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FOREWORD

Since the publication of the first edition of this book in 2013, our knowledge of corneal cross-linking (CXL) has again significantly increased, both scientifically and clinically. The sheer number of publications, reviews, and meta-analyses on the technique demonstrate this growth and its versatility. As many experts recognize but often criticize CXL, the technique was adopted and adapted from other medical disciplines (eg, dentistry) and translated into clinical practice relatively rapidly based on empirical knowledge and without a lot of basic knowledge supporting the principles of cross-linking.

For example, CXL inspired basic researchers to explore the biochemical and morphological relationships by investigating new highly sensitive methods of ultrastructural analysis. During this time period, the discovery that oxygen significantly influenced the CXL effect marked a milestone. As a result, the strong reduction of treatment time, which was once considered a significant progress, is now considered disadvantageous. Now, the possibilities and also limitations of this method become more evident. The clinical practice also showed that some applications, such as CXL for bullous keratopathy, did not meet the high expectations regarding the long-term effect.

Iontophoresis still serves as a promising method for riboflavin application because it may eliminate the biggest risk of CXL, corneal infection by penetrating through the epithelium. However, the first clinical results on this method showed rather disappointing results. This book attempts to demonstrate what was learned from these trials and possibly how to overcome these obstacles (ie, by respecting the need for sufficient oxygen diffusion).

From a clinical perspective, the criteria for progression of keratoconus were also precisely formulated during this time period. Today, concise recommendations (guidelines for cross-linking) help the clinician to select patients, make decisions, and provide optimal treatment.

Based on this new knowledge and respecting the criteria for safety, CXL has become a routine method accepted in ophthalmology in most countries. However, there are plenty of other unexplored areas of research, including (but not limited to) scleral cross-linking, other cross-linking methods, and cross-linking for the stabilization of artificial collagen implants and corneas. One particular area that has already created a major impact, interest, and research momentum is CXL for the treatment of corneal infections (also referred to as PACK-CXL). This area is quite promising because it addresses a major medical need in both developed and developing countries.

In such a still-developing field, an actualization of the knowledge and experiences is necessary. Therefore, on behalf of the editors and authors of this second completely revised and updated edition of Corneal Cross-Linking, we hope that you will continue your interest and dedication in this promising treatment modality.

Eberhard Spoerl, PhD
Department of Ophthalmology
University Hospital Carl Gustav Carus
Technical University
Dresden, Germany

Theo Seiler, MD, PhD
Institut für Refraktive und Ophthalmo-Chirurgie
Zürich, Switzerland





INTRODUCTION

When we published the first edition of this book in 2013, we knew that this field was dynamic and quickly moving. However, who knew that things would move so quickly as to require a second edition (and new title) so soon!

The first change that readers will notice is the shift in title for the second edition (Corneal Cross-Linking). In 2012, Zhang and colleagues proved that the actual cross-links are not formed between and within the collagen fibers, but rather between the amino terminals of the collagen side chains and the proteoglycans of the extracellular matrix. This is a fundamental difference. Therefore, the term collagen cross-linking is misleading and should be avoided. More and more scientific articles have adopted this position over time, and we felt compelled to change the title of our book to reflect that fundamental change in our understanding of the cross-linking process.

Many other changes are immediately noticeable. Sections on imaging have expanded as our understanding of these fields related to corneal cross-linking (CXL) has grown. The use of cross-linking protocols for infectious keratitis was an important chapter in the first edition; photoactivated chromophore for infectious keratitis CXL is now a significant section in the current edition. And many topics included in the first edition as “future hot topics” are now chapters unto themselves.

Among the biggest changes since the first edition is the US Food and Drug Administration (FDA) approval of CXL in the United States for the treatment of both keratoconus and ectasia after LASIK surgery. This has opened the door to finally treating US patients using the same protocols that have been available for almost 20 years throughout the rest of the world. This has also opened the floodgates for combination therapies, as everything that has developed over time in other areas, such as combining CXL with topography-guided excimer laser ablations, with phakic intraocular lenses, or with intracorneal ring segments, is now available all at once in the US market. Further, various protocols are available throughout the world, including accelerated and transepithelial protocols, that are not currently FDA approved. Some of these techniques, however, have been in practice in the United States even without FDA approval. Time will tell what processes and procedures remain viable here and abroad.

Finally, in this edition you will see the addition of another colleague, Sumitra S. Khandelwal, as Associate Editor. Sumitra has worked tirelessly on this project and has been instrumental in bringing this second edition to fruition.

We hope that you will enjoy reading this book as much as we enjoyed putting it together.

Farhad Hafezi, MD, PhD
J. Bradley Randleman, MD






Section I

Basic Principles of Corneal Biomechanics and Corneal Cross-Linking







1

History of Corneal Cross-Linking

Eberhard Spoerl, PhD, and Frederik Raiskup, MD, PhD, FEBO

Several studies regarding the biomechanics of the cornea in patients with keratoconus were published during the 1980s.1-3 It was shown that the stiffness of keratoconic corneas was reduced to only 60% to 70% of that of healthy corneas. A reduction of the cross-linking strength has, among other things, already been discussed as a possible cause of keratoconus,4 but no experiments to correct this pathologic condition have been undertaken.

Perhaps it was a fortunate coincidence that Professor Theo Seiler was appointed as the chairman of the department of ophthalmology at the University hospital in Dresden in 1993 and a research direction “biomechanics of the eye tunic” was established (Figure 1-1).

At the beginning was the biomechanical research concentrated on the investigation of the stability of the cornea after laser-refractive procedures (photorefractive keratectomy [PRK], LASIK, thermokeratoplasty5). The main focus was shifted to the improvement of the stability of the cornea to prevent iatrogenic keratectasia after LASIK or to stop the progression in case of keratoconus. The goal of corneal cross-linking (CXL) is the artificial increasing of the degree of cross-links in the corneal stroma to reestablish a sufficient mechanical stability.

The stability of the cornea is determined by the chemical composition, the structure and organization of the extracellular matrix (collagen fibers and ground substance), and the degree of cross-linking. Several methods to stiffen collagen-containing tissues were found in the literature.6 It was well known that the stiffness of collagen-containing tissues increased with advancing age due to the formation of advanced glycation end-products (so-called sugar cross-links).7 The action of chemical cross-linker–like formaldehyde, glutaraldehyde, and photochemical methods (photosensitizer+light) were also known.7

The methods were tested at porcine corneas, and the first results were presented at ARVO 19968 in Fort Lauderdale, Florida, with the title “Conservative Therapy of Keratoconus by Enhancement of Collagen Cross-Links.” In those days, nobody was really aware of the extraordinary importance of this method. For clinical application, several requirements served for a selection criterion (eg., short treatment time, in situ applicability, nontoxic, local limited stiffening to protect limbal stem cells and endothelial cells).

Sugar cross-linkers were ruled out for that reason, as a time frame of several days was necessary to establish cross-linking.9 However, clinical findings could confirm experimental investigations of the sugar cross-linkers. In patients with diabetes the risk of development of keratoconus lower.10 For the liquid cross-linker–like formaldehyde, a local limited effect could not be guaranteed and, at the end, the photochemical cross-linker remained. Using light for cross-linking was known from dentistry where a dental curing light was applied to harden dental filling material. However, this method did not show a sufficient effect in the transparent cornea. Therefore, a photosensitizer had to be used; riboflavin (vitamin B2) was chosen because it is nontoxic and is the potent producer of oxygen radicals. To reach a good effect, the wavelength of the light was chosen according to the absorption maximum of the riboflavin at 365 nm. At the beginning of the riboflavin-ultraviolet A (UVA) experiments, a mercury bulb lamp with an interference filter and a quartz fiber was used (Figure 1-2). In 2000, light-emitting diodes (LED) in the ultraviolet range with a wavelength of 365 nm were available. With two such UV-LEDs (so-called double diodes), an irradiance of 3 mW/cm2 was reached.

For a better penetration of the riboflavin into the stroma, the epithelium was removed. In the time of PRK, nobody found this unusual. The treatment parameters were tested in animals to check the long-term effect. In 1998, the first keratoconus was treated with corneal cross-linking. Several cell studies regarding the toxic threshold of endothelial cells and keratocytes were performed by Wollensak that were very important for the evaluation of the safety of this method. The first clinical study was published by Wollensak et al11,12 in 2003. The first UV device with CE marking was available 2005 from the company Peschke Trade in cooperation with Institut für Refraktive und Ophthalmo-Chirurgie. In 2005, the 1st International Corneal Cross-Linking Congress was held in Zürich. Thereafter, the CXL method spread worldwide. Some milestones of this development are shown in Table 1-1.11,13-30
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Figure  1-1. (From Left to Right) Dr. Genth, Professor Seiler, Dr. Genth, and Dr. Spoerl at Dresden University.



Parallel to the development of the CXL method and its use in ectatic corneas, it was necessary to determine the biomechanical state of the corneal tissue before corneal refractive surgery (eg PRK, LASIK) and also to observe the therapeutic effect of the CXL procedure in terms of its stabilizing effect on corneal tissue. The development of such biomechanical methods was stimulated by cross-linking research, and several methods were developed (Table 1-2).13,31-36

Standard protocols have shown long-term stability of the corneal topography, which is an indicator for halting of the keratoconus progression.37 The most common use of CXL is the management of ectatic corneal disorders by halting their progression.

Besides the therapeutic use of CXL in progressive ectatic corneal diseases, the procedure is nowadays more often combined with other corneal refractive procedures, eg PRK, LASIK, intracorneal rings to stabilize the cornea or by implantation of phakic intraocular lens. There are ongoing experimental investigations into new applications of the method, like corneal infections or bullous keratopathy, that will be the topic of other chapters in this book.
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Figure  1-2. Mercury bulb lamp with an interference filter and a quartz fiber (first cross-linking device).



TAKE-HOME POINT


	The development of cross-linking technology is an excellent example of the successful and rapid translation of a research idea into a clinical application that has become a global standard of care within only a few years.


Table  1-1.



	
Milestones of the Development of Corneal Cross-Linking





	Year
	Milestones



	1980
	Biomechanical studies at keratoconic corneas (Andreassen, Edmund, Nash)1-3



	1993
	Seiler was appointed as chairman of department of ophthalmology of the University Hospital in Dresden
Research project on the biomechanics of the eye tunic (Spoerl)



	1994
	Aim: Improvement of corneal stability



	1995
	Testing of different cross-linker, GTA, UV light (mercury lamp), riboflavin
Biomechanical evidence of cross-linking effect13



	1996
	Presentation of the first experimental results at ARVO



	1997
	Determination of therapy parameters and testing in living rabbits14



	1998
	First patient was treated with riboflavin and UV light



	1999
	Investigation of changes after CXL (enzymatic resistance)15



	2000
	First UV light-emitting diodes for 370 nm are available



	2002
	Determination of toxic threshold of endothelial cells and keratocytes11,16



	2003
	First clinical study published (Wollensak et al17)



	2004
	First reports about transepithelial CXL (Pinelli, Boxer Wachler)38,39



	2005
	
International Corneal Cross-linking Congress ZÜrich, Switzerland, December 9-10, 2005

First commercial CXL device (Peschke-IROC)

New treatment of keratectasia after LASIK by CXL (Kohlhaas)





	2006
	CXL-induced stromal demarcation line (Seiler)18



	2007
	
Calculation of diffusion of riboflavin (Spoerl)19

CXL by confocal laser scanning microscopy (Mazzotta)20





	2008
	
CXL in endothelial decompensation, bullous keratopathy (Ehlers)21

CXL for infectious keratitis associated with corneal melts (Iseli)22

First randomized controlled trial in Australia (Wittig-Silva)23





	2009
	
Hypoosmolar riboflavin solution for thin corneas (Hafezi)24

Topography-guided PRK and CXL (Kanellopoulous)25





	2010
	
Investigation of the riboflavin film (Wollensak)26

Systematic treatment of keratitis (Makdoumi)27





	2011
	Iontophoresis for riboflavin application (Vinciguerra)28



	2012
	Accelerated CXL AVEDRO (Celik)40



	2013
	CXL is oxygen dependent (Richoz)29



	2014
	Antibacterial efficacy of accelerated photoactivated chromophore for keratitis-corneal cross-linking (PACK-CXL) (Hafezi)30



	2015
	Laser scan device for focal cross-linking





Table  1-2.



	
Evidence of Biomechanical Changes After Corneal Cross-Linking by Several Methods





	Year
	Biomechanical Changes



	1994
	Evidence of CXL effect by uniaxial stress-strain measurements (Spoerl)13



	2009
	Changes after CXL measured by indentation methods31



	2010
	Measurement of corneal changes after CXL using a noninvasive ultrasound system (He)32



	2011
	Scanning acoustic microscopy for mapping the elastic properties of human corneal tissue (Beshtawi)33



	2012
	Monitoring of cornea elastic property changes during UVA/riboflavin-induced CXL using supersonic shear wave imaging34



	2013
	Brillouin microscopy of CXL (Scarcelli)35



	2014
	Evidence of CXL effect by optical coherence elastography36
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Introduction to Corneal Biomechanics

William J. Dupps Jr, MD, PhD

The eye boasts one of nature’s most exquisite relationships between structure and function. The highly sensitive link between corneal shape and retinal image quality is the basis for an entire field of surgical practice and keratorefractive surgery, and is the chief mechanism of vision loss in disorders such as keratoconus and postrefractive surgery ectasia. The cornea’s shape is, in turn, a product of its constitutive elements, their mechanical properties, and a host of biological processes responsible for maintenance, repair, and disease. This chapter briefly introduces the cornea as a biomechanical entity and discusses emerging clinical and research tools for better understanding ectatic disease and its treatment.

CORNEAL STRUCTURE: FOUNDATIONS OF CORNEAL BIOMECHANICAL BEHAVIOR

The cornea is a complex biomechanical composite of fibers and matrix, and its behavior depends on its structural subcomponents and organizational motifs. The stroma and Bowman’s layer are the chief collagenous layers of the cornea and thus provide the majority of the cornea’s tensile strength. The epithelium has a negligible role in this tensile strength due to a lack of any continuous lateral collagenous network. Descemet’s membrane is much more extensible than human stroma over a broad range of intraocular pressures (IOPs)1 and thus contributes little to overall corneal material strength under normal conditions. However, the high extensibility and low brittleness of Descemet’s membrane can provide enough resistance to the IOP to preserve a closed anterior chamber even when the overlying corneal stroma is removed (eg, during deep anterior lamellar keratoplasty). The mechanical role of Bowman’s layer, an 8- to 12-microns (μm)–thick acellular condensation of stroma with more randomly oriented collagen fibrils,2 has been controversial.3,4 Extensiometry studies in normal corneas suggest that the removal of Bowman’s layer does not measurably alter the bulk mechanical properties of the normal cornea.4 However, the biomechanical importance of Bowman’s layer in keratoconus is suggested by its fragmentation in histologic studies and the lack of normal transverse bridging collagen insertions into Bowman’s layer on second-harmonic generation imaging of keratoconic specimens.5

On the basis of weight, the stroma is approximately 78% water, 15% collagen, and 7% noncollagenous proteins, proteoglycans, and salts.6 Hundreds of lamellae run from limbus to limbus and are stacked with angular offsets; this orientation becomes increasingly random in the anterior stroma, where significantly more oblique branching and interweaving are noted.2 Interlamellar branching is also more extensive in the corneal periphery than in its center.7,8 Interweaving of collagen bundles between neighboring lamellae provides a structural mechanism for shear (sliding) resistance,9 sharing of tensile loads between lamellae,10 and distribution of stress across the cornea. In addition, X-ray diffraction studies provide evidence of a predominantly circumferential fibril orientation in the corneal periphery11 that favors conservation of limbal circumferential dimensions, even in ectatic disease.12 Proteoglycans play a critical role in collagen fibril assembly and spacing,13 and their interaction with other proteoglycans and with collagen may be important in the corneal cross-linking mechanism of action.14
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Figure  2-1. Experiments illustrating (A) nonlinear elastic and (B) viscoelastic behavior in a 7-mm, full-thickness horizontal corneal strip from a 63-year-old donor. (A) Progressive stretching of the sample and measurement of the induced load allow calculation of the elastic modulus from the slope of the stress-strain relationship. (B) A second experiment in which a constant displacement is imposed in the same sample demonstrates time-dependent stress relaxation, a viscoelastic property of biological soft tissues.



CORNEAL BIOMECHANICAL PROPERTIES

The mechanical properties of the cornea determine its behavior under the stresses of surgery or disease. The elastic modulus (or Young’s modulus) is of primary interest for understanding and predicting corneal biomechanical behavior in health and disease.15 The elastic modulus is traditionally measured in excised tissue by extensiometry, a technique that measures force generation during steady elongations of the sample in a manner similar to stretching a spring. The slope of stress (force per unit area) over strain (a dimensionless quantity defined by the current length of the sample divided by its starting length) is calculated for a representative portion of the curve, and the modulus is specific to that loading range in nonlinear materials. In the eye, the stress is directly related to the IOP. A high modulus indicates a stiff or low-compliance material. While most biological soft tissues approximate linear elastic behavior over small ranges of stress, their overall elastic behavior is highly nonlinear, and the loading conditions put important constraints on the generalizability of a modulus measurement.

In Figure 2-1A, an example of nonlinear elastic behavior in a donor cornea specimen is presented. Nonlinearity arises from an initially slow uptake of load as the collagen takes up slack, followed by stiffening as maximal fibril recruitment is approached. Plastic responses such as yield and failure occur when a permanent strain is incurred and the material does not recover its original configuration upon unloading. The range of reported values for the elastic modulus of the human cornea spans orders of magnitude.16 Although some biological variability is expected, this variability also reflects measurement variability due to tissue hydration, loading conditions, and removal of the cornea from the native boundary conditions of the intact globe. Inflation experiments in normally hydrated donor globes provide a more physiological alternative to extensiometry17 but do not abrogate the ultimate need for patient-specific in vivo measurement techniques.

An elastic material that elongates in one direction under stress will simultaneously thin in its other dimensions. Poisson’s ratio relates strain in one direction to secondary strain in the transverse direction. Although an out-of-plane/in-plane strain ratio of 0.49 is typically assumed because it approximates the cornea’s fluid-filled, near-incompressible status, interindividual differences in out-of-plane strain behavior could have a direct bearing on stromal thickness in keratoconus or residual stromal bed (RSB) thickness after LASIK.

Viscoelastic properties arise from the time-dependent nature of biomechanical responses and are a feature of all biological soft tissues. These properties can be represented by the phenomena of hysteresis, stress relaxation, and creep. As opposed to the symmetric loading and unloading behavior of purely elastic materials, viscoelastic materials return to their prestress configuration via different stress-strain pathways that depend on loading rates. This discordance between loading and unloading behavior can be partially characterized by hysteresis. Viscoelastic creep is a time-dependent elongation that occurs under a sustained stress (eg, IOP) or repeated stress (eg, the ocular pulse amplitude)18 and may be an important contributor to the mechanics of ectasia.19 Figure 2-1B illustrates a viscoelastic stress relaxation experiment in which the same human cornea described in Figure 2-1B was stretched and then held at a constant length while a slow time-dependent relaxation of the stress in the cornea was measured. As the figure illustrates, viscous behavior accounts for a relatively small portion of the cornea’s overall deformation characteristics over large strains. Accordingly, most engineering models of biological tissues do not incorporate viscous behavior. However, as discussed in the next section, differences in the viscoelastic response to an air puff have been observed between normal and keratoconic corneas that may be useful for diagnosis.

The shear resistance provided by collagen interweaving and other matrix forces may be reflected in metrics such as the interlamellar cohesive strength,8,20 which is greatest near Bowman’s layer and decreases by more than 40% in the posterior stroma.21 Interlamellar cohesive strength appears to increase as a function of age,21 to vary by meridian,20 to be greater in the corneal periphery than in its center,8,20 and to be lower in the inferior periphery than in other corneal quadrants.20 These regional differences in corneal properties help to define the biomechanical equilibrium of a given cornea and are likely to be important in the pathogenesis of ectasia.12,21-23

CLINICAL MEASUREMENT OF CORNEAL BIOMECHANICAL PROPERTIES

Laboratory-based extensiometry provided the first direct evidence of significant deficits in tensile strength in advanced keratoconus explants.24 Such studies suggest a diagnostic role for the elastic modulus and justify efforts to develop nondestructive approaches to measuring corneal elastic properties.

Surface acoustic wave propagation velocity has been investigated as a method for measuring the elastic modulus.25,26 Experiments with a handheld surface wave probe have demonstrated the ability to measure directional and regional stiffness differences in porcine25 and human donor globes,27 corneal stiffness changes with keratotomy, and marked increases in stiffness after glutaraldehydeinduced corneal cross-linking with associated artifactual increases in applanation pressures.25 Signal attenuation in the presence of the precorneal tear film is the primary challenge to clinical implementation, and no commercial version of the device has been released.

The commercially available Ocular Response Analyzer (ORA; Reichert, Inc.) utilizes a high-speed air puff to quantify the dynamics of corneal deformation and recovery, and is primarily approved for the measurement of IOP and corneal hysteresis (CH).28 Figure 2-2 illustrates a typical response waveform. Inward and outgoing applanation events are indicated by the 2 peak intensities of infrared light reflected from the central 3 mm of the specular corneal surface (solid tracing), and the air pressures (dashed tracing) intersecting these 2 applanation events are recorded as P1 (ingoing) and P2 (outgoing). CH is simply the difference between the ingoing (P1) and outgoing (P2) applanation pressures. This difference is always positive in a viscoelastic tissue: pressure is always greater at the first applanation event than at the second due to energy loss and viscous damping. A higher CH indicates a greater capacity for absorption and dissipation of kinetic energy in the tissue. Eyes with more initial resistance to deformation produce a higher CH due, in part, to a delay in applanation relative to the rise and fall of the pressure stimulus. As illustrated in Figure 2-2, this viscous delay shifts the applanation peaks to the right, resulting in a higher P1, a lower P2, and an increased CH. The corneal resistance factor (CRF) is derived from the same dual-applanation signal and is proposed to be a measure of the overall elastic resistance of the cornea. The formula for the CRF is similar to CH but incorporates an empirically determined adjustment factor (k) to P2 (CRF = P1 - kP2). Because this coefficient is less than 1, the CRF is weighted more toward the pressure at the first applanation event, which is related to the resting resistance to deformation, and is weighted less toward the rebound behavior at P2 that is more influenced by viscous properties. The ORA also reports 2 IOP values: the Goldmann-correlated IOP (IOPG) derived from the mean of P1 and P2 and the cornea-compensated IOP (IOPcc). The IOPcc was designed to be less sensitive to corneal biomechanical properties than traditional applanation tonometry and was calibrated empirically to be relatively unaffected by LASIK. IOPcc may offer advantages for IOP measurement in the setting of ectasia, after radial keratotomy and other incisional refractive surgeries, or after cross-linking since corneal biomechanical properties are altered and may contribute to tonometry artifacts.25,29 However, IOPcc was designed to account specifically for post-myopic LASIK measurement artifact and should be extrapolated to other corneal states with caution.

Although designed as a tool for IOP measurement, the ORA is being actively investigated as a tool for characterizing biomechanical abnormalities in keratoconus and ectasia. Both CH and CRF are lower in eyes affected by keratoconus,28 suggesting that viscous damping capacity and overall corneal resistance are reduced in this disease. While the magnitude of this decrease is related to keratoconus severity,30 the greater clinical challenge of distinguishing between normal and low-grade or forme fruste keratoconus is not aided significantly by CH or CRF alone.31 Although the role of CH and CRF in screening refractive surgery candidates for ectasia risk is still investigational, the ORA is the first device to provide the means for widespread clinical biomechanical measurement and provides novel information about biomechanical risk that is largely independent of other screening variables.


[image: art]

Figure  2-2. A typical response waveform for the ORA. Inward and outgoing applanation events are indicated by the 2 peak intensities of reflected infrared light (solid curve). The air pressures (dashed curve) coincident with these 2 applanation events are recorded as P1 and P2. The decrease in pressure between the first and second applanation events (CH) represents the viscoelastic damping capacity and is lower in keratoconus and after corneal refractive surgery.



Current limitations of the ORA include the lack of regional property discrimination and the use of a variable air pulse that is useful for IOP measurement but complicates the comparison of biomechanical variables between eyes. The relationship between ORA variables and classical measurements of corneal elastic modulus has not been established. Also, several studies have demonstrated that CH and CRF are not changed after corneal cross-linking for keratoconus32-34 despite the common expectation that these indicators of biomechanical state should increase after treatment. This expectation reflects an oversimplified understanding of cross-linking effect and presumes that the default variables of the ORA are optimal metrics of treatment effect. The morphology of the infrared signal contains additional information that is not represented by CH or CRF, and significant changes in some waveform-derived variables are noted after cross-linking treatment.35,36 Further analysis of waveform signal features and their diagnostic performance is an active area of current investigation that may improve the sensitivity and specificity of the ORA. The Corvis ST (Oculus) employs a similar air puff perturbation, but does not vary the air puff pressure from measurement to measurement. It captures a two-dimensional (2D) cross-section of the deforming horizontal meridian with a high-speed Scheimpflug camera. Analysis of the deformation characteristics of the cornea from these images provides insight into the infrared signal behavior observed with the ORA and allows more direct inference of mechanical properties than applanation monitoring alone.

Other emerging techniques with the potential for clinical application include interferometric determinations of apical displacement during IOP changes,37 corneal optical coherence elastography (Figure 2-3),38,39 and Brillouin scattering microscopy.40,41 To varying degrees, these approaches offer the potential for more comprehensive spatial characterization of properties, a feature that may be helpful in differentiating early keratoconus and informing patient-specific predictive models as described later in this chapter. Because different combinations of perturbations and imaging modalities interrogate different aspects of the ocular biomechanical state, investigators will need to determine which measures are best suited to a particular clinical question.


[image: art]

Figure  2-3. Optical coherence elastography strain map from a keratoconic button obtained on an artificial anterior chamber showing greatest strain in the region corresponding to the topographic cone (A). This technique38 utilizes dynamic tracking of 3D, stress-induced stromal displacements for high-resolution spatial characterization of corneal material properties.



BIOMECHANICAL RESPONSE TO CORNEAL REFRACTIVE SURGERY

Several forces contribute to the preoperative biomechanical steady state, and these undergo disruptions during corneal surgery (Figure 2-4).10,42 The hydrophilic stromal glycosaminoglycans contribute to a negative fluid pressure of 50 to 60 mm Hg, under which the entire stroma is compressed.43 The IOP manifests in the cornea as a distributed, outward radial force and as lamellar tension,6 and both manifestations resist stromal swelling by compressing the proteoglycan matrix. The swelling pressure is also balanced by tear film evaporation, the epithelial and endothelial barriers, and active endothelial transport. Cohesive forces between lamellae provide further resistance to expansion of the interfibrillar space during swelling, and their greater relative strength in the peripheral and superior cornea may have implications for the inferocentral predilection of keratoconus20 and induced higher-order aberrations after excimer laser ablation and flap creation.

During photorefractive keratectomy (PRK), phototherapeutic keratectomy (PTK), LASIK, and other procedures involving central tissue disruption, an immediate circumferential severing of corneal lamellae is produced. In simple elastic shell models of corneal biomechanics with the assumption that the limbus is a fixed boundary condition, the radial force of IOP results in forward herniation and corneal steepening with any amount of ablation.44 This model fails to predict the hyperopic effects of tissue removal observed with flap creation and PTK, however. Disruption of collagen lamellae relaxes lamellar tension, which decreases local resistance to swelling and results in peripheral stromal thickening.10 Peripheral stromal thickening and limbal rotation owing to lamellar disruption generate centripetal stress in the remaining lamellae. These forces cause central flattening and hyperopic shift (Figure 2-4). This mechanically mediated flattening response, which is exemplified by the phenomenon of hyperopic shift after PTK,10,45 dominates over a central steepening tendency when ablation is limited to the anterior stroma. Deeper insults, however, result in a subsequent shift toward corneal steepening.46-48 The biomechanical properties of the RSB undoubtedly vary from eye to eye and influence the depth at which central corneal flattening is overcome by steepening effects and, eventually, ectasia.48
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Figure  2-4. Biomechanical forces in the cornea and changes associated with disruption of stromal collagen in ablative corneal refractive surgery.



Clinical risk factors for post-LASIK ectasia include young age—probably a surrogate for corneal elastic strength, which normally increases in an age-dependent manner49—high myopic ablation, topographic abnormalities, and low RSB thickness.50 While a lower limit of 250 to 300 μm has been recommended for the RSB thickness,51 this recommendation does not take into account biomechanical properties, which can and often do vary independently of corneal thickness. The fact that corneal thickness and corneal biomechanical properties can vary independently is supported by observations of keratoconus in some eyes with normal-range corneal thickness52 and by the long-term stability of many corneas with RSB thicknesses less than 250 μm.
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Figure  2-5. An example of a finite element model mesh used to study the biomechanical impact of LASIK in geometrically identical models with different corneal material properties (Reprinted with permission from Roy AS, Dupps WJ Jr. Effects of altered corneal stiffness on native and postoperative LASIK corneal biomechanical behavior: a whole-eye finite element analysis. J Refract Surg. 2009;25:875-887.)



LASIK is a more complex biomechanical insult than surface ablation, and the effect of adding a flap is additive to the effects of photoablation. The maximum depth of the lamellar disruption, a concept introduced in 1995 to quantify the three-dimensional (3D) impact of incisional or ablative refractive surgery,53 is greater than for a comparable surface ablation procedure and will alter the balance between central flattening and steepening effects. Deeper ablations into the posterior stroma in LASIK redistribute stress to the portions of the cornea with lower keratocyte density, less collagen interweaving, and a lower ratio of collagen to fluid. The meniscus-shaped flap produced by some mechanical microkeratomes disrupts more lamellae than a planar flap with equivalent central corneal thickness, possibly inducing greater biomechanical alterations to corneal shape.54 Thinner LASIK flaps, often facilitated with a femtosecond laser, may provide biomechanical advantages over thicker LASIK flaps by minimizing the maximum depth of lamellar disruption. The rarity of ectasia after surface ablation suggests that there are significant biomechanical advantages to avoiding the biomechanical effects of flap creation, especially when one considers the selection bias toward surface ablation in eyes with thinner corneas with less regular corneal topography. The distribution of the ablation is also an important variable in ectasia risk. Myopic treatments selectively weaken the central cornea—the thinnest region of the cornea—whereas hyperopic treatments involve a more distributed ablation of the thicker paracentral cornea. A comparison of changes in CH and CRF in myopic and hyperopic LASIK procedures with comparable ablation volumes and flap dimensions have demonstrated greater changes in the myopic LASIK group55 and is consistent with the observation that ectasia is much more rare after hyperopic LASIK than myopic LASIK.56

CLINICAL INFERENCES FROM COMPUTATIONAL MODELING OF KERATOCONUS AND CORNEAL CROSS-LINKING

In the setting of corneal cross-linking, the goals of corneal modeling include understanding the mechanisms of keratoconus progression and developing an accurate simulation engine for ectasia risk assessment and optimization of cross-linking treatments. One approach to studying complex structures like the cornea is the finite element (FE) method. The cornea and surrounding structures can be represented as a mesh of smaller geometric elements with assigned material properties, and the local stress-strain responses to a simulated structural change are obtained iteratively from node to node until the new geometry, stresses, and strains for the entire structure are obtained. The predictive value of any model depends on the validity of input and assumptions, and progress in high-resolution anterior segment imaging has enabled major gains in the ability to accurately measure corneal geometry for such models.

FE analysis has been used to simulate surgical results in radial keratotomy, astigmatic keratotomy, PTK, PRK, and LASIK, and most germane to the current topic, the impact of biomechanical alterations in keratoconus.57-59 In a 2D whole-eye FE analysis of LASIK, Roy and Dupps48 evaluated the sensitivity of myopic LASIK outcomes to variations in corneal elastic strength across a range of material properties. Two FE models that were identical in every respect except corneal material strength were subjected to simulated myopic LASIK procedures from 2D to 8D of attempted correction (Figure 2-5).48 In a stiffer cornea, a central corneal flattening effect was observed in addition to the geometric effect of the programmed ablation profile that favored mild overcorrection. In a weaker cornea, biomechanical steepening occurred that offset the intended myopic correction and resulted in undercorrection. The degree of undercorrection increased with higher attempted corrections and with increasing IOP. Central anterior chamber depth (ACD) increased after LASIK in both cases, but the increase after LASIK was greater in the weaker cornea; ACD increased further with elevated IOP in the weak cornea and decreased with elevated IOP in the stiffer cornea.48 These results are a clear demonstration that topographically identical corneas with disparate corneal biomechanical properties behave differently and that weaker corneas have a tendency toward forward corneal displacement and undercorrection. This is a crucial clinical point given that undercorrection often leads to LASIK enhancement, an identified clinical risk factor for ectasia.60 The results also provide a biomechanical explanation for the tendency toward overcorrection in older patients with presumably stiffer corneal properties in LASIK and incisional keratotomy. Finally, this study also offered the first biomechanical explanation for the phenomenon of corneal flattening after corneal cross-linking first observed by Wollensak et al61 and observed in most subsequent clinical series. In short, the net effect of corneal stiffening is to redirect IOP-mediated strain away from the center of the stiffened zone and toward the limbus, which results in central flattening.
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Figure  2-6. Patient-specific finite element analysis of progression of keratoconus simulated by progressive elastic weakening of the cornea. (Reprinted with permission from Roy AS, Dupps WJ Jr. Patient-specific computational modeling of keratoconus progression and differential responses to collagen cross-linking. Invest Ophthalmol Vis Sci. 2011;52:9174-9187.)



In a subsequent study, the model was expanded to 3D, and corneal geometries were generated directly from clinical tomograms.62 In one modeling experiment, a zone of relative material weakness was simulated with its center at the steepest anterior point of the less affected, topographically normal cornea of a patient with highly asymmetric keratoconus. The local hyperelastic properties of the cornea were then decreased in a stepwise fashion to a level consistent with prior studies of elastic modulus reductions in keratoconic transplant buttons.24 Figure 2-6 illustrates the progressive appearance of a topographic cone with a nonlinear increase in keratometric curvature of over 14 dimensions with a 45% reduction in focal material properties.62 The exponential increase in corneal curvature exhibited by the model cornea between 30% and 45%24 weakening points to the clinical importance of early stabilization with cross-linking and the potential value of focal biomechanical property measurements in predicting progression and determining optimal timing for treatment. Although topographic progression was enhanced by including modest reductions in corneal thickness in the model, focal elastic weakening was a powerful independent driver of keratoconus progression and most likely represents the common final pathway through which the biological and ultrastructural features of the disease interact to produce the topographic characteristics of keratoconus. This hypothesis was tested in follow-up donor eye experiments in which focal collagenase exposure produced topographic steepening without any reduction in corneal thickness.63,64 Simulated progression occurred without significant changes in surface area, which is more consistent with “warpage” or curvature redistribution than large-scale corneal stretching (true ectasia)22 in mild and moderate grade disease.

In the previously cited report, corneal cross-linking was modeled in corneal geometries obtained from additional patients with keratoconus to assess the role of key treatment variables in affecting corneal curvature change.62 With a standard 9-mm treatment diameter, a 200-μm effective stiffening depth, and an ultraviolet (UV) A exposure pattern with a standard energy distribution, reductions in curvature were similar to those reported in clinical series (1- to 2D). Much greater reductions in cone steepness were achieved by simulating smaller, cone-centered treatment strategies (Figure 2-7).62 Topographic flattening of the cone was also enhanced by reducing IOP and increasing the effective stiffening depth, where the latter factor is influenced in practice by the presence of epithelium and other variables. As has been noted clinically,65 the flattening response of central and eccentric cones differed in simulations. The apparent absence of keratometric flattening in some eccentric cones may be explained by cross-linking– conferred resistance to compensatory steepening in the superior cornea after broad-zone treatments that inhibit flattening of the inferior cornea. Such corneas exhibited greater reductions in curvature and higher-order aberrations with a decentered, cone-localized, cross-linking pattern62 and suggest the value of cross-linking treatments that account for specific keratoconic geometries and spatial property distributions.

These studies demonstrate the utility of patient-specific modeling for better understanding mechanisms and risk factors in ectasia and for driving rational changes to our approach to cross-linking. Corneal ectasia and its treatment with corneal cross-linking represent an unprecedented opportunity for simulation-based medicine due the exquisite link between corneal structure, biomechanics and vision, and the high level of pattern and dose customization that UV-mediated cross-linking can provide. Major advances in the clinical translation of these concepts are now being realized.
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Figure  2-7. Patient-specific finite element analysis comparing the topographic effects of (A) a standard 9-mm corneal cross-linking treatment, (B) a more graduated UV treatment profile with a smaller effective diameter, and (C) a graduated treatment centered at the cone location. The lower tangential curvature maps (D-F) show the change from pre– to post-cross-linking state. Topographic flattening was greatest with the cone-centered simulation. (Reprinted with permission from Roy AS, Dupps WJ Jr. Patient-specific computational modeling of keratoconus progression and differential responses to collagen cross-linking. Invest Ophthalmol Vis Sci. 2011;52:9174-9187.)



TAKE-HOME POINTS


	Corneal biomechanical interactions are key drivers in the development of keratoconus and postoperative ectasia, outcomes in refractive surgery, and the topographic response to cross-linking.

	Advances in biomechanical measurement and patient-specific modeling have the potential to enhance early keratoconus diagnosis; enable personalized, procedure-specific ectasia risk assessment through simulation; and optimize cross-linking treatments for maximal topographic regression of disease.
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Fundamental Principles of Corneal Cross-Linking

Gregor Wollensak, MD

BASIC PRINCIPLES AND EFFECTS OF CORNEAL CROSS-LINKING

Corneal cross-linking (CXL) treatment of progressive keratoconus using the photosensitzer riboflavin and ultraviolet A (UVA) light was introduced by Wollensak et al1,2 in 2003 based on the early in vitro investigations by Spoerl et al3 on cross-linking porcine cornea. Similar studies had been performed before on collagen gels by Milne and Zika, screening various chemical and physical cross-linking methods.4 The cross-linking approach was chosen because a decrease in tensile strength of keratoconic corneas by approximately 36% had been described before.5 The new treatment enables the biomechanical stiffening of the human cornea by up to 300% and a significant increase in its biochemical resistance to collagenase digestion.6,7 CXL has proven to be clinically successful around the world, entering mainstream use. New applications are also being tested.

Basic Principle of Riboflavin/UVA Cross-Linking

Cross-linking in general is the creation of chemical bonds between large molecules, such as proteins, inducing a polymerization effect. It is a widespread principle for hardening and preserving material and was, for example, already being used for the preservation of the Egyptian mummies approximately 3000 years ago.2,8 Physical cross-linking by ultraviolet (UV) light is used in dentistry to harden filling materials and in the automobile industry to stabilize lacquer. Chemical cross-linking is performed in the polymerization process of contact or intraocular lens materials for the preparation of bioprostheses such as prosthetic heart valves or pericardium to enhance its durability, resistance to enzymatic degradation, and reduction in its immunogenicity, and in pathology for the preservation of tissue specimens by glutar- or formaldehyde.

Cross-linking of crystallin proteins causes cataracts, leading to hardening, yellow discoloration, and loss of transparency of the lens.9 During the aging process, both enzymatic cross-linking by lysyloxidase and nonenzymatic cross-linking by glycation can occur, hardening arterial walls and stiffening joints.10-12 In patients with diabetes mellitus, nonenzymatic cross-linking by the Maillard reaction leads to the formation of so-called advanced glycation end-products (AGEs) with increased fluorescence.11,12

In CXL, photooxidative cross-linking by UVA is intensified and multiplied with the help of the photosensitizer riboflavin4,13 (vitamin B2) and UVA light of 370-nm wavelength, which is an absorption peak of riboflavin.2 In contrast to chemical cross-linking with aliphatic β-nitro alcohols14 or genipin, the effect of photooxidative cross-linking can be spatially restricted so that cross-linking of adjacent or deeper structures can be avoided.

Riboflavin-5´-phosphate is a small, water-soluble molecule with a molecular weight of 376.40 g/mol. It consists of a characteristic isoalloxazine ring system, which is responsible for its yellow color and photosensitizing properties, plus a ribityl side chain. The absorption peak at 370 nm was chosen (Figure 3-1) because of the high cross-linking efficiency at this wavelength and the blue light hazard for the retina at the 436 nm peak (blue light).2 The absorption coefficient of riboflavin increases linearly up to a 0.5% riboflavin concentration.15
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Figure  3-1. Absorption spectrum of riboflavin. (Reprinted with permission from Wollensak G. Corneal collagen cross-linking: new horizons. Exp Rev Ophthalmol. 2010;5(2):201-215; www.tandfonline.com.)



A 0.1% solution of riboflavin-5´-phosphate with 20% dextran T-500 in physiologic saline has been found useful in standard CXL. In the corneal stroma, a gradient of moderately decreasing riboflavin concentration toward the deeper layers is present in CXL.16 Due to its photosensitivity, riboflavin can be decomposed by light to lumiflavin and lumichrome in a rather short time. Therefore, it should be stored in a dark container.

In photooxidative cross-linking, anaerobic type I and aerobic type II photochemical reaction types (Figure 3-2) are differentiated depending on the amount of oxygen available during the reaction.17 In the avascular cornea, atmospheric oxygen is supplied transcorneally, leading to a characteristic transcorneal oxygen tension gradient.18 In CXL, a mixture of both type I and type II photochemical reactions occur.19 The photosensitizer riboflavin arbsorbs the UVA energy and is excited into its so-called triplet state (3Rf*), with an electron lifted to a higher orbital. The lifetime of the triplet state is up to 1 second. In the anaerobic type I photochemical reaction pathway, the triplet riboflavin reacts directly with the collagen proteins, transferring an electron and creating substrate and free radicals such as superoxide anion (O2-) leading to hydrogen (H2O2) and hydroxyl radicals (OH). In the aerobic type II photochemical reaction pathway, the triplet riboflavin reacts with ground state molecular oxygen, producing singlet oxygen (1O2) or, to a lesser degree, superoxide anions (O2-; Figure 3-2). These reactive oxygen species can react further with collagen molecules, inducing chemical covalent bonds between collagen molecules and proteoglycans such as adding steps to a ladder. The chemical reaction does not produce heat.20 Cross-linking can harden a tissue but also damage viable cells when the cellular antioxidant defense system, including antioxidants such as superoxide dismutase, catalase, and glutathione peroxidase, is overwhelmed.21


[image: art]

Figure  3-2. The principle of corneal photooxidative cross-linking; 3Rf* = excited riboflavin triplet state; 1O2 = singlet oxygen; O2- = superoxide anion.



BASIC EFFECTS OF CORNEAL CROSS-LINKING

Biomechanical Stiffening

A biomechanical stiffening effect by CXL has been shown by various methods. Using a microcomputer-controlled biomaterial testing machine, biomechanical stress-strain measurements showed an impressive increase in corneal stress (at 8% strain) by 71.9% in porcine and 328.9% in human corneas, and Young´s modulus by the factor 1.8 in porcine and 4.5 in human corneas after cross-linking in a 2003 study.6 A long-term effect of riboflavin/UVA cross-linking has also been observed in rabbit experiments, where a constant and significant increase in Young´s modulus by 78.4% to 87.4% was reported over a period of 8 months.22 Remarkably, cross-linking for a longer period of time (60 minutes vs 30 minutes) resulted in a loss of the increase of biomechanical rigidity in porcine eyes.23 The cross-linking effect was found to be maximal only in the anterior 300 microns (μm) by strip extensometry.24 Similarly, the shear moduli at 5% axial compression were found to be 0.48 kilopascals (kPa) in the anterior and only 0.33 kPa in the posterior stroma of cross-linked porcine cornea.25 Using Brillouin microscopy with cross-sectional Brillouin images, the Brillouin modulus was also found to be depth-dependent in ex vivo porcine eyes, with most of the mechanical changes concentrated in the anterior portion of the cornea. This phenomenon is explained by the gradient of riboflavin diffusion along depth16 and the diminished UVA energy delivered to deeper layers of the cornea due to UVA absorption by riboflavin in the anterior cornea.26 Using supersonic shear wave imaging in vivo, with an ultrasonic stimulus inducing a transient shear wave paropagation in the cornea, quantitative maps of corneal stiffness by an ultrafast ultrasound scanner clearly depicted the cross-linked area in pig eyes.27 CXL resulted in a 56% increase of the shear wave speed due to increased corneal stiffness. Similarly, after CXL, the surface wave velocity was increased from 90.87 m/s to 109.2 m/s by 20.17% in porcine eyes, demonstrating increased rigidity.28 Using whole globe inflation testing of porcine eyes, an increase in Young´s modulus by the factor 1.58 could be deduced after CXL.29 In collagen hydrogels, an increase in Young´s modulus by 20% was measured using an indentation technique.30 Even at the nano level, an increase in Young´s modulus by up to 1.5 times was measured after CXL in human eye bank donor corneas using atomic force microscopy and silicon cantilevers with a tip radius of 10 nm for indentation.31 Interestingly, interlamellar cohesive force was measured to be not increased after cross-linking, highlighting that CXL only has an effect on intra- and interfibrillar—but not interlamellar—cohesion (Figure 3-3).32


[image: art]

Figure  3-3. Measurement of interlamellar cohesion in a porcine corneal strip after CXL using a biomaterial extensometer (Minimat [Rheometric Scientific]).



Thermostability

CXL increases collagen shrinkage temperature. In thermomechanical experiments with porcine corneas, the maximal hydrothermal shrinkage temperature was found to be only 70°C for the untreated controls, 75°C for the corneas that were cross-linked with riboflavin and UVA (Figure 3-4), and 90°C for corneas that were cross-linked with glutaraldehyde, demonstrating the dependence of the shrinkage temperature on the high degree of cross-linking in CXL. The heat-dependent denaturation of non–cross-linked collagen could be nicely demonstrated by the loss of birefringence in histologic sections (Figure 3-4).33
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Figure  3-4. Mushroom-shaped cornea at 70°C with anterior well-preserved collagen fibers and shrunken homogenized fibers in the posterior portion with loss of birefringence (x 40). Inset higher magnification (x 200). (Reprinted with permission from Spoerl E, Wollensak G, Dittert DD, Seiler T. Thermomechanical behavior of collagen-cross-linked porcine cornea. Ophthalmologica. 2004;218(2):136-140.)



Biochemical Effects

A variety of biochemical elements impact the efficacy of CXL. Using gel electrophoresis, an intense collagen type I polymer band of a molecular weight of at least 1000 kilodaltons (kDa), has been identified in porcine eyes after CXL, demonstrating the cross-linking efficiency of CXL on collagen α and β chains (Figure 3-5).34 In rabbit eyes, the important role of singlet oxygen, which is typical for the type II aerobic photochemical reaction (see Figure 3-2), was demonstrated by McCall and colleagues.35 It was shown that the biomechanical effect of riboflavin/UVA cross-linking in rabbit corneas was reduced to an increase by only 20.8% vs 67% by standard CXL, blocking singlet oxygen with sodium azide. Concurrently, the biomechanical cross-linking effect was enhanced by 145.26% vs 67% by standard CXL after adding deuterium oxide (D2O), by which the half-life of singlet oxygen is increased. On the other hand, there still was a biomechanical effect even after blocking singlet oxygen, so that the anaerobic type I photochemical reaction also seems to contribute to CXL.

After capping carbonyl groups with hydroxylamine or 2,4-dinitrophenylhydrazine (DNPH), the increase in biomechanical rigidity was only 28.4% or 36%; after cross-linking and blocking amine groups with ethyl acetimidate, the increase in biomechanical rigidity was only 23% compared with 67% after classic CXL. Therefore, both carbonyl and amine groups, such as histidine, hydroxylysine, or tyrosine, seem to be involved in the cross-links.35 Brummer and colleagues36 found that AGE inhibitors significantly diminished cross-linking as detected by both tensile strength measurements and gel electrophoresis. The data suggest that CXL is carbonyl-dependent and also involves the formation of AGE cross-links.36 In earlier studies, the formation of dityrosine bonds was shown under anaerobic conditions using the riboflavin/UVA system.37 Using a 50-μm–thin needle-type oxygen microsensor, a rapid depletion of intrastromal oxygen was measured in porcine eyes 15 seconds after the start of the UVA irradiation, suggesting a major role of the type I anaerobic reaction in CXL.18 In terms of the proteoglycans, Zhang and colleagues38 demonstrated the cross-linking of collagen molecules among themselves and also proteoglycan core proteins among themselves, together with limited linkages between collagen and the proteoglycan core proteins keratocan, lumican, mimecan, and decorin so that a cross-linking effect on proteoglycans seems to be present as well.
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Figure  3-5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of corneal collagen type I. Lanes 1 and 2, controls; lanes 3 and 4, cross-linked samples with an extra polymer band of high molecular weight with an arrow. (Reprinted with permission from Wollensak G, Redl B. Gel electrophoretic analysis of corneal collagen after photodynamic cross-linking treatment. Cornea. 2008;27(3):353-356.)



In cross-linked porcine eyes, a markedly increased resistance against collagenase digestion was described with a 15-day digestion time in the cross-linked samples compared with 6 days in the untreated controls.7 This effect was stronger in the anterior half of the cornea. The antiproteolytic effect may be of importance in keratoconus because increased expression of collagenolytic matrix metalloproteinases has been shown in keratoconus.39 Concurrently, a protective effect of CXL was observed in rabbits following alkali burn with sodium hydroxide solution.

Effects on Corneal Permeability

CXL reduces corneal permeability. In an ex vivo assay, a significant reduction in fluorescein solute permeability in rabbit eyes was measured with a lower mean permeability coefficient of 2.42 × 10-7 in the CXL group vs 3.73 × 17-7 in the control group.40 In human eyes, however, no significant impact of CXL on the corneal penetration of pilocarpine eye drops was described.41 Overall, the reduced corneal permeability is not really of great clinical significance because most ophthalmic eye drops are of relatively small molecular size and their main barrier is the epithelium.

Anti-Hydration Effects

CXL reduces the potential for corneal stromal hydration in the most cross-linked regions. In hydration studies of porcine corneas, Wollensak and colleagues42 found a remarkably strong anti-hydration effect, identifying an intensely cross-linked anterior zone of 242 μm with no edematous swelling; a second, only partially cross-linked intermediate zone with a hydration factor of 2.2 and a thickness of 109 μm; and a third posterior non–cross-linked zone of 501 μm with a hydration factor of 2.7. The influx of water is prevented due to the interfibrillar cross-links. In human keratoplasty buttons, an increased compaction of the anterior collagen fiber zone could be demonstrated histologically after CXL in corneas with bullous keratopathy.

Anti-Infectious Effects

CXL may have significant efficacy in preventing and treating corneal infections through a variety of mechanisms. In an extensive in vitro study by Martins and colleagues,43 the antimicrobial efficiency of riboflavin/UVA was shown on Mueller-Hinton agar plates against a variety of bacteria, including Staphylococcus aureus, Pseudomonas aeruginosa, and Streptococcus pneumoniae, that had been isolated from cases with keratitis.

CORNEAL REMODELING RESPONSES AFTER CORNEAL CROSS-LINKING

In rabbits treated with riboflavin and variable UVA irradiances ranging from 0.75 to 4 mW/cm2, a delayed type of apoptosis of keratocytes (Figure 3-6) was found down to a variable stromal depth 24 hours postoperatively, depending on the chosen surface irradiance. With the standard surface irradiance of 3 mW/cm2, apoptosis of keratocytes was present down to a depth of 300 μm (Figure 3-7).44 The keratocyte apoptosis is followed by lacunar edema in the positions of the anterior apoptotic keratocytes due to entrapped edema (Figure 3-6).45 A cytotoxic UVA irradiance level for keratocytes of approximately 0.5 mW/cm2 could be calculated based on histologic and in vitro keratocyte cell culture studies. Repopulation by invading keratocytes is completed after 1 to 3 months.46 As for the corneal endothelium, in both rabbit in vivo and porcine cell culture experiments, the cytotoxic level for endothelium was found to be approximately 0.36 mW/cm2 (0.65 J/cm2), which could be reached in human corneas with a stromal thickness of less than 400 μm with the CXL standard treatment parameters.47,48 In the rabbit, early degeneration of the stromal nerves in the treatment area within the first 3 postoperative days and the start of nerve regeneration 7 days postoperatively could be nicely shown using acetylcholinesterase staining.49
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Figure  3-6. Honeycomb hydration pattern of lacunar edema entrapped around apoptotic and fragmented keratocytes (arrow) in the central rabbit cornea 3 days after cross-linking. (Reprinted with permission from Wollensak G, Herbst H. Significance of the lacunar hydration pattern after corneal crosslinking. Cornea. 2010;29(8):899-903.)



In both rabbit and human eyes, in vivo confocal microscopy studies on wound healing after CXL have confirmed the earlier histologic rabbit studies.50-52 In human eyes, re-epithelializaton was complete after 5 days; early regeneration of the subepithelial nerve plexus was visible after 1 month; and initial keratocyte apoptosis and honeycomb-like and diffuse edema were present down to approximately 320 to 350 μm. Keratocyte repopulation and absence of edema were found 3 months after CXL in humans. The endothelium was unchanged.50,51

MORPHOLOGIC CHANGES AFTER CORNEAL CROSS-LINKING

In the anterior stroma of rabbit corneas treated with riboflavin and UVA, the collagen fiber diameter was significantly increased by 12.2% (3.96 nm), and in the posterior stroma by only 4.6% (1.63 nm), demonstrating the effect of intrafibrillar cross-links.53 Similar changes have been reported in the cornea and other tissues due to age-related or diabetes mellitus–related corneal cross-linking.54,55 Using immunofluorescence staining with anticollagen type I, increased tissue compaction of the anterior collagen fibrils could be nicely demonstrated in porcine eyes.56 Increased autofluorescence of cross-linked collagen, with a characteristic peak at 425 nm, was noted in cross-linked rabbit corneas with the help of 2-photon microscopy while the fluorescence of riboflavin alone peaked at 521 nm.57 On slit lamp or Scheimpflug, and especially anterior segment optical coherence tomography examinations, an anterior stromal haze with a posterior demarcation line can be found, causing some early postoperative glare in vision after CXL. Histologically, the haze seems to be mainly due to light scattering by the postoperative lacunar edema around the apoptotic keratocytes (Figure 3-6).45 On confocal microscopy, the posterior demarcation line is represented by hyperreflective linear structures that are related to activated keratocytes. Using Scheimpflug densitometry58 or anterior segment optical coherence tomography examinations,59 clinical studies have shown the gradual disappearance of the anterior haze and demarcation by itself after 3 to 6 months.
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Figure  3-7. Characteristic anterior stromal cross-linking distribution after CXL down to 300 μm with less impact in the periphery due to the corresponding UVA beam profile.



CORNEAL CROSS-LINKING SAFETY CONSIDERATIONS

In CXL, riboflavin has the dual role of acting as a photosensitizer for UVA in the photooxidation process and shielding the posterior ocular structures from detrimental UVA effects. UV light in general represents a potential danger to the human eye; however, most UV-induced corneal damage, such as sunburns or photokeratitis, is caused by UVB light. In the cornea, UVB light (290 to 320 nm) is mainly absorbed by the corneal epithelium, as can be seen in snow blindness. However, UVA radiation is largely transmitted by the untreated cornea but strongly absorbed by the lens, which protects the retina from the UVA in the ambient environment.60

Interestingly, the safety of the surgeon performing CXL has also been evaluated. The UVA irradiance reaching the surgeon´s eye was measured to be only 3.4 × 10-11 mW/cm2. Gown, rubber gloves, and UV-protective glasses had a dampening effect of approximately 95% to 99%.61

TAKE-HOME POINTS


	CXL using riboflavin and UVA significantly increases corneal tensile strength and biochemical resistance to collagenase digestion.

	CXL has multiple effects in the anterior cornea, including biomechanical stiffening, increased resistance to proteolysis, thermostability, reduced corneal permeability, anti-hydration and anti-infectious effects.

	CXL stimulates significant corneal remodeling and has been shown to be both safe and effective in halting corneal ectatic processes.
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Riboflavin, Ultraviolet Light, and the Photochemical Reaction

Arie L. Marcovich, MD, PhD, and Alexander Brandis, PhD

The rationale for stiffening of the cornea to arrest the progression of keratoconus came from the observation that, with aging, keratoconus progression is slowing down, and keratoconus is rare in patients with juvenile diabetes, probably due to naturally occurring cross-linking and the resulting stiffening of the collagenous tissue.1-3 To produce stiffening of the corneal tissue, a method of cross-linking via photodynamic effect was established4,5 using riboflavin (RF) and ultraviolet A (UVA).

Photodynamic therapy (PDT) is based on the excitation of nontoxic light-sensitive compounds (photosensitizers) with light that leads to the production of toxic active radicals. These radicals cause a therapeutic effect (ie, destroy cells and microorganisms6-8) or induce tissue alterations (ie, blood stasis,9,10 corneal stiffening). The main components of PDT, which will be discussed in the following sections, are photosensitizer, light, and, in most scenarios, oxygen (Figure 4-1).

PHOTOSENSITIZER

RF was chosen as a photosensitizer due to its nontoxic nature (vitamin B2). Mostly a water-soluble derivative, riboflavin-5’-phosphate is used in RF/UVA cross-linking treatment (Figure 4-2). It absorbs maximally in blue (445 nm) and UVA (373 nm) light, and has a green fluorescence upon excitation by UVA or blue light at 534 nm.11 Because of limited availability of light-emitting diodes at that specific wavelength, the first devices used a wavelength of 365 nm.12

LIGHT

Irradiation with more energetically strong UVA photons achieves a greater corneal cross-linking (CXL) effect; thus, 365 nm was chosen for the CXL.4,13 However, blue light (430 to 445 nm) can be also effective in cross-linking with RF14 while providing higher penetration depth.

OXYGEN

Oxygen plays a major role in most PDT treatments.15 Reactive oxygen species (ROS) formed via RF photoactivation are responsible for CXL tissue stiffening.15-17

The availability of these 3 components of PDT determines the efficiency of the CXL. Corneal strengthening is conditioned by the concentration of each component in the stroma. Corneal penetration of RF is associated with the depth of CXL. Demarcation line,18 probably indicating CXL extent, was deeper after epithelium-off (300 μm) than after epithelium-on (100 μm) RF/UVA treatment.19,20

UVA in sufficient energy is needed for effective CXL. However, its deep penetration may cause endothelial damage. Transmitted UV energy is attenuated by RF concentration that acts both as a photosensitizer and UVA filter.21,22 To shorten irradiation time for RF/UVA CXL, considerations were made based on one of the fundamental laws of photochemistry, the Bunsen-Roscoe law of reciprocity.

Oxygen is a key factor in the biomechanical increase after CXL.15 Shortening of the irradiation time should take into account the supply of oxygen for efficient photosensitization process. The intact epithelium also acts as a barrier to rapid oxygen diffusion into the corneal stroma and results in suboptimal cross-linking. Experimental studies have shown a significantly decreased stiffening effect with increasing UVA intensity from 3 to 18 mW/cm2 and corresponding reduced irradiation times.23 However, recent clinical reports demonstrated therapeutic efficacy and safety at 30 mW/cm2 for 3-minute irradiation.24
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Figure  4-1. Main components of photodynamic therapy: photosensitizer (RF), UVA light (365 nm), and molecular oxygen. The availability of these 3 components determines the efficiency of the cross-linking.



There are 2 types of radical formation: type I and type II (Figure 4-3)15. Type I is an electron transfer, whereby the excited photosensitizer donates or abstracts electron(s). In type I reaction, the excited RF passes electron(s) to surrounding oxygen molecules, generating sequentially superoxide, hydrogen peroxide, and hydroxyl radicals. In the absence of oxygen, the excited RF can reduce/oxidize another substrate (depending on reduction-oxidation reaction potentials of the both RF and the substrate), forming substrate cation or anion radicals. Type II is an energy transfer, whereby the photosensitizer directly passes its excitation energy. By type II mechanism, RF excites molecular oxygen into reactive singlet oxygen.25 Apparently, both type I and type II photoreaction products are participating.

Overall, the distribution of ROS formed in a particular RF photosensitized system depends on the availability of oxygen, the concentration of RF, and the presence of other oxidizable reactants (or quenchers). Even in the absence of oxygen, RF can initiate photooxidation of amines or amino acids (Figure 4-4A).26 The concentrations of RF and oxygen in depth of the corneal stroma before and during irradiation are important, since they influence the amount and ratio of ROS production. ROS levels can change during the photo session, with concomitant depletion of RF and/or oxygen.

Apparently, both type I and type II photoreaction products are participating in RF/UVA treatments.15,17 Spin trapping technique in combination with electron spin resonance spectroscopy was used to demonstrate oxygen-dependent generation of singlet oxygen and hydroxyl radicals by the UVA irradiation of RF.27,28 Molecular oxygen is stepwise reduced via the superoxide radical anion (O2•-) to H2O2 as a necessary intermediate toward •OH formation (Figure 4-3).28 Direct photochemical cleavage of H2O2 into 2 OH radicals is also possible under UV irradiation.28 Formation of OH radicals from H2O2 can be enforced via addition of transition metal ion, such as ferrous (Fe2+) and cuprous (Cu+; Fenton reaction).28,29
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Figure  4-2. Structural formula of water-soluble riboflavin-5’-phosphate (molecular weight, 456 Da) used in RF/UVA cross-linking treatment.



In the presence of oxygen, RF is irreversibly decomposed by light to form lumichrome, potentially lumiflavin, 2,3-butanedione, and other degradation products, depending on the reaction conditions.11,25 Some of these products can act as photosensitizers with different excitation peaks.30 This finding may explain the stronger effect of CXL when sunlight was compared with UVA (365 nm) and blue light (445 nm).4 Polychromatic light can possibly excite stable photoproduct(s) of RF degradation, such as lumichrome. An additional CXL may occur when discharged patients are exposed to sunlight after treatment.

The nature of newly formed bonds or other chemical modifications and their location is under investigation.31 Possible sites are schematically drawn in Figure 4-5. The interactions can occur within the collagen molecules or between adjacent collagen molecules in the fibril or on its surface.31 It is accepted that fibrils are too distant to form interfibrillar collagen to collagen bonds. However, collagen fibrils can bond to proteoglycans. Cross-links between proteoglycans to proteoglycans, proteoglycans to glycosaminoglycans, or glycosaminoglycans to glycosaminoglycans can occur intrafibrillary, between fibrils, or between lamellae.16 X-ray scattering studies did not reveal major differences in collagen intermolecular spacing between treated and RF/UVA cross-linked corneas.31 Intermolecular spacing of cross-linked corneas during drying decreased at a normal rate, demonstrating that the cross-links formed during RF/UVA cross-linking are not preventing molecular collapse.31
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Figure  4-3. Scheme of radical formation during RF/UVA. Type I is an electron transfer, where excited photosensitizer donates or abstracts electron(s). Production of ROS (upper part): the excited RF passes electron(s) to surrounding oxygen molecules generating sequentially superoxide, hydrogen peroxide, and hydroxyl radicals. In the absence of oxygen, the excited RF can reduce/oxidize another substrate (depending on reduction-oxidation reaction potentials of both RF and the substrate), forming substrate cation or anion radicals (lower part). Type II is an energy transfer, where photosensitizer directly passes its excitation energy. RF excites molecular oxygen into reactive singlet oxygen.
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Figure  4-4. Scheme of possible mechanisms of corneal cross-linking in RF/UVA treatment. The mechanism of chemical bond formation could include corneal cross-linking via: (A) dityrosine formation26 via tyrosyl radical and RF anion radical (type I reaction); (B) oxidation of sulfhydryl bonds of cysteine or methionine residues (type I and II reactions); (C) nucleophilic attack of amines (Lys, His residues), hydroxyls (Hip, Thr, Tyr), or aldehydes with α-CH-groups (allysine and relative products of lysyl oxidase) to oxidized histidine residues (imidazolone16,35-37; type II reaction); (D) 2,3-butanedione formation due to RF oxidative photodegradation38 (type II reaction), followed by cross-linking with amino acid nucleophiles. Lys = lysine; His = histidine; Hip = hydroxyproline; Thr = threonine; Tyr = tyrosine.
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Figure  4-5. Schematic drawing of corneal stroma and possible cross-linking interactions. A bundle of triple-helix collagen molecules (in black) are combined into parallel collagen fibrils (blue cylinders) embedded in extracellular matrix, forming stromal lamellae layers (bars). Adjacent lamellae contain collagen fibrils, displaced orthogonally. Bridging proteoglycans (in red) with bonded glycosaminoglycans (in green) are randomly distributed and attached to collagen fibrils via their protein cores. Possible newly formed interactions may include covalent (cross-linking) or noncovalent (hydrogen, electrostatic, etc.) bonds. Possible sites may include newly formed intra- or intermolecular interactions (table on the right). Abbreviations: C= collagen molecule; F= collagen fibril; G= glycosaminoglycan; L= stromal lamella; P= proteoglycan core protein.



