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v

When Jorge Alió invited me to write the introduction to this fascinating 
book, I was both honoured and delighted. The task brought together three 
components which have made a significant impact upon the world of cor-
neal disease and refractive surgery, namely a better understanding of kera-
toconus and corneal biomechanics together with the lifelong contributions 
of Jorge Alió.

For science to better understand the nature of any given problem, it is 
often best to investigate extremes of that problem. Fortunately most of the 
world’s population possess corneas whose biological and biomechanical 
properties fall within defined limits; however, there are a significant number 
within the pathological group defined as keratoconus whereby the mechani-
cal properties are well outside the normal range. This book gathers together 
our knowledge of keratoconus and in doing so allows a far more comprehen-
sive appreciation of deviation from the norm and how that comes about.

The volume starts with a detailed review of the magnitude of the problem 
in terms of both genetics and epidemiology and immediately follows by 
relating structural changes observed by histopathology. Corneal genetics is 
a rapidly moving field with genetic screening for granular dystrophies 
already a reality. Major advances are now being made in the field of kerato-
conus, and it will not be too long before we see genetic screening for indi-
viduals within this group. Today ever-evolving diagnostic techniques allow 
earlier diagnosis with the implications that in future early diagnosis in chil-
dren and early intervention will limit if not prevent severe visual problems 
associated with keratoconus.

The section on diagnostic tools is a comprehensive survey of what is cur-
rently available and gives useful reviews of the advantages and disadvan-
tages of specific techniques. Great emphasis is placed on topography and 
tomography together with various theories as to the usefulness of each of 
these techniques. It should be specially mentioned that one chapter addresses 
the topic of the new and important role of corneal epithelial thickness study 
in the diagnosis of keratoconus assisted by very high frequency ultrasound 
devices, an issue that probably will deserve further attention due to its rele-
vance in the coming years.

While biomechanics are discussed, it is unfortunate that to date we do not 
have any reliable clinical devices to measure changes in biomechanical prop-
erties. Laboratory studies have concentrated on extensiometry whereby strips 
of cornea are cut from donor eyes and then loaded with weights whilst 
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vi

 measuring changes in length, Hooke’s law. These studies are of limited if any 
value because they destroy the integrity of the hemisphere of the cornea and 
ignore the stress-strain relationships that are thereby lost. This is of particular 
importance in the evaluation of a patchy differential elasticity in keratoconus. 
More recent studies using interferometry have given useful values for corneal 
biomechanics but have not yet reached the clinical forum. The promise of 
Brillouin scatter for making such measurements is also confounded by prob-
lems because these measurements are totally dependent upon water content 
which varies as a function of corneal depth and therefore water concentration 
should be monitored simultaneously by perhaps the use of Raman scatter, but 
this in turn is dependent upon detailed knowledge of temperature at the point 
of measurement.

Descriptions of therapeutic interventions form a significant part of this 
volume and the advent of cross-linking is emphasised. It has always been of 
some concern that removing or cutting into corneas with excessive elasticities 
may lead to exacerbation of the problem over time. The use of intra-corneal 
rings and segments is reported to have some success, but we should be aware 
of the experience of retinal surgeons when they report their findings of silicon 
compression rings in detachment surgery. Over a 20–30-year period erosion 
has been reported because of the differential rigidity between these devices 
and the underlying sclera, and sometimes these devices have worked their 
way through the entire sclera and have been found in the choroid. Collagen 
does not react well to prolonged positive or negative stress. In a similar fash-
ion Excimer ablation may well correct a degree of the refractive error in the 
short term, but in removing tissue will certainly weaken the globe and may 
exacerbate the process over a patient’s lifetime.

The section on cross-linking is comprehensive, and the introduction of this 
technique may well herald a new era in the treatment of keratoconus; as for 
the first time we have a potential treatment regime which is targeting one of 
the underlying elements of the disease process, i.e. loss of rigidity, by induc-
ing cross-linking between the glycoprotein elements associated with the col-
lagen helixes and increasing rigidity results. While the nature of the process 
is not fully understood and the relative contributions from fibres associated 
with collagen and elements in the surrounding matrix have not been defined, 
the clinical results are clearly significant. The initial clinical regime with a 
30 min soaking riboflavin followed by 30 min of ultraviolet irradiation has 
been modified by many groups, and now much faster procedures have been 
developed. As the understanding of the photochemistry becomes apparent, 
further modifications may be made to improve the outcome of the procedure 
including riboflavin with various additives together with additional oxygen 
being made available and pulsing the ultraviolet radiation. A useful discus-
sion is presented concerning the presence or absence of the epithelium prior 
to the commencement of the cross-linking procedure. This is extremely 
important as the epithelium presents a barrier to the diffusion of riboflavin 
and at the same time absorbs around 20 % of the incident UV radiation. 
Treatments with the epithelium on must first defeat the barrier properties and 
then have sufficient power in the radiating source to compensate for the loss 
of energy absorbed by the epithelium. Even if these two elements are 
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 rectified, there is a further component in ensuring adequate cross-linking and 
that is the presence of sufficient oxygen. Currently as reported most groups 
treat with the epithelium off, but the obvious goal is to treat with epithelium 
on using suitably modified protocols and components.

This is an excellent compendium of our current knowledge of keratoconus 
and will become a handbook for those in the field. I have no hesitation what-
soever in commending it to you and congratulate all the authors of the various 
chapters in doing a fantastic job and in particular Jorge Alió for bringing it 
together and making it possible.

London, UK John Marshall

Foreword 



ix

During recent years, especially in the last 10 years, an increasing interest in 
the diagnosis and treatment of keratoconus has arisen.

Over these years, the topic has been in continuous evolution with notewor-
thy improvements that have transformed keratoconus into a completely dif-
ferent entity in terms of clinical understanding and potential treatment. The 
progress of the knowledge about the subject has been so great and in depth 
that the practical clinician has observed it with eyes wide open and aston-
ished at the changes in the paradigms on keratoconus diagnosis and treatment 
modalities. Publications in peer-reviewed journals and tabloids have increased 
enormously as well.

This is why we believe that, in this moment, there is a need to summarise 
the most updated knowledge in keratoconus management and treatment in a 
book like the one that you, the reader, have now in your hands. Even though 
a book when published may never be complete and updated, the reader will 
find along the different chapters a considerable amount of new information 
on the diagnosis and different modern therapeutic modalities of keratoconus 
that can be used practically to assist the medical management of keratoconus 
patients.

We would like to thank all the co-authors of this book and all those who 
have supported this endeavour, especially Springer, for their kindness in pub-
lishing this book, for the contribution that this may provide to those interested 
in using better treatment alternatives for keratoconus patients.

I would like to thank especially my colleagues and most especially my 
family for the time, dedication and understanding in the many weeks, days 
and hours that have been taken to build up this book. I would like to thank 
also my truly loyal secretary, Ruth Waterhouse, for the coordination that she 
has made during the edition of this book and for her quiet support in putting 
it altogether.

Miguel Hernández University Jorge L. Alió
Alicante, Spain
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      What Is Keratoconus? A New 
Approach to a Not So Rare Disease                     

     Jorge     L.     Alió     

       Keratoconus is today a classic topic  in ophthal-
mology  . Its history is associated to a background 
of a corneal disease with a blinding potential and 
no hope for treatment. It is only since the late 
1950s that contact lenses have become a partial 
solution for the visual loss for some cases of  ker-
atoconus   while other approaches were nonexist-
ing. Those patients diagnosed with keratoconus 
had the same category as any  corneal dystrophy   
with no potential treatment and no therapeutic 
recommendations to perform. The patients had 
no hope for the future and could not do anything 
about preventing its progress or being informed 
about the potential long-term complications or 
any consistent and reliable therapeutic approach. 

 Since those historical and recent “black days” 
until now there has been a tremendous evolution. 
At this moment in 2016, there is a completely dif-
ferent approach for the  diagnosis and treatment   
of keratoconus. 

 The study and diagnosis of keratoconus has 
radically changed since the early seventeenth 
century when the Jesuit Priest Christoph Scheiner 
[ 1 ] experienced and reported that glasses of dif-
ferent shapes refl ect light in different ways, until 
nowadays, corneal diagnostic technology has 

taken a huge step forward. Scheiner used the 
optical phenomenon he described to assess the 
curvature of the  human   cornea. In doing it, he 
was able to compare the light refl ections of dif-
ferent shapes and he even described some pathol-
ogies that were evident cases of keratoconus. 
Since those early days and later on when the 
sophistications for the measurement of corneal 
curvature were introduced in the late nineteenth 
century by Javal until almost recently with the 
development of modern corneal topographies, a 
new diagnostic universe has appeared [ 2 ]. A uni-
verse of precise diagnosis, developing early indi-
cators of the disease [ 3 ] and indeed creating 
grading in categories of the disease according to 
severity [ 4 ]. 

 In parallel to that, new  corneal   surgical 
 approaches   have been developed. Most probably, 
the fi rst corneal grafts performed by Edward 
Zirm in Prague were advanced keratoconus cases 
[ 5 ]. It is unclear in the literature, but most prob-
ably, those cases really were as hopeless as to 
deserve a new surgery with a huge potential of 
unknown complications and a lack of the ade-
quate technology to perform them. For sure all of 
them failed. 

 Today, an array of surgical approaches exists 
for corneal grafting in keratoconus [ 6 ]. The 
development of anterior lamellar graft and more 
recently, the potential to peel off the Descemet 
membrane from the innermost layers of the cor-
nea ( DALK  ) has completely changed the biologi-
cal perspective of these patients in which corneal 
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4

biological failure rejection was one of the main 
problems. Even though deep anterior lamellar 
graft has not demonstrated superior outcomes to 
penetrating graft in terms of visual and refractive 
outcome, its biological benefi ts are clear [ 6 ]. 

 However, it is not only about the  anatomical 
exchange   of corneal tissue but rather about 
improving it in a different shape with better opti-
cal performance and with a better biological 
stability. This last issue has been precisely 
approached by the new invasive pharmacology of 
the cornea, based on the use of ribofl avin and 
ultraviolet activation has revolutionized the ther-
apy of corneal disease starting with keratoconus. 
These  invasive pharmacological methods   have 
just started and even though today they are widely 
and successfully used, it is probably just the 
beginning of a new era in the treatment of corneal 
disease and particularly in the treatment of 
keratoconus. 

 What are the  consequences   of all these 
improvements happening in diagnosis, technol-
ogy, surgical capabilities, and emerging innova-
tive therapies? The fi rst is that keratoconus has 
become today a pandemic disorder. Those of us 
today who dedicate our professional time to cor-
nea diseases have never seen so many cases, so 
many presentations in meetings, and so many 
publications about keratoconus as in the last 10 
years. The reason for this is clear: there were 
many more cases than expected. The defi nition of 
keratoconus as a rare disease is no longer sustain-
able: some areas of the world, due to  genetic and 
environmental factors  , are suffering an epidemic 
outbreak of keratoconus, which is really based on 
the improved and more accessible diagnostic 
capabilities we have and the diagnostic precision 
that we have achieved. This increase in the num-
ber of cases has led to the development of kerato-
conus experts, specialized units, and even a new 
journal ( International Journal of Keratoconus 
and Corneal Ectatic Diseases ), solely dedicated 
to what has been until now a rare disease. In 
Cornea and Comprehensive Ophthalmological 
meetings, discussions on keratoconus are vivid. 
Databases of keratoconus have been created 
worldwide such as the one that we created in 
Spain 8 years ago called the Iberia Keratoconus 

Database which, in a few years, has collected 
over 3000 cases of keratoconus of the Iberian 
peninsula with cases from all areas of Spain and 
Portugal (Red Tematica de Investigacion 
Oftalmologica OFTARED, Ministerio de Ciencia 
y Tecnologia, Spain). All these patients represent 
at this moment a huge amount of information. 
Patients today have hope for the treatment of a 
disease that was formerly hopeless. They not 
only hope to achieve vision but also better vision. 
As an example, refractive surgery, formerly for-
bidden might have a role in keratoconus in cer-
tain special conditions and it is today demanded 
by these patients (see Chaps.   12    –  15    ). 

 All these improvements, all this progress, all 
this newly developed knowledge, in our opinion, 
have led to the need for the development of this 
new book. In this book, the reader will see how 
modern approaches to keratoconus from different 
perspectives are improving our understanding 
about its etiology and pathogenesis, its evolution, 
its classifi cation, its diagnosis, the application of 
technology to therapy, the use of surgical and 
invasive pharmacological tools and, fi nally the 
future perspectives that we have for those patients 
who, unfortunately, have keratoconus. 

  Patients   suffering from keratoconus, even 
though unfortunate, are lucky enough to live in 
an era in which keratoconus, a disease that was 
formerly untreatable, is now starting to be treated 
successfully and can lead to good visual out-
comes. A better future is available already and 
further improvements are coming soon for these 
patients.    

  Compliance with Ethical Requirements   Jorge L. Alió 
declares that he has no confl ict of interest. No human or 
animal studies were carried out by the author for this 
chapter.  
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2.1  Introduction

Despite numerous intensive studies, the patho-
genesis of keratoconus remains unknown. Eye 
rubbing and the presence of allergies seem to be 
the only commonly identified factors.

The majority of keratoconus cases are tempo-
rally sporadic and some forms are defined by the 
existence of several clinically affected patients 
within the same family. Autosomal dominant 
(with reduced penetrance) and autosomal reces-
sive transmission modes have been described [1]. 
Several studies suggest the existence of sub- 
clinical forms within the relatives of an affected 
patient with keratoconus [2, 3]. Identical twins 
show strong concordance of keratoconus with a 
high degree of phenotypic similarities, suggest-
ing a key role for a genetic component [4].

Extreme variations in the prevalence of kera-
toconus are observed in relation to ethnicity. One 
study investigating its prevalence in Asian and 

Caucasian individuals living in similar geo-
graphic zones demonstrated an unequal distribu-
tion of the disease. Its incidence is four times 
higher among Asian individuals compared to 
Caucasians [5]. Others studies report differences 
in the severity and evolution of the disease in 
relation to ethnicity, which provides another 
strong argument in favour of a genetic compo-
nent [6, 7]. While the multifactorial origin is 
accepted, the genetic component undoubtedly 
has a major role [8, 9].

Two pathophysiological mechanisms, proba-
bly interrelated, have been proposed: a biome-
chanical change or a biological origin. The 
biological origin of the disease can be investi-
gated based on either a candidate hypothesis or a 
comparative analysis without candidate.

2.2  Candidate-Driven Approach

2.2.1  Candidate Gene Approach

The candidate gene approach is based on the 
knowledge of the disease biochemistry and pathol-
ogy and consists of identifying mutations in encod-
ing genes for the proteins of the affected tissue. 
Several studies found enzymatic and biochemical 
anomalies in affected corneas [9, 10]. The associa-
tion of keratoconus with osteogenesis imperfecta 
[11] and mitral valve disease [12, 13] indicates a 
potential role for collagen anomalies in its occur-
rence. Studies investigating the pathogenesis of 
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keratoconus have attempted to identify mutations 
in genes coding for components of interleukin-I 
[14], proteases [15, 16], protease inhibitors [17, 
18], and collagens. Type I, III, IV, V, VI, VII, and 
VIII collagens are present in the cornea. The first 
collagen-encoding gene tested was COL6A1, but 
no significant relationship with keratoconus was 
detected [19]. Similarly, other collagen-encoding 
genes of the cornea were tested and eliminated 
[10]. Negative results obtained from linkage analy-
ses do not exclude the role of these encoding genes 
in certain types of keratoconus. Indeed, the degree 
of genetic heterogeneity of this disease is unknown 
and mutations of several encoding genes from fam-
ilies that have not been tested may yet play a role in 
the emergence of keratoconus. One candidate gene 
study led to the identification of related mutations 
among patients affected by keratoconus. Mutations 
affecting the gene VSX1 were identified. This gene 
codes for a putative transcription factor and is also 
involved in posterior polymorphous dystrophy 
[20]. VSX1, however, has a role in only 0.1–0.4 % 
of familial keratoconus and thus its importance in 
the pathogenesis of keratoconus remains low.

2.2.2  Syndromic Keratoconus

Keratoconus is occasionally associated with other 
genetic or ophthalmologic diseases such as 
Down’s syndrome, Leber congenital amaurosis, 
atopic diseases, conjunctivitis, some pigmentary 
retinopathies, mitral valve prolapse, collagen vas-
cular diseases, and Marfan’s syndrome [9, 10, 
21]. It remains difficult, however, to establish a 
direct relationship between these diseases and 
keratoconus. Interpretations of these relationships 
are indeed challenging because of the relatively 
high prevalence of keratoconus, which remains 
probably underestimated. As a result, it is difficult 
to determine if these diseases are associated as co-
factors triggering a keratoconus genetic suscepti-
bility or if they are directly involved in the disease 
pathogenesis. This is an issue of particular signifi-
cance when considering associated genetic dis-
eases that are the results of the alteration of known 
genes and where a genetic analysis would help 
identify the gene responsible for keratoconus.

Down’s syndrome is strongly related with ker-
atoconus, with an estimated prevalence of 0.5–
15 %, which is 10–300 times higher than the 
general population [10, 22, 23]. This suggests a 
link between keratoconus and chromosome 21. 
Numerous genetic studies have targeted this chro-
mosome and some of them suggest its involve-
ment in the pathogenesis of the disease [19]. This 
relationship, however, has also been attributed to 
some environmental factors such as eye rubbing, 
which may play a co-factor role, resulting in a 
strong prevalence of keratoconus [23].

Among all associated diseases, the direct 
cause of keratoconus is largely unknown and 
remains a matter of continued debate. This is pre-
dominantly due to the lack of basic information 
regarding the real prevalence of keratoconus and 
the impact of environmental factors.

2.2.3  Non-candidate-Driven 
Approach

An interesting global approach using ‘omic’ 
techniques aims to identify the origin of kerato-
conus without taking into account any precon-
ceived ideas of the pathogenesis of the disease. In 
this approach, corneas affected by keratoconus 
are compared with healthy corneas during a par-
ticular cell machinery stage: the DNA (genom-
ics), the RNA (transcriptomics), or the protein 
(proteomics). Transcriptomics is used to analyse, 
at the mRNA level, which genes are being 
expressed and in what ratios, whereas proteomics 
looks at the proteins that are subsequently 
translated.

2.2.4  Linkage Analysis

Unlike studies investigating candidate genes, 
genetic linkage analyses do not rely on any 
knowledge of the pathogenesis or biochemistry 
of the disease. Linkage analyses highlight genetic 
regions that contain genetic variants bound to a 
phenotype.

To date, 17 distinctive genetic regions have 
been identified [8], indicating the existence of a 
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strong genetic heterogeneity in the development 
of keratoconus. Among these regions, only three 
have been independently verified (5q21, 5q32, 
and 14q11). These studies implicate two genes as 
potential minor candidates (MIR184 and 
DOCK9). More recently, global sequencing of 
the genome and/or exome has replaced linkage 
analyses.

2.2.5  Genome-wide Association 
Studies

The relative failure of previous approaches and 
the recent advancements in molecular biology 
have promoted new studies. Using the state-of- 
the-art technologies of high-throughput genotyp-
ing, recent studies have compared the frequency 
of hundreds of thousands of genetic variants dis-
tributed among chromosomes. The most con-
vincing studies detected linkage with variants of 
the gene LOX (lysyl oxidase, involved in the 
cross-linking of stromal collagen) [24, 25]. Other 
authors have concentrated on comparing inter-
mediary phenotypes rather than groups of indi-
viduals (case–control study). Lu et al., for 
example, identified a region associating kerato-
conus with central corneal thinning [26]. 
Complementary meta-analyses have identified 
several variants in or near this region (FOXO1, 
FNDC3B, RXRA-COL5A1, MPDZ-NFIB, 
COL5A1, and BANP-ZNF469). One of these 
variants, BANP-ZNF469, was also found in an 
independent Australian cohort [27]. The role 
played by variants of this particular gene was 
confirmed in a study by Lechner et al. [28]. 
ZNF469 is a gene that is also involved in another 
corneal syndrome (brittle cornea syndrome) and 
is linked to a thin and fragile cornea. This gene is 
currently the most important identified genetic 
factor in the pathogenesis of keratoconus.

2.2.6  Transcriptomics–Proteomics

Several studies have compared proteomes 
between patients affected by keratoconus and 
control patients. Comparability of results is dif-

ficult, due to differences in tissue type (tear fluid, 
corneal tissue: epithelium and/or stroma), age, 
disease severity, and development stage of kera-
toconus. A number of studies provide evidence 
that keratoconus is characterized by a cytokine 
imbalance in tear fluid and that these inflamma-
tory mediators operate actively at the ocular 
surface. More than 1500 proteins have been iden-
tified in the analysis of the tear film. Higher lev-
els of proteolytic activity and increased levels of 
proinflammatory cytokines, cell adhesion mole-
cules, matrix metalloproteinases (MMP), glyco-
proteins, and transporter proteins have been 
observed compared to controls [29–32]. In par-
ticular, studies have shown a strong concordance 
of elevated Interleukin 6 (IL6), tumour necrosis 
factor α (TNFα), and MMP9 in tears from kerato-
conus patients [29, 33–35]. MMP9 is one of the 
matrix-degrading enzymes produced by the 
human corneal epithelium and regulated by cyto-
kine IL6. In addition to IL6, TNFα is considered 
a major pathogenic factor in systemic and corneal 
inflammation. TNFα induces the expression of 
MMP9. Balasubramanian et al. [29] found higher 
levels of MMP9 in tears from keratoconic eyes, 
but the difference was not statistically significant. 
They indicated that the observed discrepancy 
might be explained because they used antibodies 
to the active MMP9. Shetty et al. [35] observed 
that MMP9, IL6, and TNFα were strongly upreg-
ulated at the mRNA level in keratoconus patient 
epithelia. However, whereas tears of keratoconus 
patients demonstrated an acute increase in MMP9 
and IL6 levels over controls, TNFα levels did not 
show any significant associations with different 
grades of keratoconus. They demonstrated that 
the administration of cyclosporine A strongly 
reduced the inflammatory stimulation and expres-
sion of MMP9 in tears of keratoconus patients 
and decreased the production of IL6, TNFα, and 
MMP9 by corneal epithelial cells, while follow-
 up of 20 keratoconus patients over 6 months 
demonstrated significant local topographical 
changes in the cornea measured by keratometry. 
Although overall change in keratometry may not 
be very significant in the study, the authors sug-
gest that cyclosporine A may be a promising new 
treatment modality for keratoconus [35].

2 Modern Pathogenesis of Keratoconus: Genomics and Proteomics
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We should take into account that the reported 
changes in tear film cytokine profile may not 
necessarily reflect intracorneal processes in 
keratoconus.

