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Abstract 

 
Corneal disease leads to a significant burden of blindness worldwide and corneal transplantation remains the 

primary method of visual rehabilitation in this context. Corneal transplantation is the most commonly 

performed transplantation procedure in New Zealand with approximately 300 cases completed annually.  

 

The aim of this research thesis was to provide an overview of conventional corneal transplantation with its 
associated limitations and provide a review of emerging options which aim to replace corneal transplantation 

(wound healing modulation & stem cell therapy) and procedures which aim to delay or eliminate the need for 

a corneal transplant (cornea crosslinking or CXL). Specifically, data analyses were performed to measure the 

efficacy of various cornea crosslinking protocols in patients with keratoconus and to assess the properties of 

the corneal epithelium on the tomographic, refractive and wavefront properties of the keratoconic cornea.  

 

A literature review of transplantation rejection pharmacotherapy, umbilical stem cell treatment, wound 

healing modulation and CXL was performed in the context of corneal disease. One hundred and eighty 
patients with progressive keratoconus undergoing various corneal crosslinking procedures at the University 

of Auckland were recruited. 

 

Following transepithelial, accelerated, pulsed CXL (t-ACXL) the mean corrected distance visual acuity 

(CDVA) significantly improved from 0.38 ± 0.32 logMAR at baseline to 0.30 ± 0.21 logMAR at 24 months 

(P < 0.01). There was no significant difference in uncorrected distance visual acuity (UDVA), manifest 

refraction spherical equivalent (MRSE), asymmetry indices, tomographic parameters, densitometry and 
endothelial density. The improvement in visual acuity was inversely correlated with preoperative CDVA 

and preoperative maximal keratometry (KMAX). No complications were encountered.  

 

The mean CDVA significantly improved from 0.30 ± 0.16 logMAR at baseline to 0.23 ± 0.17 logMAR at 24 

months (P=0.04) in patients undergoing epithelium-off pulsed, accelerated corneal crosslinking (p-ACXL) 

and from 0.36 ± 0.22 logMAR to 0.26 ± 0.27 logMAR at 24 months (P=0.02) in patients undergoing 

epithelium-off continuous accelerated crosslinking (c-ACXL). The mean induced change in MRSE (+1.79 ± 

2.30D vs. +0.27 ± 3.19D P=0.04) and KMAX (-1.75 ± 1.80D vs. -0.39 ± 1.95D P=0.04) were superior in the  
c-ACXL group compared to the p-ACXL group at 24 months. No complications were encountered.  

 

Total densitometry values of the total layer over the annular diameters 0 to 12mm showed no significant 

change after t-ACXL and p-ACXL but increased significantly after c-ACXL at 1 month and 3 months, 

returning to baseline levels at month 6 and remained stable until final follow-up. At 1 month, the mean 

change in total densitometry value of the t-ACXL group (-0.53±2.08) was significantly lower than p-ACXL 

(0.70±1.96 P value 0.04) and c-ACXL (1.97±2.65 P value <0.01). In the c-ACXL group, a higher degree of 

CXL-induced corneal haze at 1 month was observed in patients with steeper preoperative KMAX readings and 
in individuals where a greater flattening effect was achieved at 24 months. No such correlation was detected 

in the t-ACXL and p-ACXL groups. 
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Following epithelial removal prior to cornea crosslinking, the central (0 - 4mm) and mid-peripheral (4 - 

7mm) corneal zones were significantly thinner: 21 ± 14 μm and 35 ± 44 μm respectively. Changes in 

anterior axial flat keratometry (+1.71 D), steep keratometry (+2.14 D), KMAX (+2.13 D), corneal 

astigmatism (+1.11 D), asphericity (-0.31) and total corneal power (+2.03 D) were significantly different 

following epithelial debridement. There were no significant changes in posterior corneal flat and steep 

keratometry, posterior corneal astigmatism, and posterior asphericity. There were no significant 
differences in the mean astigmatic axis (anterior and posterior corneal surfaces) or spherical aberration 

after epithelial debridement. The mean difference in the magnitude of epithelium-induced astigmatism in 

the 3rd, and 5th central millimetre rings was 0.44 ± 3.20 D × 8° and 0.43 ± 2.75 D × 21° (positive 

cylinder) respectively. Corneal astigmatism shifted toward the against-the-rule orientation after epithelial 

debridement. There were no significant changes in any corneal higher order aberration parameter 

following epithelial debridement. 

 

The results of the inter-related investigations that form this thesis provide new insights into corneal 
wound healing modulation & stem cell therapy, provide data on the safety and efficacy of novel CXL 

protocols and provide further evidence on corneal epithelial remodelling and its role on regularising the 

anterior corneal surface in keratoconus.   
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Introduction 
 
Corneal transplantation, also known as keratoplasty, is a surgical procedure where damaged or diseased 

cornea is replaced by cadaveric corneal tissue, either in part (lamellar keratoplasty) or in its entirety 

(penetrating keratoplasty). Although it is a well-established technique, there are still a number of problems 

that need to be resolved before the operation of corneal transplantation becomes free from complications 
and consistently predictable in result. Whilst surgical skill remains of importance, the main obstacle to 

achieving success in this procedure remains the immunological reactions and the subsequent behaviour of 

the involved tissues. Despite the fact that corneal transplantation is one of the most common forms of solid 

tissue transplantation in humans, its pharmacotherapy—in relation to graft rejection—has changed little over 

the past several decades. The mainstay of treatment remains corticosteroids, only these are variably 

effective and are associated potentially with serious adverse effects such as glaucoma, cataracts, and 

opportunistic infections. The aim of this chapter will be to outline in brief the history of corneal 

transplantation, followed by the modern indications for the procedure and the techniques involved. The 
underlying immunological mechanisms of corneal transplant rejection will then be explained, the treatment 

options available outlined—from the well-established to the more recent research developments, and their 

role in the remedy of the various clinical states of corneal transplant rejection will then be discussed. 

 

Historical perspective 
 
The idea that the cornea can be transplanted came from Karl Himly, a German surgeon and ophthalmologist, 
in 1813 but it was first put into practice by Frans Reisinger in 1818 by attempting to suture corneal grafts 

after excising host corneal tissue in rabbits. Needless to say these grafts were rejected. There are records of 

many courageous trials in the following decades but they were bedevilled by gross infection, lack of 

anaesthesia, imperfect instruments and immature surgical technique [1]. The 19th Century, however, was the 

century of advancing medical knowledge and emergent techniques: anaesthesia (ether, chloroform and 

cocaine) was coming into general use to replace stupefaction with alcohol and opium which had been the 

only analgesics in use, Lister published his work on antiseptic principles in the practice of surgery, and 

Helmholtz described his ophthalmoscope. Therefore with the advantages of asepsis, improved 
instrumentation and adequate anaesthesia, the first successful case of human keratoplasty was performed 

by Edward Zirm, an Austrian ophthalmologist, on the 7th December 1905 [2]. The transplantation was carried 

out on a man, Alois Glogar blinded from lime burns and Zirm used as the donor the excised eyes of an 11 

year old boy (Karl Brauer) in whom an accident had left metal pieces in his eyes. When attempts to save 

Brauer's eyes were unsuccessful, Zirm enucleated them and saved the corneas for transplantation into 

Glogar's. Although complications affected one eye, the other remained clear allowing Glogar to return to 

work, and so began the modern era of corneal transplantation. The 20th Century saw refinements in surgical 

technique, improved asepsis and anaesthesia, improved instrumentation and suture materials, and the 
advent of corneal tissue storage in a viable manner prior to transplantation. Contemporary interest has 

therefore now shifted from modifications of technique and their influence on visual success to the biological 

problems of tissue rejection and tolerance as applied to keratoplasty. Greater interest has also been shown 

in the use of modern pharmacotherapy to prolong donor tissue survival in the host environment.  
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Indications of corneal transplantation 
 

The modern indications for corneal transplantation can be categorised into four groups: optical, tectonic, 

therapeutic, and cosmetic.  

 

Optical 
Where a corneal has become opaque, visual acuity can be improved by replacing this opaque or distorted 

host tissue by clear healthy donor tissue. The most common indications for surgery in this category include 

Fuchs endothelial dystrophy, pseudophakic bullous keratopathy, keratoconus, corneal degeneration, and 

scarring due to keratitis and trauma. 

 

Tectonic  

Tectonic or reconstructive grafts are used to preserve the corneal anatomy, and hence the integrity of the 

eye, to prevent further complications in those patients in whom disease has destroyed the architecture of the 
cornea, or to reconstruct the anatomy of the eye. Such patients include those with stromal thinning (e.g. from 

rheumatoid arthritis), descemetoceles, or corneal perforation (e.g. after a virulent corneal infection). 

 

Therapeutic 

Therapeutic corneal grafts are performed under two circumstances: when medical treatments (antibiotics, 

antivirals, antifungals) fail to control a corneal infection, so as a way of removing the infectious load, and in 

corneas that are painful but from which there is no visual potential.  
 

Cosmetic 

Cosmetic corneal grafts are performed on eyes where the clarity of the cornea has been impeded by scar 

formation. These scars often give a whitish or opaque hue to the cornea and patients are greatly troubled by 

this cosmetic appearance. Although the use of a cosmetic contact lens would be an option in these cases, 

some patients become intolerant of contact lens wear or maybe weary of contact lens wear since this may 

have be the causative factor in their corneal pathology, and hence appearance. Another alternative to 

cosmetic corneal transplantation is keratopigmentation.   
 

 

Techniques of corneal transplantation 
 
In the last 15 years, one of the biggest advances in corneal transplantation has been the move towards 

selective replacement of diseased corneal layers. Prior to this full thickness penetrating keratoplasty was the 

operation of choice for any number of corneal disease conditions e.g. corneal scars, keratoconus and 

diseases of the endothelium (such as Fuchs endothelial dystrophy). A full thickness penetrating keratoplasty 
(PK) is performed by excising a full thickness button of diseased corneal tissue, the size of which is 

determined by the underlying causative disease and area of the cornea affected and replacing this with a 

donor button of corneal tissue, oversized by 0.25 – 0.5 mm, which is sutured into place using ultrafine 

sutures in a continuous or interrupted pattern. These sutures are kept in situ for approximately 18 months or 

until the surgeon decides that the graft-host interface has fully healed and is structurally intact. Complications 
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with this procedure include a greater risk of transplant rejection, prolonged visual rehabilitation time, 

astigmatism secondary to corneal suture use and the frequent need for contact lenses or strong prescription 

glasses post procedure for maximising visual outcome. Furthermore, the large sutured incision that is 

required for the corneal transplant is prone to injury from trauma due to the reduced strength of the cornea at 

the incision site.  

With advances in the techniques of corneal transplant surgery, it is now possible to selectively transplant the 
layer of the cornea that is diseased. This may involve transplantation of the anterior portions of the cornea 

((deep) anterior lamellar keratoplasty, (D)ALK), which can be deep and go right down to the deepest layer of 

the corneal stroma known as Descemet’s membrane. This procedure involves excising an anterior corneal 

button of host tissue of defined depth and width and replacing it with a same size (or minimally oversized) 

donor button of corneal tissue which has been stripped of its endothelial surface. The donor button is again 

sutured into place but these sutures tend to remain in situ for approximately six months although there is 

surgeon variation. Advantages of this technique include a far lower risk of transplant rejection due to the 

transplantation of lower tissue volumes and retention of host endothelium, greater structural stability and 
integrity of the eye due to the lack of full corneal penetration, and faster rehabilitation times. 

In 1998 a Dutch Ophthalmologist, Gerrit Melles, described a technique for transplanting only the innermost 

layer of the cornea, the endothelium using an air bubble rather than sutures to hold the graft in place 

(posterior lamellar keratoplasty) [3].  The endothelium is the ‘pump’ layer of the cornea and as such is 

responsible for maintaining the clarity of the cornea. However, this is also the layer of the cornea most likely 

to fail as patients become older, especially if they have had previous eye surgery such as cataract extraction, 

or suffer from heredity dystrophies of the cornea, such as Fuchs endothelial dystrophy. The original idea 
described by Melles has been refined and with the development of high tech precision instruments, this 

technique is now termed ‘DS(A)EK’, or Descemet’s stripping (automated) endothelial keratoplasty.  

The technique is performed by first removing the diseased inner endothelial layer of the cornea and its 

underlying membrane.  This is done by making two small incisions in the eye that often do not require 

sutures (although this may depend on surgeon preference), but allow the passage of microsurgical 

instruments which are gently used to strip off the diseased endothelium from the central back portion of the 

patient’s cornea. The donor endothelium is prepared with the aid of an instrument called a microkeratome 

which precisely removes the inner layer of the donor cornea to produce the donor button.  This donor button 
is gently folded and placed within the fluid-filled anterior chamber of the eye beneath the patient’s 

cornea. Once the position of the donor tissue is deemed to be satisfactory, filtered air is injected into the 

anterior chamber of the eye to form a large bubble. This serves to hold the graft in place until the natural 

functioning of the new endothelium resumes and the new tissue adheres to the patient’s cornea.  This 

usually takes only 8-10 minutes. The majority of the air is now removed from the anterior chamber and post-

operatively, the patient lies flat for a defined period of time, usually an hour, to ensure that the new button 

cornea remains in place.  

The advantages of DSEK include the ability to use topical anaesthesia (since the host cornea is not 
removed), more rapid recovery—weeks rather than months, a faster visual rehabilitation time with contact 

lenses and strong glasses being less likely to be necessary, greater ocular integrity with the greater strength 

of the small incisions making the cornea less vulnerable to traumatic injury, and the lower risk of transplant 

rejection due to the smaller volume of transplanted tissue. 
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An advance on the technique of DSEK is the technique of DMEK (Descemet membrane endothelial 

keratoplasty) [4], which transplants only the donor endothelium (about 20µ in thickness, representing only 

4% of the total donor corneal thickness). This reduces the risk of transplant rejection in comparison to 

penetrating keratoplasty and DSEK [5]. Fundamentally reducing the risk of transplant rejection with lamellar 
techniques should reduce the need for immunosuppressive medications and their inherent side effects.  

 

Transplant rejection  
 
Causes of corneal graft failure  
 
The pathways leading towards graft failure are numerous and distinctly different but all lead to a common 

endpoint where the graft does not retain satisfactory transparency for adequate vision [6]. Graft failure may 
occur at any time point following transplantation with the 10 year PK survival rate reported to be between 59-

80% [7-9]. The causes of graft failure can be broadly categorised into primary and secondary. 

Primary graft failure 

Primary graft failure refers to persistent graft oedema developing within the first 24 hours postoperatively 

without an identifiable cause which fails to resolve despite maximal medical treatment. It is a non-

immunological phenomenon and is thought to be caused by inadequate endothelial cell function. This may 

be due to primary donor endothelial disease, advanced donor age, traumatic death of the donor, inadequate 
eye removal technique, prolonged death-to-preservation time, prolonged storage time, or surgical trauma 

[10, 11].    

 

Secondary graft failure  

The causes of secondary graft failure or graft failure after the immediate postoperative period are broad and 

can be further subdivided into immunological and non-immunological aetiologies.  
Immunological: allograft rejection 

While corneal allografts enjoy a survival rate that exceeds all other categories of allografts performed under 
equal conditions, corneal allograft rejection remains the most common cause of graft failure after the 

immediate postoperative period [12]. This complex immunologically mediated reaction can 

reversibly/irreversibly affect different corneal layers, with endothelial rejection being the most severe. Graft 

rejection can also occur at any time point following transplantation with a higher incidence in the first few 

years after surgery [13] and an overall cumulative probability of 21% over 10 years [9]. The importance of 

lamellar transplantation is further highlighted by the fact that as long as a rejection episode is detected and 

treated before it causes stromal opacification, it should not adversely impact long-term graft survival with the 
DALK procedure because using this technique, the host retains their own endothelium. The epithelial cells 

and keratocytes have regenerative power, but the endothelium does not have this capacity. 

 
Non-immunological 

Late endothelial failure (LEF) 

LEF can be defined as gradual graft decompensation without an attributable episode of rejection and 

clinically unresponsive to corticosteroids [14]. LEF is the leading cause of late postoperative graft failure [9] 

and accounts for 29% of failures overall [7]. It has been shown that after keratoplasty the cornea undergoes 
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an accelerated rate of endothelial cell loss of 7.8% per year from 3-5 years after successful PK [14], 4.2% 

from 5-10 years postoperatively [9] and finally stabilises 10-15 years after keratoplasty [15] to a baseline 

level comparable to natural cell loss. In most cases, this LEF becomes clinically relevant when the cell 

density falls below 500 cells/mm2 [16]. Whilst this accelerated endothelial cell loss is accepted universally, its 

pathophysiology remains unclear with histological studies demonstrating unstable endothelial cells but no 

chronic subclinical rejection [17]. It is possible that this accelerated cell loss is due to surgical trauma [18], a 
postoperative rise in intraocular pressure [19] or a blood-aqueous barrier breakdown creating a pro-apoptotic 

environment [18]. Another important factor that is easily neglected is the status of the recipient bed's 

endothelial reservoirs which are related to the size of the donor button as well as the underlying 

pathophysiology for which the transplant is being undertaken [20]. 

 

Ocular surface problems 

The integrity of the corneal epithelium post-transplant is dependent on the balanced interaction of normal 

tears, eyelids, and stem cells. Graft surface keratopathy has a wide range of aetiologies and whilst only 
transient in most cases, can delay visual recovery and precipitate non-rejection-related graft failure [21-23]. 

The integrity of the ocular surface is determined by a complex relationship between donor and host related 

tissue, surgical technique and iatrogenic factors. Host related factors such as patient age, pre-existing status 

of the ocular tear film, stem cells, corneal epithelium and lids play an important role in the wellbeing of the 

ocular surface. Ocular surface function is very much influenced by donor related factors especially in the 

early postoperative period. These factors include diabetic status of donor [19], storage medium and 

preservation temperature [21], death-to-enucleation time, and preservation-to-surgical time [22]. Surgical 
time, adequate suturing technique [24, 25] and the preservation of corneal epithelium [22] are other factors 

that have been shown to influence outcomes [24]. Iatrogenic factors such as topical drug application 

(antimetabolites, aminoglycosides, preservatives etc.) have been shown to cause corneal toxicity and can 

also compromise ocular surface integrity [26]. 

 

Glaucoma 

Glaucoma after penetrating keratoplasty is a frequently observed and problematic post-operative 

complication and a prominent risk factor for graft failure. The aetiology of glaucoma after PK is multifactorial 
and is probably related to distortion of the angle with collapse of the trabecular meshwork, suturing 

technique, postoperative inflammation, peripheral anterior synechiae, retained viscoelastic, and the 

prolonged use of topical corticosteroids.  The incidence of glaucoma after keratoplasty varies and has been 

reported as between 9-31% in the early postoperative period and 18-35% in the late postoperative period 

[27, 28].  

 

Immunopathology 
 
It is widely accepted that corneal transplantation has benefited from the immune privilege that the cornea 

enjoys as first described in the early 1950s [29]. However, this immune privilege is abrogated through any 

phenomenon that induces inflammation, trauma, or neovascularisation and  [30] once this privilege is 

overturned, the corneal transplant will be under the same threat of immune rejection as any other 

transplanted organ [31]. The immunological reasons as to how corneal transplant rejection occurs are still 
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unclear despite extensive studies carried out in the field since the early 1980s. It has been demonstrated that 

macrophages, Langerhans cells, CD8+ and CD4+ T cells and donor-specific antibodies play a pivotal role in 

corneal rejection. Macrophages are present in the conjunctiva as well as the central corneal stroma [32]. 

Depletion of macrophages prevents corneal rejection; however, depletion of macrophages after priming of 

CD4+ T cells does not stall rejection. This suggests macrophages play a role in induction but not the 

continuation of rejection [29, 33]. Langerhans cells (LCs), a type of antigen presenting cell, are also present 
in the cornea where they constitutively express the major histocompatibility complex (MHC) class II 

molecules [34]. LCs take up, process and present antigens which can then initiate an immune response 

which leads to corneal rejection [35]. It has also been shown that subtypes of LCs which express low levels 

of MHC class II will obtain an active form to express high levels of MHC class II as well as co-stimulatory 

molecules under inflammatory conditions [36]. This can then drive the continuation of corneal rejection. Both 

subtypes of T cells (CD4+ and CD8+) T cells have been shown to be present in rejected human corneal 

transplants [37]. Although CD8+ cytotoxic T cells have been shown to rapidly kill allogeneic corneal cells in 

vitro  [38] and the presence of primed donor-specific cytotoxic T cells is linked to corneal rejection [39], in 
rodents models, only a minor role for these cells has been reported in corneal transplant rejection [40]. On 

the other hand, depletion of CD4+ T cells in rodent experiments has resulted in a clear reduction of allograft 

rejection.  

 

Clinical studies have demonstrated that circulating donor-specific antibodies are present in corneal 

transplant patients [30] and can contribute to corneal rejection. The role of antibodies in corneal rejection has 

been studied using murine models with B cell deficiency; in these animals, corneal transplant rejection 
occurs significantly slower compared to wild-type mice. In addition, the corneal epithelium and endothelium 

express the ABO blood-group antigens and ABO antibodies are mainly of the IgM isotype which activate 

complement cascades that in turn will initiate cytolytic activity [41]. However, ABO blood matching is not 

routinely performed for corneal transplantation since studies have repeatedly shown equivocal results 

regarding its benefits [42]. 

 

Medical treatment 
 
Corticosteroids 

The primary choice of prophylaxis and treatment of corneal allograft rejection is corticosteroids [43], but the 

optimal route of administration and duration of treatment remains unknown [31]. Glucocorticoids are potent 

anti-inflammatory and immunosuppressive molecules, capable of resetting a primed immune system back to 

its indolent state through a multitude of mechanisms [44]. Their anti-inflammatory action is mainly related to 

inhibition of phospholipase A2 whilst their immunosuppressive effect stems from the inhibition of interleukin 

(IL)-1 and IL-6 synthesis by antigen presenting cells and IL-2 and interferon (IF)-α production by T 

lymphocytes [45, 46]. Whilst diverse application approaches such as subconjunctival, intracameral, 
intravitreal, oral, and intravenous administration have been utilised, topical steroids remain the mainstay drug 

and the gold standard treatment used after keratoplasty with virtually all patients receiving corticosteroid 

treatment to prevent or modulate potential graft rejection. Their side effect profile includes elevated 

intraocular pressure, cataract formation, delayed wound healing, ocular surface toxicity, and increased 

susceptibility to infection. Topically administered corticosteroids have been shown to provide good ocular 
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penetration and effective immunosuppression. Prednisolone acetate 1% has very good corneal penetration 

even through an intact epithelium and is the most common preparation used by corneal specialists [47]. 

Immunosuppression with systemic steroids has additional benefits in that the process that primes the 

immune system towards the first and subsequent rejection episodes takes place in the regional lymph 

nodes, out of the therapeutic range of topical steroids [48]. Moreover systemic corticosteroids have been 

shown to reduce the number of circulating T cells, inhibit T cell proliferation, temporarily remove T- 
lymphocytes from the blood and eye as well as suppress inflammation [44]. But, as would be expected, their 

side effect profile is more extensive and they are less well tolerated long term than topical steroids.   

 

Immunosuppressants / immunomodulators 
 
Corneal graft survival is dependent on two essential aims: the prevention of graft rejection and the intensive 

treatment of a rejection episode that is established.  As mentioned previously, topical corticosteroids are the 

mainstay of treatment in corneal transplantation for both the prevention and treatment of rejection. There are, 
however, other types of immunosuppression that are used in high risk grafts (Table 1).  The question as to 

what constitutes a high risk graft remains debatable. In the Collaborative Corneal Transplantation Study, 

high risk was defined as a cornea with 2 or more quadrants of vascularization, or one in which a graft had 

previously been rejected [49]. In the first part of the definition a cornea with two blood vessels at least 6 

o’clock hours apart would qualify as high risk but it is intuitively less at risk than one in which all four 

quadrants are heavily vascularised. Hill, on the other hand, has suggested a method of classification using 

univariate and multivariate survival analysis [50]. Recipient corneas can be divided into low, medium, and 
high risk depending on the number of quadrants of vascularisation (avascular, 1 to 2 quadrants, and 3+ 

quadrants, respectively). However, other studies investigating graft survival using various 

immunosuppressive agents have used varying definitions of a high risk graft. These discrepancies in 

definitions make comparisons of trials for different immunosuppressive therapies difficult.  

Preoperative risk 
factors 

Deep stromal vascularisation  

Previous graft rejection is the same eye  

Presence of inflammation in the eye at the time of transplantation  

Ocular surface disease  

Large diameter graft or proximity to limbus of the edge of the graft  
Allergic eye disease  

Young age of recipient  

Iris corneal touch  

Uveitis 

Postoperative risk 
factors 

Loose sutures  

Wound dehiscence  

Infection (microbial, herpetic)  

Graft inflammation  
Persistent epithelial defects on graft surface 

 
Table 1.  
Host risk factors contributing to high-risk corneal grafting. 
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Ciclosporin A 

Since its introduction by Borel et al. in 1976, ciclosporin A (CsA) has proved to be a powerful non-myelotoxic 

immunosuppressive agent used in organ transplantation [51]. A neutral hydrophobic cyclic undecapeptide, 

CsA has significantly improved the long term prognosis of solid organ transplantation although its use in 

corneal transplantation remains controversial. Despite this, topical CsA prepared either in olive or castor oil, 

has been used in high-risk patients both preoperatively and postoperatively [47]. The molecule’s 
immunosuppressive abilities are mediated by binding to two cytoplasmic proteins called cyclophilin A and 

cyclophilin D [52]. CsA inhibits CD4+ and CD8+ lymphocyte responses through inhibition of IL-2 transcription. 

Studies have shown that topical CsA penetrates the epithelium and achieves concentrations adequate for 

local immunomodulation in the corneal epithelium and endothelium, with negligible levels detected in the 

aqueous humour and plasma [53-55]. Despite this minimal systemic absorption of topical CsA, monitoring of 

renal and liver function is still recommended.  

Topical application has also been shown to achieve higher concentration levels in the corneal epithelium 

when compared to oral ingestion [55]. This local effect however reaches its peak only after several weeks to 
several months of use and therefore prolonged CsA administration is required for the prevention of graft 

rejection[56].  No serious side effects have been reported with the 0.05–2% preparations for periods of up to 

12 months; however, the use of topical CsA is limited by the local discomfort and epithelial toxicity 

associated with its use [57]. 

Whilst several case control studies have reported a benefit in using topical CsA 1% [58] or 2% [59] as a 

prophylactic agent in keratoplasty patients, randomised controlled trials using the only commercially 

available topical CsA (0.05%) have not been able to show any benefit in rejection prophylaxis [60, 61] or 
treatment. In the only published prospective, randomised study, Shimazaki et al. [62] could not demonstrate 

any positive prophylactic effect on graft rejection from systemic CsA administration.  

 

Azathioprine 

Azathioprine is a purine analogue, inhibiting purine synthesis and subsequent DNA and RNA protein 

synthesis. An S-imidazolyl derivative of 6-mercaptopurine, azathioprine’s major effect is T cell inhibition at 

clinically tolerable levels and B cell inhibition at higher doses. The immunosuppressive effects of azathioprine 

are assumed to be exerted by interference with adaptive metabolic processes occurring during the 
inductive phase of the immune response. As such azathioprine treatment is presumed to be helpful in the 

early phase of rejection but not in the later stages [63]. Although sparse case reports exist, the demonstrated 

efficacy of azathioprine in suppression of experimental corneal graft rejections has not led to a significant 

investigation at a clinical level.  

Smolin and Coster have independently reported that azathioprine may be beneficial in the early phase of 

rejection when used in combination with topical corticosteroids [63, 64].  However there are no published 

trials to support the use of this drug in the prevention of corneal transplant rejection. Furthermore, the 

cytostatic and biosynthetic properties of this drug are not without side effects such as bone marrow 
suppression, anaemic thrombocytopaenia and leucopaenia, which further limit the use of this drug [65]. The 

above facts are reflected in the almost non-existent use of this drug in post keratoplasty immunomodulation 

today [66, 67].  
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Cyclophosphamide 

Cyclophosphamide, a synthetic alkylating agent, was found to possess immunosuppressive properties in the 

1970’s [68]. Cyclophosphamide suppresses the humoral immune system, with resultant suppression of 

primary and secondary antibody responses as well as suppressing lymphocyte mitosis.  

In animal models, low doses of cyclophosphamide preferentially suppress T-suppressor cells, whereas 

higher doses affect both T-suppressor and T-helper cells, and results in suppression of delayed-type 
hypersensitivity and T-cell mediated humoral responses [69, 70]. Whilst cyclophosphamide has been shown 

to penetrate excised human and rabbit corneas, its use appears to be very restricted in corneal transplant 

patients [71]. This restricted use of cyclophosphamide is not surprising given that there are no human 

studies to date evaluating its efficacy after corneal transplantation. Animal studies addressing this subject 

are few and far between with contradictory results. 

 

Tacrolimus 

Tacrolimus (FK506) is a macrolide lactone discovered in 1984 from the fermentation broth of a Japanese soil 
sample that contained the bacteria Streptomyces tsukubaensis [72]. The extremely potent 

immunosuppressive effects of this drug stem from inhibition of lymphocyte activation. This effect is achieved 

in a similar manner to CsA with tacrolimus interfering with production of IL-2 via the intracytoplasmic 

calcineurin system [72]. However, the immunosuppressive potential of tacrolimus is 30–100 times greater 

than that of CsA [73] and tacrolimus has long been known to be superior to CsA in solid organ 

transplantation [74, 75]. 

Unlicensed tacrolimus has shown promise as an immune modulator in the prevention of graft rejection in 
high-risk corneal transplants.  In 1989 Kobayashi et al. first reported the usefulness of FK506 in preventing 

corneal graft rejection by utilising a subconjunctival injection route in a rabbit model [76]. Many animal 

studies have since reported on the efficacy of topical [77], periocular [78], intraperitoneal [79] and systemic 

[80] tacrolimus in preventing or delaying corneal graft rejection. Whilst there are also human studies 

reporting a beneficial effect from topical [81] and systemic tacrolimus [82], the optimal duration of treatment 

with tacrolimus as well as its efficacy in the treatment of acute corneal graft rejection remains unknown.  

Additional studies with human subjects are necessary to further evaluate the long term effects of this 

powerful immunomodulator on corneal graft survival including systemic absorption and side effects. 
However, there have been a number of concerns regarding the topical use of this drug. First, local immune 

deviation/ suppression may increase patients’ susceptibility to local infections and secondly there is concern 

that tacrolimus, even used topically, may be carcinogenic. The US Food and Drug Administration (FDA) 

issued a public health advisory in March 2005 about the potential cancer risk and advised that the 0.03% 

formulation of tacrolimus should be used only as labelled and for patients after other treatments have failed 

to work [83].    

 

Rapamycin 
Rapamycin, also known as sirolimus, is a macrolide antibiotic that acts by selectively blocking the 

transcriptional activation of cytokines thereby inhibiting cytokine production, T-cell activation and proliferation 

as well as the activation of p70 ribosomal protein S6 kinase [84]. It possesses both antifungal and 

antineoplastic properties and has been successfully used in combination treatment with mycophenolate 

mofetil after PK in patients at high risk of rejection [84]. 
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Rapamycin and mycophenolate mofetil seem to be similarly efficacious when used alone in preventing 

immune reactions after high-risk keratoplasty but rapamycin displays a broader spectrum of side effects [85]. 

Despite this, the chief advantage of sirolimus over other calcineurin inhibitors is its low toxicity profile. 

 
Mycophenolate Mofetil 
Mycophenolate mofetil (MMF) is another immunosuppressant used in high risk corneal transplantation. It is a 

prodrug of mycophenolic acid and a reversible inhibitor of inosine monophosphate dehydrogenase  (IMPDH) 

in purine biosynthesis, more specifically guanine synthesis. As T and B cells are predominantly dependent 

on the de novo synthesis of guanosine nucleosides, the purine biosynthesis of these cells is relatively 

selectively inhibited. Other cells are able to recover purines via a separate, scavenger pathway and are thus 

able to escape the effect.  

 

As an immunosuppressant, it has drastically reduced the incidence of acute rejection in solid transplant 
recipients and is being increasingly utilised as a steroid sparing treatment in immune-mediated disorders. 

MMF is given in a dose of 2 g (1 g twice daily) with routine blood samples being taken every 2–4 weeks to 

check for drug toxicity [86]. MMF has been found to be equally effective in preventing corneal allograft 

rejection compared with CsA [86]. Common adverse drug reactions (≥1% of patients) associated with MMF 

treatment include diarrhoea, nausea, vomiting, infections, leukopenia, and/or anaemia. Additionally, the FDA 

has issued an alert that patients on mycophenolate mofetil and mycophenolic acid are at increased risk of 

opportunistic infections, such as activation of latent viral infections, including shingles, other herpes 
infections and cytomegalovirus [86].  

 
Daclizumab 

Recent advances in the fields of immunology, molecular biology, and immunopharmacology have greatly 

contributed to our understanding of corneal graft rejection and allowed the development of newer treatment 

modalities not only to stem graft rejection but consequently to improve graft survival. Daclizumab is one of a 

number of these newer treatment modalities. It is a therapeutic humanised monoclonal antibody to the alpha 

subunit of the IL-2 receptor of T cells and allows for effective suppression of T lymphocytes without impairing 
the function of the entire immune system [87].  

It has been used for the prevention of solid organ transplant rejection, mainly the kidney and the heart. 

Daclizumab seems to be well tolerated and is given subcutaneously at a dosage level of 2 mg/kg once every 

2 weeks, commencing the first dose an hour before the transplant operation and continuing for five further bi-

weekly doses given after the transplant. This dosing regimen saturates the receptors and prevents T cell 

activation and thus formation of antibodies against the transplant. Daclizumab has the advantage of reducing 

the incidence and severity of acute rejection in kidney transplantation without increasing the incidence of 

opportunistic infections. Daclizumab has also been used to slow the progression of autoimmune diseases, 
particularly that of birdshot chorioretinopathy, but the effects of daclizumab in corneal graft rejection remains 

to be determined [87]. 
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Basiliximab 

Basiliximab (trade name Simulect) is a chimeric mouse-human monoclonal antibody to the α chain (CD25) of 

the IL-2 receptor of T cells that has been used to prevent rejection in organ transplantation [88]. Two doses 

of the medication are given, the first within 2 hours of the start of the transplant operation and the second 4 

days after the transplant. The drug saturates the IL-2 receptors of T cells and therefore prevents these T 

cells from replicating and activating the B cells, which are responsible for the production of antibodies, which 
would stimulate an immune response against the transplanted organ. 

Like daclizumab, basiliximab reduces the incidence and severity of acute rejection in kidney transplantation 

without increasing the incidence of opportunistic infections. Additionally, it has been found to be a well-

tolerated, effective and safe anti-rejection drug in paediatric and adult liver transplant recipients when given 

in conjunction with calcineurin inhibitor based immunotherapy [89]. With regards to corneal transplantation, 

basiliximab has a lower efficacy in preventing immune reactions after high risk PK than CsA; however, the 

side effect profile of basiliximab is more favourable than that of CsA [90]. 

 
Future Directions 
 
The requirement for an effective, minimally toxic immunosuppressive regimen remains a major obstacle to 

performing high risk human corneal transplantation. Two broad approaches are currently being explored for 

the development of novel therapies to prevent corneal graft rejection: first, the production of peptides or 

small proteins that can be delivered to the eye topically and the second, in-vivo production of proteins by 

following gene therapy [91]. Topical administration of intact antibody molecules is not feasible since these 
molecules do not pass through the ocular surface; antibody fragments, on the other hand, will penetrate this 

surface provided they are appropriately formulated [92]. Whether such antibody constructs will prove to be 

useful immunosuppressant’s for corneal transplantation remains to be determined. 