There was no change in the collagen D-period in the treated corneas, which may indicate that RF/UVA cross-linking does not affect the axial stagger or the tilt of the collagen molecules within the fibrils.32 Hayes et al31 suggested that cross-links can still occur within or between collagen molecules on the fibril surface that may not be detected by the averaging technique of the X-ray scatter.31 The role of proteoglycans within the extracellular matrix has been studied in corneas ex vivo and in vitro.33 These analyses demonstrated that collagen could cross-link with itself and with the following 2 proteoglycan core proteins: mimecan and decorin. The core proteins could cross-link with themselves, but the attached sulfated glycosaminoglycans (keratan sulfate and chondroitin sulfate) were not involved in cross-linking. When collagen type I was studied in solution and subjected to RF/UVA, both keratocan and lumican strongly inhibited corneal cross-linking. However, when RF/UVA was performed on intact corneas ex vivo, both keratocan and lumican, in their natively glycosylated form, formed cross-links with collagen.33 Thus, RF/UVA studies on soluble collagen may not be applicable when performed on a whole cornea. The cross-linking process may involve carbonyl and free amine groups. McCall et al16 demonstrated that, following RF/UVA cross-linking, carbonyl-based cross-links dominate in the cornea, with relatively little cross-linking of free amine groups. It appears that the carbonyl-dependent cross-linking involves the formation of advanced glycation end products, similar to those that result from nonenzymatic glycosylation.34 This type of cross-link could involve amino acids such as histidine, hydroxyproline, hydroxylysine, tyrosine, methionine, tryptophan, and threonine,16,30,35 via both type I and type I photodegradation mechanisms (Figure 4-4B-D).36-38

Decreases in molar percentages of methionine, tyrosine, histidine, hydroxylysine, and lysine in cross-linked collagens I and IV were detected in a study by Zhang et al,39 suggesting that these amino acids are modified by RF/UVA. Although the study was performed in vitro, it may indicate that these amino acids are involved in the cross-linking reaction.39 The interaction between corneal collagens and proteoglycans in vitro and ex vivo has been studied.39 It was found that interactions between proteoglycans and collagen caused by RF/UVA protect both proteoglycans and collagen fibrils from cleavage by metalloproteinases.


TAKE-HOME POINTS


	CXL is a form of PDT that induces corneal stiffening via the production of free radicals by the photosensitization of RF.

	An optimal treatment regimen is combined of sufficient photosensitizer concentration, UVA intensity and duration, and oxygen supply.

	Although the clinical efficacy of CXL is evident, the exploration of the chemical nature and location of the cross-links is still the subject of research.
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The Role of Oxygen in Corneal Cross-Linking

Olivier Richoz, MD, PhD; Sabine Kling, PhD; and Farhad Hafezi, MD, PhD

The chemical process of corneal cross-linking (CXL) is based on the photoactivation of riboflavin molecules by ultraviolet A (UVA) light at 365 nm for generating cross-links. In 1998, Spoerl et al1 proposed for the first time that the reaction of UVA light and riboflavin can be used to modify biomechanical properties. Since this first publication, clinical researchers have assumed that the following 2 factors determine the effectiveness of a CXL procedure: the presence of riboflavin within the corneal stroma and the energy delivered by the short-wavelength UV light. Recently, however, it has become apparent that yet another factor plays an essential role—oxygen is needed for CXL and seems to be as important as riboflavin and UVA light.2,3

EXCITED STATE OF RIBOFLAVIN

In 1913, Bohr introduced the Bohr atomic model in which the electron circulates around the nucleus like a planet around the sun, attracted by electrostatic forces rather than by gravity. In contrast to planets, atomic electrons can only be present in specific orbitals with a specific energy. The jump of an electron between a high-energy orbital to a lower-energy orbital emits a photon at a specific energy and particular wavelength. Figure 5-1 shows the example of a hydrogen atom. The UVA stimulation of riboflavin4 follows the same principle, although it is more complicated because of the large number of atoms with higher atomic number and the chemical bond between the atoms. The photons emitted by the fluorescence of the excited riboflavin have green wavelengths because of the transition of an electron from a specific high-energy orbital to a specific low-energy orbital. The green fluorescence of riboflavin is the indirect proof of the transiently excited state of riboflavin after the absorption of the UVA photon.

QUANTUM CHEMISTRY ASPECTS OF CORNEAL CROSS-LINKING

The emission of photons with green fluorescence from the excited state of riboflavin is a key element of cross-linking, but it is difficult to study because riboflavin returns quickly to its ground state. The Bohr atomic model describes, with good approximation, the orbital of the hydrogen atom, but it is too primitive to accurately describe an atom with a large number of electrons or a molecule. To accurately describe the behavior of riboflavin, a more complex model is needed.5 One such model is quantum mechanics, which describes the orbit of the electron as a wave function. Software using the Schrödinger equation may be used to describe the behavior of electrons in a molecule. With complex algorithms, the structure, geometry, and chemical proprieties of a molecule can be predicted. In particular, the excited state of riboflavin can be visualized and studied in silico by using quantum chemistry software, including the ionization potential map of the first excited state of riboflavin. The ionization potential map represents the energy needed by the electron to be ionized, to become a free radical.
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Figure  5-1. Hydrogen molecule in different states. Left: Ground state, lowest energy state, stable. Center: First excited state, short lived. Right: Second excited state, short lived.



The exited state of riboflavin is characterized by an electron moving to a higher-energy shell, farther from the positively charged nucleus. Due to the larger distance to the positively charged nucleus, the electron is less attracted and therefore less energy is required for ionization. An interesting result obtained in silico with quantum chemistry software is that the exited stated of riboflavin is not sufficient for ionization of the riboflavin (loss of one electron).6 The following third element is needed: a strong electron attractor.

OXYGEN IS A POWERFUL ELECTRON ATTRACTOR

The Pauling scale describes electronegativity as the power of an atom in a molecule to attract electrons to itself. In the Pauling scale, the most powerful electron attractor is the fluorine (3.98) followed by oxygen (3.44). The strong ability of oxygen to attract electrons is the key element for energy generation of aerobic organisms. Oxygen can also easily attract an electron to become a free radical O2•-molecule with an unpaired electron becoming extremely reactive. Such free radicals chemically react with surrounding molecules to create new chemical bonds. Those new randomly created chemical bonds are responsible for CXL throughout the body, which occurs naturally during aging but can also be induced artificially to increase the biomechanical stiffness of the cornea.

Oxygen seems to be as important as UVA light and riboflavin for CXL; the corneal oxygen concentration during cross-linking drops to 0 after 14 seconds of irradiation with a UVA intensity of 3 mW/cm2 and to 0 after only 2 seconds with an intensity of 30 mW/cm2, confirming an active consumption of oxygen during cross-linking.2 After a matter of seconds, oxygen is only available in the tissue by diffusion from the atmosphere.

THE LIMITATION OF HIGH-FLUENCE AND EPITHELIUM-ON CROSS-LINKING

CXL during 30 minutes at 3 mW/cm2 gives time for sufficient oxygen diffusion into the cornea; CXL for 5 minutes at 18 mW/cm2 does not and therefore results in less-effective cross-linking.7 Ex vivo experiments confirm a decrease of the biomechanical stiffening with a high fluence cross-linking protocol.7 If CXL is done without epithelial removal, the epithelium decreases the diffusion of oxygen, also causing less-effective cross-linking.8 Ex vivo cross-linking in an oxygen-free environment is not effective3 (Figures 5-2 and 5-3).

EFFECT OF OXYGEN DEPENDENCY IN CLINICAL APPLICATION

We predict a lower biomechanical modification with high-fluence and epithelium-on cross-linking; however, in vivo experimental data are difficult to confirm for the following 2 main reasons: the rate of publication of negative results is low and the follow-up is short in publications reporting the effect of high-fluence and epithelium-on cross-linking.
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Figure  5-2. Porcine eye globe receiving CXL treatment in a low-oxygen environment (<0.1% O2). The chamber was filled with helium gas.
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Figure  5-3. Corneal elastic moduli at 10% strain, determined from stress-strain extensometry measurements. CXL performed in a low-oxygen environment (<0.1% O2) was significantly less effective than in a normal-oxygen environment (21% O2).
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Figure  5-4. Essential elements of CXL: UVA light, riboflavin, and oxygen.



The amount of cross-linking required to stop the progression of keratoconus is not known. It is probably dependent on the stage of keratoconus and the speed of progression. It is possible that less-effective cross-linking treatment with high fluence or epithelium-on could stop slowly progressive, mild keratoconus.

HIGHER OXYGEN AVAILABILITY IN THIN CORNEAS

CXL has been shown to be more effective in murine corneas with a thickness of approximately 100 μm9 than in human corneas with a thickness of approximately 500 μm. This comparison considers the UV energy absorbed per corneal thickness and hence is not biased by corneal thickness. The stronger stiffening effect in thin corneas may be explained with a higher oxygen availability. Oxygen diffuses from the atmosphere into the corneal stroma following Fick’s laws of diffusion. Deeper stromal layers are less saturated with oxygen due to the larger diffusion distance, and, therefore, thinner corneas have a generally higher oxygen saturation. A recent study analyzed the effect of placing a contact lens onto the stroma during CXL, which reduced the oxygen availability.10 As expected, a lower oxygen availability decreased the stiffening effect of CXL. Thereby, thinner corneas (murine, 100 μm) were less affected by oxygen restriction than thicker corneas (porcine, 800 μm).10

TAKE-HOME POINTS


	Oxygen is as important as UVA light and riboflavin to induce biomechanical stiffening with cross-linking (Figure 5-4).

	The decrease of irradiation time or epithelium-on treatment reduces the available tissue oxygen concentration during cross-linking, which, in turn, decreases the amount of therapeutic biomechanical stiffening.

	The clinical impact will be dependent on the stage and progression of keratoconus. Thin corneas have a higher oxygen availability, which might reduce the required amount of UV fluence in advanced keratoconic corneas.
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Cross-Linking Initiated by Other Chromophores and by Multiphoton Excitation

Irene Kochevar, PhD

In principle, almost any chromophore that diffuses into the corneal stroma, then absorbs ultraviolet (UV), visible, or near-infrared radiation and subsequently generates chemically reactive species (eg, free radicals, singlet oxygen) will initiate protein cross-linking and stiffen the cornea. However, very few studies on stromal corneal cross-linking have been reported using chromophores other than riboflavin-5-phosphate (riboflavin). Two effective chromophores are rose bengal (RB),1,2 which is excited by green light, and WST11,3 which is excited by near-infrared light. In addition, riboflavin can be activated with a near-infrared wavelength, instead of with UV, by multiphoton absorption, and this process also produces corneal stiffening.4,5

CROSS-LINKING INITIATED BY ROSE BENGAL AND GREEN LIGHT

RB, a well-known diagnostic agent for corneal surface damage, has been previously reported to seal corneal incisions after it is excited by green light by forming protein/protein cross-links between the sides of the wound.6,7 This process, called RGX, has more recently been shown to increase cornea stiffness in rabbit eyes treated both ex vivo1 and in vivo.2 Cornea stiffness increased 3.8-fold after RGX ex vivo, an increase comparable to that obtained by riboflavin/UV cross-linking in the same study as measured by uniaxial tensiometry. In vivo treatment with RGX for 10 minutes increased cornea stiffness 2.8-fold compared with untreated controls when measured 28 days later.

RGX is a rapid treatment: RB (0.1% in phosphate buffered saline) is applied to the de-epithelialized cornea for 2 minutes, followed by exposure to green light for 3.3 to 9.9 minutes (50 to 150 J/cm2) with reapplication of RB for 30 seconds every 3.3 minutes. A green laser is used with an irradiance of 0.25 W/cm2 at 532 nm, a wavelength that is not toxic to cells in the absence of RB.

A unique aspect of RGX is the short distance that RB diffuses into the corneal stroma. Fluorescence microscopy showed that RB localizes in an ~100-μm–wide band (Figure 6-1A).1 Other studies indicate that RB associates strongly with corneal collagen, most likely by a combination of ionic interactions and specific binding, which inhibits its diffusion to greater depths into the stroma. RB in this band absorbs more than 90% of the incident green light and initiates cross-linking to stiffen the cornea. The depth distribution of the stromal elastic modulus, as assessed by Brillouin microscopy, demonstrated that the increased stiffness was located in the anterior ~120 μm of stroma (Figure 6-1B).1

An additional response of the shallow penetration of RB into the stroma is that RGX is minimally toxic to keratocytes. After in vivo RGX, the number of keratocytes decreased in the anterior stroma to a depth of ~120 μm on Day 1, but had recovered by Day 28 (Figure 6-2). Importantly, RB does not diffuse through the stroma and reach the endothelium, thus eliminating the potential for phototoxicity to this layer during RGX.



[image: art]

Figure  6-1. (A) Frozen section of rabbit cornea stained with RB on the de-epithelialized anterior surface, then with a nuclear stain (ToPro-3) on the anterior and posterior surfaces. This merged bright field and fluorescence image shows that RB diffuses only approximately 100 μm into the stroma. (B) Cross-sectional images of Brillouin scattering microscopy of corneas. Anterior surface of de-epithelialized fresh rabbit cornea is at top and the distance into corneal stroma is indicated. Cornea thickness is 450 to 500 μm. Left = untreated; Right = RGX treated (RB plus 150 J/cm2 green light). Higher frequency values (GHz) indicate higher elastic modulus and greater corneal stiffness. (Reprinted with permission from Cherfan D, Verter EE, Melki S, et al. Invest Ophthalmol Vis Sci. 2013;54:3426-3433. © 2013 Association for Research in Vision and Ophthalmology.)



Although RGX uses moderately high irradiances and fluences of green light, the light transmitted through the cornea did not damage retina or iris in Dutch Belted rabbits, which have melanin in their retinas and irises.2 No damage was detected in the retinal vessels by fluorescein angiography or to photoreceptors, retinal pigmented epithelium, and choriocapillaris by light microscopy and transmission electron microscopy on Day 1 or Day 28 post-RGX. Also, iris cell viability was not diminished by RGX as determined by lactate dehydrogenase staining.

CROSS-LINKING INITIATED BY WST11 AND NEAR-INFRARED LIGHT

WST11, a palladium bactriopheophorbide, is a light-activated chemotherapeutic drug currently being developed for the treatment of prostate cancer. It is activated by near infrared at 750 nm, a wavelength that by itself is nontoxic to cells.

WST11 is an effective photosensitizer for stiffening cornea.3 Studies on ex vivo rabbit eyes showed a 4.7-fold increase in Young’s modulus measured on cornea strips by linear extensiometry, which was comparable to the increase observed after treatment with riboflavin photo-cross-linking. A similar increase (3.6-fold) was obtained for in vivo photo-cross-linking with WST11 when measured 1 month after treatment. Photo-cross-linking is produced by applying WST11 (0.25% in saline or 20% in dextran T-500) for 10 to 30 minutes, then irradiating with a near-infrared diode laser at 755 nm (10 mW/cm2) for 30 minutes. Mechanism studies indicated that cross-linking is initiated by hydroxyl radicals and superoxide.3 These reactive species were trapped and detected by erythrocyte sedimentation rate in rabbit cornea treated during photo-cross-linking.

The presence of dextran significantly influenced the behavior of WST11. Although in saline, WST11 diffused throughout the stroma over a 30-minute period, dextran limited its penetration to the outer one-third of the stroma, thus protecting the endothelium from WST11 phototoxicity.3 The increase in corneal stiffness after irradiation did not differ between application of saline or dextran solutions of WST11, although dextran did reduce the post-treatment edema and shortened the time for epithelial healing. The keratocyte population decreased mainly in the outermost one-third of stroma, but no significant reduction in endothelial cell counts was found.
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Figure  6-2. Effect of cross-linking stromal collagen with RB and green light on keratocytes. Corneas of Dutch Belted rabbits were de-epithelialized, then either treated with RGX (0.1% RB, 150 J/cm2) or received no further treatment (control). Hematoxylin and eosin–stained sections of corneas obtained on Day 1 or Day 28 post-treatment are shown. Keratocyte counts were reduced on Day 1 in RGX compared with control corneas, but no significant differences were found between the RGX and control groups on Day 28. (Adapted from Zhu H, Alt C, Webb RH, Melki S, Kochevar IE. Corneal crosslinking with rose bengal and green light: efficacy and safety evaluation. Cornea. 2016;35:1234-1241.)



CROSS-LINKING INITIATED BY MULTIPHOTON ABSORPTION

A novel method for initiating corneal cross-linking with riboflavin that uses near-infrared, instead of UV, radiation has been reported by two groups.4,5 Tightly focused 760 or 810-nm radiation from a femtosecond laser is sufficiently intense to allow absorption of 2 or more low-energy infrared photons almost simultaneously, which provides enough energy to excite the riboflavin molecule. Cross-linking of stromal collagen was inferred from enhancement of collagen autofluorescence4 and increased stiffness was demonstrated by Brillouin microscopy.5 Raster scanning the laser beam may be used to crosslink large areas of the cornea.

OTHER CHROMOPHORES

To the best of our knowledge, only fluorescein (at high light fluences)6 and eosin Y derivatives8 have been reported to photo-cross-link stromal collagen. Methylene blue was not an effective photo–cross-linking agent, most likely because it did not penetrate significantly into the stroma.6

TAKE-HOME POINTS


	While most CXL studies to date have utilized riboflavin as the chromophore and UVA light to induce cross-links, in theory, a variety of other options are possible.

	Other exciting combinations include RB excited by green light and WST11 excited by near-infrared light.

	Riboflavin can be activated with a near-infrared wavelength instead of with UV by multiphoton absorption.

	Further research may elucidate which of these combinations, if any, may prove clinically viable.
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Corneal Cross-Linking Safety Considerations

Christina Giannikas Starcic, MD; Leejee H. Suh, MD; and Stephen L. Trokel, MD

Corneal cross-linking of the cornea is used to increase the rigidity and mechanical stability of corneal stromal tissue.1-4 This procedure is mainly indicated for corneal ectatic disorders such as keratoconus, pellucid marginal degeneration, and postoperative ectasia. The Dresden protocol describes the saturation of the de-epithelialized corneal stroma with 0.1% isosmotic riboflavin. This is followed by ultraviolet A (UVA) irradiation at a wavelength of 370 nm (an absorption peak of riboflavin) and an intensity of 3 mW/cm2 for 30 minutes,3 which corresponds to a total dose of 3.4 J or a total radiant exposure of 5.4 J/cm2.

Corneal cross-linking enhances corneal biochemical stability through the photopolymerization of the anterior corneal stroma. The cross-linking effect is dependent on the concentration of riboflavin within the corneal stroma, the availability of oxygen, and the UVA radiant exposure. Because this5,6 photochemical interaction has been shown to be cytotoxic, consideration must be given to minimize any deleterious photochemical effects on corneal endothelium, lens, retina, and limbal stem cells. Since the aim of treatment is to maximize efficacy and to minimize potential harm, the safety profile of the procedure is intimately related to these treatment characteristics in relation to the preoperative profile of the cornea to be treated.

TREATMENT CHARACTERISTICS

Riboflavin has a molecular weight of 376.37 g/mol, and cannot readily penetrate intact corneal epithelium. The initial and most widely used protocol (called the Dresden or Standard protocol) specifies epithelial removal, and studies have demonstrated minimal corneal penetration of riboflavin and oxygen through intact epithelium and, therefore, reduced biochemical effect.3,5

Riboflavin has 3 absorption peaks. The absorption peak of riboflavin at 370 nm was chosen because of the high cross-linking efficacy at this wavelength and because it avoids the blue light hazard for the retina at the peak of 436 nm.6 The peak just below 300 nm is associated with DNA damage. Epithelial photokeratitis can be induced at wavelengths of 270 to 315 nm or dose densities of 0.12 to 0.56 J/cm2, although this is not relevant with epithelial removal. Exposure to limbal stem cells, however, remains a concern because of eye movements during the 30-minute exposure.

Epithelial removal causes pain and requires a healing period. The absence of epithelium theoretically increases the risk of infectious complications. However, the prophylactic application of a topical antibiotic preparation is universally accepted, and infectious keratitis has been rarely reported in the literature.7 Furthermore, patients should be selected to minimize hazard. As per the standard Dresden parameters, treatment should be avoided in those with a history of herpetic keratitis, active keratitis, poor epithelial wound healing, severe ocular surface disease, and autoimmune/connective tissue disorders.

By using the diffusion coefficient of a substance with the same molecular weight as riboflavin (sodium fluorescein; molecular weight, 376 g/mol), the diffusion of riboflavin through the corneal stroma can be calculated. With the standard protocol, initial findings support the fact that a minimum of 400-μm corneal thickness following epithelial debridement is required to prevent endothelial cell damage.6 More recent studies have put this figure into question. After 30 minutes of riboflavin application to a 400-μm cornea, the concentration of riboflavin throughout the cornea can be measured and exceeds 0.04% at the level of the endothelium.6 With this residual corneal stromal thickness, the amount of UV light absorbed by riboflavin within the corneal stroma is enough to reduce the radiant exposure to the endothelium to below its cytotoxic threshold. Endothelial decompensation may be seen in corneas where this minimum thickness is not met preoperatively or intraoperatively.

Corneal stromal keratocytes have a similar irradiance damage threshold to endothelial cells. Confocal microscopy has confirmed keratocyte cell death to a depth of up to 350 μm following cross-linking.6,8,9 However, unlike endothelial cells, keratocytes have regenerative capacity and have been found to repopulate the corneal stroma within approximately 6 months following treatment.10

The Beer-Lambert law conveys the dependence of transmitted UVA light on corneal stromal thickness and riboflavin distribution. With a corneal stromal thickness of 400 μm, the riboflavin shielding effect based on 0.1% concentration over 30 minutes of application decreases the irradiance by a factor of 5.5.6 Corneal structures beyond the corneal stroma, including endothelium, anterior chamber, iris, lens, and retina, are exposed to less than 1 J/cm2. This value is below recommended safety thresholds.11,12

Limbal stem cell deficiency leading to corneal epitheliopathy can theoretically be induced by UVA irradiation.13 However, no cases have been reported. Special care may be indicated if off-center treatments for peripheral cones or pellucid marginal degeneration are done, as this may produce localized limbal stem cell deficiency. Using a blocking device (eg, a sponge in the shape of a ring) to protect the limbus from direct UV exposure has been suggested for all treatments. Proper calibration of the UV device in terms of intensity and homogeneity is necessary. Confirming treatment centration and stability intraoperatively is also critical during treatment to prevent unnecessary exposure to vulnerable limbal stem cells.

TAKE-HOME POINTS


	The aim of corneal cross-linking is to maximize the efficacy of stromal photopolymerization and to minimize potential harm to ocular structures.

	The safety profile of the procedure is intimately related to treatment characteristics including riboflavin diffusion and UVA radiant exposure and their relationship to the preoperative profile of the cornea to be treated.

	With a standard epithelium-off procedure yielding a residual corneal stromal thickness of at least 400 μm, the diffusion of riboflavin and its resultant shielding effect protects structures beyond the corneal stroma.

	Safe clinical application of corneal cross-linking for corneal ectatic disorders should respect the classic treatment parameters, as these have undergone the most rigorous investigation.
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Molecular Aspects of Corneal Cross-Linking

Rohit Shetty, FRCS, PhD; Natasha Kishore Pahuja, DOMS; and Harsha Nagaraja, MS, FCE

Keratoconus, the final manifestation of diverse pathologic processes, is a progressive ectatic disorder characterized by thinning of the central cornea that leads to protrusion with progressive, irregular astigmatism. Biomechanical studies have shown that these ectatic corneas have an altered elasticity, indicating a decreased corneal stiffness when compared to normal corneas. This is due to a reduction of corneal cross-links and molecular bonds between neighboring stromal proteoglycans.1 Electron microscopy and X-ray scattering measurements have demonstrated a lack of obliquely oriented anterior to posterior lamellae in the anterior stroma.2 Figure 8-1 shows the various etiopathogenetic factors contributing to development of keratoconus. Corneal cross-linking (CXL) is the only approach that directly targets stromal instability arising from collagen abnormalities by using ultraviolet A (UVA) and a photosensitizer (riboflavin).3

MOLECULAR MECHANISM OF CORNEAL CROSS-LINKING

The chemical kinetics modeling approach suggests that the main photochemical kinetics mechanism responsible for forming cross-links between collagen fibrils is the direct interaction between riboflavin triplets (riboflavin activated by UVA) and reactive groups of corneal proteins. This leads to the cross-linking of proteins mainly through radical reactions (type I).4 In this photochemical process, active locations along the collagen molecule chain react with each other, intermolecularly or intramolecularly, and create covalent connections between the amino acids (especially histidine, hydroxyproline, hydroxylysine, tyrosine, and threonine), thereby forming the cross-links.4 It has now been proven that type II mechanisms where the excited sensitizer reacts with oxygen to form singlet molecular oxygen is also important in the formation of these bonds.5

Various factors have been known to influence the outcomes of CXL in patients with keratoconus, such as genetics, inflammatory etiology, proteomics, and biomechanics.

GENETICS

There is wide evidence of a genetic predisposition to keratoconus, which explains its bilateralism, association with syndromes, and high occurrence among monozygotic twins.5 Some of the genes with reported mutations in keratoconus are SOD1, VSX1, and DOCK9, which regulate the expression of superoxide dismutase, photoreceptor cells, and G protein, respectively.6 A gene encoding the enzyme lysyl oxidase, located under a linkage peak at 5q23.2, is responsible for generating lysine-derived cross-links in collagen and elastin; these lysyl oxidase transcript levels are reduced in patients with keratoconus compared with controls.7 In vitro studies have found that cultured keratoconus corneal fibroblasts exhibit increased basal generation of reactive oxygen species and reactive nitrogen species, which initiate a vicious cycle of damage to the mitochondrial DNA. Additionally, in keratoconic corneas, many antioxidant enzymes are abnormal, leading to further damage.8 Riboflavin used in CXL is not only a generator of singlet oxygen, but also is used as a radical scavenger at high concentrations; thus, there is a balance between the formation and the destruction of singlet oxygen.8
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Figure  8-1. Image showing the various etiopathogenetic factors causing keratoconus.



INFLAMMATORY ETIOLOGY

The tear film in keratoconus has shown increased levels of proinflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis factor-α, and matrix metalloproteinase-9.9 CXL of de-epithelialized corneas causes a prompt, excessive release of several proinflammatory mediators independent of the long-term effect of the procedure due to the mechanical (epithelial removal), chemical (riboflavin soaking), and physical (UVA irradiation) stress on the cornea. After CXL, the early clinical worsening and the transitional alteration of the mediators coincide with the epithelial debridement, re-epithelization process, postoperative keratocyte apoptosis and repopulation, and new collagen synthesis.10 A significant decrease in IL-6 and CXCL8 (IL-8) is noticed at 12 months after CXL, which might be a contributing factor to the stabilization of the disease.10

PROTEOMICS

There is deregulation of a number of structural proteins, signaling molecules, cytokines, proteases, and enzymes in keratoconic corneas. An analysis of differential spots identified gelsolin, S100A, and cytokeratin to be highly overexpressed in keratoconus epithelium with upregulation of alpha-enolase.11 Tear proteome analysis by nano LC-MS/MS has shown cytokeratins, matrix metalloproteinase-1, and mammaglobin B to be increased. Furthermore, immunoglobulin alpha and kappa, lipocalin, lysozyme C, and precursors to prolactin are also known to be associated with keratoconus.12

Interestingly, while there were no significant differences in tear proteases between normal and cross-linked cohorts, tumor necrosis factor-α expression was significantly increased in the cross-linked group when compared with controls in a 2012 study.13 However, much higher gelatinolytic and collagenolytic activities were observed in the keratoconus cohort than in normal corneas or those who have undergone CXL.13 Resistance to enzymatic degradation has also shown to be significant post-CXL.

BIOMECHANICS

The biomechanical status of the cornea, which plays a key role in maintaining visual quality, is affected in keratoconus and other ectasias wherein the native lamellar arrangement of collagen fibers are disrupted. In vivo measurement of biomechanics can be done using Ocular Response Analyzer (ORA; [Reichert Ophthalmic Instruments]), Corvis-ST (Oculus Optikger¨ate, [OCULUS]), and sheer wave propagation imaging. The ORA has shown that, although corneal hysteresis and corneal resistance factor are significantly reduced in keratoconic eyes compared with normal eyes, they are poor parameters for discriminating between mild keratoconus and normal corneas.14 Corvis-ST has shown that deformation amplitude is significantly greater, concavity curvature lower, and corneal applanation velocity faster in patients with keratoconus. In addition, central corneal thickness and corneal volume are lesser in patients with keratoconus, which results in weaker corneal collagen fibers and, hence, poor corneal biomechanical strength.15 Stress-strain and inflation tests have established that post-CXL, the induced cross-links between collagen fibers increase the elastic modulus of the corneal tissue, thereby stiffening and improving the biomechanical property of the corneas.16

TAKE-HOME POINTS


	CXL addresses the basic pathology and plays an important role in stabilizing keratoconus, thereby avoiding the need for corneal transplant.

	The main photochemical kinetics mechanism responsible for forming cross-links between collagen fibrils is the direct interaction between riboflavin triplets and reactive groups of corneal proteins.

	Various factors have been known to influence the outcomes of CXL in patients with keratoconus, including genetics, inflammatory etiology, proteomics, and biomechanics.
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Evaluation and Diagnosis of Keratoconus and Pellucid Marginal Degeneration

Marcony R. Santhiago, MD, PhD; Yaron S. Rabinowitz, MD; and J. Bradley Randleman, MD

INCIDENCE AND ETIOLOGY OF KERATOCONUS

Keratoconus (KC) is a bilateral, progressive, ectatic disorder associated with different degrees of corneal stroma impairment characterized by biomechanical weakening of multifactorial etiology.1 The presentation and progression is based on the loss of the structural integrity, with subsequent corneal steepening and stromal thinning. The disease usually begins in puberty and progresses through adolescence, although there are reports of patients first presenting in their third through fifth decades of life.2 The reported incidence of 1 in 20002 in the general population is probably underestimated. Its prevalence could be as high as 5% in patients presenting for refractive surgery screening because these specific patients are investigated in detail with better diagnosis tools and with trained specialists due to its importance as a risk factor for postoperative ectasia.3

Although not specifically associated with inherited disorders, there have been genetic epidemiologic studies proposing associations between a group of genes and the development of the disease.4,5 The loss of collagen layers in KC is thought to be due, in part, to a higher concentration of proteases that have migrated down from Bowman’s layer,6 leading to a signal transduction cascade involving interleukin-1, with subsequent induction of keratocyte apoptosis in vitro and upregulation of various matrix metalloproteinases.6

Corneal cross-linking (CXL) is a therapeutic procedure utilized to increase the biomechanical stability and halt the progression of the keratoconic cornea and pellucid marginal degeneration (PMD)7; therefore, the detection of early stages of the disease has gained clinical importance, to reduce the incidence of corneal transplantation in young patients.8,9

CLINICAL DIAGNOSIS OF KERATOCONUS

KC is a bilateral asymmetric condition in which the cornea assumes a conical shape as a result of progressive biomechanical weakening of the stroma. The progressive corneal steepening induces irregular astigmatism and myopia associated with protrusion and distortion, leading to mild to marked impairment in vision quality, ultimately affecting both eyes in different stages due to its asymmetry.1,8,9

Symptoms are highly variable and, in part, depend on the stage of the progression. There may be no symptoms early in the disease, and KC may be noted by the ophthalmologist simply because the patient cannot be refracted to a clear 20/20. In contrast, advanced stages are normally associated with significant vision deterioration.10

Clinical signs also differ, depending on disease severity. In moderate to advanced disease, the following signs may be detectable by slit lamp examination of the cornea: stromal thinning (centrally or paracentrally, most commonly inferiorly or inferotemporally [Figure 9-1]); conical protrusion; Fleischer ring (an iron line partially or completely surrounding the cone [Figure 9-2]); and Vogt’s striae (fine vertical lines in the deep stroma and Descemet’s membrane that disappear transiently on gentle digital pressure [Figure 9-3]).10
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Figure  9-1. Slit lamp photograph demonstrating the corneal stromal thinning that occurs in KC. (Reprinted with permission from Ramon Ghanen, MD.)



Other accompanying signs include epithelial nebulae, anterior stromal scars, enlarged corneal nerves, and increased intensity of the corneal endothelial reflex and subepithelial fibrillary lines. Munson’s sign and Rizzuti’s sign are also late stage external signs associated with KC. Munson’s sign is a V-shaped conformation of the lower lid produced by the ectatic cornea in down gaze. Rizzuti’s sign is a sharply focused beam of light near the nasal limbus produced by lateral illumination of the cornea in patients with advanced KC.10 Retro illumination techniques and scissoring of the retinoscopic reflex or the “Charleux” oil droplet sign as well as slight distortion or steepening of keratometry mires are useful clinical signs to confirm the diagnosis in suspicious cases.10

EARLY DETECTION OF KERATOCONUS

Forme Fruste Keratoconus

In 1938, Amsler, using a photographic Placido disk, was the first to describe early corneal topographic changes in KC before clinical signs could be detected.11 His classical studies on the natural history of KC documented its progression from minor corneal surface distortions to clinically detectable KC. He classified these earlier latent stages as forme fruste KC, in which there is a 1- to 4-degree deviation of the horizontal axis of the Placido disk, and early or mild KC, which has a 4- to 8-degree deviation.
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Figure  9-2. Slit lamp photograph of Fleischer ring (an iron line surrounding the cone). (Reprinted with permission from Ramon Ghanen, MD.)



Modern videokeratoscopes use similar Placido disk principles to measure the topography of the anterior corneal surface. They are, however, more sophisticated in that they cover thousands of data points both in the center and in the periphery of the cornea and they generate colorcoded maps to allow easy appreciation in corneal curvature. This newer technology allows us to more easily recognize subtle forms of KC than was possible with a hand-held Placido disk, which was, at times, prone to error.12

PLACIDO DISK–BASED CORNEAL TOPOGRAPHY

Placido disk–based automated corneal topography was introduced in the late 1980s and remains the primary method for diagnosing KC.9,18 Its principle is based on the computerized analysis of corneal images obtained from the reflection of Placido disk onto the corneal surface, and it has been found highly sensitive for the detection of early KC prior to loss of corrected visual acuity and biomicroscopic findings.8,9,13-16

The most recognizable topographic patterns (axial curvature) associated with KC are a marked inferior-superior power asymmetry (Figures 9-4 and 9-5), a significant asymmetry between eyes, a localized area of increased surface power (Figures 9-6 and 9-7), and/or skewed steep radial axes above and below the horizontal meridian (Figure 9-8). These features increase in magnitude with increasing disease severity.8,9,15
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Figure  9-3. Slit lamp photograph of Vogt’s striae (fine vertical lines in the deep stroma and Descemet’s membrane that parallel the axis of the cone and disappear transiently on gentle digital pressure).
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Figure  9-4. Placido disk–based topography (axial curvature) with marked inferior-superior power asymmetry, a classic pattern associated with KC.
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Figure  9-5. Placido disk image (upper left image) with marked inferior-superior power asymmetry with associated central corneal thinning (upper right image) and posterior elevation (lower right) demonstrated by dual Scheimpflug imaging.
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Figure  9-6. Placido disk–based topography (axial curvature) revealing a localized central area of increased surface power in eyes with KC. This has been termed a truncated bowtie pattern.



The asymmetric bowtie pattern with skewed radial axis is associated with different degrees of KC and represents a biomechanically fragile structure.8,13 This pattern has also been seen in the clinically normal fellow eyes of patients with frank KC and in family members, and has demonstrated the potential to progress to a clinically obvious pattern in longitudinal studies.18,19 Since KC is a bilateral asymmetric disease, these fellow eyes, with more subtle or even with no topographic signs at all, are labeled as having forme fruste KC, or KC suspect depending on the source, and they are, by definition, corneas with compromised biomechanical integrity in different levels and at risk to progress to clinical KC (Figure 9-9).20

QUANTITATIVE DESCRIPTORS FOR TOPOGRAPHIC INDICES OF KERATOCONUS

There are several computational indexes or quantitative descriptors that have been widely used and implemented in most of the corneal topographers in an attempt to standardize the diagnosis and to identify early patterns of KC.21 Rabinowitz and McDonnell8 proposed inferior-superior ratio (“I-S ratio”) values (Figure 9-10) and Rabinowitz and Rasheed20 proposed the KISA% index, a formula that combines the central keratometry power, I-S value, corneal simulated astigmatism, and a representation of irregular astigmatism (smallest angle between 2 steep radii subtracted from 180°; Figure 9-11). Klyce and coworkers23 proposed the Keratoconus Prediction Index, derived from a combination of indexes in an attempt to better differentiate eyes with KC. The cone location and magnitude index (CLMI), proposed by Roberts and collaborators,24 is another promising tool with high sensitivity and specificity (Figure 9-12).

While each of these methods has shown promise, no automated screening method has proven as effective as review by highly skilled and experienced reviewers.

KERATOCONUS SUSPECT OR SUSPICIOUS TOPOGRAPHY

The term keratoconus suspect was introduced to describe videokeratography patterns that might progress to KC, such as eyes with inferior steepening or central steepening without clinical signs of disease.25 Quantitative descriptors can be useful to determine whether these patterns signify risk for progression.

CORNEAL WARPAGE OR TECHNICAL ERRORS

Corneal warpage associated with contact lens wear (both hard and soft) can induce patterns of inferior steepening and create patterns that are difficult to distinguish from actual KC. These patterns, however, disappear over time after contact lens wear is discontinued.26

A significant inferior steepening pattern may also result from imperfections in the ocular surface, such as dry eye, or from technical errors during image capturing derived from inferior eyeball compression, misalignment of the eye with inferior or superior rotation of the globe, and incomplete digitization of mires. Correct diagnosis of patients with any level of dry eye syndrome should not be underestimated in the context of KC diagnosis. It can create artifacts in the keratometry maps and subsequent imprecise evaluation and staging.27

Early PMD, inflammatory corneal thinning, and previous ocular surgery or scars can all induce patterns that simulate KC by corneal topography. Awareness of the conditions that may simulate early KC topographically will enhance the clinician’s ability to recognize true topographic changes in early KC.28
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Figure  9-7. Placido disk–based topography (upper left image) revealing a localized central area of increased surface power with associated central corneal thinning (upper right image) and posterior elevation (lower right) demonstrated by dual Scheimpflug imaging.
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Figure  9-8. Placido disk–based topography (upper left image) of KC showing skewed steep radial axes above and below the horizontal meridian demonstrated by dual Scheimpflug imaging.
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Figure  9-9. Videokeratograph of a normal fellow eye in a patient with unilateral KC, demonstrating both pattern progression and progression of indices over time. (Reprinted with permission from Rabinowitz YS, Rasheed K. KISA% index: a quantitative videokeratography algorithm embodying minimal topographic criteria for diagnosing KC. J Cataract Refract Surg. 1999;25(10):1327-1335.)
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Figure  9-10. Depiction of how I-S value is calculated. (Reprinted with permission from Rabinowitz YS, McDonnell PJ. Computer-assisted corneal topography in KC. J Refract Corneal Surg. 1989;5(6):400-408.)
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Figure  9-11. Illustration of how the SRAX index is calculated for use in the KISA% index.




SCHEIMPFLUG TOMOGRAPHY

While clinical KC is reliably detected with Placido disk–based corneal topography, several indices and artificial intelligence methods have also been investigated by different available technologies, including scanning-slit,29 Scheimpflug,30 and dual Scheimpflug,31,32 and ultimately may add information through the analysis of anterior corneal curvature, posterior corneal surface, or corneal thickness (central or relational).

Several corneal indices based on elevation28-31 using different reference surfaces32 or thickness profile33 have been reported to improve the sensitivity of subclinical KC detection (Figures 9-5 and 9-13). All of these approaches are widely available and have shown promise as adjuvant tools when screening refractive surgery candidates; however, none to date have proven to be more sensitive or more reliable at detecting KC suspect features than Placido imaging,34-36 as there seems to be a significant overlap in most quantified scoring approaches (even between known controls and abnormal populations).

OPTICAL COHERENCE TOMOGRAPHY AND EPITHELIUM MAPS

Optical coherence tomography (OCT) may also provide additional tools differentiating normal and KC eyes through a better identification of localized thinning areas and its possible combination of epithelium maps as the epithelium typically thins in the area overlying the cone (Figure 9-14).37,38 Other technologies have also shown some promising results through the analysis of epithelium maps and thickness profile. Reinstein et al39 used the high-frequency digital ultrasound and found a localized area of epithelial thinning overlying the cone surrounded by an annulus of thickened epithelium (doughnut pattern) in all keratoconic eyes. It has yet to be determined the time point where this event occurs and its precocity compared with topographic images.

WAVEFRONT ANALYSIS

Corneal aberrations, especially vertical coma, and Zernike decomposition have also demonstrated a high discriminative capability differentiating eyes with KC from a normal population.40-42 Subsequent studies have shown not only the usefulness of isolated values of vertical coma, but also in combination with I-S values,40 other variables derived from wavefront analysis, and when associated with other tomographic data such as posterior wavefront and thickness spatial profile.43,44
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Figure  9-12. Dual Scheimpflug image demonstrating the CLMI as proposed by Roberts and collaborators24 (contained within the black circles on the image).



BIOMECHANICAL MEASUREMENT

Researchers have tried to develop reliable in vivo methods for measuring corneal biomechanical properties in an attempt to identify early signs of weakness that would eventually continue to progress toward the diagnosis of KC.45

Most of the available data in this regard derive from measurements of corneal in and outward applanation events after delivering a metered collimated air-pulse in an endeavor of providing an indication of the cornel biomechanical behavior of the cornea.46 Corneal hysteresis and corneal resistance factor are thought to represent, respectively, the viscoelastic damping capabilities and overall elastic resistance of the cornea and associated structures.46-48 Notwithstanding that most studies agree that corneas with KC present low values of corneal hysteresis and corneal resistance factor , the clinical utility of these standard variables is limited because of the high degree of overlap between forme fruste KC and normal eyes or between different stages of KC severity.47,48 Other attempts, with the same technology, involve correlations between the main variables49 and analysis of the waveform or signal curves,50-52 with apparently better results when analyzing the depth of deformation and the pressure-deformation relationship.52
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Figure  9-13.(A) Scheimpflug imaging demonstrating focal inferior steepening (bottom left image) with (B) multiple abnormal indices on the enhanced ectasia display map, including front and back difference and D score.
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Figure  9-14. OCT image showing focal corneal thinning in total thickness (left image) with corresponding epithelial thinning (right image).



Corneal biomechanical measurements have also been investigated by different available technologies including ultra-high–speed Scheimpflug camera,53 optical coherence elastography that utilizes high-resolution OCT,54 and Brillouin optical microscopy that measures the viscoelastic properties by probing the hypersonic acoustic waves inherently in the tissue.55

DIAGNOSTIC STAGING FOR KERATOCONUS

There are different clinical staging models56,57 that are useful to grade the disease and to better determine the predictive factors for cross-linking. Our proposed summary staging method includes corneal curvature and thickness, which are areas of special concern considering the effectiveness and safety of the procedure (Table 9-1).


Table  9-1.



	
Summary Keratoconus Grading
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KC = keratoconus; D = diopters
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Figure  9-15. Slit lamp photograph of PMD illustrating inferior marked corneal thinning.



PELLUCID MARGINAL DEGENERATION

PMD is also an ectatic progressive and asymmetric corneal disease characterized by thinning of the inferior peripheral cornea in a crescent-shaped pattern (Figure 9-15).58 There is approximately 1 mm of uninvolved area between the thinning and the limbus.

As opposed to in eyes with KC, in eyes with PMD, the corneal protrusion is most marked above the area of thinning and the thickness of the central cornea is usually normal, a pattern that makes differentiation between moderate to advanced stages of the 2 conditions easier.58-61 Plus, it typically begins at the fourth decade or older and frequently continues to progress beyond the fifth and sixth decades.
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Figure  9-16. Placido disk–based topography of PMD demonstrating a typical claw-shaped pattern.



PMD Placido disk–based topography normally shows a claw-shaped pattern (Figure 9-16). Corneal topographic patterns may somewhat overlap in early cases, possibly making the differential diagnosis between PMD and KC more difficult to distinguish;61 however, there is limited need to differentiate between the suspects at this stage since both will be considered abnormal topographies and therefore should be followed closer for future indication of CXL or penetrating keratoplasty. Further, both conditions are contraindications for LASIK. The same new technologies described previously are also useful to better differentiate between the different stages of PMD and with KC.61 Pachymetry maps are particularly useful, revealing thinner values in the peripheral cornea than in the central cornea. Advanced stages of the disease are commonly associated with higher than 6 D, against-the-rule astigmatism, and marked thinning. Cross-linking seems to be effective in halting PMD progression.62

TAKE-HOME POINTS


	KC and PMD are progressive corneal ectatic disorders.

	Placido-based corneal imaging patterns are well described for early KC and pellucid patterns. Scheimpflug imaging and OCT, especially epithelial thickness patterns, are also elucidatory.

	CXL is able to halt the progression in both conditions in an effective and efficacious manner.

	Correct early diagnosis and monitoring could change the natural history of these diseases, identifying those who are appropriate candidates for CXL.
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Evaluation and Diagnosis of Postoperative Corneal Ectasia

J. Bradley Randleman, MD; Maria A. Woodward, MD, MS; and Marcony R. Santhiago, MD, PhD

Corneal ectasia after excimer laser corneal refractive surgery, hereafter termed postoperative ectasia, is a progressive steepening and thinning of the cornea, usually inferiorly, with increasing myopia and astigmatism with loss of uncorrected distance visual acuity (UDVA) and usually loss of corrected distance visual acuity (CDVA) that occurs after excimer laser refractive surgery.1 Initially described by Seiler et al2 and Seiler and Quurke3 in 1998, there are currently hundreds of cases of postoperative ectasia reported in the literature.1-5 On presentation, patients typically have reduced UDVA and CDVA, which occurs as a result of increasing corneal warpage with concomitant irregular astigmatism.1 In advanced cases, corneal thinning is demonstrable on slit lamp examination (Figure 10-1).

In the past, early diagnosis of postoperative ectasia was primarily only of value to avoid LASIK retreatment in ectatic eyes misdiagnosed myopic regression, thereby limiting the severity of the ectatic process, because there was no real way to intervene or slow ectasia development. Treatment strategies for postoperative ectasia were identical to keratoconus and were based on ectasia severity, including spectacle or soft contacts for the minority of patients, rigid gas permeable contacts for the majority, and, more recently, intrastromal corneal ring segment implantation. In 10% to 30% of individuals, corneal transplantation was necessary for visual rehabilitation.6

With the advent of corneal cross-linking (CXL), however, early diagnosis has become increasingly important to halt the ectatic process as early as possible and provide the best opportunity for maximal visual rehabilitation without requiring corneal transplantation.7 Still, the best strategy for treating postoperative ectasia is to avoid its occurrence by using the best screening strategies available, with added focus on the extrinsic (alterable) properties at the time of surgery8 and the intrinsic biomechanical properties elucidated through advanced corneal imaging.

This chapter discusses the biomechanical alterations after corneal refractive surgery that can result in postoperative ectasia, the epidemiology of postoperative ectasia, and initial clinical presentations. Optimal screening strategies for identifying individuals at increased risk for postoperative ectasia development before refractive surgery, including new diagnostic modalities and special circumstances that challenge regular screening processes, is also discussed. Finally, we provide a brief overview of available treatment strategies, all of which will be expanded upon in greater detail in later chapters.

BIOMECHANICAL PROCESS

Corneal refractive surgery reduces overall corneal biomechanical strength through tissue reduction from corneal ablation and flap creation in LASIK cases, since the LASIK flap is functionally decoupled from the cornea and no longer contributes significantly to corneal tensile strength.9 For the vast majority of patients, this results in a minimal biomechanical alteration of no clinical significance.10 However, a small percentage of individuals experience a significant loss of biomechanical integrity after surface ablation or LASIK by the following 2 potential mechanisms: patients predisposed to developing postoperative ectasia having any surgery, thus triggering or merely accelerating the underlying ectatic process, or patients with normal corneas that are thinned beyond their capacity to maintain their shape from very low residual stromal bed (RSB) thickness, usually from a combination of deep ablations and thicker flaps that extend into the weaker posterior corneal stroma.8,11 The vast majority of patients developing ectasia appear to fall into the first category, making preoperative screening and advancements in our strategies that much more significant.
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Figure  10-1. Slit lamp features of postoperative corneal ectasia. Note the significant corneal thinning (inferior white arrows) that has developed after LASIK in comparison to the region with normal corneal thickness (upper white arrows). (Reprinted with permission from Randleman JB. Clinical features of keratoectasia. In: Wang M, ed. Keratoconus and Keratoectasia: Prevention, Diagnosis, and Treatment. Thorofare, NJ: SLACK Incorporated; 2009:79-90.)



Corneal tensile strength is not uniformly distributed throughout the cornea.11 The anterior 40% has a significantly higher cohesive tensile strength than the posterior 60% of the cornea; therefore, any combination of flap cut and ablation that extend through the anterior third of the stroma will reduce corneal biomechanical integrity in greater proportion than anterior ablations of similar magnitude.8 In histopathologic studies, interlamellar and interfibrillary biomechanical slippage produces mechanical failure in postoperative corneal ectasia indistinguishable from keratoconus.12

INCIDENCE AND PATIENT DEMOGRAPHICS

Postoperative corneal ectasia can present days to years after LASIK, although approximately half of cases present within the first year and up to 80% present by 2 years.4 Ectasia presentation after surface ablation may be significantly delayed as compared to LASIK.13,14 Incidence estimates with populations containing cases from the late 1990s and early 2000s are approximately 0.1% to 0.2%.1,4,15 Current incidence remains unknown. While ectasia most frequently occurs following myopic LASIK, it has also been reported after photorefractive keratectomy13,14,16,17 and hyperopic LASIK.18,19

There is significant variability in preoperative patient characteristics. When cases are viewed in aggregate, patients developing ectasia tended to be younger and more myopic, have thinner corneas, and to be more frequently male than overall LASIK populations.4,5 However, the range for each characteristic is widely variable (Table 10-1). The most common finding shared by patients developing postoperative ectasia is abnormal preoperative topography.4,5 In recent studies evaluating patients with normal preoperative Placido-based topography patterns, a high percent tissue altered (PTA), determined by central corneal thickness (CCT), flap thickness, and ablation depth, is the most prevalent risk factor.8,20-23 However, to date, no single preoperative criterion is predictive of ectasia development.

CLINICAL PRESENTATION AND IDENTIFICATION

Early clinical manifestations of postoperative corneal ectasia can be difficult to recognize and require a high index of suspicion. Patients typically present with increasing myopia and astigmatism, which can be confused with treatment regression. Reduced CDVA and increasing astigmatism are the most concerning findings that warrant extensive evaluation (Table 10-2).

Topographic changes may be subtle. Initial findings are increasing irregular astigmatism and focal steepening, usually inferiorly, but almost always corresponding to any area of focal steepening preoperatively (Figure 10-2). Later, these changes in curvature become more definitive (Figure 10-3). While the accuracy of scanning-slit beam and Scheimpfluggenerated posterior float/elevation values for preoperative screening remain debatable and isolated postoperative forward shift measured by some modalities is not indicative of ectasia,24 posterior elevations should remain stable over time.25 Thus, serial anterior shift in anterior and posterior float/elevation values are useful indicators for the progression of postoperative ectasia (Figure 10-4). Postoperative corneal ectasia is clinically indistinguishable from keratoconus or pellucid marginal degeneration once it has reached the advanced stage (Figure 10-5). Enhancement surgery should absolutely be avoided in patients with any suspicion of postoperative corneal ectatic changes.


Table  10-1.



	
Postoperative Ectasia Patient Demographics
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µm = microns; D = diopters

a These demographic data are among eyes with strictly normal bilateral topography







Table  10-2.



	
Initial Findings in Postoperative Ectasia





	Reduced postoperative uncorrected distance visual acuity



	Reduced corrected distance visual acuity (compared to preoperative)



	Increasing astigmatism



	Increasing irregular astigmatism



	Progressive, increasing posterior float/elevation changes



	Increased focal steepening on anterior curvature




 

When evaluating patients for corneal ectasia, it is important to carefully assess all preoperative, intraoperative, and postoperative data to distinguish ectasia from other processes, including primary hyperopic treatments, central islands, small optical zones, and decentered ablations.26 Hyperopic treatments can yield a “pseudokeratoconus” pattern, especially if inferiorly decentered (Figure 10-6).27 Central islands have a focal area of topographic steepening and reduced UDVA and CDVA, and superiorly decentered ablations may have a displaced thinnest corneal point, irregular astigmatism, and the appearance of inferior steepening; however, these conditions should remain stable over time, as compared to the progressive nature of ectasia.
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Figure  10-2. Initial topographic changes in postoperative corneal ectasia. This Placido image of the right eye demonstrates moderate inferior corneal steepening focally postoperatively. With far peripheral changes, it is important to compare the steepest peripheral areas with the preoperative maps to determine actual steepening postoperatively as opposed to “pseudosteepening” from mapping an area that was outside the laser ablation zone and thus has retained its preoperative curvature. In this case, the steepest area was steeper postoperatively than preoperatively by approximately 2 D.
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Figure  10-3. Composite Scheimpflug difference map image demonstrating increasing postoperative corneal curvature based on (A) sagittal curvature (upper images) and (B) equivalent keratometry powers (lower images). (C) Images on the far right of the image depict the difference map, demonstrating increasing steepening over time.
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Figure  10-4. Composite Scheimpflug difference map image demonstrating increasing corneal elevation based on (A) front elevation (upper images) and (B) back elevation (lower images) maps. (C) Images on the far right of the image depict the difference map, demonstrating increasing focal front and back elevation over time.
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Figure  10-5. Scheimpflug image of the right (A) and left (B) eyes in a patient who had LASIK in one eye only but developed prominent ectasia in both eyes. The clinical, topographic, and tomographic features are nearly indistinguishable between the 2 eyes.
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Figure  10-6. Placido image of mildly decentered hyperopic ablation mimicking postoperative ectasia. A careful history of preoperative refractive error and visual stability over time helps to distinguish between steep, decentered hyperopic ablations and postoperative ectasia.




Table  10-3.



	
Preoperative Risk Factors for Postoperative Ectasia





	Suspicious/abnormal Placido-based topography



	Significant between-eye asymmetrya



	High percent tissue altered



	Young patient age



	Low central corneal thickness



	Low residual stromal bed thickness



	High myopia



	
aIncludes asymmetric topography, corneal thickness, and preoperative refraction (especially astigmatism)






SCREENING FOR POSTOPERATIVE ECTASIA RISK

While all corneal refractive surgery theoretically carries some risk of long-term biomechanical alterations that could conceivably lead to ectasia, experience in practice tells us that this is very rarely the case. A variety of screening techniques and algorithms have been used and modified over time to better distinguish patients at increased risk of developing ectasia, and what follows is a brief overview of current strategies and future options for refractive surgical evaluations.

Risk Factors

Risk factors for ectasia include abnormal corneal topography, low RSB thickness, young patient age, low preoperative corneal thickness, and high myopia, although myopia may be a confounding variable of concomitant low RSB4,5 (Table 10-3). Abnormal topography is, by far, the most significant factor; however, there is still some discordance in screening strategies utilized, and no one criteria appears absolutely predictive.4,28 Specific “cut-off” screening values, such as a steep keratometry reading of greater than 47 diopters (D), a minimum RSB of less than 250 microns (μm), or a CCT of less than 500 μm, have not been validated and do not appear particularly useful in practice.29 Work from 2014 has demonstrated better sensitivity and specificity using a combined metric (PTA) that takes into account corneal thickness and myopia in terms of the depth of ablation.8
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Figure  10-7. Placido image demonstrating a skewed radial axis of nearly 45 degrees. This is a potential marker of abnormality and should prompt more in-depth patient screening.



Topographic Asymmetry

Mild topographic asymmetry occurs frequently in patients seeking refractive surgery. Varssano et al30 and Kanpolat et al31 independently found that up to one-third of individuals have mildly asymmetric patterns on Placido imaging. However, more significant pattern asymmetry is rarely found in normal subjects.32-34 Placido-based imaging remains the standard for preoperative topographic screening, as these rare abnormal patterns have been well described and validated.1,4,5,32-37 Skewing of the radial axis (Figure 10-7) is a potential indicator of abnormality, especially when paired with between-eye topographic asymmetry, thinner cornea, or younger age. In 2005, a task force comprised of members from the American Academy of Ophthalmology, the International Society of Refractive Surgery, and the American Society of Cataract and Refractive Surgery recommended avoiding LASIK in patients with asymmetric inferior corneal steepening or asymmetric bowtie patterns with a significantly skewed radial axis (Figure 10-8).28

Residual Stromal Bed Thickness

Low RSB thickness is a known risk factor for the development of ectasia. Early reports of ectasia occurred in patients with high myopia and low RSB.2,3 Seiler hypothesized that the loss of load-bearing tissue contributed to the development of ectasia2,3 and Barraquer38 recommended a minimum of 250 to 300 μm RSB to prevent ectasia after myopic keratomileusis. However, postoperative ectasia can occur in eyes with a wide range of RSB values.
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Figure  10-8. Placido image demonstrating significant asymmetric inferior corneal steepening with a skewed radial axis.



Low RSB can result from large ablations in thinner corneas, excessive flap thickness, and/or deeper-than-expected stromal ablations. There can be variability in measurement of corneal thickness, flap thickness, and ablation depth measurement,39-44 and studies have shown that actual ablation depth is greater than predicted ablation depth.39,41 Some have postulated that patients developing ectasia likely have thicker-than-anticipated corneal flaps15; however, studies have found no differences between patients with ectasia and contemporaneous normal cohorts, nor any differences in patients developing ectasia with or without preoperative topographic abnormalities.45

Patient Age

Young patient age also is a significant risk factor in recent analyses.4,5,46 Since keratoconus is a progressive disease, younger patients may have only subtle topographic abnormalities that may not be suspicious in an older patient, or may be destined to develop keratoconus with or without corneal refractive surgery but have LASIK prior to having keratoconus fully manifest. Further, natural CXL occurs with age, resulting in increased corneal tensile strength.11,47 Young patients remain good candidates for corneal refractive surgery; however, added diligence is warranted, especially in topographic analysis in these individuals.

Preoperative Central Corneal Thickness

Low CCT also increases ectasia risk.4,5 In every case-controlled analysis, ectasia cases had significantly thinner cornea preoperatively than did controls, with average CCT at least 1 standard deviation below the average of control cases.4 Thinner corneas may be indicative of an abnormal cornea (predisposed to keratoconus or ectasia), or thinner corneas may be at risk because there is a higher probability of low RSB. However, many patients with thin corneas have had successful LASIK outcomes,48-50 and, like other variables, no predictive cut-off value exists. Rather, corneal thickness values should be assessed within the context of other screening parameters, particularly the PTA at the time of surgery.

Percent Tissue Altered

Considering the integrated relationship between preoperative corneal thickness, ablation depth, and flap thickness in determining the relative biomechanical change after LASIK, Santhiago and colleagues8,20-23 proposed the term percent tissue altered (PTA) to describe the following interaction during excimer laser refractive surgery:

PTA = (FT + AD)/CCT

Where PTA = percent tissue altered, FT = flap thickness, AD = ablation depth, and preoperative CCT = central corneal thickness.

In their studies, Santhiago et al8,20,21 revealed that in eyes with normal preoperative topography, PTA of 40 or greater had higher prevalence, higher odds ratio, and higher predictive capabilities for ectasia risk than any traditional cut-offs for RSB, CCT, high myopia, ablation depth, or age. This metric more accurately represents the risk of ectasia than the individual components that comprise it.8,20-22 Several studies have shown that subtle abnormal patterns that were not classically associated with keratoconus could still increase the chances of biomechanical instability even after refractive surgery that involves low values of PTA.8,17,51,52

NEW DIAGNOSTIC MODALITIES TO IDENTIFY ECTASIA-SUSCEPTIBLE INDIVIDUALS AND MONITOR ECTASIA PROGRESSION

A variety of new diagnostic modalities have shown promise in further elucidating corneal biomechanical disorders, thereby potentially improving our identification of at-risk individuals and our ability to monitor the progression of postoperative ectasia (Table 10-4). These modalities include scanning-slit beam and Scheimpflug or dual Scheimpflug imaging devices, which can generate regional and relational corneal thickness measurements in addition to anterior and posterior elevation data, high-resolution anterior segment optical coherence tomography (OCT) to determine regional and relational corneal thickness, epithelial thickness profiles measured with either OCT or very high-frequency digital ultrasound, ocular higher-order aberration profiles, and corneal hysteresis (CH) with the ocular response analyzer.

Both the scanning-slit beam (Orbscan II, Bausch & Lomb) and Scheimpflug imaging devices generate anterior and posterior elevation data in addition to regional and relational corneal thickness measurements, albeit through different mechanisms. A variety of scanning-slit beam parameters have been purported to distinguish between normal and keratoconic corneas53,54; however, the most robust parameters appear to be corneal thickness spatial profiles and percentage variation of anterior and posterior curvature.55 Scheimpflug imaging screening protocols based on posterior surface screening algorithms56 have been reported, but remain to be validated. Scheimpflug imaging has also been shown to distinguish between normal and keratoconic corneas based on relational corneal thickness parameters.57,58 While promising, the direct applicability in identifying ectasia-susceptible individuals in the absence of other findings remains to be determined.

High-resolution OCT has also been shown to provide reliable, reproducible regional corneal thickness measurements59 and also to effectively distinguish between normal and keratoconic corneas.60 OCT may also be of value in determining epithelial thickness profiles, which are significantly different between keratoconus, postoperative corneal ectasia, and normal corneas,61 and may be an early indicator of keratoconus.62-64

Very high–frequency digital ultrasound has shown promise in identifying early keratoconus cases63,64 and has proven useful in distinguishing between true keratoconus and topographic suspects who simply have abnormally thick epithelial profiles.65 In addition to advanced corneal thickness evaluations, higher-order aberration profiles may improve keratoconus screening,66,67 especially when combined with regional thickness or curvature data.