It is however becoming clear that mediators 
of inflammation are present in the keratoconus 
cornea. Keratoconus could be an inflammatory 
disorder as many studies are indicating elevated 
levels of inflammatory markers but with contra-
dictory findings. Differences in the expression 
of some proteins (matrix components, cytokera-
tin, etc.) have also been observed at both the 
epithelial and stromal levels [35–37]. Findings 
overlap only partially, however, bringing into 
question not only the different pathophysiologi-
cal routes involved but also the sampling proce-
dures. Although keratoconus is not caused by 
corneal inflammation itself—clinical and histo-
logical findings show little evidence of this 
inflammation—data strongly substantiate the 
emerging concept of underlying inflammatory 
pathways in the pathogenesis of keratoconus. 
We must also bear in mind that there is the pos-
sibility that the changes in these inflammatory 
mediators may be an epiphenomenon of change 
in corneal structure.

Overall, it cannot be ruled out that keratoco-
nus originates in events which take place outside 
the cornea but which are ultimately responsible 
for the induction of its ectasia. Numerous prote-
ases, immunoglobulins, and cytokines have been 
found in tear fluid of patients but could reflect 
changes in lacrimal gland and conjunctiva.

Are these changes cause or effect and are they 
genetic or environmental in origin? The source of 
these proteins remains unknown. Atopy, eye rub-
bing, contact lens wear, oxidative stress [33, 38, 
39], and genetic factors have been suggested to 
cause the disease. Balasubramanian et al. [40] 
made an interesting observation that eye rubbing 
increased inflammatory cytokines and MMP lev-
els in tears in normal eyes and in keratoconus.

In addition to local activation of inflammatory 
pathways, there is accumulating evidence that sys-
temic inflammatory changes [41] and systemic 
oxidative stress [33, 38, 39] may affect the corneal 
microenvironment in keratoconus. The interaction 

of corneal and systemic cellular inflammatory 
mediators that contribute to development of kera-
toconus is poorly understood.

Apoptosis of keratocytes is found as well [42, 
43]. Based on an RNA study, Mace et al. demon-
strated that keratoconus might be related to a 
deregulation of the proliferation pathways and 
cellular differentiation [43]. Inadequate balance 
between cytokines (pro- and anti-inflammatory) 
may lead to an altered corneal structure and func-
tion, triggering an increase in metalloproteinases 
and keratocytes apoptosis. The exact underlying 
molecular mechanisms remain to be elucidated.

These studies have shown that keratoconus 
demonstrates a corneal structural imbalance, 
associated with a metabolic stress, and an imbal-
ance between apoptosis and proliferation. To 
date, however, these studies have failed to iden-
tify a clinically usable biomarker to screen kera-
toconus or assess its degree of severity.

2.3  Conclusion

The pathogenesis of keratoconus remains a mys-
tery. Global analyses are beginning to highlight 
important affected pathways, but considerably 
more effort is required to understand the develop-
ment of this disease. Scientific evidence has 
shown that keratoconus is a multifactorial disease 
involving complex interaction of both genetic 
and environmental factors.

Genetic susceptibility is now considered a key 
factor in the occurrence of keratoconus, but 
despite extensive studies, no contributing gene 
has yet been identified. Finding a gene responsi-
ble for keratoconus is crucial, as it would allow 
for the characterization of diagnostic criteria by 
comparing phenotypes and genotypes. This 
would aid surgeons as keratoconus is a contrain-
dication to corneal refractive surgery, but it 
would also help to elucidate the pathogenesis of 
this disease.

Compliance with Ethical Requirements Pierre Fournié, 
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3.1           Introduction 

 The burden of a disease is determined by its  inci-
dence and prevalence  , which in turn inform the 
provision of relevant healthcare services including 
screening programmes, primary and specialist 
medical care. Genetic and environmental factors 
affect the incidence and prevalence of keratoconus 
and it has become apparent that previous estimates 
of prevalence have been overly conservative, as 
new diagnostic modalities have enabled earlier 
detection of corneal changes and also the diagnosis 
of sub-clinical, or ‘forme fruste’  disease     . This latter 
classifi cation has proved important in the fi eld 
of keratorefractive surgery, where preoperative 
assessment has identifi ed  previously  undiagnosed, 

sub-clinical keratoconus and thus protected patients 
from iatrogenic worsening of ectasia. Furthermore, 
cases previously thought to be unilateral have fre-
quently been shown with modern imaging to be 
bilateral, with one eye at an earlier sub-clinical 
stage. It is now accepted that truly unilateral kera-
toconus does not exist [ 1 ], although it may present 
unilaterally in the context of asymmetric environ-
mental factors, such as  eye rubbing   [ 2 ,  3 ]. Improved 
knowledge of the epidemiology of keratoconus has 
increased our understanding of the underlying 
pathogenesis, and earlier recognition of subclinical 
keratoconus has contributed to a surge in new man-
agement strategies designed to ameliorate the long-
term burden of disease.  

3.2      Incidence and Prevalence   

 The epidemiological burden of a disease informs 
the provision of healthcare services. A review of 
early studies of the prevalence of keratoconus 
between 1936 and 1966 found a range of 50–230 
cases per 100,000 (0.05–0.23 %) [ 4 ]. A review of 
later studies (1959–2011) [ 5 ] found prevalence 
estimates ranging from 0.3 per 100,000 (0.0003 %) 
in Russia to 2340 per 100,000 (2.3 %) in 
Maharashtra, India [ 6 ]. Taken in isolation how-
ever, fi gures for either prevalence or incidence fail 
to illustrate important regional and ethnic varia-
tions. These will be discussed in more detail in the 
following sections. 
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 Many early studies were limited by their reli-
ance on older imaging modalities. This includes 
Kennedy’s oft-cited paper from 1986, in which 
 keratometry   and  keratoscopy   were used to esti-
mate the prevalence in Minnesota, USA as 
54.5/100,000 (0.0545 %) [ 7 ]. More recent studies 
using  videokeratography   (topography) provide 
more sensitive estimates [ 8 ]. For example, a prev-
alence of 3.18 % was recorded in a population- 
based study of Israeli Arabs [ 9 ], consistent with 
other studies from Israel, Iran and Lebanon [ 10 –
 13 ]. Furthermore, cases previously thought to be 
unilateral have frequently been shown with mod-
ern imaging to be bilateral, with one eye at an 
earlier sub-clinical stage. It is now accepted that 
truly unilateral keratoconus does not exist [ 14 ], 
although it may present unilaterally in the context 
of asymmetric environmental factors, such as eye 
rubbing [ 2 ,  3 ,  14 ]. 

 In 2015, Gordon-Shaag et al [ 8 ] provided an 
excellent summary of published prevalence stud-
ies and emphasized the important methodologi-
cal differences between hospital- or clinic-based 
reports and population-based studies [ 8 ]. 
Hospital-based studies tend to underestimate true 
prevalence because they fail to include asymp-
tomatic patients, those with early disease and 
those being managed in a non-hospital setting. 
Population-based studies are considered the gold 
standard for measuring prevalence, but they too 
can be hampered by certain selection biases [ 10 ]. 
Tables  3.1  and  3.2 , reproduced from Gordon- 
Shaag et al [ 8 ], summarize the key hospital- and 
population-based studies of keratoconus preva-
lence to date. They highlight important geo-
graphic variations in prevalence, as well as the 
increased estimates that have resulted from newer 
imaging modalities.

    Whilst the heterogeneous methodology of 
prevalence studies limits the accuracy of direct 
comparisons between studies, it is clear that esti-
mates of prevalence have increased dramatically 
over the last few decades. This was highlighted in 
a review by McMonnies, discussing screening 
for keratoconus prior to refractive surgery [ 15 ]; 
in this review, the author highlighted several 

studies, including one from 2003 [ 16 ] employing 
Atlas anterior corneal topography,  biomicros-
copy   and ultrasound  pachymetry   that found a 
keratoconus prevalence of 0.9 % in refractive sur-
gery candidates, i.e. four times the upper range of 
estimate of prevalence prior to 1966 [ 15 ]. A 2010 
study in Yemen [ 17 ] using  TMS-2 topography  , 
 biomicroscopy   and  pachymetry   found a com-
bined keratoconus/forme-fruste keratoconus 
prevalence in LASIK/PRK candidates of 5.8 %, 
i.e. 25 times greater than the mean prior to 1966 
[ 15 ].    In these studies however, sampled patients 
were candidates for keratorefractive surgery and 
as KC is strongly associated with myopia the data 
is exposed to self-selection bias [ 15 ]. 

 Middle Eastern and central Asian ethnicity is 
considered a risk factor for keratoconus [ 1 ]. 
Studies have reported prevalence of 2.3 % in 
India [ 6 ], 2.34 % among Arab students in Israel 
[ 10 ] and 2.5 % in Iran [ 13 ]. Although these stud-
ies had some methodological fl aws, the concor-
dance of results supports a true prevalence in 
some Asiatic countries of similar magnitude [ 13 ]. 
A lower prevalence of keratoconus in Japanese 
compared with Caucasian populations has been 
reported [ 5 ]. 

 Estimates of annual incidence of keratoconus 
range from 1.4 to 600 cases per 100,000 popula-
tion [ 18 ]. However, there is a paucity of recent 
studies of incidence that have benefi ted from 
modern imaging technology and diagnostic sen-
sitivity. Assiri et al reported an incidence of 20 
per 100,000 per year in one Saudi Arabian prov-
ince [ 18 ], although this was likely to have been 
an underestimate given that the fi gure was based 
on referrals to a tertiary clinic. Elsewhere, inci-
dence has been estimated at 1.3/100,000/year in 
Denmark [ 19 ]. Ethnic differences are infl uential, 
with an incidence of 25/100,000/year for Asians 
compared with 3.3/100,000/year for Caucasians 
( p  < 0.001) having been  demonstrated   in a single 
catchment area [ 20 ]. In a similar UK study, 
Pearson et al [ 21 ], demonstrated annual inci-
dence of keratoconus of 19.6/100,000 and 
4.5/100,000 in Asian and Caucasian communi-
ties, respectively.  

R. Barbara et al.
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3.3     Environmental and  Genetic   
 Factors  : Separate or 
Synergistic? 

 While increasing estimates of prevalence have 
largely been attributed to advances in imaging 
and detection, partly driven by the boom in 
refractive surgery, we may be witnessing a true 
increase in the incidence of keratoconus for other 
reasons. Keratoconus is thought to be caused by a 
complex interplay of environmental and genetic 
factors, as well as biomechanical and biochemi-

cal disorders [ 14 ,  22 – 24 ]. Whilst their exact 
nature remains unclear, the relevance of environ-
ment and genetic factors explains the wide varia-
tion in prevalence across geographic areas. 
Varying prevalence among groups of different 
ethnicity living in the same geographic location 
suggests a genetic basis for disease. For example, 
higher prevalence than the British average has 
been found in Indian, Pakistani and Bangladeshi 
communities living in the United Kingdom [ 20 , 
 21 ]. Further evidence of a genetic basis to the dis-
ease includes a signifi cant association with con-
sanguinity [ 25 ], autosomal dominant patterns of 

   Table 3.2    Population-based epidemiological studies of KC (Gordon-Shaag et al BioMed Research International 
2015—reproduced with kind permission from authors)   

 Author  Location 
 Age in years 
(mean) 

 Sample 
size 

 Prevalence/
100,000 (cases)  Method 

 Sampling 
method 

 Hofstetter 
(1959) [ 110 ] 

 Indianapolis, 
USA 

 1–79  13345  120 (16) 
 Placido disc a  

 Rural volunteers 

 Santiago et al. 
(1995) [ 111 ] 

 France  18–22  670  1190  Topography  Army 
recruits 

 Jonas et al. 
(2009) [ 6 ] 

 Maharashtra, 
India 

 >30 
(49.4 ± 13.4) 

 4667  2300 (128)  Keratometry a   Rural 
volunteers 
(8 villages) 

 Millodot et al. 
(2011) [ 10 ] 
 Jerusalem, 
Israel 

 18–54 
 (24.4 ± 5.7) 

 981  2340 
(23) 

 Topography  Urban volunteers 
(1 college) 

 Waked et al. 
(2012) [ 11 ] 

 Beirut, Lebanon  22–26  92  3300 (3)  Topography  Urban 
volunteers 
(1 college) 

 Xu et al. 
(2012) [ 112 ] 

 Beijing, China  50–93 
(64.2 ± 9.8) 

 3166  900 (27) 
 Optical low 
coherence 
refl ectometry a  

 Rural + urban 
volunteers 

 Hashemi et al. 
(2013) [ 13 ] 

 Sharud, Iran  50.83 ± 0.12  4592  760 (35)  Topography  Urban 
volunteers 
from random 
cluster 

 Hashemi et al. 
(2013) [ 31 ] 

 Tehran, Iran  14–81 
(40.8 ± 17.1) 

 426  3300 (14)  Topography 
 Urban volunteers 
(stratifi ed cluster) 

 Shneor et al. 
(2014) [ 9 ] 

 Haifa, Israel  18–60 
(25.05 ± 8.83) 

 314  3180 (10)  Topography  Urban 
volunteers 
(1 college) 

 Hashemi et al. 
(2014) [ 12 ] 

 Mashhad, Iran  20–34 
(26.1 ± 2.3) 

 1073  2500 (26)  Topography  Urban 
volunteers 
(stratifi ed 
cluster in 1 
university) 

   a The methods for detecting KC used in these studies are now considered inadequate and the results should be interpreted 
with caution  

R. Barbara et al.
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familial inheritance [ 26 ], higher concordance 
between monozygotic than dizygotic twins [ 27 ] 
and an association with other genetic disorders 
[ 28 ]. In one study, 10 % of patients with kerato-
conus had a family history of the disease, com-
pared with just 0.05 % of the age-matched control 
group [ 29 ]. While both dominant and recessive 
patterns of autosomal inheritance have been pro-
posed [ 9 ,  26 ], most cases of keratoconus to date 
have been deemed sporadic [ 28 ]. 

 Current thinking is that geographic variations 
in prevalence can be explained by specifi c envi-
ronmental factors promoting the expression of 
genetic factors related to ethnicity [ 15 ]. This may 
occur through epigenetic modifi cations including 
DNA methylation, which alters gene expression 
and subsequent phenotype [ 30 ]. Epigenetic  mod-
ifi cations   may result from environmental stress-
ors including toxins and microbial exposure [ 30 ], 
but the most widely discussed are ultraviolet light 
 exposure   and eye rubbing [ 15 ].  

3.4      Ultraviolet   Light  Exposure   

 Higher prevalence of keratoconus has been iden-
tifi ed in Saudi Arabia [ 18 ], Iran [ 31 ], New 
Zealand [ 32 ], Israel [ 9 ] and some Pacifi c Island 
populations [ 5 ]. One explanation for this distri-
bution is that these are areas with high ultraviolet 
(UV) light exposure—an environmental factor 
widely implicated in keratoconus [ 15 ]. Excess 
UV exposure may be geographical in origin (lati-
tudinal or altitudinal), or related to outdoor pur-
suits including work and leisure activities. It is 
proposed that UV light increases the production 
of reactive oxygen species within the cornea [ 33 ] 
and that keratoconic corneas lack the ability to 
process excess reactive oxygen species [ 34 ] 
which leads to oxidative stress, cytotoxicity and 
corneal thinning [ 35 ]. 

 While UV exposure and other environmental 
factors may play a role in determining the preva-
lence of keratoconus, the observation that Asians 
living in the United Kingdom have a prevalence of 
KC 7.6 times that of Caucasians suggests that non-
environmental (i.e. genetic) factors are predomi-
nant [ 20 ]. Similarly, the prevalence of keratoconus 

is much higher in non-Persians (Arabs, Turks and 
Kurds) living in Tehran (7.9 %) than Persians 
(2.5 %) [ 31 ]. An argument against the role of excess 
UV exposure is that natural corneal collagen cross-
linking is induced by UV light, which might be 
expected to reduce the prevalence and rate of pro-
gression of  keratectasia   in these areas [ 36 ].  

3.5      Eye Rubbing and Allergy      

 Another environmental stressor widely studied in 
the context of keratoconus is eye rubbing and its 
relation to atopic or allergic disease. The associa-
tion between eye rubbing and keratoconus was 
fi rst described in 1956 [ 37 ]. While some studies 
have found similar rates of eye rubbing among 
patients with keratoconus and normal controls 
[ 10 ,  38 ], the association with eye rubbing is now 
widely accepted [ 8 ]. 

 Recurrent epithelial trauma, similar to that 
caused by contact lens wear, results in the release 
of matrix metalloproteinases 1 and 13, interleu-
kin- 1 and tumour necrosis factor-alpha that lead 
to stromal remodelling and keratocyte apoptosis 
[ 39 – 41 ]. In turn, this may cause epigenetic modi-
fi cations that facilitate the gene expression 
required for development of keratoconus [ 15 ]. 
Raised intraocular pressure caused by eye rub-
bing has also been cited as a contributory factor 
[ 42 ]. Interestingly, the duration of eye rubbing in 
patients with keratoconus appears longer than 
that associated with allergic eye disease not asso-
ciated with keratoconus [ 43 ], possibly explaining 
why the majority of atopic patients do not go on 
to develop keratectasia. In hot and dry climates, 
high levels of dust may induce frequent eye rub-
bing, providing another potential explanation for 
the higher prevalence in these areas [ 8 ]. 

 Some of the most compelling evidence to sup-
port a role for eye rubbing comes from reports of 
asymmetric keratoconus attributed to asymmetric 
eye rubbing [ 44 ,  45 ]. In 1984, Coyle described an 
11-year-old boy who could stop his paroxysmal 
atrial tachycardia by rubbing his left eye, thus 
eliciting the  oculo-cardiac refl ex  —a manoeuvre 
he performed up to 20 times a day. Although ini-
tially he had a normal ocular examination, when 

3 Epidemiology of Keratoconus
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examined four years later he was  found   to have 
unilateral keratoconus [ 3 ]. It is possible that if this 
patient had been assessed with modern topogra-
phy, he would have been found to have bilateral, 
albeit highly asymmetrical involvement. 

 The prevalence of atopic/allergic disease in 
developed countries has risen in recent years 
[ 46 ], and similar increases in keratoconus could 
be related to this [ 47 ]. Similar to keratoconus, the 
aetiology of atopy is thought to be a combination 
of genetic and environmental factors, linked via 
epigenetic modifi cations [ 15 ]. There is contro-
versy as to whether there is a true association 
between atopy and keratoconus, and if there is, to 
what extent this might be. Whilst allergic eye dis-
ease causes itch that leads to the urge for patients 
to rub their eyes, atopy is common in the general 
population as well as the population of kerato-
conics. Some studies have recorded low correla-
tions between atopy and keratoconus in large 
series [ 48 – 50 ] but others have reported strong 
associations [ 51 – 53 ]. 

 More recently, using univariate analysis, 
Bawazeer et al found that keratoconus was asso-
ciated with eye rubbing, atopy and family history 
[ 54 ]. However, multivariate analysis of the same 
data by the same group revealed eye rubbing as 
the only signifi cant predictor of disease [ 54 ]. So, 
while atopy may contribute to keratoconus, it is 
thought to be more through the promotion of eye 
rubbing than the atopic process itself [ 54 ]. 
Evidence supporting this  theory   also comes from 
other conditions in which eye rubbing of a non- 
atopic origin is a feature. For example, both 
Leber’s congenital amaurosis and Down syn-
drome are associated with repeated eye rubbing 
and keratoconus [ 55 ]. However, whether  kerato-
conus   arises in these patients due to eye rubbing, 
or a genetic link, is yet to be elucidated.  

3.6      Gender   

 Results concerning  gender   preponderance vary 
between studies. Jonas [ 6 ], Laqua [ 56 ], Amsler 
[ 57 ] and Hammerstein [ 58 ] demonstrated female 
preponderance of 53 %, 57 %, 65 % and 66 % 
female dominance, respectively. Ertan [ 59 ], 

Street [ 60 ], Fatima [ 61 ], Pouliquen [ 62 ] and 
Owens [ 32 ] demonstrated male preponderance of 
62 %, 62 %, 53 %, 57 % and 59 %, respectively. 
Others have demonstrated no signifi cant gender 
differences [ 7 ] and overall keratoconus is not 
considered to favour one gender over the other. In 
the Collaborative Longitudinal Evaluation of 
Keratoconus (CLEK) study [ 63 ], the progression 
rates of  keratoconus   were  found   to be equivalent 
in both men and women.  

3.7      Age   

 Keratoconus is a disease of adolescence and 
young adulthood typically presenting between 
the ages of 20 and 30 years [ 64 ], and diagnosis 
uncommon after the age of 35 years [ 4 ]. An 
exception to this is the diagnosis of older patients 
when presenting for other reasons, e.g. as candi-
dates for cataract or keratorefractive surgery, 
where ectasia went undetected in earlier life due 
to either mild symptoms or less sophisticated 
imaging. Younger age of diagnosis may imply 
different aetiological factors. In a Japanese study, 
HLA antigen association was found to be higher 
in keratoconics diagnosed under the age of 20 
years, in particular HLA-A26, B40 and DR9 
antigens [ 65 ]. 

 It should be noted that age of diagnosis is quite 
different from age of onset, and the latency 
between the two remains unclear. Younger age of 
onset predicts greater severity [ 66 ], faster progres-
sion and/or shorter time to penetrating kerato-
plasty [ 66 ]. Early diagnosis of keratoconus is 
crucial, as treatment including corneal collagen 
cross-linking can now be offered to arrest disease 
progression, and this has been facilitated by recent 
advances in imaging. In a Finnish cohort, Ihalainen 
(1986) reported that 73 % of patients were aged 24 
years or below at the fi rst onset of symptoms, with 
a mean age of 18 years [ 67 ]. Olivares Jimenez et al 
[ 68 ] reported a mean age of symptom onset of 
15.39 years in a Spanish cohort. Again, ethnic dif-
ferences are apparent, with Asians having a sig-
nifi cantly lower age (4–5 years less) of fi rst 
presentation compared with Caucasians [ 20 ,  21 , 
 69 ]. As estimates of prevalence increase, estimates 
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of age of onset decrease for the same reasons of 
earlier and more sensitive diagnosis [ 8 ]. 

 Low numbers of patients reported as diag-
nosed with keratoconus aged over 50 years are 
somewhat surprising given the chronic nature of 
the disease [ 8 ] and several explanations have 
been proposed for this. Some have pointed to 
associations with conditions that reduce life 
expectancy, including mitral valve prolapse [ 70 ], 
obesity [ 71 ] obstructive sleep apnoea [ 71 ,  72 ] 
and Down syndrome, although the mortality rate 
in keratoconics has not been found to differ from 
that of the general population [ 73 ]. A genuine 
increase in prevalence due to rising rates of 
allergy in young people could be the explanation, 
although it could simply be that more  young   
patients are being diagnosed due to technological 
advances [ 8 ].  