New insights into the molecular mechanisms of corticosteroid mediated actions have led to studies on new 

substances called selective glucocorticoid receptor agonists in corneal transplantation. Topical application of 

selective glucocorticoid receptor agonists was found to significantly prolong corneal graft survival in an 

experimental keratoplasty model suggesting that it can be a potentially useful drug to suppress the immune 

response [93]. 
The cornea is well suited to gene therapy as corneal endothelial cells are readily transfected [94]; this can be 

achieved ex vivo, in the case of a donor cornea, or in vivo by injecting the construct into the anterior 

chamber. The relative immune privilege of the cornea and anterior chamber, mentioned earlier, may permit 

the use of vectors that are otherwise immunogenic.  

 
Issues of Compliance 
 
Even with the medical interventions to prolong graft survival, treatment sometimes fails as a result of poor 
patient compliance with their prescribed medications. The average adherence rate (the degree to which 

patients correctly follow prescription instructions) for medicines taken only once daily is nearly 80% and 

declines to about 50% for treatments that must be taken 4 times a day. As many as 75% of patients (and 

50% with a chronic illness) fail to adhere to, or comply with physician prescribed treatment regimens. 

Although there are many other factors that would contribute to patient compliance (physician/patient 
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relationship, patient and family characteristics, cost, etc.) which are outside of the scope of this chapter, 

there are a number of medication related factors that can be highlighted. These include the duration of 

treatment (compliance decreases over the treatment period for acute conditions), complexity of the dosing 

schedules (greater compliance with simpler dosing schedules), and the form in which the medication is 

administered [95]. With regards to the latter, novel technologies are available to enhance compliance. With 

regards to the eye, there is the possibility of using biodegradable polymers as a drug carrier for controlled-
release systems [96], thereby by-passing the need for frequent daily administration. The effect of a topical 

tacrolimus (FK506) nanospheric suspension made using a biodegradable polymer in a rat model of PK has 

already been studied with favourable results in delaying the occurrence of corneal allograft rejection and 

prolonging allograft survival time [97]. 
 
Conclusion 
 

The success of corneal transplantation and the long-term survival of transplants is dependant not only on the 
quality of the donor material and surgical skill, but in the pharmacotherapy of reversing rejection and 

minimising damage from any rejection episodes. Reversing rejection in high-risk grafts is a significant 

challenge and there remains a paucity of evidence to support treatment regimens other than the widely 

adopted combination of intensive topical corticosteroids and systemic prednisolone. Newer 

immunosuppressive agents such as MMF, CsA, and tacrolimus have a role in the prevention of graft 

rejection in high-risk cases. The protection offered by immunosuppression is abrogated upon discontinuation 

of these drugs and monitoring of side effects is essential in their long-term use. More randomised controlled 
trials involving these established immunosuppressive agents and, as our knowledge of the immunopathology 

of transplantation increases, greater research into newer modalities of treatment will help to provide better 

long-term outcomes for corneal transplant recipients. 

 

The preceding section has been published in large part as: 

Ziaei, M., E. Sharif-Paghaleh and B. Manzouri (2012). "Pharmacotherapy of corneal transplantation." Expert 
Opin Pharmacother 13(6): 829-840 [98] 
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CHAPTER 2 
 

Wound Healing in the Eye, Therapeutic Prospects 
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Introduction 
 

To maintain a smooth optical surface, the corneal epithelium has to continuously renew itself to function as a 

barrier to fluctuating external surroundings and various environmental insults. After trauma the cornea 

typically re-epithelialises promptly, minimising the risk of infection, opacification or perforation. In the 

presence of certain risk factors such as dry eye disease, diabetic keratopathy, ocular cicatrising disorders, 
limbal stem cell deficiency (LSCD), chemical injury, exposure keratopathy, and neurotrophic keratopathy 

from prior herpetic keratitis or previous keratoplasty; epithelial defects can persist. A persistent epithelial 

defect (PED) is usually referred to a non-healing epithelial lesion after approximately two weeks of treatment 

with standard therapies to no avail. They occur following exposure to toxic agents, mechanical injury or 

ocular surface infections and are associated with significant clinical morbidity in patients, resulting in 

discomfort or visual loss. The incidence of PEDs is unknown but estimated to about 200,000 per annum in 

the USA although significantly higher in some other parts of the world. Management of patients with PEDs 

can be challenging and may require an extended treatment and follow-up period. Although significant 
progress has been made in recent years, pharmaco-therapeutic agents that promote epithelial healing 

remain limited. In this chapter, a review of current standard therapies, recently introduced alternative 

therapies gaining in popularity, and a look into the newest developments into ocular surface wound healing is 

given. In particular two aspects of wound healing in the eye will be reviewed: repair and maintenance of the 

corneal epithelium which faces the external environment, and maintenance of the corneal stroma which 

provides the cornea‘s structural integrity. 

 

The corneal epithelium 
 

The corneal epithelium is an ectoderm derived, non-keratinised, stratified layer with a unique cytokeratin 
expression pattern and a reported thickness of between 48-53 μm [99, 100]. The corneal epithelium is a 

barrier composed of a series of tightly networked cells seven to eight cell layers thick and attached to the 

basal lamina through hemidesmosomes. Cells are attached to each other with desmosomes and 

communicate both within and between layers via gap junctions. The epithelium serves as the eyes first line 

of defence against trauma. It is a fast regenerating tissue that is maintained by the integrity and functionality 

of a specialised stem cell population, known as limbal stem cells (LSCs), located in the basal region of the 

limbus, a narrow transition zone surrounding the cornea [101].  

 
Regeneration of the corneal epithelial surface after an intrinsic or extrinsic insult appears to involve division, 

migration, and maturation of LSCs. The XYZ hypothesis proposes that the maintenance of the corneal 

epithelium can be represented by the formula X+Y=Z, where Z (desquamation), is the sum of X 

(proliferation) and Y (centripetal migration) (Figure 1) [102, 103].  
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Figure 1. 
(A) Overview of the anterior surface of the human eye, in which the sclera (with overlying conjunctiva) and 

cornea can be easily discriminated.  

(B) The limbus is highly pigmented in some individuals, and allows clear visualisation of the limbal palisades 

of Vogt.  
(C) Diagram of a cross section through the conjunctival, limbal and corneal epithelium. Limbal progenitor 

cells (a) differentiate into transient amplifying cells (b), post-mitotic cells (c) and finally terminally 

differentiated cells (d). Movement of cells in X, Y, Z direction is presented by proliferation of stem cells (a), 

differentiation and centripetal migration (b, c), and desquamation (d) respectively. Reproduced from [103] 

with permission. 

 
 

The wound healing response 

 
The wound healing response in the cornea is a convoluted process. An intrinsic cascade involving autocrine 

and paracrine cytokine mediated interactions between epithelial cells, stromal keratocytes, corneal nerves, 

and cells of the immune system control this process. The tissue wound healing response also varies 

depending on the severity of the inciting injury. Upon injury, epithelial cells evoke sequential steps attempting 

to efficiently seal the wound and to prevent potential opportunistic infection that can result in devastation of 
the eye. Epithelial wound healing occurs in a phased process with specific physiological functions [104].  

 

In the latent phase, no cell movement or change in cell numbers is evident but there is an increase in 

metabolic activity and a reorganisation of cell structures is observed [105, 106]. This is accompanied by an 

increased synthesis of several cytoskeletal proteins with several integrins e.g. α6 and β4, located at the 

basal area of epithelial cells responsible for the linkage of cytoskeletal components to the underlying 

basement membrane [107]. In the migration phase, cells surrounding the wound migrate over and cover the 

denuded area [108], a process which is highly dependent on the synthesis of a cytoplasmic array of actin-
rich stress fibres and readily blocked by the use of topical anaesthetic drugs [109]. This is followed by the 

proliferation phase in which epithelial cells proceed to divide and differentiate, restoring the epithelium’s 

original structure and intercellular junctions [110]. The proliferative response appears to be 

compartmentalised to the limbal region with cells at the leading edge not showing an increased rate of 

proliferation [111]. The final phase is characterised by the establishment of cell-substrate attachments 

observed in non-motile epithelium [112]. These phases are often overlapping and allow for the coverage of 
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the wounded epithelium, restoration of normal cell density and reformation of cell attachments. PEDs occur 

when there is a failure of mechanisms which promote corneal epithelialisation. 

 

Wound healing modulation 

 
The first step in the management of any epithelial abnormality is to determine and address the underlying 
aetiology. Numerous pharmacological agents are currently employed to modify wound healing in patients 

with a PED. Patients are currently treated using a step ladder management approach utilising a series of 

interventions. We will now review some of the currently available and emerging pharmaceutical agents. It is 

beyond the scope of this chapter to discuss surgical treatment options such as tarsorrhaphy, therapeutic 

excimer laser ablation and amniotic membrane transplantation. 

 

Traditional treatment strategies for the ocular surface 

 

Discontinuation of medication 

The first goal when dealing with a PED is to provide the eye with an environment conducive to the innate 

healing ability of the ocular surface. An often overlooked cause of poor ocular healing is “medicamentosa” or 

toxic keratitis stemming from topical ophthalmic medication or preservatives in eye drops. Preservatives such 

as benzalkonium chloride (BAK) and Polyquaternium-1 are typical culprits as they are almost ubiquitously 
deployed in ophthalmic preparations and have consistently been shown to have toxic effects in laboratory, 

experimental, and clinical studies [113-116].  In the setting of a PED, switching to preservative free 

medication or a different agent or stopping treatment altogether may prove to be curative. 

 

Tear substitutes and lubricants 

Pharmaceutical tear substitutes provide lubrication but not nutrition. Aggressive lubrication is typically a first-

line therapy in dealing with patients with a PED. This typically involves the frequent application of 

preservative-free drops or sterile ophthalmic ointment [117]. Various pharmacological lubricant preparations 

are currently available to treat PED include hydroxypropyl methylcellulose (HPMC), polyvinyl alcohol, and 

sodium hyaluronate. Whilst topical administration of such lubricants appears to accelerate the healing of the 
corneal epithelium [118, 119], lubricants alone are generally insufficient to treat PED [120].  

 

Corticosteroids 

Glucocorticoids are reported to be synthesised naturally in the human ocular surface and regulate over 4000 

genes in human corneal epithelial cells [121]. In the cornea, glucocorticoids inhibit blood and lymphatic 

vessel growth, reduce inflammation and increase epithelial integrity under hypoxic conditions [121]. Although 

much research has been done on the effect of steroids on corneal wound healing, the results remain 
contradictory with the molecular mechanism of action of steroids yet to be fully characterised. Traditionally, 

steroids have been thought to hinder epithelial wound healing as they inhibit fibroblastic activity (65), reduce 

epithelial cell migration [121] and increase the risk of secondary microbial keratitis [122, 123]. On the other 

hand, there are a number of animal and human studies that report the use of steroids to be safe with no 

significant effect on corneal epithelial wound healing times [124-126]. Corticosteroids have also not been 
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shown to affect the minimum inhibitory concentration of antibiotics or the proliferation of organism in vitro 

[127-130], but the long-term use of topical corticosteroids may increase the risk of corneal perforation and 

can lead to glucocorticoid-induced glaucoma and cataract. They are therefore used sparingly in patients with 

PED and often employed only in the presence of significant ocular surface inflammation [131].  

 

Contact lenses 

Contact lenses can be effective in the treatment of PEDs as they promote corneal re-epithelialisation. 

Lenses protect advancing epithelial cells from the shearing forces of the eyelid [132, 133], maintain a stable 

tear film, retain a matrix over the denuded corneal stroma and provide a platform to assist epithelial cell 
migration [134].  

 

Soft contact lenses 

The most common used soft lenses are conventional hydrogel or silicone hydrogel lenses [22]. Hydrogel 

lenses have a stable crosslinked polymer matrix which is interspersed with an aqueous component. The 

resolution of PEDs using hydrogel contact lenses is well documented with 50% of recurrent epithelial 

erosions healing with extended wear of these lenses coupled with topical lubrication [135]. However, the 

conventional hydrogel lens is prone to dehydration which subsequently leads to a reduction in oxygen 

transmission making it less attractive for the treatment of patients with PED [136].  

Silicone hydrogels tend to have a higher oxygen transmissibility, higher water content and a higher modulus 
compared to conventional hydrogel lenses [137]. These lenses are also less prone to protein deposition 

through adjunct drop use [138]. It seems reasonable to consider these lenses more favourable to 

conventional hydrogel lenses when treating PED patients as these patients often have an increased oxygen 

demand compared to healthy subjects and are also at a higher risk of infection due to the breakdown of the 

epithelial cell layer [139]. In one study, 15 out of the 19 PEDs completely epithelialised after extended wear 

of a very high oxygen transmissibility silicone hydrogel contact lens with the four unsuccessful cases 

suffering from severe dry eye disease or chemical injury. The lenses were well tolerated with a median wear 

time of 21 days, and a low rate of microbial keratitis was reported [140]. 
 

Potential adverse effects of soft contact lens use include corneal oedema, stromal infiltration, 

neovascularisation, endothelial polymegathism, and most seriously microbial keratitis. It has been proposed 

that soft contact lenses interfere with the normal flushing activity of tears thereby promoting the proliferation 

of microorganisms [141]. These devices should therefore be used in conjunction with a broad spectrum 

antibiotic drop to reduce the risk of infectious keratitis and patients should be followed up closely [142, 143]. 

 

Rigid gas permeable lenses 

Standard corneal rigid gas permeable (RGP) lenses have a limited role in the treatment of PEDs due to their 

size. RGPs are often mobile over the surface of the cornea leading to abrasive forces on a healing 
epithelium with the lens edge resulting in epithelial desiccation [139]. RGP lenses have been “glued” to the 

cornea as a management strategy for PED particularly after extensive corneal damage through chemical 

injury. It was hypothesised that the process of gluing a lens onto denuded cornea would prevent stromal melt 

and infiltration and avoid conjunctivalisation of the cornea. However the results have been disappointing with 

complications reported in up to 92% of patients with almost one-third requiring surgical intervention [144]. 
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Scleral contact lenses 

Prosthetic Replacement of the Ocular Surface Ecosystem (PROSE; BostonSight™, Needham, MA, USA) is 

an FDA approved customised, fluid-ventilated, gas-permeable scleral contact lens device [145]. It is thought 

to promote ocular surface healing by maintaining an optimally hydrated and oxygenated microenvironment 

for a fragile epithelial surface, whilst providing a physical barrier from blink-related micro trauma [133]. 

 

In one uncontrolled retrospective study, PROSE successfully managed to achieve epithelial closure in 13 out 

of 22 patients with refractory PEDs with the device worn on a 24 hour basis with frequent cleansing and 
replacement of antibiotic and tear film substitutes [133]. In another retrospective case series of 14 patients 

with PED, the PROSE device successfully resulted in corneal healing in 6 patients after continuous wear 

[146]. Overnight use of the device has also been shown to aid in corneal epithelial healing [147]. It has also 

been shown to be effective in treating PED recalcitrant to treatment with soft bandage contact lenses [148, 

149]. A significant drawback of this device is the high frequency of patient follow-up, the recurrence of 

epithelial breakdown after treatment discontinuation [133], and the significant risk of microbial keratitis which 

has been reported to be as high as 29% when dealing with patients with chronic ocular surface disease 
[146]. 

 

 

Modern treatment strategies  

 

Growth factor derived products 

A number of growth factors such as epidermal growth factor (EGF), keratinocyte growth factor 1 (KGF-1), 

insulin-like growth factor (IGF), platelet-derived growth factor (PDGF), nerve growth factor (NGF), 

transforming growth factor-β (TGF-β), and hepatocyte growth factor (HGF) are actively involved in corneal 

wound healing [150]. These low molecular weight molecules are strong mitogens of corneal epithelial cells 

and enhance corneal epithelial proliferation and have been utilised to modulate the corneal wound healing 

response. 

 

Epidermal growth factor (EGF) 

EGF is thought to enhance proliferation of epithelial cells in the limbus and in the peripheral cornea and the 

use of topical EGF has been reported to speed up wound healing in numerous experimental models of 
corneal injury [151-154]. In one open label study, nine patients were treated for a period ranging from 4 to 

13 days resulting in re-epithelialisation in seven out of nine subjects. No ocular toxicity or neovascularisation 

was reported with all patients reporting an increase in comfort levels [155]. However, a prospective, double 

blind, randomised, placebo-controlled trial investigating the topical application of human recombinant EGF 

(hEGF) ophthalmic solution (30 or 100 micrograms/ml) after PK reported no significant difference in the 

epithelial healing compared to placebo [156].  
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Insulin-like growth factor (IGF) 

Insulin-like growth factor-1 is a liver secreted, multifunctional peptide that shares structural homology with 

proinsulin. Insulin-like growth factor (IGF)-1 and IGF-1 receptor (IGFR) are expressed in corneal and 

conjunctival epithelium and are thought to play a role in promoting corneal epithelial cell migration and 

corneal limbal stem cell differentiation [157-159].  

 
Topical IGF has been shown to improve corneal epithelial defects in patients with neurotrophic PED in 

isolation or when combined with substance P [160-162]. Substance P is a peptide of 11 amino acids that 

plays a key role in a wide variety of physiological processes and is the primary neurotransmitter of sensory 

nerves in the cornea. It is thought that it works synergistically with IGF-1 to stimulate corneal epithelial 

migration [163]. The concentration of substance P has been shown to be reduced in the tear fluid of patients 

with PED [164].  

 

In a recent study, 73% of eyes responded to dual treatment with topical IGF and substance P with complete 
epithelial resurfacing being achieved within 4 weeks with an associated increase in visual acuity and corneal 

sensation [165]. No adverse effects of the treatment regimen were apparent in any of the study participants. 

 

Nerve growth factor (NGF) 

Nerve growth factor (NGF) is a member of the neurotrophin family which is integral to the survival and growth 

of sympathetic and sensory neurons [166]. This polypeptide provides trophic support after neuronal injuries, 

reverses pathological nerve changes and promotes the sprouting of neurites [166-169]. NGF and NGF 

receptor protein and mRNA have been identified on cell membranes of the human cornea [170]. NGF is 

thought to promote corneal epithelial cell migration, increase matrix metalloproteinase-9 (MMP-9) expression 

and enhance fibroblastic-keratocyte differentiation [171-173]. 
 

Topical NGF has been used to treat PED’s secondary to a variety of congenital [174] and acquired 

neurotrophic keratopathy [175, 176]. In a study evaluating the efficacy of topical murine NGF therapy in 14 

eyes with PEDs from various aetiologies, all patients had complete corneal healing after 10 days to 6 weeks 

of treatment [177]. In another study, 12 to 42 days of topical murine NGF treatment resulted in complete 

healing of all patients with a neurotrophic PED. Interestingly, except in a few cases, no relapse of the 

disease occurred during the follow-up period [176]. 

 
There are, however, concerns regarding potential adverse effects of topical NGF treatment including 

conjunctival hyperaemia, photophobia, ocular and periocular pain, and corneal neovascularisation which has 

been reported to occur in up to 64% of treated subjects [177, 178]. This has not detracted from the attention 

that NGF has received from pharmaceutical companies keen to develop agents aimed at inhibiting NGF's 

degradation, prolonging its biological half-life and enhancing its biological activity. Recombinant human NGF 

has recently been commercialised (Dompé Farmaceutici) and recent Phase II clinical trials evaluating the 

safety and efficacy of this treatment for patients suffering from neurotrophic PED have led to FDA approval in 
the United States [179].  
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Human growth hormone (HGH) 

HGH is a pituitary hormone required for normal human tissue growth and development that has long been 

known to activate cells division. This anabolic protein has recently been shown to influence corneal thickness 

and biomechanics [180, 181]. HGH exhibits a complex system of interaction with various other growth factors 

such as IGF-1, EGF, bFGF, and NGF, all of which are implicated in patients with PEDs and therefore would 

be a potential agent to modulate epithelial wound healing [182, 183].  
 

Whilst topical application of HGH has been shown to promote corneal epithelial wound healing both in vitro 

and in vivo, most likely via increasing epithelial cell migration, no human studies have been conducted to 

date [184].  

 

 

Amniotic membrane based products 

 
Transplantation of amniotic membrane (AM), the innermost layer of the placenta, has long been known to 

promote corneal epithelial wound healing. It is thought to achieve this by providing a substratum for cell 

migration and releasing supportive growth factors and cytokines which lead to adhesion of basal epithelial 

cells, epithelial differentiation and down regulation of cell apoptosis [185-188]. AM also reduces 

angiogenesis, inflammation, fibrosis [188, 189] and has been shown to have antimicrobial properties [188]. 

 

A number of AM containing products have recently been commercialised as medical devices to be used as 
an alternative to surgical transplantation. The use of such devices has a number of advantages as they allow 

for early delivery of beneficial biological factors and can be easily replaced thereby allowing for replacement 

of the reservoir of cytokines and growth factors. Furthermore, they eliminate the need for surgical 

manipulation of inflamed and diseased ocular tissue precluding additional surgical trauma and can be used 

to treat patients under intensive care [190]. 

 

ProKera 

ProKera (Bio-Tissue, Inc, Miami, Florida) is a class II medical device approved by the FDA to be used as a 

self-retaining, suture-less, temporary amniotic membrane patch for the corneal surface. It is a contact lens 

like device with a piece of cryopreserved AM clipped onto a concave poly-carbonate dual-ring design, with 
an inner diameter of 15-16mm.  

 

ProKera has been effectively utilised in small, non-controlled case series to treat epithelial defects secondary 

to alkali burns [191], severe microbial keratitis [192], toxic epidermal necrolysis [193] and Stevens-Johnson 

syndrome [194], with investigators reporting a reduction in ocular surface inflammation, and enhanced 

corneal epithelialisation.  

 

However, accumulation of inflammatory debris often leads to clouding of the AM and potentially reduced 
effectiveness. The device therefore needs to be replaced every 5 to 7 days to refresh its proclaimed anti-

inflammatory properties [191]. The device is also not able to address cicatricial complications in the fornix, 
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tarsus, and eyelid margin as it is unable to cover these regions as effectively as a sutured AM transplantation 

[193], and can cause ocular irritation as its size is not customizable [195]. 

 

AmnioClip 

AmnioClip is a contact lens like device which delivers a piece of cryopreserved AM between an outer silicone 

ring and an inner steel ring. The device is yet to be commercialised but a preliminary study reported 

promising outcomes in its use for treating patients with refractory PED [196].  

 

Omnigen 

Omnigen (NuVision Biotherapies, Inc, Nottingham, UK) is a dry, AM derived biological bandage which is 

produced using a patented manufacturing process. The product initiates the release of beneficial amnion 
constituents after rehydrating from ocular surface moisture. It is marketed to be superior to cryopreserved 

AM as the drying process has been shown to be less harmful to AM epithelium thereby allowing for greater 

wound healing factor retention and providing a more sustained EGF, HGF, PDGF and TGF-β release in vitro 

compared to cryopreserved and fresh AM [197]. Pre-clinical studies are keenly awaited.  

 

Others 

A number of investigators have utilised “homemade” AM patch devices to treat patients with ocular surface 

disease. A symblepharon ring carrier for the AM serves as a therapeutic contact lens and has been used to 

treat ocular surface epithelial defects with good results [190, 198-201]. Wide spread use of these devices is 

limited as they are not commercially available. 
 

Amniotic membrane extracts 

The biochemical effects of AMT can be achieved through the use of amniotic membrane suspensions 
containing a plethora of various growth factors such as HGF, EGF and FGF [202]. The mechanism of 

corneal re-epithelialisation via AM suspension appears to be predominantly mediated by HGF and EGF but 

such suspensions have also been shown to induce expression of proliferating cell nuclear antigen and MMP-

9 whilst down-regulating interleukin-1β expression [202, 203].  

 

Extracts and suspensions of AM have also been shown to modulate corneal wound healing and suppress 

neovascularisation [202, 204-206], with one in vivo study reporting it to be superior to treatment with 

autologous serum or artificial tears [207]. The reported antibacterial properties of AM also make AM based 
suspensions attractive in dealing with cases of PED where there is a suspicion for bacterial superinfection 

[202, 208]. 

 

A number of researchers have investigated the topical application of AM suspension drops to modulate 

corneal epithelial wound healing [209]. In one study, 21 patients with a variety of ocular surface diseases 

were treated with this suspension which led to corneal re-epithelialisation after 15-30 days in all patients with 

no reported side effects [210]. In a prospective non comparative interventional case series, 14 eyes of 11 
patients with acute or chronic chemical burns were treated with AM extract instilled hourly for the first 4 

weeks or until the epithelial defect healed, then once every two hours for another 2 weeks. All eyes with 

acute burns achieved complete corneal epithelial healing with a suppression of ocular surface inflammation 
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and stromal melting. Treatment with this extract failed to close PED in eyes with chronic burns suggesting a 

limitation of this agents in dealing with cases with profound LSCD [203].  

 

In a retrospective case series of 3 patients with PED secondary to cicatricial ocular surface disease, 

combination treatment with twice daily topical AM extract, topical lubricants, autologous serum, bandage 

contact lens, and tarsorrhaphy resulted corneal epithelialisation in 7.3 ± 2.6 days accompanied by a 
significant relief of symptoms, reduction of ocular surface inflammation and improvement of visual acuity in 

all patients [211]. 

 

AM extracts have various potential merits compared to traditional AM transplantation including ease of 

repeated use, lower expense and enhanced microbiological safety but randomised controlled studies are 

warranted to prove their efficacy.   

 

Blood derived products 

 
Haemoderivatives have several components that can also be found in tears. They contain growth factors, 
cytokines and nutrients which support epithelial cell growth and have bactericidal and bacteriostatic 

properties [212]. The use of haemoderivatives for ocular surface disorders was first described in the 1940’s 

and gained popularity in the 1990’s [213]. 

 

Autologous serum eye drops 

Serum is the fluid component of blood devoid of cellular components and clotting factors. Autologous serum 

eye drops (ASEs) are prepared from centrifuged whole blood which has been allowed to clot and diluted to 

achieve the desired concentration. ASE are packaged into single-use, single-dose drops and possess 

biochemical properties close to those of human tears [214]. These drops contain EGF and fibronectin 

concentrations comparable to that of the tear film, while vitamin A and TGF-β concentrations are reportedly 
much higher in serum compared to tears. Therefore, many clinicians dilute ASE to more closely match the 

concentration found in natural tears [215, 216].  

 

In one of the first published studies, 16 eyes with a PED for a mean duration of 7.2 months were treated with 

20% ASE, six to ten times a day with frequent co-application of topical artificial tears. Nine patients achieved 

complete surface healing with seven responding within 2 weeks and three within 1 month. No apparent side 

effect of autologous serum application was observed [215]. 

 
In another study, 25 eyes with PEDs secondary to various aetiologies, 92% healed with 50% ASE therapy 

within an average of 22.4 days [217]. The authors unsurprisingly reported that for PEDs the duration of 

presence of an epithelial defect was directly proportional to the length of treatment required [217]. In a similar 

study of 15 eyes with PEDs, nine healed after a mean treatment duration of 29 days after initiation of 100% 

ASE therapy [218]. In a prospective study evaluating the role of different dilutions of ASE in treating patients 

with PED, 100% ASE treatment resulted in significantly faster epithelial healing when compared to 50% 

ASE, diluted with various compounds such as normal saline, hyaluronic acid and cefuroxime [219]. 
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ASEs have also been successfully used in combination with soft contact lenses in a few small case series 

[136, 138, 220]. In a prospective interventional study of 21 eyes of 21 patients with PEDs, this combination 

treatment resulted in complete resolution of the epithelial defect within 3 weeks in all patients [138]. Whilst no 

adverse events were noted, 50% of patients developed a recurrent epithelial defect after initially successful 

treatment. In a small retrospective study, five out of the six eyes with PED treated with dual therapy, re-

epithelialised after a treatment period of 14.2±8.9 days. No serious complications were reported but deposits 
on the anterior surface of the contact lens were observed in 50% of cases [221]. 

 

Whilst the results of uncontrolled studies seem to support the use of ASE for the treatment of PED, there are 

a number of issues that need to be overcome before their use can become main stream. The time and 

labour intensive cost of such preparations and the inherent risk of blood born infections from allogeneic 

preparations are major concerns [213, 222]. Whilst allogeneic preparations have been theorised to increase 

the risk of an inflammatory response given that the conjunctival and corneal surfaces possess ABO antigens 

[223], clinical studies have demonstrated the safety of using such allogeneic preparations without the need 
for matching donors with recipients [222, 224]. There is also a theoretically increased risk of infection as ASE 

preparations do not contain any preservatives [214]. Finally, there are issues concerning the manufacturing 

and storage of the drops, with one study reporting Vitamin A, EGF, and TGF-β levels diminishing after 

prolonged storage [215]. The goal of future studies is to emulate the beneficial effects of ASE through 

biosynthetic components obviating the need for biological materials. 

 

Platelet-derived plasma preparations 

Platelets are a source of a variety of cytokines and growth factors which serve an important role in the 

wound-healing process [225]. As platelet concentrates cannot be stored for any considerable period of time, 

stimulation with various agents is required to release the growth factors stored in platelets into the 
supernatant. Plasma rich in growth factors (PRGF) is an autologous platelet-enriched plasma activated with 

calcium chloride, whilst Platelet-rich plasma (PRP) is produced through an additional centrifugation step 

[213]. Such platelet-derived plasma preparations contain high levels of growth factors and have been shown 

to support corneal epithelial cell proliferation more effectively than serum in in vitro studies [226]. 

 

In a prospective noncomparative case series of 20 eyes with PEDs, PRGF resulted in healing of 85% of 

patients in an average of 10.9 weeks. Whilst the results were encouraging most patients were continued on 

other treatments making it difficult to accurately assess the effect of PRGF on wound healing. Of particular 
interest is the fact that six of the patients in this study were previously unsuccessfully treated with ASE [227]. 

 

In a prospective non-randomised observational study of 26 eyes with PEDs, PRP treatment resulted in 

complete re-epithelialisation in 50% and partial re-epithelialisation in 42% of subjects. No eye had a 

recurrence during a follow-up period of 6.3±4.2 months with treatment resulting in reduced ocular surface 

inflammation and improved patient symptoms [228]. In another clinical study of 28 eyes with post infectious 

PEDs, PRP therapy's efficacy was compared with that of ASE. All eyes treated with PRP achieved complete 
re-epithelialisation, whereas only 70% achieved complete healing in the ASE group. The rate of 

epithelialisation was also faster in the PRP group [229].  
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Platelet derived agents are generally well tolerated and do not appear to promote corneal neovascularisation 

[229] and in contrast to serum, are readily available from blood banks as quality-controlled products [213]. 

However, the most effective concentration for ocular surface healing is still unknown and it is possible that 

too high a concentration could induce harmful effects including corneal neovascularisation and ocular 

surface inflammation through increased bioavailability of EGF and proinflammatory cytokines such as the 

soluble CD40 ligand [229].  
 

Umbilical cord serum 

Umbilical cord blood serum (CBS) is obtained from the umbilical vein at the time of delivery and contains 
many growth factors which are also present in tears and serum. CBS therapy is an attractive option as it 

contains EGF, FGF, fibronectin, NGF, substance P, and anti-proteases like α2 macroglobulin in 

concentrations higher than that of serum [230]. CBS has also been reported to contain hematopoietic and 

mesenchymal progenitor cells [231]. 

 

In a randomised controlled clinical trial of 60 patients, the median percentage decrease in the size of the 

epithelial defect in patients with PED was greater in the CBS group at days 7, 14 and 21 when compared to 
ASE. The CBS treatment group also had a significantly higher rate of re-epithelialisation (58%) when 

compared to the ASE group (38%). The study found that the use of CBS was safe and non-toxic to the 

ocular surface [232]. In a small study of 14 eyes with a PED, treatment with CBS resulted in complete re-

epithelialisation of 85.7% of patients within 4 weeks and 100% of patients within 8 weeks [233]. These 

results have been replicated in other smaller studies [234]. 

 

CBS therapy has many advantages compared to other blood products. It is easily accessible, available in 

large quantities and has the potential to be prepared in advance. It is also reported to be free from bacterial 
and fungal growth [230, 233], and does not incite an inflammatory response when applied to the ocular 

surface [235]. Disadvantages include the possibility of transmission of blood-borne diseases or allergic 

reactions to CBS constituents. There are also potential legal and ethical issues regarding the use of CBS as 

well as uncertainty regarding the optimal dilution of the agent to achieve maximal therapeutic effect. 

 

Fibronectin 

Fibronectin is a major glycoprotein of the extracellular matrix and supports the adhesion and migration of 

various cell types [236-238]. The fibronectin molecule contains repeating domains which themselves contain 

binding sites for integrin, which serves as a fibronectin receptor. In animal models, fibronectin has been 

found to enhance corneal epithelial wound healing for 24-72 hours [236, 239]. Clinical results have, however, 
been mixed. 

 

In a double-masked, randomised clinical trial, topical autologous fibronectin (3.5 mg/ml) application was not 

found to reduce corneal epithelial defect size after 21 days of treatment in 65 patients with PEDs. The 

therapy did however show a beneficial effect for patients with large baseline defects (≥10 mm2), with defects 

of longer duration less likely to respond to treatment [240].  
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In another randomised, prospective, double-masked study six eyes received homologous human fibronectin 

(0.3mg/ml), mixed with gentamicin and lubricating drops, 4 times a day. Four eyes of diabetic patients had 

successful epithelial healing whilst two corneas with defects secondary to thermal injury did not respond 

[241]. In a small uncontrolled trial of 6 patients, treatment with topical fibronectin (0.5 mg/ml) administered 

five times a day, for three weeks resulted in complete re-epithelialisation in five patients. Three healed 3-17 

days after initiation of treatment while two healed 1-2 weeks after discontinuation of topical fibronectin. Whilst 
no side effects were observed, two recurrences were noted 3-18 months after discontinuation of treatment 

[242]. In another uncontrolled study, twenty eight eyes of twenty five patients with PED were treated with 

homologous fibronectin (0.5mg/ml) eye drops 5 times a day. Complete re-epithelialisation was achieved in all 

but two eyes with a mean epithelial healing time of 68.1 days. Over an average follow-up period of about 8 

months two cases of recurrence were noted [243]. 

 

Whilst fibronectin based treatments have potential in modulating wound healing, they suffer from several 

drawbacks such as a difficult manufacturing and storage process. These products also carry an inherent risk 
of blood-borne infections and possess a limited biological lifespan [243].  

 

Others 

 

Pro-His-Ser-Arg-Asn (PHSRN) 

The amino acid sequence Pro-His-Ser-Arg-Asn (PHSRN) is believed to function as a secondary binding site 

of fibronectin [244] which mimics many of the effects of fibronectin on corneal epithelial cells [245]. This 
fibronectin-derived peptide sequence has been shown to upregulate the expression of the tight-junction 

protein Zonula occludens-1 (ZO-1) and heat shock protein 70 through activation of protein kinase signalling 

pathways in the corneal epithelium [246, 247]. PHSRN treatment has been found to promote corneal 

epithelial migration in vitro [245].  

 

In an open uncontrolled clinical study the peptide PHSRN were administered on a 4 times a day basis in 7 

patients with PEDs. After a mean treatment duration of 15.8 days the epithelial defects in 5 of the 7 affected 

eyes successfully healed [248]. In another small study, two patients with corneal perforation secondary to a 
chronic PED were treated with PHSRN for a period of 28 days, which resulted in rapid resurfacing of the 

epithelial defect. [249]. This was followed by complete corneal stromal reconstitution suggesting a direct 

effect of PHSRN on corneal stromal cells.   