Potential direct measurements of corneal biomechanical integrity can be provided through CH and corneal resistance factor values as well as a variety of properties in the applanation signal.68 While intriguing, CH and corneal resistance factor have not been found to be useful discriminators for individuals because of significant population overlap.69-71 More useful information may come from detailed evaluation of the applanation response curves and waveform morphology, either derived from an infrared signal analyzer or from a ultra-high-speed Scheimpflug camera.69,72

Optical coherence tomography elastography73 and Brillouin microscopy74 have also been investigated and shown promising results in measuring corneal stiffness. These are discussed in greater detail in Chapter 24.


Table  10-4.



	
Potential Risk Factors for Postoperative Ectasia





	Abnormal elevation-based tomographic posterior elevation



	Abnormal relational corneal thickness progression



	Abnormal irregularity indices



	Low hysteresis



	Excessive eye rubbing



	Pregnancy




SPECIAL CONSIDERATIONS

Unique situations can contribute to postoperative ectasia in seemingly low-risk individuals. Eye rubbing can worsen keratoconus and ectasia, and multiple case reports have documented this phenomenon.75-77 Patients screened for refractive surgery or diagnosed with postoperative corneal ectasia or keratoconus should be advised and assisted to halt eye rubbing. Ectasia occurring in temporal relation to pregnancy has also been reported.78-80 Authors have theorized that hormonal changes may alter corneal biomechanics. While there is a paucity of data to date, it may be advisable to consider this when screening women of childbearing age, especially if they have borderline topographic findings.

Further, LASIK retreatment (enhancement) has been considered a risk factor for ectasia. While enhancement is likely not a risk factor per se, when considering flap lift for retreatment, RSB calculations are critical to determine the appropriateness of this approach, as postoperative total corneal thickness values are often misleading due to epithelial remodeling.81,82

POSTOPERATIVE ECTASIA MANAGEMENT STRATEGIES

In the past, postoperative ectasia was challenging to manage when it did occur, as the primary measures available included spectacles or gas permeable contact lenses followed by corneal transplantation.6 Now, however, there are numerous treatment strategies available. The cornerstone of all future treatments beyond glasses and contact lens wear appears to be CXL early on in the course of the ectatic process so as to prevent significant corneal warpage.83


In principle, treatment of ectasia should accomplish the following:


	Halt the ectatic process

	Reduce corneal curvature irregularities

	Correct residual refractive error7


These goals may be accomplished to varying degrees of success through a combination of CXL, intracorneal stromal ring segments, phakic intraocular lenses, and excimer laser ablation in specific cases. Each technique will be discussed fully in this text, with each technique the subject of its own chapter.

TAKE-HOME POINTS


	Postoperative corneal ectasia is a progressive corneal steepening and thinning disorder that occurs most commonly after LASIK and is functionally and histologically analogous to keratoconus.

	Early signs of postoperative corneal ectasia include increasing myopia and astigmatism, increasing irregularity on topography, decreasing UDVA, and reduced CDVA.

	Patient demographics exhibit high variability, but general risk factors include abnormal corneal topographic patterns, high PTA, young patient age, thin central corneas, and low RSB thickness.

	New diagnostic modalities may further improve our ability to screen for patients at significant risk for developing postoperative corneal ectasia.
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Corneal Cross-Linking for Progressive Keratoconus

Tobias Koller, MD; Stefan Seiler, MD; and Theo Seiler, MD, PhD

Originally, corneal cross-linking (CXL) was introduced to stabilize the progression of keratoconus1; however, during the in vitro and in vivo experiments, it turned out that, in addition to the biomechanical stabilization of the cornea, an increased resistance of the tissue against melting enzymes may also occur. Consequently, the first publication on clinical application of cross-linking was about corneal melting.2 Between 1999 and 2002, our group in Dresden reported about cross-linking for keratoconus at several meetings. Wollensak et al3 presented the first prospective study on CXL in 23 eyes with a follow-up of one year or longer. He reported stabilization and even regression of the keratoconus as detected by corneal topography in all cases. Based on this publication, the international community took notice of CXL, and, in countries such as Switzerland, Italy, and Australia, prospective studies were launched.

Until today, the molecular mechanism of how these cross-links inside the cornea are created is unclear and only partially understood. Boote et al,4 a member of Professor Meek’s group in Cardiff, UK, presented new insights about the location of the newly formed chemical bonds inside the extracellular matrix of the cornea in 2013. Surprisingly, it was not the collagen molecular alone being cross-linked, but rather, they showed that cross-links occurred at the surface of the collagen macromolecule, between the protein cores of the proteoglycans, and between the glycans itself. In essence, all parts of extracellular matrix become stiffer and better cross-linked. This publication also changed the nomenclature; in the early phase, the term collagen cross-linking was coined because, at that time, everybody believed that it was only the collagen molecule that becomes stiffer. In contrast, when using the acronym CXL today, we understand that this is an abbreviation for corneal cross-linking. In earlier chapters of this book, we present a deeper insight into the molecular mechanisms of CXL and, therefore, they need no further explanation in this chapter.

Before we discuss the clinical application of CXL, it is necessary to clarify the nomenclature of keratoconus because, in many publications, the term keratoconus is used as an umbrella term for primary keratectasia and not as a specific differential diagnosis. We subdivide the primary keratectasia into the following 4 different forms of keratectasia, depending on the location of the maximum of the posterior float (Table 11-1, Figure 11-1): central keratoconus, keratoconus, pseudo pellucid marginal degeneration (PMD), and classical PMD. The central keratoconus and the classical PMD have only small prevalences of less than 2%. Keratoconus, with approximately two-thirds of our patients with keratectasia and one-third of our patients with pseudo PMD, represent the vast majority of the primary keratectasia cases. (These percentages are based on a review of more than 700 keratoconus files at the IROC, Zurich.) A similar subgrouping but different percentages may apply to secondary keratectasia after LASIK. Other classifications of keratoconus such as Amsler and Amsler-Krumeich are clinically outdated, but international task forces are currently in progress to reach consensus of ophthalmology experts from around the world regarding the diagnosis of keratoconus and ectatic diseases.5


Table  11-1.



	
Classification of Primary Keratectasia (n=499)
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PMD = pellucid marginal degeneration; ecc = eccentricity
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Figure  11-1. Corneal topographies and posterior elevation maps of the 3 subtypes of keratectasia: central keratoconus (left), pseudo PMD (middle), and PMD (right).



TREATMENT TECHNIQUE

According to the knowledge of 2016, the following 4 ingredients are needed to accomplish CXL: riboflavin, oxygen, ultraviolet (UV) light, and extracellular matrix of the cornea. Seconds after switching on the UV light, the pool of oxygen diluted in the cornea is exhausted6 and, therefore, the oxygen-dependent cross-linking pathway is significantly reduced. The remaining participants in the cross-linking process (extracellular matrix of the cornea, riboflavin and UV light) and their interaction can be modeled,7 and the physical and mathematical theory shows nice coincidence by the experimental results.7 Currently, we cannot increase the oxygen content in the cornea and, because of the slow diffusion of oxygen into the cornea, longer application times are generally more efficient than short application times.

Since the molecular weight of riboflavin is more than 300 Dalton and the epithelium represents a diffusions barrier for molecules of that size and polarity, the gold standard so far is to alleviate the diffusion by removing the epithelium. Several attempts have been made in the past to overcome or to trick this epithelium barrier either chemically or mechanically, and even intrastromal application of riboflavin has been proposed.

Except for focal applications of CXL, such as in localized infections, ulcerations, and customized CXL, generally the whole cornea with a diameter of 9 mm is irradiated with UV light sources ranging from mercury gas lamps to light-emitting diode array with a wavelength of 355 to 365 nm. This range of wavelengths is a relatively constant parameter; however, the profile of the UV lamp is different in different approaches. In Figure 11-2, the 2 demarcation lines obtained with the UV irradiation of the UV X-1000 and the more updated version UV X-2000 are compared. It is very obvious that a more uniform depth of cross-linking is obtained with the UVX-2000 by applying in the mid-periphery a higher exposition dosage compared to central. In contrast, during customized CXL, a bell-shaped CXL profile is approximated8 to produce more CXL in the center of the cone, which is considered the weakest point.

Standard Epi-Off Procedure

The epithelium removal can easily be accomplished by using a blunt hockey knife; however, small impacts on Bowman’s membrane can create significant scarring and, therefore, it is recommended to use a harmless epithelial removal tool such as the ORCA System (Orca Surgical). The method of de-epithelialization during photorefractive keratectomy by using 20% alcohol for 30 seconds should be not recommended because residual alcohol may interfere with the radicals and, in addition, may delay epithelium healing. Also, the removal of the epithelium using phototherapeutic keratectomy as proposed by Kymionis has significant disadvantages compared to manual removal.9 Due to the epithelium’s reduced thickness over the cone, a phototherapeutic keratectomy also removes stroma tissue, which results in additional biomechanical weakening at the weakest point of the cornea.

The application of 0.1% riboflavin solution is the next step of the procedure. We selected 0.1% riboflavin solution as a best compromise. As stronger solution of riboflavin induces more absorption in the anterior cornea; however, the cross-linking depth is smaller, resulting in a more superficial cross-linking. Concentrations lower than 0.1% result in deeper demarcation lines, but the risk of endothelial damage may increase and the total CXL effect is smaller because fewer radicals are produced. Also, the radiant exposure of 5.4 J/cm2 must be changed accordingly if different concentrations of riboflavin are used.

Right from the beginning, it was clear that the drops applied to the de-epithelialized cornea need to be isoosmotic to the cornea stroma, and, consequently, we selected 20% dextran solution as a carrier for riboflavin. During clinical routine, however, we learned that in some corneas this concentration of dextran is too high and may lead to deswelling and thinning of the cornea. Subsequently, we used 16% dextran solution (T-500) as an appropriate solution carrier, but, in recent years, 1.1% hydroxypropyl methylcellulose (HPMC) solution has been shown to be superior. Emke and co-workers10 showed by means of two-photon microscopy that the riboflavin gradient inside of the cornea after a 10-minute application of 1.1% HPMC/riboflavin 0.1% solution is very similar to a 30-minute application of 16% dextran-riboflavin solution. Hence, this approach obviously shortens the duration of the surgery.
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Figure  11-2. Demarcation lines in OCT after CXL with different UV light sources. In the upper image, a standard UV lamp with standard “homogeneous” profile was used; in the lower graph, a UV light with “optimized” profile was used. The optimized profile guarantees a homogeneous depth of the demarcation, whereas the standard light source shows a significant reduction toward the periphery.



Before the application of UV to the cornea, the following 2 additional steps are necessary for safety reasons: ultrasound pachymetry to ensure that the corneal thickness without epithelium is 400 μm and slit lamp inspection to ensure that riboflavin is in the anterior chamber. The blue light of the slit lamp helps to detect the yellowish flare in the anterior chamber.

The next step is the irradiation of the riboflavin-saturated cornea. Here, we have a full spectrum of irradiances ranging from 3 mW/cm2 to 32 mW/cm2. Assuming that the creation of radicals is rate-process of first order, a higher fluence would be reciprocal to a shorter application time (Bunsen-Roscoe law). Simply because of the slow diffusion of oxygen that is involved in the radical formation, this law cannot be applicable, and, therefore, using shorter times results in fewer radicals and less cross-linking. This has clearly been shown by the group in Geneva. Currently, we still stay with the 5.4 J/cm2 and, in clinical routine, we increased the irradiance to 10 to maximally 15 mW/cm2. So far, we have not seen a significant negative impact on clinical success or complication rates, confirming the results of this type of accelerated CXL presented by several groups.10,11


After the surgery, we are applying antibiotic ointment and a bandage lens for up to 3 days. The pain management includes strong painkillers (ie, tramadol) for the first night and topical anesthetics diluted 1:10 and not used more frequently than once per hour. Under these conditions, the healing rate of the epithelium is not reduced.12 After epithelial healing, patients receive mild steroids for 2 weeks to reduce the inflammation. The patients are asked not to use the hard contact lens before the 1-month follow-up. We see our patients after 1month, 6 months, and 1 year. The 1-month follow-up is especially important because, at that time, the demarcation line is easily seen either at the slit lamp or in optical coherence tomography (OCT), and one can estimate how deep the cross-linked layer reaches (Figure 11-2).

CLINICAL RESULTS

During the last few years, the scientific knowledge about CXL has tremendously increased. A PubMed search for “cross-linking” by the end of the year 2015 found a total of 994 items, most of them presenting clinical results. A meta-analysis of this huge amount of information was warranted. There are currently 2 publications on meta-analysis of CXL for primary keratectasia: one analyzing only controlled prospective studies13 and the other one analyzing prospective studies without control groups.14 Controlled studies are in detail necessary if there is a chance that improvement occurs also without intervention, which we know is an uncommon condition in keratoconus. Therefore, controlled studies (especially if they do not compare partner eyes) are not necessary to prove the therapy effect of CXL. In addition, there were only 3 controlled prospective studies on CXL included and, therefore, a meta-analysis including a total of only 119 eyes is neither appropriate nor necessary.

Before we present the results, we have to consider which parameters will be necessary to enumerate efficacy and safety of the procedure CXL. Regarding safety, the easiest way is to follow the strategy of the US Food and Drug Administration, which means a visual loss of 2 Snellen lines or more is indicating a complicated case. If the determined complication rate is less than 5%, the procedure is considered safe. Although this definition of safety is very convenient, it is questionable because best spectacle-corrected visual acuity (BSCVA) is not a very precise and reproducible parameter of the keratoconic eye. Due to the multifocality of the cornea, BSCVA has to be determined under identical pupil diameter compared to preoperatively, which is difficult to obtain. Regarding efficacy, it is getting even more complicated because, in the majority of the studies, it turned out that the maximal curvature Kmax is a statistically significant parameter in comparing pre- and postoperative values. On the other hand, the reproducibility of the measurement of Kmax seems to be worse in keratoconic eyes than in normal eyes15 and suffers from a 95% confidence interval of more than 1 diopter (D), which is strongly dependent on the grade of keratoconus.16 In normal eyes, the standard deviation is only 0.3 D.17 Corneal topography using Placido systems show even higher standard deviations of Kmax and, therefore, the majority of the studies in the literature use Scheimpflug tomography by means of the Pentacam or Orbscan. Another difficulty in finding a good parameter to enumerate the efficacy of CXL is that Scheimpflug tomography as a technique relies on an optically clear cornea. Even one year after surgery, in many cases, the cornea is not yet clear and, therefore, any information arising from the back surface of the cornea (eg, corneal thickness, posterior float, posterior corneal curvature) is not a valid parameter.

In essence, until we define a better measurement technique, we must use geometrical curvature factors of the anterior surface to evaluate the efficacy of cross-linking. As a standard, we use the maximal curvature Kmax and the regularization index (absolute amount of maximal steepening minus maximal flattening within a 6-mm area). This is currently the norm, but new technologies are on the advent, such as Brillouin spectroscopy and high-resolution OCT of the anterior segment.

In a meta-analysis by Chunyu et al,15 prospective studies with a one-year follow-up were included, reflecting results in 487 eyes. The authors found that “corneal cross-linking could effectively stabilize the progression of KC [keratoconus], as assessed by key corneal topographic parameters” such as Kmax and average K-readings.” They also concluded that “the effects of CXL on visual acuity (BSCVA) improvement are also remarkable.” In a 7-year follow-up presented by O’Brart et al18 in 2015, the reduction in Kmax continued and none of the 36 eyes presented progressed, which indicates a failure rate of 0%. On the other hand, a failure rate of 3% was reported by Koller and co-workers.19 An even higher failure rate of 11% occurred in a French study with a 6-year follow-up20; however, “progression” was based on an increase of 1 D in corneal topography, which is plagued with a much higher variance compared to Scheimpflug imaging. Raiskup et al21 reported that, in 1 out of 35 eyes, a visual loss of more than 2 Snellen lines 10 years after cross-linking occurred that required re-CXL. In this study, 2 eyes required repeat cross-linking (after 5 years and after 10 years), indicating a failure rate of 5% 10 years after cross-linking.

Another problem that remains widely unrecognized is the long-term flattening of corneas that have been treated with cross-linking. In Figure 11-3, a 10-year follow-up of a patient is depicted, showing a constant continuation of flattening after cross-linking. The refraction (spherical equivalent) changed from -2.0 D to +1.0 D within these 10 years. Obviously, cross-linking induces some healing cascades inside of the cornea, leading to a regularization of the cornea. This slow, long-term flattening has to be distinguished from an early flattening of the cornea due to stromal scar formation. This early flattening occurs in up to 4% of cases,22 and a flattening of 5 D is not uncommon.
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Figure  11-3. Ten-year follow-up after CXL. The cornea shows increasing flattening continuing for more than 10 years.



COMPLICATIONS OF CROSS-LINKING

The loss in BSCVA of 2 or more Snellen lines is a good indicator of the complications after CXL. In our prospective study in Zurich (n=100), we had a complication rate of approximately 3%,19 which is very similar to the findings of a French retrospective study.23 Odds ratio analysis identified the following 2 risk factors: age over 35 years and preoperative BSCVA equal or better to 20/25.19 If we would have treated only patients younger than 35 years, the complication rate would have been down to 1%. The complication rate ranges in the literature from 0%24 up to 15.5%.25 In addition to this general estimation of the safety of cross-linking, special complications need to be addressed. Many of those special complications are not vision-threatening, but they do require special therapy.

The most frequent complication in the early postoperative period is the sterile infiltrate (Figure 11-4), which is visible usually at the day 1 inspection. Adding steroid drops (3 times per day) to the antibiotic therapy resolve the steroid infiltrates within 1 or 2 weeks. Infiltrates are mostly located in the periphery of the cornea and, as they occur within one day, they are easily distinguished from infectious infiltrates that may occur in the de-epithelialized area. Also, infectious infiltrates do not occur within one day. Nevertheless, it is necessary to follow the patient with steroid infiltrates on a daily basis to not to miss a deterioration.
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Figure  11-4. Sterile infiltrate 1 day after CXL. Because of the short interval of less than 24 hours after surgery, an infectious infiltrate is highly unlikely.



The next most frequent complication is delayed epithelial healing. In prospective studies, we found an average epithelialization time of 3.1 days (starting from a circular de-epithelialization at a diameter of 9 mm). In up to 5% of the cases, the epithelialization time takes one week or longer. In those cases, frequent change of bandage lenses and antibiotic ointment under the contact lens is necessary because the de-epithelialized cornea is vulnerable regarding superinfections.

Stromal scars can result in a condensation of extracellular matrix, which goes along with opacity and flattening of the cornea. A perfect example in refractive surgery is diffuse lamellar keratitis III (toxic SOS) after LASIK or small incision lenticule extraction, where a substantial flattening of up to 10 D may occur partially reversible within 1 year. Such lamellar scars may also occur after CLX, and the prevalence in our series in Zurich is approximately 4%. Figure 11-5 shows such an example. Most of these lamellar scars occur in the area of the cone and, therefore, this corneal flattening is beneficial for the regularization of the cornea. In the case presented in Figure 11-5, the unaided visual acuity improved from 20/80 to 20/25. The initial strong flattening infect degradates with time, and the time course of one year is a typical value to stabilize.

On other complications such as activation of herpes keratitis, secondary bacterial and fungal keratitis, endothelial cell damage due to improper procedure settings, and melting are extremely rare conditions and there are a fair number of anecdotal reports of such complications.
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Figure  11-5. Stromal scar after CXL and its consequences on corneal tomography. The scar formation goes along with a localized flattening that may exceed 10 D or more, but regresses during the first postoperative year.



We cannot summarize the epi-off CXL procedure better than Dhawan et al26 in their review article:


Cross-linking is a low-invasive procedure with low complication and failure rate but it may have direct or primary complications due to incorrect technique application or incorrect patient’s inclusion and … secondary complications related to therapeutic soft contact lens, patient’s poor hygiene, and undiagnosed concomitant ocular surface diseases.



TAKE-HOME POINTS


	Standard epithelium-off CXL has shown to provide stabilization and even regression of keratoconus as detected by cornea topography.

	The steps to the standard procedure including 0.1% riboflavin, UV light and the role of oxygen.

	Complications include sterile infiltrate, delayed epithelium healing, stromal scarring, activation of infection that can be avoided with proper technique and inclusion criteria and close follow up.
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Corneal Cross-Linking for Postoperative Corneal Ectasia

David Tabibian, MD, and Farhad Hafezi, MD, PhD

Postoperative corneal ectasia after refractive laser surgery (ectasia), showing progressive corneal steepening and stromal thinning, resulting in refractive aberrations and visual loss, has been increasingly reported since its first description by Seiler et al1 in 1998. All excimer laser procedures remove corneal tissue, weakening corneal biomechanics. Postoperative corneal ectasia is a sight-threatening complication after laser in situ keratomileusis (LASIK), occurring in up to 0.1% of cases2,3; it is less frequent after photorefractive keratectomy (PRK).4 Postoperativem corneal ectasia was also mentioned in a few case reports following radial keratotomy.5-8 The major risk factors for postoperative corneal ectasia are outlined in Table 12-1.3,9,10

Corneal cross-linking (CXL), which was initially used for the treatment of progressive keratoconus,11-13 has been shown to be an effective technique to delay or arrest the progression of ectasia.14-17 Hafezi et al14 found an improvement in corrected distance visual acuity (CDVA) in 9 out of 10 cases, improved keratometric readings in 5 out of 10 cases, and reduction in cylinder in all patients (Figures 12-1 and 12-2). The same group reported their long-term results, with a mean follow-up of 25 months (up to 5 years), showing that CXL arrested the progression of post-LASIK and post-PRK ectasia and improved CDVA, Kmax, and 4 corneal topography indices (Figure 12-3).18 Salgado et al17 similarly showed a regression of ectasia and an improvement of spherical equivalent. Hersh et al,15 on the other hand, reported one-year outcomes of a prospective, randomized clinical trial on CXL in both patients with keratoconus and ectasia, showing significant improvement in CDVA and reduced maximum keratometric values.15 More recently, Poli et al19,20 published the 6-year outcome of a prospective clinical study on CXL for progressive keratoconus and ectasia, with a good long-term outcome for CXL in halting the progression of these diseases. The CXL results, however, were less distinct in patients with ectasia compared with the keratoconus groups.

MECHANISM OF ACTION

CXL increases corneal stromal biomechanical stability by creating additional chemical bonds using ultraviolet A (UVA) light and riboflavin as photomediators.21 These biomechanical changes can be detected either directly or via changes in corneal topography.22,23 CXL also improves stromal collagen resistance to endogenous protease, a proposed cause of keratectasia.24,25 Before CXL, treatment options for ectasia were limited to hard contact lenses and intracorneal ring segments to try to mechanically stabilize the cornea, but anterior lamellar or penetrating keratoplasty was often necessary in those cases.26,27

CORNEAL CROSS-LINKING SURGICAL TECHNIQUE

CXL is usually performed according to the standard protocol described by Wollensak et al13, with the exception of patients with central corneal thickness thinner than 400 μm, in whom hypoosmolar riboflavin solution is recommended.28


Table  12-1.



	
Risk Factors for Postoperative Corneal Ectasia





	Deep ablation



	Residual stromal thickness under 250 µm



	Pretreatments (previous ablations)



	Young age



	Thin corneas



	
Preexisting pathology:


	Forme fruste keratoconus

	Pellucid marginal degeneration
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Figure  12-1. Time course of corneal topographies (axial representation) (A) before LASIK surgery; (B) at 10 months after LASIK surgery; (C) at 13 months after LASIK surgery, 1 day before UV/riboflavin-induced cross-linking; and (D) at 20 months after cross-linking, the maximal steepening of the inferior cornea decreased distinctly. (Reprinted with permission from Hafezi F, Kanellopoulos J, Wiltfang R, Seiler T. Corneal collagen crosslinking with riboflavin and ultraviolet A to treat induced keratectasia after laser in situ keratomileusis. J Cataract Refract Surg. 2007;33(12):2035-2040.)
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Figure  12-2. Bilateral iatrogenic keratectasia after LASIK surgery. (A) Right cornea with iatrogenic keratectasia at 12 months after LASIK surgery; (B) right cornea topographically unchanged at 19 months after LASIK surgery; (C) left cornea at 12 months after LASIK surgery; and (D) left cornea 7 months after CXL with distinct decrease of keratectasia. (Reprinted with permission from Hafezi F, Kanellopoulos J, Wiltfang R, Seiler T. Corneal collagen crosslinking with riboflavin and ultraviolet A to treat induced keratectasia after laser in situ keratomileusis. J Cataract Refract Surg. 2007;33(12):2035-2040.)
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Figure  12-3. Topographies obtained before and after CXL in a patient with bilateral iatrogenic ectasia and their respective difference maps for (top row) the right eye (OD) and (bottom row) the left eye (OS). N=nasal; T=temporal. (Reprinted with permission from Richoz O, Mavrakanas N, Pajic B, Hafezi F. Corneal collagen cross-linking for ectasia after LASIK and photorefractive keratectomy: long-term results. Ophthalmology. 2013;120:1354-1359.)




EFFECT OF CORNEAL CROSS-LINKING FOR POSTOPERATIVE CORNEAL ECTASIA ON VISUAL ACUITY

Uncorrected Distance Visual Acuity

Corneal CXL appears to stabilize uncorrected distance visual acuity (UDVA) in patients with ectasia, but its impact on UDVA is less pronounced than in patients with keratoconus. The mean UDVA was approximately 1 Snellen line better 12 months postoperatively in a group of 22 patients with ectasia in a study by Hersh et al15; however, the results were not statistically significant, and 3 out of 22 patients lost 2 or more lines of UDVA by 1 year postoperatively. The authors were unable to provide an explanation for this visual loss, which was unrelated to an increased refractive error or change in corneal topography. In another group of patients with ectasia reported by Salgado and coworkers,16 UDVA showed fluctuations over the first postoperative year, from 0.53 logMAR preoperatively, to 0.67 logMAR after 1 month, to 0.54 logMAR after 3 months, and to 0.40 logMAR after 1 year, but the changes were not statistically significant. Poli and colleagues20 reported on 8 eyes with an improvement of UDVA that reached its peak at 3 months postoperatively (from 0.58 to 0.41 logMAR) and stabilized over their study’s 3-year follow-up period. In their 6-year follow-up, a comparison between baseline and 6-year results showed unchanged UDVA in the postoperative ectasia group, whereas the keratoconus group showed a significantly improved UDVA at 3 and 6 years after the CXL procedure.19

Corrected Distance Visual

Unlike UDVA, a statistically significant improvement in postoperative CDVA has been reported in patients with ectasia post-CXL, although the improvement is usually quite modest and somewhat inferior compared with patients with keratoconus after CXL.15,29,30 Richoz et al18 reported a statistically significant improvement of mean CDVA by 0.2 logMAR (range, 0.1 to 0.6 logMAR) after treatment, with a mean follow-up of 2 years. CDVA improved (≥1 line) in 19 eyes and remained stable in 7 eyes. No patient showed deterioration (lost ≥1 line).18 In the Hersh group,15 there was also a significant improvement of more than 1 line of mean CDVA 12 months postoperatively (mean change, 0.12 ± 0.19 logMAR) and only 1 out of 22 lost 2 lines of CDVA; the cause was unclear. Vinciguerra and collaborators31 also reported significant CDVA improvement, from 0.16 logMAR to 0.06 logMAR.

Manifest Refraction Spherical Equivalent

Several studies reported changes in the manifest refraction spherical equivalent (MRSE) from 0.40 diopters (D) to 2.20 D in patients with keratoconus treated with CXL, but only limited data are available for patients with ectasia.32,33 One study showed a mean improvement of 0.86 D in the MRSE at 12 months, but this change failed to reach statistical significance.15 The authors suggested that irregular corneal topography of patients with ectasia might have caused poor reproducibility in subjective refraction and therefore a lack of significance in the results after CXL.

Astigmatism

Data assessing the effect of CXL on corneal astigmatism in patients with ectasia are limited. Previous studies in patients with keratoconus reported significant changes in manifest astigmatism of 0.26 D to 0.93 D.12,33 In the Hersh group of patients with ectasia, the mean manifest astigmatism remained unchanged after CXL, and vector analysis of the surgically induced astigmatism failed to show a specific pattern in the magnitude or directionality of the astigmatism.15 A possible flaw in this analysis is the difficulty in accurately measuring the pre- and postoperative subjective refraction in patients with ectasia.

EFFECT OF CORNEAL CROSS-LINKING ON KERATOMETRIC READINGS

CXL arrests the progression of post-LASIK and post-PRK ectasia, but improvement of the keratometric readings remains controversial. Richoz et al18 found a significant reduction of the mean Kmax (from 52.5 D to 50.9 D) after CXL treatment. Kmax improved more than 1 D in 19 eyes and was stable in 7 eyes. However, another report of 22 post-LASIK ectasia eyes showed no significant difference of Kmax before and after treatment (1.00-D decrease in Kmax; P=.08).15 Vinciguerra et al31 also found no significant topographic changes (average K, flat K, steep K) in patients with ectasia.

These results suggest that ectatic corneas may have a less-robust response to CXL and may reach the end point of their visual recovery faster when compared to keratoconic corneas. Although the cause for these possible differences in not clear, several explanations have been suggested. CXL preferentially strengthens the anterior stroma, including the LASIK flap, which does not contribute to the biomechanical stability of the cornea. The riboflavin diffusion may be reduced in post-LASIK corneas, affecting the cross-linking result. Post-cross-linking modifications of the extracellular matrix are different between ectasia and keratoconus corneas, as reported by confocal microscopy, and could explain differences and recovery timing.34 Differences in the pathophysiology of keratoconus and postrefractive surgery ectasia might also contribute to a less-pronounced CXL therapeutic effect.15,35
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Figure  12-4. Placido image difference maps demonstrating (A) mild flattening of approximately 2 D; (B) moderate flattening of approximately 4 D centrally; and (C) significant flattening up to 8 D after CXL for postoperative corneal ectasia. (Reprinted with permission from J. Bradley Randleman, MD.)



EFFECT OF CORNEAL CROSS-LINKING ON CORNEAL TOPOGRAPHIC AND TOPOMETRIC INDICES

One of the potential reasons for the contradictory outcomes regarding CXL for ectasia may be the increased variability from patient to patient in their response to CXL. Among other factors, patients with postoperative ectasia may receive treatment at a much later stage in their progression as compared to some of the patients with keratoconus who have been treated and reported at initial progression. Figure 12-4 shows the difference maps of anterior curvature, demonstrating wide variability in treatment results.

The clinical and visual outcomes of CXL for corneal ectasia have been elucidated with the use of Scheimpflug imaging; this topography calculates 7 indices that assess the optical contour of the cornea. Those indices are as follows: the minimum radius of curvature (Rmin), the index of surface variance (ISV), the index of vertical asymmetry (IVA), the keratoconus index (KI), the central keratoconus index (CKI), the index of height asymmetry (IHA), and the index of height decentration (IHD). Corneal topography indices are elevated in patients with keratectasia, with the exception of the Rmin, the inverse of corneal steepness, and therefore are expected to decrease. The abnormal values for the topography indices, as described in the Pentacam (OCULUS) user’s manual, are shown in Table 12-2.

Recent studies have shown improvement in most of the topometric indices after CXL treatment in patients with ectasia. Richoz et al18 found a statistically significant increase in the Rmin and statistically significant decreases in the ISV, IVA, KI, and CKI with a mean follow-up of 25 months. There were no significant changes in the IHA or the IHD. Koller et al22 have shown similar results, with significant improvement in 4 of 7 Pentacam topometric indices (CKI, KI, IHA, Rmin) 1 year after CXL.22 Greenstein et al36 reported changes in the ISV, IVA, KI, and Rmin 1 year post-CXL, but the results did not reach significant levels in the group of patients with ectasia.

The increase of the Rmin is consistent with decreases in Kmax after CXL in many studies.12,30-33,35,36 Decreases in the ISV indicate a decrease in the curvature variation compared with the mean curvature of the cornea, and decreases in the IVA indicate a reduction of the difference between the superior and inferior corneal curvature. The decrease of this index appears to correspond to a decrease of the inferior-superior ratio.37-39 The significant improvement in keratoconus and central keratoconus indices reflects the reduction of the corneal steepness after CXL. Improvement in those parameters is consistent with the visual recovery and reverse of refractive aberrations in some patients with ectasia.


Table  12-2.



	
Topometric Indices From Scheimpflug Imaging (Pentacam [OCULUS])





	
[image: art]





	
Abnormal (yellow in topography maps) and pathological (red in topography maps) values for topography indices (from the Pentacam OCULUS user’s manual)

CKI = central keratoconus index; IHA = index of height asymmetry; IHD = index of height decentration; ISV = index of surface variance; IVA = index of vertical asymmetry; KI = keratoconus index; Rmin = minimum radius of curvature






RISKS AND COMPLICATIONS OF CORNEAL CROSS-LINKING

CXL is considered a safe technique with very rare complications. CXL biomechanical modification is normally limited to the anterior 300 μm of corneal stroma, protecting the corneal endothelium, iris, and lens.40 A demarcation line can normally be observed in a depth of approximately 250 to 300 μm after CXL.41 At 400 μm, only 6 % of the initial power of UVA remains. Most of the complications with CXL have been described in patients with keratoconus. Permanent corneal haze, corneal edema, and stromal scars have been rarely reported. Sterile infiltrates, lamellar keratitis, infectious or herpetic keratitis, or iritis have also been rarely described. Corneal infection risk with CXL is very low, possibly because of its bactericidal effect and the use of post-CXL antibiotic prophylaxis.42 Richoz et al,18 Hersh et al,15 and Salgado et al17 have not described any complication after CXL treatment in patients with ectasia. Poli et al19 reported 2 cases of peripheral submillimeter microbial keratitis successfully treated with topical antibiotic therapy. More long-term data, however, are required to assess the safety of CXL in patients with patients.

TAKE-HOME POINTS


	Corneal CXL appears to be a simple, safe, and effective method for arresting the progression of iatrogenic ectasia and avoiding penetrating or lamellar keratoplasty in many cases.

	CXL improves the CDVA, Kmax, and corneal topography indices with rare permanent complications.

	The biomechanical response of postoperative corneal ectasia to CXL is different from that of patients with regular keratoconus and can be explained by distinctive pathophysiological features.

	Further studies are needed to evaluate the long-term efficacy, stability and safety of CXL alone and in combination with keratorefractive procedures.
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Corneal Cross-Linking for Pellucid Marginal Degeneration

Leopoldo Spadea, MD, and Roberto Secondi, MD

Pellucid marginal degeneration (PMD) is a rare, bilateral, asymmetric noninflammatory disorder of the inferior cornea characterized by an arcuate band of thinning, occurring in the 4- to 8-o’clock position, 1 to 2 mm from the limbus. The resulting progressive ectasia, just above the thinned region of the cornea, causes a reduction of visual acuity due to astigmatism and, rarely, acute hydrops and perforation.1 Schlaeppi first described the disease in 1957, using the word “pellucid” (ie, “clear”), referring to the absence of corneal scarring or neovascularization despite protrusion and ectasia.2 The etiology of PMD is unknown. It is histopathologically considered a variant of keratoconus, differing in its reduced prevalence, onset (from 2nd to 5th decade), and the inferior location of the steepening.3 Furthermore, men are more frequently affected than women.4 Corneal topography represents the standard reference to detect PMD. The map shows the typical “butterfly pattern” of an irregular astigmatism with a marked flattening along a vertical axis and a steepening of the inferior cornea on the peripheral site of the lesion5 (Figure 13-1).

The management of PMD is related to the stage of the disease and includes conservative, parasurgical, and surgical treatments. Most patients affected by early and moderate PMD can be managed only with sphero-cylindrical spectacles or contact lenses.6 A different kind of interventions is required in advanced cases of PMD, or with contact lens–intolerant patients, to obtain an adequate visual recovery. Some surgical treatments, such as penetrating keratoplasty, crescentic lamellar keratoplasty, deep anterior lamellar keratoplasty, and tuck-in lamellar keratoplasty, have been proven to be efficacious and safe.7 Nevertheless, these surgical techniques should not be one’s first choice to manage PMD because they require extensive surgeries, leading to unpredictable refractive results with high risks of rejection due to their proximity to the limbal vascularization.8 Intrastromal corneal ring segments have been reported as effective and safe treatments for early and moderate PMD,9,10 but their placement has several limitations, including regression over time, unpredictable visual outcomes, and risk of perforation.11,12

During the last years, the diagnosis and the management of keratoconus and ectatic diseases have been evolving. Better screening and new treatments could reduce the number of patients who will undergo surgery. The only valid and effective treatment to improve the clinical course of keratoconus13,14 and postoperative ectasia15,16 is corneal cross-linking (CXL) with riboflavin and ultraviolet A (UVA). It can partially reduce the ectatic process, improving visual acuity, without significant collateral effects. CXL has recently gained credit among the scientific community because it is an effective treatment against ectasia.

In addition, this innovative conservative therapy is supposed to postpone or eliminate the need for corneal transplantation in selected patients with PMD. Many authors have described their clinical experiences of CXL treatment for PMD. Steppat et al,17 for example, first remarked upon the safety of epithelium-off (epi-off) CXL treatment in 8 patients with PMD during 18 months of follow-up, highlighting the stability of the ectasia and the absence of collateral effects.
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Figure  13-1. “Butterfly pattern” of PMD. Corneal topography shows an irregular astigmatism with a marked flattening along a vertical axis (Kmax, 50.5; Kmin, 35.3) and a steepening of the inferior cornea (relative scale, axial algorithm [left] and tangential algorithm [right]).
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Figure  13-2. Preoperative videokeratography map. The “crab claw” topographic pattern is shown, with 7.8 D against-the-rule astigmatism. The apex of ectasia (in the lower side of the cornea) has a power of 82.0 D (relative scale, tangential algorithm). The 2 principal perpendicular meridians (lower left) and the semi-meridians (lower right) on the overall corneal surface are represented.
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Figure  13-3. Postoperative videokeratography map 1 year after CXL with riboflavin and UVA irradiation. The corneal profile slightly improves, with 6.4 D against-the-rule astigmatism. The power of the apex of ectasia reduced to 78.0 D (relative scale, tangential algorithm). The 2 principal perpendicular meridians (lower left) and the semi-meridians (lower right) on the overall corneal surface are represented.



Our experience performing CXL for PMD treatment started in 2010, when we reported the case of a 43-yearold man diagnosed with bilateral PMD.18 He was contact lens–intolerant and experienced a progressive reduction of visual acuity in his left eye, where the ectasia was more evolved. A complete evaluation of the therapeutic chances allowed us to consider both the risks and the benefits of the procedure. He was scheduled for epi-off CXL in the left eye to reduce the ectatic process without relevant collateral effects (Figure 13-2).

After topical anesthesia, the corneal epithelium was scraped mechanically with a blunt metal spatula and 0.1% riboflavin in 20% dextran solution was applied on the surface of the cornea for 15 minutes before the irradiation and every 2.5 minutes for 30 minutes during the irradiation. Unlike the classic pattern of irradiation, a decentered area of 9 mm in diameter was irradiated for 30 minutes with UVA at 370 nm of wavelength and 3 mW/cm2 of energy, leaving 1 mm from the limbus free from the treatment. Ofloxacin and flurbiprofen drops were prescribed 4 times per day for 2 weeks. Clobetasone butyrate 0.1% drops were poured 3 times per day. Treatment was tapered off gradually.18

This unusual CXL technique proved to be safe and effective during 1-year follow-up. Topographic keratometry readings and corneal astigmatism were reduced in 12 months. Corneal thickness remained stable (Figure 13-3). Visual acuity improved 3 months later and did not experience any changes in 12 months. No toxic effects were observed on the endothelial cells or the limbal region.18

Hassan et al19 treated a case of advanced bilateral PMD with the unusual CXL method described above. After 8 months of treatment, ectasia was stopped, visual acuity increased during the observation period, and no intraoperative or postoperative complications occurred. Stojanovic et al20 reported a combined therapy with a topography-guided custom ablation followed by standard CXL in a group of 12 patients affected by keratoconus or PMD. This procedure halted the progression of keratectasia, and visual, refractive, and topography outcomes improved within 1 year. Kymionis et al21,22 proposed a photorefractive keratectomy combined with conventional CXL for the management of PMD. Both reports concluded that CXL seemed to be an effective, safe, and promising treatment.

As far as the treatment of ultrathin ectatic corneas is concerned, transepithelial CXL and transepithelial iontophoresis cross-linking (I-CXL) seem to be the most valuable procedures. The former preserves the epithelium by enhancing epithelial permeability, using riboflavin mixed to substances; the latter takes advantage of a good conductor (drug) of electric charge through the tissue.23,24
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Figure  13-4. Final postoperative result after SK for PMD. Nine interrupted 10-0 nylon sutures can be seen.



We therefore decided to treat a 59-year-old, contact lens–intolerant woman affected by bilateral PMD with a combined therapy (sliding keratoplasty [SK]), followed 3 months later by I-CXL) in her left eye.25 In fact, SK is effective in improving visual acuity and reducing the typical against-the-rule astigmatism, and I-CXL can stabilize the new corneal shape and stop the progression of PMD by creating new links inside the collagen fibers of the corneal stroma. Both interventions were performed under topical anesthesia.

After topical anesthesia was administered, the SK procedure began with corneal epithelium removal in the 4 mm for 160° of the inferior cornea, using a blunt metal spatula. Then, a 400-micron–deep incision, 3 mm from the limbus, was done, followed by the realization of a 2.5-mm–length pocket within the peripheral corneal stroma, by using a disk knife. Later, the incision was sutured with 9 interrupted 10-0 nylon sutures by sliding the top corneal flap inside of the lower flap (Figure 13-4).

Three months later, I-CLX was performed in the same eye using an 8-mm–wide iontophoretic application device. It was placed on the corneal surface with an annular suction ring. The device was filled with approximately 0.5 mL solution from the open proximal side until the electrode (stainless steel mesh) was covered. The device was connected to the constant current generator for 5 minutes, set at 1 mA, using a total dose of 5 mA per 5 minutes. A decentered area of 9 mm in diameter was then irradiated by UVA for 9 minutes (delivered energy, 10 mW/cm2), keeping 1 mm of nonirradiated surface from the limbus (Figures 13-5 and 13-6). At a 3-month follow-up appointment, the patient showed an improvement in visual acuity (best corrected visual acuity), with a significant reduction of the keratometric astigmatism and of apex of ectasia; 18 months later, best corrected visual acuity was still stable, and the patient had a mild reduction of keratometric astigmatism and apex of ectasia (Figure 13-7). The obtained results demonstrated both the effectiveness and safety of the combined procedure, regarding the unchanged corneal thickness and the endothelial cell density, 1 year later.
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Figure  13-5. I-CLX 3 months after SK. Intraoperative image of the irradiation by UVA (area of 9 mm in diameter, 9 minutes, 10 mW/cm2 energy).
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Figure  13-6. I-CLX 3 months after SK. Intraoperative image seen from the screen of UVA emitter instrument.
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Figure  13-7. Videokeratography map (relative scale, tangential algorithm) of an eye affected by PMD before treatment (bottom right), 3 months after SK (bottom left), 12 months after I-CXL (top right), and 18 months after I-CXL (top left).



TAKE-HOME POINTS


	Many cases of successful CXL, alone or combined with other procedures, are described in literature as treatment of PMD, but much less is known overall about keratoconus than for CXL.

	As the disease process for PMD presents differently than keratoconus, with maximal steepening and thinning more peripherally, modifications to techniques must be undertaken for maximal effect.

	Despite encouraging results to date, a larger number of patients and long-term studies are needed both to confirm the safety and stability of the treatment and to give definite and customized guidelines.


REFERENCES

1.   Krachmer JH, Feder RS, Belin MW. Keratoconus and related noninflammatory corneal thinning disorders. Surv Ophthalmol. 1984;28(4):293-322.

2.   Schlaeppi V. La dystrophie marginal inferiure pellucide de la cornee. Probl Actuels Ophtalmol.1957;1:672-677.

3.   Tzelikis PF, Cohen EJ, Rapuano CJ, et al. Management of pellucid marginal corneal degeneration. Cornea. 2005;24(5):555-560.

4.   Sridhar MS, Mahesh S, Bansal AK, et al. Pellucid marginal corneal degeneration. Ophthalmology. 2004;111(6):1102-1107.

5.   Maguire LJ, Klyce SD, McDonald MB, et al. Corneal topography of pellucid marginal degeneration. Ophthalmology. 1987;94(5):519-524.

6.   Kompella VB, Aasuri MK, Rao GN. Management of pellucid marginal corneal degeneration with rigid gas permeable contact lenses. CLAO J. 2002;28(3):140-145.

7.   Moshirfar M, Edmonds JN, Behunin NL, et al. Current options in the management of pellucid marginal degeneration. J Refract Surg. 2014;30(7):474-485.

8.   Rasheed K, Rabinowitz YS. Surgical treatment of advanced pellucid marginal degeneration. Ophthalmology. 2000;107(10):1836-1840.

9.   Mularoni A, Torreggiani A, Di Biase A, et al. Conservative treatment of early and moderate pellucid marginal degeneration: a new refractive approach with intracorneal rings. Ophthalmology. 2005;112(4):660-666.

10. Ertan A, Bahadir M. Intrastromal ring segment insertion using a femtosecond laser to correct pellucid marginal corneal degeneration. J Cataract Refract Surg. 2006;32(10):17106.

11. Alió JL, Shabayek MH, Artola A. Intracorneal ring segments for keratoconus correction: long-term follow-up. J Cataract Refract Surg. 2006;32(6):978-985.

12. Piñero DP, Alio JL. Intracorneal ring segments in ectatic corneal disease - a review. Clin Experiment Ophthalmol. 2010;38(2):154-167.

13. Spadea L, Mencucci R. Corneal collagen cross-linking. Ophthalmology. 2011;118(12):2520.e1-4.

14. Hovakimyan M, Guthoff RF, Stachs O. Collagen cross-linking: current status and future directions. J Ophthalmol. 2012;2012:406850.

15. Spadea L. Collagen crosslinking for ectasia following PRK performed in excimer laser-assisted keratoplasty for keratoconus. Eur J Ophthalmol. 2012;22(2):274-277.

16. Spadea L, Cantera E, Cortes M, et al. Corneal ectasia after myopic laser in situ keratomileusis: a long-term study. Clin Ophthalmol. 2012;6:1801-1813.

17. Steppat MH, Raiskup F, Spoerl E, et al. Collagen cross linking in patients with pellucid marginal corneal degeneration. Poster presented at: Association for Research in Vision and Ophthalmology meeting; April 27-May 1, 2008; Ft Lauderdale, FL.

18. Spadea L. Corneal collagen cross-linking with riboflavin and UVA irradiation in pellucid marginal degeneration. J Refract Surg. 2010;26(5):375-377.

19. Hassan Z, Nemeth G, Modis L, et al. Collagen cross-linking in the treatment of pellucid marginal degeneration. Indian J Ophthalmol. 2014;62(3):367-370.

20. Stojanovic A, Zhang J, Chen X, et al. Topography-guided transepithelial surface ablation followed by corneal collagen cross-linking performed in a single combined procedure for the treatment of keratoconus and pellucid marginal degeneration. J Refract Surg. 2010;26:145-152.

21. Kymionis GD, Karavitaki AE, Kounis GA, et al. Management of pellucid marginal corneal degeneration with simultaneous customized photorefractive keratectomy and collagen crosslinking. J Cataract Refract Surg. 2009;35(7):1298-1301.

22. Kymionis GD, Grentzelos MA, Plaka AD, et al. Simultaneous conventional photorefractive keratectomy and corneal collagen cross-linking for pellucid marginal corneal degeneration. J Refract Surg. 2014;30(4):272-276.

23. Spadea L, Mencucci R. Transepithelial corneal collagen cross-linking in ultrathin keratoconic corneas. Clin Ophthalmol. 2012;6:1785-1792.

24. Lombardo M, Serrao S, Rosati M, et al. Biomechanical changes in the human cornea after transepithelial corneal crosslinking using iontophoresis. J Cataract Refract Surg. 2014;40(10):1706-1715.

25. Spadea L, Maraone G. Sliding keratoplasty followed by transepithelial iontophoresis CXL for pellucid marginal degeneration. Poster presented at: European Society of Cataract and Refractive Surgeons Congress; September 5-9, 2015; Barcelona, Spain.






Section III

Corneal Cross-Linking Protocols and Complication Management







14

The Standard Protocol and Its Parameters

Maria A. Woodward, MD, MS; David L. DeMill, MD; Francis W. Price Jr, MD; and Marianne O. Price, PhD, MBA;

Inspired by photochemical reactions used in dentistry and biomaterials, Spoerl et al,1 Spoerl and Seiler,2 and Wollensak et al3 developed a photopolymerization treatment to produce additional chemical bonds and thereby strengthen the corneal stroma in patients with keratoconus, a condition characterized by reduced corneal strength. In 1998, they initiated a pilot clinical study at the University Eye Clinic of Dresden in Germany.3 The corneal cross-linking (CXL) treatment they devised, which has come to be known as the standard protocol or the Dresden protocol, consisted of the following:


	Removal of the central corneal epithelium (7 to 9 mm)

	Pretreatment with 0.1% riboflavin eye drops

	Irradiation of the central cornea with 365-nm wavelength ultraviolet A (UVA) light, at an intensity of 3 mW/cm2 for 30 minutes (Figure 14-1).3


WAYS TO STIFFEN THE CORNEA

Collagen has a triple helical arrangement and is the key structural protein providing corneal strength and rigidity. During collagen production and assembly, dedicated enzymes catalyze cross-linking between collagen microfibrils, providing stability.

Biomechanical studies conducted in the 1980s demonstrated that keratoconus corneas had lower stiffness than normal corneas.4 Thinking that this could be related to reduced CXL and bonding with neighboring extracellular matrix proteins, Spoerl et al1 and Spoerl and Seiler2 evaluated various chemical and photochemical agents that had been used to cross-link and stabilize collagenous biomaterials for their ability to strengthen corneal tissue. Table 14-1 lists the various agents evaluated.2

The chemical agents, aldehyde sugars, and combination of riboflavin and UV light increased the stiffness of porcine corneas by between 20% and 90%, with riboflavin and 2 hours of direct sunlight having the largest effect. Glycation by aldehyde sugars took a significantly longer time (14 days) to produce a significant effect.1,2 Ultimately, low-concentration glutaraldehyde and the combination of riboflavin and UV light were considered the most promising treatments.1,2

PHOTOSENSITIZER: RIBOFLAVIN

Riboflavin, also known as vitamin B2, is yellow-green in color. It is used in food coloring and to fortify baby foods, breakfast cereals, and energy drinks. It is poorly soluble in water, so the more soluble riboflavin-5’-phosphate form is commonly utilized. For the standard CXL protocol, an isotonic 0.1% riboflavin solution is formulated by mixing 10 mg riboflavin-5’-phosphate in 10-mL 20% dextran T-500 solution.3
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Figure  14-1. CXL treatment utilizing the standard protocol, with treatment of the central 9 mm of the cornea with topical riboflavin 0.1% and 365-nm wavelength UV light.




Table  14-1.



	
Chemical and Photochemical Agents Evaluated for Their Ability to Strengthen the Cornea in Preclinical Studies2
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UV = ultraviolet






EPITHELIAL REMOVAL TO PROMOTE PENETRATION

Riboflavin is a large molecule (molecular weight, 376.37 g/mol) that does not readily penetrate intact corneal epithelium. Therefore, the standard protocol specified epithelial removal.3 Studies have confirmed minimal penetration of the standard riboflavin solution through intact epithelium and have shown that poor riboflavin penetration results in a 5-fold reduction in the biomechanical effect.5

However, epithelial removal causes pain, slows healing, and carries an infection risk. Various methods, including transepithelial CXL6 and iontophoresis-assisted CXL,7 have been devised to improve riboflavin penetration through intact epithelium and reduce these risks.


ULTRAVIOLET SAFETY CONSIDERATIONS

A key consideration from the outset was to devise a method to reliably strengthen the corneal stroma without damaging other ocular structures. Damage from UV light depends on wavelength, irradiance, and irradiation time. UV exposure can cause photokeratitis at the cornea, pterygium on the ocular surface, a cataract in the lens, and thermal or photochemical damage in the retina. These considerations influenced the selection of treatment parameters.

WAVELENGTH

The photosensitizer riboflavin has the following 3 absorption peaks: 300-nm, 365-nm, and 436-nm wavelengths. In early stress-strain experiments conducted on porcine corneas, treatment with 365-nm wavelength light was twice as effective at increasing corneal stiffness as treatment with 436-nm wavelength, when both were applied for the same length of time (45 minutes) and at the same irradiance (2 mW/cm2).2 From a safety standpoint, the peak at 436 nm is within the 400- to 1400-nm wavelength range associated with blue light hazard to the retina, and the peak below 300 nm is within a range associated with DNA damage.8 Also, wavelengths of 270 to 315 nm can cause epithelial photokeratitis with dose densities of 0.12 to 0.56 J/cm2, although this is not relevant if the epithelium is removed.8 Given these considerations, the 365-nm peak was selected for the standard protocol.3

IRRADIANCE AND TREATMENT DURATION

In preclinical studies, Spoerl and Seiler evaluated use of 365-nm wavelength at an irradiance of 2 mW/cm2 and found that a 45-minute cross-linking treatment, which provided 5.4 J/cm2 total radiant energy to the cornea, was twice as effective at increasing corneal stiffness as a 30-minute treatment, which only provided 3.6 J/cm2 of radiant energy.1,2 For the pilot clinical study, they increased the irradiance to 3 mW/cm2, to provide 5.4 J/cm2 of radiant energy in 30 minutes,3 and this irradiance and treatment duration became the standard protocol.

More recent studies have shown that the irradiance can be further increased by 3- to 10-fold, with a proportional decrease in the treatment time.9,10 Use of varying fluence and irradiation times (continuous and fractionated) will be discussed in other chapters.11

RADIANT EXPOSURE TO THE LENS AND RETINA

The threshold radiant exposure for damage by 365 nm light is 70 J/cm2 for the lens and 7.7 J/cm2 for the retina.8,12 The standard protocol has a total radiant exposure of 5.4 J/cm2 at the corneal surface. This is below the damage threshold for the lens or retina.

The International Commission on Non-Ionizing Radiation Protection has issued guidelines for chronic UV irradiation exposure, such as in one’s occupation. It recommends no more than 1 J/cm2 of UV exposure within an 8-hour period.13 In the standard CXL protocol, the incident radiation at the corneal surface exceeds this guideline, but most of the incident radiation is absorbed by the riboflavin, so the level of radiation passing beyond the cornea is well below the recommended limit for chronic exposure.8 This reduction in the irradiance due to riboflavin light absorption has been termed riboflavin shielding.

RADIANT EXPOSURE TO THE CORNEAL ENDOTHELIUM AND KERATOCYTES

The biggest concern is potential damage to the corneal endothelium, because it has low regenerative capacity and is located immediately adjacent to the targeted treatment area, the corneal stroma. The corneal endothelium has a cytotoxic threshold of 4 mW/cm2 with UVA exposure, but the presence of a photosensitizer, such as riboflavin, dramatically reduces this damage threshold.14 In experiments with endothelial cell cultures from porcine corneas, Wollensak et al14 found that the addition of riboflavin decreased the cytotoxic threshold 10-fold, from 4 mW/cm2 for UVA irradiation alone to 0.35 mW/cm2 for riboflavin plus UVA.

The riboflavin concentration achieved at various stromal depths is determined by the concentration of the applied riboflavin and the time course of administration. Sodium fluorescein has a molecular weight of 376 g/mol, which is almost identical to that of riboflavin, so Spoerl et al8 plugged the known diffusion coefficient for sodium fluorescein (D=6.5 × 10-7 cm2/s) into a time-dependent one-dimensional diffusion equation. The calculation showed that a riboflavin concentration of at least 0.04% should be achieved down to a stromal depth of 400 microns (μm) after a 30-minute application of a 0.1% riboflavin solution.8 Calculations using the Beer-Lambert law suggest that the UV irradiance should be reduced by a factor of 5.5 due to the absorption of incident 365-nm light by riboflavin that has diffused into a 400-μm-thick cornea over a 30-minute timeframe following epithelial removal.8
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Figure  14-2. Anterior segment optical coherence tomography image of the cornea one week after CXL. The blue horizontal line at the top indicates the 9-mm treatment zone. The small white arrows indicate the treatment demarcation line in the midstroma.



The predicted drop in irradiance was confirmed by measuring the absorption coefficient in human corneas that had been saturated with 0.1% riboflavin.8 The riboflavin increased the absorption coefficient by 5-fold, thereby limiting the UV irradiance passing through 400 μm of stromal tissue to 0.18 mW/cm2 at the endothelial cell layer. This is below the cytotoxic threshold of 0.35 mW/cm2 measured in the endothelial cell culture studies.14

The corneal keratocytes have a similar irradiance damage threshold as the corneal endothelium.15 Confocal microscopy studies have revealed keratocyte cell death to a depth of up to 350 μm (measured from the surface of the newly regenerated epithelium) following CXL treatment.16,17 Unlike the corneal endothelium, keratocytes have good regenerative capacity and they have been observed to repopulate the corneal stroma within approximately 6 months.16,17

BEAM DIAMETER AND RADIANT EXPOSURE TO THE LIMBAL STEM CELLS

An aperture placed in front of the light source regulates the beam diameter. UV light treatment is typically limited to an 8- to 9-mm diameter to maximize the area of stroma being strengthened, while maintaining a buffer zone of at least 1 mm of nonirradiated, intact epithelium around the edges to avoid damaging the limbal stem cells.3,8 Some advocate using a poly(methyl methacrylate) ring or other UVA blocker to protect the limbal area during treatment.18,19

ASSESSMENT OF TREATMENT DEPTH

Usually during the first few weeks after cross-linking, a demarcation line can be observed in the corneal stroma by slit lamp examination.20 It is most easily observed using a thin slit beam and high illumination level. The demarcation line is located at a similar depth (approximately 350 μm) as a lateral transition zone that Caporossi et al16 detected with in vivo confocal microscopy one month after CXL.17 A demarcation line also can be observed with anterior segment optical coherence tomography and is easiest to discern in the outer 3 mm of the treatment zone (Figure 14-2).

Chai et al21 detected collagen autofluorescence to a similar stromal depth of approximately 300 μm in rabbit eyes treated with the standard 30-minute UV exposure. They found that the autofluorescence was strongest in the anterior 100 μm of the stroma and that the total increase in autofluorescence was strongly correlated with the extent of corneal stiffening.

Ultrastructural stromal modification after cross-linking was observed by Bottos et al22 using immunofluorescence confocal microscopy imaging of porcine corneas. By utilizing fluorescent antibodies that attach to collagen and enable its visualization, they found that the standard cross-linking protocol produced a 100-μm-thick superficial zone of highly organized collagen fibers and an adjacent 75-μm-thick zone of partially organized collagen fibers in the anterior stroma. Treatment depth varies depending on whether a standard or accelerated protocol is used.23


EFFECT OF PRESOAK TIME AND RIBOFLAVIN CONCENTRATION

As the riboflavin diffuses into the cornea, the concentration gradient is initially steep and flattens over time. Whereas the riboflavin concentration is estimated to reach 0.08% at a 50-μm depth within 5 minutes of applying 0.1% riboflavin to the stromal surface following epithelial debridement, it takes approximately 15 minutes for the concentration to reach 0.02% and 30 minutes for it to reach 0.04% at a 400-μm depth.8 Thus, one might expect the period of time that the riboflavin is applied to the cornea before turning on the UV light (the presoak time) to be a critical parameter.

In practice, presoak times have ranged from 5 to 30 minutes. The presoak time was 5 minutes in the pilot clinical study and 20 minutes in subsequent patients treated at the Dresden clinic.3,24 An Australian randomized clinical trial used a 15-minute presoak,25 and a multicenter clinical trial conducted in the United States used a 30-minute presoak.26 None of these studies reported endothelial damage, suggesting that a range of presoak times is tolerated.

An early analysis of the riboflavin absorption coefficient for UV light suggested that varying the riboflavin concentration would have a limited treatment effect.8 However, a 2011 reanalysis suggested that the absorption coefficient varies with concentration over a wider range than originally thought, suggesting that the riboflavin concentration could be effectively varied as a treatment parameter in a considerably broader range.27

EFFECT OF RIBOFLAVIN DOSING FREQUENCY DURING TREATMENT

The riboflavin dosing frequency generally ranges from every 2 minutes to every 5 minutes. Riboflavin eye drops were applied every 4 to 5 minutes at the Dresden clinic, every 3 minutes in the Australian randomized clinical trial, and every 2 minutes in the US randomized clinical trial.3,24-26 A prospective, randomized study abstract did not report different outcomes for 2-minute vs 5-minute riboflavin dosing.28

The riboflavin/dextran formulation used in the standard protocol is viscous and leaves a film on the cornea. Laboratory measurements suggest that the riboflavin/dextran film is approximately 200-μm thick immediately after application and that the film thickness decreases to approximately 70 μm and plateaus at that level within 1 to 2 minutes.29 It should be noted that these film characteristics are unique to this specific riboflavin formulation, and that the experiments did not take into account the possible influence of a patient’s body temperature and tears on the film thickness.
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Figure  14-3. Difference in rigidity between a pair of corneas harvested from a 30-year-old donor; the one on the left is pink, soft, and flexible immediately after being removed from corneal storage solution, while the one on the right is yellow and rigid after treatment with the standard riboflavin/UV light cross-linking protocol. The cornea on the right was mounted on an artificial anterior chamber during the CXL treatment.



The total absorption coefficient of human corneas treated with the standard 0.1% riboflavin/dextran solution for 30 minutes was found to be approximately 50% higher when a film of riboflavin was present on the surface than it was without the riboflavin film.29 Thus, the riboflavin film is an important modulator of the UV irradiance.

IMPACT ON CORNEAL RIGIDITY

Wollensak et al30 conducted laboratory tests comparing the strength of cross-linked human research corneal tissue with untreated tissue, and found that the standard cross-linking protocol tripled biomechanical rigidity. Figure 14-3 clearly shows the difference in rigidity between a pair of corneas harvested from a 30-year-old donor with and without CXL treatment.

Modifications to the standard protocol that result in reduced riboflavin penetration have been shown to have a substantially lower effect on corneal rigidity.5 This would be expected to result in either a lower success rate for haltixg keratoconus progression or less duration of the effect over time (eg, years). Currently, there is no reliable way of determining how much stiffening is sufficient to stop keratoconus progression in individual patients.


TAKE-HOME POINTS


	The standard CXL protocol includes epithelial removal, riboflavin saturation of the cornea, and UV light treatment using 3 mW/cm2 to provide 5.4 J/cm2 of radiant energy in 30 minutes.

	Used for more than a decade, CXL is the first treatment that successfully halts the progression of keratoconus and postoperative corneal ectasia in most cases with a low complication rate.

	Any protocol modifications discussed in subsequent chapters must be measured against this benchmark, which has a proven long-term safety and efficacy track record.
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Corneal Cross-Linking Using Accelerated Protocols
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Corneal cross-linking (CXL) is a well-established surgical procedure for the treatment of ectatic disorders such as keratoconus, post-LASIK ectasia, and pellucid marginal degeneration.1,2 Currently, CXL is alternatively used for the treatment of microbial and fungal keratitis.3

The classic, time-consuming Dresden protocol requires epithelium removal (epi-off) and 30 minutes of riboflavin instillation prior to ultraviolet A (UVA) corneal exposure.1 UVA irradiance is performed with an intended intensity of 3 mW/cm2 for a UVA duration of 30 minutes, which corresponds to a total 5.4-J/cm2 energy dose delivered to the treated cornea. Long-term studies have already shown excellent results concerning biomechanical strengthening of the ectatic cornea and stabilization of the progressively degenerative disorder.4,5 However, the extensive duration of the classic Dresden protocol regarding its surgical procedure (over one hour in total) remains a significant disadvantage for the surgeon and the patient’s cooperation and, therefore, motivated the investigation of other alternative, equally effective treatment protocols using higher irradiance and lower treatment times.