3.8     Associations with Other 
Diseases 

 Keratoconus has been associated with several 
other syndromic conditions. This has helped 
understand both the epidemiology and patho-
physiology of the disease. 

3.8.1      Down Syndrome      

 Patients with Down syndrome tend to have a 
higher than average prevalence of keratoconus 
[ 74 ] varying between 0 and 30 % across several 
studies [ 75 – 78 ]. Cullen et al found 5.5 % preva-
lence of keratoconus among 143 Down syndrome 
patients who were mainly Caucasian [ 79 ]. Shapiro 
et al found an incidence of 15 % among 53 patients 
[ 77 ]. Hestnes et al found an incidence of 30 % 
[ 76 ]. In contrast, an Italian study found no kerato-
conus among 157 children with Down syndrome 
aged 1 month—18 years [ 80 ], and a similar fi nd-
ing was reported in separate studies of Malaysian 
and Chinese children [ 80 – 82 ]. It is unclear 
whether the higher prevalence of keratoconus in 
some populations of Down syndrome is related to 
eye rubbing and atopy, or some other phenotypic 
consequence of the chromosomal abnormality. 

 While patients with Down syndrome and kera-
toconus are at risk of acute corneal hydrops and 
secondary corneal opacifi cation [ 83 – 85 ], kerato-
plasty is generally reserved for patients with mini-
mal intellectual disability and eye rubbing tendency 
as higher post-operative complications are reported 
for this group [ 81 ]. Early diagnosis and  subsequent   
treatment with corneal collagen cross linking 
would be expected to halt the progression of kera-
toconus in this  population   and reduce the require-
ment for corneal transplant [ 82 ].  

3.8.2      Leber’s Congenital Amaurosis      

 Keratoconus is more commonly found with 
Leber’s congenital amaurosis (LCA) than other 
hereditary blinding diseases [ 83 ], possibly due to 
a connection with the CRB1 gene [ 84 ,  85 ]. 
Keratoconus was identifi ed in 26 % (5/19 
patients) of LCA patients with mutations in aryl 
hydrocarbon receptor interacting protein-like 1 
protein (AIPL1) [ 86 ]. While some hypothesize 
that eye rubbing due to poor vision (the ‘oculo- 
digital sign’) is the associating factor, it is now 
considered more likely to be genetic factors that 
link keratoconus with LCA [ 83 ].  

3.8.3      Connective Tissue Disorders   

 Connective tissue disorders encompass a wide 
range of conditions characterized by defective 
collagen or elastin. Several of these syndromes 
have been associated with keratoconus.

•     Mitral Valve Prolapse    
•   Mitral valve prolapse is one of the most com-

monly associated connective tissue diseases with 
keratoconus, and is in turn associated with Ehlers–
Danlos syndrome. Prevalence of mitral valve pro-
lapse in patients with keratoconus varies between 
5.7 % and 58 % [ 87 – 89 ], while the prevalence of 
mitral valve prolapse in the general population is 
between 0.36 % and 7 % [ 90 ,  91 ].  

•   Recently, it was found that the distribution of 
the cross-linking enzyme lysyl oxidase (LOX) 
is markedly decreased in keratoconus patients 
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[ 92 ]. This causes changes in the extracellular 
matrix which could help  explain   the associa-
tion with mitral valve prolapse [ 93 ].  

•   Ehlers–Danlos Syndrome  
•    Ehlers–Danlos syndrome (EDS)   is thought to 

be associated with keratoconus due to defec-
tive collagen synthesis and processing [ 94 ]. 
The association was fi rst described by Kuming 
and Joffe in 1977 [ 95 ]. A study by Woodward 
et al found that keratoconus patients are fi ve 
times more likely to have hypermobility of the 
metacarpophalyngeal and wrist joints [ 96 ]. Of 
the six subtypes of EDS, vascular and kypho-
scoliotic EDS (previously known as types IV 
and VI, respectively) have ocular manifesta-
tions including myopia and blue sclera [ 94 ], 
but keratoconus remains rare with this syn-
drome [ 97 ]. McDermott et al found just one 
keratoconus patient when  examining   the cor-
neal topography of 72 patients with various 
EDS subtypes [ 98 ]. In 1975, Robertson found 
50 % of 44 keratoconus patients to have fea-
tures of classical EDS (previously types I and 
II) [ 99 ]. Recent studies have found no evi-
dence of keratoconus in EDS patients; how-
ever, there was some evidence of corneal 
thinning [ 100 ,  101 ] and steepening [ 101 ,  102 ].  

•    Osteogenesis Imperfecta   
 Osteogenesis imperfecta is a rare autosomal 
dominant inherited disease with collagen type 
I abnormality. It is classically known for its 
ophthalmic manifestation of blue sclera, but 
an association with keratoconus in some fami-
lies with osteogenesis imperfecta has also 
been found [ 92 ,  103 ].  

•    Marfan syndrome   
 Marfan syndrome is an autosomal dominant 
connective tissue disease with multiple ocular 
manifestations including ectopia lentis, axial 
myopia, retinal detachment and glaucoma. 
However, an association with  keratoconus   has 
only been rarely reported [ 104 ].      

3.9     Discussion 

 It is clear that the prevalence of keratoconus has 
been underestimated until fairly recently. Studies 
have also highlighted signifi cant geographic vari-

ations in disease, helping to shed light on the 
underlying pathophysiology and risk factors. 
Improved understanding of the epidemiology of 
keratoconus and earlier recognition of subclinical 
disease has contributed to a surge in new manage-
ment strategies, as the true burden of the disease 
is realized. Rather than disease management 
being supportive through refractive correction 
and contact lenses, with full-thickness penetrating 
keratoplasty advocated for advanced disease, ker-
atoconus can now be addressed at a much earlier 
stage with efforts to slow or prevent progression. 
Consequently, there is a potential role for  national 
screening programmes   at schools or universities 
to enable the early detection of keratoconus in 
certain high-risk groups. Early detection through 
the use of new technologies should lead to earlier 
treatment, promising to reduce the demand for 
corneal transplantation, improve the quality of 
life for patients and reduce the economic strain on 
already stretched healthcare services worldwide.     
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        Histopathology (compound of three Greek words:  
ί στός histos “tissue”, πάθoς pathos “suffering”, 
and -λoγία -logia “study of”) refers to the micro-
scopic examination of tissue in order to study the 
manifestations of disease. Specifi cally, in clinical 
medicine, histopathology refers to the examina-
tion of a biopsy or surgical specimen by a pathol-
ogist, after the specimen has been processed and 
histological sections have been placed onto glass 
slides. In contrast, cytopathology examines 
free cells or tissue fragments (From     https://
en.wikipedia.org/wiki/Histopathology      , released 
under the Creative Commons Attribution-Share- 
Alike License).  

4.1     Introduction 

 In keratoconus, the study of disease manifesta-
tion in  tissue biopsies   has provided a large por-
tion of the investigations into the pathogenesis of 
this  enigmatic disease  . The lack of an animal 
model has led to the view that this is largely a 
human disease and the success of corneal trans-

plantation for end-stage disease has enabled the 
availability of tissue for histopathologic study. 
This chapter aims to summarise the major fi nd-
ings from the published literature on the histopa-
thology of keratoconus. The chapter will further 
draw upon the authors’ own insights into this 
fi eld and draw some conclusions as to how patho-
logical fi ndings can inform the underlying patho-
genesis and will also lead to an hypothesis as to 
how keratoconus may progress as informed by 
the histopathology. 

 Histopathology is necessarily diffi cult to 
interpret by defi nition. The study always involves 
the examination of  biopsied/excised tissue  , and 
as such, the examination of diseased tissue that 
has been removed as part of a corneal transplant 
operation. Keratoconic tissue removed for cor-
neal transplant is deemed to be untreatable by 
other means and thus can be considered end- 
stage disease. Therefore, the pathogenic pro-
cesses that researchers are trying to understand 
by examining this tissue are probably not active 
anymore and therefore are diffi cult to decipher 
but not impossible. Liken it, for instance, to a 
 post-mortem examination   where the pathologists 
job is to use the information present in the now 
deceased tissues to decipher what caused the cur-
rent condition (the condition of being deceased)—
this is a very similar process to the histologist 
examining dystrophic tissues to decide what cel-
lular processes have led to the current presenta-
tion of the tissue. 
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 Furthermore, the nature of histological tissue 
processing, preparation and examination means 
that sections of tissue are analysed with a view to 
extrapolating fi ndings to interpret the pathology 
of the whole sample. Given that the extent of the 
pathology may vary widely within the sample, 
many sections of tissue need to be observed in 
order to attribute how much the pathology within 
each section equates to the disease of the whole 
sample. However, the range of pathology across 
the sample can be of potential use, especially in 
a highly organised and symmetrical tissue like 
the cornea. 

 For instance, the authors have, in previous 
work, used the range of degradation across kera-
toconic cones to delineate early and later signs 
of keratoconic progression. Accordingly the 
complete absence of  Bowman’s layer   in the cen-
tral cone was hypothesised to be preceded by the 
more subtle breaks in Bowman’s that occurred in 
the periphery of the same tissue. Subsequent 
investigation of the cellular incursion across this 
normally acellular barrier was believed to be an 
active process as cellular invasion coincided 
with an upregulation of cathepsin enzymes in 
those cells immediately adjacent to the matrix 
breaches. 

 Thus, using careful observation and marry-
ing those observations with recurring themes 
allows the researcher to piece together previous 
occurrences within tissue using histological 
examination. Of course the traditional histo-
logical stains that were used for centuries are 
now supplemented by the more modern tech-
nique of immunohistochemistry that now 
allows very precise labelling and localisation of 
proteins, peptides and even amino acids within 
the tissue sections. 

 In order to defi ne the limitations of this 
chapter, the authors will discuss the published 
literature that describes examination of  corneal 
tissue   by electron and light microscopical 
examination utilising histological and immu-
nological labelling methods. This chapter will 
be limited to these techniques and will not 
evolve into cytological or molecular methods 
as this would impinge upon other chapters 
within this book.  

4.2     Signs of Keratoconus: 
 Clinical   vs.  Pathological   

 Clinical observations of morphological changes 
in keratoconus have been well documented since 
Nottingham fi rst described keratoconus as a dis-
tinct condition amongst the corneal ectatic condi-
tions in his treatise “Practical observations on 
conical cornea: and on the short sight, and other 
defects of vision connected with it” [ 1 ]; however, 
since then signifi cant advances have been made 
in the recognition of this condition. 

 Indeed, computerised corneal topographical 
assessment now facilitates the diagnosis of kera-
toconus, which prior to the development of this 
technology was extremely diffi cult due to the 
absence of clinical signs in the early stages of the 
disease, the highly variable nature of the signs 
once apparent and the subsequent lack of align-
ment with disease progression. 

 In 1965 Duke Elder’s ‘System of 
Ophthalmology’ [ 2 ] established the clinical signs 
of keratoconus:

   “1.  A thinning of the cornea at the apex of the 
cone from one-half to one-fi fth of its normal 
dimensions.  

   2.  An endothelial refl ex appears in the central 
portion of the cornea at the peak of the cone  

   3.  Vertical lines are seen in the deeper layers of 
the stroma  

   4.  An increased visibility of the nerve fi bres 
which form a network of grey lines inter-
spersed with small dots  

   5.  Fleischer’s ring, a line running round the 
base of the cone  

   6.  Ruptures of Descemet’s  membrane   of char-
acteristic appearance  

   7.  Ruptures in Bowman’s membrane in advanced 
cases producing superfi cial linear scars.”    

 However in that same seminal text, Duke- 
Elder noted that:

  … pathological investigations have provided little 
to add to the biomicroscopic appearance. 

   This chapter aims to address some of the 
advances made in pathological investigations 
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since Duke Elder’s observation that have indeed 
enabled some insights into the  pathogenesis   
behind the biomicroscopic  signs  . In particular, 
we highlight the advances made since the advent 
of immunohistochemistry and the insights that 
this technique has brought.  

4.3     Structural Changes 
in Keratoconus 

 The characteristic thinning and other biomicro-
scopical signs of disease progression in keratoco-
nus would be predicted to correlate with the 
alteration of structural elements and this has 
indeed been shown to be the case. 

4.3.1      Bowman’s Layer   

 Structural abnormalities and defects in 
Bowman’s membrane in the central part of kera-
toconic cornea have been well documented. 
Examination of the collagen organisation in ker-
atoconic tissue by scanning electron microscopy 
found sharply edged defects and ruptures of 
varying degrees in Bowman’s layer in all kerato-
conic corneas examined [ 3 ]. Two further studies 
reported discontinuities in Bowman’s layer and 
distorted stroma beneath these defects, including 
fi brotic regions where the epithelium was in 
direct contact with the stroma [ 3 ,  4 ]. The latter 
study also suggested localised areas of disease 
progression as abnormalities of the extracellular 
matrix (ECM) were not uniform within an indi-
vidual keratoconic cornea. 

 Analyses of keratoconus mostly target the 
central cone of the cornea for analysis, since this 
is the area of greatest disease involvement. Our 
studies have targeted the peripheral keratoconic 
cone in the hope of identifying early pathological 
features [ 5 ]. We showed that discrete incursion of 
fi ne cellular processes into Bowman’s membrane 
was decipherable in the periphery of  keratoconic   
corneas. These cell processes were keratocytic in 
origin and were often observed in conjunction 
with a defi ned indentation from the basal 
epithelium.  

4.3.2      Stroma–Collagen Lamellae      

  Transmission electron microscopy (TEM)   stud-
ies of diseased tissue have revealed that the thick-
ness of collagen lamellae in keratoconus is 
unaltered, but the number of lamellae appears to 
be signifi cantly less than in normal tissue [ 6 ]. 
Synchrotron X-ray diffraction studies have indi-
cated no difference in interfi brillar spacing 
between collagens in keratoconus and control 
corneas unambiguously demonstrating that thin-
ning of the corneal stroma in keratoconus is not a 
result of closer packing of the fi brils in the cor-
neal stroma. However, some evidence is pre-
sented for a reduction in the volume of 
proteoglycan along the collagen fi brils in kerato-
conic cornea [ 7 ]. These data suggest a progres-
sive loss of lamellae within the stroma in 
keratoconus but the role of the keratocytes and 
the fate of the collagen are not known. Low angle 
X-ray scattering has shown that the orientation of 
collagen fi brils within the lamellae is altered in 
keratoconus [ 8 ], suggesting that loss of structural 
integrity, degradation and/or insuffi cient repair 
mechanisms may all be important in the disease 
process. The variability of the histopathology 
data is not unique as biochemical analyses of the 
stromal matrix components within the kerato-
conic stroma have been inconclusive: One study 
described decreased collagen and total protein 
levels in keratoconic tissue by western blotting 
[ 9 ]. A second found a 5 % increase in type I col-
lagen in keratoconus [ 10 ]; while a third study 
described no differences in collagen composition 
of  biochemical   extracts from keratoconus [ 11 ].  

4.3.3      Descemet’s Membrane   

 Ruptures and folds in  Descemet’s membrane   are a 
common feature in keratoconus [ 12 ]. The struc-
tural changes behind these ruptures are unclear as 
several studies of extracellular matrix proteins 
reveal no differences in detection of types I, III, 
IV, V, VI or VIII collagen between keratoconic 
and normal tissue. The same was true of laminin, 
entactin and perlecan [ 3 ,  13 ] with one study not-
ing that while the immunoreactivity was identical 
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in normal scarred and keratoconic corneas, the 
reaction was discontinuous within the defects in 
the keratoconic cones [ 14 ]. One argument for the 
lack of matrix changes surrounding the defects in 
Descemet’s membrane suggests that environmen-
tal factors such as eye rubbing and UV exposure 
are responsible rather than matrix degradation.  

4.3.4      Matrix Deposition and Scar 
Formation   

 Keratoconus proteomic data shows widespread 
decreases in many extracellular matrix proteo-
glycan core proteins, type I, III, V, VI and XII 
collagen, as well as lumican and keratocan pro-
teins [ 15 – 17 ]. The expression of TGF-β, IL-1, 
vimentin and tenascin (scar associated matrix 
protein) was increased in keratoconic corneas 
[ 18 ]. An increase in type IX collagen and an 
altered pattern in endostatin (anti-angiogenic and 
induces endothelial cell apoptosis [ 19 ]) was 
found in patients with keratoconus [ 20 ]. 

 As the important components for wound heal-
ing response and scar formation [ 21 ], fi bronectin, 
type III, laminin and tenascin were localised 
most intensively in areas of defects in kerato-
conic corneas [ 21 – 23 ]. In keratoconus-associated 
hydrops, deposition of small amounts of fi bro-
nectin in Descemet’s membrane and punctate 
staining of collagen III throughout the stroma 
with the most intense labelling in the posterior 
stroma, immediately adjacent to Descemet’s 
membrane, was observed. Similarly, staining for 
laminin in hydrops-associated keratoconic cor-
neas was observed in stroma immediately adja-
cent to Bowman’s layer and Descemet’s 
membrane [ 22 ]. ECM  deposition   was found to be 
uniquely in localised areas of the stroma, corre-
sponding to the site of hydrops involvement [ 22 ].   

4.4     Cellular Changes 
in Keratoconus 

 There are a number of key cellular aberrations to 
the cornea that are commonly observed in kerato-
conus. Although keratoconus is primarily consid-
ered to be an anterior corneal disease, 

histopathological observations have been 
reported to affect each layer of the cornea albeit 
to varying degrees. 

4.4.1      Epithelium   

 The often thinned keratoconic corneal epithelium 
shows normal cellular morphology at the periph-
ery with highly elongated cells present at the 
cone apex of the superfi cial epithelium. These 
superfi cial cells appear in a concentric arrange-
ment and further down are accompanied by 
highly refl ective structures and fold-like changes 
in the basal epithelial layer [ 24 ]. Recent methods 
for analysing epithelial thickness include spectral 
domain optical coherence tomography (OCT) 
and ultrahigh resolution OCT which have con-
fi rmed older histopathological reports of pro-
nounced deviation in epithelial thickness in 
keratoconic corneas [ 25 ,  26 ]. It has been reported 
that where the epithelium is of a higher thickness 
in keratoconic corneas, the cells are relatively 
taller suggesting the thickness is due to abnor-
mally large sized cells rather than increased cell 
proliferation [ 27 ].  TUNEL staining  , an indicator 
of the presence of apoptotic cells, appears to 
show much more variation in staining patterns 
across the epithelium with a general pattern of 
apoptosis deeper within the epithelium continu-
ing all the way down to the basal epithelium, a 
pattern not usually observed in normal corneas 
[ 28 ,  29 ]. Loss of epithelial cell density is reported 
as a likely possible cause for the epithelial thin-
ning observed in keratoconus [ 30 ] with remain-
ing cells showing a marked increase in cell area 
[ 31 ,  32 ]. It has been suggested that loss of  des-
moglein 3 (DSG3)  , a desmosomal protein, 
reduces the cells ability to adhere to each other 
and this may be responsible for epithelial cell 
loss in keratoconus; however, a study of 10 kera-
toconic corneas found that half of these corneas 
stained very positively for DSG3 while all refer-
ence corneas showed no or low expression [ 33 ]. 
Variable immunohistochemistry results like these 
are not uncommon in keratoconus and this has 
resulted in a lack of a reliable diagnostic marker 
for the dystrophy. Exacerbating this observed 
variation in histopathological results, there would 
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appear to be distinct stages of disease progres-
sion with cellular differences notable in early, 
intermediate and advanced stages of keratoconus. 
Tsubota et al. [ 32 ] analysed such cellular differ-
ences at each stage of disease progression in a 
total of 20 keratoconic corneas and reported cells 
that were slightly elongated in early keratoconic 
epithelia to highly elongated, sharp spindle-like 
epithelial cells that increased in frequency from 
intermediate to advanced stages of keratoconus. 

 Beyond the basal epithelium, the basement 
membrane appears irregular and contains local-
ised breaks in keratoconus, showing an erratic 
pattern of laminin 1 and 5 staining with type VII 
collagen variably localised to the basement 
membrane anomalies. Similarly, Integrin ß4 
which is uniformly positive in the basement 
membrane and in the lateral and apical mem-
branes of epithelial cells of normal corneas is 
much more variable in keratoconic corneas [ 34 ]. 
Type XII collagen staining is reported to be 
reduced in the basal epithelium/basement mem-
brane region which may play an important role 
in  changing   the cell–matrix interactions that 
would be observed within normal corneas [ 35 ]. 
Although immunohistochemical (IHC) studies 
have been largely superceded by gene expres-
sion assays, a recent report showed a reduction 
in the collagen fi bril- maturing enzyme  lysyl 
oxidase (LOX)    in epithelial cells and a reduc-
tion in collagen IV in the basement membrane 
of keratoconus patients. The IHC results in this 
study correlated positively with concurrent gene 
expression data and the authors indicate that the 
reduced expression of collagen IV by basal epi-
thelial cells may be responsible for the thinning 
of the basement membrane which contributes to 
the pathology of keratoconus [ 12 ]. Similar to 
superfi cial epithelial cells, the cells of the basal 
epithelium also appear larger in terms of surface 
area and show a much more irregular arrange-
ment in keratoconic corneas [ 14 ]. In advanced 
cases of keratoconus, there are cell membrane 
ruptures that lead to a signifi cant reduction in 
basal epithelial cell numbers which in turn leads 
to only a few layers of fl attened superfi cial epi-
thelium lying on an abnormal basement mem-
brane [ 36 ,  37 ]. 

 Although current evidence provides convinc-
ing data that the epithelium is heavily involved in 
keratoconus pathogenesis it is still unclear 
whether it is epithelial abnormalities that drive 
the disease process or are a consequence of dis-
ease initiation of alternative  aetiology   (such as 
from within the stroma) [ 27 ,  38 ].  

4.4.2      Cellular Incursion   
into Bowman’s Layer 

 Although this is a normally acellular layer, rup-
tures in the membrane characteristically seen to 
varying levels in keratoconic corneas [ 3 ] facili-
tates abnormal cellular interactions allowing epi-
thelial cells to come into direct contact with the 
stroma [ 4 ]. Our own studies have revealed inden-
tation of the basal epithelium and infi ltration by 
fi ne cellular processes of keratocytic origin into 
the Bowman’s layer [ 5 ]. These cellular processes 
have been observed to extend through the 
Bowman’s layer, effectively linking the stroma 
and epithelium [ 5 ]. Staining for vimentin con-
fi rms these invading cells to be of mesenchymal 
origin and therefore have migrated up from the 
stroma below [ 5 ]. Particularly evident at the 
peripheral regions of keratoconic corneas, is the 
additional movement of integrin a3ß1-positive 
basal epithelial cells down into the Bowman’s layer 
at regions of stromal cell incursion which indi-
cates a clear disease phenotype of abnormal cel-
lular interaction. Immunolabelling for  cathepsin 
B   reveals distinct variation in staining localisa-
tion in keratoconic corneas with increased distri-
bution of cathepsin B within keratocytic cells in 
association with the damaged Bowman’s mem-
brane [ 5 ]. This increase in cathepsin B staining 
differs not only in the staining patterns observed 
in normal corneas but also between adjacent ker-
atocytes not linked to breaks in the Bowman’s 
layer in keratoconic corneas. 