 

The development of PHSRN eye drops has resolved a number of issues associated with fibronectin 

treatment regimens including the risk of blood-borne infections as it does not require human blood for its 

preparation. Whilst this peptide will be commercially available in the near future, there are still concerns 

regarding its by-products as the pathway of PHSRN degradation is not well understood [165]. 
 

RGTA-based matrix therapy 

A matrix therapy agent, ReGeneraTing Agent,  (RGTA) has recently been utilised to modulate epithelial 

wound healing [250]. This matrix therapy agent consists of a large biodegradable glucose-based polymer 

engineered to replace destroyed heparin-sulfate molecules. Heparin-sulfate is a glycosaminoglycan that 
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anchors and preserves various cytokines and growth factors and maintains the architecture of the 

extracellular matrix by connecting various structural proteins such as collagen and elastin [251]. The 

replacement of heparin-sulfate re-establishes optimal corneal microenvironmental conditions in which cells 

can migrate and multiply [250, 252, 253]. RGTA is also believed to exert an anti-fibrotic effect by reducing 

collagen III synthesis, optimising collagen reorganisation and inhibiting proteolytic enzymes [254, 255].  

 
A formulation of RGTA, alpha 1-6 polycarboxymethyl glucose sulfate has recently been commercialised in an 

eye drop (Cacicol; Laboratoires Théa) and shown to accelerate epithelial healing [256, 257]. This agent has 

shown promise for the treatment of PEDs and corneal ulcers secondary to dystrophies and neurotrophic 

keratopathy [189, 250, 258, 259]. 

 

In a small prospective case series three patients with a PED unresponsive to conventional therapy were 

treated with Cacicol and a silicone hydrogel contact lens [260]. All patients improved their clinical condition 

with complete corneal epithelial healing occurring after 4–21 days. No significant adverse effects or contact 
lens deposition was observed [260]. A synergistic effect from combined treatment with CBS and Cacicol in 

treating a patient with a neurotrophic PED has also been reported [261]. 

 

RGTA has numerous advantages as it is a non-biological product with a non-cumbersome dosing regimen. 

However, optimal dosing frequency is yet to be determined and phase II clinical trial results are keenly 

awaited. 

 

Thymosin beta4 

Thymosin beta 4 (Tβ4), a G-actin sequestering molecule, has potent wound healing and anti-inflammatory 

properties as demonstrated in numerous animal and cellular models of corneal injury [262-264]. Tβ4 
treatment has been shown to lead to a decrease in polymorphonuclear leukocyte (PMN) infiltration, down-

regulation of numerous chemokines and a reduction in MMP-1, -2, and -9 via its central actin-binding domain 

[265]. It also has an active role in keratinocyte migration, angiogenesis, extracellular matrix remodelling and 

possesses anti-apoptotic properties [266, 267].  

 

In an initial report, a patient with a PED following vitreoretinal surgery was treated with a topical Tβ4 

preparation (5 μg four times daily). This resulted in almost complete re-epithelialisation and a significant 

resolution of ocular inflammation, with no toxic or adverse side effects reported [268]. In a subsequent small 
case series, a sterile, single-dose, non-preserved, ophthalmic formulation of Tβ4 eye drops commercially 

produced by RegeneRx Biopharmaceuticals, Inc (Rockville, Maryland) was successfully used to treat three 

patients with neurotrophic PEDs. The drops were applied 4 times a day for of for 4 weeks and this resulted in 

corneal epithelialisation in all patients. No significant adverse effects such as corneal stromal thinning or 

neovascularisation were observed nor was there a significant regression of treatment effect upon 

discontinuation of treatment [267].  

 
In an open label study of 9 patients with neurotrophic PED, treatment with topical Tβ4 led to significant 

improvement of epithelial defect size but was associated with stromal thinning and increased 

neovascularisation in 3 patients. Interestingly the investigators reported that healing seemed to accelerate 
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after the termination of treatment and postulated that Tβ4 can only prime the corneal wound healing process 

during the early phases of healing [269]. Early results seem to be promising but there are unanswered 

questions regarding the mechanism through which wound healing is modified by Tβ4 and the optimal dosing 

regimen to achieve epithelial healing and preserve the newly healed ocular surface. A therapeutic hydrogel 

contact lens system for direct delivery of Tβ4 to the ocular surface after injury is currently in development 

[268].   
 

Rebamipide 

Rebamipide (OPC-12759; Otsuka Pharmaceutical Co, Ltd, Tokyo, Japan) is a quinolinone derivative that is 
primarily used as an anti-gastric-ulcer agent [270]. Rebamipide has a mucosal-protective effect and has 

been used to protect the keratoconjunctival epithelium. This agent promotes the secretion of tear film mucin 

and membrane-associated mucin, increases the number of goblet cells, restores the barrier function of the 

corneal epithelium and possess anti-inflammatory properties [271-274]. Rebamipide eye drops (Mucosta 

ophthalmic suspension UD2%; Otsuka Pharmaceutical, Tokyo, Japan) have been used in Japan since 2012 

for the treatment of dry eye disease. After initial reports of topical application of 2% rebamipide therapy 

leading to resolution of recurrent corneal erosion syndrome [275] and lid wiper epitheliopathy [276], 
investigators successfully used this agent to treat a patient with a post infectious PED [277]. The authors 

hypothesised that this agent improved the wettability and stability of the tear film, which resulted in the 

promotion of healing of the corneal epithelial defect. Whilst this initial report is encouraging, further studies 

are required to clarify the efficacy and safety of treatment for patients with PEDs.  

 

Topical stem cells 

Stem cells are cells with three basic properties; they are capable of self-renewal, they have the capacity to 

undergo differentiation to become specialised progeny cells, and they have the potential to renew the tissue 

that they populate [278]. 

 

Mesenchymal stem cells (MSCs) are a heterogeneous subgroup of multipotent stem cells capable of 
differentiating into cells of mesodermal, ectodermal or endodermal lineage. These stem cells have diverse 

physiological properties and can migrate into injured tissues where they down-regulate proinflammatory 

cytokine production, promote cell survival, produce a variety of trophic growth factors to stimulate cell 

differentiation and interact with immune cells to induce tolerance [279, 280]. Experimental animal studies 

have recently introduced a potential breakthrough for topical MSC treatment of PED [281, 282]. Autologous 

MSCs derived from adipose tissue obtained by limited liposuction of subcutaneous adipose tissue of the 

lumbar area, has recently been used to treat a case of post-traumatic PED. Topical application of 3 × 106 
cells resulted in complete closure of the defect within a month without further sequelae [283]. The 

mechanism of action of such cell therapy remains elusive. It also remains to be seen whether the revived 

ocular surface will remain epithelialised after treatment discontinuation as observed with experimental 

models [284].  
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Gap Junction hemichannel modulation - Nexagon® 

Gap junctions are channels that form between almost all cells in the body and allow adjacent cells to 

communicate directly with one another.  Gap junction channels allow small molecules up to about 1000 

Daltons and ions to move between adjacent cells. Six connexin proteins form a connexon or hemichannel 

which is a doughnut shaped hexagonal structure that enters the cell membrane as a closed non-functional 

pore. The connexons migrate around the cell membrane until their extracellular protein loops “dock” to an 

opposing connexin on a neighbouring cell to form the gap junction channel. There are 21 connexin protein 

isoforms in the human genome, the most ubiquitous being Connexin43, a 43kDa protein. Whilst there is 
evidence that the undocked hemichannel may transiently open to function physiologically, what is clear is 

that in the presence of pathological stimuli such as acute injury or chronic disease, hemichannels open to 

release molecules such as glutamate or ATP into the extracellular milieu, trigger calcium wave propagation, 

and cause cells to lose their ability to osmoregulate, leading to cell death or rupture, as evident in vascular 

endothelial cells [285]. Released ATP triggers the innate inflammasome pathway, exacerbated by an up 

regulation of Connexin43 further adding to the number of hemichannels in the membrane [286-288]. The 

inflammasome pathway leads to further inflammatory cytokine release, such as Il-1β and TNFα, but also to 
more ATP release through connexin hemichannels creating an autocrine feedback and perpetuated cycle of 

inflammation. This leads to significant tissue damage including microvascular leak, oedema, ischemia and 

fibrosis. Vascular leak and endothelial cell loss are inextricably linked with inflammation (Figure 2). 

 

 

 
 

Figure 2.  
Connexin hemichannel opening plays a key role in inflammation and in the initiation and perpetuation of the 

inflammasome pathway.  Multiple pathological signals have been shown to trigger hemichannel opening, 

resulting in pathological extracellular levels of inflammatory modulators, in particular ATP. Loss of vascular 
integrity to breach the blood-brain or blood-retina barrier causes inflammation, but conversely, inflammation 

leads to loss of vascular integrity, including rupture of endothelial cells and vascular dropout. In chronic 

disease, a vicious cycle of self-perpetuating inflammation is established. The red arrows indicate potential 

points of intervention using connexin hemichannel blockers that can be exploited to break the cycle. 
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Many chronic inflammatory diseases are associated with vascular dropout or degeneration [288-290]. With 

corneal PEDs, inflammation results in vascular breakdown and limbal ischemia [291]. In patients with non-

healing chemical and thermal burns the eye appears red and inflamed but blood flow can be stagnant 

(Figure 3a). Nexagon® is an antisense oligonucleotide applied in a thermoreversible gel that transiently 

blocks Connexin43 expression, so reducing hemichannel numbers in the tissue and in vascular endothelial 
cells. It was initially developed by CoDa Therapeutics, Inc (USA) and is now being taken into a pivotal Phase 

III clinical trial for PEDs by OcuNexus Therapeutics Inc (USA). Nexagon® applied to a series of PEDs under 

compassionate use resulted in reduced inflammation and recovery of vascular integrity (Figure 3b) where full 

standard of care, including the application of amniotic membranes and steroids, had been ineffective over 

long periods. In those patients Nexagon® was applied under an amniotic membrane or a bandage contact 

lens. Whilst limbal stem cell deficiency has been associated with reduced corneal healing [292], on occasion 

where healing was uneven in Nexagon® treated patients (in a horseshoe shape – Figure 3c), it started at the 

point where limbal perfusion is first restored and remains slowest where the vascular bed is last to recover 
(Figure 3d), implying that a key prerequisite for corneal PED healing is restoration of the limbal blood supply. 

 

 
In reducing inflammation, Nexagon® treatment also results in reduced fibrosis. In a rabbit trabeculectomy 

model, for example, scarring was significantly reduced with Nexagon® treatment [293] and Nexagon ® was 

subsequently used under compassionate use in two patients with high intraocular pressure which was not 

controlled by trabeculectomy and repeat needling with 5-fluorouracil or mitomycin-C applications. In those 
patients a re-needling was carried out and Nexagon® injected into the conjunctival drainage bleb resulting in 

reduced inflammation and reduced fibrosis, and a sustained lowering of intraocular pressure was 

subsequently maintained [294].  

 

Hemichannel modulation targeting vessel breakdown, inflammation, oedema and fibrosis (and in the central 

nervous system seizures also) has proven to be highly effective in a number of other animal models using 

Nexagon® or a related hemichannel blocking mimetic peptide, Peptide5 [285, 295-303]. It is important 

though, to distinguish between gap junction uncoupling, other than transiently, which has been shown to be 
detrimental in both the central nervous system, owing at least in part to loss of the astrocytic syncytium [304-

307] and the cornea [308]. Targeting the connexin hemichannel for the treatment of non-healing tissues and 

chronic disease, however, shows considerable promise. 
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Figure 3. 
Ocular burns in humans treated under compassionate use with Nexagon®. In (A) an eye with an alkali burn 

is seen 5 days after injury. An amniotic membrane has been applied to promote healing but blood vessels 

are leaky and slit lamp examination showed blood flow was stagnant. There was 360° limbal ischemia. The 

same eye is seen in (B) just 18 hours after Nexagon® treatment (applied at day 9 when healing had still not 

started prior to treatment). Inflammation is reduced, blood vessel integrity improved and blood flow to the 

limbus was apparent. This eye fully healed within 6 days of treatment. In (C) and (D) another eye is seen in 

which healing after Nexagon® treatment was less even, starting from the top left quadrant. The red arrow in 

C’ points to new corneal epithelium (dark blue) extending from the limbal region that was first revascularised 
(red arrow in C). The bottom right quadrant of the same eye is seen at a later time point in (D)but it has not 

yet started to recover corneal epithelium in this region (red arrow D’. However, that is also the region where 

the limbus that has not yet fully revascularised (red arrow in D). This eye did go on to heal completely. 
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Wound healing in the corneal stroma and keratoconus 

 
One of the first observable changes following injury to the corneal stroma is the death of a subpopulation of 
keratocytes surrounding the injury site. This initial response is thought to prevent inflammation in the rest of 

the cornea. Apoptosis is induced by cytokines such as interleukin-1 which is secreted from the overlying 

epithelium. About six hours after injury the process of repair begins with the first event being the transition of 

the keratocytes around the wound edge to an activated fibroblast phenotype [309]. The biosynthetic activity 

of the repair fibroblasts is mostly limited to the production of repair matrix which has a different composition 

to that produced by the normal keratocytes [310]. Tenascin and fibronectin are two glycoproteins which are 

synthesised only in the repair tissue [311] while synthesis of other glycoproteins such as decorin sulphate is 

upregulated and keratin sulphate is down regulated [312]. The loss of transparency of the stroma resulting 
from the repair process is attributed to this change in extracellular matrix composition. 

 

Another phenotype, the myofibroblast phenotype, is observed in a subpopulation of the activated 

keratocytes. Transforming growth factor-beta (TGFβ) released by the corneal epithelial cells is said to induce 

this repair phenotype. These cells are characterised by their large appearance and expression of alpha 

smooth muscle actin (αSMA) and are indicative of corneal scarring [313]. Research suggests that the 

activated keratocytes are not terminally differentiated [314]. It is not certain whether the repair phenotypes of 

the keratocyte can be converted back to keratocytes. In 1966 Kitano and Goldman described another 
phenotype, the scar keratocyte. They described cellular changes in the corneal scar over time and observed 

that after six months the cells in the scar had several characteristics typical of normal keratocytes. However, 

although the cells started to assume a more keratocyte-like morphology they expressed stromelysin and 

collagenase, unlike cells from a normal cornea prior to wounding [315].  

 

Keratoconus is an ectatic corneal dystrophy associated with stromal thinning and disruption of Bowman 

layer. The progressive thinning of the corneal stroma typically occurs over decades and results in the cornea 
developing a conical shape resulting in impairment of vision due to irregular astigmatism and myopia. The 

pathogenesis of keratoconus is still unknown but has been associated with factors such as constant eye 

rubbing and contact lens wear [316]. It can appear as early as puberty and continues to progress until the 

third or fourth decade of life. The underlying biochemical process remains poorly understood and has been 

linked to several genetic, biochemical and biomechanical factors. Corneal thinning appears to be the result 

of loss of ECM components but this could be due to their destruction, their defective formation or a 

combination of these factors [317]. In the corneal stroma, changes associated with Keratoconus include a 

decrease in the number of lamellae and keratocytes [318, 319], corneal scarring and changes in organisation 
of the lamellae and distribution of collagen fibrillary mass [320]. The degradation of the stromal layer is 

attributed to aberrant proteolytic enzyme activity [321]. Biomechanical factors include thinning and 

decreased rigidity of the cornea due to oxidative damage caused by ultraviolet radiation and mechanical 

trauma [322].  

 

Biomechanical investigation of keratoconic corneas has revealed a decrease in elasticity and stiffness but 

the reasons for this remain unknown [323]. Several pathways may be implicated (Figure 4). A reduction in 

collagen crosslinking has been suggested as a cause [324]. Currently there is no satisfactory animal model 
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for keratoconus and investigations have been largely limited to an ex vivo setting. Depending on the severity 

of the condition, attempts to slow progression include the use of special spectacles and contact lens, and in 

severe cases corneal implants or transplants are necessary [325]. Keratoconus is the leading indication for 

corneal transplantation surgery worldwide, with about 12-20% of those affected by keratoconus requiring a 

corneal transplant [326]. It has been difficult to design a therapeutic which targets the underlying 

pathobiology due to the complexity of the disease and the incomplete understanding of the biological 
mechanisms at play. However, new research is providing a better understanding of this disease and is 

helping to identify new targets which can be used to develop treatments. 

 

CsA, has been proposed as a potential therapeutic option in keratoconus. In one study, 27 eyes with 

increased inflammatory biomarkers in the tear film were treated with topical CsA. A reduction in MMP-9 

levels in the tears of these treated patients was observed after 6 months and this was accompanied by local 

flattening and reduction of corneal curvature [327]. 

 
Figure 4. 
Keratoconus is a complex disease and the underlying biochemical processes remain poorly understood. It 

has been linked to several genetic, biochemical and biomechanical factors. Multiple factors have been 

shown to trigger inflammation which is then followed by extracellular matrix degradation that results  in 

keratocyte apoptosis and ultimately corneal thinning and biomechanical changes. The red arrows indicate 
current and potential interventions that might help stop disease progression and improve corneal 

biomechanical properties. 
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Targeting Inflammation 

Keratoconus was first described as a non- inflammatory ectatic disease; however, inflammation is now 

considered one of the major components of keratoconus pathophysiology. Research suggests that 

inflammation-dependent factors that cause matrix degradation might be the molecular drivers of 

keratoconus. Several studies have found increased levels of interleukin-6 (IL-6), tumour necrosis factor-α 

(TNF-α), and matrix metalloproteinase (MMP)-9 in the tears of patients with keratoconus [328-331]. 
Furthermore, the overexpression of inflammation-associated target genes such as matrix metalloproteinase 

(MMP) 9 implicates chronic rather than acute inflammation [332]. It has been hypothesised that the 

correlation of keratoconus with eye rubbing and mechanical damage may be due to irritation caused by an 

underlying subclinical, chronic inflammation. The recognition of inflammation as a driver of keratoconus 

opens up the possibility of using specific MMP9 inhibitors and that inhibitory agents such as apratastat and 

PCK314512 may present novel treatment options for keratoconus [333]. 

 
 

The Transforming growth factor-beta (TGF-β) signalling pathway 

The TGF-β pathway  plays an important role in the restoration of normal tissue after injury by induction of 
both extracellular matrix and matrix-degrading enzymes [334]. Of the three isoforms, TGF-β1 and TGF-β2 

[335, 336] are associated with a pro-fibrotic response whereas TGF-β3 has been shown to have an anti-

fibrotic role [337]. Interestingly, unlike the other two isoforms, TGF-β3 has been shown to activate the TGF-β 

pathway and alter ECM deposition without causing differentiation into the myofibroblast phenotype [338]. 

 

An increase in TGF-β pathway markers has been observed in post-mortem keratoconic corneas thereby 

instigating further investigation into its role in the pathophysiology of keratoconus [339]. Furthermore, 

mutations in the TGF-β1 gene is associated with the development of corneal dystrophies [340]. The fibrotic 
phenotype and altered extracellular matrix generation observed in keratoconus has been attributed to a 

dysregulation of the TGF-β pathway, therefore the control and regulation of important effectors in this 

pathway could be a new therapeutic option in the treatment of keratoconus which is yet to be explored [338].  

 

Tissue regeneration  

Corneal collagen is composed of heterotypic fibrils consisting of type I and type V collagen molecules [341]. 

Activation of keratocytes to secrete these collagens via a fibroblast or myofibroblast phenotype would lead to 

the production of a fibrotic scar via a wound healing pathway rather than organised collagen fibrils.  

 

Recent studies have shown that corneal keratocytes display a high degree of phenotypic plasticity and that 
specific exogenous factors can direct phenotype change, specifically into neuronal-like and chondrocyte-like 

cells [342, 343]. There is extensive literature on the use of dexamethasone in combination with TGF-β3 for 

the induction of chondrogenesis [344, 345]. It is hypothesised that dexamethasone augments the 

responsiveness of cells to other differentiation reagents (for example TGF-β3). There is also evidence that 

dexamethasone promotes chondrocyte differentiation through the enhancement of cartilage specific genes 

such as the SOX9 gene, a chondrocyte differentiation transcription factor [346]. 
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In one study, keratocytes in cell culture and in vivo in rodent corneas were induced to secrete collagen type 

II, a cartilage matrix specific collagen when treated with chondrogenic differentiation factors transforming 

growth factor beta 3 and dexamethasone. Collagen type II deposition occurred without compromising 

corneal integrity or transparency. Furthermore, ex vivo studies using diseased corneal tissue from 

keratoconus patients were also amenable to this induction. Ex vivo biomechanical testing revealed a 2-3 fold 

increase in corneal elasticity and hardness after the treatment. This could be a promising in vivo tissue 
regeneration approach for stabilising and strengthening a cornea weakened by keratoconus. Such a 

treatment, when used in combination with a hard contact lens, could be used to hold the cornea in a desired 

end shape during treatment to also restore previously lost vision due to irregular astigmatism or myopia 

[343].  

 

 

Conclusion 

 
In this chapter, we have discussed current and emerging therapies for ocular surface wound healing. Despite 

the advances made in this field, there remains a real need for new and improved pharmacotherapeutic 
agents. The healing of ocular surface wounds is a complex process involving the interaction of cells, 

receptors, enzyme systems, cytokines and the components of the extracellular matrix. Recent advances in 

understanding the processes involved in the wound healing response and the molecules which regulate this 

process has facilitated the discovery of novel targets and therapies. Although many of these new strategies 

are still largely experimental they bring hope that safe and effective pharmacologic modulators of the corneal 

wound healing response are in the process of being developed. 

 

The preceding section has been published in large part as: 

Ziaei, M., C. Greene, and C.R. Green, Wound healing in the eye: Therapeutic prospects. Adv Drug Deliv 

Rev, 2018. 126: p. 162-176. [347] 
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CHAPTER 3 
 

Umbilical Cord Stem Cells in the Treatment of Corneal Disease 
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Introduction 
 

The development of stem cell therapy for tissue engineering applications has greatly progressed in recent 

years, particularly in the field of ophthalmology. Tissue engineering is of particular importance to corneal 

specialists who typically deal with a chronic global shortage of suitable donor corneas in their efforts to treat 

1.5 to 2.0 million new cases of monocular corneal blindness annually [348, 349]. This chapter will review 
current efforts to utilise human umbilical cord stem cells to treat diseases involving the corneal epithelium, 

stroma, and endothelium. 

 

Stem cells 
 

Stem cells are cells with three basic properties: they are capable of self-renewal, they have the capacity to 

undergo differentiation to become specialised progeny cells, and they have the potential to renew the tissue 

that they populate [278]. 
 

Stem cells can be classified according to their origin or potency. Human stem cells have been isolated from 

embryonic, fetal, and adult tissue. Embryonic stem cells are pluripotent, capable of differentiating into 

embryonic tissue such as ectoderm, mesoderm, and endoderm, and are harvested from the blastocyst of 5-

day-old pre-implantation embryos [350]. Fetal stem cells are multipotent cells capable of differentiating into a 

limited number of cell types as dictated by the degree of prior differentiation and can be isolated from two 

distinct sources: the fetus proper and supportive extra-embryonic tissues, such as amniotic fluid, umbilical 
cord, placenta, and amnion. Adult stem cells are also multipotent cells capable of differentiating into a more 

limited number of cell types than fetal stem cells.  Adult stem cells are thought to reside in the corneal limbus 

[101], stroma [351, 352], and transition zone (periphery of Schwalbe line to the anterior portion of the 

trabecular meshwork) [353]. In recent years investigators have genetically reprogrammed adult somatic cells 

to an embryonic stem cell-like state by forcing expression of four key transcription factors; OCT4, SOX2, 

KLF4, and c-Myc that are important for maintaining the defining properties of embryonic stem cells [354]. The 

resulting induced pluripotent stem cells (iPSCs) can give rise to all tissue types.  

 
The therapeutic application of stem cells is based on a variety of strategies, such as cell replacement 

therapy (delivery of differentiated stem cells into damaged tissue), paracrine activity (where transplanted 

stem cells synthesise trophic factors that induce the resident tissue to self-restore and proliferate) [355], and 

potentially stem cell fusion with existing dysfunctional cells to restore function [356]. 

 

The inbuilt capacity of self-renewal and differentiation of stem cells has rapidly established stem cell-based 

therapies as a major new direction in the investigation of novel therapies for human disease. There are, 

however, fundamental difficulties intrinsic to stem cell therapy that must be resolved before widespread 
introduction into clinical practice can occur.  

 

One of the main issues with stem cell therapy is that, based on their characteristics of unlimited self-renewal 

and high proliferation rate, stem cells are at a significant risk of malignant transformation and teratoma 

formation. In addition, similar growth regulators and control mechanisms are involved in stem cell and tumour 
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maintenance [357], and therefore tumour formation is seen as a key barrier to the safe use of stem cell-

based clinical therapies [358]. 

 

Another major obstacle is that allogeneic stem cells are potential targets for the immune system and can be 

subject to humoral or cell mediated rejection. The immunological barrier therefore poses a formidable 

challenge in utilising stem cells as rejection is likely to occur following transplantation of allogenic cells or 
their differentiated progenies into most tissues, except those benefiting from an immuno-privileged status. 

  

In addition, there are also significant potential barriers in relation to the ethical and moral issues involved in 

the use of embryonic and foetal stem cells, as well as technical issues such as: accessibility, ease of cell 

cultivation and expansion, and maintenance of optimal cell characteristics and differentiation [357]. 

 
Human umbilical cord stem cells 

 
The umbilical cord contains two arteries and a vein, wrapped in a sheath of proteoglycan rich, mucoid, 

porous connective tissue (Wharton jelly), and covered by a simple epithelial layer believed to derive from 

amniotic membrane epithelium (Figure 5). A reservoir of blood is present in the umbilical cord vein post-

partum. 

 

The umbilical cord was the first foetal tissue to be explored for the presence of stem cells [359]. Umbilical 

cord derived stem cells represent a class of stem cells that have a number of advantages over other 
traditional sources of stem cells, such as the bone marrow, and they potentially obviate some of the current 

ethical and access difficulties inherent to human stem cell research. These cells are all of new-born origin 

and therefore have excellent proliferation and differentiation properties, they are readily available in large 

quantities from a tissue source that is typically discarded, and the cells can be isolated and cultured rapidly 

and inexpensively in vitro. The advantages and disadvantages of umbilical cord-derived stem cells are 

summarised in Table 2. 

 

The umbilical cord incorporates both mesenchymal and epithelial stem cells with anti-inflammatory and 
immune-privilege properties that can be differentiated into corneal epithelial, stromal, and endothelial cells. 

Umbilical cord blood is also a source of primarily hematopoietic lineage cells with a small multipotent cell 

population (0.00003% of all extracted nucleated cells) [360]. Banking of umbilical cord blood stem cells by 

“cord blood banks” in both private and public settings is now readily available in many industrialised 

countries so that individuals may benefit from their own personal bank of cells for use in future translational 

therapies [361]. Over the past decade, umbilical cord-derived cells have re-emerged as a potential source of 

stem cells after initial investigations in the 1980’s discovered the utility of the umbilical cord-placenta 

complex in stem cell therapy [359]. 
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Figure 5. 
Cross-section of the human umbilical cord. A: artery; V: vein; WJ: Wharton’s jelly; UCL: umbilical cord lining; 

SA, IV, and PV: subamnion, intervascular, and perivascular zones of Wharton’s jelly; VW: blood vessel wall. 

Haematoxylin and eosin staining, scale 200 µm.  

 
Stem cells found in the umbilical cord: 

Cord lining: Mucin-expressing cord lining epithelial cell (CLEC-muc). 

Umbilical vein: Umbilical cord blood derived mesenchymal stem cells (UCBMSCs) & Human umbilical cord 

blood endothelial progenitor cells (UCB EPCs). 

Wharton’s jelly: Umbilical Cord Mesenchymal Stem Cells (UCMSCs). 

Reproduced from [357] with permission. 
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Advantages 

Collection is easy, non-invasive and ethically acceptable. 

Stem cell banks are widely available both in the public and private setting.  

Possibility for cryopreservation of stem cells.  

Presence of multiple types of stem cells in the umbilical cord.  

Low risk of teratoma formation. 

UCMSCs exhibit a gene expression profile more similar to that of embryonic stem cells and 

possess a faster self-renewal compared to bone marrow derived mesenchymal stem cells 

(BMMSCs). 

A substantial number of UCMSCs can be derived after ex vivo expansion.  

UCMSCs can be considered for autologous and allogeneic use.  

UCMSCs retain their multipotency for longer periods than BMMSCs.  

UCMSCs are considered to be have low immunogenicity with good immunosuppressive 

properties in vitro and in vivo and therefore pose a lower risk for rejection and graft-vs-host 

disease.  

UCMSCs can act as a feeder layer for other pluripotent stem cells and exert a non-tumorigenic 

effect on other cell types. 

Disadvantages 

The differentiation ability of UCMSCs is known to be partial for some cell lineages.  

Transplantation of umbilical cord blood derived stem cells can lead to transfer of rare infectious 
or genetic diseases to the host.  

Banking of umbilical cord derived stem cells is expensive, lacks stringent regulation and long-

term health of stored cells remains unknown.  

Current methods for isolation and culture of stem cells from the umbilical cord are cumbersome 

and result in a low yield of primary cells. 

 

 

Table 2.  
A summary of the advantages and disadvantages of therapy utilising stem cells derived from the umbilical 

cord.  
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The large quantity of umbilical cord lining membrane that can be collected in a single setting translates into 

billions of stem cells that can be grown in primary stem cell culture in a rapid and inexpensive fashion. There 

are many additional advantages to the use of umbilical cord stem cells as they are: immunologically naive, 

non-tumorigenic, not implicated with the ethical issues of embryonic stem cells, and isolated from tissue 

normally discarded as bio-waste [362]. Unlike donated corneas, the supply of human umbilical cord stem 

cells is almost unlimited, and the cells can be expanded and stored in liquid nitrogen in a tissue bank and 
thawed for later use. The above advantages have generated great interest in utilising these cells to treat an 

array of corneal disorders. 

 

Both mesenchymal and epithelial stem cells can be isolated from the umbilical cord lining membrane to be 

used for the regeneration of the corneal epithelium, stroma, and endothelium [363]. Umbilical cord blood 

derived mesenchymal stem cells (UCBMSCs) also have the potential to differentiate into multiple cell types, 

in addition to generating ectodermal and endodermal lineages by crossing the germline barrier [364].  

 
A relatively high number of umbilical cord mesenchymal stem cells (UCMSCs) reside in Wharton jelly, 

approximately 400,000 cells per umbilical cord compared to 1 mesenchymal stem cell in 10,000 nucleated 

bone marrow cells [365, 366]. Mesenchymal stem cells are non-hematopoietic stromal cells that hold great 

potential for use in cell-based therapeutic strategies because of their intrinsic ability to self-renew and 

differentiate into several cell types. UCMSCs have been shown to be capable of differentiating into multiple 

cell types such as adipose tissue, bone marrow, skeletal muscle and cartilage [367, 368]. UCMSCs have 

also been shown to possess a degree of plasticity and tend to converge and attach to areas of tissue injury 
where they differentiate into various cell types depending on the specific micro environmental conditions 

[365]. UCMSCs offer several advantages over other stem cell sources as they possess broad differentiation 

potential and do not exhibit diminished proliferative and differentiation capacity with age, as is often seen in 

stem cells derived from other sources [369].  

 

UCMSCs have already been used to successfully treat patients with myeloid disorders [370] and clinical 

trials are ongoing evaluating their efficacy in the treatment of a variety of disorders including Alzheimer 

disease, stroke, cerebral palsy, autism, bronchopulmonary dysplasia, cartilage injury, osteoarthritis, full 
thickness burns, hearing loss and inborn metabolic disorders [371]. 

 

Currently, there are numerous methods for isolation and culture of stem cells from the umbilical cord in 

different species. These approaches are mainly based on enzymatic treatment or explantation techniques in 

order to isolate different stem cell populations from the cord, with subsequent culture in specific media to 

encourage differentiation of cell types. Problems associated with all isolation methods include, however, a 

low yield of primary cells, lack of cell purity and a long culture cycle. It appears that the efficacy of isolation of 

primary cell culture  is also variable between different anatomical locations with cell isolation approaching 
100% from Wharton jelly, while mesenchymal stem cell (MSC) isolation from umbilical cord blood is reported 

to be lower at around 60%  [372-374]. 
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Corneal regeneration  
 
Epithelial regeneration 

Corneal epithelium is an ectoderm-derived, non-keratinised, stratified layer with a unique cytokeratin 

expression pattern and a reported thickness of between 48-53 μm [99, 100]. In health, the corneal epithelium 

is a rapidly regenerating tissue that is maintained by the integrity and functionality of a specialised stem cell 
population, known as LSCs. The LSCs are located in the basal region of the limbus, a narrow transition zone 

between the peripheral cornea and conjunctiva [101, 375].  

 

Regeneration of the corneal epithelial surface has traditionally been thought to involve division, migration, 

and maturation of LSCs as discussed in chapter 2 [102, 103].  

 

Recent animal work has challenged this concept with reports of circulating bone marrow MSCs homing onto 

and engrafting to the epithelial layer in a cornea injury model - successfully reconstructing the damaged 
corneal surface in a similar fashion to limbal epithelial stem cells [376, 377] . This is thought to be through a 

phenomenon known as mesenchymal-epithelial transition (MET), a process in which mesenchymal cells lose 

their migratory properties and instead obtain cell polarity and adhere to epithelial cells [357]. MET and the 

reverse process, epithelial mesenchymal transition (EMT), have been observed to occur in both normal 

tissue as well as fibrotic and tumour tissue; however, the molecular signals allowing MET of MSCs in injured 

tissue and the longevity of such a transformation have not yet been fully elucidated.  

 
Several disease processes such as Stevens-Johnson syndrome (SJS), and chemical injuries can result in 

the destruction of the delicate micro-environmental niche of the LSC and lead to LSCD. Advanced LSCD has 

a reported incidence of 3.81 × 10−6 cases per million, per annum and is associated with devastating visual 

loss [378, 379]. Surgical intervention for LSCD is a major challenge because conventional corneal 

transplantation provides only a temporary replacement of corneal epithelium without replacing the LSC 

population and is therefore associated with poor long-term outcomes [380-382]. 

 

A variety of corneal limbal stem cell grafting procedures have been utilised to treat LSCD. They involve 
either direct transplantation of limbal tissue or transplantation of in vitro expanded cells on a variety of 

biological or synthetic carrier materials. These techniques include conjunctival limbal autograft (CLAU) [383], 

living-related conjunctival allograft (Lr-CAL) [384], keratolimbal allograft (KLAL) [385], autologous ex vivo 

cultivated limbal epithelial transplantation (CLET) [386], simple limbal epithelial transplantation (SLET) [387], 

cultivated oral mucosal epithelial transplantation (COMET) [388] and transplantation of peripheral corneal 

cells [389, 390]. Currently these techniques are challenging to perform, expensive, and have variable long-

term success rates [391].  

 
Cells derived from epithelial umbilical cord stem cells are capable of forming a stratified epithelial layer when 

seeded on artificial matrices such as collagen gels populated with fibroblasts as feeder cells [392]. 

