT. All high-grade adverse events (e.g., emergency room visits, surgical procedures, hospitalizations, and deaths) were reviewed by an independent data safety monitoring panel to determine if the event was treatment related (i.e., treatment-related toxicity). In addition, this panel was responsible for final scoring of efficacy such as determining local recurrence.

The principal results of this phase II trial are in Timmerman et al. [56]. The actuarial 2-year local control for this potent dose regimen was 95%, and isolated hilar or mediastinal nodal relapse was extremely rare despite clinical staging. The overall 2-year survival for this frail population was poor at 56% with most of the deaths related to comorbid illness rather than disease progression or toxicity. The protocol placed no time limits on scoring treatment-related toxicity and many late toxic events have been recorded. Fewer than 20% of patients have experienced high-grade toxicity confirming the phase I model. However, interim analysis showed that severe toxicity (grade 3–5) was significantly more likely in patients treated for tumors in the regions around the proximal bronchial tree or central chest region. In fact, the risk of severe toxicity is two times greater when treating central tumors as compared to peripheral tumors.

Similar experiences have been reported in Europe and Japan. Active groups from Sweden, Denmark, Germany, the Netherlands, and Italy have reported rates of local control and toxicity similar to the Indiana experience at similar dose levels [57–60]. A variety of dose and fractionation schemes have been used, however, generally fewer than 5 total fractions have been employed. As with the Indiana group, Wulf and colleagues from Wurzburg have demonstrated a clear dose response relationship with better control at higher dose levels [61]. As shown in Table 21.2, clinical results are generally better with similar dose potency in Japan as opposed to North America/Europe [62–65].



Table 21.2 Local control in early-stage non-small cell lung cancer
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As an example, Nagata and colleagues from Kyoto University published a series of 45 patients treated with a dose of 48 Gy in 4 fractions to the isocenter [63]. This dose is biologically less potent than the dose fractionation schemes used in prospective North American trials (60–66 Gy in 3 fractions) or roughly equivalent to European trials (45 Gy in 3 fractions). Still, Nagata reported effectively no in-field local failures (100% local control) with this dose which is in contrast to the results published from North America and Europe where local control is only 70–80% with dose prescriptions in the this range. The techniques used by Nagata and colleagues for immobilization, targeting, dosimetry, and treatment conduct are essentially identical to what was used at Indiana University. This same dose prescription piloted at Kyoto University was tested in the larger Japan Clinical Oncology Group 0403 phase II trial for operable peripheral T1NO stage 1 patients [66]. Preliminary results from this study, in abstract form, demonstrated an 86% 3-year primary tumor control and 76% 3-year overall survival rate for patients with a median age of 79 years, in line with surgical series. A clue, however, to the likely explanation for these conflicting results between experienced centers in North America and Asia may be found in the overall survival results. Two-year overall survival in the Nagata series was over 80% in striking contrast to the Indiana phase II study and European experiences where only around 50% of patients are alive. Indeed, the Nagata series survival for medically inoperable patients is quite comparable to series describing operable patients in North America. As such, it appears these are different populations indicating a striking difference in patient selection.

In 2004, after several years of planning, the lung committee of the RTOG finalized plans to carry out a multicenter trial of SABR in patients with medically inoperable NSCLC. The results of RTOG 0236 using SABR for medically inoperable lung cancer in patients with peripherally situated tumors was published in JAMA in 2010 [67]. This trial was based on the preliminary data from Indiana University using 60 Gy in 3 fractions for T1, T2, and peripheral T3 tumors less than 5 cm in diameter. Extensive accreditation, conduct, and dosimetry constraints were developed in the RTOG Lung, Physics, and Image-Guided Therapy Committees in order to form a basis for meaningful quality assurance and consistent treatment for a multicenter trial. Three toxicity analyses were performed during the trial which showed no excessive toxicity warranting trial closure. RTOG 0236 accrued 55 patients, 44 with T1 lesions and 11 with T2. With a median follow-up of 2.9 years, 3-year tumor control was 98%, 3-year local control was 91%, the rate of distant metastases was 22%, and median overall survival was four years [67]. At three years, disease free survival was 48% and overall survival was 56%, similar to surgical outcomes. No deaths from treatment related toxicity was reported. This study has set the practice pattern for treatment of medically inoperable, early stage NSCLC with SABR. Of note, for RTOG 0236 as well as the Indiana University institutional lead up studies, doses to 60–66 Gy in 3 fractions were planned and delivered without heterogeneity corrections.

In addition to the practice changing results from RTOG 0236, large population based studies may also have shed light on the role of SABR for medically inoperable patients. A cohort based population study out of David Palma's group from the Netherlands used national records to demonstrate changes in lung cancer treatment practice patterns over three chronological eras. For early stage, medically inoperable NSCLC patients, the first era had no use of SABR, followed by gradual acceptance in some centers during the second era, and more wide appeal in the most recent era. There was a fundamental improvement in survival within this population of patients from the first thru third eras that could only be ascribed to increasing use of SABR. Other than prospective clinical trials, these population based cohort studies can provide some correlative evidence demonstrating the increasing relevance and benefit of specific treatment modalities, in this case SABR [68].

RTOG 0236 has logically been followed by RTOG 0813, a phase I/II trial attempting to identify a maximum tolerated dose for medically inoperable patients treated with SABR for centrally located lesions. Five fraction regimens have been used, starting at 50 Gy, with the study now evaluating a larger cohort of patients at 60 Gy. The study has very recently finished accruing its target number of patients at the highest 60 Gy dose cohort. Several other single institution efforts have suggested fractionation and total dose schemes that may offer safe and effective means of treating centrally located tumors with SABR [69,70]. Interestingly, future studies with centrally located tumors may employ protons, as retrospective and dose evaluation studies have demonstrated a superiority with protons versus photons with respect to normal tissue toxicity [71].

Along with location and operability being an important variable in SABR usage, total dose and fractionation are also important questions. RTOG 0915 is a large, phase II cooperative group study aimed at determining control and toxicity rates between two fractionation schemes – 12 Gy × 4 and 34 Gy × 1, for peripherally located lesions. The more optimal of the two fractionations will be compared to 18 Gy × 3 (with heterogeneity corrections). Accrual for this study has been completed and data analysis of results soon to be reported.

Finally, several trials have been proposed for giving adjuvant systemic therapy along with SABR in an effort to reduce the risk of patients at higher risk of systemic relapse – very relevant in light of the rate of distant metastases seen in RTOG 0236 patients. The goal will be to use the systemic agents to help with regional and distant control, while the SABR will be used to promote local control. The combination therapy may hold the greatest promise for even greater disease free intervals and even improved overall survival.



Operable stage I patients

Patients deemed healthy enough for surgery have been treated with SABR based on the patient's preference to avoid surgery. Most of the work in this population has been carried out in Japan. Onishi and colleagues performed a large retrospective chart review of patients treated at several Japanese centers using SABR in early stage NSCLC [72]. While dose and number of fractions varied considerably, all patients were treated with small volumes under stereotactic guidance. This report included a large number of operable patients that were analyzed separately. For such patients who received dose levels such that the biological effective dose (BED) was greater than 100 [73], local control and survival rivaled best surgical series according to the authors. The 3-year overall survival in this group was 88%. This report has formed the basis for enrolling patient with operable tumors onto a separate arm of the Japan Clinical Oncology Group 0403 trial for peripheral T1NO stage I patients.

In the United States, very few patients with operable stage I NSCLC have been treated on clinical trials. That situation may change after the resuls of RTOG 0618 for operable patients are published. RTOG 0618 has completed accrual of patients with documented NSCLC who are medically suitable for surgical anatomical resection but treated with SABR. This is a dramatic departure from previous trials in North America where only frail medically inoperable patients were enrolled onto SABR trials. This trial, patterned after RTOG 0236, included an early assessment for surgical salvage in people with less than ideal response. As such, SABR is being studied in broader populations with early stage NSCLC building on the existing prospective testing. Based on best surgical literature, it will be required that SABR attain a local control rate of 90% or better in order to compete with lobectomy [74]. Consequently, very potent dose prescriptions will be required. As noted above, it is likely that higher dose levels will be required in the United States as opposed to Asian series in order to attain this high rate of local control. RTOG 0618 is modeled after RTOG 0236 except eligibility is for healthier patients capable of tolerating thoracotomy. The prescription dose is 60 Gy in 3 fractions and frequent tumor status assessments are made in order to identify failure early and attempt surgical salvage. Preliminary data from RTOG 0618 was recently presented at the American Society of Clinical Oncology Annual Meeting 2013. Twenty-six of 33 patients were evaluable with 23 having T1 disease and the other three having T2 disease. There were no grade 4–5 toxicity and only four patients had grade 3 toxicities attributable to SABR. With a median follow-up of 25 months, an estimated 2-year primary tumor failure rate was 7.7%. Progression free survival and overall survival at 2 years was estimated at 65.4% and 84.4%, respectively, suggesting a high rate of primary tumor control and relative equivalence with historical surgical outcomes [75].

While waiting on RTOG 0618 data to be finalized in paper form, a study initiated in the United States may offer very important clues as to the equivalence between SABR and resection. The ACOSOG (Z4099)/RTOG (1021) randomized phase III study has recently begun to accrue high risk, early stage T1/T2 N0 NSCLC patients (tumors less than or equal to 3 cm) to either sublobar resection or SABR to 54 Gy in three fractions. These patients are considered at high risk for significant toxicity associated with lobectomy and thus are randomized to lesser resections +/− brachytherapy versus SABR. This study will provide important data on toxicity profiles and local and distant control rates with the use of the two key treatment modalities.




SABR for lung cancer metastases, multiple primary lung tumors, and recurrent lung cancer

For late stage NSCLC, systemic therapy has traditionally been the mainstay of treatment. Failure rates are generally high in this setting and overall survival is low. Recent efforts have been employed to identify newer paradigms to improve both progression free survival and overall survival in the stage IV setting [76,77]. Over the last several years, SABR has been used in the treatment of isolated pulmonary metastases in medically inoperable patients from a number of primary disease sites. Several institutions have also used SABR to treat limited or oligometastatic disease to many body sites (lung, mediastinum, liver, bone, adrenal) in the stage IV NSCLC setting to aid in PFS with promising outcomes [78]. As a means of debulking active disease to make tumor more amenable to systemic agents, in line with the Norton-Simon hypothesis, Kavanagh, Timmerman, and colleagues opened a Phase II study for stage IV NSCLC patients who have failed first line chemotherapy. These patients, as long as they had only up to six sites of metastatic disease extracranially, were treated with SABR to all sites of known disease and concurrently given Erlotinib. Twenty-four of 24 planned patients have been accrued to the trial. Results appear very encouraging but are still under review. From an early look at the study outcomes, these stage IV NSCLC patients have a far greater PFS and OS than the historical findings for systemic therapy use alone in a second line setting [79].

SABR has also been indicated for two other patient populations with promise for future therapeutic intervention – those with multiple early stage primaries and patients with recurrent disease after previous radiation. SABR appears to be a viable alternative to multiple or larger resections for patients with several smaller primary lung cancers [80,81]. It can also be used safely and effectively in patients who have recurred locally after conventionally fractionated thoracic radiation for their primary NSCLCs [82].



Summary

The technological developments surrounding the implementation of SABR were the product of mostly engineering and physics research. However, they facilitate the exploitation of the more important biological determinants of local control [83]. Ablation of tumor using total dose or dose per fraction well beyond conventional radiation promises in the end to serve to improve outcome. This necessary collaboration between technical resource development and biological innovation holds considerable promise for patients with lung cancer.

As systemic treatments become more effective, radiotherapy will be used more selectively to target isolated deposits of gross disease [2]. Currently limited to treatment with curative intent in stage I–III disease, radiotherapy will likely be used more often in stage IV disease either as a measure for consolidation or to ablate cancer deposits resistant to systemic therapy. With exploitation of technology and biological understanding, this is an ideal role for SABR as an efficacious and cost effective modality for local control of gross disease.

The goal of technical, biological, and clinical research in radiation oncology as well as in collaboration with surgical and medical oncologists is to facilitate “adaptive” therapy [84–86]. In this paradigm, pretreatment diagnostic information including imaging, staging, tissue samples (proteomic, genomics, etc.), and other predictive assays will be integrated to make therapy selection. Having chosen the correct approach, the patient is started on therapy while monitoring progress. Early assessments relating to accuracy of delivery, tumor response, metabolic changes, tolerance, and others can be used to change the therapy appropriately during therapy [87–89]. Soon after treatment, imaging and metabolic assessment may direct the need for adjuvant therapies or avoid toxicity. Rather than a “one size fits all” cancer therapy, the adaptive process uses a tailored approach that constantly re-evaluates and responds to redirect the therapy toward a better outcome. Until this goal is achieved, patients will continue to be enrolled onto well-designed prospective trials such that SABR might be refined to its optimal potential.
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Introduction

Non-small cell lung cancer (NSCLC) accounts for 80% of all lung cancer cases. Only 20–25% of patients with NSCLC present with early-stage disease that can be surgically resected, and a substantial proportion of those patients are considered unable to tolerate surgery because of comorbid conditions. For such patients, photon (X ray)-based radiotherapy has been the standard treatment. Approximately 50% of patients with NSCLC present with locally advanced disease that requires multimodality treatment, including radiotherapy. For patients with stage I disease, radiotherapy can provide effective locoregional control of small primary tumors for up to about 2 years when conventional doses of radiotherapy are used [1–3]. For patients with stage III disease, however, locoregional control with radiotherapy and chemotherapy ranges from 50% to 60%, with median survival times of only 15–17 months and 5-year survival rates of 10–15% [4].

Uncontrolled locoregional disease is a major source of continuous seeding to distant organs and is the eventual cause of treatment failure; thus, its eradication is essential for cure. Substantial clinical evidence exists to suggest a radiation dose–response relationship in both survival and local control in patients with NSCLC [5–8]. However, higher radiation doses are associated with higher toxicity, particularly when radiotherapy is given concurrently with chemotherapy [4].

The current standard dose of photon radiation for lung cancer, 60–66 Gy, is based on findings from the Radiation Therapy Oncology Group (RTOG) 73-01 trial, which showed survival benefits from doses >60 Gy [9]. However, doses ranging from 60 to 66 Gy are still substantially lower than the anticipated dose needed to achieve local control rates in excess of 50%. The RTOG 83-11 trial, led by Cox et al. [10], showed that radiotherapy alone to a dose of 69.6 Gy given in 1.2 Gy fractions led to higher survival rates. However, the RTOG 94-10 trial indicated that treatment with 69.6 Gy and concurrent chemotherapy, compared with treatment with 60 Gy and concurrent chemotherapy, resulted in greater toxicity and no survival advantage. More recent findings from RTOG 0617 indicate that escalation of the (photon) radiation dose to 74 Gy with concurrent chemotherapy led to increased toxicity and was associated with worse survival than the conventional (photon) radiation dose of 60 Gy [11].

Advances in diagnostic imaging in the 1980s prompted the development of more individualized radiation therapy based on the specific anatomy of individual patients rather than on anatomic atlases. Computed tomography (CT) and other tomographic scanning technologies permitted the three-dimensional (3D) display of tumors in relation to the surrounding normal anatomy. Accurate 3D radiation dose computations were developed, as were multileaf collimators for use within linear accelerators. These tools permitted a “beams-eye” view of tumors and conformal delivery of radiation to them.

Commercially available treatment-planning systems allowed the introduction of 3D conformal radiation therapy (CRT) by the early 1990s. Computer simulations of dose distributions clearly showed that using 3D CRT could allow higher total doses to be delivered to the gross tumor volume than were possible with two-dimensional (2D) treatment. Also with 3D CRT, normal tissues could be avoided or at least exposed to much lower doses than with 2D treatment. The rapid adoption of 3D CRT was based entirely on computer-generated treatment plans that showed a reduced volume of normal tissue irradiated with this method compared with 2D treatment plans and delivery. Indeed, 3D CRT allowed the radiation dose to be escalated from 63 to 74 Gy with concurrent chemotherapy for patients with stage III NSCLC [12,13].

The delivery of small X-ray beams with different intensities permitted further shaping of the high-dose volume. Physicists optimized the different intensities, and with use of dynamic multileaf collimators, intensity-modulated radiation therapy (IMRT) was fully realized. In contrast to the rather rapid adoption of 3D CRT, IMRT was appreciated and introduced into practice more slowly. Physicians, physicists, and dosimetrists had to devote much more time and effort to treatment planning with IMRT, but the ability to achieve reduced toxicity with this therapy was a worthy goal that has been realized. Such precision in radiation delivery requires more careful target delineation, treatment planning, and quality assurance. Moreover, because of the risk of missing tumors that may move between daily fractions or during treatments (e.g., during respiration), imaging is needed with each treatment. As such, the term image-guided radiotherapy encompasses daily imaging as well as 3D CRT and IMRT.

Although 3D CRT or IMRT have the potential to reduce normal tissue toxicity, the relatively high exit dose of photon X-ray therapy limits the possibility of dose escalation or acceleration. A proton beam, on the other hand, is made up of charged particles that have a well-defined range of penetration into tissues. As the proton beam penetrates the body, the particles slow down and deposit a large fraction of their energy near the end of their range. The resultant central axis depth dose distribution is known as the Bragg peak. By modulating the Bragg peak in both energy and time (the so-called “spread-out Bragg peak” [SOBP]), a full, localized, uniform dose can be delivered to the target while sparing the surrounding normal tissues. Proton beam treatment is ideal when organ preservation is a priority, particularly for patients with lung cancer [14,15]. In this chapter, we review the rationale for and aspects of treatment planning and delivery of proton therapy for patients with lung cancer and emerging information on clinical outcomes after such treatment.



Relative biologic effectiveness and biological research on protons

Charged particle radiotherapy (i.e., that with high-energy particles such as protons or carbon nuclei) is directly ionizing because, by virtue of their charge, the accelerated particles can interact with atomic electrons via Coulomb forces. Consequently, charged particles, unlike photons, are associated with high linear energy transfer (LET) – that is, their interaction with tissues is characterized by both direct damage to cellular DNA and a dense mobilization of secondary electrons along the particle track that results in a high local concentration of free radicals, which also cause DNA damage. In clinical systems involving use of SOBPs, cellular damage is considered to be nearly constant across the plateau phase of the depth-dose curve, but in reality, the degree of cellular damage may vary along the particle track.

Although the various nuclei used in charged particle radiotherapy may be similar with respect to the general shape of their depth-dose curve, their ultimate radiobiological effects depend on the specific LET of the particle that is used. Thus, the shape of the SOBP is useful for determining the dose distribution, but the extent of radiobiological damage to the target tumor depends on a different property – the relative biological effectiveness (RBE) of the radiation. This quantity is defined as the ratio of the dose of photons to the dose of charged particles necessary to achieve the same biological effect in a specified test system. If the RBE for a specific particle is high, then that particle exerts a significant amount of damage per absorbed unit of energy and is said to have high quality. Notably, the RBE also varies in different tissues, varies with the rate of cellular proliferation, and varies with dose (RBE increases as the dose decreases).

Protons have nearly the same RBE as photons. Paganetti et al. summarized the available data from numerous experiments with protons and concluded that the RBE of protons is approximately 1.1 [16]. This means that protons are radiobiologically similar to photons and offer a 10% improvement in radiation quality, whereas heavy nuclei have considerably greater biological effects. For example, the RBE for carbon ions is approximately 3, similar to the RBE for neutrons. Although the higher RBE of carbon ions would seem advantageous for control of hypoxic tumors, it is disadvantageous for normal tissues.

Other radiobiological phenomena deserve mention with regard to the relative advantages of charged particle radiotherapy. In photon radiobiology, the radiosensitivity of a tumor cell can be diminished by the absence of oxygen or by the cell's being in a radioresistant phase of the cell cycle (e.g., S phase). In both cases, the altered radiosensitivity is attributable to the cell's ability to repair the radiation-induced damage to the DNA, and that ability is enhanced by hypoxia and the presence of sister chromatids and DNA repair enzymes in certain cell cycle phases. However, the single-track, double-strand break is a subtype of DNA injury that is difficult to repair even in the presence of these radiobiological modifiers. Because high-quality particles (e.g., those with heavy nuclei such as carbon ions) are more likely to induce this type of injury, tumor oxygenation and cell cycle effects become less important. This ability of heavy ion particles to overcome these intrinsic mechanisms of radioresistance gives them a major theoretical advantage over photons. In fact, this difference in radiobiology is the main feature that distinguishes heavy ions from protons, the radiobiological quality of which is similar to that of photons. However, the RBE of protons can vary according to tumor histology and dose/fractionation regimen [17,18]. For practical reasons, treatment modeling does not at present take these RBE variations into account. However, as the use of charged particle therapy increases over time, accounting for this variability in specific circumstances may become necessary.

Another potential advantage of the use of protons in radiotherapy is that they may preferentially target cancer stem cells, the presence of which is thought to lead to local recurrence and distant metastasis. A recent preclinical study indicated that protons effectively targeted and killed cancer stem cells in treatment-resistant NSCLC cell lines to a greater extent than did photons of the same dose (RBE), but this cell-killing effect was not seen in a normal bronchial epithelium cell line [19]. These findings suggest that protons may be more effective than photons for preventing local recurrence or distant metastasis resulting from the presence of treatment-resistant cancer stem cells, but clinical studies are needed to confirm this hypothesis. Future research in molecular biology to address mechanisms of DNA damage/repair and signal transduction induced by proton treatment will help in identifying the optimal regimens for proton therapy [20]. In addition, the interactions among proton treatment, chemotherapy, and molecular targeted therapy may well open a new field of research to further improve therapeutic ratio [21].



Rationale for proton therapy

As described in the previous section, the primary advantage from the use of protons in cancer therapy is their highly localized dose distribution, rather than an enhanced biological effect. A high dose of therapeutic proton beams can be safely delivered to the tumor/target volume while sparing adjacent normal tissues that are vulnerable to radiation injury, particularly those tissues that are distal to the target volume in the beam direction. When similar complexities have been considered and similar treatment-delivery techniques have been used, protons have typically deposited one half or less of the integral dose that X-rays deposit to uninvolved normal tissues [22]. Higher doses should result in an increased probability of local tumor control.

The fundamental property of proton beams that provides a substantial advantage over X-ray beams is that protons can be made to stop within a few millimeters past the distal surface of the target volume, whereas X-rays deposit their dose in the healthy tissues and organs that lie in the beam path beyond the target volume and then exit the patient on the side opposite to the beam entrance. In addition, protons deposit a lower dose than do X-rays to normal tissues and organs that lie in the beam path between the surface of the patient and the target volume. For a given level of normal tissue toxicity, the maximum tolerated dose of proton radiotherapy is probably higher than that of conventional photon radiotherapy because of the physical characteristics of the proton beam (i.e., its Bragg peak). Therefore, proton radiotherapy may have an advantage over conventional photon therapy, including IMRT, in attaining local tumor control and improving survival rates [14,15].



Proton treatment planning and delivery


Physical characteristics of proton beams

As is true for all heavy charged particles (helium and carbon ions, negative pi-mesons, etc.), protons have a unique depth dose distribution, commonly referred to as the Bragg peak. The depth dose is characterized by a low entrance dose (about 30–40% of the maximum dose), followed by a relatively flat dose plateau, which rises sharply to a narrow peak (the Bragg peak) and then falls rather rapidly to zero dose immediately after the maximum dose is reached. The depth of the Bragg peak depends on the composition of the material being penetrated and the energy of the proton. A typical Bragg peak is shown in Figure 22.1a.
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Figure 22.1 a: A typical proton dose distribution for a Bragg peak. b: Spread-out Bragg peak.



The width of the Bragg peak is too narrow to allow treatment of any but the smallest of clinical targets, which typically range up to 20 cm deep. Generally, range modulation, i.e., adding Bragg peaks of sequentially lower energies and smaller weights (time duration), is used to produce an extended region of dose uniformity in depth called the SOBP (Figure 22.1b). SOBPs can be achieved by placing either a range modulation wheel (for dynamic modulation) or a ridge filter (for passive modulation) in the beam or by changing the energy in the accelerator or energy-selection system while adjusting the weight (time duration) of each individual Bragg peak. By appropriately selecting the range pullback and weight of each pristine Bragg peak, depth uniformity can be achieved that covers the tumor. To achieve lateral uniformity in the tumor target, the beam must also be spread laterally, either by a passive, double scattering system or by magnetically scanning a small spot beam in a uniform pattern. In general, SOBPs can be produced with different widths, customized to individual target volumes. Notably, as the width of the SOBP increases, the surface dose increases. Proton therapy requires a source of protons in an energy range of about 70 to 230–250 MeV to achieve penetration in the patient from 7 to 30–37 cm. Dose rates should be approximately 2 Gy/min.



Passive scattering systems

Until recently, passive scattering systems were the standard method for spreading the proton beam laterally for therapeutic applications. In this system, the proton beam is passed through a range-modulating wheel, which is often part of the first scatterer, a second scattering device, a range shifter, an aperture for shaping the beam laterally, and a customized compensator before it enters the patient. The double scattering system (use of the range-modulating wheel as the first scatterer with a second scattering device) creates a broad flattened beam at the final aperture. The range shifter determines the maximum depth penetrated by the protons. The range-modulating wheel spreads the narrow Bragg peak, forming a uniform dose distribution that covers the target while sparing the surrounding normal tissue (the SOBP). The customized range compensator tailors the distal surface of the dose distribution to match the distal shape of the target volume, with necessary margins and lateral smearing to account for possible small misalignment of the compensator with the patient's anatomy. In the design of the range compensator, the treatment planning system calculates the water equivalent path-lengths between the patient surface and the distal planning volume, thereby calculating the thickness of each point of the range compensator to correct for the shape of the patient surface, all inhomogeneities between the patient surface and the planning target volume, and the shape of distal surface of the planning target volume. The beam number and angle are important for passive scattering proton therapy to cover the target while minimizing dose exposure to critical structures. Typically beam number and angle used in lung cancer is shown in Figure 22.2.
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Figure 22.2 Typical beam arrangement for a passive scattering proton therapy plan. The internal gross tumor volume (iGTV) is shown in maroon; the surrounding clinical target volume (CTV) in khaki (green); and the planning target volume (PTV) in aqua. Arrows indicate beam angles. The numbers at top indicate isodoses in cGy, as represented by the respective colors.



The advantages of passive scattering systems are their safety, simplicity, and lesser sensitivity to the time structure of the accelerator. Although these systems have well served their intended purpose, they also have several disadvantages, the most serious being their efficiency, which at 20–40% wastes large numbers of protons in the scattering system and in the beam-limiting aperture. This substantial loss of protons can pose a problem for synchrotron-based proton therapy systems, in which the dose rate is more limited than in cyclotrons. Passive scattering systems also tend to be sensitive to variations in the beam position. Furthermore, when protons are stopped in the scattering system and aperture, they produce secondary neutrons, which can contribute to the whole-body dose of the patient. Neutrons have a high RBE and are thought to be the source of secondary cancers in some patients [23]. Another disadvantage of this system is that it produces a single SOBP for the entire target volume; thus, during treatment of large irregular target volumes with notable differences in their thickest and thinnest depths, the high-dose region is pulled back into normal tissues. For this reason, the dose-shaping properties of passive scattering techniques are often described as “2.5-dimensional.” The solution to the disadvantages of passive scattering systems is found in dynamic spot scanning systems, which are described further below.



Dynamic spot scanning systems

In dynamic spot scanning, a narrow beam entering the treatment nozzle is magnetically scanned across the target cross-section and in depth to achieve the intended dose pattern. The beam can be either scanned continuously or stopped at predetermined positions for a specified time until the desired dose is delivered. In discrete spot scanning, the beam is then turned off and the currents in the magnets are adjusted so as to move the next beam spot to the desired position [24]. The deepest layer is scanned by selecting the appropriate energy, and when scanning of that layer is completed, the energy is decreased and the next layer is scanned. In this manner, the entire target volume can be irradiated either to deliver a uniform dose distribution for each field, much like the passive scattering method, or to deliver a nonuniform dose distribution for each field in such a way that when the doses from all fields are summed, the total dose distribution is uniform. This is called intensity-modulated proton therapy (IMPT). Figure 22.3 shows a typical dynamic spot scanning system. With continuous scanning, the intensity of the beam can be varied as the spot is moved to produce a nonuniform dose distribution. With discrete spot scanning, the time that the spot remains at each “voxel” can be varied to produce the nonuniform dose distribution.
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Figure 22.3 a: Typical dynamic spot scanning beam. b: Illustration of scanning beam dose painting.



Dynamic spot scanning has several advantages: it provides full shaping of the dose distribution to the target volume; no devices such as dose-limiting apertures and range compensators are required; the efficiency is high because very few protons are wasted; and very few neutrons are produced. One disadvantage of dynamic spot scanning is the difficulty in delivering a desired dose to tumors that move during irradiation; however, beam gating techniques such as respiratory-gated proton beam radiotherapy (described in the section on “Tumor Motion Considerations”) should reduce the uncertainty in such treatments. Another way to reduce the effect of target motion is to scan each layer several times; the dose error due to target motion decreases and/or increase fractionations as the number of scans increases and/or fractionation increased, although there is a practical limit to the number of times a layer can be rescanned. The time required to deliver IMPT should be comparable to that required for X-ray IMRT.



Planning proton therapy versus photon therapy

As is true for treatments with X-rays and electrons, treatments with protons use multiple treatment fields, often noncoplanar, to keep the skin dose at reasonable limits and to spare normal tissues in the beam path. However, treatment-planning strategies involving protons can be quite different from those involving X-rays and electrons because of the particular properties of proton beams. For example, in proton-based treatments, the rapid distal falloff of the proton dose distribution permits the planner to aim a proton beam directly at a critical normal structure, as opposed to X-ray–based and electron-based therapies, which may deliver toxic doses to critical structures because of the significant exit doses. However, some uncertainty exists regarding the distal edge of the proton dose and possibly increased RBE toward the end of the SOBP. These sources of uncertainty must be taken into consideration.

Proton-based therapies thus require a more critical understanding of uncertainties associated with the proton beam. Specifically, uncertainties associated with the exact stopping point of the proton beam caused by errors in the CT data or in the treatment planning and delivery process, can result in either the beam being stopped too quickly (thereby underdosing the target) or the beam's being delivered for too long (thereby overdosing a critical structure). A correlation between CT Hounsfield units and proton mass stopping powers, based on measurements of materials of known stopping powers on the CT scanner, is used to calculate proton ranges in tissue [25]. As noted previously, uncertainty of RBE is another concern. Preliminary evaluations indicate that the RBE of s proton beam depends on tissue specificity, dose, dose rate, energy, and depth of penetration [16] but does not vary significantly from its nominal value.

Another important difference between X-ray- and proton-based treatment planning is the use of margins to expand the clinical target volume to the planning target volume. Proton beams have essentially three edges, the two lateral penumbras resulting from Coulomb multiple scattering and the distal falloff resulting from range straggling. Since both multiple scattering and range straggling depend on range (energy), proton dose distributions have three sides, with depth-dependent dose gradients. Also, the depth dependence of the lateral penumbra is stronger than that of X-rays for water equivalent depths greater than about 17 cm; for shallower depths the proton lateral penumbra is generally smaller than that for X-rays. In general, each treatment beam must have its own margins that depend on the distance traveled by the beam in tissue. Therefore, expanding the clinical target volume to the planning target volume is not a straightforward process and depends strongly upon the beam direction. Indeed, the concept of the planning target volume is not useful for proton treatment planning.

The most severe limitation of the proton therapy plans for passive scattering arises from the uniform width of the SOBP throughout the target volume, which results in some high-dose spillover into adjacent normal tissues. However, this problem is greatly reduced by the use of multiple beams and is reduced still further by the use of spot scanning techniques and intensity-modulated treatment planning. With the advent of dynamic spot scanning techniques, proton therapy has taken an important step forward. As stated earlier in this chapter, spot scanning allows the application of intensity-modulated techniques in treatment planning and delivery, which substantially improves the proton dose distribution, as has been the case for IMRT in X-ray therapy.

IMPT plans are optimized with an “inverse” treatment-planning system, which is similar to the inverse planning for IMRT [26,27]. However, there is additional complexity in IMPT because the energy of each proton pencil beam, in addition to the intensity and dose of each beam, can be varied, which increases the number of degrees of freedom for optimization and the dose-shaping potential of the IMPT plans, but at the cost of both computational and treatment complexity.

For treatment plans of equivalent complexity, the IMPT plans will always be superior to IMRT plans, especially in the sparing of normal tissues if motion uncertainty has been resolved [28]. The coverage of the target volume can be quite similar for IMPT and IMRT (Figure 22.4). On average, IMRT plans have twice the integral dose of IMPT plans, which results in substantial sparing of critical tissues and organs with the IMPT plans [23,28].
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Figure 22.4 Comparison of dose distributions from intensity-modulated (photon) radiation therapy (IMRT) and those from intensity-modulated proton therapy (IMPT) for stage III NSCLC.





Image-guided proton delivery

Proton dose distributions are highly localized because of the SOBP high-dose region that is followed by an abrupt falloff of the dose to a zero value. However, much of this advantage (compared with X-rays) can be lost if the treatment-planning process, patient setup, or delivery is not optimized, appropriate, and accurate. An error in the calculated range of the proton beam can cause either a portion of the distal target volume to receive no dose (if the range is too short) or an overdose to a critical structure (if the range is too long). The accuracy of the patient setup for treatment and of the treatment delivery is usually ensured by the use of onboard imaging and extensive monitoring and by the quality assurance of the beam-delivery process.

Most proton treatment delivery systems contain three orthogonal imaging systems (X-ray tubes and flat-panel imagers), image analysis systems, and computerized couches with six degrees of freedom. More modern proton delivery systems will be guided by on-board volumetric imaging with cone-beam CT or CT on-rails systems. These technologies allow stereotactic techniques to be used to accurately position the patient, correct for misalignments, and verify the treatment setup daily for each treatment field.



Tumor motion considerations

Proton radiotherapy for lung cancer is complicated by several issues. Among the most challenging of these issues is the need to account for respiration-related tumor motion during treatment. The beating of the heart also causes tumor motion, but the magnitude is relatively small compared with the motion caused by respiration. Development of multislice detectors and faster imaging reconstruction has made it possible to obtain images from patients in real time, while they breathe, and to assess the extent of tumor and organ motion by using four-dimensional (4D) CT.

A more interesting and challenging application of 4D CT imaging is in planning 4D treatment, in which the actual dose distributions for free-breathing treatment can be calculated [29,30]. In this process, the dose distributions are calculated for each phase of the breathing cycle and then added by deformable image registration. Such composite dose distributions and dose-volume histograms can demonstrate the actual dose that the patient receives from the treatment if the patient breathes in the same way as shown in the 4D CT images.

To ensure that all of the cancer cells are adequately covered by the proton beam, investigators at MD Anderson [29] and Massachusetts General Hospital [30] have used 4D CT-based treatment planning to evaluate the proton dose-volume distribution in the target and in the surrounding normal tissues. These plans involved generating an internal target volume by combining the gross tumor volumes at different phases of the respiratory cycle. The MD Anderson group used the internal gross target volume created with maximal intensity projection density to design the necessary compensators [30]. This approach produced dose distributions similar to those that were actually delivered. Compared with the use of a large smearing margin for highly mobile lung tumors, as proposed by Moyers et al. [31], our internal gross tumor volume-maximal intensity approach achieved similar target coverage while sparing more normal tissue, because no uniformly large smearing margin was used. Instead, individualized internal gross tumor volumes that were based on actual tumor motion were used for the compensator design [30]. This approach may slightly overtreat the normal tissues behind the tumor when the tumor moves out of the field, but it ensures that the entire tumor is treated adequately, no matter where it moves during the different breathing phases.

IMPT is more sensitive to motion than is IMRT or passive scattering proton therapy. In current clinical practice, the recommendation is that tumors that move by less than 1 cm be treated with IMRT or passive scatter proton therapy. Tumors that are to be treated with IMPT, by contrast, should move no more than 5 mm so as to minimize the motion uncertainty. About 50% lung cancers move about 5 mm, 30–40% move about 5–10 mm, and about 10% move more than 1 cm during respiration [32]. Managing tumor motion through the use of techniques such as respiratory-gated radiotherapy is particularly crucial in proton therapy for tumors that move significantly during respiration.



Adaptive proton therapy

In addition to the movement of tumors within fractions (intrafraction motion), proton therapy is also sensitive to tumor motion and anatomic changes between fractions. Investigators have recently begun to examine the effect of interfractional motion and anatomic changes on dose distribution in proton therapy. In one study, Hui, Chang, and others [33] acquired weekly 4D CT scans from 8 patients with locally advanced NSCLC being treated with IMRT. A conformal passive scattering proton plan was generated for each patient and compared with the IMRT plan over the 7-week course of radiotherapy. For one of these patients, the normal tissue doses were found to be increased and coverage of the clinical target volume was significantly compromised (with a decrease in approximately 8%) over the course of treatment if proton therapy were used, but these changes over time were much less significant in the IMRT plan. The conclusion was that interfractional adaptive planning is indicated for at least some patients undergoing proton therapy. A subsequent clinical study from the same group showed that about 20% of patients with stage III NSCLC being treated with proton radiation [to 74 Gy(RBE) in 37 fractions] in combination with paclitaxel and carboplatin need adaptive proton therapy because of anatomic changes over time that would compromise coverage of the target volume or violate dose constraints [34]. Adaptive planning can reduce normal tissue doses and prevent target misses, particularly for patients with large tumors that shrink substantially during therapy. Adaptive plans seem to have acceptable toxicity and achieve similar local, regional, and distant control and overall survival rates than those achieved with nonadaptive plans, even for patients with larger tumors.




Normal-tissue doses from proton therapy versus other forms of radiation therapy


Protons produce lower normal tissue doses than 3D CRT, IMRT, or SBRT

As noted earlier in this chapter, escalation of radiation doses is crucial for local disease control in lung cancer. The advent of 3D CRT was a major step forward in reducing the inadvertent exposure of normal tissues compared with 2D radiotherapy. IMRT may also offer the benefit of dose escalation without causing greater toxicity to surrounding normal tissue in some patients with lung cancer [35–37]. However, the use of IMRT for treating lung cancer has been delayed because of concerns that IMRT may deliver low but damaging doses to larger volumes of normal lung tissue than would be affected by other treatments. Respiration-induced motion of tumors introduces another level of complexity to both the dosimetry and the technique used to deliver IMRT [38,39]. Indeed, in one study IMRT was associated with an increase in the volume of lung exposed to 5 Gy or more (V5) in half of the patients tested compared with 3D CRT [35,36]. Nevertheless, IMRT may allow greater dose escalation than 3D CRT without significantly increasing the incidence of adverse effects in at least some patients with locally advanced disease [35–37, 40, 41].

Reasoning that proton therapy may be better able to spare critical structures than 3D CRT or IMRT, we compared DVHs from patients with either stage I or stage IIIA/B NSCLC that had been treated with standard-dose 3D CRT or IMRT or with simple 3D passive scattering proton therapy, without intensity modulation, at standard or escalated doses [14]. This comparison indicated that proton therapy spared 15–17% more of the total lung and 19–23% more of the contralateral lung, from exposure to 5 Gy or more compared with IMRT. This reduced exposure would be expected to substantially reduce lung toxicity. Proton therapy also significantly reduced the dose to esophagus, spinal cord, and heart, even with dose escalation, compared with standard-dose photon therapy. In addition, proton therapy produced absolute improvements in the nontarget integral dose of 33–60%. These reductions were greatest in early-stage disease and in exposure of the contralateral lung. The apparent ability of proton therapy to minimize the dose to the heart and spinal cord may translate to better quality of life and survival and opens the possibility of using proton therapy for re-irradiation. Again, the expectation is that sparing critical normal structures with proton therapy will allow further dose escalation, acceleration, or both in the treatment of lung cancer that may translate to better local control and survival rates without increasing treatment-related toxicity. The development of IMRT optimization and autoplanning has significantly improved the conformality of IMRT over the past 5 years. Nevertheless, passive scattering proton therapy still spares significantly more heart, spinal cord, and ipsilateral and contralateral lung. However, improvements in lung V20, total mean lung dose, and esophageal dosimetric values from passive scattering proton therapy (and presumably the reduction in toxic effects associated with these improvements) may not be evident in all cases, especially those that are challenging anatomically, e.g., when the contralateral hilum or supraclavicular nodes are involved or the tumors are adjacent to the esophagus or spinal cord. Because passive scattering proton therapy is limited in the numbers of treatment fields that can be used and requires significant margins to address uncertainties, delivering ablative doses to targets of complicated shape or location, such as tumors curved around sensitive critical structures, can be very difficult. Such cases may require a compromise in dose coverage to avoid damaging critical normal tissue structures. A more effective alternative may be IMPT, in which scanning beam therapy can simultaneously optimize the intensities and the energies of all pencil beams using an objective function that takes into account targets as well as normal tissue constraints. Zhang, Chang, and others compared the DVHs of IMPT with those of IMRT and passive scattering proton therapy for the treatment of stage IIIB NSCLC, with the goal of exploring the possibility of individualized radical radiotherapy [28]. In that comparison, IMPT spared more lung, heart, spinal cord, and esophagus, even with dose escalation from 63 Gy to 83.5 Gy, than did IMRT, with a mean maximum tolerated dose of 74 Gy. Compared with passive scattering proton therapy, IMPT allowed further dose escalation from 74 Gy to a mean maximum tolerated dose 84.4 Gy (range, 79.4-88.4 Gy) while maintaining or reducing the extent of normal tissue exposure. IMPT further eliminated the need for lower-dose target coverage of complicated tumors. Clinical implementation of IMPT for lung cancer is ongoing at MD Anderson Cancer Center, but at this time the technique remains investigational owing to uncertainties associated with tumor motion and the complexity of treatment planning and quality assurance.

Proton therapy may also produce less toxicity than stereotactic ablative radiotherapy, another photon-based technique used for centrally or superiorly located stage I lung tumors, because most of the energy of protons is deposited at end of the range of the proton beam. MD Anderson investigators also used treatment plans to compare the relative benefits of passive scattering proton therapy and with those of stereotactic ablative radiotherapy for such cases [42]. The conclusion was that proton therapy, particularly IMPT, could deliver ablative doses to the target volume with significantly lesser doses to the surrounding normal tissues compared with photon-based stereotactic ablative radiotherapy.



Clinical trials

Several clinical trials of proton radiotherapy for NSCLC have been conducted. Early trials focused on dose-escalated or accelerated proton therapy for early-stage disease and showed promising clinical results that were comparable to surgical resection in stage IA cases. Bush et al. [43] studied 68 patients with clinical stage I disease treated with 51 cobalt Gray equivalents (CGE) in 10 fractions over 2 weeks or with 60 CGE in 10 fractions over 2 weeks. No cases of symptomatic radiation pneumonitis or late esophageal or cardiac toxicity were seen. The 3-year local control and disease-specific survival rates were 74% and 72%. Significant improvements in local tumor control were noted for T1 (87%) and T2 (49%) tumors, with a trend toward improved survival rates as well. Local tumor control seemed to be better than that achieved with conventional radiotherapy in historical control subjects, with good disease-specific survival rates expected at 3 years after treatment. Shioyama et al. [44] described 51 patients with NSCLC who were treated with proton therapy to a median dose of 76 Gy and a median fraction size of 3.0 Gy. The 5-year overall survival rates were 70% for 9 patients with stage IA disease and 16% for 19 patients with stage IB disease (p < 0.05). The 5-year in-field local control rate was higher among patients with stage IA disease (89%) than among those with stage IB disease (39%). Forty-seven patients (92%) experienced acute lung toxicity of grade ≤1; three had grade 2, one had grade 3, and none experienced grade 4 or higher toxicity. Patients in this study showed very little late toxicity. Nihei et al. [45] subsequently reported the results from their preliminary study of 37 patients with stage I NSCLC who received 70–94 CGE delivered in 20 fractions. The 2-year progression-free survival and overall survival rates were 80% and 84%, respectively. The 2-year locoregional relapse-free survival rates were 79% for patients with stage IA disease and 60% for those with stage IB disease. No serious acute toxicity was observed, and only three patients developed grade 2 or 3 chronic lung toxicity. More recently, Chang and colleagues [46] reported findings from a phase I/II prospective study targeting patients with centrally or superiorly located stage IA-II NSCLC. Early results from that study (median follow-up time, 16.3 months) showed that proton radiotherapy to a total dose of 87.5 CGE at 2.5 CGE per fraction produced grade 2 dermatitis in 67% of patients, grade 2 fatigue in 44%, grade 2 pneumonitis in 11%, grade 2 esophagitis in 6%, and grade 2 chest wall pain in 6% of patients. No grade 4 or 5 toxic effects were observed, and the local control rate was 88.9%. These findings were similar to those of Shioyama and colleagues in the aforementioned study [44], in which the local control rate at 5 years was 89% for patients with stage IA disease, and one case of grade 3 acute toxicity was observed.

These clinical studies indicate that proton therapy can be safe and effective for early-stage NSCLC. However, the optimal regimen has not been well defined. In addition, simple 3D proton therapy was used in these studies; optimized proton therapy such as IMPT was not available, and image-guided radiotherapy was not strictly applied. At this time, clinical data on proton therapy for patients with stage III NSCLC, the most common stage requiring radiotherapy, remain sparse. In a retrospective review of 35 patients with stage II or III NSCLC who underwent proton therapy without concurrent chemotherapy (median dose delivered 78.3 CGE, range, 67.1–91.3 CGE), Nakayama and colleagues [47] found overall survival and local progression-free survival rates of 81.8% and 93.3% at 1 year and 58.9% and 65.9% at 2 years. Surprisingly, no grade 3 or higher toxic effects were observed. Sejpal and colleagues [48] also analyzed 62 patients with locally advanced NSCLC who underwent proton therapy with concurrent platinum- or taxane-based chemotherapy and compared their outcomes with those of patients who had had photon-based therapy (3D CRT or IMRT) in previous eras. The median total radiation dose was 74 CGE for the proton therapy group and 63 Gy in both photon therapy groups. Rates of pneumonitis, esophagitis, and hematologic toxicity were lower in the patients given proton therapy than in did the patients given photon therapy despite the higher proton doses. Finally, Chang and colleagues completed a phase II study of 44 patients with stage III NSCLC who received 74 CGE via conventional fractionation (2 CGE per fraction) with weekly concurrent carboplatin and paclitaxel [49]. Despite the intensity of this treatment, few patients experienced grade 3 toxic effects: five patients had grade 3 esophagitis, five patients had grade 3 dermititis, and only one patient had grade 3 pneumonitis. No grade 4 or 5 toxic effects were observed. The local control rate was 80%, and the overall survival duration was 29.4 months. Collectively, these studies indicate that proton therapy can reduce adverse effects, which in turn could not only lead to better quality of life but may also extend survival for some patients with locally advanced lung cancer.

The results of other ongoing trials are eagerly awaited. One such trial is a randomized phase II study comparing IMRT with proton therapy (74 Gy(RBE) with concurrent chemotherapy) for stage III NSCLC; another is a randomized trial comparing stereotactic ablative photon radiotherapy with stereotactic ablative proton therapy for centrally located or recurrent NSCLC. Other ongoing projects include a joint effort by MD Anderson Cancer Center and Massachusettes General Hospital, supported by the US National Institutes of Health, to study the optimization of proton therapy with the appropriate management of uncertainties, particularly gated proton therapy and IMPT.
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Introduction

Many patients with locally advanced non-small-cell lung cancer (NSCLC) are unable to undergo surgical resection with curative intent. In such cases, one viable option is to combine chemotherapy and radiation, given either in sequence or concurrently. Numerous studies done over the past two decades to assess and compare these approaches have demonstrated varying rates of toxicity and efficacy based on factors such as patient characteristics, radiation dose, systemic therapy regimen, and the respective timing of chemotherapy and radiation. Collectively, the results of these trials have led to the establishment of concurrent chemoradiation therapy as the current standard of care for inoperable NSCLC.

This chapter describes the rationale for combining chemotherapy with radiation therapy (RT) and reviews relevant studies that have shaped the current paradigm for the treatment of lung cancer. Also reviewed are aspects of the various forms of toxicity associated with combined chemoradiation as well as the long-term prognosis for patients so treated.



Rationale for combining radiation therapy and chemotherapy

Traditionally the rationale for combining RT and chemotherapy to improve the therapeutic effect has been based on four principles: toxicity independence, normal tissue protection, spatial cooperation, and tumor response enhancement. Of these principles, only spatial cooperation and tumor response enhancement hold true for the treatment of NSCLC [1]. The virtues of spatial cooperation (i.e., radiation therapy for the local-regional tumor and chemotherapy for metastases) are obvious; those of tumor response enhancement are less so. Because terms such as radiation sensitization may have different meanings for different investigators, we prefer to use the terminology suggested by Steel and Peckham [1].

An excellent review of the rationale for combining chemotherapy with radiation was recently provided by Eberhardt and colleagues [2]. To summarize the key points of this review, ionizing radiation works to destroy tumor cells through the formation of free radicals in addition to the related processes of necrosis and apoptosis [3]. Similarly, systemic therapy works by disrupting signaling pathways involving cell death and reduced proliferative potential [4]. When given sequentially, chemotherapy and RT can theoretically work through complementary mechanisms, with radiation acting to control locoregional disease and chemotherapy providing systemic control of micrometastatic malignant cells. Because each modality can be given at higher doses when delivered sequentially, this complementarity could be more effective in that context.

In contrast, when chemotherapy and RT are delivered concurrently, not only can the distinct but related cell-killing processes act on the same cells, presumably increasing efficacy, but they can also act on different cells to cause DNA damage, kill specific cells, and reduce the rapidity of proliferation [1, 5]. As Eberhardt and colleagues stated, “theoretically, supra-additive effects could be achieved by optimally scheduled inhibition of repair processes of the two modalities, thus making the treatments complementary in their antineoplastic potential” [1,2, 5]. For example, cell cycle synchronization can lead to increased cell kill by means of ionizing damage from radiation.

Nevertheless, despite the theoretical differences in these approaches, death for most patients with unresectable NSCLC is caused by inadequate treatment of a local tumor. This observation is supported by strong clinical evidence. First, the occurrence of tumor persistence or progression within the irradiated field is associated with poorer survival among patients who receive RT only as opposed to patients who receive RT after local tumor control has been achieved [6,7]. Second, patients who receive only palliative RT or single-agent chemotherapy more often die from intrathoracic disease than from extrathoracic metastasis [8], especially if the tumor is a squamous cell carcinoma. Third, many more patients with localized but unresectable NSCLC treated with a few large fractions of radiation die from local intrathoracic tumor complications than from distant metastasis (72% vs. 15%) [9]. In contrast, Perez et al. [10] found that improved local tumor control was associated with an increased incidence of distant metastasis. Finally, other groups have shown that concurrent chemotherapy and RT improves local tumor control, which in turn improves survival [11].



Sequential chemotherapy and radiation therapy

As alluded to in the previous section, the approach of giving induction chemotherapy before RT has two attractive features. First, it permits the most immediate attack on all components of the tumor, both those that are evident clinically and those that are presumed to be present at subclinical levels. Second, if systemic chemotherapy elicits a response, then its continuation during or after RT is justified. Although overall survival rates in several prospective randomized clinical trials have been mixed, overall survival was found to be favorable in three trials of cisplatin-based chemotherapy and RT to total doses of 60 Gy or more (Table 23.1) [12–16].



Table 23.1 Trials of sequential chemotherapy and radiation therapy for locally advanced non-small cell lung cancer
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The most well known of these three trials was reported by the Cancer and Leukemia Group B and showed a clear survival advantage for induction chemotherapy. Called CALGB 8433 [17], this trial compared two treatment regimens, one consisting of induction therapy with cisplatin (100 mg/m2 on days 1 and 29) and vinblastine (5 mg/m2 weekly for 5 weeks) followed by RT (2.0 Gy/fraction, 5 days/week, to a total dose of 60 Gy) beginning on day 50, and the other consisting of RT only beginning on day 1. This trial was closed before the planned accrual was reached when the induction chemotherapy approach demonstrated superior median survival times and 5-year survival rates, benefits that continued on long-term follow-up [13]. The encouraging results of the CALGB trial were validated by a second trial of 353 patients reported by Le Chevalier and colleagues [14, 18, 19]. As was true in the earlier CALGB trial, patients were randomly assigned to undergo either induction chemotherapy followed by RT or RT alone. Those in the induction chemotherapy group received 3 monthly cycles of vindesine (1.5 mg/m2 on days 1–2), cyclophosphamide (200 mg/m2 on days 2–4), cisplatin (100 mg/m2 on day 2), and lomustine (75 mg/m2 on day 3) followed by RT (daily 2.5-Gy fractions, 4 days/week, to a total dose of 65 Gy) beginning on day 75–80; those in the other group received only RT. Again, survival was better in the group given induction chemotherapy; moreover, the incidence of distant metastasis was significantly reduced, although no improvement in local tumor control was found. In fact, because the French cooperative group investigators routinely used fiberoptic bronchoscopy and biopsy at the site of the original lesions 3 months after the start of treatment, they were able to demonstrate high treatment failure rates at tumor sites (>80%) in both treatment groups and no advantage for induction chemotherapy in terms of local control.

These results led the Radiation Therapy Oncology Group (RTOG) and the Eastern Cooperative Oncology Group (ECOG) to conduct a cooperative three-armed trial (RTOG 88–08, also known as ECOG 4588) to compare survival rates after standard RT, sequential chemoradiation therapy (i.e., the CALGB regimen), and hyperfractionated radiotherapy (to a total dose of 69.6 Gy) for NSCLC [16, 20]. Sequential chemoradiation therapy was found to be superior to both standard RT and hyperfractionated RT, whereas standard RT and hyperfractionated RT were found to produce essentially similar effects. In a subsequent analysis of failure patterns among the patients in this trial [21], Komaki et al. found that control of distant metastasis improved only for those patients who had squamous cell carcinoma and chemotherapy had no influence on the local tumor [22], a finding consistent with that of the French trial.

After the CALGB trial was completed, Dillman and associates [13, 17] later conducted a retrospective quality-control review of the trial data and found that, in a relatively large proportion of cases (23%), radiation fields had failed to completely encompass the primary tumor. In addition, all of the above trials of induction chemotherapy followed by RT used two-dimensional (2D) RT for treatment planning, which is now considered substandard practice.

Several assumptions can be made based on the findings from these trials. First, when feasible, sequential chemotherapy plus radiation is preferred over RT alone. Second, chemotherapy can indeed control the distant metastatic spread of squamous cell carcinoma, at least in some cases, an observation that is consistent with preclinical findings. Finally, primary tumor control within the field of irradiation is poorer than was originally thought, and induction chemotherapy offers no further benefit in that regard.



Concurrent chemotherapy and radiation therapy

Further efforts to improve local control and reduce distant metastasis have led investigators to pursue other strategies including concurrent cisplatin-based chemotherapy and RT, combinations of chemotherapy and hyperfractionated RT, and combinations of new chemotherapeutic and molecular targeting agents with RT. The specific rationale for adding a single chemotherapeutic agent to RT is to increase local tumor control.

The first RTOG trial of concurrent combination chemotherapy and RT was reported by Byhardt et al. [23]. Designated RTOG 90–15, this trial combined the cisplatin-vinblastine regimen from the CALGB 8433 trial with a regimen of hyperfractionated RT (69.6 Gy delivered in 1.2-Gy fractions twice daily, 5 days/week) that had been chosen for its superiority in light of a dose-seeking study by Cox et al. [24]. Although few patients in the RTOG 90–15 trial had favorable prognostic factors, the median survival time was an encouraging 12.2 months [23]. Notably, while the RTOG 90–15 trial was ongoing, this hyperfractionated RT regimen was simultaneously being compared with standard fractionation in the RTOG 88–08/ECOG4588 trial.

A successor trial to RTOG 90–15, designated RTOG 91–06, had the same design but tested the hypothesis that oral etoposide given daily during much of the RT period would be more effective than vinblastine when given with cisplatin [25]. In brief, cisplatin (75 mg/m2 IV on days 1 and 29) and etoposide (50 mg PO twice daily on days 1–14 and days 29–43) were given with hyperfractionated RT, also beginning on day 1. The toxicity of this combined regimen, especially to the esophagus, was considerable. However, its effect on survival was remarkable: for patients with favorable prognostic factors, the median survival time was 21 months and the 2-year survival rate was 42%. Corroborative results were obtained in a subsequent trial, reported by Reboul et al. from Avignon [26], that had a similar chemotherapy regimen but a more standard RT fractionation schedule.

To reduce the severity of the RTOG 91–06 regimen's acute effects, the chemotherapy schedule was slightly modified for use in a subsequent phase I/II trial designated RTOG 92–04 [27]. In brief, etoposide (50 mg PO) was omitted on the weekends, when RT was not given, thus reducing from 28 to 20 the total number of days on which etoposide was administered. The results of this schedule were mixed. Although use of the modified chemotherapy regimen reduced the incidence of chemotherapy-induced nonhematologic toxicity, it did so at the price of higher in-field tumor progression rates. Moreover, median survival and 1-year survival rates did not significantly improve (15.5 vs. 14.1 months and 65% vs. 58%, respectively).

Numerous studies have been done to assess the role of concurrent chemoradiation vs. radiation alone in NSCLC. A Cochrane meta-analysis of 19 randomized trials of concurrent chemoradiation vs. RT alone for NSCLC (2728 participants) indicated that concurrent chemoradiation significantly improved overall survival, progression-free survival, and locoregional progression–free survival. Moreover, concurrent chemoradiation was not associated with higher rates of grade ≥3 radiation pneumonitis or late lung or esophageal toxicity compared with RT alone. However, concurrent chemotherapy was associated wth worse acute esophagitis and hematologic toxicity such as neutropenia and anemia. Finally, a subgroup analysis revealed that the benefit of concurrent chemoradiation was evident in the subgroup given once-daily fractionation but not in those given twice-daily fractionation [28].



Sequential versus concurrent chemoradiation therapy

Several studies have compared sequential vs. concurrent chemoradiation for locally advanced NSCLC to determine the optimal timing of treatment. As noted previously, potential benefits of sequential treatment include lesser toxicity and the ability to often deliver higher systemic doses of chemotherapy when delivered alone. Concurrent treatment, on the other hand, allows radiosensitization by chemotherapy through complementary mechanisms and thus could theoretically improve the probability of controlling disease. In all, at least seven clinical trials have directly compared sequential vs. concurrent chemoradiation in terms of progression-free and overall survival [29–35]. These trials used a variety of chemotherapy regimens, with virtually all being platin-based, as well as different radiation regimens. Overall, the findings from these trials showed that concurrent chemoradiation leads to improved survival outcomes, albeit at the cost of increased toxicity. For example RTOG 94–10 compared three chemoradiation regimens ((1) sequential treatment with cisplatin and vinblastine followed by RT at 1.8 Gy once daily to 63 Gy; (2) concurrent chemoradiation with cisplatin and vinblastine with RT at 1.8 Gy fractions once daily to 63 Gy; and (3) concurrent cisplatin and etoposide with RT at 1.2 Gy twice daily to 69.6 Gy). The median survival time was better in group 2 (17 months) than in groups 1 and 3 (14.6 and 15.2 months), but twice-daily concurrent RT was associated with greater toxicity [29]. Similarly, a study from France found that concurrent cisplatin and etoposide with RT followed by consolidation cisplatin and vinorelbine was superior to sequential cisplatin and vinorelbine followed by RT in terms of both median survival times (16.3 months vs. 14.5 months) and 2- to 4-year overall survival rates. Esophageal toxicity was more common with concurrent chemotherapy.

Two other trials of sequential versus concurrent chemotherapy and RT investigated the more novel drug combination of carboplatin and paclitaxel [34,35]. Neither trial showed any significant improvement in overall survival from concurrent therapy. However, the trial reported by Huber et al. suggested possibly improved median survival, and the trial reported by Belani et al. trial suggested that upfront concurrent chemotherapy improved median survival time by 3 months compared with that in the other treatment groups.

In two different meta-analyses, Auperin et al. [36] and O'Rourke et al. [28, 37] assessed differences in survival and toxicity in six phase III randomized trials of concurrent vs. sequential chemoradiation. These analyses showed that concurrent chemoradiation produced a statistically significant benefit in overall survival, with a hazard ratio (HR) of 0.74 [95% confidence interval (CI) 0.62–0.89], with absolute benefits of 5.7% (from 18.1% to 23.8%) at 3 years and 4.5% at 5 years Concurrent treatment was further shown to reduce locoregional progression but not distant metastasis, suggesting that this survival benefit resulted from improved locoregional control (Figure 23.1). Concurrent doublet or triplet chemotherapy seemed to produce a larger improvement in progression-free survival than did concurrent single-agent chemotherapy (HR = 0.83, 95% CI 0.72–0.95 vs. HR = 1.15, 95% CI 0.90–1.48; p = 0.02]. The number of treatment-related deaths was greater for those receiving concurrent therapy (4% vs. 2% for those given sequential therapy), although this apparent difference was not statistically significant. In contrast, the risk of high-grade esophagitis was substantially increased with concurrent treatment (relative risk 4.96, 95% CI 2.17–11.37) [28].
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Figure 23.1 Overall and progression-free survival curves for patients in a meta-analysis of concurrent vs. sequential chemoradiation for locally advanced non-small cell lung cancer. Source: From Auperin A, Le Pechoux C, Rolland E et al. (2010) Meta-analysis of concomitant versus sequential radiochemotherapy in locally advanced non-small-cell lung cancer. J Clin Oncol, 28: 2181–90 [36]. Reproduced with permission of American Society of Clinical Oncology.



Together, the evidence from these multicenter clinical trials warrants use of concurrent chemoradiation therapy that include a cisplatin-based combination chemotherapy regimen as the treatment of choice for patients with locally advanced NSCLC. This approach gives the best 5-year survival results and is a curative treatment option for patients with inoperable stage IIIA or IIIB NSCLC.



Concurrent chemoradiation therapy followed by surgical resection

Another concurrent approach of interest is induction chemoradiation followed by surgical resection. This approach makes sense for patients whose disease might be considered resectable by one group of thoracic surgeons but unresectable by another and for patients who are willing to accept the risks associated with surgery. Unfortunately, most trials involving this approach have not clearly defined which subsets of stage IIIA N2 NSCLC might be amenable to this approach, nor have they clearly defined eligibility criteria. Heterogeneity has been significant in the size and number of lymph nodes involved, and some trial results suggest that patients with minimal mediastinal nodal involvement might be best treated with preoperative chemotherapy [38]. This heterogeneity has limited the applicability of trial results to wider clinical practice.

The Southwest Oncology Group, in their phase II study SWOG 8805 [39], evaluated concurrent chemoradiation followed by resection in 126 carefully selected patients with stage IIIA or IIIB tumors and documented mediastinal lymph node metastasis (by biopsy or percutaneous fine-needle aspiration). The trial regimen consisted of combination chemotherapy with cisplatin (50 mg/m2 on days 1, 8, 29, and 36) and intravenous etoposide (50 mg/m2 on days 1–5 and 29–33) and concurrent RT (45 Gy in 1.8-Gy fractions, 5 days/week) for 5 weeks, followed 2–4 weeks later by thoracotomy and resection. The median survival time was 15 months, and the 2-year survival rate was 40%. More than 50% of the cases that were staged as N2 disease before chemoradiation therapy were downstaged to N0 afterward; yet almost 40% of patients experienced local recurrence, and most patients experienced distant metastasis. The overall 3-year survival rate was 27%, but that rate was significantly better among patients who had had mediastinal disease eradicated after chemoradiation therapy than among those who had not (44% vs 18%).

These encouraging results led to a randomized trial comparing surgery versus combination chemotherapy and RT for patients with stage N2 disease, the final results of which were published in 2005 (INT 0139, also known as RTOG 93–09 and ECOG/SWOG 9336) [40]. All patients underwent a 5-week regimen of induction chemotherapy with RT similar to that used in the SWOG 8805 study. At that time half of the patients were randomly assigned to undergo surgical exploration after an interval of 2–4 weeks, and the other half were randomly assigned to continue the chemoradiation uninterrupted (total dose of 61.0 Gy in 33 fractions). Progression-free survival times were found to be slightly longer in the surgical group (12.8 months vs. 10.5 months, p = 0.017), but the median survival time was no different between groups (23.6 months vs. 22.2 months, p = 0.24). Eight percent of the surgical group experienced treatment-related death compared with 2% of the nonsurgical group. Finally, exploratory analyses revealed that overall survival was better for patients who underwent lobectomy than for those with chemoradiation only, but not for patients who received pneumonectomy [41]. Based on the results of this study, either definitive concurrent chemoradiation (ideally delivered in a concurrent fashion), or induction chemotherapy with or without RT followed by surgical resection, are acceptable regimens for patients with locally advanced disease. At MD Anderson Cancer Center, cases such as these are reviewed by a multidisciplinary panel, and generally patients with high performance status, adequate pulmonary function, nonbulky lymph nodes, and single-lymph node station involvement who will not require a pneumonectomy are referred for definitive surgery. These criteria are also consistent with the 2012 guidelines from the National Comprehensive Cancer Network [42].



Radiation therapy


The importance of radiation dose in local tumor control

As noted previously, a major pattern of treatment failure after definitive chemoradiation for locally advanced NSCLC is local tumor recurrence [13, 16]. Local recurrence ultimately develops in up to 90% of patients; however, these local failures are visible on radiography in only about 45–52% of cases but biopsy findings suggest that failures are present in as many as 85% of cases [13, 43, 44].

Locoregional disease control is important because uncontrolled local tumors can cause severe symptoms including obstructive pneumonia, hemoptysis, pain, and, in many cases, death. The benefit of improved locoregional disease control seems to translate to improved long-term survival among patients treated with concurrent chemoradiation [36]. One way of improving local tumor control is to intensify locoregional treatment; for patients whose tumors cannot be removed surgically, radiation dose escalation is a logical approach. Although many individual studies have not shown a definitive survival benefit from radiation dose escalation, a 2012 review of seven prospective trials of concurrent chemoradiation conducted by the RTOG demonstrated a strong association between locoregional tumor control and the probability of overall survival (Figure 23.2a) [44]. In that review, locoregional control was defined in one of two ways: as freedom from local-regional progression, which assumed that all patients had locoregional control at the date of randomization; or as “response mandatory,” meaning that the primary tumor had to show at least a partial response on imaging. If no partial response was noted, then those patients were considered as having locoregional failure at the date of randomization. Only 46% of patients achieved a partial response immediately after treatment. Locoregional control rates decreased over time to 28% at 1 year, 17% at 2 years, and to 8% at 5 years (Figure 23.2b). Furthermore, receipt of higher biologically effective doses (BED) of radiation was strongly associated with both locoregional control and survival (p < 0.0001) (Figure 23.2c). In that analysis of almost 1400 patients treated with concurrent chemotherapy and radiation therapy to 60–69.6 Gy, a time-adjusted increase in BED intensity of 1 Gy was associated with an approximately 4% relative improvement in survival and a 3% relative improvement in locoregional control [44]. This evidence support the hypothesis that high-dose radiation has the potential to improve locoregional control and overall survival after fractionated therapy.
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Figure 23.2 a: Improvement of locoregional control translating to a benefit in overall survival in patients treated with definitive radiation therapy. b: Declining rates of locoregional control (LRC) over time for 1390 patients, from 46% immediately after treatment to 8% at 5 years. FFLP, freedom from locoregional progression. c: Decreased rates of treatment failure and improved rates of overall survival with increased intensity of radiation therapy. Source: From Machtay M, Paulus R, Moughan J et al. (2012) Defining local-regional control and its importance in locally advanced non-small cell lung carcinoma. J Thorac Oncol, 7: 716–22 [44]. Reproduced with permission of Elsevier.



However, the importance of high-dose radiation in terms of survival was called into question by early results from RTOG 0617, which was originally designed as a phase III randomized trial of concurrent chemotherapy and radiation at doses of 60 Gy or 74 Gy, given with or without the epidermal growth factor receptor inhibitor cetuximab, for stage III NSCLC. A planned interim analysis in June 2011 showed that survival among the two treatment groups (high-dose vs. low-dose radiation) had crossed a futility boundary, meaning that it was highly unlikely that high-dose radiation would result in better survival compared with the lower-dose radiation. When this chapter was written, no differences in toxicity had become evident between the two treatment groups, and the reason for the lack of survival difference with high-dose therapy remained to be determined. Investigations of the differences in the high-dose vs. standard-dose groups are ongoing and will likely clarify these results.



Designing the radiation volume and configuration

Several factors determine the volume to be treated and the configuration of the radiation portals to be used in treating NSCLC. These factors include the size and location of the primary tumor, the areas of lymphatic drainage in the hila and mediastinum, the histologic tumor type, and the equipment and beam energy available. Historically, treatment portals have been designed with large margins, to encompass appropriate fields. However, with the advent of highly conformal techniques, we recommend that conformal approaches be used rather than conventional methods.