 It would appear that defects in the Bowman’s 
layer facilitate an increase in nerve fi bres that are 
observed to be thickened and closely associated 
with stromal cells moving up into the Bowman’s 
layer [ 39 ]. The direct interaction of epithelial 
cells and keratocytes in keratoconic corneas may 
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in part be mediated by the appearance of these 
nerve fi bres. However, the prominent nerve fi bres 
observed microscopically in the clinic are not 
present in all keratoconic corneas [ 27 ] and new 
techniques such as in vivo confocal microscopy 
has not been able to fully elucidate their presence 
[ 31 ,  40 ,  41 ]. It is clear though, that nerve fi bres in 
keratoconic corneas show an abnormal pattern 
[ 13 ,  31 ,  40 ] of association with Schwann cells 
which may result in the reduced corneal sensitiv-
ity  reported   by some affected patients [ 27 ].  

4.4.3      Stroma   

 The resident keratocytes of the corneal stroma 
appear to have alterations in both morphology 
and number in keratoconus. It has been reported 
that overall keratocyte density is lower in kerato-
conic corneas [ 28 ,  29 ,  42 ]. Similar to epithelial 
cells, keratocyte apoptosis seems to be increased 
in keratoconus and this has been offered as an 
explanation for the general reduction in kerato-
cyte numbers observed in keratoconic corneas 
[ 29 ]. When keratocytic density across the width 
of the stroma is compared from anterior to poste-
rior there appears to be a distinct difference with 
keratocyte densities being lower in the anterior- 
most portion of the stroma compared to the more 
posterior regions. These observations have given 
strength to suggestions that keratoconus is pri-
marily an anterior corneal disease. Although a 
recent report of histochemical analysis of the 
keratoconic stroma showed a general reduction 
of keratocytes at the anterior stroma, there was an 
overall increase in the number of cells present 
within this region when compared to normal cor-
neas. These non-keratocytic cells were observed 
to show lighter staining of the cytoplasm (agran-
ular) with a higher organelle count (lysosomes, 
endoplasmic reticulum and mitochondria) and 
likely to represent differentiated cells or cells of a 
non-keratocyte lineage [ 27 ]. It has been observed 
that the anterior-most stromal cells (whether they 
be activated keratocytes or  non-keratocyte origin 
cells  ) send cellular processes (pseudopodia) into 
the Bowman’s layer towards the basal epithelial 
lamina [ 43 ]. It has been hypothesised that this 

cellular activity is responsible for breakdown of 
corneal tissue in the anterior stroma and which 
may contribute to the collapse of epithelial cells 
in towards the Bowman’s layer [ 5 ,  27 ,  44 ]. The 
invasion of cells that are not normally resident in 
the anterior stroma may be intrinsically involved 
in this structural breakdown of the anterior corneal 
layers and determining their true nature would 
provide  signifi cant   insight into this enigmatic 
disease.  

4.4.4      Endothelium   

 Similar to the Descemet’s membrane (see section 
4.3.3), the endothelium may become detached 
from the layers anterior although in many cases it 
maintains a normal appearance. Despite this, 
some cellular abnormalities such as elongated 
pleomorphic cells containing dark intracellular 
structures and endothelial cell loss have been 
reported [ 45 ,  46 ]. This cell loss can be associated 
with apoptosis [ 28 ] but in general it is the accom-
panying Descemet’s membrane rupture that 
would appear to be responsible for signifi cant 
endothelial cell degradation [ 45 ] in keratoconic 
corneas.   

4.5     Keratoconic Changes 
in Secreted Enzymatic 
Factors 

 The cells of the various layers of the cornea 
secrete an abundance of factors that infl uence the 
milieu in which the cells are housed. In keratoco-
nus, the levels of these secreted molecules are 
altered and this could produce an altered proteo-
lytic or infl ammatory cascade in response to 
localised trauma. 

4.5.1      Matrix metalloproteinases   

 One of the largest groups of secreted molecules 
are the enzymes—the metalloproteinases and the 
lysyl oxidases, both being associated with colla-
gen degradation and oxidative stress [ 47 ,  48 ]. 
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These can be broken down into groups based on 
their target structural molecules. The metallopro-
teinases (MMPs) number upwards of 25, are tis-
sue specifi c and calcium and zinc dependant. 
These molecules are responsible for the remodel-
ling of the cornea by cleaving collagen, gelatin 
and elastin. These MMPs are believed to contrib-
ute to corneal thinning through a reduction in col-
lagen volume in keratoconus [ 49 ,  50 ]. 

 The family of metalloproteinases consist of 
collagenases being MMP1, 8 and 13; stromely-
sins being MMP3 and 10; matrilysins being 
MMP7 and 26 and gelatinases being MMP2 (pre-
viously Gelatinase A) and 9, and membrane- 
bound MMPs, being MMPs 14 through 17 and 
MMP24 [ 51 ]. 

 Mackiewicz et al. utilising keratoconus tissue 
removed during penetrating keratoplasty vs. 
cadaver tissue determined the localisation of 
seven such enzymes [ 52 ]. MMP1 staining was 
increased and extended in the keratoconic tissue, 
being identifi ed not only in the epithelium but 
also in the stroma. Such fi ndings are supported by 
other research [ 53 ]. MMP1 has the ability to 
degrade corneal collagens Types I and II and is 
upregulated by  EMMPRIN   (extracellular matrix 
metalloproteinase inducer, CD147). EMMPRIN 
is a member of the immunoglobulin superfamily 
of adhesion molecules and has been shown to be 
upregulated in tumour cells and may be responsi-
ble for inducing MMP secretion by fi broblasts 
closely associated with cancer cells, thus allowing 
for invasion and metastasis [ 54 ]. Seppala et al. 
identifi ed increased levels of both EMMPRIN 
and MMP1 in the epithelium and stroma; how-
ever, the correlation between areas of pathology 
and MMP1 staining was not as strong as between 
EMMPRIN and these damaged areas, whilst 
MMP1 was also localised to undamaged areas, 
leading to the conclusion that EMMPRIN may 
also upregulate the other members of the MMP 
family thus inducing destruction of the collagen 
fi brils.  EMMPRIN   could be considered as “a reg-
ulator of keratoconus associated structural, MMP-
mediated destruction” [ 53 ]. 

 Likewise, MMP13 staining was increased in 
the epithelium and very posterior stroma and it 
has been postulated that this molecule could also 

be involved in corneal thinning. [ 52 ]. Initially it 
was shown through IHC that MMP2 (Gelatinase 
A) and MMP14 levels were unchanged and iden-
tifi ed only in keratocytes [ 55 ] though Makiewicz 
et al. found staining of these molecules further 
afi eld in keratoconus, having being detected in 
Bowman’s and Descemet’s  membranes   and the 
endothelium [ 52 ]. Increased expression of 
MMP14 in the basal epithelial cells as well as in 
keratocytes points to the potential for increased 
degradation of Bowman’s membrane and 
decreased volume of the stroma due to the gelati-
nase and protease activity of this molecule [ 50 ]. 

 Other authors have detected no elevation in 
the expression of MMPs 3 and 10 in comparing 
normal with keratoconic tissue [ 56 ]. 

 MMP8 levels were reduced in comparison to 
controls and it was suggested that this may lead 
to impairment of corneal remodelling in the dis-
ease state [ 52 ]. 

 The levels of MMP9 expression are elevated 
in the tear fi lm and in culture supernatants of 
primary keratoconic epithelial cell lines. 
Expression is promoted by IL-1β and TNF-α, two 
pro-infl ammatory cytokines [ 57 ]. However, this 
increase of MMP9 has not been detected by IHC 
methods [ 58 – 60 ]. 

 Again, the results of staining for the expres-
sion of MMP14 have varied with no change 
detected by one group [ 52 ] while elevated levels 
in the  corneal   stroma were detected by other 
researchers [ 50 ]  

4.5.2      Matrix metalloproteinases 
Tissue Inhibitors   

 Much research has been aimed at elucidating the 
relationship of the MMPs to their native tissue 
inhibitors, the TIMPs. These molecules belong to 
a family of four and are involved in corneal 
remodelling and scar development [ 59 ]. 

 TIMP1 is an inducible inhibitor normally lim-
ited to the corneal epithelium but increased stain-
ing was observed in the stroma and keratocytes in 
keratoconus, particularly in areas associated with 
scar tissue [ 59 ]. TIMP1 inhibits the activation of 
MMP9. TIMP2 staining was somewhat increased 
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with scattered staining of the ECM whereas in 
normal tissue it is limited to epithelial cells, kera-
tocytes and endothelial cells. 

 TIMP3 was located throughout the cornea in 
normal tissue, being a matrix-associated protein; 
however, in 50 % of the keratoconic tissue stud-
ied, there was a loss of expression in areas of 
loosened epithelium and thinning. The authors 
postulated that this loss of expression may occur 
in areas of increased enzymatic activity [ 59 ]. 
Others, using TUNEL staining, found localisation 
of TIMP3 to the basal epithelium and the anterior 
stroma of keratoconic tissue. The increased levels 
of TIMP1 and 3 were found in scarred kerato-
conic tissue as was an increase in the number of 
cells found to be TUNEL positive, a marker for 
apoptosis [ 61 ]. The authors considered that an 
 imbalance   in the ratio of TIMP1:TIMP3 could 
induce cell death as TIMP1 inhibits the apoptotic 
effect of TIMP3.  

4.5.3      Cathepsins   

 There are approximately a dozen members of the 
cathepsin protease family, which are distin-
guished by their structure, catalytic mechanism 
and which proteins they cleave. Most of the 
members become activated at the low pH found 
in lysosomes but there are exceptions such as 
cathepsin K, which works extracellularly after 
secretion by osteoclasts in bone resorption. They 
have an important role in the cellular turnover. 

  Cathepsin B  , a cysteine protease, is normally 
expressed in the epithelial layer but it has been 
shown to have increased labelling of the epithe-
lial cells in keratoconus in 90 % of tissue studied 
with further staining of stroma. However, no defi -
nite relationship between the levels of staining 
and the clinical features of the tissue could be 
identifi ed [ 60 ]. The authors also noted a similar 
increase of staining for cathepsin G, a neutral ser-
ine proteinase. They suggested that these enzymes 
could contribute to an increase in gelatin- and 
casein-digestion, inducing the tissue abnormali-
ties seen in keratoconus. Brookes et al. detected 
increased staining for both cathepsins B and G 
not only in the epithelium but also in anterior 

keratocytes, in particular those in close associa-
tion with nerves passing through the stroma and 
into Bowman’s membrane. They noted a marked 
increase in staining in areas of disruption in this 
layer [ 39 ]. 

  Cathepsin K  , a cysteine protease, is found to 
have increased levels of expression in the epithe-
lium and Descemet’s membrane and through the 
anterior stroma of keratoconic tissue in compari-
son to normal tissue. Its presence in both normal 
and diseased corneas points to a potential role in 
tissue remodelling, given its ability to cleave col-
lagen Type I [ 52 ]. The members of the cathepsin 
family have been strongly implicated in cell turn-
over through the mechanism of apoptosis with 
their release into the intracellular space [ 62 ]. 
Staining for apoptotic cells in both normal and 
keratoconic tissue, utilising TUNEL and ssDNA 
stain, found much greater levels of apoptotic cells 
in all layers of the cornea in the diseased tissue 
with a reduction in the numbers of ssDNA posi-
tive cells (a marker of early  stages   of apoptosis) 
but with a good correlation between the localisa-
tion of both markers [ 28 ].   

4.6     Recurrence of  Pathology   

 Once the corneal integrity has deteriorated 
significantly due to advanced keratoconus, 
surgical intervention is inevitable.  Penetrating 
keratoplasty (PK)   utilises a full thickness cor-
neal replacement and has been a well-accepted 
clinical choice for decades. However, it can 
be complicated by endothelial rejection which 
leads to graft failure. In recent years,  deep 
anterior lamellar keratoplasty (DALK)   has 
gained popularity as it leaves the recipient 
Descemet’s membrane and endothelium in 
place, thereby maintaining tissue integrity 
and eliminating the risk of endothelial graft 
rejection [ 63 ,  64 ]. 

 Since the 1970s [ 65 ,  66 ], there have been case 
reports of corneal grafts exhibiting characteristics 
of keratoconus several years after initial success 
of the transplantation. Clinically, the refractive 
stability of those grafts was found to have deterio-
rated with increased astigmatism, sub-epithelial 
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and anterior stromal scarring, corneal thinning, 
Vogt’s striae, Munson sign, increased endothelial 
refl ex and visibility of the nerve fi bres in the cor-
nea [ 67 ]. Corneal topography showed irregular or 
asymmetric patterns with localised corneal steep-
ing [ 68 ]. Histopathologically, various features 
(Fig.  4.1 ) such as epithelial oedema, breaks in 
Bowman’s layer, stromal thinning and folds, 
folded stromal lamellae, stromal ectasia, thinning 
in central cornea, thickening of Descemet’s mem-
brane and endothelial atrophy have been observed 
[ 67 – 70 ]. All of these characteristics are reminis-
cent of the pathology of keratoconus, indicating 
the possibility of recurrent keratoconus 
post-transplantation.

   The incidence of recurrence of keratoconus is 
reported to be rare, occurring at a rate of 5.4–
11.7 % and with a latency of 17.9–21.0 years 
post-PK [ 71 ,  72 ], and at 1.6 % with a dramatic 
shorter latency period of 5 years for post-DALK 
eyes [ 73 ,  74 ]. Such reported incidences of recur-
rence of keratoconus in grafted corneal tissue 
may provide important clues as to the pathogen-
esis of  keratoconus  . 

 There are three speculated mechanisms for the 
recurrence of keratoconus:

    (a)    The host route: Recurrence of the host’s dis-
ease in the graft, such that the cells from the 
remaining host cornea induce the grafted tis-
sue to develop keratoconic pathology. This 
seems to be the most accepted mechanism 
due to the slow progression of recurrence 
post-PK, as the initial appearance of kerato-
conus takes decades to develop and similarly 
the recurrence of the disease in the grafted 
tissue takes two decades to resurface. It is 
speculated that the remaining abnormal kera-
tocytes from the host continue to migrate and 
infi ltrate the donor cornea [ 75 ,  76 ] gradually 
replacing the donor keratocytes and produc-
ing abnormal collagen. Or alternatively, the 
residual basal epithelial cells may secrete 
proteolytic or autolytic enzymes that lead to 
loss of collagen fi bres [ 73 ,  77 ,  78 ]. The spec-
ulated host route was further supported by 
the dramatic shorter time frame of recurrence 
(3–4 years) for post-DALK [ 74 ,  79 ]. DALK 

  Fig. 4.1    Anteroposterior section of keratoconic corneal 
button obtained after transplant surgery. The section has 
been stained using Celltracker green which stains the 
cytoplasm of all living cells green and counter immunola-
belled with an antibody to Integrin α3β1, which labels the 

basal epithelium. Many of the histopathological features 
of keratoconus are visible in this tissue section including 
epithelial hypertrophy, epithelial basement membrane 
irregularities, breaks in Bowman’s layer, stromal fi brosis 
and central corneal thinning. Bar = 100 μm       

 

4 Histopathology (from Keratoconus Pathology to Pathogenesis)



34

is thought to provide less possibility of graft 
rejection by retaining the recipient stromal 
bed; however, the earlier onset of recurrence 
could be the result of either increased host 
keratocyte invasion in to the donor tissue 
and/or donor tissue weakening due to the 
excision of the donor Descemet’s membrane 
prior to transplant [ 73 ]. In opposition to this 
theory however, is the fact that recurrence 
has been reported when a corneal button size 
of greater than 8 mm was used to minimise 
the volume of host cornea that remained in 
the tissue bed that could effectively lead to 
recurrence [ 71 ]. Also, the ability of signifi -
cant numbers of abnormal host keratocytes 
to infi ltrate the donor tissue and lead to kera-
toconus  manifestation   is debateable. Thus, 
there might be other mechanisms that lead to 
the recurrence.   

   (b)    The donor route: Transmission of undiag-
nosed keratoconus from the donor cornea 
[ 80 ]. One case [ 81 ] report described using 
the two corneas of a donor which were 
grafted on an advanced keratoconic eye and a 
corneal leukoma eye. Both keratoconic and 
non-keratoconic recipient eyes eventually 
developed reported keratoconus post- 
transplantation. This was assumed to be 
likely due to the presence of as yet unde-
tected forme fruste keratoconus in the donor 
tissue that eventuated once grafted to the 
recipients. This report could serve as evi-
dence for a possible donor transmission 
route; however, there are no studies known 
that routinely follow the fate of contralateral 
grafts from the same donor to establish if this 
occurs on a regular basis. Also, presumption 
that the donor tissue must have had forme 
fruste keratoconus is completely unproven. 
Furthermore, one case [ 69 ] reported recur-
rence of keratoconus 7 years after the initial 
graft for keratoconus; however, the fellow 
donor cornea appears to be normal 12 years 
post-transplantation. It is speculated that this 
could still occur due to donor transmission if 
the donor exhibited unilateral keratoconus 
[ 75 ] or the second graft is yet to develop ker-
atoconus. Certainly long-term follow-up 
analysis will be needed in order to determine 

the likelihood of this mechanism in majority 
of cases of recurrent keratoconus. It does 
seem to be clear though that the recurrence of 
keratoconus via donor transmission is not the 
sole mechanism responsible.   

   (c)    Mechanical trauma such as contact lens 
wearing or eye rubbing can cause damage to 
the sutured cornea and failure of the wound 
healing process leading to apoptosis and a 
weakened graft cornea [ 82 ,  83 ]. However, it 
is diffi cult to isolate mechanical trauma as 
the major route [ 79 ] for the recurrence dur-
ing latency period as there are plenty of 
reported recurrences with no evidence of eye 
rubbing or contact lens wearing. Nevertheless, 
mechanical trauma is most likely to at least 
play the role of ‘second-hit’ [ 83 ].     

 No doubt each of the three speculated mecha-
nisms of recurrence of keratoconus in grafted 
corneal tissue can explain the development of 
disease in certain isolated cases, but none appear 
to be the major underlying mechanism for the 
recurrence, especially when the recurrence is 
rare. 

 Interestingly, the classical signs of keratoco-
nus such as corneal thinning and epithelial incur-
sion are not unique only for post-transplantation 
for  keratoconus   but also for other indications 
[ 84 ]. This has raised doubt whether the observa-
tion of recurrence has sometimes been confused 
with failed graft due to decompensation. Perhaps 
the clues lie away from the central graft and 
towards the peripheral region where the graft–
host junction is sited. At the graft–host junction, 
lamellar disruption and thinning were observed 
[ 85 – 87 ], and stress test studies show that the 
graft–host junction remains weak even after the 
wound appears to have healed [ 77 ]. Adding to 
that, the epithelium at graft–host junction is much 
thickened (Fig.  4.2 ). Thus, corneal decompensa-
tion may be due to the increased physical stress at 
the graft–host junction during wound healing 
between the weakened keratoconus host and the 
normal thickness graft [ 84 ].

   In addition to wound healing, impaired  nerve 
innervation post-transplantation   will likely lead 
to epithelial complications later on [ 88 ]. Being a 
primarily central corneal disease, the peripheral 
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innervation in keratoconic corneas appears to be 
intact [ 13 ]. In terms of  nerve re-innervation post-
 PK  , despite the sub-basal nerve fi bre density 
being signifi cantly reduced [ 89 ], patients had 
higher nerve fi bre density and greater nerve 
branch density than patients who underwent PK 
for other indications. This might partially explain 
the lower rate of recurrence after PK for kerato-
conus at around 11.7 % [ 72 ] than other stromal 
dystrophies at 21 % [ 90 ]. Taken together, the 
weakened graft–host junction, impairment in 
nerve re-innervation and mechanical insults such 
as eye rubbing and contact lens wearing can all 
cause damage which might lead to apoptosis 
indicating a fourth speculated  mechanism   of 
abnormal wound healing [ 85 ].  

4.7     A Role for  Infl ammation   
in Keratoconus 

 Keratoconus has long been categorised as a  non- 
infl ammatory   corneal dystrophy due to the lack 
of  neovascularisation   and cellular infi ltration [ 91 , 
 92 ]. However, there has been increasing evidence 
that may refute this concept [ 17 ,  93 ]. In keratoco-
nus with acute corneal hydrops, dendritic cells 
(presumed leukocytes) [ 94 ] were observed clini-

cally with in vivo confocal microscopy. Recently, 
studies using tear fl uids of keratoconic patients 
revealed elevated levels of interleukin-6 (IL-6), 
tumour necrosis factor-α (TNF-α)    and  matrix 
metalloproteinase (MMP)-9   [ 95 – 100 ]. The 
expression of other factors such as MMP-1, -3, 
-7, -13, IL-4, -5, -6, -8, TNF-β [ 97 ] and tissue 
plasminogen activator (t-PA) [ 17 ] was also ele-
vated, whereas lactoferrin and IgA [ 101 ,  102 ] 
were reduced in keratoconus. Tears from kerato-
conic patients associated with eye rubbing and 
contact lens wearing showed an increase not only 
in MMP13, IL-6, -10 and TNF-α, but also in the 
 intercellular adhesion molecule (ICAM)  -1 and 
 vascular cell adhesion molecule (VCAM)  -1 that 
are known to be important for infl ammatory 
response [ 95 ,  103 ,  104 ]. Tear fl uid of pseudoker-
atoconus caused by ocular rosacea [ 105 ] showed 
 signifi cantly   elevated levels of IL1 and MMP9 
[ 106 ,  107 ]. 

4.7.1      Immunohistochemical 
Evidence   of Infl ammation 

 The central cornea has a resident population of 
epithelial and stromal dendritic cells (DC), which 
function as  antigen-presenting cells (APCs)  . 

  Fig. 4.2    An anteroposterior section of the junction 
between the host tissue and a corneal graft (GHJ) many 
years after the original operation. The graft tissue includ-
ing some of the host tissue was removed during a regraft 
operation and processed for immunohistochemistry. 
Many of the histological features which may represent the 

recurrence of keratoconus are present in the graft material 
including epithelial oedema, breaks in Bowman’s layer, 
stromal thinning and folds, folded stromal lamellae, stro-
mal ectasia, thinning in central cornea, lipid thickening of 
Descemet’s membrane and endothelial atrophy are visi-
ble. Bar = 100 μm       
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Although the corneal periphery contains mature 
and immature resident bone marrow-derived 
CD11c + DC, the central cornea is endowed exclu-
sively with immature and precursor DC, both in 
the epithelium and the stroma, wherein 
Langerhans cells and monocytic DC reside, 
respectively [ 108 – 111 ]. In addition to the DC, 
macrophages are present in the posterior corneal 
stroma [ 108 ,  109 ]. 