Researchers have therefore investigated the feasibility of using these cultivated cells for corneal epithelial 

reconstruction. 
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Garzon et al. utilised an epidermal growth factor enriched medium to induce Wharton jelly-derived UCMSCs 

to transdifferentiate into corneal epithelial cells on a 3D human artificial anterior cornea model, composed of 

a stromal substitute from human keratocytes, fibrin, and 0.1% agarose. The group demonstrated the 

capacity of UCMSCs to form a stratified epithelial layer with ultrastructural characteristics such as expression 

of epithelial markers (cytokeratin 3/12, plakoglobin), tight junction protein ZO-1, gap junction protein 

Connexin 43, along with other proteoglycans, collagen, elastic, and reticular fibres [393]. They also 
confirmed the presence of other critical characteristics such as intermediate filaments and desmosomal 

junctions, and gap junctions in these trans-differentiated cells; however, they reported a lower level of tissue 

differentiation compared to control native human corneas and postulated that in vivo interaction between 

different cell types is imperative for full cell differentiation and tissue morphogenesis.  

 

Reza et al. recently described a novel cell type of the human umbilical cord lining membrane that expresses 

mucin1, hence termed mucin-expressing cord lining epithelial cell (CLEC-muc) [394]. CLEC-muc appears to 

be a primitive type of stem cell having both embryonic and adult epithelial stem cell properties and has 
similar characteristics to LSCs. CLEC-mucs are highly proliferative and appear to express several embryonic 

stem cell markers such as OCT-4, NANOG, SOX2, REX1 and SSEA-4 as well as the putative limbal stem 

cell markers p63, ABCG2, HES1 and BMI1 [395]. These cells have been shown to have the capacity to 

differentiate into cytokeratin 3/12- positive cells [394]. They also lack any maternal human leukocyte antigen 

(HLA) while expressing non-classical HLA forms, which confer upon them desirable immunosuppressive 

qualities [396].  

 
The same research group expanded stratified CLEC-muc cell sheets on human amniotic membrane and 

demonstrated that they express corneal differentiation markers (cytokeratin 3/12), cell adhesion molecule 

(Integrin-β1), and basement membrane proteins (Collagen IV and Laminin), while lacking conjunctival 

epithelial markers (cytokeratin 4, 13 and 1/10). CLEC-mucs on an amniotic membrane carrier were 

transplanted in a rabbit model of LSCD, with complete anterior superficial keratectomy alongside removal of 

all corneal epithelial cells and excision of the limbus. Complete regeneration of the ocular surface was 

observed in 4 out of the 6 animals treated with CLEC-mucs with all animals that had received no transplants 

or only amniotic membrane transplants without CLEC-mucs demonstrating signs of total limbal stem cell 
failure at the 10-weeks postoperatively (Figure 6). One eye developed mild superficial inflammation whilst 

another developed severe neovascularisation. Molecular analysis of transplanted eyes revealed a similar 

gene expression profile to intact normal cornea controls [395].  

 

CLEC-mucs appear to be an ideal candidate for ocular surface reconstruction as they readily express 

putative limbal stem cell markers, can be easily expanded in an ex vivo setting to generate cell sheets which 

are immunologically naive and phenotypically similar to corneal epithelial cells. The success of laboratory in 

vivo studies has led to trials for the treatment of persistent corneal epithelial defects in humans. Unpublished 
reports suggest that allogeneic CLEC-muc sheets cultured on contact lens-shaped plastic can lead to 

corneal epithelialisation in 95% of patients with chronic corneal ulcers but further details are elusive. 
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Figure 6.  
Representative images show the gross appearances after transplantation of CLEC-muc-HAM sheet to the 

damaged corneal surface of rabbit. CLEC-muc-HAM transplanted sheet displayed very little opacity after 

4 weeks (a), which almost disappeared after 10 weeks (d). HAM transplanted eyes showed significant 

opacity in cornea after 4 weeks, which reduced but remained after 10 weeks (b, e, respectively). No 
transplant eyes exhibited opacity and neovascularisation in cornea after 4 (c) and 10 weeks (f). Sections of 

these eyes upon haematoxylin-eosin staining revealed almost regular smooth corneal epithelium with no 

infiltrating cells in CLEC-muc-HAM group (g) similar to the normal structure of un-treated control corneal 

epithelium (h); while a thick corneal epithelium with some infiltrating cells in stroma in no transplant group (i); 

and irregular corneal epithelium with many infiltrating cells in stroma in HAM transplanted group (j). Scale 

bar, 100 μm. Reproduced with permission from [394]. 
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The use of umbilical stem cell derived epithelial cells would circumvent the problem of the limited amount of 

limbal tissue available for transplantation, especially in cases of bilateral LSCD, but further study is still 

required.  

 

A complete understanding of ocular surface physiology and the limbal stem cell niche and its surrounding 

extracellular matrix is still lacking, with identification and tracking of limbal stem cells proving to be extremely 
difficult. It is also unclear how stem cell transplantation of the ocular surface leads to the long term 

improvements in the ocular surface and vision [397], as attempts to retrieve donor cells from the recipients of 

allogeneic grafts have had mixed results [398, 399]. In one study investigators were unable to detect donor 

cells using impression cytology following stem cell transplantation [399]. Indeed, it is hypothesised that 

transplanted stem cells may work largely by reinvigoration of the residual host stem cells, perhaps by 

secreting growth factors, but the underlying mechanisms for this proposed phenomenon remain unknown 

[400].  

 
The identification of factors secreted from cultured, non-limbal, epithelial cells that may be involved in the 

revitalisation of native limbal stem cells is certainly an area that requires further investigation. Another area 

of keen interest is how the various culture parameters affect the cultivated cell sheet, with particular 

emphasis on the phenotype of differentiated cells. This is critical given that the phenotype of cultivated limbal 

epithelial cells, and in particular the presence of a critical mass of p63-positive cells, has been shown to be a 

major determinant of success following transplantation [401]. 

 
Other significant barriers that need to be overcome to allow the clinical application of umbilical stem cell 

reconstruction of the ocular surface include the lack of cell surface marker exploitation techniques.  These 

can be used for enriching specific cell populations when compared to other stem cell populations (e.g. 

haematopoeitic stem cells). There is also the lack of a standardised cultivation process that consists of only 

clinical-grade, xeno-free, products in good manufacturing practice (GMP) grade conditions [402, 403].  

 

Further work is also required to determine the best composition of the substrate matrix used to differentiate 

mesenchymal stem cells into epithelial cells. Current techniques which attempt to recreate the 
microenvironmental niche of the host tissue, by seeding the stem cells on a fibrin–agarose stromal substitute 

containing human keratocytes, fail to allow full in vivo differentiation of an epithelial layer. This suggests that 

a number of different cell signals are required for complete cell differentiation and tissue morphogenesis. 
 

Stromal regeneration 

 

The stroma is a precisely organised avascular tissue which comprises approximately 90% of corneal 

thickness and provides the mechanical integrity and transparency of the cornea. It contains 200-250 distinct 

lamellae, each layer arranged at right angles relative to fibres in adjacent lamellae.  
 

In recent years the corneal stroma has been identified to be home to corneal stromal stem cells (CSSCs) 

with keratocyte progenitor potential [357]. CSSC are found in the limbal stroma, near the Bowman layer and 

in close proximity to limbal epithelial stem cells [357]. These cells have the phenotypic properties and cell 
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surface markers of MSCs and possess the ability to expand in vitro without loss of the ability to adopt a 

keratocyte phenotype [357].  

 

Keratocytes are the major cell type in the stroma and are embryologically derived from mesenchymal cells 

lying between the corneal epithelium and endothelium [357]. Keratocytes are capable of synthesising 

collagen molecules, glycosaminoglycans, and matrix metalloproteases (MMPs), and are crucial in 
maintaining local homeostasis [404].  

 

Keratocytes, unlike corneal epithelial cells, are difficult to propagate ex vivo as they have a low proliferative 

capacity and tend to irreversibly transform into fibroblasts. Whilst some progress has been made to utilise 

culture media which propagates keratocyte cells without transition to fibroblasts [405], the low proliferation 

rate of these cells remains a significant barrier to their potential application for cell therapy.  

 

Karamichos et al. demonstrated the ability of UCMSCs to stratify and deposit an organised and functional 
extracellular matrix when plated on polycarbonate membrane inserts and cultured in a Vitamin C and 

transforming growth factor-β1 (TGF-β1) enriched medium containing 10% Fetal bovine serum (FBS), Eagle’s 

Minimum Essential Medium (EMEM), and 0.5 mM 2-O-α-D-glucopyranosyl-L-ascorbic acid. After 4 weeks, a 

construct approximately 35 um thick was deposited which was similar in terms of Type I and V collagen 

content as well as collagen fibril diameter to that secreted by corneal fibroblasts under similar conditions 

[406]. The transparency of the construct was not reported. 

 

Further work has suggested that UCMSC transplantation may be a feasible alternative to keratoplasty in 

treating congenital disorders of the cornea secondary to keratocyte dysfunction such as 

mucopolysaccharidoses. Lumican, belonging to a small leucine rich proteoglycan family, is one of the major 

keratan sulfate proteoglycans in the corneal stroma and is of fundamental importance to corneal 

transparency [407]. Liu et al. performed unilateral intrastromal injection of human UCMSCs to treat lumican 

null (Lum-/-) mice [407] that manifest thin and hazy corneas due to null expression of lumican, reduced 

expression of keratocan, and disrupted corneal stromal extracellular matrix structure. The human UCMSCs 

injected into the stroma assumed a keratocyte-like phenotype and expressed genes similar to those 
manifested by keratocytes, including keratocan, lumican, aldehyde dehydrogenase, and CD34. These cells 

were also capable of re-organising collagen lamellae within the stroma as evident on the forward scattered 

second harmonic generated signals (SHG) of collagen fibres from the transplanted corneas. UCMSC 

transplantation improved corneal stromal thickness and transparency after 8-12 weeks, as assessed by in 

vivo confocal microscopy and non-linear optical microscopy. The authors observed little or no host immune 

response to the xenograft, thus obviating the need for immunosuppressive therapy (Figure 7).  

 

Follow-up fluorescent stereo microscopy revealed that UCMSCs labelled with the temporary markers DiI or 
DiO (fluorescent lipophilic dialkylcarbocyanine dyes), migrated from the corneal centre to the periphery and 

resided within the cornea for at least 3 months following intrastromal delivery. The survival of xenografted 

cells is presumably in part due to the immune modulatory ability of MSCs and is supported by the immuno-

staining data which demonstrated reduced infiltration of leukocytes and macrophages in UCMSC 

transplanted corneas when compared to those transplanted with UCBMS [407].  
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Similar work conducted by Coulson-Thomas et al. demonstrated the capability of UCMSCs to treat 

mucopolysaccharidosis VII, also known as Sly syndrome [408]. This disorder is caused by mutation of β-

glucuronidase which leads to the accumulation of heparin sulfate, heparin, chondroitin-4- sulfate and 

chondroitin-6-sulfate in the corneal extracellular matrix [409, 410]. Intrastromal injection of UCMSCs in 

mucopolysaccharidosis VII mice resulted in the restoration of the dendritic and hexagonal morphology of 
host keratocytes and endothelial cells, respectively. Corneal haze was also shown to be diminished as 

assessed by laser scanning in vivo confocal microscopy. When using this method of imaging, however, the 

brightness of the illuminating light source is usually varied automatically by the instrument in order to 

maximise image quality, making quantitative assessment of haze using this technique unreliable [411]. An 

overall reduction in the corneal content of glycosaminoglycans (GAG) and the number and size of lysosomes 

in keratocytes was also reported. Interestingly, the group observed intercellular trafficking of UCMSC-

secreted exosomes (nano-sized vesicles that have the ability to transfer ribonucleic acid) between donor 

cells and recipient keratocytes and postulated that they encouraged endoglycosidase-assisted catabolism of 
GAG in the diseased cornea.  

 

These UCMSCs also survived the host immune response and ultimately differentiated into resident stromal 

cells without the need for immunosuppressive therapy. It is interesting that early treatment of mice led to 

significantly improved corneal stromal morphology, suggesting that prophylactic treatment may prevent the 

corneal haze observed in congenital corneal dystrophies.  

 
The molecular pathways that govern UCMSCs differentiation in the host corneal tissue, however, were not 

delineated in the mouse studies [407, 408]. Therefore, the potential applicability of these observations for 

clinical translation into humans is difficult to ascertain given that the mouse cornea contains fewer 

crosslinked collagen fibres which may make it more amenable to remodelling following cellular therapy [412]. 

Another area of concern is the potential for transplanted UCMSCs to differentiate into fibroblastic or 

myofibroblastic phenotypes resulting in undesirable sequelae such as corneal scarring or opacification.  

 

Despite these concerns and limited data, the use of umbilical stem cell derived stromal substitutes is an 
intriguing therapeutic possibility, especially given the longevity of mesenchymal stem cell derivatives in 

corneal tissue; however, further work is required to refine techniques to create a reproducible and 

homogenous cell population that can be used for clinical purposes. In order to achieve this, further research 

is also required in respect to standardisation of current cell isolation and propagation methods. Ideally, this 

would be coupled with a simple mechanism to trace the cultivated cells in vivo so that the provenance of 

observed corneal cells can be tracked back to the stem cell administered. 
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Figure 7.  
Corneal stromal thickness and transparency in Lum-/- mice was improved by the transplantation of UMSCs. 

A. Before UMSC transplantation, there were similar levels of corneal stromal light scattering and thickness in 

the right (OD, a) and left (OS, b) eye. Panel c contains histograms of light scattering and stromal thickness. 

B. Panel a and b represented the 3-dimensional images of HRT examination 12 weeks after UMSCs 
transplantation; and clearly, lower light scattering and increased thickness displayed in the transplanted 

corneal stroma (b) than that of a non-treated cornea (a). The histograms showed thicker and less light 

scattering (more transparent) in the stroma of transplanted corneas than those of non-treated corneas after 

12 weeks. Reproduced with permission from [407]. 
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Currently, it remains uncertain how long UCMSC derived cells survive in the cornea and whether they have 

potential to cause long term adverse effects, e.g. through modulation of the local immune response that can 

occur through the inhibition of inflammatory cell adhesion/invasion [413]. Another potential difficulty with 

intrastromal injection of stem cells or transplantation of stroma-like tissue sheets in hazy or scarred corneas 

is the possibility of an inflammatory or scarring response in an already compromised cornea.  

 
It is fortunate that xenotransplantation of mesenchymal stem cells to the corneal stroma appears to elicit only 

a transient inflammatory response, akin to the expected innate host response to the trauma of intrastromal 

cell delivery [412]. This makes the use of such stem cells clinically attractive as expansion of autologous 

stromal stem cells following a stromal biopsy would be unnecessary. Moreover, the conveyance of UCMSC-

derived exosomes to recipient keratocytes suggests that a transfer mode of action, between stem cell 

derived cells and diseased cells, may be an alternative treatment modality for hereditary stromal dystrophies. 

The use of exosomes per se could overcome some of the limitations and risks associated with intrastromal 

cell injection as exosomes can potentially be applied topically [414]. Ultimately, however, a great deal of 
additional research is required to elucidate the therapeutic window for curative therapy in animal models 

before consideration of treatment of corneal stromal disease in human subjects. 

Endothelial regeneration 

 

The human corneal endothelial cells (HCECs) consist of a 4um thick monolayer of hexagonal cells lining the 

inner aspect of the cornea. To perform their essential pump function, a minimal HCEC functional capacity is 

required, which depends on both HCEC density and quality. The number of HCEC varies throughout life, 
spanning from up to 6000/mm2

 

in new-borns to 2000/mm2 in older adults, with an average decrease in 

central endothelial cell density of 0.5% per year [415-417]. Endothelial cells do not undergo mitosis in vivo as 

they are arrested in the G1-phase of the cell cycle [418]. As a result, damaged endothelial cells are rapidly 

replaced by enlargement of the surrounding cells and centripetal migration into the injured region. As the 

endothelial cell density falls below a threshold level of 400-800 cells/mm2, the cornea fails to maintain its 

transparency through loss of deturgescence and subsequent corneal oedema [419-421].  

 

Endothelial failure is one of the leading reasons for corneal transplantation worldwide [422], and in the past 
decade there has been an increasing effort to provide minimally invasive alternative cellular therapies. 

HCECs are, however, laboriously difficult to propagate ex vivo as cultured cells often acquire a fibroblastic 

morphology or fail to proliferate, with an estimated two-thirds of research grade human corneas failing to 

generate viable cells [33]. 

 

In recent years, investigators have evaluated the feasibility of transforming UCMSCs into HCECs. Corneal 

endothelial cells are embryologically differentiated from mesenchymal cells that migrate between the surface 

epithelium and lens placode [423]. Researchers have used lens epithelial cell-conditioned medium (LECCM) 
to mimic the effect of the lens during corneal endothelial differentiation.  

 

In an ex-vivo model, Joyce et al. demonstrated that UCBMSCs could be transformed into HCEC through 

LECCM treatment. While markers for the HCEC such as N-cadherin and ZO-1 [424], were detected in both 
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treated and untreated cultures, these proteins became more distributed to cell boundaries in the presence of 

LECCM. Microarray analysis of 250 genes showed that cells cultured with this conditioned medium displayed 

a shift towards a phenotype closer to that of HCECs. The cells were tracked using a permanent marker, 

green fluorescent protein (GFP), and were shown to have a high affinity for damaged HCECs.  While these 

cells would “home in” and attach to damaged HCEC with great efficiency, they failed to adhere strongly to 

either unwounded HCEC or to denuded Descemet membrane [425].  
 

This “home in” ability of UCBMSCs supports the theory of “licensing” where mesenchymal stem cells are 

primed by local factors such as those produced by injured and necrotic cells [426]. Whilst LECCM 

transformation of UCMSCs resulted in an apparent monolayer of closely-packed, elongated cells, it did not 

produce optimal endothelial phenotypical features with cells exhibiting elongated, fibroblastic-like shapes 

with evidence of cellular overlap. 

 

In a rabbit model, Shao et al. injected in vivo expanded human umbilical cord blood endothelial progenitor 
cells (UCBEPCS) bound with immunomagnetic CD34 nanoparticles into the anterior chamber after a central 

9mm surgically created descemetorhexis. A magnet was placed on the eyelid for 12 hours to attract the 

injected cells to the host stroma [427]. In the control group a descemetorhexis was performed followed by 

injection of the same cells but without a magnet. In the model group, descemetorhexis was performed 

without cell injection. In the experimental group, cells were noted to migrate towards the magnet and the 

treated corneas expressed aquaporin 1 (AQP1), indicating intact pump function (Figure 8). At 4 months 

postoperatively, the experimental group had little to no corneal oedema, and corneal thickness 
measurements comparable to normal eyes, suggesting restoration of endothelial pump function by 

UCBEPCS.” 

 

The aforementioned studies are fascinating, as they open up the possibility of a cell-based treatment option 

for endothelial dysfunction, which is the most common reason for corneal transplantation in industrialised 

countries [428]. As noted in the previous sections on epithelial and stromal stem cells, there are many 

obstacles that need to be overcome before such therapy can become a clinical reality.  

 
Currently, our knowledge regarding the molecular pathways that govern development and differentiation of 

corneal endothelial cells is limited. In particular, identification is required of specific micro-environmental 

conditions that enable inductivity of HCEC from umbilical stem cells to replace damaged or diseased cells. 

Although advances have been made with the discovery of the role of TGF-β2 in HCEC development, 

unsurprisingly the process appears to be complex with differentiation requiring the interaction of a number of 

signals from other cell types from the anterior segment [429]. 

 

The rabbit model is not an ideal candidate for controlled preclinical studies on endothelial tissue-engineering 
owing to a high inbuilt capacity for endothelial proliferation in vivo [430]. Therefore, experimental models 

more akin to humans are needed to examine the long-term results of umbilical stem cell derived endothelial 

transplants. An ideal animal model would be a primate model, e.g. the cynomolgus monkeys, but primate 

experimentation is severely restricted in many countries because of ethical and animal welfare concerns 

[431]. 
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Some investigators consider sheet transplantation of HCECs as the optimal method for endothelial 

transplantation, as it retains the polarity of the transplanted endothelial cells [432]. Anterior chamber injection 

of immunomagnetic infused HCECs is a novel method of cell delivery that avoids the inherent problems 

associated with the use of tissue scaffolds, such as poor biocompatibility and biodegradation. However, the 

viability, identity, or barrier function of nanoparticle-endocytosing HCECs has not been fully elucidated 
against that of untreated cells. Furthermore, whilst magnetic nanoparticles are thought to be non-toxic to 

HCECs in vitro [433], and other ocular tissues in vivo, [434], long term safety of these particles is still 

unconfirmed. Indeed, there are reports of teratogenicity from the use of magnetic nanoparticles in animal 

models [435].   

 
Other concerns regarding the application of a magnetic field include the potential for bound cells to be 

attracted to the irido-corneal angle in the event of a magnetic field offset. This is of concern as nanoparticle 

clogging of the trabecular meshwork has the potential to induce a sustained elevation of intraocular pressure 
and in the past has been used as an experimental glaucoma model in rats [436].  

 

It is also worth noting that whilst the ability of injected HCEC to deturge the cornea has been born out in the 

short term, the longevity of such treatment remains undetermined. Additionally, studies to date have not 

rigorously examined the characteristics and functions of transplanted endothelial cells. Transmission electron 

microscopy studies are required to allow fine characterisation of the reconstructed endothelial ultrastructure 

and to confirm the presence of a confluent and adherent layer of cells and progressive closure of the tight 
junctions between adjacent cells [437]. The use of corneal endothelial cell biomarkers such as ZO-1 and N-

cadherin to identify corneal endothelial cells in vitro is problematic as they are also expressed in other 

lineages, such as lens epithelial and retinal pigment epithelial cells, and are not absolute indicators of 

functionality [438, 439]. This makes the isolation of HCECs from umbilical stem cells based on these markers 

far from satisfactory, given the ability of these stem cells to differentiate into a variety of cell types. One step 

toward a better characterisation of endothelial cells might come from the identification of novel cell markers 

such as Wnt5a, S100A4, S100A6 and IER3 [440]. 
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Figure 8.   
Corneal appearance and thickness after transplantation of UCBEPCs labelled with nanoparticles and 

magnet attraction. (A) Two weeks after surgery. The corneas had obvious oedema with increased corneal 

thickness. (B) Four months after surgery. The corneas in the nano group (UCBEPCs labelled with 

nanoparticles and magnet attraction) had minimal corneal opacity, and the pupil and iris vessels were easily 

visible. The corneas in the control group (nanoparticle-labelled UCB EPCS without magnet) and the model 

group (endothelium–Descemet membrane stripping, but no injection of cells) had severe corneal opacity, 

only pupil margin visible. OCT scan showed that the corneal thickness in the nano group was lower than in 

the control and the model group and similar to the normal group. (C) The corneal thickness decreased from 
2 weeks to 4 months postoperatively in the nano, control, and model groups (2w, 2 weeks; 2mo, 2 months; 

4mo, 4 months). Reproduced with permission from [357].  
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Conclusion 
 

Umbilical stem cells have a number of qualities which make them attractive in the field of regenerative 

medicine. They are easy to access, and cell extraction does not lead to any morbidity or mortality to either 

mother or infant. They also comprise large numbers of new-born stem cells with excellent proliferative 

capacity, and this makes them an economically viable cell source for translational clinical applications. The 
potential for developing cornea-like biomaterials has been greatly advanced with the use and availability of 

stem cells, with preclinical studies suggesting umbilical stem cells to be a practical and realistic alternative to 

traditional stem cell sources in the treatment of corneal disease. The field is still in its infancy, and further 

studies are required to determine the long-term outcome of these transplants.  

 

Specifically, additional research is required regarding the phenotypical and transformational quality control of 

expanded cells before application to the eye and the microbiological safety of such an intervention. There 

are also issues regarding the assessment of the functional capacity of differentiated cells in vitro. Future 
research should also focus on standardising protocols for cell culture, differentiation, expansion, and 

cryopreservation, as well as quality control systems. Other areas that need attention include optimising cell 

culture media and scaffolds which can support cell proliferation, maintenance and differentiation. In 

particular, the current reliance on xeno-derived culture media may constitute a potential risk for the 

transmission of infections.  

 

Whilst there are many avenues that are yet to be explored, the evidence suggests that human umbilical stem 
cells are excellent candidates for regenerative medicine and may well play an integral role in stem cell 

translational therapy. Preliminary data support the potential use of human umbilical stem cell derived tissue 

in the treatment of human limbal stem cell deficiency, keratocyte dysfunction and endothelial disease. 

Developments in this field offer hope of future cellular therapy for the millions whose lives are affected by 

visually-impairing corneal disease, currently untreatable or only amenable to corneal transplantation.  

 

 

 
The preceding section has been published in large part as: 

Ziaei, M., et al., Umbilical cord stem cells in the treatment of corneal disease. Surv Ophthalmol, 2017. 62(6): 

p. 803-815.[441] 
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CHAPTER 4 
 

Avoiding Corneal Transplantation, Cornea Crosslinking for the Treatment of Corneal Ectasia 
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Introduction 

 

Corneal ectasia is a progressive non-inflammatory thinning disorder of the cornea that compromises the 

stromal collagen matrix resulting in protrusion and alteration of corneal shape. The different types of ectasia 
include keratoconus, pellucid marginal degeneration (PMD), keratoglobus, posterior keratoconus and post 

laser refractive surgery ectasia.    

 

The incidence of keratoconus, the most common type of ectasia, is 1.3 to 25 per 100,000 [442] with a 

reported prevalence of 50 to 230 cases per 100,000 [443]. There is a strong association of ectasia with atopy 

[444] and a growing body of evidence suggesting genetic factors play an important role in its pathogenesis  

[445]. Whilst the total corneal collagen content of keratoconic eyes is normal, changes in epithelial basement 
membrane structure, stromal collagen fibre and extracellular matrix components, keratocyte morphology and 

cell-matrix interactions result in lamellar/fibrillar slippage leading to a reduction in corneal stiffness by a factor 

of 0.7 [446, 447]. This in turn leads to protrusion of the corneal apex and an increase in corneal power [448].  

 

PMD is a rare, idiopathic, progressive, non-hereditary and non-inflammatory ectatic disease classically 

affecting the inferior aspect of the cornea [449]. Histopathological evaluation of PMD has shown a thin or 

irregular Bowman layer [450], whilst electron microscopy studies have revealed fibrous long collagen with a 

periodicity of 100–110 nm scattered in amongst regions of otherwise normal collagen fibres [451].   
 

Post laser refractive surgery ectasia is an uncommon and complex entity that has been reported following 

both laser in situ keratomileusis (LASIK) [452] and photorefractive keratectomy (PRK) [453, 454] with a 

reported prevalence of 1/2500 [455] and 1/3000 [456] respectively. Iatrogenic ectasia has been associated 

with laser refractive correction in pre-existing subclinical (forme fruste) keratoconus, excessive tissue 

ablation, enhancements and high attempted myopic correction [455].   

 

Conservative management of keratoectasia initially involves spectacle correction followed by contact lenses. 
Contact lenses represent the treatment of choice for the majority of patients with keratoectasia [457]. 

However surgical intervention is required in patients who become contact lens intolerant or are not capable 

of visual rehabilitation with contact lenses. For advanced disease with central corneal scarring, corneal 

transplantation preferably with DALK or alternatively PK remains the only viable treatment option. Large 

prospective cohort studies have reported a keratoplasty rate of 11.8% after an 8-year period of follow-up 

[458] and 18.8% over a 20 year period [459]. However the high financial burden of corneal transplantation 

[460], limited patient satisfaction with postoperative vision and contact lens tolerance [461], coupled with an 
almost 50% failure rate at the 20 year time point after keratoplasty [462] has led to the development of many 

novel non-transplant surgical treatment options, both for stabilisation of the ectatic process and visual 

rehabilitation. There has been particular interest in these newer treatment modalities as they offer the 

potential to treat the disease at an earlier stage, prevent the morbidity associated with disease progression, 

and potentially preclude the need for the more invasive keratoplasty procedure. This chapter aims to review 

CXL as a treatment modality in patients with keratoectasia.  
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Corneal crosslinking 

 
Cornea crosslinking is a technique used to strengthen corneal tissue utilising riboflavin as a photosensitiser 
and Ultraviolet-A (UV-A) to increase the formation of intra- and inter-fibrillar carbonyl-based covalent bonds 

through the process of photopolymerisation [463, 464].  Whilst the exact molecular response to crosslinking 

is not fully understood [465], experimental data has suggested that it occurs via two mechanisms. After 

excitation of the riboflavin molecule to its single or triplet state and in the early aerobic phase of crosslinking, 

photosensitised oxidation of stromal proteins occurs via its interaction with reactive oxygen species (Type II 

mechanism) [466]. After the oxygen supply is depleted and in anaerobic conditions, reactive species of 

radical ions are produced and interact with numerous molecules in the corneal stroma (type I mechanism) 

[463]. The liberation of these molecules in the corneal stroma coupled with the resulting wound healing 
response to the procedure’s mechanical and photochemical insult is thought to induce an increase in corneal 

rigidity in the anterior 200um of the stroma [467-470], modulus of elasticity, collagen fibre thickness [471], 

resistance to stretching [470] and enzymatic degradation[472], with an associated decrease in swelling 

percentage and permeability  [473-475].   

 

Whilst the major indication for the use of CXL is to arrest the progression of keratoconus [476] it has also 

been utilised in the treatment and prophylaxis [477] of iatrogenic ectasia resulting from LASIK [477-479], 

photorefractive keratectomy [478, 480] and radial keratotomy [481]. CXL has also been used in combination 
with other treatments, such as intracorneal ring segment implantation [482, 483] and limited topography-

guided photoablation [484, 485].  

 

As the CXL process leads to the compaction of the corneal stroma and reduces the potential space for fluid 

in oedematous corneas [486, 487], it has been used effectively in short term palliative treatment of patients 

with pseudophakic bullous keratopathy with a reported reduction in patient pain scores and central corneal 

thickness but no significant improvement in visual acuity [488].    
 

Moreover, after initial laboratory studies indicated potential antimicrobial properties, small case series have 

so far reported successful treatment of bacterial (Pseudomonas aureginosa, Staphylococcus aureus, 

Escherichia coli), fungal (Fusarium, Aspergillus), protozoal (Acanthamoeba) and atypical (non-tuberculous 

mycobacteria) keratitis using CXL [489]. 

 

 

Dresden protocol 
 

The standard or what is now referred to as the Dresden protocol for CXL as initially reported by Wollensak et 

al, requires epithelial removal, application of 0.1% riboflavin solution for 30 minutes before ultraviolet 

exposure, with a wavelength of 370 nm and homogenous irradiance of 3 mW/cm2 for 30 mins (5.4J/cm2) 

[476]. Collateral endothelial, lenticular or retinal damage is not expected using this protocol [490].  
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Alternative treatment protocols 

More recent CXL techniques have departed from the original Dresden protocol. These newer techniques 

utilise different formulations and delivery methods of riboflavin as well as altered ultraviolet exposures in an 

attempt to shorten duration times, reduce patient discomfort, and minimise postoperative complications.   

 

High fluency crosslinking 
 

The theoretical foundation behind high fluency crosslinking is based on the Bunsen-Roscoe law of 

photochemical reciprocity that states the same photochemical effect can be achieved with a reduced 

irradiation interval provided that the total energy level is kept constant through a corresponding increase in 

irradiation intensity. Commercially available ultrafast devices are now able to provide an irradiance intensity 
of 43 mW/cm2. Using this setting, a total treatment time of 2 minutes would achieve the standard Dresden 

protocol energy dose of 3.4J or a radiant exposure of 5.4 J/cm2  [491].  

Ex vivo human cornea studies using scanning acoustic microscopes have failed to demonstrate a significant 

difference in corneal stiffness between low and high intensity treated corneas [492]. Early in vivo safety 

studies using high fluency crosslinking have shown the procedure to be safe with no adverse effects 

reported on epithelial healing times or corneal limbal morphology [493]. However, a recent human safety 

study has suggested transient but significant differences in endothelial cell density, percentages of 

hexagonality, and coefficient of variation of endothelial cell area in the first month after treatment with high 
fluency crosslinking [494].   

 

Transepithelial crosslinking  

 

The diffusion process of 0.1% riboflavin in the stroma is a time-dependent, one-dimensional process that is 

limited by corneal epithelial tight junctions [495, 496]. Epithelial debridement is thought to be a major 

contributor to the postoperative complications of CXL, such as infective keratitis and an abnormal wound 

healing response. This issue has perpetuated the interest in the potential application of an epithelium “on” 

technique [465, 497]. The two main challenges associated with this technique are the limited diffusion of the 

riboflavin molecule with a molecular weight 376 g/mol through the lipophilic cornea and its intact epithelial 

tight junctions [498, 499], as well as the high ultraviolet absorption coefficients of the corneal epithelium and 

Bowman layer [500].   

 
The diffusion of riboflavin across an intact corneal epithelium may be achieved through a number of 

techniques, such as modifying the corneal epithelial permeability, changing the physicochemical properties 

of the riboflavin molecule, or by direct delivery of the riboflavin molecule into the corneal stroma.   

Epithelial permeability modification can be an alternative to epithelial removal. In this approach, chemical 

enhancers such as benzalkonium chloride (BAK), ethylendiaminatetetraacetic acid (EDTA), trometamol or 

gentamicin are added individually or concurrently with the riboflavin solution to loosen epithelial tight 

junctions and facilitate the diffusion of riboflavin into the stroma [465, 473].  
Whilst human studies report a low complication rate of 0-3.9% (transient haze) in treated subjects [501, 502], 

the effectiveness of this technique remains uncertain and its use is still the subject of debate and 

controversy.  Experimental data have shown that performing BAK 0.0005% enhanced transepithelial 
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crosslinking results in an increase in biomechanical rigidity of only one-fifth of the level expected with 

standard CXL in rabbit corneas (21.3% vs. 102.4%) [503]. Other studies have shown this technique to affect 

the collagen pattern profile and not the collagen fibre diameter [504].  Furthermore limited keratocyte 

apoptosis has been demonstrated in transepithelial crosslinking [505] as well as a more superficial 

crosslinking demarcation line at 100-140um of depth when one enhancer is used [505, 506] and 250um 

when two enhancers are utilised [507]. These findings are in contrast to standard CXL where a demarcation 
line is visible at a depth of 280-330um [508, 509]. 

 

To improve the diffusion of the negatively-charged water-soluble riboflavin through an intact epithelial layer, 

iontophoretic delivery using a mild electrical current has also been investigated. Studies show that whilst this 

technique allows greater and deeper riboflavin saturation in the corneal stroma when compared to the 

conventional epithelium on technique, this concentration is half of what is seen with the epithelium off 

method [510].  Confocal studies of eyes treated using this technique again show a keratocyte apoptotic 

effect at a 60-70um more superficial level than standard CXL suggesting suboptimal penetration of the 
riboflavin into the corneal stroma [511]. 

 

In another attempt to least disturb the corneal epithelial integrity and hasten postoperative healing, clinical 

investigators have utilised a grid-like pattern of de-epithelialisation [512], riboflavin soaking of corneal 

pockets created for intracorneal ring segment implantation,  [513] and superficial intrastromal administration 

of riboflavin using a femtosecond laser-created central corneal pocket [514, 515].  

Early clinical and experimental data show that the grid-like pattern of de-epithelialisation is  ineffective in 
increasing the absorption of riboflavin [512, 516], whilst the femtosecond pocket procedure has shown some 

promise with one small human study demonstrating stabilisation of the ecstatic process as well as improved 

corrected distance visual acuity (CDVA) and KMAX values over a follow-up period of up to 26 months [514]. 