The concept of the accelerated CXL was based on the photochemical Bunsen-Roscoe law (BRL; also known as the reciprocity law), which is used in photochemistry and chemical photography and demonstrates the inverse relationship between intensity and duration of light that determines the reaction of a light-sensitive material.6 According to the BRL, the photochemical effect on a cornea (resembling CXL efficiency) could remain the same by increasing UVA intensity and inversely decreasing the duration of UVA irradiance, which, correspondingly, decreases the total duration of the CXL procedure. Thus, manufacturers designed and currently provide high-intensity UVA illuminators that have the ability to illuminate with higher intensities of UVA irradiation (from 9 mW/cm2 up to 30 mW/cm2) in a shorter amounts of time (from 30 minutes down to 10 minutes) by maintaining the total photochemical result (5.4 J/cm2) delivered to the treated cornea. For example, a 10-minute UVA protocol consists of 30 minutes of riboflavin instillation followed by 10 minutes of UVA irradiation with 9 mW/cm2, corresponding to 5.4 J/cm2 delivered to the cornea (total operation time, 40 minutes), while a 3-minute UVA protocol consists of 30 minutes of riboflavin instillation followed by 3 minutes of UVA irradiation with 30 mW/cm2, corresponding to 5.4 J/cm2 delivered to the cornea (total operation time, 33 minutes).

Theoretically, every time/intensity combination of an accelerated protocol could provide the same biomechanical changes in the cornea if the total energy delivered to the cornea remain the same (5.4 J/cm2, as in the Dresden protocol). Moreover, it could be possible to achieve minimal treatment operation times with extremely high UVA intensities during CXL. However, there are reported studies concerning the photochemical effect in inert materials demonstrating that the BRL could be altered (an effect called the reciprocity law failure).7 In addition, Schindl et al8 summarized that, in cell and tissue samples, UV irradiation could possibly not follow the BRL and that this law seems to be restricted to rather narrower limits for most photobiologic reactions.

Currently, the accelerated CXL protocols have already been applied in clinical practice, while the treatment of the ectatic corneal disease has proven to be a fertile field for direct clinical investigation, with the minimal risk of damaging an already pathologic cornea and the high success rate of the CXL procedures (already underlined by several published long-term studies) being the major advantages for this purpose.4,9,10 Given the fact that researchers all over the world provide interesting information concerning several accelerated protocol aspects, it is necessary to construct a specific algorithm to establish guidelines for the corneal treatment with CXL and to possibly customize treatment protocols to specific corneal profiles.

LABORATORY RESULTS OF ACCELERATED CROSS-LINKING

It has been shown in ex vivo experiments that the biomechanical stiffening effect of the corneal tissue with 10 mW/cm2 (illumination time, 9 minutes) was equivalent with the effect produced by the standard protocol with 3 mW/cm2 (illumination time, 30 minutes).11 Moreover, Wernli et al11 reported the efficacy of corneal cross-linking for higher intensities by the change in corneal stiffness that is evoked by the cross-linking treatment of ex vivo porcine corneal tissue. The UVA intensities that were used varied from 3 to 90 mW/cm2, with a constant energy dose of 5.4 J/cm2 and corresponding illumination times ranging from 1 to 30 minutes. This study showed the dependence of the increase in corneal stiffness on illumination intensity while maintaining an irradiation dose of 5.4 J/cm2. An equivalent stiffness increase could be achieved up to an illumination intensity of approximately 40 to 45 mW/cm2, corresponding to illumination times of approximately 2 minutes. For higher intensities ranging from 50 to 90 mW/cm2, no statistically significant stiffness increase could be achieved.11

CLINICAL RESULTS OF ACCELERATED CROSS-LINKING

The first published clinical studies concerning accelerated CXL protocols reported comparable short-term results with the conventional CXL protocol. Cinar et el12 showed that accelerated protocol significantly increased corrected distance visual acuity and significantly decreased topographical keratometric values in patients with keratoconus 6 months after surgery. The same group in a comparative study showed that the refractive and visual results of the accelerated CXL method and the conventional CXL method in short time period were similar.13 Tomita et al14 reported one-year outcomes after accelerated (with 30 mW/cm2 UVA for 3 minutes) and conventional CXL and found comparable results. Another published study by the same group reported similar topographical and refractive outcomes with the same settings.15 Elbaz et al16 reported that accelerated corneal CXL is effective in stabilizing topographic parameters after 12 months of follow-up in mild to moderate keratoconus-affected corneas, and improvement in the uncorrected distance visual acuity and the stabilization of all tested corneal parameters were noted after the treatment. However all previous studies concluded that larger cohort studies have to be undergone with longer follow-up to validate their results.12-16

DEMARCATION LINE IN ACCELERATED CROSS-LINKING

An indirect way to measure CXL treatment depth is post-CXL demarcation line depth, which is observed in the corneal stroma 2 to 4 weeks postoperatively with the slit lamp, the confocal microscopy, and the anterior segment optical coherence tomography (AS-OCT) and gradually disappears as keratocytes repopulation process of the corneal stroma occurs during the following 6 months postoperatively.17 Kymionis et al18-20 showed that the demarcation line depth is equally measured with confocal microscopy and AS-OCT. Further, they showed with their studies regarding the demarcation line depth in different accelerated CXL protocols that the accelerated protocols produced shallower demarcation lines than the original Dresden protocol.18-20 Finally, they reported that the faster the UVA treatment protocol, the shallower the treatment depth (provided by demarcation line depth with AS-OCT).19,20

Eventually, there were serious concerns raised about the efficiency of the accelerated protocols. On the other hand, the shallower demarcation line depth could allow the treatment of corneas that was previously excluded from CXL due to limited corneal pachymetry (< 400 microns [μm]). Ozgurhan et al21 reported encouraging 1-year outcomes after accelerated CXL (with 30 mW/cm2 UVA for 3 minutes) on thin corneas without significant postoperative reduction in endothelial cell density.21 On the other hand, there are modifications that have already been proposed regarding the time settings of the accelerated protocols to acquire comparable results with the original Dresden protocol.22 These protocols, however, require an increased total energy dose delivered to the cornea, and long-term results are needed to establish their safety.

RECENT ADVANCES IN ACCELERATED CROSS-LINKING

Recently published studies shed more light on the topic of accelerated CXL. Bouheraoua et al23 supported that accelerated protocols produced shallower effect than conventional protocols with the use of both AS-OCT and confocal microscopy. In their study, Ng et al24 supported that conventional and accelerated CXL are effective in stabilizing keratoconus progression after a mean of 12 months. Patients who underwent conventional CXL showed clinical improvement with greater corneal flattening, which correlated with a deeper corneal stromal demarcation line. Conversely, Touboul et al25 compared confocal microscopy with the conventional, transepithelial, and accelerated protocols and reported clear differences between them. Further, they found that accelerated CXL had a greater impact than conventional CXL on the anterior cornea, whereas transepithelial CXL did not appear to alter corneal morphology.25 Chan et al26 added that accelerated CXL seems to be effective in preventing progression and causing topographic flattening in advanced cases of keratoconus, but is not as effective in the less-progressed counterparts.

ACCELERATED CROSS-LINKING COMBINED WITH LASIK

There are published studies that used accelerated CXL in combination with other surgical procedures. Kanellopoulos et al,27 for instance, recently reported 2-year outcomes of the prophylactic use of accelerated CXL in combination with LASIK for the treatment of high myopia. Although CXL is an effective treatment modality for the arrest of ectatic disorders such as keratoconus, the adjuvant application of this method in refractive surgery is still under debate.

TAKE-HOME POINTS


	Accelerated protocols take advantage of the BRL to theoretically provide the same photochemical effect by maintaining constant total irradiation by increasing UVA intensity and inversely decreasing the duration of UVA irradiance to maintain the same (5.4 J/cm2) as in the standard protocol.

	Accelerated CXL protocols that recently emerged could prove to be adequate alternatives of the classic Dresden protocol.

	At this moment, however, the confusing parameters, including the impact of the demarcation line, have to be clarified to achieve a more-accurate and repeatable surgical process for the proper treatment of the ectatic corneal pathology.
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Epithelium-On Protocols Conceptual/Basic Science

Eberhard Spoerl, PhD, and Suphi Taneri, MD

Corneal cross-linking (CXL) with epithelial debridement (epithelium-off [epi-off]method) has clearly demonstrated its efficacy in preventing the progression of keratoconus.1 A prerequisite for the biomechanical effect that occurs in the collagen fibers and proteoglycans of the corneal stroma is that riboflavin and ultraviolet (UV) light enter the stroma in sufficient concentration and power. The intact corneal epithelium, with its tight junctions, is considered to be the most important barrier to riboflavin permeability and is also filtering UV light. Insufficient penetration of riboflavin solutions with dextran into the corneal stroma in transepithelial application was confirmed again and again in the last few years.2-6 Therefore, mechanical removal of the corneal epithelium (epi-off method) is an indispensable point of the standard protocol for CXL before the application of riboflavin. Advantages of the epi-off method are the fast penetration of riboflavin and oxygen into the stroma. This enables a high concentration of riboflavin in the stroma, providing a strong and deep CXL effect. Furthermore, a high concentration of riboflavin in the stroma leads to a high absorption of the incident UV light, offering a strong protection of the endothelium, lens, and retina. Disadvantages are pain, discomfort in the form of burning and tearing for a number of days, delay in contact lens wear, and risk of infections.

Therefore, there are some efforts to perform CXL without the removal of the epithelium, also called transepithelial CXL (TE-CXL) or epithelium-on (epi-on) CXL. The advantages of the epi-on method compared with the epi-off method include less pain, more comfort during the early postoperative period, faster visual recovery, lower risk of infection, and faster return to contact lens wear (Table 16-1).

To successfully perform TE-CXL, it is not sufficient to change only one parameter of the standard CXL protocol. Rather, a set of parameters (Figure 16-1) must be changed to be successful.

Several approaches to increase the permeability of the epithelium to riboflavin are suggested as follows:


	Pharmacologic modification of epithelial permeability, including the following:

	Benzalkonium chloride (BAC)7-10

	Ethylenediaminetetraacetic acid11-13

	Chlorobutanol14,15

	Tetracaine16

	Channel-forming peptide (NC-1059)17



	Mechanical modification of epithelial permeability, including the following:

	Incomplete abrasion, superficial removal of epithelial cells with laser16

	A destructive device to create pockmarks in the epithelium (epithelium disrupter) to maintain much of the epithelium but also promote riboflavin penetration18

	Superficial scratches



	Enhanced application by physical methods (iontophoresis,19 ultrasound-enhanced delivery of riboflavin20)

	Intrastromal application of the following

	Needles

	Pocket application21,22

	Application in stromal channels23




Table  16-1.



	
Comparison of Epithelium-Off and Epithelium-On Techniques





	Advantages
	Disadvantages



	Epi-off
Depth of demarcation line approximately 300 µm




	Fast penetration, a high concentration of riboflavin
	Pain



	Strong and deep CXL effect
	Risk of infections



	Strong protection of the endothelium
	



	Epi-on
Depth of demarcation line approximately 150 µm to 240 µm




	More comfortable during the early postoperative period, less pain
	Not so deep cross-linking



	Faster visual recovery
	



	Lower risk of infection
	



	Faster return to contact lens wear
	



	
CXL = corneal cross-linking; µm = microns
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Figure  16-1. Parameters that must be changed for an effective TE-CXL.




The riboflavin solution must also be modified for transepithelial application as follows:


	It should not contain dextran9,10

	It should be a hypoosmolar solution (sodium chloride [NaCl] concentration <0.44%)10

	It should contain a higher riboflavin concentration (0.2% to 0.5%)


Because the riboflavin diffusion is concentration- and time-dependent, a higher concentration of riboflavin in the solution (0.2% to 0.5%) yields higher concentrations in the stroma.24 A 2012 study showed that the epithelial cells are not enriched with riboflavin.17 For that reason, only a small part of the UV light is absorbed by the epithelium (15% to 20%).10,25 This may be compensated by an increase in the UV dosage of approximately 20% compared to the epi-off method.

It is also important to rinse the corneal surface with balanced salt solution. This removes the riboflavin on top of the epithelium before UV irradiation and prevents the absorption of UV by this riboflavin film.

In the standard protocol, riboflavin instillation is continued during UV illumination to avoid stromal dehydration. Due to the combination of TE-CXL with accelerated CXL, this seems unnecessary, as the time of irradiation is shortened.

The first clinical reports to perform CXL without removal of epithelium were presented by Boxer Wachler,7 Pinelli,8 and Boxer Wachler et al.15 Unfortunately, thorough basic investigations were not performed or reported.

The first systematic experimental study concerning the CXL procedure without epithelial debridement was conducted by Wollensak and Iomdina,26 who tested 0.1% riboflavin in 20% dextran T-500 + 0.005% BAC in rabbit eyes and found a slight biomechanical effect. However, Koppen et al27 found in a clinical study of 53 eyes with progressive keratoconus that this combination of 0.005% BAC and riboflavin with dextran was less effective than standard CXL.

Kissner et al9 tested two BAC concentrations (0.02% and 0.04%) in 0.1% riboflavin in 0.44% NaCl solution on rabbit eyes. They found good UV absorption and a strong biomechanical effect using a solution containing 0.02% BAC. As the epithelial thickness of human eyes is approximately 50 microns (μm), rabbit eyes with an epithelial thickness of 40 μm are better suited for animal studies of TE-CXL than are porcine eyes,28 with an epithelial thickness of approximately 100 μm.
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Figure  16-2. Stress at 10% strain on rabbit corneas pretreated transepithelially with several riboflavin solutions before cross-linking.



These investigations were continued by Raiskup et al10 and the influence of the riboflavin solution´s osmolarity on the penetration of riboflavin into the stroma was investigated by means of measurement of the absorption. Pahuja et al29 investigated the riboflavin penetration into the stroma in vivo in both epi-on and epi-off procedures intraoperatively using spectral domain optical coherence tomography integrated into the operating microscope. A hyperreflectance showed a penetration depth of approximately 149 μm and 191 μm in the epi-on and epi-off groups, respectively.29

Riboflavin can pass on the paracellular pathway through the epithelium of the desmosomes and tight junctions between the epithelial cells are loosened. Tight junctions are complex, highly regulated dynamic structures that regulate paracellular movement by changing paracellular conductance. The paracellular conductance is regulated by the osmotic gradient, and dextran, as a large molecule, inhibits it.30-32

BAC loosens the tight junctions and increases the permeability. A concentration of 0.01% BAC is sufficient.10 Ethylenediaminetetraacetic acid also leads to an improvement in permeability. For both enhancers to be effective, it is important that the riboflavin solution does not contain dextran and only a low NaCl concentration (Figure 16-2). Dextran blocks the permeability of riboflavin. A low content of NaCl (<0.4%) facilitates the penetration, and this osmotic modification is very effective.30 This also explains why transepithelial studies with the standard riboflavin solutions containing dextran and/or 0.9% NaCl could not show a proper biomechanical effect in the past.

The biomechanical effect of transepithelial application of 0.1% riboflavin solution was investigated (with and without dextran, with 0.01% BAC and several concentrations of NaCl) in comparison to the application without epithelium (see Figure 16-2). Positive results with BAC were also found by Torricelli et al33 and Lesniak and Hersh.34


BAC homologs may cause acute corneal epithelial toxicity, depending on their alkyl chain length. An alkyl chain length of C12 has a lower acute corneal epithelial toxicity than other chain lengths. Thus, the use of C12-BAC instead of commercially available BAC is potentially safer and should be preferred in TE-CXL.35

To reduce the epithelial cell damage or epithelial detachment36 in case of BAC use, a 2-stage procedure is recommended. That means opening up the paracellular pathway by transepithelial application of riboflavin-containing BAC for 3 to 6 minutes and then soaking the cornea for the rest of time (10 to 20 minutes total) by using a hypoosmolar riboflavin solution without BAC.29

CONTACT TIME BETWEEN RIBOFLAVIN AND EPITHELIUM

For TE-CXL, the contact time between the riboflavin solution and the epithelium is essential. If a highly fluid riboflavin solution is dropped on the cornea, the riboflavin may flow off the dome-shaped surface and the effective contact time may be shorter than intended. This problem is circumvented by applying the riboflavin solution into a ring-shaped well on the cornea or by increasing its viscosity (eg, by adding methylcellulose), making sure that the riboflavin remains in touch with the epithelium for the desired time. It is vital to remove excess riboflavin solution from the corneal surface before UV irradiation to minimize the absorption of the UV light before it reaches the cornea. For the same reason, the epithelium, which is enriched with riboflavin, should also be rinsed with a balanced salt solution to reduce the absorption and to maximize the amount of UV light entering the stroma.

IONTOPHORESIS

Another possible way to improve riboflavin penetration is by utilizing the active process of iontophoresis. Iontophoresis is a noninvasive physical method that involves the application of a low electrical potential gradient across tissues to enhance molecular transport.37 Riboflavin is a negatively charged molecule and can be accelerated in an electric field. In a clinical setting, a negatively charged ring-shaped electrode containing the riboflavin solution is placed on the patient’s cornea and a counter electrode is placed on his or her forehead (Figure 16-3).

Arboleda et al38 demonstrated that iontophoresis is a good method of riboflavin delivery into the corneal stroma; however, the formulation should contain a saline buffer instead of hyperosmotic dextran.

Trials in rabbit corneas showed a 45% lower riboflavin concentration in the stroma after 5 minutes of iontophoresis (1 mA current) compared to the epi-off method; however, the biomechanical effect was good.39,40 Studies on rat corneas and cadaver corneas also confirmed a higher riboflavin concentration in the stroma after iontophoresis than after other TE-CXL methods; however, iontophoresis did not reach concentrations obtained with the standard epi-off application.38,41

Mencucci et al42 investigated the early modifications induced by iontophoresis-assisted TE-CXL in ex vivo human corneas and found that morphologic and biomolecular changes of corneas treated with iontophoresis-assisted TE-CXL at 10 mW/cm2 for 9 minutes were similar to corneas treated with standard CXL at 3 mW/cm2 for 30 minutes.

A less-profound apoptotic effect might be due to reduced riboflavin supply during the UVA irradiation since the iontophoresis device had to be removed before illumination. This might possibly also lead to a lower biomechanical stiffening effect.

The advantages of iontophoresis are not limited to reaching a high concentration of riboflavin in the stroma. They also include the reduction of the preapplication time of riboflavin from 30 minutes to 5 minutes. Recently, the iontophoresis method was tested in animals and human donor eyes and yielded biomechanical results almost comparable to the standard epi-off method.19,39,40,43 Buffers and electrolytes used to maintain a constant pH and electrochemical milieu in the riboflavin solution compete with the riboflavin and may reduce the efficiency of iontophoresis.44

Iontophoresis is an effective technique for the transepithelial delivery of riboflavin-phosphate into the cornea. The depth of the demarcation line of 240 μm seems to be closer to the depth reached with standard epi-off CXL, especially since this depth was reached without increasing the UV dose to compensate for absorption in the epithelium.45 First clinical studies of iontophoresis-assisted TE-CXL show promising results.46-49 However, eyes treated with iontophoresis showed epithelial defects in 20% of patients and caused pain perception in 50% during the 1 to 2 days following the procedure.50

EPITHELIAL DISRUPTOR, MICRONEEDLES, POCKET TECHNIQUE

The permeability of the epithelium can also be increased by mechanical alterations or by breaking up. The connections between the epithelial cells may be destructed with a disruptor.18 Another variant is the injection of riboflavin directly into the stroma by means of microneedles. This method is known from dermatologic application of drugs. Experimental studies must test how much this method is suited for the cornea. Ideally, there should be no endothelial cell loss, no optical clarity changes, and no adverse effects after needle application.
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Figure  16-3. Iontophoresis-assisted CXL in a clinical setting. Electrical current is applied to the anode on the eye and the cathode is fixated on the forehead. The anode is a metallic grid surrounded by riboflavin solution injected into a well attached with a suction.



From the combination of intrastromal rings and CXL it can be concluded that riboflavin can be directly applied into the stroma by using intrastromal channels or a pocket. In the latter case, a pocket is created within the stroma at a depth of 100 to 150 μm with a femtosecond laser; the riboflavin is instilled via a side cut.22,51 Channels can also be created with a femtosecond laser in the stroma and filled with riboflavin.23 The main advantage of this method is that the epithelium is not enriched with riboflavin and, for that reason, does not absorb the applied surface UV irradiation before it reaches the stroma.

WHAT HAPPENS AFTER TRANSEPITHELIAL CORNEAL CROSS-LINKING?

Even with the epi-on technique, the epithelial cells are damaged by apoptosis; however, the cells remain at the corneal surface, protect the stroma, and are ultimately replaced by new epithelial cells. Limited superficial epithelial layer damage can be observed following the procedure. The subepithelial and stromal nerves are not damaged,52 and a reduction of keratocytes in the stroma is observed. Finally, an essential criterion for the cross-linking effect is the depth of the demarcation line, which is at a 300-μm depth after the standard method and a 140-μm depth after some TE-CXL methods.11,12

SUMMARY

Effective TE-CXL with intact epithelium and standard riboflavin solution containing dextran is not possible, as an inadequate intrastromal concentration of riboflavin or UV light impairs the CXL effect. CXL should be performed either after removing the epithelium or by using an efficient method to deliver riboflavin into the corneal stroma. The combination of modified epithelial permeability and modified riboflavin solution (without dextran, hypoosmolar, and 0.2% riboflavin) in TE-CXL already yields good results. It is our hope that by further optimizing several factors of riboflavin application and UVA delivery safety, efficacy, and patient comfort can still be improved in the future.

TAKE-HOME POINTS


	Always rinse the corneal surface with balanced salt solution to remove the riboflavin on top of the epithelium to prevent the absorption of UV by the precorneal riboflavin film.

	Iontophoresis may not only allow a riboflavin delivery to the stroma that reaches concentrations similar to the epi-off applications, but also reduce the riboflavin application time to 5 minutes.
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Transepithelial Corneal Cross-Linking in Progressive Keratoconus

Frederik Raiskup, MD, PhD, FEBO

The corneal cross-linking (CXL) procedure has been in clinical use for the treatment of progressive keratoconus since 1999. The original CXL is known as the Dresden protocol or the epithelium removal (epi-off) procedure. The evidence that epi-off CXL stabilizes progressive keratoconus and that its effect lasts for at least 10 years was demonstrated by the results of a recent retrospective interventional case series study.1 A systematic review and meta-analysis registered some concerns, not about the technique per se, but about the quality of the available evidence.2 The analyses incorporated 49 studies that involved patients receiving epi-off CXL, of which 39 were graded as “very low quality evidence.” A number of reasons for this low grading were provided, including study design, lack of a comparator arm, high loss to follow-up, and incomplete reporting. The reviewers also stated that “uncertainty remains about duration of benefit.” However, they recognized that “delaying or preventing the need for corneal transplant and improving the fitting of contact lenses could be benefits that are highly valued by people with keratoconus.” Importantly, the most common side effects were pain, corneal edema, and corneal haze, which are usually associated with wound response, but usually resolve within a few days of the procedure.2

The Cochrane Database of Systematic Reviews analyzed randomized controlled trials in which CXL with ultraviolet A (UVA) light and riboflavin were used to treat patients with keratoconus and were compared with no treatment.3 Its conclusion was that the evidence for CXL use in the management of keratoconus is limited due to the lack of properly conducted randomized controlled trials. Epi-off CXL also carries a small risk of viral reactivation, stromal haze, stromal melting, infectious ulceration, and the development of permanent stromal scars (Table 17-1).4 However, most of these adverse events are avoidable and manageable with topical antibiotics, steroids, lubricants, and appropriate peri- and postoperative analgesia.

The transepithelial CXL (TE-CXL) approach, or epi-on CXL, leaves the corneal epithelium intact and thus is supposed to eliminate or at least minimize wound-related complications and pain associated with epi-off CXL. The reason why the Dresden protocol involves epithelial cell removal is because riboflavin is a large hydrophilic molecule that cannot penetrate an intact epithelium5; in addition, the epithelium also blocks approximately 20% of the administered UV light illumination.6 Accordingly, a number of approaches have been taken to try to get the riboflavin into the corneal stroma, including pharmacologic cleavage of epithelial tight junctions, intrastromal application of riboflavin through injections, perforators or femtosecond laser-created pockets, and channels.

The current published data regarding the efficacy of TE-CXL are generally disappointing, although there is general consensus that it is a safe procedure. An experimental study performed in rabbits has shown that pharmacologic disruption of the epithelial tight junctions with the surfactant 0.005% benzalkonium chloride (BAC) (prior to the regular UV illumination and riboflavin application) increases corneal stiffness—but only by approximately one-fifth of what regular epi-off CXL achieves.7 Brillouin microscopy of CXL-treated porcine eyes that had received either an epi-off or TE-CXL (with 0.02% BAC and 0.44% sodium chloride as the penetration enhancers) protocol showed that TE-CXL was 70% less effective in terms of biomechanically strengthening the cornea than standard CXL procedure.8

When evaluated clinically, there is one study that used penetration enhancers both for a 30-minute pretreatment soak and throughout the 30-minute illumination period: 0.1% riboflavin, dextran T-500, trometamol, and ethylenediaminetetraacetic acid) and appeared to halt keratoconus progression with a statistically significant improvement in visual acuity and topographic parameters, according to Placido topography (see Table 17-1).9 Other studies analyzing results of TE-CXL performed by pharmacologic cleavage of corneal epithelial sheet are more moderate with their conclusion statements and less enthusiastic. A study using BAC-assisted TE-CXL, for instance, showed improved corrected distance visual acuity and stable corneal topography parameters measured on Placido disk (EyeSys [EyeSys Laboratories]), although the keratometry values recorded on Scheimpflug imaging (Pentacam [OCULUS]) and inferior-superior value on Placido topography deteriorated.4 Treatment failure rate was 7%, and no haze or other complications were reported in the 18-month follow-up period. Another study comparing TE-CXL with epi-off CXL stated that TE-CXL does not effectively halt the progression of keratoconus (see Table 17-1),10 and a prospective case series study showed that functional results after TE-CXL led to keratoconus instability, particularly in pediatric patients (see Table 17-1).11 This study reported that “50% of pediatric patients were retreated with epi-off CXL due to significant deterioration of all parameters after 12 months of follow-up” (see Table 17-1).11

The studies focusing on morphologic changes of the corneal stromal tissue after TE-CXL performed by pharmacologic cleavage of epithelium also showed structural changes that were less pronounced than the changes after epi-off CXL. Confocal analysis of these corneas showed a limited apoptotic effect of this treatment, approximately one-third of classic epi-off CXL procedure (see Table 17-1) 12; anterior segment optical coherence tomography analysis revealed poorly evident corneal modifications in the TE-CXL group compared with the traditional CXL (see Table 17-1).13 Another confocal microscopy study showed that TE-CXL did not even appear to alter corneal morphology (see Table 17-1).14

Among other methods involving novel pharmacologic modalities of transporting riboflavin into the cornea through an intact epithelium is the promising stromal penetration of a biocompatible riboflavin-based nanoemulsion system, which achieved greater stromal concentration when compared with debrided corneas with the standard protocol in experimental setup in rabbit corneas.15 The application of different riboflavin BAC-EDTA formulations also demonstrated a greater biomechanical stiffening effect than that produced by standard epi-off CXL in a rabbit model.16

There are surgical methods of introducing riboflavin solution into the corneal stroma (eg, by injections into the corneal stroma, by a femtosecond laser creating a localized corneal channels or pockets for riboflavin infusion). Porcine eye studies have shown that, although the biomechanical effect of CXL using the femtosecond laser pocket technique is approximately 50% less pronounced than that after standard CXL,17 as the investigators stated, it could be a feasible epi-on approach for CXL.18 The surgical approach of creating corneal pockets has been already tried in the clinical setup, taking eyes with early keratoconus, using the femtosecond laser to make an incision 100 microns (μm) in depth, and irradiating the eyes with UVA illumination with a fluence of 7 mW/cm2 for 15 minutes.19 There was no ectasia progression (as determined by keratometry) noted during the mean 26-month follow-up period. The question that could arise when observing these approaches of riboflavin application into the corneal stroma is whether this modification truly fulfills the requirements for higher safety level regarding lower risk of infection, inflammation, and haze formation, as well as more comfort for patients compared with the standard CXL treatment.

The positive, stabilizing effect of epi-off CXL in progressing keratoconus persists for at least a decade.1 Removing the corneal epithelium might be uncomfortable for patients, as the healing process lasts several days longer and it is a more painful procedure than TE-CXL and does carry a small increase in the risk of postoperative complications such as corneal infection, inflammation, or other adverse events such as the development of corneal haze. These risks can easily be mitigated, and the pain and hazing can be managed with proper perioperative and postoperative local and systemic therapy. TE-CXL would be a great option for patients with keratoconus if it could work as effectively as epi-off CXL, but there is just not enough proof at the moment that either epi-off technique can. Until there is good evidence that a TE-CXL protocol can come close to the efficacy of epi-off CXL with the standard Dresden protocol, the latter is going to remain the standard treatment protocol.

TAKE-HOME POINTS


	TE-CXL is considered safe, but current clinical data are rather disappointing.

	Interesting new approaches include iontophoresismediated active transport of riboflavin, and riboflavin-based nanoemulsions.


Table  17-1.



	
Summary of Key Transepithelial Corneal Cross-Linking Publications
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CXL = corneal cross-linking; TE-CXL = transepithelial corneal cross-linking
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Corneal Cross-Linking With Iontophoresis

Paolo Vinciguerra, MD; Riccardo Vinciguerra, MD; Fabrizio Camesasca, MD; Vito Romano, MD; and Pietro Rosetta, MD

IONTOPHORESIS: BASIC PRINCIPLES

Corneal cross-linking (CXL) is currently the only treatment that can relent or stop progressive keratoconus.1-5 Proper stromal penetration of riboflavin is a mainstay of standard CXL (S-CXL) protocol. This is achieved through corneal de-epithelization, which, unfortunately, induces pain,6 temporary visual loss,2 and risk of infection.7 In recent years, there has been a constant quest for a cross-linking procedure that maintains epithelial integrity while providing maximal effect. Among these, transepithelial CXL (TE-CXL) has been introduced,8 featuring a protocol based on a specially formulated riboflavin solution, Ricrolin TE (Sooft), and introducing 2 enhancers, trometamol and sodium ethylenediaminetetraacetic acid, to increase stromal riboflavin penetration.

The standard technique has been studied in several long-term follow-up studies; conversely, there are only a few reports on the long-term results of TE-CXL, with controversial outcomes.9-12 However, riboflavin penetration through an intact epithelium can be increased in a number of ways. Iontophoresis is a noninvasive system aimed to improve the transfer of charged molecules into tissues, using a minor electric current. Iontophoresis increases the transport of the drug by the following 2 principal mechanisms: electrorepulsion and electroosmosis. Electrorepulsion is the effect of the applied electric field on a charged molecule. The electroosmosis is due to the principle that the tissues support a negative charge at physiological pH. The movement of ions under the influence of an applied electric current is at the basis of iontophoresis. A potential difference is established between a positive pole (anode) of the circuit and a negative one (cathode); thus, ions will move in the direction opposite to their charge (Figures 18-1 and 18-2).

Iontophoresis generates a higher molecular concentration than agent-free techniques. This technique is already used in numerous fields of medicine, such as ophthalmology, dermatology, orthopedics, and oncology. In ophthalmology, it is used mainly for the treatment of posterior segment diseases to reach intraocular compartments. Iontophoresis may therefore represent an interesting approach to enhance riboflavin penetration into the corneal stroma. We will hereafter evaluate the actual scientific evidence, both preclinical and clinical, for the use of this innovative transepithelial technique.

IONTOPHORESIS RESULTS: BASIC RESEARCH

The scientific literature reports preclinical evidence confirming the ex vivo effectiveness of iontophoresis CXL pertaining to impregnation, immunohistochemistry, andbiomechanics.
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Figure  18-1. Basic principles of corneal iontophoresis



Impregnation

Normal corneal epithelium hampers the effect of TE-CXL mainly blocking riboflavin penetration.5,13 Riboflavin, featuring a negatively charged structure and low molecular weight, is theoretically a good candidate for ocular iontophoresis. If iontophoresis could increase penetration of the photosensitizer in the cornea, this would overcome the problem.

Corneal riboflavin concentration after iontophoresis has been evaluated in 3 studies.14-16 In the first 2 studies, impregnation was tested with high-performance liquid cromatography (HPLC).14,15 HPLC showed that iontophoresis allowed riboflavin diffusion with 2-fold less riboflavin concentration than S-CXL.14,15 Cassagne et al14 studied rabbit corneas, while Mastropasqua et al15 used human corneas.

Mastropasqua et al15 evaluated standard, epithelium-on (epi-on), and iontophoresis imbibition in human cadaver corneas. For this purpose, they divided the entire treated corneas into 3 stromal lamellae (anterior, intermediate and posterior) using femtosecond laser following impregnation with these 3 methods. The amount of riboflavin was then tested in each specimen with HPLC. The concentration was thus measured at different stromal depths.15 Stromal riboflavin concentration after epithelium-off (epi-off) imbibition was roughly twice that observed with iontophoresis, and the latter induced a riboflavin concentration that was double that of the epi-on technique. Mean riboflavin content decreased as depth increased in all groups, with higher values in the anterior corneal slices, gradually decreasing in the intermediate and in the posterior slices. This was similar to what was observed in rabbits.

Another study by Novruzlu et al16 evaluated stromal and aqueous concentration both with HPLC and electrospray ionization tandem mass spectrometry in the following 4 groups: standard epi-off, TE-CXL, iontophoresis with 0.1% riboflavin, and iontophoresis with 0.2% riboflavin. Their results, even when using twice the standard riboflavin concentration, confirmed previous reports that showed that the intrastromal and aqueous riboflavin concentrations after administration of 0.2% riboflavin through iontophoresis were lower than those after the standard method, but higher than after the transepithelial method.
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Figure  18-2. Figure showing corneal cross-linking with iontophoresis in the clinical practice.



In our study from 2014, we evaluated tissue distribution of riboflavin with matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS).17 MALDI-IMS is a relatively new technique that allows tissue substance detection without labelling it.18 MALDI-IMS identifies a compound or its metabolites by detecting specific peaks in their mass spectra with a histologic resolution of approximately 50 microns. The combination of these 2 methods provides a unique opportunity to evaluate the molecular structure of the tissue. Compared to the traditional procedures, based either on antibodies or radiolabeling, and limited by the specificity of the used labels and by the amount of composites that can be considered simultaneously, IMS retrieves molecular content of the sample without the requisite of a priori knowledge of the compound to be detected.19 Another pro of MALDI-IMS is the analysis high sensitivity and specificity. Even if this technique provides only a semiquantitative (not numerical) estimation of the concentration of a substance, it can give a vivid and clear spatial representation of the penetration and distribution of the compound in a tissue.

We evaluated 24 rabbit eyes, divided into 3 groups (8 eyes of 4 rabbits each) treated with CXL according to different imbibition protocols: S-CXL, TE-CXL, and iontophoresis CXL (I-CXL). The corneas soaked with iontophoresis displayed the presence of riboflavin in all of their layers, even concentration in the deeper stroma was lower than with S-CXL. TE-CXL samples showed the lowest riboflavin concentration of all groups. These findings were in agreement with previous reports, even if a different, semiquantitative technique had been used. Iontophoresis proved capable to imbibite the corneal stroma with more than transepithelial technique.14,15 Nevertheless, it reached a lower concentration when compared with the conventional, epi-off protocol.14,15

Immunohistochemistry

An immunohistochemical comparison of stromal modifications induced by iontophoresis and other CXL protocols has been presented by 2 different studies.20,21 In both, human cadaver corneas were treated with S-CXL or I-CXL with a different irradiation setting. CD34, a marker of normal keratocyte proliferation and differentiation, showed similar results in normal corneas and specimens treated with iontophoresis imbibition and irradiated at 10 mW/cm2; the expression of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). a marker of apoptosis, matrix metalloproteinase-1, involved tissue remodeling processes, and collagen type I were significantly increased in corneas treated with iontophoresis imbibition and irradiated for 9 minutes with a 10 mW/cm2 ultraviolet A source. Thus, I-CXL apparently damaged tissue to a minor extent and induced better stromal remodeling. Western blot analysis utilizing Bax and Ki67 primary antibodies (2 rabbit monoclonal antibodies) for the detection of keratocyte apoptosis and proliferation confirmed these results.

Biomechanics

Cassagne et al14 and Vinciguerra et al17 evaluated stress-strain measurements after I-CXL. The first report showed a significant increase in both stress-strain measurements and Young’s modulus in I-CXL-treated rabbit corneas when compared with controls.14 Rabbit corneas were used by the authors because the epithelium of rabbits is histologically quite similar to that of humans. However, just opposite of human beings, rabbit corneas do not have the Bowman’s membrane22 and their epithelium is centrally thicker than at the limbus.23,24 For this reason, we used ex vivo human corneas in our study and compared different protocols (I-CXL, TE-CXL, S-CXL). Our results did not show a statistically significant difference between stress-strain values and Young’s modulus among the different subgroups. Nonetheless, even if not significantly different, S-CXL protocol with epithelial removal and I-CXL 10 mW presented a tendency to better results when compared with TE-CXL and I-CXL 3 mW.17

A recent ex vivo study using inflation tests on human globes revealed that I-CXL imbibition induces an increase of corneal biomechanics comparable to S-CXL.25

IONTOPHORESIS: HUMAN STUDIES

In Vivo Morphologic Results

The early effects of CXL can be adequately evaluated with in vivo confocal microscopy and anterior segment optical coherence tomography (AS-OCT). S-CXL induces early postoperative keratocyte activation and oedema, followed by a decrease in their density and the onset of stromal fibrosis. Reports of TE-CXL showed few alterations.26 Furthermore, the demarcation line (DL) with AS-OCT is deeper and more persistent in S-CXL than in TE-CXL.26

Recent reports demonstrated that I-CXL induces weaker damage of corneal subbasal nerves and anterior keratocytes when compared to S-CXL. The DL was observed in fewer than 50% of cases and was clearly more superficial than with S-CXL.27

In vivo penetration of riboflavin with AS-OCT (Figure 18-3) was evaluated Vinciguerra et al.28 Iontophoresis provided riboflavin penetration through an intact epithelium, nevertheless suggesting that I-CXL may lead to a lower concentration of riboflavin in the stroma when compared to S-CXL.28

Clinical Results

Presently, I-CXL clinical results remain at an early stage, including the results of 3 reports with 12 or more months of follow-up.29-31 All of these studies agree that I-CXL is an effective and safe technique for the treatment of progressive keratoconus.

In their prospective clinical study, Vinciguerra et al29 reported one-year follow-up results in 20 patients with progressive keratoconus treated with I-CXL. Best corrected visual acuity significantly improved after 3, 6, and 12 months. Morphologic parameters showed nonsignificant improvement during the follow-up period, probably due to the small number of one-year cases. Nevertheless, a positive trend in the reduction of keratometry and comatic aberration could be noted (Figure 18-4). Minimum pachymetry values were stable, even after 12 months of follow-up (Figure 18-5). None of the patients showed keratoconus progression or required retreatment. Safety of the technique was proved by stable endothelial cell counts throughout follow-up. No clear DL was visible after I-CXL. Another relevant study was carried out by our group30 comparing the results at 1 year of I-CXL versus S-CXL for progressive keratoconus. The 1-year outcomes suggest that I-CXL might be comparable to S-CXL in stabilizing the progression of the degenerative ectatic disease showing a more rapid recovery of visual acuity after only 3 months without inducing a decrease in the pachymetry in the first months after CXL.
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Figure  18-3. AS-OCT showing the penetration of riboflavin in the corneal stroma.
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Figure  18-4. I-CXL, tangential map. Preoperatively (left); one month after treatment (center); and differential map showing corneal flattening (right).
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Figure  18-5. I-CXL, pachymetry map. Preoperatively (left); 12 months after treatment (center); differential map showing stable minimum values (right).



Laborante et al31 recently published a study on I-CXL in patients with stage I to II progressive keratoconus. The authors reported a stabilization of visual acuity with slight improvement of Kmax. Confocal microscopy showed that the DL was not clearly evident, was irregular, and, when present, was more visible at 150 to 200 μ depth.

Buzzonetti et al32 reported 15-month results after I-CXL in pediatric patients. Over 15 months, I-CXL, unlike other transepithelial techniques, proved to halt pediatric keratoconus progression and improve visual acuity. Nevertheless, no significant improvement in higher-order aberrations and topographic indices was reported.

Finally, it is important to discuss the study by Maurin et al,33 which evaluated and compared postoperative pain after S-CXL and I-CXL. They concluded that I-CXL seems to induce less pain—and for a shorter time—than S-CXL.

In conclusion, presently available results on CXL assisted by iontophoresis suggest that this protocol may potentially be an alternative to S-CXL for halting the progression of ectatic diseases. I-CXL, preserving the corneal epithelium, apparently reduces postoperative pain, risk of infection, and treatment time. More studies are necessary to assess its long-term safety and efficacy when compared to the S-CXL, which entails epithelial removal.

TAKE-HOME POINTS


	Riboflavin concentration after transepithelial iontophoresis is clearly higher than with traditional epi-on riboflavin instillation, but remains lower than epi-off CXL.

	First clinical results are encouraging, but the DL still remains shallower and clinical data do not yet show significant changes when compared to epi-off CXL.

	I-CXL may potentially be an alternative to epi-off CXL. More long-term studies are currently needed.
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Cross-Linking Protocols in Thin Corneas

Soosan Jacob, MS, FRCS, DNB, and Amar Agarwal, MS, FRCS, FRCOphth

Ever since Spoerl and Seiler et al1 introduced corneal cross-linking (CXL) as a treatment for keratoconus in 1998, it has become a widely accepted and practiced technique for treating early keratoconus and other causes of corneal ectasia. The Dresden protocol was introduced for corneas with pachymetry more than 400 microns (μm) after epithelial removal, since 400 μm of riboflavin-saturated stroma is required to attenuate ultraviolet (UV) irradiance to nontoxic levels to the corneal endothelium. A large number of patients, however, do not meet this thickness criterion. At the same time, these individuals may also not have corneas that are thin enough or steep enough to warrant a deep anterior lamellar keratoplasty. It is imperative to provide this subgroup of patients with the advantage of cross-linking while still maintaining its safety. Various techniques have been proposed to cross-link these thin corneas, which may broadly be categorized into epithelium-on (epi-on) and epithelium-off (epi-off) techniques.

ULTRAVIOLET IRRADIANCE AND CORNEAL PACHYMETRY

UV radiation leads to the formation of singlet oxygen, super oxide, and hydrogen peroxide, which are cytotoxic. UVA light induces damage in porcine keratocytes at 5 mW/cm2. The photosensitizing effect of riboflavin causes UV damage at even lower levels of 0.36 mW/cm2. Riboflavin, however, also plays a protective role by means of increasing absorption coefficient. With a corneal thickness of 400 μm and in the presence of 0.1% riboflavin, 95% of UVA light at 3 mW/cm2 is absorbed within the corneal stroma, decreasing final irradiance at the endothelial level to a safe 0.18 mW/cm2. However, at 300-μm corneal pachymetry, UV irradiance under the same conditions is 0.37 mW/cm2—very close to corneal endothelial toxic levels. Hence, 400 μm of riboflavin-saturated corneal stroma above the endothelium is considered safe to avoid adverse effects from CXL.

TECHNIQUES FOR CROSS-LINKING THIN CORNEAS

Unfortunately, the criterion of 400 μm of stromal thickness makes many patients with keratoconus who require treatment ineligible for conventional cross-linking. A number of new techniques are being described for patients with preoperative pachymetry below 400 μm or for those with pachymetry greater than 400 μm inclusive of epithelium but decreasing to less than 400 μm after epithelial removal.

Epithelium-Off Techniques

Traditionally, epi-off techniques have been preferred for cross-linking.2-6 This is because intact corneal epithelium can decrease the passage of the hydrophilic riboflavin molecules through the tight junctions, thus resulting in insufficient saturation of corneal stroma with riboflavin. A high-performance liquid chromatography study by Baiocchi et al7 showed that the stromal concentration of riboflavin increased with exposure time and reached a safe and effective concentration for the CXL procedure only if the epithelium is completely removed. Epithelium also absorbs UV light, albeit more of UVB than UVA. This has resulted in the decreased popularity of transepithelial CXL. Although various modifications have been proposed to the epi-on technique to increase the transepithelial penetration of riboflavin, many surgeons still prefer epi-off techniques. The degree of cross-linking and consequent rigidity of the cornea after epi-off has been found to be greater than that of epi-on. For all epi-off techniques, corneal epithelium is removed and thinnest pachymetry after epithelial removal is measured. If the cornea is found to be less than 400 μm, special techniques may be used for CXL. A rough estimate of 50 μm may be assumed for epithelium and subtracted from minimum pachymetry if decision making is required preoperatively.

Hypotonic Cross-Linking

Hypoosmolar cross-linking is an innovative technique described for thin corneas by Hafezi et al8 in 2009 where 2 solutions (isoosmolar and hypoosmolar) of 0.1% riboflavin are used. Epithelium is debrided and isoosmolar 0.1% riboflavin is applied every 3 minutes for 30 minutes followed by hypoosmolar solutions every 20 seconds for 5 more minutes or until corneal pachymetry shows a minimum corneal thickness above 400 μm. Thus, by means of increasing the pachymetry to above 400 μm, it allows CXL in thin corneas. There may be interindividual variation in stromal swelling ranging from 36 to 105 μm and time taken between 3 and 20 minutes.8 Some corneas, however, do not swell enough to proceed with hypoosmolar CXL. A final pachymetry above 400 μm is desirable before UV application, as the less viscous, unstable hypoosmolar riboflavin film together with decreased corneal absorption coefficient may result in higher irradiance at the endothelial level.9 Further, to avoid the transience of hydration,10 both can put the endothelium at possible risk if the stroma is swollen to only 400 μm. Intermittent hydration with hypososmolar solution should therefore be used during the procedure, and accelerated CXL may be preferred to decrease the treatment time. Lower relative concentration of collagen due to collagen fibril separation in the hydrated stroma leading to a lesser biomechanical effect has been postulated as a potential disadvantage.9 However, one-year follow-up studies have shown medium term efficacy.11-13


[image: art]

Figure  19-1. CACXL. (A) UV barrier-free soft contact lens is soaked in 0.1% isotonic riboflavin for 30 minutes; (B) the de-epithelialized cornea is also soaked in 0.1% isotonic riboflavin for 30 minutes; (C) the riboflavin-saturated bandage contact lens is placed on the cornea to increase functional corneal thickness; and (D) 365-nm UVA is applied with the contact lens in place.



Contact Lens-Assisted Corneal Cross-Linking

Contact lens-assisted corneal cross-linking (CACXL) This technique was described by Jacob et al14 in 2013 and utilizes a UV barrier-free soft contact lens saturated in riboflavin to increase the functional corneal thickness (Figure 19-1). A SofLens daily disposable soft contact lens (Bausch & Lomb) made of hilafilcon B without UV filter and of negligible power is immersed in isotonic riboflavin for 30 minutes during the same time that the de-epithelialized cornea is also saturated with riboflavin. At the end of 30 minutes, riboflavin penetration through the cornea is confirmed by visualization of a green flare in the anterior chamber. The soft contact lens is placed on the corneal surface, and pachymetry is remeasured. The SofLens soft contact lens has an absolute thickness of 90 μm and together with the precorneal riboflavin film gives an additional thickness of approximately 100 μm. Once the combined pachymetry is confirmed to be 400 μm or above, cross-linking is proceeded by using either standard cross-linking at 3 mW/cm2 for 30 minutes or accelerated cross-linking. The authors’ personal preference is to use an accelerated protocol at 10 mW/cm2 for 9 minutes, as the shortened treatment time decreases intraoperative dehydration caused by dextrancontaining solutions while at the same time producing effective cross-linking (unpublished data).
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Figure  19-2. (A) Slit lamp photograph of the cornea 2 months after CACXL; (B) slit view of same cornea showing a well-defined demarcation line.



CACXL has the advantages of being independent of the swelling properties of the cornea. The functional corneal thickness is increased artificially by adding a riboflavin-saturated layer (thin precorneal riboflavin film, riboflavin-soaked barrier-free contact lens, and a thin precontact lens riboflavin film). The mean additional thickness is increased by 107.9 ± 9.4 μm (minimum of 90 μm, which is the absolute thickness of the contact lens measured after riboflavin saturation).14 This increased functional thickness decreases UV irradiance at the endothelial level to within safe limits. It also decreases stromal levels of UV transmittance to approximately 60% to 70%. In our published study as well as longer term unpublished data, these levels were, however, sufficient to get clinical effects in the form of demarcation line, with no patients showing signs of progression. The contact lens used should not have any built-in UV barrier, and this may be confirmed by going through its product literature and by checking UV transmittance with a digital UV meter. UV transmittance will be decreased with contact lenses that have UV barrier. Studies have shown that contact lenses made of narafilcon A and senofilcon A have the highest blockage and the lowest transmittance, whereas hilafilcon B, filcon IV, nelfilcon A, enfilcon A, lotrafilcon A, and lotrafilcon B have the highest UVA transmittance.15 Decreased oxygen availability has been postulated as a disadvantage for CACXL; however, clinical results have shown stabilization in all cases (Figure 19-2). This disadvantage may however be overcome by the fact that there is increased biomechanical efficacy of corneal cross-linking in thin corneas as compared to thick corneas due to increased oxygen availability.16

Combination Technique

In corneas with preoperative pachymetry less than 350 μm, the combined functional pachymetry after application of the contact lens may not reach 400 μm. If this occurs, a combination of hypoosmolar and CACXL techniques may be used. A few drops of distilled water are applied on the de-epithelialized corneal surface to minimally increase the corneal thickness by hydration. This combination of techniques combines the principles of hypoosmolar CXL with CACXL. The degree of hydration of the cornea and the increase in thickness that is required is much less as compared to conventional hypoosmolar CXL. Excessively increased spacing between collagen fibrils may disallow cross-linking from occurring if a large degree of hydration is needed. However, when combined with CACXL, the amount of hydration required is generally negligible and easily attained.

INTRAOPERATIVE DEHYDRATION

Studies have shown significant intraoperative dehydration (mean, 75 μm) after the application of isoosmolar riboflavin solution.17,18 Dextran T-500 present in standard 0.1% riboflavin solution induces intraoperative dehydration. Hence, in all cases, it is important to remeasure pachymetry after soaking the cornea for 30 minutes, and, if pachymetry has decreased to less than 400 μm, one should proceed with CACXL, even in cases with pachymetry just above 400 μm before epithelial removal. However, it should also be made sure that the riboflavin-saturated contact lens has increased the functional corneal thickness to more than 400 μm and, if not, combined techniques should be used. Intraoperative dehydration may be decreased using 1% riboflavin in hydroxypropyl methylcellulose (VibeX Rapid, Avedro). The occurrence of deturgescence may also be decreased by decreasing surgical time by means of accelerated CXL.

ADVANTAGES OF ACCELERATED CORNEAL CROSS-LINKING

This applies the Bunsen-Roscoe law of reciprocity, which states that the extent of photochemical effects is determined by cumulative irradiance. Therefore, using higher irradiancewith a shortened time while keeping cumulative irradiance constant should have the same biomechanical effect. Accelerated CXL helps to decrease both the treatment time and intraoperative dehydration while increasing patient cooperation. Extremely high irradiance should be avoided, as it may lead to a decrease in effect. Accelerated CXL with irradiations of 9 mW/cm2 and 18 mW/cm2 have been shown to have better visual, refractive, and tomographic improvements at the end of 12 months.19 Our personal preference is to use 10 mW/cm2 for 9 minutes.

SMILE LENTICULE ASSISTED CORNEAL CROSS-LINKING

Described by Sachdev et al20, it works on a similar principle to CACXL, however, it uses a human tissue lenticule obtained from SMILE surgery to increase the functional corneal thickness. Advantages include the ability to customize the thickness of the lenticule applied according to the pachymetry requirements, however, disadvantages include limited access to donor SMILE lenticule, the need for donor SMILE lenticule of customized thickness, the need for maintaining proper storage conditions for the tissue, and variability of tissue pachymetry depending on storage medium used. In addition, intra-operative edema or dehydration of the SMILE lenticule may cause erroneous shifts in pachymetry.

EPITHELIUM-ON CROSS-LINKING TECHNIQUES

In addition to the aforementioned techniques, there are a variety of proposed techniques that keep the epithelium intact for thin corneas.

Conventional Epithelium-On Technique

This has been described for maintaining a minimum corneal thickness of 400 μm and to decrease the pain and haze formation described after cross-linking. There is also a decreased risk of infection and sterile infiltrates and the absence of need for bandage contact lenses post-surgery. Epithelial defects may still occur after transepithelial CXL due to intraoperative loss or eye rubbing and sloughing of the epithelium. As mentioned previously, disadvantages of transepithelial CXL include decreased penetration of riboflavin through intact epithelium, limited UV transmission, and less-efficient cross-linking. Studies on corneal elastic modulus measured by Brillouin microscopy showed poorer biomechanical stability after a typical epi-on procedure in porcine corneas when compared to the standard epi-off procedure; a typical epi-on procedure resulted in a stiffness increase of one-third.21

Pachymetry-Guided Techniques

Customized pachymetry-guided epithelial debridement was described by Kymionis et al.22 This technique preserves epithelium only in the thinner corneal regions where pachymetry is less than 400 μm while the epithelium is removed over other areas. This selective preservation helps to minimize excessive dehydration of the cornea and decreases inadvertent local endothelial damage. A study on this epithelial island cross-linking technique by Mazzotta and Ramovecchi23 showed encouraging results after a one-year follow-up period.

Enhanced Riboflavin Penetration Cross-Linking Techniques

Chemicals such as benzalkonium chloride (BAC), ethylenediaminetetraacetic acid, tetracaine, pilocarpine, gentamicin, oxybuprocaine, and tromethamine are epithelial toxic and have been used to enhance riboflavin penetration into intact epithelium. These permeability enhancers can therefore be used for trans-epithelial CXL through intact epithelium. BAC is tensioactive and changes the surface tension, increasing the penetration of riboflavin into the stroma of epithelium. BAC also peels off superficial epithelial cells, exposing deeper epithelial cells. Researchers have also tried the superficial scraping of epithelium and excimer ablation of superficial epithelial layers. However, basal epithelial cell layers still act as a barrier to riboflavin penetration.24

Epithelial Disruption Corneal Cross-Linking

As described by Rechichi et al25 in 2013, epithelial disruption CXL uses a corneal disruptor to create pockmarks in the epithelium, thereby increasing riboflavin penetration through gaps in the epithelium. The authors reported encouraging results at one-year follow-up.

IONTOPHORESIS TRANSEPITHELIAL RIBOFLAVIN DELIVERY

Iontophoresis may be used to increase riboflavin penetration without the need for epithelial removal.26,27 This allows intrastromal riboflavin penetration using a special formulation of riboflavin (Ricrolin TE, Sooft). As riboflavin is negatively charged at the normal pH, a small electric charge may be used to diffuse it into the corneal stroma. Two electrodes are placed (one on the forehead and the other on a suction ring fixed to the cornea). A constant current of 1 mA is applied for 5 minutes, which allows riboflavin in the reservoir to diffuse into the anterior stroma. Preliminary results of transepithelial iontophoresis CXL have been encouraging.27 Optical coherence tomography and confocal microscopy studies have shown less damage of corneal subbasal nerves and anterior keratocytes compared to conventional CXL; however, demarcation lines were present in fewer than 50% of cases and was more superficial.28 The demarcation line has also been reported as visible on anterior segment optical coherence tomography; it is less easily distinguishable and shallower than with conventional CXL, but better than with standard transepithelial CXL.29

SUMMARY

There are numerous techniques available to cross-link thin corneas. Although medium-term efficacy results are available for most, results have yet to be assessed in the long term. Epi-off techniques are preferred over epi-on by the large majority of surgeons. Our personal preference is to cross-link thin corneas using CACXL. All ectatic corneas should not be cross-linked irrespective of degree of thinning, as extremely thin and extremely ectatic corneas may not respond to any degree of cross-linking and may continue to show signs of progression despite treatment. It is preferable instead to perform a deep anterior lamellar keratoplasty for such advanced cases of ectasia.

TAKE-HOME POINTS


	Swelling of corneas with hypoosmolaric riboflavin allows for safe UVA irradiation after swelling. However, the degree of swelling is individual, and corneal thickness may not reach 400 μm in some cases.

	CACXL is a new approach that uses a contact lens without UV filter to increase corneal thickness prior to irradiation. The technique is promising and may allow for a more uniform approach.

	Other techniques involve only the partial removal of the epithelium to maintain sufficient thickness.
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Pediatric Corneal Cross-Linking

Joseph Frucht-Pery, MD, and Denise Wajnsztajn, MD

Corneal cross-linking (CXL) is a relatively new procedure to arrest the progression of keratoconus (KC). Introduced by Wollensak et al1 in 2003, a literature review of the last 10 years strongly suggests that CXL stops the progression of KC with an efficacy greater than 90%, remarkable safety, and minimal side effects.2-4 Obviously, most of the information in the literature relates to the adult KC population. The treatment of KC in the pediatric population and adolescents younger than 18 years started only recently, after reasonable experience of CXL outcome and complications were gained in the adult population. At the present time, the ophthalmic community is less exposed to the outcome of the CXL procedure in young age groups due to limited peer review data, limited number of treated patients, and short-term follow-up.

Although CXL arrests the progression of KC in the majority of adults in the studies mentioned, there are still unknown variables, such as the duration of CXL effect, whether duration is correlated with the stage of KC at the time of treatment, and the natural history of KC progression after CXL. These unknowns are magnified when considering the pediatric population, where the disease process is typically expected to progress more rapidly and, for more than a decade as compared to adult patients, where the progression should be much less advanced and should occur over a shorter period of time. There are, as yet, no data to explain these unknown variables. However, one can expect different outcomes of CXL in the pediatric KC eye, as younger cornea tissue has lesser natural cross-linking combined with this longer duration of progression and severity of the disease.

DIAGNOSIS OF KERATOCONUS IN PEDIATRIC PATIENTS

The age of KC onset and the natural history of KC progression are still an enigma. It might be very difficult to diagnose the onset of KC in a very young age because, in many eyes, the disease is initially highly asymmetric, and, when it starts late in the first or second decade of life, many patients and parents are not aware of vision loss in the early stages. Furthermore, in this age group, changes in the refractive state are not unusual, even in normal, nonkeratoconic eyes. KC is, therefore, usually diagnosed in the later stages of disease progression, especially in the youngest patients. The diagnosis is made when clinical signs and symptoms of KC appear, such as loss of best corrected distance visual acuity (CDVA), significant corneal steepening and asymmetry, increased irregular astigmatism, and advanced thinning of the cornea. Thus, in many cases, KC is diagnosed at a later age when the disease is already remarkably progressed.

In the past, the access of young patients with KC to an ophthalmologist was limited when their CDVA was still relatively good. Instead, these patients were usually examined, refracted, and followed by optometrists; they were referred to an ophthalmologist only when the efforts to achieve reasonable vision by refractive methods were exhausted.

At the present time, optometrists are exposed to the current understanding of CXL treatment and its indications, efficacy, and complications. Therefore, optometrists refer more patients with KC to ophthalmologists and usually at the earlier stages of the disease. However, continuous education and updates on CXL to the optometric society by cornea experts is suggested.

NATURAL HISTORY OF KERATOCONUS IN PEDIATRIC PATIENTS

KC may start at a very young age. Olivares Jiménez and colleagues,5 in a study of 74 patients, found that the average age of onset for signs and symptoms of KC was 15.4 years, with the earliest appearance occurring at 8 years. Earlier age of onset and longer history of KC were associated with greater astigmatism. Leoni-Mesplie and colleagues6 compared 49 patients diagnosed with KC from ages 6 to 15 years (mean age, 13.1 ± 2.1 years) to 167 patients diagnosed with KC after age 26 years. In this study, KC severity was greater at the time of the diagnosis in the young age group. Grade 4 KC was observed in 27.6% of the children, and 42.9% had ophthalmoscopic signs of KC, such as Fleischer ring, Vogt’s striae, and scars. Mean Kmax was 51.32 ± 0.66 diopters (D). The asymmetry between the eyes was also significant (7.32 ± 0.88 D). KC progression was independent of the age; however, if progression occurred, it was greater in children. The CLEK (Collaborative Longitudinal Evaluation of Keratoconus) study group7 also found that younger age was an independent predictor of significant progression, with the greatest progression occurring between ages 10 and 20 years; in 53.3% of these eyes, the corneas steepened by more than 3.00 D. Li and colleagues8 reported that, in patients with KC in one eye, 35% of the fellow uninvolved eyes will develop KC within a period of 8 years. The speed of the progression at childhood is unpredictable and may be explosively fast. Soeters and colleagues9 reported a progression of 2.6 D within 7 weeks and 5 D in one year in pediatric KC eyes. In our practice, we have seen a patient between ages 11 and 12 years whose Kmax increased by 11.00 D (Figure 20-1).
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Figure  20-1. 11.00 D of topographic changes in keratoconic eye within 16 months in an 11.5-year-old child.



OUTCOME OF CORNEAL CROSS-LINKING IN PEDIATRIC PATIENTS

The treatment of pediatric and adolescent ages with CXL (<18 years) has been delayed, and started after CXL pioneers had confidence that CXL is effective and safe in adults. Therefore, the peer-reviewed reports on the outcome of CXL in KC at pediatric and adolescent ages (<18 years) are still limited, particularly the long-term reports. The one-year follow-up reports clearly show the efficacy of CXL treatment in the pediatric and adolescent ages. In the majority of the articles,10-17 there was a significant improvement of CDVA and flattening of the keratometric values one year after CXL treatment. Magli and colleagues12 reported stability but not improvement of CDVA, as well as significantly flatter keratometry values, in a group of 19 eyes. Arora and colleagues13 reported 1-year follow-up of CXL in 15 eyes of 15 children (age ranging from 10 to 15 years). Pretreatment apical K was 59.63 ± 6.17 D. The time of complete epithelial healing ranged from 7 to 10 days. One year after CXL, CDVA and manifest refraction spherical equivalent showed significant improvement. There was no evidence of KC progression or complications. The authors concluded that CXL in children is effective in treating KC.