 Immunohistochemical labelling in central 
cornea of keratoconus showed CD11b+ macro-
phages, CD45+ leucocytes and  HLA-DR MHC-II 
receptor   on APCs localised in increasing number 
in epithelium and stroma (Fig.  4.3 ) [ 22 ,  112 ]. The 
density of APCs decreased from the paracentral 
towards the central part of the cornea [ 111 ]. 
 Dendritic cells   in keratoconus had the appearance 
of brighter bodies and shorter dendrites than those 
found in infl amed corneas [ 111 ]. Another macro-
phage marker, CD68, seemed to provide confl ict-
ing fi ndings given its presence in epithelial 
basement membrane [ 17 ,  112 ,  113 ].

   In hydrops-associated keratoconus, extensive 
presence of CD11b+ macrophages have been 
observed. Though the number of leukocytes and 
APCs appeared reduced when associated with 
hydrops, langerin+ DC numbers were similar with 
and without hydrops [ 22 ]. A huge elevation of 
numbers of leucocytes were noticed in the 

stroma, epithelium and even the endothelium in 
hydrops-associated keratoconus with subsequent 
neovascularisation [ 22 ]. (The authors fi nd that 
neovascularisation in sections of keratoconic 
tissue is best identified using antibodies to 
 Von Willebrand Factor   (Fig.  4.4 ))

   This suggested a chronic infl ammatory process 
with recruitment of infl ammatory cells [ 22 ]; however, 
the signs of infl ammation appeared to attenuate in 
hydrops-associated keratoconus indicating that 
infl ammation is not specifi cally associated with the 
occurrence of hydrops [ 22 ]. Thus, we believe 
infl ammation in keratoconus is likely to be a 
 chronic   process rather than an acute occurrence.   

4.8     Pathology Informing 
 Pathogenesis   

 Modern histological techniques can be effec-
tively used to determine pathological changes 
occurring within the matrix and cells in kerato-
conic corneal tissue. However, the real question 
to be answered is whether investigation of patho-
logical changes within the tissue can add to the 
analysis of the pathogenesis of the disease or are 
we simply looking at the effect of disease pro-
gression. Many of the pathological phenomena 
that occur in keratoconus (described earlier) 

  Fig. 4.3    A section of keratoconic tissue labelled with 
 CD11b   ( green ) shows macrophages present in the basal 
layers of the epithelium. The same section is also shown 
counterstained with DAPI ( blue ) which stains the nuclei 

of all the cells of epithelium and keratocytes within the 
stroma and CD11b highlighted with arrows to show the 
localisation of the macrophages within the epithelium. 
Bar = 100 μm       
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mirror tissue remodelling processes in that 
changes in cell activation, enzyme secretion 
matrix removal, deposition and remodelling are 
all involved in corneal repair. This has led to the 
proposal that progression of keratoconus is in 
fact due to aberrant repair mechanisms which 
continuously try to repair the matrix loss in kera-
toconus but instead compound that loss further. 
The beginning of this destructive cycle may begin 
with an external environmental trigger and after-
wards be fuelled by aberrant internal processes. 
This is further supported when we combine 
molecular studies with the histological data. 
Recently, in our laboratory we were able to show 
that cells isolated from keratoconic corneas 
expressed the main repair modulating molecules 
at levels higher than normal corneas and equated 
to the levels found in a normal wounded cornea. 
However when the keratoconic corneas were 
supplied with a secondary insult they were unable 
to mount an adequate repair response [ 114 ]. 

 In summary, modern histopathology can 
successfully combine with molecular tech-
niques to uncover the elusive pathogenesis of 
 keratoconus  .     
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       Keratoconus typically has its onset at puberty 
and progresses until the third to fourth decade 
of life, when it usually stabilizes [ 1 ]. Although 
it is a relatively rare disease at the age of 10 
years, in pediatric patients  keratoconus   is 
often more advanced at diagnosis [ 2 ] and its 
progression may be more frequent and more 
rapid with a sevenfold higher risk of requiring 
corneal grafting [ 3 ]. Childhood onset cases 
have a more aggressive progression than those 
of later onset [ 4 ]; therefore, detection of pro-
gressive keratoconus in early stages of the 
disease is necessary to prevent severe visual 
impairment [ 5 ,  6 ]. 

 Some authors report that young age is associ-
ated with more severe forms of keratoconus and 
faster progression, with an inverse correlation 
between age and severity [ 7 ,  8 ].  After congenital 
corneal opacities  , keratoconus represents one of 
the most common causes of pediatric corneal 

transplantation causing about 15–20 % of all cor-
neal transplants in children [ 9 ,  10 ]. A  retrospec-
tive monocentric study   confi rms that at diagnosis 
keratoconus is more severe in children than in 
adults, and the age of the youngest child included 
in the study was 6 years [ 5 ]. The  diagnosis of   
pediatric keratoconus is often made late. It 
depends on the scarcity of functional complaints 
in children, especially before the age of 8. 
Furthermore, it is supposed that progression of 
keratoconus is “explosive” in these patients 
(Fig.  5.1 ), with a short time between the onset of 
functional symptoms and the development of a 
severe form of keratoconus [ 11 ]. The late diagno-
sis predisposes children to serious complications 
including corneal perforation, microbial keratitis, 
glaucoma, and amblyopia.

   As reported in the literature keratoconus can 
be associated with  systemic and ocular diseases   
[ 12 ,  13 ]. In children these associations are typical 
and include Down’s syndrome, atopy, Ehlers–
Danlos syndrome, Marfan syndrome, mitral 
valve prolapse,  Arterial Tortuosity Syndrome  , 
 Laurence–Moon–Biedl Syndrome  ,  Costello 
Syndrome  ,  Intellectual Disability  . Ocular condi-
tions include vernal keratoconjunctivitis (VKC), 
Leber congenital amaurosis (LCA), retinitis pig-
mentosa, aniridia, iridocorneal endothelial syn-
drome, blue sclera, corneal dystrophies such as 
granular and macular dystrophy, posterior poly-
morphous dystrophy, fl eck dystrophy, Fuchs 
endothelial dystrophy, and lattice-granular 
dystrophy. 
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 The incidence of keratoconus in patients with 
 Down’s syndrome   has been reported in up to 
15 % [ 1 ]. The eye rubbing, frequently observed in 
patients with Down’s syndrome, represents one 
of the main pathogenetic hypothesis of keratoco-
nus [ 14 ,  15 ]. 

 Howard et al. [ 16 ] described a case of  hyper-
thyroidism and acute hydrop secondary   to under-
lying keratoconus in a child with trisomy 21, and 
they hypothesized that thyroid gland dysfunction 
may be associated with the development of 
keratoconus. 

 Many studies have discussed on the probably 
association of  atopy   with keratoconus [ 17 ,  18 ]. 
Copman and Gasset reported that the prevalence 
of eczema and asthma was higher in keratoconus 
patients than in control group [ 19 ,  20 ]. 

 In children with keratoconus, percentage of 
patients with  VKC   ranged from 8.8 to 36 % [ 21 ]. 
The literature has reported that changes in cor-
neal topography are more severe and faster in 
pediatric patients with keratoconus and VKC 
than keratoconus alone, and the progression of 
keratoconus in atopy takes place more rapidly 
[ 18 ,  22 ,  23 ]. It is of note that allergic keratocon-
junctivitis with eye rubbing may increase the 
incidence of corneal hydrops in children with 
keratoconus. 

 In children with keratoconus the association 
with  LCA   has been documented in some reports. 
The incidence of keratoconus has been noted in 
29 % of children with LCA and 2 % of all chil-
dren with blindness. Keratoconus in patients with 

LCA occurred in 2 % of 0- to 14-year-olds and it 
is absent prior to 9 years of age and its incidence 
increases with increasing age [ 24 ]. There is no 
defi nitive consensus about the origin of keratoco-
nus in patients with LCA. A working hypothesis 
suggests that keratoconus could result from the 
repetitive trauma to the cornea secondary to the 
characteristic extraocular sign of Franceschetti’s 
oculodigital sign in LCA patients, comprising 
three components: eye poking, pressing, and rub-
bing [ 25 ]. 

5.1      Treatment   

 Corneal cross-linking ( CXL  ) is actually the stan-
dard, low-invasive, safe treatment for patients 
affected by keratoconus [ 26 ,  27 ], with documented 
clinical progression or perceived risk of progres-
sion. Since younger patients usually show a fast 
progression of keratoconus [ 5 ], cross- linking in 
children and adolescents is actually indicated as 
soon as the diagnosis has been made [ 6 ]. 

 Few authors reported clinical outcomes after 
 CXL   in pediatric patients affected by keratoconus. 
Caporossi et al. [ 4 ] published the largest study on 
pediatric  CXL  . This prospective study of 152 eyes 
of 77 patients 18 years old and under (range 10–18 
years) treated by Epi-off  CXL  , at 36 month follow-
up showed improvement in best corrected visual 
acuity (BCVA),  K  readings, asymmetry index val-
ues, and coma values. The authors then suggested 
that ribofl avin-UVA- induced cross-linking stabilized 

  Fig. 5.1     Acute keratoconus   in a 13-year-old 
patient       
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the progression of keratoconus in all cases and led 
to functional improvement in 80 % of cases, with 
statistically signifi cant results. 

 However, some are the considerations related 
to Epi-off technique in children: the severe pain 
induced by epithelial debridement and the conse-
quent temporary visual loss that usually make 
postoperative management more complicated, the 
risk of postoperative complications (stromal haze 
[ 28 ] and infections [ 29 ]), and the variable period 
of visual recovery (2–6 months) [ 26 ,  30 ,  31 ]. 

 Therefore,  CXL   performed without epithelial 
removal and by shortening the surgical time 
could represent a great advantage in children, 
providing local anesthesia and making the cross- 
linking treatment and its follow-up management 
more comfortable. In fact the preservation of the 
epithelial layer could avoid postoperative pain 
and visual impairment, as well as all complica-
tions related to epithelial debridement. 

 Recently, it has been proposed a new transepi-
thelial  CXL   technique in which a iontophoresis 
system provides ribofl avin delivery in corneal 
stroma [ 30 ,  31 ]. Iontophoresis is a noninvasive 
delivery system designed to enhance the penetra-
tion of molecules as well as ribofl avin into tissue 
using a small electric current. 

 We published the fi rst clinical study on tran-
sepithelial  CXL   by iontophoresis of ribofl avin in 
pediatric patients [ 32 ]. We evaluated visual acu-
ity, and refractive and corneal aberrometric 
changes through 15-month follow-up in 14 eyes 
of 14 pediatric patients (mean age 13 ± 2.4 [SD] 
years; range, 10–18 years) affected by keratoco-
nus (stage 1 or 2 according to  Amsler-Krumeich 
classifi cation  ). In opposite to previous reports on 
transepithelial technique in pediatric eyes [ 33 , 
 34 ], we did not report keratoconus progression 
over 15 months; furthermore, we did not observe 
an  improvement   in refractive, topographic, and 
aberrometric parameters, excepting for BCVA. 

 Our unpublished data at 24-month follow-up, 
recorded in 27 eyes of 17 patients (mean age 
14 ± 2.5), seem to confi rm the same “trend” 
(Tables  5.1  and  5.2 ).

    These early fi ndings suggest that iontophoresis- 
assisted transepithelial  CXL   performed by means 
of ribofl avin delivery could halt the keratoconus 

progression in pediatric patients up to 24 months. 
For sure longest follow-ups need to indicate if 
this technique could really become an alternative 
to Epi-off one, currently still considered the 
“gold standard.” 

 Intracorneal ring segments ( ICRS  ) have been 
demonstrated to be effective in improving visual 
acuity and reducing the refractive error and the 
mean keratometry in selected cases of keratoconic 
eyes of adult patients [ 35 ,  36 ]. However, up to 
now poor is the experience about  ICRS   implanta-
tion in pediatric patients. Estrada et al. [ 37 ] 
reported the outcomes of  ICRS   in the surgical cor-
rection of different levels of severity of keratoco-
nus obtained in a large multicenter series of cases: 
611 consecutive keratoconic eyes of 357 patients 
ranging in age from 10 to 73 years (mean age: 
35.15 ± 11.62 years), but they did not separately 
analyze pediatric patients. Generally,  ICRS   are 
not preferred in the pediatric patients for 
aggressive nature of keratoconus, tendency of 

   Table 5.1    Corrected distance visual acuity, manifest 
spherical equivalent, and refractive astigmatism measured 
preoperatively and 24 months after cross-linking (27 eyes, 
17 patients, mean age 14 ± 2.5)   

 Preoperative 
 24 months 
postoperative 

 CDVA  7.5 ± 1.8  8.1 ± 2.1 ( P  = 0.1) 

 Spherical 
equivalent (D) 

 −1.5 ± 1.6  −1.7 ± 2.0 
( P  = 0.5) 

 Refractive 
astigmatism (D) 

 −1.4 ± 1.9  −1.3 ± 1.3 
( P  = 0.8) 

   CDVA  corrected distance visual acuity,  D  diopters  

   Table 5.2    Topographic and tomographic data measured 
preoperatively and 24 months after cross-linking   

 Preoperative 
 24 months 
postoperative 

  K  max  (D)  47.9 ± 3.2  48.6 ± 3.6 
( P  = 0.06) 

  K  min  (D)  43.1 ± 9.0  43.6 ± 9.2 
( P  = 0.07) 

  K  avg  (D)  44.5 ± 9.2  47.0 ± 9.3 
( P  = 0.2) 

 Posterior 
elevation map (μ) 

 17.96 ± 28.5  16.81 ± 21.5 
( P  = 0.77) 

   D  diopters,  μ  micron  
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eye rubbing, and noncompliance. Kankariya et al. 
[ 38 ] observed that although the option of  ICRS   
(less invasive) is not commonly utilized in pediat-
ric eyes, in adolescent patients with end- stage 
keratoconus and imminent keratoplasty (more 
invasive), this option may be worth considering. 

 Pediatric  keratoplasty   still represents a very 
challenging surgery, generally performed when 
corneal opacifi cation induces a visual deprivation 
[ 39 ]. The Penetrating Keratoplasty (PK)   , actually 
the “gold standard” in pediatric keratoplasty, has 
shown a prognosis for graft survival of approxi-
mately 50–60 % [ 40 ,  41 ], mainly because of 
endothelial rejection [ 42 ,  43 ]. Deep anterior 
lamellar keratoplasty ( DALK  ) diffusion is cur-
rently limited in pediatric patients and few papers 
report outcomes after big-bubble DALK in chil-
dren. Harding et al. [ 44 ] treated 13 eyes of 9 pedi-
atric  patients   affected by partial thickness corneal 
scarring and mucopolysaccharidoses performing 
DALK with manual dissection, except for one 
eye that underwent big-bubble DALK with con-
version to PK because of an intraoperative inad-
vertent perforation. Ashar et al. [ 45 ] observed 
that DALK is a feasible option in children with 
stromal corneal pathology. The authors evaluated 
26 eyes: three underwent big-bubble procedure, 
while 23 layer-by-layer dissection. 

 Recently, the femtosecond solid-state laser 
was successfully used in several corneal surgical 

procedures and Buzzonetti et al. [ 46 ] proposed a 
standardized big-bubble technique in  DALK   
assisted by femtosecond laser called  Intrabubble  . 
The laser provides a pre-Descemet’s plane lamel-
lar dissection to a predefi ned corneal depth and 
the creation of a stromal channel, 50 μm above 
the thinnest corneal point, into which a smooth 
cannula for air injection can be introduced. The 
 Intrabubble   can be considered a standardized 
procedure: the femtosecond laser is accurate in 
achieving the desired corneal depth and the big- 
bubble, and provides good refractive outcomes 
for the good alignment of donor and recipient 
confi guration. We successfully applied this tech-
nique also to pediatric patients [ 47 ] in an attempt 
to decrease the rejection percentage, to improve 
the refractive outcome, and thus provide an anti-
amblyopic effect. 

 We are using the IntraLase femtosecond 
laser (IntraLase FS  Laser  , Abbott Medical 
Optics, Inc.) that works by applying the appla-
nation lens after obtaining a proper vacuum 
seal using a 10 mm diameter suction ring. 
However, this size can result too big to perform 
the treatment in smallest eyes. Thus, we experi-
mented docking without suction ring by fi xing 
the ocular bulb by four silk  conjunctival   stitches 
sutured over the skin (Fig.  5.2 ). This technique 
effectively provides a safe and effective appla-
nation (Fig.  5.3 ).

  Fig. 5.2    To perform  docking 
without suction ring   we fi xed 
the ocular bulb by four silk 
conjunctival stitches sutured 
over the skin       
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    Few authors investigated the application of 
femtosecond laser in pediatric keratoplasty [ 47 –
 49 ], but long-term follow-up after big-bubble 
 DALK   has not yet been reported. In a compari-
son between pediatric patients that underwent 
big-bubble DALK using mechanical trephine 
(seven patients, mean age 11.4 ± 3.0; Group 1) or 
femtosecond laser (seven patients, mean age 
11.6 ± 4.2; Group 2), 2 year after surgery (at least 
16 months after complete suture removal) we 
observed that (unpublished data), respectively, 
BCVA was 0.7 ± 0.1D and 0.7 ± 0.2D ( P  = 0.3), 
spherical equivalent −4.5 ± 0.7D and −2.4 ± 1. 
( P  = 0.09), and refractive astigmatism 4.8 ± 2.2D 
and 3.3 ± 1.3D ( P  = 0.2). 

 We did not record statistically signifi cant dif-
ferences, but our fi ndings suggest that femtosec-
ond laser could decrease spherical equivalent and 
refractive astigmatism amount. If these data will 
be confi rmed, they will can be added to all the 
other typical advantages of  DALK  : immune 
rejection of corneal endothelium cannot occur, 
surgical procedure is extraocular, topical cortico-
steroids can usually be discontinued earlier, and 
lower is loss of endothelial cell density; com-
pared with PK, DALK may have superior resis-
tance to rupture of the globe after blunt trauma 
and sutures can be removed earlier [ 50 ]. 

 In conclusion, keratoconus in children needs a 
prompt diagnosis in order to plan the most appropri-
ate therapeutic strategy. Since the high frequency of 

association with systemic diseases, a best coopera-
tion between  pediatricians   and ophthalmologists 
could improve the treatment of these young patients.     

  Compliance with Ethical Requirements    Confl ict of 
Interest . Luca Buzzonetti, Paola Valente, and Gianni 
Petrocelli declare that they have no confl ict of interest. 

  Informed Consent . All procedures followed were in 
accordance with the ethical standards of the responsible 
committee on human experimentation (institutional and 
national) and with the Helsinki Declaration of 1975, as 
revised in 2000. Informed consent was obtained from all 
patients for being included in the study. No animal studies 
were performed by the authors for this chapter.  
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       The current methods to detect, diagnose, and 
monitor the evolution of keratoconus morpho-
logically are computerized videokeratoscopy, 
corneal tomography, and optical scanning tomog-
raphy, both in the Scheimpfl ug confi guration as 
well as based on  optical coherence  . For refer-
ence, a more detailed list would also include 
tools based on rasterstereography, Moiré interfer-
ometry, or laser interferometry [ 1 ,  2 ] but many of 
these instruments have remained at the prototype 
stage, and others have been used only in labora-
tory for research purposes. 

 The advent of  computerized corneal topogra-
phy   has made it possible to gather considerable 
information about the shape and refractive 
behavior of the cornea affected by keratoconus. 
By means of some of these examination tech-
niques it is also possible to measure both the 
shape of the front surface as well as the back sur-
face thereby giving more accurate information 
about the location and shape of the cone, the 
extension of ectasia, and the refractive power 
localized in the ectatic area. 

 In-depth knowledge of the profi le of the cor-
neal surface is not only essential in the diagno-
sis or treatment of keratoconus but it is important 

in many other aspects of clinical practice. In 
fact, since the cornea alone is responsible for 
about 80 % of the refractive power of the eye 
[ 3 ], its form has extreme importance in the 
study of visual function: this surface, formed by 
the front face of the cornea and coated by the 
tear fi lm, presents, in fact, the highest refractive 
index jump with respect to all other elements of 
the  dioptric ocular system      and small changes of 
its shape produce considerable effects on the 
optical quality of the entire ocular system. 
Therefore, a careful study of the corneal mor-
phology, in addition to providing valuable infor-
mation in the early diagnosis of all corneal 
diseases that change the shape of the surface 
(and fi rst keratoconus), lends itself to many 
other  clinical applications   such as preoperative 
planning and postoperative assessment through-
out the range of refractive surgery and  kerato-
plasty  , the application of rigid contact lenses, or 
the calculation of intraocular lenses in accor-
dance with the formulas or other methods of 
calculation. 

6.1      Videokeratoscopes      

 The study of the  Purkinje–Sanson image dates   
from the mid-1800s and was the fi rst method of 
investigation of catoptric images for diagnostic 
purposes. A  Placido disk   (consisting simply of a 
series of concentric black and white circles with 
a positive lens in the center) was used to observe 
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the appearance of images refl ected from the 
corneal surface and evaluate approximately and 
qualitatively, on the basis of the deformation of 
the refl ections of the circles,  aberrations borne   by 
the cornea as shown in Fig.  6.1 .

   The objective measurement of the radius of 
curvature of the  anterior surface   of the cornea, 
also through mire projected on the cornea and 
reflected by it, dates back to 1854 [ 4 ]. 
Assuming known dimensions of an object 
(mires) and its distance from the specular sur-
face (cornea), measuring the size of the images 
formed by the mirror and applying the catadi-
optric laws, the shape of the specular surface 
that has reflected upon is obtained: this prin-
ciple is based on the elementary keratometry 
measurement. 

 It is already clear from this brief history that 
refl ection-based devices or videokeratoscopes do 
not directly measure the elevation data of the cor-
nea, but  rather   analyze the physical phenomenon 
that  occurs   on the anterior corneal surface: spec-
ular refl ection.  

6.2     The  Sagittal Curvature      

 Conceptually, we can consider modern videokera-
toscopes as a derivative of  ophthalmometers  , so 
much so that the fi rst method developed in this 
regard is based on the same principles of the oph-
thalmometer [ 5 ]. Indeed, we can consider a topo-
graphic measure as many keratometries with ever 
larger fi xed mires, centered on the same axis. The 
corneal curvature so measured is called the  sagittal  
(or  axial ) curvature and can be defi ned as the radius 
of an arc of a circle, centered on the optical axis of 
videokeratoscope (or the keratometer) when this is 
well aligned to the  corneal vertex  , which has the 
same tangent as the cornea to the point concerned, 
as shown in Fig.  6.2  on the left. In the branches of 
topography this measure was carried out essen-
tially for comparison: once the device has been 
calibrated by acquiring spheres ( calibration 
spheres  ) with known curvature, the curvature of a 
sample is estimated by comparing the position of 
the mires refl ected by its surface and the ones 
obtained from the calibration spheres [ 6 ].