 

Crosslinking in thin corneas 

A number of alternative strategies have been utilised to protect the intraocular structures from UVA 

irradiance in patients with progressive ectasia who do not meet the minimum corneal thickness criteria for 

CXL treatment (440um including the epithelium).  

These include transepithelial crosslinking, pachymetry-guided epithelial debridement [517], use of hypo-

osmolar preparations of riboflavin to produce corneal swelling [518], decreasing the UVA irradiance dose, 

reducing the duration of riboflavin soaking, increasing the riboflavin concentration, or a combination of the 
above [473]. Whilst these modifications may be protective to the endothelium in thin corneas, they are yet to 

be standardised and it remains unclear whether they will yield similar results to conventional CXL.   

 

Typical postoperative findings 

Anterior corneal stromal haze often occurs in the first month after treatment and typically resolves after 12 to 

20 weeks [497]. The posterior aspect of this haze is demarcated by an indistinct hyperreflective demarcation 

line seen in the mid-stroma.  Whilst no consensus has been reached with regards to its aetiology, it is in all 
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probability a clinical manifestation of the depth of cross linking and occurs as a result of a change in the 

stromal refractive index, an increase in collagen fibre diameter and fibrillar spacing [471, 519].  

 

Cellular and ultrastructural findings after CXL 

CXL induces a wound healing response with associated changes in the structure and cellularity of the 

cornea evident on confocal microscopy from the early postoperative period up to 36 months after treatment 

[520]. Confocal microscopy studies performed immediately after CXL reveal stromal oedema, thinning of the 

epithelial layer, keratocyte apoptosis, and a reduction in nerve fibre density in the anterior stroma (250-

300um) [473]. A human histopathological study 24 hours after CXL in a normal cornea confirmed complete 

loss of anterior stromal keratocytes to a depth of 250-280 um whilst keratocyte densities were found to be 

normal in the posterior aspect of the stroma [521].  
Three to six months after treatment, confocal microscopy reveals a reduction in oedema, increased density 

of the stromal extracellular matrix density and gradual repopulation of the stroma with activated keratocytes 

from the peripheral cornea [522, 523].  

 

At the one-year time point, posterior stromal and endothelial cell morphology has been shown to be 

unchanged [524]. Thirty six months postoperatively a “bridge and needle” shaped hyper reflective density in 

the anterior extracellular corneal matrix can be visualised and this has been interpreted as newly replaced 

collagen [508, 525].   
 

In Mesmmers et al’s histopathological study of keratoconic eyes, long-term changes in the anterior/middle 

corneal stroma with central and peripheral keratocyte loss was observed up to 30 months after CXL [447]. 

Whilst this study is in contradiction to reported in vivo confocal studies of human corneas and animal 

histological studies, it is a worrying report showcasing the possible long-term consequences of this ever 

more popular procedure.   

 

 

Clinical Outcomes 
 
Keratoconus   

Conventional crosslinking (Dresden protocol) 

Cohort studies 
 

There have been many studies evaluating the role of CXL as a treatment modality for keratoconus since 

Wollensak et al. reported the first controlled clinical study in 2003 [476]. In this ground-breaking study, 

crosslinking was performed in 23 eyes of 22 patients with progressive keratoconus. At last follow up (range: 

3 months to 4 years) there was no observable progression of keratoconus in any of the subject. A reduction 

of maximal keratometry (KMAX) was observed in 16 eyes (70%) with a mean reduction of 2.01 dioptres (D) 

which was accompanied by a 1.14 D reduction in refractive error.  A progression in the keratometric readings 
(mean 1.48 D) occurred in 22% of untreated contralateral eyes. 
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Since that report, more than 20 cohort studies have reported on the effect of standard CXL using different 

outcome measures. The results of these investigations are summarised in Table 3.  

 

The vast majority of these studies are prospective longitudinal studies (84%) whilst a small proportion are 

retrospective (16%). Of the twenty prospective longitudinal studies, eleven report on the outcomes of both 
the treated eye (usually the worse eye), with the untreated fellow-eye serving as a control.  
 

These studies report on the effect of CXL on a patient group with a mean age ranging between 21-35 years 

with a follow-up duration ranging between 3-60 months. Half of the studies have a mean follow-up period of 

up to one year with only 3 studies following up their patient cohort for more than 3 years.  

 

The studies show an efficacy rate of 62-100% for CXL halting keratoconus progression as assessed by KMAX 

changes. All of the studies (where data is available) report a reduction in KMAX with more than half of the 
studies showing this reduction to be statistically significant. The degree of flattening ranges between 0.01-1D 

(42% of studies), 1-2D (33% of studies) and 2-3D (24% of studies). The flattening effect of crosslinking 

appears to continue over a period of up to 6 years [526] with no significant late complications [527]. 

 

The improvement in corneal shape is accompanied by an improvement in UCVA of between 0.01-1.0 

LogMAR and an improvement in CDVA of 0.01-0.55 LogMAR in all of the studies (where data is available). 

This improvement in visual acuity after treatment has been attributed to a decrease in astigmatism, a 
reduction in corneal curvature and topographical homogenisation resulting from increased corneal rigidity. 

Coma-like aberrations, which are the most prevalent higher-order aberration in keratoconic eyes [528, 529], 

have also been shown to be significantly reduced following CXL [527, 530-532]. 
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Author 
 

N 
 

Mean 
age 
(years) 

Mean 
Follow 
up  
(months) 

% of stabilisation 
(improvement) of 
KMAX/ KMean (D) 

Mean change 
in KMAX/ KMean 
(D) 

Mean change  
in SE (D) 

Mean 
change in 
UDVA 

Mean 
change in 
CDVA 

Permanent 
Complications 

Study design 

Ivarsen [533] 28 - 22 96 (50) 1.1 * 1.7 * - 0.07  
LogMAR  

Loss of CDVA 
(7%) 

Retrospective 
pre-post 
longitudinal 
cohort 

Legare 
[534] 
 

39 26.8 15.8 - - - 0.39   
LogMAR* 

- None Retrospective 
pre-post 
longitudinal 
cohort 

Poli  
[535] 

45 21.7 20.8 100 (-) 0.19  - 0.18   
LogMAR * 

0.22  
 LogMAR * 

None Prospective pre-
post longitudinal 
cohort  and 
comparative 
controls  

Hashemi 
[536] 

40 22.4 60 - 0.24  0.41  0.02   
LogMAR  

0.12   
LogMAR * 

None Prospective pre-
post longitudinal 
cohort 

O’Brart   
[537] 

30 26.3 53.3 100 (34) 0.84 * 0.82 * 0.01   
Snellen  
equivalent   

0.1   
Snellen 
equivalent  * 

Loss of one 
line of CDVA 
(17%) 

Prospective pre-
post longitudinal 
cohort 

Guber  
[538] 

33 26.36 12 - 0.16  2.17 * - 0.04  
LogMAR * 

Corneal scar 
(6%) 

Prospective pre-
post longitudinal 
cohort 

Viswanthan  
[539] 

51 24.2 13.8 - 0.96 * 0.2  - 0.05   
LogMAR * 

- Prospective pre-
post longitudinal 
cohort  

Goldich  
[540] 

14 28.2 24 - (92) 2.4 1.3 0.19   
LogMAR 
 

0.07  
LogMAR 

None Prospective pre-
post longitudinal 
cohort 
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Koller  
[541] 

151 29.3 - 98 (37) 0.89 * - - 0.55  
 LogMAR  

- Prospective pre-
post longitudinal 
cohort 

Henriquez  
[542] 

10 29.7 12 - (80) 2.66 * 2.25 * 0.72  
 LogMAR * 

0.09  
 LogMAR  

None Prospective pre-
post longitudinal 
cohort  and 
comparative 
controls 

Asri  
[543] 

142 24.1 10 91 (21) 0.49 * - 0   
LogMAR  

0.01   
LogMAR* 

Loss  of > 2 
lines of CDVA 
(3.5%) 

Retrospective  
pre-post 
longitudinal 
cohort 

Caporossi  
[527] 

44 - 48 89 (85) 2.26 (-) 2.15 * 2.85  
Snellen 
lines (-) 

2.0  
Snellen 
lines (-) 

None Prospective pre-
post longitudinal 
cohort  and 
comparative 
controls 

Saffarian  
[544] 

92 21.5 12 - 0.94 * 0.57 * 0.30   
LogMAR * 

0.06   
LogMAR * 

None Prospective pre-
post longitudinal 
cohort 
 

Coskunseven  
[482] 

38 22 9 - 1.57 * 1.03 * 0.06   
LogMAR * 

0.10  
LogMAR * 

None Prospective pre-
post longitudinal 
cohort  and 
comparative 
controls 

Grewal 
[545] 

102 25.6 12 - 1.07  1.43  - 0.02   
LogMAR  

- Prospective pre-
post longitudinal 
cohort  and 
comparative 
controls 

Vinciguerra  
[546] 

28 - 24 - 1.35 * 0.81 * 0.24   
LogMAR * 

0.15  
 LogMAR * 

- Prospective pre-
post longitudinal 
cohort  and 
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comparative 
controls 

Koller  
[547] 

117 - 12 92 (37) - - - - 2.9 % stromal 
scar 

Prospective pre-
post longitudinal 
cohort  and 
comparative 
controls 

Doors 
[509] 

28 35.1 6.3 62 (25) 0.08  -  - 0.02   
LogMAR  

None Prospective pre-
post longitudinal 
cohort 

Arbelaez  
[530] 

20 24.4 12 - 1.36 * 1.88 * 4.15  
Snellen  
lines * 

1.65  
Snellen 
lines * 

None Prospective pre-
post longitudinal 
cohort 

El-Raggal  
[548] 

15 26.4 - 100 (-) 1.63 * - 0.04   
LogMAR * 

0.02   
LogMAR 

Superficial 
corneal 
scar (6.67%) 

Prospective pre-
post longitudinal 
cohort 

Agarwal  
[531] 

37 16.9 12 92 (54) - - - - None Retrospective 
pre-post 
longitudinal 
cohort 

Raiskup-Wolf  
[526] 

66 30 24 86 (56) 1.91 * - - 0.09   
LogMAR * 

- Prospective pre-
post longitudinal 
cohort  

Caporossi  
[532] 

10 31.4 3 100 (-) 2.1 (-) 2.2 (-) 3.6 
 Snellen 
lines * 

1.6  
Snellen 
lines * 

None Prospective pre-
post longitudinal 
cohort  and 
comparative 
controls 

Wollensak  
[476] 

23 31.7 23.2 100 (70) 2.01  1.14 * - 1.26 
 Snellen line 
* 

None Prospective pre-
post longitudinal 
cohort  and 
comparative 
controls 
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Table 3.  
Cohort studies of CXL in progressive keratoconus. 

Maximal keratometry (KMAX), mean keratometry (KMean), Dioptres (D), spherical equivalent (SE),  uncorrected distance visual acuity (UDVA), corrected distance 

visual acuity (CDVA), minimum angle of resolution (LogMAR)  

* represents statistically significant results  
+ represents a deterioration in parameters 
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The efficacy of the standard CXL procedure is also accompanied by no significant changes in endothelial cell 

counts [527, 532, 540, 542], intraocular pressure [527, 532], lens density [545] or foveal thickness [540, 542, 

545]. Whilst most of these studies report long-term stability of corneal thickness  [482, 532, 539, 540, 547], a 

long-term prospective RCT has shown that CXL induces an initial thinning of the central cornea which is 

followed by a gradual recovery towards baseline levels [549, 550], with the change in corneal thickness 

hypothesised to be due to changes in the spacing between individual collagen fibrils rather than a change in 
their diameter [551].  

 

It is worth noting that whilst the aforementioned studies tend to have well-defined inclusion and exclusion 

criteria and trial designs, they are largely single centre, non-randomised and non-consecutive studies. As of 

such, they are prone to a number of error sources such as selection and reporting bias. The studies have 

also utilised different topography devices and different measures, such as corneal surface curvatures, 

asymmetry indices, and higher order corneal aberrations to assess progression or lack thereof in ectatic 

eyes. Therefore, they represent low quality evidence for the efficacy of CXL in treating keratoectasia.  
 

Randomised controlled trials (RCT) 

 

To date, four RCT’s have reported on the clinical outcomes of standard CXL in the treatment of keratoconus 

[552-555], which are summarised in Table 4.  Whilst they are small in size, they are all of moderate quality 

based on the Jadad scale. These studies have reported an 89-100% success rate in halting the progression 

of the disease, and in all studies significant corneal flattening was observed with a reduction in the KMAX 
value ranging between 0.62-2.0D. Three of the four studies also demonstrated evidence of disease 

progression in the control group as indicated by progressive steepening of the cornea [553-555].  

 

The impact of the CXL procedure on CDVA has also been encouraging with all studies showing a statistically 

significant improvement of CDVA after treatment (0.09-0.14 LogMAR) [552, 554, 555]. Whilst there was a 

trend toward improved UCVA and reduced mean spherical equivalent (SE) after CXL in all 4 studies, this did 

not reach statistical significance in most of the trials. O’Brart et al. have also reported an improvement in 

cone apex power and wavefront measurements (root mean square, coma and pentafoil) after the CXL 
procedure [552]. No permanent vision- threatening complication were reported in any of the four trials.  

 

It should be noted that these RCT’s are small in nature with relatively short follow-up periods (12-36 months). 

It is also noteworthy that none of the RCT’s had a sham controlled group of more than 3 months, nor were 

they double-blinded and it is conceivable that changes reported in corneal topography and visual acuity were 

affected by this error source. 
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Transepithelial crosslinking  

 

There have also been a number of small studies evaluating the role of transepithelial crosslinking in 

keratoconic patients. Most of these studies are European in origin and have a prospective longitudinal cohort 

design, with a follow-up period of between 12 to 24 months. The results of these studies are summarised in 

Table 5.   
 

These studies report on the effect of transepithelial crosslinking on a patient group with a mean age between 

14-34 years with a varied follow-up period of between 6-24 months. Seven out of the ten studies report a 

mean overall reduction in KMAX of between 0.01-1D (3 studies), 1-2D (1 study) and 2-3D (3 studies). This 

improvement in corneal shape is accompanied by an improvement in UCVA of between 0.01-0.27 LogMAR 

in all but one study and an improvement in CDVA of 0.01-0.11 LogMAR in all of the studies. Whilst 

transepithelial crosslinking appears to be a safe procedure with no significant adverse effects and stable 

postoperative endothelial cell counts [502, 507, 511, 556-558], it is prudent to note that three studies found 
significant corneal steepening despite treatment [501, 502, 559] and in one study nearly one-fifth of patients 

had to undergo a repeat cross linking procedure using the Dresden protocol [559].  

 
There are also inconsistent results with regards to pachymetric measurements after transepithelial 

crosslinking with three studies demonstrating continued corneal thinning in treated subjects [501, 511, 559], 

three revealing stable central corneal thickness (CCT) measurements  [506, 556, 557] and one study 

reporting increasing thickness after treatment [560]. The effect of treatment on higher order aberrations is 
also debatable with two studies reporting improved  root mean square (RMS), coma, and spherical 

aberration measurements [506, 507] , whilst another study demonstrates an increase in spherical aberration 

and no significant change in coma measurements after 2 years of follow up [559]. Furthermore, the efficacy 

of transepithelial crosslinking in a paediatric population is debatable as Caporossi et al. reported a 50% 

retreatment rate in this subgroup due to demonstrable progression after one year [559]. This is in contrast to 

the only head to head study available where Magli et al. reported that transepithelial crosslinking had a 

similar safety and efficacy index to conventional CXL in paediatric patients [561].   

 
The diversity of surgical protocols and reported results make overall assessment of transepithelial 

crosslinking as a procedure to halt the progression of keratoconus problematic. Whilst it seems likely that the 

transepithelial crosslinking procedure has a less tangible therapeutic effect compared to standard CXL [501, 

502, 558, 559], it could be beneficial to patients with thin corneas, uncooperative individuals, or those with 

questionable progression, as it is expected to have a lower complication rate than standard CXL. A well 

designed RCT comparing a standardised transepithelial crosslinking procedure to conventional CXL is 

required to establish its non-inferiority, confirm its superiority in complication profile, and ultimately clarify the 

considerable uncertainty that surrounds the use of transepithelial crosslinking today. 
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Author  N Mean 
age 
(years) 

Mean 
Follow up  
(months) 

% of stabilisation 
(improvement) of 
KMAX / KMean (D) 

Mean 
change in 
KMAX / KMean 
(D) 

Mean 
change in 
SE (D) 

Mean 
change in 
UDVA 

Mean 
change in 
CDVA 

Permanent 
Complications 

Study design 

Wittig-
Silva   
[553] 

66 26.9 12 100 (>50) 1.45 * - - 0.12  
LogMAR * 

None RCT 

Hersh  
[554] 

49 - 12 90 (51) 2.0 * 0.85 0.05 
LogMAR   

0.14  
LogMAR * 

- RCT 

O’Brart  
[552] 

24 29.6 18 100 (23) 0.62 * 0.82 0.06    
Snellen 
decimal 
equivalent   

0.12   
 Snellen 
decimal 
equivalent  * 

None RCT 

Wittig-
Silva 
[555] 

46 25.6 36 98 (-) 1.03 * 0.61 0.15 
LogMAR * 

0.09  
LogMAR * 

None RCT 

 

 

Table 4.  
Randomised controlled trials of CXL in progressive keratoconus. 

* represents statistically significant results 
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PMD 

Two isolated reports have demonstrated efficacy of CXL in improving CDVA [562], keratometric astigmatism 

[562], and corneal biomechanical parameters such as corneal hysteresis (CH) and corneal resistance factor 

(CRF) [563] in patients with PMD. Topography-guided PRK combined with crosslinking has also been 

reported to result in improved visual, refractive and topographic indices one year after treatment [564, 565].  

Whilst further studies are required to establish the role of CXL in PMD, treatment appears to be safe with no 

disease specific adverse outcomes reported to date.  

 

Iatrogenic ectasia 

 
Cornea crosslinking has been successfully used to treat iatrogenic ectasia after LASIK and PRK. Kohlhaas 

et al. reported the first successful treatment of a patient with post-LASIK ectasia using CXL in 2005, with 

stability reported at 18 months [566]. Later, Hafezi et al. reported a series of 10 eyes with longer follow up of 

up to 25 months in which there was a reduction in KMAX at 12 months in all cases and a gain of more than 2 

lines of CDVA in 40% of cases [567]. These results mirror those of Vinciguerra et al. who reported the results 

of CXL on 13 eyes of 9 consecutive patients with iatrogenic ectasia [568]. The group reported a statistically 

significant reduction in mean SE as well as improved CDVA at the 6 month time point. A statistically 

insignificant improvement in high order aberrations (coma, spherical and high order astigmatism) was also 

observed.  Salgado et al. also reported stability of the ectatic process at one year in 22 eyes of 15 patients 

with post-LASIK ectasia treated with CXL [569].   

 

In a prospective RCT performed by Hersh et al. a less notable reduction in KMAX and associated 

improvement in CDVA was seen in iatrogenic ectasia cases when compared to keratoconic eyes [554]. This 

phenomenon is poorly understood as confocal microscopy studies have shown comparable morphological 

changes after CXL in cases of iatrogenic ectasia and keratoconus [523].  

 

Theoretically, CXL in post-LASIK eyes is likely to be less effective as CXL typically treats the anterior 300um 

of the cornea, which includes the LASIK flap. The flap affords no biomechanical stability, leaving 200um or 

less of treatment in the residual stromal bed. A reduced riboflavin diffusion in corneas that have undergone 

LASIK as well as an intrinsic difference in the pathophysiology of iatrogenic ectasia and keratoconus may 

also account for the less pronounced crosslinking effect in this disease entity [570]. The published reports, 

although small in number and relatively short in terms of follow up, provide some evidence that CXL may be 

of benefit in arresting or even improving iatrogenic ectasia with only one reported case of keratoectasia 

progression after cornea crosslinking [571].   
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Author  
 

N Mean 
age 
(years) 

Mean 
Follow up  
(months) 

% of 
stabilisation 
(improvement) 
of KMAX / KMean 

Mean change 
in KMAX / KMean 
(D) 

Mean 
change in 
SE (D) 

Mean 
change in 
UCVA  

Mean 
change in 
CDVA 

Permanent 
Complications 

Study design Crosslinking 
device, method 
of 
transepithelial 
crosslinking 

Caporossi  
[559] 

26 22.0 24 - +1.55 * - +0.05  
Snellen 
lines  

0.05 
 Snellen 
lines  

19.2% had re-
treatment with 
standard CXL 

Prospective 
pre-post 
longitudinal 
cohort   

CBM Vega X 
Linker Vega 
Benoxinate 

Salman  
[556] 

22 15.7 12 100 (-) 2.30 * 0.30  0.27  
LogMAR  * 

0.02  
LogMAR   

None Prospective 
pre-post 
longitudinal 
cohort  and 
comparative 
controls 

Opto X Link 
Ricorlin+   
propocaine 

Rechichi  
[507] 

28 28.8 12 - 0.89 * 0.96 * 0.25  
LogMAR  * 

0.05  
LogMAR  * 

- Prospective 
pre-post 
longitudinal 
cohort  and 
comparative 
controls 

CBM Vega X-
Linker device 
Ricorlin+ 
netilmycin+   
oxybupricaine+ 
epithelial 
disruption 

Leccisotti  
[502] 

51 26.9 12 - +0.51  0.35 * - 0.03   
LogMAR  * 

None Prospective 
pre-post 
longitudinal 
cohort  and 
comparative 
controls 

CBM Vega X-
Linker device 
Ribomicin, 
oxybupricaine, 
aceclidine, 
ricorlin 
 

Derakhshan  
[560] 

31 22.3 6 90 (77) 0.65 * 0.55 * 2.0  
Snellen 
lines * 

1.7  
Snellen 
lines * 

- Prospective 
pre-post 
longitudinal 
cohort 

- 
0.1% riboflavin 
in 20% dextran 

Filippello  
[506] 

20 27.0 18 - 1.17 * - 0.23   
LogMAR  * 

0.11   
LogMAR  * 

None Prospective 
pre-post 
longitudinal 

 
Vega, 
Costruzione 
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cohort  and 
comparative 
controls 

Ricorlin+Trome
tamol+EDTA+    
oxybuprocaine
+ silicone ring 

Koppen  
[501] 

18 29.0 18 - +1.76 * - - 0.05  
LogMAR    

None Prospective 
pre-post 
longitudinal 
cohort  

 
CBM Vega X-
linker device 
Proparacaine +
BAC 0.005% 

Spadea  
[562] 

7 34.4 12 - - 0.32  0.21   
LogMAR   

0.03   
LogMAR   

None Prospective 
pre-post 
longitudinal 
cohort 

CBM Vega X-
Linker device 
Ricorlin+  
Benoxinate 

Buzzonetti  
[558] 

13 14.4 18 - 3.0 * 0.40  - 0.09   
LogMAR  * 

None Prospective 
pre-post 
longitudinal 
cohort 

CBM Vega X-
Linker device 
 
 
Trometamol+ 
EDTA+  
Oxybuprocaine 

Bikbova  
[511] 

22 32.1 12 - 2.3 * - 0.13   
LogMAR   

0.05   
LogMAR   

None Prospective 
pre-post 
longitudinal 
cohort 

UFalink 
crosslinking & 
Galvanizator 
iontophoresis 
device  
Riboflavin 0.1% 
hypotonic 
solution 

 

Table 5.  
Cohort studies of transepithelial crosslinking in progressive keratoconus. 

 
* represents statistically significant results  

+ represents a deterioration in parameters 
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Complications  
 

CXL has become a ubiquitous treatment in early keratoconus with a growing perception of the procedure as 

being routine. However, it is worthwhile remembering that there are a number of complications associated 

with this technique, with no long-term safety outcomes available to date. Reported adverse effects of CXL 

can be broadly categorised into treatment failures where stabilisation is not achieved as well as infectious, 
inflammatory and suboptimal healing-related complications leading to loss of CDVA. Failure of treatment is 

usually defined as the continued progression of the disease with an increase in maximum keratometry 

readings of 1.0 D over the preoperative value. Reports indicate that this occurs in 7.6-9.8% of subjects in the 

first year following treatment [547, 554, 572]. Topographic progression after 3 years of stability has also been 

reported in the literature, suggesting that corneal stromal remodelling may lead to loss of treatment effect in 

some individuals [573].    

 

Koller et al. [547] evaluated 117 keratoconic eyes undergoing conventional CXL and reported a 7.6% 
treatment failure rate and a 2.9% rate of loss of 2 or more Snellen lines of CDVA. In this report, a 

preoperative KMAX value of 58.00D or more was a significant risk factor for failure whilst those with a 

preoperative visual acuity of 20/25 and an age greater than 35 years were thought to carry a higher risk for 

complications. 

 

Some of the most common complications seen after the crosslinking procedure include sterile infiltrates 

(7.6%) and central stromal scars (2.8%) [547]. Stromal haze formation has also been described after 
crosslinking [525, 547] and is felt to be due to transient corneal fibroblast generation [574]. This phenomenon 

is most apparent at 1 month postoperatively, plateaus for 3 months, and usually decreases up until 12 

months after treatment [497]. Permanent corneal haze has been reported to occur in 8.6% of treated eyes 

[575]. Rarer adverse incidents following treatment, including bacterial, protozoal, herpetic and fungal keratitis 

[576], corneal burning [543], diffuse lamellar keratitis at the interface of a LASIK flap [577], iritis, significantly 

raised intraocular pressure [578] as well as corneal melting requiring deep lamellar keratoplasty [579] have 

also been reported.  

 
Also of concern are reports in the literature of serious complications, such as persistent corneal oedema 

[580], endothelial damage [581, 582] and conjunctival intraepithelial neoplasia (CIN) occurrence [583] in the 

keratocyte-voided bed of a patient’s recipient corneas who underwent DALK following CXL failure. 
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Conclusion 
 

Cornea crosslinking is an effective treatment to strengthen and reshape the ectatic cornea in order to 

improve visual outcomes and possibly circumvent the need for more invasive surgical interventions such as 

corneal transplantation.  

 
Although reported adverse events are generally rare and often reversible, we encourage strict adherence to 

standardised guidelines and protocols to ensure patient safety. As always, the potential risks and benefits of 

intervention need to be clearly discussed with potential subjects, with the ophthalmologist acting as an 

enabler in the process of informed consent 

 

The preceding section has been published in large part as: 

Ziaei, M., et al., Reshaping procedures for the surgical management of corneal ectasia. J Cataract Refract 

Surg, 2015. 41(4): p. 842-72. [584] 
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CHAPTER 5 
 

Prospective Two Year Study of Accelerated Pulsed Transepithelial Corneal Crosslinking outcomes 
for Keratoconus 
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Introduction 
 

CXL has a complex mechanism of action which has been described in more detail in chapter 4, but in 

brief, it increases the stiffness of the cornea through a photochemical reaction between riboflavin and 

UV-A in the corneal stroma, which results in the formation of new covalent bonds between collagen fibril 

amino acids [464, 585]. Animal studies have shown a 70% increase in corneal rigidity following 
treatment, and similar human studies have demonstrated a 328% increase in stiffness [470, 476].  

 

The standard protocol, typically referred to as the “Dresden protocol” for CXL, was initially reported by 

Wollensak et al. and requires epithelial removal, application of riboflavin 0.1% solution for 30 minutes 

before UV-A exposure, with a wavelength of 370 nm and homogenous irradiance of 3 mW/cm2 for 30 

minutes (5.4 J/cm2) [476]. More recent CXL techniques have departed from the original Dresden 

protocol. These newer techniques use different formulations and delivery methods of riboflavin to avoid 

epithelial debridement (transepithelial CXL), as well as high-intensity UV-A exposure (accelerated CXL); 
to shorten treatment time, reduce patient discomfort, and minimise postoperative complications such as 

infection, haze and endothelial toxicity [584]. 

 

Accelerated, high-fluency CXL (ACXL) reduces treatment time by taking advantage of the Bunsen-Roscoe 

law of photochemical reciprocity, which states that the same photochemical effect can be achieved with a 

reduced irradiation interval provided the total energy level is kept constant through a corresponding increase 

in irradiation intensity [584]. However, continuous ACXL (c-ACXL) has been reported to result in lower 
experimental efficacy compared to conventional CXL and this has been attributed to the higher consumption 

and subsequent shortage of oxygen in the corneal stroma [586]. This led to the development of a pulsed 

ACXL (p-ACXL) protocol in which pulsed delivery of the UV-A light is predicted to allow more oxygen to 

diffuse into the corneal stroma and lead to an enhanced release of singlet oxygen, and thus facilitate a more 

effective crosslinking process [466]. 

 

Previous studies have reported favourable outcomes with both accelerated and transepithelial CXL 

procedures [506, 556, 587-589], but there is no study in the literature reporting long-term outcomes of 
transepithelial, accelerated, pulsed CXL (t-ACXL) for the treatment of keratoconus. In this chapter, we 

report the 2-year outcomes of t-ACXL for the treatment of patients with documented progressive 

keratoconus. 

 
Methods 
 

This prospective study enrolled subjects with keratoconus undergoing t-ACXL at the University of Auckland 

Cornea and External Eye Disease Service, Greenlane Hospital, Auckland District Health Board, Auckland, 
New Zealand.  

 

Inclusion criteria included patients with progressive keratoconus that was diagnosed based on clinical and 

associated tomographic findings. Progressive keratoconus was defined as one or more of the following 

changes: an increase of 1.00 D or more in the KMAX measurement, an increase of 1.00 D or more in manifest 
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cylinder, or an increase of 0.50 D or more in MRSE over 12 months. The grade of keratoconus was staged 

according to the Pentacam HR classification of keratoconus severity. Exclusion criteria included 

contraindications to CXL including: corneal thickness of <375 µm at the thinnest point, corneal scarring or 

oedema visible on slit-lamp examination, severe dry eye, prior ocular surgery, trauma, pregnancy or 

lactation, systemic autoimmune disease and diabetes mellitus. Contact lens wearers were required to 

remove their contact lens at least 2 weeks before clinical examinations and CXL procedure.  
 

Study examinations were undertaken at baseline, day 3-5 and months 1, 6, 12 and 24 postoperatively.  

Preoperative and postoperative year 1 and year 2 measurements were used in the analyses of the current 

study. 

 

The study was approved by the local Health and Disability Ethics Committee, a branch of the Ministry of 

Health in New Zealand (NTX/08/08/070AM02). Written, informed consent was obtained from all patients after 

they voiced understanding of the purpose and the procedures of the study in accordance with the 
Declaration of Helsinki. 

 
Patient Assessment 

 

Both eyes of all patients were examined preoperatively and at 1 month, 3 months, 6 months, 12 months and 

24 months postoperatively. At each visit UDVA and CDVA were recorded using a logarithm of the LogMAR 

chart. Patients were also evaluated using slit lamp biomicroscopy, corneal tomography (Pentacam, Oculus, 
Germany), in vivo confocal microscopy (Confoscan 4; NIDEK Technology, Italy) and Spectralis anterior 

segment optical coherence tomography (OCT) imaging (Heidelberg Engineering GmbH, Germany).  

 
Surgical Technique 

 

The surgical procedure was conducted under sterile conditions. Two drops of topical proxymetacaine 

hydrochloride 0.5% (Alcon Laboratories Inc, Fort Worth, TX) were administered and a speculum placed 

between the eyelids. The corneal epithelium was left intact and Paracel solution (Avedro, Waltham, MA, 
USA) containing 0.25% riboflavin-5-phosphate, hydroxypropyl methylcellulose, sodium edetate, trometamol, 

benzalkonium chloride, and NaCl was applied to the corneal surface for a total of 4 minutes. The cornea was 

then rinsed completely with VibeX Xtra (Avedro) containing 0.25% riboflavin-5-phosphate and NaCl, and the 

cornea soaked with VibeX Xtra for a total of 6 minutes.  

 

Crosslinking was conducted using the Avedro UV-A source (Avedro Inc., Waltham, MS, USA) with 5 minutes 

and 20 seconds of pulsed illumination (1 sec. on/1 sec. off) using 45 mW/cm2 for a total surface dose of 

7.2 Jcm2. Treated eyes were medicated with ciprofloxacin 0.3% (Alcon Laboratories Inc, Fort Worth, TX) and 
fluorometholone 0.1% (Santen Pharmaceutical Co, Ltd) eye drops 4 times a day for one week and one 

month respectively. No contact lens was used.  
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Statistical Analysis 

 

Statistical analysis was performed using SPSS 19.0 for Windows (SPSS, IBM, Chicago, Illinois, USA). A 

sample size calculation was performed to distinguish a difference of at least 1.0D in KMAX between follow-up 

time points within the same group at a significance level of 0.05, a power of 80% and assumption of a 

standard deviation of 1.85D. The assumption of the standard deviation was determined from the mean 
standard deviation of KMAX from the repeatability of KMAX using the Pentacam in eyes with keratoconus [590, 

591]. This produced a minimum sample size of 29.  

 

The distributions of the variables were evaluated by the Kolmogorov– Smirnov test. Paired t test was used 

for comparisons. Pearson correlation coefficients were used to analyse the possible correlation between 

preoperative visual and tomographic parameters and outcomes.  A P value < 0.05 was considered 

significant. 

 
Results 
 
Forty eyes of 40 patients with keratoconus were included in the study. No significant 

intraoperative/postoperative complications or adverse reactions were observed. Temporary foreign body 

sensation following t-ACXL was reported in the first 1-3 days after treatment. No patient developed clinically 

significant corneal haze.  

 
Preoperative characteristics of the patients in each treatment group are demonstrated in Table 6. Two 

patients (5%) were older than 35 years of age at the time of treatment. The mean changes in UDVA and 

CDVA after t-ACXL are depicted in Figure 9 and the mean changes in KMean and KMAX are demonstrated in 

Figure 10.  

 
The mean depth of the central demarcation line at 1 month postoperatively as measured on anterior 

segment OCT examination was 186 ± 19 μm. There were no significant differences between the year 1 and 

baseline and year 2 and baseline regarding mean UDVA, MRSE, KMean, KMAX, astigmatism, CTP, asphericity, 
endothelial cell count and total corneal densitometry. Only one patient (3.5%) showed evidence of 

progression at the end of the two year period, whilst six patients (15%) exhibited a KMAX reduction of ³1.0 D.  
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Parameters Value 
Patients (n) 40 

Age (y)  
Mean ± SD 23.32 ± 5.18 

Range 14-42 
Eye  
RIGHT 40% 

Left 60% 

Keratoconus stage  
1-2 10% 

2-3 40% 

3-4 50% 
Contact lens use  
No contact lens 45% 

RGP 32.5% 

Semi-scleral  15% 

Soft  7.5% 

 

Table 6.  
Demographics of patients included in the study. 
 

 

There was also no statistically significant difference in the corneal asymmetry indices; index of surface 

variance (ISV), index of vertical asymmetry (IVA), keratoconus index (KI), centre keratoconus index (CKI), 

index of height asymmetry (IHA) and index of height decentration (IHD) following treatment (Table 7). 

However, CDVA was significantly improved at the year 2 visit (0.30±0.21 logMAR) compared to the 

preoperative examination (0.38±0.32 logMAR) (P < 0.01). 

 
The improvement in visual acuity was inversely correlated with preoperative CDVA (r = -0.67, P < 0.01). The 

improvement in visual acuity was also inversely correlated with the preoperative KMAX (r = -0.52 and P < 

0.01). 
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Figure 9.  
The logMAR UDVA and CDVA after t-ACXL. There was no significant change in logMAR UDVA at any time 

point after treatment. The CDVA showed no significant change up to the 12 months time-point, but showed 

significant improvement at 24 months compared to baseline (0.38 ± 0.32 at baseline to 0.30 ± 0.21 at 24 

months P=<0.01*). 