The longer-term studies are fewer and show inconclusive result. Vinciguerra and colleagues14 reported on 40 eyes of 40 patients (31 males), younger than 18 years (mean age, 14.2 ± 1.7 years), who had progressing KC. After 2 years of follow-up, the topographic and refractive performance showed a slow but constant improvement. CDVA significantly improved during the first 6 months from 0.39 ± 0.10 to 0.23 ± 0.11 (P<.05) and remained at the same level after 2 years. Uncorrected distance visual acuity improved as well. There was a significant decrease of the spheres (-2.32 ± 2.87 D to -2.06 ± 2.21 D) and the cylinders (-2.87 ± 1.12 D to -1.56 ± 1.38 D). After 2 years, the simKs decreased from 51.48 to 50.21 D and from 46.32 to 45.30 D, and the average corneal power decreased from 49.69 to 45.90 D. The data indicate a flattening effect of CXL in eyes with KC. Chatzis and Hafezi15 reported a 3-year follow-up of CXL in 52 eyes of 42 young patients (29 males) with age ranging from 9 to 19 years (mean age, 16.6 years). There was a significant decrease of Kmax during the first year. However, the flattening effect stopped after the second year. After the third year, there was a tendency toward KC progression, and Kmax remained improved in only 9%, unchanged in 36%, and increased in the other eyes. CDVA improved significantly and remained as such during the 3 years of follow-up. After 3 years, 64% of the patients had improved CDVA and 36% remained unchanged. The authors felt that, in the young age group, CXL can contribute to the stability of KC, but the treatment may be insufficient to stop KC progression.15 Soeters and colleagues9 reported 5 eyes treated with CXL in 4 children with very advanced KC. In 4 eyes, Kmax was more than 60 D. In 3 eyes, KC continued to progress after 6 months. Caporossi and colleagues16 performed CXL in patients with KC aged 10 to 18 years. Follow-up of 12 months was reported in 94 eyes, and follow-up of 36 months was reported in 77 eyes. Along the 3 years of follow-up, there was a flattening effect of KC. Patients with less-advanced KC had a significant decrease of Kmax (from 48.95 to 48.19 D) and Kmin (from 44.91 to 44.49 D). In more-advanced KC, Kmax decreased from 51.73 to 51.12 D and Kmin decreased from 47.43 to 46.74 D. Both groups gained CDVA and uncorrected distance visual acuity. After 3 years, there was a functional improvement in 80% of patients, and a functional worsening in 4.6%. Caporossi and colleagues16 concluded that CXL can slow KC progression in the young age group. Zotta and colleagues17 performed CXL and evaluated 8 eyes of 8 children with KC for 36 months. The age of the children ranged from 11 to 16 years. Topographic outcome of K readings demonstrated stability, and CDVA improved in 6 eyes and remained stable in 2 eyes. No early or late complications were noted after CXL. Zotta and colleagues17 concluded that CXL can stop KC progression for at least 36 months.

Our group performed CXL in 58 eyes of 47 young patients (38 males) with progressing KC and a mean Kmax of 55.8 ± 6.40 D at diagnosis.18 Mean age was 16.2 ± 1.9 years (age range, 11 to 18 years) and a follow-up from 12 to 103 months (mean follow-up, 38.53 ± 22.4 months). In 11 patients, KC in the fellow eye progressed and was treated during the time of the follow-up. There was a significant flattening of Kmax at 12, 24, 36, and 48 months of follow-up. Kmax decreased by 1 D or more in 63% of the eyes in the first year. This flattening effect continued during the second and third years, and, by the fourth year, Kmax improved in 81.8% of the eyes (n=22). After 48 months, Kmax was stable (± 1 D) in 13.6% of the eyes and increased by 1 D or more in 4.6%. Mean CDVA significantly improved at 12, 24, 36, and 48 months. There was a gain in CDVA of 1 line or more in 56.6% of the eyes after 12 months and in 66.8% of the eyes by 48 months. Only 1 eye lost 2 lines of CDVA; only 1 eye required CXL retreatment due to progressive increase of refractive cylinder from -3 to -7.25 D (after 3 years of follow-up); 6 eyes had ocular surface complications, including microbial keratitis (1 eye), contact lens-related infiltrates (1 eye), delayed epithelial healing (3 eyes), and persistent epitheliopathy associated with stromal edema for more than 3 months (1 eye); and 7 eyes had a persistent haze or scar after CXL (Figure 20-2), but only 1 eye lost 2 lines of CDVA. Soeters et al9 also reported 1 eye with a significant scar after CXL. Insignificant post-CXL complications reported by Vinciguerra and colleagues14 included temporary haze in 6.9% during the first months and mild photophobia in 3% at 4 months. Chatzis and Hafezi15 reported 2 eyes after CXL with delayed corneal epithelialization up to 10 days. Caporossi and colleagues16 did not report any adverse events.
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Figure  20-2. Corneal scar after CXL in an 11.5-year-old child.



Two studies compared the outcome of CXL in various age groups. In one report, the young group (age, <18 years) presented greater visual improvement and corneal flattening of Kmax.10 The authors claimed that corneas in the young age group were steeper and that the post-CXL flattening is more pronounced in more advanced KC. Vinciguerra and colleagues19 found an improvement of CDVA, topographic indices, and aberrometric results but an increase of cylinder in the young group, while the outcome of most of these parameters was better in the group between the ages of 19 and 39 years. The authors thought that lesser therapeutic efficacy of corneal CXL in the younger age is related to a more aggressive disease in this population.


OUTCOME OF TRANSEPITHELIAL CORNEAL CROSS-LINKING IN PEDIATRIC PATIENTS

Transepithelial CXL (TE-CXL) is a less-effective but also a less-risky procedure compared to epithelium-off (epi-off) CXL. Only 3 peer-reviewed studies reported using TE-CXL in the pediatric and/or adolescent age groups. In one study, TE-CXL was reported in 13 eyes of 13 young patients (12 males) with an age range of 8 to 18 years (mean age, 14.4 ± 3.7 years).20 The follow-up was 18 months. After 18 months, the K readings and the higher-order aberrations showed statistically significant worsening, but CDVA statistically improved. No complications were reported. The authors felt that the TE-CXL was safe but did not effectively halt KC progression. Salman21 reported 22 patients (age, <18 years) with a follow-up of 12 months. In the TE-CXL–treated eye, there was no change in CDVA, spherical equivalent, or refractive cylinder, but simK and Kmax showed significant flattening. In the fellow untreated eyes (controls), all of the parameters except CDVA and refractive cylindrical presented significant worsening. No significant complications were reported in the treated eyes. In the untreated group, events of acute hydrops, corneal haze, and recurrent erosions were reported. The author concluded that TE-CXL is a safe procedure that may arrest KC progression for at least 1 year. Magli and colleagues12 compared epi-off CXL (19 patients; 23 eyes) with TE-CXL (10 patients; 14 eyes) in pediatric KC. Post-CXL, there was no difference between the treated groups. In both groups, Kmax, Kmin, mean K, and surface asymmetry index significantly decreased, but CDVA remained stable. The complications observed in the TE-CXL group were insignificant; conversely, significant pain during the first 2 days, corneal edema, and glare in 16 eyes (69.5%) that required the use of topical steroids for 4 to 6 weeks were reported in the epi-off group. In 2 eyes (8.7%), the edema persisted for a longer period, which required topical steroid use for 8 months. No haze was reported. In conclusion, both TE-CXL and epi-off CXL effectively arrested KC progression in all of the children.12

We performed TE-CXL in 10 eyes of 10 young patients (unpublished data). After one year of follow-up, Kmax changed from 50.6 ± 5.6 D to 50.3 ± 5.7 D (P=NS) and CDVA (LogMAR) changed from 0.17 ± 0.11 to 0.14 to 0.11 (P=NS). In the second year (5 eyes of 5 patients), Kmax changed from 51.6 ± 6.9 D to 51 ± 6.5 D (P=NS) and there was a decrease of tCDVA (from 0.16 ± 0.13 to 0.21 ± 0.26; P=NS). In one eye, there was a drop of 5 lines of CDVA, and retreatment was done with standard CXL.

The available data on TE-CXL in the young age group are not yet conclusive, but suggest that TE-CXL has some efficacy. More data, longer follow-up, and better understanding of the preferred combination of medications to enhance the transport of the riboflavin through the epithelium are required prior to considering TE-CXL as a first-line treatment for KC in the young population.

At the present time, it is reasonable to use TE-CXL in selected patients with mild KC, with well-preserved vision, or in cases where the use of general anesthesia is required and postoperative routine examinations might be problematic. TE-CXL is also an alternative option when parents refuse the standard CXL due to the risk of post-CXL haze or loss of CDVA.

Although the information on CXL in the young age is limited, the data show that CXL can arrest KC progression and cause some flattening effect even in the very young. However, while in the adult eye with KC, CXL treatment is effective for years and peer-reviewed reports clearly indicate increasing flattening effect in thecornea with KC during the first 3 years after CXL treatment, it might not be true for many young patients. The duration of the CXL flattening effect in the young KC eye is not clear, and published data show a variety of outcomes. All authors have reported CXL treatment failures. At the present time, the lack of conclusive data on CXL retreatment for adult KC patients raises concerns for retreating young patients with progression after CXL. We had one case of post-standard CXL KC progression that required CXL retreatment and one case of TE-CXL failure where retreatment with standard CXL was done. TE-CXL is controversial, and currently there are only a few small-sized studies in the literature to support its use in the pediatric age group.

CROSS-LINKING AND KERATOCONUS IN THE DOWN SYNDROME POPULATION

Particular care must be taken when patients with Down Syndrome and progressive keratoconus receive cross-linking, mainly due to the often reduced compliance in this population group. When not taken care of appropriately, the risk for postoperative eye rubbing and subsequent corneal infection is substantial.22

CROSS-LINKING DECISION MAKING IN PEDIATRIC PATIENTS

There is great debate as to the utilization and timing of CXL for pediatric patients at this point. Many experts in the field feel that CXL is justified based on experience in the adult KC population, and many feel that CXL should be performed at the time of diagnosis without waiting for clear signs of progression in younger patients. It appears clear that, in young patients with progressing KC, the potential for a loss of quality of life is significant and justifies the CXL procedure. However, the indications for CXL are not necessarily the same because the changes in corneal shape may be very fast and significant with remarkable loss of CDVA over the course of months. A unique challenge for pediatric patients is obtaining accurate, reliable, and reproducible measurements, including refractions, keratometry values, and topographies to assess progression, even when patients are followed closely (every 3 months or even shorter intervals). Efforts to document progression should be practiced in each young patient with KC before doing CXL. Chatzis and Hafezi15 reported that 88% of young patients had KC progression within 12 months of diagnosis. They and others believe that, in the pediatric age group, one should not document KC progression before CXL, when the disease is already moderate or progressive with some loss of CDVA at the time of diagnosis. However, the risk-benefit of CXL should be judged individually in each case.

Another factor to consider is the reaction of the patient’s parents, who may not be prepared for a recommendation to perform even a minimally invasive ocular procedure on their child at first diagnosis, especially when that intervention involves post-treatment pain and an uncertain outcome, including the risk of loss of CDVA. It might be very difficult to explain loss of CDVA to concerned parents, particularly when the initial CDVA is 20/20 or when a child might need general anesthesia for a CXL procedure. Unfortunately, this parental delay may result in the inability to perform CXL at all in some cases and to minimize the effect on others due to rapid progression. The decision process is even more complicated, as a recent report claims that CXL efficacy may be of a short duration and may just slow down the progression rates of KC for 1 or 2 years.15 Another report with only a few KC eyes presented a failure of CXL in pediatric age to arrest the KC progression in markedly progressed KC eyes.9

Thus, until more information is available, there will be uncertainties in the counseling process that must be addressed. At a minimum, close follow-up with an ophthalmologist experienced in CXL treatment should be scheduled at 1- to 3-month intervals in the beginning. Further, while patients with reduced CDVA at presentation have less to lose from CXL, it has been shown in adult populations that patients with excellent CDVA have the greatest risk for a decrease of CDVA after CXL.23

A close follow-up is required during the first days after the CXL procedure. This is critical to treat rare cases of delayed epithelial healing, contact lens intolerance, or corneal infections. Long-term (years) follow-up for the stability of KC for both treated and fellow eyes is also necessary.

SUMMARY

KC may start at a very young age. At the time of diagnosis, KC severity is greater in the young age group as compared with the severity level in adults at KC onset. Furthermore, KC progression is greater and faster in children. The greatest progression occurs between the ages of 10 and 20 years. Therefore, CXL to stop the progression of KC at the young age is important.

The literature supports the use of CXL in young populations, but published data are limited with short follow-ups and controversial results. Most of the literature shows that CXL stops the progression of KC in the young age group. However, it was also suggested that the effect may be temporary and that KC may start progressing again between 1 and 3 years after CXL. At the present time, all the experts agree that it is critical to cross-link KC eyes as early as possible, especially in view of the high rate of KC progression in children and adolescents. Long-term follow-up is required to better understand the outcome of CXL for KC in the young population.

TAKE-HOME POINTS


	KC in the pediatric population is often more aggressive than in older age groups.

	Epi-off CXL seems to be efficient for the first 2 years after CXL, but there is ongoing controversy about the longevity of the effect.

	TE-CXL, although less efficient, may be considered in selected cases (eg, in mild KC, in cases where the postoperative compliance might be limited).
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Corneal Cross-Linking Complications and Management

Karolinne Maia Rocha, MD, PhD; Koray Gümüş, MD, FEBOphth; and J. Bradley Randleman, MD

Corneal cross-linking (CXL) has become the gold-standard treatment in keratoconus after numerous studies have proven its effectiveness in slowing or halting the progression of corneal ectasia due to keratoconus, pellucid marginal degeneration, and as a complication from LASIK.1-5 CXL does not only stop the progression, but it may also partially reverse the condition with corneal curvature flattening, resulting in improved visual acuity and delaying or eliminating the need for corneal transplantation in most cases.6-8 CXL has also been indicated as a combination therapy with refractive surgery (photorefractive keratectomy/LASIK) or intrastromal rings in the past few years.9

Based on recent clinical findings, the optimal timing of CXL has become a topic of debate, polarizing ophthalmologists. While some clinicians advocate conducting CXL as soon as the patient is diagnosed with keratoconus, others recommend delaying CXL until there is evidence of progressive disease. When deciding on the timing of the procedure, it is important to understand all of the potential complications associated with CXL. It is also imperative for us to inform all patients about the benefits and risks of the procedure.

While the safety analyses of CXL are completed and the available clinical data are encouraging, complications after CXL have been reported. Although the frequency of these complications is low and most of them are mild in severity, clinicians must be aware of all potential issues arising from the various aspects of CXL.

Potential long-term and short-term complications of CXL may be related to different issues, such as the following: direct effect of riboflavin or ultraviolet A (UVA); epithelial removal and basic wound healing processes; inappropriate patient selection or incorrect technique application; and secondary to therapeutic soft contact lenses (SCL), a patient’s poor hygiene, and undiagnosed concomitant ocular surface diseases (eg, dry eye, blepharitis).

SAFETY OF RIBOFLAVIN AND ULTRAVIOLET A

Riboflavin

Riboflavin, also known as vitamin B2, is a nontoxic, water-soluble photomediator and an essential component of living cells. It plays a key role in energy metabolism and is required for the metabolism of fats, carbohydrates, and proteins.

Published studies on the systemic safety of riboflavin have documented that no short-term side effects were reported following the daily administration of 400 mg of oral riboflavin for 3 months for the prevention of migraine headache.10 The total amount of riboflavin that a patient is exposed to during CXL is 1.2 mg, which is significantly below the amount used in the study.

Topical riboflavin solution has a dual effect during the CXL procedure. It acts as a photosensitizer in photooxidative cross-linking and also protects the endothelium, lens, and other ocular structures from UV-mediated damage. There is no evidence of riboflavin toxicity related to its use during the CXL procedure. Furthermore, the enhanced UVA absorption by the cornea in the presence of riboflavin substantially reduces radiant exposure to all structures beyond the corneal stroma, including the corneal endothelium (0.32 J/cm2), anterior and posterior lens surface (0.27 J/cm2 and 0.22 J/cm2, respectively), and retina (0.22 J/cm2; riboflavin shielding). All of these residual values are less than 1 J/cm2 and are believed to be comparable to a day of outdoor exposure to the UVA sunlight.11-16


[image: art]

Figure  21-1. Nonhealing epithelial defect after CXL likely related to bandage SCL rubbing against the steep portion of the cornea. In these cases, epithelial healing can be facilitated by contact lens removal.



Ultraviolet A

The cornea is subjected to UVA radiation (365 to 370 nm) from a distance of 50 cm for different durations ranging from 3 to 30 minutes, delivering a total dose of 5.4 J/cm2.17 UV light can have deleterious effects on ocular structures. The standard epithelium-off (epi-off) riboflavin/UVA treatment triggers an early keratocyte apoptosis response in deeper levels of the corneal stroma.18-23 Wollensak and colleagues21 have described a UVA dose-dependent increase in keratocyte apoptosis. The standard treatment with 3 mW/cm2 of surface irradiance generates keratocyte apoptosis down to a depth of 300 microns (μm). Complete repopulation of the stromal keratocytes occurs by 4 to 6 weeks after CXL. Mazzotta et al22 reported an absence of subepithelial stromal nerve fibers in the central irradiated area at 5 days after CXL, with nerve regeneration completed at 6 months in patients with progressive keratoconus. Furthermore, Salomão and colleagues23 have suggested that the overall corneal healing response after combined riboflavin/UVA is greater than the healing response triggered by either riboflavin alone or UVA alone.

The potential interaction between UVA and limbal stem cells will be discussed later in this chapter.

ROLE OF CORNEAL EPITHELIUM AND WOUND HEALING IN CORNEAL CROSS-LINKING

Most of the studies comparing epi-off and epithelium-on (epi-on) techniques have concluded that keeping the corneal epithelium intact significantly reduces the efficacy of CXL.24 This is the reason why most ophthalmologists prefer the epi-off technique for CXL. However, besides its main efficiency advantage, the removal of epithelium puts patients at risk for certain complications, including delayed re-epithelialization, sterile and infectious stromal infiltrates, corneal haze, and scarring.

The removal of the corneal epithelium, which is a standard procedure during epi-off CXL, activates the corneal wound-healing process, a very complex response that requires cytokine-mediated cellular signaling processes. Numerous growth factors and cytokines such as tumor necrosis factor alpha, interleukin-1, epidermal growth factor, transforming growth factor beta, and nerve growth factor play critical roles during this response.25 For optimum healing, these growth factors and cytokines need to be released at very precise levels and highly specific combinations. In practice, numerous factors that can adversely affect this critical recovery period may lead to complications discussed later in this chapter.

In clinical practice, a small percentage of cases have delayed epithelial healing. This may be attributed to the use of bandage SCL during the first postoperative week in patients with moderate and severe keratoconus, especially in keratoconic eyes with steeper central Ks where the contact lens remains in direct contact with the cornea epithelium at the steepest point (Figure 21-1). It is important to select the right bandage SCL and base curve for the cases with steeper central K values.

The use of nonsteroidal anti-inflammatory drugs (NSAIDs) in the early postoperative period is controversial because NSAIDS activate keratolysis mediated by matrix metalloproteinases and may play a role in the pathogenesis of corneal melting.26 At this time we do not recommend routine use of NSADIS after CXL procedures.

At the time of procedure, any coexisting ocular surface inflammation may be another cause for delayed corneal epithelial healing after epi-off CXL. For these reasons, patients who undergo epi-off CXL should be carefully observed until the corneal epithelium is healed completely. Moreover, some novel therapeutic agents that may promote corneal healing such as topical regenerating agents (eg, ReGeneraTing Agent [RGTA]), coenzyme Q10, and nerve growth factor may be considered for adjuvant treatment.27-29


COMPLICATIONS OF CORNEAL CROSS-LINKING

Sterile Stromal Infiltrates

Following an uneventful CXL procedure, sterile infiltrates may be seen occasionally. However, this is relatively uncommon and is usually located in the peripheral cornea at the margins of debrided epithelium (Figure 21-2). Even though usally not clinically important, they may sometimes lead to visual disturbance when located in the central cornea. Sterile infiltrates have been reported in up to 7.6% of eyes, with central stromal scars occurring in up to 2.8% of eyes after CXL.30 Rodríguez-Ausín and colleagues31 reported 2 keratoconus cases with multiple peripheral sterile stromal infiltrates 48 hours after the CXL procedure, resulting in permanent stromal scarring.

The etiology of sterile infiltrates remains unknown, although there are a number of proposed mechanisms. Enhanced cell-mediated immunity to staphylococcal antigens deposited at high concentrations in areas of static tear pooling, hypoxia induced from bandage SCL, allergies, use of topical NSAIDs, use of ethanol during epithelial debridement, modified response to UV rays, reaction to UV rays, overdose of UV rays, and overirradiation of the corneal surface have been hypothesized as factors for severe corneal inflammation and sterile corneal infiltrates.32

While there is no specific treatment for this complication, intensive use of topical steroids may help to decrease the intensity of these infiltrates. Maintaining appropriate lid hygiene and prior treatment of coexisting blepharitis are important measures to minimize this complication.

Infectious Keratitis

The disruption of corneal epithelial integrity through exposure of Bowman’s layer is a risk factor for infectious keratitis, compounded by the use of therapeutic contact lenses and topical steroids in the early post-treatment phase.33-38

Additionally, it may also lead to reactivation of herpes simplex virus.37 Thus, it is important to screen for a history of herpetic eye disease before deciding to undergo CXL.

Stromal Remodeling: Transient or Persistent Corneal Haze

Seiler and Hafezi39 described a thin corneal stromal demarcation line that was detectable by slit lamp microscopy at a depth of approximately 300 μm from the corneal epithelium 2 weeks after CXL, which corresponds to the theoretical depth of CXL using the standard UVA/riboflavin treatment. A similar but less robust demarcation line has also been demonstrated in the very anterior stroma after transepithelial CXL procedures. This demarcation line is believed to be due to a difference in the refractive index or reflection properties of untreated and cross-linked corneal stroma.39
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Figure  21-2. Sterile corneal infiltrates located in the peripheral cornea at the margins of debrided epithelium 3 weeks after epi-off CXL. (Reprinted with permission from Koray Gümüş, MD, FEBOphth.)



Immediately after CXL, a uniform hyperreflectivity can be easily identified across the cornea from the anterior stromal surface to a mean depth of 102.54 ± 10.02 μm40 (Figure 21-3). A stromal demarcation line (deep stromal haze) can be visualized at one month after CXL in all eyes using a spectral domain optical coherence tomography (OCT; Figure 21-4).

It is widely accepted that this demarcation line is a natural consequence of the CXL process rather than a complication of the treatment. When epithelial thickness (approximately 50 μm) after re-epithelialization is taken into account, the 300-μm demarcation line observed by Seiler and Hafezi39 is consistent with the studies and theoretical principles. It is well documented that during the standard epi-off CXL with UVA/riboflavin, 94% of the UVA light is absorbed in the anterior 300 μm of corneal stroma and thereby produces maximal cross-linking to a depth of approximately 200 μm.

Corneal haze, similar to the demarcation line, may occur in most patients in an earlier postoperative stage of CXL (Figure 21-5). It usually reaches a plateau at 3 months and then progressively decreases at 3 to 12 months and does not affect clinical outcomes.23,41

The density and severity of corneal haze has been found to be correlated with the depth of cross-linking into the stroma and the amount of keratocyte loss. In other words, an increased CXL-associated corneal haze might be an indicator of the efficacy of the CXL action.

Persistent stromal haze, which remains the leading cause of visual impairment after CXL, has been shown to be correlated with advanced keratoconus, steeper keratometric values, thin corneas, and older age at the time of treatment.30,42,43
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Figure  21-3. Fourier domain OCT of a patient with moderate keratoconus one minute after CXL, demonstrating uniform hyperreflectivity in the anterior corneal stroma. (Reprinted with permission from Karolinne Maia Rocha, MD, PhD.)
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Figure  21-4. Fourier domain OCT image in a patient with post-LASIK ectatic cornea one month after CXL. Note the haze (demarcation line) visualized in the deep stromal layer. (Reprinted with permission from Karolinne Maia Rocha, MD, PhD.)






[image: art]

Figure  21-5. Dense corneal haze in the central cornea one month after epi-off CXL. (Reprinted with permission from Koray Gümüş, MD, FEBOphth.)



Limbal Stem Cell Damage

Theoretically, limbal stem cell damage can be considered one of the possible complications that may occur due to direct UV exposure of limbal stem cells.44,45 No cases have been reported to date in the literature.

The risk of limbal stem cell damage could be more likely during off-centered treatments in patients with peripheral cones or pellucid marginal corneal degeneration. In these cases, adequate protection of stem cells utilizing a blocking device to shield may be useful, although no data supports this use.46

Endothelial Cell Damage

The potential cytotoxicity of combined UVA/riboflavin exposure on keratocytes and endothelial cell function has been characterized in a series of experiments.11-14 One animal study utilizing rabbits revealed that cytotoxic irradiance threshold for endothelial cell apoptosis after combined riboflavin/UVA treatment was 0.36 mW/cm2 (approximately 0.65 J/cm2), which may be reached with a corneal thickness of less than 400 μm using 3 mW/cm2 irradiance (approximately 5.4 J/cm2) projected onto the corneal front surface.14 Even though corneal thickness seems important for this serious complication, it was not the only determining factor for corneal endothelial damage after the CXL procedure.47

Numerous studies documented temporary changes in baseline analysis of endothelial cell counts and morphologic parameters after the CXL procedure (Figure 21-6).48-51 The clinical outcome of these changes may vary between few or no symptoms and transient (Figure 21-7) or permanent corneal edema.47,52 More attention should be paid to cases with a pretreatment corneal thickness of approximately 400 μm because we are more likely to face endothelial cell loss in such corneas presumably caused by UV damage to the corneal endothelium.48

The monitoring of corneal thickness throughout the procedure and using hypoosmolar riboflavin solutions to increase the thickness are basic measures that should be taken to reduce the risk of endothelial cell damage. Additionally, the selection of the appropriate isoosmolar riboflavin solution that does not cause any extra thinning in the cornea, and/or removing eyelid speculum during riboflavin instillation,53 can make corneal dehydration less likely.

Treatment Failure and Loss of Visual Acuity

A review of the literature revealed encouraging short- and long-term results regarding the efficacy of CXL. Still, the desired objectives may not be attained in a portion of patients. Treatment failure can be defined as an increase of the Kmax value of 1.00 diopter (D) within the first postoperative year.30

In one prospective study, Koller and colleagues30 documented a failure rate of 7.6% in 117 eyes of 99 patients at one-year follow-up. Their results also indicated that 2.9% of eyes lost 2 or more lines of Snellen visual acuity. The authors determined that age older than 35 years, cornea thickness under 400 μm, a preoperative CDVA better than 20/25, and Kmax higher than 58.00 D were significant risk factors for treatment failure. Koller and colleagues have also claimed that changing CXL inclusion parameters from Kmax values of 65 D or less to 58 D or less would have decreased the rate of failure from 7.6% to 2.3%. It should also be kept in mind that the location and the severity of the haze or scarring are determinants of the amount of visual acuity loss.33
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Figure  21-6. Slit lamp images with wide direct (left) and slit beam (right) illumination of transient focal corneal edema after CXL.



Flap Complications in Patients With Postoperative Ectasia Who Underwent LASIK

In addition to above-mentioned complications, some flap complications, including flap stria, epithelial ingrowth, and flap melt, may be seen in patients with post-LASIK ectasia after the standard epi-off CXL procedure. Therefore, a meticulous removal of corneal epithelium is crucial so as not to cause any impairment in the structure of LASIK flap.

During the epithelial removal, if the flap is moved aside, it should be carefully repositioned and closely monitored during the early postoperative period. Ingrowth of epithelial cells into the corneal stromal interface is another possible complication after epi-off CXL. Even though it is usually asymptomatic, if these cells lead to decreased vision due to irregular corneal astigmatism, direct intrusion of cells into the visual axis, or melting of the overlying flap, they must be removed.

Diffuse lamellar keratitis can also occur after CXL in a post-LASIK eye.54 Management is identical to diffuse lamellar keratitis after LASIK, with aggressive topical steroid use, oral steroid use when necessary, and flap lift when indicated.
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Figure  21-7. On biomicroscopy, ring-shaped endothelial infiltrates and localized corneal edema were observed in the inferior paracentral location of the cornea at Day 3 after epi-off CXL. After the intensive topical corticosteroid treatment, the infiltrates and localized edema improved and completely resolved at Day 10.53 (Reprinted with permission from Koray Gümüş, MD, FEBOphth.)



SUMMARY

In conclusion, CXL is effective and safe with few known complications as discussed in this chapter. While some of these complications occur as a direct effect of CXL, some issues may be caused by indirect parameters including infections, therapeutic contact lens use, previous history of LASIK, coexisting ocular surface disorders, incorrect indication, technical problems with UVA, faulty technique application, and poor UVA focus, among others.

With gradually increasing incidence of keratoconus and the extensive use of CXL worldwide, it should be kept in mind that new and different complications may occur in the future. For this reason, ophthalmologists should be encouraged to report all CXL-related complications. Ultimately, it would be the most effective way to understand the underlying mechanisms of these complications and to find necessary measures to ensure the safety of our patients.

TAKE-HOME POINTS


	The frequency of complications after CXL is low, and most of them are usually mild in severity.

	Potential long-term and short-term complications of CXL may be related to the following:

	Direct effect of riboflavin or UVA

	Wound-healing processes

	Patient selection or incorrect technique application

	Therapeutic contact lens
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Measuring the Efficacy of Corneal Cross-Linking Using Advanced Corneal Biomechanical Diagnostic Modalities

Renato Ambrósio Jr, MD, PhD; Marcella Q. Salomão, MD; and Cynthia Roberts, PhD

Corneal cross-linking (CXL) opened a new horizon for the conscious biomechanical manipulation of the cornea,1 which endorses the concept of biomechanical customization of therapeutic and refractive corneal surgery.2 In contrast to other therapeutic measures for treating keratoconus (KC) and ectatic corneal diseases, which ultimately aim for shape modification or tissue replacement,3 the primary goal of CXL is to improve the biomechanical strength of corneal collagen to halt postoperative corneal ectasia (ectasia) progression.4,5 It is estimated that more than 2800 eyes have been treated with up to 7 years follow-up.6 While more than 90% of success in halting ectasia progression has been observed, these studies have considered variables that are not directly related to the CXL procedure goal of strengthening corneal tissue.

Significant advances have been observed for corneal analysis.7 In this chapter, we introduce the available clinical tools that are relevant for the indication, planning, and evaluation of the postoperative results of CXL. We focus on the clinical evidence of CXL effect on corneal tissue and we provide clinical examples. The following chapters in this book will expand on these and other parameters in use to evaluate CXL efficacy.

CORNEAL SHAPE ANALYSIS: TOPOGRAPHY AND TOMOGRAPHY

Topographic or topometric indices have been developed to facilitate clinical interpretation, providing objective parameters for the diagnosis, staging, and follow-up after CXL for KC and ectasia.8-11 Vinciguerra et al12 used front surface keratometric indices for assessing clinical stability after CXL in a series of ectasia cases. Corneal aberrometry has also been used in this capacity.13,14 Interestingly, this is critical for the clinician to understand the data origin of such indices, mainly if these derive from the corneal front surface or if thickness and posterior corneal surface data are being considered.7 For example, the oculus topometric indices (Table 22-1) consider data from the central 8 mm front curvature data. These indices are possibly calculated from the Placido disk–based topography and from rotating Scheimpflug tomography (Pentacam [Oculus]; Figure 22-1).

Corneal tomography is recognized as the 3-dimensional characterization of corneal shape,15 which has been distinguished from front surface topography. This has been useful for improving the indication criteria of CXL.7 The pachymetric map provides the thinnest point data; these are critical for ensuring the safety parameters for the endothelium.16 The characterization of the thickness distribution profile provides important data for ectasia diagnosis.7,17,18 Thickness maps should also be important for monitoring results post-CXL. Corneal thinning has been documented in the early CXL postoperative course, with a gradual return on corneal thickness toward preoperative values within the first year after CXL.19,20

The differentiation of ectatic corneal dystrophies was described based on slit lamp biomicroscopy21 and is significantly improved by the comprehensive thickness evaluation provided by novel corneal imaging modalities.22-24 Pellucid marginal degeneration and keratoglobus are rarer distinct ectatic diseases. While noninflammatory corneal thinning is the hallmark of ectatic diseases, the relation of the area of maximal thinning and the location of maximal protrusion can be used as the criteria for differentiating these conditions.21,22 In KC, thinning is coincident to the most protruded area, while in pellucid marginal degeneration, protrusion is superiorly adjacent to the inferior band 1- to 2-mm-wide area of thinning. In keratoglobus, there is a generalized thinning and bulging of the cornea. Even though it is debatable that these diseases may represent a variation in the phenotypic expression of the same pathologic mechanism, there are important differences in the clinical and surgical management of these conditions,23,24 which may also be relevant for planning CXL procedures.21,22


Table  22-1.



	
Oculus Topometric Indices Derived From Front Surface Curvature Data





	Topometric Indices
	Index Description



	ISV: Index of Surface Variance
	Value of curvature variation from the mean curvature



	IVA: Index of Vertical Asymmetry
	Value of curvature symmetry comparison of the upper and lower areas



	KI: Keratoconus Index
	Increases with severity of KC



	CKI: Center Keratoconus Index
	Increases with severity of central KC



	IHA: Index of Height Asymmetry
	Value of height data symmetry comparison of the upper and lower areas



	IHD: Index of Height Decentration
	Value of the decentration of height data in vertical direction



	Rmin: Minimum Sagittal Curvature
	Smallest sagittal curvature in the 8-mm zone



	TKC: Topographical Keratoconus Classification
	KC classification only based on corneal front shape



	
KC = keratoconus
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Figure  22-1. Topometric indices from Pentacam pre- (right) and post-(left) standard CXL. Note the significant postoperative reduction in topometric indices and also in KC topometric classification grade. We can also perceive a reduction in asphericity values (Q) at 30 degrees (from -1.69 to -1.58) and in Kmax (from 60.1 to 57.8 D) and Kmed (from 52.9 to 52.2 D).



CORNEAL BIOMECHANICAL ASSESSMENT

One issue related to the use of corneal shape analysis in CXL is the need to wait for 6 to 12 months to determine whether the shape is stable or, indeed, perhaps even regressing. However, corneal biomechanical assessment has the potential to allow the evaluation of the treatment effect much sooner, under the hypothesis that the biomechanical changes are immediate and the subsequent impact on curvature requires time to manifest due to the viscoelastic nature of the cornea. Assessment of corneal biomechanics requires the measurement of the response to an applied load. The launch of the Ocular Response Analyzer25 (ORA; Reichert, Inc) in 2005 was the first time that this could be accomplished clinically, with the recognition that an air puff represented a clinically acceptable load. The ORA is a modified noncontact tonometer that was designed to provide a more accurate estimation of intraocular pressure (IOP) through the compensation for corneal biomechanics.25 During the measurement, which takes approximately 20 milliseconds, the ORA monitors corneal deformation caused by the air pressure through the infrared reflex. The applanation events are registered by a peak on the corneal reflex signal (red curve, Figure 22-2). The system registers the independent applanation pressures during the ingoing (P1) and outgoing (P2) applanation events. The difference between the P1 and P2 pressures is called corneal hysteresis (CH), which is characteristic of a viscoelastic material (cornea) with different behavior during the loading and unloading phases of the air puff.26,27 Corneal resistance factor (CRF) is also calculated from P1 and P2 with an optimized function designed to augment the correlation with thickness in a normal population.25,28 CH and CRF were found to be statistically lower in KC, but there was a substantial overlap that limits the use of such parameters exclusively for ectasia diagnosis.28-31 Interestingly, CH and CRF were found not to change after CXL.32,33 Since CH is a viscoelastic parameter, it is not directly related to stiffness.34 The lack of change in CH after CXL likely means that viscous changes produced by CXL masked the elastic changes that occurred. A new set of parameters, derived from the waveform ORA signal that monitors the deformation response of the cornea during the ORA measurement, has been described.7,35,36 These parameters have demonstrated better diagnostic performance for KC7,35,37 and for indicating changes after CXL.35,36
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Figure  22-2. ORA signal (A) pre- and (B) post-standard CXL.
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Figure  22-3. Sequence of Corvis ST Scheimpflug images (A) before and (B) after CXL. Note that the cornea shows greater concave curvature (softer) in A and lesser concave curvature (stiffer) in B.



A new noncontact tonometer system integrated with an ultra-high-speed (UHS) Scheimpflug camera was introduced by Oculus in 2010.7 The Corvis ST (Scheimpflug technology, Oculus) acquires 4330 frames per second with a Scheimpflug camera that covers 8 mm horizontally to monitor corneal response to a fixed profile air pulse with a maximal internal pump pressure of 25 kPa. The addition of an ultra-high-speed Scheimpflug camera allows dynamic inspection of the actual deformation process through a series of captured images during the air puff, which provides further detail for biomechanical characterization of the cornea. Parameters derived from the corneal response include corneal velocity during deformation (slower is consistent with stiffer), corneal applanation length (longer is consistent with stiffer), deformation amplitude (greatest displacement of the apex at the point of highest concavity and associated with IOP and stiffness), and radius of curvature (ROC) at highest concavity (greater radius or lower curvature is consistent with stiffer) are important measures of corneal response indicating stiffness. Examples of ROC at highest concavity are shown in Figure 22-3 for both a soft cornea with greater curvature (Figure 22-3A) and a stiff cornea with less curvature (Figure 22-3B). Such parameters were found useful for the diagnosis of ectasia7 and for assessing CXL results. In an ancillary study conducted at The Ohio State University of an industry-sponsored US Food and Drug Administration trial of CXL using the standard CXL protocol, subjects were evaluated biomechanically using the Corvis ST before and after the procedure.38 Preliminary analysis at one month post-procedure was performed with 11 patients with keratoconus randomly selected for treatment, compared with 8 patients with keratoconus randomly selected to be in the sham group (without treatment). A significant difference (P<.0014) was found in the ROC at highest concavity in those subjects who received treatment, consistent with increased stiffness. Subjects in the sham group showed no difference (P=.6981) at one month. These results are illustrated in Figure 22-4, which shows a greater negative magnitude in the ROC after CXL or a flatter curvature at maximum deformation.


[image: art]

Figure  22-4. Box plot showing The Ohio State University results. Note a greater negative magnitude in the ROC after CXL or a flatter curvature at maximum deformation, which indicates a stiffer response.
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Figure  22-5. Sequential sagittal curvature maps in OD. (A) Corneal topography one year after CXL demonstrating the stability of the procedure. (B) Corneal topography the day before CXL was performed.
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Figure  22-6. Sequential pachymetric evaluation: Pre op (D) to post op (A).



Clinical assessment of clinical biomechanical properties represents an area of very active research. Novel nondestructive methodologies have been described, including radial shearing speckle pattern interferometry,37,39 Brillouin optical microscopy,40 and other forms of dynamic corneal imaging.41,42 These approaches may be developed soon into commercially available instruments.

CLINICAL EXAMPLE OF BIOMECHANICAL CHANGES AFTER CORNEAL CROSS-LINKING

Standard Corneal Cross-Linking in a Young Patient

Classic Dresden CXL was performed in both eyes of a 10-year-old child. KC was diagnosed one year prior to the consultation. The family reported intolerance to the rigid contact lens. Preoperatively, uncorrected visual acuity was 20/400 and 20/200 in the right eye (OD) and the left eye (OS), respectively. Manifest refraction was -4.00 -3.75 × 180 degrees and -2.00 -1.75 × 175 degrees in OD and OS, respectively, giving 20/40 in both eyes. OD was chosen to be the first to receive CXL treatment, and the procedure was performed in OS one month later.

Figure 22-5 illustrates sagittal curvature maps from OD the day before CXL was performed (B) and approximately one year after the procedure (A). Not only can we identify a decrease of approximately 1 diopter (D) in the central keratometry reading when analyzing the differential pre- and postoperative map (A minus B), but, more importantly, we can appreciate unquestionable stability after the procedure, which is actually the desired effect of the CXL procedure. Postoperatively, uncorrected visual acuity was 20/100 and manifest refraction was -3.00 -3.50 × 175 degrees, giving 20/40.

As expected, central corneal thinning could be observed in the early CXL postoperative course (Figure 22-6C), and a gradual return of corneal thickness toward preoperative value occurred within the first year after the treatment (Figure 22-6A). Pre- and postoperative ORA waveform signals can be appreciated in Figure 22-3 (A and B). Although CH and CRF were found not to change after CXL in previous studies,37,38 both variables increased after the procedure in this case. Moreover, we can also notice a clear improvement in the ORA waveforms with higher peaks (red curve) after CXL.
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Figure  22-7. Corvis ST signals (A) pre- and (B) post-CXL. Note that 2 months after CXL (B) we can appreciate greater applanation length, which indicates a stiffer response, and lower maximal deformation amplitude, which would also indicate a stiffer response under the assumption that IOP did NOT change. Dynamic observation of the deformation film sequence demonstrates less oscillation after CXL, which is also an indication of a stiffer response to air puff deformation.



Figure 22-7 demonstrates Corvis ST examination pre- (A) and 2 months postoperatively (B) in this case. The first applanation length increased from 1.206 mm preoperatively to 2.118 mm, indicating stiffening, and maximum deformation amplitude decreased from 1.306 to 1.297 mm postoperatively, which indicates stiffening under the assumption that the IOP has NOT changed. Similar findings and clinical course were observed in the left eye. Also, the higher optical density (scatter) on the anterior stroma is easily appreciated. Along with these parameters, ROC at highest concavity was described by The Ohio State University group as sensitive tools to detect postoperative stiffness changes after CXL.38,43

SUMMARY

CXL has revolutionized the treatment for ectatic diseases. However, considering that the goal of the procedure is to stiffen corneal tissue, thereby stabilizing ectasia progression, characterization of the cornea should go beyond shape analysis into biomechanical assessment. Such characterization is critical for enabling conscious optimization and further improvements in the CXL techniques. A variety of techniques are available to evaluate cross-linking efficacy; however, no single metric is currently available to fully demonstrate the biomechanical effects of cross-linking. Advances in technology and our understanding of the process should significantly impact the indications for treatment and the evaluation of effect after cross-linking treatments for ectatic corneal disorders.

TAKE-HOME POINTS


	Corneal shape analysis allows us to indirectly measure the effect of CXL at 6 to 12 months after the procedure.

	The ORA allows the analysis of the corneal deformation induced by an air puff, and allows us to detect biomechanical changes at 4 weeks after CXL. Similarly, high-speed Scheimpflug imaging of air puff deformation (Corvis) detects significant changes in cross-linked corneas at 4 weeks after CXL.

	Brillouin optical microscopy is a promising new technique that is currently being translated into the clinical application, and that might allow for direct and depth-dependent measurement of the elastic modulus of the cornea.
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Measuring the Efficacy of Cross-Linking Clinical Metrics

J. Bradley Randleman, MD, and Praneetha Thulasi, MD

It is now widely accepted that corneal cross-linking (CXL) improves both patient visual outcomes and corneal parameters in patients with keratoconus and ectasia. In the laboratory, it is relatively straightforward to evaluate CXL efficacy using a variety of stress-strain measurement strategies (see Chapter 24). However, quantifying cross-linking efficacy clinically has proven difficult. Various parameters have been used to measure change in corneal structure, each with its own benefits and pitfalls. This chapter examines a few of these challenges.

POSSIBLE METRICS

A variety of topographic, tomographic, and anatomic changes occur after CXL, and any of these could prove useful to evaluate CXL efficacy. However, many of these have either failed to clearly differentiate between treated and untreated eyes or have poorly correlated with other patient-based parameters, such as acuity and refractive changes. Initial studies on CXL efficacy used maximum keratometry (Kmax) as the clinical parameter to measure progression before treatment and response to treatment.1 Other candidate metrics include elevation or curvature-based metrics, anatomic metrics, and direct biomechanical measurements (Table 23-1).

Maximum Keratometry

Progressive keratoconus and corneal ectasias are characterized by progressive steepening of the cornea. Given that CXL halts, and partially reverses, progressive steepening, measuring Kmax as a marker for treatment efficacy seems like a logical approach.

The first clinical study by Wollensak et al1 measured Kmax using Scheimpflug imaging as the primary outcome and showed both halting of keratoconus steepening with induced corneal flattening throughout the first 2 years of follow-up. This was followed by several other studies that measured Kmax as their primary outcome. Maximum keratometry is now a standard measurement in most studies performed on CXL.

Benefits of Kmax

Using Kmax as a metric has many advantages. It is a standard measurement and is well defined on many devices and technologies and across different cross-linking treatment protocols. It is also easy to conceptualize (flattening of the steepest portion of the cornea is efficacy of cross-linking whereas continued steepening of the steepest point is failure). The effect of CXL on Kmax is also well established in the literature and is a basis for comparison.

Limitations of Kmax

Kmax may not be best predictive of progression in corneal ectasias. Measuring consistent keratometric values for patients with keratoconus can be challenging. Given the higher-order aberrations (HOAs) inherent to these corneas, there can be significant intertest variability. Vianna et al2 showed that in patients with keratoconus, the mean maximum difference between readings taken within one minute of each other using a Pentacam Scheimpflug camera can be as high as 2.3 diopters (D) in those with an astigmatic value of 6 D or greater, highlighting the difficulty of assessing true progression after CXL using Kmax.2 Given this variability in values of Kmax, Epstein et al3 determined that, with a single measurement of Kmax, the confidence interval for true change had to be at least 1.51 D, which, in many studies, is within the range of difference in Kmax for treated and untreated groups. This variability can be especially pronounced in steeper corneas (Figure 23-1).


Table  23-1.



	
Candidate Metrics to Evaluate Corneal Cross-Linking Efficacy
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CXL = corneal cross-linking; KC = keratoconus






 

There can also be a significant difference in Kmax values with different modalities of measurements, with almost 4 D of difference in agreement based on imaging modality (Figures 23-2 and 23-3).4 Santhiago et al5 reported 2 cases with large amount of flattening of Kmax after cross-linking using Placido-based imaging. Given significant differences in agreement based on imaging modality, Scheimpflug tomography may not have reflected the same amount of flattening, highlighting the clinical limitations of Kmax alone in assessing treatment efficacy.

Correlating Kmax with Clinical Metrics

Even if an accurate Kmax value is measured, this value frequently correlate reliably with outcomes such as visual acuity and refraction. Longer-term prospective studies consistently show that, along with improvement in Kmax, there was improvement in uncorrected visual acuity, best corrected visual acuity, and manifest refraction spherical equivalent at 1 year. Long term, however, the results are more variable. A meta-analysis of studies reporting visual acuity data past one year showed statistically significant improvement in only best corrected visual acuity but not in other variables.6 This suggests that the relationship between these clinical metrics is nonlinear and complicated, with a decrease in Kmax not necessarily reflecting a clinically relevant outcome.

This is reflected in individual cases, where some cases show a good correlation between change after CXL and change in visual acuity and/or refraction (Figure 23-4), while other case show limited correlation between these metrics (Figure 23-5). Perhaps no metric will show good correlation between findings and clinical effect, but the optimal metric would be correlated with outcomes that patients can appreciate.

Another surface-derived metric, the cone location and magnitude index (CLMI), evaluates a slightly larger region and may prove to be more valuable than a single spot measurement such as Kmax.7 This index and its modified counterpart CLMI-X showed high sensitivity and specificity in predicting keratoconus. So far, it has not been used to evaluate keratoconus progression nor has it been evaluated in post-cross-linking patients.8 However, it may hold promise.
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Figure  23-1. Difference map demonstrating inferior flattening up to 4 D in an eye that had no interval treatment of any kind. The difference is simply due to measurement variability.
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Figure  23-2. Difference map comparison between Scheimpflug anterior curvature (left) and Placido curvature (right) of the same eye at the same measurement time point showing good correlation in measured treatment effect after cross-linking both in pattern change and in magnitude of change.
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Figure  23-3. Difference map comparison between Scheimpflug anterior curvature (left) and Placido curvature (right) of the same eye at the same measurement time point showing poor correlation in measured treatment effect after cross-linking, with neither pattern change nor magnitude of change correlating between technologies.
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Figure  23-4. Visual and Scheimpflug curvature parameters demonstrating changes after CXL. In this case, visual and curvature changes do not correlate well. There is significant improvement in visual parameters with little if any change in Scheimpflug anterior curvature difference maps.






[image: art]

Figure  23-5. Visual and Scheimpflug curvature parameters demonstrating changes after CXL. In this case visual and curvature changes do not correlate well. There is an improvement of 4 lines of uncorrected visual acuity, 2 lines of best-corrected visual acuity, and 2 D less myopia, while there are minimal changes of any kind noted in the Scheimpflug anterior curvature difference maps.



Other Surface Curvature and Keratoconus Indices

Placido and Scheimpflug imaging have been used after CXL to assess both the treated anterior surface and the posterior surface. Various anterior and posterior surface irregularity indices have shown good and predictable correlation with topographic keratoconus severity scales.9,10 Kanellopoulos and Asimellis9 compared the standard Amsler-Krumeich staging scale to 7 surface irregularity indices and found index of surface variance and index of height decentration to best correlate with keratoconus severity grading. Ishii et al10 and Kamiya et al11 used best surface fit analysis and found that anterior and posterior surface height data correlated with keratoconus severity index and Amsler-Krumeich classification. This is not surprising, given the significant overlap in the way keratoconus is classified and the measurement of these metrics. However, a distinct, predictable change in these parameters would have value.

In post-cross-linking patients, multiple studies have assessed these predictive anterior surface elevation indices, including flat and steep keratometry, index of surface variance, index of height decentration, elevation of the front surface at the apex, minimum radius of curvature, average keratoconic index, and center keratoconus index, and found that these decreased statistically after CXL for keratoconus.12-14 Despite improvement in all of these variables, only the change in index of height asymmetry was inversely correlated with improvement in corrected distance visual acuity (CDVA).13

When posterior surface was assessed, one study showed an increase in the maximum back elevation at the apex and a trend of increasing posterior elevation values at the thinnest point and the point of maximum posterior elevation, suggesting ongoing ectatic changes in the posterior corneal surface.12 This has, however, not been demonstrated in other studies.15,16

Corneal Thickness

Keratoconus leads to a progressive decrease in corneal thickness at the apex. One goal of CXL is to halt and reverse this thinning. Measurement with Scheimpflug imaging, ultrasound pachymetry, and spectral domain optical coherence tomography (OCT) have all been found to have good correlation,17,18 although Scheimpflug imaging has been more reproducible and repeatable than ultrasound pachymetry.19 Greenstein et al20 reported on the natural history of corneal thickness for patients with keratoconus at the thinnest preoperative pachymetry, apical pachymetry, and pupil-center pachymetry, and found that all 3 thickness values were decreased up to 3 months, followed by an increase from 3 to 6 months. The pupil-center pachymetry and pachymetry and the corneal apex at one year were stable from the preoperative measurements, whereas the thinnest pachymetry remained slightly thinner. When comparing eventual visual outcomes with the greatest thinning of the cornea (at 3 months), however, there was no statistically significant effect on visual acuity and only a weak association with an improvement in Kmax at one year.20 Thus, corneal thickness does not appear to be a clear metric for CXL success or failure.

Higher-Order Aberrations

HOAs have also been measured in keratoconus eyes before and post-cross-linking. Aberration analysis revealed a decrease in coma, trefoil, secondary astigmatism, quatrefoil, secondary coma, and secondary trefoil. All corneal HOAs except quatrefoil demonstrated a significant correlation with postoperative CDVA, with highest correlations for coma, secondary astigmatism, and total HOA. However, cornea HOA changes were not statistically associated with improved visual acuity.21-24 Future work may identify better ways to evaluate these changes within the clinical context, as among the various metrics, HOAs are the ones most directly linked to acuity and refraction.

Confocal Microscopy and Optical Coherence Tomography

Confocal microscopy in patients with keratoconus undergoing CXL shows distinct patterns of healing,25 with a readily visible demarcation line on OCT imaging that has been reproduced over many studies. While it is more pronounced with certain cross-linking protocols,26-28 there is no clear consensus regarding the depth of the anterior stromal demarcation line and long-term visual outcomes, with presence, duration, or depth of the demarcation line not necessarily correlating with Kmax, central corneal thickness, best spectacle-corrected visual acuity, or pachymetry.29-33 For further discussion of confocal findings after CXL, see Chapter 25.

Corneal Biomechanics

As the goal of CXL is to alter corneal biomechanical properties, direct, noninvasive biomechanical measurements demonstrating predictable changes after CXL are the most sought after of all metrics. To date, these metrics remain elusive.34,35

When the corneal biomechanics were measured by the Ocular Response Analyzer (ORA; Reichert Technologies) in vivo, there was no significant long-term difference in basic corneal biomechanical properties in keratoconus after CXL. Despite an early increase in corneal hysteresis and corneal resistance factor after CXL, there was no change over the long term.36-38 More-advanced ORA metrics may be better at distinguishing changes after CXL than corneal hysteresis and corneal resistance factor.39,40

Similarly, when corneal biomechanics were evaluated using dynamic Scheimpflug imaging (Corvis ST [OCULUS]), no statistically significant difference was found between untreated and cross-linked eyes, even though parameters such as the highest concavity deformation amplitude, highest concavity time, and second applanation time were significantly different in the same eyes before and after treatment.41

Much work remains in using direct biomechanical measurements. A new promising technique, Brillouin microscopy, has been proven effective in vitro42,43 and may soon be more readily applicable in vivo.44 Chapter 24 discusses these measurements in greater detail.


SUMMARY

Various tools and methodologies can be used to assess treatment effect and progression in patients with keratoconus after CXL. While maximum keratometry is the most widely used parameter, it may not always be reliable. Other parameters have been extensively studied but without definite correlation to improvement after cross-linking. Therefore, evaluation of post-cross-linking corneas may need more than one modality to follow over time.

TAKE-HOME POINTS


	Kmax derived from corneal topography is the most commonly used denominator to describe changes after CXL. However, Kmax has a number of limitations, including consistency of measurements, intertest variability with high confidence interval, and major differences in the same patients when different techniques (Placido-based, Scheimpflug imaging) are used.

	Among the various keratoconus indices, only index of height asymmetry is inversely correlated with improvement in CDVA.
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Measuring Corneal Cross-Linking Efficacy

Biomechanical Measurement Approach

Giuliano Scarcelli; Seok Hyun Yun; and J. Bradley Randleman, MD

Corneal cross-linking (CXL) is a promising treatment that has been shown to be highly successful at stopping the progression of ectasia.1 While most of the performed CXL procedures still follow the original Dresden protocol first described by Wollensak et al,2 a lot of interest has been placed in the past years to develop alternative procedures that, for example, reduce postoperative recovery time by leaving the epithelium intact or hope to improve the visual outcome by spatially varying light dose of the procedure. As we enter an era in which CXL procedures could be modified to respond to personalized patient-specific needs, the ability to objectively assess and quantify the efficacy of CXL procedures has become of paramount importance. This chapter expands on Chapter 23 and describes novel biomechanics techniques that can be used to assess CXL efficacy based on the strengthening of the corneal stroma.

USING BIOMECHANICS TO ASSESS CORNEAL CROSS-LINKING

The principle of CXL is intrinsically biomechanical. CXL induces the formation of covalent bonds between collagen fibers in the corneal stroma by photoactivation of a photosensitizer such as riboflavin. The increased number of the cross-links increases the elastic modulus of the corneal tissue, and the increased stiffness is believed to be the principal reason for stopping the progression of ectasia. As a result, increased emphasis has been placed in the past decade on methods that could assess corneal mechanical properties.

The general strategy to assess the mechanical properties of material is to apply stress and measure the corresponding strain to extract the elastic modulus of the sample. This strategy is destructive and has low spatial resolution3 and is thus not viable for biological studies in vivo. However, stress-strain methods are the gold standard of material characterization, which is why most of the early ex vivo experiments to prove the efficacy of the CXL strengthening protocol were based on extracting the cornea after the CXL procedure and performing stress-strain tests (eg, extensiometry) on corneal strips. These experiments have clearly demonstrated that the CXL procedure induces a significant stiffening of the corneal stroma (approximately 2-fold increase).

Recently, a widespread effort to develop a noninvasive test of corneal mechanical properties has been put forward. Techniques based on ultrasound4,5 have been tested ex vivo and are under development,6-9 but are not currently available in the clinic.

The first technology to get to clinical trials and onto the market was the Ocular Response Analyzer (Reichert Technologies), which uses the so-called corneal hysteresis phenomenon (ie, an air puff is applied to the cornea while a laser monitors the dynamic movement of the corneal apex).10 Corneal hysteresis is indirectly related to the mechanical properties of the cornea; it has been shown to correlate with advanced keratoconus,11 but its clinical usefulness remains questionable.12,13 A conceptually similar but more sophisticated approach that is now also commercially available (Corvis ST [Oculus]) combines an air puff with anterior segment Scheimpflug imaging to allow dynamic measurements of corneal deformation. In a similar fashion, air puff can be combined with other rapid imaging modalities, such as anterior segment optical coherence tomography (OCT) to achieve an accurate spatiotemporal reconstruction of the corneal deformation. These techniques have shown different deformation parameters in untreated corneas and in cross-linked corneas.14 Air puff combined with dynamic imaging allow in vivo measurements, and, from a technology standpoint, could be translated into the clinic; the major challenge remains extracting the pure mechanical properties of the cornea from the deformation images due to the contributions of the corneal geometry and intraocular pressure, among other factors.14,15 In this respect, finite element modeling of the corneal response to the air puff will be a crucial ingredient of the reconstruction procedures, especially if spatially resolved mechanical properties of the cornea need to be extracted. To attack this problem, a couple of new approaches have emerged recently, still based on OCT. In one case, micro-air puffs are applied to the cornea and their propagation through the corneal tissue is recorded16; in another technology, sound waves are sent to the cornea to induce very small mechanical perturbation which are captured by rapid OCT.17

The rest of the chapter focuses on a fundamentally different technology, Brillouin microscopy, which promises very high spatial resolution in corneal mechanical mapping.

BRILLOUIN MICROSCOPY

Brillouin microscopy is an optical technology developed for the biomechanical characterization of tissue at high three-dimensional resolution. The technology is based on spontaneous Brillouin light scattering, an inelastic scattering phenomenon where the interaction between light and acoustic vibrations or “acoustic phonons” present in the material induces a frequency shift in the scattered light. At a microscopic level, these acoustic vibrations involve thπe propagation of the collective motion of molecules, which is directly governed by the mechanical properties of material. As a result, by measuring high-resolution optical spectroscopy, the local mechanical properties of material can be extracted. In particular, if monochromatic pump light with a frequency νp = ϖp / 2π or wavelength λp = c / νp is incident on a medium, the frequency of the phase-matched phonons (ie, the frequency shift measured between the pump and scattering photons) is given by the following:
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In the previous equation, n is the refractive index of the sampled material, M’ is the real part of the longitudinal elastic modulus of the material on which we will focus the next section, ρ is the density of the material, and θ is the angle between incident and scattered optical radiation; importantly, [image: art] is the hypersonic sound velocity inside the medium.

Mechanically, Brillouin scattering monitors the stress response of a sample to a one-dimensional sinusoidal strain of high frequency (GHz). In the case of viscoelastic materials, the stress of the sample will be determined by the complex longitudinal modulus (M = M’ + iM’’), whose real part expresses the elastic response and whose imaginary part expresses the viscous response (ie, the loss of acoustic energy in the sample). The spectroscopic signature parameters directly measured are related to the longitudinal modulus by the following relationships18:
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Therefore, other than the constants in parentheses, which are determined by the experimental settings, a noninvasive direct measurement of the local longitudinal elastic modulus of material can be obtained, if the index and density of the material under consideration can be measured or estimated. However, both index of refraction and density of material are not constant from sample to sample and are not uniform within samples; for the case of corneal tissues, however, the factor ρ/n2 can be approximated to a constant. In fact, both density and index are dependent on the amount of collagen and interstitial medium in the cornea relative to its water content so that their variations tend to compensate each other for the purpose of Brillouin modulus measurements. From literature values of the refractive index and density, which are spatially varying,19,20 the ratio of ρ/n2 is found to be approximately constant with a value of 0.57 g/cm3 and a variation of less than 0.3% throughout the cornea.5,21

Even though Brillouin spectroscopy can extract the local longitudinal modulus with high accuracy, an important question that remains open is how the longitudinal modulus relates to the traditional Young’s modulus. While this relationship is known and straightforward in standard crystalline materials, no theoretical link has been demonstrated between these 2 moduli for corneas and other soft matter. To answer this question, the correlation between Brillouin-derived longitudinal modulus and traditional Young’s or shear moduli was investigated experimentally in corneal tissue. A very convenient property of the corneal tissue for this task is its depth-dependent variation of corneal modulus. Brillouin depth profiles were acquired on intact porcine corneas. After Brillouin imaging, cornea tissue samples were cut with a biopsy punch to retrieve thin flaps from anterior, central, and posterior portion of the cornea. The shear modulus of the thin flaps was measured at 0.5 Hz frequency with 0.1% strain amplitude with a stress-controlled rheometer (AR-G2 rheometer; TA Instruments). The thickness of each flap was accurately measured to calculate the corresponding average shift from the Brillouin depth profile. Figure 24-1 shows a logarithmic plot of Brillouin shift vs quasistatic shear modulus, demonstrating a strong correlation between the 2 quantities and a log-log linear trend (R>.99).
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Figure  24-1. Comparison of Brillouin shift and quasistatic shear modulus of thin flaps (100 to 300 microns) cut from anterior (N=4), central (N=6), and posterior (N=12) corneal tissue. Circles=experimental data; error bars=s.e.m.; solid line=log-log linear fit.



The log-log correlation between gold-standard mechanical measurements and Brillouin-measured moduli is consistent with what was previously found for crystalline tissue and other polymeric materials.22 This provides the potential of having a quantitative characterization of corneal mechanical properties after proper calibration. In particular, if, for a given material, we can write the following:
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In the above formula, the coefficients “a-b” are intrinsic properties of material that have a fundamental basis on atomic and molecular interactions, and can be empirically determined.
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Figure  24-2. Representative depth-sectional images of corneas treated with epi-off (left) vs epi-on (right) cross-linking procedures.



This correlation seems to suggest a power-law relationship M’≈M0 (ϖ/Φ0)β, where M0, Φ0, and β are constant for a given material. Power-law frequency scaling was previously found in tissue, polymer, and cytoskeleton up to kHz23-26 and in the MHz regime.27,28

Brillouin Microscopy to Assess Corneal Cross-Linking Mechanical Outcome

Figure 24-2 exemplifies the utility of Brillouin microscopy in assessing CXL outcome. Brillouin microscopy is shown for the standard CXL procedure (Figures 24-2A and B) vs the epithelium-on (epi-on) procedure (Figures 24-2C and D). Figures 24-2A and B show representative cross-sectional images (x-z plane) of the central portions of the cornea for untreated vs Dresden protocol of CXL. In this case, control corneas had the epithelium removed and were presoaked in riboflavin for 30 minutes, but no light was applied. For the Dresden protocol, porcine corneas were cross-linked using 30 minutes of ultraviolet light exposure at 3 mW/cm2 following epithelial debridement and 30 minutes riboflavin presoak. The color coding of Brillouin image reveals the depth-dependent variation of Brillouin shift and the remarkable stiffening induced by cross-linking. The images clearly show the distinctly different modulus values between cross-linked and un-treated corneas and are consistent with previous studies. In epithelium-off (epi-off) CXL, the increase in the mean modulus is remarkable in the anterior third of the cornea and is less pronounced in the midstromal region, while no changes were detected in the posterior stromal region. These features are consistent with previous literature29 and CXL modeling.30 This can be understood by considering the gradient of riboflavin diffusion along depth and the diminished light energy delivered to deep layers of the cornea due to absorption of the riboflavin in the anterior cornea.31,32

Figures 24-2C and D show representative cross-sectional images (x-z plane) of the central portions of the cornea for untreated vs transepithelial protocol of CXL. In this case, control corneas without epithelial debridement were presoaked for 30 minutes in the riboflavin-modified solution, but no light was applied. For the transepithelial modality, without epithelial debridement, control corneas were presoaked for 30 minutes in the riboflavin solution and ultraviolet light was applied for 30 minutes. Figures 24-2C and D show that the epi-on CXL protocol is, indeed, capable of inducing corneal stiffening (unpaired t-test, P<.01). However, the stiffening effect is lower than the one produced by the standard CXL protocol and is mostly confined to the anterior portion of the cornea. To estimate the overall efficacy of transepithelial CXL, the Brillouin-derived modulus was averaged over the entire corneal depth and compared to standard CXL. From the Brillouin measurement, the epi-on CXL was estimated to induce approximately 33% of the stiffening of epi-off CXL. For comparison, the mechanical stiffening of the epi-on procedure was tested with gold-standard quasistatic rheology and was found to induce approximately 39% of the stiffening of epi-off CXL. Prior studies found the mechanical efficacy of transepithelial CXL to be approximately 20% of standard CXL.33 The increased mechanical efficacy is attributed to the improved protocol used for photosensitizer diffusion developed by Raiskup et al.34
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Figure  24-3. Schematic representation of a Brillouin microscope composed by a laser scanning confocal microscope connected to a Brillouin spectrometer via a single-mode optical fiber.