  Fig. 6.1    Process of formation of the fi rst Purkinje image from a Placido disk       
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   The curvature as defi ned earlier suffers from a 
low sensitivity for determining shape variations 
localized in the  peripheral   cornea. A map of sag-
ittal curvature expressed in diopters, while not 
being the direct expression of the real refractive 
power, can represent quite well the optical char-
acteristics of the corneal surface, but it is not able 
to accurately describe the morphological aspects 
of the cornea. For this reason, it is felt necessary 
to support the  sagittal    curvature   with magnitudes 
which best show the details of the shape of the 
corneal surface.  

6.3     The  Tangential Curvature      

 The  tangential curvature  (sometimes called 
  instantaneous    or  local ) is the geometric unit that 
describes the  steepening   of the cornea, for a given 
point and in a given direction: it is therefore 
defi ned as the radius of the osculating circle for 
each point belonging to the meridian in question, 
as shown in Fig.  6.2  on the right. Unlike the sagit-
tal curvature, the center of tangential curvature is 
not constrained to lie on a reference axis: this 
condition does not occur unless the cornea is not 
exactly spherical, and the tangential and the sag-
ittal curvatures are different at every point and 
coincide only at the vertex. The tangential curva-
ture of a surface is independent of the position of 

the reference axis along the meridian considered: 
its sagittal curvature is instead a  function   of this 
axis.  

6.4     The  Height Maps   

  Topographic maps   that represent elevation data 
are probably more understandable, since they are 
similar to those used in geographic cartography 
to describe the elevations of the Earth’s surface or 
the depth of the seabed. The corneal elevation 
maps are expressed in microns [μm] the position 
of each point of the cornea, in terms of the eleva-
tions along the  z  axis, with respect to a reference 
surface. As in geographic maps, where the refer-
ence surface is the mean sea level (the  geoid ), the 
elevation of the corneal surface needs to be 
expressed in respect to some reference surface: 
usually spherical, aspherical, or asphero-toric. 
The reference surfaces, with respect to which the 
height is measured, are almost always the best-fi t 
surfaces (best approximating surfaces in the 
sense of the least square error) and have some 
parameters that characterize them: the spheres 
are defi ned by their radius of curvature, the 
aspherical surfaces by the apical radius of curva-
ture and eccentricity, the  asphero-toric surfaces   
by the apical radius of curvature, eccentricity, 
and by toricity, that is, the difference of curvature 

  Fig. 6.2     Left map  of sagittal curvature,  right map  of tangential curvature       
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of the fl attest apical meridian and the steepest 
one. If even one of these parameters is changed, 
it alters the reference surface and consequently 
the relative  heights   of the cornea under examina-
tion with respect to it. For this reason, the param-
eters defi ning the reference surface are critical to 
the interpretation of the height map.  

6.5      Arc Step      

 In recent generation refl ection-based topogra-
phers, tangential curvature, sagittal curvature, 
elevations, and normals to the surface are calcu-
lated simultaneously by a process called  arc step  
[ 7 – 10 ]. For videokeratoscopies, the defi nition of 
this algorithm marked a real turning point, 
expanding the range of measurements possible, 
from only the sagittal curvature to all the mor-
phological or refractive measurements arising 
from the shape of the cornea. 

 The arc-step algorithm is summarized as fol-
lows: for each point corresponding to the edge of 
a ring of each meridian, a ray-tracing procedure 
is carried out, which, from the known positions 
of the rings on the Placido disk and the detected 
positions of the keratoscopy rings, allows to 
derive normals of the surface to be measured. 
Such information depends on the correct posi-
tioning of the surface to be measured and the 
exact knowledge of the location of the rings of 
the  Placido disk  : the fi rst condition is obtained by 
different methods (maximum sharpness algo-
rithms on a focusing video stream, triangulations, 
or interruptions of light beams), while the second 
is known from construction data and is refi ned by 
means of instrument calibration. Once the nor-
mals to the corneal surface are known (and there-
fore its derivatives) an iterative algorithm is 
started. At step 0, the condition of zero derivative 
in correspondence of the corneal vertex is 
imposed and, setting the validity of the law of 
refl ection for the fi rst ring, an arc that meets the 
slope conditions is identifi ed. The algorithm of 
arc step, as the name suggests, is iterative, and 
therefore cannot proceed without the knowledge 
of data obtained in the previous step (step  i  – 1) to 
derive data for the current step (step  i ). Knowing 

the coordinates and the normal of ( i  – 1)th point, 
and the normal to the  i th point, the coordinates of 
the new point are determined, by setting condi-
tions of differentiability (surface continuity and 
continuity of tangency). The reconstructed curve, 
repeating the pattern shown earlier for all the 
rings is continuous with continuous fi rst deriva-
tive. The connecting functions are circular arcs in 
the traditional algorithm but can also be polyno-
mial splines or conic arcs (by virtue of their 
greater  fl exibility   in pursuing the corneal slope). 
There are essentially two limits in these recon-
structions methods and are negligible compared 
to the advantages they offer:

•    Assuming a continuous curve with a continu-
ous derivative is not able to describe steps or 
cusps (interruption or discontinuity of the 
derivative). However, it can be reasonably 
admitted that stroma rarely has discontinuities 
that cannot be smoothed by the epithelium.  

•   Separating in fact the  reconstruction   for each 
hemi-meridian it is assumed that the normal 
belongs to the plane on which lays the hemi- 
meridian itself. This  approximation   is called 
  skew ray error    and was thoroughly discussed 
in the literature [ 11 ].     

6.6      Optical Scanning Devices   

 The optical scanning instruments directly mea-
sure the sagittal height of the front surface and 
the back of the cornea (i.e., the corneal elevation 
with respect to a reference plane). Usually, the 
transverse fi eld of view goes from limbus to lim-
bus and the vertical is such as to include the entire 
anterior chamber limited by the iris and the visi-
ble part of the lens. The big advantage of this 
class of instruments is therefore, in addition to 
the high transverse coverage, the ability to view 
and measure the whole anterior chamber and all 
its surfaces ( front   cornea,  posterior   cornea, iris, 
and lens). 

 The  optical scanning devices   base their opera-
tion on the projection of beams or light slits 
which, due to scattering effects, diffuse in every 
direction part of the energy of the incident light. 
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Therefore, thanks to the scattering, the tissue 
crossed behaves like a real extended emitter: part 
of the back-diffused light radiation is captured by 
a suitable optics able to form the image on the 
CCD.  

6.7      Corneal Thickness   

 The measurement of the two front and rear cor-
neal surfaces allows agile deduction of pachym-
etry information: it is the measurement in microns 
of the distance between the front surface and pos-
terior surface in the direction normal to the ante-
rior corneal surface. It is very useful information 
from the clinical point of view: it can allow, for 
example, to assess the evolution of keratoconus 
or to decide whether a patient may undergo 
refractive surgery and what can be the maximum 
amount of the bearable correction of the cornea. 
In contact lens practice, differential pachymetry 
can also highlight possible edematous conditions 
due to the wearing of contact lenses.  

6.8      Scheimpfl ug    Camera   

 The simplest and most intuitive way to obtain the 
image of a corneal section is to project a lumi-
nous slit along a  meridional plane   of the cornea 
and to shoot the backscattered light through suit-
able optics, having its axis of at 90° with respect 
to this plane and its focus on the plane of the slit 
(Fig.  6.3  left). This confi guration, however, in 
practice does not work because of obstacles to 
the path of the shot such as the nose or eyelids. 
These obstacles force the choice of a nonorthog-
onal axis of shot to lighting plane and conse-
quently to have a good part of the image out of 
focus. The  Scheimpfl ug method   (see Fig.  6.4 ) is 
useful in this case (or Carpentier, or should we 
say by Scheimpfl ug’s [ 12 ] own admission) that 
shows how to tilt the CCD in order to focus a 
plane inclined to the axis of the optical system 
shoot, as shown in Fig.  6.3  on the right. Once 
scanned the fi rst image, the light blade and the 
Scheimpfl ug system can be rotated in order to 
acquire images of a succession of equidistant 

angular sections that allow to completely map the 
anterior segment of the eye. The anterior corneal 
surface is determined by identifying its edge on 
the image in section and correcting the distortion 
effect due to the optical confi guration. The inter-
nal structures (posterior corneal surface, iris, 
angles) are determined by identifying the corre-
sponding edges on images in section, correcting 
the effect of distortion due to the optics in 
Scheimpfl ug confi guration and correcting the 
distorting effect given by the fact that they are 
seen through the overlying corneal surfaces.

•      As previously mentioned this technology 
presents the substantial advantages of a wide 
coverage of the area measured and the possi-
bility to extend the topographic analysis to the 
back surface. In considering real corneas meet 
however important limitations: sectioning the 
cornea in radial directions and not considering 
the azimuthal component, the optical scanning 
systems are also implicitly affected by skew 
ray error.  

•   The time required to scan is relatively long 
(approximately 1 s in the modern conception 
devices), and then there is the possibility of 
 introducing   errors due to the microsaccadic eye 
movements of the eye examined. Some systems 
use software  corrections   for realignment of the 
acquired sections to overcome this problem.  

•   The presence of nonperfectly transparent 
areas of the corneal tissue (such as a scar or 
opacity) produces a phenomenon known as 
 hyper-backscattering      of a certain area of the 
cornea. This results in the recognition of a 
false edge and an error in the measurement of 
the surface.  

•   These instruments directly measure the eleva-
tions, from which it is then possible to deduce 
mathematical derivation for the curvatures 
and the refractive data of the cornea: the reso-
lution that can be achieved with this method, 
however, is signifi cantly lower than that which 
can be achieved with refl ection devices. For 
this reason, in the majority of cases manufac-
turers provided a hybrid Scheimpfl ug +  Placido 
system, allowing a direct  measurement   of the 
 curvatures   of the anterior corneal surface.     
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6.9     AS-OCT (Anterior Segment 
Optical Coherence 
 Tomography     ) [ 13 ] 

 Until now, optical tomography coherence has 
been applied with great success in ophthalmol-
ogy for the study of the retina and for the mea-
surement of the ocular distances, fi rstly of the 
axial length. Only recently industries have turned 
their attention to this for topography and tomog-
raphy of the anterior segment of the eye. The rea-
sons for this delay are to be found mainly in the 
complexity of this technology that is refl ected at 
least for now in high prices of products, in their 
robustness, in the diffi culty of obtaining images 
that contain the anterior segment in its entirety, 

and in the diffi culty of obtaining accurate mea-
surements comparable to those typical of the 
simplest techniques in spite of the promising 
quality of the images. 

 Optical tomography coherence is a technol-
ogy based on the measurement of the interfer-
ence of two beams of broadband radiation 
(typically infrared) from a reference arm and a 
sample arm [ 14 – 17 ]. 

 In its simplest embodiment, the radiation 
emitted from a broadband source, usually an 
infrared super luminescent diode, is sent in part 
to a reference arm and in part to a sample arm. A 
mirror is placed at the end of the reference arm 
that refl ects the beam back toward a fourth arm 
(detection arm) on which is placed a photodetec-
tor. Instead, the radiation sent to the arm of the 

  Fig. 6.3     On the left,  an image system of a section of the cornea with the shooting plane parallel to the plane of illumina-
tion.  On the right , an image system of a section of the cornea in Scheimpfl ug confi guration       

  Fig. 6.4    Image of the corneal section of a cornea affected by pellucid obtained by Scheimpfl ug technology       
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sample is backscattered by the ocular tissues and 
also toward the detection arm, where it interferes 
with the return beam from the reference arm. If 
the reference mirror is moved, thereby altering 
the length of the reference arm, the interference 
due to the ocular structures encountered by the 
incident beam of the sample arm can be sampled 
at various depths. In practice, the photodiode 
reveals a peak signal at each backscattering ele-
ment encountered by the beam incident on the 
sample at a position corresponding to that of the 
movable mirror of the reference arm. 

 This type of embodiment is that of the  Time 
Domain OCT   (TD-OCT) and is shown in 
Fig.  6.5a . It was the fi rst to be applied in the fi eld 
of ophthalmology for the measurement of dis-
tances, in particular the axial length of the eye 
and interdistances between the various ocular 
structures ( thickness   of the cornea, the anterior 
chamber height, thickness of the crystalline lens, 
etc.). Having this technique the need to move the 
reference mirror for obtaining a response from 
the structures at various depths, it presents the 
speed limit when it is necessary to make a scan of 
several contiguous axes (A-scan) to create an 
image of an ocular section (B-scan): eye move-
ments during a slow scan lead to an unwanted 
and uncorrectable distortion of the scanned 
image.

   A more complex implementation is that which 
goes under the name of Fourier Domain OCT 
(FD-OCT) [ 18 ], which eliminates the need of 
 scanning   the reference mirror to have a measure-
ment at various depths. This allows for the pos-
sibility of acquiring slice images relatively 
quickly, thereby reducing artifacts due to eye 
movements. The  Fourier Domain OCT  , in addi-
tion to decreasing the time of acquisition, also 
presents advantages in terms of signal-to-noise 
ratio compared to the Time Domain. The basic 
idea is to measure the spectral interference 
between the radiation  returning   from the refer-
ence arm and the sample arm in a certain range of 
wavelengths emitted by the source. This means 
that each wavelength obtains an interference 
value of the return radiation by the two arms 
(sample and reference arms) in a single A-scan. 
The set of these values at various wavelengths is 

processed with more or less complicated algo-
rithms, but basically containing a Fourier trans-
formation, to obtain the profi le of the refl ectivity 
of the sample acquired along an axis. 

 The Fourier Domain OCT devices are in turn 
classifi able into the following two classes 
depending on how they get the interference at 
various wavelengths: Spectral Domain OCT 
(SD- OCT   in Fig.  6.5b ) and Swept Source OCT 
(SS- OCT   in Fig.  6.5c ). 

 The fi rst class of instruments uses a source 
that emits a certain range of wavelengths all at 
the same time. The detection arm contains a spec-
trometer or a device suitable to decompose the 
returned signal from the sample and reference 
arms in their components at various wavelengths. 
In only one stroke the sensor of the spectrometer 
collects the spectrum necessary, after a sequence 
of processing, to determine the profi le of refl ec-
tivity along an axis of the sample. An example of 
what is achieved with this technology is shown in 
Fig.  6.6 .

   The second class of devices uses instead a 
light source that is a tunable laser, i.e., laser 
whose wavelength can be changed very quickly 
[ 19 ]. This laser is  driven   so as to emit in sequence 
the various wavelengths and is synchronized with 
a photodiode, which replaces the spectrometer on 
the detection arm. A processor, which knows the 
 wavelength   emitted by the source associates the 
value measured by the photodiode, and recon-
structs in a certain time interval the interference 
spectrum between the beams coming back from 
the reference arm and the sample arm.  

6.10     Brief Introduction 
to Automated Systems 
for Keratoconus Screening 

6.10.1     Objective Parameters 
for Quantifying the  Ectasia   

 The fi rst step toward the creation of systems for 
the recognition of keratoconus has been dictated 
by the need to objectify and quantify the morpho-
logical distortions caused by the onset of ectasia. 
Quantitative indicators may in fact exceed the 
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limits of a purely subjective and qualitative inter-
pretation of the  topographical framework   of a 
cornea. The calculation of  indices   also makes 
possible the temporal interpretation of a case 
through the comparison of these parameters in 
the follow-up of the patient: it is in fact possible 
to monitor over time even very slight variations, 

so as to keep under observation in a detailed 
manner the evolution of the pathology. 

 Since the dawn of modern corneal topogra-
phy, different authors have proposed different 
quantitative methods to represent the videokera-
toscopic characteristics of keratoconus. The 
changes induced by the onset of a cone can be 

  Fig. 6.5    ( a ) Time domain 
OCT, ( b ) spectral domain 
OCT, ( c ) swept source OCT       
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observed considering wide range of parameters 
derived from multiple morphological and refrac-
tive aspects. 

 Since the analysis of the  anterior surface   of 
the cornea is prior to that of the entire anterior 
segment, and given that the fi rst topographers 
provided only sagittal data, the fi rst screening 
systems for keratoconus and the fi rst  indices   are 
based on the analysis of sagittal curvatures of the 
cornea front: quantitative descriptors derived 
mainly from sagittal data, such as the KISA% 
index proposed by Rabinowitz et al. [ 20 – 22 ], the 
 Cone Location and Magnitude Index (CLMI)   
proposed by Mahmoud et al. [ 23 ], and the 
 Keratoconus Prediction Index (KPI)   and 
Keratoconus Index proposed by Maeda et al. [ 24 , 
 25 ], have been and are being widely used for 
keratoconus detection. 

 Given the desirable characteristics of the tan-
gential curvature in the representation of the 
shape of keratoconus some authors have aban-
doned the  sagittal   representation in favor of the 
more sensitive tangential representation. Calossi 
[ 26 ] developed some  indices   derived from the 
tangential curvature to determine the likelihood 
of compatibility with a topographic pattern of 
keratoconus, considering the symmetry and the 
change of curvature in the ectatic area. 

 Other indices based on decomposition into 
Zernike polynomials of the  anterior surface   of the 
cornea have been proposed by Schwiegerling and 
Greivenkamp [ 27 ] (Z3 index) and Langenbucher 

et al. [ 28 ], essentially the maps of elevation of a 
group of healthy patients and a group of patients 
with the cornea affected by keratoconus have 
been decomposed into a set of  Zernike polynomi-
als   and the coeffi cients resulting from the fi tting 
were compared. The statistical comparison 
showed that the coeffi cients that mainly discrimi-
nate healthy eyes from keratoconus are those of 
the third order,  c3

1±

   and  c3
3±

  . 
 Posterior corneal  curvature   and pachymetry 

data provided by Scheimpfl ug imaging have been 
investigated by Ambrósio et al. [ 29 ], who showed 
that corneal-thickness spatial profi le, corneal- 
volume distribution, percentage increase in thick-
ness, and percentage increase in volume were 
different in keratoconus and normal eyes. 
Measurements obtained from the posterior cor-
neal curvature using a Scheimpfl ug camera have 
been  evaluated   in several other papers [ 30 ,  31 ].   

6.11      Modern Hybrid Systems   
Based  Assisted Learning   

 The recognition of keratoconus by its morpho-
logical features is a daunting and challenging 
task and, given that there is no gold standard for 
the certainty of keratoconus and that there is no 
agreement on what the signs of topographic lows 
are, the interpretation of topographical frame-
works is often subjective. In addition, if on the 
one hand modifi cations induced by the onset of a 

  Fig. 6.6    Image of the corneal section of a healthy cornea obtained by technology ASOCT in confi guration spectral 
domain       
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cone are such and so many that they can be 
observed considering a number of parameters 
resulting from multiple aspects both morphologi-
cal and refractive, on the other, keratoconus 
shows itself in forms so different and heteroge-
neous that only one class of indices is not often 
enough to ensure its correct diagnosis and 
description. The combination of such parameters 
and the weight to be assigned to each of them is 
often so complicated that many authors, in order 
to take into account all the heterogeneous vari-
ables related to the presence of a  corneal ectasia  , 
thought of making use of assisted learning tech-
niques and actually abstracting the problem of 
classifi cation [ 24 ,  25 ,  28 ,  32 ,  33 ]. 

 Assisted learning itself is a multidisciplinary 
fi eld: it bases its roots on the results of studies in 
fi elds such as artifi cial intelligence, probability 
and statistics, computational complexity theory, 
information theory, and neurobiology. The main 
objective of a system based on assisted learning 
is actually to learn to automatically recognize 
complex patterns and make intelligent decisions 
based on data provided in a fi rst stage (training) 
producing useful behavior (or in our case a cor-
rect classifi cation) for new cases. Nowadays, we 
are not yet capable of reproducing automatic 
learning systems similar to that of humans. 
However, effective algorithms were invented for 
certain types of learning tasks. 

 In the fi eld of classifi cation patterns of corneal 
topography and recognition of frameworks of ker-
atoconus, three types of systems have been mainly 
used: decision trees, artifi cial neural networks, and 
support vector machines [ 34 ,  35 ]. The fi rst method 
is a method of learning in which the element that 
learns is representable by a set of rules if-else. An 
artifi cial neural network is instead an adaptive sys-
tem that changes its structure based on external or 
internal information that fl ows through the net-
work during the learning phase. In practical terms 
neural networks are nonlinear structures of statisti-
cal data organized as modeling tools. They can be 
used to simulate complex relationships between 
inputs and outputs that other analytic functions fail 
to represent. The SVM (Support Vector Machine)    
fi nally are a set of supervised learning methods 
used for classifi cation. Given a set of  training   

examples, each marked as  belonging   to two pos-
sible categories, a training SVM algorithm builds 
a model that can predict which category must be 
from a new sample input. 

 What is usually done is to collect a large series 
and classify them according to clinical experi-
ence in at least two classes (the sick and the 
healthy). Cutting across this division we shall 
proceed to divide the set into two groups the fi rst 
of which will be used to train the expert system 
and the second to assess the performance of the 
classifi er: the choice of cases to be used in the 
training set and the control set must be random, 
but the number and the ratio of cases to be used is 
a key parameter for the success of the training. 
The choice of parameters which will serve as 
input to the system is an essential step and 
requires experience and sensitivity. 

 The only drawback to this approach is that of 
a priori classifi cation frameworks: as there is no 
fi xed rule for the certainty of keratoconus and 
being the interpretation of the clinical frame-
works still too arbitrary such arbitrariness is 
refl ected in what the expert  system   learns, in a 
much stronger way when the  diagnosis   of kerato-
conus is precocious. In fact, the more prema-
turely topographers are able to read signs of 
ectasia the less agreement there will be on the 
interpretation of signs and classifi cation.     
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7.1           Introduction 

 The last decade has seen a dramatic change in 
the diagnosis and early identifi cation of kerato-
conus and other ectatic  disorders  . As in other 
areas in ophthalmology, imaging techniques 
have played a large part in this change. This new 
information offered by  anterior segment   tomog-
raphy not only allows for earlier identifi cation of 
disease, but has altered our perception of what 
constitutes keratoconus. Tomographic imaging 
( Scheimpfl ug  , ocular coherence tomography 
( OCT     ), scanning slit) offers signifi cant advan-
tages over traditional Placido-based curvature 
analysis (topography).  Elevation-based imaging   
has advantages in that it allows for the measure-
ment of both the anterior and posterior corneal 

surfaces. The accurate measurement of both the 
anterior and posterior corneal surfaces and the 
anterior lens allows for the creation of a three-
dimensional reconstruction of the anterior seg-
ment which affords vastly more diagnostic 
information than was previously available [ 1 – 5 ]. 
 Posterior measurements   are often the fi rst indi-
cators of future ectatic disease, in spite of com-
pletely normal anterior curvature. Examination 
of the posterior corneal surface can often reveal 
pathology that would otherwise be missed if one 
was relying on anterior analysis alone [ 2 ,  4 – 7 ] 
(Fig.  7.1 ).