Elective nodal irradiation

In many respects, surgery and external-beam RT have similar roles in the treatment of lung cancer. The intent of both modalities is local control within the treated field. Thus, for many years and with only a few exceptions [45–50], standard RT practice in the United States was to deliver 40–50 Gy to selected regional lymph nodes (e.g., ipsilateral hilum, ipsilateral and contralateral mediastinum, supraclavicular fassa) and an additional 20 Gy to the primary tumor through reduced fields. The major argument against this practice of elective nodal irradiation (ENI) is the high rate of local recurrence within previously irradiated tumor volumes. If gross disease cannot be controlled with radiation, then why enlarge the irradiated volumes to include areas that might harbor microscopic disease? However, this concern has largely been allayed by several major changes in lung cancer therapy since the standards for radiation doses and volumes were first established by the RTOG 73–01 trial, specifically the use of chemotherapy with RT, the advent of three-dimensional (3D) conformal RT, and the incorporation of positron emission tomography into the staging process for NSCLC.

Several recent trials have shown that rates of failure in electively treated nodes are low, and thus when modern methods are used for diagnosis, staging, and radiation delivery, irradiating areas outside of known disease is not beneficial in terms of disease control. For example, one review of failure patterns after definitive RT for early-stage NSCLC indicated that isolated regional failure occurred in no more than 15% of cases [51], suggesting that localized radiation fields could be effective without using ENI.

In one trial, Zhang and colleagues [45] observed 3-year and 5-year overall survival rates of 55% and 32% for selected patients with bronchogenic carcinoma whose primary tumors were irradiated but whose lymphatics were not. In another trial, Dosoretz and associates [50] observed no correlation between field size and treatment outcome, even after stratifying their data according to tumor size. In a third trial, Krol and colleagues [48] reported 3-year and 5-year overall survival rates of 31% and 15% for 108 patients with stage I lung cancer who underwent definitive RT encompassing the primary tumor but no ENI. Notably, the 3-year and 5-year cancer-specific survival rates in this study were 42% and 31%. These results are comparable to results achieved in trials of RT encompassing both traditional fields and regional lymphatics. They have also been confirmed by Senan and colleagues [46], who reported similarly low failure rates in untreated elective nodal areas in patients with stage III disease.

Additional studies have further corroborated these findings of low elective nodal failure rates. Rosenzweig et al. published several studies on the incidence of elective nodal failure in patients treated with 3D conformal RT and found those rates to be 5–10% [47, 52]. Yuan et al. reported a randomized trial of 200 patients with inoperable stage III NSCLC treated with 4–6 cycles of cisplatin-based chemotherapy and 3D conformal RT. Patients were randomly assigned to receive radiation to involved fields, to a total dose of 68–74 Gy in 1.8- to 2.0-Gy fractions, versus ENI to 60–64 Gy. The elective nodal field included the primary tumor, ipsilateral hilum, bilateral mediastinum, and supraclavicular fossa if the patients had superior mediastinal metastases. Rates of overall survival were higher, and rates of radiation pneumonitis lower, for the patients given involved-field radiation [53]. Caveats for interpreting the results of this trial include variations in radiation doses in the two treatment groups and the uncertainty engendered by allowing induction chemotherapy. Nevertheless, the authors of a recent multi-institutional consensus editorial on ENI suggested that clinicians tailor the approach for individual patients based on factors such as staging studies and safely achievable dose, such that ENI could be considered in some cases [54]. At least two explanations are possible for the lower-than-expected elective nodal failure rates observed in trials of ENI. First, the incidental doses to the ipsilateral hilar, paratracheal, and subcarinal nodes approach 40–50 Gy even when these regions are not intentionally irradiated [55]. Second, patients with lung cancer often face several competing causes of death (e.g., local failure, distant failure, or intercurrent illness) that may kill them without elective nodal failures ever being detected.



Three-dimensional conformal radiation therapy

Three-dimensional conformal RT has several significant advantages over traditional RT techniques: improved delineation of tumor and normal tissue; image segmentation and display; accurate dose calculation; and the ability to manipulate beam geometry and weighting through forward planning. The importance of improved target delineation cannot be overemphasized. Once the patient is immobilized and can undergo computed tomography in the treatment position, radiation oncologists can delineate the tumor and adjacent tissues in three dimensions; choose beam angles that maximize tumor coverage, minimize the amount of normal tissue exposed to radiation, or both; alter beam weighting; and perhaps alter couch angles for noncoplanar beam delivery. This conformal technique also enables the fusion of complementary imaging modalities, such as positron emission tomography to aid in tumor delineation and single photon emission computed tomography to choose beam angles.

Planning for 3D conformal RT in NSCLC has benefitted substantially from the application of target-defining guidelines published by the International Commission on Radiation Units [56]. According to these guidelines, the gross tumor volume (GTV) is defined as the primary tumor and any grossly involved lymph nodes. The clinical tumor volume (CTV) is defined as the anatomically defined area thought to harbor micrometastases (hilar or mediastinal lymph nodes or a margin around the grossly visible disease). The planning target volume (PTV) accounts for physiologic organ motion during treatment and the uncertainties of daily setup for fractionated therapy. When 3D treatment planning is done with the goals of conformal high-dose irradiation of the GTV and minimal irradiation of surrounding normal organs (especially lungs), unique portals, beam arrangements, and beam weights result.

It is extremely important when applying 3D conformal RT to not exceed the maximum doses tolerated by sensitive tissue structures, which for lung cancer include the normal lung, esophagus, spinal cord, and heart. Unfortunately, partial-volume normal tissue tolerances are not well understood. Special care should be taken to restrict the radiation dose to normal lung tissue (e.g., to no more than 20 Gy, uncorrected for inhomogeneity) whenever possible. Dose-volume histograms (DVHs) for all normal thoracic organs should be generated and analyzed for the dose and volume of irradiation. Although DVH analysis is still considered to be under development, it can be useful for predicting complications such as pneumonitis and for improving treatment planning [55, 57–59]. Figure 23.3 shows typical radiographic images used in IMRT for a stage T2N2 squamous cell carcinoma of the right upper lung.
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Figure 23.3 Typical dose-distribution images and dose-volume histograms for use in planning treatment of stage III non-small cell lung cancer (NSCLC). Upper panel, intensity-modulated radiation therapy (IMRT) plan based on CT images; middle panel, IMRT plan based on lung single positron emission computed tomography images; lower panel, a typical dose-volume histogram. Different colors in the histogram indicate different organ structures.






Minimizing radiation-induced toxicity to normal tissues

For the past decade, partial-volume organ tolerances for irradiation have been defined according to variables established by a task force designated by the US National Cancer Institute [60], which reviewed the literature and solicited the opinions of experienced clinical radiation oncologists. When the task force report was published in 1991, many clinicians were still using probabilities of complications at 5 years to estimate tolerance doses (e.g., toxicity endpoints for irradiated tissue were set at probabilities of a 5% rate of complications at 5 years (TD5/5) or a 50% rate of complications at 5 years (TD50/5)). However, the task force acknowledged that these endpoints, especially those regarding normal thoracic tissues, were based on “less than adequate” information that had been compiled in an era before the advent of biological modifiers, concurrent chemotherapy, or 3D conformal radiation.

Significant strides have been made since that time in understanding normal toxicity, as summarized in a series of consensus papers published in 2010 called the Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC). These papers collectively summarize the available literature and offer recommendations on dose constraints for a variety of normal structures. The studies reported provide well-established, evidence-based dose constraints for the clinical treatment of lung cancer (Table 23.2) [61–65]. The development of dose constraints for the lung and esophagus are described further below.



Table 23.2 Suggested radiation dose constraints for thoracic malignancies using conventionally fractionated radiation (i.e., fractions of <3 Gy each) (derived from QUANTEC recommendations [61–64])
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Lung

Radiation-induced lung injury is related to both dose and volume effects. The acute/subacute complication of radiation-induced lung injury is radiation pneumonitis, and the late complication is lung fibrosis. Both complications can be severely debilitating and even fatal.

The reported incidence of pneumonitis ranges from 13% to 44%; the breadth of this range reflects inconsistencies in criteria used, heterogeneity in patient populations, and differences in treatment regimens and RT techniques used [59, 66–70]. Clinical factors thought to predict pneumonitis include poor performance status [71], poor pulmonary function before RT, concurrent cigarette smoking [72,73], chronic obstructive pulmonary disease [74], lower-lobe tumors [75], concurrent chemotherapy [75], high total radiation dose, and high radiation dose per fraction. Dosimetric factors thought to predict pneumonitis include mean lung dose (MLD) [74, 76–78] and the volume (percentage) of lung receiving more than a threshold dose (Vdose) [57, 70, 72, 76, 78–80]. Predictive dosimetric parameters range from the simple to the complex. MLD is both simple and clinically useful, as are the volume of total lung irradiated to doses of 20 Gy or more (V20) [81]. Indeed, the QUANTEC group recommended limiting the V20 to no more than 30–35% and the MLD to 20 Gy (for radiation delivered in conventional fractionation), as many studies have demonstrated relationships between these two variables and risk of pneumonitis. Using these constraints should reduce the risk of pneumonitis to no more than 20% in patients with definitively treated NSCLC. Other variables that involve more complicated calculations include DVH reduction (reduction of the DVH of an organ to a single effective uniform dose), effective lung dose (Veff), normal tissue complication probability models [82–84], and Niemierko's functional subunit model [85].

One key question in treating NSCLC and in evaluating dose constraints is what is more predictive of lung toxicity: high doses delivered to small regions or low doses delivered to large regions (otherwise stated as “a little to a lot or a lot to a little”) [86]. In general, the answer seems to be that a collection of parameters are important in analyzing DVH data. For example, Graham et al. assessed DVH data from 99 patients treated definitively for inoperable NSCLC, all treated with 3D conformal therapy, and found that both the V20 and the MLC were statistically relevant to the development of grade ≥2 radiation pneumonitis [57]. However, in another DVH analysis, 49 patients were treated with thoracic 3D conformal RT (48 with chemotherapy), 18 of whom ultimately developed pneumonitis. The radiation dose levels were defined as low (≤10 Gy), moderate (10–40 Gy), and high (>40 Gy), and the lung dose was analyzed as both a single unit and as separate organs (ipsilateral and contralateral). In this analysis, the authors found that higher doses were most imporatant, such that doses exceeding 10 Gy increased the risk of pneumonitis from approximately 10% to more than 50%. Studies such as these provide further support for the combination of constraints such as use of V10, V20, and MLD as the standard dose constraints in treating patients with NSCLC.



Esophagus

The radiotherapeutic management of thoracic malignancies often exposes the esophagus to high levels of ionizing radiation. After 2–3 weeks of conventionally fractionated RT, patients often experience unpleasant acute reactions such as dysphagia, odynophagia, or both. These reactions can cause significant morbidity from dehydration and weight loss, and can necessitate interruption of treatment. Late reactions of the esophagus to radiation generally involve fibrosis, which can lead to stricture. Patients may experience various degrees of dysphagia and may require endoscopic dilation. In rare instances, acute and late responses can both involve esophageal perforation or obstruction.

Clinical and dosimetric predictors of acute and late esophagitis have been intensely studied over the past decade. Several of the factors shown to be important in increasing the risk of esophagitis include the volume of the esophagus irradiated, whether the entire circumference of the esophagus is in the radiation field, the fractionation regimen used (once daily vs. twice daily, and the dose per day), having a history of esophageal comorbidities such as esophageal stricture, maximum esophageal dose, mean dose, and the involvement of mediastinal lymph nodes [87–93].

We recently published results of an analysis of 652 patients who underwent RT for NSCLC to assess predictors of grade ≥3 esophagitis. In this analysis, we used the Lyman-Kutcher-Berman model to analyze radiation esophagitis as a function of the esophageal DVH per fraction, and included various clinical factors as dose-modifying factors. We found that high doses to small volumes were more predictive of toxicity than the mean dose to the entire esophagus, and that inclusion of concurrent chemotherapy as a dose-modifying factor significantly improved the predictiveness of the model. We also found a trend suggesting receipt of concurrent taxanes may increase the risk of esophagitis [94].

The QUANTEC group also published several consensus recommendations regarding the risk of radiation esophagitis. First, they acknowledged that esophageal infections (e.g., candidiasis or herpes simplex virus) can resemble esophagitis, and recommended that clinicians keep this similarity in mind when treating patients. Second, they emphasized that conditions such as gastroesophageal reflux disease can exacerbate the symptoms of radiation esophagitis. Third, treatment of lower-lobe lung tumors should consider the risk of radiation gastritis as well as esophagitis, because portions of the stomach may be in the radiation field. Fourth, and perhaps most important, is the potential for substantial variation in scoring esophagitis symptoms because some of the criteria depend on decisions made by treating physicians. For example, the Common Terminology Criteria for Adverse Events considers the need for intravenous fluids to indicate grade 2 esophagitis and the need for hospital admission for management to indicate grade 3 esophagitis. As a result, esophagitis in two patients with similar symptom burdens could potentially be given different grades. Hence the QUANTEC group concluded that more robust scoring systems, perhaps based on quality of life or molecular endpoints, are needed. Finally, the authors of the QUANTEC analysis acknowledged that “at present, it is not possible to identify a single best threshold volumetric parameter for esophageal irradiation, particularly because a wide range of percentage of lung volume receiving more than a threshold dose parameters correlate significantly with severe acute esophagitis.” The dose constraints at used MD Anderson (mean esophageal dose <34 Gy, esophageal V70 <20%, and maximum dose ≤80 Gy) are based in part on reported outcomes from other studies [95]. Also, as is true for estimates of lung toxicity, several models are used to predict esophageal toxicity, including the normal tissue complication probability model, the Lyman-Kutcher-Berman model, and the relative seriality model. Given this choice in predictive algorithms, the QUANTEC authors recommend that clinicians and investigators use the model with which their institution has the most experience. They further emphasize that any novel components of these analyses should be tested in retrospective or prospective studies.

In some cases, irradiation of the esophagus is unavoidable in RT for NSCLC, particularly for patients with central disease or significant mediastinal lymphadenopathy. For such patients, investigators at Dana-Farber Cancer Institute/Brigham and Women's Hospital proposed a new parameter, “esophagus-in-field” (Esophin), for predicting the risk of eosphagitis. In their retrospective analysis of 109 patients with locally advanced NSCLC treated with concurrent chemoradiation in 2000–2006, they found that this parameter correlated well with the development of esophageal stricture. Specifically, a V55 <50% for the Esophin was the best cutoff point for predicting the development of esophagitis [96]. Further studies such as these will be useful for developing appropriate and individualized dose constraints.




Novel radiation delivery techniques

Intensity-modulated radiation therapy

Intensity-modulated radiation therapy (IMRT) has become more prevalent for the treatment of NSCLC over the past decade. The technical advantages of IMRT over 3D conformal RT include the ability to use inverse treatment planning and dynamic multileaf collimators, which allow clinicians to set standards with respect to tumor coverage and normal tissue constraints before beam arrangement, as well as the ability to vary the fluence of the radiation beam to create highly conformal plans with sharp high-dose fall-off. Investigators at MD Anderson have demonstrated the dose superiority of IMRT over that of 3D conformal RT in several studies involving comparison of treatment plans. In one such study, IMRT was found to produce lower lung V20 and MLD than 3D conformal RT in stage I-III NSCLC in all cases studied. However, values of V5 and V10 were higher for IMRT than for 3D conformal RT because of the use of multiple beams to achieve conformality [97]. Another study at William Beaumont Hospital showed that IMRT was particularly beneficial for patients with NSCLC and lymph node involvement, and the investigators emphasized that dose escalation above 70 Gy may be possible only with techniques that offer the conformality of IMRT [98].

Perhaps the most comprehensive analysis done to date on the clinical benefit of IMRT over 3D conformal RT came from MD Anderson, where investigators retrospectively analyzed almost 500 patients, 318 of whom had been treated with 3D conformal RT without accounting for respiratory motion, and the remainder with IMRT with treatment planning that accounted for respiratory-induced tumor motion. In that study, use of IMRT with image-guided planning reduced the rate of high-grade radiation pneumonitis from 25% to 10% as well as producing a benefit in overall survival [99]. IMRT with image-guided planning (incorporating respiratory motion) is now the standard for definitive RT for lung cancer at MD Anderson.



Proton beam therapy

During the past 5–10 years, proton beam therapy (PBT) has been increasingly used to treat several types of cancer, including NSCLC. The dosimetric benefit of PBT stems from the favorable dose distribution of proton particles, specifically the “Bragg peak” that allows minimal dose proximal and distal to the target of interest. Several dosimetric studies involving comparisons of treatment-planning images have demonstrated the benefit of PBT over that of 3D conformal RT or IMRT. Specifically, investigators from MD Anderson assessed normal tissue variables in both early-stage and locally advanced NSCLC and found that PBT offered substantial dosimetric improvements with respect to lung V5, V10, and V20 as well as doses to the esophagus, spinal cord, and heart [100]. Dosimetric analyses from other institutions have further confirmed this potential benefit of PBT [101,102].

Newer studies have also begun to show that this potential dosimetric advantage does translate to clinical benefit. In one such study, Sejpal and others demonstrated that PBT led to lower rates of radiation pneumonitis and esophagitis than did 3D conformal RT or IMRT, even with delivery of higher radiation doses to the target volume [103]. Chang and others reported a phase II study of 44 patients with stage III NSCLC, all of whom were treated with high-dose PBT (74 Gy) and concurrent chemotherapy consisting of weekly paclitaxel and carboplatin. At a median follow-up interval of 19.7 months, the median overall survival time was 29.4 months [104], which was much longer than for previous phase III trials involving a similar regimen with photon-based therapy. Both the incidence and severity of toxicity were considered reasonable, with only five patients experiencing grade 3 esophagitis and one experiencing grade 2 pneumonitis. When this chapter was written, a multi-institutional phase III trial of PBT vs. IMRT and concurrent chemotherapy was underway for patients with locally advanced NSCLC. Accrual to this trial, which has the endpoints of radiation pneumonitis and locoregional control, is expected to be reached in July 2013.





Chemoradiation for small-cell lung cancer

Systemic therapy is a critical component in the treatment of both limited-stage and extensive-stage SCLC. More than 20 years ago, a landmark meta-analysis showed that the addition of chemotherapy for limited-stage SCLC produced a 5% benefit in overall survival at 3 years (20% vs. 15%, p < 0.05) and a 25% improvement in local control compared with RT alone [105]. Thus, chemoradiation has been the standard of care in limited-stage SCLC for some time except for rare cases of T1-T2N0 lesions, for which surgery followed by systemic therapy is recommended. Most of the discussion that follows focuses on chemoradiation for limited-stage disease, i.e., disease that is confined to only one lung, with possible extension to the mediastinum or ipsilateral lymph nodes.



Sequencing of radiation and chemotherapy for limited-stage disease

Four to six cycles of systemic therapy are usually used in the treatment of limited-stage SCLC. The two options in terms of the sequence of chemotherapy and RT are “early RT,” in which radiation is delivered concurrent with the beginning of systemic treatment, and “late RT,” in which RT is delivered after several cycles of chemotherapy and often sequentially. Each approach has theoretical advantages. With early RT, the overall treatment time is shorter, which in theory would improve patient compliance and reduce the accelerated repopulation of the tumor. As is true for NSCLC, this approach could increase the treatment intensity and even involve synergism between the two modalities. Late RT would be less toxic, if the chemotherapy and radiation were delivered sequentially, and perhaps would reduce the volume of tissue requiring RT in the event that the tumor responds to the chemotherapy. Finally, delays in the delivery of RT allow the response to chemotherapy to be assessed, which may influence the choice of further local treatment, which can evoke further toxicity.

Several comparisons of early and late RT have produced conflicting results. In one study by the National Cancer Institute of Canada Clinical Trials Group, 308 patients were randomly assigned to early RT, defined as RT concurrent with the first cycle of chemotherapy, or late RT, defined as RT given with the final cycle of chemotherapy. The chemotherapy consisted of cyclophosphamide, doxorubicin, and vincristine alternating with etoposide and cisplatin. The radiation dose was 40 Gy in 15 fractions, and all patients received prophylactic cranial irradiation (PCI). Early RT produced superior progression-free survival (p = 0.036) and overall survival (p = 0.008) [106]. However, an almost identical trial by the London Lung Cancer Group, in which patients received the same chemotherapy regimens, the same RT doses, and early vs. late RT (defined as concurrent with the second vs. sixth cycle) revealed no benefit from early RT versus late RT [107].

Although individual clinical trials have produced conflicting results, recommendations arising from meta-analyses have helped to guide decisions with regard to caring for patients with SCLC. These meta-analyses have consistently reported a small but discernible benefit from early vs. late RT, albeit at the cost of increased toxicity. Two notable studies from Fried et al. in 2004 [108] and de Ruysscher et al. in 2006 [109] reported improvements from the use of twice-daily radiation and platinum-based chemotherapy. The 2012 NCCN guidelines of the National Comprehensive Cancer Network currently consider early RT for limited-stage SCLC as being supported by category 1 evidence. Early findings from a phase III trial presented at the 2012 meeting of the American Society of Clinical Oncology indicated no difference in overall survival when RT (52.5 Gy once daily in 2.1-Gy fractions) was begun either with the first cycle of systemic therapy (cisplatin 70 mg/m2 and etoposide 100 mg/m2) or with the third cycle, although patients who began RT with the third cycle had lower rates of febrile neutropenia [110]. The current practice at MD Anderson is to begin RT no later than the third cycle of systemic treatment in most patients.



Chemotherapy regimens

Currently the standard systemic therapy given for SCLC is a platinum-based regimen with etoposide (for limited-stage disease) or with etoposide or irinotecan (for extensive-stage disease). This regimen was chosen based on findings from several studies showing greater toxicity but analogous efficacy with other, more aggressive regimens that include alkylators or anthracyclines [111,112]. The combination of irinotecan and cisplatin became an option for extensive-stage disease after a randomized trial in Japan demonstrated that irinotecan and cisplatin produced better overall survival and progression-free survival than did etoposide and cisplatin [113], but subsequent randomized trials did not show a significant benefit [114,115]. Indeed, a SWOG trial that enrolled larger numbers of patients showed higher rates of severe gastrointestinal toxicity (with less hematologic toxicity) than in the Japanese study [115] (Figure 23.4). Notably, the SWOG trial also involved population-related pharmacogenomics sttudies that revealed molecular predictors of irinotecan-cisplatin–related diarrhea and neutropenia that could be useful in future studies.
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Figure 23.4 Findings from two phase III trials of irinotecan and cisplatin (IP) versus etoposide and cisplatin (EP) for extensive-stage small-cell lung cancer. A study from Japan demonstrated higher overall survival and disease-free survival with IP than with EP (panel a), but a larger trial by the Southwest Oncology Group did not demonstrate any advantage (panel b). Currently, National Comprehensive Cancer Network considers either chemotherapy couplet an option for extensive-stage disease.

Source: Panel (a): Noda 2002 [113]. Reproduced with permission of the Massachusetts Medical Society. Panel (b): Lara 2009 [115]. Reproduced with permission of the American Society of Clinical Oncology.



At this time, either carboplatin or cisplatin can be used as the platin in the systemic therapy regimen. Typically cisplatin carries a higher risk of gastrointestinal toxicity (nausea), peripheral neuropathy, and renal side effects, and carboplatin has a higher risk of myelosuppression. The comparative effectiveness of these two agents has been investigated in several small clinical trials, but one recent meta-analysis of almost 700 patients in four randomized trials demonstrated similar overall survival and progression-free survival from the two regimens (Figure 23.5), with the toxicity profiles matching those noted above [116].
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Figure 23.5 The comparative effectiveness of carboplatin versus cisplatin in chemotherapy regimens for small cell lung cancer. A meta-analysis of four randomized trials involving 663 patients revealed no differences in overall survival (panel a) or progression-free survival (panel b) for the two agents, although their toxicity profiles are different (see text).

Source: Rossi 2012 [116]. Reproduced with permission of the American Society of Clinical Oncology.





Radiation dose and fractionation schedule

Three common radiation regimens are used in conjunction with chemotherapy for limited-stage SCLC, each supported by its own studies and high-level evidence. The most common regimen involves 45 Gy delivered twice daily in 1.5-Gy fractions. Evidence in support of this regimen comes from INT-0096, a randomized trial published by Turrisi et al. in which patients were assigned to receive concurrent sisplatin-etopiside chemotherapy with either this regimen or 45 Gy delivered once daily in 1.8-Gy fractions. Survival rates at 2 years were 26% for patients given twice-daily RT and 16% for those given once-daily RT (p < 0.05). Not surprisingly, the twice-daily regimen was associated with much higher rates of high-grade (grade ≥3) esophagitis (27% vs. 11%, p < 0.001) [117].

The second regimen was derived from from a CALGB study reported by Berger et al., who analyzed 63 patients with limited-stage SCLC given concurrent chemotherapy and thoracic RT. The chemotherapy consisted of 2 cycles of induction paclitaxel and topotecan, followed by 3 cycles of carboplatin and etoposide with thoracic RT. PCI was offered to patients who experienced a complete or partial response. This regimen produced a 2-year overall survival rate of 48% and a 2-year progression-free survival rate of 31%, with comparable rates of hematologic toxicity and lower rates of esophagitis than in the INT-0096 trial (21% vs. 32%) [118].

The third regimen arose from RTOG 97–12, in which 64 patients received four cycles of cisplatin (60 mg/m2) and etoposide (120 mg/m2, subsequently changed to 240 mg/m2), with early concurrent thoracic RT beginning on day 1. A dose escalating scheme was used in which radiation therapy was given at 1.8 Gy/fraction daily to the entire CTV, followed by twice-daily fractions to the GTV for the remaining treatment days, beginning at 3 days and escalating to 5, 7, 9, and 11 days (corresponding to total doses of 50.4 Gy, 54.0 Gy, 57.6 Gy, 61.2 Gy, and 64.8 Gy, respectively). The maximum tolerated dose was found to be 61.2 Gy, given over a period of 5 weeks, and the 18-month survival rate was 82% [119].

The reasonable efficacy and toxicity of these three regimens led to a phase III randomized study, begun in 2008, to compare these three RT regimens (CALGB 30610/RTOG 0538). All patients are to receive early RT (beginning either at the beginning of chemotherapy or after one cycle), with systemic therapy regimen of cisplatin 80 mg/m2 and etoposide 100 mg/m2 every 21 days for four cycles. PCI is offered to all patients who experience a complete or near-complete response, and the primary endpoint is overall survival. As of December 2012, this protocol was continuing to accrue well nationally, and the results will provide level 1 evidence regarding the optimal radiation approach or approaches in this context.



Radiation target volumes and dose constraints

As was true in the treatment of NSCLC, before the advent of modern 3D or 4D imaging techniques, large radiation fields were used to treat SCLC. For example, in the INT-0096 trial, the RT fields encompassed the parenchymal tumor (if applicable), the bilateral mediastinum, ipsilateral hilar lymph nodes, and 5 cm below the carina if the subcarinal lymph nodes were involved [117]. Over the past several years, however, the use of more sensitive imaging modalities, such as positron emission/computed tomography scans, has improved staging [120] and allowed the RT target to be reduced to an involved-field approach. This transition is reflected by the requirements of the aforementioned CALGB 30610/RTOG 0538 study for 3D conformal planning and defines the CTV as the GTV plus a margin of not less than 1.0 cm if 4D RT planning is used. However, the only elective nodal basins treated as part of this protocol are those of the ipsilateral hilum. This general approach of irradiating involved nodes, with strong consideration of treatment of the ipsilateral hilum, is currently used at MD Anderson.

The radiation dose constraints used for thoracic RT for SCLC are similar to those used for NSCLC, with a couple of notable exceptions related to twice-daily irradiation. First, the dose to the spinal cord is restricted to no more than 36 Gy. Second, the threshold dose to the esophagus dose has not been established, but the esophageal dose requires particular attention given the high rates of severe esophagitis reported. Although target coverage should not be compromised, patients should be made aware of the risk of severe treatment-related symptoms, and feeding tube placement should be considered based on the dose to the esophagus and the patient's performance status.



Consolidative thoracic radiation for extensive-stage disease

Evidence from phase III trials supports the use of thoracic RT for patients with extensive-stage disease who experience a good response to chemotherapy. In one such trial reported by Jeremic et al., 210 patients were treated with three cycles of cisplatin (80 mg/m2) and etoposide (80 mg/m2). Patients who experienced a complete response at both local and distant sites, or a partial response locally and a complete response distantly, were then randomly assigned to hyperfractionated thoracic RT (54 Gy in 36 fractions delivered twice daily) with concurrent carboplatin and etoposide, followed by two further cycles of cisplatin/etoposide, versus four more cycles of cisplatin/etoposide. The median survival time was significantly longer among patients given consolidative thoracic RT (17 months vs. 11 months, p = 0.041) but no difference was seen in distant metastasis–free survival [121].

At MD Anderson, we typically recommend consolidative thoracic RT for patients who meet the response criteria noted above. In 2009, the RTOG opened a randomized phase II study in which patients with extensive-stage SCLC are given 4–6 cycles of platin-based therapy followed by either PCI plus consolidative RT to systemic sites, including the thorax, or PCI alone (RTOG 0937). The findings from this trial will help to clarify the role of comprehensive RT for extensive-stage disease.



Prophylactic cranial irradiation

Many trials have been conducted over the past several decades to assess the role of PCI in both limited-stage and extensive-stage SCLC. From these studies, a few key analyses have established PCI as being appropriate for specific patient subpopulations for reducing intracranial metastases and improving overall survival. With regard to limited-stage SCLC, the key study was a meta-analysis reported by Auperin et al. that assessed findings from 1000 patients in seven randomized trials comparing PCI vs. no PCI for patients experiencing a complete response to prior therapy. Receipt of PCI led to a 5.4% increase in overall survival rate and to reductions in the risk of recurrence and the cumulative incidence of brain metastases [122]. For extensive-stage SCLC, the key trial was reported by Slotman et al., in which patients who had experienced at least a partial response to 4–6 cycles of chemotherapy were randomly assigned to receive PCI to various doses versus no PCI. PCI led to an increase in median overall survival time (from 5.4 to 6.7 months) and an increase in overall survival rates at 1 year (from 13.3% to 27.1%) (p < 0.05). PCI also reduced the rate of intracranial metastases and extended disease-free survival times as well [123].

The optimal dose for PCI, particularly for patients who are also being treated with whole-brain radiation therapy but have no discernible evidence of disease, has been debated for some time because of the risk of potentially serious side effects. The findings from an important multi-cooperative group study may help to resolve some of the uncertainty. In this analysis, 720 patients with limited-stage SCLC who experienced a complete response were randomly assigned to receive PCI at one of two dosages, 10 fractions of 2.5 Gy each or 18 fractions of 2.0 Gy each. No difference in outcomes were found between the two dosage groups, but five serious adverse events were noted in the high-dose group (one death with neurological deterioration, one generalized seizure, one cerebrovascular event, one bilateral cataract, and one death from generalized seizure), with none in the standard-dose group. Toxic effects such as headache, fatigue, and nausea were also more prevalent in the high-dose group [124]. In a subsequent follow-up analysis, assessments of neurologic outcomes and quality of life revealed mild deteriorations over time in communication, intellectual deficit, and memory. Although the incidence of severe deterioration was low, but the authors emphasized that patients who are considering PCI should be made aware of the risk of these side effects, particularly those of advanced age or those with existing cognitive impairment [125].



Conclusions

The successes achieved to date by combining chemotherapy with RT for NSCLC, albeit somewhat modest, warrant continuation of this strategy. Major issues still to be addressed include the role of surgery for the treatment marginally resectable tumors, the selection of novel systemic agents, and the incorporation of improved radiation techniques. Progress in treating NSCLC continues to be hampered by the rush to follow up phase I studies of toxicity with phase II trials rather than with comparative phase III trials. Moving newer and more effective drugs more quickly from phase I to phase III studies should help to increase the pace of progress in treating NSCLC while at the same time providing the basis for appropriate general standards for comparison and clinical practice.

As for SCLC, significant advances have included establishing the relative efficacy and toxicity of various chemotherapy regimens, determining the optimal timing of chemotherapy and RT, and clarifying the role of PCI for both limited- and extensive-stage disease. Further studies are needed to identify the most effective RT fractionation regimen and the role of consolidative RT to systemic sites for the purposes of local control in extensive-stage SCLC. As is true for NSCLC, advances in molecular therapy will be key in achieving substantial progress in survival outcomes for patients with SCLC and for the ability to predict which patients will experience particular toxicities, so that treatment approaches can be truly personalized to individual patients.
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Introduction

Radiotherapy has been used in the management of lung cancer, as either definitive or adjuvant therapy for decades. Technology has significantly evolved during that time, allowing clinicians to improve tumor control rates while minimizing normal tissue toxicity. The link between local tumor control and increased survival in patients with non-small cell lung cancer (NSCLC) was confirmed in two recent meta-analyses [1,2]. In many cases, improved local control has been achieved by either accelerated fractionation, dose escalation, or both. However, recent studies have called into question the benefits of dose escalation for NSCLC. This chapter focuses primarily on medically inoperable or surgically unresectable, locally advanced NSCLC and reviews the historical precedents for both radiation dose escalation and accelerated fractionation. Some recent technological advances that facilitate safe dose escalation and some recent trials involving these advanced applications in dose escalation are briefly discussed, and the chapter concludes with a discussion of individualized dose escalation involving still more sophisticated forms of imaging, dose delivery, and biological targeting.



History of radiation dose escalation and altered fractionation

In the 1960s, the common practice for treating medically inoperable or surgically unresectable NSCLC was to prescribe radiation as monotherapy to doses of 40 Gy in 20 fractions with 2 Gy delivered daily using 2-dimensional treatment planning. Unfortunately this approach produced disappointingly poor results [3]. At that time, individual investigators began to explore the possibility of increasing the total dose to 50 or 60 Gy, whereas others advocated the use of hypofractionated split-course radiotherapy [4]. These conflicting viewpoints led to a randomized trial by the Radiation Therapy Oncology Group, RTOG 73-01, which compared four treatment groups: those given 40 Gy, 50 Gy, or 60 Gy in 2-Gy daily fractions and a separate group given 40 Gy in 10 fractions of 4 Gy each, with a planned 2-week break in the middle of the treatment [5]. The local-regional failure rate at 3 years in the hypofractionated, split-course arm was 44% as compared with 52%, 42% and 33% in the corresponding conventional fractionation groups; a similar stepwise increase in survival was noted with increasing radiation dose. Although any survival benefit from dose escalation disappeared after several years of follow-up, these results were considered promising with regard to a possible benefit from dose escalation when radiation alone was given in standard fractionation. Long-term follow-up of these patients revealed acceptable normal tissue toxicity rates, specifically rates of grade 3 pneumonitis or esophagitis of <15% [6].

During the 1970s, attention was turned to highly hypofractionated radiotherapy for the management of locally advanced NSCLC [7–9]. This approach was taken primarily to augment the radiosensitizing effects of misonidazole and culminated in an RTOG phase III trial in which large, 6-Gy fractions were given twice a week, to a total dose of 36 Gy, for locally advanced NSCLC [7]. Not only did this trial show no benefits in terms of local control or survival from the misonidazole, it also showed significantly higher rates of grade 3 toxicity (17%) relative to the <15% rate in the 60 Gy group of RTOG 73-01 and no commensurate improvement in outcome.

Based on the less than optimal results of hypofractionation in these early studies and the positive results of RTOG 73-01, 60 Gy in 2-Gy daily fractions was adopted as the standard radiotherapeutic regimen for locally advanced NSCLC, specifically within the RTOG and generally in the United States. Further trials from this group and others focused primarily on the twin goals of dose escalation and the addition of systemic agents. The addition of chemotherapy to radiotherapy in NSCLC is discussed elsewhere in other chapters; the evolution of dose escalation and altered fractionation is described further here.

After the publication of RTOG 73-01, much attention was given to safer dose escalation, with one possibility being the use of hyperfractionation. Because toxicity was thought to be – and still is – the primary limiting factor for giving higher doses in the treatment of lung cancer, hyperfractionation was investigated with the goal of exploiting tumor radiobiology. Theoretically, hyperfractionation would allow repair of normal tissues to take place while still being cytotoxic to the tumor. The initial phase I trial of this approach, RTOG 81-08, showed the feasibility and safety of using hyperfractionated radiotherapy for dose escalation to a maximum of 74.4 Gy, given in 1.2-Gy fractions delivered twice daily, for locally advanced NSCLC [10]. This trial was followed by RTOG 83-11, a randomized phase I/II dose-escalation trial in which hyperfractionation was used to achieve a stepwise increase in total radiation dose [11]. In that trial, patients with locally advanced NSCLC were treated with a total radiation dose that was escalated from the standard 60 Gy in 4.8-Gy stepwise intervals to a maximum of 79.2 Gy; all radiation was delivered in 1.2-Gy fractions given twice daily with a 6 hour interfraction interval. Among patients with good performance status, a median survival time of 13.7 months was observed in the group given 69.6 Gy, which was significantly longer than that observed in the lower-dose groups, but no benefit was observed for dose escalation beyond 69.6 Gy. Moreover, no significant differences were noted among groups in grade ≥3 toxicity, with the 69.6 Gy group having had a total grade ≥3 treatment-related toxicity rate of 8.5%. These outcomes compared favorably to those of a contemporary cohort of patients treated with radiotherapy alone to 60 Gy in 30 daily fractions as well as to outcomes of the Cancer and Leukemia Group B (CALGB) trial 84-33, a trial of induction chemotherapy followed by conventional radiotherapy for NSCLC [12,13].

A similar concept was introduced with the so-called “CHART” schedule (short for Continuous, Hyperfractionated, Accelerated Radiation Treatment) [14–16]. In the pilot study of this regimen, 23 patients with locally advanced NSCLC were treated with radiotherapy alone to 50.4 Gy in 1.4-Gy fractions three times a day [14]. When this regimen was found to produce tolerable results in terms of toxicity, the dose was increased to 54 Gy, given in 1.5-Gy fractions three time a day. When the 1-year survival rate was found to be 64%, a randomized trial was done to compare CHART (54 Gy) with conventional radiotherapy to 60 Gy [15,16]. In that trial, the 2-year overall survival rate was significantly higher in the CHART group than in the conventional-treatment group (30% vs. 21%), but the rates of acute esophagitis at 3 months (19% vs. 3%) and symptomatic pneumonitis at 3 months (19% vs. 10%) were also higher in the CHART group than in the conventional-fractionation group [15].

These findings suggesting improved survival for dose escalated, hyperfractionated radiotherapy as well as promising findings from other trials involving chemotherapy led to the conduct of RTOG 88-08 [17]. RTOG 88-08 was a phase III trial comparing three treatment conditions: standard 60 Gy given in 2-Gy once-daily fractions, either alone or after induction cisplatin and vinblastine, or 69.6 Gy given in 1.2-Gy twice-daily fractions. In that trial, survival was significantly improved by the addition of chemotherapy, but the median survival time in the 69.6-Gy group was considered to be reasonable at 12 months.

After RTOG 88-08, two separate studies addressed the known benefit of both induction chemotherapy and hyperfractionation [18,19]. An initial pilot study (RTOG 90-15) and a larger phase II trial (RTOG 91-06) examined the addition of chemotherapy to hyperfractionated radiotherapy to 69.6 Gy. Outcomes from these studies seemed to indicate a survival advantage from the addition of chemotherapy over hyperfractionated radiotherapy alone (median survival times 18.9 months vs. 10.6 months), but at the cost of significant toxicity, with nearly 60% of patients developing grade 4 hematologic toxicity and a treatment-related death rate of 3.9% [19]. This fractionation schedule proved particularly toxic to the esophagus, with a grade ≥3 esophagitis rate of 53%. However, because of the encouraging survival outcomes, this hyperfractionated regimen was incorporated into several further trials [20,21]. In addition to addressing the optimal sequencing of chemotherapy and radiation, RTOG 94-10 specifically compared 63 Gy delivered in conventional daily fractionation versus hyperfractionated radiation to 69.6 Gy, with both groups including concurrent chemotherapy. In that trial, no significant differences in survival were observed between the fractionation regimens, but the rates of severe esophagitis were significantly higher in the hyperfractionated group compared to the conventional fractionation group:45% vs. 22%, respectively. Several additional trials found nearly equivalent survival outcomes using conventional fractionation to similar doses [22,23]. Interestingly, in a separate trial of the hyperfractionation regimen used by the RTOG, albeit with a smaller number of patients, the addition of chemotherapy to this regimen greatly improved survival outcome (median survival times 22 vs. 14 months) with no significant increase in toxicity [24]. However, a more contemporary trial comparing 60 Gy delivered daily in 6 weeks versus 60 Gy given twice daily in 3 weeks with or without concurrent chemotherapy showed no differences in survival outcome between these two fractionation regimens [25]. Esophageal toxicity was again substantially higher in the hyperfractionated group.

The addition of chemotherapy to radiotherapy for locally advanced NSCLC added a layer of complexity to trials addressing either dose escalation or accelerated fraction (Table 24.1), mainly because of concerns regarding toxicity. However, since the publication of the findings from these trials, the advent of several technological advances has reduced the toxicity associated with dose escalation, as described below.



Table 24.1 Phase III trials of dose escalation and hyperfractionation in locally advanced non-small cell lung cancer


[image: images]



Advances in technology and conformality

Several technological advances occurring over the past two or three decades have allowed much greater conformality in radiotherapy planning and delivery for lung cancer. Although these advances are explored in more depth in other chapters, several are particularly important in the context of effective dose escalation, especially image-guided planning and delivery. With the advent of computed tomography (CT), radiation treatments could truly be planned in 3 dimensions, leading to more conformal radiotherapy plans that could spare uninvolved lung and esophagus as well as notably improving local control in NSCLC [26]. Image-based radiotherapy planning has progressed still further to the development of 4-dimensional CT, which can account for respiratory motion as well as techniques for visualizing tumor motion in real time, such as implanted fiducial markers, and techniques for limiting tumor motion during treatment, such as breath-hold and respiratory gating [27–29]. When the location of the tumor target is known throughout the respiratory cycle, radiotherapy plans can be generated with smaller target margins and, hence, lower incidental exposures to normal tissues [30].

During treatment, techniques for ensuring that the position of the patient remains consistent over multiple treatment sessions have advanced from the previous standard of MV port films to daily on-board image guidance with either high-quality kV imaging or CT. Techniques such as these can allow still further reductions in target margins and normal tissue irradiated.

Finally, the technology for delivery of radiotherapy has also advanced significantly. The advent of intensity-modulated radiotherapy (IMRT) represents an opportunity for additional sparing of normal tissues in the thorax. In retrospective reviews, the use of IMRT seems to offer advantages in terms of both dosimetry and toxicity [31–34]. Although prospective comparisons of IMRT with other forms of radiation delivery are somewhat sparse at this time, the use of IMRT for NSCLC, and cancer at other sites, has become common based on these findings. Further, several investigators have begun to publish their experiences with using proton radiotherapy in this disease site. A phase II trial of proton radiotherapy with concurrent chemotherapy for locally advanced NSCLC showed that rates of grade ≥3 toxicity after treatment to 74 Gy (RBE) were lower than those observed in a separate cohort of patients treated to 63 Gy by using photon (X-ray) based therapy [35].

All of these advances can help to minimize dose to uninvolved structures. Moreover, specific dosimetric parameters have been linked with the risk of acute and long-term toxicity [36,37]. Values such as lung V20 (the percentage of lung volume receiving at least 20 Gy) and mean lung dose are invaluable for assessing radiotherapy plans in the modern era and are also useful when considering dose escalation, chiefly because they allow selection of modalities and patients for whom dose escalation is feasible and carries a reasonably low risk of toxicity.

In short, numerous opportunities exist in the modern era for limiting the toxicity of radiotherapy for locally advanced NSCLC, which again raises the question of whether dose escalation is feasible and safe for such patients. This issue is explored further in the section that follows.



Modern studies of dose-escalation for locally advanced disease

Given the successes of previous trials using the CHART approach as well as the development of novel technologies that allow greater conformality, several studies have attempted to incorporate chemotherapy into the CHART regimen. Unfortunately, to date accrual to these trials has been slow, leading to premature closure. The Eastern Cooperative Oncology Group in their ECOG 2597 trial compared CHART with conventional fractionation after induction chemotherapy. Although the median survival time was considered promising and the rate of severe radiation-related toxicity low in the CHART group (20.3 months and 10%), this study was not powered to detect an improvement in outcome [23]. A separate trial in which induction chemotherapy was given before CHART showed a median survival time of 25 months and acceptable toxicity; however, this trial closed after accruing only 43 patients [38]. Additionally, the CHARTWEL trial examined a similar dose and fractionation scheme in a randomized fashion [39]. Although no benefit in local control was seen for the study population, unplanned subset analysis did show improved local control for this regimen in patients with higher tumor and nodal stages or following chemotherapy. Unfortunately, acute toxicity due to radiotherapy was significant higher in the experimental arm.

Because of the apparent lack of benefit and associated toxicity, enthusiasm for the hyperfractionated and accelerated approach seems to have waned at this time, most probably because of concerns about the toxicity associated with adding concurrent chemotherapy to this regimen.

Conversely, dose escalation given in standard radiation fractionation has become increasingly more common, with many institutions treating patients with locally advanced NSCLC to doses near or beyond 70 Gy. This practice was thought to be reasonable if treatment plans could be generated that did not violate known dose constraints and thus were unlikely to produce significant radiation-associated toxicity [36,37]. Further, retrospective analyses seemed to indicate a survival advantage for patients with locally advanced NSCLC treated to doses higher than 67–74 Gy [40–43]. These retrospective observations were tested in a phase I/II trial conducted at the University of North Carolina for patients with locally advanced NSCLC treated with induction and concurrent chemotherapy [44,45]. In that trial, the total radiotherapy dose was escalated from the standard 60 Gy in conventional fractionation to 74 Gy in four stepwise increases in dose. The rate of grade ≥3 esophagitis in this trial was only 8%, and the median survival time was 24 months. An additional phase I study by the same group investigated further dose escalation to 90 Gy for locally advanced NSCLC [46]. In that study, the rate of severe esophagitis was 16%, but two patients died of hemoptysis; moreover, the 24-mnth median survival time was no longer than that in the previous study. A subsequent review of these trials urged caution, because despite a median survival time of nearly 25 months among patients treated to >66 Gy in these trials, the rate of severe late complications was 24% [47].

The improvement in survival outcome and the manageable acute toxicity seen in these trials prompted a phase I/II trial by the RTOG examining the safety of delivering 74 Gy, in conventional fractionation, with concurrent chemotherapy [48,49]. In the initial phase I component, the maximum tolerated dose was found to be 74 Gy, similar to the findings from the initial phase I/II trial at the University of North Carolina [44,45, 48]. Thereafter a total of 55 patients were treated to 74 Gy in the combined phase I/II portion of the trial; the median survival time was 25.9 months, the rate of grade ≥3 pneumonitis was 22%, and the overall rate of severe nonhematologic toxicity was 61%. Similar findings were observed in CALGB 30105, a randomized phase II trial designed to compare two chemotherapeutic regimens but with both groups receiving 74 Gy as well [50]. In that trial, the addition of gemcitabine was found to add significant toxicity and in fact led to the premature closure of that arm. Although the median survival time was nearly 25 months, toxicity was again a concern, with rates of 16% for both severe pneumonitis and severe esophagitis in the standard-therapy group. Nevertheless, despite the higher rates of toxicity, the survival outcomes from that study were thought to warrant further examination, and the RTOG undertook a phase III trial comparing 60 Gy and 74 Gy, both given in conventional fractionation with conventional systemic therapy, with the added question of the efficacy of adding cetuximab to the systemic therapy [51]. In that trial, RTOG 0617, 500 patients with stage III NSCLC were projected to be enrolled in one of four treatment groups: 60 Gy in 30 fractions, 74 Gy in 37 fractions, or either radiation dose with the addition of cetuximab. All patients received concurrent weekly carboplatin and paclitaxel chemotherapy. After 423 patients had been accrued, this trial was closed prematurely because it crossed a futility boundary (90 events in the high-dose group). Moreover, the 1-year survival rate was found to be better in the low-dose group (81% vs. 74%). When this chapter was written, the low-dose arms of this trial remained open, but no further patients were to be accrued to the high-dose arm.

RTOG 0617 has left lingering questions for the radiation oncology community. Although answers to some questions will not be available until full publication of this study, examining the data that are available at this time is also important. For example, even though no significant differences in treatment-related toxicity were observed between the high-dose versus low-dose groups, 7 patients died of treatment-related toxicity in the high-dose group but only 3 died in the low-dose group. This finding has led to considerable speculation regarding the relationship between the known greater toxicity of high-dose radiotherapy and the observed outcome of this trial.

Interpretation of these findings is further complicated by the results of two recent meta-analyses of available data from trials of radiotherapy for NSCLC, both of which demonstrated a benefit from dose escalation [52,53]. Specifically, Partridge and colleagues examined 16 clinical trials in NSCLC of all stages with available data and found a significant dose–response relationship after the dose was converted to the biologically equivalent dose (BED) [52]. In another analysis of 1356 patients with locally advanced NSCLC in RTOG trials treated with radiotherapy and some form of chemotherapy (induction, concurrent or both), Machtay and colleagues demonstrated that BED was associated with survival as well as local-regional control [53]. Specifically, for each increase of 1 BED, survival increased by approximately 4% and local-regional control increased by 3%. These large datasets offer a powerful counter-balance to the negative results of RTOG 0617; however, at the time of publication, the current standard dose schedule in RTOG trials is 60 Gy in 30 fractions, the same schedule as that used in RTOG 88-08.



Individualized radiation treatment planning

At this point, future investigations of dose escalation, altered fractionation, or combinations of both must take into account the significant toxicity associated with concurrent chemoradiotherapy. As we have seen, normal tissue toxicity from radiotherapy has generally increased with each successive trial reviewed in this chapter, culminating in a negative trial of dose escalation (RTOG 0617). So what does the future hold for this therapeutic approach?

As noted previously, the technology that has become available for the radiation-based treatment of NSCLC is constantly improving on ways that allow ever more conformal and individualized radiotherapy. With the wide adoption of improved image-based planning techniques and image-guided delivery of radiotherapy, the hope is that greater normal tissue sparing can be achieved on a routine basis, with commensurate decreases in the rates of treatment-related toxicity. Moreover, as the use of advanced forms of radiotherapy delivery (IMRT and proton radiotherapy) becomes more standard, tailored and still more individualized radiotherapy plans will become more common. The hope is that this would lead to commensurate decreases in treatment-related toxicity and allow safer escalation of radiation doses.

Another advance, adaptive planning, could allow true individualization of dose escalation in radiotherapy for NSCLC. Adaptive planning involves repeated imaging of the tumor during radiotherapy, with the goal of reducing the size of the radiotherapy fields as the tumor shrinks while still maintaining adequate tumor coverage. At present, adaptive planning can be based on either CT or positron emission tomography (PET), typically with 18F-florodeoxyglucose, and can improve the dose distribution, particularly for tumors that are close to critical structures [54]. For example, repeated FDG-PET imaging has shown that substantial tumor responses can be observed in many patients after as little as 45 Gy is delivered in conventional fractionation [55]. With this information, adaptive plans are being generated that take into account PET response [56]. In fact, this approach is the subject of RTOG 1106, an ongoing randomized phase II trial incorporating FDG-PET−based re-planning midway through treatment for the experimental treatment group. In this trial, the total tumor dose will be escalated up to 85.5 Gy based on PDG-PET response, if dosimetric constraints can be met. This trial should yield interesting results.

Finally, significant interest has been expressed in biologically driven dose escalation. This approach acknowledges that not all regions of a tumor are radioresponsive, particularly areas of significant hypoxia. Thus, if a particular area of a tumor is known to be radioresistant and this area can be visualized, that region of the tumor could be targeted for dose escalation, again minimizing the region to which high radiation doses is to be delivered and, presumably, leading to lower rates of toxicity. For example, higher standardized uptake values (SUVs) within a tumor as visualized by PET seem to be associated with radioresistance and tumor recurrence [57]; if such areas could targeted with a higher dose, then the benefits of dose escalation could be realized without increased toxicity. Other imaging markers, primarily markers of hypoxia, have been proposed for use in a similar fashion, and deserve further investigation [58].



Conclusions

Radiation dose escalation and altered fractionation in the treatment of NSCLC have been investigated for several decades, with several advances and, recently, a notable setback. For future efforts, it is important to acknowledge the significant normal tissue toxicity of this therapy while simultaneously seeking to leverage further advances in imaging and biological targeting for dose escalation, to find the balance between efficacy and toxicity.
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Technologic improvements in radiation delivery enhances therapeutic ratio

Technological advances have significantly en-hanced radiotherapy effectiveness. Conventional radiation using older techniques did not have good outcomes due to the inability to deliver adequate tumoricidal doses given the constraints of normal tissue dose limitations [1]. Advances in radiation technology and delivery, particularly the use of conformal treatments such as 3-dimensional conformal radiation, Intensity Modulated Radiation Therapy (IMRT) and proton beam, enables the delivery of much higher doses of radiation while minimizing exposure of adjacent tissues to the damaging effects of radiation [2]. Such advances have already enhanced cure rates in early stage lung cancers using Stereotactic Body Radiation Therapy (SBRT) since it is more effective compared to conventionally fractionated radiation. Substantial amounts of clinical experience and prospective clinical trials have shown SBRT to exert excellent local control rates (>95%) with survival that appears to be mainly dictated by comorbidities of the patient and distant metastatic rates, which are similar to surgically resected patient at about 25–30% [3,4]. Definitive phase III trials comparing SBRT to lobectomy in operable patients are currently being conducted throughout the world to determine the equipoise of SBRT in clinical efficacy compared to surgery. In resected stage III-N2 NSCLC the incorporation of conformal postoperative radiation therapy can also increase survival because of the improved morbidity/mortality of treatment when compared to older techniques [1]. However in small cell and locally advanced (stage II-III medically or technically unresectable) NSCLC, radiation and chemotherapy is the mainstay of treatment. The extent of disease in these patients usually precludes the use of SBRT, and conventionally-fractionated radiation is needed over the course of 6–7 weeks. While metastatic recurrence is the predominant form of recurrence and is the cause of most cancer deaths, enhancing local control of nonmetastatic stage III-N2 lung cancer can impact overall survival. This is based on the seminal study of RTOG 7301 which showed that higher dose of radiation (60 Gy) improved local control and overall survival compared to lower doses of radiation. To further improve upon these results by counteracting the accelerated repopulation of tumor cells, CHART (continuous hyperfractionated accelerated radiation therapy, which is three-times-daily radiation administered continuously 7 days a week) was studied in comparison to conventionally fractionated radiation, both done without chemotherapy [5]. CHART improved local control and overall survival; however, this has not impacted clinical practice in the United States because of the difficulty to administer CHART in the standard clinical practice. The introduction of chemotherapy with radiation in the treatment of lung cancer made the largest impact. Several randomized trials conducted in the 1980s demonstrated improved survival outcomes with the addition of sequential chemotherapy to conventionally fractionated radiotherapy [6]. Additional important studies were conducted that compared sequential chemotherapy with concurrent chemotherapy, with the demonstration of improved overall survival with concurrent chemotherapy, at the expense of added toxicity [7].



Overcoming the plateau of radiation efficacy

While cytotoxic chemotherapy given concurrently with radiation enhanced radiation effects and improved outcomes over radiation alone, there has not been significant advances beyond this point. So far, there are minimal differences between the different types of chemotherapy given concurrently with radiation therapy, with little to no advantage (sometimes even detrimental) with the addition of induction or consolidation chemotherapy [8,9]. Altered fractionated radiation therapy combined with chemotherapy (CHART-WEL) compared to standard chemoradiation had comparable outcomes at the cost of increased acute toxicities [10]. Phase I/II dose-escalated trials using modern delivery techniques have shown feasibility and promise in the improvement of local control and possibly survival [11–13]. However, results of the phase III randomized trial comparing standard dose (60 Gy) to high dose (74 Gy) with concurrent chemotherapy demonstrated worse local control and overall survival outcomes in the high dose arm [14]. Therefore despite decades of research and advances in radiation therapy, disease outcomes for locally advanced lung cancer remains poor, with a median survival on the order of 17–24 months, and a 5 year overall survival of 15–20%. At this point it appears we are at a standstill and have reached a threshold on further improving on the outcomes of lung cancer treatment using current approaches (Figure 25.1a). Raising the therapeutic threshold may need biologic innovations which will result in a leftward shift in the therapeutic ratio curve (Figure 25.1b). The biologic effect must be specific for the tumor cells with minimal effect on the normal tissues. This occurs since genetic defects of the tumor cell make them susceptible to the drugs that synergizes with the biologic effects of radiation on these cells. Adding targeted drugs to current standard therapies, with radiation or with chemoradiation, may further improve the efficacy of radiation, although promising data has only so far come from single arm phase II trials.
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Figure 25.1 Improving outcomes in lung cancer requires both physics and biological innovations. The figure represents therapeutic index curves, with the theoretical incremental improvements in therapeutic ratio with each successive improvements in technologic innovations. However, while toxicities improve with these advancements, the biologic efficacy has reached a threshold. To enhance disease outcomes will require a leftward shift in the biologic curve by combining molecularly targeted agents with radiation therapy.





Targeted therapy with radiotherapy: past successes and failures

Cytotoxic chemotherapy acts in synergy with radiation to kill tumor cells; however, because of the unselective nature of both therapies, toxicity is also enhanced in normal tissue. Several strategies have been used to combine molecularly targeted therapies with radiotherapy in order to enhance radiation effects on tumor cells. These strategies leverage on the tumor or microenvironment characteristics that allow selective targeting of tumors with radiotherapy. The strategies that have been well studied in the past are those that target tumor hypoxia, tumor vasculature, and the Epidermal Growth Factor Receptor pathway.



Hypoxia targeting

Hypoxia targeting has been a long time strategy in radiation oncology for several decades. It is well established that hypoxia contributes significantly to radiation resistance [15]. Tumors often outgrow the vascular supply and have abnormal proangiogenic and anti-angiogenic homeostasis, and therefore necrosis and hypoxic regions within the tumor are commonly seen in most tumor types. Cure rates are attenuated by hypoxia, both in preclinical models and in clinical situations [16,17]. There are two main reasons responsible for this effect. For one, the cytotoxic effect of radiation is critically dependent on the chemical fixation of molecular oxygen on DNA. Second, tumors can be rendered resistant to both chemotherapy and radiotherapy by the cytoprotection mediated by the hypoxia-inducible factor HIF1, a master transcription factor that induces many hypoxia-inducible genes and renders the cell resistant to hypoxic stress [18]. Several clinical strategies have been employed to counteract the effects of hypoxia, such as the use of bioreductive agents [19], hypoxic cell toxin such as tirapazamine [20], or HIF1 alpha antagonist [21], but most of these efforts have been focused on radiotherapy for head and neck cancers, and either have had some promise [19] or have not had mature clinical development [21]. The only hypoxia-targeting strategy that has had at least some clinical experience in lung cancer is the use of carbogen to increase oxygen delivery to the tumor. Carbogen, which is 95% oxygen and 5% CO2, enhances tumor's effect to radiation by increasing the oxygen concentration in the blood when it is inhaled before and after each session of radiotherapy. Preclinical studies have shown that this is an effective strategy to enhance the radiation response, particularly when administered with nicotinamide (vitamin B3) which enhances tumor perfusion and reoxygenation through microvascular changes [22]. The phase III ARCON trial (Accelerated Radiotherapy plus Carbogen and Nicotinamide) in lung cancer was closed early to poor accrual, and showed no evidence of improvement with ARCON over conventional radiotherapy [23]. The only positive trial was the phase III ARCON trial in cT2-4 squamous cell laryngeal cancer that compared accelerated radiotherapy to ARCON [24]. A total of 345 patients were accrued. While local control was no different, the regional control rate was significantly better with ARCON (93% vs. 86%, p = 0.04). More importantly, this benefit was largely confined to hypoxic tumors and not to well-oxygenated tumors (100% vs. 55%, p = 0.01). There was an equal level of toxicity in the two groups. Since this trial used accelerated radiotherapy as the standard arm, the benefit of combining Carbogen/Nicotinamide with chemotherapy and radiation for the treatment of H&N cancer is not known. Since the current standard is concurrent chemoradiation, it is uncertain whether adding Carbogen will ever affect the standard of care, particularly in lung cancer therapy.



Vascular targeting

Along with the importance of oxygenation for anti-tumor effects by radiation, adequate perfusion of the tumor is an important factor in therapeutic effectiveness. Tumors are known to have abnormal and disorganized vascular architecture due to dysregulated pro- and anti-angiogenic factors [25]. Anti-angiogenic agents such as bevacizumab can help normalize tumor vasculature and improve chemotherapy deliver and oxygenation of tumors. This “vascular normalization” enhances radiation response in tumors. Although a number of mechanisms may be responsible for the effects seen, it is clear that combining anti-angiogenic agents with radiation is a promising approach for cancer therapy [26,27]. Preclinical studies in vivo using various vascular targeting drugs have demonstrated vascular normalization effects, but the therapeutic enhancement of radiation has not been consistent given differences in the timing and sequence of when these agents are given with the combination of radiation [26, 28]. A number of trials have been conducted in various cancers, including GI, head and neck, rectal, pancreatic cancers, with promising phase I/II results showing clinical responses [29]. However, the incidence of GI hemorrhage and perforation seen from numerous drug combination trials (∼6–7%) has led to careful monitoring of any combination trials using any anti-angiogenic agents. In NSCLC, the addition of Bevacizumab to carboplatin/taxol as first line therapy for stage IIIB-IV NSLC in a randomized phase III trial also demonstrated fatal hemoptysis in some patients, particularly those with central or squamous carcinoma cancers, leading to the exclusion of this treatment for these patients [30]. The combination with chemoradiation with this class of agents has been even more concerning. In a phase II study in limited stage SCLC combining Bevacizumab with chemoradiation, the study closed early after accrual of 29 patients due to the report of 2 patients with tracheoesophageal fistula (TEF) and 1 patient with fatal aerodigestive bleeding. In a separate phase II trial in locally advanced NSCLC treated with concurrent Bevacizumab with chemoradiation, the study was closed after enrolling 5 patients when 2 patients were reported to develop TEF. Socinski and colleagues recently reported combining bevacizumab and erlotinib with concurrent chemotherapy and high-dose radiotherapy (74 Gy), delivered with 2-dimensional radiotherapy techniques, and elective nodal irradiation, for stage III NSCLC [31]. The clinical outcomes of this study were disappointing, with severe toxicity (29% grade 3 or 4 esophagitis, with one grade 3 TEF) and no improvement in survival. This study again showed that it is not safe to combine bevacizumab with radiotherapy. With the report of these toxicities, developing these agents with concurrent radiotherapy in NSCLC need to proceed with particular caution and requires continued research [32]. It is not known whether other classes of vascular-targeting drugs (such as endostatin, currently being developed in China in combination with chemoradiation for LA-NSCLC) will have a different toxicity profile. Ongoing research is much needed to understand how best to combine these class of agents with radio- or chemoradiotherapy.



EGFR targeting

The EGFR receptor family (ERBB1-4) is an important growth factor receptor tyrosine kinase (RTK) involved in tumor growth and survival. It is overexpressed in nearly 100% head and neck cancers, and in numerous other cancers, including NSCLC. Various subtypes of these RTKs may be more important in one cancer over another, such as ERBB1 in H&N and NSCLC, and ERBB2/Her2 in breast and upper GI cancers. Activation of these receptors activates multiple intracellular signaling pathways including the RAS and PI3K pathways to stimulate growth, enhance DNA damage repair, and block apoptosis [33,34]. The RTKs are excellent targets for drug development, as both antibody-based therapy that binds to the extracellular domain to inhibit receptor activation (e.g., cetuximab → ERBB1/EGFR, Herceptin → ERBB2/Her2) and ATP-competitive antagonists to inhibit kinase activation (e.g., erlotinib, lapatinib) are efficacious as single agents [35]. Moreover, targeting becomes even more specific and efficacious depending on how dependent the tumor is on the RTKs, either through oncogenic addiction conferred by activating mutations of EGFR in NSCLC or by gene amplification. EGFR targeting has been shown to be effective as radiation sensitizers. The best known example is cetuximab combined with radiation therapy in H&N cancer cell lines, as established by key studies by Harari et al. [36] and Ang et al. in the 1990s [37]. These preclinical studies led to the pivotal trial that demonstrated a 10% OS benefit of adding cetuximab with radiation compared to radiation alone in the treatment of H&N cancers [38]. Unfortunately, the benefit of cetuximab seemed to vanish when chemoradiotherapy was combined with cetuximab-radiotherapy in RTOG 0522 [39]. The role of cetuximab when combined with chemoradiation was first studied as a phase II study in RTOG 0324. In this single arm study, the median survival was 22.7 months, and the 24-month overall survival was 49.3% [40]. However, RTOG 0617 tested the benefit of cetuximab in the phase III randomized trial in a 2X2 factorial design randomizing to either standard dose (60 Gy) or high dose (74 Gy) +/− cetuximab found no survival benefit of adding cetuximab (HR 0.99, p = 0.4838) [41]. Overall, grade 3 to 5 toxicities were worse for patients on the cetuximab arm. When tumors were stained for EGFR expression (hybrid score, or H-score), high H-score tumors were significantly more likely to benefit from cetuximab than tumor with low H-score (p = 0.02) [41]. Another strategy of targeting EGFR is the use of small molecule EGFR-targeting TKI. A phase II trial at MD Anderson combined erlotinib with chemoradiation in stage III NSCLC was recently reported, showing a median OS of 34.1 months and a 2-year OS of 68%, without grade 4 or 5 AEs [42]. Unfortunately, all of these studies were conducted in unselected patients, so it is possible that surrogate biomarkers for EGFR activation could help select for patient benefit for these therapies, as the RTOG 0617 trial seems to indicate. Biomarker-based trials in EGFR targeting with concurrent CRT are lacking, although RTOG 1306 is a phase III trial testing the role of induction erlotinib or crizotinib followed by CRT in EGFR mutant or EML4-ALK translocation NSCLC, respectively.



Guidelines for incorporating novel targeted agents in combination with radiation in lung cancer

Conventional therapies have mostly treated NSCLC as a single disease, and only more recently has the adoption of differing chemotherapy strategies depended on the tumor's histology, whether it is an adenocarcinoma (pemetrexed) or a squamous cell carcinoma (gemcitabine) [43]. However, through high-throughput genome sequencing efforts of lung cancers have revealed the genetic heterogeneity of NSCLC [44,45], and that adenocarcinomas largely differ from squamous cell carcinomas in the set of oncogenic alterations [46]. It is a fact that NSCLC is not one disease but a series of diseases that differ based on the oncogenetic profile [46,47]. About 60% of NSCLC have causative genetic mutations that could be targetable with drugs, but a substantial proportion of tumors do not have known or targetable genetic alterations. While genetic alterations in EGFR, ALK, or ROS1 genes implicate a direct therapeutic opportunity, it is less clear how other more common mutations such as TP53, LKB1, KRAS could be targeted. There is also a paucity of targetable mutations in SCLC that have yet to be identified. In order to bring advances to the field, particularly to help improve cure rates in unresectable NSCLC and SCLC requires continued efforts to combine molecularly targeted agents with radiation therapy. Agents that can enhance both chemotherapy and radiotherapy selectively for tumor cells would lead to substantial improvement in the cure rates of these cancers. However, a systematic approach is needed so that efforts are not expended on poorly designed clinical trials.

Several recent reviews have outlined strategies to best combine targeted therapies with radiation. I will refer the reader to these excellent guidelines [48–50]. We provide a general summary of the strategies in how best to combine molecularly targeted agents with radiation.

Potential targeted agents to combine with radiation therapy

There are a number of pathways that confer radiation protection when activated by radiation during the reparative process or by oncogenic pathway activation. There are theoretical advantages of tumor cell kill when combining drugs that inhibit these pathways with radiation. Many of these approaches have been supported by evidence from preclinical studies and are summarized below (Figure 25.2a).
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Figure 25.2 Approaches to identify the targeted agents to bring forward into clinical testing. a: Pathway-based approach of rational understanding of the interplay of DDR and cellular pathway activation after irradiation will allow the prioritizing candidates for clinical testing. These pathways represent a small example of pathways that have been shown preclinically to have important interactions with the radiation response. Red circles with a diagonal line indicate known inhibitors that can radiosensitize cells to the damaging effects of radiation. b: Screening approach to identify the genes or drugs that are synthetically lethal with radiation. In vitro discovery and downstream validation are necessary steps prior to clinical testing. GEMM, Genetically Engineered Mouse Models.