Potential Quantitative Index for Corneal Cross-Linking-Induced Corneal Stiffness

In terms of relative stiffness changes, Brillouin microscopy provides consistent information with other mechanical tests. This is due to the log-log linear relation found in equation 3. In fact, the log-log correlation enables quantifying the mechanical outcome of cross-linking protocols relative to the standard Dresden protocol. For small changes, the variation of elastic modulus induced by a CXL protocol can be written, following equation 3, as follows:
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Therefore, the comparison of the mechanical changes induced by 2 different procedures should yield the same ratio in both Brillouin and Young’s case, as follows (where the subscripts 1 and 2 indicate the 2 CXL procedures):
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Since the traditional Dresden protocol is considered the gold standard of CXL procedures, a corneal stiffening index (CSI) can be introduced and defined as a quantitative measure of the mechanical outcome of a specific CXL procedure (denoted by a subscript X) compared to the traditional Dresden protocol, as follows:
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The mechanical interpretation of the CSI is straightforward: a procedure with a CSI of 50 would produce approximately 50% of the modulus increase of Dresden protocol. Using the CSI concept, Brillouin microscopy has been able to characterize the mechanical outcome of several CXL procedures, including the variation of light dose, soaking time, and epithelium debridement.35 Interestingly, CSI allows using noncontact noninvasive Brillouin microscopy to assess the same mechanical properties of CXL procedures that gold-standard stress-strain tests and shear rheometry provide, without calibration measurement.

Brillouin Microscopy Technology

Recent years have seen a rapid development of Brillouin spectroscopy to dramatically improve the spectral extinction and efficiency of the setup.36,37 The development of a clinically viable Brillouin microscope and the first Brillouin measurement of the human eye in vivo were reported in 2012. For clinical use, the instrument employs low-power laser light at 780 nm that is scanned across each location of the eye for approximately 100 ms and a Brillouin spectrometer optimized for the infrared wavelength (Figure 24-3).38

A clinical trial is currently ongoing to measure the mechanical properties of keratoconic corneas and the first results, both ex vivo and in vivo, are highly encouraging,39,40 In ex vivo investigations, Brillouin imaging was performed on tissue samples from normal donor corneas used in Descemet’s stripping endothelial keratoplasty and advanced keratoconic corneas from patients undergoing deep anterior lamellar keratoplasty. Notable mechanical differences between normal and keratoconic corneas were measured. Keratoconic corneas in the cone region had significantly lower Brillouin shift. Importantly, outside the cone, Brillouin mechanical signatures appeared comparable to that of normal corneas. Hence, Brillouin microscopy has provided the first experimental proof that a spatial asymmetry in the distribution of elastic modulus indeed exists in keratoconic corneas, whereas it is not present in normal corneas. These features have been confirmed by the first results published from an in vivo clinical study.40 This is a particularly important result, as it has been proposed that the asymmetric spatial distribution of corneal biomechanical properties within the cornea is a crucial event in the progression of keratoconus.41 In this scenario, the spatial variation of Brillouin mechanical signatures seems a promising metric to detect the early onset and progression of keratoconus and, in turn, could be a promising metric to plan CXL treatments or evaluate their success. Clinical studies to translate Brillouin studies of CXL procedures in vivo are now starting.

A major component of the future of Brillouin microscopy remains linked to its technology development. Technologic improvements are currently aimed at enhancing the sensitivity of the mechanical measurements and the speed of the mechanical tests. Engineering efforts will make Brillouin microscopy portable, make it easy to operate by nonexperts, and lower the cost of the instrument. It is foreseeable that such technologic development will crucially advance the widespread use of the technology.

TAKE-HOME POINTS


	Brillouin microscopy is an optical technology that is based on a frequency shift in scattered light, induced by an interaction between light and acoustic vibrations.

	The relationship between Brillouin spectroscopy and Young’s modulus has been identified and established.

	Pilot clinical studies using Brillouin microscopy to detect corneal changes in keratoconus and changes after CXL have been performed and are encouraging, and the technology is currently being developed for regular clinical use.
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Confocal Microscopy in Corneal Cross-Linking

Cosimo Mazzotta, MD, PhD, and Luigi Fontana, MD, PhD

Conventional riboflavin ultraviolet A (UVA) corneal cross-linking (CXL) represents an evolving therapy for the conservative treatment of progressive keratoconus and secondary corneal ectasia.1,2 The physiochemical basis3,4 of conventional CXL lies in the photodynamic type I to II reactions induced by the interaction between 0.1% riboflavin molecules absorbed in corneal tissue and UVA rays delivered at a 5.4 J/cm2 energy dose for 30 minutes, releasing reactive oxygen species that mediate cross-link formation between and within collagen fibers, increasing biomechanical corneal resistance against ectasia and intrinsic anticollagenase activity.5-7 Since 3mW/cm2 for 30 minutes conventional CXL procedure8 requires a long time (about 50-60 minutes),6 new high irradiance accelerated CXL (ACXL) treatment protocols based on the physical principles stated in Bunsen-Roscoe law of reciprocity have been recently investigated. According to the “equal-dose” principle stated in the Bunsen-Roscoe law, 10 mW/cm2 for 9 min, 18 mW/cm2 for 5 min, 30 mW/cm2 for 3 min or 45 mW/cm2 for 2 min at constant energy (E) dose of 5.4 J/cm2 may have the same photochemical impact as conventional CXL at 3 mW/cm2 for 30 minutes.9

First described by Marvin Minsky10 in the last century, in vivo confocal microscopy (IVCM) represents a non-invasive powerful diagnostic and research method of examining the living human cornea in healthy and pathological conditions. The basic principle of IVCM involves the optical sectioning of the cornea. Light is passed through an aperture and focused by an objective lens onto a small area of the examined specimen. The light reflected from the specimen then passes through a second objective lens and focuses on a second aperture that is arranged so that out-of-focus light is eliminated. Because the illumination and detection paths share the same focal plane, the term confocal is used. The ability of the system to discriminate between light that is not on the confocal plane yields images of higher lateral and axial resolution (1 μm) and variable depth z–axis with a range of 4-25 μm, even if it is limited by a small field of view.

The first international studies in vivo in humans performed by Mazzotta C11-15 at the department of ophthalmology of Siena University (Italy), by scanning laser Heidelberg Retinal Tomograph (HRT) II IVCM and examining the living human cornea at the cellular level, have revolutionized the understanding of the postoperative corneal changes induced by photodynamic riboflavin UVA-induced CXL with a precise spatiotemporal definition of corneal repair processes and stromal wound healing in progressive keratoconus.

Although the first IVCM analyses were essentially qualitative,11-15 the HRT III-Rostock Cornea Module confocal microscope has been improved for manual and automated quantitative analysis of keratocyes, epithelium, endothelial cells and nerves.16

EPITHELIUM AND CORNEAL LIMBUS AFTER CROSS-LINKING

IVCM has shown that, after CXL11,12 and ACXL,13 the corneal epithelium regenerates quickly (3 to 4 days) under a therapeutic soft contact lens bandage. One month after CXL, epithelium is generally thin (approximately 20 μm) and, after 3 months, the thickness increases to 40 μm on average, slightly less than the normal value of 55 μm (Figure 25-1). The normal thickness of epithelium, resembling preoperative pachymetry data, was detected between 3 and 6 months after the cross-linking procedure.14
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Figure  25-1. IVCM of corneal limbus showing palisades of Vogt (left scan) one month after CXL. Palisades of Vogt appears as hyperreflective vertical digitations and represents the main site of corneal germinal epithelium (stem cells) surrounded by native basal epithelial cells (left scan). Formed basal corneal epithelium 6 months after CXL shows regular mosaic and defined cell borders (right scan).



IVCM after transepithelial CXL15,17 at the first postoperative month showed diffuse necrotic areas devoid of epithelial cells, cytoplasmic rarefactions with increased intracellular reflectivity. However, the epithelium regenerated in 30 days. IVCM revealed a time-dependent, postoperative stratification of basal epithelium, smoothing corneal surface irregularities during its progressive stratification, improving corneal optical properties after CXL.14

IVCM analysis of the corneal limbus14,18 after conventional CXL and ACXL showed no evidence of pathologic micromorphologic changes in limbal stem cells.13 This was clinically confirmed by the fact that epithelium regenerate quickly after treatment (see Figure 25-1). The incidental irradiation of the limbus during CXL should be carefully avoided to prevent an irreparable selective or generalized limbal deficit, as the basal cells are essential for the epithelial wound-healing process and for preventing persistent epithelial defects or ulcerations.18

STROMAL ANALYSIS AFTER CROSS-LINKING

IVCM detected the disappearance of keratocytes from the anterior and intermediate stroma due to apoptosis and photonecrosis phenomena in the early (1-6 months) and late (after 6 months) postoperative periods after CXL.14 Keratocyte apoptosis associated with “lacunar” edema represented the most relevant corneal changes detected in the early postoperative period after CXL, both in conventional13,15 and accelerated protocols13,16,19-20 (Figure 25-2).
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Figure  25-2. IVCM. CXL induced keratocytes apoptosis and lacunar edema after conventional 3 mW, 5.4 J, 30 min CXL (left scan; 342 μm), pulsed light accelerated 30 mW, 7.2 J, 8 min CXL (middle scan; 205 μm); and continuous light accelerated 30mW, 7.2 J, 4 min CXL (right scan; 153 μm).



IVCM has demonstrated that the cytotoxic effects of epithelium-off (epi-off) CXL with the standard UVA dose of 3 mW/cm2 (5.4 J/cm2) for 30 minutes were concentrated in the first 300 μm of the corneal stroma (approximately 350 μm measured from the epithelial surface), as evidenced by keratocyte loss and demarcation lines16 (see Figure 25-2).

IVCM review after CXL16 has demonstrated in vivo in humans a progressive repopulation of the edematous anterior-mid stroma devoid of keratocytes. Cells repopulation was observed between the second and third postoperative months, centripetally from the nonirradiated peripheral area (beyond 9-mm diameter) and from the deeper stromal layers. Repopulation was incomplete at 6 months, returning to baseline 12 months postoperatively, both in conventional (3 mW) and accelerated protocols (9 mW and 30 mW/cm2 at energy doses of 5.4 J/cm2 and 7.2 J/cm2, respectively).22

As shown in Figure 25-2, the IVCM analysis revealed variable demarcation line depths (cell apoptosis) between the various CXL and ACXL protocols according to the different UVA irradiance and exposure times (Table 25-1), demonstrating that CXL is not a rigid procedure but is still under development and being modified.16

In TE-CXL protocols (3 mW and 45 mW/cm2), studies have reported that the apoptotic phenomena were less evident, unevenly distributed under Bowman’s lamina and the anterior stroma, and generally under 100 μm measured from the epithelial surface16 (Figure 25-3).

At the same time, transepithelial iontophoresis CXL has demonstrated no demarcation lines evidence in 70% of cases22 compared with epi-off treatment performed in the fellow eye of the same patient, with limited and unevenly distributed cell apoptosis approximately 200 μm measured from the epithelial surface (see Figure 25-3).

As documented by IVCM analysis in a 2015 study, an early postoperative keratocyte apoptosis was common in conventional CXL, TE-CXL, ACXL with continuous light, and ACXL with pulsed light, representing different depths and intensities based on the absence or presence of the epithelium and on different UVA power settings.16


Table  25-1.



	
Demarcation Line Depth (μm) at In Vivo Confocal Microscopy Analysis in Different Cross-Linking Protocols
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CXL = corneal cross-linking; µm = microns; IVCM = in vivo confocal microscopy






 

The intensity of corneal edema increased linearly with intensifying UVA power simultaneously with the reflectivity of extracellular tissue surrounding the edematous lacunae (Figure 25-4). Stromal edema tends to persist after treatment for 1 to 3 months and is rarely observed at the sixth postoperative month, as it decreases over time. Postoperative stromal edema was associated with significant keratocyte loss in the first 1 to 3 months, and a dense network of hyperreflective extracellular “trabecularpatterned” stroma was evident in a study by Mazzotta et al.14 The intensity of the early postoperative reflectivity increased linearly with the increasing of UVA energy doses as evidenced in the epi-off high-energy protocols at 7.2 J/cm2,13 10 J/cm2, and 15 J/cm2, modifying the depth of demarcation lines discovering multiple energy-dependent demarcation lines23 (first international observation of IVCM; see Figure 25-4).

IVCM analysis showed for the first time that, by increasing the UVA power while reducing treatment exposure times, we can achieve a limited penetration, as demonstrated after continuous light ACXL with 30 mW/cm2 at 5.4 J/cm2 and 7.2 J/cm2,13,19,20 (Table 25-1).

On the other hand, by using energy doses of 10 J/cm2 and 15 J/cm2 such as in the photorefractive intrastromal cross-linking (PiXL) protocol23, the keratocyte apoptosis was found at 250 and 300 μm, respectively, measured from the epithelial surface. Both IVCM and corneal optical coherence tomography (OCT) scans (Figure 25-4) revealed a “multiple demarcation line,” according to the different energy doses delivered in the corneal tissue based on the topography-guided zonal CXL principle stated in the PiXL23 treatment protocol (Mazzotta C. IVCM personal study first presented at the Avedro® users meeting, American Academy of Ophthalmology, Chicago IL, 2014; Figure 25-4).
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Figure  25-3. IVCM in TE-CXL treatment protocols one month after treatment. Keratocyte apoptosis was superficial and unevenly distributed under the Bowman’s lamina in TE-CXL with 3 mW (left scan; 44 μm); transepithelial ACXL with 45 mW showed a limited apoptosis under 100 μm measured from the epithelial surface (middle scan; 101 μm); and IVCM in transepithelial iontophoresis does not reveal keratocyte loss (right scan; 200 μm), or repeatable or evident demarcation lines.



This aspect evidenced with IVCM allows the introduction of a new paradigm in the field of CXL-induced biodynamic interactions. CXL stromal penetration by using energy doses of 5.4 J/cm2 and 7.2 J/cm2 is strongly correlated at IVCM analysis (cell apoptosis) to UVA power (the lower power induces the deeper penetration, the higher power induces the lower penetration), exposure time (the shorter time determines the lower penetration, the longer time the deeper penetration), and the energy dose (over 7.2 J/cm2 of dose, the higher energy induces the higher penetration), demonstrating that treatment penetration is not only correlated to the UVA power and exposure times alone, but also to energy doses delivered in the tissue23 (Figure 25-4).

Other important variables influencing the postoperative cell apoptosis are the riboflavin concentration (the higher concentration, the lower the penetration) and the soaking time (the shorter time, the lower the penetration). The advent of new dextran-free 0.1% riboflavin formulas-24mediate between the necessity to maintain an optimal treatment penetration with faster soaking time and security for endothelial cells as endorsed by riboflavin shield and hydroxylpropyl cellulose vehicles.24
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Figure  25-4. High-irradiance PiXLwith 7.2 J, 10 J, and 15 J/cm2, according to different corneal curvatures (PiXL). Left IVCM scan shows a very high reflectivity of the corneal stroma with a “trabecular-patterned” appearance. Anterior-mid stroma was devoid of keratocytes with lacunar edema. The intensity of stromal reflectivity and the depth of keratocyte apoptosis was linearly associated with increased energy dose (over 7.2 J) delivered in the tissue, showing a triple demarcation line (OCT corneal left scan) related to different energies. The maximum penetration was recorded with 10 and 15 J/cm2 at 250 and 300 μm, respectively.



Hyperreflective needle-shaped microbands, or striate reflections, are commonly detectable both in conventional CXL and ACXL at different stromal depths, as shown in confocal scans.14 IVCM qualitative and quantitative analyses confirmed a significant decrease in the mean anterior postoperative keratocyte density at 1, 3, and 6 months after epi-off CXL with a return to baseline values at 12 months postoperatively16 (Table 25-2).

The common hyperdensity (haze)25 of anterior-mid stroma after epi-off CXL and ACXL in most cases represents a transient sign of CXL-induced stromal collagen modifications, as demonstrated by the first international IVCM report.16 Haze after CXL differed in its clinical appearance from haze after excimer laser photorefractive keratectomy. The former is a dust-like change in the corneal stroma to the mid-stromal demarcation line, whereas the latter has a typical reticulated subepithelial opacity unevenly involving the anterior stroma.16 The haze has been correlated at IVCM with the depth of CXL into the stroma and the amount of corneal edema and keratocyte loss. Post-CXL haze (stromal hyperreflectivity) peaked at 1 month, plateaued between 1 and 3 months, and cleared after the months 3 through 6.16 Haze measurements at corneal densitometry analysis continued to decrease from 6 months to 1 year, postoperatively. Late permanent scarring should be differentiated from the postoperative temporary haze, which, apart from an initial glare disability of 6 to 8 weeks, does not negatively affect the patient’s final vision.16

The demarcation line observed after conventional CXL and ACXL represents an expression of light scattering through different tissue densities, underlying the transition from an early edematous area devoid of cells (stromal edema and apoptosis at IVCM) to an area unreached by UV radiation regularly populated by cells.16 The deep corneal stroma beyond 350 μm measured from epithelial surface in conventional CXL, approximately 200 μm measured from the epithelial surface in continuous light ACXL, approximately 250 μm measured from the epithelial surface in pulsed light ACXL, and 100 μm in TE-CXL and TE-ACXL did not undergo tissue changes other than vertical demarcation lines as demonstrated by IVCM and corneal OCT16 (Table 25-1).

The depth of demarcation lines can be reasonably considered as an expression of CXL-induced photooxidative damage penetration correlating with its biochemical, biomechanical, and functional impact.16,22,23

CORNEAL NERVES AFTER CROSS-LINKING

IVCM analysis after epi-off conventional CXL and ACXL1,12-14 has shown identical features with the immediate loss of subepithelial plexus (SEP) nerves. A 2012 study reported that transepithelial ACXL with high-intensity UVA power at 45 mW/cm2 and 7.2 J/cm2 energy had the same pattern of nerve loss as conventional CXL and ACXL, while IVCM analysis performed after TE-CXL at 3 mW/cm2 showed that SEP and anterior-mid stromal nerves did not disappear.15 In another study, the regeneration of SEP fibers occurred with rapid growth from the surrounding nonirradiated area between the second and third postoperative month. Initial reinnervation process was characterized by sprouting nerve fibers. Regeneration of interconnected nerve fibers was complete 12 months after the operation, with fully restored corneal sensitivity.14 Changes in corneal transparency and neurotropism were never found after conventional CXL and ACXL.11,13,16


Table  25-2.



	
In Vivo Confocal Microscopy Analysis After Cross-Linking

Overview of Tissue Changes





	
[image: art]





	
ACXL = accelrated corneal cross-linking; CXL = corneal cross-linking; IVCM = in vivo confocal microscopy; TE-CXL = transepithelial corneal cross-linking






ENDOTHELIUM AFTER CROSS-LINKING

IVCM analysis after 10 years of follow-up with conventional CXL in 50% of patients from the Siena Eye Cross Study and 3 years of follow-up with high-irradiance ACXL confirmed the safety of both treatments, demonstrating an unaltered endothelial cell hexagonality and unchanged corneal pachymetry values.16 Endothelial cell count recorded with specular microscopy (I-Conan [Konan Medical]) confirmed an average endothelial cell loss of 2% per year after CXL and ACXL treatment protocols.14,16 On the contrary, a significant endothelial cells loss was recorded after conventional CXL in thin corneas with a minimum stromal thickness of under 400 μm.25 IVCM studies confirmed that the selective cytotoxic effects of CXL treatment, if correctly applied following the indications and by a technical point of view, are concentrated in the anterior cornea due to high absorption of UVA by riboflavin, which prevents the radiation from reaching deeper levels and thus protects the endothelium, lens, and retina.12,14,16

SUMMARY

Conventional and accelerated epi-off riboflavin-UVA– induced corneal CXL has proven to be a safe and effective therapy in slowing down the evolution of progressive keratoconus and secondary ectasia in the medium4 to long term in the absence of severe complications.1

IVCM review after CXL22 confirmed that the epi-off procedures remains a benchmark of the conservative treatment of early-stage progressive keratoconus and secondary ectasia opening the way to new high-irradiance CXL protocols8 adjustments which offers great advantage in clinical applications.23

TAKE-HOME POINTS


	IVCM is an excellent tool to observe microstructural changes after CXL.

	IVCM allows for a detailed analysis of keratocyte apoptosis and repopulation, and reveals differences in the corneal response to different CXL protocols.
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Optical Coherence Tomography Use in Corneal Cross-Linking

Sumitra S. Khandelwal, MD, and J. Bradley Randleman, MD

Corneal cross-linking (CXL) utilizes riboflavin and ultraviolet A (UVA) light to promote stabilization and even reversal of corneal ectasia, but measurements of its success vary. Most studies utilize topography to determine progression, regression, and stabilization.1,2 Confocal microscopy has been used to follow patients who have undergone CXL, as discussed in Chapter 25. Measurement of corneal biomechanics shows promise as well (see Chapter 22), but, as discussed in Chapter 24, those metrics are difficult to easily access in a clinical setting. Optical coherence tomography (OCT) of the anterior segment provides another potential tool to evaluate the process of CXL and may be more practical and useful in today’s clinical setting.

BACKGROUND

OCT features noncontact measurements of a high-resolution cross-section in a given optical structure. Commonly used in evaluation of the retina and optic nerve, its role in anterior segment imaging has evolved to provide rapid in vivo scans of the cornea. Its anterior segment uses include evaluation of ocular surface,3,4 intraocular lens calculations,5 ocular surface neoplasms,6,7 Descemets membrane detachments,8,9 and evaluation of LASIK flap morphology.10

EVALUATION OF KERATOCONUS

OCT is able to measure multiple parameters that assist in the diagnosis and follow-up of cornea ectasias, including keratoconus and postoperative ectasia following corneal refractive surgery.10,11 Unlike other devices that provide only focal pachymetry readings, such as routine ultrasound pachymetry, OCT can provide global pachymetry mapping. This OCT pachymetry can then be used to formulate diagnostic and progressive criteria.11,12

More recently, epithelial thickness has been evaluated in the diagnosis and management of keratoconus, utilizing both spectral domain and Fourier domain OCT. Regional and central epithelial thickness profiles in spectral domain OCT vary in keratoconic and iatrogenic ectasia eyes compared to normal control eyes.13 OCT demonstrates epithelial apical thinning and significant variability in eyes with ectasia. Areas of corneal steepening were related to epithelial thinning, while areas of relative flattening were associated with epithelial thickening, indicating that global pachymetry mapping is not a good indicator of severity of disease.13 Apical thinning is also seen in forme fruste eyes compared to normal eyes in Fourier domain OCT.11,14 The ability to detect subtle changes in global pachymetry and epithelial pachymetry may indicate early keratoconus or ectasia. This is discussed more fully in Chapter 27.
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Figure  26-1. OCT map showing total cornea (left) and epithelial (right) thickness. Note the significant epithelial thickness variability across the cornea.



In addition to epithelium thickness mapping, the anterior segment OCT can image layers of the cornea to determine diagnosis and progression of keratoconus. Abou et al15 described imaging Bowman’s layer using two-dimensional 9-mm vertical topographic thickness maps to allow high sensitivity and specificity for keratoconus. Software programs added to OCT can utilize measurements to develop keratoconus risk factors similar to topography programs with high sensitivity and specificity.16

OPTICAL COHERENCE TOMOGRAPHY IN CORNEAL CROSS-LINKING

OCT may be used in CXL for screening, diagnosis, intraoperative assessment, and postoperative follow-up. The use of epithelial mapping may become a factor in determining patient selection. For example, we utilize total pachymetry to determine if a patient has a thick enough cornea for CXL; however, some patients have focal epithelial thickening (masking effect), which contributes more to the cornea than the typical 50 microns (μm) (Figure 26-1).10 Epithelial thickness mapping may allow for the inclusion of patients who otherwise would not qualify for epithelium-off CXL and may exclude patients or cause a shift in treatment paradigms to those utilized for thin corneas.

Intraoperative pachymetry may determine whether the patient has adequate cornea thickness after riboflavin soaking. Mazzotta and Caragiuli17 measured intraoperative OCT in patients undergoing CXL. They studied OCT and central cornea thickness (CCT) measured preoperatively, after the removal of epithelium, and at various steps during riboflavin administration. They found the CCT was thinnest after the first 10 minutes and recommended soaking time to be limited to 10 minutes or less to avoid intraoperative thinning. Their study suggested an underestimation of pachymetry as measured with the Visante OCT as compared with ultrasound pachymetry and suggested that OCT offers a noncontact option to measuring pachymetry prior to irradiation. With these data, one can decide whether the CCT is less than 380 μm and whether to use hypotonic riboflavin or 0.1% riboflavin without dextran.
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Figure  26-2. OCT image showing the demarcation line following the standard Dresden protocol. Note that the demarcation line reaches a 300-μm depth rather uniformly.



In the post-CXL eye, a stromal demarcation line can be seen at the slit lamp, on confocal microscopy, and on OCT (Figure 26-2). This line can be measured objectively with high repeatability and correlation with confocal microscopy by anterior segment OCT.18 Doors et al19 reported on the stromal demarcation line on the Visante OCT at 1 month after standard epithelium-off protocol surgery. A deeper demarcation line resulted in a larger change in CCT by 3 months. This demarcation line disappeared in half of the measured eyes at 3 months and in all eyes by 6 months. The authors hypothesized that the line represents the transition between CXL and non-CXL tissue.

The demarcation line may depend on the riboflavin solution concentration and the intensity of the UV light. Seiler and Hafezi’s20 initial paper published a series of patients showing a demarcation line approximately 300 μm throughout the cornea. The demarcation line may represent where the refractive index of the cornea changes, which may account for poor correlation between CCT amongst various devices, depending on the mode of imaging for cornea thickness.20 Other studies support this theory, as mildly accelerated protocols do not show a difference in stromal demarcation line, while more accelerated treatments lasting less than 10 minutes show a shallower demarcation line compared with standard protocols (Figure 26-3).21-23 The relative similarity between standard and accelerated protocols could then signify the relative similarity in efficacy, while the less-dense demarcation line in iontophoresis (Figure 26-4) may indicate less cross-linking effect, which correlates with clinical observations. Although correlation between the demarcation line with changes in cell structure on confocal microscopy have been established, the demarcation line has not been proven to signify efficacy.24
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Figure  26-3. OCT image showing the demarcation line following an ACXL protocol. Note that the demarcation line reaches a 220- to 250-μm depth across the cornea.
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Figure  26-4. OCT image showing the demarcation line following an iontophoresis CXL protocol. Note that the demarcation line reaches a 200- to 250-μm depth but is quite faint. (Reprinted with permission from Paolo Vinciguerra, MD.)



SUMMARY

CXL provides treatment to slow down progression and perhaps reverse steepening in patients with ectasia of the cornea. Topography has been the main outcome measure for patients, but has limitations in the data it can provide. OCT shows promise in the diagnosis of cornea ectasia and preoperative, intraoperative, and postoperative imaging of CXL treatment.

TAKE-HOME POINTS


	Following standard protocol CXL, the stromal demarcation line can readily be detected in anterior segment OCT at 1 month after the procedure.

	Precise evaluation of stromal thickness is particularly important in cases with borderline thicknesses, where the possibility of performing CXL depends on the thickness profile.
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Epithelial Remodeling After Corneal Cross-Linking

Karolinne Maia Rocha, MD, PhD, and Sudeep Dilip Sunthankar, MD

SPECTRAL-DOMAIN ANTERIOR SEGMENT OPTICAL COHERENCE TOMOGRAPHY: EPITHELIAL MAPPING

Optical coherence tomography (OCT) is a promising imaging device in anterior segment surgery due its real-time, high-resolution, high-speed, noninvasive, and noncontact optical features. Spectral-domain optical coherence tomography (SD-OCT) allows for two- and three-dimensional (2D and 3D) visualization of the cornea and its layers,1-6 iris, anterior chamber angle, and lens, as well as 3D optical biometry.7-12 This imaging system can provide valuable information for corneal procedures and lenticular surgery.

OCT images are acquired by measuring the intensity and time delay of light waves diffracted from anatomical structures passing through an established reference path. Low-coherence light from a superluminescent diode source is reflected off of ocular structures at different axial depths and is processed to produce an axial scan.1 Structures visualized with OCT include the cornea, iris, anterior chamber angle, lens, retina, and optic nerve. The pigmentation of the posterior side of the iris blocks high-resolution visualization of the ciliary body.7-11

The development of SD-OCT has provided a mechanism to reduce image acquisition time. SD-OCT utilizes a charge-coupled device camera to register diffraction grating of light waves returning from eye structures. The intensity and time delay of light waves are processed using a Fourier transformation. This mathematical system allows images to be acquired at a rate 100 times faster than standard time-domain OCT devices. In addition, SD-OCT has a scan rate of 26,000 axial scans per second, an axial resolution of 5 microns (μm), and a transverse resolution of 15 μm compared with 2048 axial scans per second, an axial resolution of 18 μm, and a transverse resolution of 60 μm of time-domain OCT systems. This improved resolution allows for the visualization of discrete anatomical structures, including corneal epithelial thickness and Bowman’s layer.10,11

The add-on cornea-anterior module (CAM) should be adjusted prior to anterior segment high-resolution scan acquisition. The following 2 anterior segment models are available: a wide-angle lens (long lens or CAM-L) and a high-magnifications lens (short lens or CAM-S) for anterior segment imaging. Select either CAM-L or CAM-S mode to assess the tab contents. The wide-angle lens is most commonly used because it balances depth of field with transverse image capture. The currently available anterior segment maps for the RTVue-100 (Optovue Inc) are pachymetry map, epithelial map, corneal power, cross-sectional scan line (CL-line), anterior chamber angle (CL-angle), raster scan (CL-raster), and 3D view of all corneal layers (CL-3D). Users can program a series of scan types for imaging strategies, such as clinical trials, specific corneal diseases, and postoperative follow-up. Image acquisition is obtained while the patient sits in front of the scanning device with his or her forehead and chin stabilized by a headrest. External illumination and scan optimization can be adjusted by clicking “Auto P,” which automatically adjusts for differences in polarization. Patients are asked to fixate on the target light source, and consecutive scans are performed of the operated eye using the high-resolution scanning mode. The “Analyze” menu activates the view and tools for manual measurements of the captured images. Editing tools include removal of tracing lines, area of interest selection, zoom, and “Undo/Redo.” Measurement tools include distance tool, area tool, point line, text annotation, zoom, OCT noise level, snapshot, and video. Diagnostic tools include progression, symmetry, and comparison analysis.
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Figure  27-1. SD-OCT CAM-L raster module scan; 6-mm pachymetry + corneal power scans; Optovue RTVue-100 display of a normal cornea, including pachymetry map, epithelial thickness profile, and corneal power.



The Optovue RTVue-CAM (Optovue) pachymetry-corneal power software, with 1024 axial scans and 6-mm diameter scanning, measures the cornea in 8 meridians. The high-resolution, cross-sectional scans are repeated 5 times and averaged to generate the pachymetry maps. The air-tear interface and the epithelial-Bowman’s layer landmark were identified automatically by a computer algorithm to generate the epithelial thickness maps, as described by Li et al.2 The corneal pachymetry map and epithelial thickness map are divided into zones by octants, and 2-, 5-, and 6-mm annular rings. The map is obtained in 0.32 seconds and comprises 8 meridional scans. The average of 6-mm paracentral pachymetry measurements of superior, inferior, temporal, nasal, superotemporal, superonasal, inferotemporal, and inferonasal zones are displayed. The central measurements correspond to the average pachymetry 2 mm from the center. The pachymetry map also includes minimum corneal thickness and location, anterior and posterior corneal power and curvature radius, and total corneal power (Figure 27-1).

EPITHELIAL REMODELING IN NORMAL AND KERATOCONIC EYES

With the continued development of corneal imaging modalities, clinicians have been able to delve further into descriptive findings of the cornea in pathological and normal states. Here, we describe key characteristics of the keratoconic eye in contrast to the normal eye with respect to the corneal epithelial-stromal relationship.

Normal corneal epithelial thickness is approximately 50 to 52 μm.13,14 Corneal epithelium consists of the following 3 layers: epithelial cells, wing cells, and basal cells. The basal layer contains the replicating cells of the epithelium. The basal layer is attached to the basement membrane and stroma.15 In normal eyes, the corneal epithelium is 1.4 μm thinner superiorly compared with inferiorly.16 Corneal epithelium is also slightly thicker at the pupil center by an average of 1.3 μm compared with the overall epithelial thickness.


[image: art]

Figure  27-2. SD-OCT cross-sectional high-resolution scan across the central 6 mm of the corneal apex in the vertical meridian in keratoconus. Regional epithelial thickness profile variability, with localized areas of thickened and thinned epithelium, is observed.



An irregular corneal epithelial profile is seen in keratoconus and postoperative corneal ectasia. When examining the corneal apex in patients with moderate and severe keratoconus, it is expected to observe thinning. Focal epithelial thinning is suggestive, but not pathognomonic, of keratoconus. In addition, the peripheral epithelium in keratoconic eyes was, on average, 2.1 μm thinner than the overall average.17 The central corneal epithelium was, on average, 2 to 3 μm thicker in normal eyes compared with patients with keratoconus. Furthermore, cross-section, high-resolution OCT scans showed localized areas of epithelial compensation overlying areas of stromal thinning in keratoconus.4 SD-OCT high-resolution cross-sectional scans demonstrated significant regional variability in corneal epithelial thickness profiles and greater patterns of thickness deviation in eyes with keratoconus and postoperative corneal ectasia4 (Figures 27-2 and 27-3).

Stromal thinning and breaks in Bowman’s layer cause a compensative epithelial thickening. This epithelial thickening does not occur globally, but, rather, it is observed in focal areas, most commonly paracentrally and peripherally. Thinner epithelium is noted over areas in which the anterior stromal curvature is steep and the corneal surface is elevated. Thicker epithelium is observed in patients with a flat or concave surface. Despite these observations of epithelial thinning and thickening, models have not been able to predict thickness appropriately, thus requiring direct measurements to obtain readings. Considering that the cytotoxic irradiance threshold for endothelial cell damage in corneal cross-linking (CXL) may be reached with a stromal thickness of less than 400 μm, direct measurement of epithelial and stromal thickness within the treatment zone may improve safety profile by ensuring that the minimum corneal thickness is present for standard epithelium-off cross-linking procedures.
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Figure  27-3. SD-OCT cross-sectional high resolution scans across 6 mm of the corneal apex in the vertical meridian in a normal cornea and mild, moderate and severe keratoconus. Irregularities of the corneal epithelium and localized area of thickened epithelium are observed, and in some regions the areas of thickest epithelium correspond to the thinnest stromal regions.



SPECIAL CONSIDERATIONS RELATED TO EPITHELIAL AND STROMAL REMODELING AFTER CORNEAL CROSS-LINKING

CXL has proven to be successful in stabilizing the progression and improving the corneal curvature in patients with keratoconus and ectasia following refractive surgery.18-22 As previously described, corneal epithelial mapping in keratoconus often shows localized central thinning at the apex of the cone, surrounded by a compensatory ring of thickened epithelium.23 Epithelial thinning is most significant within areas in which the cornea is steepest.4 As the disease progresses, the difference in the epithelial thickness profile between the thinnest point (over the cone) and the thickest point (surrounding the cone) continues to increase.24 The amount of epithelial compensation can be related to the progression of keratoconus.

It is believed that cross-linking flattens the cornea, which, in turn, would improve the areas of thinned epithelium. The corneal epithelium appears to remodel to reduce the bulging of the anterior corneal surface by regularizing the anterior stromal surface. We reported epithelial thickness profile changes in 17 eyes with keratoconus and 14 eyes with postoperative corneal ectasia after CXL.3 Three months following CXL completion, standard deviation ranges of epithelial thickness before CXL and at 1 month and 3 months postoperatively were significantly lower in both groups (P=.02) compared to measurements obtained preoperatively, representing a more uniform regional epithelial thickness profile after CXL.
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Figure  27-4. SD-OCT cross-sectional high-resolution scans in the vertical meridian in a patient with keratoconus preoperatively, 1 month, and 3 months after CXL.



Interestingly, mean keratometric readings of the central corneal curvature increased from 50.35 ± 7.21 diopters (D) to 52.96 ± 7.11 Ds immediately after epithelial removal. Earlier studies on corneal wound healing demonstrated that the corneal epithelium migrates from the limbus first in a monolayer, and then thickens with time. This initial epithelial remodeling after epithelium-off CXL may explain the transient decrease in visual acuity and increased corneal curvature observed at one month if one assumes that the epithelial remodeling precedes corneal curvature changes (flattening) and that the loss of the described compensatory regional epithelial thickening and thinning are not able to regularize the irregular residual stromal surface in the early postoperative period. This process also explains the transient decrease in corneal thickness that has been described approximately one month after epithelium-off CXL.3

Reinstein and colleagues25 used a very-high-frequency ultrasound (Artemis; ArcScan, Inc) to elucidate changes in the epithelial, stromal, and corneal thickness after CXL. Very-high-frequency ultrasound requires a chamber filled with saline, which functions as the medium for sound waves, to acquire arc-shaped B-scans conveying the contour of the cornea. With respect to the previously noted increased variability between the thinnest and thickest epithelium in corneal ectasia, CXL treatment was able to reduce the difference from 38.1 μm to between 30.6 μm and 34.8 μm at the 22-month follow-up.25 The authors suggested that corneal epithelial mapping can be used to demonstrate stabilization and improvement of the anterior stromal surface shape after CXL.25 It should be noted, however, that stromal thickness waxed and waned. Stromal thickness measurements during follow-up appointments did not follow a linear decline. Measurements showed a stromal thickness of 333 μm, 351 μm, and 342 μm at 6, 14, and 22-month follow-up, respectively, compared with a baseline preoperative measurement of 351 μm. This fluctuation may be an indicator of longitudinal variations in thickness or the need for improved stromal imaging. Corneal thickness showed minimal to no change post-CXL at the -month follow-up.25

Seiler and Hafezi described a thin corneal stromal demarcation line detectable via slit lamp microscopy. The demarcation line was 300 μm from the corneal epithelium 2 weeks post-CXL. This distance correlated to the theoretical depth of cross-linking using standard ultraviolet A/riboflavin treatment. Immediately after CXL, a uniform hyperreflectivity is easily identified across the cornea from the anterior stromal surface to a mean depth of 102.54 ± 10.02 μm. A stromal demarcation line can be observed one month after CXL in all eyes using SD-OCT (Figure 27-4). Distance from epithelium-Bowman’s layer interface to the stromal opacity measured 205.2 ± 35 μm in keratoconic eyes and 255.02 ± 52.6 μm in postoperative ectasia.3 The demarcation line is believed to be due to a difference in refractive index or reflective characteristics of untreated and cross-linked corneal stroma. The demarcation line does not appear to cause any visual disturbance, but rather is a benign, natural phenomenon associated with the treatment methodology. The transient corneal fibroblast generation in the post-corneal cross-linking stage contributes to the presence of corneal haze. The myofibroblast generation was actually not significantly increased by CXL.26

This lack of myofibroblast production indicates a physiological difference between post-CXL corneal haze and stromal haze that occurs after photorefractive keratectomy. Corneal haze typically occurs 1 month postoperatively, stabilizes at 3 months, and steadily recedes from 3 to 12 months. Persistent stromal haze after CXL has been observed in patients with severe keratoconus, steeper keratometry, thin corneas, and older age at treatment.

SUMMARY

Epithelial remodeling after CXL is often a reflection of stromal changes. Since the epithelium compensates for irregularities of the anterior stromal surface, postoperative analysis of epithelial thickness maps appears to be a sensitive method in identifying stromal changes after CXL. Clinicians must be aware that corneal topography maps may remain stable in the postoperative period. The long-term changes in the epithelial thickness profile may have hidden the described changes of the stromal surface shape, thus leading to the observed mild changes in corneal topography. This dilemma highlights the importance of using epithelial thickness maps to detect and monitor stromal changes after cross-linking.

TAKE-HOME POINTS


	Epithelial thickness maps may reflect stromal changes during keratoconus progression and after CXL, but they may, to a certain extent, also mask stromal remodelling.

	In future applications, such changes in epithelial maps might be used diagnostically.
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Corneal Cross-Linking in Combination With Transepithelial Phototherapeutic Keratectomy

Cretan Protocol

George D. Kymionis, MD, PhD; Michael A. Grentzelos, MD; and Chrysanthi Koutsandrea, MD, PhD

Corneal cross-linking (CXL) is a minimally invasive surgical procedure that aims to strengthen and stabilize the ectatic corneal tissue in keratoconus by using riboflavin and ultraviolet A (UVA) irradiation.1 CXL results in stabilization of the corneal ectatic disorder by increasing the stiffness of the cornea. According to the Dresden protocol, the removal of the corneal epithelium is an essential step during CXL treatment to permit the penetration and assure adequate distribution of riboflavin solution into the corneal stroma.1 It seems that the biomechanical stiffening effect of the CXL treatment is reduced without epithelial removal.2

The removal of corneal epithelium during CXL may be performed either with mechanical debridement or by using alcohol. However, corneal epithelial removal during CXL can be achieved using other techniques such as transepithelial phototherapeutic keratectomy (t-PTK). t-PTK is a well-known surgical technique that uses excimer laser to remove the epithelium and smoothen the irregular anterior stroma of the cornea.3,4 Moreover, Elsahn et al5 has demonstrated the effectiveness of t-PTK in the treatment of keratoconus nodules and the improvement of contact lens tolerance in patients with keratoconus.

In keratoconic eyes, corneal epithelium has been found to be thinner at the apex of the cone than in other areas.6,7 In a study of keratoconic eyes by Reinstein et al,8 a three-dimensional thickness display of the corneal epithelium with Artemis very-high-frequency digital ultrasound (ArcScan, Inc) showed an epithelial doughnut pattern characterized by localized central thinning surrounded by an annulus of thickened epithelium. Due to this keratoconic epithelial pattern, t-PTK during CXL could act as a custom treatment in the irregular corneas of patients with keratoconus. Thus, an intended excimer laser ablation depth of 40 to 50 microns (μm) could use the patient’s own epithelium as a masking agent, allowing the removal of the corneal epithelium along with a small amount of anterior stromal tissue on the cone apex (areas with epithelial thickness <50 μm), regularizing the anterior corneal surface. Therefore, the replacement of mechanical or alcohol-assisted epithelial removal with t-PTK during the CXL procedure aims not only to remove the corneal epithelium, but also to decrease the keratoconic-induced irregular astigmatism by smoothing the irregular anterior corneal stroma and enhancing the postoperative outcome.

First, a case of patient with keratoconus who demonstrated significant visual and topographic improvement after t-PTK epithelial removal during CXL treatment was reported.9 Then, in a comparative case series, Kymionis et al10,11 compared the outcomes of CXL using t-PTK for epithelial removal vs mechanical epithelial debridement and showed that epithelial removal using t-PTK during CXL resulted in better visual and refractive outcomes in comparison with mechanical epithelial debridement. Specifically, there was a significant improvement in visual acuity (both uncorrected and corrected distance visual acuities), steep keratometric values, and corneal astigmatism in the t-PTK CXL group, whereas there were no similar results in the mechanical debridement group.10 The combination of t-PTK epithelial removal during CXL treatment was called Cretan protocol.11 In a similarly designed comparative but retrospective study, t-PTK removal during CXL was superior to CXL with mechanical epithelial debridement; t-PTK during CXL resulted in significantly better manifest refraction spherical equivalent and astigmatism one month postoperatively than mechanical epithelial debridement.12

In 2014, Kymionis et al13 showed that the combined t-PTK and CXL technique (Cretan protocol) was effective and safe in a series of patients with keratoconus over a long-term follow-up. Specifically, t-PTK during CXL resulted in a significant improvement in both uncorrected and corrected distance visual acuities, in steep and flat keratometric values, and in corneal astigmatism from the first postoperative year, and the improvement remained significant at all postoperative intervals (up to 4 years postoperatively).13

Nevertheless, there are some possible limitations of this combined technique, mainly due to the tissue removal by t-PTK. The removal of the Bowman’s layer due to t-PTK at the apex of the cone could be a possible limitation. However, Bowman’s layer removal is only partial using t-PTK CXL. Moreover, even though the role of Bowman’s layer has not been elucidated yet, it does not seem to contribute significantly to the mechanical stability of the cornea.14 On the other hand, Bowman’s layer acts as an effective filter of UVA irradiation15; thus, regional Bowman’s layer removal by t-PTK may increase the penetration of riboflavin and UVA irradiation absorbance, achieving a deeper cross-linking effect at the cone apex during t-PTK CXL.

Another possible limitation of this combined technique could be the removal of corneal stromal tissue due to t-PTK, which could increase the possibility of CXL failure and/or corneal damage, such as endothelial cell loss. Nevertheless, t-PTK excimer laser ablation during t-PTK CXL is performed at an intended depth of 40 to 50 μm, removing only a small amount of corneal stromal tissue, which seems to not jeopardize the biomechanical integrity of the cornea and trigger the progression of keratoconus. The results in the long-term study of combined t-PTK CXL indicated topographic and vision improvement and stability over a long-term period.13 Moreover, it seems that this combined technique does not affect endothelial cell density and/or corneal thickness, as there was no significant change at any postoperative interval.10,13 In addition, no intraoperative or postoperative complications were observed in any of the patients in both studies.10,13

SUMMARY

The combination of t-PTK during CXL (Cretan protocol) seems to be an effective and safe technique for the treatment of patients with keratoconus. The combination of topographic and vision improvement and stability with the removal of only a small amount of corneal stromal tissue seems to be a significant advantage of this approach. Corneal epithelial removal using t-PTK could be performed in any case of CXL to achieve better visual and refractive outcomes along with corneal stability, even in cases in which a combination of photorefractive keratetomy with CXL could not be performed because of low corneal thickness.

TAKE-HOME POINTS


	t-PTK during the CXL procedure removes the epithelium in a safe and reproducible manner.

	Performing t-PTK during the CXL procedure decreases irregular astigmatism by smoothing the irregular anterior corneal stroma, using the epithelium as a masking agent.
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Corneal Cross-Linking in Combination With Surface Ablation

Athens Protocol

Anastasios John Kanellopoulos, MD, and George Asimellis, PhD

Clinical outcomes over the last 2 decades have confirmed that corneal cross-linking (CXL) strengthens the cornea, helps arrest ectasia progression, and improves corneal keratometry and refraction.1 Visual rehabilitation in these irregular eyes, especially in the case of contact lens intolerance, proves challenging at best. In keratoconic eyes, there is significantly asymmetric (highly irregular) astigmatism,2 reflected in topographic curvature maps, in which the cone, an area of increased refractive power typically inferotemporal, is surrounded by zones of decreasing power. Other manifestations are inferior–superior refractive power asymmetry and skewing/fluctuation of the principal meridians within different optical zones.3 Poor reliability of subjective refraction in such eyes renders the determination of manifest sphere and cylinder challenging.4,5 In addition, many patients with keratoconus are already beyond the point at which they can attain acceptable spectacle-corrected visual acuity.

RATIONALE

Among the multitude of technique variations, it has been well documented that CXL almost invariably results in some central anterior corneal flattening.6,7 However, CXL alone may not effectively reduce the significant and irregular astigmatism associated with keratoconus,8 and, thus, postoperative visual rehabilitation may still be elusive.

To further improve the topographic and refractive outcomes, CXL can be combined with customized excimer-laser surface ablation.9-11 The combination of surface ablation with CXL may hold promise for far wider applications beyond the originally envisioned stabilization of the ectatic process. In keratoconic eyes, CXL combined with excimer-laser partial photorefractive keratectomy (PRK) may offer improved visual rehabilitation, in addition to biomechanical strengthening.

Topography-guided excimer ablation has been proven to be an effective treatment modality for this purpose. The introductory reports presented clinical visual function improvement in patients with keratoconus who underwent topography-guided PRK one year after CXL.9,10 Variations in technique have revolved around procedure timing and sequencing, recommended maximum ablation depth, and the use of mitomycin C. We have shown that that same-session partial topography-guided PRK followed by CXL is more effective than sequential CXL with delayed (≥6 months) PRK in achieving visual rehabilitation in a large comparative case series.11 Several other studies have confirmed the safety and/or efficacy of the simultaneous topography-guided PRK followed by CXL in patients with keratoconus and post-LASIK corneal ectasia; long-term stability of this combined procedure has also been reported.12,13



[image: art]

Figure  29-1. Basic steps of the Athens Protocol procedure.



ATHENS PROTOCOL: DESIGN AND PROCEDURE

The procedure known today as the Athens Protocol14 has evolved to include sequential, same-session, excimer-laser epithelial debridement (50 microns [μm]), partial topography-guided excimer-laser stromal ablation, and high-fluence ultraviolet A irradiation (6 mW/cm2), accelerated (15?) CXL (Figure 29-1). Corneal topography data are derived from from either Alcon’s WaveLight (WaveLight AG) Allegro Topolyzer Vario, a wide-cone Placido corneal topographer, or Alcon’s WaveLight Oculyzer, a Pentacambased Scheimpflug imaging camera (Oculus Optikgeräte GmbH).15 The most recent evolution of the Athens Protocol involves the employment of cyclorotation adjustment (afforded by recent developments in Vario topography and cyclorotation monitoring incorporated in the WaveLight EX500 Excimer Laser [Alcon]),16 PTK-form 50 μm of fine debridement as a second step, the enlargement of the transition zone, and the autologous serum postoperative regimen.

DESIGNING THE ABLATION PATTERN

Perhaps the most challenging part of the Athens Protocol procedure is the very design of excimer-laser ablation pattern (Figures 29-2 and 29-3). It should be noted that the ablation part is not a refractive procedure; the priority is not the correction of the refractive error, but rather the partial normalization of the irregular anterior corneal surface, while the posterior irregularity may be not affected at all.17

The normalization, therefore, addresses the following 2 manifestations of the anterior-surface irregularity:


	The existence of the cone and its corresponding anterior flattening

	The fact that the cone is not located centrally. Therefore, the aim of the design is dual: to reduce the large curvature of the cone area and attempt to relocate this steeper area to a more central location.
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Figure  29-2. Topography-guided ablation pattern design (left); preoperative topography (middle); and difference between preoperative and 6 months postoperative topography (right). The difference correlates angularly to the intended ablation pattern, showing the myopic (red) and hyperopic (green) components of the achieved result.



The evaluation of an ablation pattern (Figure 29-2, left image) and its comparison to the preoperative curvature data (Figure 29-2, middle image) is quite illustrative. There are 2 distinct areas in the ablation pattern. The nearly central, which matches the cone location, is the myopic ablation component. The second is the hyperopic ablation component, corresponding to the antipode of the cone. The purpose of this component is to complement the keratometry reduction over the steepest part of the cornea by creating an artificial elevation gradient to its diagonal location. Together, these 2 primary keratomileusis actions result in not only a much-reduced corneal abnormality, but also improved postoperative spectacle (spherocylindrical) visual rehabilitation.

The design of the ablation pattern is performed via the Aqua (currently named Green) software of the Alcon WaveLight Refractive Suite, part of which is the EX500 Excimer Laser. The topography-derived data are imported and are selected to minimize the Maximum Deviation index to a value of less than 0.1. There is an attempt to maintain corneal asphericity. For instance, if the measured Q value is less than -0.5, then the target Q value is equal to that; if the measured Q value is larger than -0.5, then the target Q to approximately -0.3 is sought. Optical zone is between 6.5 and 5.0 mm, and transition zone varies between 1.25 and 1.50 mm.

The orientation of the intended ablation pattern is matched to that of the topography-determined astigmatism (ie, the modified refractive axis is set to the value determined by the topography). The design of the ablation pattern initially attempts not to correct any spherocylindrical component (ie, the modified sphere and cylinder are set to zero values; Figure 29-3A). Then, the 2 maxima of the myopic and hyperopic components are equalized via adjustment of the modified sphere value. We note in Figure 29-3B the nearly matched ablation depths of the 2 components.

Cylinder is then compared to the amount of manifest astigmatism, in which a fraction of the prescribed correction is added, minding not to exceed 60-μm maximum ablation (Figure 29-3C). Finally, sphere is adjusted according to the clinical estimate of the targeted myopic correction (Figure 29-3D). Considerations also include the anticipated myopic shift as a result of the following:


	The PTK part, given that the epithelium is thinner over the cone area18 and, thus, the uniform 50-μm debridement will further contribute to cone flattening

	The overall corneal stiffening due to CXL
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Figure  29-3. Steps in designing the ablation pattern. (A) Step 1, import of the topography-derived data. (B) Manipulation of the modified sphere value to achieve equalization of the maximum ablation depths in the 2 main components of the ablation pattern. (C) Incorporation of the cylinder component. (D) Sphere is adjusted according to the clinical estimate of the targeted myopic correction.



CLINICAL BENEFITS

Early results19 and anterior segment optical coherence tomography quantitative findings20 are indicative of the long-term stability of the procedure.21 We have investigated this over a large case sample and a long follow-up period that permitted sensitive analysis with confident conclusion of postoperative efficacy.21 We monitored visual acuity changes, and, for the quantitative assessment, we chose to standardize on one screening device (the Pentacam) and to focus on the key parameters of visual acuity, keratometry, and pachymetry.22 All of these parameters reflect changes induced by the procedure and describe postoperative progression. We have further employed the following objective and sensitive anterior-surface indices: the index of height decentration and the index of surface variance, which provide a more sensitive analysis than keratometry and visual function.23

In the case of the Athens Protocol, ablating a thin, ectatic cornea may sound unorthodox. Our results indicated that the apparent disadvantage of slightly thinning the cornea is far out balanced by a documented long-term visual rehabilitation improvement and synergy from the CXL component. Long-term data support that the Athens Protocol appears to result in postoperative improvement in visual acuity, as the goal of the topography-guided ablation is to normalize the anterior cornea and, thus, help to improve visual rehabilitation to a step beyond what a simple CXL would provide. Average gain/loss in visual acuity was consistently positive in a 2013 study by Legare et al,24 starting from the first postoperative month, with gradual and continuous improvement toward 3 years, by +0.20 for corrected distance visual acuity and +0.38 for uncorrected distance visual acuity. These visual rehabilitation improvements appear to be superior to those reported in cases of simple CXL treatment (Figure 29-4).24

TAKE-HOME POINTS


	In keratoconic eyes, CXL combined with excimer-laser partial PRK may offer improved visual rehabilitation and biomechanical strengthening.

	The priority is not the correction of the refractive error, but the partial normalization of the irregular anterior corneal surface.
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Figure  29-4. Case presentation of a 30-year-old male patient subjected to the Athens Protocol procedure. Preoperatively, the patient’s best correction was -1.00 S -2.75 C x 98, corrected distance visual acuity with this refraction was 0.65 decimal. Six months postoperatively, the patient has just 1.50 diopters of myopia, with zero cylinder. His corrected distance visual acuity with this refraction is 1.0 decimal. Sagittal curvature data (top), preoperative (left), 3 months postoperative (center), difference (right), and topometric comparison (bottom). Note the significant reduction occurring in all anterior-surface asymmetry indices, particularly in the index of height decentration from 0.063 to 0.025.
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Corneal Cross-Linking in Combination With Intracorneal Ring Segment

Aylin Kılıç, MD, and David Touboul, MD

The changes in corneal structure induced by additive technologies can be roughly predicted by the Barraquer’s Law of Thicknesses.1 When you add material to the periphery of the cornea or remove an equal amount of material from the central area, you achieve a resultant flattening effect. Vice versa, when you add material to the center or remove it from the corneal periphery, you obtain a steeped surface curvature. The corrective result varies in direct proportion with the thickness of the implant and inverse proportion with its diameter. The thicker and the smaller the device, the higher the corrective result obtained.

According to the postulates of Barraquer and Blavatskaya1, the intracorneal ring acts as a tissue addition, leading to a flattening in the cornea periphery.1 The diameter of the ring is proportionally inverse to the flattening intensity; thus, the smaller the diameter, the more tissue added (ring thickness) with the higher myopic correction.

INTRACORNEAL RING SEGMENTS FOR KERATOCONUS

Colin et al2 first described intracorneal ring segments (ICRS) as a treatment modality for keratoconus in 2001. This study showed flattening of the cornea (reduction of the maximum keratometry [K] value >4.00 diopters [D]), reduction in spherical equivalent (SE; >2.00 D), and improved best-corrected visual acuity (BCVA; 1 line) and uncorrected visual acuity (UCVA; 2 lines) in 10 patients with keratoconus. Since then, other investigators demonstrated similar outcomes using a varying combination of segment sizes and number in a diverse group of patients.3-5 The corneal cross-linking (CXL) treatment introduced by Wollensak et al6 in 2003 was accompanied by a reduction—of a lesser degree compared to ICRS—of maximal K (2.01 D) and refractive error (1.14 D). It also increased corneal rigidity by 4.5 times, and seemed to be an effective mean for stabilizing the cornea.7

In keratoconus, the corneal elastic modulus is reduced due to pathology in the corneal stroma. From a biomechanical perspective, the resistance to deformation is reduced in relation to the reduction of the elastic modulus that leads to increased strain and protrusion in the cornea. The consequence is increased curvature and corneal thinning, the hallmarks of keratoconus. Since stress is defined as applied force divided by cross-sectional area, stress focally increases in the zone of corneal thinning. The placement of ICRS generates both an immediate response that interrupts the biomechanical disease progression in keratoconus and a time-dependent biomechanical response that allows the subsequent improvement of vision over 6 months. The immediate response governed by the elastic properties and the long-term response is by viscoelastic properties. ICRS placement results in a reduction of astigmatism and improved visual acuity. This is accomplished by shortening the path length of the portion of the collagen lamellae, which are central to the segments. Redistribution of corneal curvature leads to a redistribution of corneal stress, interrupting the biomechanical cycle of keratoconus disease progression and. in some cases, reversing the process (Figure 30-1).
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Figure  30-1. Redistribution of corneal curvature leads to a redistribution of corneal stress, interrupting the biomechanical cycle of keratoconus disease progression and, in some cases, reversing the process.



CXL and intracorneal ring segments have theoretical complementary effects on corneal biomechanics and refractive parameters. CXL has an effect mainly on the anterior cornea, and ICRS provide flattening effects and redistribution of stress on deeper layers.

CORNEAL CROSS-LINKING AND INTRACORNEAL RING SEGMENTS FOR KERATOCONUS

CXL is a procedure used for stabilizing the cornea in patients with progressive keratoconus by increasing corneal rigidity, but without major refractive and visual changes. The intracorneal ring segments (ICRS) act by flattening the center of the cornea. Originally designed for the correction of mild myopia in normal eyes, the segments are now commonly used to regularize the corneal surface in keratoconus to improve UCVA and corrected visual acuity and improve the ability to wear soft contact lenses. Although the ICRS mechanism is not totally understood, segment insertion induces a change in corneal volume peripherally and overall corneal curvature, with possible modification of corneal biomechanical properties. Combining ICRS with CXL could be synergistic in terms of biomechanical efficacy and, thus, a valuable treatment for progressive keratoconus progression in addition to the potential for improved acuity for ICRS placement.

The goal of ring segment surgery is to reduce the degree of myopia and astigmatism, improving uncorrected distance visual acuity (UDVA) and corrected distance visual acuity (CDVA). Shifting the position of the cone more centrally within the cornea may also improve higher-order aberrations, such as coma. The primary goal of ICRS is to decrease the very high refractive errors to a refractive level allowing a corrected visual acuity compatible with a satisfactory quality of life. Therefore, this minimally invasive treatment found a place of choice in the surgical management of patients with keratoconus by avoiding more invasive surgical procedures, such as keratoplasty. This goal is usually achieved approximately 70% of the time.

CORNEAL CROSS-LINKING AND INTRACORNEAL RING SEGMENTS: SEQUENTIAL VERSUS SIMULTANEOUS TREATMENTS

Sequential or simultaneous treatments with both intracorneal ring segments and CXL have been evaluated in a short series of patients, and it seems that a synergistic effect, compared to either procedure alone, has emerged from these studies.8,9 Combining both procedures should result in greater improvements of UCVA and BCVA, a greater reduction of myopia and astigmatism, and a greater than 2-fold reduction of the mean and the steepest K readings compared to either procedure alone. Postulated explanations for the greater effects include a simple addition of the effect of the 2 procedures, coupling from the cross-linking of collagen around the ring segments, and greater effect of cross-linking due to the pooling and concentration of riboflavin in the channel around the ring segments. Simultaneous implantation of corneal rings and CXL could provide the advantage of delivering riboflavin to the cornea by direct injection into the stromal channel, avoiding the need for epithelial removal.

Chan et al10 were the first to compare the combined treatment of INTACS (Addition Technology) and CXL with the treatment of INTACS implantation alone. The CXL procedure was performed immediately after INTACS implantation. They reported a significant reduction in cylinder (2.73 vs 1.48 D) and steepest K (1.94 vs 0.89 D). Chan et al10 reported that CXL in combination with intrastromal rings resulted in a reduction in average K (1.34 vs 0.21 D) after the combined treatment compared to the ICRS treatment alone. Ertan et al11 reported an additional improvement in UCVA (1.9 lines), BCVA (1.7 lines), SE (2,08 D), cylinder (0,47 D), and mean K after CXL in patients who had already been implanted with INTACS rings an average of 7 months before. The authors have, therefore, suggested that CXL had an additive effect on Intacs implantation and might be considered as an enhancement/stabilizing procedure. More recently, a prospective and randomized study conducted by Coskunseven et al12 compared the 2 sequences of CXL followed by ICRS implantation or ICRS implantation followed by CXL. The mean interval between the procedures was 7 months. They reported that the first sequence (ICRS implantation followed by CXL) led to a greater improvement in BCVA (3 lines vs 1 line), SE (3.31 vs 2.76 D), and manifest cylinder (2.08 vs 1.32 D) than patients who received CXL first. The authors suggested that the corneal stiffness induced by CXL might reduce the flattening effect of ICRS. Therefore, they concluded that the CXL and ICRS combination had a greater effect than ICRS alone, regardless of the sequence used.

Some studies, however, have not found synergistic effects of combining both treatments. Renesto et al13 compared refractive, topographic, pachymetric, tonometric, and corneal biomechanical outcomes after ICRS insertion with or without prior CXL in 31 keratoconic eyes. They showed no statistical differences between groups postoperatively at 24 months for all parameters. However the authors’ statement regarding keratometric and refractive outcomes being attributed entirely to CXL (after CXL is performed) can be questioned in that ICRS are also contributing to the refractive and keratometric changes. Complete effect of ICRS may take more than 6 months to manifest. The immediate postoperative refractive outcomes are because of the ICRS in the periphery of the cornea, resulting in the flattening of the central cornea and restoration of prolate anatomy. The European peer-reviewed keratoconus study and phase II and III myopia clinical trials noted that refractive and keratometric changes to the cornea continue to manifest for greater than 6 months postoperatively.14 In vivo confocal microscopy15 and in vitro histological analysis16 of cadaveric/explanted animal and human corneal buttons have demonstrated that typical tissue response to ICRS insertion includes keratocyte activation (with resultant increase in keratocyte density), intracellular lipid accumulation, and new collagen formation manifesting as fibrosis around the Intacs segment. Although animal studies have reported that keratocyte activity in a healing cornea is greatest at 4 to 9 weeks and remains at a high level beyond 6 months,17 Ly et al’s18 demonstration of absence of keratocyte activation or deposit formation at 2 months on confocal microscopy suggests that keratocyte activation in human eyes after ICRS implantation might occur after 2 months. The keratocyte activation and ensuing corneal remodeling explains the changes in refractive outcomes between 3 and 6 months. Additionally, the midcorneal layers continue to evolve and thicken over time, which, in turn, may contribute to the biomechanical effects of Intacs. In the work by Ertan and colleagues,11 the synergistic effect of CXL performed, on average, 3.98 ± 5.7 months after ICRS implantation might be explained, in part, by the continuing effect of ICRS-related corneal remodeling.