 
 

 

 

 

 
Figure 10. 
The mean change in KMAX and KMean following t-ACXL. There was no significant change in KMAX or KMean at 

any time-point after t-ACXL.  
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 Preop  12 month 24 months  P1 ** P2 ***  
UDVA  
(logMAR) 

0.81±0.40 (0.12-

1.58) 

0.81±0.40 

(0.18-1.60) 

0.88±0.41 

(0.06-2.08) 

0.97 0.08 

CDVA  
(logMAR) 

0.38±0.32 

(0.12-1.58) 

0.32±0.20 

(0.18-1.60) 

0.30±0.21 

(0.06-2.00) 

0.12 <0.01* 

MRSE  
(D) 

-5.32±5.00 
(-19.25 - 1.00) 

-5.01±5.47 
(-16.25 - 1.87) 

-4.67±5.40 
(-16.37 - 1.25) 

0.54 0.19 

KMean (D) 50.45±3.99 

(44.3-61.5) 

50.82±4.05 

(44.3-61.3) 

50.36±3.87 

(44.2-61.6) 

0.87 0.93 

KMAX (D) 59.13±7.40 

(46.6-80.7) 

60.08±7.24 

(48.1-78.6) 

58.73±7.13 

(47.1-80.6) 

0.96 0.78 

Anterior 
astigmatism  
(D) 

4.27±2.44 

(0.4-9.0) 

4.48±2.24 

(0.7-7.9) 

4.31±2.19 

(1.7-9.8) 

0.74 0.98 

CTP  
(um) 

419±42 

(335-529) 

421±48 

(305-530) 

434±47 

(293-538) 

0.93 0.21 

Asphericity  
(Q) 

-1.02±0.51 

(-1.89 - -0.22) 

-1.03±0.53 

(-1.83 - -0.14) 

-1.00±0.52 

(-1.95 - -0.26) 

0.82 0.96 

ISV 97.12±42.58 

(25-192) 

99.08±39.49 

(44-194) 

93.68±40.9 

(27-175) 

0.82 0.70 

IVA 0.93±0.50 
(0.11-1.77) 

0.94±0.49 
(0.13-1.72) 

0.89±0.46 
(0.06-1.70) 

0.71 0.68 

KI 1.27±0.16 

(0.99-1.71) 

1.28±0.17 

(0.87-1.75) 

1.25±0.15 

(0.92-1.58) 

0.89 0.61 

CKI 1.08±0.06 

(0.98-1.22) 

1.08±0.07 

(0.94-1.23) 

1.07±0.06 

(0.94-1.23) 

0.38 0.68 

IHA 31.9±25.24 

(1.0-101.3) 

39.38±25.86 

(0.1-93.3) 

42.33±36.1 

(0-164.2) 

0.12 0.20 

IHD 0.14±0.08 
(0.00-0.34) 

0.15±0.08 
(0.04-0.33) 

0.13±0.08 
(0.00 - 0.33) 

0.79 0.82 

 
Table 7.  
Mean change in visual, refractive, and corneal tomographic parameters over 24 months. 

*represents a significant p-value. 

*Paired t test, comparison of preoperative and year 1 values. 

** Paired t test, comparison of preoperative and year 2 values. 
Cornea thinnest point (CTP), index of surface variance (ISV), index of vertical asymmetry (IVA), keratoconus 

index (KI), centre keratoconus index (CKI), index of height asymmetry (IHA), index of height decentration 

(IHD) 
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Conclusion 
 

Keratoconus is a debilitating condition with a disproportionately high impact on public health resources and 

vision-specific quality of life [592]. CXL has revolutionised the management of keratoconus in recent years 

by effectively stabilising the underlying ectatic process and in some cases reversing the disease as 

quantified by key topographic, refractive and visual outcomes [472, 584]. Transepithelial crosslinking is a 
relatively recent modification to the conventional CXL procedure, which aims to offer numerous advantages 

by reducing postoperative discomfort, accelerating visual recovery and decreasing the risk of postoperative 

complications associated with epithelial debridement [505]. Previous studies have demonstrated that in 

contrast to the conventional procedure, transepithelial crosslinking leads to no detectable increase in 

collagen fibre diameter [504] and a more limited apoptotic effect on stromal keratocytes [524], suggesting the 

transepithelial protocol has a more superficial effect on the cornea. This has led to some questioning the 

clinical efficacy of the transepithelial procedure but a recent meta-analysis has shown no significant 

difference between transepithelial and conventional crosslinking in visual acuity, flattest keratometry value, 
steepest keratometry value, spherical equivalent, or endothelial cell density [593]. The meta-analysis did 

however suggest that the transepithelial procedure has a protective influence on corneal thickness but leads 

to less postoperative corneal flattening compared to conventional crosslinking [593].  

 

Pulsed, accelerated crosslinking theoretically allows for a higher corneal tissue oxygen concentration and 

can potentially optimise the balance between the type II (aerobic) process which typically serves only a 

transient and initiating role in the crosslinking process and the type I photochemical reaction [466]. Pulsed 
CXL has shown promising preclinical results with porcine corneas crosslinked using the pulsed irradiation 

proving more resistant to significantly enzymatic digestion than those treated with the continuous irradiation 

[594]. However, the exact duration of UV-A pulsing is yet to be elucidated as the typical rate of oxygen 

depletion in a type II photochemical reaction is 15-20 seconds [466] and physiological tissue oxygen 

replenishment is only achieved 3 minutes following discontinuation of UV-A irradiation [595]. This has led to 

some investigators questioning the efficacy of the current pulsed crosslinking protocols and advocating for 

an increase in the pulse cycle or a 30-40% increase in UV-A dosage to optimise the crosslinking process 

[596, 597].  
 

In this study, we analysed the effect of t-ACXL on patients with progressive keratoconus. Our results suggest 

that t-ACXL can effectively halt the progression of the ectatic process as measured by key tomographic 

indices and deliver a statistically significant improvement in CDVA, after a 24 months follow-up period. We 

hypothesise that the improvement in CDVA which was not accompanied by a change in MRSE or 

keratometric parameters, is a result of corneal epithelium remodelling, which leads to a decrease in surface 

irregularities.  

 
There are conflicting reports in the literature regarding the efficacy of transepithelial CXL with some authors 

reporting stability of the ectatic process after treatment [502, 506], and others reporting progression of the 

disease entity in a significant proportion of patients [558, 559, 598]. There are also conflicting reports 

regarding the efficacy of transepithelial CXL when compared to epithelium-off CXL with two randomised trials 

demonstrating superior efficacy of the epithelium-off procedure [599, 600] and one randomised trial reporting 
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similar outcomes between the two treatment modalities [601]. This is unsurprising given the difference in 

patient populations, disease severity and the diversity of surgical protocols to ensure penetration of the 

riboflavin with a molecular weight 376 g/mol through the lipophilic cornea and its epithelial tight junctions. 

These protocols include the use of molecular enhancers such as benzalkonium chloride (BAK), 

ethylenediaminetetraacetic acid (EDTA) or trometamol to loosen epithelial tight junctions and iontophoresis 

to improve the diffusion of the negatively charged riboflavin molecule through an intact epithelial layer [584].  
 

Two other studies have reported the outcomes of accelerated transepithelial CXL but to our knowledge, this 

is the first investigation reporting on the outcomes of pulsed accelerated transepithelial CXL. Aixinjueluo et 

al. published on 30 eyes undergoing accelerated transepithelial CXL and reported a significant decrease in 

KMAX, mean keratometry, thinnest corneal thickness and a significant improvement in CDVA after a follow-up 

period of 12 months [602]. Kir et al. published on 48 eyes undergoing accelerated transepithelial CXL and 

reported no significant changes in MRSE, CDVA and topographical indices, but did show a significant 

increase in mean corneal thickness at the thinnest point after 24 months of follow-up [589].  
 

Our results suggest that t-ACXL appears to halt the progression of ectasia in patients with thin corneas and 

lead to improved CDVA after a period of two years, but the procedure does not lead to a flattening effect of 

the cornea, nor does it increase the corneal thickness at the thinnest point. The demarcation line following 

CXL, has been proposed to be an indirect indicator of crosslinking efficacy and is in all probability, a clinical 

manifestation of the depth of CXL that occurs as a result of a change in the stromal refractive index, an 

increase in collagen fibre diameter, and fibrillar spacing [584].  The mean demarcation line following t-ACXL 
in this study was 186 ± 19 μm which is similar to other published reports following accelerated transepithelial 

CXL [602]. The demarcation line following t-ACXL however appears to be less deep than other protocols 

such as conventional CXL (275 μm), accelerated-epithelium-off CXL (279 μm) and transepithelial 

iontophoresis assisted accelerated CXL (235 μm) [603].  

 

Although prospective in design, our study has a number of potential limitations including a modest sample 

size, lack of a control group and in vivo morphological evaluation. A large, well-designed randomised 

controlled trial comparing t-ACXL with other CXL protocols is required to establish its non-inferiority and 
confirm its superiority in complication profile. 

 

In conclusion, our results suggest that t-ACXL appears to be an effective method of halting the progression 

of keratoconus over a 24 months follow-up period. This method has the advantages of both accelerated and 

transepithelial protocols including reduced surgical times, increased patient comfort and a reduced 

postoperative complication profile. However we advise caution with regards to using this crosslinking 

protocol routinely and we currently employ this method of CXL in patients with thinner corneas, those who 

may have difficulty in cooperating with the standard Dresden surgical protocol, and patients who may not 
adhere to postoperative treatment and follow-up. 
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CHAPTER 6 

 

Prospective Two Year Study of Clinical Outcomes Following Epithelium-off Pulsed versus 
Continuous Accelerated Corneal Crosslinking 

 for Keratoconus 
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Introduction 
 

Accelerated, high-fluency CXL (ACXL) reduces treatment time by taking advantage of the Bunsen-Roscoe 

law of photochemical reciprocity, which states that the same photochemical effect can be achieved with a 

reduced irradiation interval provided the total energy level is kept constant through a corresponding increase 
in irradiation intensity [584]. Continuous ACXL (c-ACXL) has however been reported to result in lower 

experimental efficacy compared to conventional CXL and this has been attributed to the higher consumption 

and subsequent shortage of oxygen in the corneal stroma [586]. This led to the development of a pulsed 

ACXL (p-ACXL) protocol in which pulsed delivery of the UV-A light was expected to allow more oxygen to 

diffuse into the corneal stroma and lead to an enhanced release of singlet oxygen, and facilitate a more 

effective crosslinking process [466]. 

 

Whilst a number of studies have evaluated the clinical outcomes of p-ACXL and c-CXL, there are no 
studies comparing the long-term effects of the aforementioned crosslinking modalities. In this chapter, we 

compare the two-year outcomes of p-ACXL and c-ACXL for the treatment of patients with progressive 

keratoconus. 

 

 

Methods 

 
Patient Assessment 

 

See chapter 5.  

 
Surgical Technique 

 

The surgical procedure was conducted under aseptic conditions. Two drops of topical proxymetacaine 

hydrochloride 0.5% (Alcon Laboratories Inc, Fort Worth, TX) were administered for anaesthesia and a 
speculum placed between the eyelids. Using an operating microscope, following the application of a 20% 

ethanol solution over 20 seconds in the central 8.0 mm corneal zone using a cornea well, the epithelium 

was carefully removed using a blunt spatula. The CXL procedure resumed with the application of 

riboflavin solution composed of dextran-free riboflavin 0.1% with hydroxyl, propyl, methyl, and cellulose 

(VibeX Rapid, Avedro Inc., Waltham, MS, USA), with 10 minutes of corneal soaking. Collagen 

crosslinking was performed using the Avedro UV-A source (Avedro Inc., Waltham, MS, USA) system with 

either 4 minutes of continuous UV-A exposure at 30 mW/cm2 and a total energy dose of 7.2 J/cm2 or 8 

minutes of pulsed UV-A (1 sec. on/1 sec. off) exposure at 30 mW/cm2 also with a total energy dose of 7.2 
J/cm2.  

 

Treated eyes were dressed by a silicone–hydrogel soft contact lens (PureVision; Bausch & Lomb Inc, 

Rochester, NY) for 3 days and medicated with ciprofloxacin 0.3% (Alcon Laboratories Inc, Fort Worth, TX) 
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and fluorometholone 0.1% (Santen Pharmaceutical Co, Ltd) eye drops 4 times a day for one week and 

one month respectively.  

 

Statistical Analysis 

 

Statistical analysis was performed using SPSS 19.0 for Windows (SPSS, IBM, Chicago, Illinois, USA). A 
sample size calculation was performed to distinguish a difference of at least 1.0D in KMAX between follow-up 

time points within the same group at a significance level of 0.05, a power of 80% and assumption of a 

standard deviation of 1.25D. This produced a sample size of 17. The distributions of the variables were 

evaluated by the Kolmogorov– Smirnov test. Paired t test was used for comparisons. Pearson correlation 

coefficients were used to analyse the possible correlation between preoperative visual and tomographic 

parameters and outcomes.  A P value < 0.05 was considered significant. 

 

Results 
 
Eighty eyes of 80 patients with keratoconus were included in the study.  Preoperative characteristics of the 

patients in each treatment group are shown in Table 8. 

 

There were no significant differences in age, UDVA, CDVA, KMean, KMAX, Cornea thinnest point (CTP), MRSE 

and keratoconus stage at baseline between the two groups.  

 
Visual Acuity, refraction, keratometry, and pachymetry  

 

There were no intraoperative or postoperative complications and the epithelialisation rate was within normal 

limits (<3 days) in all patients following surgery. The mean UDVA, CDVA, KMean, KMAX, MRSE and cornea 

thinnest point (CTP) before and after crosslinking are listed in Table 9. The mean difference between the two 

treatment modalities in visual, refractive and tomographic parameters is listed in Table 10. The mean change 

in, CDVA and KMAX in the two groups are represented in Figures 11 and 12 respectively.  

 
In the p-ACXL group, there was no significant difference between the UDVA, KMean, KMAX, MRSE and CTP at 

24 months but mean CDVA improved significantly at 24 months, compared to baseline. In the c-ACXL group, 

there was no significant difference between the UDVA, KMean and thinnest point pachymetry at 24 months but 

mean CDVA and MRSE improved significantly and KMAX decreased significantly at 24 months.  
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Table 8.  
Patient demographics and baseline visual, tomographic and refractive parameters.  
**Unpaired t test. 

†Mann–Whitney U. 

 

Steepest keratometry (KMAX), Average keratometry (KMean), Uncorrected distance visual acuity (UDVA), 
corrected distance visual acuity (CDVA), manifest refraction spherical equivalent (MRSE), Cornea thinnest 

point (CTP) 

 

 

The mean depth of the central demarcation line at 1 month postoperatively as measured on anterior 

segment OCT examination was 269 ± 46 μm in the p-ACXL group and 284 ± 43 μm in the c-ACXL group 

(P=0.29). 

 
No patient in the c-ACXL group showed signs of progression after 2 years, with seven patients (35%) 

exhibiting a KMAX reduction of ≥ 1.0 D. One patient (5%) in the p-ACXL group was found to be progressing 

during the study period, with only three patients (15%) exhibiting a KMAX reduction of ≥ 1.0 D.  

 

 

 

 
 

 

 

 p-ACXL c-ACXL P 

Eyes (n) 40 40  

Age (y) 22.51±6.12 
(14 - 38) 

22.08±5.72 
(15 - 32) 

0.31** 

Keratoconus stage 2.59 
(50% stage 3-4) 

2.52 
(55% stage 3-4) 

0.99** 

KMAX (D) 58.11±5.60 
(49.9 - 65.6) 

57.48±5.84 
(45.3 - 68.6) 

0.74** 

KMean (D) 49.13±3.64 
(42.5 - 53.9) 

48.19±3.20 
(42.1 - 56.0) 

0.41** 

UDVA (logMAR) 0.69±0.29 
(0.24 - 1.38) 

0.66±0.41 
(0.12 - 1.82) 

0.36† 

CDVA (logMAR) 0.30±0.16 
(0.1 - 0.80) 

0.36±0.22 
(-0.10 - 0.90) 

0.16† 

MRSE (D) -2.21±4.47 
(-16.75 - 2.75) 

-4.18±4.39 
(-14.5 - 1.25) 

0.11** 

CTP (μm) 463±31 
(409 - 520) 

464±32 
(406 - 531) 

0.95† 
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 Preop 1 year 2 year  P1 ***  P2 **** 

p-ACXL      

UDVA (logMAR) 0.69±0.29 0.65±0.30 0.64±0.38 0.28† 0.19† 

CDVA (logMAR) 0.30±0.16 0.25±0.19 0.23±0.17 0.27† 0.04† 

KMean (D) 49.13±3.64 49.15±3.11 48.50±2.48 0.64* 0.55** 

KMAX (D)  58.11±5.60 57.77±4.64 57.72±4.54 0.47* 0.77** 

MRSE (D) -2.21±4.47 -1.87±3.79 -1.94±3.50 0.68* 0.72** 

CTP (μm)  463±31 471±30 473±30 0.37† 0.33† 

c-ACXL      

UDVA (logMAR) 0.66±0.41 0.64±0.43 0.67±0.48 0.52† 0.85† 

CDVA (logMAR) 0.36±0.22 0.29±0.20 0.26±0.27 0.07† 0.02† 

KMean (D) 48.19±3.20 48.21±3.75 47.57±3.40 0.75* 0.41** 

KMAX (D)  57.48±5.84 56.86±6.25 55.73±6.04 0.56* 0.01** 

MRSE (D) -4.18±4.39 -2.14±3.25 -2.39±3.25 <0.01* <0.01** 

CTP (μm)  464±32 455±44 475±31 0.53† 0.22† 

 

Table 9.  
Mean change in visual, refractive and tomographic measurements over 24 months in the p-ACXL and c-

ACXL groups. 

 
**Paired t test. 

†Mann–Whitney U. 

 

*** Comparison of preoperative and year 1 values. 
**** Comparison of preoperative and year 2 values. 

 

Steepest keratometry (KMAX), Average keratometry (KMean), Uncorrected distance visual acuity (UDVA), 

corrected distance visual acuity (CDVA), manifest refraction spherical equivalent (MRSE), Cornea thinnest 

point (CTP) 
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Parameter c-ACXL  
(1 year) 

p-ACXL 
(1 year) 

P1**  
 

c-ACXL  
(2 years) 

p-ACXL  
(2 years) 

P2***  
 

Δ UDVA (logMAR) -0.02 ± 0.08 -0.04± 0.12 0.66 0.01 ± 0.30 -0.05 ± 0.10  0.40 

Range -0.18 - 0.18 -0.28 - 0.42   -0.18 - 0.40  -0.28 - 0.22  

Δ CDVA (logMAR) -0.07 ± 0.01 -0.05 ±0.18 0.53 -0.10±0.05 -0.03 ± 0.32 0.16 

Range -0.40 - 0.20  -0.34 - 0.28  -0.10 - 0.05 -0.32 - 1.12  

Δ MRSE (D) 2.04 ± 2.23 0.34 ± 2.89 0.02 1.79 ± 2.30  0.27 ± 3.19  0.04* 

Range -3.0 - 7.75 -7.25 - 4.25  -2.0 - 6.0 -6.75 - 7.0   

Δ KMAX (D) -0.62± 1.50  -0.34± 1.82 0.47 -1.75 ± 1.80 -0.39 ± 1.95 0.04* 

Range -5.4 - 1.8 -2.5 - 4.5  -6.1 - 0.30 -2.3 - 2.9   

Δ KMean (D) 0.02 ± 1.73 0.02 ± 1.24 0.96 -0.63 ± 1.27 -0.64± 1.61 0.98 

Range -5.7 - 2.7  -2.8 - 2.2  -3.8 - 2.6 -4.0 - 1.7  

Δ Anterior 
astigmatism (D) 

-0.74 ± 1.66 -0.25 ± 1.79 0.90 -0.45 ± 0.99 -0.27 ± 1.89 0.69 

Range -5.5 - 0.8 -3.8 - 2.0  -2.0 - 1.4 -4.0 - .9  

Δ CTP (μm)  -11 ± 7 8 ± 20 0.18 11 ± 13 10 ± 38 0.92 

Range -14 - 10  -24 - 42   -16 - 42 -27 - 49  

Δ Asphericity (Q) 0.08 ± 0.19 0.04 ± 0.21 0.58 0.06 ± 0.16 -0.08 ± 0.54 0.47 

Range -0.15 - 0.54 -0.37 - 0.43  -0.19 - 0.55 -0.81- 1.02  

Δ ISV -0.8 ± 5.22 -1.75 ± 6.46 0.91 -3.06 ± 6.51  -2.83 ± 7.08 0.45 

Range -14 - 8 -15 - 11   -16 - 6 -11 - 10  

Δ IVA 0.03 ± 0.10 -0.04 ± 0.34 0.70 -0.04 ± 0.12  -0.06 ± 0.27 0.86 

Range -0.1 - 0.32 -0.93 - 0.49  -0.36 - 0.15 -0.81 - 0.23  

Δ KI 0.01 ± 0.04 -0.01 ± 0.05 0.96 -0.01 ± 0.05 -0.02 ± 0.04 0.78 

Range -0.04 - 0.13 -0.09 - 0.13  -0.19 - 0.05  -0.08- 0.05  

Δ CKI -0.01 ± 0.03 0.01 ± 0.03 0.54 -0.01 ± 0.02 -0.01 ± 0.03 0.87 

Range -0.12 - 0.04 -0.04 - 0.08  -0.07 - 0.05 -0.05 - 0.08  

Δ IHA -12.08 ± 19.05 -8.18 ± 16.14 0.36 -7.68 ± 24.9  -5.61 ± 17.30 0.73 

Range -48.9 - 18.7 -49.8 - 7.6  -39.5 - 43.4 -5 - 64.3  

Δ IHD -0.01 ± 0.02 0.01 ± 0.03 0.68 -0.01 ± 0.02  -0.01 ± 0.02 0.90 

Range -0.42 - 0.06 -0.08 - 0.08  -0.06 - 0.01  -0.06 - 0.02  

 

Table 10.  
Mean change in visual, refractive and tomographic parameters at 12 and 24 months postoperatively 

compared with baseline measurements. 

 

 

*Significant p-value. 

**Independent t test, comparison of preoperative and year 1 values. 

*** Independent t test, comparison of preoperative and year 2 values. 
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Steepest keratometry (KMAX), Average keratometry (KMean), Uncorrected distance visual acuity (UDVA), 

corrected distance visual acuity (CDVA), manifest refraction spherical equivalent (MRSE), Cornea thinnest 

point (CTP), index of surface variance (ISV), index of vertical asymmetry (IVA), keratoconus index (KI), 

centre keratoconus index (CKI), index of height asymmetry (IHA), index of height decentration (IHD) 
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Figure 11.  
Comparison of the change in CDVA in the p-ACXL and c-ACXL treatment groups. 

 

 
Figure 12.  
The mean change in KMAX following p-ACXL and c-ACXL. There was no significant change in KMAX at any 

time-point following p-ACXL but there was a significant reduction in KMAX at 24 months with c-ACXL.  

 

 

The improvement in CDVA at 24 months was inversely correlated with preoperative CDVA in the p-ACXL 

group (r = -0.472, P= 0.03) but no correlation was noted between the improvement in CDVA and 

preoperative KMAX (r = -0.115 and P=0.62). There was no correlation between the improvement in CDVA at 
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24 months with preoperative CDVA (r = -0.189, P= 0.44) and preoperative KMAX (r = -0.233 and P=0.32) in 

the c-ACXL group. The mean improvement in MRSE and reduction in KMAX from baseline values were 

significantly superior in the c-ACXL group when compared to the p-ACXL group at 24 months. 

 

There were no significant differences between the mean change induced by c-ACXL and p-ACXL in UDVA, 

CDVA, KMean, anterior astigmatism, CTP, asphericity, index of surface variance (ISV), index of vertical 
asymmetry (IVA), keratoconus index (KI), central keratoconus index (CKI), index of height asymmetry (IHA) 

and index of height decentration (IHD).  

Conclusion 
 

Accelerated crosslinking is a modification to the conventional CXL procedure that has been gaining 

popularity in recent years. Pulsed, accelerated crosslinking theoretically allows for a higher tissue oxygen 

concentration and can potentially optimise the balance between the type II (aerobic) process which typically 

serves only a transient and initiating role in the crosslinking process and the type I photochemical reaction 
[466].  

 

Whilst pulsed CXL has shown promising preclinical results with porcine corneas crosslinked using the pulsed 

irradiation proving more resistant to significantly enzymatic digestion than those treated with the continuous 

irradiation [594], the exact duration of UV-A pulsing is yet to be elucidated as the typical rate of oxygen 

depletion in a type II photochemical reaction is 15-20 seconds [466] and physiological tissue oxygen 

replenishment is only achieved 3 minutes following discontinuation of UV-A irradiation [595]. This has led to 
some investigators questioning the efficacy of the current pulsed crosslinking protocols and advocating for 

an increase in the pulse cycle or a 30-40% increase in UV-A dosage to optimise the crosslinking process 

[596, 597].  

 

Previous reports have shown no significant differences in short-term clinical outcomes between p-ACXL and 

c-ACXL after 3 months of follow-up [604]. To the best of the authors knowledge this is the first long-term 

clinical study comparing the outcomes of the above treatment modalities. Our results suggest that both 

procedures are effective in halting the progression of the ectatic process as measured by key tomographic 
indices and deliver a statistically significant improvement in CDVA, within a 24 months follow-up period.  

 
We found no significant improvement in uncorrected and corrected distance visual acuity at 1 year following 

c-ACXL and p-ACXL. This is in keeping with a previous prospective study reporting no improvement in UDVA 

and CDVA at one year following p-ACXL [605] In our series, after 24 months of follow-up, a statistically 

significant improvement was noted in CDVA in both groups with no significant difference between the two 

groups in mean visual acuity changes.  

 
A recent meta-analysis has reported that eyes treated with the Dresden protocol exhibit a KMAX reduction of 

0.76 D at 1 year and 1.22 D at 2 years [606]. In the current study, patients treated with the c-ACXL protocol 

exhibited a larger reduction in KMAX reduction compared to patients treated with p-ACXL at 2 years. This is in 
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contrast to a previous report indicating that a larger reduction in KMAX is achieved twelve months after p-ACXL 

when compared to c-ACXL [607]. 

 

Peyman et al. demonstrated that the p-ACXL protocol led to a deeper stromal demarcation line than c-ACXL 

(by approximately 90 μm) and postulated that p-ACXL was a more effective crosslinking procedure [604]. A 

number of other investigators have also reported a deeper stromal demarcation line after p-ACXL [607-609]. 
The current study failed to show a statistically significant difference between the depth of the demarcation 

line after p-ACXL and c-ACXL. We postulate that this disparity may be a function of the difference in the 

treatment protocols utilised and the device and technique used to measure the demarcation line.   

 

Although prospective in design, our study has a number of potential limitations including a modest sample 

size, lack of a control group and in vivo morphological evaluation. A large, well-designed randomised 

controlled trial comparing p-ACXL with c-ACXL is still required to confirm the superiority of one treatment 

protocol over the other.  
 

In conclusion, our results suggest that both p-ACXL and c-ACXL treatments appear to be safe and 

effective methods in halting the progression of keratoconus over a 24 month follow-up period, but c-ACXL 

may offer superior refractive and tomographic outcomes when compared to p-ACXL. 

 

 

 
The preceding section has been published in large part as: 

Ziaei, M., et al., Prospective two-year study of accelerated pulsed transepithelial corneal crosslinking 

outcomes for keratoconus. Eye, 2019. 
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CHAPTER 7 

 

 

Prospective Two Year Study of Changes in Corneal Density Following Transepithelial and 
Epithelium-off Continuous and Epithelium-off Pulsed, Corneal Crosslinking for Keratoconus 
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Introduction 
 

Whilst a number of studies have evaluated the effect of conventional, ACXL and t-CXL on corneal 

transparency, no study has directly compared the effect of the above crosslinking modalities on 

postoperative corneal haze. In this chapter, we objectively compare corneal stromal haze following  

t-ACXL, c-ACXL and p-ACXL using a 3-dimensional anterior segment analyser and an automated 
Scheimpflug densitometry program.  

 

Methods 

 

Described in detail in chapters 5 & 6.  

 
Corneal Densitometry Analysis 

 
Corneal densitometry was obtained using the Pentacam Scheimpflug tomographer (Oculus Inc, Wetzlar, 

Germany). The device's corneal densitometry software was used to analyse backscattered light over a 12.0 

mm diameter area, divided into 4 annular concentric zones (0.0 to 2.0 mm, 2.0 to 6.0 mm, 6.0 to 10.0 mm, 

and 10.0 to 12.0 mm diameter) and 3 layers of depth (anterior, middle, and posterior). The “anterior layer” 

and the “posterior layer” represent the first 120 μm and the last 60 μm of the complete corneal thickness. 

The “central layer,” value, refers to the volume between the 2 boundary layers. The “total layer” refers to the 

volume between the epithelium and endothelium of a cornea. Densitometry is calculated automatically and 
expressed in grayscale units (GSU) of backscattered light on a scale of 0 (100% transparent) to 100 

(completely opaque, 0% transparent) [610]. 

 

Statistical Analysis 

 

Statistical analysis was performed using SPSS 19.0 for Windows (SPSS, IBM, Chicago, Illinois, USA). 

Depending on the data distribution, as calculated by the 1-sample Kolmogorov-Smirnov test, unpaired t tests 

and Mann–Whitney U tests were used for between-group comparisons. Repeated-measures analyses of 
variance with Bonferroni-adjusted post hoc comparisons were performed to evaluate the changes in corneal 

densitometry measured preoperatively and at 1, 3, 6, 12 and 24 months follow-up. Pearson correlation 

coefficients were used to analyse the possible correlation between the change in densitometry and the 

clinical outcomes. A P value < 0.05 was considered significant. 

 
Results 
 
Baseline Data of Demographics and Topographic Parameters 
 
One hundred and twenty eyes of 120 patients with keratoconus were included in the study.  Preoperative 

characteristics of the patients in each treatment group are shown in Table 11. 
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 t-ACXL c-ACXL  p-ACXL P 1 
(T vs C) 

P2  
(T vs P) 

P3   
(P vs C) 

Eyes  
(n) 

40 40 40    

Age  
(y) 

23.42±5.32 

(14 - 42) 

22.08±5.72 

(15 - 32) 

22.51±6.12 

(14 - 38) 

0.42* 0.44* 0.31* 

Keratoconus 
stage 

2.6 (48.4% 

stage 3-4) 

2.52 (55%  

stage 3-4) 

2.59 (50% stage 

3-4) 

0.89* 0.89* 0.99* 

KMAX  
(D) 

59.13±7.40 

(46.6 - 80.7) 

57.48±5.84 

(45.3 - 68.6) 

58.11±5.60 

(49.9 - 65.6) 

0.37* 0.59* 0.74* 

KMean  

(D) 
50.45±3.99 

(44.3 - 61.5) 

48.19±3.20 

(42.1 - 56.0) 

49.13±3.64 

(42.5 -53.9) 

0.02* 0.26* 0.41* 

UDVA 
(logMAR) 

0.81±0.40 

(0.12 - 1.58) 

0.66±0.41 

(0.12 - 1.82) 

0.69±0.29 

(0.24 - 1.38) 

<0.01† 0.02† 0.36† 

CDVA 
(logMAR) 

0.38±0.32 

(-0.06 - 1.28) 

0.36±0.22 

(-0.10 - 0.90) 

0.30±0.16 

(0.1 - 0.80) 

0.35† 0.13† 0.16† 

MRSE  
(D) 

-5.32±5.00 

(-19.25 - 1.00) 

-4.18±4.39 

(-14.5 - 1.25)  

-2.21±4.47 

(-16.75 - 2.75) 

0.4* 0.02* 0.16* 

Thinnest point 
(μm)  

419±42 
(335 - 529) 

464±32 
(406 - 531) 

463±31 
(409 - 520) 

<0.01†  <0.01†  0.95† 

Mean total 
densitometry 
(GSU)  

15.62±1.70 

(12.0 - 19.6) 

14.86±1.97 

(12.3 - 20.4) 

15.58±2.17 

(12.9 - 20.9) 

0.24* 0.94* 0.27* 

 

 
Table 11. 
Patient demographics and baseline visual, tomographic, refractive and densitometric parameters.  
*Unpaired t test. 
†Mann–Whitney U. 
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No significant differences in age, CDVA, KMAX, keratoconus stage and mean total densitometry were 

assessed at baseline. Average keratometry (KMean) was higher in the t-ACXL group compared to the c-ACXL 

group. UDVA was worse in the t-ACXL group and the thinnest pachymetry thinner when compared to the 

other two groups. There were no intraoperative or postoperative complications and the epithelialisation rate 

was within normal limits in all patients following surgery. 

 
 
Visual Acuity, refraction, keratometry, and pachymetry  

 

The mean UDVA, CDVA, MRSE, KMAX, KMean and thinnest point pachymetry before and after crosslinking are 

listed in Table 12. The mean change is UDVA and CDVA in the three groups are represented in Figures 13 

and 14 respectively.  

 

In the t-ACXL group, there was no significant difference in the mean UDVA, MRSE, KMAX, KMean and thinnest 
point pachymetry at 24 months but there was a statistically significant improvement in mean CDVA (baseline 

vs. 24 month: 0.38±0.32 vs. 0.30±0.21 P = 0.04).  

 

In the p-ACXL group, there was no significant difference in the mean UDVA, MRSE, KMAX, KMean and thinnest 

point pachymetry at 24 months but there was a statistically significant improvement in mean CDVA (baseline 

vs. 24 months: 0.30±0.16 vs. 0.23±0.17 P = 0.04).  

 
In the c-ACXL group, there was no significant difference between the UDVA, KMean and thinnest point 

pachymetry at 24 months but significant changes were detected in CDVA (baseline vs. 24 months: 0.36±0.22 

vs. 0.26±0.27 P = 0.02), KMAX (baseline vs. 24 months: 57.48±5.84 vs. 55.73 ±6.04 P = 0.01) and MRSE 

(baseline vs. 24 months: -4.18±4.39 vs. -2.39 ±3.25 P = <0.01). 
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 Pre-op 2 years  P 
t-ACXL    

UDVA (logMAR) 0.81±0.40 0.88±0.41 0.08† 

CDVA (logMAR) 0.38±0.32 0.30±0.21 0.04† 

KMean (D) 50.45±3.99 50.36±3.87 0.93* 

KMAX (D)  59.13±7.40 58.73±7.13 0.78* 

MRSE (D) -5.32±5.00 -4.67±5.40 0.21* 

Thinnest point (μm)  419±42 434±47 0.21† 

p-ACXL    

UDVA (logMAR) 0.69±0.29 0.64±0.38 0.19† 

CDVA (logMAR) 0.30±0.16 0.23±0.17 0.04† 

KMean (D) 49.13±3.64 48.50±2.48 0.55* 

KMAX (D)  58.11±5.60 57.72±4.54 0.77* 

MRSE (D) -2.21±4.47 -1.94±3.50 0.72* 

Thinnest point (μm)  463±31 473±30 0.33† 

c-ACXL    

UDVA (logMAR) 0.66±0.41 0.67±0.48 0.85† 

CDVA (logMAR) 0.36±0.22 0.26±0.27 0.02† 

KMean (D) 48.19±3.20 47.57±3.40 0.41* 

KMAX (D)  57.48±5.84 55.73±6.04 0.01* 

MRSE (D) -4.18±4.39 -2.39±3.25 <0.01* 

Thinnest point (μm)  464±32 475±31 0.22† 

 
Table 12. 
Mean change in visual, refractive and tomographic measurements over 24 months in all three groups. 