DNA damage repair targeting drugs

Since single and double-strand DNA (dsDNA) breaks are the main mechanisms for radiation cytotoxicity, and enhancing DNA damage repair (DDR) is a most direct way for the cell to counteract the effects of radiation. DDR pathway proteins often belong to large signaling pathways emanating from the onset of a dsDNA breakage event that affects cell cycle progression and DNA repair kinetics [51]. Depleting these proteins in the cell using knockdown strategies are effective means to sensitize cells to the effects of radiation. Since many of these proteins are in the PI3Kinase family of proteins, numerous drugs have been developed that inhibit these pathways. These include PARP, ATM/ATR, and DNA-PK inhibitors. A number of these agents, particularly the PARP inhibitors, have shown potent preclinical efficacy of cell kill when combined with radiation in both in vitro and in vivo models [52,53]. Currently, many of these agents are in early phase clinical trial testing. ABT888, the PARP inhibitor from Abbott, is the earliest drug in this class of drugs, is the most advanced in clinical testing in combination with chemoradiation in a number of tumor sites, including NSCLC. A current SWOG phase I/II trial (S1206) tests the safety and preliminary efficacy of adding ABT-888 to CRT in unresectable stage III NSCLC. ATM and DNA-PK inhibitors have been developed and are currently being evaluated in small early phase clinical trials. The potential for the clinical development of these agents may best be seen in particular subgroups of patients with tumors that harbor mutations that make these tumors more susceptible for radiation killing in combination with these drugs. This is an example of synthetic lethality, and several clinical trials have demonstrated that PARP inhibitors are particularly efficacious in BRCA1 or 2 tumors since these tumors are defective in homologous recombination repair [54,55].



Cell cycle checkpoint inhibitors

DNA damage induced by radiation is deleterious to the cell if it goes unrepaired. Repair occurs if the cell is arrested during cell cycle progression orchestrated by a series of signaling transduction events that impacts cell cycle and mitotic spindle proteins. Transducing signals from ATM/ATR to Chk1/2, and phosphatases or cyclin-dependent kinases induces cell cycle arrest in the G1/S and G2/M phase. P53 is a critical protein that mediates cell cycle arrest through induction of WAF1/P21 which directly inhibit cyclin-CDK2 to result in G1/S arrest. Other proteins, mediated through protein kinases such as Chk1/2 and Wee1, regulates entry into mitosis by placing a block at the G2/M checkpoint. The mitotic checkpoint, mediated by the likes of polo-like kinases and aurora kinases, is another critical point in the cell cycle that regulates progression through mitosis. Any perturbance of these checkpoints during cellular stress such as DNA damage will cause the cells to enter mitosis not having had the time to undergo adequate DDR, resulting in cell death due to mitotic catastrophe. These pathways present a therapeutic opportunity for cancer treatment with radiation [56]. Preclinical studies have demonstrated the efficacy of these agents when combined with radiation, particularly in TP53 deficient tumors. Cells with TP53 defects cannot undergo G1/S arrest during cellular stress, and therefore rely on G2/M or mitotic arrest for DNA damage repair. A number of drugs that inhibit Chk1 (AZD7762), Wee1 (MK1775), and aurora kinase A inhibitors (MLN8237, VX-680) have been shown to selectively enhance chemotherapy and radiotherapy cytotoxicity in TP53 mutated tumors [57,56, 59–61]. Early phase trials are ongoing to combine these agents with chemotherapy in advanced tumor types. However, combining these agents with radiotherapy is clearly an exciting area for clinical development.



Signal transduction inhibitors

Signal transduction cascades through activated GF receptors or oncogenic pathways are critical to help the cell maintain survival of cells by enhancing repair and resist apoptosis. Such inhibitors may act downstream of the signaling of a number of potential RTKs or GPCRs, and therefore have a more general anti-cancer action. The use of these drugs as single agents are being tested in chemotherapy or single agent trials in a number of phase I-III drug trials. As mentioned above, a phase II trial combining erlotinib with chemoradiation in unselected stage III NSCLC has completed accrual and showed a promising 2 year overall survival of 66%. A number of other inhibitors to PI3K, AKT, mTOR, MEK have demonstrated radiation sensitization in preclinical studies. It will be important to bring these agents into clinical testing.



Epigenetic agents

Aberrant gene expression due to aberrant epigenetic alterations due to methylation or chromatin assembly is a characteristic of cancer. Demethylating agents have been shown to have clinical efficacy in hematologic malignancies, but have limited success in solid tumors. HDAC inhibitors such as vorinostat is FDA approved for refractory cutaneous T-cell lymphoma and have been tested in numerous clinical trials in combination with chemotherapy in solid tumors, with variable success, however none has become a standard of care in the treatment of solid tumors compared to standard chemotherapy. Preclinical studies have shown potent radiation sensitizing effects with the combination of epigenetic agents [62–64], but the mechanism of these actions are rather nonspecific due to both DNA damaging and gene expression effects [65]. No trials combining radiation and HDAC inhibitors in lung cancer are known, although a couple of trials have gone through phase I testing for palliative pelvic radiotherapy for metastatic GI cancers with Vorinostat [66] and as a phase II trial in GBM using valproic acid and radiation (NCT00302159).



HSP90 inhibitors

Heat Shock Proteins are a large class of proteins collectively known as molecular chaperones that function in the folding and unfolding of proteins. They are upregulated during cellular stress, such as heat shock, that enables the cell to survive the cytotoxic effects of misfolded proteins. HSP90 is a highly conserved molecular chaperone that helps facilitate the maturation of over 200 proteins, called client proteins, many of which are oncoproteins that are mutated in the tumor cell and are critical to maintain the malignancy state. Therefore targeting HSP90 is a potent target for general cancer therapy [67]. These agents have been shown in numerous reports to exhibit potent radiation sensitizing effects, by enhancing apoptosis and induce mitotic catastrophe [68]. Despite potent anti-cancer actions of these agents, the clinical development of these agents, namely 17-AAG and NVP-AUY922, has been limited by hepatic and ocular toxicities, respectively. A promising agent, STA-9090, is a second generation HSP90 inhibitor that appears to have reduced toxicities compared to 17-AAG and lacks the ocular toxicities as seen so far in phase I/II clinical trials [69]. These agents will be exciting agents to develop in combination with radiation.

Immunotherapy

A critical component of tumor survival is related to the ability of tumor cells to evade the immune system. The immunosuppressive microenvironment of the tumor inhibits the appropriate activation of the cytotoxic T cells against tumor cells [70]. Using antibodies to block immune checkpoint molecules such as CTLA [71] or to infuse patients with activated autologous immune cells [72] have shown improved overall survival in patients with advanced melanoma or prostate cancers, respectively, and have won FDA approvals using these approaches. Currently, other checkpoint blockade inhibitors using monoclonal antibodies against PD-1, PD-L1, and other molecules, are being explored in early phase clinical trials in advanced cancers, including NSCLC. Several early phase trials have demonstrated significant and durable responses in heavily-pretreated advanced NSCLC, with overall responses in the range of 14–28% [73,74]. It is expected that many of these therapies will eventually be approved for use in multiple tumor types, and combining immunotherapies that have distinct mechanisms may be promising to further enhance tumor responses [75]. With the number of known and yet to be discovered genes involved in immunologic regulation, there is much research needed to identify the best combinations to enhance tumor kill and to minimize the potentially lethal allergic and autoimmunity that can be induced with such therapies.

It is also known that radiation-induced killing of cells is also dependent on CD8+ cells, as depleting CD8+ cells or treating tumor cells in immunocompromised animals has an attenuated effect over tumors treated with radiation in wild-type animals [76]. The interaction of radiation-induced cytotoxicity and the immune system creates the abscopal effect, in that tumor lysis due to radiation damage can induce a generalized immune response so that a systemic effect towards cancer cells is elicited. The abscopal effect has been recognized in patients receiving radiotherapy but it has been controversial since the response is neither robust nor reproducible in the past [77]. It has been demonstrated preclinically that the response is a CD8-T cell mediated process, and the effect can be unmasked by combining immunotherapies with radiotherapy [78]. A small number of studies have recently shown that this effect could be recapitulated in patients receiving either immune-checkpoint blockade or cytokine therapy [79,80]. It is therefore a promising approach to help enhance the effect of immunotherapies in stage IV cancers by combining with ablative radiotherapy, or to improve cancer cure rates in localized tumors receiving SBRT in early stage tumors or definitive chemoradiation in locally advanced disease. The best combination of immunotherapy with radiotherapy will be fruitful research for the future.





Considerations for bringing agents into clinical testing


The synthetic lethality effect with radiation

With so many agents being developed for cancer therapy, identifying the agents to be brought forth into clinical testing with radiation is a challenge. To determine which class of agents would be suitable to bring forward may require two approaches. The first is a rationally-designed approach, which would require a detailed evaluation of the pathways that may impact radiation effects, either by counteracting cellular protective mechanisms to DNA damaging effects of radiation or those that are synthetically lethal in genetically susceptible cells (i.e., PARP inhibitors in BRCA1/2 mutants), and identifying drugs that act on these pathways. Some of this is illustrated in Figure 25.2a. However, there will likely be other agents that possess radiation sensitizing effects for which the mechanism of action is still not well established. Therefore a second approach of target identification using high throughput screening approaches to identify genes that may be important for radiation sensitizing effects as well as functional screens of drug libraries to identify new targets and unveil novel pathways that may synergize with radiation (Figure 25.2b). Both of these approaches could be utilized to identify agents that can be brought into clinical testing.



Prioritizing agents for clinical development

Among the numerous agents with potential radiation sensitizing effects, there will only be a few that will ultimately be developed for clinical use. This is due to a number of factors, namely safety profile, systemic efficacy, and economic factors involved in the development of the agent. While the latter is difficult to predict, the former factors are important to consider when an agent is being considered for clinical development. Fortunately, many drugs have already gone through phase I/II trials in multiple cancers with established dose and safety profile, as well as systemic activity, both as single agents and in combination with various cytotoxic chemotherapies.



Preclinical studies in the disease site of interest

Since most of the available drugs were developed for systemic efficacy, there needs to be some preclinical evidence to suggest the drug's synergy with radiation. This should be demonstrated, at a minimum, in cell lines of the disease site of interest (e.g., lung cancer, breast cancer, pancreatic cancer, etc). Clonogenic survival assay is the gold standard assay for producing this type of data [81]. Data from in vitro culture experiments does not adequately reflect tumors grown in an intact organism, so it is preferable that drugs be tested in appropriate tumor models. While there may be certain advantages of one tumor model over another, none fully recapitulate the human condition quite like the actual patient. Therefore, while most of the guidelines recommend testing the drug in combination with radiation in at least 2 cell lines in vitro and at least 1 animal model experiment.



Biomarkers for patient selection

Targeted drug therapies appear to be most efficacious when used in patients harboring specific mutations that activate oncogenic pathways. Patient selection based on predictive biomarkers enriches for patients who will derive the greatest benefit from the drug of interest. The same consideration needs to be made when selecting agents to combine with radiation. There are a number of drugs that target downstream of RAS such as PI3K and MEK inhibitors may have some selectivity for RAS mutants [82,83]. MEK inhibitors for KRAS mutant lung cancers as demonstrated in a recent phase II trial of combining docetaxel with AZD6244 demonstrated superior progression free survival compared to docetaxel alone [84]. TP53 mutations could help predict for efficacy for cell cycle drugs such as Chk1, Wee1, Aurora Kinase A, and PLK1 inhibitors [85]. Tumors harboring EGFR mutation or EML4-ALK translocation could be used to select patients to receive erlotinib or crizotinib in combination with radiation, either concurrently or sequentially. However, for agents where predictive biomarkers are not available, biomarker development should be integrated into clinical trials as exploratory aims utilizing biospecimens collected during these trials. Developing validated biomarkers that could predict for clinical response (or lack thereof) could help enrich patients who could optimally benefit from these therapies. These biomarkers could be used for patient selection or stratification factors in subsequent large phase III trials.



Design of clinical trials

Phase I testing must ensure the safety of combining these drugs with radiation. Since some agents may have overlapping toxicities, such as mucositis/esophagitis, or pneumonitis, it is important that compounds are tested for each site of interest, and not necessarily the disease of interest (i.e., pelvic cancers vs. thoracic cancers). Typical dose escalation studies combining current conventional therapies (radiation or chemoradiation) and escalating doses of the drug of interest establishes the maximum tolerated dose (MTD) of the drug with standard therapy. The dose limited toxicities (DLT) that help define the MTD need to be evaluated within a window of time that is suitable for assessing acute/intermediate term toxicities, such as esophagitis during treatment and pneumonitis post-treatment. Most radiation trials allow at least 10 weeks from the start of therapy to the first follow-up appointment after completion of radiation to assess for DLTs, but this is only for pragmatic reasons. Certainly toxicities such as TE fistulas, pneumonitis, and esophageal strictures, may not happen until much later. Therefore it is imperative to consider the fact that while the traditional 3+3 trial designs can be adopted for these types of trials, allowing a continuous assessment strategy such as TiTE CRM may ensure trials to be conducted more efficiently and safely.

The conduct of phase I trial in potentially curative patients is an ethical concern. Since the combination of agents with radiation has not been tested, potential dose limiting toxicities could limit the delivery of full dose therapy in an otherwise curative patient. Therefore the patient cohort must be carefully chosen to initiate for these types of studies, in that the potential benefit outweigh the potential risk that such treatment may pose. For example, drug therapy combined with radiation should target patients who would likely benefit, such as patients harboring certain mutations where there is a direct inhibitor (i.e., erlotinib for EGFR mutants, MEK inhibitors for KRAS mutants). Targeting these patients with investigational agents is an unmet need, and therefore may justify the risk that such therapies may pose. However, considerations need to be made to incorporate early phase studies in a palliative setting combining targeted agents with radiation alone. However, this is unlikely an ideal setting for long term drug development but rather as an in-human clinical validation of the synergistic effect of the drug with radiotherapy, and evaluate the toxicity of the combination. It provides preliminary data to further develop the drug in the curative setting.

In a classic 3+3 phase I design, 3–6 patients are usually enrolled at a particular dose level and observed for toxicity. Because of the longer evaluation period necessary to evaluate radiation toxicities, the trial halts accrual until toxicity is fully assessed at a particular dose level. This may be adequate for single institution studies where accrual may be slow, but this is particularly inefficient for multi-institutional studies where accrual could be faster. A more efficient design would be one that evaluates multiple agents simultaneously using a “master template.” Different informed consents are given to patients depending on the drug group that the patient is enrolled on. This can be done as a “ping-pong” or “flip-flop” type of trial [86], where patients are enrolled into one group or another depending on the timing of the trial (Figure 25.3a). Depending on the number of agents, a “rolling” design will enroll patients into different drug groups at random depending if there are more than one drug groups to fill. This design will allow continual accrual of patients in a parallel fashion while still maintaining the safety of a 3+3 trial design.
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Figure 25.3 Phase I/II trial designs for bringing targeted agents into clinical testing with radiation therapy. a: Concept of a phase I trial determine the maximum tolerated dose (MTD) with a certain drug X in combination with radiation. In a classic 3+3 dose escalation design, 3 patients are enrolled at any one time to each drug X, and flip-flops to other drugs in the pipeline. This parallel drug trial design will allow the use of a “master” template. b: After determining the MTD of drug X, patients are enrolled into a phase II trial, that could select patients based on a particular validated biomarker or stratified based on a marker of interest, and randomized to either the control or the experimental (drug X + radiation) groups. The primary endpoints commonly employed are progression free survival, 1–2 year overall survival rates, pathologic or imaging responses.



For drugs that have minimal added toxicities when combined with radiation or chemoradiation, the recommended phase II dosing (RP2D) should be guided by drug alone trials, or the maximal dose achievable based on the biologic effect of the drug on an effectiveness surrogate, such as phosphorylation of a protein within the tumor for a kinase inhibitor trial. This may be easier for some disease sites where the tumors are more assessable with a needle biopsy but may be difficult to implement for thoracic cancer trials given the difficulty to obtain multiple biopsies before, during, and after completion of radiation.

Once the MTD has been established for the drug of interest in combination with radiation, the phase II trial will provide some evidence for the efficacy of treatment while continuing the safety evaluation (Figure 25.3b). A commonly used primary endpoint for phase II testing is progression free survival, with overall survival usually as secondary exploratory endpoints. Response rate is typically not a useful endpoint to use in radiation trials given the high rates of clinical response seen with radiation or chemoradiation alone, the uncertainty of the optimal time to assess response given the differences in tumor growth kinetics, and the difficulty to discriminate inflammatory changes from residual disease. Besides progression free survival, other surrogate endpoints could be 1-yr local control rates or 1- or 2-year survival rates as compared to historical data in patients treated using standard of care, image response markers (such as FDG-PET response) or pathologic response (if surgery is done after neoadjuvant radiation therapy). Since the existence of historical data is unlikely to be available for these end points, it is recommended that future phase II trials testing novel radiation combinations be done as randomized-controlled trials. This is because historical controls (which are traditionally used for single arm phase II trials) are often inadequate controls since they often do not accurately account for factors not related to treatment, such as better staging and technologic improvements. This has plagued some phase II studies which had demonstrated superior outcomes compared to historical data, but to yield negative results in the phase III setting when compared to randomized control group [87].




Challenges and opportunities for the clinical development of targeted agents with radiation therapy

A main challenge to accelerate the development of drugs in combination with radiation is overcoming the tradition of how drug trials were conducted in the past. The traditional approach has been the testing of single agents for safety and response, and then combining them with approved cytotoxic chemotherapy in phase II/III testing. These types of trials are typically done in the palliative setting, usually in stage IV patients after multiple lines of failed therapies. Although some drugs have demonstrated improved disease outcomes, which ultimately leads to the coveted FDA approval, but often these long and tedious trials yield modest results with small improvement in disease free survival or overall survival. Pharmaceutical companies, including governmental regulatory agencies, should realize and invest in the potential of using these drugs in curative settings with radiation. Once these drugs demonstrate systemic activity, either as single agents or in combination with chemotherapy, and show preclinical evidence of sensitizing radiation therapy, there is the great potential that combining these targeted drugs and radiation can improve all disease outcome endpoints. There will likely be an improvement in locoregional control and reduced distant metastatic recurrences since the drug has only the burden to control invisible micrometastatic disease not visualized by staging studies. This will likely result in a much larger survival benefit compared to current standard approaches, thereby reducing the number of patients that are needed to show such survival differences. This also makes economic sense, since many drugs used in the metastatic setting often fail to meet cost effectiveness analysis given the small improvements in outcomes (sometimes only a few weeks detectable in large clinical trials) seen for the enormous expense of administering such therapies. So one could argue that drugs brought forward into clinical testing from the palliative setting into the curative setting will actually accelerate the development and approval of drugs. Using surrogate endpoints such as imaging or pathologic response may be helpful to expedite drug approval [88].



Conclusion

As radiation technology improves, the ability to bring drugs to combine with radiation becomes more feasible. Toxicities are likely related to the added effects of the combination therapy to the high dose regions, and not due to indiscriminate scatter of poorly positioned radiation dose. Given the enormous investments that pharmaceutical companies have made for drug development, there are numerous drugs with differing potency and safety profile that can target nearly every pathway in the cancer cell. Inhibiting these pathways often synergize with the damaging effect of radiation, and mutually may also help stave off the development of cross resistance if the therapies were administered alone. Concerted efforts to develop the preclinical evidence to support radiation sensitizing effects of these drugs, and to bring these drugs into early phase I/II clinical testing will be critical steps to improve disease outcomes in locally advanced lung cancer. Pharmaceutical companies and regulatory agencies should see the benefit that such trials will bring to the development of these drugs. With such efforts, a large improvement in survival outcomes may finally become a reality in the treatment of locally advanced lung cancers.
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Background

In 1962, Stanley Cohen isolated a novel protein from mice that demonstrated increased growth of incisors and eyelids in newborn animals [1]. In 1986, Cohen was awarded a Nobel Prize for the discovery of what we now call epidermal growth factor (EGF). The importance of EGF and its family of related receptors to cancer development and proliferation has since become increasing evident. Drugs that target the EGF signaling pathway are now widely utilized.

There are two classes of anti-epidermal growth factor receptor (EGFR) agents that have been tested extensively in patients with non-small cell lung cancer (NSCLC): the low molecular weight tyrosine kinase inhibitors (TKIs) and the monoclonal antibodies (mAbs). TKIs such as gefitinib, and erlotinib have been approved for treatment in patients with advanced NSCLC.

In this chapter, we will review the main clinical trials that have evaluated the role of EGFR-targeted agents for treatment of recurrent/metastatic NSCLCs, including front-line (in combination with chemotherapy, sequentially with chemotherapy, or as single-agent), maintenance and salvage therapy, as well as novel drugs related to the EGFR axis.



Front-line therapy: combination anti-EGFR therapy and chemotherapy for molecularly unselected NSCLC patients

Front-line erlotinib in combination with platinum-doublet chemotherapy for treatment of advanced NSCLC has been evaluated in two large multicenter, randomized placebo-controlled clinical trials.

In the phase III TRIBUTE trial, patients with advanced NSCLC were randomized to either erlotinib 150 mg/day or placebo combined with up to six cycles of carboplatin-paclitaxel, followed by continuation of erlotinib or placebo [2]. In the 1059 patients assessed, the median overall survival (mOS) (primary endpoint) as well as the objective response rate (ORR) and time to progression (secondary endpoints) were not statistically different between the two groups (mOS 10.6 vs 10.5 months in erlotinib vs placebo, respectively; HR, 0.99; CI 0.86–1.16; p = 0.95). However, because of emerging data regarding efficacy of EGFR-TKIs in never-smokers, the statistical plan of TRIBUTE was revised prior to unblinding to review the overall survival in this population based on previously collected smoking history screening case report forms. Patients who reported to be never-smokers experienced a prolonged median overall survival if treated on the erlotinib arm (22.5 vs 10.1 months in 72 vs 44 patients, respectively) independent of tumor histology [2].

TALENT was a phase III, randomized, double-blind, placebo-controlled, multicenter trial that evaluated the efficacy and safety of erlotinib 150 mg/day or placebo in combination with up to six cycles of cisplatin-gemcitabine followed by maintenance erlotinib or placebo as first-line treatment for advanced NSCLC [3]. Of note, upon disease progression, patients could continue with study treatment (erlotinib or placebo) with or without second-line therapy or receive second-line therapy alone. There were no differences in overall survival (primary endpoint) or time to progression, response rate, duration of response, or quality of life (secondary endpoints). The median overall survival was 43 weeks versus 44.1 weeks in the erlotinib and placebo groups, respectively (HR 1.06). A retrospective evaluation of patients enrolled in TALENT that never smoked (N = 18) had an increased overall survival and progression free survival when treated with erlotinib, mirroring the observations from TRIBUTE.

As seen with erlotinib in combination with platinum-doublet chemotherapy in TRIBUTE and TALENT, no clinical benefit with gefitinib in combination with platinum-doublet chemotherapy was identified in phase III trials [4,5]. In the two multinational, randomized, double-blind, placebo-controlled INTACT-1 and INTACT-2 trials, more than 2100 chemo-naive patients were randomized to cisplatin-gemcitabine (INTACT-1) or carboplatin-paclitaxel (INTACT 2) plus gefitinib 250 mg/day or plus gefitinib 500 mg/day or plus placebo. The progression free survival in INTACT-1 was 5.8 months versus 5.5 months versus 6.0 months, respectively (p = 0.76). The progression free survival in INTACT-2 was 5.3 months versus 4.6 months versus 5.0 months, respectively (p = 0.06). Neither trial revealed statistically significant improvements in overall response rate or median overall survival.

Taken together, TRIBUTE, TALENT, INTACT-1, and INTACT-2 do not demonstrate any clinical benefit with concurrent use of erlotinib or gefitinib with chemotherapy in unselected patients, and this combination regimen is not recommended for front-line treatment of advanced NSCLC.

Cetuximab is a chimeric monoclonal IgG1 antibody that blocks EGFR signaling. Two phase III studies investigated the efficacy of cetuximab in combination with platinum-based chemotherapy in advanced NSCLC.

FLEX was a multinational, multicenter, open-label, phase III trial in patients with EGFR-expressing advanced NSCLC treated front-line with either cisplatin-vinorelbine plus cetuximab or cisplatin-vinorelbine alone [6]. Chemotherapy was administered for up to six cycles, and cetuximab was continued weekly until disease progression or unacceptable toxicities. In the intention-to-treat analysis of 1125 randomized patients, mOS (primary endpoint) was prolonged in those treated with cisplatin-vinorelbine plus cetuximab compared with those treated with chemotherapy alone (11.3 months vs 10.1 months; HR, 0.871; CI 0.762–0.996; p = 0.044).

The randomized, phase III BMS099 trial was a multicenter, open-label study enrolling 676 patients without restrictions on histology or EGFR expression/mutation for front-line treatment of advanced NSCLC with either taxane-carboplatin plus cetuximab or taxane-carboplatin alone [7]. The use of paclitaxel or docetaxel was at the discretion of the investigator. As seen with FLEX, chemotherapy was administered for up to six cycles, and cetuximab was continued weekly until disease progression or unacceptable toxicities. ORR was significantly improved with the addition of cetuximab to taxane-carboplatin (25.7% versus 17.2%, p = 0.007); however this was a secondary endpoint. Progression free survival, the primary endpoint, as assessed by independent radiologic review committee (IRRC), was not significantly different with the addition of cetuximab. The mPFS-IRRC was 4.40 months with cetuximab plus chemotherapy versus 4.24 months with chemotherapy alone (HR, 0.902; CI 0.761–1.069; p = 0.236). Median overall survival favored cetuximab however this was not statistically significant (9.69 months vs 8.39 months; HR, 0.890; CI 0.754–1.051; p = 0.169). Notably, the results were similar in magnitude to the significant overall survival improvement from FLEX.

Although BMS099 did not meet its endpoint of PFS, BMS099 and FLEX had similar outcomes. Both revealed statistically significance increases in ORR with the addition of cetuximab to chemotherapy, and both demonstrated about a 1.3 month increase in mOS, although BMS099 lacked power to detect a statistically significant difference of this magnitude. These results contrast those found with EGFR-TKIs when combined with chemotherapy, which may be attributed to the different mechanism of action of the monoclonal antibody. Despite the positive FLEX results, cetuximab has not been approved by regulatory agencies for treatment of NSCLCs.

The combination of two monoclonal antibodies – bevacizumab against VEGF and cetuximab against EGFR – showed promising results in SWOG 0536 [8]. In this safety and efficacy phase II single arm study, around 100 patients with advanced NSCLC were treated front-line with carboplatin, paclitaxel, bevacizumab, and cetuximab. Chemotherapy was administered for up to 6 cycles, while bevacizumab and cetuximab were continued until progression. The feasibility endpoint was met. Secondary endpoints included ORR, PFS, OS, and toxicity. The ORR was 53%; PFS was 7 months, and OS was 14 months. These results have led to the large and currently ongoing phase III SWOG 0819 trial of carboplatin-paclitaxel and bevacizumab (in eligible patients) with or without cetuximab in patients with advanced NSCLC.



Front-line therapy: chemotherapy and intermittent anti-EGFR therapy

Because preclinial data suggested potential antagonism from TKI-induced cell cycle arrest reducing phase-specific activity of chemotherapy [9–11], sequential administration of chemotherapy and EGFR-TKIs was tested as another means of combining therapies in the front-line setting.

FAST-ACT was a randomized phase II study testing this concept [12]. After receiving gemcitabine-platinum chemotherapy on days 1 and 8, 154 patients received either erlotinib 150 mg/day or placebo on days 15–28 every four weeks. Responding patients continued to receive erlotinib or placebo until progression or unacceptable toxicities. The primary endpoint was nonprogression rate (NPR: CR+PR+SD) at eight weeks using RECIST. The NPR at eight weeks was 80.3% in the erlotinib arm and 76.9% in the placebo arm. Because PFS was significantly improved with the addition of erlotinib (29.4 weeks vs 23.4 weeks; adjusted HR 0.47; p = 0.0002), a large randomized phase III clinical trial with sequential use of erlotinib after chemotherapy called FAST-ACT II was launched. This 451-patient placebo-controlled, double-blinded study confirmed a significantly prolonged PFS (primary endpoint) in those randomized to receive erlotinib over placebo with a median PFS of 7.6 versus 6.0 months, respectively (HR 0.57, 95% CI 0.46–0.70, p < 0.0001) [13]. The ORR was also significantly improved with erlotinib compared with placebo (42.9% versus 17.8%, p<0.0001). Overall survival was another secondary endpoint, however these results may be confounded by the 73% crossover rate from placebo to second-line erlotinib. Biomarker analysis of 283 patients revealed that EGFR mutation positive patients experienced the strongest PFS benefit with intercalated erlotinib and front-line chemotherapy [14].

Another trial did not have promising results when utilizing erlotinib sequentially with chemotherapy [15]. In this randomized phase II trial, 143 patients were assigned to either erlotinib 150 mg/day or carboplatin-paclitaxel chemotherapy followed by erlotinib 150 mg/day on days 2–15 every three weeks for four cycles followed by erlotinib until disease progression. The six-month PFS rates (primary endpoint) were 26% for chemotherapy plus erlotinib followed by erlotinib versus 31% for erlotinib alone. Median PFS was 4.57 and 2.69 months, respectively. This smaller phase II trial did not support to use of sequential EGFR-TKIs with chemotherapy.



Front-line therapy: anti-EGFR single agent

Several phase II trials evaluated the efficacy of single-agent TKIs as front-line treatment for advanced NSCLC because of encouraging findings in second- and third-line management. The results from these studies on molecularly unselected patient populations were not overwhelmingly promising [16,17]. However, when responses were evaluated further based on EGFR mutation status, findings suggested that those with EGFR-mutant tumors achieved better clinical outcomes [17–20]. Additional phase II trials investigated single-agent TKIs as front-line treatment in poor performance patients, again unselected for EGFR-mutated lung cancers. Response rates were low, and PFS and mOS were not significantly prolonged [21,22].

The phase III TOPICAL study [23] randomized 670 chemotherapy-naïve patients deemed unsuitable for chemotherapy (because of poor performance status or presence of several comorbidities) to receive erlotinib versus placebo. Median overall survival (the primary endpoint of the study) did not differ between the two treatment arms (3.7 versus 3.6 months for erlotinib and placebo, respectively, HR 0.94, 95% CI 0.81–1.10, p = 0·46).

These phase II and III studies indicated no evidence to support the use of EGFR TKIs as front-line treatment for unselected patients not candidates for chemotherapy.

There are also studies in unselected EGFR populations evaluating single-agent TKIs as front-line treatment in elderly. One trial was a phase II, open-label, multicenter study evaluating erlotinib 150 mg/day in chemotherapy-naïve patients at least age 70 with advanced NSCLC [24]. Eighty patients were treated. The median OS (primary endpoint) was 10.9 months while one- and two-year survival rates (also primary endpoints) were 46% and 19%, respectively. The presence of an EGFR mutation correlated with disease control, prolonged time to progression, as well as survival. The authors concluded that this monotherapy was active and well-tolerated. These findings were contrasted with those from INVITE which was also a phase II, open-label, multicenter study evaluating a TKI in chemotherapy-naïve patients at least age 70 with advanced NSCLC [25]. This trial differed in that it was randomized to a chemotherapy arm (vinorelbine) and the TKI utilized was gefitinib (250 mg/day) rather than erlotinib. The primary endpoint was PFS and was 2.7 months in the gefitinib group versus 2.9 months in the vinorelbine group (HR 1.19; CI, 0.85–1.65; p = 0.310). There was no improvement in RR or OS, however the quality of life assessment and toxicity profile favored gefitinib.

TORCH was an international, multicenter, open-label randomized phase III trial conducted in Italy and Canada designed for patients with advanced NSCLC to evaluate whether front-line erlotinib followed at progression by cisplatin-gemcitabine was non-inferior in OS compared with the reverse standard sequence [26]. When this trial was planned, erlotinib was registered for unselected patients based on the efficacy of erlotinib across all patients in BR.21, so no clinical or biologic factors were applied to patient population selection. At the first planned interim analysis, erlotinib followed by chemotherapy was inferior to chemotherapy followed by erlotinib, so the study was terminated. Median OS was 11.6 months in the standard group and 8.7 months in the experimental group. The unadjusted HR of death for the experimental arm was 1.22 (95% CI, 1.03–1.44).

Thus, the current data suggest that within an unselected population, even those with reduced performance or advanced age, single agent EGFR-TKIs in the front-line setting do not provide clinical benefit in RR, PFS, or OS.

As trial results matured and information about EGFR-mutations and tyrosine kinase inhibition evolved, it became more apparent that subsequent trials needed more tailoring to achieve better RR, PFS, and OS with EGFR TKIs. Studies using single-agent TKIs for treatment of advanced NSCLC in second- and third-line therapy compared with best supportive care care [27,28] or standard chemotherapy [29] were promising. Subgroups of responders were identified including women, never-smokers, Asian origin, and adenocarcinoma histology [30]. Ultimately, additional studies revealed a high incidence of EGFR mutations in these patients and subsequent studies concluded that front-line therapy with EGFR-TKIs resulted in improved objective response rates and progression-free survival in patients with these mutations [31,32].

By December 2010, four randomized phase III trials comparing front-line gefitinib to platinum-based chemotherapy in patients with advanced NSCLC were reported or published. These include IPASS, First-SIGNAL, WJTOG3405, and NEJ002 [33–36].

IPASS was designed to study a select population of advanced NSCLC patients (never or former light smokers with adenocarcinoma histology) to receive front-line treatment with either carboplatin-paclitaxel or gefitinib in a 1:1 randomization [40]. In this 1217 patient open-labeled, randomized phase III trial in East Asia, gefitinib was not only noninferior to carboplatin-paclitaxel based on primary endpoint of PFS (5.7 vs 5.8 months, HR, 0.741, 95% CI 0.651–0.845; p < 0.0001) but also was superior to the chemotherapy arm with a 12-month rate of progression-free survival of 24.9% with gefitinib and 6.7% with carboplatin-paclitaxel (HR, 0.74; P < 0.0001). EGFR mutation data were evaluated in 437 (35.9%) of the patients and 261 (59.7%) were positive. Of these, 140 had deletions at exon 19, 111 had mutations at exon 21 (L858R), 11 had mutations at exon 20 (T790M), 10 had other mutations, and 11 had multiple mutations. The presence of the EGFR mutation correlated with a better outcome with gefitinib treatment. The PFS was significantly longer among those who were mutation positive and treated with gefitinib (HR, 0.48; 95% CI, 0.36–0.64; p < 0.0001); and the PFS was significantly shorter among those who were mutation negative and treated with gefitinib (HR, 2.85; 95% CI, 2.05–3.98, p < 0.0001). Also in this EGFR mutation subgroup, the response rate was 71.2% for gefitinib versus 47.3% for carboplatin-paclitaxel (p = 0.0001). Quality of life was also significantly improved in those treated with gefitinib. Toxicities were tolerable. Overall, IPASS highlighted the distinct nature of EGFR-mutant lung cancer and its selected response to TKI intervention.

Following IPASS, First-SIGNAL, NEJ002 and WJTOG3405 are three additional phase III studies utilizing gefitinib versus chemotherapy as front-line treatment for EGFR-mutated advanced NSCLC patients (Table 26.1). First-SIGNAL was a randomized phase III trial trial of 313 Korean never-smokers with advanced lung adenocarcinoma treated front-line with either gefitinib 250 mg/day or gemcitabine-cisplatin chemotherapy [34]. Overall survival (primary endpoint) was similar between treatment groups, failing to show hypothesized superiority of gefinitib to chemotherapy (22.3 months for gefinitib vs 22.9 months for gemcitabine-cisplatin, HR, 0.932; 95% CI, 0.716–1.213; p = 0.604). However, response rates were higher with gefitinib (55% versus 46%) and the one-year PFS rates were higher with gefitinib (16.7% versus 2.8%) [37]. In First-SIGNAL, EGFR mutation status was only known in 96 patients with only 42 of whom were positive. Within this subset, median PFS was longer for patients treated with gefinitib (8.4 months versus 6.7 months; HR, 0.613; 95% CI, 0.308–1.221; p = 0.084) [34].



Table 26.1 Phase III trials of EGFR TKIs versus chemotherapy in front-line NSCLC with EGFR mutations


[image: images]

Both randomized phase III trials conducted by Japanese institutions comparing gefitinib to chemotherapy in front-line treatment of advanced NSCLC showed statistically significant and clinically relevant increased PFS in patients with EGFR mutations treated with gefitinib. NEJ002 study compared gefitinib with carboplatin-paclitaxel as front-line treatment for Japanese patients with EGFR-mutated advanced NSCLC [36]. A significant benefit in PFS was demonstrated in favor of gefitinib at a planned interim analysis, so the study stopped accrual at 230 patients. At the final analysis of 228 patients, median PFS was 10.8 months with gefinitib and 5.4 months with carboplatin-paclitaxel (HR 0.30; 95% CI 0.22–0.41; p < 0.001). Overall response rate was also significantly higher with gefitinib (73.7% versus 30.7%; p < 0.001). Subsequent analysis updated the survival data and no significant difference was seen in overall survival between the two treatment groups [38]. This finding is possibly due to extensive crossover with 96% of patients treated with chemotherapy subsequently receiving gefitinib and 90% of those treated with gefitinib switching to carboplatin-paclitaxel in second-line. The median OS was 27.7 months with gefitinib and 26.6 months with carboplatin-paclitaxel (HR 0.887; 95% CI 0.634–1.241; p = 0.483). No significant difference in OS was defined based on subset analyses.

The open-label WJTOG3405 phase III study involved 177 chemotherapy-naive Japanese patients with advanced NSCLC and EGFR mutations (exon 19 deletion or L858R point mutation) [35]. Due to molecular selection, the study population was more than two-thirds women in both arms, more than two-thirds never-smokers in both arms, and a large majority of adenocarcinoma. Eligible patients were randomized to either gefitinib 250 mg/day or cisplatin-docetaxel. The study reached its primary endpoint of progression free survival. Of the 172 patients included in survival analyses, the gefitinib arm showed significantly longer PFS compared with the cisplatin-docetaxel arm (9.2 months versus 6.3 months; HR, 0.489; 95% CI, 0.336–0.710; p < 0.0001).

Two phase III trials have been conducted to test the efficacy of erlotinib as front-line treatment of patients with EGFR-mutant positive advanced NSCLC. EURTAC, performed by the Spanish Lung Cancer Group, is a prospective, randomized phase III trial comparing front-line erlotinib versus platinum-based chemotherapy in advanced NSCLC patients with EGFR mutations [39]. Ninety-nine percent of the 173 patients were Caucasian. Permitted chemotherapy regimens including cisplatin-docetaxel, cisplatin-gemcitabine, carboplatin-docetaxel, and carboplatin-gemcitabine were administered every three weeks for four cycles. Erlotinib was superior to chemotherapy for PFS (primary endpoint) in this patient population (9.7 months vs 5.2 months; HR, 0.37; 95% CI, 0.25–0.54; p < 0.0001). Response rate was also improved with erlotinib (58% vs 15%) but mOS was not significantly different (22.9 months vs 18.8 months; HR, 0.80; p = 0.42).

OPTIMAL is an open-labeled, randomized phase III trial in China comparing efficacy as well as tolerability of front-line erlotinib versus gemcitabine-carboplatin in advanced NSCLC patients with EGFR mutations [40]. Although the design was similar to that of EURTAC, this patient population included 165 Asians. Treatment with erlotinib resulted in significantly longer PFS (primary endpoint) compared with chemotherapy (13.1 months vs 4.6 months; HR, 0.16; 95% CI, 0.1–0.26; p < 0.0001). Erlotinib was also superior in response rate (83% vs 36%).

Collectively, the results of the aforementioned trials demonstrate that testing for EGFR mutations is the best way to identify patients who would benefit from first-line EGFR TKI treatment. There is consistent benefit across the studies in terms of improvement of progression-free survival, response rates and quality of life in favor of erlotinib/gefitinib compared to chemotherapy. None of the studies demonstrated an overall survival benefit, likely because of the high cross over rates to the alternative therapy at the time of disease progression. Based on these data, it has become common practice to assess EGFR mutation status in treatment-naïve patients with recurrent/metastatic disease; patients with mutant tumors are preferentially treated with EGFR TKIs; patients with wild-type tumors should not receive an EGFR TKI first-line.

The addition of erlotinib to first-line carboplatin and paclitaxel was also evaluated in treatment-naïve patients who were never or light former smokers [41]. The primary endpoint of PFS was similar in 81 patients assigned to erlotinib alone versus 100 patients assigned to chemotherapy plus erlotinib (5.0 vs 6.6 months, p = 0.1988). Patients with EGFR mutations had better outcomes in both arms. As such, there does not seem to be an advantage of adding chemotherapy to first-line EGFR TKIs in patients selected by demographical or mutation criteria.



Maintenance therapy

The double-blind, randomized phase III SATURN study was initiated to evaluate erlotinib as maintenance therapy after first-line platinum-based chemotherapy in patients with advanced NSCLC [42]. Patients with no evidence of progression after four cycles of chemotherapy were randomized either to erlotinib 150 mg/day or placebo until progression or toxicity. The primary endpoint was PFS and a second primary endpoint was PFS in those with EGFR mutations. In both arms, there were almost equal percentages of adenocarcinoma and squamous cell carcinoma represented. The study met both primary endpoints. The PFS for all patients was significantly prolonged with erlotinib versus placebo (HR, 0.71; 95% CI 0.62–0.82; p < 0.0001). PFS was also significantly prolonged in those with an EGFR mutation (HR, 0.10, 95% CI 0.04–0.25; p<0.0001) or without an EGFR mutation (HR, 0.78, 95% CI 0.63–0.96; p = 0.0185).

ATLAS was a randomized, double-blind, placebo-controlled phase IIIb trial that compared bevacizumab alone with or without erlotinib after completion of platinum-containing doublet chemotherapy plus bevacizumab [43]. The trial was closed after the second planned interim analysis, when the endpoint of PFS was achieved. Median PFS was 4.8 months for those treated with bevacizumab plus erlotinib versus 3.7 months for those treated with bevacizumab alone (HR, 0.722; 95% CI 0.592–0.881; p = 0.0012). Thus ATLAS concluded that patients with advanced NSCLC treated front-line with chemotherapy plus bevacizumab, maintenance bevacizumab plus erlotinib resulted in significant prolongation of PFS with a typical and anticipated side effect profile.

Erlotinib has been approved by regulatory agencies to be used as maintenance therapy in patients that have a CR, PR, or SD to first-line therapy (in the United States), or in patients that have SD to first-line therapy (in Europe).



Salvage therapy

The NCIC CTG BR.21 phase III randomized trial compared erlotinib with placebo in advanced NSCLC patient who had failed first- or second-line chemotherapy [27]. The 731 patients were randomized in a 2:1 fashion to receive either erlotinib 150 mg/day versus placebo. The ORR was higher in the erlotinib group at 8.9% versus <1% in the placebo group (p < 0.001). The median duration of response was 7.9 months and 3.7 months, respectively; and the progression free survival was 2.2 months and 1.8 months, respectively (HR, 0.61, p < 0.001). The OS favored erlotinib (6.7 months vs 4.7 months; HR, 0.70; p < 0.001). Subgroup analyses revealed a greater response to erlotinib in women, nonsmokers, Asians, and adenocarcinoma. The most common toxicities associated with erlotinib including rash and diarrhea were manageable, especially since cancer symptoms and quality of life were better controlled when treated with erlotinib over placebo [27].

Based on promising results from the IDEAL-1 and IDEAL-2 phase II trials [44,45], the Iressa Survival Evaluation in Lung Cancer (ISEL) was launched. ISEL was a placebo-controlled phase III study investigating the effect on survival of gefitinib as second-line or third-line treatment in patients with advanced NSCLC [30]. In the planned two–to-one assignment, 1129 patients were randomized to 250 mg/day of gefitinib and 563 to placebo. The primary endpoint was survival in the overall population of patients and those with adenocarcinoma. At the 7.2-month median follow up, median OS was not significantly different in the overall population (5.6 months vs 5.1 months; HR, 0.89; CI, 0.77–1.02; p = 0.087) or in the 812 adenocarcinoma patients (6.3 months vs 5.4 months; HR, 0.84; CI, 0.68–1.03; p = 0.089). In preplanned subgroup analyses, there were significantly longer survival outcomes in never-smokers and Asian patients [30, 46].

The results of BR.21 and ISEL have been reviewed in concert. Gefitinib and erlotinib had similar response rates (8% versus 9%). However, erlotinib demonstrated a survival benefit for all patients enrolled whereas gefitinib only showed a survival benefit in those with adenocarcinoma or never-smokers. Interestingly, in the ISEL trial, 45% of those treated with gefitinib had progressed and 18% had responded to their most recent chemotherapy but 28% of those treated with erlotinib had progressed and 38% had responded to their most recent chemotherapy. This raises some questions as to whether or not these differences influence the efficacy of gefitinib and erlotinib in the ISEL and BR.21 studies, respectively [47].

INTEREST compared gefitinib directly with docetaxel in advanced NSCLC patients previously treated with platinum-based chemotherapy. Findings in 1433 patients established non-inferiority of gefitinib versus docetaxel in mOS (7.6 months vs 8.0 months; HR, 1.020; CI, 0.905–1.150) [8]. As a part of a preplanned analysis, tumor biopsies were analyzed for relationships between biomarkers and clinical outcomes. Patients with EGFR mutations treated with gefitinib had prolonged PFS and increased ORR compared with those treated with docetaxel. The PFS among patients with EGFR mutation-positive tumors was 7.0 months with gefitinib and 4.1 months with docetaxel (HR, 0.16; 95% CI, 0.05–0.49; p = 0.001). The RR in this patient population was 42.1% with gefitinib and 21.1% with docetaxel (p = 0.04) [48].

TITAN also compared the efficacy of an EGFR TKI (erlotinib) versus chemotherapy in the second-line setting. TITAN accrued patients that were screened for the maintenance SATURN study and progressed after four cycles of front-line platinum doublet chemotherapy. Patients were randomized to receive docetaxel or pemetrexed versus erlotinib [49]. The primary endpoint was overall survival in the intention-to-treat population. The trial closed sooner than anticipated due to slow enrollment. With 424 patients, the results were underpowered. Still, the results revealed that erlotinib was comparable to chemotherapy as regards to mOS (5.3 months with erlotinib versus 5.5 months with chemotherapy). Once it was clear that squamous cell histology should not be managed with pemetrexed, a separate analysis was conducted excluding the 30 patients with squamous cell carcinomas who received pemetrexed. However, this did not significantly alter the results. These results corroborate the findings from INTEREST, supporting the concept that EGFR inhibitor is not an inferior second line therapy compared with standard chemotherapy as regards to OS in unselected patients.

Given that benefits from EGFR TKIs are more pronounced in patients with an EGFR mutation, a phase III study was launched to investigate the efficacy of erlotinib versus docetaxel in individuals with EGFR wild-type NSCLCs previously treated with chemotherapy (TAILOR study). Final results of TAILOR describing the primary endpoint of OS are not available yet, but on interim analysis, the secondary endpoint of PFS was longer for the chemotherapy-treated patients compared to erlotinib (HR 0.70; 95% CI 0.53–0.94; p = 0.016). These results suggest that chemotherapy might be favored over EGFR TKIs for salvage therapy of patients with wild-type NSCLCs [50].

The SELECT trial tested the effect of cetuximab with chemotherapy in patients who were previously treated. This multicenter, open label, randomized phase III trial, combined either pemetrexed or docetaxel with cetuximab. The primary objective was PFS for cetuximab-pemetrexed versus pemetrexed by Independent Review Committee assessment. 938 patients comprised the intent-to-treat population, of which 605 were in the pemetrexed group (301 cetuximab-pemetrexed; 304 pemetrexed). Median PFS was 2.9 months with cetuximab-pemetrexed and 2.8 months with pemetrexed alone (HR, 1.03; 95% CI 0.87–1.21; p = 0.76). Median overall survival was 6.9 months with cetuximab-pemetrexed compared with 7.8 months with pemetrexed alone (HR, 1.01; 95% CI 0.86–1.20; p = 0.86). Objective response rate for cetuximab-pemetrexed was 6.6% and for pemetrexed was 4.3% (OR, 1.59; 95% CI 0.78–3.26; p = 0.20). No statistically significant differences in efficacy based on histology, EGFR immunohistochemistry staining intensity, or histoscore (H-score) were observed. More serious/nonserious adverse events were observed with cetuximab-pemetrexed mainly due to skin toxicities, gastrointestinal symptoms (diarrhea/stomatitis), and hypomagnesemia. Similar results were observed with docetaxel. The addition of cetuximab to pemetrexed did not improve efficacy in this population [51].



Other TKIs and MAbs

Active research is now focusing on mechanisms of resistance to EGFR TKIs identified as amplification of the MET oncogene and secondary mutations in EGFR. The T790M mutation is the most common mechanism of acquired resistance, accounting for more than 50% of these cases. Irreversible EGFR inhibitors, targeted therapies against MET, and dual-pathway blockades have activity.

Dacomitinib (PF-00299804) is a pan-HER inhibitor that binds irreversibly to the adenosine triphosphate (ATP) domain of EGFR, HER2 and HER4 whereas erlotinib alters signaling through competitive, reversible binding at the tyrosine kinase domain of EGFR. In cell lines harboring L858R and T790M mutations, dacomitinib has shown EGFR inhibition [52,53]. In a global, multicenter, randomized, open-label phase II study, 188 patients were randomized to either dacomitinib 45 mg orally daily or erlotinib 150 mg orally daily after progression with chemotherapy. PFS (primary endpoint) was improved with dacomitinib (2.86 months vs 1.91 months, HR, 0.66; 95% CI, 0.47–0.91; p = 0.012) [54]. This is the first randomized data on irreversible EGFR TKIs in patients with lung cancer without previous TKI exposure. The results suggest another potential option for those patients with advanced NSCLC, especially with a more complete inhibition of HER signaling.

D019/XL647 is a small-molecule TKI that targets EGFR, VEGFR-2, HER2, and Ephrin type B receptor 4. In a phase II study evaluating two dosing regimens, the response rate was 20% and the PFS was 5.3 months. In patients with EGFR mutations, the response rate was 57% and the PFS was 9.3 months [55]. This is a compound that will continue clinical evaluation.

Afatinib (BIBW 2992) is an irreversible ErbB family blocker. It differs from the reversible EGFR-TKIs gefitinib and erlotinib such that after it enters the cell, it covalently binds to the cysteine residue of EGFR providing longer inhibition of EGFR. Afatinib also has activity against HER2, HER3, and HER4 as well as the EGFR-resistant T790M mutation.

A Phase II trial of afatinib in patients with advanced NSCLC who were previously treated with erlotinib or gefitinib was conducted in Japan. The primary end point was objective tumor response. Afatinib was deemed efficacious based on 69% disease control rate of greater than 8 weeks and median PFS of 4.4 months [56].

In another trial, the combination of afatinib and cetuximab was used in patients with EGFR mutations whose disease progressed on erlotinib. Disease control was observed in all 22 patients treated with the 40mg dose of afatinib, with tumor size reduction up to 76% [57].

LUX-Lung 2 was a phase II study confirming efficacy of afatinib in patients with EGFR mutation positive lung adenocarcinoma. In the 61 patients who received front-line afatinib, PFS was 12 months. In those with Del19 and L858R mutations, the PFS was prolonged to 13.7 months [58].

Based on these results, LUX-Lung 3 was designed as a randomized, open-label, phase III study of afatinib versus the highly effective and well-tolerated cisplatin-pemetrexed regimen as front-line therapy for patients with advanced lung adenocarcinoma harboring EGFR-activating mutations. The study met its primary endpoint (by independent review), demonstrating prolonged PFS in those treated with afatinib (mPFS 11.1 months vs 6.9 months; HR, 0.58; p = 0.0004) [59]. The hazard ratio was less than one for PFS among all subgroups including gender, age, race, EGFR mutation category, ECOG performance status, and smoking history (except for current or ex-smokers with HR 1.04). The preplanned analysis of the 308 patients with the common EGFR mutations (Del19 or L858R) revealed a mPFS of 13.6 months with afatinib and 6.9 months with cisplatin-pemetrexed chemotherapy. The objective response rate was also significantly higher in the afatinib group (56.1% versus 22.6%, p < 0.001 in all patients and 60.8% versus 22.1%, p < 0.0001 in patients with common mutations). There was also improved disease control such that at 12 months, 47% of patients who had received afatinib had not progressed while 22% of patients who had received chemotherapy had not progressed. Asian patients had a slightly longer PFS. The most frequent related adverse events were diarrhea and rash, although no patients discontinued afatinib for rash. There were three patients with interstitial lung disease-like events. Tolerability overall was milder in non-Asian patients. Based on patients' symptoms and questionnaires, cancer related symptoms were delayed and quality of life was improved with afatinib over chemotherapy.

Necitumumab (IMC-11F8) is another fully humanized IgG monoclonal antibody inhibiting EGFR that has been evaluated in clinical trial. In February 2011, the phase III INSPIRE trial comparing cisplatin-pemetrexed with or without necitumumab in front-line metastatic nonsquamous NSCLC was stopped due to rates of thromboembolism in the necitumumab arm [60]. The phase I and II trials did not report any thromboembolic events [61].

A number of agents targeting parallel/downstream signaling of the EGFR pathway are in development for the treatment of NSCLC. MET inhibitors are among these that are further in advancement. The rationale for dual inhibition of EGFR and MET for treatment of NSCLC is based on evidence that MET is associated with resistance to erlotinib and gefinitib; preclinical and clinical data suggest additive or synergistic antitumor activity which may overcome resistance [62–64].

Tivantinib (ARQ 197) is an oral, selective, non-ATP competitive inhibitor of MET receptor tyrosine kinase. A global randomized, double-blind, placebo controlled Phase II trial compared erlotinib plus ARQ 197 with erlotinib plus placebo in previously treated EGFR inhibitor-naïve patients with advanced NSCLC. In this 167 patient trial, median PFS (primary endpoint) was prolonged with combination therapy (16.1 weeks vs 9.7 weeks; HR, 0.81; CI, 0.57–1.15; p = 0.23). PFS was particularly improved among patients with nonsquamous histology, KRAS mutations, and EGFR wild-type status [65]. Based on this promising data, the MARQUEE trial was designed as a phase III, randomized, double-blind study of tivantinib plus erlotinib versus placebo plus erlotinib in previously treated patients with advanced non-squamous NSCLC. The primary objective is to evaluate overall survival in the intent-to-treat population [66].

Onartuzumab (OAM4558) is a recombinant humanized monvalent monoclonal antibody that specifically binds to the extracellular domain of MET. A global randomized, double-blind, placebo-controlled Phase II study compared erlotinib plus onartuzumab with erlotinib plus placebo in the second- or third-line management of advanced NSCLC. The addition of MetMAb to erlotinib in these patients significantly improved PFS and OS in patients who had high expression of MET in their tumors, resulting in a near 2-fold reduction in the risk of disease progression and a 3-fold reduction in the risk of death [67]. This is being followed by the MetLung study which is a randomized, phase III, multicenter, double-blind, placebo-controlled study in patients with advanced NSCLC and MET positive tumors who have failed at least one but no more than two prior lines of platinum-based chemotherapy. The primary endpoint is overall survival [68].

Lapatinib is an oral, reversible, dual tyrosine kinase inhibitor of EGFR and EGFR-2 (HER2). EGFR can signal via homodimers and heterodimers with HER2 dual inhibition of both receptors may provide clinical benefit beyond that achieved with inhibitors of EGFR alone. One multicenter, open-label, parallel-group, randomized phase II study evaluated patients with advanced NSCLC with two schedules of lapatinib as first- or second-line monotherapy. Although well-tolerated, lapatinib failed to provide a predetermined response rate in a target population. A portion of patients were able to maintain stable disease for less than or equal to 24 weeks. In this setting, single agent lapatinib had minimal activity at these doses based on response rate [69].



Conclusions

Utilizing the EGFR pathway in the treatment of non-small cell lung cancer has evolved. The reversible EGFR TKIs erlotinib and gefitinib have demonstrable activity in patients with advanced NSCLC, especially those harboring EGFR mutations. Resistance, both primary and acquired, is a developing concern. Novel therapies with irreversible EGFR TKIs and monoclonal antibodies are being developed and evaluated. This evolution has defined a standard of molecular profiling in the management of NSCLC.
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Introduction

Lung cancer is the leading cause of cancer death in the United States [1]. Screening for lung cancer in high-risk populations has only recently been approved [2], and unfortunately, the majority of non-small cell lung cancer (NSCLC) cases continue to be diagnosed at an advanced stage. A change in the treatment paradigm of NSCLC followed the discovery of activating epidermal growth factor receptor (EGFR) mutations in patients who responded to EGFR tyrosine kinase inhibitors (EGFR TKIs) such as gefitinib or erlotinib [3–5] as these drugs are now FDA-approved for first-line therapy in advanced NSCLC.

The EGFR family contains 4 members: EGFR, human epidermal growth factor receptor 2 (HER2), HER3, and HER4. Ligand binding to the extracellular binding region initiates receptor homo- and heterodimerization and activates the cytoplasmic tyrosine kinase-stimulating intracellular signaling pathways, including the Ras/mitogen-activated protein kinase (MAPK) pathway, the phosphatidy-linositol-3-kinase (PI3K)/v-Akt murine thymoma viral oncogene (AKT) pathway, and signal transducers and activators of transcription signaling pathways [6]. The recognition that mutations in the region of the EGFR gene encoding the tyrosine kinase domain are associated with dramatic responses to EGFR TKIs led to better characterization of the types of mutations as well as their functional significance.

EGFR mutations occur in about 15% of Caucasian patients with NSCLC and 30% of Asian patients with NSCLC, and these mutations are strongly associated with adenocarcinoma histology, female sex, and nonsmoking status [7]. The most common EGFR -activating mutations are point mutations in exon 18 (6%), insertions or deletions in exon 19 (6%), insertions/duplications and point mutations in exon 20 (9%), and point mutations in exon 21 (39%) [7]. These mutations destabilize the equilibrium between the active and inactive states of EGFR kinase activity and promote enzyme activation, resulting in an “oncogene addiction” to EGFR that translates into tumor growth and survival advantages [7,8]. The best-characterized mutations that confer sensitivity to EGFR TKI therapy are located in exon 19 (deletions, particularly E746-A750del) and exon 21 (L858R). Patients with these mutations have high response rates (up to 70%) when treated with EGFR TKIs and longer median survival than patients with wild-type EGFR (up to 27 months) [9,10].

Primary resistance to EGFR TKIs is typically caused by mutations in the EGFR gene that are not associated with sensitivity to first-generation EGFR TKIs, such as insertion mutations in exon 20, or by other somatic mutations in genes that have an impact on the EGFR signaling pathway, such as KRAS [11,12]. Primary resistance also may be due to the de-novo presence of EGFR TKI-resistant or non-activating EGFR mutations. Clinical data about the use of erlotinib and gefitinib in patients with NSCLC whose tumors harbor activating EGFR mutations indicate that these tumors eventually develop resistance to reversible EGFR TKIs, which may result from secondary acquired EGFR mutations or other mechanisms not directly related to the EGFR genotype, such as alternative signaling pathways.

The engagement of alternative signaling pathways can lead to either primary or acquired resistance to EGFR inhibitors. These alternative pathways include PI3K/AKT [13], insulin-like growth factor 1 receptor [14], and c-mesenchymal-epithelial transition factor (c-MET) [15,16]. MET gene amplification can mediate both de novo and acquired resistance. In addition, multiple mechanisms of resistance could coexist in any given patient owing to tumor heterogeneity.

This chapter will describe the known mechanisms of primary and acquired EGFR TKI resistance in patients with NSCLC.



Primary resistance to EGFR TKIs

Figure 27.1 illustrates the frequency and mechanisms of primary resistance in EGFR-mutated NSCLC, including EGFR-resistant mutations, mutation or amplifications in other members of the ErbB family receptors, and mutation in other genes responsible for activating escape pathways such as v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS), proto-oncogene B-Raf (BRAF), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), and phosphatase and tensin homolog (PTEN) loss [7,10,11,13,17, 18–23].


[image: images]

Figure 27.1 Mechanisms of primary resistance to EGFR TKIs. a: The spectrum and relative frequency of known oncogenic drivers of primary resistance to EGFR inhibition therapy in lung cancer. b: The activation of EGFR downstream molecules and the other ErbB family member receptor tyrosine kinases bypasses EGFR inhibition signaling by EGFR TKIs and induces primary resistance to EGFR TKIs.




EGFR-resistant mutations

In-frame insertion mutations in EGFR exon 20 account for about 1–10% of the total number of EGFR mutations, with the majority of these exon 20 insertions likely conferring resistance to EGFR TKIs [12]. Table 27.1 shows a comprehensive list of primary resistant mutations. Exon 20 insertions add residues within the N-terminal positions or at the opposite end of the C-helix. Although crystal structures have not been reported, effects on kinase domain function have been postulated [24]. Insertion mutations are restricted to a spectrum of residues at the N-lobe of EGFR after the C-helix (M766 to C775) and their preferential location following the C-helix (A767 to C775), and have a critical role in the catalytic activity of the EGFR tyrosine kinase [25]. This might indicate the importance of this region in orienting the kinase into a state that controls adenosine-5'-triphosphate and EGFR TKI binding [6] and may indeed push the C-helix, and therefore the kinase domain conformation, into an active position [26]. Some C-helix exon 20 insertions have been reported to affect E762 to Y764 residues inducing EGFR activation [7,13,27,28]. In one study, two patients with tumors harboring Y764_V765insHH or M766_A767insA had prolonged periods of disease control with reversible EGFR TKIs, suggesting at least intermediate sensitivity [29].



Table 27.1 Exon 20 EGFR primary resistant mutations





	Insertions and deletions
	Point mutations






	D770_N771 ins NPG/D770_N771insNPG
	A763V



	N771GY delN771insGY
	K806E



	N771dupN
	



	A767_V769dupASV
	L777G



	H773_V774insH/M/dup H
	P772R



	DelA767_V769
	S784F



	770_771ins VDSVDNP
	V769L/M



	S768_V769EinsVAS
	V774M



	V769D770delinsGI
	Y801C



	V768D770dupSVD
	



	M766V769insWPA
	



	S768D770dupSVD
	



	A767S768insSVR
	





Source: Adapted from Massarelli E, Johnson FM, Erickson HS, Wistuba, II, Papadimitrakopoulou V (2013) Uncommon Epidermal Growth Factor Receptor mutations in non-small cell lung cancer and their mechanisms of EGFR tyrosine kinase inhibitors sensitivity and resistance. Lung Cancer, Feb 25.


Insertion mutations such as D770_N771 (insNPG), D770_(insSVQ), D770_(insG), N771T-(30), and H773_V774insH [31] appear to confer de-novo resistance to clinically achievable doses of gefitinib and erlotinib. In a study characterizing EGFR mutations in patients of African-American descent with NSCLC [32], two exon 20 insertion mutations (N771GY_delN771insGY and A767-V769dup) conferring increased kinase activity and resistance to erlotinib were identified. A767_V769dupASV has been verified as a resistance mutation in two other studies [31,33]. Q787R transfectants showed lower sensitivity in vitro to gefitinib than L858R transfectants, and the double transfectant Q787R plus L858R demonstrated intermediate sensitivity [17].

Results with oral irreversible inhibitors of EGFR and HER2 (neratinib [HKI-272], afatinib [BIBW2992], and dacomitinib [PF00299804]) show that tumors with A767_V769dupASV, D770_N771insNPG, delN771insGY, and H773_V774insH mutations have IC50 responses to these compounds in dose ranges similar to those of T790M transfectant models, on average, 100 times less sensitive than the classic L858R transfectants, and exon 19 deletions. Therefore, it would be expected that afatinib and PF00299804 would be less clinically effective in this setting than in tumors with sensitive EGFR mutations (L858R or exon 19 deletions).

In a phase 2 trial of neratinib, the three patients with exon 20-mutated NSCLC (S768_D770dupSVD, H773_V774dupHV, delN771insGF) had no responses [34]. In a phase I trial of PF00299804, six patients with EGFR exon 20 insertions were included and only one (with delA770insGY) had a response [35]. A phase 2 trial of afatinib (BIBW2992) enrolled 11 patients with EGFR exon 20 insertions, and only one had a partial response; progression-free survival for these patients was short [36,37]. Heat-shock protein 90 inhibitors have been investigated in EGFR-mutated advanced NSCLC, as mutated oncoproteins, including EGFR, may rely on heat-shock protein 90 chaperones more than their wild-type counterparts [38]. A phase II trial of the heat-shock protein 90 inhibitor IPI-504 in 76 patients with advanced NSCLC demonstrated modest activity in EGFR-mutated patients (response rate = 4%) [39].

The efficacy of EGFR TKIs in patients with multiple EGFR mutations is still unclear in most cases and depends on whether the types of mutations involved are similar to those in patients with single mutations [40,41]. However, patients with G719S plus L858R have shown poor outcomes with gefitinib [40, 42–45], while the complex mutations L858R plus D761Y, L858R plus L747S, and L858R plus T854A [16,46,47] show patterns of resistance less pronounced than in L858R plus T790M [48].



KRAS and BRAF mutations

RAS genes encode a family of membrane-bound 21-kDa guanosine triphosphate-binding proteins that regulate cell growth, differentiation, and apoptosis. Point mutations of one of the three Ras genes (H-RAS, K-RAS, N-RAS) result in impaired guanosine triphosphate -ase activity and constitutive activation of the RAS-RAF-MEK-ERK cytoplasmic kinase cascade.

KRAS and EGFR gene mutations have been reported to be mutually exclusive in several studies [7,11,49]. KRAS mutations occur in 20–30% of NSCLC tumors, mainly in patients with adenocarcinoma (30%) and in smokers (17%) [50]. The most common mutation of the KRAS gene is the substitution of the guanine residue in codon 12 with thymine, which causes the constitutive activation of KRAS. There are controversial data in the literature about the prognostic role of KRAS mutations in NSCLC; however, there is growing evidence that KRAS mutations are associated with poor response to EGFR TKIs [11,17, 51–53].

BRAF mutations are detected in only 2–3% of NSCLC tumors, are mutually exclusive of RAS and EGFR mutations, and are seen predominantly in current or former smokers [21]. The incidence of BRAF mutations other than V600E substitutions is significantly higher in lung cancer than in other tumor types (i.e., melanoma) [21]. Patients whose tumors harbor BRAF mutations have a poor prognosis [22].



PIK3CA mutations and PTEN loss

The PI3K/AKT signaling cascade is another EGFR-activated pathway that is pivotal to cell growth and survival [54,55]. Activating mutations in PIK3CA (the gene that encodes the p110 subunit of PI3K) and the loss of PTEN tumor-suppressor gene function lead to the stimulation of this oncogenic pathway. PTEN loss occurs through a variety of mechanisms, including germ-line mutations (such as the autosomal dominant Cowden's syndrome) [56], sporadic mutations causing allele loss at the Cowden gene location on chromosome 10q [57], gene silencing through promoter hypermethylation [58], and upregulation of a specific micro-RNA that promotes gene silencing [59]. These diverse mechanisms of gene silencing and protein inactivation lead to methodological constraints when assessing PTEN tumor status. The expressions of PI3K and PTEN have been related to EGFR TKI resistance in preclinical models [60–62].

PIK3CA encodes the p110α isoform, the main catalytic subunit of PI3K, and is mutated in 3–4%, and amplified in 12–20%, of lung squamous cell cancers [63–65]. PIK3CA mutations are not mutually exclusive of EGFR or KRAS mutations [64–66]. PIK3CA mutations have been observed in patients with EGFR mutations without prior exposure to EGFR TKIs [64,67]. In one study, all four patients with PIK3CA mutations had coexisting EGFR mutations, and the PIK3CA mutations were found in exons 9 and 20 [67]. However, mutations in the main catalytic subunit of PI3K (PIK3CA) have also been observed as a mechanism of acquired resistance to EGFR TKIs in vitro [68] and in two EGFR mutation-positive patients after disease progression while on EGFR TKI therapy [69].

PTEN loss has been suggested as a potential mechanism of EGFR TKI resistance in NSCLCs that have activating EGFR mutations [13] and has been associated with poor overall survival in gefitinib-treated patients [70]. In EGFR wild-type tumors, the combination of PTEN loss by gene copy number and PI3KCA mutation predicted a far worse outcome in gefitinib-treated patients [18].