Combining both procedures in the same day is attractive for both patients and surgeons, reducing the time and cost for treatments and probably minimizing the infectious risks. It remains unclear, however, as to whether it is more effective to perform CXL before, during, or after ICRS insertion. If we postulate that ICRS can increase in efficacy over 6 months after insertion,14 it could be logical to wait 6 to 12 months before performing CXL. Similarly, would CXL performed prior to ICRS implantation increase the mean corneal elasticity and lead to better biomechanical response after ICRS insertion? Performing both procedures on the same day is a reasonable choice, as no rational answer was provided to the above 2 questions in the literature. Devices based on transient elastography concept could potentially provide such answers in the near future.19 Nevertheless, the keratocyte apoptosis, when combining both procedures at the same time, could lead to a higher rate of corneal melting and extrusion. This theory is supported by a publication showing that the keratocyte density in the anterior part of the stroma above the rings decreased dramatically after ICRS insertion.20 The same phenomenon was observed with CXL during the initial 6 months postoperatively in the first anterior half of the cornea treated.21

Several studies have evaluated the rational for performing the ICRS implantation and CXL the same day. In a prospective and comparative study, El-Raggal22 evaluated the safety and efficacy of combined ICRS (KeraRing [Mediphacos Belo Horizonte]) insertion and CXL performed simultaneously or sequentially. The author showed a statistically significant improvement in both groups in UDVA and CDVA, with a significant reduction in refractive error and keratometric values (P<.05) but no difference between both groups in all parameters. However, the author reported an interesting finding in that the stromal haze that developed in both groups was more marked and persistent after simultaneous treatment than after sequential treatment.22 Our group has recently conducted a retrospective study including 34 eyes of 34 patients with keratoconus to evaluate the safety and efficacy of the simultaneous procedure(ICRS implantation and CXL the same day)8 UCVA, BCVA, SE, manifest cylinder and K, were evaluated at baseline and at 1, 3, 6, and 12 months after surgery. After 6 months, the mean UCVA and BCVA improved by 3 lines. The minimum and maximum K was reduced by a mean of 4 and 5 D, respectively, and the mean SE decreased significantly with a mean of 2.3 D. One complication occurred at one month with ICRS extrusion through the corneal incision.

The combination of ICRS and CXL performed simultaneously seemed to be a minimally invasive treatment for patients with progressive keratoconus and contact lens intolerance that sufficiently improves visual acuity and refraction. The visual acuity improvement reported by our group was similar to what was found by Coskunseven et al12 after a sequential treatment (ICRS implantation followed by CXL). However, regarding the lack of data in the literature, studies with longer follow-up are necessary to evaluate the stabilization over time and the clinical benefit of combining both treatments. Based on our recent findings, we presume that combining CXL and ICRS insertion in the same time seems to be safe and effective enough to be performed routinely.
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Figure  30-2. Simultaneous implantation of corneal rings and CXL could provide the advantage of delivering riboflavin to the cornea by direct injection into the stromal channel, avoiding the need for epithelial removal.9



SIMULTANEOUS TREATMENT WITH INTRACORNEAL RIBOFLAVIN INJECTION

As an alternative to epithelial removal, Kanellopoulos23 introduced the technique of riboflavin administration directly into the stroma via a femtosecond laser-created intrastromal pocket. The thought process behind this alternative technique was that the creation of a femtosecond laser pocket with a small 10-degree side cut would not weaken the cornea biomechanically, since it has been shown that the regular 270- to 290-degree LASIK flap side cut may induce cornea weakening.24 Further, the selection of the exact depth that the riboflavin would be introduced could make the CXL procedure more customized instead of applying ultraviolet light and riboflavin to the whole cornea and potentially even at the level of the cornea endothelium.

In 2011, Alio and colleagues25 I introduced a novel approach for combined ICRS implantation with CXL, where the intrastromal pocket created for ICRS implantation—created with a femtosecond laser system at a corneal depth ranging from 70 to 90 microns (μm) with a 70-degree side cut and a 7-mm diameter—was utilized for riboflavin administration. 0.1% riboflavin in dextrose was injected directly into the corneal pocket. Significant corneal haze was observed in all cases in the early period, but this resolved over time. No postoperative pain was observed in any case operated with the pocket technique.26 In this study, all patients enrolled had undergone previous corneal surgery (ICRS). A similar-technique animal study was published by Dong and Zhou in 2011.26
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Figure  30-3. Greater effect of cross-linking is possible due to a pooling and concentration of riboflavin in the channel around the ring segments.9



Kılıç and collegues9 proposed a technique for riboflavin application without epithelial removal. In this technique, patients underwent combined CXL and ICRS and simultaneous transepithelial CXL with riboflavin injection into the corneal channel (Figures 30-2 and 30-3). Riboflavin solution was injected with a 25-gauge cannula into the corneal femtochannel until riboflavin passed completely 360 degrees and filled all channel sizes. Then, immediately, Intacs segments were implanted inferiorly and superiorly based on patients’ preoperative SE and the location of the cone.9

TAKE-HOME POINTS


	The goal of ring segment surgery is to reduce the degree of myopia and astigmatism, improving UDVA and CDVA.

	There is no consensus to date as to whether it is more effective to perform CXL before, during, or after ICRS insertion.

	In simultaneous ICRS and CXL, the tunnel created for the ring may be used to deliver riboflavin intrastromally, without debridement of the epithelium. Demonstration of long-term stability needs longer, published clinical follow-up.
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Corneal Cross-Linking in Combination With Phakic Intraocular Lenses
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Corneal ectasia, particularly keratoconus, usually presents with a wide variety of refractive errors that may significantly change with time if ectasia were to progress.1 Visual rehabilitation has significantly evolved in parallel with developments in the field of refractive surgery, as is the case with phakic intraocular lenses (PIOLs).2-5 Classically, the treatment of keratoconus involved correction with spectacles or contact lenses, and corneal transplantation when visual acuity was not satisfactory with conservative measures. PIOLs constitute an excellent alternative in eyes with mild to moderate corneal ectasia and with moderate to high refractive errors.

Visual rehabilitation of the ectasia usually requires a step-wise approach that involves the following:


	Stabilization of the disease if progression is observed

	Correction of irregular astigmatism

	Correction of regular astigmatism and spherical refractive error.


Corneal transplantation is reserved for those cases in which functional vision cannot be obtained with the surgical alternatives currently available.5-7

CORNEAL CROSS-LINKING AND KERATOCONUS

The effect of corneal cross-linking (CXL) in keratoconus has been extensively discussed elsewhere. In summary, while most studies have reported a decrease in the mean spherical equivalent (SE) in parallel to a reduction of the mean keratometry (K) after CXL, other authors have not observed such decrease over time. Thus, changes after CXL are probably multifactorial, and may depend on the degree of ectasia, the patient’s age, and the biomechanical properties of the cornea, among others.8-10 These slow, progressive changes and the verification of stability after CXL are the main limiting factors to definitely establish the interval between CXL and the subsequent refractive technique.

CORNEAL CROSS-LINKING COMBINED WITH PHAKIC INTRAOCULAR LENSES

PIOLs have been proven to be effective and safe for the correction of a wide range of refractive errors. Outcomes of PIOL implantation in nonprogressive, keratoconic eyes are comparable to nonkeratoconic eyes in terms of efficacy, safety, and stability of refractive results.11-21 Although implantable collamer lenses (Visian ICL [STAAR Surgical]) have been proposed as a valid alternative for the correction of the stable myopic astigmatism in patients with keratoconus (Figure 31-1),18,19 we believe that the iris-claw PIOL is a better option for these patients, especially when correcting astigmatism.5,20,21 The unique enclavation system prevents any potential rotation of the lens, which would result in loss of the refractive correction effect (Figures 31-2 and 31-3). However, toric PIOLs are not commercially available in the United States yet, and full correction of the astigmatism with spherical PIOLs is limited.
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Figure  31-1. (Left and right) Toric implantable collamer lenses (ICL) properly implanted in a patient who previously underwent a cross-linking procedure. (Upper left and right) The model V4C with CentraFLOW uses a proprietary port in the center of the ICL optic. The port has a size determined to optimize the flow of fluid within the eye, and eliminates the need for the surgeon to perform a YAG peripheral iridotomy procedure or a surgical iridectomy.
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Figure  31-2. Artiflex Toric PIOL (Ophtec) properly implanted and centered in a patient who previously underwent a cross-linking procedure. An adequate enclavation with the appropriate fold of iris tissue is observed. (Upper left) Anterior segment optical coherence tomography image showing the enclavation of the haptics in the iris. (Lower left and right) High magnification image of the iris-claw sites.
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Figure  31-3. Artisan Toric PIOL (Ophtec) properly implanted and centered in a patient who previously underwent a cross-linking procedure. The spherical PMMA model is available from +12 to -23.5 D and with cylinder from -1 to -7 D.



Clinical data on the combination of CXL and PIOLs for the correction of refractive errors in patients with keratoconus are scarce.5,21-25 As a general rule, CXL is performed first to stabilize the cone, followed by PIOL implantation when refractive and topographic stability is documented.

INDICATIONS AND CONTRAINDICATIONS OF CORNEAL CROSS-LINKING AND PHAKIC INTRAOCULAR LENSES

The protocol for the treatment of keratoconus used in our institute (the Instituto de Microcirugía Ocular, Barcelona, Spain) is summarized in Figure 31-4.5 Namely, the combination of CXL and PIOL implantation is indicated in those patients with documented progressive keratoconus, who are contact lens-intolerant, or who seek refractive surgery. Patients should present with moderate to high refractive errors, including myopia, hyperopia, and/or astigmatism, and no clinically significant irregular astigmatism.

Patients with clinically irregular astigmatism or corrected distance visual acuity (CDVA) less than 20/50 are generally excluded. Irregular astigmatism is deemed clinically significant when the CDVA achieved with spectacles is at least 1 line worse than CDVA measured with rigid gas permeable contact lenses (RGPCL). Other standard inclusion criteria include clear cornea, cornea thinnest point greater than 450 microns (μm) measured by ultrasound pachymetry, central anterior chamber depth greater than 3.0 mm measured from the corneal endothelium to the anterior surface of the crystalline lens, central endothelial cell counts greater than 2300 cells/mm2, normal iris morphology and pupil function, mesopic pupil size less than 4.5 mm, and absence of other ocular pathology or systemic disease that may alter the healing response. Table 31-1 summarizes the inclusion and exclusion criteria of CXL and PIOLs in patients with keratoconus.

The diagnosis of keratoconus is based on clinical and topographic data. At least 4 of the following topographic signs should be present:


	Irregular keratometric map suggesting irregular astigmatism (inferior steepening, asymmetric bow tie, or skewed radial axes)

	Increased anterior elevation best-fit sphere

	Posterior elevation best-fit sphere greater than 45 μm

	Inferior and/or nasal-temporal decentration of the maximum point of anterior and/or posterior corneal elevation
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Figure  31-4. Protocol for the treatment of kieratoconus in our institute. Decisions are made considering the stability of the cone, vision, and regular and/or irregular refractive components. CXL is only performed in cases of proven, progressive keratoconus. In cases with no clinically significant irregular astigmatism (ie, when CDVA with RGPCL is the same as best-spectacle corrected visual acuity, toric iris-claw PIOL implantation is the technique of choice to correct myopic astigmatism. In the presence of moderate irregular astigmatism, intracorneal ring segments are implanted first to regularize corneal topography. PIOLs may be also associated to correct residual myopic astigmatism. In eyes with progressive keratoconus, CXL is performed first to stop the progression of the cone as long as the CDVA is equal or better than 20/50, and corneal pachymetry at the thinnest point is at least 400 μm. Corneal transplantation (deep anterior lamellar keratoplasty) or penetrating keratoplasty is the procedure of choice in cases of advanced keratoconus, with high irregular astigmatism, corneal scarring, and/or poor vision. (Reprinted with permission from Elsevier.)




Table  31-1.



	
Inclusion (Indications) and Exclusion (Contraindications) Criteria of Corneal Cross-Linking and Implantation of Phakic Intraocular Lenses in Patients With Keratoconus





	Indications
	Contraindications



	
	Progressive keratoconus

	Refractive error in the range of correction by phakic intraocular lenses, including myopia, hyperopia, and/or astigmatism

	Absence of clinically significant irregular astigmatism

	CDVA >20/50

	Clear cornea

	Corneal thinnest point >450 µm

	cACD >3.0 mma

	cECC >2300 cells/mm2

	Normal iris morphology or pupil function

	Light mesopic pupil size <4.5 mm

	Absence of any other exclusion criteria


	
	Nonprogressive keratoconus

	Corneal thinnest point <450 µm

	Corneal scarring

	CDVA <20/50

	Clinically significant irregular astigmatism cACD <3.0 mm

	cECC <2300 cells/mm2

	Abnormal iris morphology or pupil function

	Light mesopic size >4.5 mm

	Eyelid abnormalities

	Patients with a background of active disease in the anterior segment (eg, herpetic keratitis), recurrent or chronic uveitis, or any form of cataract

	Intraocular pressure >21 mmHg or glaucoma

	Preexisting macular pathology or abnormal retinal condition

	Systemic diseases (eg, autoimmune disorder, connective tissue disease, atopia, diabetes mellitus)

	Inhability to provide informed consent





	
CDVA = corrected distance visual acuity; cACD = central anterior chamber depth; cECC = central endothelial cell count

a Measured from the corneal endothelium to the anterior surface of the crystalline lens







	Coincidences of apices and corneal thinnest point

	Asymmetry of inferior-superior and/or nasal-temporal pachymetry greater than 50 μm

	Difference between central and peripheral pachymetry greater than 100 μm at any point


Keratoconus progression is diagnosed when one or more of the following are present: refractive shift (especially changes in cylinder magnitude and/or axis) of more than 0.75 diopters (D); increase on corneal SimK greater than 1 D; and/or decrease of ultrasound central pachymetry greater than 25 μm demonstrated in at least 2 consecutive examinations 6 to 12 months apart.

SURGICAL TECHNIQUE

Written informed consent to perform the surgical procedure is obtained from all patients before surgery in accordance with the Declaration of Helsinki. All patients are warned of the benefits and potential risks of the surgery, the potential progression of keratoconus, and the potential change in refractive error despite CXL.

Our experience is based on the use of iris-claw PIOLs. We consider that this type of PIOL presents several advantages over other designs, which include preservation of anterior chamber structures, greater distance to the endothelium than angle-supported PIOLs (decreased risk of endothelial damage), greater distance to the crystalline lens than posterior chamber PIOLs (decreased risk of cataract formation), no contact with the pigmentary epithelium of the iris (decreased risk of pigmentary glaucoma), adequate centration over the pupil even if it is off-center, and stability of astigmatic corrections due to its fixation system.11-15

CXL is performed first, and Artiflex Toric (Ophtec) implantation is performed once stability of manifest refraction and topography are achieved, usually between 3 and 6 months after CXL.

Toric Phakic Iris-Claw Artiflex/Artisan Implantation After Corneal Cross-Linking

Once stability is confirmed by 2 consecutive manifest refraction and topography measurements separated by at least 1 month, Artiflex/Artisan PIOL implantation is performed. The toric model is the most frequently used, as keratoconus generally presents with astigmatism.

The Artiflex Toric PIOL (Ophtec) consists of a flexible optical part made of ultraviolet-absorbing silicone and 2 rigid haptics made of Perspex CQ UV poly (methyl methacrylate) (PMMA). The lens is currently available from -2.00 to -14.50 D, with a torus from -1.00 to -5.00 D (Figure 31-2). If the preoperative astigmatism is higher than -5.00 D, the PMMA model (Artisan Toric PIOL[Ophtec]), which is available from +12.00 to -23.50 D and with cylinder from -1.00 to -7.00, is used (Figure 31-3). The lens power is calculated using the Ophtec calculator based on a modified Van der Heijde formula, which uses the mean corneal curvature, adjusted anterior chamber depth, and manifest refraction at the spectacle plane at 12 mm (https://calculator.ophtec.com/calculator-choice).13

The surgical technique has been described elsewhere.5,13 Briefly, the 180-degree axis was marked with the use of a needle on the ophthalmometer with the patient in a seated position to avoid implantation errors due to cyclotorsion and/or positional changes. When the foldable model was implanted, topical anesthesia was used, and a 3.2-mm, vascular, one plane, posterior corneal incision was performed. The center of the pupil was marked on the cornea at the beginning of the surgery to allow correct centration of the PIOL over the pupil. Miochol-E was injected in the anterior chamber at the beginning of the procedure. After the anterior chamber was filled with a cohesive viscoelastic, the PIOL was introduced with a specially designed spatula, and rotated up to the desired orientation of implantation. Then, the lens was fixed with the use of an enclavation needle. Both fixation of the iris claw and proper centration of the PIOL over the pupil are checked. A peripheral iridectomy with vitreoretinal forceps and scissors was performed to prevent pupillary block glaucoma. Alternatively, intraoperative iridectomy with a vitreotome or 2 small preoperative iridotomies with a neodymium-doped:YAG (Nd:YAG) laser may also be performed. The 3.2-mm incision is usually watertight, but we prefer to place a 10-0 nylon interrupted suture. The 5.2-mm incision is closed with 5 interrupted 10-0 nylon sutures, which are gradually taken out to minimize surgical-induced astigmatism, starting 6 weeks postoperatively.

RESULTS

In progressive keratoconus, PIOL implantation alone would not provide stable refractive results in the mild and long term. Therefore, CXL is performed first to stop the progression of the cone. Only a few small case series have reported the results of the combination of CXL and PIOL implantation.5,22-25 Additionally, other studies have been performed to examine the phakic lens implant after performing CXL in stable keratoconus, some of them combining 3 surgical modalities (intracorneal ring segments, CXL, and toric PIOL or simultaneous CXL and photorefractive keratectomy and spherical PIOL).21,26-28

Izquierdo et al23 suggested a minimal interval between CXL and Artiflex Toric PIOL implantation of 6 months to consider the changes produced by the CXL procedure on refractive errors and keratometric values, which affect the calculation of the PIOL power. Mean maximum keratometry decreased by 1.27 D 6 months after CXL, and by 2.4 D 12 months after CXL. Fadlallah et al25 also suggested a minimal interval between CXL and Artiflex Toric PIOL implantation of 6 months. In our study, the median interval between CXL and PIOL implantation was 3.9 ± 0.7 months, with a maximum of 5 months. As we did not observe any decrease in SE or K in any of our patients, nor we found any significant changes in mean K or Kmax throughout the follow-up, a longer interval between the 2 procedures would not have changed the final outcome.5 While most authors recommend a minimum interval of 6 months, there is still no consensus on the appropriate interval between CXL and PIOLs implantation.23-25 If a temporary reduction of CDVA after CXL is observed, we recommended delaying the implantation surgery until CDVA has reached at least preoperative values.

With 94% of the eyes within 0.5 D of attempted SE correction, and 76% of the eyes within 1 D of attempted cylinder correction, our study showed comparable results to iris-claw PIOLs used in nonkeratoconic eyes.11-15 SE, cylinder, and minimum, maximum, and mean K remained stable throughout the follow-up period (P>.05), which demonstrates the stabilizing effect of CXL.5

Safety data compared favorably with nonkeratoconic eyes. None of the eyes lost any line of CDVA, and no significant loss of endothelial cell density was found throughout the follow-up period. These results suggest that the combination of CXL and Artiflex Toric does not result in any additional loss. Regardless, endothelial cell count should be monitored at yearly intervals in all patients, as long-term studies have reported a significant decrease in endothelial cell counts at 5 and 10 years of approximately 9%.11,15

TAKE-HOME POINTS


	As keratoconus is a progressive disease, its stability should be confirmed before deciding on any refractive surgery procedure.

	CXL is the only treatment available with demonstrated efficacy in stopping the progression of keratoconus.

	PIOL implantation has shown excellent efficacy and safety in correcting moderate to high, regular refractive errors in both keratoconic and nonkeratoconic eyes.

	CXL combined with PIOL implantation is indicated in progressive keratoconus with good CDVA, absence of irregular astigmatism, and/or corneal opacities.

	After CXL, in cases with clinically significant irregular astigmatism, visual rehabilitation and good CDVA can be achieved with RGPCL. If CDVA is not enough with RGPCL, then intracorneal rings may be considered to regularize the anterior corneal surface and, thus, decrease irregular astigmatism and improve CDVA.

	CXL combined with PIOL implantation constitutes a promising therapeutic approach for progressive keratoconus with moderate to high refractive errors, regular astigmatism, and good CDVA. However, longer follow-up clinical data from prospective, randomized clinical trials are needed to confirm its efficacy and safety.
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Corneal Cross-Linking

Combined Treatment Options
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Keratoconus is a corneal ectatic disorder characterized by corneal thinning and bulging, leading to irregular astigmatism and reduced vision.1 It presents 2 key management issues: rehabilitating vision and halting the disease progression. Rigid gas-permeable lenses or hybrid contact lenses are usually the preferred option for keratoconic patients who can not be corrected with spectacles. In some advanced cases, deep anterior lamellar keratoplasty or penetrating keratoplasty (PKP) may be required.2 For patients who require PKP, the intolerance of contact lens is reported to be major cause (83%). Less frequent reason reported (8.5%) for patients whom had good lens fit but poor vision.3 Residual astigmatism more than dioptres (D) is common for post-keratoplasty patients.4

The multiple alternative options include stabilizing the cornea with corneal cross-linking (CXL),5 regularizing the cornea with intracorneal ring segment (ICRS) implantation,6,7 performing topography-guided excimer laser ablation,8 and treating myopic astigmatism with toric phakic intraocular lens (PIOL) implantation.9 Unlike keratoplasty, these techniques do not require the use of donor corneal tissue; hence, there is no risk for endothelial (penetrating keratoplasty) or stromal rejection (deep anterior lamellar keratoplasty and penetrating keratoplasty).

CXL is primarily a treatment to increase the biomechanical stability of the cornea. It has been shown to be effective in halting the progression of keratoconus over a period of years,10,11 and it could continue to induce longer-term corneal flattening with a resulting reduction in myopia. A previous report showed a reduction in maximum keratometry (K) readings by more than 2.0 D, while the postoperative spherical equivalent (SE) was reduced by a mean of more than 1.0 D and refractive cylinder decreased by approximately 1.0 D. Other cases show a regression in K values after CXL treatment of even more than 9.0 D.12 Therefore, the potential for an ongoing hyperopic shift after CXL should be taken into account when planning staged procedures. Today, we have many combined treatment options to stop progression and to improve visual acuity. Figure 32-1 gives an overview about the current possibilities.

Today, we have many combined treatment options to stop progression and to improve visual acuity. Figure 32-1 gives an overview about the current possibilities.

2-STAGE PROCEDURES

In order to treat the irregular astigmatism component of reduced vision, CXL can be combined with ICRS implantation6 or limited topography-guided excimer laser custom ablation.8,13,14 Furthermore, corneal regularization can also be achieved for spheric and astigmatic correction by phacic toric intraocular lenses implantation.15,16

Corneal Cross-Linking and Intracorneal Ring Segment

Intrastromal corneal ring segment implantation adds structure to the cornea and is a reversible technique; the segments can be explanted or exchanged with segments of different thicknesses or arc lengths.
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Figure  32-1. Examples of 3-step procedures employed in the treatment of keratoconus.



The effectiveness of the 5.0-mm optical zone such as the Keraring ICRS (Mediphacos) is limited to corneal regularization of astigmatism of approximately 7.0 D, depending on the corneal thickness. It is still unclear what effect ICRS implantation has on keratoconus progression and on long-term changes in refraction after CXL. Our previous study found that ICRS followed by CXL in a combined treatment was safe and effective for visual correction and in reducing progression in patients with keratoconus.17

Corneal Cross-Linking and Toric Phakic Intraocular Lens Implantation

CXL followed by toric PIOL implantation as a 2-stage procedure has been reported.9-18 Although the toric PIOL can correct high spherocylindrical refractive error, the PIOL cannot effectively treat the irregular component of astigmatism, and the expected effect of CXL would be a maximum of a 2.0 D decrease in irregularity of the cornea. Hence, this treatment strategy will not be ideal for some patients, in particular those with marked irregular astigmatism.

TRIPLE PROCEDURES: CORNEAL CROSS-LINKING, INTRACORNEAL RING SEGMENT, AND TOPOGRAPHY-GUIDED PHOTOREFRACTIVE KERATECTOMY

In our study,19 we present a series of patients with keratoconus that had ICRS implantation followed by CXL treatment and photorefractive keratectomy (PRK) in a 3-step procedure. All of the parameters analyzed (uncorrected distance visual acuity [UDVA], corrected distance visual acuity [CDVA], SE refraction, and steep and flat K values) showed a statistically significant improvement (P<.05) after the completion of the 3 steps of the combined treatment. Moreover, after the ICRS implantation, both UDVA and CDVA were improved significantly. Neither mean UDVA nor mean CDVA improved significantly post-CXL treatment. Nevertheless, topography-guided PRK improved mean UDVA and mean CDVA significantly in comparison to the topography-guided PRK values. In addition, mean SE was improved significantly in every step of the combined treatment, while mean cylinder improved significantly only after ICRS implantation and topography-guided PRK. Mean K readings were also improved significantly in every step of the procedure. In 2010, Kymionis et al15 presented a patient who had PRK followed by CXL treatment 12 months after ICRS implantation for progressive keratoconus. After the treatment, there was a significant improvement in the patient’s UDVA and CDVA and significant flattening of the K values. Given that CXL procedures increase the biomechanical stability of corneal collagens and the corneal resistance (stiffening effect). Thus, CXL halts the progression of keratoconus. Additionally, a combination of CXL with the other adjunctive techniques could maximize visual and K outcomes of patients. The purpose of this study19 was to enhance the final visual and refractive outcomes by taking advantage of each separate technique. Figure 32-2 shows an exemplary patient and the changes observed after each surgical procedure.
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Figure  32-2. Total difference between pre and postoperative (ICR+CXL+TOPO PTKPRK) Kmax and Kmin values was 9.9 D.



In our study, the mean interval between Keraring ICRS implantation and CXL was 7 months and the mean interval between CXL and topography-guided transepithelial PRK was 8.2 months.


TRIPLE PROCEDURES: CORNEAL CROSS-LINKING, INTRACORNEAL RING SEGMENT, AND PHAKIC INTRAOCULAR LENS IMPLANTATION

The combined treatment allows ICRS to be used primarily to regularize the corneal astigmatism because the residual spherical error (and regular astigmatism) after CXL can be corrected with the PIOL.20

The first stage was Keraring ICRS implantation using a femtosecond laser to reduce irregular astigmatism. This was followed by corneal CXL to stabilize the cornea. The final stage was posterior chamber toric PIOL (Visian Implantable Collamer Lens [ICL]; [Staar Surgical Co.]) implantation to treat the residual high myopic astigmatism.

Inclusion criteria for the study20 were clear central corneas with at least 400 mm of corneal thickness at the thinnest point, poor spectacle-corrected vision, and contact lens intolerance. Exclusion criteria were no improvement in visual acuity with a diagnostic rigid gas permeable or hybrid contact lens trial, anterior chamber depth (ACD) from endothelium of less than 2.8 mm (after ICRS implantation, which is expected to decrease the anterior chamber depth), history of herpetic eye disease, keratitis, corneal dystrophies, diagnosed autoimmune disease, systemic connective tissue disease, severe atopy, acute or grade IV keratoconus, and endothelial cell density less than 2500 cells/mm2.9

The combined 3-stage treatment of ICRS implantation, CXL, and toric PIOL implantation appears to be effective for a maximum additive effect of approximately 7.0 D from the ICRS implantation20, 2.0 D of reduction in corneal irregularity from CXL treatment, and up to 20.0 D in spherical correction and 6.0 D in astigmatic correction with the toric PIOL. No intraoperative or postoperative complications (eg, cataract, glaucoma, PIOL sizing problems) were observed in this small case series, whereas an improvement in UDVA and (spectacle) CDVA with a significant reduction in manifest refraction were observed. All steps were uneventful in all eyes, with toric PIOL implantation not causing problems in these keratoconic eyes (in which the anterior chamber is deeper). Also, having an ICRS in situ did not produce difficulties during toric PIOL implantation.

The authors therefore suggested that ICRS implantation should precede CXL or be performed concurrently.20 We previously reported that treatment results were better with this sequenc (first ICRS then CXL) in a study comparing the following 2 sequences: first ICRS then CXL and first CXL then ICRS.17 The mean interval between CXL and toric PIOL implantation was more than 6 months to ensure topographic and refractive stabilization after CXL treatment, allowing the most appropriate PIOL to be chosen. Although it is possible to have progression of keratoconus or progressive flattening after CXL, both of which would affect the refractive correction with the toric PIOL, the refraction was stable up until one year after PIOL implantation in this small series. Toric PIOL implantation was an important functional step in visual rehabilitation because these eyes still had high myopic astigmatism after the first 2 steps of treatment. Although toric PIOL rotation could be a potential problem in eyes with severe keratoconus,20 this complication was not encountered in our series.

In conclusion, a 3-stage approach of Keraring ICRS implantation followed by corneal CXL and then posterior chamber toric implantable collagen copolymer PIOL implantation was an effective treatment in keratoconic eyes with high myopic astigmatism and resulted in significant improvements in UDVA and CDVA (P<.0001). In particular, ICRS implantation improved CDVA (P<.0001), and PIOL implantation improved UDVA (P<.01). Although CXL resulted in no significant changes in manifest refractive spherical equivalent, refractive astigmatism, UDVA, or CDVA, it significantly improved the flat, steep, and mean K values, and the K values remained stable after PIOL implantation.20 This approach takes advantage of the benefits of each modality: ICRS to treat irregular astigmatism, CXL to reduce progression, and toric PIOL to treat the high residual myopic astigmatism.

4-STAGE TREATMENT APPROACH

In some patients, namely those requiring additional corneal stabilization, a so-called quadruple procedure may be employed in which ICRS implantation is followed by CXL, toric ICL implantation, and, finally, topography-guided transepithelial PRK. However, it is important to note that this strategy should only be used if the patient has enough corneal thickness necessary for PRK treatment, following toric ICL implantation.

WHICH TREATMENT AND WHEN?

Along with the availability of newer, more sophisticated options for the management of keratoconus comes the challenge of determining which treatment to use and when to use it to deliver the best possible outcomes for each patient. Although treatment choice may be influenced by surgeon and patient preference, the strategy employed largely depends on the stage of keratoconus. For example, a patient with forme fruste keratoconus may require only rigid contact lenses and regular monitoring with corneal topography. However, in patients with established keratoconus without progression, but with loss of corrected visual acuity and evidence of surface irregularity, implanting ICRS would be considered prudent by many refractive surgeons.

While ICRS implantation alone helps to reduce corneal steepening and to reduce refractive errors, many ophthalmologists recognize that combining treatments may help to further improve vision and slow progression. Further, a combination procedure is necessary in patients with loss of visual acuity and evidence of progression. ICRS implantation followed by CXL is often the strategy of choice for such patients; however, in some cases (eg, in individuals with high refractive errors), a triple procedure combining ICRS, CXL, and a toric ICL or topography-guided transepithelial PRK may be employed.

SUMMARY

The arrival of advanced therapeutic modalities for keratoconus has provided ophthalmologists with a growing menu of treatment options. With the growing interest in more high-tech options and this increased treatment armamentarium, the author discusses the challenge of determining which treatment is the best to use and highlights his experience with a triple procedure and a 4-stage approach.

TAKE-HOME POINTS


	Although CXL alone can halt progression of disease, there are other options to improve vision, refractive error, and stability that may be used in conjunction with CXL.

	Options include ICRS, corneal ablation surgery such as topography-guided PRK, and lens implantation with CXL.

	Treatment may involve one or more of these options based on the patient’s presentation and history of progression.
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Corneal Cross-Linking as a Primary Refractive Procedure
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Corneal cross-linking (CXL) was introduced into clinical practice over a decade ago, and its treatment protocols and indications are still evolving.1-8 Recently, the use of CXL as a primary refractive procedure (in nonectatic corneas) has been introduced.9-11

CONCEPT OF CORNEAL CROSS-LINKING USE AS A PRIMARY REFRACTIVE PROCEDURE

It is known that CXL in ectatic corneas produces a corneal topographic flattening with a decrease in corneal topographic irregularity.1-8 In an effort to introduce a nonablative and nonincisional approach to treat refractive errors, it has been suggested that the application of CXL in specific areas of the cornea, by causing flattening, may produce predictable refractive changes.9 Therefore, in accordance with this theory, CXL applied with a customizable pattern could achieve refractive changes.

The modified transepithelial CXL surgical technique included a series of drops of ParaCel (Avedro Inc), a specially formulated mildly abrasive 0.25% riboflavin solution applied every 30 seconds for 4 minutes, followed immediately by VibeX Xtra (Avedro Inc), a 0.25% riboflavin solution and normal saline.9 The latter was applied again every 30 seconds for 6 minutes, so total riboflavin application took 10 minutes.9 Application of ultraviolet A was directed at the 4-mm-diameter area centered at the apex of the cornea.9 The same concept has been used in hyperopic patients with peripheral rather than central flattening and in patients with irregular astigmatism with the aim to produce a predictable refractive result.10,11 In case of hyperopic correction, epithelium-on (transepithelial) and epithelium-off (customizable ring pattern employed to debride the epithelium by excimer laser ablation) protocols have been performed.10

GENERAL CONSIDERATIONS

The challenging concept of CXL use as a novel refractive procedure is mainly theoretical. The main advantage of this concept in comparison with excimer laser ablation refractive techniques is the absence of corneal tissue removal and the risk of postrefractive corneal ectasia. Theoretically, instead of corneal stromal removal, refractive correction could be achieved by the flattening effect of CXL.

The few published case series are short term, include only a small number of eyes (patients), and have several limitations.9-11 The refractive results show refractive stability for only a short period of time with a small degree of regression.9-11 Furthermore, these studies do not provide sufficient information about the predictability of this technique. Attempted vs achieved and spherical equivalent refractive accuracy graphs in large case series studies are absolutely necessary to evaluate predictability. It is unpredictable how this CXL concept would affect the refractive outcome and the stability of the treatment effect in the long term.

Moreover, corneal epithelial removal is an essential step of the CXL procedure.1-3 The efficacy of CXL depends on epithelial removal during the procedure.12,13 Existing commercial transepithelial CXL protocols achieve relatively low riboflavin concentrations in the anterior corneal stroma when compared to gold-standard epithelium-off absorption; therefore, reduced stromal riboflavin concentration may compromise the efficacy of riboflavin/ultraviolet CXL.14

RISKS AND COMPLICATIONS

Despite the fact that in the few published studies of CXL as a primary refractive procedure there were no significant adverse events and complications,9-11 patients are exposed to risks that need to be assessed before deciding to follow this new refractive surgical approach.

The refractive results reported by the same group of investigators for both myopic9 and hyperopic10 treatment show refractive stability with a small degree of regression of the result. It is unpredictable how CXL will affect the refractive outcome and the stability of the treatment effect in the long term. Additionally, if retreatment enhancement with the excimer laser is necessary, one should take into account that the CXL procedure might change the excimer laser ablation rate and predictability of the refractive outcome. CXL also might have an effect on future intraocular lens power calculations.

The routine use of CXL as a primary refractive procedure could lead to complications, including exposure to riboflavin and ultraviolet A irradiation with potential undesirable effects to conjunctival and corneal stem cells, risk of no effect, under- or overcorrections, corneal scarring, corneal infiltrates, delayed epithelial healing, and endothelial cell damage or loss. In the literature, small groups of 6 or 10 patients and 12-month follow-up periods9,10 do not constitute evidence about the safety and benefit of this technique.

Furthermore, another important consideration regarding the concept of CXL as a primary refractive procedure is the fact that the long-term consequences of CXL in virgin corneas (with normal corneal rigidity) have not been fully elucidated since CXL has been investigated in ectatic corneas to increase corneal rigidity. Nobody can foresee the long-term consequences of increasing corneal rigidity in normal corneas. This theoretically could lead to abnormal increased corneal rigidity, which has been linked with other eye diseases such as age-related macular degeneration.15

The impact of CXL on future drug penetration is another parameter that should be taken under consideration, especially when treating healthy, nonkeratoconic corneas, as it has been shown that CXL reduces the corneal permeability of ofloxacin and voriconazole, and this finding may be of clinical significance in, for example, keratitis treatment.16

Apart from the additional risks and complications of the use of CXL for the correction of refractive errors, the issue of cost should also be considered. A CXL refractive procedure equals higher cost for the patient without necessarily guaranteeing a zero probability of developing ectasia and without excluding the necessity of a retreatment due to regression of the refractive result.

Finally, the theoretical advantage of CXL as a primary refractive procedure to avoid the risk of post refractive surgery ectasia creates many questions. For example, which patients are considered high risk? Is this a technique that can be performed in all refractive surgery patients? Nowadays, careful screening, use of current technology to identify high-risk patients, improved biomechanical devices to detect abnormal responses, use of the femtosecond laser as a reliable method to predict flap and residual bed thickness, and the option of a surface ablation (photorefractive keratectomy) or a phakic intraocular lens can minimize postrefractive ectasia percentages without the necessity or the unnecessary risk of a new non-US Food and Drug Administration approved procedure.

SUMMARY

CXL has marked a new era in the management of corneal ectatic disorders. Since the first pilot studies were conducted over a decade ago, many modifications and several improvements to the original protocol have been successfully carried out. CXL as a primary refractive procedure aims at correcting refractive errors without the use of an excimer laser. More research and long-term results are needed to have a definite response as to whether CXL is a successful tissue-saving technique for the correction of refractive errors. For the time being, data are insufficient and long-term complications are unpredictable. Therefore, CXL as a mean for the correction of myopic and hyperopic refractive errors should be treated with caution until future research further elucidates and consolidates this novel surgical therapy.


TAKE-HOME POINTS


	Although CXL can halt the progression of ectasia, its use as a primary refractive procedure is still not understood.

	Currently, the refractive outcomes are unpredictable for hyperopic and myopic refractive errors.

	Additional studies and long-term outcomes are needed.
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PACK-CXL
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Corneal cross-linking (CXL) is mediated by excitation of the photosensitizer riboflavin using ultraviolet A (UVA) light, which consequently generates reactive oxygen species. The outcome is an enhancement of the biomechanical strength1 of the cornea, making it the only clinically applicable treatment option that can arrest keratoconus progression.2,3 As has been illustrated by in vitro experiments, cross-linking itself also alters the tissue properties, leading to increased thermal shrinkage temperature4 and an elevated resistance against different collagen-degrading enzymes.5 Corneal melting is a complex process, considered to be at least in part mediated by enzymatic action; it has been proposed that CXL could be a method that could inhibit this phenomenon.6,7 The first cases of a clinical implementation of the method in such patients was published in 2000, where it was reported that healing could be induced in 3 out of 4 patients with ulcers of different origins.6 Lately, the term photoactivated chromophore for infectious keratitis (PACK)-CXL was introduced for the implementation of CXL in corneal infection.8

Our interest for the application of CXL in microbial keratitis originates from treatment of a nonresponsive clinical case, which was presented to the first author after approximately 1 month after the initiation of topical therapy.9 The patient was a lens user with negative microbial culturing and had received extensive treatment, including antibiotic, antiprotozoal, and antifungal drugs. Intense symptoms persisted and corneal melting progressed. Based on the known cytotoxic effect by reactive oxygen species, also exploited by human leukocytes,10 a decision was made to conduct CXL, which was performed with settings according to the Dresden protocol for keratoconus.2 Following the illumination therapy, a distinct symptom improvement occurred, and the ulcer healed over the course of a few weeks with good final visual outcome. Observing the clinical response of this patient increased our interest in the method as a potential adjuvant therapy for keratitis. Further cases of advanced and treatment-resistant corneal infections were thereafter treated with CXL, enabling successful management in these subjects.11

Utilization of riboflavin photosensitization to eliminate pathogens was first practiced in the field of transfusion medicine. The pathogen reduction technology device known as Mirasol Pathogen Reduction Technology System (Terumo BCT) was developed to elevate safety in transfusions by decreasing the risk for infectious transmission between patients, mediated by riboflavin excitation.12 A broad spectrum of microorganisms can be eliminated efficaciously by the process, and the mechanisms involved are direct effects on genetic material by ultraviolet light, nonspecific oxidative stress, and a more specific action, mediated by the intercalation of riboflavin, resulting in microbial DNA/RNA guanine residue oxidation.13,14

Advanced cases of keratitis, including the melting of the cornea, are confronted at regular intervals in ophthalmologic practice and can be difficult to control due to the risks for several sight-threatening complications. The impending threat constituted by the spread of antibiotic multi- and pan-resistant bacterial strains further illustrates the need for new therapeutics in microbial keratitis, and, as will be explained later in this chapter, it is possible that photooxidative therapy for corneal infections by UVA/riboflavin photoactivation could be a future tool in keratitis management.
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Figure  34-1. A case of microbial keratitis with hypopyon, initially treated as a herpetic keratitis for one week. PACK-CXL was conducted after diagnosis and topical antibiotics were administered.



EXPERIMENTAL RESEARCH

An antibacterial action of UVA/riboflavin interaction used in CXL was initially confirmed, by 2 different research groups through the illumination of bacteria cultured on agar plates.15,16 Several bacterial strains, commonly associated with microbial keratitis, were eliminated by the UVA/riboflavin interaction. To further assess the bactericidal efficacy of riboflavin photoactivation, our study group developed an in vitro experimental model with a focus specifically made on the influence of riboflavin quantity to generate a bactericidal effect using fluid suspensions.17 UVA light of 365 nm with the dose used in CXL did not single handedly eliminate pathogens significantly; however, the combination of UVA and riboflavin reduced the number of microorganisms, with a clear dose-response relationship regarding UVA. Thus, it can be concluded that it is the excitation of riboflavin and the subsequent oxidative damage that generate the antibacterial action. Only a very small concentration of the vitamin is required for the eradication of pathogens, and concentrations above 0.01% do not seem to elevate the antimicrobial capacity, but rather diminishes it.18 Vitamin B2 excitation can furthermore potentiate the antifungal capacity of amphotericin B, which has been documented through the irradiation of agar plates,19 and in vivo therapy on experimental fungal fusarium keratitis in rabbits exhibited a reduced clinical score and a decreased number of hyphae and inflammatory cells after UVA/riboflavin photochemical therapy.20 Regarding the protozoa Acanthamoeba, data on photooxidative elimination in vitro are still inconclusive, with reported cysticidal effect in one publication21 and a UVA-mediated growth inhibition in another,22 whereas other laboratory investigations showed no antiprotozoal effect regarding Acanthamoeba trophozoites and cysts and no tendency to promote healing in experimental keratitis on hamsters.23,24 Since a photodynamic treatment can be conducted using many chromophores, the term PACK-CXL was created and, recently, other chromophores have been proposed as photosensitizers in keratitis.25,26
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Figure  34-2. Two days after therapy, there was no hypopyon and the ulcer was clearly improved.



CLINICAL EFFICACY OF PACK-CXL

During the 9th International Congress of Collagen Cross-Linking in Dublin in 2013, the use of CXL as a photodynamic treatment was termed PACK-CXL to separate the indication from the therapy for ectatic conditions.27 A number of cases with recalcitrant microbial keratitis have been treated using PACK-CXL, including severe bacterial corneal infections, corneal melting, fungal, and Acanthamoeba keratitis.6,7,9,11,28-32 Figures 34-1, 34-2, and 34-3 illustrate an example of a corneal infection managed by PACK-CXL. Although some of these articles are case reports of individual patients, a number of them involve several treated subjects. Differences in healing rates described after the procedure could be explained by numerous factors, such as causative infectious agents, ulcer characteristics (such as depth, duration, and size), other given therapy preceding CXL, and varying extents of corneal melting.

To isolate the clinical effect of CXL in bacterial keratitis, we initiated a pilot study in which ulcers with a clinical diagnosis of bacterial keratitis were treated with CXL as the primary therapy.33 Antibiotics were administered only in cases of treatment failure. The trial involved 16 patients, of which only 2 patients required antibiotics and 1 patient was operated on with an amniotic membrane transplant to complete epithelial healing.

The only prospective study with a control group that included 40 patients was published by Said et al34 and evaluated PACK-CXL as an adjuvant therapy to antibiotics in severe keratitis compared to antibiotics alone. This study showed a clear nonstatistically significant trend (P=.09) toward less corneal perforations in the PACK-CXL–treated group.34

Although the efficacy of PACK-CXL has been supported by several reports,31,33,35,36 it cannot be regarded as an alternative to antibiotics yet since no randomized trials have been conducted.37 In therapy-resistant infections and melting, however, it seems that PACK-CXL can be considered as an adjuvant treatment to arrest the progression of stromal degradation and halt infections. An important aspect for future studies to elucidate is at which time point the procedure should be undertaken. Most conditions, including microbial keratitis, are most effectively controlled if confronted at an early stage without allowing the condition to progress. A possible strategy could be to consider PACK-CXL in cases of melting shortly after diagnosis, whereas infectious ulcers should naturally receive standard therapy with antibiotics. More research will be needed to investigate these questions in detail.

Besides the eradication of pathogens, photooxidative stress generated by riboflavin illumination has the capacity to inactivate white blood cells, a phenomenon that has led to an interest in preventing transfusion-associated graft-versus-host disease.38 As the inflammatory response is crucial in determining the outcome of infectious keratitis, it is plausible that some of the clinical response may be explained by the effect on corneal immune cells. A shift in these cellular pathways can have a direct consequence on the outcome of microbial keratitis.39,40 The improvement in associated symptoms, inflammation, and stromal melting may, at least in part, be a result from inhibition of the host cellular immune reaction. Reported positive treatment responses in noninfectious ulcers subjected to CXL could also be explained by influence on the immune cells in the tissue.
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Figure  34-3. One month after PACK-CXL, complete healing had occurred.



IMPLEMENTATION OF PACK-CXL

Currently, there are several features that have yet to be elucidated regarding the practice of PACK-CXL as a more standardized infectious treatment. The clinical response is plausibly a combination of different synergistic factors such as elimination of microorganisms, increased corneal resistance against enzymatic degradation, and inhibition of the associated inflammatory response. As most antibiotics only target one of these aspects, photochemical therapy may well constitute a potent tool in future keratitis care. If proven effective and safe, the illumination procedure has several potential advantages, which, when put together, could dramatically alter the management of severe keratitis. Since oxidative stress mediates biological effects differently than antimicrobial drugs, PACK-CXL could possibly enable treatment of antibiotic-resistant bacteria and nonbacterial microorganisms. Even if an eradication of some of these pathogens cannot be achieved by clinical UVA dosages practiced with the settings for keratoconus treatment effects on the stroma, inhibiting melting and immunomodulatory effects could still prove to be beneficial in some of these cases. Furthermore, the need for hospitalization and intense antibiotic administration are also aspects that may be altered if the irradiation of ulcers is proven an efficacious approach to manage corneal ulcers. Lastly, in veterinary medicine, where compliance regarding medication and frequency of topical drug instillation are more problematic, a single-procedure irradiation would be a paradigm change in handling ulceration of the cornea.

Seemingly contradictory to the possible therapeutic action regarding corneal ulceration, multiple reports describe complications postoperatively after CXL for keratoconus with melting of the cornea, infectious keratitis,41-45 activation of herpetic keratitis,46,47 and diffuse lamellar keratitis.48 These cases illustrate that, while CXL is still regarded as a safe procedure, the clinical response to oxidative stress may vary between individuals and the superiority of adding the illumination therapy must be conclusively verified before it is implemented as a routine procedure. Larger clinical randomized trials are vital to establish the clinical efficacy of PACK-CXL in bacterial and other microbial keratitis.

It is also possible that therapy with UVA irradiation of the cornea in a thinned stroma could result in hazardous dosages to the endothelium, possibly resulting in a loss of these cells. However, the potential cytotoxic action at the endothelial level should, in such cases, be balanced against other therapeutic measures, such as an emergency keratoplasty. Another limitation of CXL is the limited penetration of UV light. It has been established that the main photooxidative effect takes place in the anterior cornea, mainly in the most superficial 300 microns (μm).49,50 Deeper ulcers could therefore be beyond reach when using the UVA irradiation for infection treatment. Still, treatment involving the outer strata of a deep corneal ulcer may well contribute to riddance of pathogens and mediating other effects, such as the increased resistance against enzymes.

SUMMARY

The published data on CXL in corneal infections (PACK-CXL) and melting indicate that an implementation of the method could prove to be a means to reduce complications, reduce the need for emergency keratoplasty, and improve healing rates. Presently, the collective information points toward considering the utilization of the procedure in the treatment of nonresponsive infections and more advanced cases of corneal necrosis. A more standardized practice of PACK-CXL is still premature, and future research will have to determine whether it will be integrated as a photodynamic infection therapeutic.

TAKE-HOME POINTS


	CXL may be a treatment for infectious keratitis through a variety of mechanisms, including antimicrobial properties, alteration of inflammatory pathways, and building tissue strength.

	Several studies have supported its use in corneal infections, although no randomized control trials are ongoing.

	The authors suggest its use in nonresponsive infectious and more advanced cases of cornea necrosis and in the setting of medical treatment.
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PACK-CXL for Viral Keratitis and Acanthamoeba Keratitis

Francis W. Price Jr, MD, and Marianne O. Price, PhD, MBA

Whatever the problem, from infections to refractive errors, we always hope that a new treatment modality will prove to be the silver bullet that will cure the problem cases, especially those that are the most difficult to resolve. Therefore, it is no wonder that photoactivated chromophore for infectious keratitis-corneal cross-linking (PACK-CXL) has been tried for the following 2 difficult-to-treat infections: herpetic keratitis and acanthamoeba keratitis. The utility of PACK-CXL is cut and dried for herpetic keratitis, but it is less clear for acanthamoeba keratitis.

HERPETIC KERATITIS

Three case reports have described the use of PACK-CXL for herpetic infections; all were single cases and all showed that the treatment worsened the keratitis, with one leading to an impending perforation.1-3 In short, the use of riboflavin/ultraviolet A (UVA) should be avoided in patients with a history or suspicion of herpes simplex keratitis. This finding is consistent with the knowledge that herpetic outbreaks can be triggered with UVA light, and the infection originates in the ganglion of the trigeminal nerve, not in the cornea. Even if PACK-CXL eradicates any viral components in the cornea, it would not treat the ganglion and would potentially only stimulate it to activate more viral shedding after the treatment.

ACANTHAMOEBA KERATITIS

The effect of treating acanthamoeba infections with PACK-CXL is less clear. Like fungal infections, acanthamoeba infections are typically further advanced by the time a correct diagnosis is made, as compared with the more common bacterial infections, and, in some cases, it is a diagnosis of exclusion. Acanthamoeba typically does not cause an infection unless someone has been exposed to some contaminated water or solution because, unlike bacteria, acanthamoeba is not a typical resident of the skin or gut. Also, like fungal infections, acanthamoeba does not respond to the antibiotics we use routinely against bacteria, and the antibiotics we use for acanthamoeba are more toxic. Because acanthamoeba infections are usually more advanced by the time a diagnosis is made, the organism may be deeper in the corneal tissue before appropriate treatment is initiated. Also, like fungal infections, the body does not always respond as quickly to acanthamoeba as to bacteria, so the organisms may be more widespread than the area of infiltrate. All of these characteristics are quite important in evaluating the ability of PACK-CXL to treat these infections.

Using the standard Dresden protocol, Spoerl et al4 indicated that 50% of the incident UVA light was absorbed within the anterior 100 microns (μm) of the cornea and 94% within 400 μm, and the typical cross-linking treatment was cytotoxic to a depth of approximately 250 to 300 μm. This poses a problem for infections in the deeper layers of the cornea, especially in the peripheral areas of the cornea where, if the cornea is treated in the primary position of gaze, the corneal curvature alone decreases the amount of light penetration because the angle of incidence becomes more tangential rather than perpendicular as it is in the center of the cornea. In the first US trial to evaluate PACK-CXL for corneal infections, we photographically demonstrated this limited depth of treatment for fungal infections, where only the superior 250 μm or so of infection was eradicated, with subsequent resurgence from the deeper layers (Figure 35-1).1 For bacteria, we showed that PACK-CXL led to rapid resolution of the infection if the infiltrate was less than 2.5 mm in diameter or had a surface area equal to or less than 3.5 mm2. So, the question with deeper infections is whether debulking the superficial organisms is helpful in clearing the infection.
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Figure  35-1. Slit lamp images (A) before, (B, C) 2 days after, and (D) 2 weeks after riboflavin/UV treatment for fungal keratitis. Following treatment, the infiltrate initially cleared in the anterior cornea (B, C), but later flared in deeper tissue (D). Therefore, intracorneal voriconazole injections were initiated, and the infiltrate cleared after 2 months of injections.1



Laboratory studies of PACK-CXL with acanthamoeba have provided mixed findings. Lamy et al5 found that riboflavin + UVA used in doses up to 10 times higher than recommended for CXL did not enhance the cysticidal effect of either polyhexamethylene biguanide or chlorhexidine. Letsch et al6 showed a reduction in the number of cysts when chlorhexidine was combined with riboflavin and UVA. However, Makdoumi et al7 found that UVA alone was cytotoxic and that the addition of riboflavin did not increase the effect. That finding was consistent with a popular method of treating a bottle of water either for camping or traveling by using a UVA light (SteriPEN [Hydro-Photon]), which is said to be effective for bacteria, viruses, and protozoa.8

Clinical studies using PACK-CXL for amoeba have been more encouraging than the in vitro studies. However in an analysis of corneal buttons that had been cross-linked prior to corneal transplantation, Hager et al9 found that cross-linking had only a limited impact on killing trophozoites or cysts. Papaioannou et al10 conducted a systematic review and meta-analysis of the clinical effect of PACK-CXL and found that 10 of 11 reported cases of acanthamoeba healed after being treated with PACK-CXL plus antiamoebic agents. By comparison, a study by Dart et al11 found that 204 of 234 eyes healed after being treated with antiamoebic agents alone. This comparison was inconclusive, given the lack of randomized trials and the small number of amoebic infections actually treated with PACK-CXL.10

In reviewing the limited number of acanthamoeba keratitis cases treated with PACK-CXL, the following reports were positive for improvement with PACK-CXL when added to standard treatments, which had been ineffective up to that point: Khan et al (3 eyes),12 Garduño-Vieyra et al (1 eye),13 Panda et al (1 eye),14 Demirci and Ozdamar (1 eye),15 Rosetta et al (1 eye),16 Said et al (1 eye),17 and Müller et al (1 eye).18 Arance-Gil et al19 reported a partial improvement in one eye, but the eye did not heal without keratoplasty. We reported healing in 2 cases, but we did not observe a significant effect of PACK-CXL.1

SUMMARY

PACK-CXL should not be used in eyes with any history or suspicion of herpetic infection. Controlled randomized studies are needed to compare PACK-CXL plus standard antiamoebic treatments to standard treatments alone and to standard treatments plus UVA without a chromophore.

TAKE-HOME POINTS


	Use of riboflavin/UVA should be avoided in patients with a history or suspicion of herpes simplex keratitis.

	CXL may be used for acanthamoeba keratitis if used as early as possible (as with all infections) and if other standard antiamoebic agents are continued.

	Avoid staining the cornea with fluorescein prior to cross-linking because fluorescein competes for absorption of UVA and reduces the antimicrobial effect.20

	There may well be a role for both pulsed and supplemental oxygen treatments to facilitate a greater effect, especially in the deeper areas of the cornea.
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Corneal Cross-Linking for Corneal Stromal Edema

Niels Ehlers, MD, PhD, and Jesper Hjortdal, MD, PhD

Cross-linking was introduced in the management of keratoconus more than 10 years ago.1 Today, the stabilizing effect of cross-linking is confirmed in several studies that were performed worldwide.2

Cross-linking can be accomplished by free oxygen radicals produced by ultraviolet A (UVA) radiation of riboflavin (vitamin B2). It has been used in several studies mainly with the purpose of strengthening the stromal fibrils in the longitudinal direction to retard the progression of keratoconus. While a biomechanical effect therefore seems to be settled in keractasia, the recognition of the other effects of riboflavin/UV cross-linking such as microbicidal effects3 and effects related to the swelling properties of the corneal stroma have only been studied by few investigators.4

REDUCING STROMAL EDEMA BY PROTEIN CROSS-LINKING

A positive linear correlation exists between stromal water content and corneal thickness.5-7 Thickness regulation therefore means regulation of stromal hydration, controlled by the barrier functions of the epithelium and endothelium. Interference with either of these boundary layers is followed by edema and an increase in thickness. Due to the mechanical texture of the corneal fibers, a breakdown of the epithelial barrier results in only a modest thickness increase, with values above 0.6 mm considered rare. Contrary to this, an increase in endothelial permeability is followed by a considerable stromal swelling, with thickness values of 0.8 to 1.0 mm, which, because of its interwoven fibril texture of the human corneal stroma, is the maximum swelling.8

With increasing thickness, the tendency to absorb fluid, the imbibition pressure, is reduced from 60 mm Hg at normal hydration9,10 to virtually 0 at 1-mm thickness. With a healthy intact, almost water impermeable epithelium, fluid to increase stromal volume comes from the aqueous humour. Net inflow represents the difference between passive pressure-driven inflow and active metabolic pumping out:

Inflow = Imbibition pressure + intra ocular pressure / Flow Resistance – pump flow

Inflow stops, which means stable thickness over time, when inflow equals outflow.

Passive inflow over the endothelium can be reduced by diminishing stromal imbibition pressure. The stromal swelling capacity and swelling pressure may be reduced by cross-linking. Optical transparency will increase because collagen fibril patterns become more regular.

Based upon this hypothesis, we treated patients with stromal edema due to endothelial insufficiency in Fuchs’ dystrophy or after transplant rejection.

EFFECT ON STROMAL EDEMA

The treatment with riboflavin and subsequent UVA radiation followed essentially the technique used by Wollensak et al in 2003.1 The treatment was given under topical anesthesia with drops of 0.4% oxybuprocaine and 1% lidocaine gel with the patient in the supine position. The patient was asked to look at a red fixation light in the operating microscope. The epithelium was mechanically abraded, which was very easy in these cases of incipient or manifest edema. The cornea was then exposed to 0.1% riboflavin solution in 0.9% saline for 15 to 30 minutes. The cornea was treated by establishing a small open reservoir of an 8-mm corneal marker slightly pressed against the cornea. During the treatment, the patient often required another drop of anesthetics. When the staining period was ended, the eye was flushed with saline to remove any riboflavin on the conjunctiva and limbal cornea.


Table  36-1.



	
Patients Treated With Corneal Cross-Linking for Corneal Edema
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Cases 4 to 7 were treated twice






 

Radiation was performed with commercially available equipment (IROC UV-X) following the manufacturer’s instructions. The radiation intensity was checked before each treatment, and the lamp was placed above the cornea in the optical focal distance. The wavelength is 365 nm (UVA), and the effect was 3 mW/cm2. The treatment time was planned to be 30 minutes (5.4 J/cm2), but, in some cases, it had to be shortened when the patient felt uncomfortable. The immediate aftercare comprised Voltaren (diclofenac) eye drops a maximum of 4 times a day and chloramphenicol ointment to prevent infection until the epithelium had healed. Postoperative follow-up in all cases exceeding 3 months included slit lamp biomicroscopy, optical noncontact pachymetry, and determination of visual acuity.

The preliminary clinical study6 comprised 11 patients (4 with Fuchs’ dystrophy, 2 with secondary bullous keratopathy, 3 with edematous-rejected grafts, 1 with corneal edema due to longstanding secondary glaucoma, and 1 with endothelial damage possibly due to mechanical damage after a complicated forceps delivery). Four of the patients were treated twice. The details of the material are presented in Table 36-1.

In all cases, the alternative to UV cross-linking would have been a grafting. The patients accepted the treatment hoping to avoid or postpone the transplantation and the time-consuming aftercare.

All of the patients indicated some pain in the first few postoperative days until epithelial healing was complete.

CORNEAL THICKNESS

As seen in Table 36-1, 10 of 11 cases showed a reduction in CCT, the exception being case 6 with very advanced secondary bullous keratopathy after cataract operation. Examination of the central corneal button after a penetrating graft revealed an almost complete loss of endothelium. Four patients (numbers 4, 5, 6, and 7) were treated twice and showed a further thickness decrease after retreatment. Several patients demonstrated an increased thickness in the first postoperative days before epithelium had healed and then a decrease in thickness taking place over several weeks. This same time pattern was observed after the retreatments.

VISUAL ACUITY

In some patients (numbers 1, 2, and 10), the visual acuity improved. In other cases, this effect was limited, as the dystrophic-degenerative changes in the very posterior aspect of the cornea remained opaque and reducing the total corneal transparency in spite of an evident increased clarity of the stroma. In case 10, the treatment was given prior to a planned phacoemulsification in an attempt not to elicit a decompensation. Three months after cataract operation, the thickness was 0.53 mm, visual acuity was 0.32, and intraocular pressure was 12 mm Hg.

COMPLICATIONS TO TREATMENT

No corneal side effects were noticed, in particular no corneal infections, no retarded epithelial healing, no intraocular inflammation, and no progression in lenticular opacification.

EFFECT OVER TIME

All cases were followed for an extended time period after the treatment (Figure 36-1). In most cases, the obtained effect of CXL on corneal hydration only lasted up to one year. Although 10 of 11 patients experienced a decrease in CCT during many months after treatment, all patients except 2 (numbers 7 and 10) later underwent penetrating keratoplasty (numbers 1, 2, 3, 4, 5, 6, 8, and 9) or Descemet’s stripping automated endothelial keratoplasty (number 11) due to poor visual acuity or reoccurrence of pain due to epithelial edema and erosions. Keratoplasty was performed from 5 months (number 5) to 5 years (number 8) after CXL. Case number 10 underwent exenteration due to uveitis and glaucoma 3 years after CXL.
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Figure  36-1. Central corneal thickness in 11 patients treated with CXL for corneal edema due to Fuchs’ endothelial dystrophy (upper left), pseudophakic bullous keratopathy (upper right), graft failure (lower left), or bullous keratopathy due to other causes (lower left). Four patients were treated with CXL twice with an interval between 2 weeks and 3 months.



One case (number 7) was re-examined regularly during the years after treatment (Figure 36-1), showing an apparent permanent effect of the procedure in this case. At the latest follow-up, visual acuity was 0.2.

DISCUSSION

The riboflavin/UV irradiation-induced cross-linking seems to lead to stromal deswelling and increased transparency. This effect is understandable through a decreased stromal imbibition pressure and, hence, reduced transendothelial inflow. Experimental studies suggest that the stromal swelling pressure of the cornea can be reduced by CXL treatment.11

The effect on bullous keratopathy was recently supported by Wollensak et al12 in 2009, Cordeiro Barbosa et al13 in 2010, and Hafezi et al14 in 2010. In this study, the effect on corneal hydration was, in most cases, limited to a period of a number of months to 1 to 2 years. Significant improvement in visual acuity from CXL treatment cannot be expected in patients with Fuchs’ dystrophy due to the changes in Descemet’s membrane. A combination of Descemet’s stripping in combination with CXL may, however, be a viable option in some of these patients. The single patient with a long-lasting apparent effect of CXL on visual acuity had underwent penetrating keratoplasty for herpetic keratouveitis. After an irreversible rejection episode, the patient was followed for several months before 2 CXL treatments were performed.