 
*Unpaired t test. 

†Mann–Whitney U. 
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Figure 13.  
Comparison of the change in UDVA in the t-ACXL, c-ACXL and p-ACXL treatment groups. 

 
Figure 14.  
Comparison of the change in mean CDVA in the t-ACXL, c-ACXL and p-ACXL treatment groups. 
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Changes in Corneal Densitometry After CXL 
 

The mean corneal densitometry values before and after t-ACXL, c-ACXL and p-ACXL are listed in Tables 13, 

14 and 15 respectively and represented in Figure 15.  

 
 
t-ACXL  Preop  

(1) 
1 month  
(2) 

3 month 
(3) 

6 month 
(4) 

12 month 
(5) 

24 months 
(6) 

Mean anterior 
densitometry  

19.48±2.32 18.75±2.55 19.17±3.49 18.70±2.21 18.91±2.35 19.18±2.90 

Range 14.1 - 25 14.7 - 23.9  14.5 - 27.8  15.0 -23.3 14.3 - 23.4  14.7 - 23.1 

post hoc P   1 vs 2  

0.91 

1 vs 3  

0.95 

1 vs 4  

0.91 

1 vs 2  

0.96 

1 vs 2  

0.99 

Mean central 
densitometry 

16.05±1.84 15.54±2.40 15.69±2.51 15.6±2.01 15.82±2.46 15.62±1.00 

Range 12.4- 20.1 11.5 - 22.3 11.5 - 20.6  12.7 - 20.8  12.1 - 22.1 12.4 - 22.3  

post hoc P   1 vs 2  

0.92 

1 vs 3  

0.98 

1 vs 4  

0.95 

1 vs 5  

0.99 

1 vs 6  

0.96 

Mean posterior 
densitometry  

11.35±1.31 10.97±1.67 11.02±1.66 10.97±1.42 11.42±1.53 11.80±1.37 

Range 8.6- 14.0  8.7- 15.5 8.2- 14.0  8.9 - 14.7 8.7- 16.2 9.7- 15.6  

post hoc P   1 vs 2  

0.96 

1 vs 3  

0.98 

1 vs 4  

0.96 

1 vs 5  

0.99 

1 vs 6  

0.93 

Mean total 
densitometry  

15.62±1.70 15.09±2.12 15.3±2.45 15.09±1.77 15.87±1.51 15.98± 1.51 

Range 12.0 - 19.6 12.0 - 20.6 11.8 - 20.5  12.3 - 19.1 11.8 - 17.9  13.1 - 18.7  

post hoc P   1 vs 2  

0.94 

1 vs 3  

0.99 

1 vs 4  

0.94 

1 vs 5  

0.99 

1 vs 6  

0.99 

 
 
Table 13. 
Mean anterior, central, posterior and total densitometry measurements over 24 months in patients 

undergoing t-ACXL.   
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c-ACXL Preop  
(1) 

1 month  
(2) 

3 month  
(3) 

6 month  
(4) 

12 month 
(5) 

24 months 
(6) 

Mean anterior 
densitometry  

18.44±2.08 21.91±3.96 21.06±2.95 18.80±2.61 18.79±2.41 18.34±3.17 

Range 15.5 - 26.3 17.1 - 27.9 16.2 - 28.1 16.2 - 26.9 14.8 - 23.5 15.1 - 26.7 

post hoc P   1 vs 2  

<0.01 

1 vs 3  

0.03 

1 vs 4  

0.99 

1 vs 5  

0.98 

1 vs 6  

0.99 

Mean central 
densitometry 

15.29±2.09 17.00±2.23 16.30±2.21 15.34±2.16 14.97±1.49 14.96±0.90 

Range 12.3 - 20.6 14.6 - 23.2 12.7 - 21.1 12.4- 21.9 12.2 - 21.2 13.3 - 21.5 

post hoc P   1 vs 2  
0.07 

1 vs 3  
0.47 

1 vs 4  
0.99 

1 vs 5  
0.99 

1 vs 6  
0.85 

Mean 
posterior 
densitometry  

10.85±1.49 11.13±1.40 11.03±1.89 10.78±1.91 10.87±1.37 11.16±1.67 

Range 8.8 - 14.6 10.8 - 15.7 8.5- 16.8 8.4 - 16.5  8.6 - 13.2 9.2- 11.2 

post hoc P   1 vs 2  

0.99 

1 vs 3  

0.99 

1 vs 4  

1.0 

1 vs 5  

1.0 

1 vs 6  

0.99 

Mean total 
densitometry  

14.86±1.97 16.76±2.38 16.12±2.22 14.97±2.13 14.88±2.55 14.90±2.86 

Range 12.3 - 20.4 14.4 - 23.8 12.5 - 22.0  12.4 - 21.8  12.0 - 21.5 13.5 - 21.2 

post hoc P   1 vs 2  
<0.01 

1 vs 3  
0.04 

1 vs 4  
0.99 

1 vs 5  
1.0 

1 vs 6  
1.0 

 
 
Table 14.  
Mean anterior, central, posterior and total densitometry measurements over 24 months in patients 

undergoing c-ACXL.   
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p-ACXL Preop  
(1) 

1 month  
(2) 

3 month  
(3) 

6 month  
(4) 

12 month 
(5) 

24 months (6) 

Mean 
anterior 
densitometry  

20.75±3.63 21.44±3.24 21.1±4.18 21.30±2.58 20.27±3.08 20.45±2.12 

Range 16.7 - 28.6 15.9 - 28.1  16.7 - 31.5  17.2 - 24.9  15.6 - 27.9  15.2 - 24.2  

post hoc P   1 vs 2 

 0.98 

1 vs 3  

0.99 

1 vs 4 

 0.99 

1 vs 5  

0.99 

1 vs 6  

0.99 

Mean central 
densitometry 

15.09±2.29 15.39±1.47 15.36±1.82 15.02±1.55 15.10±1.73 15.03±1.93 

Range 12.5 - 21.2  11.2 - 20.1  12.9 - 19.6  13.0 - 18.9 12.8 - 19.1  12.4 - 18.9 

post hoc P   1 vs 2 

 0.99 

1 vs 3  

0.99 

1 vs 4  

 1.0 

1 vs 5  

1.0 

1 vs 6  

 1.0 

Mean 
posterior 
densitometry  

11.60±3.15 11.23±1.31 11.20±1.43 10.85±1.13 11.44±1.50 11.33±1.54 

Range 9.2 - 14.3  8.0 - 12.7 9.8 - 15.1  9.3 - 12.9  9.1 - 14.9  7.7 - 13.3  

post hoc P   1 vs 2 

 0.98 

1 vs 3  

 0.98 

1 vs 4  

 0.77 

1 vs 5  

 0.99 

1 vs 6  

 0.99 

Mean total 
densitometry  

15.58±2.17 16.28±1.95 15.88±2.11 15.72±1.46 15.81±1.77 15.77±1.56 

Range 12.9 - 20.9  11.7 - 20.3  13.6 - 20.1  13.8 - 18.7  12.6 - 19.0  12.3 - 17.7  

post hoc P   1 vs 2  

0.83 

1 vs 3  

 0.99 

1 vs 4  

 0.99 

1 vs 5  

0.99 

1 vs 6  

 0.99 

 
 
Table 15.  
Mean anterior, central, posterior and total densitometry measurements over 24 months in patients 

undergoing p-ACXL.   
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There was no significant change to the densitometry values of the t-ACXL and p-ACXL groups at any time 

point after CXL. The densitometry value for the c-ACXL group changed significantly after crosslinking and 

peaked after 1 month (baseline vs. 1month 14.86±1.97 vs. 16.76±2.38 P <0.01) and remained high at 3 

months (baseline vs. 3month 14.86±1.97 vs. 16.12±2.22 P = 0.04) but returned to baseline levels after 6 

months and remained stable thereafter. The maximum peak in corneal densitometry observed at 

postoperative month 1 in the c-ACXL group did not have a significant impact on UDVA (baseline vs. 1month: 
0.66±0.41 vs. 0.71±0.46 P = 0.23) and CDVA (baseline vs. 1 month: 0.36±0.22 vs. 0.33±0.19 P = 0.58). 

 
 

 
 
Figure 15.  
Comparison of the change in mean corneal density in the t-ACXL, c-ACXL and  

p-ACXL treatment groups. 
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 1 month - 
pre 

3 month - 
 pre 

6 month -  
pre 

12 month - 
pre 

24 month - 
pre 

Mean anterior t-ACXL  -0.73±2.30 -0.31±2.64 -0.78±2.14 -0.57±1.99 -0.31±2.73 

Mean anterior p-ACXL 0.69±2.67 0.35±3.89 0.55±3.12 -0.48±2.18 -0.30±2.43 

Mean anterior c-ACXL  3.47±3.21 2.62±3.01 0.36±2.42 0.35±2.14 -0.1±3.23 

P1 (t vs p) 0.04 0.49 0.11 0.89 0.98 

P2 (t vs c) <0.01 <0.01 0.13 0.25 0.84 

P3 (p vs c) <0.01 0.24 0.83 0.18 0.83 

Mean central  
t-ACXL  

-0.51±2.02 -0.36±2.22 -0.45±1.98 -0.23±2.12 -0.43±1.33 

Mean central  
p-ACXL 

0.30±1.67 0.27±1.55 -0.07±1.65 0.01±1.42 -0.06±1.35 

Mean central  
c-ACXL  

1.71±2.82 1.01±2.01 0.05±1.89 -0.32±1.39 -0.33±0.92 

P1 (t vs p) 0.13 0.80 0.51 0.68 0.39 

P2 (t vs c) <0.01 0.39 0.42 0.87 0.78 

P3 (p vs c) 0.01 0.52 0.83 0.46 0.47 

Mean posterior t-ACXL  -0.38±1.12 -0.32±1.09 -0.38±1.33 0.08±1.24 0.45±1.22 

Mean posterior p-ACXL  -0.37±1.31 -0.39±1.99 -0.75±1.53 -0.21±1.40 -0.27±1.89 

Mean posterior c-ACXL  0.28±1.87 0.18±1.29 -0.07±1.96 0.02±1.65 0.31±1.79 

P1 (t vs p) 0.55 0.89 0.42 0.49 0.14 

P2 (t vs c) 0.19 0.20 0.56 0.89 0.76 

P3 (p vs c) 0.22 0.28 0.28 0.62 0.32 

Mean total t-ACXL  -0.53±2.08 -0.32±2.33 -0.53±2.21 0.25±1.98 0.35± 1.11 

Mean total p-ACXL  0.70±1.96 0.29±2.49 0.14±1.39 0.23±1.87 0.20±1.67 

Mean total c-ACXL   1.90±2.65 1.26±2.42 0.11±2.43 0.02±2.39 0.04±2.76 

P1 (t vs p) 0.04 0.42 0.27 0.98 0.73 

P2 (t vs c) <0.01 0.04 0.38 0.75 0.63 

P3 (p vs c) 0.01 0.22 0.96 0.73 0.82 

 
Table 16.  
Mean change in densitometry measurements over 24 months. 
*All tests performed with the Unpaired t test. 
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The mean change in corneal densitometry was significantly lower in the t-ACXL group compared to the c-

ACXL group at 1 month (-0.53±2.08 t-ACXL vs. 1.90±2.65 c-ACXL P<0.01) and 3 months  

(-0.32±2.33 t-ACXL vs. 1.26±2.42 c-ACXL P = 0.04) but no significant difference was detected between the 

two groups thereafter. The mean change in corneal densitometry was significantly lower in the t-ACXL group 

compared to the p-ACXL group at 1 month (-0.53±2.08 t-ACXL vs. 0.70±1.96 p-ACXL P = 0.04) but no 

significant difference was detected between the two groups thereafter. The mean change in cornea 
densitometry values was significantly lower in t-ACXL group compared to both the p-ACXL and c-ACXL 

groups at 3 months (Table 16). 

 

In the t-ACXL and p-ACXL groups, the change in corneal densitometry from baseline to 1 month was not 

significantly correlated with preoperative KMean, KMAX and thinnest pachymetry (P>0.05). The changes in 

densitometry between baseline and 1 month were also not correlated with the amount of KMAX flattening at 

24 months in either group (P>0.05). 

 
In the c-ACXL group the change in densitometry between baseline and 1 month was correlated with 

preoperative KMean (r = -0.6329, P = 0.01) and KMAX, (r = -0.608, P = 0.02). The change in densitometry 

between baseline and 1 month was not correlated with the amount of flattening in KMAX at 24 months 

(P>0.05). 

 

 
Conclusion 
 

Corneal stromal haze is a frequent adverse reaction that typically occurs one month after CXL and resolves 

after 12 to 20 weeks [497]. It is thought that this haze is a result of corneal stromal invasion by activated 

keratocytes and subsequent alteration in secreted crystalline proteins [508], or an increase in cornea collagen 

fibre diameter/fibrillar spacing following CXL [471]. Postoperative corneal haze is not affected by topical 

corticosteroid treatment [611], but appears to occur more frequently in patients with advanced keratoconus 

[575]. 

 
In recent years measurement of corneal density through Scheimpflug densitometry which measures 

backscattered light with a rotating camera system has been utilised to objectively assess corneal 

transparency changes in patients undergoing refractive surgery [612], endothelial keratoplasty [613] and 

CXL [611, 614-616]. Scheimpflug densitometry has been shown to have a good level of repeatability and 

reproducibility with central measurements being more accurate than peripheral ones [610, 617]. 

 

In the current study, there was no significant change in densitometry following t-ACXL or p-ACXL. There was, 

however, a significant, but transient increase in corneal densitometry after c-ACXL. The mean densitometry 
peaked 1 month after treatment and subsequently decreased, returning to baseline values after 6 months. The 

increase in corneal densitometry following c-ACXL was not associated with a change in visual acuity in 

accordance with previous reports in the literature [497, 611]. 
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At 1 month, the mean change in corneal densitometry was significantly higher in the c-ACXL compared to the 

p-ACXL and t-ACXL groups. At 3 months, the mean change in corneal densitometry was significantly higher 

in the c-ACXL group compared to the t-ACXL group but similar to the p-ACXL group. No significant difference 

was noted between the three groups from 6 months.  

 

Previous publications have also reported on the effect of CXL on corneal density. Greenstein et al. reported a 
significant increase in corneal densitometry at 1 month following conventional CXL [497]. However, levels 

plateaued at 3 months and reduced between 6-12 months, with densitometry values remaining above baseline 

values at 12 months. In contrast Gutiérrez et al. reported return of the cornea density values to baseline levels 

12 months following conventional CXL [550]. Alnawaiseh et al. reported an increase in densitometry values 

after conventional CXL with levels returning to preoperative values approximately one year after CXL and 

reaching lower than preoperative values two years following treatment [614, 618]. Turhan et al. reported a 

similar increase in densitometry measurements in patients undergoing C-ACXL with values peaking at 1 month 

and reducing thereafter. The mean change was higher in the group treated with a higher irradiation intensity 
of 30 mW/cm2 when compared to the group treated with 9 mW/cm2 [616]. Shen et al. reported a steady 

reduction in total central corneal densitometry measurements in patients undergoing t-ACXL with values 

reaching below baseline levels after 6 months, a phenomenon that was continued up until the 12 month time 

point  [615]. The authors attributed this to a lack of a significant inflammatory response and associated 

keratocyte activation in the corneal stroma as the transepithelial procedure did not require prolonged UV-A 

exposure nor epithelial debridement.  

 
When we evaluated the possible correlation between the increase in corneal densitometry at 1 month and 

preoperative clinical parameters, no significant correlations were detected in the t-ACXL and p-ACXL groups. 

However, in the c-ACXL group, a higher degree of CXL-induced corneal haze at 1 month was observed in 

patients with steeper preoperative KMean and KMAX readings and in individuals where a greater flattening effect 

was achieved at 24 months. This is in keeping with a previous study reporting a correlation between the 

degree if corneal flattening 12 months after high intensity ACXL and the magnitude of corneal density rise at 

1 month [616]. 

 
Our study has a number of potential limitations.  The modest numbers in our study may have introduced an 

element of bias despite preoperative age and gender matching. Another limitation is the lack of in vivo 

morphological and associated biomechanical evaluation. In conclusion, we have demonstrated that c-ACXL 

leads to a higher increase in corneal density than p-ACXL and t-ACXL in the early postoperative period. 

Further studies are however required to confirm the validity of these findings in the longer term. Further 

improvements in the densitometry software such as increased repeatability of peripheral density 

measurements and automatic measurement of corneal volume with increased density can allow more useful 

objective measurement of corneal transparency changes following CXL. 
 

The preceding section has been published in large part as: 

Ziaei, M., et al., Prospective two-year study of clinical outcomes following epithelium-off pulsed versus 

continuous accelerated corneal crosslinking for keratoconus. Clin Exp Ophthalmol, 2019 
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CHAPTER 8 
 
Direct Measurement of Anterior Corneal Curvature Changes Attributable to Epithelial Removal in 

Keratoconus 
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Introduction  

 

The corneal epithelium is a mouldable, non-keratinised, stratified layer with a reported thickness of 

between 48-53 μm [619, 620]. It has an asymmetrical thickness profile, being slightly thicker inferiorly 

and nasally than superiorly and temporally. There is a larger infero-superior difference than naso-

temporal difference in epithelial thickness [621].The corneal epithelial thickness profile has a 
demonstrable impact on the total corneal power. It governs the shape of the air-tear film [622] and affects 

the tomographic analysis of this interface. The epithelium is thought to account for an average of 1.03D 

of central corneal power (2 mm diameter zone) [623] and contributes to the power and axis of the corneal 

astigmatism [624].  

 

In keratoconic eyes the corneal epithelium exhibits a localised thinning over the cone surrounded by an 

annulus of epithelial thickening [625]. It has also been postulated that epithelial thickness mapping can be a 

sensitive means for the diagnosis of keratoconus [626-630].  
 

The role of the epithelium and its contribution to corneal refractive power in keratoconus is of special 

importance as in recent years a number of corneal surface reshaping procedures have emerged which aim 

to improve the corneal shape by combining transepithelial photorefractive keratectomy (PRK) and corneal 

collagen crosslinking (CXL) [484, 485, 584]. 

 

Corneal epithelial thickness can be measured using a number of technologies including three-dimensional 
very high-frequency (VHF) digital ultrasound with a central epithelial thickness measurement repeatability of 

0.58 μm [631]. OCT technology can also be utilized to provide epithelial thickness measurements over a 6-

mm diameter [627], with a central repeatability of 0.70 μm [632]. Confocal microscopy can also be used to 

measure corneal epithelial thickness with a repeatability of 20.1 μm [633]. OCT measurements have 

previously been shown to overestimate corneal epithelial thickness by 4 μm compared to confocal 

microscopy and underestimate the epithelial layer thickness by 0.71um compared to VHF ultrasound [634]. 

 

The present chapter investigates differences between the tomographic features of the corneal epithelium 
and Bowman layer in eyes with keratoconus. To our knowledge, there has only been one previous in vivo 

study (using specular corneal topography) to characterise the role of the corneal epithelium on the anterior 

corneal shape and curvature in eyes with keratoconus [635]. In this chapter, dual rotating Scheimpflug 

combined with Placido tomography using the Galilei dual Scheimpflug analyser (DSA) (Galilei 2, SW version 

6.1.3, Ziemer Ophthalmic Systems AG, Port, Switzerland) was used to assess the tomographic changes 

induced by the removal of the corneal epithelial layer in keratoconic patients undergoing CXL. 

 

Methods 
 

This prospective study enrolled subjects with keratoconus undergoing CXL at the University of Auckland 

Cornea and External Eye Disease Service, Greenlane Hospital, Auckland District Health Board, Auckland, 

New Zealand.  
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Inclusion criteria included patients with progressive keratoconus that was diagnosed based on clinical and 

associated tomographic findings. Progressive keratoconus was defined as one or more of the following 

changes over a period of 12 months: an increase of 1.00 D or more in the steepest keratometry 

measurement, an increase of 1.00 D or more in manifest cylinder, or an increase of 0.50 D or more in MRSE. 

The keratoconus stage was assessed using the Krumeich et al. classification [636]. Exclusion criteria 

included contraindications to CXL including corneal scarring or oedema visible on slit-lamp examination, 
history of contact lens wear, ocular surgery or trauma. One eye from each subject was included in the study.   

 

The study was approved by the local Health and Disability Ethics Committee, a branch of the Ministry of 

Health in New Zealand. Written, informed consent was obtained from all patients after they voiced 

understanding of the purpose and the procedures of the study in accordance with the Declaration of Helsinki. 

 

 
Patient Assessment 
 

All patients received a complete ocular assessment before surgery, including slit lamp biomicroscopy and 

ocular fundus examinations. Corneal tomography was obtained using the Galilei Dual Scheimpflug Analyser 

(DSA). The Galilei DSA combines dual rotating Scheimpflug cameras and a Placido disc. The flash 

illumination is an output from a 475-nm wavelength blue LED (ultraviolet free), and it measures more than 

122,000 data points per scan. Height data acquired from the Scheimpflug edges, and the slope data from the 

Placido images are transformed into height data. The combined height data are merged and subsequently 
used to create a surface fit of the anterior cornea through proprietary algorithms [637, 638]. 

 

Instruments and Surgical Technique 

 

Ten minutes before the planned CXL procedure, a preoperative tomography scan was performed in the 

operative eye using the Galilei DSA located in the same room as the crosslinking unit. Three consecutive 

scans were performed by the same experienced examiner. All measurements were performed without pupil 

dilation and under identical lighting conditions between 1.00 and 5.00pm to limit the influence of overnight 
corneal swelling [639]. Subjects were asked to fixate on the target light, with their chin on the chin rest, and 

they were asked to blink completely just before each measurement to allow for adequate tear film coverage 

over the corneal surface. The examiner checked each scan and its quality before recording it and only scans 

of acceptable quality were included. 

 

Immediately after the acquisition of data, 2 drops of proxymetacaine hydrochloride 0.5% were administered 

and a speculum placed between the eyelids. Using an operating microscope, following the application of a 

20% ethanol solution over 20 seconds in the central 8.0 mm corneal zone, using a cornea well, the 
epithelium was carefully removed using a blunt spatula. The corneal surface was then rinsed with balanced 

salt solution and inspected to ensure that all epithelial remnants had been removed. The lid speculum was 

then disinserted and a further three, consecutive, tomography scans were acquired. No drops were inserted 

after epithelial debridement but the patient was asked to blink a few times to optimise the tear film. The 

examiner checked each scan and its quality before recording it and only scans of acceptable quality were 
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included. The patient returned to the surgical bed, and the CXL procedure resumed with the application of 

riboflavin solution composed of dextran-free riboflavin 0.1% with hydroxyl, propyl, methyl, and cellulose 

(VibeX Rapid, Avedro Inc., Waltham, MS, USA), with 10 minutes of corneal soaking. Collagen crosslinking 

was performed using the Avedro UV-A source (Avedro Inc., Waltham, MS, USA) system with 4 minutes of 

continuous UV-A exposure at 30 mW/cm2and an energy dose of 5.2 J/cm2. Treated eyes were dressed by a 

soft contact lens bandage for 3 days and medicated with ciprofloxacin and fluorometholone eye drops 4 
times a day.  

 

Measurements variables 

 

The average value of three consecutive high quality scans were recorded for the following anterior and 

posterior corneal surface variables:  

 

-Corneal dioptric power in the flattest and steepest meridian of the 3.0 mm central zone 
-Maximum keratometric power on the anterior axial or anterior instantaneous curvature map (KMAX). 

-Corneal astigmatism in the 3.0 mm central zone (toricity). 

-Asphericity in the 8-mm-diameter central zone aligned to the first Purkinje q = (−#)%. 
-Pachymetry at the central (0 – 4 mm), mid peripheral (4 – 7 mm), peripheral (7 – 10 mm), and thinnest 

points of the cornea. 
-Total cornea power calculated using raytracing from a zone of 1 – 4 mm. 

-Spherical aberration (SA) in the 6-mm-diameter central zone aligned to the pupil. 

 
Statistical Analysis 

 

Statistical analysis was performed using SPSS 19.0 for Windows (SPSS, IBM, Chicago, Illinois, USA). 

Where data were demonstrated to have a normal distribution, as shown by the 1-sample Kolmogorov-
Smirnov test, parametric analysis (2-sided t test) was used. Statistical P value < 0.05 were considered 

significant.  

 

Results 
  

Demographics 

 

The study comprised 30 eyes of 30 patients. Twenty eight eyes (93%) were graded as stage II and two eyes 
(7%) graded as stage III on the Krumeich classification system. The mean quality of the scan pre-epithelial 

debridement vs post debridement was 88.38% and 86.86% respectively (P=0.13). There were no 

intraoperative or postoperative complications and the epithelialisation rate was within normal limits in all 

patients post-CXL. Table 17 describes the demographic details of patients included in the study. 
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Parameters Value 
Patients (n) 30 

Age (y)  

Mean ± SD 21.49± 6.04 

Range 12.94, 36.47 

Eye   

Right 60% 

Left 40% 

Race  
Maori 46.66% 

European 20% 

Other 33.34% 

Sex  

Male 66.67% 

Female 33.33% 

Ultrasound CCT (um)   

Mean ± SD 458 ± 19 
Range 426, 499 

 

 

Table 17.  
Demographics of patients included in the study. 

  

 

Keratometry 
 

Table 18 shows the anterior keratometric values of the patients. There was significant steepening of the 

anterior axial corneal curvature after epithelial debridement in the central and mid-peripheral corneal zones 

but not the peripheral zone (P < 0.01, 0.02, and 0.72 respectively) (Figures 16 & 17). 

 

Table 19 shows the posterior keratometric values of the patients. There was no significant difference 

between the posterior axial corneal curvature before and after epithelial debridement in the central, mid-
peripheral and peripheral corneal zones (P = 0.07, 0.11 and 0.21 respectively). 
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Mean anterior 
variables  

Preop with epithelium Intraop without 
epithelium 

Intraop - 
preop  

P Value 

 Mean±SD Range Mean±SD Range Mean±SD  

KMAX [D] 54.53± 

4.91 

45.49, 

64.23 

56.66 ± 

5.70 

46.48, 

67.40 

2.13 ± 2.52 <0.01* 

Flat K [D] 47.26±  

3.50 

42.32, 

55.72 

48.97± 

3.65 

43.07, 

57.96 

1.71 ± 1.18 <0.01* 

Steep K [D] 49.50±  

3.74 

43.68, 

57.41 

51.64 ± 

4.16 

44.64, 

60.64 

2.14 ± 1.22 <0.01* 

Steep Angle [deg] 89.41± 32.36 28.33, 

169.66 

88.72± 

34.79 

31.33, 

161.33 

-0.69 ± 8.92 0.24 

Flat Angle [deg] 15.36 ± 

59.98 

9.33,174.

66 

15.05 ± 

61.69 

2.33, 

171.66 

-0.31 ± 8.48 0.85 

Astigmatism [D] 4.36 ±  
2.14   

1.19, 
11.78 

5.47 ± 
3.42 

1.02,  
8.61 

1.11 ± 2.23 0.01* 

Axial Curvature  
Central Zone       
(0-4 mm) [D] 

47.82 ± 2.72  41.24, 

52.38 

49.59  ± 

2.55 

41.97, 

53.87 

1.77 ± 1.57 <0.01* 

Axial Curvature  
Mid-peripheral Zone                  
(4-7 mm) [D] 

44.69 ± 2.20 38.72, 

49.48 

44.22 ± 

2.59 

38.25, 

48.89 

-0.47 ± 1.07 0.02* 

Axial Curvature 
Peripheral Zone  
(7-10 mm) [D] 

43.56 ± 2.14 36.55, 
47.24 

43.39 ± 
3.48 

36.42, 
47.84 

-0.17 ± 1.32 0.72 

Asphericity | Q -1.16 ±  

0.32 

-0.59, -

1.67 

-1.47 ± 

0.25 

-1.92,  

-0.79 

-0.31 ± 0.27 <0.01* 

 

 

Table 18.  
Mean anterior axial keratometric variables and asphericity values before and after epithelial removal. 
*represents a significant result  
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Mean posterior 
variables 

Preop with 
epithelium 

Intraop without 
epithelium 

Intraop - preop  P Value 

 Mean± 
SD 

Range Mean± 
SD 

Range Mean± 
SD 

 

Flat K [D] -6.64 ± 

0.68 

-6.40,  

-8.43 

-6.36 ± 1.13 -8.42,        

-5.57 

0.28 ± 0.88 0.11  

Steep K [D] -7.37 ± 
0.75 

-6.07,  
-9.14 

-7.30 ± 0.85 -9.31,  
-6.01 

0.07 ± 0.38 0.36  

Steep Angle [deg] 91.13 ± 

30.77 

33.33, 

170.66 

92.85 ± 

30.84 

42.66, 

176.66 

1.72 ± 13.00 0.69  

Flat Angle [deg] 7.61 ± 

62.24 

2.50, 

171.33 

2.76 ± 

64.34 

0.33, 

172.50 

-4.85 ± 15.43  0.14  

Astigmatism [D] -0.73 ± 

0.34 

-0.19,  

-1.05 

-0.93 ± 1.20 -1.81,        

-0.13 

-0.20 ± 1.09 0.33  

Axial Curvature  
Central Zone             
(0-4 mm) [D] 

-7.11 ± 

0.73 

-5.92,  

-9.03 

-7.06 ± 0.81 -9.26,        

-5.77 

0.05 ± 0.14 0.07  

Axial Curvature  
Mid-peripheral Zone  
(4-7 mm) [D] 

-6.28 ± 

0.30 

-5.66,  

-7.11 

-6.19 ± 0.39 -7.18,       

 -4.96 

0.09 ± 0.27 0.11  

Axial Curvature  
Peripheral Zone       
(7-10 mm) [D] 

-6.11 ± 

0.28 

-5.46,  

-6.98 

-6.03 ± 0.41 -7.01,        

-4,52 

0.08 ± 0.32 0.21  

Asphericity | Q -1.27 ± 

0.21 

-1.68,  

-0.64  

-1.23 ± 0.28 -0.82,       

-1.59 

0.04 ± 0.17 0.23  

 

Table 19.  
Mean posterior axial keratometric variables and asphericity values before and after epithelial removal. 
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Figure 16.  
Representative tomography maps of a patient prior to epithelial debridement.  
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Figure 17. 
Representative tomography maps of a patient following epithelial debridement.  
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Asphericity  

 

The mean anterior corneal asphericity as expressed by the Q value was significantly reduced after epithelial 

removal (i.e. the anterior cornea became more prolate, P < 0.01) whereas no significant difference was 

detected in mean posterior corneal asphericity after epithelial debridement (P = 0.23).  

 
Total corneal power & spherical aberration 

 

Table 20 shows the difference in total corneal power and total corneal wavefront spherical aberration values 

before and after epithelial removal at a 6mm zone. There was no significant difference between the total 

corneal wavefront spherical aberration before and after epithelial debridement (P = 0.35) but the total corneal 

power increased significantly (P < 0.01).  

 

 
Mean wavefront 
variables 

Preop with epithelium Intraop without 
epithelium 

Intraop - 
preop  

P Value 

 Mean±SD Range Mean±SD Range Mean±SD  

Spherical 
aberration [um] 

0.04 ±  

0.45 

-0.31, 

0.83 

-0.01 ±  

0.56 

-0.77, 

1.52 

-0.05 ± 

0.29 

0.35  

Mean total 
corneal power [D] 

46.60 ± 3.24 42.12, 
54.40 

48.63 ± 3.45 43.00, 
56.81 

2.03 ± 1.19 <0.01* 

 

 

Table 20.  
Difference in total corneal wavefront spherical aberration and total corneal power values before and after 

epithelial removal. 

*represents a significant result  

 

  

Pachymetry 
 

Table 21 shows the central, mid-peripheral, peripheral and thinnest point corneal thickness values in the 
subjects. The central and mid-peripheral pachymetric measurements were significantly reduced after 

epithelial debridement (P < 0.01 for both variables) but no statistically significant difference in the peripheral 

and thinnest point pachymetric measurements was demonstrated (P = 0.83 and 0.15, respectively). 
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Mean pachymetric 
variables 

Preop with epithelium Intraop without 
epithelium 

Intraop - 
preop  

P 
Value 

 Mean±SD Range Mean±SD Range Mean±SD  

Central thickness    
(0-4 mm) [um] 

500 ± 24 441, 527 479 ± 23 459, 551 -21 ± 14 <0.01 * 

Mid-peripheral thickness 
(4-7 mm) [um] 

557 ± 21 539, 613 522 ± 23 485,   

587 

-35 ± 44 <0.01* 

Peripheral thickness  
(7-10 mm) [um] 

632 ± 28 559, 704 632 ± 31 583, 691 0 ± 16 0.83 

Thinnest point [um] 467 ± 23 433, 525 459 ± 32 391, 525 -8 ± 29 0.15 

 
Table 21.  
Mean central (0-4mm), mid-peripheral (4-7mm), peripheral (7-10mm) and thinnest point corneal thickness 

measurements before and after epithelial removal. 

*represents a significant result  

 

Conclusion 
 

In this chapter, we analysed the effect of corneal epithelial debridement in keratoconic eyes undergoing CXL, 
using combined Scheimpflug and Placido tomography to assess keratometry, asphericity, total corneal 

power, spherical aberration and pachymetry. The mean change in central corneal thickness following 

epithelial debridement was 21± 14 μm. Central epithelial thickness in eyes with keratoconus has previously 

been reported to be 43 ± 6 μm as measured by time-domain optical coherence tomography (OCT) 

(Humphrey-Zeiss OCT 2000 system) [640], 45 ± 5 μm as measured by very high frequency ultrasound 

(Artemis) [625], and 49 ± 5 μm as measured by Fourier-domain OCT (RTVue 5.5) [630]. Whilst a previous 

study has reported central corneal thickness measurements to be comparable between Fourier-domain OCT 
and Scheimpflug tomography [641], this difference in epithelial thickness measurements is perhaps 

explained by the inherent difference in the above measurement modalities.  

 

The devices use different reference points for central measurements, and values may be averaged or 

computed from across variable ranges which may lead to differences in corneal thickness measurements 

after epithelial debridement [642]. The corneal epithelial thickness at the thinnest point of the cornea has 

previously been reported to be 7.5 μm thinner than at the corneal vertex in keratoconic patients [625]. This 

coupled with the variability of the corneal thickness measurements following exposure to alcohol solution 
may explain the lack of a statistically significant difference in the thinnest point pachymetric measurement 

following epithelial debridement in our study.   