ErbB family members: mutation and amplification

Other ErbB family members, including HER2, HER3, and HER4, play important roles in the resistance to EGFR TKIs because EGFR forms homo- or heterodimers with other ErbB family members in response to ligand binding. Somatic mutations of the HER2 gene, which are mutually exclusive with those of EGFR, have been identified in a very small fraction of lung adenocarcinomas (up to 4%) [7,19,71] and are mostly found in females, nonsmokers, East Asians, and adenocarcinoma patients. Most types of HER2 mutations are in-frame insertion mutations in exon 20 that lead to constitutive activation of the HER2 kinase [7,19,71].

HER2 amplification recently has been detected in a subset of EGFR TKI–resistant lung cancers in the absence of EGFR T790M mutation [20]. However, the association between HER2 amplification and sensitivity to EGFR TKIs remains a controversial field [72–75].




Acquired resistance to EGFR TKIs

Acquired resistance to EGFR TKIs can develop from secondary acquired EGFR mutations, most commonly T790M in exon 20, or from activation of alternative pathways that rescue the cell from the “oncogene addiction” state. MET amplification, hepatocyte growth factor (HGF) overexpression, and IGF-1R signaling are the most commonly found escaping mechanisms indirectly related to the EGFR pathway activation. Another emerging mechanism of resistance is histological transformation, most frequently to small cell lung cancer [69]. Figure 27.2 summarizes the frequency and the mechanisms of acquired EGFR TKI resistance [20,69,76,77].
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Figure 27.2 Mechanisms of acquired resistant to EGFR TKIs. a: The spectrum and relative frequency of known oncogenic drivers of acquired resistance to EGFR inhibition therapy in lung cancer. b: Schematic representation of pathways to EGFR inhibitor acquired resistance. The secondary T790M mutation of EGFR leads to a decrease in the affinity to EGFR TKIs. MET or IGFR activation induces activation of the PI3K/Akt pathway, independent of EGFR activation.




Acquired EGFR mutations

T790M is the most frequent acquired resistance mutation [78–80]. T790M is located in the EGFR adenosine-5'-triphosphate-binding pocket of the catalytic region to which EGFR TKIs bind and its presence causes a higher affinity to adenosine-5'-triphosphate and a relatively lower affinity to EGFR TKIs [25].

The EGFR T790M mutation occurs in a position analogous to that of the imatinib-resistant mutation in the kinase domains of BCR-ABL1, KIT, and PDGFR A (a point mutation in T315 to isoleucine [I] in ABL1, T670I in KIT, and T764I in PDGFR A) [81,82].

The well-conserved threonine residue is located near the kinase active site, and its mutation leads to the stabilization of the active conformation of the EGFR tyrosine kinase [83]. Clinical specimens from patients with acquired resistance to EGFR TKIs were used to demonstrate that the T790M mutation is present in approximately 50% of lung adenocarcinoma tissues [84]. It has been shown that in some patients T790M is present in a small number of tumor cells at diagnosis [13] and that during treatment with first-generation EGFR TKIs, clonal selection allows the expansion of the tumor cells bearing T790M, which then become the predominant cells in the tumor mass [85,86].

In vitro, the T790M-containing cells show a growth disadvantage in the presence of erlotinib and the irreversible EGFR inhibitor BIBW2992 versus their EGFR TKI-sensitive parental counterparts [87]. It has been reported in the literature that these differential growth kinetics may be partly responsible for the “flare” and “re-response” phenomenon observed in some patients with acquired resistance, suggesting that resistant tumors are likely a mixed population of TKI-sensitive and TKI-resistant cells [80]. Upon withdrawal of the selective pressure (TKI), previously arrested TKI-sensitive cells can repopulate more quickly than resistant cells, and tumors may regain sensitivity to EGFR TKI. In patients with acquired resistance, T790M has also been found to be associated with a more indolent phenotype. T790M testing on biopsy specimens from 93 patients with EGFR-mutant lung cancer and acquired resistance to TKI showed that those with T790M-mediated resistance had a better prognosis [88]. The indolent nature of T790M-mediated resistance means that these patients can sometimes do well for months on continued single-agent TKI despite progression [89]; the eventual development of more aggressive growth suggests a molecular “third hit,” the biology of which requires further characterization. The favorable prognosis associated with the presence of T790M on biopsy suggests a valuable clinical role for biopsy in the assessment of treatment response in these patients.

Other less commonly acquired mutations that do not show sensitivity to EGFR TKIs are L747S, D761Y, and T854A [16,46,48]. D761Y in exon 19 has been shown to decrease the sensitivity of the EGFR L858R mutant to EGFR TKIs as described in a patient with brain metastasis [46]. L747S secondary mutation affects the catalytic cleft of the EGFR; this has been described in a patient with prolonged response to single-agent gefitinib who eventually developed this mutant allele [6,30]. The pattern of resistance with L747S was less pronounced than with L858R-T790M. More recently, the T854A mutation was identified in a patient undergoing prolonged treatment with gefitinib and erlotinib. This mutation to the hydrophobic alanine residue may increase the size of the selectivity pocket, with an eventual negative impact on TKI binding; this finding was equally supported by in vitro and in vivo data [16,90].



HER2 amplification

Recently, HER2 amplification by fluorescence in-situ hybridization has been found in 12% of tumors with acquired resistance versus in only 1% of untreated lung adenocarcinomas [20]. Notably, HER2 amplification and EGFR T790M were mutually exclusive. These results reveal a previously unrecognized mechanism of resistance to EGFR TKIs and provide a rationale to assess the status of and possibly target HER2 in EGFR-mutant tumors with acquired resistance to EGFR TKIs.



MAPK1 amplification

In one tumor specimen from erlotinib-treated NSCLC patient who had developed drug resistance a de novo MAPK1 gene amplification was found that was not present in the pretreatment tumor specimen [76]. The resistant tumors also lacked the more common drug-resistance mechanism EGFR T790M or MET amplification [76].



MET amplification

c-MET amplification is responsible for acquired EGFR TKI resistance in approximately 20% of all patients with EGFR mutations and in only 3% of patients with untreated NSCLC with EGFR mutation [15,16]. In tumors that contain the MET gene amplification, stimulation of the tumor occurs via the co-receptor HER3, resulting in activation of the PI3K signaling pathway, thereby circumventing the effects of EGFR TKIs [15]. Approximately 50% of patients with MET amplification also have the T790M mutation, and it is unclear whether c-MET-amplified clones are preferentially selected in the presence of gefitinib or erlotinib therapy. In two more recent studies, MET amplification by fluorescence in-situ hybridization was high in 3% [77] and 5% [69] of the reported cases. The lower prevalence of MET amplification in these recent studies may be due to the difficulty in identifying this genetic alteration in clinical specimens. The original studies used several methods to assess for amplification [15,16], including array comparative genomic hybridization, quantitative real-time polymerase chain reaction, and fluorescence in-situ hybridization.

The analysis of 16 clinical specimens from NSCLC patients with acquired resistance revealed that MET amplification was present in 25% [4 of 16] of the tumor specimens after gefitinib treatment, although an extremely low level (< 1%) of MET amplification was detected in these four cases before gefitinib treatment. Moreover, in all 4 of these cases, a higher expression of HGF was observed after gefitinib treatment than before treatment. These results indicate that HGF accelerates the expansion of the tumor cells with MET amplification.



HGF overexpression

HGF overexpression in the absence of MET amplification has been reported as a mechanism of EGFR TKI resistance [91]. In cancer tissues from patients with lung adenocarcinoma who showed resistance to gefitinib, high expression levels of HGF were observed in the lung cancer cells that did not harbor the T790M mutation or MET amplification. Overexpression of HGF was shown to induce resistance to gefitinib or erlotinib in lung adenocarcinoma cells harboring the EGFR TKI-sensitive mutations [91]. Overexpression of HGF stimulates the PI3K/AKT pathway through MET phosphorylation, independent of ErbB3 phosphorylation. In vitro experiments showed that gefitinib-sensitive lung cancer cells became resistant to gefitinib when co-cultured with HGF-producing fibroblasts [92]. Furthermore, the resistance induced by fibroblast-derived HGF was abolished by anti-HGF antibodies or HGF antagonists, such as NK4 [92]. It was suggested that such HGF inhibitors could be used to overcome the resistance to EGFR TKIs.



IGF-1R signaling and other pathways

Other parallel signaling pathways may contribute to the development of resistance to EGFR TKIs, such as the vascular endothelial growth factor receptor (VEGFR) and IGF-1R. Exposing NSCLC cell lines to anti-EGFR antibodies results in a fourfold upregulation of vascular endothelial growth factor (VEGF) [93]. Activation of the VEGF pathway can co-stimulate the tumor cells. Similarly, IGF-1R can activate downstream targets in the EGFR pathway, thereby bypassing cell dependency on the EGFR [14]. In NSCLC cell lines that have been continuously exposed to a first-generation TKI, increased activation of IGF-1R has led to cell growth [94].



Histological transformation

Sequist et al. [69] recently reported on a cohort of 37 patients with advanced NSCLC who underwent repeat biopsy at the time of progression on an EGFR TKI. Five of the 37 patients underwent a histological transformation to a small cell lung cancer phenotype. These transformed cancers responded to traditional small cell lung cancer chemotherapy regimens.



Epithelial-mesenchymal transition (EMT)

EMT is observed in several types of epithelial cancers, including NSCLC. EMT is associated with the loss of cell adhesion proteins, such as E-cadherin, and increased invasion, migration, and cell proliferation [95]. Preclinical and clinical data suggest that EMT markers may be associated with limited response to EGFR inhibitors, whereas the retention of an epithelial phenotype is associated with response, even in patients without EGFR mutations [96]. Among the several markers that have been associated with EMT, the receptor tyrosine kinase Axl has emerged as a potential target for the identification of EGFR TKI resistance [97].



Pharmacologic interactions

Pharmacologic interactions can also affect EGFR TKI plasma concentrations. As it has been reported for erlotinib and concomitant therapy with cytochrome P450 3A4 (CYP3A4) inducers such as fenofibrate, pharmacologic interactions can cause suboptimal drug exposure and may also result in the lack of an antitumor effect [98]. Cigarette smoking decreases plasma EGFR TKI concentrations. In a Phase 3 NSCLC trial, current smokers achieved erlotinib steady-state trough plasma concentrations which were approximately 2-fold less than the former smokers or patients who had never smoked [99]. This effect was accompanied by a 24% increase in apparent erlotinib plasma clearance due to induction of cytochrome P450 (CYP) 1A isoforms by cigarette smoke [99]. In a separate study which evaluated the single-dose pharmacokinetics of erlotinib in healthy volunteers, current smokers cleared the drug faster than former smokers or volunteers who had never smoked [100]. The area under the curve (AUC)0-infinity in smokers was about 1/3 to 1/2 of that in never/former smokers. In another study which was conducted in NSCLC patients (N = 35) who were current smokers, pharmacokinetic analyses at steady-state indicated a dose-proportional increase in erlotinib exposure when the erlotinib dose was increased from 150 mg to 300 mg. However, the exact dose to be recommended for patients who currently smoke is unknown.



Tumor heterogeneity

Intratumoral heterogeneity may play an important role in EGFR TKI resistance [101]. In fact, in a recent study, 30% of the patients studied had intratumoral heterogeneity, and the EGFR mutant content was correlated with response to EGFR TKIs and prognosis [101].

Another challenge for studying acquired resistance to EGFR TKI is that tumor tissue is not always available to confirm the presence of a sensitizing EGFR mutation. Current clinical trials are testing optimal strategies and timing for treatment, prevention, or delay of resistance, taking tumor heterogeneity into account.




Conclusions

In conclusion, EGFR mutations define a distinct clinical entity of NSCLC with available approved targeted agents such as EGFR TKIs. However, the greatest challenge is to overcome primary and acquired resistance to EGFR TKIs. Confirmation of EGFR TKI resistance should be obtained before altering therapy, and biopsy of a resistant tumor should preferentially guide subsequent therapeutic approaches.
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Oncogenesis involves the stepwise acquisition of activating mutations in the oncogenes and inactivating mutations in the tumor suppressor genes. In several types of cancer, it has now been established that tumor cells are “addicted” to specific oncogenic mutations (driver mutations) and are dependent on their continued effects for the maintenance of their malignant phenotype. Consequently, the inhibition of these mutant gene products can result in massive apoptosis and tumor shrinkage without any ill effects on the normal cells [1]. The concept of oncogene addiction shifts the paradigm of cancer treatment from cytotoxic chemotherapy toward a personalized therapy targeting specific protein product of driver oncogenes.

Epidermal growth factor receptor (EGFR) is commonly highly expressed in various types of epithelial cancers including non-small cell lung cancer (NSCLC). Mutations in the tyrosine kinase (TK) domain of EGFR have been found almost exclusively in NSCLC, especially adenocarcinoma [2–5]. The EGFR gene is often also amplified [6,7]. The targeted inhibition of EGFR pathway may cause massive cancer cell death and dramatic clinical response [3, 8]. EGFR has been selected as a target molecule for NSCLC treatment and clinical effectiveness of small molecule EGFR-tyrosine kinase inhibitors (TKIs), such as gefitinib and erlotinib, and EGFR specific monoclonal antibodies, such as cetuximab have been studied extensively. However, in unselected NSCLC patient populations, the efficacy of EGFR inhibitors was not superior to cytotoxic chemotherapeutic drugs [9,10], and only a subset of NSCLC patients showed dramatic response to EGFR inhibitors. Females, having a non-smoking history, being East Asian and having an adenocarcinoma histology have been associated with greater response rates to EGFR inhibitor therapies [11,12]. Although EGFR mutation is the strongest biomarker for predicting sensitivity to the EGFR inhibitors [3, 8, 13], patient responses to treatment vary considerably. A small proportion of EGFR mutant patients show primary resistance to EGFR inhibitor therapy, while EGFR mutation-independent responses have also been identified. In order to successfully treat NSCLC with EGFR-inhibitors, it is critical to identify which patients are likely to respond to treatment. Therefore understanding of biologic processes related to the sensitivity to these drugs and exploring predictive biomarkers for response to EGFR inhibitors is important, not only for patients selection, but also for progress of therapeutic strategies. Here we review the molecular abnormalities associated with EGFR pathway in NSCLC and their clinical relevance to EGFR inhibitors and potential value as predictive biomarkers to guide to therapy with EGFR-inhibitors.



EGFR

EGFR is a member of the receptor tyrosine kinase (RTK) family which includes EGFR (ERBB1/HER1), HER2 (ERBB2), HER3 (ERBB3) and HER4 (ERBB4). The EGFR gene is located on the short arm of chromosome 7 (7p11.2). EGFR protein is composed of four functional domains; an extracellular ligand-binding domain, a transmembrane domain, an intracellular TK domain, and a C-terminal regulatory domain. The TK domain contains an ATP binding pocket formed between the N-lobe and C- lobe. Binding of specific ligands such as EGF, transforming growth factor (TGF)-alpha or amphiregulin to the extracellular domain of EGFR induces the formation of homodimers between two EGFRs or heterodimers between EGFR and one of the other family members. Receptor dimerization activates the intrinsic TK through binding of ATP and promotes autophosphorylation of tyrosine residues in the cytoplasmic domain including TK domains. Phosphorylated tyrosine residues serve as docking sites for multiple adaptor molecules, which in turn, activate downstream signaling pathways, including RAS/RAF/MAPK, PI3K/AKT and STAT pathways, which regulate cell proliferation, apoptosis, motility, differentiation and adhesion. There is accumulating evidence that selected blocking of EGFR or downstream molecules is an effective therapeutic option against cancers. Tumor response or resistance to TKIs may be influenced by many factors, including type of mutation on the EGFR gene, EGFR gene copy number changes, KRAS mutations, and others (Figure 28.1).
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Figure 28.1 Signaling pathway of EGFR and related molecules. Binding of ligand to EGFR induce the receptors to form homodimers or heterodimers, which activate the intrinsic intracellular TK by autophosphorylation of tyrosine residues. The activation of EGFR drives signaling cascades involving downstream RAS, PI3K/AKT and STAT pathways and eventually results in cellular response such as proliferation, anti-apoptosis, increased cell motility and angiogenesis. MET amplification triggers HER3-dependent activation of PI3K/AKT pathway bypassing EGFR, which results in acquired resistance in EGFR mutant tumors. Genetic and epigenetic abnormalities targeting EGFR and downstream molecules which are associated with sensitivity (blue box) or resistance (red box) to EGR-TKIs are indicated.




EGFR mutation

EGFR mutations are distributed across exons 18 through 21, specifically around the ATP binding pocket [3, 8]. The ATP binding pocket is involved in the activation of the receptor and is also the binding site for EGFR-TKIs, which compete with ATP. EGFR mutations destabilize the inactive conformation, promote the active conformation of the kinase [14], and induce ligand-independent activation and autophosphorylation of the tyrosine residues in the cytoplasmic domain of the receptor [15,16]. This results in selective activation of downstream AKT and STAT pathways, which then promote cell survival [17]. They also enhance the oncogenicity and transformation ability of tumor cells [15,16]. The dependency of NSCLC tumors on mutated EGFR is essential for initiation and maintenance of the malignant phenotype [1]. EGFR mutated tumors exhibit increased affinity for EGFR-TKIs [15], and treatment with EGFR-TKIs induce a temporary imbalance in pro-survival and pro-apoptotic signals resulting in apoptotic cell death [18].



Sensitizing EGFR mutations

The commonly identified sensitizing mutations in NSCLC are in-frame deletions on exon 19, and point mutation on exon 21 (L858R) [3, 8, 19]. An exon 19 deletion centered around codon 746 to 750 and a substitution mutation of leucine with arginine at codon 858 (L858R) represent approximately 85–90% of the sensitizing (classical) EGFR mutations [3, 8, 20,21]. The prevalence of EGFR mutations in NSCLC among clinical responders to EGFR-TKIs is very high, with more than 70% in most studies, compared with less than 10% in NSCLC patients who are refractory to EGFR-TKIs [22]. In clinical trials, 60–80% of chemotherapy naïve patients with sensitizing mutations respond to EGFR-TKIs, whereas only approximately 10% of patients with wild type EGFR shows response (Table 28.1) [4,5, 7, 21–28].



Table 28.1 Response rate to EGFR-TKIs in chemotherapy naïve or previously treated patients
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EGFR mutated tumors represent a specific subset of NSCLC that shows distinct clinicopathologic features similar to EGFR-TKI responders. EGFR mutations preferentially but not exclusively affect females, nonsmokers, East Asians, and patients with an adenocarcinoma histology [3,4, 21]. Preference of EGFR mutation in female and nonsmokers suggests that EGFR mutations are associated with other carcinogenic mechanisms that are unrelated to cigarette smoking. In East Asian populations, about 30–50% of NSCLC patients harbor EGFR mutations, whereas, in Caucasian populations, only 10–20% of patients harbor EGFR mutations in their tumors [4, 24, 29]. However, there is no significant differences in the type and locations of EGFR mutations between the tumors of East Asian and non-East Asian and predominantly Caucasian patients [30]. In terms of tumor histology, EGFR mutations are associated with adenocarcinomas that show lepidic, papillary or acinar histology [2] and most demonstrate immunoreactivity for thyroid transcription factor-1 (TTF-1). This latter association has led to the hypothesis that EGFR mutant tumors represent terminal respiratory unit type adenocarcinoma [31].

In East Asian populations, relatively higher proportions of squamous cell carcinoma harbor EGFR mutations [32–34] and some EGFR mutated squamous cell carcinomas also show focal adenocarcinomatous differentiation as revealed by immunohistochemistry (IHC)-based marker studies [34,35]. As some EGFR mutated squamous cell carcinomas diagnosed with biopsies might represent incompletely sampled adenosquamous carcinoma or poorly differentiated adenocarcinoma mimicking squamous morphology, the real prevalence of EGFR mutations in pure squamous cell carcinoma is likely low [35,36]. However, a recent study from Japan [34] reported that using a highly sensitive mutation assay, EGFR mutation could be found in 13% of 249 patients. The Cancer Genome Atlas (TCGA) project also reported the identification of only 2 EGFR mutated tumors among 176 squamous cell carcinomas sequenced, and both had the less common L861Q mutation [36,37]. EGFR-TKIs also seem to be less effective in patients with EGFR mutated squamous cell carcinomas than in patients with EGFR mutated adenocarcinomas [34, 37]. Similarly, EGFR mutations are very rarely found in small cell lung carcinomas, and most of these patients are never-smokers and have an adenocarcinoma component. EGFR-TKIs also seem to be less effective in these patients [38,39].



Resistant EGFR mutations

All NSCLC patients harboring EGFR mutations, who initially respond to TKIs treatment, invariably progress due to the development of drug resistance. Substitution mutation of threonine with methionine at codon 790 (T790M) of exon 20 has been found in approximately 50% of the tumors of EGFR mutant patients who progress when being treated by EGFR-TKIs [40,41]. The T790M mutation is always present in cis arrangement with a sensitizing EGFR mutation [40], and has shown synergistic kinase activity and transformation potential when they occur [15, 42]. The T790M mutation increases affinity of the receptor for ATP back to the level of the wild type and decreases the potency of EGFR-TKIs resulting in resistance [41, 43, 44]. Paradoxically, patients who develop resistance due to T790M mutation may have a better overall outcome than those who fail to EGFR-TKI therapy without this mutation [41]. The newer generations of EGFR-TKIs are being developed to overcome this resistance, and results are pending.

The T790M mutation has been very rarely identified with direct sequencing in patients who are naïve to EGFR-TKI therapy [40]. However, using highly sensitive detection methods, it can be detected up to 38% of NSCLC patients with EGFR sensitizing mutations [45–48]. This suggests that the very small subpopulation of T790M tumor cells may be present in the primary tumors and, during TKI treatment, the T790M mutant cells are selectively enriched under TKI pressure and causes drug resistance (Figure 28.2) [45,46]. Identification of pretreatment T790M mutation reveals significant association with a shorter progression free survival (PFS) in patients treated with EGFR-TKIs and is a negative predictor of response to EGFR-TKI treatment [45, 47]. However, in early stage NSCLC patients harboring EGFR mutations, who were not treated with EGFR-TKIs, T790M mutation was associated with relatively favorable prognosis [48].
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Figure 28.2 The overview of acquired resistance mechanism induced by EGFR T790M mutation. Proliferation of tumor cells induces emergence of mixed population of clones with diverse genetic abnormalities and a small number of tumor cells harboring T790M mutation appear in it. Under the influence of EGFR-TKIs, tumor cells with EGFR sensitizing mutations undergo apoptosis, while the T790M mutant cells continue to proliferate with selective pressure, which causes drug resistance.





Other rare mutations

G719X and L861Q mutations occur less commonly in NSCLC, and occupy 3–5% of all types of EGFR mutations. They exist alone or with other EGFR mutations forming complex mutations [20]. The mutations on G719 and L861 are less sensitive to EGFR-TKIs compared with classical mutations [14, 16, 20]. EGFR exon 19 insertions showing 18-base pair insertion are newly reported EGFR-TKI sensitive mutations in lung adenocarcinoma [49] Small insertions or duplications on exon 20 which are restricted to a spectrum of residues from A767 to C775 represent 3–4% of the EGFR TK domain mutations and are associated with primary resistance to TKI therapy [16, 50]. Secondary mutations such as L747S, D761Y and T854A rarely occur in tumors with acquired resistance to EGFR-TKIs [51–53]. Other rarely identified EGFR mutations may occur solitary or together with sensitizing mutations such as L858R, G719X and L861Q [54,55]; these complex mutations have shown attenuated responses to EGFR-inhibitors as compared with G719X or L858R alone [20, 52–55].



Role of EGFR mutations in clinical settings

The overall response rate of EGFR mutants to EGFR-TKIs does not appear to be different based on ethnicity, but may be influenced by whether the patients have had previous chemotherapy (Table 28.1). However, the data may be biased as those for chemotherapy naïve patients mainly originated from clinical trials conducted in East Asian patients, while data for previously chemotherapy treated patients were mainly from clinical trials conducted in the Western countries with mixed ethnicity populations (Table 28.1) [4,5, 7, 23–28]. Phase III clinical trials in both East Asian and Caucasian comparing EGFR-TKIs and conventional chemotherapy as a first-line therapy demonstrated that patients harboring EGFR mutations showed significantly longer PFS when TKIs were given first (Table 28.2) [24–28, 56]. More importantly, in studies that included both EGFR mutant and wild type patients, it is clear that wild type EGFR patients had better PFS when treated with chemotherapy first as compared to TKI first, both in East Asian and Caucasian populations [24, 57]. However, for all phase III studies with a relatively higher proportion of EGFR mutant patients, the overall survival was similar regardless of the drug sequence. The postulated reason was due to extensive crossover to the alternative treatment after progression (Table 28.2) [13, 25, 27,28, 58]. The results of these studies have firmly established EGFR mutation status as a predictive marker for response to EGFR-TKI therapy, especially in the first-line setting. For patients with EGFR mutation positive test results, TKIs are the choice for the first-line treatment. If the EGFR mutation test is negative, conventional chemotherapy is preferred [13, 57]. Significant PFS benefits from erlotinib and gefitinib compared to placebo have also been demonstrated in the clinical setting of maintenance therapy after first-line chemotherapy [59,60]. SATURN trial, but not INFORM trial, additionally found an overall survival benefit of TKI as maintenance therapy regardless of tumor histology or EGFR status [59, 61]. Unlike EGFR-TKIs, EGFR mutation status was not found to be a predictive biomarker for cetuximab efficacy [62].



Table 28.2 Survival outcomes in randomized phase III trials of EGFR-TKIs
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The type of EGFR mutations determines a different sensitivity of the tumor to EGFR-TKIs. Exon 19 deletion mutations showed higher response rates to EGFR-TKIs (63–100%) than those with exon 21 mutations (50–67%) [63–65]. However, patients' survivals were not significantly different. There is currently limited data to compare the efficacy of erlotinib versus gefitinib [63, 66, 67]. While patients harboring EGFR sensitizing mutations most likely experience no significant difference in survival outcome with either agent, in patients with wild-type EGFR, erlotinib treatment may have greater benefit than gefitinib treatment [23, 59, 66,67]. Additionally, erlotinib might provide limited benefit in some patients who failed to respond to gefitinib therapy [68].

Although acquired resistance typically occurs in NSCLC patients who have sensitizing mutations and have initially responded to EGFR-TKIs, a subset of patients demonstrated disease flares after stopping TKI therapy [69,70]. Patients who develop recurrence following the discontinuation of TKIs usually do not harbor T790M mutation and may respond to TKI retreatment. Therefore, restarting with EGFR-TKIs has been proposed as a treatment option in patients with EGFR-mutant lung cancer who recur after discontinuation of TKI therapy [71].



Mutation detection methods

In many clinical trials, it has been reported that a small proportion of patients who do not have detectable EGFR mutation have responded to EGFR-TKIs therapy. One explanation offered has been the low sensitivity of detection methods, although other genetic abnormalities as a cause have not been ruled out. The standard method for the detection of EGFR mutation is direct sequencing (Figure 28.3a). It can detect all types of mutations, is accurate and cost-effective. However, its low sensitivity is problematic because most NSCLC tissues are infiltrated extensively by non-neoplastic cells, including inflammatory cells, stromal fibroblasts, endothelial cells, etc. Direct sequencing requires ≥40% of mutation-harboring tumor cells for detection [72]. The diagnosis in patients with advanced lung cancer is usually performed with small biopsies or cytology samples and the number of tumor cells in the context of contaminating nontumor cells present might not be sufficiently abundant to detect the mutant EGFR gene sequences. Therefore many detection methods with greater sensitivities capable of detecting 1–5% tumor cells have been developed, such as Scorpion amplification refractory mutation system (ARMS) [45, 73], length analysis with fluorescence-labeled PCR products and TaqMan assay [74], restriction fragment length polymorphism [40, 75], high resolution melting curve analysis [76], mutation-enriched PCR [46], partially denaturing high-performance liquid chromatography [77], etc. Each method has its own advantages and disadvantages, and the efforts to develop new techniques that can detect all possible mutations with high sensitivity and low cost are ongoing.
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Figure 28.3 Common detection methods for EGFR mutation, gene copy number change, and protein expression. a: Direct sequencing results of EGFR L858R point mutation and Exon 19 deletion mutation. b: Immunohistochemistry with EGFR L858R mutation-specific antibody shows distinct membranous and cytoplasmic staining pattern in EGFR mutant tumor cells. c: EGFR amplification detected by fluorescence in situ hybridization. (Red signals, EGFR gene probe; green signals, chromosome 7 centromere probe.) d: EGFR protein expression assessed by immunohistochemistry shows distinct membranous staining pattern in the lung squamous cell carcinoma cells.



Recently, IHC with mutation-specific monoclonal antibodies which can detect EGFR mutant proteins was developed (Figure 28.3b) [78]. These antibodies can identify L858R and the exon 19 mutant with the common 15bp deletion, respectively. Although the EGFR exon 19 mutation-specific antibody demonstrated reduced sensitivity for exon 19 mutants other than the 15bp deletion [79], it may assess the EGFR mutation status directly on tumor cells which are not sufficient for DNA extraction for molecular tests [78]. Therefore, mutant-specific EGFR IHC may be used as initial screening methods or for patients in whom molecular testing cannot be performed.



EGFR gene copy number

The methods for detecting EGFR gene copy number (GCN) change and dosage are fluorescent in situ hybridization (FISH), silver in situ hybridization (SISH) and real-time quantitative PCR. FISH is the commonly used detection method and copy number change of EGFR with FISH has mostly been assessed using the University of Colorado classification system [80]. When FISH result demonstrates either amplification (presence of tight EGFR gene clusters and an EGFR genes/chromosome 7 ratio of ≥ 2 or ≥ 15 copies of EGFR per cell in ≥ 10% of analyzed tumor cells) or high polysomy (≥4 copies of the gene in ≥ 40% of cells), it is interpreted as high EGFR GCN (Figure 28.3c). The incidence of NSCLC patients harboring high EGFR GCN is variable and ranged from 22% to 70%, depending on the study design and the population involved [7]. In Non-Asian populations, 22–48% showed high GCN, whereas, in East Asian populations, 42–70% had tumors with high GCN [6, 13, 61]. EGFR amplification is closely associated with EGFR mutation in lung adenocarcinoma, as up to 80% of patients with high EGFR GCN had coexisting EGFR mutations [7, 13, 23, 81]. High GCN putatively generates increased transcription of mutant allele and gene activity [81,82]. Through this mechanism, the tumors with EGFR mutations and high GCN may be more dependent on EGFR signaling pathway and are more likely to respond dramatically to targeted therapies [83]. While EGFR mutations are known to be involved in the initiation of lung cancer and is present in precancerous lesion or early stage lung adenocarcinoma [31], EGFR amplification is involved in the later stage of adenocarcinoma progression and is heterogeneously distributed within tumors [82, 84].

There have been conflicting results regarding the clinical significance of EGFR high GCN in NSCLC patients. Placebo-controlled studies demonstrated that high EGFR GCN was associated with higher response rates and significantly prolonged OS from EGFR-TKI treatment [7, 23]. However, these observations have not been reproduced in clinical trials where the conventional chemotherapy was the comparator [4, 13]. Additionally, the beneficial role of high EGFR GCN for EGFR-TKI therapy might be limited in Caucasian patients, but not in East Asian patients [6, 85]. At present, EGFR GCN analysis is not recommended routinely for the selection of patients for EGFR-TKI therapy.



EGFR protein expression

EGFR protein expression is easily detected by IHC (Figure 28.3d) and is present in about 60–80% of NSCLC patients [4, 7, 61, 86]. EGFR protein expression as determined by IHC was not correlated with EGFR sensitizing mutations, high EGFR GCN, nor clinical features [88]. In most studies, the performed assays, the applied antibodies and the scoring systems were different, which resulted in high discordance rate between studies [85]. There have been inconsistent clinical data on the role of EGFR protein expression as a predictive marker for EGFR-TKIs therapy [4, 13, 29, 59, 61]. FLEX study demonstrated high EGFR expression (IHC–score ≥ 200) can predict survival benefit from the addition of cetuximab to first-line chemotherapy in patients with advanced NSCLC [87]. In this study, they proposed IHC scoring system assessing membrane staining intensity of tumor cells (on a scale of 0–3) and the percentages of staining cells at each intensity. While EGFR protein expression by IHC is not yet optimal for selection of candidates responsive to EGFR-TKI therapy it could be a good predictive biomarker for decision of addition of cetuximab to the chemotherapy, pending additional prospective validation.



Germline polymorphisms of EGFR

The efficacy of EGFR inhibitor treatment could vary according to patient's genetic polymorphic variations. The first intron of the EGFR gene has a highly polymorphic CA repeat close to a downstream enhancer sequence and increasing numbers of CA repeat is associated with decreased transcriptional activity and low EGFR expression [89]. Patients with a short length of CA repeats of EGFR were more likely to have better response and longer survival time than were patients with longer CA repeats when treated with EGFR inhibitors [90–92], but the results of clinical trials evaluating its role as a predictive marker for the response to EGFR inhibitors did not support this finding [61, 93]. Further studies are needed to clarify whether germline polymorphisms are independently predictive with EGFR-TKI therapy, or are simply coupling with other molecular or clinical parameters [85].



KRAS mutations

KRAS gene encodes GTP binding protein, a member of EGFR downstream RAS/RAF/MAPK pathway. In NSCLC, KRAS mutations involve codon 12, 13, or rarely codon 61 [94], and the most common mutation type is G12C (43%) [95]. Mutant RAS proteins are insensitive to the action of GTPase activating protein which inactivates RAS-GTP, leading to constitutive activation of RAS protein independent on upstream ligand-kinase interaction. KRAS mutations are found in about 10–30% of NSCLC and are more common in patients with adenocarcinomas, especially mucinous type, and Caucasian [96,97]. KRAS mutations are found at a higher rate in smokers and have different spectrum of mutations. KRAS transition mutations (G→A) are more common in never-smokers whereas transversion mutations (G→T or G→C) are more common in smokers.

The response rates to EGFR-TKIs for patients with KRAS mutation and wild type KRAS were 3% and 26% respectively [97]. Although KRAS mutation status may serve as a negative predictive marker for response to EGFR-TKIs therapy [94], its role as a predictive marker of differential survival has been inconclusive [4, 9, 23, 61]. KRAS and EGFR mutations are usually mutually exclusive [7, 94], and there is a large proportion of nonresponders among KRAS wild-type patients, while the survival is not different between patients with KRAS mutant/EGFR wild-type and KRAS wild-type/EGFR wild-type NSCLC [64, 97]. Currently, KRAS mutation testing for selection of patients to EGFR-TKIs therapy is not recommended, although it may be helpful to identify a subgroup of patients who are highly unlikely to respond to EGFR-TKIs.

Recent studies demonstrated that different KRAS mutation types were related to different activation of cell signaling pathways [98], and different patient outcome for EGFR-TKI treatment [99], for other targeted therapies [98], and for the adjuvant chemotherapy [100]. The G12C KRAS mutation group receiving EGFR-TKI therapy showed significantly worse PFS than non-G12C mutation group, but overall survival was not different [99]. In BATTLE trial testing treatment effects with erlotinib, vandetanib, bexarotene and erlotinib or sorafenib, patients with either G12C or G12V KRAS mutations had worse PFS than other KRAS mutations or wild-type KRAS [98]. NSCLC patients with KRAS codon 13 mutations had significantly poorer outcomes with adjuvant chemotherapy [100]. Although the small number of KRAS mutation-positive patients was included in these studies, these results are provocative and the significance of KRAS mutation type as a predictive marker need to be validated.




Other biomarkers

HER2 is a preferred dimerization partner to EGFR, and heterodimers with HER2 produce stronger signals than other dimers [101]. The proportion of patients with high HER2 GCN detected by FISH ranges 2–23% of NSCLC patients, and are commonly encountered in patients with adenocarcinoma, in females and in nonsmokers [101,102]. High HER2 GCN increases gefitinib sensitivity in patients with EGFR positive tumors, although this effect is confined to double EGFR/HER2 positive tumors [102]. HER2 mutation is very rarely encountered as driver mutations of NSCLC. It is commonly identified in nonsmokers and patients with adenocarcinomas [101, 103]. Most HER2 mutations are exon 20 insertion mutations involving tyrosine kinase domain [103]. Mutant HER2 generates more potent catalytic and transforming activity and suppresses apoptosis than wild type HER2. Additionally, most tumors harboring HER2 mutations are resistant to EGFR-TKIs but sensitive to novel agents that simultaneously inhibit HER2 and EGFR [104]. Therefore, the dual inhibition of EGFR and HER2 may be an attractive target for new treatments for NSCLC. However, it is difficult to verify their predictive role in prospective clinical trials due to the very low frequency of HER2 mutations in NSCLC.

There are efforts trying to classify a serum proteomic profile to predict the response to EGFR-TKI therapy. Taguchi et al. developed a predictive algorithm detected by matrix-assisted laser desorption ionization (MALDI) mass spectrometry analysis and identified subgroup of NSCLC patients based on eight protein expression profiles for their clinical benefit from EGFR-TKI treatment [105]. This serum proteomic test ‘VeriStrat®’ has been shown to be able to differentiate NSCLC patients into two groups with good or poor outcome after treatment with EGFR-TKIs or with combination of EGFR and VEGF inhibitors [105–107]. However, its predictive potential for survival benefit was not confirmed in the BR.21 trial in which only prognostic value are shown [108]. Therefore, prospective randomized controlled studies are needed to validate its value as a predictive marker.



EGFR testing in the clinical setting

Current evidence from clinical trials [13, 24–26] has established the need to test advanced NSCLC patients for EGFR mutation status routinely to select those who are most likely to benefit from first-line EGFR-TKI therapy [109,110]. Clinical parameters, such as gender, ethnicity or smoking history, could not be used as sole markers for selection of EGFR-TKI treatment [24]. At present, EGFR GCN analyses with FISH and EGFR protein expression status with IHC are not recommended to direct treatment [109,110]. KRAS testing is also not recommended for routine testing at this time, as the results have little value in current clinical decision making. However, this is likely to change in the near future with the new MEK inhibitors showing preliminary efficacy in KRAS mutated patients [111].

EGFR mutation testing should be performed for all advanced NSCLCs that have an adenocarcinoma component [112,113] and not for pure squamous cell carcinomas, small cell carcinomas or neuroendocrine carcinomas. In cases where subtyping of NSCLCs is difficult on histological examination, application of IHC markers, such as TTF-1, p63 or p40, CK5/6 and mucin may be performed to establish the presence of adenocarcinoma features. For patients whose tumors do not exhibit adenocarcinoma histology but have clinical features associated with higher prevalence of EGFR mutations, e.g., never-smokers, EGFR mutation test should be performed (Figure 28.4) [112].
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Figure 28.4 Decision-making algorithm for patients with newly diagnosed advanced NSCLC regarding EGFR mutation tests for directing first-line EGFR-TKI therapy.



As 90% of EGFR mutations that are sensitive to EGFR-TKIs are composed of exon 19 deletions and exon 21 L858R mutations, routine testing should minimally include these two groups of mutations. Testing for less common sensitizing mutations such as L861Q, G719X and E709X are also desirable if adequate tumor material is available. As the T790M mutation is uncommonly detected in TKI naïve tumor samples and its presence does not exclude the initial use of first generation TKIs, such as gefitinib or erlotinib, its inclusion in routine testing is optional. However, the detection of T790M mutation may provide the rationale to select the irreversible inhibitors that are effective against this mutation as the primary inhibitors to use (Table 28.3).



Table 28.3 Predictive biomarkers and their response to EGFR-TKIs in non-small cell lung cancer patients


[image: images]

The EGFR mutation testing paradigm has established the need to obtain sufficient tissue for not only diagnosis and histologic subtyping, but also molecular testing. The specimens should be handled properly and ancillary IHC studies should be kept to what are necessary for making the diagnosis and subtyping, such that enough materials for molecular analyses can be reserved [113]. Although tissue samples are preferred over cytology [110, 114], sometimes, cytologic samples might be the only available samples. The amount of tumor cells as well as preservation state and quality of DNA are the major issues for cytology samples. All mutations detected in the histological material can also be identified in the cytologic samples and a cytology cell block is an excellent substitute for molecular testing because microscopic examination of the presence and percentage of tumor cells is possible [115]. In cases where the biopsy or cytologic samples cannot be obtained, the patient's plasma may also be another option. While sensitivity of testing using plasma samples require improvement, a recent study reported that isolation of circulating tumor cells using special high efficiency devices may increase the sensitivity to clinically acceptable levels [45]. However the clinical significance of the results of EGFR mutation tests using plasma or circulating tumor cells is yet to be established [45, 116].

The clinical significance of genomic heterogeneity in lung cancer remains to be fully evaluated. The genetic profiles of metastases can be similar to or different from that of the primary tumor and between different metastatic tumors [113]. The important clinical considerations for selecting samples for molecular tests include which samples are more easily accessible, immediately fixed and have adequate amount of tumor cell contents [114, 117]. Any sample that meets the requirements for tumor cell contents and quality can be selected for the tests and the choice should be performed by the experienced pathologists. Immediate fixation with appropriate fixatives is very important for DNA preservation. Fresh frozen, formalin-fixed paraffin embedded or alcohol-fixed samples are suitable for molecular analysis. The use of acidic or heavy metal fixatives or decalcifying solution for the tissue should be avoided, as they may result in DNA degradation. The ideal sample would have a high proportion of malignant cells and minimal amount of necrosis or mucin. Usually at least 50% of tumor cell contents is recommended for direct sequencing [114] but histologically more than 40% is possible [72]. For cases showing lower tumor cell contents, manual microdissection for tumor cell enrichment is recommended to improve accuracy on the heterogeneous samples.

For the patients with advanced stage disease, rapid diagnosis in time is important. Turn-around time (TAT) means the period from receipt of specimen in the molecular pathology lab to the reporting the final results to the clinicians. Five working days is an ideal TAT for EGFR mutation tests and the maximum TAT should not exceed 10 working days [112, 114]. Treatment with EGFR-TKI can be recommended within 3 days after the results are released [112]. To avoid potentially lengthy TAT, some institutions have instituted “reflex” molecular testing at the time of initial diagnosis. This trend is likely to increase as high throughput multiplex testing methods that allow simultaneous assessment of large number of mutations are being developed. For detecting mutations in specimens with low tumor cell content, more sensitive methods should be available in laboratories where only direct sequencing is performed. For selection of appropriate detection methods, we should consider the sensitivity and specificity of the tests, the spectrum of detectable mutations, and TAT. Any method that meets the requirements of each institute may be chosen and the validation for the method should be performed.



Perspectives for future development of the biomarkers

Since the discovery of the role of EGFR mutation as a promising predictive marker for response to EGFR-inhibitors, EGFR has been one of the most intensively studied molecules. New mechanisms of insensitivity to EGFR-inhibitors in a small proportion of EGFR mutants and sensitivity in patients with EGFR wild-type tumor remain to be investigated; the clinical implications of new biomarkers continue to be explored. Further searches for other driver mutations and new biomarkers for selection of responders to other drugs for targeted therapy will continue. Additionally, the development of a rapid, low-cost mutation assay that can detect all possible mutations at the necessary sensitivity for EGFR is needed. For personalized therapy, the development of more advanced screening systems that can test for multiple mutations in various genes including EGFR simultaneously is ongoing and will be applied for clinical use [118]. The techniques that can easily isolate circulating cancer cells from the blood of lung cancer patients with low-cost could monitor changes of biomarker status and make the adjustment of patients' treatment regimens possible over the course of their disease [45].

Acquisition of resistance during drug treatment is a major obstacle against the success of personalized therapy. Through considerable efforts to reveal the biological mechanisms of drug resistance, a variety of genetic and epigenetic processes have been proposed (see Chapter 27, ‘Mechanisms of Resistance to Epidermal Growth Factor Receptor in Non-small Cell Lung Cancer’). Lung cancer is a histologically and genetically heterogeneous tumor which is composed of populations of cells showing mixed drug sensitivity. Like the cases showing acquired resistance through EGFR T790M mutation (Figure 28.2), presence of rare, resistance-inducing genetic abnormalities in cancer cell population selected during drug treatment might be a major obstacle. Clinical implication of the tumor heterogeneity associated with responsiveness and resistance to the drugs should be clarified, and how to control the genetic heterogeneity to overcome resistance to targeted therapy might be a main problem that will require resolutions.
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Cancer immunotherapy

In contrast to melanoma and renal cell carcinoma, early attempts of immune stimulation for treatment of thoracic malignancies have not proven to be reliably effective suggesting that thoracic malignancies are nonimmunogenic and will not be amenable to immunologic interventions. However the identification of tumor associated antigens (TAA), advances in cellular and molecular immunology and an improved understanding of tumor immunity has facilitated the development of promising immune based strategies. While there has been a multitude of lung cancer immunotherapy studies, clinical trials focused on inducing a specific antitumor immune response can be categorized into (1) mAb mediated blockade of immune inhibitory checkpoints, (2) tumor protein and peptide vaccines, (3) dendritic cell vaccines, (4) modified tumor cell vaccines, (5) immune adjuvant vaccines, and (6) gene delivery vaccines. In this chapter we will discuss immunotherapy approaches that are most advanced in their clinical development for the treatment of NSCLC and summarize the most recent data from clinical studies of these approaches.



Targeting immune regulatory checkpoints for lung cancer therapy

Tumors use immune inhibitory mechanisms to evade the immune system. One such immune inhibitory pathway that holds promise for the treatment of lung cancer is mediated by the expression of programmed death ligand-1 (PD-L1) on tumors that binds to PD-1 on T cells and prevents T cells from detecting the tumor and evoking the immune system to attack. Treatment of cancer patients with MAbs that block either PD-1 or PD-L1 lead to tumor shrinkage and improvement in long term survival [1].

Despite the large number of tumor antigens induced by genetic and epigenetic alterations found in all cancers, tumors resist immune attack by inducing tolerance among tumor specific T cells and by expressing ligands that engage inhibitory receptors and dampen T-cell functions within the tumor microenvironment. The rationale for the targeting of regulatory T-cells and negative regulatory molecules has been to circumvent immune tolerance. In both preclinical studies and early clinical trials, inhibitory antibodies to components of the B7 family, including the negative regulatory receptor, cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed death-1 receptor (PD-1), expressed on activated T-cells, have proven promising targets for immunotherapy. PD-1 is a T-cell co-inhibitory receptor with a structure similar to that of CTLA-4 but with a distinct biologic function and ligand specificity [2]. PD-1 has two known ligands, PD-L1 (B7-H1) [3] and PD-L2 (B7-DC) [4,5]. In contrast to CTLA-4 ligands, CD80 (B7-1) and CD86 (B7-2), PD-L1 is selectively expressed on many tumors and cells within the tumor microenvironment in response to inflammatory stimuli. Blockade of the interaction between PD-1 and PD-L1 potentiates immune responses in vitro [6] and mediates preclinical antitumor activity [7,8]. PD-L1 is the primary PD-1 ligand that is up-regulated in solid tumors, where it can inhibit cytokine production and the cytolytic activity of PD-1+, tumor-infiltrating CD4+ and CD8+ T cells [7, 9, 10]. These properties make PD-L1 a potentially promising target for cancer immunotherapy.

BMS-936559 is a high-affinity, fully human, PD-L1–specific, IgG4 (S228P) monoclonal antibody that inhibits the binding of PD-L1 to both PD-1 and CD80. This antibody was evaluated in a multicenter phase 1 trial, as intravenous administration to patients with selected advanced cancers. Anti–PD-L1 antibody was administered every 14 days in 6-week cycles for up to 16 cycles or until the patient had a complete response or confirmed disease progression. The results of this study demonstrated that antibody-mediated blockade of PD-L1 induced durable tumor regression (objective response rate of 6–17%) and prolonged stabilization of disease (rates of 12–41% at 24 weeks) in patients with advanced cancers, including non-small-cell lung cancer, melanoma, and renal-cell cancer [1]. The objective response in 5 of 49 patients (10%) with advanced non-small-cell lung cancer who received anti-PD-L1 was quite unexpected. Although melanoma and renal-cell cancer are responsive to cancer immunotherapy (e.g., interleukin-2 and anti–CTLA-4), non-small-cell lung cancer has been considered to be nonimmunogenic and poorly responsive to immune-based therapies. Another important feature of anti–PD-L1 therapy was the durability of response across multiple tumor types. This was particularly notable given the advanced stage of disease and previous treatments of patients in the study. This durability appeared to be greater than that observed with most chemotherapy and kinase inhibitors used in these diseases, although no direct comparisons have been performed [11]. The patient response rate with the anti-PD-1 trial in lung cancer was 14 of 76. Objective responses were observed across non-small-cell histologic types: in 6 of 18 patients (33%) with squamous tumors, 7 of 56 (12%) with nonsquamous tumors, and 1 of 2 with tumors of unknown type. The most common side effects of treatment included fatigue, rash, and diarrhea. Other less-common side effects, such as fever, were consistent with the activation of the immune system. Five percent of patients in the trial targeting PD-1, and 6% in the trial targeting PD-L1 trial, stopped receiving treatment because of severe side effects, and three patients who received the PD-1 targeted drug died of uncontrolled lung inflammation caused by the treatment [1]. The therapeutic potential of these inhibitory pathways that places the brake on the immune system from recognizing cancers has been realized and additional phase II trials of the PD-1 targeted agent are under way, and phase III trials involving patients with melanoma, non-small cell lung cancer, and kidney cancer are being planned. PD-1 pathway targeted agents are also top priority agents for clinical trials that will be conducted by researchers in NCI's Immunotherapy Clinical Trials Network.



Tumor protein and peptide vaccines

Activated proto-oncogenes, inactivated tumor suppressor genes, and genetic mutations have been linked to molecular events involved in lung cancer tumorigenesis and have led to the identification of tumor associated antigens ideal for the development of vaccines. Proteins and peptides are processed via MHC molecules and presented by APC on the cell surface to T lymphocytes resulting in the generation of a specific immune response [12]. Only a short segment of peptide sequences from the original tumor protein are immunogenic, and these peptide sequences, called epitopes, are presented by MHC molecules according to a complex set of cellular rules [12]. Peptides are smaller than proteins, readily produced, and generate reproducible immune responses by readily available immune assays. However, peptides are restricted to specific HLA types for presentation, which may not allow universal application to all patients [12]. Therapeutic peptide cancer vaccines aim at inducing strong CD8 and CD4 T-cell responses and require the involvement of host antigen presenting cells (APC) to efficiently present the peptide antigens for the activation of the respective T cell subsets. The rationale for the use of peptide vaccines is based on extensive preclinical studies that demonstrated the requirement of T-lymphocytes for the eradication of solid tumors. Cytotoxic T-lymphocytes (CTLs) or CD8 T cells represent the primary effector cells involved in tumor-specific immune-mediated destruction of cancer cells. CTLs recognize, engage and destroy targets cells through the tri-molecular interaction of the antigen-specific receptor (TCR) on the CTL and peptides that are presented by the target cell to the CTL in the context of class I major histocompatibility complex antigens [(MHC) also referred to as human leukocyte antigens or HLA]. All somatic cells express HLA molecules on their surfaces and use them to present antigens to T cells. Whole proteins within the cell are processed into small peptide fragments (8–10 amino acids in length) that are displayed on the cell surface in the context of HLA molecules. The HLA-peptide molecular complex enables CTLs to recognize tumor-associated antigens and results in the targeted destruction of the cancer cell expressing these antigens by the CTL. Many primary cancers express adequate HLA molecules and are capable of being recognized and destroyed by TAA-specific CTLs. The identification and reintroduction of tumor associated specific peptides in increased concentration to the immune system via vaccination activates and deploys the appropriate CTLs to destroy cancer cells. The use of a single peptide antigen or a few peptide antigens in the therapeutic cancer vaccine is based on the assumption that the initial induced antitumor response to one or few antigens will eventuate into a broad immune response to a multitude of TAAs after uptake of dying tumor cells and presentation by host APC.

The expression of the melanoma-associated antigen (MAGE) genes is silent in all normal cells except germ cells [13]. There has been more than 50 related MAGE genes identified thus far, and have been shown to play an important role physiologically and pathologically during embryogenesis, germ cell development, cell cycle progression, and apoptosis [13]. Nearly 75% of small cell lung cancers (SCLC) and approximately 40% of NSCLC express MAGE-3 and as a result this testis cancer antigen has received attention as an immunotherapy target. Atanackovic et al. reported on the successful induction of humoral and specific cell mediated immunity in early stage NSCLC (I and II) patients vaccinated with MAGE-3 protein [14]. Seventeen patients with MAGE-3 expressing NSCLC were analyzed in two groups, one receiving MAGE-3 protein alone and the other receiving MAGE-3 protein with adjuvant AS02B [14]. Of the 9 patients in the first cohort, 3 patients developed marginal Ab titers and another patient had a CD8 T cell response to HLA-A2-restricted peptide MAGE-3 271–279 [14]. In contrast, of 8 patients from the second cohort vaccinated with MAGE-3 protein and adjuvant, 7 patients developed antibody high titers to MAGE-3, and 4 had a strong concomitant CD4 T cell response to HLA-DP4-restricted peptide 243–258 [14]. One patient simultaneously developed CD8 T cells to HLA-A1-restricted peptide 168–176 [14]. Although the clinical relevance of the immune responses was not addressed, this study demonstrated the importance of CD4 T cell mediated immunity that correlated with antibody production following vaccination, in addition to the traditionally understood involvement of antigen specific CD8 T cell response. Moreover, this study provides the foundation for further evaluating integrated humoral and cell mediated immune responses in vaccine strategies and also to pursue the relevance of this approach in clinical outcomes. GlaxoSmithKline's specific vaccine against the MAGE 3 expressing non-small cell lung cancer consists of purified MAGE-A3 recombinant protein in liposomal formulation containing the AS02B immunoadjuvant system. Based on early studies of this vaccine in patients with non-small cell lung cancer a large clinical trial is underway testing this vaccine (called the Phase III MAGRIT trial). Many centers around the world are participating in this trial for post-surgical patients being conducted worldwide at this time. The study is powered for disease free survival as the primary endpoint in the total population and in the cohort without postoperative chemotherapy [15].

After a long developmental phase, mucin 1 (MUC1) peptide vaccine candidate in NSCLC patients has demonstrated increased survival in phase II clinical trials [16,17] that provided the rationale for the initiation of phase III trials in large cohorts of lung cancer patients. The vaccine targets MUC1, an antigen widely expressed in lung carcinomas. The BLP25 liposomal vaccine (L-BLP25) approach for lung cancer is a peptide liposomal vaccine to target the exposed core peptide of MUC1 tumor-associated antigen in lung cancer. MUC1 is a cell membrane glycoprotein overexpressed in many types of cancers including NSCLC, breast, colorectal, prostate, pancreatic, ovarian, and multiple myeloma. MUC 1 expression in tumors promotes growth and survival and is associated with disease progression and poor prognosis. The relevance of MUC1 as an antitumor target is based on preclinical and clinical studies. MUC 1 expression pattern in tumor cells is different from normal cells. More than 80% of the tumor cells express MUC1 with greater than 60% of NSCLCs express MUC1 [18]. The BLP25 lipopeptide vaccine consists of a 25-amino acid MUC1 sequence (STAPPAHGVTSAPDTRPAPGSTAPP) that provides MUC1 specificity. It is slightly larger than one tandem repeat of MUC1 protein and contains a palmitoyl lysine residue at the carboxy terminal to enhance the incorporation of the lipopeptide into the liposome particle. The vaccine is a lyophilized preparation consisting of BLP25 lipopeptide, immunoadjuvant monophosphoryl lipid A, and three lipids (cholesterol, dimyristoyl phosphatidylglycerol, and dipalmitoyl phosphatidylcholine). The lipids serve as adjuvants, to enhance the immunogenicity of the peptide MUC1 vaccine. The monophosphoryl lipid A is the toll-like receptor-4 agonist that activates DC and macrophages. The liposomal delivery system is designed to facilitate uptake by APC such that the lipopeptide is delivered into the intracellular space for presentation by MHC molecules to activate specific T-cells that will identify and target cancer cells expressing MUC1. It is encouraging to see that the L-BLP25 cancer vaccine is currently being evaluated in a phase III trial for the treatment of unresectable, stage III NSCLC (Emepepimut-S for non-small cell lung cancer). There is much optimism for this vaccine based on the favorable toxicity profile in patients treated with this drug and the benefit in survival in patients with local and regional stage III non-small cell lung cancer. In studies described to date on the L-BLP25 vaccine there has not been adequate immune monitoring of vaccination responses. The studies lack data on immune responses to the vaccine component through quantification of the frequency of MUC1 specific CTL pre and post vaccination in PBMCs and how it correlates with overall performance of the patients. Hopefully the omission in quantification of immune responses will be improved as the studies progress.



Dendritic cell vaccines

The predominant mechanism of antitumor immunity is a cell (T lymphocyte) mediated destruction of tumor cells. Specifically, the expansion of cytotoxic T lymphocytes (CTL) capable of recognizing antigens on cancerous cells presented in association with MHC molecules is the goal of most immunotherapy strategies. Antigen presenting cells (APC) appear to play a central role in T cell activation by presenting tumor antigens and providing essential co-stimulatory signals necessary for the production of CTL. In optimal circumstances, APC can migrate and gain access to the tumor microenvironment, and overcome tumor-induced obstacles to have effective function. T cell activation results in the generation of CTL capable of recognizing and destroying cancer cells, and the production of cytokines, such as IFN-γ and TNFα, which can suppress both tumor cell proliferation and induction of angiogenesis [19,20]. CTL can cause lysis of tumor cells mediated by perforin and/or Fas [19, 21]. Therefore, therapeutic efforts have focused on identifying tumor antigens, providing the antigens in immunogenic contexts, manipulating T cell responses to increase the number of CTL, and thus augmenting their effector functions.

Dendritic cells (DC) are extremely potent APC that present tumor-associated antigens to T cells and thereby initiate tumor-specific immunity [22–24]. DC are bone marrow-derived leukocytes characterized by a high level of expression of MHC and co-stimulatory molecules [25]. As a result, they are capable of capturing antigens and producing large numbers of immunogenic MHC-peptide complexes [25] and they migrate to secondary lymphoid organs to select and stimulate antigen-specific T cells. With the application of appropriate cytokines, one can generate large quantities of DC. Human DC may be generated from proliferating CD34+ cells or from nonproliferating CD14+ progenitor cells. The production of DC from CD34+ cells requires GM-CSF and tumor necrosis factor alpha (TNF-α), whereas CD14+ cells require stimulation with GM-CSF and interleukin-4 (IL-4) to produce sufficient quantities of DC.

Because of the importance of DC in tumor immunity a variety of strategies have been used to exploit activated DC in cancer immunotherapy [26,27] and numerous clinical trials are addressing the feasibility and safety of DC-based strategies [28–32]. DC have been investigated as a delivery mechanism for tumor-associated antigens. Both whole cell and peptide strategies have been reported. Hirschowitz et al. used autologous DC pulsed with apoptotic bodies of an allogeneic non-small cell lung cancer (NSCLC) cell line that overexpressed 5 known antigens (Her2/neu, CEA, WT1, Mage2, and survivin) [31]. Kontani et al. studied autologous DC pulsed with either MUC-1 peptides in patients with MUC-1 positive tumors (9) or autologous tumor lysates in patients with MUC-1 negative tumors (5) in a total of 14 patients with locally advanced or metastatic lung (8 patients) or breast cancer (6 patients) [32]. Antonia et al. reported on a vaccination strategy that entailed autologous DC transfected with an adenovirus containing wild-type p53 [30].

Insights into cellular and molecular events that lead to recruitment and activation of immune cells suggest that obstacles present in the tumor might be bypassed and tumor immunity initiated by providing selected cytokines and/or chemokines in the solid tumors. Expression of molecules such as secondary lymphoid-tissue chemokine from gene modified DC and intratumoral administration have shown efficacy in preclinical murine tumor models [33–35]. Based on the pre-clinical model systems, a clinical trial was initiated at University of California Los Angeles (in collaboration with the National Cancer Institute – Rapid Access to Intervention Development program) in patients with advanced stage NSCLC. This trial is a dose-escalation of DC-AdCCL21 administered intratumorally in patients with advanced NSCLC. A GMP grade AdCCL21 replication deficient virus [36] was made available through the RAID program to conduct the Phase I clinical trial. Human DCs transduced with advenovirus-CCL21 produce CCL21 to attract T cells and DCs. Preliminary findings demonstrate tumor specific systemic immune responses as assessed by the IFN-γ T cell ELISPOT. Multiplex assessment of plasma cytokines before and after therapy in these patients revealed induction of IL-2, IFN-γ, IL-12 and CXCL10. Immunohistochemistry of post tumor biopsies revealed an influx of CD4 expressing tumor infiltrating lymphocytes.



Modified tumor cell vaccines

Tumors differ fundamentally from their normal cell counterparts in antigenic makeup and biologic behavior, and a defining component of carcinogenesis is genetic instability [37]. The culmination of genetic mutations in cancer cells is the generation of new antigens as tumors develop and progress [37]. As a result, autologous and allogeneic tumors are a rich source for tumor antigens in vaccine trials.

The advantage of autologous tumor vaccines is the ability to generate patient specific immune responses and avoidance of identifying the tumor cell antigenic phenotype. However, this is weighed by the limitation in availability and amount of the patient's own tumor, and vaccine trials based on this concept are restricted to enrolling patients undergoing surgical resection. The utility of gene modified tumor cell vaccines has been well established from several preclinical tumor models. The cytokine GM-CSF promotes immune memory, and prevents tumor recurrence and metastasis. GM-CSF is a mediator of proliferation, maturation, and migration of DC and enhances antitumor immunity. Autologous, irradiated NSCLC cells engineered to secrete GM-CSF were tested in patients with metastatic NSCLC in a Phase I clinical trial [38]. In an effort to remove the need for viral transduction of autologous tumors, a vaccine (GVAX) composed of the combination of autologous tumor cells and an allogeneic GM-CSF secreting cell line has been utilized in clinical trials [39,40]. Due to the lack of efficacy from GVAX in advanced NSCLC, this vaccine has transferred its use to other malignancies.

Allogeneic antigens are attractive sources of tumor antigens in vaccine trials given that they eliminate the need for patient tumor procurement. Tumor cell lines can serve as an allogeneic whole cell vaccine. Malignant cells often change the cell surface phenotype by lacking costimulatory signals required for the generation of effective antitumor immunity [41]. The most critical molecules involved in co-stimulation are CD80/CD86 and CD40L [41]. Lung cancer cells downregulate MHC molecule expression on the cell surface. As a result, several studies have embarked on genetic manipulation of tumor cell lines to express necessary co-stimulatory and MHC molecules necessary for induction of antitumor immunity [42,43]. Raez et al. who conducted a phase I trial in stage IIIB and IV NSCLC patients with a vaccine therapy comprised of a human lung adenocarcinoma cell line transfected with B7.1 (CD80) and HLA A1 or A2 (MHC I molecules) [43]. Although allogeneic cell lines provide a convenient alternative to autologous patient tumors, a major limitation with the use of this strategy is the fundamental assumption that lung tumor antigens expressed on the cell line are common with the patient's unique tumor and this antigenic phenotype is also shared among different patients.



Immune adjuvant vaccines

Transforming growth factor-β (TGF-β) is a protein that inhibits proliferation and induces apoptosis in normal and neoplastic cells classifying it as a tumor suppressor gene, and regulates angiogenesis [44–46]. The accumulation of mutations in the TGF-β receptor or Smad genes inactivates the TGF-β receptor-Smad pathway favoring tumor growth [44,45]. All human tumors overproduce TGF-β whose actions promote tumor cell invasiveness and metastasis, and thus induce EMT [44]. TGF-β suppresses the proliferation and differentiation of lymphocytes including cytolytic T cells, natural killer cells, macrophages, and dendritic cells providing a mechanism of tumor mediated immune evasion [44, 46]. Elevated TGF-β2 levels have been linked to immunosuppression in cancer patients, and TGF-β2 levels have inversely correlated to prognosis of patients with NSCLC. Nemunaitis et al. performed a Phase II study of belagenpumatucel-L, a TGF-β2 antisense gene-modified allogeneic tumor cell line vaccine, in patients with stages II-IV NSCLC [47]. The study showed that belagenpumatucel-L was well tolerated, and the survival advantage justified pursuit for a phase III evaluation. Given that upregulation of the immune responses correlated to favorable clinical outcomes, this trial supports the concept that correct selection of allogeneic tumor cell lines that have shared immunodominant tumor antigens with the patient's tumor may be an effective antitumor strategy. Combining this approach with targeting the TGF pathway may add to this beneficial effect.

Anti-idiotypic monoclonal antibodies (Mab) can mimic both protein and non-protein antigenic epitopes and induce immune responses against tumor antigens. Anti-idiotypic antibody based vaccines are ideal when the antigen is not readily available in sufficient quantities or when the antigen is not a protein. Small cell lung cancer (SCLC) is of neuroectodermal origin, and as a result, has a unique number of differentiation antigens as potential immune targets due to its specific embryonic basis [48]. Bec2 is an anti-idiotypic antibody that mimics GD3, a ganglioside antigen of neuroectodermal origin expressed on the surface of tumor cells, and are involved in numerous functions including cell-cell recognition, cell matrix attachment, and cell differentiation [48,49]. Giaccone et al. conducted a phase III trial immunizing Bec2 in combination with Bacille Calmette-Guerin (BCG), in patients with limited-disease SCLC after a major response to chemotherapy and chest radiation [49]. Five hundred and fifteen patients were randomly assigned to receive five vaccinations of Bec2/BCG vaccine over a 10-week period or follow-up [49]. The primary toxicities of immunization were transient skin ulcerations and mild flu-like symptoms [49]. In the patients who received the vaccine, there was no improvement in survival, progression-free survival, or quality of life [49]. The median survival from randomization was 16.4 and 14.3 months in the observation and vaccination arms (P = 0.28), respectively [49]. In summary, this study revealed that vaccination with Bec2/BCG had no impact on clinical outcome of patients with limited-disease SCLC responding to chemotherapy and radiation therapy. The anti-idiotypic antibody vaccine is the only phase III study in lung cancer. A series of other trials have established the immunogenicity of several keyhole limpet hemocyanin conjugate vaccines relevant to SCLC, including GM2, Globo H, fucosyl GM1, and polysialic acid [48].



Gene delivery vaccines

Gene transfer vectors have been utilized as drug delivery systems to provide high level expression of a protein of interest intracellularly or secretion into the local milieu of the tumor [50,51]. MUC1 is a glycoprotein normally found on the surface of mucin secreting epithelial cells, and its expression has been shown to be increased in breast, lung, ovary, and colon carcinomas suggesting that MUC1 aberrant expression is common to adenocarcinomas. A humoral response to this protein in NSCLC patients has found to have a prognostic significance [52]. Mennecier et al. reported a phase II trial with TG4010, a recombinant vaccinia vector (MVA) containing DNA sequences for the human MUC1 antigen and interleukin-2 (IL-2), in advanced NSCLC cancer patients [53]. A multicenter randomized trial was conducted in 65 stage IIIB and IV patients with either upfront TG4010 in combination with cisplatin and vinorelbine (arm 1) or TG4010 alone followed by both chemotherapeutic agents upon disease progression [53]. In arm 1, a partial response was seen in 68% (24/35) patients [53]. In arm 2, two patients had stable disease, and in subsequent combination with chemotherapy, a partial response was seen in 3 of 14 patients [53]. TG4010 was well tolerated with the injection site reaction being the most common drug related adverse event [53]. In this preliminary report, the combination of TG4010 with standard chemotherapy for NSCLC demonstrated encouraging results.



Conclusion

The challenge for immunotherapy is to use advances in cellular and molecular immunology to develop strategies that effectively and safely augment antitumor responses. This can be achieved by understanding the complex issues surrounding cancer immunosurveillance, cancer immuno-editing, complicity of host cellular networks in lung tumorigenesis, tumor mediated immunosuppression and immune regulatory check points that control T cell activities. The numerous challenges that pose obstacles to cancer vaccine efficacy include (1) correct identification of optimal antigens and immune adjuvants, (2) determination of the appropriate immune response to be generated, (3) elicitation of long-term antitumor memory, and (4) tumor induced immunosuppression and immune evasion. When developing immune based strategies, the requirements for (1) immune cell activation, homing, and accumulation at tumor sites, (2) disruption of the regulatory mechanisms that limit immune responses, and (3) the ability to direct a coordinated and effective attack against tumors engaging multiple components of the immune system should evolve in parallel. It is clear that effective antitumor responses require the complex interaction of APC, lymphocyte, and NK cells and down regulation of immune suppressor activities and immune regulatory check points. As we unravel and elucidate the mechanisms that dampen antitumor immune activity there will be additional opportunity for exploitation of targets for effective immunotherapy for lung cancer.
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Introduction

The emergence of rapid DNA sequencing technology has led to a paradigm shift in oncology. Both gene therapy and pharmaco-development of novel targeted agents are evolving fields in oncology. The following chapter is divided into two sections and will review the impact of novel targeted agents and gene therapy in non-small cell lung cancer (NSCLC) treatment. In the targeted therapies section, each class of drug will examine the scientific rationale behind the target and provide an update on agents' clinical development. The different classes of agents reviewed target the following molecules or pathways: hsp90, MET/HCF, MEK, PI3K/AKT/mTOR, PARP, NOTCH/Hedgehog pathway, and mitosis. The gene therapy section will focus on the science and background behind p53 gene replacement, review the clinical trial studies completed to date, and discuss the clinical trial results of FUS1 replacement with DOTAP.