   Although there is little disagreement in diag-
nosing clinically evident keratoconus, agree-
ment on what constitutes ‘form fruste’ or 
 subclinical   keratoconus remains elusive. The 
ability of elevation- based topography to ana-
lyze both anterior and posterior corneal sur-
faces adds signifi cantly to our ability to identify 
eyes believed to be ‘at risk.’ As more knowl-
edge is gained, it is appreciated that a full 
understanding of the workings of the human 
eye requires knowledge obtained from more 
than just one surface. While other  tomographic 
devices   are available (OCT, scanning slit), the 
balance of this chapter will deal with 
 Scheimpfl ug   imaging (OCULUS GmbH 
Pentacam, Wetzlar, Germany) as this is the 
device most familiar to and used by the authors. 
For the most part, the general concepts pre-
sented here are applicable to other  anterior seg-
ment   tomographic instruments.  
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7.2     Background 

 True tomographic imaging requires the genera-
tion of an  X ,  Y,  and  Z  coordinate system and the 
measurement of true shape. The fi rst commer-
cially available elevation-based system was the 
 PAR Corneal Topography System (PAR CTS)   
(PAR Technology, New Hartford, NY). The  PAR 
CTS   used a stereo-triangulation technique (ras-
terphotogrammetry) to make direct measure-
ments on the anterior corneal surface. The PAR 
CTS used a grid pattern composed of horizontal 
and vertical lines projected onto the anterior sur-
face at an angle (Fig.  7.2 ). In order to visualize 
the grid, the PAR system required a small amount 
of fl uorescein in the tear fi lm. From the known 
geometry of the grid and the change when pro-
jected onto the corneal surface the system was 
able to compute the  X ,  Y,  and  Z  coordinate in 
space. Because the system required a stained tear 
fi lm to visualize the grid it was limited to measur-
ing only the anterior corneal surface [ 8 ]. While, 

the PAR is no longer commercially available, it 
was the fi rst system to utilize elevation data in a 
clinically useful form and had documented accu-
racy superior to the available Placido-based sys-
tems at that time [ 9 ].

   The fi rst elevation system with the capability 
to measure both  anterior and posterior corneal 
surfaces   utilized a scanning-slit technique of 
optical cross sectioning (Orbscan (formerly 
Orbtek) Bausch & Lomb, Rochester, NY). The 
ability to measure both corneal surfaces in space 
allowed for the generation of a corneal thickness 
map as corneal thickness is simply the spatial dif-
ference between the corresponding anterior and 
posterior corneal positions. A full corneal thick-
ness map offers signifi cant advantages over sin-
gle point pachymetry (discussed in the following 
chapter). Numerous articles have demonstrated 
the limitations of the Orbscan, particularly 
in locating the  posterior corneal surface   after 
refractive surgery and subsequently underesti-
mating the corneal thickness [ 10 – 13 ]. Currently, 
there are a number of different devices and differ-

  Fig. 7.1    Subclinical Keratoconus. Four map composite 
display (anterior sagittal curvature ( upper left ), anterior 
elevation ( upper right ), corneal thickness ( lower left ), 
posterior elevation ( lower right )). While the anterior sur-

face is normal, the posterior surface shows a prominent 
ectatic region and the corneal thickness map shows a cor-
responding displacement of the thinnest point (OCULUS 
Pentacam)       
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ent technologies that produced  tomographic data. 
Although some differences exist between sys-
tems, they all display elevation data in a similar 
fashion that was fi rst introduced with the PAR 
CTS in 1990 [ 8 ].  

7.3     How Elevation Is Displayed 

 While we refer to standard anterior and posterior 
corneal tomographic maps as elevation maps, 
that is somewhat of a misnomer. Rarely does the 
clinician view elevation data in its raw form and 
most systems do not offer the actual raw eleva-
tion data. The reason is that the raw elevation 
data from normal eyes and markedly ectatic cor-
neas look remarkably similar (Fig.  7.3 ). In order 
to make the maps clinically useful and to allow 
for a rapid visual inspection, the raw data is com-
pared to some reference surface. The purpose of 
the reference surface is to magnify or amplify the 
surface differences that would otherwise not be 
appreciated to the naked eye. The so-called  ele-
vation maps depict   how the corneal surface dif-
fers from a defi ned reference shape. While the 
appearance of the map will vary greatly depend-
ing on the reference surface used, all maps are 
generated using the raw elevation data. The refer-
ence surface will affect the appearance, but not 
the accuracy of the actual data [ 14 ].

   The choice of the reference surface will often 
depend on the clinical situation, the population 

being evaluated, and the specifi c pathology you 
are screening for. For most  applications   the best fi t 
sphere ( BFS  ) is the most qualitatively intuitive 
(easiest to read and understand) surface and the 
most commonly used. A  BFS   allows for the visu-
alization of astigmatism as the fl at meridian rises 
above the  BFS  , while the steep meridian drops 
below the  BFS  . The normal astigmatic pattern 
generated against a  BFS   is easily recognizable 
(Fig.  7.4 ). As opposed to a  BFS  , a best fi t toric 
ellipsoid ( BFTE  )       will better fi t or mask an astig-
matic cornea. When screening for ectatic disease 
one is trying to identify an abnormal conical pro-
trusion. A focalized protrusion will appear as an 
elevated area against the  BFS   (Fig.  7.5 ). Since the 
cornea is normally aspherical, steeper in the center 
and fl atter toward the periphery, normal corneas 
will display a central positive elevation. The goal 
of screening is to allow for a rapid visual inspec-
tion to separate normal from abnormal. This task is 
made more diffi cult by the fact that the normal 
cornea is aspherical and displays, to a smaller 
degree, a positive elevation (“positive island of 
elevation”), similar to what is seen with ectatic 
disease. The  BFS   and the resultant elevation map 
will vary depending on how much of the cornea is 
utilized to construct the reference surface. If the 
entire cornea is used to construct the  BFS   then the 
normal asphericity of the cornea will be clearly 
demonstrated. As the area (optical zone) utilized to 
compute the  BFS   is decreased the  BFS   steepens as 
less of the fl atter periphery is incorporated into the 

  Fig. 7.2    Projected grid pattern onto the anterior 
corneal surface. The distortion of the grid pattern 
was analyzed to produce a front elevation map 
(PAR CTS, PAR Technology, New Hartford, NY)       
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 BFS  . If only the central 3.0 mm of the cornea were 
to be utilized, the resultant  BFS   would be substan-
tially steeper. It has been shown that taking the 
 BFS   from the central 8.0 mm optical zone steep-
ens the  BFS   enough to effectively mask the nor-

mal asphericity (Fig.  7.6 ). Masking the normal 
asphericity makes screening for ectatic disease 
easier and allows for a rapid visual inspection 
looking for positive Island of elevation against the 
8.0 mm derived  BFS  .

  Fig. 7.3    Raw elevation maps of a normal eye ( left ), mild 
to moderate keratoconus ( center ), and advanced keratoco-
nus ( right ). The maps appear remarkably similar and lack 

enough surface differences to allow a visual distinction 
between normal and ectatic corneas (PAR CTS)       

  Fig. 7.4    Schematic 
representation ( above ) of the 
fl at meridian rising above the 
best fi t sphere ( BFS  ) and the 
steep meridian falling below. 
This produces the typical 
astigmatic pattern when the 
reference surface is a  BFS   
( below ) (OCULUS Pentacam)       
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     While a  BFS    derived   from the central 8.0 mm 
zone allows for a rapid visual inspection, it 
should be understood that while the reference 
surface does not affect “accuracy,” it does affect 
quantitative data and published normal values 
are all reference surface specifi c [ 15 ,  16 ]. 
Normal elevation values will not only vary 
based on which reference surface is utilized, but 
will vary based on where or what part of the cor-

nea the values are measured from. Elevation 
normal values have been reported at the apex, 
maximal value within the central 4.0 mm zone, 
and at the thinnest point [ 15 – 17 ]. The thinnest 
point has some advantages as in the  keratoconic 
cornea  , the thinnest point usually corresponds to 
the center of the cone and this is where we nor-
mally quote our recommended normal values. 
Additionally, there is some geographic and/or 

  Fig. 7.5    Posterior elevation map against a  BFS   showing a prominent posterior ectasia. The positive “island of eleva-
tion” is supposed over an astigmatic pattern. This is typical for a keratoconic cornea (OCULUS Pentacam)       

  Fig. 7.6    A series of front elevation maps where the  BFS   
is computed from increasing optical zones (4, 6, 8, 10, and 
12 mm). As the area used to compute the  BFS   is increased 

the reference surface becomes fl atter and the normal cor-
neal asphericity is revealed (OCULUS Pentacam)       
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ethnic variation in normal values [ 16 ] as well as 
differences between myopic and hyperopic indi-
viduals (Table  7.1 ) [ 15 ].

7.4        Enhanced  Reference Surface   

 While the  BFS   is the most intuitive reference 
surface any of the standard reference surfaces 
(e.g.,  BFS  ,  BFTE  . Best Fit Ellipse ( BFE  )) suffer 
from being infl uenced by the pathologic portion 
of an abnormal cornea. In ectatic disease, the 
incorporation of the ectatic region into the refer-
ence surface computation causes the reference 
surface to steepen and results in the less height 
difference between the ectatic region and the 

reference surface. The ectatic region could be 
highlighted (i.e., greater elevation difference) if 
the reference surface more closely refl ected the 
more normal peripheral cornea and was not 
infl uenced by the ectatic region. This is the con-
cept of the “enhanced reference surface.” The 
enhanced reference surface (ERS) is generated 
by incorporating the same 8.0 mm diameter uti-
lized in the standard  BFS   but excludes a small 
zone surrounding the thinnest portion of the cor-
nea (Fig.  7.7 ). This exclusion zone varies 
between 3.0 and 4.0 mm and is based on a pro-
prietary program utilized in the Belin/Ambrosio 
Enhanced Ectasia Display. Excluding a small 
zone surrounding the thinnest point in the kera-
toconic cornea fl attens the overall reference. 

    Table 7.1    Normal values for myopic and hyperopic eyes based on a best fi t sphere from 8.0 mm optical zone   

 Location  Avg elevation  Range  +1 SD  +2 SD  +3 SD 

 Anterior apex—myope  1.6 ± 1.3  −5 to +4  2.9  4.2  5.5 

 Anterior apex—hyperope  0.4 ± 1.9  −3 to +13  2.3  4.2  6.2 

 Anterior thinnest—myope  1.7 ± 2.0  −5 to +6  3.7  5.7  7.7 

 Anterior thinnest—hyperope  −0.1 ± 2.2  −6 to +4  2.1  4.3  6.5 

 Posterior apex—myope  0.8 ± 3.0  −6 to +6  3.8  6.8  9.8 

 Posterior apex—hyperope  5.7 ± 3.6  −1 to +14  9.3  12.9  16.3 

 Posterior thinnest—myope  3.6 ± 4.7  −6 to +18  8.3  13.0  17.7 

 Posterior thinnest—hyperope  10.6 ± 5.7  −2 to +30  16.3  22.1  27.8 

  Fig. 7.7    Anterior elevation map. The 
exclusion zone (highlighted in  red ) is a 
3.0 mm zone surrounding the thinnest point 
on the cornea. The “enhanced” reference 
surface is computed from the central 8.0 mm 
optical zone minus the area within the 
exclusion zone (OCULUS Pentacam)       
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The degree of fl attening of the ERS compared to 
the standard  BFS   will vary greatly based on the 
presence or absence of a signifi cant cone. 
Normal eyes undergo very little change from 
 BFS   to ERS resulting in little if any elevation 
change, but in ectatic eyes eliminating the zone 
surrounding the ectatic region (thinnest portion 
of the cornea) fl attens the reference surface and 
allows the ectatic region to be more prominent 
(greater height off the reference surface) and so 
easier to differentiate by visual inspection 
(Fig.  7.8 ). The change in elevation going from a 
standard  BFS   to the ERS has also been shown to 
have discriminatory ability, as eyes with ectatic 
change have a statistically greater change in 
elevation ( p , 0.001) compared to normal eyes 
(Table  7.2 ).

     Screening for  ectatic disease   by tomography 
derived elevation data can be accomplished in 
a multitude of ways. The simplest is by com-
parison to established normal values 
(Table  7.1 ). As noted earlier, normal values are 

reference surface specifi c and screening by 
normal values is typically more time consum-
ing than visual inspection. If one standardizes 
both the reference surfaces, the elevation scale 
and the colors scales then the user can become 
acclimated to the normal and abnormal appear-
ance and in as such should be able to make a 
more rapid visual inspection (Fig.  7.9 ). For 
elevation data on the OCULUS Pentacam, the 
authors recommend a  BFS   from the 8.0 mm 
optical zone, an elevation scale of ±75 μm, and 
the “Intuitive” color bars.

   An ectasia screening display (Belin/
Ambrosio Enhanced Ectasia Display ( BAD  )) is 
currently offered on the  OCULUS Pentacam  . 
The  BAD   display is a comprehensive screening 
program that combines both elevation and 
pachymetric parameters into a regression analy-
sis and then compares the data to a large norma-
tive database. In addition to showing the anterior 
and posterior elevation maps with the standard 
 BFS   and ERS, the  BAD   also reports the front 

  Fig. 7.8    Posterior elevation map with a standard  BFS   
( left ) and ERS ( right ). The full 8.0 mm optical zone is 
marked on both maps ( solid large circle ) as is the pupil 
( smaller dotted line ). The  right map  also shows a 4.0 mm 

circle which represents the exclusion zone. The ERS is 
fl atter than the standard  BFS   which results in greater ele-
vation for the ectatic region and one that is much easier to 
visualize (OCULUS Pentacam)       

    Table 7.2    Change in elevation using enhanced reference surface compared to standard best fi t sphere   

 Anterior apex change  Anterior max change  Posterior apex change  Posterior max chance 

 Normal eyes  1.63 ± 1.4 μm  1.86 ± 1.9 μm  2.27 ± 1.1 μm  2.86 ± 1.9 μm 

 Keratoconic eyes  20.4 ± 23.1 μm  20.9 ± 21.9 μm  39.9 ± 38.1 μm  45.7 ± 35.9 μm 
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and back elevation at the thinnest point, and dis-
plays the difference between the  BFS   and the 
ERS which has high predictive value (Table  7.2 ). 
While it reports a large number of parameters in 
standard deviation form, it is only the fi nal over-
all analysis (fi nal “D”) that has predictive value. 
The  BAD   display standardizes both the eleva-
tion scales and  colors   and allows for a quick 
visual recognition of  normal eyes (Fig.  7.10 ), 
 subclinical   keratoconus (Fig.  7.11 ), and 
advanced ectatic disease (Fig.  7.12 ).

     Modern comprehensive preoperative refrac-
tive screening mandates evaluation of both the 
anterior and posterior corneal surfaces. The 

added information offered by tomography 
improves our ability to identify ectatic disease at 
a much earlier stage than was previously possi-
ble. The  additional   information should result in 
greater patient safety and satisfaction. 

 (Drs. Belin and Ambrosio are consultants to 
OCULUS GmbH, Wetzlar, Germany).     

  Compliance with Ethical Requirements   Michael 
W. Belin and Renato Ambrósio Jr. declare that they have 
no confl ict of interest. All procedures followed were in 
accordance with the ethical standards of the responsible 
committee on human experimentation (institutional and 
national) and with the Helsinki Declaration of 1975, as 
revised in 2000. Informed consent was obtained from all 

  Fig. 7.9    Anterior elevation maps of the same cornea 
using different scales and different color bars (±75 μm, 
intuitive color ( upper left ), ±300 μm, intuitive color 
( upper right ), ±75 μm, “American” color (comparable to 

Orbscan default) ( lower left ), ±300 μm, “American” color 
( lower right )). While all the elevation values are identical, 
the appearance of the maps varies greatly       
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  Fig. 7.10     BAD   display of a normal cornea. The anterior and posterior elevation maps show a normal pattern and there 
is no signifi cant difference between the elevation maps with the standard  BFS   and the ERS (OCULUS Pentacam)       

  Fig. 7.11     BAD   display depicting subclinical keratoco-
nus. While the anterior surface appears normal the poste-
rior surface shows a positive island of elevation on the 

standard  BFS   which is more prominent against the 
ERS. The  back difference map  shows a signifi cant change 
going from the  BFS   to the ERS (OCULUS Pentacam)       
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patients for being included in the study. No animal stud-
ies were carried out by the authors for this article.  
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8.1           Introduction 

  Corneal thickness   is an important indicator of 
corneal health status, which is relevant in differ-
ent clinical situations, such as evaluating and 
treating corneal ectatic diseases ( ECD)  , keratore-
fractive surgeries, and corneal endothelium dehy-
drating function [ 1 – 7 ]. The need for accurate 
evaluation of corneal thickness was determined 
by the advent of keratorefractive surgery, leading 
to the development of new technologies [ 8 ]. 

 The measurement of corneal thickness began 
with the development of the optical pachymeter 
by David Maurice, Ph.D., (1922–2002) in the 
early 1950s [ 9 ]. Ultrasound measurements were 
demonstrated to have higher repeatability than 

optical pachymetry, but still provided data from 
a single point [ 10 ]. Mandell and Polse proposed 
the study of the horizontal corneal thickness pro-
fi le using a modifi ed optical pachymeter and 
demonstrated the variation in thickness over the 
horizontal meridian as a powerful diagnostic 
feature of keratoconus [ 11 ]. However, it was 
only with the development of corneal tomogra-
phy (CTm) that the evaluation of the thickness 
profi le was possible from pachymetric mapping 
the whole cornea [ 12 – 14 ].  Tomography  (from 
the Greek words  tomos  meaning slice and 
 graphia  meaning describing) is a better term for 
the evaluation of the three-dimensional recon-
struction of the whole cornea that enables char-
acterization of the front and back corneal 
surfaces along with thickness mapping. Different 
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technologies, such as horizontal slit scanning, 
rotational Scheimpfl ug, very high frequency 
ultrasound, and optical coherence tomography 
(OCT), are available in different commercial 
tools [ 12 ,  14 ].  

8.2      Tomographic Corneal 
Thickness Assessment   

 There is a large variation in corneal thickness in 
the normal population [ 1 ,  15 ,  16 ]. For example, 
in a study using ultrasound pachymetry involving 
1374 normal eyes from candidates for LASIK or 
PRK, mean central corneal thickness (US-CCT) 
was 556 μm with a standard deviation of 34 μm, 
ranging from 454 to 669 μm [ 1 ].  Ultrasonic cen-
tral corneal thickness (US-CCT)   measurements 
usually refer to the measurements at the corneal 
geometric center or at the apex, which is not the 
corneal thinnest point [ 17 ,  18 ]. In 12 % of normal 
patients, the difference from the thinnest point 
and the geometric central point is over 10 μm. 
Interestingly, there is also a signifi cant correla-
tion between the distance from these points (cen-
tral and thinnest) and their difference. Also, the 
distance between the thinnest point and the geo-
metric central point is signifi cantly higher in 
keratoconus (1.51 ± 0.54 mm) when compared to 
normal corneas (0.79 ± 0.23 mm) ( p  < 0.05) [ 17 ]. 
Thereby, the need for a reliable pachymetric map 
for determining the localization and value of the 
cornea’s thinnest point is well supported for 
proper calculations of the “Mathematics of 
LASIK” and other conditions. 

 The importance and  advantages   of  CTm   for 
the evaluation of corneal thickness are not lim-
ited to the evaluation of the “true” thinnest point 
(location and value). This tool enables the char-
acterization of the corneal thickness profi le. 
Considering the absolute central (or thinnest) 
value varies signifi cantly among a normal popu-
lation, the relationship of central and peripheral 
corneal thickness is an important indicator if the 
cornea has developed thinning, such as in kerato-
conus and pellucid marginal corneal degenera-
tion, or thickening process, such as in cases with 
Fuchs’ endothelial dystrophy [ 7 ,  17 ,  19 ].  

8.3     The Corneal Thickness 
Spatial Profi le (CSTP)       
and the Percentage 
Thickness Increase (PTI)       
Graphs 

 The CTSP graph displays the sequence of pachy-
metric values, starting on the TP, followed by the 
averages of thickness values of the points within 
imaginary circles centered on the TP. The origi-
nal analysis was performed considering 22 cir-
cles with increased diameters at 0.4 mm steps 
(Fig.  8.1 ) [ 17 ]. In this study involving 46 eyes 
with mild to moderate keratoconus and 364 
 normal eyes, signifi cant differences were found 
for all positions of the CTSP from normal eyes 
and keratoconus ( p  < 0.01), in which keratoconus 
had much lower (thinner) values. It was estimated 
that keratoconic corneas were, in average, 
27.3 μm thinner than normals [ 17 ].

   The percentage of thickness increase (PTI)    
from the TP is calculated using a simple formula: 
(CT@ x  − TP)/TP, where  x  represents the diameter 
of the imaginary circle centered on the TP with 
increased diameters as provided by the CTSP. In 
the original study, signifi cant differences were 
also found for all positions of the PTI from nor-
mal eyes and keratoconus ( p  < 0.0001), in which 
keratoconus had much higher increase [ 17 ]. The 
 CTSP   and PTI graphs display the examined eye 
data in red and three broken lines, which repre-
sent the upper and lower double standard devia-
tion (95 %—confi dence interval) and the average 
values from a normal population (Fig.  8.2 ).

   Considering the presented concepts on corneal 
thickness distribution, the CTSP and PTI graphs 
provide clinical information to distinguish between 
a normal thin cornea and ectasia (Fig.  8.3 ). In 
addition, the thickness profi le also allows the 
detection of early corneal edema. In this situation, 
the pachymetric progression from the center 
toward the periphery is attenuated (Fig.  8.4 ). 
However, some very compact corneas (not neces-
sarily thick) may also have a rectifi cation of the 
CTSP and PTI lines [ 7 ,  20 ]. In such cases, it is also 
very important to evaluate the Scheimpfl ug 
images, searching for signs of edema (higher 
refl ectivity) or the “Camel sing”—a second hump 
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on the densitometry “green” graph, at the level of 
the Descemet’s membrane. This fi nding on the 
Scheimpfl ug image correlates with the presence of 
corneal guttata (Figs.  8.5  and  8.6 ) [ 7 ].