 

Our results demonstrate that the intact keratoconic cornea has a significantly lower keratometric axial power 

than that of Bowman layer in the central zone and a significantly higher keratometric axial power in the mid-
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peripheral zone. A number of studies have evaluated the effect of the corneal epithelium on corneal 

topography in healthy cadaver corneas. Zipper et al. [643]  evaluated corneal topographic data before and 

after epithelial debridement in 16 fresh human cadaver eyes using a Par corneal topography system (Par 

Vision Systems Corp.) mounted on an operating microscope. They reported a difference in apical radius of 

curvature of approximately 0.5 D within the central 7.0 mm zone. Simon and colleagues, measured corneal 

topography with the Topographic Modelling System (Computed Anatomy) before and after removal of the 
epithelium in 10 fresh human cadaver eyes and reported the optical power of the epithelium to be 1.03 D 

within the central 2.0 mm zone and 0.85 D within a 3.6 mm zone [623]. Salah-Mabed et al. [644] studied the 

corneal topographic changes after epithelial debridement in myopic patients undergoing PRK using a Placido 

topographer (OPD-Scan II, Nidek Co., Ltd.). The group reported that the epithelium acts like a convex-

concave meniscus reducing the paraxial keratometric corneal power in myopic eyes by 0.56 D in the central 

1-5mm cornea zone. In contrast, Gatinel et al. [645] reported that the cornea was more prolate and the 

central cornea curvature was flatter after epithelial removal in 44 myopic patients undergoing PRK. They 

reported a reduction in corneal power of 0.96 D in the central 3.0mm zone as measured by Placido 
topography (Orbscan II, Bausch & Lomb). The differences between the preceding studies might be explained 

by the difference in measurement protocols, devices, and patient populations.  

 

Our results are in keeping with a preliminary study by Touboul et al. [635], where, irregularity indices, 

asphericity, and keratometric readings increased after epithelial removal in 8 eyes with keratoconus as 

measured by Placido topography (Eyesys Vision, Inc.). In their study, the mean effective refractive power 

decreased by approximately 4 times the normal value and the average simulated keratometry decreased by 
2 times due to modification by the epithelium. The authors concluded that the stromal bulge caused by the 

ectatic process was significantly reduced by epithelial remodelling. 

 

The results from this study indicate that the anterior corneal surface assumes a more prolate shape after 

epithelial removal at the level of Bowman layer in keratoconus. This is in keeping with previously published 

reports that indicate a reduction in mean anterior corneal asphericity of -0.07 [644], -0.18 [646] and -0.21 

[645] after epithelial removal in healthy eyes and -0.76 [635] in keratoconic eyes. 

 
Our study has a number of limitations. There is a lack of quantification of the magnitude of the eyelid 

opening, duration of corneal exposure following epithelial debridement and head tilt during the scanning 

process. These factors may have resulted in variability between subjects in the quality of tear film profile and 

may have led to some underlying stromal oedema or dehydration and therefore induced artefacts in the 

topographic maps. The tear film contact with the Bowman layer has also been postulated to increase the 

corneal prolateness and steepening, which could result in an overestimation of keratometry and asphericity 

values [644]. Furthermore, exposure of alcohol to the epithelial surface may lead to dehydration of the 

underlying corneal stroma and lead to changes in tomographic variables.  Also, changes in the peripheral 
cornea could not be completely characterised due to the limited diameter of epithelial debridement within the 

peripheral zone. 
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In conclusion we have demonstrated that the corneal epithelium plays an important masking role in 

smoothing out the irregularities of the stromal bed in patients with corneal ectasia. Whilst the plasticity of the 

corneal epithelium is crucial in optimising the anterior optical surface of the cornea, caution is recommended 

when considering therapeutic surface ablation of the keratoconic cornea.  

 

 
 

The preceding section has been published in large part as: 

Ziaei, M., et al., Direct measurement of anterior corneal curvature changes attributable to epithelial removal in 

keratoconus. J Cataract Refract Surg, 2018. 44(1): p. 71-77. [647] 
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CHAPTER 9 
 

Measurement of Topographic, Keratometric, Refractive and Wavefront Changes Attributable to  
Epithelial Removal in Keratoconus 
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Introduction  

In a previous chapter, we demonstrated that in patients with keratoconus undergoing CXL, the corneal 

epithelium plays an important masking role in the anterior curvature variables of the cornea and smoothens 

the underlying Bowman layer irregularities [647]. Epithelial debridement led to significant increases in the 

magnitude of anterior corneal keratometry, keratometric astigmatism, and prolateness 

 
The present chapter investigates differences between the topographic, keratometric, refractive and wavefront 

properties of the corneal epithelium and Bowman layer in eyes with moderate to severe keratoconus before and 

after epithelial debridement. To achieve this, we utilised the OPD-Scan lll (Nidek Inc., Tokyo, Japan) to assess the 

changes induced by the removal of the corneal epithelial layer in keratoconic patients undergoing CXL.  

 

Methods 

 

This prospective study enrolled patients with keratoconus undergoing CXL at the University of Auckland 
Cornea and External Eye Disease Service, Greenlane Hospital, Auckland District Health Board, Auckland, 

New Zealand.  

 

Inclusion criteria included patients with progressive keratoconus that was diagnosed based on clinical and 

associated tomographic features. Progressive keratoconus was defined as one or more of the following 

changes over a period of 12 months: an increase of 1.00 D or more in the steepest keratometry 

measurement, an increase of 1.00 D or more in manifest cylinder, or an increase of 0.50 D or more in MRSE. 
The keratoconus stage was assessed using the Krumeich et al. classification [636]. Exclusion criteria 

included contraindications to CXL including corneal scarring or oedema visible on slit-lamp examination, 

history of contact lens wear, ocular surgery or trauma. One eye from each subject was included in the study.   

 

The study was approved by the local Health and Disability Ethics Committee, a branch of the Ministry of 

Health in New Zealand. Written, informed consent was obtained from all patients after they voiced 

understanding of the purpose and the procedures of the study in accordance with the Declaration of Helsinki. 

 
Patient Assessment 

 

All patients received a complete ocular assessment before surgery, including slitlamp biomicroscopy and 

ocular fundus examinations. Corneal parameters were measured using the OPD-Scan lll, which is a five-in-

one workstation combining with a topography, wavefront aberrometry, keratometry, and pupillometry. The 

device measures refraction using the principle of scanning retinoscopy/skiascopy, by emitting a grid-like 

pattern of light on the retina and measuring the time difference in signals induced by the refractive error. It 

uses Placido based technology to measure corneal topographic parameters and Zernike polynomials to 
calculate Wavefront aberrations over an area of 3.0-9.0 mm [648].  
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Instruments and Surgical Technique 

 

Ten minutes before the planned CXL procedure, a preoperative tomography scan was performed in the 

operative eye using the OPD III located in the same room as the crosslinking unit. Three consecutive scans 

were performed by the same experienced examiner. All measurements were performed without pupil dilation 

and under identical lighting conditions between 1.00pm and 5.00pm to limit the influence of overnight corneal 
swelling [639]. Subjects were asked to fixate on the target light (75mm away from the eye), with their chin on 

the chin rest, and they were asked to blink completely just before each measurement to allow for adequate 

tear film coverage over the corneal surface. The examiner checked each scan and its quality before 

recording it and only scans of acceptable quality were included. 

 

Immediately after acquisition of data, 2 drops of proxymetacaine hydrochloride 0.5% were administered and 

a speculum placed between the eyelids. Using an operating microscope, following the application of a 20% 

ethanol solution over 20 seconds in the central 8.0 mm corneal zone, using a cornea well, the epithelium 
was carefully removed using a blunt spatula. The corneal surface was then rinsed with balanced salt solution 

and inspected to ensure that all epithelial remnants had been removed. The lid speculum was then 

disinserted and a further three, consecutive, tomography scans were acquired. No drops were inserted after 

epithelial debridement but the patient was asked to blink a few times to optimise the tear film. The examiner 

checked each scan and its quality before recording it and only scans of acceptable quality were included. 

The patient returned to the surgical bed, and the CXL procedure resumed with the application of riboflavin 

solution composed of dextran-free riboflavin 0.1% with hydroxyl-propyl-methyl-cellulose (VibeX Rapid, 
Avedro Inc., Waltham, MS, USA), with 10 minutes of corneal soaking. Collagen crosslinking was performed 

using the Avedro UV-A source (Avedro Inc., Waltham, MS, USA) system with 4 minutes of continuous UV-A 

exposure at 30 mW/cm2and an energy dose of 5.2 J/cm2. Treated eyes were dressed with a soft contact lens 

bandage for 3 days and medicated with ciprofloxacin and fluorometholone eye drops 4 times a day.  

Measurements variables 

 

The average of three consecutive high quality scans was used for the following anterior corneal surface 

variables:  

- Corneal astigmatism in the 3.0 and 5.0 mm central zone (toricity). 

 

- Corneal dioptric power in the flattest and steepest meridian of the 3.0 and 5.0 mm central zone 
 

- Asphericity in the 6.0 mm diameter central zone aligned to the first Purkinje q = (−#)%. 

- Refractive error as obtained with an auto-refractometer by scanning the retina with slit-like beam and taking 

measurements within a 2.0-9.5 mm diameter area every 1 degree. 

 

- Wavefront higher order aberrations were quantified using the root mean square (RMS) as an index of the 

image quality in the 6.0 mm diameter central zone aligned to the pupil. 
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Astigmatism Evaluation 

 

The amount of keratometric astigmatism before and after epithelial removal was compared using a power 

vector method analysis, a geometric representation of spherocylindrical refractive errors in three fundamental 

dioptric components using the following equation [649, 650]: 
 

The first component refers to a spherical lens with power M equal to the spherical equivalent (SE) of a given 

refractive error as follows:  

M=S+C/2      

where S the sphere and C is the cylinder. 

The other two components are the 2 Jackson cross-cylinder lenses, one with power 

 J0 = (−C/2) cos(2α) at axis α = 0 = 180 degrees, referring to cylinder power set at orthogonally 90° and 180° 

meridians, representing Cartesian astigmatism. Positive values of J0 indicate WTR astigmatism, and 
negative values of J0 indicate ATR astigmatism.  

The other with power J45 = (−C/2) sin (2α) at axis α = 45 degrees, referring to a cross-cylinder set at 45° and 

135°, representing oblique astigmatism 

With the above method, a spherocylindrical refractive error can be expressed by showing the quantities of 3 

dioptric powers (M, J0, J45). These 3 variables can be geometrically represented as the x, y, z coordinates 

of a point in a 3-dimensional dioptric space [651, 652]. Accordingly, a power vector is the vector drawn from 

the coordinate origin of this space to the point (M, J0, J45) at which length is a measure of the overall blur 
strength B = √(M2 + J02 + J452) of a spherocylindrical refractive error or lens. 

Magnitude of Epithelium-Induced Astigmatism 

The magnitude of the epithelium-induced astigmatism was calculated as follows: In the 3.0 and 5.0mm 

zones, the difference in simulated K of the steepest and the flattest meridians was calculated as the 

simulated K difference. The magnitude of the epithelium-induced astigmatism was calculated as the 

difference between these simulated K difference values obtained before and after epithelial removal. 

 
Statistical Analysis 
 

Statistical analysis was performed using SPSS 19.0 for Windows (SPSS, IBM, Chicago, Illinois, USA). 

Where data were demonstrated to have a normal distribution, as shown by the 1-sample Kolmogorov-

Smirnov test, parametric analysis (2-sided t test) was used. Statistical P value < 0.05 were considered 

significant.  
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Results 
  

Demographics 

 

The study comprised 30 eyes of 30 patients. Fifteen eyes (50%) were graded as stage II and fifteen eyes 
(50%) graded as stage III on the Krumeich classification system. There were no intraoperative or 

postoperative complications and the epithelialisation rate was within normal limits in all patients post-CXL. 

Table 22 describes the demographic details of patients included in the study. 

 

Parameters Value 
Patients (n) 30 

Age (y)  

Mean ± SD 23.13 ± 7.21 

Range 11.13, 42.41 

Eye   

Right 33.33% 

Left 56.67% 

Race  

European  40% 

Pacifica 30% 

Maori 10% 

Other 20% 

Sex  

Male 80% 

Female 20% 

Sphere (D)  

Mean ± SD -4.50± 4.52 

Range -16.25, 2.75 

Cylinder (D)  

Mean ± SD -4.71 ± 2.57 

Range -10.16, -1.00 

Spherical Equivalent (D)  

Mean ± SD -6.86 ± 4.92 

Range -18.31, 0.29 

 
Table 22.  
Patient demographics 
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Keratometry 

 

Table 23 shows the anterior keratometry and asphericity values of the patients. There was significant 

steepening of the anterior axial corneal curvature after epithelial debridement in the 3.0 and 5.0mm corneal 

zones (P<0.01) (Figure 18). 
 

 

Mean variables  Preop with epithelium Intraop without 
epithelium 

Intraop - 
preop  

P Value 

 Mean±SD Range Mean±SD Range Mean±SD  

Average K  
[D] 3mm 

53.92 ± 
3.88  

48.63, 
64.06 

54.73 ± 
3.72 

48.45, 
65.25 

0.81 ± 1.08 <0.01* 

Average K  
[D] 5mm 

52.64± 

2.50 

48.11, 

58.55 

53.00 ± 

2.43 

48.56, 

58.51 

0.36 ± 0.79 <0.01* 

Asphericity steep  
| Q 

0.06 ± 1.80 -1.94, 

3.36 

-0.40 ± 

1.67 

-2.58, 

3.65 

-0.46 ± 1.06 0.03* 

Asphericity flat  
| Q 

1.39 ± 2.25 -1.53, 

6.43 

1.85 ± 

2.51 

-1.64, 

7.29 

0.45 ± 1.18 0.04* 

Asphericity average  
| Q 

0.00 ± 1.64 -3.05, 

2.64  

-0.65 ± 

1.70 

-4.55, 

1.96 

-0.64 ± 1.41 0.03* 

 

Table 23.  
Difference in keratometry and asphericity parameters between groups before and after epithelial removal. 

*represents a significant result 
 

 
 
Figure 18.  
A representative axial map before (left) and after (right) epithelial debridement. 
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Asphericity  

 

The mean anterior corneal asphericity as expressed by the mean Q value was significantly reduced after 

epithelial removal (i.e. the anterior cornea became more prolate (P: 0.03) (Table 23). 

 

Magnitude of Epithelium-Induced Astigmatism 

 
Preoperatively, the mean simulated keratometry difference values were 2.71 D and 1.95 D in the 3rd and 5th 

millimetre (mm) central zones, respectively. After epithelial removal, the values of the simulated K difference 
measured at Bowman layer were 2.45 D and 2.48 D in the 3rd and 5thmm central zones, respectively. Before 

and after removal of the epithelial layer, the astigmatism was predominantly with the rule (WTR). Figure 19 

shows the magnitude and orientation of the anterior corneal astigmatism before and after the removal of the 

epithelium. There was a difference of approximately 0.44 D and 0.43 D in the 3.0mm and 5.0mm ring zone 

between the two analysed surfaces respectively (Figure 20). 
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Figure 19.  
Corneal astigmatism with the epithelium-on and with epithelium-off.  
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Figure 20.  
Difference in astigmatism between before epithelial removal and after epithelial removal (epithelium-induced 

astigmatism). 

 
Power vectors  
 
Table 24 shows the difference between epithelium-on and epithelium-off anterior corneal astigmatism in the 

central 5.0mm ring zone as a power vector. It also shows the mean and SD of each vector component and 

the length (blur strength) of the power vectors. There was a larger difference in the magnitude of J45 than in 
J0 between the epithelium-on and the epithelium-off states. The differences in M and B were significant 

whereas the differences in J0 and J45 were not.  
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Mean 
variables  

Preop with epithelium Intraop without epithelium Intraop - 
preop  

P Value 

 Mean±SD Range Mean±SD Range Mean±SD  

M -6.86 ± 4.92 0.29, -18.31 -8.24 ± 4.36 -1.12, -17.99 -1.37 ± 1.81 <0.01* 

J0 1.02 ± 1.76 -1.93, 4.34 0.94 ± 1.66 -1.56, 5.19 0.08 ± 1.02 0.67 

J45 0.05 ± 1.88 -3.93, 3.43 -0.55 ± 2.16 -5.20, 3.28 -0.60 ± 2.72 0.23 

B 8.67 ± 4.32 1.59, 18.00 7.60 ± 4.66 2.10, 18.47 -1.06 ± 1.75 <0.01* 

 

Table 24.  
Distribution of manifest refraction before and after removal of the corneal epithelium. 

*represents a significant result 

 

Wavefront aberrations  
 

Table 25 shows the difference in corneal wavefront aberration values before and after epithelial removal at a 

6mm zone. There were no significant changes detected in any corneal higher order aberration parameter 

after epithelial debridement (Figure 21).  

 

 
 
Figure 21.  
A representative corneal wavefront map before (left) and after (right) epithelial debridement. 
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Mean variables  Preop with  
epithelium 

Intraop without epithelium Intraop - 
preop  

P Value 

 Mean±SD Range Mean±SD Range Mean±SD  

Total corneal 
higher order 
aberrations 
| µm 

0.89 ± 0.48 0.24, 2.08 0.79± 0.47 0.21, 2.03 -0.10 ± 0.34 0.13 

Total corneal 
Coma 
| µm 

1.07 ± 0.68 0.18, 2.85 0.94 ± 0.68 0.17, 2.87 -0.13 ± 0.41 0.09 

Total corneal 
Spherical 
aberration  
| µm 

0.11 ± 0.13 0.01, 0.70 0.11± 0.12 0.00, 0.49 0.00 ± 0.10 0.90 

Total corneal 
trefoil  
| µm 

0.18 ± 0.15 0.01, 0.73 0.23± 0.16 0.03, 0.81 0.05±0.17 0.19 

Total corneal 
tetrafoil  
| µm 

0.10 ± 0.08 0.02, 0.36 0.07± 0.04 0.01, 0.19 -0.03 ± 0.08 0.12 

 
Table 25.  
Difference in corneal wavefront root mean square (RMS) parameters before and after epithelial removal. 

 

Conclusion 
 

In this study, we analysed the effect of corneal epithelial debridement in keratoconic eyes undergoing 
corneal collagen crosslinking, using a combined Placido topographer and aberrometer on corneal 

topographic, keratometric, refractive and aberrometric variables. This device has been reported to have 

acceptable repeatability of topography and aberrometry functions in emmetropic, ametropic and 

keratoconic patients [653].  

 

The current study aimed to extend the results of our work in chapter 8 where we demonstrated, using a dual 

rotating Scheimpflug cameras and Placido disc tomographer, that the intact keratoconic cornea has a 

significantly lower keratometric axial power than that of Bowman layer in the central 0-4mm zone (-1.77 D) 
and a significantly higher keratometric axial power in the mid-peripheral 4-7mm zone (+0.47 D) [647].  

Our results are in keeping with those presented in chapter 8, demonstrating that the intact keratoconic 

cornea has a significantly lower keratometric axial power than that of Bowman layer in the central 3.0mm (-
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0.81D) and 5.0mm (-0.36D) zones. The difference in magnitude between the two studies can be explained 

by the innate difference between the two devices as well as different patient populations.  

 

Our results also indicate that the anterior corneal surface assumes a more prolate shape after epithelial 

removal at the level of Bowman layer in keratoconus, which is in keeping with previous reports of a similar 

phenomenon in healthy eyes [644] [646] [645], as well as eyes with ectasia [635] [647]. The epithelium also 
appears to significantly alter the refractive power of the cornea as demonstrated by the significant myopic 

shift in spherical equivalent after epithelial debridement (-1.37D). This shift appears to be more pronounced 

than the previously reported rate in myopic eyes undergoing PRK (-0.84D) [644].  

 

Several studies have reported the significant increase in wavefront aberrations of the ectatic cornea 

compared to normal controls [529, 654, 655]. In our study, whilst differences in total corneal wavefront 

aberrations, corneal coma and tetrafoil approached statistical significance, there was no significant 

difference in any wavefront parameter following epithelial debridement. A future study with a larger patient 
cohort may shed more light on the role of the corneal epithelium on higher order aberrations of the cornea in 

keratoconic eyes.  
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CHAPTER 10 

 
      Conclusions 
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Corneal transplantation remains one of the most common transplant procedures performed world-wide. With 

improvements in instrumentation, material technology, skill and experience, the technique of corneal 

transplantation has progressed remarkably over the past 100 years since the first successful transplant was 

performed. The success of corneal transplantation and the long-term survival of transplants is dependant not 

only on the quality of the donor material and surgical skill, but in the pharmacotherapy of reversing rejection 
and minimising damage from any rejection episodes. Reversing rejection in high-risk grafts is a significant 

challenge and there remains a paucity of evidence to support treatment regimens other than the widely 

adopted combination of intensive topical corticosteroids and systemic prednisolone. Newer 

immunosuppressive agents are becoming available and indeed the use of some of these agents has been 

extrapolated from solid organ transplantation to the cornea. The preservation of a long term viable and 

visually satisfactory graft remains the goal of treatment; this is most likely to be achieved if repeat grafting 

can be avoided. This is where immunosuppression plays a key role but the use of current 

immunosuppressive drugs is limited by long term side effects from oral use, the lack of a topical formulation, 
and the lack of consistent clinical trials documenting efficacy. With our greater understanding of the 

molecular pathways that lead to graft rejection, our drug therapies are becoming more targeted, with the aim 

of fewer side effects and longer graft survival. 

 

The most important causes of corneal blindness in established economies are pseudophakic bullous 

keratopathy, keratoectasia, failed grafts, and corneal dystrophy. In contrast, in less developed economies 

corneal scar and active keratitis are the most common indications for PK. Recent studies suggest that a 
large number of people blind due to corneal diseases live in the economically less developed areas of the 

world where there are not enough trained corneal surgeons to perform this procedure, where existing eye 

bank facilities are not able to provide enough quality donor corneas, and financial constraints may limit 

accessibility to surgery and long-term care. This raises a question over the role of keratoplasty in reducing 

world blindness.  Improving the outcome of relatively high-risk keratoplasty would require improvement in 

eye banking standards, high-quality training programmes in corneal subspecialisation and eye banking, 

enhancement of the surgical infrastructure, improvement in postoperative care of corneal grafts, and 

availability of affordable corticosteroid eye drops and immunomodulatory agents in these regions. For these 
aims to be achieved and to take effect both time and a significant financial commitment would be involved. It 

is clear that surgical intervention alone is not cost effective in eliminating corneal blindness. Therefore, 

prevention and early treatment of causes that lead to blindness would be a preferred approach toward 

reducing world blindness. Until preventive strategies become effective and make a significant difference, 

corneal transplantation currently remains the only option for visual rehabilitation of those currently blind from 

corneal diseases.  

 
One potential preventative strategy to reduce the burden of corneal blindness is wound healing modulation 
to combat the undesired sequalae of chronic ocular inflammation, infection and ulceration. Despite the 

advances made in this field there remains a real need for new and improved pharmacotherapeutic agents. 

The healing of ocular surface wounds is a complex process involving the interaction of cells, receptors, 

enzyme systems, cytokines and the components of the extracellular matrix. Recent advances in 

understanding the processes involved in the wound healing response and the molecules which regulate this 
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process has facilitated the discovery of novel targets and therapies. Although many of these new strategies 

are still largely experimental they bring hope that safe and effective pharmacologic modulators of the corneal 

wound healing response are in the process of being developed. 

 

Another exciting field which holds much promise for the treatment of corneal blindness is stem cell therapy 

which has the potential to dramatically impact the burden of corneal blindness by utilising progenitor cells to 
reconstruct the ocular surface, restore transparency to the corneal stroma and improve corneal endothelial 

function. Umbilical stem cells have a number of qualities which make them attractive in the field of corneal 

regenerative medicine. They are easy to access, and cell extraction does not lead to any morbidity or 

mortality to either mother or infant. They also comprise large numbers of new-born stem cells with excellent 

proliferative capacity, and this makes them an economically viable cell source for translational clinical 

applications. The potential for developing cornea-like biomaterials has been greatly advanced with the use 

and availability of stem cells, with preclinical studies suggesting umbilical stem cells to be a practical and 

realistic alternative to traditional stem cell sources in the treatment of corneal disease. The field is still in its 
infancy, and further studies are required to determine the long-term outcome of these transplants.  

 

Specifically, additional research is required regarding the phenotypical and transformational quality control of 

expanded cells before application to the eye and the microbiological safety of such an intervention. There 

are also issues regarding the assessment of the functional capacity of differentiated cells in vitro. Future 

research should also focus on standardising protocols for cell culture, differentiation, expansion, and 

cryopreservation, as well as quality control systems. Other areas that need attention include optimising cell 
culture media and scaffolds which can support cell proliferation, maintenance and differentiation. In 

particular, the current reliance on xeno-derived culture media may constitute a potential risk for the 

transmission of infections. Whilst there are many avenues that are yet to be explored, the evidence suggests 

that human umbilical stem cells are excellent candidates for regenerative medicine and may well play an 

integral role in stem cell translational therapy. Preliminary data support the potential use of human umbilical 

stem cell derived tissue in the treatment of human limbal stem cell deficiency, keratocyte dysfunction and 

endothelial disease. Developments in this field offer hope of future cellular therapy for the millions whose 

lives are affected by visually-impairing corneal disease, currently untreatable or only amenable to corneal 
transplantation.  

 

Whilst wound healing modulation and stem cell therapy are exciting treatment options which hold much 

promise, they are not yet ready to be used on a widescale basis. One treatment option that has proven to be 

effective in the early management of corneal disease, and in particular keratoectasia, which leads to a heavy 

burden of corneal transplantation in New Zealand is CXL. CXL has revolutionised the management of 

keratoectasia in recent years by effectively stabilising the underlying ectatic process and in some cases 

reversing the disease as quantified by key topographic, refractive and visual outcomes. The literature 
suggests that the results obtained are more convincing for keratoconus and less remarkable in eyes with 

other forms of ectasia. This has not curbed the excitement regarding this novel technology, with some 

predicting that it has the potential to prevent up to 50% of the corneal transplants performed [656]. 
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The efficacy of standard CXL as a means of halting the ectatic process is backed by nearly 15 years of 

laboratory and clinical studies. The procedure appears to be safe with a reported complication rate of 1-3% 

[657], most of which is attributable to corneal epithelial debridement. This has led to immense interest in the 

development of other innovative methods of treatment such as transepithelial and accelerated protocols 

crosslinking in the hope of providing a quicker and less invasive treatment option for patients.  

 
We foresee that crosslinking will continue to play an increasingly prominent role in the management of the 

patient with ectasia, as it has the capacity to prevent disease progression and its associated visual morbidity. 

As we gain more experience with this novel treatment modality, the question of prophylactic treatment of all 

individuals at the time of diagnosis will undoubtedly arise. The answer to this fundamental question will only 

be definitively answered through a better understanding of the procedure’s long-term safety and efficacy, not 

least because our current, albeit limited, understanding of keratocyte and collagen turnover suggests that the 

stability gained after crosslinking is likely to be impermanent if the renewed collagen does not exhibit the 

same increased tensile and resistance properties  [476]. If long-term studies do show a regression of the 
crosslinking effect, further research will clearly need to define and clarify the efficacy and safety profile of 

retreatment.  

 

Another important gap in our current understanding which requires further investigation is whether the full 

stiffening effects of the Dresden protocol is essential in halting the ectatic process in all individuals. Indeed, 

in this rapidly evolving field we may soon see more widespread use of customised crosslinking profiles whilst 

topical riboflavin treatment with exposure to natural sunlight may lead to the birth of a medical management 
strategy in the field of keratoectasia.    

 

Furthermore, if the promise of the antibacterial, antienzymolytic, antioedematous [658] and neuroprotective 

properties [659] of crosslinking as well as its potential to be used as an adjuvant treatment option in 

refractive surgery [660] and progressive myopia [661] stand the test of time, photopolymerisation will 

undoubtedly lead to a significant paradigm shift in the management of many other ocular pathologies. 

 

It is evident that further progress in the field of keratoectasia management will only be born from a better 
understanding of the basic pathophysiology of the disease process and the exact biomechanical response 

following CXL. Corneal hysteresis, elastography, waveform analysis, noncontact tonometry, multiphoton 

fluorescence, photon microscopy and inverse computational analysis studies may well lead to new 

discoveries in this rapidly evolving field.  

 

We envisage that the future norm of visual rehabilitation in keratoectasia will lie in the field of combined 

treatments aiming to correct both the biomechanical instability of the underlying disease process as well as 

its resultant refractive error and higher order aberrations.  One such approach is the so called “triple 
procedure”, where intracorneal ring segment implantation is combined with novel CXL protocols followed by 

corneal reshaping utilising excimer laser ablation either in a sequential or simultaneous manner. To achieve 

this goal further detailed in vitro and in vivo studies are required to investigate the efficacy of new CXL 

protocols when combined with surface ablation and to study epithelial masking properties in order to adjust 
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current ablation nomograms for combined treatments and reduce the potential for postoperative refractive 

surprises and the need for retreatment.  

 

This was the driving force behind conducting the research in this thesis to measure the efficacy of various 

modifications of the CXL procedure on patients with progressive keratoconus and determine the effect of the 

corneal epithelium moulding on the topographic, wavefront and refractive parameters of the keratoconic 
cornea.  

 

Conclusions: 

 

• Transepithelial, pulsed, accelerated corneal collagen crosslinking is a safe and effective method for 

halting the progression of keratoconus over a 24 month follow-up period. This is accompanied by a 
significant improvement in CDVA from 0.38 ± 0.32 logMAR at baseline to 0.30 ± 0.21 logMAR at 24 

months (P < 0.01). The improvement in visual acuity was inversely correlated with preoperative 

CDVA and preoperative KMAX.  

 
• Both pulsed and continuous, accelerated cornea crosslinking treatment protocols are safe and 

effective for halting the progression of keratoconus. This was accompanied by a significant 

improvement in mean CDVA from 0.30 ± 0.16 logMAR at baseline to 0.23 ± 0.17 logMAR at 24 
months (P=0.04) in the p-ACXL group and from 0.36 ± 0.22 logMAR to 0.26 ± 0.27 logMAR at 24 

months (P=0.02) in the c-ACXL group. No complications were encountered in either group but c-

ACXL appears to achieve a superior reduction in MRSE in MRSE (+1.79 ± 2.30D vs. +0.27 ± 3.19D 

P=0.04) and greater flattening of KMAX (-1.75 ± 1.80D vs. -0.39 ± 1.95D P=0.04) when compared to 

p-ACXL after 24 months of follow-up. This, however, did not result in better visual outcomes.  

 

• Continuous accelerated epithelium-off treatment leads to a greater level of corneal haze compared 
to pulsed accelerated epithelium-off and transepithelial accelerated corneal collagen crosslinking. 

Total densitometry values of the total layer over the annular diameters 0 to 12mm showed no 

significant change after t-ACXL and p-ACXL but increased significantly after c-ACXL at 1 month 

(16.76±2.38, P value <0.01) and 3 months (16.12±2.22, P value 0.04), returning to baseline levels at 

month 6 (14.97±2.13, P value 0.99) and remained stable until final follow-up. At 1 month, the mean 

change in total densitometry value of the t-ACXL group (-0.53±2.08) was significantly lower than the 
p-ACXL (0.70±1.96 P value 0.04) and c-ACXL (1.97±2.65 P value <0.01). At 3 months, the mean 

change in total densitometry value of the t-ACXL group (-0.31±2.64) was similar to the p-ACXL 

(0.29±2.49 P value 0.42) but significantly less than the c-ACXL group (1.26±2.42 P value 0.04). 

There was no statistical difference in the mean change in total densitometry between the three 

groups from 6 to 24 months. In the c-ACXL group, a higher degree of CXL-induced corneal haze at 1 

month was observed in patients with steeper preoperative KMean and KMAX readings and in individuals 

where a greater flattening effect was achieved at 24 months. No such correlation was detected in the 

t-ACXL and p-ACXL groups. 
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• The corneal epithelium plays an important masking role in the anterior curvature variables of the 

cornea and smoothens the underlying Bowman layer irregularities. In keratoconic patients 

undergoing corneal collagen crosslinking, epithelial debridement significantly increases the 

magnitude of anterior corneal keratometry (+1.71D flat keratometry, +2.14D steep keratometry and 

+1.11D astigmatism). There were no significant changes in posterior corneal flat and steep 
keratometry, posterior corneal astigmatism, and posterior asphericity. There were no significant 

differences in the mean astigmatic axis (anterior and posterior corneal surfaces) or spherical 

aberration after epithelial debridement. 

 

• In keratoconic patients undergoing corneal collagen crosslinking, epithelial debridement induced a 

significant myopic shift (-1.37D), increased the magnitude of against-the-rule astigmatism 
(0.44 ± 3.20 D × 8 and 0.43 ± 2.75 D × 21 at the 3rd, and 5th central millimetre rings) without 

significantly altering the wavefront properties of the cornea. Corneal astigmatism shifted toward the 

against-the-rule orientation after epithelial debridement. There were no significant changes in any 

corneal higher order aberration parameter following epithelial debridement. 

 
Our data suggest that the corneal epithelium remodels in corneal ectasia to flatten the central cornea and 

steepen the mid-peripheral cornea by acting as a convex-concave meniscus in the centre and a concave-

convex meniscus in the mid-periphery. This is in keeping with prior work which has demonstrated that the 

corneal epithelium has the potential to modify the anterior corneal curvature and maintain the optical quality 

of the eye, through a process of remodelling to compensate for stromal surface abnormalities seen in eyes 
with flap irregularities or irregular stromal ablation following refractive surgery [626, 662]. In brief, the 

epithelium tends to smooth stromal abnormalities by being thicker over the corneal “valleys” and thinner over 

the “hills”. This remodelling capacity has been hypothesised to be of greater importance in eyes with 

keratoconus as it masks some of the initial stromal corneal anomalies seen in early or subclinical ectasia.  

 

The degree of epithelial change appears to correlate with keratoconus severity and may be useful in 

monitoring disease progression [625]. However, the behaviour of the corneal epithelium in keratoconus 

appears to be complex. In one study this “reactive” epithelial hyperplasia in biomechanically unstable 
corneas neutralised after biomechanical stabilisation through CXL and the epithelium became “nonreactive” 

and conformed to a more normal thickness profile, despite the highly irregular underlying stromal contour 

[663]. It has therefore been suggested that the epithelial thickness profile may be a useful adjunct to 

topographic variables in detecting ongoing corneal changes after CXL [663, 664]. In addition, the initial 

regrowth of an epithelial layer of uniform thickness could paradoxically result in an apparent steepening of 

the cornea immediately following crosslinking. 

 

Our data confirms that the corneal epithelium plays an important masking role in the anterior corneal 
topographic variables of keratoconic eyes. The cellular basis for the above changes has not yet been 

elucidated and requires additional research. This masking effect of the corneal epithelium is of paramount 

importance especially in an era where excimer laser systems are being customised to treat Bowman layer 

shape (subtracting the epithelial profile from the corneal surface topography), to further improve the results 

of therapeutic, transepithelial, topography-guided surface ablations [664]. This precise programming of the 
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epithelial thickness into the ablation nomogram of transepithelial, topography-guided treatments may reduce 

the error resulting from the masking properties of the corneal epithelium and treat the true Bowman layer 

tomographic and wavefront variables. Previous work has demonstrated the successful nature of such 

customised Bowman layer based ablations in treating highly aberrated, non-ectatic corneas utilising 

intraoperative topography-derived measurements following epithelial debridement. 

 
Further studies are required to evaluate the effect of epithelial regrowth after crosslinking on surface 

irregularity by repeating tomographic measurements after epithelial debridement in keratoconic patients 

undergoing PRK following CXL. This would differentiate between stromal changes induced by CXL and the 

epithelial remodelling effect on corneal tomographic changes seen after CXL. Future research evaluating the 

role of the epithelium on true retinal image quality by measuring this layer’s impact on higher-order 

aberrations as well as corneal tomographic variables will perhaps allow for the formulation of a laser-

adjustment nomogram taking into account keratoconus severity and preoperative tomographic variables to 

improve the safety and efficacy results of PRK-CXL. Until such a time, we recommend caution when 
performing simultaneous dual treatments such as combined CXL and topography-guided photoablation 

when refractive accuracy is targeted in patients, as the preoperative topographic measurements may not be 

truly representative of the Bowman layer shape. 
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