Novel targeted agents


HSP 90 inhibitors

Heat-shock protein 90 (Hsp90) is an ATP-dependent molecular chaperone. It is presumed to be overexpressed in cancer cells and works thru a multi-chaperone complex that stabilizes proteins and promotes activation. Hsp90 is assumed to preferentially support mutated proteins especially from amplified oncogenes. It is presumed that inhibiting Hsp90 leads to degradation of potentially multiple oncoproteins and several signaling pathways. Several Hsp90 inhibitors are under investigation.

Published results from a phase II trial of IPI-504 (retaspimycin hydrochloride, Infinity Pharmaceuticals) in 76 NSCLC patients who had failed any line of prior chemotherapy showed promising activity, especially in the EML4 ALK positive translocation patients. Three patients with the ALK translocation were included and 2 had partial responses and 1 had disease stabilization with a 24% tumor reduction. The treatment was well tolerated with the most common side effects of grade 1–2 fatigue, nausea, and diarrhea. Grade 3 and higher liver function abnormalities were seen in 11.8% of patients [1]. Retaspimycin HCl is in clinical development in trials studying the combination with docetaxel and also in ALK translocated patients.

Ganetespib (STA-9090) is a second-generation Hsp90 inhibitor that has a different structure than the first-generation ansamycin class of drug. Ganetespib has single agent activity in several tumor type phase 1 trials and has for the most common adverse events mild to moderate diarrhea. Most importantly, there is no dose-limiting hepatic or ocular toxicities, which have been reported in other Hsp90 inhibitor trials. A phase II trial of ganetespib [2] reported activity in ALK translocated patients, four of four responders on the trial (n = 76) had ALK translocations. Six of the eight patients with ALK-positive tumors had tumor shrinkage. Ongoing studies are combining ganetespib with docetaxel (GALAXY trial), and as monotherapy in ALK translocated patients.



Met inhibitors/HCF inhibitors

The MET (N-methyl-N′-nitro-N-nitrosoguanidine) gene is located on chromosome 7 and encodes for a transmembrane receptor. Hepatocyte growth factor (HGF) is the sole ligand to the c-MET receptor and leads to dimerization and subsequent activation of downstream signaling pathways important for wound healing and embryonic development. In abnormal or dysregulated phenotypes, activation of c-MET can occur by several mechanisms, including MET mutations, protein overexpression by gene amplification or copy number gain, and diminished receptor degradation. Met gene amplification has been associated with a poor prognosis in NSCLC and has also been implicated in resistance to EGFR tyrosine kinase inhibitors [3].

There have been several approaches to target the MET and HGF pathway. Onartuzumab (OAM4558g, MetMAb; Genentech, Inc. San Francisco, California), an anti-MET single-armed humanized 5D5 antibody, has been evaluated in a prior phase II trial evaluating salvage NSCLC patients with erlotinib with or without onartuzumab demonstrated no significant difference in the intent to treat population; however, in the Met diagnostic positive patients, the combination of erlotinib and onartuzumab led to a progression-free and overall survival benefit [4]. The definition of Met diagnostic positive was ≥50% of tumor cells with moderate or strong staining intensity by immunohistochemistry. Patients who were Met diagnostic negative had a worse progression free and overall survival when treated with the combination over erlotinib alone. This positive result for the Met diagnostic positive patients was not driven by EGFR mutations or by fluorescent in situ hybridation (FISH) results. The most common side effects from the combination of erlotinib and onartuzumab included rash, diarrhea, fatigue, nausea, anorexia, peripheral edema, and anemia. Additional ongoing phase II onartuzumab trials are underway in front-line non-squamous NSCLC and front-line squamous cell NSCLC. A randomized phase III trial in pre-treated NSCLC patients (second or third-line therapy) who are Met diagnostic positive administers erlotinib (150 mg daily) with or without onartuzumab (15 mg/kg IV every 3 weeks).

Tivantinib (ARQ197, ArQule and Daiichi Sankyo, Woburn, MA), an oral non-ATP competitive small molecule inhibitor that targets c-Met receptor tyrosine kinase, is under evaluation in a phase III study of erlotinib with and without tivantinib in patients with nonsquamous NSCLC who received less than 2 lines of prior therapy (MARQUEE, NCT01377376). A prior phase II trial of erlotinib with or without tivantinib (720 mg daily) showed a nonstatistically significant improvement in survival in 167 pre-treated unselected NSCLC patients [5]. The median PFS was 3.8 months with the combination compared to 2.3 months with erlotinib alone (HR 0.81, 95% CI 0.57–1.16, p = 0.24). The median overall survival was also improved with the combination at 8.5 months compared to 6.9 months (HR 0.87, 95% CI 0.44–1.27, 0 = 0.47). In the subgroup analysis, patients who had KRAS mutations (n = 15) and received the combination of tivantinib and erlotinib had a significant impro
vement in PFS (HR 0.18, 95% CI 0.05–0.70, p < 0.01) and OS (HR 0.43, 95% CI 0.12–1.5, p = 0.17). The most common side effects experienced with tivantinib and erlotinib in this trial were rash, anemia, and diarrhea. The combination of erlotinib-tivantinib is also under investigation in a phase II trial of pre-treated KRAS mutation positive NSCLC (NCT01395758).

Carbozantinib (XL184, Exelixis, Inc. San Francisco, CA) is a small molecular c-Met, RET, and VEGFR2 tyrosine kinase inhibitor. Carbozantinib has received FDA approval in November 2012 for the treatment of medullary thyroid cancer. A phase IB/II trial of carbozantinib with or without erlotinib in pretreated NSCLC patients is ongoing. Ficlatuzumab (AV-299, AVEO, Cambridge, MA) is a humanized anti-HGF IgG1 monoclonal antibody that inhibits ligand-receptor binding. A randomized phase II of gefitinib with or without ficlatuzumab (20 mg/kg) in Asian NSCLC patients with never or minimal smoking histories released preliminary results suggesting benefit in patients with the EGFR mutation but low c-Met expression and in those patients with high stromal HGF [6].



MEK inhibitors

The mitogen-activated protein (MAPK)/extracellular signal-regulated kinase (ERK) pathway communicates signaling from growth factors. MAPK kinase or MEK is an enzyme immediately downstream of RAS and RAF. Often, genetic mutations in RAS or RAF lead to abnormal signaling of the RAS/RAF/MEK/ERK pathway, dysregulation, and tumorigenesis. Direct inhibition of MEK leads to reduction of the MAPK/ERK signaling and subsequent cell growth. MEK inhibitors have recently achieved greater scrutiny after preclinical studies demonstrated sensitivity of BRAF or RAS gene mutated cell lines to MEK inhibitors [7]. A randomized phase II trial in unselected pretreated NSCLC patients compared oral selumetinib (AZD6244, ARRY-142886, AstraZeneca/Array BioPharma) to pemetrexed and showed no difference in survival [8]. This trial and the preclinical studies prompted selumetinib drug development to be focused on the mutated RAS and RAF populations. Selumetinib blocks both MEK1 and MEK2 isoforms of the enzyme.

A subsequent phase II trial of oral selumetinib in pre-treated NSCLC patients with confirmed KRAS mutations demonstrated significant benefit [9]. This trial compared docetaxel with and without selumetinib (75 mg twice daily) and reported a benefit in response rate (35% vs 0%, p < 0.001) and 6-mont
h PFS rate (p = 0.0158) in the combination arm. The main side effects to the selumetinib and docetaxel were rash, asthenia, neutropenia, and febrile neutropenia [9]. Selumetinib is also being developed further in phase I trials for BRAF mutants. Numerous additional allosteric inhibitors and small molecule inhibitors to MEK 1/2 are under development and include trametinib (GSK1120212, GlaxoSmithKline), PD325901 (Pfizer), MEK162 (Novartis), and GDC-0973/XL518 (Genentech).



PI3K/AKT/mTOR pathway inhibitors

The phosphatidylkinosital 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway has been highly investigated in NSCLC therapy due to its role in regulating apoptosis. In oncology, it is one of the most commonly dysregulated pathways seen in solid tumors [10]. The PI3K/AKT/mTOR pathway is an intracellular signaling pathway activated by multiple transmembrane receptor kinases that respond to extracellular growth factors. Aberrant signaling can result from upstream gene mutations or amplifications (i.e., RAS mutations, ErbB2 overexpression), gene mutations leading to deficiency in pathway regulators/inhibitors (i.e., PTEN deficiency) or PI3K/AKT gene amplifications or mutations [10–12].

The PI3K family consists of lipid kinases which are organized into 3 unique classes with differing lipid byproducts and target specificity. The lipid products function as second messengers to activate cell proliferation, differentiation, apoptosis, and glucose homeostasis [12]. The most common aberration is found in the Class IA PI3Ks, which are heterodimeric proteins with a p110 catalytic subunit that phosphorylates lipid substrates [10, 12]. There are several PI3K small molecule inhibitors (pan-PI3K or isoform specific) ongoing in phase I and II NSCLC trials; as well as dual PI3K-mTOR inhibitors in phase I studies.

BKM120 (Novartis) is an oral pan-class I PI3K inhibitor that is under investigation in several phase I trials, and is an agent that may be more beneficial against tumors with PI3KCA gene mutations [13]. PI3KCA encodes for the human p110α protein, which is the class I PI3K catalytic subunit. The main toxicities associated with BKM-120 are pruritus, skin rash, mucositis, nausea, anorexia, diarrhea, fatigue, hyperglycemia, and altered mood [14]. BKM-120 is being combined with carboplatin-pemetrexed in nonsquamous NSCLC and in combination with erlotinib in EGFR-mutated NSCLC previously treated with EGFR tyrosine kinase inhibitors.

GDC-0941 (Genentech) is an ATP-competitive inhibitor with selective binding to the PI3K isoform p100α and p100δ. A phase I trial of carboplatin-paclitaxel-GDC-0941 +/− bevacizumab was conducted and preliminary toxicity analysis showed grade 1-2 alopecia, asthenia, nausea, stomatitis, anorexia, neutropenia, paresthesia, epistaxis, arthralgia, peripheral neuropathy and rash [15]. There was also grade 3 and 4 neutropenia seen but this did not lead to dose-limitations. In the subgroup analysis, patients with squamous cell carcinoma had a higher overall response rate compared to nonsquamous cell carcinoma (71% vs 38%). A phase II trial of carboplatin-paclitaxel-GDC0941 is underway in squamous cell carcinoma NSCLC patients.

PX-866 (Oncothyreon) is an oral irreversible pan-class I PI3K inhibitor that covalently binds to the PI3Kα,β,δ,γ isoforms. A phase I trial in solid tumors reported the most common side effects seen with the agent are nausea, vomiting, diarrhea, and reversible liver enzyme elevation [16]. Although not statistically significant, patients with PIKCA mutations had a longer duration of disease stability on the trial. A phase II trial of PX-866 and docetaxel is ongoing in patients with pretreated metastatic NSCLC or head and neck squamous cell carcinoma.

AKT, also known as protein kinase B, is a serine-threonine specific protein kinase. Three isoforms exist, but AKT 1 and 2 are implicated in oncogenesis. AKT 1 has a significant role in cell survival and AKT 2 is required in glucose transport for the insulin signaling pathway. AKT inhibitors include both ATP mimetics and noncatalytic site inhibitors. The allosteric inhibitors bind to the AKT protein in the pleckstrin-homology domain, induce a conformational change, and prevent localization of AKT to the plasma membrane where it would normally be activated. The agent furthest along is MK-2206 (Merck), a first-in-class oral allosteric AKT1,2,3 inhibitor. Preclinical models of MK-2206 have shown that it can augment EGFR tyrosine kinase inhibitor activity and also resensitize NSCLC cell lines with MET-refractory phenotypes. A phase I trial [17] reported that the dose-limiting toxicity was a generalized erythematous nonblistering maculopapular rash. The main side effects included rash, nausea, vomiting, diarrhea, and hyperglycemia. In this trial, a patient with both PTEN loss and KRAS G12D mutation had significant tumor shrinkage for 24 weeks' duration. Two additional neuroendocrine patients had tumor shrinkage and duration of response for 32 weeks [17]. Several phase II trials are ongoing and include combinations of MK-2206 and AZD6244 (MEK inhibitor) in KRAS mutation patients and also MK-2206 – erlotinib in erlotinib refractory NSCLC patients. Additional AKT inhibitors under investigation in phase I trials include GSK2141795 and GSK2110183 (GlaxoSmithKline), GDC-0068 (Genentech), LY2780301 (Eli Lilly).

mTOR, mammalian target of rapamycin, is encoded for by the FRAP1 gene. mTOR is a serine/threonine protein kinase with regulatory effects on proliferation, motility, and apoptosis. The mTOR protein forms a complex mTOR Complex 1 (mTORC1) which controls protein synthesis and targets p70-S6 Kinase 1 (S6K1) and 4E-BP1 (eukaryotic initiation factor 4E binding protein 1). S6K1 also provides a positive feedback loop to mTORC1. mTOR also complexes into mTORC2 (consists of mTOR, Rictor, GBL, mSIN1) and regulates AKT phosphorylation at serine residue S473 and the cytoskeleton via F-actin stress fibers, paxillin, CDC42, and protein kinase Cα.

Several mTOR inhibitors have been developed. Everolimus and temsirolimus have been Food and Drug Administration approved for several tumor types, but not NSCLC. To date, everolimus has not demonstrated significant clinical benefit in unselected NSCLC patients either as monotherapy or in combination with chemotherapy or novel agents [18–22]. Temsirolimus has limited efficacy as a single agent in NSCLC [23]. Temsirolimus has also been evaluated in extensive stage SCLC as maintenance therapy but showed no clinical benefit [24]. Ridaforolimus (MK-8669, Merck) is a small molecule inhibitor under investigation in NSCLC in combination with cetuximab and in a phase II NSCLC trial where all patients have KRAS mutations.

BEZ235 (Novartis) is an oral imidazoquinoline deritive that is a pan-PI3K inhibitor and inhibits both mTORC1 and mTORC2 [25]. In the first phase I trial, the main side effects encountered were nausea, vomiting, diarrhea, fatigue, anemia, and anorexia [26]. An additional phase I trial (NCT01343498) is ongoing and is evaluating the twice daily dosing schedule [27]. A separate phase I trial in solid tumors is evaluating the combination of BEZ235 with everolimus based on a preclinical trial demonstrating synergistic activity [28]. Some additional mTORC1/2 inhibitors include INK128 (Intellikine), OSI-027 (OSI Pharmaceuticals) and AZD8055 (AstraZeneca).



PARP inhibitors

Poly-adenosine diphosphate-ribose polymerase (PARP) consists of several proteins which regulate DNA repair and apoptosis. The main role of the PARP enzyme is to identify single strand DNA breaks and initiate the base excision repair mechanisms via DNA ligase III, DNA polymerase beta, and scaffolding proteins X-ray cross-complementing gene 1 (XRCC1). In cells with significant DNA damage, PARP can deplete the cell of ATP in an effort to repair the DNA, and thereby induce cell lysis and death. PARP is also involved in programmed cell death [29].

When PARP is inhibited, cells with single strand DNA nicks occur, which eventually lead to double strand breaks during cell replication. In cancer cells with existing genetic mutations (BRCA 1 or BRCA2), PARP inhibitors can induce multiple DNA strand breaks and ultimately lead to cell death. In addition, PARP inhibitors will bind PARP to the DNA and the complexes are toxic to cells as they obstruct replication forks [30].

Several PARP inhibitors are under evaluation as monotherapy and in combination with other agents in NSCLC. Veliparib (ABT-888, Abbott, Abbott Park, IL) is currently being evaluated in a phase II trial of carboplatin-paclitaxel with or without veliparib in unselected NSCLC patients. A phase I trial combining veliparib and a cyclin-dependent kinase inhibitor SCH727965 in BRCA proficient tumors is also underway. The SWOG phase I trial (NCI8811) combining carboplatin-paclitaxel-veliparib and radiation in stage III NSCLC is also ongoing. Olaparib (AZD2281, AstraZeneca, London, England) is an oral agent that has been highly investigated in BRCA-mutated breast cancer and in ovarian cancers (BRCA1/2 mutated or wild-type) [31,32]. The most common side effects experienced by patients treated with olaparib in these trials included nausea, vomiting, fatigue, and anemia. For NSCLC, the Spanish Lung Group is conducting an ongoing phase IB/II trial of gefitinib with and without olaparib in patients with EGFR mutations.



Notch and hedgehog inhibitors

Cancer stem cells are pluripotent and self-renewing and are believed to be responsible for cancer recurrence or disease progression after effective therapy. Notch and Hedgehog are critical signaling pathways involved in continued proliferation of cancer stem cells [33]. Notch receptors (1–4) are single-pass transmembrane receptors activated by 5 ligands (Delta-like-1 (DLL1), DLL3, DLL4, Jagged 1 and Jagged 2) that are located on a neighboring cell [34,35]. The Notch signaling pathway is one of most highly conserved pathways in multicellular organisms [36]. Once the Notch receptor and ligand bind, the extacellular domain is cleaved from the membrane by ADAM-family metalloprotease TACE (tumor necrosis factor alpha coverting enzyme). Subsequently, gamma-secretase enzyme cleaves the intracellular portion of the receptor next to the inner leaflet of the cell membrane and enables Notch to traverse to the nucleus to activate transcription factor CSL and regulate gene expression [34–36].

To date, most inhibitors of the notch signaling pathway are gamma-secretase inhibitors. One agent REGN421 (Regeneron) is a human monoclonal antibody to Delta 4-ligand and is under investigation in a phase I trial. Inhibitors of gamma-secretase increase polyadenosine diphosphate ribose polymerase cleavage and induce apoptosis in cells. A phase I/II trial in NSCLC is combining RO4929097 with erlotinib in pre-treated patients. RO4929097 is also under investigation in the maintenance setting after front-line therapy. An additional gamma-secretase inhibitor PF-03084014 is being assessed in a phase I trial in solid tumors [37].

The hedgehog pathway is a main regulator of development in mammals and is involved in regulating adult stem cells. There are 2 transmembrane receptors that initiate the hedgehog signaling pathway – Patched homologue -1 (PTCH1) and Patched homologue-2 (PTCH2). Hedgehog protein is secreted by cells and attaches to PTCH1 and/or 2 on neighboring cells. PTCH1 inhibits Smoothened homologue (SMO), a 7-transmembrane protein that prevents glioma-associated oncogene homologue (GLI) activation. GLI activation leads to transcriptional regulation of hedgehog target genes and subsequent cell proliferation and survival [38]. In basal cell carcinoma, either PTCH1 or SMO gene mutations can be identified [39,40]. Vismodegib (GDC-0449, Genentech, South San Francisco, CA) was FDA approved for use in basal cell carcinomas in January 2012. The main side effects associated with vismodegib are taste loss, hair loss, and muscle cramps [40]. Vismodegib is under investigation in ECOG1508 a randomized phase II study of cisplatin-etoposide with or without vismodegib or IMC-A12 (insulin-like growth factor receptor) in patients with chemo-naïve extensive stage small cell lung cancer.



Mitotic inhibitors

There are several different approaches to mitosis inhibition, but four methods are under aggressive pharmacologic development: microtubulin binders, microtubulin enzyme inhibitors, mitosis enzyme inhibitors, and the mitosis checkpoint inhibitors. Microtubulin binder agents stabilize microtubules and prevent disassociation by attaching to the αβ-tubulin heterodimer subunit. Microtubulin enzyme inhibitors or mitotic kinesins prevent spindle function and cause mitotic arrest and cell death. Mitotic enzyme inhibitors target aurora kinase and polo-like kinase (PLK) which are serine-theronine kinases that regulate cell division with some redunancy. Mitosis checkpoint inhibitors are sensitizers to DNA damage – in normal cells, activation of checkpoint 1 (Chk1) leads to cell cycle arrest and is crucial for adequate DNA repair. Most checkpoint inhibitors are intravenous but an oral agent is under development.

Several agents that are microtubulin binders already have FDA approval in breast cancer and lung cancer. Some common microtubulin binders are paclitaxel (lung and breast cancer approved), epothilone, abraxane (lung and breast cancer approved), erbulin (breast cancer approved) and ixabepilone (breast cancer approved). Erbulin is a synthetic analog of halichondrin B that suppresses microtubule polymerization and sequesters tubulin into nonfunctional aggregates. A phase Ib of eribulin with carboplatin in solid tumors showed the main toxicities as neutropenia, thrombocytopenia, fatigue and nausea. A number of NSCLC studies combining eribulin with standard chemotherapy and erlotinib are ongoing. Ixabepilone, a microtubule stabilizing epothilone B analog, has anti-tumor activity in βIII-tubulin (β3T) expressing, taxane-resistant metastatic breast cancer. In NSCLC, high β3T levels was a poor prognostic factor in advanced NSCLC patients treated with taxanes [41]. Unfortunately, a randomized phase II study of ixabepilone or paclitaxel with carboplatin, with β3T expression stratification failed to show a survival difference [42]. Abraxane, a nanoparticle albumin-bound paclitaxel (NAB-paclitaxel) is an albumin-bound formulation of paclitaxel. A phase III study [43] of abraxane and carboplatin in chemo-naive NSCLC patients showed superior response rates especially in squamous cell carcinoma patients when compared to carboplatin-paclitaxel. Abraxane was FDA approved for non-small cell lung cancer in October 2012.

There are 3 subtypes of aurora kinases (A, B, C), but only aurora kinase A and B are potential therapeutic targets. Aurora kinase A inhibition leads to mitotic delay, monopolar spindles, and chromosomal segregation errors whereas aurora kinase B inhibition causes dysfunctional cytokinesis, polyploidy, and apoptosis. There are several aurora kinase inhibitors under investigation. For aurora kinase A inhibitors, ENMD-0276 (Entremed) and MLN8237 (Millenium) are under investigation in phase I and II trials. Preliminary results suggest dose limiting toxicity to be myelosuppression and mucositis. Aurora kinase B inhibitors, GSK1070916A (GlaxoSmithKline) and AZD1152 (AstraZeneca) are also under investigation in phase I and II trials in solid tumors and AML. Several additional phase I and II trials of pan-aurora kinase inhibitor trials are underway. To date, there are no aurora kinase inhibitor trials that are specific to NSCLC and their role in NSCLC therapy is unknown.

Polo-like kinase (PLK) is involved in all cell cycle steps but is expressed in primarily in M-phase. PLK-1 is overexpressed in higher stage NSCLC disease with higher histologic grading and is correlated to chromosome instability and aneuploidy. Preclinical NSCLC murine xenograft models have suggested that PLK-1 inhibition by siRNA leads to a reduction in liver metastases and tumor cell growth [44]. BI6727 (Boehringer Ingelheim) targets the PLK-1 ATP binding pocket and disrupts the spindle assembly leading to cell arrest and apoptosis. A phase I trial (n = 65) of BI6727 in solid tumors reported dose limiting toxicity to be myelosuppression. A 3-arm phase II trial in salvage NSCLC randomizes patients to monotherapy BI6727, monotherapy pemetrexed, or the combination is ongoing primarily in Canada (planned n = 150, primary endpoint PFS).

Kinesin protein inhibitors are early in development. As a class of agent, they cause neutropenia, fatigue, anemia, nausea, rash, and hyponatremia. Ispinesib, (SB-715992, GlaxoSmithKline) targets mitotic kinesin spindle protein (KSP) Eg5 and has the additional toxicity of hyperglycemia but no neuropathy. LY-2523355 (Eli Lilly) is an allosteric inhibitor of Eg5 and is in a phase II trial in small cell lung cancer. SB-743921 (GlaxoSmithKline) targets KSP Eg5 and is under evaluation in a phase II trial with small cell lung cancer and non-small cell lung cancer.

Most checkpoint inhibitors are presumed to function better with DNA damaging agents such as chemotherapy. Checkpoint kinase 1 inhibitor LY2603618 (Eli Lilly/Array BioPharma) was shown in preclinical models to have synergistic activity with pemetrexed, especially in p53 mutant tumor cells. A single-arm phase II trial of LY2603618-pemetrexed in metastatic NSCLC is ongoing in internationally and include pharmacogenomics analysis. A phase I/II trial of LY2603618 in combination with cisplatin-pemetrexed is also underway and will focus the phase II portion in nonsquamous NSCLC (primary objective PFS). AZD7762 (AstraZeneca) is an ATP-competitive inhibitor of checkpoint 1/2 and is in phase 1 trials.



Conclusion and future directions for novel targeted agents

The targeted therapies discussed in this section are not inclusive of all the new agents or classes of drugs that are under development. The pathways and agents selected were highlighted as they are furthest along in clinical development and have the potential for additional progress in the field of NSCLC therapeutics. It is anticipated that as a greater understanding of the cancer cell biology occurs, there will be future advances in novel drug development. Ultimately, it is anticipated that patients with NSCLC will have identified driver mutations which will dictate their initial treatment plan. Subsequently, at the time of their disease progression, the tumors will be re-biopsied and additional mutations or pathway dysregulation will be found and will direct salvage targeted therapy. This new paradigm of personalized medicine has been illustrated in the other chapters focused on EGFR mutated, EML-4ALK translocated, and BRAF mutated NSCLC.




Targeted gene therapy for lung cancer

Studies over the past 20 years have established a genetic basis for lung cancer. Genes that suppress tumors and repair DNA can be inactivated and growth regulatory genes can be activated by the more than 100 carcinogens contained in tobacco smoke [45]. Histologically normal bronchial mucosa from people with a smoking history shows multiple genetic lesions. Approximately 15% of lung cancer cases occur in individuals without a smoking history and the genetic profile of those cancers are distinct [46]. Whole genome sequencing discussed elsewhere in this book has uncovered many oncogenes with driver mutations resulting in continuous activation. Small molecule drugs blocking oncogene activation can result in dramatic although short-lived responses; however, individual gene mutations are detected in fewer than 10% of lung cancer patients [47]. The most common gene mutations detected by recent whole genome sequencing are in tumor suppressor genes [48]. The most frequently mutated gene in lung cancer is the tumor suppressor p53 which was the initial focus of gene therapy approaches to lung cancer.

The p53 protein monitors cellular stress and DNA damage, either causing growth arrest to facilitate DNA repair or inducing programmed cell death (apoptosis) if DNA damage is extensive [49]. When a cell is stressed by oncogene activation, hypoxia, or DNA damage, an intact p53 pathway may determine whether the cell will receive a signal to arrest at the G1 stage of the cell cycle, whether DNA repair will be attempted, or whether the cell will self-destruct via apoptosis. Previously, it was believed that gene therapy could not replace all the damaged genes in a cancer cell and thus would not have a significant effect. The observation that expression of a wild-type p53 gene in a cancer cell triggers apoptosis provided the rationale for gene therapy approaches [50]. The fact that restoration of only one of the defective genes is enough to trigger apoptosis suggests that the DNA damage present in a cancer cell may prime it for an apoptotic event that can be provided through a single pathway.

p53 gene replacement

The studies described above suggest that expressing a wild-type p53 gene in cancer cells defective in p53 function could mediate either apoptosis or cell growth arrest, both of which would be of therapeutic benefit to a cancer patient. Initial studies showed that restoration of functional p53 using a retroviral vector suppressed the growth of some, but not all, human lung cancer cell lines. The first published study of p53 gene therapy showed suppression of tumor growth in an orthotopic human lung cancer model using a retroviral expression vector [51]. This was the first study to show that restoring the function of a single tumor suppressor gene could result in the regression of human cancer cells in vivo. Because of limitations inherent in the use of retroviruses including genomic integration and unreliable transgene expression, subsequent studies of p53 gene replacement in lung cancer made use of an adenoviral vector (Ad-p53) [52]. The original adenoviral vector was a serotype 5 replication-defective vector with a deleted E1 region. Subsequent studies with Ad-p53 showed inhibition of tumor growth in a mouse model of human orthotopic lung cancer [53] and induction of apoptosis and suppression of proliferation in various other cancer cell lines and in vivo mouse xenograft tumor models [54–56]. Bystander killing (killing of nontransduced cells by transduced cells), which is necessary as the viral vectors do not transduce all cancer cells, appears to involve regulation of angiogenesis [57,58], immune upregulation [59–61], and secretion of soluble proapoptotic proteins [62].



Clinical trials of p53 gene replacement

The first clinical trial protocol for p53 gene-replacement utilized a replication-defective retroviral vector expressing wild-type p53 driven by a beta-actin promoter [63]. The gene/vector construct was injected into tumors of nine patients with unresectable NSCLC that had progressed after conventional therapy. Three of the nine patients showed evidence of tumor regression with no vector-related toxicity, demonstrating the feasibility and safety of p53 gene therapy.

Subsequent p53 clinical trials were conducted with an adenovirus p53 expression vector. A phase I trial enrolled 28 NSCLC patients whose cancers had not responded to conventional treatments. Successful gene transfer was demonstrated in 80% of evaluable patients [64]. Expression of p53 was detected in 46% of patients, apoptosis was seen in all but one of the patients expressing the gene, and, importantly, no significant toxicity was observed. More than a 50% reduction in tumor size was observed in two patients, with one patient remaining free of tumor more than a year after concluding therapy and another experiencing nearly complete regression of a chemotherapy- and radiation-resistant upper lobe endobronchial tumor. Additional studies in patients with head and neck cancer helped to establish Ad-p53 gene transfer as a clinically feasible strategy resulting in successful gene transfer and gene expression, low toxicity, evidence of tumor regression, and the ability of a p53 biomarker to predict response [65–67].



Gene replacement in combination with chemotherapy and radiation

P53 gene therapy combined with cisplatin in cultured NSCLC cells and in human xenografts in nude mice showed that sequential administration of cisplatin and p53 gene therapy resulted in enhanced expression of the p53 gene product [68,69], and studies of Ad-p53 gene transfer combined with radiation therapy showed that delivery of Ad-p53 increased the sensitivity of p53-deficient tumor cells to external beam radiation [56].

Twenty-four NSCLC patients with tumors previously unresponsive to conventional treatment were treated with Ad p53 and cisplatin [70]. Seventy-five percent of the patients had tumor progression on cisplatin- or carboplatin-containing regimens. Up to six monthly courses of intravenous cisplatin, followed three days later by intratumoral injection of Ad-p53, resulted in 17 patients remaining stable for at least two months and two patients achieving partial responses. Seventy-nine percent of tumor biopsies showed an increase in the number of apoptotic cells.

A phase II clinical trial evaluated two comparable metastatic lesions in each NSCLC patient enrolled in the study [71]. All patients received chemotherapy, either three cycles of carboplatin plus paclitaxel or three cycles of cisplatin plus vinorelbine, and then Ad-p53 was injected directly into one lesion. Patients receiving carboplatin plus paclitaxel, the combination of drugs that provided the greatest benefit on its own, did not realize additional benefit from Ad-p53 gene transfer. However, patients treated with the less-successful cisplatin and vinorelbine regimen experienced significantly greater mean local tumor regression, as measured by size, in the Ad-p53-injected lesion than in the control lesion.

Preclinical studies suggesting that p53 gene replacement might confer radiation sensitivity to some tumors [56. 72–75] led to a clinical trial of p53 gene transfer combined with external beam radiation therapy [76]. Patients with a poor performance status who could not undergo surgery and would be at high risk for combined chemotherapy and radiation received 60 Gy over six weeks with Ad-p53 injected on days 1, 18, and 32. Nineteen patients with localized NSCLC were treated, resulting in a complete response in one patient (5%), partial response in 11 patients (58%), and stable disease in three patients (16%). Three months after the completion of therapy, biopsies revealed no viable tumor in 12 patients (63%) and viable tumor in three (16%). Tumors of four patients (21%) were not biopsied because of tumor progression, early death, or weakness. The one-year progression-free survival rate was 45.5%. Among 13 evaluable patients after one year, five (39%) had a complete response and three (23%) had a partial response or disease stabilization. Most treatment failures were caused by metastatic disease without local progression.

In that study, biopsies of the tumor were performed before and after treatment so that detailed studies of gene expression were possible. Ad-p53 vector-specific DNA was detected in biopsy specimens from 9 of 12 patients with paired biopsies. For 11 patients with adequate samples for both vector DNA and mRNA analysis, 8 showed a postinjection increase in mRNA expression associated with detectable vector DNA. Postinjection increases in p53 mRNA were detected in 11 of 12 paired biopsies obtained 24 hours after Ad-p53 injection, with 10 of 11 increasing threefold or more. Preinjection biopsy specimens that were shown by immunohistochemistry to be negative for p53 protein expression were stained for p53 protein expression after Ad-p53 injection. Staining results confirmed that the p53 protein was expressed in the posttreatment samples in the nuclei of cancer cells. For p21 (CDKN1A) mRNA, increases of statistical significance were noted 24 hours after Ad-p53 injection and during treatment, as compared with the pretreatment biopsy. MDM2 mRNA levels were higher during treatment than before treatment. Levels of FAS mRNA did not change significantly during treatment. BAK mRNA expression increased significantly 24 hours after injection of Ad-p53 and thus appeared to be the marker most acutely upregulated by Ad-p53 injection.

The safety profile for intratumoral injection of Ad-p53 has been excellent. The most frequently reported adverse events related to treatment with Ad-p53 injection were fever and chills, asthenia, injection site pain, nausea, and vomiting. The vast majority of these events were mild to moderate. To date, no maximum tolerated dose for Ad-p53 injection has been established. Based on an increased number of complete responses in head and neck cancers treated with Ad-p53 combined with radiation, Ad-p53 was approved for human use in China, the first gene therapy agent to be so designated [22].



Systemic gene therapy for metastases

Local control of lung cancer is important, but most patients with lung cancer die from systemic metastases. Cancer vaccines could potentiate a systemic immune response to aberrantly expressed proteins in cancer cells such as mutant p53. Mutant p53 is conformationally altered and has a prolonged half-life in cancer cells suggesting that p53 could function as a tumor antigen and vaccine target [77–80]. A clinical trial for patients with small cell lung cancer (SCLC) with extensive stage disease was initiated using dendritic cells, which are the most effective antigen-presenting cells, transduced with Ad-p53 [81]. SCLC patients with extensive stage disease have a median survival of two to four months untreated or six to eight months with chemotherapy. Patients were first treated with conventional chemotherapy. Patients' autologous dendritic cells were treated ex vivo with Ad-p53, which activates the cells and results in the expression of high levels of p53 protein. Those who achieved at least stable disease with chemotherapy received the vaccine biweekly for a total of 3–6 injections. If patients progressed, they were treated with chemotherapy. Of the 29 patients treated, one had a partial response, seven had stable disease, and 21 had progression. Patients having progression then received second-line chemotherapy. Clinical follow-up was completed for 21 patients. Complete or partial responses to the second-line chemotherapy were observed in 61.9% of the 21 patients treated. Eleven of the patients were alive one year after the first vaccine treatment. Clinical responses were correlated with induction of immune responses to the vaccine. Published objective response rates for second-line chemotherapy in extensive-stage SCLC patients range from 5% to 30%.

Whole genome sequencing has identified driver mutations which are the basis for targeted small molecule development. Many small molecule drugs targeting critical cancer survival pathways are now in clinical trials. Three major challenges have emerged. Driver mutations are infrequent, generally being detected in less than 10% of human cancers. Although dramatic responses initially occur, the responses are transient generally lasting six months or less. Finally, the most frequent mutations are found in tumor suppressor genes, with p53 the most common, and to date, small molecules have not been able to restore tumor suppressor gene function. If gene delivery to distant sites of cancer were feasible, successful restoration of tumor suppressor gene function could be accomplished. Recently, the development of nanoscale synthetic vesicles that can encapsulate plasmid DNA and deliver it to cells after intravenous injection has been reported [82,83]. This has been studied in mouse xenograft models of disseminated human lung cancer. In addition to p53, other tumor suppressor genes have been delivered using this technique. Multiple 3p21.3 genes show different degrees of tumor suppression activities in various human cancers in vitro and in preclinical animal models. One of the tumor suppressor genes at this locus is TUSC2 (also known as FUS1), which is not expressed in most lung cancers. When wild-type TUSC2 is expressed in a lung cancer cell, the apoptotic pathway is activated and cell death occurs. To translate these findings to clinical applications for molecular cancer therapy, a systemic treatment strategy was developed using a novel TUSC2-expressing plasmid vector complexed with N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTAP):cholesterol (DOTAP:Chol) nanovesicles, termed TUSC2 nanovesicle, for treating lung cancer and lung metastases [82,83]. Intravenous injections of TUSC2 nanovesicles into mice bearing experimental A549 lung metastasis significantly decreased the number of metastases, and lung tumor-bearing animals treated with TUSC2 nanovesicles survived significantly longer than control animals. These studies provided the rationale for a clinical trial of intravenous TUSC2-mediated molecular therapy in stage IV lung cancer patients [84]. Patients with recurrent or metastatic lung cancer previously treated with platinum-based chemotherapy were treated with escalating doses of intravenous N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTAP):cholesterol nanovesicles encapsulating a FUS-1 expression plasmid (DOTAP:chol-FUS-1) every three weeks. Thirty-one patients were treated at six dose levels (range 0.01 to 0.09 milligrams per kilogram). The MTD was determined to be 0.06 mg/kg. Five patients achieved stable disease (2.6–10.8 months, including two minor responses). One patient had a complete metabolic response on positron emission tomography (PET) imaging. RT-PCR analysis detected FUS-1 plasmid expression in seven of eight post-treatment tumor specimens but not in pretreatment specimens and peripheral blood lymphocyte controls. Proximity ligation assay immunostaining, performed on paired biopsies from three patients, demonstrated low background FUS-1 protein staining in pretreatment tissues compared with intense (10–25 fold increase) FUS-1 protein staining in posttreatment tissues. RT-PCR gene expression profiling analysis of apoptotic pathway genes in two patients with high posttreatment levels of FUS-1 mRNA and protein showed significant posttreatment changes in the intrinsic apoptotic pathway. Twenty-nine genes of the 82 tested in the apoptosis array were altered posttreatment in both patients. The study concluded that DOTAP:chol-FUS-1 can be safely administered intravenously in lung cancer patients and results in uptake of the gene by human primary and metastatic tumors, transgene and gene product expression, specific alterations in FUS-1-regulated pathways, and antitumor effects which is the first time this has been reported for systemic DOTAP:cholesterol nanovesicle gene therapy. Future studies are planned combining gene therapy with other targeted therapies.



Future directions for gene therapy

The clinical trials summarized in this chapter clearly demonstrate that, contrary to initial predictions that gene therapy would not be suitable for cancer, gene replacement therapy targeted to a tumor suppressor gene can cause cancer regression by activation of known pathways with minimal toxicity.

As gene therapy for cancer matures several issues will need to be addressed including the development of more efficient vectors for systemic gene delivery, identification of the optimal genes targeted, optimization of combination therapy, more sensitive and predictive techniques for monitoring gene uptake and expression by cancer cells, and strategies for overcoming treatment resistance.

A broad array of targeted gene-based therapies is under active clinical development in NSCLC. At the same time quantitative proteomic and genomic technology is becoming more accessible, thereby enabling personalized attempts to match a particular targeted gene therapy with a unique cancer specific molecular signal.
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Introduction

Lung cancer is a debilitating disease responsible for most cancer deaths yearly among all malignancies [1] since it is usually diagnosed at advanced stages not amenable to curative therapy [2]. Despite the recognized benefits of chemotherapy, no significant improvement of clinical outcomes have been reported with use of alternative chemotherapy agents and combinations over others in unselected patient populations [3].

Recent advances in molecular biology and genomic profiling have resulted in development of many new anticancer agents that specifically target aberrant pathways and/or genes and proteins that are specific to cancer cells. This wide availability of new agents suggests that there is a need for a more efficient system aimed at quickly and accurately identifying promising agents for phase III testing. The US Food and Drug Administration (FDA) has two mechanisms for approval of drugs and biologics – regular and accelerated approval [4]. Regular approval requires demonstration of clinical benefit, i.e., a longer life, better life, or benefit in an established surrogate for clinical benefit. Accelerated approval, introduced exclusively for new drugs or biologics for the treatment of serious or life-threatening illness, requires favorable effect on a surrogate endpoint that is deemed “reasonably likely to predict clinical benefit,” and always requires confirmation of clinical benefit in subsequent trials. Although this second type of approval provides earlier access to novel therapies it is also associated with doubt regarding the choice of the surrogate as well as uncertainty about ultimate drug approval. Appropriate endpoints correlating with benefit in targeted patient populations have included overall survival (OS) and progression-free survival (PFS) in metastatic NSCLC, while key new approaches and other potential surrogate endpoints of interest (e.g., response rate [RR], disease control at 8 weeks) are currently in active development and discussion. In addition to identifying good surrogates, which could be imaging biomarkers or biochemical, genetic, or molecular biology biomarkers, novel phase II study designs are needed.



Alternative endpoints in clinical trials

The correlation between RR and OS in advanced NSCLC has been systematically reviewed and found in randomized trials of first-line cancer therapy to correlate with improved OS (P < 0.0001) but large differences in RR were required for benefit detection [5]. Systematic review of phase II and III trials of single-agent gefitinib or erlotinib for advanced NSCLC, identified a strong correlation between RR and median OS was identified with a positive but weaker correlation between disease control rate (DCR) and median OS; with RR emerging as a potential surrogate for OS in EGFRTKI monotherapy-treated populations [6], which is thought to reflect both RR and PFS were acting as surrogates for EGFR mutations, with RR being a better surrogate than DCR, as DCR would be anticipated to include both patients with EGFR mutations as well as those with indolent disease, while RR would be expected to include almost exclusively patients with EGFR mutations. Stable disease (SD) appears to contribute to long-term benefit in early clinical trials [7], however it may not be a valid endpoint in the setting of indolent tumors. Randomized discontinuation studies have utilized SD as an endpoint for targeted treatments [8]. In a placebo-controlled randomized phase II discontinuation trial in pretreated metastatic NSCLC, sorafenib monotherapy was associated with significant PFS benefit and a significantly higher SD rate [9]. The use of RR based on conventional imaging endpoints that dichotomize the continuous variable of tumor burden to response or no response fails frequently to capture such patient benefit, because they may miss the fact that residual tumor remaining on imaging after treatment may be largely composed of necrotic tissue. The main advantage of using overall survival as the endpoint in clinical trials is that it is a clinically relevant outcome, however it requires a control cohort it is affected by crossover designs and subsequent therapies and requires longer follow-up. In contrast tumor response rate is easily standardized and is an early outcome, but can be burdened by measurement imprecision, while progression-free survival (PFS) is not confounded by salvage therapy, but is subject to investigator bias and is only partially validated as a surrogate of survival benefit.

As discussed more extensively later in this chapter, the BATTLE trial used 8-week DCR (complete response, partial response, or SD by RECIST) as the primary endpoint, as this endpoint requires shorter time and was found to be predictive of OS, with median OS of 11.3 months in the 104 patients with disease control at 8 weeks versus 7.5 months in patients without disease control at 8 weeks (P = 0.002) [10].

Other novel endpoints include molecular and imaging biomarkers. Molecular biomarkers may prove to be predictive and may provide insight into resistance mechanisms when used as surrogate endpoints; however, they are not usually validated during early clinical development of agents. If the drug target is not ubiquitous, patients need to be selected according to the presence or absence of specific tumor-related molecular signatures to enhance clinical benefit [11]. Frequently, however, the true target of the agent in tumors is unknown and even when it is known target inhibition may be necessary but not sufficient for tumor shrinkage or patient benefit [12,13]. Imaging can be costly and may add little to response assessment, however novel positron emission tomography imaging agents and other novel imaging methodologies are being investigated.



The need for novel trial designs

Pharmaceutical innovation remains inefficient because it is increasingly risky with rising costs of Phase II and III trials that represent key components [14,15]. Despite the increased investment in research and development by the industry, the number of new molecular entities achieving marketing authorization is not increasing. The traditional approach to drug development separates clinical development into sequential phases, in which progress is measured at discrete milestones. Novel approaches to clinical development and trial design could have a key role in overcoming some of these challenges by improving efficiency and reducing attrition rates. Over the last two decades increasingly randomized phase II study designs have been adopted testing experimental agents or combinations in the phase II setting usually with PFS as the primary endpoint [16,17]. The randomized discontinuation design [18] has been adopted by many investigators for molecularly targeted agents. In this design all patients are initially treated with the study agent for a defined period and then patients with stable disease are randomized to continuation or a discontinuation for a defined period to assess the effect of the drug in a population of presumably responsive and more homogeneous patients. This type of design referenced above in the case of sorafenib [9], is useful when the agent is anticipated to provide significant additional benefit after an initial response or disease stabilization. The disadvantage of this design is that a large number of patients needs to be treated initially, therefore unnecessarily exposing many to nonefficacious therapy in order to define a smaller subgroup that benefits that may not have been readily identifiable initially. Even so, further testing of these agents may be difficult if the subgroup that derives benefit is not molecularly or otherwise defined.

Central to a new model for drug development are novel tools, including modeling and simulation, Bayesian methodologies, and adaptive designs.



The impact of molecularly targeted agents in trial design

Molecular dissection of the pathogenesis of the disease [19] has facilitated the pairing of targeted therapy with biomarker selected cohorts of patients which in turn has revolutionized the field with clearly defined benefit from epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKI) in EGFR mutated tumors and from ALK TKIs in EML-ALK translocated tumors [20,21]. Testing NSCLC patients for these and other biomarkers at the time of diagnosis is becoming an increasingly acceptable approach since it affects treatment decisions and patient outcomes [22]. Crizotinib which among other targets inhibits echinoderm microtubule-associated protein like-4/anaplastic lymphoma kinase(EML4-ALK) fusion protein implicated in up to 7% of patients with advanced NSCLC (mainly adenocarcinomas and nonsmokers) [23] was unique in the speed of clinical development, receiving orphan drug status in the United States in September 2010 and approved by the FDA in August 2011 [24]. Activity in the biomarker-positive setting was seen in the phase I trial, with RR of 61% with median survival not reached [20,25,26]. To compensate for the lack of controlled data for crizotinib, an analysis was conducted comparing outcomes of 82 patients relative to historical controls with crizotinib-untreated/ALK-positive disease or ALK-negative/EGFRnegative disease [26], demonstrating a significant OS benefit for crizotinib. The approval of crizotinib differs from current convention for anticancer agents, as it was based on RR rather than PFS or OS benefit.

However, clinical trial designs have not traditionally and in their majority been based on research advances, and have been mostly histology-based, “all-comers” phase I and II trial designs leading to failure in phase III studies or demonstration of a marginal statistical but clinically questionable benefit in these patient populations. Indeed, only two drugs that target signaling pathways have been approved by the FDA for the treatment of unselected NSCLC patients:the EGFR TKI erlotinib and bevacizumab (monoclonal antibody targeting vascular endothelial growth factor (VEGF)).

Exploration of biomarkers in early clinical trials of targeted therapies is also hampered by the fact that most novel targeted therapies studied in NSCLC clinical trials are not administered as initial therapies but rather as second, third, or later lines of treatment, settings that do not traditionally mandate tumor tissue upfront and where molecular analyses are usually done in a subset of cases at the conclusion of the clinical trial [27,28] and are based on the archival diagnostic specimen, therefore possibly missing biologic and mutational evolution of the recurrent and refractory tumor. Another reason is the difficulty of selecting a diagnostic test to identify responsive patient subgroups in early clinical trials, since cancer pathways are not simple or linear and perturbation by therapeutics frequently results in feedback mechanisms and activation of other parallel signaling pathways. Also application of molecular predictive signatures derived from preclinical systems is not usually reliable in the clinic [29,30], and development of clinical predictive signatures requires large clinical datasets for signature validation not available in early phase clinical trials. Very few biomarkers appear on cancer drug labels as diagnostics to select responsive patient subgroups including estrogen receptor IHC, HER-2 IHC/DNA hybridization assay, EGFR IHC, C-KIT IHC, BCR-ABL chromosome, PML-RAR chromosome, 5 del chromosome, and RAS mutation), with only 3 of these FDA approved (HER-2 IHC/DNA hybridization assay, EGFR IHC, and C-KIT IHC).



The BATTLE trial

The effort of capturing the biomarker status for all participants at the time of drug administration was conceived and realized in the landmark Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer Elimination (BATTLE) trial [10].

The study had an umbrella structure with 4 separate therapeutic clinical trials for NSCLC included, namely erlotinib, vandetanib, erlotinib plus bexarotene, and sorafenib (Figure 31.1). All patients included had failed at least front-line therapy underwent a core tumor biopsy for the purpose of obtaining up-to-date biomarker status and then were randomized to one of these 4 treatment arms. The investigators showed that treatment allocation based on results from multiple assays performed on the biopsy specimens is feasible and associated with minimal safety risk. Biomarker analysis was done in real time, with a large panel of mutation, gene copy number, and immunohistochemistry analyses performed on each sample. The results of these studies grouped patients into predefined biomarker signature groups, which could then be used to evaluate treatment–biomarker interactions. The initial 97 patients were randomized equally into the 4 different treatments, with a 25% chance of being placed into each treatment arm. Results from these 97 patients were then assessed, comparing the outcome of interest – 8-week disease control rate (DCR) – with the biomarker status within each treatment arm. This endpoint, previously to be a reasonable surrogate for overall survival [31], is unusual but actually necessary for this type approach that requires a rapid result to facilitate Bayesian adaptation.
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Figure 31.1 Schema of the BATTLE study. Patients were initially randomized equally to the four study arms followed by adaptive randomization.



Then, the study used an adaptive randomization design for treatment allocation, which was based on ongoing analyses of the rate of 8-week disease control obtained for 20 biomarker-treatment groups (4 treatments, with 5 biomarker groups, yields 20 combinations). With this information, future randomization probabilities were adjusted (rather than being equal) using a Bayesian model. This adjustment means that if a patient was found to have a particular biomarker signature on biopsy, he or she would have a >25% chance of being randomized to a treatment on which prior patients with the same biomarker signature had done well with respect to 8-week DCR. The more data accumulated and this adaptation was continued, and more patients with a particular signature did well on a particular therapy, the higher was the probability of being assigned to that therapy for subsequent similar patients. The innovative adaptive randomization design was aiming to increase the opportunity for each patient to receive the most effective experimental treatment possible, with the benchmark being the historical rate of 30% for 8-week DCR for similar patients and was not designed to determine whether significant associations existed between biomarkers and treatments. Indeed eight of 20 biomarker-treatment pairs met the efficacy criterion a >80% probability of achieving 30% 8-week DCR. Several of these matches are consistent with our current understanding of markers predictive for drug efficacy, such as KRAS/BRAF mutations predicting for response to sorafenib [32]. This observation provides additional incentive to proceed with studies with more potent inhibitors of the RAF/MEK/ERK signaling axis in these KRAS mutated cancers. Technical qualifications of the assays used for biomarker grouping may have affected these outcomes emphasizing the need for incontrovertible evidence regarding biomarker matching with therapies. This phase 2 study design did not allow direct comparisons between the equally randomized versus the adaptively randomized groups which could provide ultimate proof that adaptation results in better outcomes.

Despite these advantages that are attractive to both patients and oncologists, introducing and realizing to some degree the idea of “personalized medicine,” Bayesian designs may lessen treatment effectiveness precision estimates due to unequal subject allocation to different arms [33].

The major achievement of the study was the confirmation of the emerging acceptance by the scientific community of the fact that repeat biopsies prior to initiation of therapy for refractory lung cancer is actually valuable and feasible. These procedures were actually shown to be safe (<1% incidence of serious complications among patients undergoing lung biopsy) and real-time biomarker assessment was possible in real-time and prior to treatment assignment.

Based on this innovative design a similar study has been initiated recently, BATTLE-2 (NCT01248247). BATTLE-2 involves previously treated lung cancer patients and includes erlotinib and sorafenib treatment arms as well as two other investigational treatments: a combination of the AKT inhibitor MK-2206 with the MEK inhibitor AZD6244 and a combination of MK-2206 with erlotinib (Figure 31.2). This study involves an approach to biomarker selection and tumor classification that is different from the approach of the BATTLE trial.
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Figure 31.2 Schema of the BATTLE-2 study. Adaptive randomization to the four study arms starts from the beginning of the study. Patients whose tumors harbor sensitizing EGFR mutations or EML4/ALK gene fusion are excluded.



In the first half of the study, clinically validated biomarkers (such as KRAS mutation) will define biomarker groups to be used in adaptive treatment allocation. A limited set of additional prespecified biomarkers will be evaluated in tumor biopsies. After analysis of results, biomarkers considered to be potentially predictive for response to each experimental treatment will be selected for use in treatment allocation decisions in the second half of the study. Of note in the initial BATTLE trial the pre-specified and rigid nature of biomarker groupings did not allow for confirmation of the pairing of multiple biomarker-treatment matches. This can be avoided by taking a more exploratory approach for biomarkers as is attempted in this new iteration of the BATTLE trial. The study also allows the agility required to adapt biomarker selection in the second half of the study to emerging biomarker-treatment matches and modifications to the trial in case such data emerge. As outlined for the I-SPY 2 study above, apart from the clinically validated biomarkers, a set of candidate and exploratory biomarkers are being studied in an effort to define a set of biomarkers that can best drive adaptive randomization to each of the four arms in the second half of the clinical trial.

The BATTLE study design may provide a more distinct advantage in the study of novel drugs without clearly understood mechanisms of action or in situations when the biologic characteristics of the target are uncertain. In these situations, real-time, complex biomarker analyses may accelerate the identification and further testing of potential biomarker–therapy relationships. Conversely, when hypotheses about the drug target and its biologic features are well understood, the adaptive randomization strategy may be less efficient than either prospective biomarker-directed trials addressing mature hypotheses or conventional targeted therapy studies in less restricted patient populations that incorporate retrospective analyses of well-defined biomarkers. The BATTLE approach may represent an alternative, more efficient approach to co-development of new therapeutics with matching predictive biomarkers. The operational innovation of the BATTLE trial is the pioneering of the goal of incorporating 4 different treatment arms and 5 biomarker classifiers in a single study with assignments based on the pre-treatment biopsy, thus allowing for small numbers of screen failures which imposes significant impediments to accrual of biomarker-positive only separate phase II studies and substantially increases the sample size. This type of design also allows for a simple control arm, in this case erlotinib for all other three investigational arms. A similar approach is used in the Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging and Molecular Analysis 2 (I-SPY 2) trial, which involves patients with newly diagnosed breast cancer who are eligible for neoadjuvant treatment with a taxane [34]. I-SPY 2 represents a unique approach toward addressing biomarkers, since apart from the primary endpoint of pathologic complete response, it will also test, analytically validate, and qualify biomarkers as new drugs are tested, use adaptive design to enable learning each drug's biomarker signature; and utilize organizational management principles and sophisticated bioinformatics in order to eliminate the current inefficiencies in clinical trials. The goal is to identify improved treatment regimens for patient subsets on the basis of molecular characteristics (biomarker signatures) of their disease. Regimens that show a high Bayesian predictive probability of being more effective than standard therapy will graduate from the trial with their corresponding biomarker signature(s). Regimens will be dropped if they show a low probability of improved efficacy with any biomarker signature. Biomarkers in I-SPY 2 are categorized in three distinct classes, standard biomarkers that Food and Drug Administration (FDA) approved, qualifying biomarkers not yet FDA approved, but promising in either determining trial eligibility or measuring tumor response and exploratory biomarkers that are of interest on the basis of promising preliminary data suggesting predictive or prognostic value.

Statistical designs different from those of BATTLE and I-SPY 2 have been proposed for randomized trials that include predictive biomarker hypotheses [35,36]. These designs do not require a prespecified biomarker test used for treatment assignment, which avoids the screen failure problem. Not having to prespecify a set of biomarkers to test before enrollment has the major advantage of accommodating how little we often know at the beginning of a pivotal trial about which subgroups may benefit from a novel treatment regimen.



Moving forward with innovative clinical trial designs

For regulatory approval of anticancer drugs, although OS is the traditional endpoint in oncology trials, demonstrating OS benefit may pose insurmountable challenges in the targeted therapy era, when taking into account the confounding impact of subsequent therapies. At the same time, the magnitude of prolonged PFS must not only be statistically significant but also clinically meaningful. The effectiveness of clinical development can be improved by adopting a more integrated model that increases flexibility and maximizes the use of accumulated knowledge. Central to this model of drug development are novel tools, including modeling and simulation, Bayesian methodologies, and adaptive designs, such as seamless adaptive designs and sample-size re-estimation methods. These new trial designs require significant statistical analyses, simulations and logistical considerations to verify their operating characteristics, and therefore tend to require more time for the planning and protocol development phase. Regulatory agencies and institutional review boards also need to approve the design format for interim analysis, and these discussions can sometimes take considerable time. Applications of these methodologies to drug development described with specific examples in this chapter offer advantages but also pose challenges, and barriers to implementation. The BATTLE trials offer proof that we can successfully raise the bar for lung cancer clinical trials research to include comprehensive pretreatment biopsies and genotyping for all participants. We believe that such efforts have great potential to exponentially increase our understanding of patients who benefit from targeted therapies and are likely to accelerate and improve the drug development process. A new standard has been set for acquiring tissue and performing comprehensive biomarker evaluation in real time that will allow implementation in studies of novel agents with distinct targets currently under investigation and will accelerate progress. Indeed, building on these designs, an alternative to traditional drug development and design is currently being discussed.

This development strategy is a master protocol for a Phase III registration trial in which multiple new therapies are tested simultaneously in a specific disease setting. However, this proposed trial would not be a Phase II adaptive screening trial like I-SPY 2 and BATTLE, but rather would be a multi-arm, multi-marker/drug Phase III trial powered to allow FDA approval of new therapeutics, along with matching companion diagnostics when applicable. Unlike the adaptive screening trials, where unknown associations between marker and drug are analyzed, screening in the Master Protocol Multi-drug Registration trial is specifically for appropriate treatment-arm assignment and validation of clinical utility. Each biomarker included in the Master Protocol Multi-drug Registration trial would have a corresponding treatment; assignment to that treatment would be based on results of a validated diagnostic assay. This type of trial would be a nationwide effort with the ability to screen patients upon enrollment and direct them to an arm of the trial based on the results of screening diagnostic tests.

There are multiple advantages to a multi-armed registration study, compared to the traditional alternative of multiple 2-arm registration studies. First, for drugs that have shown promise in a biomarker-selected patient population, grouping these studies under a single trial, with a common control (standard-of-care) arm reduces the overall screen failure rate. Second, there are process and operational efficiencies gained by having a single master protocol, which could be amended as needed as drugs enter and exit the study. A master protocol will also provide consistency, as every drug for the disease would be tested in the identical manner. Sponsors may be encouraged to include their drug in a master registration trial if there were assurances that if pre-specified efficacy and safety criteria were met, the drug and accompanying companion diagnostic would be approved. Finally, by improving the overall efficiency of drug development in a specific disease setting, this trial offers the advantage of bringing safe and effective drugs to patients sooner than they might otherwise be available.

Overcoming internal resistance and aversion to change represents a major hurdle for incorporating the prospective use of novel trial designs and methodologies into clinical development programs. Greater awareness of the distinct advantages of innovative designs by regulators and sponsors are crucial to increasing the adoption of these modern tools.





References



	Siegel R, Naishadham D, Jemal A (2012) Cancer statistics, 2012. CA Cancer J Clin, 62: 10–29.


	NCCN (2012) Clinical Practice Guidelines in Oncology, National Comprehensive Cancer Network. Non-small cell lung cancer.


	Schiller JH, Harrington D, Belani CP, et al. (2002) Comparison of four chemotherapy regimens for advanced non-small-cell lung cancer. N Engl J Med, 346: 92–8.


	Johnson JR, Ning YM, Farrell A, et al. (2011) Accelerated approval of oncology products: The food and drug administration experience. J Natl Cancer Inst, 103: 636–44.


	Johnson KR, Ringland C, Stokes BJ, et al. (2006) Response rate or time to progression as predictors of survival in trials of metastatic colorectal cancer or non-small-cell lung cancer: A meta-analysis. Lancet Oncol, 7: 741–6.


	Tsujino K, Kawaguchi T, Kubo A, et al. (2009) Response rate is associated with prolonged survival in patients with advanced non-small cell lung cancer treated with gefitinib or erlotinib. J Thorac Oncol, 4: 994–1001.


	Tolcher AW (2009) Stable disease is a valid end point in clinical trials. Cancer J, 15: 374–8.


	Hales RK, Banchereau J, Ribas A, et al. (2010) Assessing oncologic benefit in clinical trials of immunotherapy agents. Ann Oncol, 21: 1944–51.


	Wakelee HA, et al. (2012) A double-blind randomized discontinuation phase-II study of sorafenib (BAY 43–9006) in previously treated non-small-cell lung cancer patients: Eastern cooperative oncology group study E2501. J Thorac Oncol, 7(10): 1574–82.


	Kim ES, Herbst RS, Wistuba, II, et al. (2011) The BATTLE trial: personalizing therapy for lung cancer. Cancer Discov, 1: 44–53.


	Dy GK, Adjei A (2007) Patient selection for rational development of novel anticancer agents. In: Kaufman H, Wadler S, Antman K (eds), Cancer Drug Discovery and Development Molecular Targeting in Oncology. Totowa, NJ, Humana Press, Inc., pp. 639–46.


	Adjei AA, Cohen RB, Franklin W, et al. (2008) Phase I pharmacokinetic and pharmacodynamic study of the oral, small-molecule mitogen-activated protein kinase kinase 1/2 inhibitor AZD6244 (ARRY-142886) in patients with advanced cancers. J Clin Oncol, 26: 2139–46.


	Friday BB, Yu C, Dy GK, et al. (2008) BRAF V600E disrupts AZD6244-induced abrogation of negative feedback pathways between extracellular signal-regulated kinase and Raf proteins. Cancer Res, 68: 6145–53.


	Adams CP, Brantner VV (2010) Spending on new drug development. Health Econ, 19(2): 130–41.


	Adams CP, Brantner VV (2006) Estimating the cost of new drug development: Is it really 802 million dollars? Health Aff (Millwood), 25: 420–8.


	Phase II trials in the EORTC. The Protocol Review Committee, the Data Center, the Research and Treatment Division, and the New Drug Development Office (1997) European Organization for Research and Treatment of Cancer. Eur J Cancer, 33: 1361–3.


	Van Glabbeke M, Steward W, Armand JP (2002) Non-randomised phase II trials of drug combinations: Often meaningless, sometimes misleading. Are there alternative strategies? Eur J Cancer, 38: 635–8.


	Rosner GL, Stadler W, Ratain MJ (2002) Randomized discontinuation design: Application to cytostatic antineoplastic agents. J Clin Oncol, 20: 4478–84.


	Kris MG, Johnson BE, Kwiatkowski DJ, et al. (2011) Identification of driver mutations in tumor specimens from 1000 patient with lung adenocarcinoma: The NCI's Lung Cancer Mutation Consortium (LCMC). J Clin Oncol, 29 (Suppl.).


	Kwak EL, Bang YJ, Camidge DR, et al. (2010) Anaplastic lymphoma kinase inhibition in non-small-cell lung cancer. N Engl J Med, 363: 1693–1703.


	Mok TS, Wu YL, Thongprasert S, et al. (2009) Gefitinib or carboplatin-paclitaxel in pulmonary adenocarcinoma. N Engl J Med, 361: 947–57.


	Azzoli CG, Baker S, Jr., Temin S, et al. (2009) American Society of Clinical Oncology Clinical Practice Guideline update on chemotherapy for stage IV non-small-cell lung cancer. J Clin Oncol, 27: 6251–66.


	Horn L, Pao W (2009) EML4-ALK: Honing in on a new target in non-small-cell lung cancer. J Clin Oncol, 27: 4232–5.


	XALKORI (Crizotinib) capsules, oral (package insert) New York, Pfizer Labs.


	Camidge DR, Bang YJ, Kwak EL, et al. (2011) Progression-free survival (PFS) from a phase I study of crizotinib (PF-02341066) in patients with ALK-positive non-small cell lung cancer (NSCLC). J Clin Oncol, 29: 15S.


	Shaw AT, Yeap B, Solomon B, et al. (2011) Impact of crizotinb on survival in patients with advanced ALK-positive NSCLC compared with historical controls. J Clin Oncol, 29: 15S.


	Eberhard DA, Johnson BE, Amler LC, et al. (2005) Mutations in the epidermal growth factor receptor and in KRAS are predictive and prognostic indicators in patients with non-small-cell lung cancer treated with chemotherapy alone and in combination with erlotinib. J Clin Oncol, 23: 5900–9.


	Tsao MS, Sakurada A, Cutz JC, et al. (2005) Erlotinib in lung cancer – molecular and clinical predictors of outcome. N Engl J Med, 353: 133–44.


	Baggerly K, Coombes K (2009) Deriving chemosensitivity from cell lines: Forensic bioinformatics and reproducible research in highthroughput biology. Ann Appl Stat, 3: 1309–34.


	Potti A, Dressman HK, Bild A, et al. (2006) Genomic signatures to guide the use of chemotherapeutics. Nat Med, 12: 1294–1300.


	Lara PN, Jr., Redman MW, Kelly K, et al. (2008) Disease control rate at 8 weeks predicts clinical benefit in advanced non-small-cell lung cancer: Results from Southwest Oncology Group randomized trials. J Clin Oncol, 26: 463–7.


	Massarelli E, Varella-Garcia M, Tang X, et al. (2007) KRAS mutation is an important predictor of resistance to therapy with epidermal growth factor receptor tyrosine kinase inhibitors in non-small-cell lung cancer. Clin Cancer Res, 13: 2890–6.


	Thall PF, Wathen JK (2007) Practical Bayesian adaptive randomisation in clinical trials. Eur J Cancer, 43: 859–66.


	Barker AD, Sigman CC, Kelloff GJ, et al. (2009) I-SPY 2: An adaptive breast cancer trial design in the setting of neoadjuvant chemotherapy. Clin Pharmacol Ther, 86: 97–100.


	Baker SG, Sargent DJ (2010) Designing a randomized clinical trial to evaluate personalized medicine: A new approach based on risk prediction. J Natl Cancer Inst, 102: 1756–9.


	Freidlin B, Jiang W, Simon R (2010) The cross-validated adaptive signature design. Clin Cancer Res, 16: 691–8.








CHAPTER 32

Novel Statistical Models for NSCLC Clinical Trials


J. Jack Lee and Caleb T. Chu

Department of Biostatistics, The University of Texas MD Anderson Cancer Center, USA


Introduction

The rapid advancement in cancer biology over the recent years has not only brought us into a deeper understanding of the molecular and genomic mechanism of lung cancer but has also laid a fertile ground for the development of new and more effective treatments. For example, Figure 32.1a [1] shows the traditional view of lung cancer being classified generally by histology, into adenocarcinoma, squamous cell carcinoma, and large cell carcinoma. In 1987, the KRAS mutation was identified followed by the discovery of activating EGFR mutations in 2004. Then in 2009 and beyond, an increasing number of rare mutations including the EML4-ALK translocation were identified in lung cancer. As individual mutations emerged, some were also found to overlap with each other and formed interesting intersections between molecular profiles (Figure 32.1b) [2]. Despite the prevalent discovery of mutations, the presentation of a specific type of activating mutation in patients was still rare. However, if all of the known mutations were considered collectively, more than 50% of the patients are with known molecular aberrations. This suggested that treatments directed towards molecular targets could be a promising approach for cancer therapy.
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Figure 32.1 Evolution of knowledge in classifying non-small cell lung cancer. a: Traditional view by histology; 1987 with the discovery of KRAS mutation; 2004 with the discovery of EGFR mutation; 2009 with many new mutations identified. b: Common, rare, and overlapping mutations.

Source: (a) Pao W, Girard N (2011) New driver mutations in non-small-cell lung cancer. Lancet Oncology, 12(2): 175–80. Reproduced with permission of Elsevier. (b) Sequist LV, Heist RS, Shaw AT, et al. (2011) Implementing multiplexed genotyping of non-small-cell lung cancers into routine clinical practice. Ann Oncol, Dec; 22(12): 2616–24. Reproduced with permission of Oxford University Press.