The presented small series suggest that CXL may be a short term treatment option for alleviation of symptoms caused by corneal edema in selected patients who are unsuitable or unwilling to undergo corneal transplantation.

TAKE-HOME POINTS


	The effect of riboflavin/UVA is usually explained by a reduction in stromal imbibition pressure.

	Alternative mechanisms may be interfibrillar or intrafibrillar cross-linking, implying an increased internal cohesion.

	Detailed experimental studies will be needed before all aspects of cross-linking are settled and the riboflavin/UVA treatment has found its place in the management of corneal disorders.
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Sclera Cross-Linking

Brendan Geraghty, BEng(Hons), MSc, PhD, and Ahmed Elsheikh, BEng(Hon), MSc, PhD

Fibrillar collagens are the primary load-bearing components of ocular tissue and are bound together via covalent cross-links, the formation of which involves 2 different mechanisms. The first is a precise enzymatically controlled process that takes place during development and maturation, while the second is an adventitious nonenzymatic mechanism that occurs following maturation of the tissue. The enzymatic formation of cross-links is an essential process required for optimum tissue function, as they stabilize the collagen and increase its mechanical strength. The nonenzymatic process, however, slowly alters cell-matrix interactions over time and can become a cause of dysfunction in collagenous tissue during old age.1 Conversely, a reduction in cross-links, as seen in several ocular abnormalities including myopia, is also a cause for concern.

Myopia is the most common type of refractive error, with varying degrees of prevalence across different regions and ethnicities. For instance, higher incidence has been reported for children in urban areas and of Chinese ethnicity.2 During the development of myopia, observed changes in the microstructure of the posterior scleral hemisphere include reduced fibril diameter and fiber bundle size in addition to a reduction in the number of intermolecular cross-links.3,4 The biomechanical consequence of such changes is a reduction in tissue stiffness and increased creep compliance. Consequently, prolonged exposure to intraocular pressure may result in increases in ocular axial length, sclera wall thinning, and localized ectasia in the posterior region of the eye. Furthermore, the increasing volume of the posterior chamber can lead to higher mechanical stresses on the retina and choroid,5 thereby increasing the risk of secondary chorioretinal pathologies, retinal detachment, and glaucoma.6 Thus, new treatment modalities to control myopia are highly sought.

Exogenous cross-linking methods using various chemical agents have emerged as a promising approach for increasing the stiffness of eye tissues. Combined riboflavin exposure with ultraviolet A (UVA) irradiation has been shown to produce long-term stiffness increases in rabbit corneas.7 Positive clinical results have also been reported for this technique when applied in vivo as a means of arresting the progression of keratoconus,8 a corneal disease associated with reduced corneal cross-links. Unsurprisingly, a number of studies have assessed the efficacy of this technique on sclera tissue in an attempt to develop a similar treatment for myopia.9-11 However, there are several issues that cast doubt over the successful application of corneal cross-linking on the sclera. These are related to the natural progression of myopia, the anatomical location of the sclera, and biological and biomechanical effects of the cross-linking agents.

Myopia typically develops in children and progresses rapidly while the eye and its refractive components are still undergoing development. In addition to the intended inhibition of abnormal eye growth, exogenous cross-linking in the juvenile eye may interfere with normal eye growth and have unpredictable consequences on its refractive development. Since the axial elongation of the eye occurs most rapidly in the early stages of myopia, the application of corneal cross-linking would be most effective if applied as early as possible. However, predicting which eyes will progress to high myopia is extremely difficult. Additionally, due to the anatomical location of the sclera, accessing the desired region to induce cross-linking may require invasive surgical exposure of the sclera, particularly in the cases where cross-linking agents are used in combination with irradiation. Moreover, while corneal transplants can be used in unsuccessful keratoconus cross-linking cases, complications encountered from sclera cross-linking procedures would be more difficult to resolve.

Varying degrees of cytotoxicity from cross-linking methods have been reported in the literature. For example, glutaraldehyde was found to have highly toxic and even lethal consequences when used in mice.12 Although successful on the avascular cornea, riboflavin/UVA treatment has the potential to cause considerable loss of photoreceptors and retinal pigment epithelium when applied to the sclera.9 However, further studies have found that optimizing the irradiation dose of UVA10,11 or blue light13 in combination with riboflavin can produce significant increases in sclera stiffness without damaging the retina. In comparison to the aforementioned techniques, several low to nontoxic experimental cross-linking methods have been used on the sclera, including incubation with glyceraldehyde,14 genipin,15 and combined eosin Y exposure with green light irradiation.16

While cross-linking has been successfully implemented on the cornea in vivo, and it has been shown that certain chemical agents can cross-link the sclera without damaging the retina, there are additional biomechanical issues that must be considered. For instance, in comparison to the avascular cornea, the sclera is penetrated by several arteries and blood vessels supplying the choroid and retina. It is likely that the cross-linking agent will alter the mechanical stiffness of this vascular network, resulting in potentially serious unforeseen issues. Moreover, the effect of increasing the overall stiffness of the sclera must be considered, since numerical studies have shown this parameter to be an influential factor on the response of the optic nerve head to changes in intraocular pressure.17 Recent experimental results have reiterated this point, when an increase in retinal ganglion cell loss was found after mouse eyes cross-linked with glyceraldehyde were exposed to elevated intraocular pressure.12 It was suggested that this may be due to decreased strain (increased stiffness) in the peripapillary sclera and subsequent bowing of the optic nerve head.

SUMMARY

Corneal cross-linking has been successfully applied to the cornea in vivo as a means of halting the progression of keratoconus. However, current experimental results available in the literature suggest that implementing this technique on the sclera is a more complex task. While agents such as glutaraldehyde have been shown to be highly toxic and should be avoided, optimum treatment times for irradiation methods have been suggested to achieve sufficient increases in sclera stiffness without causing damage to the retina. Nevertheless, increased sclera stiffness induced by the accumulation of cross-links may increase the risk of developing glaucoma, since the reduced ability of the sclera to stretch under intraocular pressure loading can result in increased optic nerve head deformations. Therefore, further investigations are required to fully understand the consequences of cross-linking on all components in the posterior chamber of the eye to reduce the possibility of iatrogenic effects of the procedure.

TAKE-HOME POINTS


	CXL may increase sclera stiffening, but the complications to the retina, angle, and other ocular structures are still unknown.

	Optimum treatment times are still not established.

	Further investigation is warranted to fully understand the process, outcomes, and complications of scleral cross-linking.
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Epithelium-On Treatments

In Favor

Steven E. Wilson, MD, and Andre A.M. Torricelli, MD, PhD

THE CASE FOR EPITHELIUM-ON TREATMENT

Standard corneal cross-linking (CXL) has emerged as a safe and efficient procedure to slow or halt the progression of corneal ectatic disorders. CXL conventionally entails de-epithelialization before the administration of the riboflavin-photosensitizing agent and ultraviolet irradiation.1 This is because the corneal epithelium constitutes a barrier against the penetration of riboflavin, a micromolecule with molar mass of 376 g/mol, that cannot penetrate intact tight junctions of the epithelium.2 Unfortunately, de-epithelialization may lead to potential complications, such as severe pain and visual loss during the first few days after treatment, persistent corneal haze, nonhealing ulceration, and microbial infection. A transepithelial approach to CXL (also known as epithelium-on or epi-on CXL) was recently proposed to avoid these aforementioned complications.3

EPITHELIUM-ON: APOPTOSIS AND PENETRATION

Armstrong et al4 demonstrated, in a rabbit model, that transepithelial CXL produced less stromal cell death and less risk of endothelial cell damage than standard epithelium-off (epi-off) CXL. In this study the riboflavin formulation used was 0.1% riboflavin-5’-phosphate, 0.02% benzalkonium chloride (BAC), 0.01% sodium ethylenediaminetetraacetic acid (EDTA), and 0.5% carboxymethylcellulose in hypotonic tris buffer, pH 7.2. In that study, keratocyte death after transepithelial CXL only penetrated to approximately one-third depth into the stroma, whereas keratocyte death extended to a much greater stroma depth in the standard epi-off CXL method.4 Caporossi et al5 used in vivo confocal microscopic analysis to extend these findings to human keratoconic eyes. Thus, epi-on CXL showed a limited apoptotic affect, approximately one-third of the classic epi-off cross-linking procedure. Although treatment effect only extends to approximately one-third stromal depth in the transepithelial CXL method, this is thought to be sufficient since the anterior 40% of the stroma has been shown to have significantly higher cohesive strength than the posterior 60% of the stroma.4,6,7 Moreover, the extensive keratocyte death produced by the standard epi-off CXL could have a deleterious long-term effect on corneal rigidity by altering normal keratocyte maintenance of collagen and other extracellular matrix components in the stroma.7 Some authors have suggested that epi-on CXL is the preferred technique to treat thin corneas (<400-micron [μm] thickness).8

STABILITY OF EPITHELIUM-ON PROCEDURES

The main concern related to epi-on CXL regards to long-term results and corneal stability. Wollensak and Iomdina9 tested the biomechanical efficiency of CXL in rabbit eyes and demonstrated that the transepithelial CXL method they used produced around one-fifty of the increase in corneal stiffness obtained with the standard epi-off CXL technique. The authors suggested that the reduced efficacy of the transepithelial treatment was attributable to the restricted and inhomogeneous stromal distribution of riboflavin. However, it is likely that the method they used to break down epithelial barrier function in that study was inadequate based on more-recent information.4,7 The tight junctions of the epithelium are considered the most important barriers to epithelial permeability in the cornea, and they effectively reduce riboflavin penetration if they remain intact. Therefore, success in transepithelial CXL depends on the application of chemicals that effectively break down this barrier function. To date, BAC and EDTA have been found to be the most-effective agents to achieve sufficient permeability, with limited toxicity.4 Moreover, the use of combinations of permeability enhancers may have an additive effect on epithelial riboflavin permeability and thereby increase riboflavin penetration into the cornea stroma.7

EPITHELIUM-ON: CLINICAL RESULTS

To date, published clinical results of transepithelial CXL have been mixed.10 Importantly, however, most of these studies used different riboflavin-barrier breakdown formulations. For example, Caporossi et al11 used isotonic riboflavin with 15% dextran, EDTA, and trometamol, and reported initial improvement in visual outcomes but a subsequent return to baseline, and even worsening, of the maximum keratometry (K) value with 24 months of follow-up. Koppen et al12 used isotonic riboflavin with 20% dextran and 0.005% BAC, and found a statistically significant improvement in visual outcomes at 6 months and 12 months, as well as stable Placido-based topography; however, there was statistically significant worsening of the maximum K value on Scheimpflug imaging. Filippello et al8 used isotonic riboflavin with 15% dextran, EDTA, and trometamol, and found statistically significant improvement in all visual and topographic parameters after 18 months of follow-up. Salman2 used isotonic riboflavin with 15% dextran, EDTA, and trometamol, and found a statistically significant improvement in visual measurements and the maximum K value in a pediatric population at 12 months. Finally, Lesniak and Hersh10 used riboflavin without dextran with proparacaine plus 0.01% BAC, and reported a statistically significant improvement in maximum K values and visual outcomes after 6 months of follow-up.

EPITHELIUM-ON: BIOMECHANICAL CHANGES

Recent experimental studies have investigated the biomechanical results of epi-on CXL techniques. Torricelli et al7 compared the biomechanical effects of transepithelial CXL (0.02% BAC-EDTA riboflavin without dextran in a hypotonic solution) with standard epi-off CXL in a rabbit model. Corneal stiffness was quantified using optical coherence elastrography at 2 months after treatment (Figure 38-1).7 The biomechanical stiffening effect produced by BAC-EDTA transepithelial CXL was greater than that produced by standard epi-off CXL. Corroborating this finding, Kissner et al13 showed, also in a rabbit model, that CXL treatment with a hypoosmolar solution containing 0.02% BAC induced sufficient epithelial permeability to riboflavin and resulted in corneal stiffening comparable to standard epi-off CXL. Raiskup et al14 noted that transepithelial riboflavin solutions performed better if they did not contain dextran—a component in the standard epi-off CXL method—because dextran inhibited riboflavin penetration through the epithelium. Spoerl and Raiskup15 also presented promising results on the efficacy of 0.1% riboflavin with 0.01% BAC in 0.44% sodium chloride. Thus, it seems that when an osmotic gradient is created over an epithelial cell layer there can be favorable changes in the ultrastructure of the tight junctions that facilitate the penetration of cross-linking agents, such as riboflavin.12

SUMMARY

It is our opinion, based on the potential benefits of epi-on CXL (lower complication rates and faster visual acuity recovery), that further investigation should continue to identify the optimal formulation of cross-linking agent and permeability enhancer to advance epi-on CXL treatment strategies. Along these lines, encouraging outcomes with iontophoresis methods that allow the transepithelial delivery of cross-linking agents have recently been reported.16
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Figure  38-1. Optical coherence tomography images of (A) a non-cross-linked control cornea and corneas treated with (C) transepithelial CXL and (E) epi-off CXL. Frames B, D, and F show the corresponding lateral displacement maps derived from optical coherence elastography for the same 3 corneas. Displacements are displayed in μm, with lower displacements indicating higher elastic stiffness (deeper blue) and higher displacements indicating lower stiffness (yellow and red). Note the lower stiffness of the epithelium in all 3 states and the greater overall stiffening effects of the transepithelial approach with EDTA and BAC as enhancers. (Reprinted with permission from Torricelli AA, Ford MR, Singh V, et al. BAC-EDTA transepithelial riboflavin-UVA crosslinking has greater biomechanical stiffening effect than standard epithelium-off in rabbit corneas. Exp Eye Res. 2014;125:114-117.)



TAKE-HOME POINTS


	Although standard epi-off CXL has been proven to be an efficient procedure to halt the progression of corneal ectatic disorders, the de-epithelialization may lead to potential complications, such as severe pain and visual loss during the first few days after treatment, persistent corneal haze, nonhealing ulceration, and microbial infection.

	Epi-on CXL (also known as transepithelial CXL) has emerged as good alternative to avoid these complications; however, there is a concern related to its long-term results and corneal stability.

	The inconsistent epi-on CXL results in the literature seem to be associated with the large variation in the riboflavin formulation used. Success with epi-on CXL depends on the application of chemicals/enhancers that effectively break down epithelial barrier function.

	Optimal formulations for epi-on CXL agents and permeability enhancers should be pursued to realize the potential benefits of this technique (lower complication rates and faster visual acuity recovery).


REFERENCES

1.   Wollensak G, Spoerl E, Seiler T. Riboflavin/ultraviolet-a-induced collagen crosslinking for the treatment of keratoconus. Am J Ophthalmol. 2003;135(5):620-627.

2.   Salman AG. Transepithelial corneal collagen crosslinking for progressive keratoconus in a pediatric age group. J Cataract Refract Surg. 2013;39(8):1164-1170.

3.   Leccisotti A, Islam T. Transepithelial corneal collagen cross-linking in keratoconus. J Refract Surg. 2010;26(12):942-948.

4.   Armstrong BK, Lin MP, Ford MR, et al. Biological and biomechanical responses to traditional epithelium-off and transepithelial riboflavin-UVA CXL techniques in rabbits. J Refract Surg. 2013;29(5):332-341.

5.   Caporossi A, Mazzotta C, Baiocchi S, et al. Transepithelial corneal collagen crosslinking for keratoconus: qualitative investigation by in vivo HRT II confocal analysis. Eur J Ophthalmol. 2012;22 Suppl 7:S81-S88.

6.   Randleman JB, Dawson DG, Grossniklaus HE, et al. Depth-dependent cohesive tensile strength in human donor corneas: implications for refractive surgery. J Refract Surg. 2008;24(1):S85-S89.

7.   Torricelli AA, Ford MR, Singh V, et al. BAC-EDTA transepithelial riboflavin-UVA crosslinking has greater biomechanical stiffening effect than standard epithelium-off in rabbit corneas. Exp Eye Res. 2014;125:114-117.

8.   Filippello M, Stagni E, O’Brart D. Transepithelial corneal collagen crosslinking: bilateral study. J Cataract Refract Surg. 2012;38(2):283-291.

9.   Wollensak G, Iomdina E. Biomechanical and histological changes after corneal crosslinking with and without epithelial debridement. J Cataract Refract Surg. 2009;35(3):540-546.

10. Lesniak SP, Hersh PS. Transepithelial corneal collagen crosslinking for keratoconus: six-month results. J Cataract Refract Surg. 2014;40(12):1971-1979.

11. Caporossi A, Mazzotta C, Paradiso AL, et al. Transepithelial corneal collagen crosslinking for progressive keratoconus: 24-month clinical results. J Cataract Refract Surg. 2013;39(8):1157-1163.

12. Koppen C, Wouters K, Mathysen D, et al. Refractive and topographic results of benzalkonium chloride-assisted transepithelial crosslinking. J Cataract Refract Surg. 2012;38(6):1000-1005.


13. Kissner A, Spoerl E, Jung R, et al. Pharmacological modification of the epithelial permeability by benzalkonium chloride in UVA/riboflavin corneal collagen cross-linking. Curr Eye Res. 2010;35(8):715-721.

14. Raiskup F, Pinelli R, Spoerl E. Riboflavin osmolar modification for transepithelial corneal cross-linking. Curr Eye Res. 2012;37(3):234-238.

15. Spoerl E, Raiskup F. CXL with and without epithelial abrasion: is there any difference in corenal biomechanics? Presented at the 6th International Congress of Corneal Cross-Linking. Milan, Italy; January 2011.

16. Arboleda A, Kowalczuk L, Savoldelli M, et al. Evaluating in vivo delivery of riboflavin with coulomb-controlled iontophoresis for corneal collagen cross-linking: a pilot study. Invest Ophthalmol Vis Sci. 2014;55(4):2731-2738.



Opposed
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Corneal cross-linking (CXL) was first developed as an epithelium-off (epi-off) technique, in which epithelium removal is performed,1 and this technique is still the current worldwide standard procedure for the treatment of progressive keratoconus.2-4 In several medium- to long-term studies, standard epi-off CXL has been shown to stabilize keratoconus, slowing or halting this clinical progression and leading, in most cases, to functional and topographic improvement.2-5 These clinical results have led the medical community to consider standard epi-off CXL as the first-line treatment in patients younger than 26 years of age with progressive keratoconus of stage I, II, or III (Amsler-Krumeich classification), regardless of contact lens tolerance, and in patients with post-LASIK ectasia.1-5 Patients with progressive keratoconus are suitable candidates for CXL only in the presence of a satisfactory vision with spectacle correction and tolerance to contact lens wear.1,3-5

Current contraindications to epi-off CXL are corneal thinnest point less than 400 microns (μm), age over 35 years, central corneal scars, clinical or topographic stability, lack of patient compliance, concurrent infections, or autoimmune diseases.1,4,5

To reduce treatment duration while preserving its effectiveness, an accelerated CXL (ACXL) procedure and a modified procedure using pulsed ultraviolet A (UVA)-emitting sources (pulsed ACXL)6 have recently been developed.

Transepithelial or epithelium-on (epi-on) CXL has been introduced to reduce the incidence of postoperative pain, corneal infections, or corneal haze, which are potential side effects due to epithelium removal. Therefore, the main advantages of the epi-on technique are related to a greater ocular comfort and a faster postoperative recovery, allowing the treatment of corneas with thinnest point less than 400 μm and the performance of the procedure outside of the operating room.2,7

The epi-off technique is based on the assumption that corneal epithelium induces a “shield” effect from the UVA radiation and, if not, is removed prior to irradiation; it does not allow a deep effect on the corneal stroma.8-10 As corneal epithelium is impermeable to compounds with a molecular weight more than 100 Dalton (whereas riboflavin has a molecular weight of 376.4 Dalton), our group demonstrated that stromal concentrations of riboflavin in samples with intact epithelium were 100-fold lower than those in samples with epithelium removal.8 In consideration of this issue, various solutions were proposed to improve the epithelium penetration of riboflavin (including benzalkonium chloride, ethylenediaminetetraacetic acid, tetracaine, trometamol, hypotonic solutions, iontophoresis), with variable and debatable results.2,10,11 Firstly, we focused on solving the problem of riboflavin penetration through an intact epithelium; afterwards, we found that, although the epithelium alone is capable of reducing the passage of UVA radiation, the passage of UV radiation is especially blocked when it is riboflavin-soaked,8,9 as confirmed subsequently by confocal microscopy and Visante OCT (Zeiss) findings.12-14 In fact, corneal epithelium normally absorbs 30% to 33% of UVA radiation (400 to 350 nm), whereas almost 85% of UVA radiation is blocked in the presence of substantial riboflavin concentrations.8,9
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Figure  38-2. Mean demarcation line depth after standard epi-off pulsed ACXL and epi-on CXL measured by Heidelberg Retina Tomograph II Confocal Microscopy (Heidelberg Engineering) and Visante OCT (Zeiss). (Adapted from Caporossi A, Mazzotta C, Baiocchi S, et al. Transepithelial corneal collagen crosslinking for keratoconus: qualitative investigation by in vivo HRT II confocal analysis. Eur J Ophthalmol. 2012;22(Suppl 7):S81-S88; Mazzotta C, Balestrazzi A, Traversi C, et al. Treatment of progressive keratoconus by riboflavin-UVA-induced crosslinking of corneal collagen: ultrastructural analysis by Heidelberg Retina Tomograph II in vivo confocal microscopy in humans. Cornea. 2007;26:390-397.; and Caporossi A, Fasciani R, Caristia A, Villano A, Caporossi O. Clinical and morphological evaluation of accelerated pulsed CXL. 2015. Submitted)



Iontophoresis technique in epi-on CXL bypassed the lower absorption of riboflavin, although it did not solve the problem of the passage of UV radiation through the epithelium.10

As expected, in our study the use of in vivo confocal microscopy and Visante OCT showed a significant difference in terms of treatment depth between standard epi-off and epi-on CXL procedures: apoptosis of keratocytes was deeper and homogeneous after standard epi-off procedure, with a mean demarcation line visible at approximately 340 μm using confocal microscopy (approximately 305 μm using Visante OCT), whereas after epi-on CXL, treatment depth was lower than 100 μm (with a range of 30 to 140 μm), with a superficial, variable, and inhomogeneous demarcation line (Figures 38-2 and 38-3).12-14 After pulsed ACXL, the demarcation line was found at a greater depth than epi-on CXL, despite being lower than the standard epi-off procedure, with a mean depth of treatment of approximately 250 μm using confocal microscopy and 241 μm using Visante OCT (Figure 38-2).14

With regard to the clinical outcomes of our study, a comparative analysis of results showed that epi-on treatment is less effective than the standard epi-off procedure in patients with progressive keratoconus aged under 26 years: in fact, the group treated with the standard epi-off procedure reported an improvement of topographical, functional, and aberrometric data after 24 months of follow-up, whereas the epi-on group showed a relative instability, with a regression of functional outcomes to baseline from 15 to 18 months of follow-up.3,7 Furthermore, after 18 months of follow-up, a high percentage of pediatric patients undergoing epi-on treatment showed a significant deterioration of topographical, aberrometric, and functional parameters, with retreatment being needed in more than 50% of patients(Figures 38-4 and 38-5).7,15 Given the faster progression of keratoconus in pediatric age and the limited efficacy of epi-on CXL, the standard epi-off procedure should be considered as the first-line treatment in this group of patients.2,7,15

In keeping with our results, Koppen et al11 reported a significant worsening of topographic data after epi-on treatment, thus evidencing its lesser efficacy compared with standard epi-off treatment.

Data regarding the efficacy of the epi-on technique are still lacking due to relatively short follow-up and variable outcomes, especially when compared to the long-term efficacy of the standard epi-off procedure2,7,11; therefore, standard epi-off CXL should be considered as the first-line treatment in patients with progressive keratoconus aged under 26 years with minimum corneal thickness more than 400 μm.2,3,5 In our view, and more recently as a shared opinion, the epi-on technique should be limited to patients who are not suitable candidates for standard epi-off cross-linking (ie, when the minimum corneal thickness is less than 400 μm, in noncompliant patients, in patients over 26 years with slowly progressive disease).2,3,7
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Figure  38-3. Mean treatment depth after epi-on and standard epi-off CXL evaluated by Visante OCT. The dividing line (hyperreflective line -green) appears very superficial and fickle depth (50-100 microns) in epi-on procedure (top) while you highlight about 300 constants microns in epi-off procedure (bottom image). (Modified from Caporossi A, Mazzotta C, Baiocchi S, et al. Transepithelial corneal collagen crosslinking for keratoconus: qualitative investigation by in vivo HRT II confocal analysis. Eur J Ophthalmol. 2012;22(Suppl 7):S81-S88.)
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Figure  38-4. Worsening of functional and topographic data from 15 to 18 months of follow-up in pediatric patients after epi-on CXL. (Adapted from Caporossi A, Mazzotta C, Paradiso AL, et al. Transepithelial corneal collagen crosslinking for progressive keratoconus: 24-month clinical results. J Cataract Refract Surg. 2013;39:1157-1163.)
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Figure  38-5. Rate of retreatments at 18-month follow-up in pediatric patients after epi-on CXL and standard epi-off CXL. (Adapted from Caporossi A, Mazzotta C, Paradiso AL, et al. Transepithelial corneal collagen crosslinking for progressive keratoconus: 24-month clinical results. J Cataract Refract Surg. 2013;39:1157-1163; and Caporossi A, Mazzotta C, Baiocchi S, et al. Riboflavin-UVA-induced corneal collagen cross-linking in pediatric patients. Cornea. 2012;31(3):227-231.)



TAKE-HOME POINTS


	Data on epi-on CXL still do not show equivalence to epi-off protocols.

	Patients with progressive keratoconus with minimum corneal thickness of 400 μm should be offered epi-off CXL.

	Epi-on protocols may be offered to patients who are not candidates for epi-off protocols or whose disease is not as progressive.
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 Corneal Cross-Linking Can Impact Limbal Stem Cells

In Favor

Johnny E. Moore, FRCOphth, PhD; David Schiroli, PhD; and C.B. Tara Moore, PhD

THE NEED TO PROTECT THE LIMBUS

Corneal cross-linking (CXL) is now a well-accepted mechanism to manage progressive corneal ectasia1,2; During cross-linking, both cytotoxicity and corneal cross-linking are simultaneously occurring. One major area of concern when using an ultraviolet A (UVA) treatment is the possibility of inducing toxicity or cell death to the endothelium, keratocyte, and limbal cells. For the first 2 cell populations, the problem does not seem to currently pose a significant subsequent major risk of increased clinical morbidity.3,4

Role of the Limbus

The corneal epithelium is known to arise from stem cells situated at the limbal region of the anterior portion of the cornea. These delicate stem cells function to maintain the health of the corneal epithelium over a lifetime, and failure of these cells is now recognized to produce a characteristic phenotype on the ocular surface consisting of an irregular epithelium, with conjunctival epithelial ingrowth, vascularization, goblet cells, recurrent epithelial breakdown, and chronic surface inflammation.5,6

CROSS-LINKING: ULTRAVIOLET DAMAGE OF THE LIMBAL CELLS

Ultraviolet Damage of the Limbus After Cross-Linking Treatment

CXL induces cytotoxicity and keratocyte cell death,7-9 albeit in a degree that does not affect the clinical outcome. The worry for clinicians is that, during the process of clinical CXL, the superior and inferior limbus (a region shown to have maximum stem cells normally hidden by the upper and lower lids10) is deliberately exposed to prolonged UVA exposure, inducing—without any clinical indication—mutagenic changes within the corneal limbal stem cells; any ensuing problems may not show themselves until much later in life.

In normal CXL for keratoconus, the limbus of the eye is not deliberately treated; however, it is very difficult, without a regional anesthetic block-inducing extraocular muscle paresis, to adequately protect the limbus from UV exposure during the procedure.

The danger of exposing the limbus to a damaging amount of UVA is also higher. In the case of the treatment of pellucid marginal degeneration, where the irradiated area is often lateral and close to the limbus.11 Additionally, the removal of the epithelium centrally easily facilitates the transfer of the riboflavin into the peripheral cornea and limbal region. This greatly enhances the oxidative effect upon cells affected by UVA within that region. If there are further changes, such as a sloughing off for some of the overlying layers of epithelium, actually at the limbal region, this will, again, remove some further aspects of the normal protective anatomical barriers from UVA damage. We previously outlined regarding the position of the corneal stem cells located in 2 niches (the palisades of Vogt and the epithelial crypts). The melanin within the basal region of the limbal epithelia acts as a further shield and protector against irradiation, as supported by the fact that Wollensak and collaborators found viable keratocytes in the deeper layers of the cornea after riboflavin/UVA.12


[image: art]

Figure  39-1. 8-hydroxydeoxyguanosine (8-OHdG) and p63 staining within human cornea. 8-OHdG and p63 staining can be seen in the basal layer of the corneal epithelial cells, with no staining viewed with the corresponding immunoglobulin G controls. The white box within the low-power image denotes the site of the image at high power.



Despite all of the resident protection, none of these can be assumed to function adequately to guarantee the safety of the limbal niche within this abnormal clinical situation of CXL.13 Several studies have focused on this issue, suggesting the potential damaging effect of CXL treatment on the limbus with the consequent risk of subsequent morbidity for the patients, particularly of developing ocular surface cancer, later in their lives.

PUBLICATIONS DEMONSTRATING A RISK OF DAMAGING THE LIMBUS

In vitro, CXL was shown to promote the expression of pro-apoptotic genes13 inhibit the regeneration of human limbal epithelial,12 as well as in cells extracted from cadaver eyes previously treated by CXL.14

Similar results (Figures 39-1 and 39-2) were obtained by ex vivo analysis (corneas from donor) that show the UV damage to the limbal epithelial cells through the measurement of DNA damage markers and oxidative damage of nuclear DNA,15 while, in a recent case study, a patient treated by CXL developed a conjunctival intraepithelial neoplasia (the preliminary stage of invasive squamous cell carcinoma).16 This last case represents the only in vivo study to date demonstrating such a deleterious effect of CXL upon the limbus similar to that observed in the other in-vivo study,3 done on rabbit eyes, did not demonstrate a pathological effect upon the limbus.
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Figure  39-2. Increased levels of 8-hydroxydeoxyguanosine (8-OHdG) shown in corneas treated with UVA radiation. Human corneas were untreated, treated, or protected with poly(methyl methacrylate). The DNA was extracted and then analyzed by ELISA to determine the level of 8-OHdG present. UVA radiation significantly increased 8-OHdG within treated corneas when compared with the untreated (* P=.049; n=4).



A study on the incidence of the AA—TT mutation caused by UVA exposure mutations on the DNA of treated cells or tissues would be useful to further confirm the damaging role of UVA on the limbal cells, similarly to what described for UVA fingerprint analysis in skin cancer.17

Given the significant potential risk of damage to the limbus, it is advisable to exclude from CXL treatment any subjects where there is further comorbidity that could increase the likelihood of induced limbal stem cell problems, either because of already underlying limbal stem cell deficiency (LSCD) or where the limbus is being primarily targeted, particularly in patients with xeroderma pigmentosum.

How Could One Reduce the Likelihood of Cross-Linking-Induced Limbal Damage?

The previously mentioned issues raise several questions. Are there better ways by which the limbal region containing stem cells could be protected during the CXL procedure? Could CXL, particularly for the limbal region, be achieved in any other nontoxic fashion without the use of UVA?

Physical Protection

Usage of poly(methyl methacrylate) rings, Vidaurri rings, or other rings with UV blockers can prevent CXL-induced limbal stem cell damage.3 These physical blocking methods seem to provide only partial protection of the limbus, with only 20% of the epithelial stem cells coming from treated cadaver that maintains the stemness18 one of the main problems in effective protection using this methodology is the constant ocular movement.

Accelerated Corneal Cross-Linking

A recent study compared the accelerated corneal cross-linking (ACXL) with the normal CXL on ex vivo-cultured limbal epithelial cells, and proved that the first one is safe.19-21 This procedure utilizes an increased intensity of UV exposure in parallel with a decreased duration (in CXL: 3 mW/cm2 for 30 minutes; in ACXL: they are 30 mW/cm2 for 3 minutes, 18 mW/cm2 for 5 minutes, or 9 mW/cm2 for 10 minutes), with the total amount of delivered energy that does not change between the 2 treatments.22,23

Several comparison and clinical studies have been conducted2; nevertheless, there is not as yet an accepted unique protocol for ACXL, and large clinical trials are needed.

Ultraviolet Devices

It is possible to direct the treatment in a delimited area using some of the specific devices for UV irradiation. An area of 8 mm in diameter should avoid UV to the limbus, the sclera, or the goblet cells; however, even with using an 8-mm irradiating device, eye movement makes it almost impossible to avoid limbal irradiation. One of the current modern devices called UV-X utilizes a special radiation homogenizer to prevent endothelial damage by preventing local radiation spikes.4 More studies are necessary, however, to confirm that this treatment is beneficial in also preventing damage to the limbus and, particularly, the limbal basal epithelial cells.

Antioxidant Treatment

UVA-induced mutations were shown to occur late after the exposure.24 UVA light stimulates certain intracellular enzymes involved in the response to the oxidative stress and, in particular, to the reactive oxygen species, such as superoxide dismutase, catalase, and glutathione peroxidase.25 Moreover, some nonenzymatic antioxidants have been used to counteract oxidative damage caused by UVA.26

Antioxidants, however, cannot be used in the case of CXL because they would block the actual desired effect of the treatment. One proposed methodology would be to assess if it is possible to upregulate an intracellular response as cellular protection against reactive oxygen species. For example, single and repetitive low-dose UVA was shown to upregulate the activity of manganese superoxide dismutase and glutathione peroxidase (this activity is also regulated by selenium supplementation).25,27 Similar pretreatment could be tested in the case of CXL together with any other treatment that is able to induce an intracellular antioxidant response.

TAKE-HOME POINTS


	The potential effects of cross-linking treatment on the limbus are incompletely understood.

	Further research is required to investigate the potential mutagenic effects of CXL on the DNA of the limbal stem cells.

	It is important, where possible, to always attempt to protect the limbus during CXL as it is still unknown whether there is any significant risk of induction of ocular surface carcinoma.
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Opposed

Farhad Hafezi, MD, PhD, and Sabine Kling, PhD

NO NEED TO PROTECT THE LIMBUS

In keratoconic corneas, CXL treatment is typically performed in the central cornea, while the limbal region is protected from irradiation. As the most fragile point of the cornea is centrally located, this treatment pattern completely meets the need. In contrast, peripheral ectatic diseases, such as pellucid marginal degeneration, Terrien’s marginal degeneration, and peripheral ulcers, would require a CXL treatment, including parts of the limbus. As stem cells are located in the basal layer of the limbal region, opinions regarding whether CXL is harmful to the limbus are controversial. This section discusses under which conditions limbal irradiation is considered safe.

The literature provides evidence that ionizing radiation impairs limbal stem cell function and induces conjunctivalization.1 However, this effect has not been observed in animal models where the limbus was included in CXL treatment. According to Wollensak et al,2 there was no epithelial damage in the corneal limbal epithelium after ultraviolet (UV) irradiation. Also, goblet cells, multicytokeratin, and the proliferation marker Ki-67 remained unchanged. Richoz et al3 furthermore reported the absence of limbal vessel thrombosis and no differences in the expression of the p63 putative stem cell marker.

From a physical point of view, UV light is less energetic than X-rays, and the absolute energy dose applied during CXL is lower than in radiation therapy. For comparison, the radioactive dose that reportedly induced limbal stem cell dysfunction was 61 J/kg,1 which is several orders of magnitude higher than the UV dose of 27 mJ/kg applied during CXL. Also, due to its longer wavelength, UV light penetrates deeper into the tissue and is less absorbed in the superficial layers where the limbal stem cells are located.

It is important to note that the discussion above and the supporting experimental studies refer to the sole effect of UV absorption in the limbal region (ie, in the absence of any photosensitizer). If riboflavin was allowed to be diffused into the limbus, a high number of free radicals would be produced upon UV irradiation that may potentially damage the limbal stem cells. This expectation has been confirmed in an in vitro study, where limbal biopsies were explicitly soaked with riboflavin before UV irradiation and a significant reduced outgrowth was reported.4 However, the horizontal diffusion of riboflavin from the centrally soaked cornea into the limbus prior to UV irradiation did not cause any apparent limbal decompensation in an in vivo rabbit model for CXL—even when irradiated with double of the standard UV fluence.3

Treating peripheral ectatic diseases with CXL is possible. Literature on limbal transplantation demonstrates that only a small part of an intact stem cell reservoir is required to maintain epithelial regeneration.5 This means that CXL can be performed eccentrically with partial irradiation of the limbus, and, clinical studies confirm, without inducing symptoms of limbal stem cell deficiency.6,7 Also, in 16 years of clinical application and in light of an estimated 100,000 procedures performed worldwide every year, cases of limbal stem cell deficiency after CXL have not yet been reported.

SUMMARY

UV irradiation of the limbal region is safe, especially if only a sector of the limbus is irradiated.
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Performing Corneal Cross-Linking After Definitive Signs of Ectasia Progression Are Detected

Renato Ambrósio Jr, MD, PhD; Rosane de Oliveira Corrêa, MD; and Rozalia Litewski Beildeck, MD

The purpose of this chapter is to justify the indication and need to perform corneal cross-linking (CXL) at the first definitive signs of progressive ectasia. A lot has been discussed about to whom and when to perform CXL. There is a worldwide trend to recommend the procedure as soon as the disease is first diagnosed, without waiting for documentation of progression.1 Authors have reported favorable results of CXL in pediatric patients once the diagnosis is made to stop the disorder in the earliest stages.1-5 As reported by Chatzis and Hafezi,1 88% of younger patients may have progression of ectasia and have great results after CXL. Progression has been defined as a 1-diopter (D) increase of maximum keratometry (Kmax) over 12 months.1,6

Several clinical studies have regarded CXL as a safe procedure1-5,7; however, it is not innocuous and some patients are more subject to failure and complications.8-12 While the best results and fewest complications have been reported in younger patients with less-advanced corneal ectatic disorders,1-5,7 generalizing the indication for the CXL procedure for every young patient diagnosed with ectasia may lead to an unnecessary harm, including corneal infiltrates, corneal melting, infection, and scar formation that leads to loss of vision.8-12 Koller et al8 found a CXL complication rate (defined as percentage of eyes losing 2 or more Snellen lines of corrected distance visual acuity [CDVA] in 12 months of follow-up) of 2.9% for keratoconus (KC). Such complications could be reduced if patients older than age 35 years and with preoperative CDVA better than 20/25 were excluded.8 Additionally, changing the inclusion parameter for Kmax readings to less than 58 D would significantly reduce the failure rate (percentage of eyes with an increase in the Kmax reading by more than 1.00 D over the preoperative value).8

Interestingly, we have found that CXL has been performed in patients whose preoperative data were not consistent with corneal ectasia. There still is significant variability in the subjective classifications of corneal topometric (front curvature) and tomographic elevation maps among specialists. This leads to some confusion when detecting mild disease and distinguishing mild or forme fruste KC and the suspicious patterns of mild inferior steepening.13 In addition, cases detected to be at high risk for ectasia after refractive corneal surgery do not have the same behavior as the disease. While these individuals need to understand the importance of avoiding eye rubbing and to follow up with corneal examinations,6 they do not have KC and/or do not necessarily need CXL. In essence, considering the classic “the difference between medicine and poison is in the dose we use,” the risk vs benefit ratio of CXL is maximized when performed on individuals who have true progressive ectasia.

Although KC classically first manifests in childhood and adolescence and usually progresses during the 3 first decades of life, some patients may present evidence of corneal stability before age 35 years. Conversely, others may undergo progression after 35 years of age, mainly if they rub their eyes too much. With the Dresden protocol, although the average age was 31 years, 22% of fellow control eyes showed a continuous progression of the Kmax value in the first year after the CXL treatment of the contralateral eye.14 This fact highlights the importance of a regular follow-up at any age with a complete ocular evaluation, including topographic map analysis. The study by Kanellopoulos and Asimellis15 of 220 KC cases revealed that the topometric indices from Pentacam corneal tomography (Oculus Optikgeräte GmbH), index of surface variance, and index of height decentration) are more sensitive and specific tools than CDVA to detect early disease and its progression. Whereas waiting for subtraction topographic map documentation of progressive ectasia is not mandatory for performing CXL, it is possible to detect a case of progressive ectasia at first visit, based on clinical history of visual loss and/or refractive instability so that CXL can be recommended as soon as possible.
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Figure  40-1. Sagittal curvature maps of both eyes in asymmetric KC (first evaluation). UCVA was 20/20 OD and 20/80 OS.
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Figure  40-2. Comparative sagittal curvature maps from both eyes from the exams in 2010 (C and D) and in 2014 (A and B). Comparative subtraction display of the right eye (2014 [A] minus 2010 [C]) demonstrates stability over time despite no crosslinking in a young patient with mild keratoconus.



CASE REPORT

A 17-year-old male patient with asymmetric KC and loss of vision in the left eye was referred for ophthalmological evaluation in 2010. The diagnosis of KC was confirmed after performing a complete eye examination, including Placido disk–based topography (Keratograph 5M [OCULUS]) and rotating Scheimpflug corneal tomography (Pentacam HR [OCULUS] Figure 40-1). Uncorrected visual acuity (UCVA) was 20/20-2 in the right eye (OD) and 20/80 in the left eye (OS), and CDVA was 20/20 (-0.25 = -0.25 × 52°) OD and 20/40 (+0.25 = -2.75 × 165°) OS. Femtosecondassisted intrastromal corneal ring segment implantation was performed in the OS due to the patient’s loss of visual acuity with glasses and his contact lens intolerance. While CXL was considered and discussed with the patient and his family, the decision was for clinical follow-up for the OD. The patient was advised not to rub his eyes, and topical treatment for allergy and corneal ocular surface optimization was prescribed. UCVA OS improved to 20/30 and CDVA improved to 20/20 (+0.50 = -1.0 × 128°) at 3 months after surgery, remaining relatively stable until the last follow-up. The patient has been followed with periodic complete eye examinations, including corneal topography and tomography, every 6 months. He has been stable in both eyes since his last appointment in 2014 (Figure 40-2). The patient and his family were educated about ectasia and were told that we would strongly recommended CXL only if ectasia progression was detected.

SUMMARY

CXL is regarded as a safe and effective procedure for halting progressive ectasia. Nevertheless, it is not an innocuous procedure, and some complications have been reported. Managing the comorbidities, such as vernal keratoconjunctivitis, and having close ophthalmic follow-up with measurement using topographic or tomographic corneal maps, are quite important at any age and stage of the ectatic process. However, while we advocate for indicating CXL only for progressive ectasia cases, this is not necessary to wait for an “academic documentation” of progression using complementary examinations. In the face of an obvious clinical history of recent visual deterioration or refractive instability, CXL is indicated. However, each clinician should be conscious that the decision for proceeding with CXL is the best for the patient, considering the risk vs benefit of the procedure. Advanced diagnostics, including corneal tomography (front and back surface elevation and thickness mapping), segmental tomography (epithelial thickness mapping), and corneal biomechanical assessment, may play a definitive role to detect the disease at an early stage and to determine the likelihood of ectasia progression. In addition, novel less-invasive approaches to effectively promote CXL may play a definitive role to expand applications and indications of this ground-breaking procedure that is CXL.

TAKE-HOME POINTS


	CXL can halt the progression of ectasia but has reported complications.

	They authors advocate waiting for signs of progression, although not necessarily objective data, as patients with clinical progression may benefit from CXL.

	It is important to minimize comorbidities and follow with mapping.

	As newer techniques for CXL emerge that are less invasive, the threshold to treat earlier may change.
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Prophylactic Cross-Linking Combined With LASIK

In Favor

Anastasios John Kanellopoulos, MD, and George Asimellis, PhD

RATIONALE

LASIK offers predictable and stable refractive and visual outcomes.1,2 However, specifically in moderate to high myopia (MRSE ≥-6.00 diopters [D]),3,4 significant long-term regression has been documented.5,6,7 Our experience with high-myopic LASIK is suggestive of a slight (0.5 D) trend toward long-term (2-year) postoperative steepening.8 We have been studying and investigating corneal biomechanical changes associated with LASIK, and our team has introduced 8 years ago9,10 prophylactic in situ CXL on the stromal bed, combined with primary LASIK in a procedure termed LASIK+CXL.

The application aims to enhance corneal rigidity significantly reduced by LASIK—especially in moderate and high myopia—and, thus, reduce the likelihood of long-term refractive shift,11 particularly in high-myopic eyes with thinner residual stroma and in younger patients who may have higher ectasia risk.

CLINICAL BENEFITS AND SAFETY

We have reported predictable refractive and visual outcomes with this procedure, demonstrated the safety of the approach, and experienced no increase in adverse events over standard LASIK. In a large study of highly myopic eyes (-6 to -12.00 D) treated with LASIK+CXL, there was no significant decrease in endothelial cell count over 12 months [2,893.5 (preoperative) vs 2,955.8 (12 month) cells/cm2 (P<.05), n=424]. No loss in best-corrected distance visual acuity was observed.

INVESTIGATIVE OUTCOMES

In terms of refractive stability, a comparative, consecutive myopic eyes study demonstrated improved visual results and more stable outcomes of LASIK+CXL (n=73 eyes) compared to stand-alone LASIK (n=82).12 Specifically, in the LASIK+CXL group, 90.4% of the eyes had postoperative uncorrected distance visual acuity (UDVA) 20/20 or better and 94.5% better than 20/25. In the stand-alone LASIK group, 85.4% of the eyes had postoperative UDVA better than 20/20 and 89.0% better than 20/25 (P=.042 and 0.037). In addition, one-year mean postoperative MRSE was -0.19 ± 0.17 D in the LASIK+CXL group and -0.27 ± 0.23 D in the stand-alone LASIK group, indicating a reduced refractive shift in LASIK+CXL.

Another clinical indicator in favor of the LASIK+CXL has been the postoperative epithelial remodeling. It has been demonstrated that significant epithelial thickness increase is associated with high-myopic LASIK.13 We compared LASIK+CXL to stand-alone LASIK, and found statistically significant differences in epithelial remodeling, specifically between high-myopia subgroups.14 For example, in the LASIK+CXL group, the midperipheral epithelial thickness increase was +3.79 microns (μm) and +3.95 μm for the [-8.00 D to -9.00 D] and [-7.00 D to -8.00 D] subgroups, which compare to increased epithelial thickness in stand-alone LASIK of +9.75 μm (P=.032) and +7.14 μm (P=.041), respectively, for the same subgroups. These results may point to the direction of increased corneal stability and improved refractive predictability of the LASIK+CXL procedure.

For years, we witnessed the criticism by CXL experts that LASIK+CXL has no CXL effect, so we recently investigated the ex vivo biomechanical properties of LASIK+ CXL in human donor corneas employing tensile and enzymatic digestion tests.15 We evaluated changes in stroma (and also, for the first time reported, the flap) employing biaxial stress-strain measurements. Additionally, the findings in the collagen-enzymatic digestion part of this work provided corroborative evidence of the differential effects of cross-linking on the stroma, confirmatory to our previous clinical effects reported on myopic and hyperopic LASIK+CXL.16-19

SUMMARY

Clinical and ex vivo investigative outcomes establish the use of CXL as prophylaxis of LASIK ectasia and/or biomechanical enhancement offering refractive stability. We have performed thousands of successful LASIK+CXL procedures, and a multitude of global leaders have adapted this technique in thousands of successful cases. We view this prophylactic treatment as a pivotal biomechanical enhancement of a LASIK procedure in a young adult, meaning any patient that is under 30 years, any patient in whom we correct myopia over 6 D, any patient with an astigmatism over 1 D, and any patient in whom there is a difference in astigmatism between the 2 eyes of over 0.5 D.

TAKE-HOME POINTS


	CXL with LASIK may be useful in enhancing biomechanics and refractive stability.

	The authors have experience in LASIK+CXL and recommend its use in young, highly myopic patients or those with astigmatism values over 1 D or a difference in eyes over 0.5 D.
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Opposed

Theo Seiler, MD, PhD

Intraoperative cross-linking to prevent iatrogenic keratectasia during LASIK is in discussion since the first publications on therapeutic corneal cross-linking (CXL) in cases with manifest keratectasia after LASIK. The term LASIK Xtra was coined by a commercial entity, and it was thought to become an integral part of LASIK, or in other words, LASIK Xtra for everyone. Before such a new procedure (interface CXL) finds its way into clinical routine, safety and efficacy have to be proven.

EFFICACY

The efficacy is usually ascertained by means of a prospective study, where the prevalence of iatrogenic keratectasia in the interface CXL-LASIK group is compared to either the prevalence in a standard LASIK group or to zero prevalence (desired result). Before such a prospective study is started, we need to conduct an analysis of the study group size necessary to prove the hypothesis with an at least 95% confidence.

To estimate the minimal group size n for a zero event (no induced keratectasia) compared to the incidence π of keratectasia reported in the literature we used an approximation formula (n ≈ 3/π). This formula is based on Poisson distribution with a 95% confidence.1 In other words, after how many procedures without the complication keratectasia we can decide with 95% confidence that LASIK plus interface CXL is better than LASIK alone? The incidence of iatrogenic keratectasia reported recently is approximately 0.03% (S. Schallhorn, AAO 2014, personal communication). This corresponds to a minimal group size of n≥3/0.0003 = 10,000 procedures with zero postoperative keratectasia after which we have reasons to believe that LASIK plus interface CXL is effective.

It is very clear that we cannot prove the efficacy of LASIK plus interface CXL clinically and, therefore, we need to look for plausibility experiments in the literature. The only paper we found was that of Kanellopoulos et al,2 who presented stress/strain measurements in 4 unpaired cadaver eyes without flap. These results are surprising because we were not able to find a significant CXL effect in human cadaver eyes using even standard CXL because of too high variance.3 We know that standard CXL can stop iatrogenic keratectasia;4 however, whether LASIK Xtra is effective enough is questionable because not even 1/20 of the standard volume is cross-linked.

SAFETY

In a prospective 2015 study of more than 70 eyes with a one-year follow-up period, we found the following:


	Interface cross-linking of the wound bed during LASIK may be considered safe

	The inflammatory response is stronger compared to standard LASIK

	Although the visual and refractive results are similar to standard myopic LASIK, the visual rehabilitation appears to be substantially delayed5


An exciting observation was the difficulty of a relift after LASIK plus interface CXL. Chemical and photochemical cross-linking as bioadhesive with considerable mechanical strength has been presented before.6,7

If interface CXL would provide a measurable connection between flap and wound bed, such a reattachment could substantially enhance biomechanical integrity of the cornea after LASIK. To avoid the danger of tearing the flap, in future cases, after interface CXL, the retreatment should be performed as photorefractive keratectomy.

SUMMARY

There is no scientific evidence that interface CXL during LASIK offers an effective protection against iatrogenic keratectasia. As long as such a scientific proof is missing, a standard treatment of LASIK patients by means of interface CXL is not an option.

TAKE-HOME POINTS


	The use of LASIK plus interface CXL to prevent cornea ectasia has not been proven.

	Its use in enhancing biomechanical integrity may be an interesting future treatment, but is, once again, not proven.

	Therefore, CXL should not be used in the primary LASIK setting to prevent ectasia.
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Summary of Commercially Available Corneal Cross-Linking Units

George O. Waring IV, MD, FACS; Susannah L. Brown, MD; and Frederik Raiskup, MD, PhD, FEBO

Corneal cross-linking of connective tissue induced by irradiation using ultraviolet (UV) light with or without photosensitizers was initially described in the late 1980s.1-4 The very first experiments in the cornea were presented at the ARVO 1996 meeting.5 Porcine eyes were mounted in a moist chamber covered with a quartz plate transparent for wavelengths between 250 and 1000 nm and exposed to blue or UV light. A mercury lamp served as a light course at a wavelength of 254 nm, delivering an intensity of 90 W/m2 through the quartz plate. A Xenon lamp (XBO 50; EMI), with interference filters for 365 nm and 436 nm, delivered an intensity of 20 W/m2. The riboflavin solution was prepared by diluting vitamin B2 (B2 Injection; Jenapharm) in a 20% dextran solution to a concentration of 0.5%.5-7

In 2003, the results of the pilot clinical study were published: 23 eyes of 22 patients with moderate or advanced progressive keratoconus were cross-linked. The procedure was conducted under sterile conditions in the operating room. The central 7 mm of the corneal epithelium was removed under topical anesthetic. Researchers applied 0.1% riboflavin solution (10 mg riboflavin-5’-phosphate in 10 mL 20% dextran T-500 solution) 5 minutes before and every 5 minutes during irradiation. After allowing riboflavin to diffuse into the cornea for at least 5 minutes, UVA irradiation was applied with a pair of UV diodes (370 nm; Roithner Lasertechnik) and a potentiometer in a series to regulate the voltage. Irradiation was performed with the UVA light diodes (370 nm) at a distance of 1 cm for 30 minutes using 3 mW/cm2, which corresponds to a dose of 5.4 J/cm2. The patients in this study were treated with a 2-diode system that was already improved when compared to the prototype, using a more homogeneous beam profile and an illumination diameter of 8 mm.8

Since these original trials, a number of commercially available systems have been developed. This chapter describes the currently available commercial systems, and is not meant to be all inclusive for systems in development.

UV-X 1000

The illumination system UV-X 1000 (Avedro Inc) for corneal cross-linking was introduced into clinical practice in 2006.9,10 The device was designed to provide optically homogenous irradiation of the cornea. The converging illumination beam of the UV-X device precompensates for the corneal curvature, thus minimizing reflection losses and zone enlargement.11 Table 42-1 provides a comparison of multiple devices. UV-X 1000 specifications are as follows:


	Wavelength: 365 nm ± 10 nm

	Illumination intensity: 3.0 mW/cm2

	Working distance: 50 nm

	Continuous wave light emission

	Illumination diameter: S=7.5 mm, M=9.5 mm, L=11.5 mm

	Electric power: 100 V to 240 V

	Light source: 32 × 5 x 5 cm, 30-minute timer

	Light source weight: 0.6 kg

	Total system weight: 6.5 kg

	CE mark: 0470


Table  42-1.



	
Specifications of Available Cross-Linking Lamps
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UV-X 2000

Optimized Beam Profile

This system is designed to take into account the thickness distribution of the cornea. The optimized beam profile increases the depth of cross-linking in the periphery of the cornea. Thus, the demarcation line is equidistant to the corneal back surface. The beam profile of the UV-X 2000 device (Avedro Inc) increases the cross-linking depth in the periphery, and, thus, the volume, which is cross-linked. The large cross-linked volume has a stronger therapeutic effect when compared to the standard CXL treatment, which has a reduced effect in cross-linked depth in the periphery.12 The UV-X 2000 device features an implemented distance alignment tool. This feature facilitates the alignment of the patient’s eye below the illumination system. The system provides high-intensity illumination, which allows for a shortened treatment time (illumination time) of 10 minutes.13,14 For improved safety, the optical design, based on a Koehler beam path, is designed to dissipate radiant exposure behind the cornea as a result of the optically diverging beam within the eye. UV-X 2000 specifications are as follows:


	Wavelength: 365 nm ± 10 nm

	Illumination intensity: 9.0 mW/cm2

	Working distance: 45 mm

	Continuous wave light emission

	Illumination diameters: S=7.5 mm, M=9.5 mm

	Electric power: 100 V to 240 V

	Light source: 33 cm x 5 cm x 5 cm

	Light source weight: 0.6 kg

	Total system weight: 6.5 kg

	CE mark: 0470


KXL SYSTEM

In 2010, Avedro Inc (Massachusetts, USA) commercialized the KXL System for accelerated cross-linking. During this procedure, the riboflavin solution is applied for a 10-minute presoak to achieve a total “loading” concentration of ≥0.04% in the top 150 microns (μm) of the stroma. The cornea is then exposed to energy from a solid-state UV lamp source (LED) at a wavelength of 365 to 370 nm at an irradiance (“exposure dose-rate”) of 30 mW/cm2.15

The VibeX family of products is Avedro’s proprietary isotonic riboflavin solution (0.1% riboflavin, 20% dextran) used in conjunction with Avedro’s KXL System. VibeX Rapid (0.1% riboflavin in hydroxypropyl methylcellulose [HPMC]) is topically applied to the cornea after the epithelium removal and is allowed to diffuse into the corneal stroma.15

The VibeX Rapid solution is formulated with no dextran, and the VibeX Xtra (0.22% riboflavin, saline) solution is formulated for use during a LASIK Xtra procedure. The ParaCel solution (Avedro; 0.25% riboflavin, HPMC, benzalkonium chloride, Ethylenediaminetetraacetic acid, TRIS) is formulated for direct application on the intact epithelium (Table 42-2). LASIK Xtra is integrated into a standard LASIK procedure to theoretically improve the biomechanical integrity of the cornea following flap creation and excimer ablation.15,16 This procedure has the added advantage of being able to apply the riboflavin directly into the lamellar flap interface, eliminating the need to remove the epithelium. During this procedure, cross-linking is performed for 3 minutes during the standard LASIK technique.

KXL System specifications are as follows:


	Wavelength: 365 nm

	Illumination intensity: 3.0 to 45.0 mW/cm2

	Working distance: 95 mm

	Continuous wave light emission

	Illumination diameter: 9.0 mm

	CE marked


KXLII MOSAIC SYSTEM

Avedro’s KXLII Mosaic System performs accelerated cross-linking like the KXL model, but also features the ability to perform photorefractive intrastromal cross-linking (PiXL) and LASIK Xtra procedures.

Photorefractive Intrastromal Cross-Linking Procedure

Avedro’s PiXL procedure provides nonablative refractive correction by utilizing selective zonal cross-linking. This technology has potential applications for the correction of low myopia, low hyperopia, and low astigmatism.

KXLII Mosaic System specifications are as follows:


	Wavelength: 365 nm

	Illumination intensity: 10.0 to 100.0 mw/cm2

	Working distance: 136 mm

	Light emission: continuous or pulsed with variable pulsing duty cycle

	Illumination diameter: customizable up to 11 mm

	Touch screen monitor

	Wireless remote control in the x, y, and z axis


CCL-VARIO SYSTEM

PESCHKE GmbH’s CCL-VARIO device is equipped with one diode and an optics homogenizing beam to avoid hot spot. This device allows treating the ectatic cornea with a maximum illumination intensity of 18 mW/cm2, reducing the time of irradiation to 5 minutes while maintaining the total dosage at 5.5 J/cm2.16 The system has continuously adjustable illumination aperture from 7.0 mm to 11.0 mm and a small monitor on the device indicating the result of the calibrating self-test and the remaining treatment time.17 Specifications of the CCL-VARIO System are as follows:


	Wavelength: 365 nm

	Illumination intensity: 3.0 to 9.0 to 18.0 mW/cm2

	Working distance: 45 mm ± 5.0 mm

	Continuous wave light emission

	Illumination diameters: 7.0 to 11.0 mm (continuously adjustable)

	Electric power: 100 V to 240 V

	CE mark: 1275


PHOENIX CXL SYSTEM

PESCHKE GmbH also manufactures the Phoenix CXL System, which enables the user to fine tune the required energy from 3 mW/cm2 to 30 mW/cm2 in 1-mW intervals with automatic simultaneous radiation time adjustment. Additionally, this device allows for continuous pulsed radiation and a LASIK radiation mode. Further safety measures featured in this device include a beam distance of 50 mm from the optics and a depth of focus approximately ±5 mm. The Phoenix CXL System has a continuously adjustable aperture from 2 mm to 16 mm, providing the ability to focus the beam on the clear cornea only and protect limbal stem cells. This product is self-calibrating and self-adjusting.18 Specifications for the Phoenix CXL System are as follows:


	Wavelength: 365 nm

	Illumination intensity: 3 to 30 mW/cm2 (continuously adjustable)

	Working distance: 50 mm ± 5 mm

	Light emission: continuous or pulsed, adjustable between 1 and 15 seconds

	Illumination diameters: 2 to 16 mm (continuously adjustable)

	Electric power: 100 to 240 V

	Total weight: 12 kg

	CE marked


PESCHKE GmbH produces several riboflavin solutions, including the PESCHKE TE, M, D, H, and L solutions, which range from transepithelial solutions that do not require the removal of the corneal epithelium to standard riboflavin with and without dextran for epithelium-off procedures (Table 42-2).

VEGA

Italian manufacturers constructed the VEGA device (SOOFT italia S.p.A Montegiorgio) with a solid-state diode emitting UVA rays peaking at 370 nm. Its optical system ensures a homogeneous distribution of UVA light across the entire treatment area. The fully flexible counterbalanced operating arm provides the user with a monitor, ensuring the proper eye position of the patient. The real time images from the camera allow the user a precise and simple focusing. The system has a large adjustable treatment zone (4 to 11 mm), an integrated timer and monitor for treatment control, and comes with a mobile stand with castors for multitreatment room usage.19-21 VEGA specifications are as follows:


	Wavelength: 370 nm

	Illumination intensity: 3 mW/cm2

	Working distance: 54 mm

	Illumination diameter: 4 to 11 mm

	Integrated ¼” telecamera

	Display monitor: 5.6”

	Overall weight: not specified


SOOFT produces several solutions, including:


	Ricrolin

	Ricrolin TE

	Standard 0.1% riboflavin


OPTO XLINK

The company Opto Global Pty Ltd manufactures the Opto XLink. The device has an advanced optical system that provides homogenous UV light irradiation across the cornea, eliminates hot spots, and is equipped with an internal microprocessor that controls all system functions. Additional features include an integrated timer with audible reminders to apply riboflavin, an aiming beam with adjustment of the intensity for accurate focusing and positioning, and an internal target for patient fixation. The Opto XLink has a closed loop control, which ensures the constant emission of UV light. This closed loop control system permanently monitors the optical output and corrects the signal to maintain constant irradiance.22 Specifications of the Opto XLink are as follows:


	Wavelength: 365 ± 5 nm

	Illumination intensity: 0.18 to 5.0 mW/cm2

	Working distance: 45 ± 1 mm

	Illumination diameter: 6, 8, and 10 mm

	Electric power: 90 to 240 V

	Pulse duration: 10 seconds to 30 minutes

	Aiming beam diode laser 670 nm with a power of <1 mW

	Overall dimensions are: operating console 10 × 28 x 29.5 cm, hard carry case 19 × 52 x 38 cm, floor stand 142.2 × 110 cm


Opto Global produces a riboflavin solution for standard CXL (Table 42-2).22

SUMMARY

Several decades after the initial corneal cross-linking experiments were performed, techniques, equipment, and riboflavin formulations continue to evolve and improve. Corneal cross-linking has helped numerous patients commercially where available outside of the United States. However, despite the initiation of multiple US Food and Drug Administration clinical trials for cross-linking for keratoconus and corneal ectasia, the treatment has yet to receive US Food and Drug Administration approval to offer this critically important treatment to patients in the United States.


Table  42-2.
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aDextran-free product

bHypotonic

HPMC = hydroxypropyl methylcellulose







TAKE-HOME POINTS


	Corneal cross-linking was introduced almost 20 years ago, and recent technological advances have contributed greatly to the optimization of this procedure.

	The new technology in this chapter features many amenities such as self-calibration, continuous or pulsed illumination, continuously adjustable apertures, and integrated timers and monitors.

	These advances in technology allow for shortened treatment times, epithelium-on treatment ability, and increased safety of the cross-linking procedure.
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