Biological discoveries of mutations paved the way for the development of many targeted agents within the past 20 years. The most notable example is that of imatinib. The Philadelphia chromosome in chronic myelogenous leukemia (CML) was first reported in 1960. However, it wasn't until 30 years had passed before the function of the BCR-ABL translocation and its role in carcinogesis was understood. It was this functional understanding that was key to the later synthesis of an inhibitor to the hyperactive BCR-ABL protein known as STI571 (imatinib). After convincing evidence demonstrated that imatinib can effectively inhibit the growth of BCR-ABL expressing cells in vitro and in animal studies, the novel drug began to be tested in human patients in 1998. Promising results from phase I studies led to phase II trials in 1999. Amazingly, 31 out of 31 patients who received at least 300 milligrams of imatinib daily had their blood counts return to normal. In nine of the 20 patients who were treated for five months or longer, no cells with the Philadelphia chromosome could be found. The result led to a phase III trial in 2000 and the drug was approved soon after by the FDA for CML in 2001 and GIST in 2002 [3].

In parallel, EGFR tyrosine kinase inhibitors were first identified in 1994. In 1997, phase I clinical trials of gefitinib tested its tolerability and confirmed its mode of action. In 2000, phase II trials demonstrated that 250 mg/d of gefitinib had clinically meaningful activity in non-small cell lung cancer. In 2003, FDA granted accelerated approval for the third line use of gefitinib in advanced non-small cell lung cancer (NSCLC) patients who had failed standard chemotherapy. However, subsequent phase III trials demonstrated that there was no added benefit of adding gefitinib to standard first-line chemotherapy in NSCLC. In 2005 the FDA withdrew approval for the use of gefitinib in new lung cancer patients due to its failure to demonstrate a benefit to overall survival. However, the recent IPASS trial re-confirmed that gefitinib is beneficial specifically for patients with an EGFR mutation [4]. Gefitinib was approved and is now used in more than 60 countries worldwide but not in the US. In contrast, a similar EGFR TKI, erlotinib, received the FDA approval in 2004 for treating patients with locally advanced or metastatic NSCLC after failure of at least one prior chemotherapy regimen. Even with an active agent on the market, this example illustrates the importance of clinical trial designs and strategies for successful drug development [5].

Another fascinating story is the development of crizotinib. The lead compound of its class was identified in 2005. Clinical testing in NSCLC began in 2006 and the discovery of EML4-ALK translocation was reported in 2007. The first clinical responses from crizotinib were observed in tumors with EML4-ALK translocation in 2008. By 2009, a phase 3 trial in lung cancer was initiated, and crizotinib was approved by FDA in 2011 with a companion diagnostic of the EML4-ALK translocation [6].

The development of targeted agents with the companion discovery of the EGFR mutation and EML4-ALK translocation revolutionized both the clinical diagnosis and treatment of lung cancer. Patients with newly diagnosed lung cancer are now subject to routine genomic profiling from diagnostic material (e.g., core needle biopsy) in many major medical centers. The practice is now also extending to smaller clinics. With cheaper and more powerful genomic testing methods arriving at an unprecedented pace, we expect the growing trend to only continue. In the near future, newly diagnosed lung cancer patients will promptly have genetic maps of their tumors by the time they make clinic appointments for medical care. In addition, patients with recurrent lung cancer are likely to have repeat biopsies done to collect fresh tissues for further molecular/genomic analysis and to identify of the most effective second or third-line treatments.

Matching anomalous molecular drivers with targeted treatments present a promising direction in the field of oncology. However it is also apparent that targeted agents do not work for all patients. The overall landscape of lung cancer, the number one killer in cancer, has been persistently dismal as the five-year survival rate for NSCLC continues to hover around 15%. Known actionable mutations are rare and patients who have been treated with targeted therapy for a period of time are likely to develop drug resistance. The identification and validation of prognostic and predictive markers pose a long and challenging task. We need to continue asking ourselves: Do we have sufficient information to make an intelligent choice for treatment? How can we use the information that we have to choose the most effective treatment for each patient? For most cases with matching activated mutations and drugs, effective treatments are available and patients can be treated accordingly. In many other cases, we still do not have enough validated markers to consistently choose effective treatments. However in the past decade, we have seen an explosion in the number of targeted agents and potential biomarkers being discovered. This has far outnumbered the number of trials that can be run at one given time simply because of limited resources. This places great importance upon the need to develop highly efficient and innovative clinical trials for the testing of new agents and gathering of information on the prognostic and predictive ability of biomarkers. In this chapter, we will begin by providing an overview on how standard and innovative clinical trial designs can be applied to seek out effective treatments for non-small cell lung cancer (NSCLC). Statistical issues pertinent to efficient, ethical and novel clinical trial designs will also be discussed.

Clinical trials are bedrocks in the rigorous field of drug development. Such trials are necessary for seeking out safe and effective treatments for diseases while also laying the foundation of evidence-based medicine. Without properly and rigorously conducted clinical trials, progress in clinical medicine would be severely limited. This places great importance on the collaboration of clinical trials with clinical practice in the advancement of knowledge and improvement of disease treatments [7–10].

In the process of drug development, when a molecular aberration is isolated and the corresponding targeted agent is developed, effective treatments for patients may be potentially identified. However, the effectiveness of targeted agents varies from patient to patient and for some drugs, there may be no effectiveness at all. The challenge in developing targeted agents is in requiring the evaluation of treatment efficacy as well as the identification of prognostic and predictive markers. Furthermore, upon the identification of each patient's marker profile, it is desirable to treat patients with comparatively the best treatment available. Therefore a good clinical trial design should be able to (1) test the treatment efficacy, (2) identify prognostic and predictive markers, and (3) provide the most superior treatment for patients who are enrolled in the trial.

Although clinical trials have been around for more than half a century, standard clinical trial designs tend to be rigid and requires a long study duration. Recent efforts have been proposed to apply new methods to improve the efficiency of trials while placing patients in more effective treatment arms. One major emerging statistical innovation that meets such requirements is the application of Bayesian methods in adaptive designs. In the next two sections, we will introduce both Bayesian statistics and adaptive designs. Subsequently, we will illustrate how the Bayesian adaptive design is applied in a seminal trial: the BATTLE trial as an example for advancing lung cancer research. Finally, we will give an overview of other novel designs and conclude with a chapter summary.



Bayesian statistics and its relevance in clinical trials

Statistics is a science of quantitative reasoning. It provides a framework for assessing information contained in the data in the midst of uncertainty. Statistics is used to quantify the probability of an event so that a proper inference can be made. Statistics can also be applied to design more efficient clinical trials such that accurate inference can be attained timely to advance knowledge in clinical research.

There are two main approaches for statistical inference: the predominant frequentist approach and the lesser known Bayesian approach. Although the famous Bayes theorem developed by Reverend Thomas Bayes was published posthumously in 1763, long before frequentist methods became popular, the Bayesian method has historically been underutilized and underappreciated compared to its frequentist counterpart. The Bayesian method treats an unknown parameter (e.g., the response rate of a new agent in untreated stage IV NSCLC) as random and the known data as fixed. The Bayesian approach calculates the probability of the parameters given the data; whereas the frequentist approach computes the probability of the data given the parameters. Hence, these two methods are complementary.

How does the Bayesian method work? Simply put, the Bayesian method follows these three steps: (1) obtain a prior distribution (a pre-defined measure on what is already known or estimated from past data) of the parameter of interest; (2) compute the data likelihood (information gathered during the study); and (3) synthesize these two pieces of information to form a posterior distribution. The posterior distribution then becomes the prior distribution for subsequent evaluations. Some unique strengths of the Bayesian approach are as follows: (i) Compared to the frequentist approach, the Bayesian approach is more intuitive and addresses the problem at hand directly. For example, it can directly calculate the probability that the null hypothesis is true whereas the frequentist approach calculates the probability of the data given that the null hypothesis is true (e.g., the P value) – providing an indirect assessment of whether the null hypothesis is true. (ii) The Bayesian approach models the unknown parameter with a distribution and properly addresses various levels of uncertainty. For example, a hierarchical Bayes model can be constructed to evaluate the response rate of a drug in subgroups of patients and/or in multicenter trials. (iii) The Bayesian method accommodates more frequent monitoring and interim decision making during a trial; thus, it provides a platform for sequential learning. Most clinical trials are conducted over an extended period of time. Hence, it is desirable to frequently monitor the interim results so decisions can be made early on when sufficient evidence has accumulated. (iv) The Bayesian method takes the “learn as we go” approach. The built-in “learning” feature makes the Bayesian approach adaptive in nature. The conduct of a clinical trial can be adapted according to the knowledge gained from the currently observed data. For example, a trial design that incorporates outcome-adaptive randomization can assign more patients to better treatments as the trial moves along. In addition, an adaptive sample size estimation procedure can adjust the size of the trial according to the observed outcome. (v) The Bayesian method can incorporate a utility function for informed decision making. Taking the Bayesian decision theoretic approach, clinical trial investigators can specify the “utility” or “loss” of various events. For example, “what is the utility (or importance) to the patient of being cured of cancer, and what is the loss to the patient if a long-term toxicity occurred due to the treatment?” The Bayesian method formulates the subjective preference for outcomes explicitly and quantitatively to aid investigators/patients in making informed decisions. The optimal decision of the trial conduct can be made by maximizing the utility function or minimizing the loss function.

However, Bayesian methods have their limitations as they require the proper specification of the prior distribution. Formally incorporating prior information gathered before, during, and outside of the trial can enhance the trial efficiency but results may be sensitive based upon the chosen prior. Bayesian methods are also more computationally intensive – a challenge that has been alleviated by the development of better computing algorithms and faster computers. Additional infrastructure is often necessary for implementing Bayesian designs in clinical trials. Specialized software programs are required for the study design, simulation, conduct, and analysis of data. Web-based applications are particularly useful for timely data entry, interim analysis, and reporting. Trial success requires not only the development of proper tools, but also timely and accurate execution of outcome evaluation, adaptive randomization, data analysis, and inference making.

Bayesian methods hold great promise for improving the efficiency and flexibility of conducting clinical trials, and are ideal for learning and adaptation. Bayesian methods provide excellent tools for searching for effective treatments and predictive markers in the quest for biomarker-based personalized medicine – all toward the goal of treating more patients with more effective therapies both inside and outside of the trial. Later on, examples such as the BATTLE trial, the BATTLE-2 trial will be illustrated. The relative merit of the Bayesian and frequentist approaches continues to be the subject of debate in statistics. Better statistical methods can lead to more efficient clinical trials designs, lower sample sizes, more accurate conclusions, and better outcomes for patients enrolled in trials and beyond. The Bayesian approach offers an attractive alternative for better trials. Such types of trials should be more commonly designed and conducted so to demonstrate its true benefit [11].



Adaptive designs

Clinical drug development is a long and costly process with a success rate of only 5% in oncology [12,13]. Adaptive designs allow for adjustments to be made on the trial conduct, based on interim data, making it ideally suited for drug development. In the early phase of drug development, the efficacy and toxicity of new agents and/or their combinations under investigation are often unknown before the study. As the trial progresses, an adaptive design can use the observed information to guide the study conduct. The resulting design is often more efficient in requiring less patients to achieve the study objective and ethically appealing by adaptively moving patients over to safer and more efficacious regimens in a study [12,–16]. Many adaptive designs have been proposed in the literature [17–21]. Most relevant features of adaptive designs for early drug development can be classified into the following categories: (1) adaptively determining dose levels, (2) adaptively allocating or randomizing patients into doses or treatments, (3) allowing adding, dropping, or graduating treatments and/or doses based on interim analysis, and (4) adaptively adjusting sample size as the trial progresses. Many, but not all, of the adaptive designs are constructed under the Bayesian framework. Due to the fact that inference is not constrained on the sampling scheme, the Bayesian method by nature is more flexible and adaptive, even when the conduct of a study deviates from the original design [22,23]. For all adaptive designs, design parameters should be carefully chosen and simulation studies should be performed beforehand to calibrate the design such that desirable operating characteristics can be achieved.

Several adaptive designs are chosen to illustrate how they are used in drug development.


Continual reassessment method (CRM)

CRM [24] is a model-based method used to estimate the dose-toxicity curve and subsequently to identify the maximum tolerated dose (MTD). A one-parameter dose-toxicity curve such as hyperbolic tangent, logistic, or power model, needs to be specified in advance. After specifying a prior distribution of the model parameter, the dose closest to the target toxicity level can be determined for treating the next patient. CRM allows the investigator to treat patients at the dose closest to the estimated MTD level based on the current data. Subsequent modifications proposed for CRM incorporate additional safety measures, such as starting with the lowest dose and not skipping dose levels, etc. [25]. CRM results in a more rapid dose escalation and it uses all available information in determining the MTD. An excellent tutorial of the CRM can be found in a paper by Garrett-Mayer [26]. Several recent papers extend the original CRM in different ways to enhance its applicability and accuracy, which include, the time-to-event CRM (TITE-CRM), the escalation with over-dose control (EWOC) methods, and the Bayesian Model Averaging CRM (BMA-CRM), etc [27–29].



Predictive probability design (PPD)

Two- or three-stage designs are commonly used for initial efficacy assessment of new agents [30]. Although these designs control for false positive and negative error rates and allow early futility stopping based on the interim data, the rigid study design can be difficult to follow because the response has to be evaluated at a pre-specified fixed number of patients. PPD is an efficient and flexible design based on Bayesian predictive probability [31]. Predictive probability is obtained by calculating the probability of a positive conclusion (rejecting the null hypothesis) should the current trend continue and the trial conducted to the maximum planned sample size given the interim observed data. The decision to continue or to stop the trial can be made according to the strength of the predictive probability. The design allows for continuous monitoring of the trial outcome. Consequently, PPD is more efficient in stopping the trial early and results in a smaller than expected sample size when the new treatment is not efficacious. PPD remains robust in controlling the error rates when the trial conduct deviates from the original design. It is more adaptable than traditional multistage designs in evaluating the study outcome, hence, easier to implement.



Biomarker stratified Bayesian adaptive randomization design (BSBARD)

Molecular signature of tumors can be used for identifying predictive markers in searching for the best-fit targeted therapy for individual patients. BSBARD takes an outcome-based adaptive randomization approach to align patient characteristics with targeted agents. All patients have biopsy samples taken for a biomarker assessment prior to randomization. A short-term study endpoint such as the response rate or the disease control rate at a pre-specified time (e.g., 8 weeks) is often used. The Bayesian probit model or the Bayesian logistic model can be applied to characterize the response outcome. Patients are adaptively randomized to treatments with the randomization rate based on the updated response rate from the accumulated data in the trial. For each biomarker profile, high-performing arms have higher randomization rates, and vice versa. An early stopping rule can be added so that low-performing arms can be suspended from randomization. The proposed design can have the desirable operating characteristics to: (1) identify effective agents with a high probability; (2) suspend ineffective agents; and (3) treat more patients with effective agents that correspond to their biomarker profiles. As the trial progresses, the trial design continues to adapt by refining the parameter estimates and assigning patients into better performing arms accordingly.



Comparison of standard and novel designs

Several designs have been proposed in the literature for evaluating targeted agent in this setting [32]. We compare the operating characteristics of five recently proposed designs, namely, the simple randomization design, the marker stratified design, the marker strategy design [33], the efficient targeted design [34,35] and the Biomarker stratified Bayesian adaptive randomization design (BSBARD). The schematic diagram of these designs is given in Figure 32.2. In the simple randomization design, patients are randomized equally into the standard or the targeted treatment without the knowledge of the marker status. Simple randomization design can be used to test the overall treatment effect in the whole patient population. Based on the post-hoc analysis by patients' marker status, it can also be used to test treatment effect in the M− and M+ patients separately. However, the marker distribution may not be balanced between the two treatment groups for small samples. If markers are measured retrospectively, a higher missing rate could occur. On the other hand, the marker stratified design requires that marker values be obtained at baseline. After stratifying based on marker status, patients are equally randomized into the standard and targeted treatments. The prognostic effect of the marker can be tested by comparing A vs. C. Testing A vs. B or C vs. D can be used to assess the treatment effects in patients within each marker group. The predictive effect can be tested by comparing the odds of treatment response between M− and M+ patients (A/B vs. C/D). In the marker strategy design, patients are first randomized between strategies. Patients randomized into the nonstrategy arm can either receive the standard treatment (not shown in the figure), or be equally randomized to the standard and targeted treatments. For patients randomized into the marker-based strategy arm, the treatment assignment is deterministic. M− patients receive standard treatment while M+ patients receive targeted treatment. The differential effect of the two strategies can be compared by testing A+B vs. C+D. The comparison between A and B can test the treatment effect in the unselected population. Similarly, the treatment effect in the selected population can be tested by the comparison between C and D. The marker strategy design is, however, very inefficient and requires a large sample size when comparing various strategies as the overlapping nature of similar patient types could place them in the same treatment arms in different strategies. In the marker-based strategy arm, the marker effect and the treatment effect can not be separated because they are totally confounded per design. Efficient targeted design is an enrichment design which only treats M+ patients in the trial. M− patients are treated off protocol. It can answer the question whether targeted treatment works in the M+ patients, but its effectiveness in M− patients cannot be assessed.
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Figure 32.2 Schematic diagram of simple randomization design, marker stratified design, marker strategy design, efficient targeted design, and Biomarker stratified Bayesian adaptive randomization design (BSBARD). Randm: Randomization; AR: Adaptive Randomization; MB: Marker Based; TX1: Standard Therapy; TX2: Targeted Therapy.



BSBARD is a model-based approach, where the treatment effects are evaluated in marker groups progressively. The design structure is similar to marker stratified design, where randomization is conducted conditionally on marker status. However, instead of using ER, covariate-adjusted AR by marker is applied to allocate more patients to the putatively superior treatment. The design can yield the answers of treatment effect, marker effect, and treatment by marker interaction, as well as treating patients with more effective treatments using the available data collected during the trial.



Challenges for adaptive designs

Adaptive designs provide a sensible and flexible approach to facilitate learning. In order to adapt based on the interim data, study endpoints need to be measured objectively and observed within a reasonably short period of time. Patient accrual cannot be faster than the accumulation of data. Additional infrastructure support is required, which includes a robust mechanism for endpoint evaluation during the trial, timely data entry into a centralized database, and the development of specialized software for allocating patients into treatments. Many useful tools can be downloaded from http://biostatistics.mdanderson.org/SoftwareDownload.




The BATTLE trial: a case study

The Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer Elimination (BATTLE) trial is the first prospective, biopsy-mandated, biomarker-based, adaptively randomized study in patients with heavily pre-treated lung cancer [36,37]. From 2006 to 2009, 341 patients were enrolled in the BATTLE trial and among them, 255 were randomized. Upon biopsy, tissue samples were analyzed for their biomarker profiles. Patients were assigned to one of the five biomarker groups according to the rank order of the estimated predictive value as follows: (1) EGFR mutation, amplification, or high polysomy; (2) KRAS or BRAF mutation; (3) VEGF or VEGFR-2 overexpression; (4) RXR α, β, or γ overexpression and/or Cyclin D1 overexpression/amplification; or (5) no study biomarkers. Following an initial equal randomization period (N = 97), patients were adaptively randomized (N = 158) to one of the four study arms: erlotinib, vandetanib, erlotinib plus bexarotene, or sorafenib, based on each patient's relevant molecular biomarkers.

The primary endpoint of the study was the 8-week disease control rate (DCR) which has been shown to be a good surrogate for the overall survival in this patient population [38]. Based on our preliminary data, we considered that the 8-week DCR is 30% under the null hypothesis and 50% under the alternative hypothesis. The statistical design was based on adaptive randomization under a Bayesian hierarchical model that would assign more patients into more effective treatments with the randomization probability proportional to the observed efficacy based on patients' individual biomarker profiles. Prior to the adaptive randomization, patients were equally randomized to the four treatments to train the model for calculating the randomization probability. The trial design also allowed for the suspension of underperforming treatments in marker groups if the probability of a DCR >50% was <0.1. At the end of the trial, a treatment is considered efficacious in a marker group if the posterior probability of the 8-week DCR >30% is >0.80. The study schema is shown in Figure 32.3a.
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Figure 32.3 BATTLE trials. a: BATTLE trial design schema. b: Probability of adaptive randomization by treatment and marker group at the end of the BATTLE trial.



At the conclusion of the study, the overall 8-week DCR was 46%. The study confirmed several pre-specified hypotheses such as erlotinib working well in patients with EGFR mutation, vandetanib working well for patients with high VEGFR-2 expression, and erlotinib plus bexarotene working well for patients with high Cyclin D1 expression. The study also generated some intriguing hypothesis. For example, sorafenib showed efficacy among mutant-KRAS patients, which will be investigated in a greater extent in future trials. The distribution of the final randomization probability into the four treatments for the biomarker groups 1, 2, 3, and 5 is given in Figure 32.4. (Note that only 6 patients were in marker group 4; hence marker group 4 is not shown.)
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Figure 32.4 BATTLE-2 trial principles and design schema.



One adaptive feature in the BATTLE trial is the suspension of randomization in the underperforming treatment/marker pairs. For example, toward the end of the BATTLE trial, the data suggested that vandetanib did not work for the KRAS/BRAF mutation group and both vandetanib and erlotinib plus bexarotene did not work for the VEGF/VEGFR-2 overexpression group. Hence, the randomization probability was set to 0 (Figure 32.3b). The suspension or early stopping rule can avoid assigning patients to ineffective treatments and redirect them to more effective treatments. Bayesian framework allows the information to be updated continuously in the trial. The updated posterior distribution can be used for guiding the study conduct such as the outcome-adaptive randomization, early stopping due to futility or efficacy, etc.

The BATTLE trial establishes a new paradigm for a personalized approach to treat lung cancer [39,40]. There are many precious lessons learned from this pioneering trial. It has demonstrated that acquiring a fresh biopsy in recurrent lung cancer patients is not only feasible but also important in determining the marker profiles of tumor at the time of recurrence [41]. This allows the study to search for the most effective treatment for each individual patient. Prospective tissue collection and biomarker analysis provide a wealth of information for future discovery work. The trial had robust accrual with an average of 9.5 patients enrolling each month, proving that the outcome-adaptive randomization design is well received by both the clinical team and patients. Under the Bayesian hierarchical model, the treatment effect and predictive markers are efficiently assessed. This “learn-as-we-go” approach is appealing as it leverages accumulating patient data to improve the treatment outcome as the trial moves along.

Despite its innovation, the BATTLE trial also faced many challenges. To capture the plethora of information including biomarker data, patient eligibility, and efficacy and toxicity outcomes in real time, we had to develop a web-based data management system. The web-based application allows for remote data entry and performs data quality control by the built-in data type, value, and range checking. It also has automatic e-mail/report generation and data download capability for monitoring the study conduct. For example, when the research nurse entered the patients' baseline information, data was used for checking the patient's eligibility. The patient biomarker profile was analyzed and directly entered into the web-based system by members in the molecular pathology laboratory within two weeks of the biopsy. Upon verification of patient eligibility and completion of the biomarker profiling, the research nurse could perform the randomization by hitting the randomization button in the web-based application. This would call an adaptive randomization code written in R via web services. The R code would read the data currently available, perform Bayesian computation, and randomize patients accordingly. The randomization result would then be sent to the pharmacy for the dispensing of appropriate drugs. In addition to meeting the general database security requirements, the system also has a role-based security control feature in which each study collaborator has his/her own read/write privilege to the relevant data. Such a database system was essential for conducting the BATTLE trial and similar adaptive trials following. As a result, high quality data was collected in a more accurate, complete and timely manner.

In our study, 38% of the patients were equally randomized and the remaining 62% were adaptively randomized. In retrospect, we consider that the adaptive randomization could have been triggered earlier. Our trial design called for enrolling at least one patient in each treatment/marker group pair before adaptive randomization. Due to the fact that there were very few patients in biomarker group 4, the adaptive randomization was delayed. The initial equal randomization can be replaced by using a fair prior with the proper effective sample size to control the percentage of patients being equally randomized. More discussion of the use of outcome adaptive randomization can be found in Lee et al. [42] Another drawback of the design is that we pre-specified biomarkers and combined markers into marker groups in designing the BATTLE trial. It turned out that some markers (such as the RXR's) were not informative in predicting the treatment outcome at all. Furthermore, grouping markers for dimension reduction is not a good idea because markers in the same group have different predictive strength. For example, to predict DCR using erlotinib, EGFR mutation was the strongest followed by the EGFR gene amplification. The EGFR protein expression had little predictive value. Hence grouping markers ended up diluting the predictive strength of some of the more important markers. Learning from the BATTLE trial, we are currently conducting the BATTLE-2 trial with a two-stage design. Predictive markers will be identified in the first stage and applied in the second stage (Figure 32.4). An important lesson learned is that the outcome-adaptive randomization would benefit patients most if there are effective treatments and associated predictive markers. We are in the quest of finding the best treatments and markers. Adaptive randomization is a sensible way to facilitate this process.

Although many Bayesian methods have been developed in clinical trials over the years, few of them are actually put into practice. However, the use of Bayesian methods in clinical trials has substantially increased recently [11]. Due to the inherent nature of continually updating information, the Bayesian framework is ideal for adaptive clinical trial designs. The design parameters can be calibrated to control the frequentist's type I and type II errors.

In conclusion, the BATTLE study is the first completed, biomarker-based, Bayesian adaptive randomized study in lung cancer. It continually inspires the development of similar adaptive trials [43–49]. The real-time biopsy and biomarker profiling, coupled with adaptive randomization have taken a substantial step toward the realization of personalized lung cancer therapy. More trials such as BATTLE should be conducted to refine the design and conduct of adaptive trials. This will further improve the efficiency of discovering effective treatments against cancer.



Other novel designs

There are many other novel designs proposed in the literature for the development of targeted agents. We list some of them below with a brief discussion on each design.


	Adaptive signature design (ASD) [50]: This is an efficient design to identify effective treatments using genomic signature as predictive markers. The design can sort out whether a treatment is broadly effective or only effective in a subset of patients. It is a two-stage design. Stage 1 is devoted to develop the “classifier.” For example, identifying a group of genes that are either highly expressed or lowly expressed and are correlated with drug sensitivity or resistance. Stage 2 is for hypothesis testing that takes place in two steps. First, the treatment effect is tested in all subjects with the type I error α1. If the result is significant, one can claim that the treatment is effective in all patients. If results are not significant, the treatment effect is tested among the “sensitive” subgroup (identified in Stage 1) using the type I error α2. If the result then becomes significant, one can claim that the treatment works only in the sensitive subgroup. The overall level of significance is controlled at α with α = α1 + α2. For example, we can set α1 = 0.04, α2 = 0.01 and α = 0.05.

	Adaptive threshold design (ATD) [51]: After a gene signature is identified, the question of how to select the threshold still remains. The ATD combines a test for overall treatment effect in all patients, with the establishment and validation of a cut-point for a prespecified biomarker in the sensitive subpopulation. The ATD preserves the power to detect the overall effect when the new treatment is broadly effective. When the proportion of sensitive patients is low, the design provides a substantial improvement in efficiency compared to the design with unselected populations. A recent paper adds cross-validation to enhance the prediction accuracy [52].

	Randomized discontinuation design (RDD) [53,54]: In a randomized study, certain patients will be randomized into the “standard treatment” or the control group and others will be randomized into the “new treatment” or the experimental group. To alleviate the concern that some patients may not receive the new treatment, the RDD gives the new treatment to all patients up front. For patients who respond to the new treatment, the treatment will continue until progression. For patients with disease progression on the treatment, the treatment will be discontinued and next line therapies will be given. For patients who reach stable disease, they will be equally randomized into the control group and the experimental group. The design does not require the study to have known predictive markers and advantageously allows all patients to receive the new treatment. It can also select a more homogeneous study population to evaluate the effect of discontinuing the new treatment. However, the design may be less efficient than simple randomization studies. There is also an ethical concern in stopping the potentially effective treatment in patients who are randomized into the discontinuation arm [55–57].

	Seamless phase II/III designs (SP23D) [58–60]: The design starts with a randomized Phase II trial with an active control (standard treatment) and several experimental arms with different treatments and/or doses. It uses a short-term endpoint in the phase II trail component (e.g. the objective response rate after 2 cycles of treatment), to inform the long-term endpoint (e.g. overall survival (OS)). At the interim of the trial, inefficacious arms or arms with high toxicities are dropped. If at least one experimental arm is promising, the study will roll into the phase III component with one standard treatment and one or more selected experimental treatments. The phase III trial uses the longer-term endpoint (e.g. OS), as the primary endpoint. Information collected in the phase II component is used in phase III to increase the efficiency. The SP23D also eliminates the “white space” between the phase II and phase III and saves time in trial conduct.

	N-of-1 design [61–64]: As genomic testing becomes more comprehensive in both coverage and depth, it is foreseeable that no two patients will share exactly the same genomic profile. The challenge is how to develop the most effective treatment for each patient when the marker profile of every individual patient is uniquely defined. The N-of-1 design allows for the comparison of the effect of multiple treatments in a multi-period cross-over trial in a single patient. In cancer, a patient condition tends to deteriorate over time. Hence, the time trend needs to be corrected as time passes. For example, when deciding on what therapy to give based upon the time-to progression comparisons of different treatments, the line of therapy should be properly modeled. Furthermore, the Bayesian hierarchical model can be applied to aggregate the information from multiple N-of-1 trials.

	Basket Studies: Basket studies are genotype-focused clinical trial designs. The study takes all comers regardless of disease site or histology and performs comprehensive genomic testing. Depending on the mutation types, molecular aberrations, or pathway abnormalities, patients are classified into “baskets”. Matching targeted therapies are then identified and assigned to baskets where patients are treated accordingly. The goal is to enroll at least 10–15 subjects per tumor type per basket [65]. For example, patients who are grouped into EGFR, EML4-ALK, HER-2, BRAF, AKT/MTOR, KRAS, etc. “baskets” are given matched targeted therapies. The effect of therapy by molecular profiles and tumor sites can be determined later. If the drug worked for a certain molecular subgroup in a certain disease site, further studies can be designed to enrich that cohort. If the result is overwhelming positive, only a small number of patients need to be treated to validate the finding before the drug can be approved. The design is efficient for studying rare genomic aberrations.

	Dynamic treatment regimen (DTR) [66,67]: Unlike most clinical trials with the objective of finding the best treatment in a static setting, DTR seeks for the optimal treatment sequence which yields the best outcome, such as extending the overall survival. For example, treatment A may be the best initial treatment in achieving a highest response rate. Upon disease progression, the best salvage treatment is treatment B, but it is not very effective in extending overall survival. Another option is treatment C, which may be slightly less effective than treatment A as the front-line therapy. But when disease progresses, following with treatment D is highly effective in controlling the disease and extending the overall survival. In this case, DTR indicates that the treatment sequence C-D is better than treatment sequence A-B. For DTR to be effective, it requires a well defined process in a complex setting with the application of complex dynamic programming algorithms. This is an exciting area for both methodology development and clinical application. However, the field is still in its infancy stage.

	Platform design: It is well known that only a very small fraction of cancer patients participate in clinical trials. The estimated participation rates range from 3% to 5% despite much effort to increase the enrollment rate [68,69]. In contrast to the trial-centric approach for traditional clinical trials, the platform design takes the patient-centric approach. The main themes of the platform design is that there is something for every patient and all the information from all patients are collected consistently and uniformly to form a knowledge database to benefit future patients. Traditional clinical trials have well-defined and often strict eligibility criteria to ensure that a homogeneous group of patients are enrolled to reduce the variability among patients. This is done so that treatments can be compared without the influence of other unduly factors. For trials with very selective eligibility criteria, we may need to screen a vary large number of patients to reach the required sample size, such as identifying patients for enrollment with EML4-ALK translocation. The process is long and inefficient. In the platform design, all patients are subject to genomic profiling. Depending on the results, different patients are channeled to different trial settings and no patients are left behind. For example, for patients with actionable mutations and when tier 1 evidence is available to match the molecular profile with targeted therapy, the patients are treated accordingly. This includes lung cancer patients with EGFR mutations treated with EGFR inhibitors such as gefitinib and erlotinib. Another example is patients with EML4-ALK translocation treated with crizotinib.



Patients who do not have actionable mutations but carry aberrant molecular profiles with putatively effective targeted agents in development, they are considered to have tier 2 evidence. Such patients may be enrolled in corresponding trials and be adaptively randomized into the most effective treatments. For example, there are active developments in AKT inhibitors and MEK inhibitors. Similar to the concept of basket trials, patients with AKT or MEK mutations can be entered into AKT or MEK trials. If no trials are available, patients may be treated with agents of physicians choice. The treatment outcome can be considered as part of the N-of-1 trial and be later combined via the individual patient meta-analysis.

Tier 3 evidence is defined by weakly-associated information or a lack of information on a targeted therapy's effect toward a predictive marker. For patients without any actionable mutations or putative treatments, they can be enrolled into trials with unselected patient populations to screen for drug activities. When an unusual response is found, the information can be aggregated and tested to form new hypothesis in designing future trials. Under the platform design, each clinical trial is considered as a module and can be plugged in or taken out from the platform as needed. All patients are directed to the best treatments and/or trials. All of the information is collected and can be used for current and future drug development, thereby greatly enhancing the efficiency of clinical research.



Summary

In conclusion, the adaptive design is a smart and ethical way for drug development. It can be used to efficiently identify effective agents, eliminate ineffective ones, test and validate prognostic and predictive markers, and match effective treatments with patients' biomarker profile. The adaptive design is suitable for the development of targeted therapy and offers a rational approach toward the goal of personalized medicine. Other novel designs including the N-of-1 design, basket trials, seamless phase II/III design, dynamic treatment regime, platform design, and so forth, offer attractive alternatives to conventional study designs by allowing any patient to be enrolled and treated with treatments based on factors such as the patients' marker profiles, available treatments, physician's choice, or the statistical algorithm. These designs allow for information to be collected in a uniform way, then aggregating them to form a knowledge database for the advance of science and benefit of future patients. More novel trial designs should continue to be developed and implemented to turn promise into progress.
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Tumor angiogenesis

The growth and spread of solid tumors depend upon access to functional blood supply [1,2]. In fact, tumor growth beyond a few millimeters in diameter results in low oxygen tension and depletion of nutrients, which triggers the angiogenic switch and allows progression [3]. Angiogenesis consists of the formation of a new vascular supply from pre-existing blood vessels occurring during development and vascular remodeling to ensure increasing requirements in growing tissues. This process is tightly regulated by a complex balance between pro- and anti-angiogenic factors that ultimately leads to neovascularization in physiologic conditions, such as wound healing, and the reproductive cycle. In pathologic states, such as cancer, the sustained response to uncontrolled stimulation ultimately leads to pathological angiogenesis [4]. The tumor microenvironment becomes enriched in growth factors that bind to their receptors on stromal and tumor cells in a paracrine and autocrine manner, and activated tumor-associated endothelial cells undergo a series of cellular processes (e.g., migration, protease production, cell division) that lead to new vascular networks. However, the tumor vasculature is different from blood vessels found in normal organs in that it is inherently leaky [5], in part because of a lack of coverage by supporting pericytes, which causes the interstitial fluid pressure to increase above that of normal organs [6] and potentially exert a negative impact on treatment efforts by limiting the uptake of anticancer therapies [6]. Moreover, loss of pericyte support of tumor blood vessels has shown to result in an increased frequency of metastasis [7].

Efforts to limit tumor growth and prevent cancer cell metastasis by inhibiting the angiogenic process are an active area of investigation. In the following sections, we discuss the factors that regulate angiogenesis in lung cancer, the molecular mechanisms whereby cancers of the lung may become resistant to antiangiogenic therapies and the clinical development of angiogenesis inhibitors in lung cancer.



Regulation of tumor angiogenesis

The onset of angiogenesis is thought to be the result of an imbalance between angiogenesis inhibitors and stimulators [8]. One of the most potent stimulators for the production of proangiogenic proteins is a reduction in the normal level of tissue oxygen tension [9]. Hypoxia stabilizes the transcription factor hypoxia inducible factor-1 α (HIF-1α), which leads to upregulation of genes that regulate angiogenesis and glycolysis [10]. HIF-1α is overexpressed in a number of human tumors and their metastases, including lung cancers [11]. Intraoperative measurements of the pO2 in lung tumors confirmed the presence of hypoxia in patients with early stage non-small cell lung cancer (NSCLC) [12]. Hypoxia-induced HIF-1α upregulation in NSCLC cells is clinically relevant as it can induce tumor resistance to the effects of chemotherapy [13] and radiation therapy.

Oncogene activation and mutation of tumor suppressor genes can also induce the angiogenic switch in tumors. For example, loss of p53 [14] or Ras activation [15] correlate with increased levels of the proangiogenic protein vascular endothelial growth factor (VEGF). Activation of the EGFR receptor, via mutations or ligand binding, can lead to HIF-1α upregulation and increased secretion of VEGF and other proangiogenic molecules. Loss of the LKB1 tumor suppressor can also result in HIF-1α upregulation and increased aggressiveness [16–18]. Reports suggest that tumor-associated stromal cells may be a major cellular source of proangiogenic proteins in NSCLC [19]. Tumor-associated macrophages express a significant number of angiogenic factors [20] and a high density of macrophages in human lung tumors is associated with angiogenesis and poor outcome [21].

Reports indicate that the extent of angiogenic response varies between different tumor types and that lung cancers possess the fewest number of dividing endothelial cells [22]. Indeed, a study performed on 500 stage I NSCLC tumors reported that 16% of tumors lacked histological evidence of new blood vessel development [23]. The lack of robust angiogenesis in some cancers of the lung may be related to the remarkable number of capillaries present in the normal lung and may have important implications for antiangiogenic therapies in this type of cancer. One way that angiogenesis-independent tumors continue to progress is by proliferating very near to the preexisting blood vessels in a process referred as “vessel co-option” [24]. In the next sections, we discuss several angiogenic proteins and review the evidence for their role in lung cancer.



Vascular endothelial growth factor receptor signaling

One of the key angiogenic regulators is vascular endothelial growth factor (VEGF). This cytokine can stimulate all of the processes required for the formation of new blood vessels [5, 25]. VEGF belongs to a family of growth factors that includes five VEGF ligands (VEGFs A-E) and placental growth factor (PlGF). These ligands mediate their effects by binding to three different VEGF receptors: VEGFR1-VEGFR3 [26]. VEGFA is thought to be the most important VEGF ligand involved in angiogenesis and it mediates its activity by binding to VEGFR2, which is expressed primarily on endothelial cells [27]. Activation of VEGFR2 signaling stimulates receptor autophosphorylation and dimerization that signal for a number of endothelial cells properties, including migration, protease production, cell division, and survival [28]. VEGFC and VEGFD ligands have been shown to signal for lymphangiogenesis when they bind to the VEGFR3 on lymphatic endothelial cells [29].

To a large extent, VEGFA expression is regulated by HIF1-α and the oxygenation status of the tissue. In the normal lung, VEGF is expressed by alveolar type II pneumocytes, bronchiolar Clara cells, smooth muscle cells and alveolar myofibroblasts [30]. A correlation exists between VEGF expression and microvascular density in stage I NSCLC, which is associated with a poor prognosis [31]. Small cell lung cancers (SCLCs) are also highly vascularized, but this feature appears to be independent of VEGF expression [32]. Previous reports showed that VEGF is expressed in both primary NSCLC and matched brain metastases, however the proportion of mature, pericyte-covered blood vessels associated with brain metastases is 60% greater than in primary tumors [33]. Phosphorylated VEGFR2 is expressed on tumor-associated endothelial cells in experimental NSCLC xenografts and its inhibition can lead to improved survival times in some tumor models [19]. The precise role of VEGFR3 signaling and lymphangiogenesis in lung cancer remains unclear.



Fibroblast growth factor receptor signaling

Fibroblast growth factors (FGFs) are a large family of heparin-binding proteins that play a role in neovascularization, wound healing, development and cancer [34]. The most studied FGFs in cancer are acidic FGF (FGF1) and basic FGF (FGF2). FGF2 was among the first cancer cell-derived angiogenic proteins to be isolated and cloned [35]. FGFs exert their effects by binding to one of four high-affinity receptors, known as FGFR1-4 [36]. The FGFs and their receptors are expressed on a number of different cell types including endothelial cells, smooth muscle cells, glial cells, fibroblast cells and macrophages.

The export of FGF was found to trigger the “angiogenic switch” of nonangiogenic fibromas to highly vascular metastatic fibrosarcomas [37]. FGF, FGFR1 and FGFR2 are frequently overexpressed in squamous cell carcinoma of the lung [38] and FGFR1 amplifications have been observed [39]. Elevated levels of FGF2 have been found in the serum and urine of patients with various types of tumors, including lung cancer [40]. In fact, serum FGF2 levels were shown to correlate with tumor volume, higher relapse risk and poorer survival in NSCLC [41]. Recent evidence suggests that tumor cell expression of FGF is an independent negative predictor of loco-regional control, metastasis-free, and overall survival in patients irradiated for stage II-III NSCLC [42]. In experimental models of NSCLC, the acquired resistance of tumors to VEGFR pathway inhibition is associated with the upregulation of members of the FGFR family [19].



Epidermal growth factor receptor signaling

The epidermal growth factor receptor (EGFR) belongs to the ErbB family of receptors that also includes HER2 (ErbB2), Her3 (ErbB3) and Her4 (ErbB-4). Activation of EGFR by EGF or transforming growth factor alpha (TGFα) ligands stimulates formation of homo- and heterodimers and ultimately activation of intracellular effector proteins that activate the intracellular effector proteins mitogen-activated protein (MAP) kinase, phosphatidylinositol 3-kinase/Akt, and signal transducer and activator of transcription (STAT). Activation of EGFR signaling promotes tumor progression by stimulating cancer cell division, invasion, survival and metastasis [43,44]. EGFR and its ligands are frequently overexpressed during the development and progression of NSCLC [45]. Recent reports suggest that EGFR may play a role in stimulating the formation of new capillaries, and endothelial cells isolated from experimental tumors differ from endothelial cells of normal organs in that they express EGFR and are responsive to EGF ligands [46]. Moreover, the treatment of TGFα-expressing experimental NSCLC tumors with small molecule tyrosine kinase inhibitors (TKIs) of EGFR and VEGFR signaling has shown to exert significant antiangiogenic effects, reduce frequency of metastasis, and improve survival [47].



Platelet derived growth factor receptor signaling

The platelet derived growth factors and receptors (PDGF/Rs) are widely recognized key regulators of vessel maturation through their ability to recruit and retain pericytes to the sites of developing vascular networks [48]. The family of PDGF ligands consists of four structurally related soluble polypeptides that exist as homo- and heterodimers that bind to two tyrosine kinase receptors, PDGFR-α and –β [49]. Most solid tumors express PDGFRs on endothelial or perivascular cells [50], and overexpression has been associated with poor prognosis in a number of cancers [51,52]. PDGFs have also been shown to stimulate angiogenesis in vivo [53,54], suggesting that some endothelial cells possess high-affinity PDGFRs. The PDGFR signaling contributes to tumor angiogenesis by increasing pericyte recruitment and vessel maturation [55]. In fact, for vessels to function properly, they must be mature and covered by mural cells. To stabilize endothelial cell channels, angiogenic endothelial cells release PDGF-B to attract PDGFR-β+ pericytes [56,57]. In support of this concept, experimental studies demonstrated the PDGF-dependent recruitment of pericytes to tumor vessels in a mouse model of glioma [58]. Upregulation of PDGFRs on tumor-associated endothelial cells has been described in a mouse model of prostate cancer bone metastasis in which PDGF β-receptor expression was observed on endothelial cells of tumors growing in the bone, but not on endothelial cells of normal bone or of tumors growing in surrounding muscle [59]. Pericyte deficiency after PDGF-B ablation causes vessel leakage, tortuosity, microaneurysm formation and bleeding, and PDGFR inhibition diminishes tumor growth by causing pericyte detachment leading to immature vessels that are prone to regression [60]. Because the survival of endothelial cells depends on pericyte VEGF production, pericytes protect endothelial cells from VEGF withdrawal and confer resistance to VEGF blockade [61]. Several multi-target receptor tyrosine kinase inhibitors (TKIs) have been developed and initial studies showed that blocking PDGF signaling pathway increases the sensitivity of mature normalized vessel to VEGF inhibition by depleting pericytes [4].



Therapeutic strategies to inhibit angiogenesis in lung cancer

Therapeutic targeting of tumor-associated endothelial cells as a means to control tumor growth is considered attractive for several reasons. For example, endothelial cells are genetically stable and therefore less likely to develop resistance to therapy [62]. In addition, antiangiogenic therapies are targeted therapies and, therefore, less likely to produce systemic toxicities associated with chemotherapy.

Most efforts to inhibit the neovascularization response of tumors have focused on the VEGF/R signaling pathway. Studies examining the effects of anti-VEGF therapies in tumors determined that these agents may “normalize” the tumor vasculature by reducing the size and tortuosity of vessels, increasing vessel maturation by actively recruiting pericytes to the vascular wall, and by normalizing the basement membrane [63]. Collectively, these effects result in a transient reduction in the microvessel density and a decrease tumor interstitial fluid pressure, which lead to improved delivery of oxygen and drugs [64]. Promising results of preclinical studies led to test several classes of agents inhibiting tumor vasculature in clinical trials for the treatment of a variety of cancers.



VEGF targeted therapies: FDA approved agents

The anti-VEGF monoclonal antibody bevacizumab (Avastin®) binds to and inhibits the activity of human VEGF [65]. Bevacizumab was the first antiangiogenic agent to receive approval from the United States Food and Drug Administration for the treatment of human cancers. Specifically, this approval was based on the results of phase III clinical trials revealing significant improvement in progression free survival (PFS) and/or overall survival (OS), as well as objective tumor responses in patients with colon cancer and NSCLC receiving bevacizumab in combination with standard chemotherapy [66,67]. Bevacizumab monotherapy was determined to be ineffective for NSCLC [68], however, when this agent was combined with standard first line chemotherapy in patients with advanced nonsquamous NSCLC it produced a significant increase in PFS and OS compared with chemotherapy alone [67].

Currently, the use of bevacizumab in combination with chemotherapy in the neoadjuvant or adjuvant settings (stage I-III NSCLC) is being evaluated. The BEACON (Bevacizumab and Chemotherapy for Operable NSCLC) phase II study, a single institution trial for patients with clinical Stage IB-IIIA NSCLC (T1-3N0-2M0) who have resectable disease, has been completed at Memorial Sloan Kettering Cancer Center (NCT00130780). The primary goal of this trial is to show that the addition of bevacizumab to a cisplatin-based chemotherapy in the neoadjuvant setting for nonsquamous NSCLC improves the rate of pathologic downstaging, defined as any decrease in the final pathologic stage compared with the clinical stage before induction therapy. The phase III randomized ECOG trial (E1505) of adjuvant chemotherapy with or without bevacizumab for patients with completely resected stage IB (>4 cm) – IIIA NSCLC, including squamous histology, is currently recruiting patients and results are pending (NCT00324805).

The combination of bevacizumab with concurrent chemo-radiation for inoperable stage IIIB NSCLC is not recommended due to a significant risk of developing tracheoesophageal fistulae [70]. The inhibition of VEGF pathway is directed not only against the growth of tumor-associated vasculature, but exerts several effects on blood vessels in normal organs. This may explain why bevacizumab toxicities include thromboembolic events, bleeding, complicated wound healing, hypertension, and proteinuria [71]. Furthermore, squamous cell tumor histology generally represents a contraindication to bevacizumab use, as patients with this histological subtype experience increased rate of hemoptysis.



Combined VEGF/R and EGFR targeted therapies

Targeting multiple key pathways driving cancer growth, progression and metastasis has resulted in improved outcomes across multiple tumor types. This can be achieved with a single compound or a combination of agents. Preclinical experiments performed in xenograft models of NSCLC have identified VEGFR and EGFR pathways as rational therapeutic targets. In fact, a greater tumor growth inhibitory effect was obtained by combining bevacizumab and the anti-EGFR TKI erlotinib (Tarceva®) compared with either agent alone [72]. The anti-EGFR monoclonal antibody cetuximab (Erbitux®) was evaluated in combination with bevacizumab and chemotherapy in a phase II Southwest Oncology Group (SWOG) trial, which revealed a promising antitumor activity and a tolerable toxicity profile [73]. The combination of erlotinib plus bevacizumab was tested in a phase I/II study of patients with pretreated nonsquamous, advanced NSCLC, revealing a median OS of 12.6 months and a PFS duration of 6.2 months [74]. In addition, in another phase II trial testing this combination in a similar population of NSCLC patients, bevacizumab plus erlotinib achieved activity comparable with that of bevacizumab plus chemotherapy, with a median OS of 13.7 vs. 12.6 months, respectively [75]. Finally, the phase III BeTa Lung trial investigated this combination therapy in pretreated patients with advanced NSCLC and although its primary endpoint of prolonged OS time compared with erlotinib alone was not met (median OS 9.3 vs. 9.2 months, P=0.75), the PFS was notably increased in patients receiving combination therapy [76]. ATLAS, a phase III trial investigating bevacizumab plus erlotinib versus bevacizumab and placebo as maintenance therapy following first-line treatment was stopped early after an interim analysis showed that the combination led to a significant improvement in the PFS interval than with bevacizumab plus placebo [77].



Tyrosine kinase inhibitors of VEGFR pathway

Several small molecule TKIs of critical signaling pathways involved in tumor angiogenesis, such as VEGFR, PDGFR, FGFR, Raf, and c-KIT, have demonstrated higher anticancer activity over agents with single targets and are currently under clinical development. In addition, these agents are orally available and therefore, more convenient for patients. Conversely, a broader toxic profile results from off-target kinase inhibition, and the additive toxicity may be particularly significant when these compounds are administered in combination with chemotherapy. Multi-targeted, antiangiogenic agents that have received FDA approval for cancer treatment include sunitinib (renal cell carcinoma [RCC], hepatocellular carcinoma [HCC], pancreatic neuroendocrine tumors [PNET]), sorafenib (RCC, HCC), vandetanib (medullary thyroid cancer), pazopanib and axitinib (RCC). However, these compounds failed to induce any significant survival benefit in NSCLC treatment.

Sunitinib (Sutent®, SU11248), an oral small molecule tyrosine kinase inhibitor (TKI) that targets VEGFR-1, VEGFR-2, VEGFR-3, PDGFRs, KIT, FLT3, RET, and CSF-1R, is approved in the USA and Europe for the treatment of advanced RCC and imatinib-resistant or -intolerant gastrointestinal stromal tumor (GIST). Results obtained from preclinical studies revealed the promising antitumor activity of sunitinib in multiple xenograft models, including NSCLC [78]. In fact, in combination with docetaxel, pemetrexed, gemcitabine, or platinum agents, sunitinib provided a greater tumor growth inhibitory effect compared with monotherapy [79,80]. Phase II trials evaluating single agent sunitinib in a continuous or intermittent dosing schedule demonstrated activity in patients with previously treated NSCLC, with a generally well tolerated toxicity profile [81]. In addition, a phase I study investigating sunitinib in combination with platinum and gemcitabine demonstrated promising tumor responses [82]. Dual EGFR and VEGF/R signaling pathway blockade is being investigated in phase II (SUN 1058) and phase III (SUN 1087) trials evaluating the activity and efficacy of erlotinib alone or in combination with sunitinib in patients with advanced NSCLC (www.clinicaltrial.gov). In a recently reported phase III trial, Scagliotti et al. found that the combination sunitinib plus erlotinib did not improve OS compared with erlotinib alone in refractory NSCLC [83]; however, the experimental arm was associated with a significantly prolonged PFS, improved ORR, and greater incidence of grade 3 adverse events (AEs).

Sorafenib (Nexavar®) targets Raf, VEGFR-2 and -3, PDGFR and KIT and is approved for the treatment of advanced RCC and HCC [84]. Preclinical experiments performed in cell lines and xenograft models showed that sorafenib in combination with EGFR inhibitors, vinorelbine, cisplatin, or gefitinib significantly delays tumor growth [85–87]. Data from phase II trials evaluating sorafenib monotherapy in heavily pretreated patients with metastatic NSCLC revealed a significant increase in disease stabilization at 2 months [88], an OS time of 6.8 months and a median PFS time of 2.8 month [89]. The recent phase II BATTLE trial found significant benefit for the use of sorafenib in pretreated lung cancers harboring KRAS mutations, emphasizing the importance of biomarkers to identify those patients most likely to benefit from targeted therapies [90]. Sorafenib has also been studied in combination with pemetrexed versus pemetrexed alone as second-line therapy. The NCCTG N0626 phase II study demonstrated similar median PFS (3.4 vs. 4.1 months; P = 0.22) and OS (9.4 vs. 9.7 months; P = 0.49) in patients with nonsquamous NSCLC [91]. In combination with erlotinib, sorafenib showed no significant improvements in RR, PFS, or OS in 168 patients with previously treated, advanced NSCLC [92]. Similar efficacy was observed in an additional phase II trial evaluating such combination in 50 chemotherapy-naive patients with advanced NSCLC [93]. Gridelli et al. evaluated sorafenib in combination with gemcitabine or erlotinib in elderly patients with previously untreated advanced NSCLC [94]. No significant improvement in RR and median OS were noticed (6.5% vs. 6.5 months with sorafenib plus gemcitabine and 10.3% and 12.6 months with sorafenib plus erlotinib, respectively). The phase III trial ESCAPE comparing the efficacy of carboplatin plus paclitaxel with and without sorafenib, failed to detect any significant improvement in OS with the addition of sorafenib in nonsquamous hystotype and, in a planned subgroup analysis, demonstrated a detrimental effect in patients with squamous cell carcinoma [95]. A similarly designed phase III study, NExUS (NCT00449033), evaluated the doublet cisplatin-gemcitabine with and without sorafenib and was stopped early due to failure in meeting its primary endpoint of OS.

Vandetanib (Zactima®, ZD6474), an oral TKI that targets the rearranged during transfection receptor (RET), VEGFR2-3, and EGFR, is the first systemic therapy approved by the U.S. FDA for the treatment of symptomatic or progressive advanced medullary thyroid cancer [96]. In vitro and preclinical experiments revealed a more portent VEGFR2 than EGFR inhibitory activity at much lower concentrations of vandetanib [97]. In combination with standard platinum-based chemotherapy, vandetanib induced higher response rates and increased PFS when compared with vandetanib alone in chemotherapy-naïve NSCLC patients [98]. In phase II trials, vandetanib plus docetaxel demonstrated superiority to docetaxel alone in patients who had failed prior chemotherapy [99], and significantly prolonged PFS compared with gefitinib in the second-line setting [100]. The phase III ZEAL study revealed no survival benefit in adding vandetanib to pemetrexed; however, the combination therapy improved the ORR, as well as the time to deterioration of symptoms [101]. The phase III ZODIAC trial, comparing vandetanib plus docetaxel versus placebo plus docetaxel in patients with advanced NSCLC following progression to first-line therapy, achieved the primary endpoint of PFS in the vandetanib arm (PFS HR = 0.79, P < 0.001), but this prolonged PFS did not translate in significantly improved OS [102]. The most common serious adverse event was febrile neutropenia (7%) in vandetanib group vs. (6%) in placebo. The antitumor activity and the efficacy of vandetanib compared to standard second line erlotinib has been investigated in the phase III ZEST study in unselected patients with advanced NSCLC who previously failed at least 1 chemotherapy regimen [103]. No significant improvement in PFS was detected for patients treated with vandetanib versus erlotinib (median PFS 2.6 months for vandetanib group and 2.0 months for erlotinib group). In addition, no significant differences were detected for the secondary end points of OS (HR = 1.01; P = 0.83), ORR (both 12%), and time to deterioration of symptoms for pain (HR = 0.92; P = 0.28). Both agents showed equivalent PFS and OS in a noninferiority analysis. Furthermore, the toxicity profile was more severe with vandetanib, as indicated by the overall incidence of grade ≥3 AEs, which was higher with vandetanib than with erlotinib (50% vs. 40%, respectively). ZEPHYR, a placebo-controlled, randomized, double-blind phase III study of vandetanib plus best supportive care versus best supportive care alone in patients with advanced NSCLC after prior treatment with an EGFR TKI and one or two chemotherapy regimens failed to show any significant OS benefit in vandetanib-treated patients (HR = 0.95, P = 0.52; median OS 8.5 months with vandetanib vs. 7.8 months with placebo). However, vandetanib therapy was favored in terms of PFS (HR = 0.63; P < 0.001) and ORR objective response rate (2.6% v 0.7%; P = 0.028) [104].

Cediranib (Recentin®, AZD2171) is an oral TKI that targets VEGFR-1, VEGFR-2, VEGFR-3, PDGFRs, and KIT [105]. It has been primarily evaluated in combination with chemotherapy. Findings of phase I studies indicated promising antitumor activity of this agent in combination with standard chemotherapy [106]. Given these encouraging results, the phase II/III trial BR.24 investigated carboplatin/paclitaxel plus cediranib or placebo as first-line therapy for advanced NSCLC. Although the phase II revealed a higher RR with cediranib vs. placebo (38% vs. 16%; P < 0.0001), and the PFS favored the combination of chemotherapy plus cediranib (HR = 0.77), the study was prematurely closed due to excessive toxicity, despite an initial reduction in cediranib dose reduction to 30 mg [107]. Given the concern regarding the toxicity profile, the NCIC BR29 phase III trial was similarly designed to further investigate cediranib 20 mg with carboplatin and paclitaxel, however, due to an interim analysis revealing insufficient efficacy, the study was recently close [108]. In a similar patient setting, the phase II N0528 study investigated the safety and efficacy of gemcitabine/carboplatin with or without cediranib (45 mg orally daily). No significant differences in terms of RR (20% vs. 18%; P = 1.0) were reported, although median PFS (6.3 vs. 4.5 months; HR, 0.69; P = 0.15), median OS (11.8 vs. 9.9 months; HR, 0.66; P = 0.16), as well as grade 3 and higher toxicities (71% vs. 45%; P = 0.01) were slightly increased in the experimental arm [109].

Pazopanib (GW786034, GlaxoSmithKline) is a small molecule TKI with activity against VEGFR-1, -2, -3, PDGFR-α/β, FGFR-1 and FGFR-3 [110]. In nonmetastatic setting, pazopanib monotherapy induced encouraging responses as neoadjuvant therapy in previously patients with stage I/II NSCLC [111], with common AEs of grade 1–2, including hypertension, diarrhea, and fatigue. The activity and efficacy of this agent is currently under investigation in the adjuvant and advanced setting [112].



Novel agents

Newer antiangiogenic agents directed against the VEGFR, PDGFR, or FGFR signaling pathways have been investigated in the preclinical setting revealing promising antitumor activity and are currently being evaluated in clinical trials at different stages of development.

Axitinib (AG-013736, Pfizer) is an oral TKI that targets VEGFR-1, VEGFR-2, and VEGFR-3, PDGFR-beta, and c-KIT, with a modest antitumor activity in a number of solid tumors [113]. In a phase II study of patients with advanced NSCLC receiving single-agent axitinib, the median OS was 14.6 months, a greater time than expected in this patient population with an acceptable toxicity profile [114]. Additional phase II trials evaluating axitinib in combination with standard chemotherapy in the first line setting are currently ongoing, including AGILE 1030 comparing axitinib plus paclitaxel-carboplatin vs. bevacizumab plus paclitaxel/carboplatin, and AGILE 1039, evaluating the benefit of adding axitinib to cisplatin-pemetrexed vs. doublet chemotherapy only. The phase II AGILE 1038 is currently studying axitinib plus cisplatin-gemcitabin in squamous cell carcinoma.

Motesanib (AMG 706, Amgen) targets all the VEGFRs, PDGFR, c-kit, and RET [115]. Recent results demonstrated equivalence of daily motesanib in combination with carboplatin-paclitaxel versus bevacizumab plus carboplatin-paclitaxel in the first line setting for advanced nonsquamous NSCLC [116]. The MONET1 phase III study of motesanib plus carboplatin-paclitaxel is currently recruiting patients with advanced nonsquamous NSCLC only (NCT00460317), due to higher mortality rates and incidence of hemoptysis observed in squamous lung carcinoma. Preliminary results reported at ASCO 2011 revealed statistically significant improvement in median PFS (5.6 vs. 5.4 months; HR = 0.78; P = 0.0006) and RR (40% vs. 26%; P < 0.0001) in patients receiving chemotherapy plus motesanib, with no differences in median OS (13.0 vs. 11.0 months; HR = 0.89; P = 0.13).

Nintedanib BIBF 1120 (Boehringer Ingelheim; Ingelheim, Germany) is an oral small molecule inhibitor of all VEGFRs, PDGFR-α/β, and FGFR1, -2, -3, Src family members and flt-3 [117]. The single agent activity of BIBF1120 in NSCLC has been shown in a phase II of pretreated NSCLC with 48% of patients achieving disease stabilization [118], a median PFS and OS of 6.9 and 21.9 week, respectively. Currently, phase III trials are assessing the efficacy of BIBF 1120 in combination with chemotherapy (LUME-Lung 2, NCT00806819, and LUME-Lung 1, NCT00805194).



Vascular disrupting agents (VDAs)

While angiogenesis inhibitors prevent the formation of new blood vessels from preexisting vasculature, vascular disrupting agents (VDAs) target the endothelial cells of established tumor vessels, leading to tumor vasculature disruption and oxygen and nutrient deprivation in the tumor [119].

Vadimezan (ASA404), an analog of flavone acetic acid, demonstrated initial encouraging results in combination with chemotherapy as treatment for patients with NSCLC in a phase II trial [120]; however these findings were not validated in the phase III setting. In fact, a phase III trial of vadimezan in combination with the carboplatin/paclitaxel as first line treatment in NSCLC failed to meet its primary endpoint, as no significant differences were detected in OS between vadimezan and placebo arms (median OS 13.4 vs. 12.7 months respectively (HR = 1.01; P = 0.535)) [121]. Given these results and the failure of this agent in demonstrating any advantage in the second line setting, the development of vedimezan in lung cancer has been halted by Novartis.

ABT-751 is another VDA with potent preclinical anticancer activity. This agent has been evaluated in a phase I/II study in combination with docetaxel as second line treatment for NSCLC [122]. The trial unfortunately failed to demonstrate any improvement in PFS (primary endpoint) with a median of 2.3 months for ABT-751 vs. 1.9 months for placebo; P = 0.82). However, a subgroup analysis favored ABT-751 in squamous NSCLC in terms of OS (P = 0.034; median 3.3 months vs. 8.1 months).



Antiangiogenic therapy in SCLC

The clinical application of antiangiogenic agents in small cell lung cancer (SCLC) has been less extensively investigated. The randomized, double-blind, placebo-controlled phase III trial IFTC 00-01 compared combination chemotherapy (cisplatin, etoposide, epidoxorubicin, and cyclophosphamide) with or without thalidomide (400 mg) in patients with untreated extensive stage disease [123], after the first two PCDE cycles, ORR was 81.5%, and 92 patients were randomly assigned to placebo (n = 43) or thalidomide (n = 49). The median survival time in patients who received thalidomide was prolonged compared to placebo, but this result was not statistically significant (HR = 0.74; 11.7 vs. 8.7 months, respectively, P = 0.16) with a minimal follow up time of 3 years. An exploratory analysis revealed that patients with performance status (PS) of 1–2 who received thalidomide had a significantly longer survival (HR = 0.59; P = 0.02) and a slower time to disease progression (HR = 0.54, P = 0.02). The use of thalidomide was associated with higher incidence of neuropathy, constipation and requirements for red cell transfusions, and about one-third of patients discontinued thalidomide due to side effects. Unfortunately, it is debatable whether the results of this trial can be generalized to support the efficacy of antiangiogenic agents in SCLC due to the relative small number of patients enrolled, and the alternative mechanisms of action exerted by thalidomide in addition to its antiangiogenic properties, including immune-modulatory effects.

Several phase II trials investigating anti-VEGFR therapies have been conducted in previously untreated extensive stage SCLC (ES-SCLC). Horn et al. recently published the final results of the phase II E3501 trial that studied efficacy and safety of bevacizumab in combination with first-line cisplatin, and etoposide as first line therapy in ED-SCLC [124]. A total of 63 patients were treated with bevacizumab plus cisplatin and etoposide followed by bevacizumab alone until death or onset of disease progression. The 6-month PFS was 30.2%, the median PFS was 4.7 months, and the OS was 10.9 months, with a RR of 63.5%. In regard with the toxicity profile, the experimental regimen appeared to be well tolerated, with minimal increase in side effects compared with chemotherapy alone. Biomarker analyses revealed that high baseline VCAM levels predicted significantly higher risk of progression or death, but no additional relationships among treatment, biomarkers, and outcome were identified.

A multicenter phase II study investigated the addition of bevacizumab to irinotecan and carboplatin as first-line treatment in patients ECOG PS 0–1 with ED-SCLC, with bevacizumab maintenance in absence of progression at the end of the planned number of administered cycles [125]. Fifty-one patients were enrolled, with a reported ORR of 84%, including 1 complete and 42 partial responses. Median TTP and OS were 9.13 and 12.1 months, respectively. The most common severe AEs were neutropenia, thrombocytopenia, GI symptoms and fatigue (20%), without significant bleeding events. A similar recently published phase II study, the CALGB 30306 trial reported the efficacy of cisplatin, irinotecan, and bevacizumab in 72 patients with untreated ES-SCLC [126]. The median PFS and OS times were higher 7.0 and 11.6 months, respectively, and the ORR was 75%. However, the primary end point of differentiating between 50% and 65% 12-month survival rates was not met. Three patients died while on treatment due to pneumonitis, stroke, and heart failure. Hypertension was associated with improved survival (P = 0.04), and lower baseline VEGF predicted poorer PFS after adjusting for age and PS (P = 0.03).

Given the promising efficacy of anti-VEGF therapy in single-arm studies, the phase II, placebo-controlled, double-blind, randomized SALUTE trial assessed the efficacy and safety of adding bevacizumab versus placebo to first-line therapy with cisplatin or carboplatin plus etoposide, for 4 cycles followed by single-agent bevacizumab or placebo until progression or unacceptable toxicity in 52 patients with ES-SCLC [127]. The median PFS was higher in bevacizumab group than placebo (5.5 vs. 4.4 months), while no OS differences were found (9.4 vs. 10.9 months for bevacizumab and placebo groups, respectively). ORRs were 58% vs. 48%, with a median duration of response of 4.7 s. 3.2 months for bevacizumab and placebo, respectively. Grade 3 or higher AEs occurred more frequently in bevacizumab-treated patients, however no new or unexpected safety signals were observed. The Hellenic Oncology Research Group evaluated the efficacy and the tolerance of paclitaxel combined with bevacizumab in a phase II trial of patients with relapsed, chemo-resistant SCLC [128]. Thirty patients with a PS 0-2 who experienced relapse within 3 months after completion of 1st line chemotherapy for SCLC were enrolled. The overall ORR was 20%, and the disease control rate (DCR) was 36.7%, with reported median PFS and OS of 2.7 and 6.3 months, respectively. Grades ≥ 3 and 4 toxicities were limited in neutropenia, diarrhea and fatigue, with one case of nonfatal pulmonary embolism. The Hoosier Oncology Group LUN06-113 study is an ongoing randomized, double blind phase II trial of cisplatin plus etoposide with or without concurrent vandetanib in patients with previously untreated ED-SCLC. Patients are currently being recruited and preliminary results have not been reported yet (NCT00613626). The National Cancer Center of Korea, in collaboration with Bayer, is currently conducting a randomized phase II study evaluating whether Sorafenib maintenance therapy prolongs PFS and OS in patients with ED-SCLC who achieved CR or PR after platinum-based induction chemotherapy (NCT01159327).

The benefit of incorporating an antiangiogenic agent into the therapeutic regimen administered to patients with limited stage SCLC (LS-SCLS) has also been investigated in clinical trials. The first study in 60 patients with limited stage SCLC evaluated chemotherapy plus radiation (four cycles of irinotecan and carboplatin with concurrent RT) followed by maintenance single-agent bevacizumab (10 mg/kg every 2 weeks for 10 doses) for patients with response or stable disease [129]. The complete and partial response rates were 27% and 53%, respectively, the median PFS was unreached with a median follow-up time of 24 months, and median OS was 17.5 months. One-year and 2-year survival rates were 70 and 29%, respectively. In a second phase II study, patients with limited stage SCLC received chemoradiation with irinotecan and carboplatin regimen given for 4 cycles, with concurrent bevacizumab [70]. Patients with stable disease or response after the 4 cycles of systemic therapy also received single-agent bevacizumab as maintenance therapy until disease progression or a further 6 months. The median patient follow-up for this trial was 14 months; however, due to safety issues, the trial was closed early in March 2007, and the primary endpoint PFS was unreached. Eight patients discontinued chemoradiation early due to trial closure and were not evaluated for treatment efficacy; 21 patients completed all planned induction therapy, and 8 patients completed 25 cycles of bevacizumab maintenance therapy. The ORR was 88%, with 4 CRs, 11 PRs, and 1 SD. Overall survival end points could not be assessed due to trial discontinuation. Grade 3–4 AEs included diarrhea (21%), esophagitis (14%), fatigue (17%), pain (14%), neutropenia (18%), leukopenia (10%), and thrombocytopenia (28%), with one death from treatment-related bowel perforation.



Biomarkers of response to antiangiogenic therapy

The clinical use of antiangiogenic therapies would be greatly facilitated by the identification of biomarkers modulated by treatment. In fact, activity biomarkers could be beneficial to determine the optimal antitumor dose [130]; to select patients whose tumors are likely to benefit from a specific agent, while sparing others from toxicity; to monitor responses to therapy; and to enhance our understanding of the mechanisms underlying angiogenesis inhibitor resistance. Thus, much effort is currently devoted to identify biomarkers that can predict outcomes and help individualize antiangiogenic therapies. To date, several predictive biomarkers of outcomes have been identified, none has yet been validated and routinely used as a reliable tool to identify patients most likely to benefit from angiogenesis inhibitors.


High blood pressure

Hypertension is the most frequent grade 3 or higher toxic effect of antiangiogenic therapy [131,132]. By decreasing the synthesis of nitric oxide, bevacizumab leads to high blood pressure (HBP), which correlates with an effective VEGF blockade on the vasculature. Dahlberg et al. recently reported the results of a subgroup analysis of the phase III ECOG 4599 trial of bevacizumab in NSCLC, consisting in a positive correlation between the onset of HBP (>150/100 mmHg or at least a 20-mmHg increase in diastolic BP from baseline) and improved clinical outcomes in patients receiving bevacizumab [133]. In fact, a significant OS improvement was observed when hypertensive patients on PCB arm were compared with those on PC (HR = 0.60; P = 0.001), with an adjusted PFS HR of 0.54 (P < 0.0001). When nonhypertensive patients receiving PCB were compared with those on PC alone, the OS HR was 0.86 (P = 0.05), and the PFS HR was 0.72 (P < 0.0001). Overall, these data indicate that onset of HBP while receiving bevacizumab in combination with standard chemotherapy may be associated with improved outcomes. Similarly, final analysis of data obtained from six phase II trials of axitinib in 230 patients with various tumor types, including 30 patients with NSCLC, suggested the potential role of diastolic blood pressure > 90 mmHg as biomarker of longer OS [134]. Prospective studies to validate hypertension as a reliable biomarker of response in clinical practice are warranted.



Circulating cytokines

The expression of VEGF has been one of the most extensively studied predictive biomarkers. Increased circulating VEGF and decreased soluble VEGFR2 concentrations have been repetitively reported in phase I and II studies evaluating the safety and antitumor activity of VEGFR TKIs, indicating that such changes may represent a specific class effect of these agents [135–137]. However, only some studies have found associations between these factor changes and improved outcomes. Recently, Ebos et al. showed that the changes in VEGF and VEGFR-2 levels in tumor-bearing and nontumor-bearing mice receiving sunitinib might represent the result of a systemic, tumor-independent, dose-dependent, host-derived response and correlate with the optimal antitumor dose of sunitinib [135]. Using multiplexed bead arrays and ELISA, Hanrahan et al. performed an exploratory retrospective analysis of the correlation between baseline circulating VEGF levels and PFS in three phase II trials evaluating vandetanib in NSCLC, which suggested that low baseline circulating VEGF may predict for PFS advantage in patients with advanced NSCLC receiving vandetanib versus gefitinib or vandetanib plus docetaxel versus docetaxel alone. Analysis of cytokine and angiogenic factors (CAFs) from 123 patients with NSCLC randomized in the phase II study of vandetanib monotherapy (V) versus carboplatin and paclitaxel (CP), or the combination (VCP) in the first line setting, at baseline and during treatment revealed an increase in VEGF and a sVEGFR2 decrease by day 43 in the V arm only, and increases in VEGF were associated with an increased risk of disease progression in patients receiving treated with V [138]. In the same study, high baseline concentrations of HGF significantly correlated with a poorer PFS in V group, but not in the combination or chemotherapy arms [139]. These findings are in accordance with our recently reported preclinical results showing that in xenograft models of NSCLC treated with V until progression, elevated HGF/c-MET pathway expression and activation is associated with onset of therapeutic resistance [140]. In plasma samples of early NSCLC patients treated with pazopanib, post-treatment changes in plasma sVEGFR2 and IL-4 significantly correlated with tumor shrinkage, and baseline HGF and IL-12 were associated with tumor response to pazopanib, suggesting that CAF profiling may be useful for identifying patients likely to benefit from VEGFR blockade with small molecule TKIs [137]. However, conflicting data have been reported in regard with the effectiveness of using baseline (pretreatment) VEGF levels as a predictive biomarker of clinical outcome. For example, a phase II/III trial evaluating chemotherapy plus bevacizumab in patients with advanced NSCLC failed to demonstrate the role of high baseline circulating plasma VEGF as a predictive marker of survival (PFS and OS), although a significant correlation with improved ORR was reported [141]. Given these findings, it is clear that the use of circulating VEGF as predictive biomarker of survival benefit in NSCLC warrants further investigation.



VEGF single nucleotide polymorphisms (SNPs)

A growing area of research is investigating the role of VEGF genotype and VEGF single nucleotide polymorphisms (SNPs). It has been demonstrated that SNPs may affect the efficiency of drug metabolism and excretion, and influence the responses to drugs through gene-expression alterations or posttranscriptional modifications. The variant C allele of the VEGF +405G>C polymorphism has been associated with a significant survival improvement in early stage NSCLC [142]. A study of 133 patients with advanced NSCLC enrolled in the ECOG 4599 trial showed that a SNP signature of VEGFA –634GG, ICAM1 469T/C, and IL8 –251T/A was the best predictor of OS and PFS [143], suggesting a critical association between genetic variants of molecules involved in angiogenic pathways and clinical outcomes. SNP biomarkers for sorafenib have been assessed in a correlative study of the E2501 trial [144], a randomized discontinuation, phase II study of sorafenib versus placebo in patients with metastatic NSCLC that progressed after prior two chemotherapy regimens. Analysis of DNA obtained from 88 plasma samples indicated that VEGFA –1498CC and –634CC genotypes correlated with improved PFS [145].



Other biomarkers

A significant correlation between high microvascular density (MVD), which reflects the amount of vessels supplying a tumor, and poor survival, tumor progression and metastasis has been demonstrated in patients with NSCLC [146]. Given this association, MVD has been hypothesized to correlate with response to and benefit from antiangiogenic therapies. However, while preclinical models proved the role of MVD as a predictive marker of response to therapy, this was not validated in the clinical setting [147].

Circulating endothelial cells (CECs) originate from the wall of blood vessels and express the phenotype of mature ECs. A vast body of evidence demonstrated that CECs are increased in cancer patients [148]. Antiangiogenic therapies may induce the endothelial cells to dissociate from the tumor vasculature, which increases the amount of CECs in the bloodstream of patient whose tumors are responding to treatment [149,150]. These findings led to the identification of CECs as a novel biomarker of response to angiogenesis inhibition [151], as high levels of CECs may indicate that a patient is responding to therapy. Measurement of CEC levels in clinical trials evaluating antiangiogenic treatments demonstrated a positive correlation between decreased concentration while on therapy and improved PFS [152]. In addition, greater baseline levels of CECs have been correlated with greater response rates; however, at time of progression a significant decrease in CEC levels was detected [153]. Taken together, these data indicate that while much effort is ongoing to identify biomarkers predictive of improved clinical outcomes and resistance to antiangiogenic therapies, to date no marker is validated and approved for the routine use into the clinical setting.




Tumor resistance to antiangiogenic therapies

Unfortunately, despite the initial encouraging results obtained from the clinical use of antiangiogenic agents, it is clear that the magnitude of clinical responses and survival benefit is far less than predicted from preclinical studies. In fact, not all tumors respond to therapy and tumors that showed an initial response eventually relapse and progress. In this section, we review what is known regarding the cellular and molecular mechanisms that enable tumors to become refractory to anti-VEGF therapies.

Recent preclinical studies suggest that one way in which tumors circumvent blockade of the VEGFR signaling pathway is by exploiting alternative angiogenic signaling pathways. In fact, it has been extensively shown that while anti-VEGFR therapy initially blocks neovascularization and tumor growth in preclinical models of cancer, angiogenesis and tumor progression eventually rebound by an increased production of FGF family associated molecules by cancer cells [154]. Commonly occurring genetic alterations in cancer cells have also been also been shown to permit tumors to become less dependent on angiogenesis. Cancer cells that lose activity of the p53 tumor suppressor gene are able to better withstand hypoxic conditions [155] and p53-deficient tumors are much less sensitive to the effects of antiangiogenic therapy [156]. There is also evidence suggesting that some cancer cells may alter their pattern of growth in response to antiangiogenic therapies. In experimental models of brain metastasis, melanoma cells progressed while receiving anti-VEGF therapy by co-opting the preexisting cerebral vasculature [157].

A vast body of evidence also suggests that in addition to cancer cells themselves, stromal cells residing within the tumor microenvironment play a critical role in mediating tumor resistance to antiangiogenic therapy. In some experimental tumor models, VEGF/R inhibitor resistance was dependent on the ability of tumors to recruit CD11b+Gr-1+ granulocytic myeloid cells [158]. CD11b+Gr-1+ myeloid cells comprise several subpopulations of cells including neutrophils, macrophages, and dendritic cells and localize to tumors in response to cytokines produced by cancer cells (e.g., granulocyte macrophage colony stimulating factor). CD11b+Gr-1+ cells are a significant source of proangiogenic proteins and also produce several immunosuppressive molecules [159], both of which favor tumor progression. Other investigations suggest a role for tumor-associated fibroblasts in mediating tumor resistance to anti-VEGF agents. Antibody-mediated neutralization of VEGF in murine lymphoma models resulted in upregulation of platelet-derived growth factor (PDGF-C) from tumor-associated fibroblasts, which was sufficient to sustain angiogenesis and ensure tumor progression [160].

The relative contribution of cancer and stromal cells to resistance to antiangiogenic therapies varies in each cancer subtype [161,162]. Our group recently reported a previously unknown stromal adaptation in VEGFR-inhibitor resistance murine models of human NSCLC, that include upregulation of stromal EGFR and FGFR family members, as well EGFR-driven pericyte recruitment and vascular remodeling promoting resistance to VEGF inhibition. Furthermore, our results demonstrated that, dual VEGFR and EGFR pathway targeting significantly prolonged survival and delayed the onset of resistance, which is partially in line with the findings of clinical trials investigating this therapeutic strategy in patients with advanced NSCLC [19, 163].



Conclusion

Despite the extensive research performed over the past few decades to advance the field of antiangiogenic therapy as an anticancer strategy, at this time, bevacizumab is the only angiogenesis inhibitor approved for clinical use in the treatment of patients with advanced/metastatic NSCLC in combination with standard platinum-based chemotherapy. This success has resulted in a rapid escalation in the number of antiangiogenic agents, including monoclonal antibodies and receptor TKIs and VDAs, which are currently at various stages of preclinical and clinical development. Results of antiangiogenic therapy use in early stage NSCLC are pending. Much effort is currently directed toward a better understanding of the molecular abnormalities associated with NSCLC cell growth and proliferation and their impact on therapeutic response and clinical outcomes. This will guide the discovery and validation of activity biomarkers modulated by therapy that can identify those patients most likely to benefit from therapies targeting the tumor vasculature.

The incremental benefit of bevacizumab in NSCLC is modest and emergence of resistance occurs in all patients. Therefore, future investigations also include a better understanding of the cellular and molecular mechanisms mediating intrinsic or acquired resistance to these agents to improve clinical outcomes for patients with lung cancer.
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Introduction

Since the discovery that angiogenesis plays a critical role in tumor growth and progression, there has been considerable interest in developing anti-angiogenic agents for the treatment of various malignancies, including non-small cell lung cancer (NSCLC) [1]. Vascular endothelial growth factor (VEGF) is one of the key mediators of angiogenesis and has emerged as an important therapeutic target in NSCLC. The VEGF family consists of 5 glycoproteins (VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor) that bind to three tyrosine kinase receptors: VEGF receptor 1 (VEGFR-1)/fms-like tyrosine kinase I (flt1), VEGFR-2/kinase insert domain receptor (KDR), and VEGFR-3/flt4. Ligand receptor binding results in downstream signaling that leads to endothelial cell proliferation and migration, as well as increased permeability of existing blood vessels [2]. Anti-angiogenic agents being studied in NSCLC include monoclonal antibodies against VEGF, tyrosine kinase inhibitors (TKIs) directed at VEGF receptors, as well as vascular disrupting agents (VDAs) which do not involve inhibition of VEGF (Table 34.1). This chapter reviews the data for a number of these different anti-angiogenic therapies in NSCLC.



Table 34.1 Specific targets of investigational antiangiogenic agents





	Tumor cells
	VEGF ligand
	Vasculature/ endothelial cell






	TKIs
	Bevacizumab
	VDAs



	Ramucirumab
	Aflibercept
	TKIs





TKI, tyrosine kinase inhibitor; VDA, vascular disrupting agent; VEGF, vascular endothelial growth factor.




Monoclonal antibodies to VEGF/VEGFR


Bevacizumab

Bevacizumab, a humanized monoclonal antibody to VEGF-A, remains the only anti-angiogenic agent that has been approved by the United States Federal Drug Administration (FDA) for the treatment of NSCLC. Approval was granted based upon the results of a number of key studies. In the initial phase II study, 99 patients were randomized into 3 treatment arms: chemotherapy (carboplatin/paclitaxel) alone, chemotherapy plus bevacizumab 7.5 mg/kg, and chemotherapy plus bevacizumab 15 mg/kg. Patients receiving bevacizumab plus chemotherapy arm were allowed to continue bevacizumab monotherapy for up to 18 cycles after completion of the chemotherapy. Importantly, patients in the chemotherapy alone arm who progressed were allowed to crossover and receive bevacizumab at the time of progression. Results indicated that both overall response rate (ORR) (31.5% vs. 18.8%) and progression-free survival (PFS) (7.4 months vs. 4.2 months, p = 0.023) were superior in the high-dose bevacizumab arm compared to the chemotherapy alone arm, although overall survival (OS) was not statistically different between the two arms (17.7 vs. 14.9 months, p = 0.63). Additionally, low-dose bevacizumab did not appear to confer any advantages over chemotherapy alone. The lack of OS benefit may be explained by the relatively small number of patients in this trial and the ability to crossover to maintenance bevacizumab. In this study, pulmonary hemorrhage was observed in 9.0% of patients, including 4 fatalities, which occurred mainly in patients with squamous histology [3], who coincidentally tended to be in the low dose bevacizumab arm. Given the association of bleeding with squamous histology seen in this trial, subsequent phase III trials investigating bevacizumab excluded patients with squamous histology. Based upon the encouraging phase II data, frontline bevacizumab-based therapy has been evaluated in a number of different phase III studies (Table 34.2).



Table 34.2 Results of frontline bevacizumab-based therapy in phase III studies of NSCLC


[image: images]

Eastern Cooperative Group (ECOG) 4599 was a landmark phase III study that randomized 878 patients with recurrent or advanced NSCLC to receive first-line chemotherapy consisting of carboplatin/paclitaxel with or without bevacizumab 15 mg/kg given every 3 weeks. No crossover was allowed, and patients with squamous histology, brain metastases, and significant hemoptysis were excluded from this trial. Both ORR (35% vs. 15%, p < 0.001) and PFS (6.2 months vs. 4.5 months, HR: 0.66; 95% CI: 0.57–0.77; p < 0.001) were improved in those patients receiving bevacizumab compared to chemotherapy alone. Additionally, the primary endpoint of OS was also significantly improved in patients receiving bevacizumab (12.3 months vs. 10.3 months; HR: 0.79; 95% CI: 0.67–0.92; p = 0.003). However, bevacizumab was also associated with increased toxicities, including higher rates of hemorrhage and febrile neutropenia, as well as a higher incidence of death (15 deaths compared to 2 deaths in the chemotherapy alone arm) [4]. In particular, those patients over the age of 70 who received bevacizumab had significantly greater grade 3–5 toxicities compared to those receiving chemotherapy alone (87% vs. 61%, p < 0.001), though the ORR and PFS benefit was still seen, arguing for caution with bevacizumab in this subgroup of patients [5]. Despite these limitations, ECOG 4599 was the first trial to demonstrate a survival benefit in patients with advanced NSCLC receiving an anti-angiogenic agent and was important in leading to approval of bevacizumab in the treatment of NSCLC.

The AVAiL phase III trial randomized 1043 patients with recurrent or advanced NSCLC to receive cisplatin/gemcitabine with or without bevacizumab (7.5 or 15 mg/kg). All three drugs were given on day 1 of each 3-week cycle, with additional day 8 gemcitabine. Although the primary endpoint of PFS was significantly improved in patients receiving bevacizumab at both the low dose (6.7 months; HR: 0.75; p = 0.003) and the high dose (6.5 months; HR: 0.82, p = 0.03) compared to those patients receiving chemotherapy alone (6.1 months), OS was not significantly prolonged in either bevacizumab arm (low-dose: 13.6 months; HR: 0.93; p = 0.420 and high-dose: 13.4 months; HR: 1.03; p = 0.761) compared to the chemotherapy alone arm (13.1 months) [6,7]. The relatively high percentage (61–65%) of patients who went on to receive additional post-study treatment may explain the lack of OS benefit seen in this trial [8]. Importantly, this study also indicated that bevacizumab can be safely administered in patients on full-dose anticoagulation as 9% of the patients in this study received therapeutic anticoagulation with either warfarin or low molecular weight heparin after initiation of the trial, and none of these patients developed pulmonary hemorrhage.

In order to further evaluate the safety and efficacy of bevacizumab in NSCLC, there have been a number of other completed and ongoing studies. The PASSPORT study showed that bevacizumab can be administered safely in patients with treated brain metastases [9]. The Phase IV Safety of Avastin in Lung (SAiL) trial evaluated bevacizumab in combination with a number of different chemotherapeutic agents. In this study, patients receiving cisplatin doublets plus bevacizumab had improved OS (14.7 months) compared to patients receiving carboplatin doublets plus bevacizumab (14.3 months), non-platinum doublets plus bevacizumab (8.1 months), or single-agent chemotherapy plus bevacizumab (9.4 months). Grade ≥ 3 pulmonary hemorrhage was noted in 1% of patients, and grade 3–5 bleeding (excluding pulmonary hemorrhage) was noted in 3% of patients [10]. Another study found that bevacizumab is efficacious in combination with other commonly used platinum doublets, including carboplatin/pemetrexed [11]. The recently completed phase III POINTBREAK trial compared 2 arms: carboplatin/pemetrexed/bevacizumab induction followed by pemetrexed/bevacizumab maintenance (arm A) and carboplatin/paclitaxel/bevacizumab induction followed by bevacizumab maintenance (arm B) in patients with advanced non-squamous NSCLC. Results indicated that the primary endpoint of OS was not different between the two arms of treatment (12.6 months on arm A, 13.4 months on arm B, HR: 1.00, p = 0.949), and that the secondary endpoints of ORR (34.1% versus 33.0%, arms A and B respectively) and disease control rate (DCR) (65.9% versus 69.8%, arms A and B respectively) were also not significantly different [12]. The AVAPERL trial is another recently completed study that compared bevacizumab maintenance and bevacizumab/pemetrexed maintenance in patients who completed four cycles of cisplatin/pemetrexed/bevacizumab. PFS was significantly improved in those patients receiving bevacizumab/pemetrexed maintenance compared to bevacizumab alone maintenance (10.2 months versus 6.6 months, p < 0.001), and preliminary OS data at 11 months of follow-up shows a non-statistically significant trend toward improvement in OS for the bevacizumab/pemetrexed arm (HR = 0.75, p = 0.23) [13]. The ongoing ECOG 5508 trial is looking at bevacizumab maintenance questions in advanced stage NSCLC patients. Patients on the trial receive the E4599 regimen for 4 cycles and those with stable disease are then randomized to continue on bevacizumab alone, 
receive pemetrexed (500 mg/m2 q 3 weeks) or both agents until documented progression or intolerable toxicity. Bevacizumab is now also being evaluated in the early stage setting in the ongoing phase III ECOG 1505 study, randomizing patients with stages I-III resected NSCLC to receive 4 cycles of adjuvant cisplatin-based chemotherapy with or without bevacizumab. The study has now completed accrual and, an interim safety analysis revealed no unexpected toxicity concerns [14].

There has been enthusiasm in investigating bevacizumab in combination with other targeted therapies, including erlotinib, an oral epidermal growth factor receptor (EGFR) inhibitor, in both the maintenance and second-line setting. In the phase III ATLAS study, patients with advanced NSCLC who had completed 4 cycles of platinum-based chemotherapy were randomized to receive maintenance bevacizumab (15 mg/kg) plus erlotinib (150 mg daily) versus maintenance bevacizumab plus placebo. Although the primary endpoint of PFS was improved in those patients receiving maintenance bevacizumab/erlotinib compared to those receiving maintenance bevacizumab/placebo (4.8 months vs. 3.7 months; HR: 0.72; p = 0.0012) [15], the secondary endpoint of OS was not improved in the bevacizumab/erlotinib arm (14.4 months vs. 13.3 months; 95% CI: 0.70–1.21; p = 0.56) [16]. A phase II second-line trial randomized patients to one of 3 arms: erlotinib plus bevacizumab, chemotherapy (docetaxel or pemetrexed) plus bevacizumab, and chemotherapy alone. Median PFS was improved with the addition of bevacizumab to either chemotherapy (4.8 months) or erlotinib (4.4 months) in comparison with chemotherapy alone (3 months) [17]. The phase III BETA trial randomized 636 patients with progressive disease after frontline chemotherapy to receive erlotinib with or without bevacizumab. Despite PFS prolongation seen with the combination therapy (3.4 months vs. 1.7 months; HR: 0.62; p < 0.0001), the primary endpoint of OS was not different between the two arms (9.3 months vs. 9.2 months; HR: 0.97; p = 0.75) [18]. Finally, results from a phase I/II trial of bevacizumab and erlotinib in the combined-modality treatment of stage III NSCLC were reported with the finding that 29% of the 45 patients enrolled developed grade 3 or 4 esophagitis, including tracheoesophageal fistula, without significant improvement in efficacy [19].



Ramucirumab

Ramucirumab (IMC-1121B) is a monoclonal antibody against VEGFR-2 that has been studied in early clinical trials in several types of malignancies, including NSCLC. A single-arm phase II study involving patients with advanced NSCLC evaluated ramucirumab in combination with carboplatin/paclitaxel as frontline treatment and found that ramucirumab was associated with an ORR of 59% and DCR of 97% [20]. These exciting results have led to additional studies of ramucirumab in metastatic NSCLC, including a phase II trial in which patients are randomized to treatment based upon histology; patients with nonsquamous histology receive platinum/pemetrexed +/− ramucirumab × 4–6 cycles, followed by maintenance pemetrexed in both arms while patients with squamous histology receive platinum/gemcitabine +/− ramucirumab × 4–6 cycles, followed by maintenance ramucirumab in the ramucirumab arm. The nonsquamous enrollment has completed and the squamous enrollment in ongoing (ClinicalTrials.gov identifier: NCT 01160744). The phase III REVEL study is also underway, enrolling patients with metastatic NSCLC who have progressed after receiving frontline platinum-based therapy and randomizing them to receive docetaxel +/− ramucirumab (ClinicalTrials.gov identifier: NCT 01168973).




Small molecule tyrosine kinase inhibitors

There are several anti-angiogenic small molecule tyrosine kinase inhibitors (TKIs) in current clinical development in NSCLC. Advantages of TKIs include the fact that they inhibit multiple receptors simultaneously, thereby potentially providing a higher likelihood of single-agent activity, and that they are often available orally, an added patient convenience. Despite these advantages, toxicity remains a concern given the multi-targeted kinase inhibition and the potential additive adverse events when these agents are combined with chemotherapy. Below we review selected small molecule TKIs that include VEGF as a target for the treatment of NSCLC (Table 34.3).



Table 34.3 Antiangiogenesis small molecule tyrosine kinase inhibitors and their targets


[image: images]


Sorafenib

Sorafenib is an oral multi-kinase inhibitor of VEGFR-2 and -3, platelet-derived growth factor receptor (PDGFR) beta, RAF-kinase, c-Kit, Ret, and fms-like tyrosine kinase receptor 3 (Flt3) that has been FDA-approved for treatment of patients with metastatic renal cell carcinoma (RCC) and advanced hepatocellular carcinoma (HCC) based upon prolongation in PFS seen in phase III studies [21,22]. In NSCLC, sorafenib was evaluated in the phase II ECOG 2501 trial, in which 342 patients with advanced NSCLC who had failed at least two prior chemotherapy regimens received sorafenib 400 mg twice daily for two cycles. Patients who had stable disease after two cycles (n = 97) were randomized to receive additional sorafenib or placebo. PFS was prolonged in those patients receiving sorafenib compared to placebo (3.6 months versus 1.9 months, p = 0.01) [23]. Another phase II trial involving 52 patients found that sorafenib, when given continuously at a dose of 400 mg twice daily as a single agent to patients with relapsed or refractory advanced NSCLC, resulted in stable disease (SD) in 59% of evaluable patients and a median PFS of 5.5 months. Treatment-related toxicities were manageable and similar to the toxicities seen in previous trials with sorafenib, including hand-foot reaction seen in 10% of patients [24].

The promising phase II results led to two large phase III trials evaluating sorafenib in combination with chemotherapy. The double-blind, placebo-controlled phase III ESCAPE trial randomized patients with advanced NSCLC to receive frontline treatment with carboplatin/paclitaxel with or without sorafenib. An interim analysis revealed increased toxicity in patients with squamous histology and also indicated that the primary endpoint of OS was unlikely to be reached, leading to early termination of the study [25]. The phase III NEXUS trial investigated sorafenib in combination with cisplatin/gemcitabine and demonstrated a PFS benefit, although the primary endpoint of OS was not improved [26]. Sorafenib has also been studied in the phase II setting in combination with erlotinib with encouraging results, warranting further evaluation [27] [28]. Recently, the BATTLE study was the first completed prospective, biomarker-based adaptively randomized study in which previously treated patients with advanced lung cancer were randomized into one of 4 arms: erlotinib, vandetanib, erlotinib plus bexarotene, or sorafenib, based upon results of biomarker analyses obtained from individual patients. In comparing patients in the adaptive randomization arm against the equal randomization arm, K-ras mutant patients treated with sorafenib were found to have a nonstatistically significant trend toward improved DCR (61% versus 32%, p = 0.11), suggesting that K-ras mutant patients may derive preferential benefit with sorafenib, although this correlation will need to further tested in additional clinical trials [29].



Sunitinib

Sunitinib is an oral TKI that inhibits VEGFR-1, -2, -3, PDGFR alpha/beta, c-kit, Flt-3, and RET and is FDA-approved for the treatment of advanced RCC and imatinib-resistant gastrointestinal stromal tumor. In NSCLC, sunitinib was evaluated in two separate phase II trials with encouraging results [30,31]. The subsequent phase III study comparing sunitinib/erlotinib and placebo/erlotinib in patients with previously treated advanced NSCLC noted an improvement in ORR (10.6% versus 6.9%, p = 0.0471) and PFS (3.6 months versus 2.0 months, p = 0.0023), though no improvement in OS was seen (9.0 months versus 8.5 months, p = 0.1388) [32]. There are ongoing studies investigating sunitinib in patients with NSCLC, including the phase II CALGB 30704 trial evaluating sunitinib as second-line therapy (ClinicalTrials.gov identifier: NCT00698815) and the phase III CALGB 30607 study of sunitinib as maintenance therapy (ClinicalTrials.gov identifier: NCT00693992).



Pazopanib

Pazopanib is an oral inhibitor of VEGFR-1, -2, and -3, PDGFR-beta, and c-kit, and was FDA approved in 2009 for the treatment of advanced RCC. In NSCLC, pazopanib demonstrated efficacy in a small phase II trial in which patients with stage I/II NSCLC received neoadjuvant treatment with pazopanib 800 mg/daily for 2–6 weeks (median duration: 16 days) prior to resection. Tumor volume reduction was noted in 30 patients (86%) and the most frequent adverse events were grade 2 hypertension, fatigue, and diarrhea [33]. These promising initial results led to additional studies of pazopanib in NSCLC, including a recently completed phase II open-label multi-center randomized study comparing pazopanib/pemetrexed with cisplatin/pemetrexed as frontline treatment in patients with metastatic NSCLC (ClinicalTrials.gov identifier: NCT00871403). Other studies have completed accrual with results awaited include the phase II randomized, placebo-controlled study of pazopanib in combination with erlotinib in previously treated patients with NSCLC (ClinicalTrials.gov identifier: NCT01027598) and the phase II study comparing pazopanib/paclitaxel with carboplatin/paclitaxel as first-line treatment in advanced NSCLC (ClinicalTrials.gov identifier: NCT00866528).



Vandetanib

Vandetanib is an orally administered inhibitor of VEGFR (VEGFR-2, VEGFR-3), RET, and EGFR. A phase II study of vandetanib in combination with chemotherapy in NSCLC yielded encouraging results, leading to further evaluation of vandetanib in four separate phase III studies in metastatic NSCLC [34]. The phase III ZODIAC trial randomized patients with advanced NSCLC to receive either docetaxel/vandetanib or docetaxel/placebo as second-line treatment. Although the addition of vandetanib improved ORR (17% versus 10%, p = 0.0001) and PFS (HR: 0.79, p < 0.0001), the primary endpoint of OS was not met (HR: 0.91, p = 0.196) [35]. In the phase III ZEAL trial, patients were randomized to receive vandetanib/pemetrexed or placebo/pemetrexed in the second-line setting. Results indicated that ORR (19% for pemetrexed/vandetanib versus 8% for pemetrexed/placebo, p < 0.001) and delay in time to worsening of lung cancer symptoms (18.1 weeks for pemetrexed/vandetanib versus 12.1 weeks for pemetrexed/placebo, p = 0.0052) favored those patients receiving vandetanib, though this study did not meet its primary endpoint of PFS (HR: 0.86, p = 0.108) [36]. The phase III ZEST trial randomized previously treated patients to receive vandetanib or erlotinib and found no significant improvement in PFS seen for patients treated with vandetanib versus erlotinib (HR: 0.98, 95% CI: 0.87–1.10, p = 0.721) [37]. Finally, in the phase III ZEPHYR study, patients with advanced NSCLC who had progressed after chemotherapy and erlotinib were randomized to receive vandetanib as a single agent versus placebo. Here, PFS was improved in those patients receiving vandetanib (HR: 0.63, p < 0.0001), but the primary endpoint of OS was not met (HR: 0.95, p = 0.527) [38]. Altogether, the disappointing results from these studies have led to suspension of any further studies of vandetanib in NSCLC.



Cediranib

Cediranib (AZD2171) inhibits VEGFR-1 and -2, PDGFR-beta, and c-kit and has been studied in combination with chemotherapy in advanced NSCLC in a few separate trials. In the phase II/III BR24 trial, 296 patients with advanced NSCLC were randomized to receive carboplatin/paclitaxel with or without cediranib as frontline treatment. Although interim results indicated a higher ORR and PFS with cediranib, the study was discontinued early due to excessive toxicities associated with cediranib given at the 30 mg dose, including severe hypertension, gastrointestinal toxicity, and febrile neutropenia [39]. The subsequent BR29 phase II/III trial utilized cediranib at a reduced dose of 20 mg daily combined with carboplatin/paclitaxel, but this was also halted due to an interim analysis revealing that cediranib did not meet pre-specified PFS efficacy criteria (ClinicalTrials.gov identifier: NCT00795340). A phase II study of cediranib in combination with pemetrexed in patients with recurrent NSCLC has completed accrual and results are awaited (ClinicalTrials.gov identifier: NCT00410904).



Motesanib

Motesanib (AMG 706) is a selective oral inhibitor of VEGFR-1, -2, and -3, PDGFR-beta, c-kit, and RET that has been studied both as monotherapy and in combination with chemotherapy in various malignancies [40,41]. In NSCLC, a phase II study of patients with advanced nonsquamous NSCLC evaluated motesanib or bevacizumab in combination with carboplatin/paclitaxel as frontline treatment. Motesanib administered at a dose of 125 mg/day resulted in similar efficacy compared to the bevacizumab arm, with a median PFS of 7.7 months (compared to 8.3 months with bevacizumab) and a median OS of 14.0 months (compared to 14.0 months with bevacizumab) [8]. However, the phase III double-blind, placebo-controlled MONET1 study of motesanib plus carboplatin/paclitaxel in patients with nonsquamous advanced NSCLC did not meet its primary endpoint of improved OS (HR: 0.89, p = 0.137), leading to less enthusiasm for further development of this agent in NSCLC [42].



Axitinib

Axitinib (AG-013736) is an oral TKI that targets VEGFR-1, -2, and -3, PDGFR-beta, and c-kit. A phase II trial involving 32 patients with advanced NSCLC evaluated axitinib administered as a single-agent. In this trial, 28% of the patients had received no prior chemotherapy. The ORR was 9%, median PFS was 4.9 months (95% CI: 3.6–7.0 months), and median OS was 14.8 months (95% CI: 10.7- not estimable). Axitinib was also generally well tolerated, with grade 3 toxicities of fatigue (22%), hypertension (9%), and hyponatremia (9%) [43]. Overall, given the favorable single agent activity of axitinib in patients with NSCLC, there are ongoing phase II trials of axitinib in patients with both squamous and nonsquamous histology. In nonsquamous NSCLC, there are two studies: AGILE 1030 comparing axitinib/carboplatin/paclitaxel to bevacizumab/carboplatin/paclitaxel (ClinicalTrials.gov identifier: NCT00600821) and AGILE 1039 com-paring axitinib/cisplatin/pemetrexed to cisplatin/pemetrexed (ClinicalTrials.gov identifier: NCT007687855). In squamous NSCLC, the AGILE 1038 trial randomizes patients to axitinib/cisplatin/ gemcitabine versus cisplatin/gemcitabine (ClinicalTrials.gov identifier: NCT00735904).



BIBF 1120

BIBF 1120 is an oral inhibitor of VEGFR-1, -2, and -3, PDGFR alpha/beta, and fibroblast growth factor receptors (FGFR) 1–3, which has been studied as a single agent and in combination with chemotherapy in NSCLC. A phase II study of 73 patients with relapsed advanced NSCLC who received BIBF 1120 as a single agent was well tolerated and resulted in a median PFS of 11.6 weeks, median OS of 37.7 weeks, and disease control rate (complete response, partial response, or stable disease) of 46%. The most common grade 3/4 toxicities were nausea, vomiting, diarrhea, and elevation of liver function tests [44]. BIBF 1120 was also studied in combination with carboplatin/paclitaxel as frontline treatment in patients with advanced NSCLC in a phase I dose-escalation study. Results from this study indicated that the MTD of BIBF 1120 was 200 mg administered twice daily when given with carboplatin/paclitaxel and that the combination demonstrated an acceptable safety profile [45]. There are two phase III studies of BIBF 1120 in combination with chemotherapy in the second-line NSCLC setting that have completed accrual and results are awaited: LUME-Lung 1 (in combination with docetaxel) and LUME-Lung 2 (in combination with pemetrexed) (ClinicalTrials.gov identifier: NCT00805194 and NCT00806819, respectively).



Cabozantinib

Cabozantinib (XL-184) is a TKI of VEGFR-2, MET, RET, Kit, and Flt3 that has demonstrated decreased tumor and endothelial cell proliferation in preclinical lung tumor models [46]. In a phase Ib/II study of cabozantinib with or without erlotinib in previously treated patients with advanced NSCLC, the combination of cabozantinib and erlotinib was well tolerated with evidence of clinical activity in a largely erlotinib pretreated patient cohort, including patients with EGFR T790M and MET amplification, and additional results are anticipated [47]. Multiple trials of the drug in NSCLC either alone or in combination with erlotinib and other targeted agents are in development.




Vascular disrupting agents

Vascular disrupting agents (VDAs) directly target established tumor blood vessels, leading to arrest of blood flow and central tumor necrosis. VDAs that have been studied in NSCLC include ASA-404, fosbretabulin, bavituxumab, and omrabulin. In the phase III ATTRACT-1 study of carboplatin/paclitaxel +/- ASA-404, the addition of ASA-404 did not result in an improvement in OS [48], and the subsequent phase III ATTRACT-2 second-line study of docetaxel +/- ASA-404 was stopped early after interim results revealed that the primary endpoint of OS was unlikely to be reached, leading to discontinuation of further development of this agent. The phase II FALCON trial randomized chemotherapy-naïve patients with nonsquamous metastatic disease to receive carboplatin/paclitaxel/bevacizumab +/− fosbretabulin. Encouragingly, initial results indicate that the addition of fosbretabulin resulted in an ORR of 56% (compared to 36% in those patients receiving carboplatin/paclitaxel/bevacizumab alone), and that OS was improved in patients receiving fosbretabulin with an aggregate tumor burden of > 10 cm (14. 2 months vs. 11.0 months, HR: 0.67, 95% CI: 0.26–0.7) [49]. Bavituximab is a VDA monoclonal antibody that targets the phosphatidylserine/beta-2 glycoprotein 1 complex and was studied in a single-arm phase II study in NSCLC in combination with carboplatin/paclitaxel [50]. Two phase II randomized studies of bavituximab in the first (in combination with carboplatin/paclitaxel) and second line (in combination with docetaxel) setting in NSCLC (ClinicalTrials.gov identifier: NCT01160601 and NCT01138163, respectively) were presented in 2012. However, preliminary data from the trial have been subsequently retracted due to discrepancies related to the coding and distribution of the investigational drug and the future of the drug remains unknown. Finally, ombrabulin is a novel VDA that is an analog of combretastatin A4 and a tubulin-binding agent that is being studied in the multinational, placebo-controlled, phase II DISRUPT trial, in which patients with metastatic NSCLC are randomized to receive frontline treatment with taxane and platinum with or without ombrabulin (ClinicalTrials.gov identifier: NCT01293630). While the study has completed accrual, results are pending.



Other anti-angiogenic therapies


Aflibercept

Aflibercept (VEGF-Trap, ZALTRAP) is a recombinant fusion protein that binds VEGFR-1, VEGFR-2, and placental growth factor (PlGF) that is FDA-approved for the treatment of macular degeneration. Most recently, aflibercept also gained FDA approval for previously treated patients with metastatic colorectal cancer based upon the improvement in PFS (HR = 0.758, p = 0.00007) and OS (HR = 0.817, p = 0.0032) seen with the addition of aflibercept to FOLFIRI in these patients in the phase III VELOUR study [51]. In NSCLC, a phase II study in which heavily pretreated patients with advanced disease received aflibercept as a single-agent, at a dose of 4.0 mg/kg intravenously every two weeks, demonstrated an ORR of 2% (95% CI: 0.2–7.2%), PFS of 2.7 months, and OS of 6.2 months [52]. The subsequent phase III VITAL trial compared aflibercept/docetaxel and placebo/docetaxel in patients with locally advanced or metastatic NSCLC who had failed platinum-based chemotherapy. Despite an improvement in ORR (23.3% versus 8.9%) and PFS (HR = 0.82, 95% CI: 0.716–0.937) with the addition of aflibercept, the primary endpoint of OS (HR = 1.01, 95% CI: 0.868–1.174) was not statistically significant between the two arms, leading to less certainty in further development of this agent in NSCLC [53]. In addition, a single-arm phase II study of aflibercept in combination with cisplatin/pemetrexed in previously untreated patients with advanced/metastatic NSCLC reported an ORR of 26.3% (95% CI: 12.3–40.3%) and PFS of 5 months (95% CI: 4.3-7.1), though this trial was stopped early after enrollment of 42 patients due to a higher than anticipated rate of reversible posterior leukoencephalopathy syndrome (RPLS) (confirmed in three patients). Interestingly, no RPLS was reported in a meta-analysis of safety involving three large placebo-controlled trials of aflibercept plus chemotherapy [54].




Biomarkers for anti-angiogenic therapies

The identification of predictive biomarkers for anti-angiogenesis agents remains an important goal that has yet to be achieved. The lack of reliable biomarkers has hindered the development of bevacizumab and other anti-angiogenic therapies and the true potential of these agents will not be realized until better biomarkers have been discovered.

Hypertension is a clinically useful biomarker for response to VEGF targeted agents, initially noted in trials involving sunitinib in the treatment of renal cell carcinoma [55]. In NSCLC, an association with development of hypertension and clinical benefit with bevacizumab was noted in an analysis of patients treated on ECOG 4599 [56]. Importantly, this response can only be assessed after initiation of therapy, which has led to efforts to establish surrogate markers that have not yet been identified.

Serum and plasma candidate biomarkers of angiogenesis have been studied extensively. One of the first biomarkers to be evaluated was the plasma concentration of VEGF. In ECOG 4599, high baseline plasma VEGF levels correlated with higher response to bevacizumab, but did not predict for a survival benefit [57]. More recently, the role of baseline circulating VEGF appears to be more promising as a predictive marker for bevacizumab in other types of malignancies, including gastric cancer. In the phase III AVAGAST trial of patients with gastric cancer, patients with high baseline plasma VEGF-A levels were found to have an overall poorer prognosis, although they had a trend toward higher response and survival when treated with bevacizumab [58]. In both renal and pancreatic cancer patients, a similar differential survival benefit from bevacizumab was seen [59].

Aside from VEGF, various other biomarkers have been explored in trials of patients treated with anti-angiogenic therapies. Patients on ECOG 4599 also had measurement of plasma levels of basic fibroblast growth factor (bFGF), soluble intercellular adhesion molecule (ICAM), and E-selectin both at baseline and during therapy. Baseline ICAM levels were shown to be prognostic but not predictive, as patients on both arms with low baseline ICAM had a higher response rate and better overall survival (p = 0.00005) compared to those with high ICAM [57]. Genetic variants related to angiogenesis, such as single nucleotide polymorphisms (SNPs), have also been investigated as potentially predictive biomarkers. In E4599, SNPs in VEGF, VEGFR1, ICAM-1, and epidermal growth factor were analyzed without a conclusive result, though one VEGF polymorphism did appear to correlate with survival [60]. A SNP analysis of patients with pancreatic or renal cell carcinoma enrolled on two separate phase III clinical trials of bevacizumab therapy revealed that a single SNP in VEGFR-1 was significantly associated with PFS for patients receiving bevacizumab in both trials, and additionally with OS in the pancreatic cancer study [59]. Additional research on VEGF SNPs continues.

There is also interest in profiling multiple plasma markers in order to identify marker signatures associated with response to VEGFR TKIs. Changes in cytokines and angiogenic factors (CAFs) have been correlated with clinical outcome in lung cancer patients treated with VEGFR TKIs, though the cytokines of interest have been variable between the studies [61,62]. Investigators are also evaluating other methods in patients receiving VEGF inhibitors, such as detection of circulating endothelial cells (CECs), but there are significant methodological problems that need to be overcome before incorporating these biomarkers into large trials. Finally, using recent advances in gene expression profiling and proteomics, researchers have been able to correlate high levels of proangiogenic cytokines, such as interleukin-6 (IL-6), to poorer prognosis in patients with various malignancies [63,64] and have also found the high IL-6 levels may predict therapeutic response to sunitinib in ovarian clear cell carcinoma [65]. As the pursuit of clinically useful biomarkers for anti-angiogenic therapies continues, it is imperative that future trials involving these agents incorporate exploratory and confirmatory biomarker analysis to help us reach better understanding.



Conclusion

Anti-angiogenic agents have demonstrated promising results in the treatment of NSCLC, including the monoclonal antibody bevacizumab, which is FDA-approved in patients with advanced nonsquamous NSCLC. In the landmark ECOG 4599 study, bevacizumab improved both PFS and OS when given in combination with carboplatin/paclitaxel as frontline treatment in patients with advanced NSCLC, and additional studies of bevacizumab have expanded its use in combination with other chemotherapy regimens and in patients with treated brain metastases. Other anti-angiogenic therapies, such as small molecule TKIs that include VEGFR as a target and VDAs, remain in various stages of clinical development and the results from ongoing studies are eagerly anticipated. The discovery of reliable predictive biomarkers for anti-angiogenic treatments is a critical goal in order to establish the exact role of these agents in the treatment of lung cancer. Ultimately, to improve patient outcomes, it will be crucial to determine the optimal treatment combinations and dosing schedules from clinical trials, and perhaps more importantly, to identify upfront through the use of biomarkers, which patients are most likely to derive benefit from the anti-angiogenic therapies available.
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Introduction

Systemic chemotherapy has long been the mainstay of treatment for patients with advanced non-small cell lung cancer (NSCLC); however, the discovery of activating mutations in the epidermal growth factor receptor (EGFR) in 2004 marked a major turning point in the management of the disease [1–3]. This discovery established a new paradigm of lung cancer treatment that stratified patients based upon the molecular characteristics of their tumors. The success of this approach in patients with EGFR mutations has prompted additional research efforts to find new genetic alterations, or “driver” mutations, which might also serve as drug targets. Such efforts ultimately led to the identification of chromosomal rearrangements involving the anaplastic lymphoma kinase (ALK) gene in 2007. Like EGFR mutations, ALK rearrangements define a unique genetic subset of NSCLC. In this chapter, we will: (1) review the molecular pathogenesis of ALK rearrangements; (2) summarize the common clinicopathologic features of ALK-positive patients; (3) outline currently available techniques for detection of ALK rearrangements; and (4) review clinical trial data providing support for ALK-directed therapies.



The molecular biology of native ALK

The ALK gene is located on chromosome 2 and encodes a 1620 amino acid receptor tyrosine kinase [4,5]. Native ALK consists of an extracellular domain, short transmembrane region, and an intracellular tyrosine kinase domain (Figure 35.1). A member of the insulin receptor superfamily, ALK shares sequence homology with leukocyte tyrosine kinase (LTK), c-ros oncogene 1 (ROS1), insulin-like growth factor-1 receptor (IGF-1R), and the insulin receptor. Native ALK expression is limited to the central nervous system, testes and the small intestine in human adults [6,7]. In mice, ALK is transiently expressed in the developing embryonic and neonatal nervous systems [8]. This pattern of expression suggests that ALK may be important in neural development. Experiments in ALK knockout mice, however, demonstrate that these mice are viable and do not exhibit any apparent developmental or morphologic changes [9]. Additional analysis of ALK knockout mice has revealed age-related increases in hippocampal progenitor cells and changes in behavioral testing.
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Figure 35.1 a: Schematic of native ALK structure and cellular localization. b: Schematic of an ALK fusion oncogene. ALK rearrangements, which consist of a 5' fusion partner and the ALK tyrosine kinase domain, most commonly arise through chromosomal inversions involving chromosome 2. The resulting fusion protein is ectopically expressed and redistributed to the cytoplasm, where it is constitutively active.



The function of native ALK is incompletely understood. Activation is believed to occur through ligand-induced dimerization [10]. In Drosophila, Jelly belly (Jeb) has been identified as the ligand for ALK activation and downstream signaling, though no human homologue of this protein has been recognized to date [11]. In humans, the growth factors pleiotrophin and midkine have been proposed as ALK ligands [12,13].



EML4-ALK: role in molecular pathogenesis

Oncogenic activation of ALK has been identified in a number of malignancies [14]. In most cases, activation occurs through chromosomal translocations. ALK gene rearrangements were first reported in anaplastic large cell lymphoma (ALCL), where a recurring t(2;5)(p23;q35) translocation was identified in 1994 [7]. This rearrangement generates a chimeric fusion protein involving the amino-terminus of nucleophosmin (NPM1) and the carboxy-terminus of ALK. Since this initial description, ALK rearrangements have been found in a number of other malignancies, including inflammatory myofibroblastic tumors, NSCLC, and renal cell carcinomas, among others [15–18]. In addition, activating point mutations in the ALK tyrosine kinase domain have been reported in neuro-blastoma and anaplastic thyroid cancer [19–23].

ALK gene rearrangements in NSCLC were first identified in 2007 [17, 24]. Using retroviral cDNA expression libraries prepared from a human lung adenocarcinoma, Soda and colleagues detected a small inversion on chromosome 2 that produces a fusion gene consisting of exons 1–13 of echinoderm microtubule-associated protein-like 4 (EML4) and exons 20–29 of ALK [17]. The resulting EML4-ALK fusion transcript encodes a chimeric protein composed of the N-terminus of EML4 and the intracellular tyrosine kinase domain of ALK. As a result, ALK is relocated from the cell membrane to the cytoplasm, where EML4 mediates ligand-independent dimerization and autophosphorylation of ALK [17, 25]. This in turn leads to constitutive activation of ALK with downstream signaling through the MAPK/MEK/ERK, PI3K/AKT and JAK/STAT pathways [26,27]. Accordingly, EML4-ALK is transforming in vitro and in vivo [17, 28]. Indeed, transgenic mice expressing EML4-ALK in alveolar type II cells developed multiple adenocarcinoma nodules throughout the lungs [28]. Upon treatment with an ALK inhibitor, however, these animals experienced tumor regression. Together, these results suggest that EML4-ALK is a novel oncogenic driver in NSCLC.

Several different ALK fusion partners have since been identified in NSCLC, including kinesin family member 5B (KIF5B), kinesin light chain 1 (KCL1), and transforming growth factor (TFG) [24, 29, 30]. These rearrangements appear to possess similar biological properties [31]. In NSCLC, EML4 is the most common ALK fusion partner [32]. Furthermore, multiple EML4-ALK variants exist, all of which contain an identical ALK tyrosine kinase domain but possess different truncations of EML4 [17, 26, 33,34]. EML4-ALK variant 1 appears to be the most common (49.6%), followed by variant 3a/b (25.6%) and variant 2 (10%) [35]. Other EML4-ALK variants comprise less than 15% of the remaining cases reported to date.



Clinicopathologic features of patients with ALK rearrangements

In the initial report of EML4-ALK in NSCLC, fusion transcripts were found in 6.7% of 75 specimens [17]. Subsequent screening studies estimated the prevalence of ALK rearrangements to be approximately 3–5% in unselected patients [26, 29, 33, 36–41]. ALK rearrangements are associated with unique clinical and pathologic features, including younger age, adenocarcinoma histology and lack of smoking history. Patients with ALK translocations and EGFR mutations share similar clinical characteristics. However, ALK rearrangements are essentially mutually exclusive with EGFR and KRAS mutations [36, 42]; only rare cases of overlapping mutations have been reported [41, 43–51]. Knowledge of the clinico-pathologic features associated with ALK rearrangements may guide molecular testing and facilitate identification of this rare population of patients [36].

ALK rearrangements are associated with a relatively younger age at the time of diagnosis [36,37, 52–54]. The median age is approximately 50 years, which is nearly 10–15 years younger than ALK-negative patients. ALK rearrangements are also strongly associated with light or never-smoking history [36, 52, 53]. In recent databases established from clinical trials of crizotinib, approximately 70% of ALK-positive patients were never-smokers [55,56]. In contrast to EGFR mutations, ALK rearrangements have no apparent association with gender or ethnicity.

ALK-positive lung cancers are also associated with distinctive morphologic features. The overwhelming majority of ALK-positive patients (approximately 97%) exhibit adenocarcinoma histology [55]. Squamous cell differentiation has also been reported in a rare subset of patients [36,37, 55, 57, 58]. In studies analyzing resection specimens from a predominantly Asian patient population, ALK rearrangements were also associated with the presence of signet-ring cells, a mucinous cribiform pattern, and features of acinar growth [57]. In a more recent analysis of 104 ALK-positive and 215 ALK-negative lung cancer specimens, ALK-positive primary tumors were also associated with signet-ring cells [59]. However, these same specimens did not show higher rates of acinar or mucinous cribiform growth patterns. Collectively, abundant signet-ring cells and a solid-predominant growth pattern have emerged as the most specific morphologic features of ALK rearrangements in both primary and metastatic lesions. Over 70% of ALK-positive tumors demonstrate the presence of signet ring cells while nearly half exhibit a solid growth pattern. Nevertheless, these features should not be used as a substitute for tumor genotyping; rather, they may inform prioritization of testing strategies, particularly in cases with limited tissue.



Prognostic implications of ALK rearrangements

In early descriptions, ALK rearrangements were associated with advanced stage at the time of presentation [36, 52]. Moreover, ALK-positive patients were noted to have distinct patterns of disease spread. In one report of patients with advanced-stage disease, ALK rearrangements were significantly associated with pericardial, pleural and liver metastases compared to ALK-negative patients [60]. The prevalence of brain metastases was not different across numerous genotypes, including patients with alterations in ALK, EGFR, or KRAS. In a separate study using FDG PET/CT, Choi et al. suggest that ALK rearrangements may also be associated with a more aggressive phenotype [61]. In their analysis, ALK-positive tumors demonstrated significantly higher maximum standardized uptake values and more frequent nodal and distant metastases compared to ALK-negative comparators.

As will be discussed more fully below, ALK rearrangements are predictive biomarkers of response to the ALK TKI crizotinib. However, the prognostic significance of these genetic alterations is less certain [62]. In early-stage disease, a number of conflicting studies have been reported [47, 63, 64]. Zhang et al. identified a nonsignificant trend towards improved overall survival among ALK-positive patients following surgical resection [47]. In contrast, Yang et al. demonstrated that the five-year risk of progression or recurrence was two-fold higher in patients with ALK-positive tumors compared to ALK-negative controls [63]. In a separate report, Kim and colleagues evaluated 119 patients who underwent surgical resection and compared recurrence-free survival (RFS) based upon genotype [64]. There was no significant difference in RFS based upon genotype (EGFR mutations – 39.7 months, ALK rearrangements – 20.0 months, KRAS mutations – 21.4 months, and “triple-negative” – 26.8 months; p = 0.344).

In the setting of advanced-stage disease, the prognostic significance of ALK rearrangements is similarly unclear. Early studies suggested that ALK rearrangements confer no difference in overall survival [36, 65, 66]. In one such study, Shaw et al. evaluated overall survival in 36 crizotinib-naïve, ALK-positive patients compared to 253 wild-type (WT) controls, finding no difference in median overall survival between the groups (20 versus 15 months, p = 0.244) [66]. More recently, Lee and colleagues reported that ALK rearrangements were associated with numerically shorter, though nonsignificant, median overall survival (ALK rearrangements – 12.2 months, EGFR mutations – 29.6 months, and WT/WT – 19.3 months; ALK versus WT/WT, p = 0.127) [67]. Similarly, Kim et al. compared median overall survival across various genotypes in 229 patients with NSCLC, finding a statistically significant shorter median overall survival for those with ALK rearrangements compared to EGFR-positive or WT/WT patients (14.3 versus 37.2 versus 33.3 months, respectively) [64]. In contrast, Wu and colleagues recently reported improved overall survival in 39 patients with ALK rearrangements compared to 77 WT controls (14.7 versus 10.3 months, p = 0.009) [68]. Collectively, these studies were limited by retrospective assessments, small sample sizes, and variability in testing techniques. On the whole, however, these studies suggest that ALK rearrangements are unlikely to be strong positive prognostic biomarkers.



Diagnostic testing for ALK rearrangements

A number of different techniques exist for the detection of ALK rearrangements. The three most commonly reported methods include: ALK fluorescence in situ hybridization (FISH), reverse transcription polymerase chain reaction (RT-PCR), and ALK immunohistochemistry (IHC) [69]. Unfortunately, no one test is perfectly suited to clinical testing of all specimens.


ALK FISH

ALK FISH is the current gold-standard technique for diagnosing ALK rearrangements. In clinical trials of crizotinib, ALK rearrangements have been primarily confirmed using the Vysis ALK Break-Apart FISH assay (Abbott Molecular) [55,56, 70]. The test uses red and green fluorescent probes that flank the highly conserved breakpoint region within ALK. In the absence of an ALK rearrangement, the two overlapping probes produce a yellow or fused signal. When an ALK rearrangement is present, however, the 5′ green probe and 3′ red probe become separated, resulting in a classic “split” signal (Figure 35.2). A positive signal is defined by the separation of 5′ and 3′ signals by more than two signal diameters. The presence of a single isolated red 3′ probe, which presumably occurs through loss of the 5′ binding site, is also considered to be a positive signal [71]. A given specimen is considered diagnostic for an ALK rearrangement if ≥15% of scored nuclei possess split or isolated red signals.
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Figure 35.2 a: ALK FISH reveals split red and green probes (arrows), indicative of an ALK rearrangement. b: ALK immunohistochemistry demonstrates positive ALK staining. c: Hematoxylin and eosin stain shows signet ring cells, a common morphologic feature of ALK-positive NSCLC. From Shaw AT, Yeap BY, Mino-Kenudson M, et al. (2009) Clinical features and outcomes of patients with non-small-cell lung cancer who harbor EML4-ALK, 27(26): 4247–53. Reprinted with permission. © (2009) American Society of Clinical Oncology. All rights reserved.



The major advantage of ALK FISH is that it is the only assay that has been validated in clinical trials of crizotinib. ALK FISH can also be performed on formalin-fixed, paraffin-embedded (FFPE) specimens [72]. Even a single unstained slide is usually sufficient for testing. Furthermore, ALK FISH can detect rearrangements without prior knowledge of the ALK 5′ fusion partner or EML4-ALK variant. Thus, it may permit identification of novel ALK rearrangements. On the other hand, ALK FISH also poses a number of challenges for routine clinical testing. In particular, the assay requires technical expertise and experience in interpretation. It may therefore not be widely available in routine pathology labs. On a related note, ALK FISH testing is relatively more expensive than other techniques.



RT-PCR

An alternative technique for detection of ALK rearrangements is RT-PCR. This method uses multiplexed primers to amplify in-frame ALK fusion transcripts [26, 33]. While this technique is able to capture known ALK fusion variants, one major limitation of RT-PCR is that it is unable to detect ALK rearrangements involving novel 5′ fusion partners. Additionally, RT-PCR results are dependent on the availability and quality of RNA in tested specimens. Since RNA is often degraded in FFPE tissues, early RT-PCR screening efforts for ALK rearrangements required fresh frozen specimens [17, 26, 33, 37]. More recently, commercially available RT-PCR techniques have been developed that allow testing of FFPE specimens [73–75]. Nonetheless, prospective comparisons between RT-PCR and ALK FISH as predictors of response to crizotinib are lacking.



Immunohistochemistry

Given the widespread use of IHC in routine pathology practice and the lack of ALK expression in normal adult tissue, IHC has been proposed as an alternative detection method for ALK rearrangements. Indeed, ALK IHC is now used as a screening tool in non-Hodgkin lymphoma. Unfortunately, adoption of ALK IHC has been more problematic in NSCLC since EML4-ALK rearrangements result in lower levels of ALK fusion protein expression compared to those observed in ALCL [76].

Three different ALK IHC antibodies have been investigated: ALK1 (DAKO, Carpinteria, CA), D5F3 (Cell Signaling Technologies, Beverly, MA), and 5A4 (Novacastra, Newcastle Upon Tyne, UK) [52, 59, 76–79]. Initial studies used the ALK1 antibody [52]. While specific, this antibody was less sensitive for detection of ALK rearrangements among ALK FISH-positive specimens. Subsequent series demonstrated that the sensitivity of this antibody could be improved through various signal amplification strategies [29, 52, 80]. More recently, data has emerged regarding two additional antibodies, D5F3 and 5A4, both of which appear to be highly sensitive and specific for detection of ALK rearrangements in NSCLC specimens [59, 76–79].

ALK IHC is promising as a potential low-cost and rapid screening tool for ALK rearrangements. Recently, fully automated and standardized ALK IHC systems have been developed for clinical implementation. Once these systems are validated and undergo regulatory approval, screening approaches may consist of ALK IHC alone or in combination with ALK FISH.




ALK Inhibitors: Crizotinib

The discovery of ALK rearrangements in NSCLC sparked immediate interest in identifying small molecule inhibitors of this target. In preclinical testing, ALK TKIs demonstrated marked activity against ALK-positive cell lines and murine models, providing a strong rationale for pursuing similar strategies in the clinic [17, 26–28, 81]. The first ALK inhibitor tested in ALK-positive patients was crizotinib, an orally-available small molecule tyrosine kinase inhibitor. Although this agent was initially developed as an inhibitor of mesenchymal epithelial transition growth factor (c-MET), it was soon recognized that crizotinib potently inhibits ALK with half maximum inhibitory concentration values of 25–50 nmol/L in cell-based assays [81,82].


Clinical efficacy

The phase I, first-in-man study of crizotinib (PROFILE 1001) was activated in 2006, prior to the discovery of EML4-ALK in NSCLC (Table 35.1) [17, 70]. This international, multi-center trial included a standard dose escalation cohort as well as a dose expansion cohort at the maximum tolerated dose (MTD). Soon after the report of EML4-ALK in NSCLC [17], two ALK-positive patients with NSCLC experienced dramatic symptomatic improvement after receiving crizotinib during the dose escalation phase of the trial [70]. Based upon these early results, study sites began prospectively screening patients for ALK rearrangements. The trial was also amended to allow ALK-positive patients with NSCLC to enter an expanded molecular cohort at the MTD of 250 mg twice daily [70].



Table 35.1 Select trials of crizotinib in ALK-positive non-small cell lung cancer (NSCLC)
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In the most recent update from this trial, a total of 149 patients with NSCLC have been enrolled [55]. All participants were positive for ALK rearrangement based upon ALK FISH testing. Among 143 evaluable patients, the objective response rate (ORR) was 60.8%, which included 3 complete responses and 84 partial responses. The disease control rate (i.e., complete response, partial response, or stable disease) was 82.5% at week 8 and 70.6% at week 16. In total, over 90% of ALK-positive patients experienced some degree of tumor shrinkage (Figure 35.3). Importantly, these responses appeared to be independent of line of therapy. Moreover, responses appeared durable. The median progression-free survival (PFS) in patients receiving crizotinib was approximately 10 months. Median overall survival had not been reached at the time of data cutoff [55].
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Figure 35.3 Marked radiographic response to crizotinib in an ALK-positive patient with advanced NSCLC. (a) demonstrates a pre-crizotinib radiograph; b represents a radiograph obtained 8 weeks after starting crizotinib.



A similar ongoing phase II study of crizotinib opened to enrollment in 2009 (PROFILE 1005, ClinicalTrials.gov identifier NCT00932451). This single-arm study includes patients with advanced, ALK-positive NSCLC who have progressed after one or more prior lines of therapy. In a preliminary report of this trial, crizotinib demonstrated a high ORR (60%) and a median PFS of approximately 8 months [56]. Statistically significant improvements in quality of life and patient-reported symptoms (e.g., cough, dsypnea, insomnia, fatigue) were also reported.

In August 2011, crizotinib received accelerated approval by the US Food and Drug Administration based upon response rates from the first 136 patients enrolled on PROFILE 1001 together with 119 patients enrolled on PROFILE 1005 [83]. This approval was conditional upon results from ongoing randomized trials (PROFILE 1007, ClinicalTrials.gov identifier NCT00932893; PROFILE 1014, ClinicalTrials.gov identifier NCT01154140) comparing crizotinib to standard cytotoxic chemotherapy. Preliminary results from one of these trials, PROFILE 1007, were recently presented [84]. In this phase III randomized trial, patients with advanced, ALK-positive NSCLC previously treated with one prior platinum-based regimen were randomized to receive crizotinib or either pemetrexed or docetaxel as second-line therapy. In preliminary reporting, treatment with crizotinib was superior to chemotherapy in prolonging PFS, the primary endpoint of the trial.

Prospective clinical trials comparing crizotinib to conventional chemotherapy may not detect differences in overall survival because crossover between treatment groups is likely to be common. Given the current lack of randomized data, the impact of crizotinib on overall survival was assessed in a retrospective analysis of patients enrolled in the phase I study of crizotinib [66]. Overall survival rates at one-year and two-year were significantly higher in ALK-positive patients treated with crizotinib in the second- or third-line compared to a crizotinib-naïve, ALK-positive control cohort given any second-line therapy (70% versus 44% and 55% versus 12%, respectively; p = 0.004). This provides indirect evidence that crizotinib may be associated with improved overall survival.



Safety profile

In general, treatment with crizotinib has been well tolerated. Common treatment-related adverse events (TRAE) include gastrointestinal effects, such as nausea, vomiting, constipation and diarrhea [55,56, 70]. A majority of patients (50–64%) also experience visual disturbances, which typically occur within days of starting the drug. These visual disturbances, commonly described as light trails, flashes or image-persistence, are almost always associated with transitions from dark to light environments. The majority of visual disturbances reported to date have been grade 1 in severity. Detailed ophthalmological examinations performed in a subset of patients enrolled on PROFILE 1005 showed no ophthalmological changes associated with these visual disturbances [85].

Peripheral edema may also be observed in a subset of patients treated with crizotinib [55, 70]. In these patients, peripheral edema typically occurs after 2–3 months of treatment with crizotinib. It is believed that this edema may be associated with crizotinib's ability to inhibit MET [86]. Additional key toxicities associated with crizotinib include elevations in liver function tests. Specifically, elevations in alanine aminotransferase (ALT) and aspartate aminotransferase (AST) have been identified in 13% and 9% of patients, respectively [55, 83]. These elevations typically occur within eight weeks of initiating therapy and are usually reversible. However, grade 3/4 ALT or AST elevations have been reported in 7% and 3% of patients, respectively. Additionally, five cases (<1%) of severe, potentially drug-related hepatotoxicity have been reported, two of which were fatal [87]. Treatment interruption followed by dose reduction may permit continued treatment with crizotinib, though some patients require permanent discontinuation.

One rare adverse event related to crizotinib is severe or life-threatening pneumonitis, which has been reported in 1.6% of patients [70, 83]. This toxicity should result in permanent discontinuation of crizotinib. Other adverse events associated with crizotinib include renal cysts, QTc prolongation and asymptomatic sinus bradycardia [70, 83, 88]. Lastly, one small series has reported rapid reductions in total testosterone levels in men receiving crizotinib [89]. The clinical impact of this abnormality and the importance of testosterone replacement are presently unclear.




Acquired resistance to crizotinib

The long-term effectiveness of crizotinib has been uniformly limited by the development of acquired resistance. Mechanisms of acquired crizotinib resistance can be broadly characterized as involving either: (1) genetic alterations in the target (i.e., ALK) or 2) activation of alternative, or bypass, signaling pathways. The earliest report of acquired resistance to crizotinib involved a 28-year-old, ALK-positive patient who experienced a partial response to crizotinib but progressed 5 months later [90]. Deep sequencing of a pleural fluid specimen from this patient revealed 2 nonoverlapping secondary mutations, L1196M and C1156Y, in the ALK tyrosine kinase domain. Each mutation independently conferred resistance to crizotinib in vitro. Of note, the L1196M mutation occurs at the conserved “gatekeeper” residue of ALK, which is analogous to T790M in EGFR and T315I in ABL. In subsequent reports of acquired crizotinib resistance, secondary mutations in ALK have been identified in approximately 30% of cases [91–93]. These mutations are distributed throughout the kinase and include both missense mutations (L1152R, G1202R, S1206Y, G1269Y) and insertions (1151Tins). In vitro, these secondary mutations demonstrate differential sensitivities to crizotinib and next generation ALK TKIs [91].

Bypass signaling is another potential mechanism of crizotinib resistance. In particular, up-regulation of EGFR signaling has been observed in ALK-positive cell lines that have grown resistant to crizotinib [48, 91, 94]. Consistent with these preclinical findings, Katayama and colleagues found that nearly half of ALK-positive patients demonstrated immunohistochemical evidence of EGFR activation at the time of crizotinib resistance [91]. In this same study, KIT gene amplification was also identified in crizotinib-resistant patients, suggesting that aberrant KIT activation may mediate resistance as well. Other potential mechanisms of crizotinib resistance that have been reported to date include the emergence of mutations in EGFR and KRAS [92]. A subset of patients may also exhibit amplification of the ALK fusion gene at the time of crizotinib resistance [91,92]. Lastly, multiple different mechanisms of resistance have been identified within the same patient [91,92], suggesting that combination therapies may be necessary to overcome resistance.



Other systemic therapies

The efficacy of other systemic therapies in patients with ALK rearrangements has been predominantly examined through small retrospective studies [36, 67]. In one such series, patients with ALK rearrangements, EGFR mutations or wild-type status were found to have similar ORRs and time to progression (TTP) following platinum-based chemotherapy [36]. Median overall survival was similar in all three groups. Additionally, EGFR TKIs have also been examined in ALK-positive patients in a number of retrospective studies [36, 64, 67]. Together, these reports demonstrated ORRs of 0% and median PFS of 1.4–1.6 months in ALK-positive patients receiving EGFR TKIs.

Recently, several retrospective studies have suggested that the cytotoxic agent pemetrexed may be associated with enhanced responses in patients with ALK rearrangements [95,96]. In one report, ALK-positive patients receiving second-line pemetrexed had higher response rates and longer TTP compared to EGFR mutant or WT patients [96]. In a separate study, Camidge et al. reported a median PFS of 9 months among 19 ALK-positive patients receiving pemetrexed-containing chemotherapy regimens, whereas median PFS was only 4 months in patients who were negative for ALK, EGFR and KRAS [95]. More recently, Shaw et al. reported findings from a multicenter, retrospective study of pemetrexed in 121 ALK-positive and 266 ALK-negative, EGFR-wild-type patients [97]. This study demonstrated no difference in PFS between ALK-positive and ALK-negative patients treated with pemetrexed, except when pemetrexed was used with first-line platinum. In the latter setting, the median PFS was 8.5 months in ALK-positive patients and 5.4 months in patients negative for ALK, EGFR and KRAS (p = 0.018). Interestingly, among never or light-smoking patients, PFS was similar between ALK-positive and ALK-negative patients, suggesting that smoking status may confound associations between pemetrexed sensitivity and ALK rearrangement status. We expect that the results of ongoing randomized trials in ALK-positive patients may help delineate these relationships.



Future directions


Next generation ALK inhibitors

One strategy to combat acquired resistance to crizotinib is to intensify ALK inhibition using more potent, next-generation ALK TKIs. A number of second-generation agents are currently being evaluated in the crizotinib-naïve and crizotinib-resistant settings. Although multiple compounds are in preclinical testing, we will briefly review only those agents being examined in clinical trials.


LDK378

LDK378 is a novel, highly-potent and selective inhibitor of ALK. In preclinical models, this agent has demonstrated potent activity against ALK in vitro and in vivo [98]. In addition, preliminary reports from the first-in-human phase I study of LDK378 (ClinicalTrials.gov identifier NCT01283516) suggest promising antitumor activity [99]. Based in part on this data, LDK378 was granted breakthrough-therapy designation status by the FDA in March 2013.



AP26113

AP26113 is a structurally distinct, novel ALK inhibitor that possesses approximately five- to tenfold greater potency against ALK compared to crizotinib [100]. In vitro, AP26113 has demonstrated activity in crizotinib-naïve, EML4-ALK-containing cell lines as well as crizotinib-resistant cells harboring the L1196M gatekeeper mutation [100]. AP26113 also exhibits antitumor activity in ALK xenograft models. Based upon these preclinical findings, AP26113 is now being investigated in a phase I/II clinical trial (ClinicalTrials.gov identifier NCT01449461). In a preliminary report from this study, the most common adverse events were fatigue and nausea [101]. Partial responses were observed in four of four ALK-positive patients. Like LDK378, activity in the CNS has been observed following treatment with AP26113. The dose finding phase of this study is ongoing as of the last report.



CH5424802

CH5424802 is a potent, orally-available ALK inhibitor with a unique chemical scaffold [102,103]. In an initial preclinical study, CH5424802 demonstrated selective anti-tumor activity in cell lines and murine xenograft models expressing EML4-ALK [102]. Furthermore, CH5424802 induced tumor regression in xenograft models harboring EML4-ALK and concomitant L1196M mutations. Given this preclinical activity, a phase I/II trial of CH5424802 is currently underway in the United States for ALK-positive patients in the crizotinib-naïve and crizotinib-resistant settings (ClinicalTrials.gov identifier NCT 01588028). Additionally, results from a separate ongoing phase I/II trial of CH5424802 in crizotinib-naïve, ALK-rearranged NSCLC conducted in Japan were recently reported [104–106]. In the phase I portion of this study, 24 patients were treated with CH5424802 at doses of 20–300 mg twice daily [106]. No dose-limiting toxicities were observed, and 300 mg twice daily was considered the recommended phase II dose. Among 46 crizotinib-naïve, ALK-positive patients treated at this dose in the phase II portion of the study, objective responses were observed in 43 (93.5%) patients. The median treatment duration for this cohort was 7.1 months with a median follow-up period of 7.6 months at the time of reporting. The most common treatment-related adverse events included dysgeusia, increased ALT, increased blood bilirubin, rash and increased blood creatinine. Like LDK378, CH5424802 has been granted breakthrough-therapy status by the FDA.



ASP3026

ASP3026 is a novel, selective ALK inhibitor that has demonstrated activity in EML4-ALK-containing cell lines and xenograft models [107]. In preclinical models, ASP3026 also appears active against the gatekeeper L1196M mutation. A phase I trial of ASP3026 is currently ongoing (ClinicalTrials.gov identifier NCT01401504).




Heat shock protein 90 inhibitors

An alternative approach to acquired crizotinib resistance is to target heat shock protein 90 (HSP90). HSP90 is a molecular chaperone that promotes structural folding and stabilization of a broad range of proteins, including EML4-ALK [108,109]. HSP90 inhibitors have demonstrated activity in ALK-positive cell lines and murine models [109,110]. Furthermore, cell line data suggests that HSP90 inhibitors retain their effectiveness despite acquired resistance to crizotinib [100, 110]. Clinical data of HSP90 inhibitors in ALK-positive NSCLC is more limited. In a phase II trial of the HSP90 inhibitor, IPI-504, the overall response rate was 7% among 76 patients with advanced NSCLC [111]. However, among the three patients with confirmed ALK rearrangements, two patients experienced partial responses and the third had prolonged stable disease. Notably, all three patients were crizotinib-naïve. In a preliminary report of a phase II study using the HSP90 inhibitor AUY922, 6 of 21 (29%) ALK-positive patients experienced partial responses, including two patients with crizotinib resistance [112]. Additional studies of HSP90 inhibitors in the crizotinib-resistant setting are ongoing.




Conclusion

In summary, ALK rearrangements now represent an important molecular subtype of NSCLC. Like EGFR mutations, ALK rearrangements confer an oncogene-addicted state associated with sensitivity to ALK inhibition. The early success of crizotinib has reaffirmed current treatment paradigms based upon tumor genotyping. Crizotinib is already a standard systemic therapy for ALK-positive NSCLC. Nonetheless, a number of important challenges remain. Most ALK-positive patients treated with crizotinib develop disease progression within one year. Understanding the mechanisms of crizotinib resistance and identifying new therapies based upon these findings will be necessary to improve the long-term effectiveness of ALK-directed therapies.
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Introduction

Non-small cell lung cancers (NSCLC) are now divided into several distinct molecular entities, each with its own divergent natural histories and targeted therapies. BRAF, a protein kinase, is a member of the RAF family and is encoded by the BRAF gene. The RAF family of proteins includes 3 isoforms: ARAF, BRAF, and CRAF. BRAF, however, is the principal activator of key downstream signaling molecules MEK and ERK. Constitutive activation of the RAS-RAF signaling cascade through mutations in BRAF leads to uncontrolled proliferation, growth and metastases of tumor cells. Preclinical studies also demonstrate that mutations in the BRAF gene allow for BRAF to signal independently of upstream cues [1,2]. Identification of these mutations has allowed us to specifically treat tumors with targeted therapies. Outlined below are the molecular pathogenesis of BRAF deregulated tumors, its clinical characteristics and the targeted approaches used to treat these tumors.



Biology of BRAF mutant malignancies

RAF is a family of serine/threonine kinases in the mitogen-activated protein kinase (MAPK) signaling cascade that regulates cell growth, proliferation and differentiation. The pathway mediates the signal transduction from the cell surface to nuclear and cytosolic targets. It is also able to ‘cross-talk’ with other pathways, most importantly the phosphoinositide 3-kinase (PI3K/AKT/mTOR) cascade [3,4].

As noted above, there are three RAF protein homologues identified in humans: ARAF, BRAF and CRAF. They all share sequence homology and contain a RAS binding domain necessary for membrane recruitment, a serine-threonine domain essential for activation and binding to regulatory proteins, and a protein-kinase domain at the C-terminus [5]. BRAF, however, has a significantly higher basal kinase activity than the other two RAFs and mutations in BRAF constitutively activate key downstream molecules, MEK and ERK [1,6,7].

RAS-GTP association with the RAS binding domain in the N-terminal regulatory region initiates BRAF activation through conformational changes that promote BRAF phosphorylation. The phosphorylation of BRAF stimulates its serine-threonine kinase activity that leads to phosphorylation and activation of MEK1/2 and ERK1/2 that will ultimately induce the activation of this pathway leading to its oncogenic transformation [7].

Constitutive activation of BRAF can occur through multiple single-site missense mutations. These mutations cluster within the kinase domain at exons 11 and 15. The most common mutation, accounting for up to 90% of the cases in solid human malignancies, correspond to the hotspot transversion mutation T1799A at exon 15, that causes a valine (V) to glutamine (E) substitution at residue 600. The kinase activity of this mutation is 500-fold more potent than wild-type BRAF [1].

The vast majority of BRAF mutations are activating, however ‘dominant-negative’ mutations that lead to decreased kinase activity have also been described. These inactivating mutations can transactivate wild type CRAF and still phosphorylate and thus activate ERK [8]. Therefore, BRAF mutations in solid tumors can be characterized as high, intermediate or impaired kinase activity [7].



Molecular pathogenesis and frequency of BRAF mutations in human malignancies

Somatic mutation in BRAF occurs in approximately 60% of melanomas, 36% of papillary thyroid carcinoma and 10% of colorectal cancer [1, 9–11].

The high incidence of BRAF mutation in melanomas and thyroid cancer lead to screening studies that sequenced exons 11 and 15 of BRAF in lung cancer. Missense mutations were identified in 1.6 to 3% of lung adenocarcinomas [2,11]. Recent studies including larger patient populations and better screening techniques have identified mutations in 3 to 4.9% of patients screened [12–14].

Importantly, about 50% of BRAF mutations in NSCLC are V600E. They tend to occur in females and never-smokers. The other 50% of BRAF mutations, commonly referred to as non-V600E mutations, are distributed in narrow areas between codons 594 and 606 (exon 15) and 446 and 449 (exon 11), the most common being G469A in exon 11 (39%). The non-V600E mutations are almost exclusively found in current or former smokers, are very rare in melanoma and may reflect a tobacco-related carcinogenic effect [12,13].

All BRAF mutations in NSCLC tend to be mutually exclusive of EGFR and KRAS mutations and EML4–ALK translocations, with anecdotal reports of mutations co-occurring with EGFR. It is also almost exclusive found in adenocarcinomas, with an incidence of non-V600E mutations in 0.2% of lung squamous cell carcinomas [13].



BRAF V600E mutant melanomas and colorectal cancers

To contextually understand BRAF mutant NSCLC, the results of major clinical trials in BRAF mutants melanoma and colorectal cancer are described in this section. Seventy to ninety percent of BRAF mutations in melanoma are of the V600E type; while 10 to 30% are due to the substitution of lysine to glutamic acid in codon 600 (V600K) [15].

The high frequency of V600E mutations in melanoma led to the development of drugs that target this genetic abnormality. Vemurafenib (Zelboraf, Genentech Inc. San Francisco, CA) is the first-in-class inhibitor of the kinase domain of V600E mutant BRAF. In a pivotal phase III trial comparing vemurafenib with dacarbazine in the first-line treatment of 675 patients with metastatic melanoma harboring the BRAF V600E mutation, vemurafenib demonstrated a response rate of 48% vs. 5%, and a median progression-free survival (PFS) of 5.3 months vs. 1.6 months (P < 0.001). At 6 months, overall survival (OS) was 84% (95% confidence interval [CI], 78 to 89) in the vemurafenib group and 64% (95% CI, 56 to 73) in the dacarbazine group [16]. A second phase III trial comparing dabrafenib (Tafinlar, GlaxoSmithKline Inc. Philadelphia, PA), a newer-generation kinase inhibitor of mutant V600E BRAF, to dacarbazine as first-line treatment for BRAF V600E positive metastatic melanoma, showed a response rate of 50% versus 6%, and a median PFS of 5.1 months for dabrafenib and 2.7 months for dacarbazine, with a hazard ratio (HR) of 0.30 (95% CI 0.18–0.51; p < 0.0001). Notably, shrinkage of brain metastases was seen in patients treated with dabrafenib [17].

The experience with BRAF inhibitors in colorectal cancer has not been as exciting. In a phase IB study evaluating vemurafenib in V600E BRAF mutant metastatic colorectal cancer, partial response was seen only in 1 out of 21 patients, with a median PFS of 3.7 months [18]. One of the postulated reasons for the low activity of BRAF inhibitors in colorectal cancer is the activation of epidermal growth factor receptor (EGFR), through a feedback loop, which triggers sustained MAPK signaling, and/or activation of the anti-apoptotic PI3K/AKT pathway, that results in the de novo or acquired resistance to BRAF inhibitors [19–21].

Vemurafenib and dabrafenib are now US FDA approved drugs for use in patients with metastatic melanoma harboring BRAF V600E mutations. In colorectal cancer, studies evaluating the combination of BRAF inhibitors with EGFR or PI3K inhibitors are currently underway [21].



BRAF mutant NSCLC


Diagnosis of BRAF mutations

BRAF mutations are most commonly diagnosed when reverse transcriptase – polymerase chain reaction (RT-PCR) is carried out in the multiplexed setting. An advantage of RT-PCR is that it can identify all the BRAF mutant transcripts, with high sensitivity. In practice, the institution of routine PCR testing technique faces several challenges [22]. Firstly, the complexity of the technique itself may confine this form of testing to larger cancer centers or to specialized commercialized CLIA (clinical laboratory improvement amendments) certified laboratories. Secondly, any PCR based strategy must incorporate validated primer pairs for all of the known BRAF mutant transcripts. Thirdly, RNA extraction of sufficient quality could be difficult from formalin fixed and paraffin embedded (FFPE) tissues. Given these caveats, it may be difficult to implement the routine testing for BRAF mutations in a clinical diagnostic laboratory and thus may entail sending the tissue to a specialized center or laboratory for testing [23,24].



Clinical characteristics of BRAF mutated NSCLC

The clinical features of this distinct molecular entity await further accumulation of experience before firm conclusions regarding demographic characteristics can be discerned. From the limited published information available, the median age of a cohort of NSCLC patients (n = 18) with BRAF mutations was 64 years, 61% were female and all patients were Caucasian. Rare as this mutation is in Caucasians, it appears to be even rarer in Asians. It is also mutually exclusive of other more common molecular aberrations like EGFR and KRAS mutations and ALK translocations. Unlike EGFR mutations and ALK translocations, BRAF mutations are more commonly seen in former or current smokers. Indeed, 100% of the 18 patients in the Memorial Sloan Kettering case series were either former or current smokers. Other than these details, further clinical characteristics namely, the natural history of the disease, responses to chemotherapy, predilection for brain metastases and other clinical features will become evident once experience accumulates [12].



The treatment of V600E BRAF mutant NSCLC

The clinical data with BRAF inhibitors in lung cancer is currently limited. Gautschi et al. reported the first case of a patient with a V600E metastatic lung adenocarcinoma who responded to vemurafenib. Unfortunately, the patient did not have significant clinical benefit from the drug as he died shortly after treatment started, owing to poor performance status and complications of comorbi-dities [25].

More recently, Peters et al. reported the case of a 66-year-old male, never-smoker, diagnosed with an adenocarcinoma of the lung metastatic to the pleura, lymph nodes and liver, who progressed after cisplatin and pemetrexed first-line followed by pemetrexed maintenance. Tumor analysis revealed a V600E BRAF mutation and the patient started vemurafenib in September 2012, achieving a complete metabolic response after 6 weeks. The patient was still under treatment at the time of the report, in July 2013, and remains asymptomatic from his tumor [26].

The most robust clinical data in lung adenocarcinomas comes from a preliminary analysis of a phase II study evaluating dabrafenib in 40 patients with metastatic disease harboring BRAF V600E mutations. Eligibility criteria included progression after at least one line of platinum based chemotherapy. The population included 32% never-smokers, 48% with less than or equal to 40-pack year exposure and 20% with more than 40 pack-year smoking history. Only one patient out of 25 patients available for safety analysis was a current smoker. The primary objective of the trial was response rate (RR) and secondary objectives were progression free survival (PFS), overall survival (OS), safety, tolerability, pharmacokinetics and duration of response. Out of the 20 patients available for efficacy analysis, eight (40%) had a partial response (PR) and three (15%) had stable disease (SD). The patients who were heavy smokers did not seem to benefit from treatment. The duration of treatment response was between 6 and 12 months for 16% of the patients and over 12 months for two patients (8%). Data from 25 patients were available for safety analyses. Grade 3 adverse events were observed in 44% of the patients, leading to treatment discontinuation in 8%. Two patients (8%) developed squamous cell carcinoma of the skin, a known side effect of V600E BRAF inhibitors. Most common adverse events included fatigue, decreased appetite, asthenia, rash and nausea. The most common grade 3 toxicity was hypophosphatemia in two patients (8%)[27].

These preliminary results are encouraging and suggest that BRAF V600E can be used as a biomarker to predict sensitivity to BRAF V600E inhibitors. However, firm conclusions will have to await the emergence of mature data from this and other future studies.



The non-V600E BRAF mutants

BRAF V600E accounts for approximately 50% of BRAF mutations in NSCLC. The remainder, categorized as non-V600E BRAF mutations, comprises in the majority of the cases other activating mutations, but also includes BRAF inactivating mutations.

The type I BRAF inhibitors such as vemurafenib and dabrafenib specifically target the V600E mutant kinase. The activity against other BRAF activating mutations is unknown. Preclinical data suggest that non-V600E mutations are resistant to vemurafenib, however, they are sensitive to MEK inhibitors [28,29]. Clinical studies evaluating MEK inhibitors in BRAF mutant NSCLC are ongoing [NCT00888134].



BRAF inactivating mutations

In a phase II study including 32 patients with stage IV NSCLC treated with dasatinib (Sprycel, Bristol Myers Squibb, Inc. Princeton, NJ), one patient achieved a complete response and was disease free without any further cancer treatments for 4 years, when the last follow-up was reported [30]. Sen et al., studying the sample of the responding patient, identified a kinase inactivating BRAF mutation in exon 11, Y472C, that was able to activate MEK and ERK via transactivation of CRAF [8]. Further studies demonstrated that cell lines with G466V BRAF mutation, another kinase inactivating mutation found in approximately 0.87% of lung adenocarcinomas, were also sensitive to dasatinib in vitro, undergoing irreversible senescence after 72 hours of treatment. These observations could not be replicated in cell lines with BRAF wild type or activating mutations. Dasatinib indirectly inhibits CRAF and induces BRAF dimerization in NSCLC cell lines with impaired BRAF kinase activity, leading to oncogene induced senescence through ERK activation [8]. This mechanism explains the remarkable response the patient had to dasatinib and suggests that BRAF inactivating mutation predicts sensitivity to this drug [31]. Prospective clinical trials evaluating dasatinib in patients with lung cancer harboring BRAF inactivating mutations is needed to confirm these retrospective clinical and laboratory findings.




Mechanisms of resistance to BRAF inhibitors

Mechanisms of resistance to BRAF inhibitors in NSCLC are yet to be elucidated. However, attempts have been made to model resistance in BRAF V600E positive melanomas. Development of secondary mutations in the target gene has not been identified in BRAF V600E mutant melanoma cell lines with acquired resistance to BRAF inhibitors. Through preclinical modeling, three potential pathways of resistance have been identified and these include:

	Reactivation of the MAPK pathway in a BRAF-independent manner. The BRAF inhibitor sensitive parental cell lines rely on BRAF for MAPK activation. The BRAF-inhibitor resistant cells had elevated expression of CRAF and ARAF, and thus were able to use these two RAF isoforms to activate MAPK signaling downstream. This would suggest that these resistant cell lines would be sensitive to inhibitors of molecules downstream of Ras. However, treatment of BRAF-inhibitor resistant cells with various structurally different MEK inhibitors had only cytostatic effects, suggesting that additional bypass mechanisms could be coexistent [32,33].

	Differential activation of alternative receptor tyrosine kinase (RTK) signaling. Other signaling pathways could be activated and, in particular, up regulation of IGF-1R has been noted in BRAF inhibitor resistant BRAF V600E mutant cell lines. Although the parental melanoma cells express the IGF-1R receptor, some of the BRAF-resistant melanomas expressed higher surface levels of IGF-1R. Interestingly, it was also reported that the enhanced IGF-1 mediated signaling was not due to amplification or mutations of the IGF-1R gene. Thus, the mechanism of enhanced IGF-1R expression and signaling in the context of chronic BRAF inhibition remains to be elucidated. Possible crosstalk between BRAF and RTKs, particularly IGF-1R-dependent networks, could be postulated [33–35].

	Activation of PI3K and phosphorylation of AKT. Activation of the PI3K/Akt anti-apoptotic pathway, either through the increased phosphorylation of Akt or through the homozygous loss of PTEN, has also been described. This increased PI3K signaling could be induced by the up regulation of the IGF/IGF-1R axis. However, even though exogenous IGF-1 increases PI3K signalling in vitro, it is not sufficient to induce resistance. Thus it appears that the MAPK and IGF-1R/PI3K/AKT signaling pathways jointly cooperate to promote survival and expansion of the BRAF-inhibitor resistant cells [36].



Therefore the combined inhibition of the RAF/MEK pathway and the PI3K/AKT pathway may be an approach to treat BRAF inhibitor resistant BRAF V600E mutants. This has been observed pre-clinically where the combination of MEK and PI3K inhibitors has led to dramatic cytotoxic effects in BRAF-inhibitor resistant melanoma cell lines. Currently, there are several clinical trials underway testing the combination of MEK and PI3K inhibitors in this setting.



Summary

BRAF mutations are seen in about 3% of lung adenocarcinomas. Approximately 50% of BRAF mutations are V600E. The remainder, classified as non-V600E, are most commonly identified in exons 11 and 15. Inactivating mutations of BRAF have also been reported but are very rare. The BRAF V600E mutant lung adenocarcinomas may be treated with vemurafenib or dabrafenib and durable responses lasting at least 6 months have been reported in 50% of the patients [27]. The non-V600E BRAF mutants are under clinical investigation and combination targeted therapy such as MEK and PI3K/AKT inhibitors may be beneficial. It has also been reported in a rare inactivating BRAF mutated patient that dasatinib has clinical activity [30]. In the future, as experience accumulates, we will inevitably learn more about this relatively rare subset of BRAF mutated NSCLC.
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Introduction

Five-year survival rates after the diagnosis of non-small cell lung cancer (NSCLC) range from 73% for pathologically diagnosed stage IA lung cancer to 17% for metastatic stage IV lung cancers [1]. Surgical resection represents the mainstay of treatment for patients with stage I and stage II lung NSCLC and remains the only hope for cure in patients with localized disease [2,3]. The poor 5-year survival rate of localized NSCLC (53%) [4] after complete surgical resection compared to that of breast (98%) [4] and colorectal cancer (91%), however, indicates that TNM staging alone does not adequately risk stratify patients and predict outcome [5,6].

Although differences in the demographics of these patient cohorts may explain some of the discrepancies in outcome for early stage lung cancer vs. other solid tumors, it is widely accepted that lung cancers are particularly aggressive relative to other solid tumors and much more likely to harbor a component of micrometastatic disease at the time of diagnosis [7]. This is supported by the clinical observation that patients undergoing lobectomy have less locoregional recurrence in the only randomized prospective trial to-date of patients with stage I lung cancer undergoing lobectomy vs. limited (segment or wedge) resection [8]. For this reason, lobectomy is widely considered the standard of care in patients with adequate lung reserve as it more completely excises occult micrometastases at the time of resection. One of the biggest challenges that remains is being able to more accurately predict which patients with early stage disease are likely to have subclinical metastases undetectable by our current imaging and pathological modalities.

The ability to predict which patients have subclinical metastases putting them at risk for early mortality could change treatment regimens in a variety of ways. Despite relatively poor overall outcomes in localized disease, multiple randomized control trials do not support a significant benefit of adjuvant therapy in most patients with stage I disease [9]. Identifying which patients may harbor highly aggressive tumors may select a subset of patients with local disease that may, in fact, benefit from adjuvant therapy and/or more radical operations. Select patients with regional and even distant spread may similarly benefit from aggressive treatment regimens if shown to have less aggressive tumors. At the same, patients with less aggressive forms of the disease may be spared from both toxic chemotherapy regimens as well as more substantial pulmonary resections. The potential to both change our treatment regimens as well as improve patient outcomes by providing targeted therapy has been the driving force behind recent efforts to improve patient prognostic classification to the level of breast and colorectal cancers in recent years.

The TNM lung cancer staging system was revised in 2009 upon recommendations of the International Association for the Study of Lung Cancer International Staging Committee in an attempt to modernize the current staging system to reflect updated technological and treatment advances as well as globalize the staging system by including multiple international cohorts [10]. Despite the truly outstanding effort that was poured into the project, only relatively minor changes to the established TNM staging system were made [11]. The improvement in prognostic discrimination was similarly modest in nature [12], leading more than one author to speculate that the next major advance in the lung cancer staging system would come in the form of biomarker classifiers that conveyed important prognostic information about tumor biology [10,12,13].



Prognostic biomarker signatures

Several studies have demonstrated the potential power of molecular biomarker signatures in refining lung cancer prognosis. As early as 2001, multiple independent groups reported substantial differences in gene expression in lung tumors compared to normal lung tissues. Several of these groups noted strong correlations between gene expression patterns and patient outcomes, leading to the first reported prognostic biomarker signatures in lung cancer. Bhattacharjee et al. reported that a subclass of lung adenocarcinomas with high expression levels of several neuroendocrine markers had significantly worse outcomes (median survival of 21 months compared to 41 months for lung adenocarcinomas not belonging to this subclass) [14]. Conversely a subclass of lung adenocarcinomas with high expression levels of type II alveolar markers was associated with significantly better outcomes (median survival of 50 months compared to 33 months for lung adenocarcinomas not belonging to this subclass) [14]. In 2002, Beer et al. reported a 50-gene prognostic signature that conferred increased risk of mortality at 3 years in a validation cohort of stage I patients (HR of 2.78) [15].

Since these early reports, a multitude of other groups have reported biomarker signatures prognostic of survival in NSCLC [16–30]. In fact, the multiple prognostic biomarker signatures that have been published have led us to the point where clinicians are no longer asking whether prognostic biomarker signatures may someday be helpful in improving risk discrimination in patients with NSCLC. Instead, clinicians are beginning to ask which of these signatures is not only ready for practical clinical application now, but has evidence supporting its everyday use in the clinic [31].

The translation of these prognostic biomarker signatures from bench to bedside has proven difficult. The majority of the proposed prognostic biomarker signatures are microarray-based [30,31]. Microarrays have been a notoriously difficult platform to translate into the clinical setting. Traditionally, they have required high-quality RNA extracted from snap frozen tissue samples not typically available in a community setting [30]. In addition, microarray data is difficult to manage, interpret and standardize [32], leading to significant barriers to widespread and rapid adoption by commercial laboratories. Results from microarray-based gene expression studies performed at multiple institutions have not always been consistent [33,34], leading to the standard practice of many academic laboratories to confirm their microarray results by real-time PCR. Cognizant of these recognized difficulties with microarray-based signatures, quantitative PCR-based prognostic signatures have recently been reported [17, 19, 21, 22, 25, 35]. In contrast to the technical and logistical difficulties of translating microarray-based signatures into the clinical setting, quantitative PCR is widely available, inexpensive, easy to understand and replicate, and highly reliable. No special substrate is required; in fact, the use of formalin-fixed paraffin embedded tissues specimens as the test substrate has been reported in lung [35] and other solid tumors [36,37].

The second barrier to bedside translation has been the lack of rigorous clinical evidence supporting the use of the majority of these prognostic biomarker signatures. Like any clinical model, prognostic biomarker signatures must be both developed as well as validated before they can be adopted into clinical practice [38]. With the multitude of biomarker signatures already proposed, the development of additional prognostic signatures is unlikely to yield anything but a relatively modest improvement in performance. This is especially true in cases where publically available microarray datasets [20] are used and reused to generate additional prognostic biomarker signatures. The real challenge, therefore, lies in validating prognostic biomarker signatures in a clinically-relevant and rigorous manner. In statistics, model overfitting is a frequent outcome of studies in which a large number of predictors and small number of outcomes are used to develop a model [38]. Because such a large number of predictors are used, there is a high chance that many of the final predictors included in the model may be more related to statistical noise rather than truly relevant biological properties associated with patient outcomes. Unfortunately, the widespread approach of using microarrays containing tens of thousands of predictors in the context of relatively small developmental cohorts makes many of the proposed prognostic biomarker signatures in NSCLC especially vulnerable to this statistical phenomenon. In fact, it has been reported that a random microarray-based biomarker signature results in a statistically significant improvement in prognosis approximately 10% and up to 40% of the time, depending on the cohort tested [39]. Although various ways to reduce statistical overfitting in clinical models have been described [38], the litmus test of model overfitting is blinded validation of the proposed biomarker signature on an independent cohort of patients. Although validation on previously published publicly available microarray datasets is frequently employed, this technique is not equivalent to an independent blinded validation, as the proposed biomarker signature may be modified or rejected in favor of another once its performance in the validation cohort has been explored, but before it has been reported.

To date, only two groups have reported the results of blinded, independent validation of prognostic biomarker signatures. In 2008, Shedden reported the results from the National Cancer Institute Directors Challenge, a large multi-institutional study that subjected multiple proposed prognostic biomarker signatures to blinded validation using independent cohorts [20]. 442 stage I-III resected adenocarcinomas were divided into two training cohorts of 177 and 79 patients as well as two validation cohorts of 82 and 104 patients. Microarray data was acquired by four participating institutions that independently developed eight prognostic biomarker signatures using the training cohort datasets. These eight signatures were submitted to a fifth institution acting as a referee that redistributed the biomarker signatures amongst all institutions for blinded independent validation. Unfortunately, of the 8 signatures developed, none was able to reliably separate stage I patients without the addition of clinical covariates. In addition, the signature that was able to reliably separate stage I patients with clinical covariates in their model performed worse than a model using clinical covariates alone [20]. The results from this study should not discourage further attempts to develop a robust, independently validated prognostic biomarker signature. Rather, the study serves as an ideal model of prognostic assay development and validation and underscores the importance of blinded, independent validation before a prognostic biomarker signature can be considered appropriate for clinical use.

Recently, our group reported the development and blinded large-scale validation of a quantitative PCR based prognostic biomarker signature for nonsquamous NSCLC [35]. This signature was unique in a number of respects:

	The use of formalin-fixed, paraffin-embedded (FFPE) tissues as a substrate and quantitative PCR to measure gene expression, resulting in a highly practical and robust prognostic signature ready for immediate clinical use.

	The use of only 11 predictors, a variety of statistical techniques, and a large training cohort of 361 patients to minimize overfitting.

	Blinded international validation using multiple large-scale independent cohorts including 433 patients who underwent resection of stage I disease at community hospitals belonging to the Kaiser Permanente Northern California system as well as over 1000 patients who underwent resection in hospitals belonging to the China Clinical Trials Consortium (CCTC).



The prognostic biomarker signature was derived by measuring expression of 11 genes intimately related to known lung cancer pathways to assign patients to low-, intermediate-, and high-risk categories using an algorithm and cut-off points developed on a training cohort of 361 patients who underwent surgical resection of nonsquamous NSCLC at the University of California, San Francisco. Kaplan-Meier analysis of low-, intermediate- and high-risk tumors demonstrated highly significant differences in outcomes of patients with stage I disease in the Kaiser Permanente validation cohort as well as within all stages of the CCTC validation cohort [35]. Multivariable analysis demonstrated that risk category was the strongest predictor of outcome after adjustment for age, sex, smoking history, histology, and stage, and improved risk discrimination in stage I patients beyond both the National Comprehensive Cancer Network (NCCN) criteria [40] used to identify high-risk stage I patients (Kaiser cohort) as well as stage (CCTC cohort). The assay was also able to successfully risk-stratify patients with T1a node-negative tumors, identifying patients with almost 50% 5-year mortality despite surgical resection of these small node-negative tumors [41]. The performance of prognostic biomarker signatures in this patient population is increasingly relevant as the number of surgical resections performed for T1a node-negative tumors is expected to increase dramatically with the adoption of new lung cancer screening guidelines [42].



Predictive biomarker signatures

As opposed to prognostic biomarker signatures which attempt to improve risk stratification of patients with respect to overall outcome, predictive biomarker signatures attempt to risk stratify patients with respect to specific types of treatment they receive; i.e., responders vs. nonresponders. The potential clinical utility of predictive signatures is immediately apparent. By directing therapies only at patients likely to respond, the prognosis of these patients is expected to improve dramatically while the toxic effects of these therapies are avoided entirely in the nonresponders. In an ideal world in which multiple predictive biomarker signatures exist, each individual patient would receive therapies to which their tumors are most likely to respond.

The literature describing the predictive ability of molecular biomarker signatures is not as robust as the evidence supporting single-gene predictive biomarkers such as those associated with the eGFR pathway (see Chapter 29). However, a few notable studies add to the growing body of evidence that suggests prognostic biomarker signatures are also predictive of response to chemotherapy. In 2010, Zhu et al. described a prognostic biomarker signature developed on patients randomized to receive either observation or cisplatin/vinorelbine as part of the JBR.10 trial [43]. The signature was found to be prognostic of survival in four independent previously published microarray datasets. In addition, this prognostic biomarker signature was predictive of improved disease-specific survival in high-risk patients randomized to receive adjuvant chemotherapy, but not in low-risk patients (HR 0.33 [95% CI 0.17–0.63] and 3.67 [95% CI 1.22–11.06] respectively) [43]. A separate group recently described both the development of a separate signature predictive of response to chemotherapy using the Director's Challenge dataset and independent validation of this predictive signature on 69 patients from the JBR.10 trial dataset [44]. A signature that correlates with premetrexed response and resistance in squamous cell lung carcinoma has also been proposed [45].

Although definitive proof of the predictive ability of molecular biomarker signatures will come in the form of future prospective randomized trials, it is important to note that current clinical practice guidelines such as those proposed by the National Comprehensive Cancer Network (NCCN) recommend adjuvant chemotherapy in patients with “high-risk” stage IB tumors. Many of the criteria qualifying tumors as “high-risk” (poor differentiation, vascular invasion, wedge resection, visceral pleural involvement, lack of adequate lymph node sampling) have never undergone prospective validation demonstrating a survival benefit for adjuvant chemotherapy in patients with such criteria. Nonetheless, in light of the extremely poor outcomes patients with “localized” NSCLC experience compared to other solid tumors, consensus groups such as the NCCN recommend adjuvant chemotherapy in patients with these high-risk criteria. It is easy to envision, therefore, how validated tools that improve risk stratification above and beyond these criteria proposed by the NCCN may therefore provide clinicians with much stronger reasons to consider additional therapy for patients with biomarker proven high-risk disease.



Future directions

Lung oncology continues to trend towards increasing personalized prognosis and individualized treatment regimens. The next major revision of the lung cancer staging system will almost certainly include the use of molecular biomarkers [10,12,13]. Several promising novel developments are on the horizon, including the development of prognostic biomarker signatures from sputum [46], serum [47], and pleural fluid samples [48], prognostic biomarker signatures derived from lung cancer stem cell populations [49,50], and new techniques that enable microarray-based gene expression analysis from formalin-fixed paraffin-embedded tissue specimens [51,52]. The adoption of clinically validated prognostic and predictive biomarker signatures in lung oncology is underway and is expected to soon mirror the widespread use of such signatures in the field of breast oncology [53].
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Introduction

Brain metastases from lung cancer represent a significant portion of all brain metastases. Between 10% and 25% of patients with lung cancer present with brain metastases, and about 40% to 50% of all patients with lung cancer will develop brain metastasis during the course of the disease [1]. Some evidence exists to suggest that improved control of locally advanced disease may be associated with increased incidence of brain metastases [2,3]. The prognosis for patients with brain metastasis is poor with median survival times usually less than 1 year.

The manifestations of brain metastases vary and depend on the location and number of lesions and the amount of associated edema, hemorrhage, or both. Presenting symptoms can include headache, nausea and emesis, focal weakness, seizures, confusion, ataxia, visual disturbances, or occasionally cranial nerve palsies. Magnetic resonance imaging (MRI) is currently the gold standard for identifying brain metastases and is more sensitive than CT scanning for this purpose [4].

Initial management of brain metastases usually involves oral or intravenous corticosteroids [5]. Patients with seizures should be treated with anti-seizure medications. However, prophylactic use of antiseizure medication is controversial because of the high risk of adverse effects [6]. Subsequent management of brain metastases depends on size, number, location of the lesions as well as the presence of extracranial disease and the general condition of the patient. Whole-brain radiation therapy (WBRT) may be used as primary therapy for brain metastases, as adjuvant treatment after surgery or stereotactic radiosurgery (SRS) or as salvage therapy following local treatment. SRS confers local control rates comparable to those for surgery with minimal toxicity and may be used as primary therapy or salvage therapy. Its versatility makes it useful for multiple or deep-seated lesions and for patients who are medically unfit for surgery. Surgery provides rapid relief of mass effect and may be the best choice for a large single metastasis.

This chapter comprises a brief review of the pathophysiology of brain metastases followed by the roles of various forms of therapy for treatment of brain metastases from lung cancer, including surgical resection, SRS, WBRT, and prophylactic cranial irradiation (PCI). Other topics covered include the toxicity of radiation to the brain and the current state of knowledge on biomarkers in non-small cell lung cancer and brain metastases.



Pathophysiology of brain metastasis

The numerous mechanisms underlying the metastatic spread of cancer are enormously complex, and their discussion is beyond the scope of this chapter. In simple terms, the formation of metastases requires that cells separate from the primary tumor and reach distant tissues specific to the type of primary tumor, where they must adapt to the local microenvironment [7,8]. The epithelial-to-mesenchymal transition has been implicated in this process, the molecular mechanisms of which continue to be investigated [8]. Other steps involved in the development of metastases include angiogenesis, cellular invasion of basement membranes, and cellular transportation [9]. Cells destined to become brain metastases most likely access the brain via the arterial circulation. Tumor cells within primary tumors of the lung have direct access to the arterial circulation, which contributes to the relatively high rate of brain metastases from primary lung cancers [9]. Within the brain parenchyma, metastases tend to localize at the grey–white matter junction, where the capillary beds are located. The distribution of brain metastases also roughly follows the cerebral blood flow, consistent with the so-called “mechanical hypothesis” proposed by Ewing [10]. Another hypothesis to explain metastatic dissemination and distribution is that of the “seed and soil.” Originally developed by Paget, the modern version of the seed and soil hypothesis suggests that genetic changes in cancer cells define the predilection of those cells for particular microenvironments within host tissues [11], such as the preferential metastasis of prostate cancer cells to bone and cells from breast cancer or melanoma to the brain. The molecular basis for these relationships continues to be investigated [9].



Treatment options


Surgical resection

The surgical resection of brain metastases has traditionally been reserved for the palliation of symptomatic lesions or in situations in which pathologic confirmation is necessary. However, subgroups of patients with favorable prognosis have undergone surgical resection to improve survival. In a pivotal study, Patchell et al. performed a randomized trial in the 1980s to evaluate the role of surgery in 48 patients with a single brain metastasis receiving WBRT [12]. Specifically, patients with a suspected brain metastasis were randomly assigned to undergo either biopsy followed by WBRT or surgical resection followed by WBRT. WBRT was to be delivered to a dose of 36 Gy in 12 fractions. Patients with a suspected brain metastasis were randomized to undergo either a biopsy followed by WBRT or a surgical resection followed by WBRT. WBRT was delivered to a dose of 36 Gy in 12 fractions. Local recurrence was improved (52% vs. 20%) and quality of life (2 months vs. 9 months of functional independence) was improved in those receiving a resection. Moreover, survival was improved (3 months vs. 9 months) and neurologic death improved (6 months vs. 14 months) in the surgery arm. The operative mortality (4%) and morbidity (8%) were deemed acceptable.

Another phase III trial conducted in the Netherlands involved patients with a single brain metastasis receiving WBRT (40 Gy in 2-Gy fractions twice a day), alone or with surgical resection [13]. Surgical resection was again associated with extended median survival time (10 months vs. 6 months), with particular benefits seen among those with stable extracranial disease. Indeed, local therapy is generally advocated for those with favorable performance status, a single brain metastasis, and stable extracranial disease. The need for adjuvant radiotherapy after surgical resection to maintain intracranial disease control is discussed further later in this chapter.




Stereotactic radiosurgery

The neurosurgeon Lars Leksell formulated the principles of radiosurgery in 1951, about 17 years before the launch of the first Gamma Knife prototype at the Karolinska Institute. SRS is commonly defined as a single high dose of radiation directed by stereotaxis conformally to the target minimizing dose to the normal surrounding tissue [14]. The first Gamma Knife unit was installed in the United States at the University of Pittsburgh Medical Center in 1987 [15]. Today, brain metastases represent the most common indication for SRS [16]. The goals of SRS can be achieved with several types of technologies, including Gamma Knife, linear accelerator, or Cyberknife.

The Radiation Therapy Oncology Group (RTOG) has conducted several trials investigating SRS for brain metastases. The prospective RTOG 90-05 trial sought to determine the optimal dose for radiosurgery of brain metastases by evaluating the maximum tolerated radiosurgical dose in 168 patients who had previously undergone irradiation for primary or metastatic brain lesions [17]. The maximum tolerated doses depended on the size of the lesion, being 24 Gy for tumors ≤20 mm in diameter, 18 Gy for those 21–30 mm, and 15 Gy for tumors 31–40 mm. However, the actual maximum tolerated dose for lesions ≤20 mm was not met because the investigators were reluctant to exceed 24 Gy. Notably, the rate of radionecrosis at 2 years was 11%. Subsequent research suggested that treating tumors ≤20 mm with 20 Gy rather than 24 Gy produced equivalent control with lower complication rates [18,19].

RTOG 95–08 was a randomized controlled trial comparing WBRT alone versus WBRT with SRS for 333 patients with 1–3 brain metastases [20]. The WBRT dose was 37.5 Gy delivered in 15 fractions, and the SRS dose was delivered according to the guidelines established by RTOG 90-05. Although no difference was found in overall survival between the two groups, subgroup analyses revealed that SRS improved overall survival for patients with a single brain metastasis. The addition of SRS to WBRT also led to higher response rates and better local control rates at 1 year (82% vs. 71%); receipt of SRS was the only factor predictive of local control in a Cox proportional hazards analysis. The risk of developing a local recurrence was 43% higher in the WBRT alone arm than in the WBRT with SRS arm. Moreover, patients receiving SRS were more likely to have had stable or improved Karnofsky Performance Status scores at 6 months after treatment.

To date, no randomized controlled trials have been undertaken to compare surgery with SRS for single brain metastases. Findings from retrospective analyses are mixed and fraught with selection bias [21–23]. The indications for SRS remain controversial, with factors contributing to the choice of treatment including the number of metastases, performance status, status of extracranial disease, and tumor histology. Further clinical trials are necessary to define an SRS treatment algorithm for patients with brain metastases.



Whole-brain radiation therapy

WBRT has been used to treat brain metastases since the early 20th century. The first report of its efficacy in a large series came from Memorial Hospital, where Chao 
et al. described 38 patients with brain metastases treated from 1949 to 1953 with fractionated WBRT [24]. Palliation was successful for 63% of patients so treated, and the recommended dose was 30–40 Gy given over 3–5 weeks. A subsequent report of an additional 218 patients at Memorial Hospital given WBRT to a goal dose of 30 Gy in 3 weeks revealed a survival benefit among those who responded to this therapy [25], further establishing the role of WBRT in the treatment of intracranial metastatic disease. WBRT is still used for effective palliation of gross brain metastases and as prophylaxis against the development of new brain metastases. These topics are described further in the following sections.



WBRT as primary therapy for gross disease

Prospective trials led by the RTOG have been used to help ascertain the optimal dose and fractionation for WBRT. In general, WBRT to a dose of 20–40 Gy given over 1–4 weeks has resulted in median survival times of 4–6 months for patients with brain metastases (Table 38.1) [26]. Although the treatment schedules varied somewhat, they were comparable with regard to the incidence and the duration of improvement, time to progression, survival, and palliative index. In RTOG 7361, approximately 900 patients were randomly assigned to receive 20 Gy in 5 fractions over 1 week, 30 Gy in 10 fractions over 2 weeks, or 40 Gy in 15 fractions over 3 weeks. The median survival times were similar among the three treatment groups at 15 weeks for the 20-Gy and 30-Gy groups and 18 weeks for the 40-Gy group. WBRT was shown to improve neurological function for about half of the patients in this study, without much improvement in survival, depending on dose or fractionation [27]. Another randomized study of an ultra-rapid high-dose radiation schedule (10 Gy in 1 fraction or 12 Gy in 2 fractions) [28] revealed median survival times that were not much different than those in RTOG 7361; however, patients who received the ultra-rapid high-dose WBRT had more treatment-related neurological toxicity. The rapidity of the response to therapy was also similar between the two treatment groups in this study, but the duration of improvement, time to worsening of neurological status, and rate of complete disappearance of neurological symptoms were generally less for patients receiving 10–12 Gy in one or two fractions than for those receiving more prolonged treatment such as 30 Gy in 10 fractions.



Table 38.1 Studies of postoperative whole-brain radiation therapy for brain metastases by the Radiation Therapy Oncology Group
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The RTOG 8528 trial investigated accelerated hyperfractionated WBRT, with patients receiving 1.6-Gy twice-daily fractionation to a total dose of 48 Gy, 54.4 Gy, 64 Gy, or 70.4 Gy [29]. Although median survival times seemed to increase with increasing dose (4.8 months, 5.4 months, 7.2 months and 8.2 months), this apparent difference was not statistically significant. A follow-up randomized RTOG phase III study included 445 patients with Karnofsky Performance Status scores of ≥60 who were given either hyperfractionated RT at 1.2-Gy twice-daily fractionation to a total tumor dose of 54.4 Gy or 30 Gy in 10 fractions [30]. The median survival time was 4.5 months in both treatment groups. Given the lack of superiority of the hyperfractionated regimens and the toxicity of ultra-rapid high-dose fractionations, modern clinical trials involving WBRT for gross disease typically use either 30 Gy in 10 fractions or 37.5 Gy in 15 fractions.

Various radiosensitizers have also been investigated in prospective randomized clinical trials. The RTOG 7916 trial evaluated one such radiosensitizer, misonidazole, in patients with brain metastases [31]. This study involved 779 patients who received 30 Gy in 10 fractions over 2 weeks with or without 1 g/m2 of misonidazole or 30 Gy in 6 fractions over 3 weeks with or without 2 g/m2 misonidazole. The median survival times ranged from 3.1 months to 4.5 months and were not affected by the use of misonidazole. Other sensitizers tested have included the halogenated pyrimidine bromodeoxyuridine (BrdU) and gadolinium texaphyrins. In investigating the role of BrdU as a radiosensitizer for brain metastases, RTOG 89–05 [32] enrolled 72 patients and treated them with WBRT to 37.5 Gy in 15 fractions over 3 weeks, with BrdU at 0.8 g/m2 per day for 4 days given each week for 3 weeks. Five patients who received BrdU manisfested significant grade 4 and 5 hematologic or skin toxicities. There was no significant survival benefit for patients receiving BrdU.

Another randomized controlled trial, RTOG 9801, evaluated the role of motaxefin gadolinium (MGd) as a radiosensitizer for patients with brain metastases treated with WBRT [33]. In that study, 401 patients received either WBRT alone (30 Gy in 10 fractions) or WBRT with MGd, injected intravenously at a dose of 5 mg/kg/d at 2–5 hours before each fraction. Receipt of MGd did not affect median survival time, which was 5.2 months for those given MGd and WBRT and 4.9 months for those given WBRT alone. Regression after WBRT correlated with survival and preservation of neurocognitive function [34]. Time to neurological progression was improved in the subset of patients with metastatic lung cancer receiving MGd. In a subsequent phase III study, 554 patients with brain metastases from non-small cell lung cancer (NSCLC) were randomly assigned to the same treatments as were given for 9801 [35]. The median interval to neurological progression seemed to be better in the MGd group (15.4 months vs. 10.0 months), although this apparent difference was not statistically significant at p = 0.11.

Thalidomide was investigated as a radiosensitizer in patients with brain metastases in RTOG 0118 [36]. Patients were randomly assigned to receive WBRT alone (37.5 Gy in 15 fractions) or WBRT with thalidomide. Nearly half of the patients had to discontinue thalidomide because of side effects, and no survival benefit was noted. In the latest published study of radiosensitizers with WBRT, temozolomide or erlotinib was given concurrently with SBRT and SRS for patients with NSCLC and 1–3 brain metastases in RTOG 0320 [37]. In that phase III trial, the addition of radiosensitizer increased the rates of grade 3–5 toxicity (11% control vs. 41% temozolomide vs. 49% erlotinib, p < 0.001) and seemed to reduce the median survival time (13.4 months control vs. 6.3 months temozolomide vs. 6.1 months erlotinib). Other radiosensitizers continue to be investigated for their potential efficacy in combination with WBRT.



WBRT as an adjuvant after local therapy


WBRT after surgery

WBRT has an established role in preventing local recurrence after surgical resection of brain metastases. In one prospective, randomized trial reported by Patchell et al. [38], 95 patients with a single brain metastasis underwent complete resection followed by either observation or postoperative WBRT to a dose of 50.4 Gy. Receipt of WBRT led to a significant reduction in recurrence anywhere in the brain compared with the observation group (18% vs. 70%; p < 0.001). Local recurrence in the tumor bed was reduced from 46% to 10%, whereas regional recurrence within the brain and outside the tumor bed was reduced from 37% to 14%. WBRT also reduced the number of deaths from neurological causes from 44% to 14% but did not affect median survival.

A series of retrospective studies evaluating the role of WBRT after surgical resection is listed in Table 38.2 [38–44]. Most of these studies found no significant reduction in brain recurrence after postoperative WBRT except for that of DeAngelis et al. (p = 0.03) [44]. Only two retrospective studies have shown an increase in median survival from postoperative WBRT (p = 0.02) [42,43].



Table 38.2 Trials of whole-brain radiation therapy after surgery for brain metastases
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In general, more patients who received WBRT at recurrence died from neurological causes than did those given WBRT immediately after surgery, findings that support the immediate postoperative delivery of WBRT. Although the routine use of postoperative WBRT seems to prevent deaths from neurological causes, this practice has become controversial because of growing concerns about the long-term toxicity of WBRT, including neurocognitive decline and dementia. Withholding postoperative WBRT carries the risk of increased neurological morbidity from tumor recurrence within the brain; thus if postoperative WBRT is to be given, it should be given in a timely manner, usually within a few weeks of resection, depending on the aggressiveness of the surgical procedure and the patient's rate of postoperative recovery.




WBRT after stereotactic radiosurgery

WBRT after SRS has also been evaluated in prospective clinical trials. In a study reported by Aoyama et al., 132 patients with 1–4 brain metastases smaller than 3 cm in diameter were randomly assigned to undergo SRS or SRS followed by WBRT to a total dose of 30 Gy in 10 fractions [45]. The SRS dose was reduced by 30% for the patients who were to be given WBRT. The addition of WBRT to SRS improved the 1-year local control rate (89% vs. 73%) and decreased the incidence of new brain metastases at 1 year (42% vs. 63.7% for SRS alone). Because no differences were found in median survival times, percentages with neurological death, or neurocognitive outcomes, the authors concluded that SRS alone could be considered a reasonable strategy, with WBRT reserved for salvage therapy as needed.

In a similar study, Chang et al. enrolled 58 patients with 1–3 brain metastases and RTOG recursive partitioning analysis class 1 or 2 status to receive either SRS alone or SRS followed by WBRT to a dose of 30 Gy in 12 fractions [46]. Notably, the primary end point in this study was neurocognitive function as defined by the Hopkins Verbal Learning Test-Revised (HVLT-R) of total recall at 4 months. The study was stopped early when it became clear that SRS followed by WBRT led to declines in learning and memory function. Indeed, the addition of WBRT led to a significant decline in HVLT-R 4-month recall (52% vs. 24%); however, use of WBRT led to improved rates of local control at 1 year (100% vs. 67%) and distant brain control at 1 year (73% vs. 45%). Conversely, median overall survival time was longer in the SRS-only group (15 months vs. 6 months SRS+WBRT).

The European Organization for Research and Treatment of Cancer (EORTC) also performed a randomized trial of 359 patients undergoing either SRS (n = 199) or surgery (n = 160) for 1–3 brain metastases who were then randomly assigned to receive WBRT (30 Gy in 10 fractions) or observation [47]. Those who went on to receive WBRT had reduced rates of relapse at initial sites at 2 years (surgery: 59% vs. 27%; SRS: 31% vs. 19%) and relapse at new sites (surgery: 42% vs. 23%; SRS: 48% vs. 33%). The rates of neurological death were also lower among those who received WBRT (28% vs. 44%). No differences were found in time to worsening performance status or overall survival.

The need for WBRT after SRS for the initial treatment of brain metastases continues to be debated. Although distant intracranial control is undoubtedly improved by the addition of WBRT, the lack of survival benefit and increase in toxicity argue against the routine use of WBRT after SRS. Clinical trials are ongoing to evaluate survival, quality of life, and functional independence for such patients.



Prophylactic cranial irradiation

PCI has been noted to improve survival among pediatric patients with acute lymphocytic leukemia by preventing the disease from involving the central nervous system (CNS) [48]. As systemic chemotherapy has become more effective, isolation of the malignancy in the CNS has been more common among patients with acute lymphocytic leukemia, this phenomenon has also been noted in patients with small cell lung cancer (SCLC) [49].

PCI has been proposed for patients with SCLC since the 1970s because of the high incidence of brain metastases from SCLC [50]. Approximately half of patients with SCLC who do not receive PCI will develop clinically significant brain metastases [51]. However, the incidence of microscopic brain metastases and extracranial CNS metastases had been underestimated given the relatively short survival duration for such patients [52], and PCI became more important when improvements in systemic treatment and earlier use of thoracic RT were shown to improve survival rates for patients with limited SCLC [30]. Because PCI can be neurotoxic and because it had not improved overall survival time, it was not considered for routine use despite its ability to reduce the number of brain metastases (Table 38.3) until neuropsychological testing of patients before and after PCI revealed no significant mental deterioration [53].



Table 38.3 Early trials of prophylactic cranial irradiation for small cell lung cancer
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In one early trial of PCI, Cox et al. with the Veterans Affairs Lung Study Group found that giving 20 Gy in 5 fractions did not reduce brain metastasis [54]. At the time, this was thought to have resulted from the low total dose of RT (20 Gy), although the fraction size was considerably larger than the 2- to 3-Gy fractions in subsequent trials of PCI. In one such study, Bieler et al. delivered 24 Gy in 3-Gy fractions and found that no patient given PCI developed a brain tumor relapse, compared with 16% of 54 patients who did not receive PCI (p < 0.05) [55].

Another trial involving PCI given in 3-Gy fractions was reported by Maurer et al., who randomly assigned 163 patients to receive or not receive PCI at a total dose of 30 Gy in 10 fractions [56]. Considerably fewer patients in the PCI group developed brain metastasis compared with patients who did not receive PCI (4% vs. 18%; p < 0.009). Other groups also found that PCI produced statistically significant reductions in brain metastasis, but PCI did not affect overall survival [57–61]. As Table 38.3 illustrates, use of radiation doses in excees of 30 Gy seemed to reduce brain tumor recurrence in the later studies, although this may also have been related to the advent of more sensitive means of detecting brain metastases, improvements in systemic chemotherapy, and the use of thoracic RT [62]. Hirsch et al. reported a series of 111 patients randomly assigned to receive or not receive PCI to 40 Gy, which did not improve the incidence of brain metastasis (9% with PCI vs. 13% without PCI) [63]. This finding was thought to be related to the late use of the PCI, which was begun 12 weeks after completion of the prolonged systemic treatment.

Twenty years after publication of the previous report, a meta-analysis by Auperin et al. showed a survival benefit from PCI for patients with SCLC in complete remission [64]. That analysis involved individualized data from 987 patients who had participated in seven clinical trials comparing PCI with no PCI from 1977 to 1994 (Table 38.4) [65–70]. A minority of patients (12–17%) had extensive disease. An absolute increase of 5.4% in survival at 3 years was noted for patients undergoing PCI (20.7% vs. 15.3% no PCI), and the relative risk of death for the treatment group compared with the control group was 0.84 (95% confidence interval 0.73–0.97, p = 0.01). PCI also led to significant increases in rates of brain metastasis–free survival at 3 years (22.3% vs. 13.5% in control patients, p < 0.001), and the cumulative incidence of brain metastasis was reduced from 58.6% to 33.3% at 3 years (p < 0.001). Analysis of four total radiation doses (8 Gy, 24–25 Gy, 30 Gy, and 36–40 Gy) revealed that the larger doses led to greater decreases in the risk of brain metastasis (p = 0.02), but the effect on survival was not proportional to the dose administered. Also recognized in this meta-analysis was a trend toward decrease risk of brain metastasis when PCI was given soon after the initiation of the induction chemotherapy (p = 0.01 
for <4 months vs. 4--6 months vs. >6 months). No significant neuropsychological deterioration was noted after the PCI, although systematic evaluations with neuropsychological testing were not done before and after PCI in most of these randomized studies.



Table 38.4 Characteristics of seven trials included in a meta-analysis of the effects of prophylactic cranial irradiation for small-cell lung cancer
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In addition to limited-stage SCLC, PCI seems to have a role in extensive-stage SCLC. The EORTC conducted a prospective randomized trial in which 286 patients with extensive-stage SCLC who had had any response to 4–6 cycles of chemotherapy were assigned to receive PCI (20 Gy in 5 fractions or 30 Gy in 12 fractions) or no PCI [71]. Those who received PCI had lower rates of symptomatic brain metastases (15% vs. 40%) and improved overall survival (27% vs. 13%) at 1 year. Notably, no brain imaging was required before randomization in this study, and a follow-up report suggested that those who received PCI had worse health-related quality of life [72].

Ongoing debate regarding the optimal dose for PCI led to an Intergroup trial that enrolled 720 patients with limited-stage SCLC in complete response after chemotherapy and thoracic RT to receive PCI at either a standard dose (25 Gy in 10 fractions) or one of two higher doses (36 Gy in 18 fractions daily or 36 Gy in 24 fractions twice daily) [73]. Brain imaging was used in all cases. No difference was found in the 2-year incidence of brain metastases, but the standard dose produced a better overall survival rate (42% vs. 37%; p = 0.05). A subsequent analysis revealed no significant difference between the low-dose versus high-dose groups in quality of life, neurological function and cognitive function over the 3-year period studied [74]. Thus at this time, the standard fractionation regimen for PCI remains a dose of 25 Gy given in 10 fractions.

Randomized studies have also been done to evaluate PCI for patients with NSCLC. One such study was RTOG 84–03, in which patients whose primary tumors were of adenocarcinomatous or large-cell histology and had been controlled were randomly assigned to receive or not receive PCI to a dose of 30 Gy in 10 fractions [75]. The results, reported in 1991, indicated that patients given PCI had fewer brain metastases but no significant improvement in overall survival, an outcome that could reflect either the ineffectiveness of the systemic chemotherapy or the timing of the PCI. A subsequent multicenter study from Germany on the role of neoadjuvant therapy for operable stage IIIA NSCLC offered additional information regarding the role of PCI in NSCLC [76]. In that study, 112 patients were randomly assigned to undergo either primary thoracic resection followed by adjuvant thoracic RT or preoperative chemotherapy followed by concurrent chemoradiotherapy to the primary site and definitive surgery at the primary site. The latter group also received postoperative PCI (30 Gy in 15 fractions). Receipt of PCI reduced the probability of brain metastases as the first site of failure at 5 years (8% vs. 35%) without a discernible difference in neurocognitive toxicity. The RTOG then attempted a phase III trial (RTOG 0214) comparing PCI versus observation for patients with locally advanced NSCLC [77]. In that study, 340 eligible patients who had been treated for stage III NSCLC and had no disease progression after primary therapy were randomly assigned to PCI (30 Gy in 15 fractions) or observation. Overall survival and disease-free survival were the same in the two groups, but the 1-year rate of brain metastases was lower in the PCI group (8% vs. 18%). In subsequent analyses of neurocognition and quality of life, no differences were found at 1 year in global cognitive function or quality of life, although memory (measured by the HVLT) had declined significantly [78]. Based on these prospective findings, the routine use of PCI for NSCLC is not warranted at this time.

In summary, PCI can effectively reduce the incidence of brain metastases without evidence of serious PCI-related complications if it is given appropriately. The use of PCI extends survival times among patients with limited-stage SCLC who achieve a complete response to primary therapy as well as those with extensive-stage SCLC who achieve any response to primary therapy [64, 71]. Dose escalation beyond 25 Gy in 10 fractions offers no additional benefit [73]. The use of PCI does not seem to confer a survival advantage for patients with NSCLC.



Toxicity of radiation to the brain

Complications of RT are generally divided into acute effects (those occurring during the course of radiation), early-delayed effects (at 2–4 months after radiation) and late effects (at months or years after radiation). Common acute effects include reversible alopecia, mild radiation dermatitis, and mild fatigue. Acute encephalopathy is exceedingly rare with modern-day fractionation schedules, although it was noted in one 1970 report to have been fatal in 7% of patients who received 10 Gy in a single fraction [79]. Somnolence syndrome, described as persistent fatigue, anorexia, and irritability (especially in children), can occur 3–10 weeks after WBRT but usually resolves within 6 months [80,81].

Among long-term survivors after WBRT, some of whom received multiple chemotherapeutic drugs, a syndrome consisting of progressive dementia, ataxia, and urinary incontinence was reported to cause severe disability and the deaths of 7 of 12 patients in one report [44]. CT scans of the brains of those patients showed cortical atrophy and hypodense white matter. All 12 patients had received daily fractions of at least 3 Gy, and 9 patients received some daily fractionation of 5 Gy or more during treatment. On the basis of these findings, the authors of this report advocated use of smaller fractions, 1.8 to 2 Gy per day, for a total dose of 40–45 Gy to reduce long-term sequelae among patients with more favorable prognostic factors. More recently, recursive partitioning analyses have identified subgroups of patients who are likely to experience extended survival. In a recent report of a graded prognostic assessment approach, 
clinical characteristics such as age, Karnofsky Performance Status, number of CNS metastases, and the presence of extracranial metastases are scored to characterize the prognosis of patients with brain metastases [82]. The subgroup with the most favorable prognosis 
was noted to have a median survival time of 11 months compared with 2.6 months for the subgroup with the least favorable prognosis. For patients with favorable clinical factors, we advocate a dose per fraction of ≤3 Gy.

The relationship between WBRT, intracranial disease control, and neurocognitive function is complicated. Briefly, intracranial disease progression and WBRT may be competing risk factors in the development of neurocognitive dysfunction [46, 83–85]. Further studies are necessary to adequately characterize the relative risks of these competing factors to help guide therapeutic recommendations for patients with favorable prognosis.

Within the PCI literature, concerns have also been expressed regarding neuropsychological toxicity not only from WBRT but also from systemic treatment. Sheline et al., Leibel et al., and Gregor et al. have all documented the effect of ionizing radiation on CNS function [86–88]. Johnson et al. described the frequency of neuropsychological deficits in orientation, memory, and language function as occurring in 86% of patients with SCLC who survived for 6–13 years after treatment [89]. Factors or conditions contributing to these impairments include immunologic dysfunction, opportunistic infection, microscopic brain metastasis, toxicity from large irradiated field volumes, use of a neurotrophic chemotherapeutic agent in combination with PCI, and the total dose of RT. Particular concern has been expressed for children with acute lymphocytic leukemia who undergo PCI while receiving methotrexate, and also for patients with SCLC who undergo PCI combined with lomustine [90,91]. However, at least one group has found a lack of clinical findings corresponding to CT abnormalities among patients who received prophylactic CNS radiation and experienced unexplained late neurologic sequelae [92]. In our own investigation of the lowest effective biological dose for PCI, we found 25 Gy in 10 fractions to be as effective and possibly less toxic than 30 Gy in 10 fractions [93]. In a subsequent prospective study, 30 patients with limited SCLC and no evidence of brain metastasis were evaluated with neuropsychological testing before any treatment and after PCI. The findings revealed 29 of the 30 patients had minor cognitive dysfunction before the PCI. The most common impairment was in verbal memory, followed by frontal lobe dysfunction and fine-motor incoordination. No significant deterioration attributable to the PCI was found after the PCI [53]. Similar results were found in two subsequent randomized trials of PCI for SCLC with prospectively evaluated neurocognitive endpoints [66,67], that is, neurocognitive impairments were noted before the PCI, but PCI had no detected effects on neurocognitive function.

As systemic therapies continue to improve and patients survive longer, the late effects of WBRT will become increasingly relevant. A recently closed phase III trial by the RTOG randomly assigned patients to receive memantine, an N-methyl-D-aspartate receptor agonist approved for use in patients with Alzheimer's disease, with WBRT. Results of this study are pending. Conformal RT techniques are also being investigated as a way of sparing critical structures involved in neurocognition, as dose to the hippocampus has been implicated in neurocognitive dysfunction [94–96]. The RTOG is currently conducting a phase II trial to assess whether hippocampal-sparing WBRT can help to preserve neurocognitive function.



Biomarkers in non-small cell lung cancer and brain metastases

Previous research has established that the risk of brain metastasis is highest among patients with SCLC, adenocarcinoma, or large cell histology [51, 97–99]. In the modern era of molecular tailored therapy, biomarkers are eagerly sought to help guide therapeutic recommendations for patients with NSCLC. Numerous attempts have been made to correlate gene expression with the development of brain metastases in NSCLC [100–102], but thus far no consistent or independent correlations have been found between expression of Ki-67, p53, bcl-2, the epidermal growth factor receptor (EGFR), cyclooxygenase-2, or BAX and the development of brain metastases [101,102]. Expression patterns involving multiple markers, however, may hold promise for predicting who is more likely to develop brain metastases [103]. In one retrospective analysis, an 8-marker molecular panel was able to sort patients with stage I NSCLC and identified a subset of patients who had a 37% likelihood of developing isolated cerebral metastases [104]. Serum markers such as carcinoembryonic antigen may also be useful as a risk factor for predicting the development of brain metastases [105–107]. However, any potential biomarker or biomarker panel must be validated in prospective clinical trials before the findings can be used to guide therapeutic recommendations.

EGFR has been investigated in relation to the development and treatment of brain metastases. It is unclear whether the presence of EGFR mutation or amplification can predict the development of brain metastases [101, 108–111]. However, use of the EGFR tyrosine kinase inhibitors gefitinib and erlotinib has been associated with objective intracranial response in patients with NSCLC and brain metastases [112–116]. This response has been shown to correlate with the presence of EGFR mutations in the tyrosine kinase domain [114–116]. Those patients with EGFR mutations have been shown to be more likely to respond to WBRT than those without EGFR mutations, with improved survival independent of age, functional status, extracranial disease status and number of brain metastases [117,118]. Notably, however, EGFR status may be discordant between primary NSCLC and the corresponding metastases, and metastatic lesions as well as primary tumors should be analyzed for EGFR status if targeted therapies are being considered [109, 119–121].

Although the risk of CNS metastases is relatively high for patients with NSCLC that is treated with conventional chemotherapy [99], those with EGFR mutations treated with targeted therapy have a lower incidence of brain metastases. In one report, for patients with stage IIIB/IV or relapsed NSCLC and somatic EGFR mutations who had been treated with gefitinib or erlotinib as part of the initial therapy, the actuarial risk of CNS progression was 6% at 1 year and 13% at 2 years [110]. The authors of that report proposed that targeted therapy may have a prophylactic effect in preventing the development of brain metastases. In a subsequent analysis, outcomes were compared between patients with NSCLC and EGFR mutations who had been treated with upfront targeted therapy and those treated with conventional chemotherapy [122]. Those given the targeted therapy had a 44% relative risk reduction in the development of CNS progression, suggesting that gefitinib or erlotinib may have a role in chemoprevention of CNS metastases.

These findings, although tantalizing, need to be validated in prospective clinical trials. As mentioned earlier, RTOG 0320, which evaluated temozolomide or erlotinib given concurrently with WBRT and SRS for patients with NSCLC and 1–3 brain metastases [37], showed that the addition of erlotinib increased the rate of grade 3–5 toxicity from 11% for those given SRS and WBRT to 49% (p < 0.001) and may have shortened their median survival time (6.1 months vs. 13.4 months for the control; p = NS). Molecular features currently guide the upfront management of NSCLC; however, the role of biomarkers in the management of brain metastases has yet to be established and continues to be investigated.



Conclusions

In summary, WBRT is a valuable tool for treating gross brain metastases, for preventing the recurrence of brain metastases after local therapy, and for preventing the development of brain metastases in patients with SCLC. Many prospective clinical trials have been conducted to identify the ideal dose and fractionation schedules, to clarify the potential role of concurrent systemic agents, and to assess the risk of toxicity. Further advances in neuroimaging, neuropsychological testing, SRS delivery, and predictive biomarker assays will direct the optimal implementation of WBRT in the future.
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