      The arithmetic average of the pachymetric val-
ues on each meridian enables the detection of the 
ones with maximal (fastest) progression and min-
imal (slowest) progression. The hemi- meridians 

  Fig. 8.1     Pachymetric spatial 
profi le analyses   the averages 
of thickness values of the 
points within imaginary circles 
centered on the TP. The 
original analysis was 
performed considering 22 
circles with increased 
diameters (0.4 mm-steps)       

  Fig. 8.2    The  CTSP   and  PTI   graphs display the examined eye 
data in  red  and  three broken lines , which represent the upper 

and lower double standard deviation (95 %—confi dence 
interval) and the average values from a normal population       
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are displayed on the thickness map. In a normal 
cornea, the thickest hemi-meridian is nasal and 
the thinnest is temporal and inferior. The arithme-
tic average of thickness on the 1, 2, 3, 4, and 5 mm 
diameter rings is represented as the average 
pachymetric progression index (PPI Ave). The 
maximum  pachymetric progression index (PPI 
Max)      considers the meridian with maximal 
pachymetric increase. Previous reports described 
that these metrics had a statistical signifi cant dif-
ference among normal when compared to kerato-
conus, also demonstrating its usefulness in the 
diagnosis of ectasia [ 17 ].  

8.4     The  Ambrósio Relational 
Thickness Variables   

 Our study group described the concept of rela-
tional thickness, which considers the single-point 
metrics  central corneal thickness (CCT)   and TP 
with the PPI [ 13 ,  14 ,  18 ]. The combinations of 
pachymetric metrics TP and PPI were used in a 
simple ratio formula to provide a single metric 
that better describes corneal thickness. The ART 
(“Ambrósio Relational Thickness”) can be calcu-
lated for the minimal (ART-Min), average (ART 
Ave), and maximal (ART Max) progression 

  Fig. 8.3    The CTSP and PTI graphs allow the clinician to distinguish a normal thin cornea from ectasia       

  Fig. 8.4    The CTSP and PTI graphs allow the detection of early corneal edema, displaying an attenuation of the pachy-
metric progression from the center toward the periphery       

 

 

R. Ambrósio Jr. et al.



81

indices. These parameters are obtained by divid-
ing the thinnest pachymetric value by the respec-
tive pachymetric progression index [ 18 ].  

8.5      Single-Point Pachymetry vs. 
Tomography-Derived 
Pachymetric Variables      
for Diagnosing Keratoconus 

 We published a study that enrolled 46 eyes diag-
nosed as mild to moderate keratoconus and 364 
normal patients, which were evaluated by the 
Pentacam Comprehensive Eye Scanner (OCULUS, 
Wetzlar, Germany) [ 17 ]. Annular pachymetric dis-
tribution (CTSP and PTI) has been used success-

fully and validated statistically for the diagnosis of 
keratoconus, with higher accuracy than single-
point CCT and TP. Signifi cant differences were 
found for all positions of the CTSP from normal 
eyes and keratoconus ( p  < 0.01), in which keratoco-
nus had much lower (thinner) values. It was esti-
mated that keratoconic corneas were, in average, 
27.3 μm thinner than normal corneas. There were 
also signifi cant differences for all positions of the 
PTI from normal eyes and keratoconus ( p  < 0.0001), 
in which keratoconus had much higher increase. It 
was noticeable that normal corneas have a more 
homogeneous increase than in keratoconus [ 17 ]. 

 Another study enrolled 113 individual eyes 
randomly selected from 113 normal patients and 
44 eyes of 44 patients with keratoconus [ 18 ]. 

  Fig. 8.5    ( a ) Scheimpfl ug image showing “Camel Sign,” 
which consists of a second hump on the densitometry 
“ green ” graph, at the level of the Descemet’s Membrane. 

( b ) The presence of the “Camel Sign” on the Scheimpfl ug 
image correlates with the presence of corneal guttata       

  Fig. 8.6    Composite of a normal cornea, including front 
curvature map (axial or sagittal; Smolek-Klyce 1.5 abso-
lute scale) and Belin Ambrósio Enhanced Ectasia Display. 

BAD D < 1.45 and ART Max > 412 are the most relevant 
fi ndings.  ART  Ambrósio’s relational thickness       
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The  Pentacam Scanner   was used to obtain CCT, 
TP, PPI Min, PPI Max, PPI Ave, ART Max, and 
ATR Ave values. Statistically signifi cant differ-
ences were noted between normal and kerato-
conic eyes for all parameters ( p  < 0.001), except 
for horizontal position of TP ( p  = 0.79). As 
shown in Table  8.1 , the best parameters were 
ART Ave and ART Max with areas under the 
ROC curves of 0.987 and 0.983, respectively. 
Pachymetric progression indices and ART 
parameters had a greater area under the curve 
than TP and CCT ( p  < 0.001) [ 18 ].

   Based on the presented data and other studies, 
 tomographic-derived pachymetric parameters         
provided a higher accuracy to differentiate nor-
mal and keratoconic corneas than single-point 
pachymetric measurements [ 17 ,  18 ,  21 ].  

8.6     Corneal Tomography 
for  Diagnosing Keratoconus 
and Ectasia Susceptibility   

 It is worth mentioning that screening ectasia risk 
should go beyond the detection of keratoconus; it 
is critical to consider studies that include mild or 
subclinical forms of ectasia [ 22 ]. Regarding this 
issue, one of the most important groups is com-
posed by the eyes with relatively normal topogra-
phy from patients with keratoconus detected in 
the fellow eye, referred as Forme Fruste 
Keratoconus (FFKC) [ 13 ,  23 ,  24 ]. 

 Tables  8.2  and  8.3  provide the cutoff values 
and ROC curves details of the most effective 
parameters from the  Pentacam   for distinguishing 
normal from ectatic corneas [ 14 ]. We included 
parameters derived from the anterior curvature of 
the cornea (K Max as the point of maximum cur-
vature), back elevation at the thinnest point using 
a best fi t sphere (PostElev Thinnest BFS), and a 
best fi t toric ellipsoid (PostElev Thinnest BFTE); 
ART Ave and Max; and  Belin Ambrósio Final 
Deviation Value (BAD D)  . The Belin-Ambrósio 
Enhance Ectasia Display (Figs.  8.6  and  8.7 ) is a 
comprehensive display that enables a global view 
of the tomographic structure of the cornea 
through combination of the enhanced elevation 
approach, described by Belin, pachymetric, and 
curvature data [ 13 ]. The BAD considers the devi-
ations of normality values for different parame-
ters, so that a value of zero represents the average 
of the normal population and one represents the 
value is one SD toward the disease (ectasia) 
value. A fi nal ‘D’ is calculated based on a regres-
sion analysis that weights differently the param-
eters [ 13 ,  25 ].

     Table  8.2  refers to a study involving one eye 
randomly selected from 331 normal patients and 
from 242 patients with bilateral clinical 
 keratoconus (Ambrósio, Ramos, Faria-Correa 
and Luz, unpublished data). Table  8.3  refers to a 
study that included 47 corneas with FFKC and 
the same normal control as in the study of 
Table  8.2  (Ambrósio, Ramos, Faria-Correa and 

   Table 8.1    Data summary from receiver operating characteristic curves of pachymetric parameters in normal and kera-
toconic  eyes     

 Parameter  Cutoff  AUC  Sensitivity  Specifi city  SE a   95 % CI b    p  value c  

 ART Ave  424  0.987  95.5  96.5  0.00639  0.954–0.998  0.0001 

 ART Max  339  0.983  100  95.6  0.00961  0.945–0.997  0.0001 

 PPI Ave  1.06  0.980  97.7  98.5  0.00831  0.944–0.995  0.0001 

 PPI Max  1.44  0.977  100  93.8  0.0114  0.939–0.994  0.0001 

 TP  504  0.955  95.5  84.1  0.0165  0.910–0.982  0.0001 

 PPI Min  0.79  0.939  93.2  85.8  0.0304  0.890–0.971  0.0001 

 CCT  529  0.909  95.5  73.0  0.0251  0.853–0.949  0.0001 

   AUC  area under the receiver operating characteristic curve,  SE  standard error,  CI  confi dence interval,  ART  Ambrósio 
relational thickness,  Ave  average,  Max  maximum,  PPI  pachymetric progression indices,  CCT  central corneal thickness, 
 TP  thinnest point 

  a DeLong et al. [ 31 ] 
  b Binomial exact 
  c Area = 0.5  
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Luz, unpublished data). It is of critical impor-
tance to adjust the cutoff values for identifying 
such mild cases of ectasia or susceptibility. For 
example, the BAD-D has a threshold of 2.11 for 
detecting keratoconus (99.59 % sensitivity and 
100 % specifi city, Table  8.2 ), but the best cutoff 
value for detecting FFKC is 1.22, with 93.62 % 

sensitivity and 94.56 % specifi city. Although the 
adjustment of the cutoff value should be able to 
optimize the area under the ROC, minimal toler-
able loss of specifi city should be attempted. For 
example, some parameters that are very effi cient 
for detecting keratoconus, such as K Max, may 
be found not useful for FFKC identifi cation [ 14 ].  

      Table 8.2    Receiver operating characteristic results of  Pentacam parameters   (331 normal corneas randomly selected 
from 331 normal patients vs. 242 keratoconic corneas randomly selected from 242 patients with clinical bilateral 
keratoconus)   

 Cutoff  AUC  SEa 
 95 % CI of 
AUC b   Sensitivity 

 95 % CI of 
sensitivity  Specifi city 

 95 % CI of 
specifi city 

 BAD D  >2.11  1  0.0000743  0.993–1000  99.59  97.7–100.0  100  98.9–100.0 

 PostElev 
thinnest 
BFS 

 >12  0991  0.00396  0.979–0.997  96.28  93.1–98.3  98.79  96.9–99.7 

 PostElev 
thinnest 
BFTE 

 >8  0.994  0.00218  0.984–0.999  95.04  91.5–97.4  99.09  97.4–99.8 

 ART Avg  ≤474  0.999  0.000663  0.991–1.000  99.59  97.8–100.0  98.19  96.1–99.3 

 ART Max  ≤386  0. 999    0.000674  0.991–1.000  99.17  97.0–99.9  97.28  94.9–98.7 

 K Max  >47.8  0.978  0.00633  0.963–1.000  90.50  86.1–93.9  97.89  95.7–99.1 

   ART Ave  Ambrósio’s Relational Thickness to Average pachymetric progression increase,  ART Max  Ambrósio’s 
Relational Thickness to maximal pachymetric progression increase,  BAD D  Belin/Ambrósio Enhanced Ectasia 
Deviation Value,  BFS  Best Fit Sphere,  BFTE  Best Fit Toric Ellipsoid,  K Max  maximal keratometric value,  SE  Standard 
error with DeLong, was calculated with binomial method 
  a Method for calculating the standard error (DeLong 1988), listed in the MedCalc software 
  b  95 % CI  confi dence interval;  AUC  area under the receiver operating characteristic curve  

    Table 8.3    Receiver operating characteristic results of  Pentacam parameters   (331 normal corneas randomly selected 
from 331 normal patients vs. 47 cases with forme fruste keratoconus—eye with relatively normal topography from 
patient with keratoconus detected in the fellow eye)   

 Cutoff  AUC  SEa 
 95 % CI of 
AUC b   Sensitivity 

 95 % CI of 
sensitivity  Specifi city 

 95 % CI of 
specifi city 

 BAD D  >1.22  0.975  0.0121  0.954–0.989  93.62  82.5–98.7  94.56  91.5–96.7 

 PostElev 
thinnest 
BFS 

 >5  0.825  0.0348  0.783–0.862  74.47  59.7–86.1  74.92  69.9–79.5 

 PostElev 
thinnest 
BFTE 

 >1  0.849  0.0324  0.809–0.883  80.85  66.7–90.9  72.51  67.4–77.2 

 ART Avg  ≤ 521    0.956  0.0203  0.930–0.974  91.49  79.6–97.6  93.05  89.8–95.5 

 ART Max  ≤416  0.959  0.0153  0.934–0.977  85.11  71.7–93.8  93.05  89.8–95.5 

  K  Max  >45  0.635  0.0431  0.584–0.683  53.19  38.1–67.9  64.05  58.6–69.2 

   ART Ave  Ambrósio’s Relational Thickness to Average pachymetric progression increase,  ART Max  Ambrósio’s 
Relational Thickness to maximal pachymetric progression increase,  BAD D  Belin/Ambrósio Enhanced Ectasia 
Deviation Value,  BFS  Best Fit Sphere,  BFTE  Best Fit Toric Ellipsoid,  K Max  maximal keratometric value,  SE  Standard 
error with DeLong, was calculated with binomial method 
  a Method for calculating the standard error (DeLong 1988), listed in the MedCalc software 
  b Method of calculating the 95 % CI of AUC (binomial exact)  
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8.7     New Concepts 
in  Pachymetric Assessment   

 With the introduction of novel imaging technolo-
gies, such as the very-high frequency ultrasound 
and the anterior segment OCT, the corneal analy-
sis progressed to a higher level [ 12 ]. With the 
segmental tomography, the analysis of individual 
corneal layers is possible, allowing precise epi-
thelial and stromal mapping. Using a very-high 
frequency ultrasound prototype, Reinstein and 
coworkers demonstrated the usefulness of the 
epithelial mapping in the diagnosis of keratoco-
nus. In this situation the pattern was different in 
keratoconic eyes compared to normal ones, 
showing a doughnut pattern derived from the epi-
thelial thickening around the cone and the apical 
thinning [ 26 – 28 ]. Huang and coworkers used a 
Fourier-domain OCT for epithelial thickness 
mapping. Their studies showed that this technol-
ogy mapped corneal epithelial thickness with 
good repeatability in both normal and kerato-
conic eyes. Apical epithelial thinning was also a 
feature in keratoconic corneas. The variables 

based on the pattern of the epithelial thickness 
profi le provided good diagnostic accuracy to 
detect keratoconus [ 29 ,  30 ]. 

 In summary, screening ectasia risk should go 
beyond the detection of keratoconus, since it is 
critical to identify mild or subclinical forms of 
 ectasia  . The standard screening criteria in kera-
torefractive surgery, based on corneal topography 
and CCT, has important limitations. Compared to 
single-point measurements, the indices generated 
from corneal thickness measurements over the 
entire cornea are useful for diagnosing ectatic 
corneas. Combination of these parameters with 
others derived from corneal tomography may 
enhance the accuracy for detecting mild forms of 
ectasia. Integration with biomechanical assess-
ments may improve the understanding of the cor-
neal architecture and shape.     

  Compliance with Ethical Requirements   Renato 
Ambrosio, F. Faria Correia, and Michael W. Belin declare 
that they have no confl ict of interest. All procedures 
followed were in accordance with the ethical standards of 
the responsible committee on human experimentation 
(institutional and national) and with the Helsinki 

  Fig. 8.7    Composite of both eyes from the same patient 
with very asymmetric keratoconus. ( a ) Typical kerato-
conic cornea on front curvature, with BAD D > 2.5 and 
ART Max < 360; ( b ) FFKC cornea with relatively normal 

front surface curvature map, but with BAD D > 1.45 and 
ART Max < 412.  ART  Ambrósio’s relational thickness, 
 BAD  Belin-Ambrósio Enhance Ectasia Display,  FFKC  
forme fruste keratoconus       
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9.1  Introduction

The geometrical characterization of the morphol-
ogy of the ocular globe, and specifically of the 
cornea, has become a fundamental analysis in the 
clinical practice in ophthalmology due to any 
change in its morphology can affect the patients’ 
visual acuity [1]. Moreover, the knowledge of its 
morphology is critical when deciding the ade-
quate corrective treatment [2].

During the last years, several imaging tech-
niques have been developed for the detection and 
diagnosis of different pathologies that can be 
present in the biological structures [3]. Corneal 
topography is currently one of the most impor-
tant tools in the ophthalmology field for the 
imaging diagnosis of corneal diseases related to 
the alteration of corneal morphology, and more 
concretely with the diagnosis of keratoconus.

This noninvasive technique provides a series 
of indices that permit a new diagnostic approach 
from corneal topographies, which are based on 
the univariate and multivariate quantitative detec-
tion systems. Furthermore, the use of these cor-
neal topographies permits to define new diagnosis 
techniques based on geometric models, mathe-
matical models, biomechanical models, and neu-
ral networks systems.

The present chapter describes the technolo-
gies on which the current corneal topographers 
are based, the maps and biometric indices that 
these devices provide for the diagnosis of kerato-
conus, and the new diagnosis techniques based 
on different systems: univariate quantitative diag-
nosis systems, multivariate quantitative diagnosis 
systems, systems based on variables obtained by 
the aid of graphical geometry, and systems based 
on neural networks.

9.2  Actual Trends 
for the Geometrical 
Characterization of Corneal 
Anatomy

The corneal topography is considered a noninva-
sive technology that, using image processing, 
maps the corneal surface for its reconstruction and 
is later compared with a reference surface (see 
Fig. 9.1). The obtained topography is used for 
clinical diagnosis of the corneal pathologies 
related to an alteration of its corneal morphology.
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Cornea is responsible for more than 2/3 of the 
total refractive power of the human eye, so its 
morphology is of vital importance to determine 
the quality of the ocular optic system and there-
fore the vision quality. For this reason it must be 
understood that quantifying corneal topography 
is fundamental in clinical practice and helps to 
decide the corrective (invasive or not) treatment 
for the corneal disease.

Current corneal topographers are based on 
three technologies: (1) systems based on the light 
reflection on the cornea, (2) systems based on 
the projection of a slit light on the cornea, and 
(3) systems based on the asymmetric reflection 

of multicolor LEDs. All of these technologies pro-
vide different topographical maps of the anterior 
and posterior surfaces, as well as pachymetric 
maps and a series of indices for monitoring and 
clinic assessment of the corneal topographies.

9.2.1  Systems Based on the Light 
Reflection on the Cornea

Corneal topographers based on this technology, 
also called videokeratoscopes, are based on the 
application of the principles of convex mirrors’ 
geometrical optics to an instrument in which the 

Fig. 9.1 Corneal topography
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rings or Placido discs, with known size and spac-
ing, are reflected on the anterior surface of the 
cornea. This image is initially captured by a digi-
tal camera and then processed by a computer [4]. 
From identifying the edges of the rings, each 
topographer uses an algorithm reconstruction of 
the corneal curvature, which accuracy depends 
on how the programming architecture is defined. 
The so-called arc step algorithms are the most 
used and are based on an iterative process that 
uses a sequence of arcs from point to point, cov-
ering the entire corneal region from the apex to 
the periphery. This process does not ignore data 
obtained in the previous step (step i−1) for 
obtaining current data (step i) [5]. Moreover, this 
reconstruction algorithm has an error lower than 
0.25 μm in the central 3 mm and less than 1 μm 
for the rest of the corneal surface [6]. This preci-
sion is important since the minimum abnormal 
morphology due to keratoconus may impair the 
corneal homeostasis [7].

Height and slope data derived from the radial 
curvature of the corneal surface are presented by 
topographers as corneal keratometric data of the 
entire surface by a series of maps that follow a 
color scale developed by the University of 
Louisiana [8] (see Fig. 9.1).

• Cool colors correspond to flat curves and ele-
vation values below the reference sphere (blue 
or violet colors).

• Mild colors correspond to medium curvature 
and elevation values equal to the reference 
sphere (green or yellow colors).

• Warm colors correspond to high curvature and 
elevation values above the reference sphere.

In addition, depending on the size of the 
Placido disc rings there are two commercial 
options [4]:

• Corneal topographers based on large diameter 
Placido disc rings. These devices are less sus-
ceptible to error associated with the misalign-
ment between examiner and patient because 
they work at a large distance from the eye. 
However, because of this distance, it is possi-
ble to lose representative points because of the 

patient's facial morphology, produced by the 
shadow of the patient's nose and eyelashes.

• Corneal topographers based on small diameter 
Placido disc rings. These devices are most 
susceptible to alignment errors between the 
examiner and patient because they work in 
short distances, very close to the human eye. 
However, it mitigates the loss of information 
produced by patient’s facial morphology, 
reducing the shadow that the nose and eye-
lashes could cause.

However, both systems have an important 
limitation that results from the use of internal 
algorithms that do not allow an accurate charac-
terization of the corneal morphology in case of 
high levels of irregularity. In some cases, it is 
possible to obtain mistakes up to 4 diopters in 
corneas that present a very curved morphology, 
as it occurs in keratoconus disease [9].

9.2.2  Systems Based 
on the Projection of a Slit 
Light on the Cornea

Corneal topographers that use this technology are 
based on the integration of a dual technology. 
The first process involves projecting a Placido 
disc, obtaining the mirror image by reflection and 
representing the curvature and refractive power, 
which is obtained by an arc-step algorithm. The 
second phase is the projection of a slit light onto 
the cornea: due to the transparent structure of the 
cornea, and using Rayleigh scattering, it is pos-
sible to photograph it. These images will provide 
accurate data of corneal elevations for the entire 
anterior segment (see Fig. 9.2) [10].

Furthermore, this technology has two vari-
ants, depending on the spatial arrangement of the 
photographic system:

• System based on the principle of standard or 
normal photography. Its main feature is that 
the plane of the camera lens is located in par-
allel with the image. It means that only a small 
region is focused (the imaginary extensions of 
the film planes, the lens, and the focal plane 
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are parallel) (Fig. 9.3) [11, 12]. The most com-
mon system is the Orbscan (Bausch & Lomb 
Incorporated, USA), which was the first com-
mercial device that assessed the posterior cor-
neal surface in a noninvasive and quick way. 
This system provides different maps of the 
anterior and posterior corneal surfaces, and 
also pachymetric data; however, several 
authors from scientific literature present a 
strong controversy due to the reliability of the 
measurements performed by this device on 
the posterior surface, and also the limited 
repeatability [8, 13, 14].

• Systems based on the principle of Scheimpflug 
photography. Its main feature is that the plane 

of the camera lens is placed sideways to the 
image (the imaginary extensions of the planes 
of the film, the lens, and the focal plane are not 
parallel (Fig. 9.4) [12], and therefore the 
focused region is increased and the image 
sharpness is improved) [15–17]. The main 
commercial systems based on this principle 
are Pentacam (Oculus, USA), Galilei (Ziemer, 
Switzerland), and Sirius (CSO, Italy), which 
offer repeatable measurements of the corneal 
curvature and other anatomical measurements 
of the anterior segment. However, several 
authors question the degree of concordance 
between the measurements provided by these 
devices [18–20].

Fig. 9.2 Systems based on the projection of a slit light on the cornea

Fig. 9.3 Principle of standard 
photography
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9.2.3  Systems Based 
on the Asymmetric Reflection 
of Multicolor LEDs

These systems are based on the same optical 
principle than convex mirrors previously 
described in Sect. 9.2.1, but in this case the 
emitters are multicolor light-emitting diodes 
(LEDs).

More specifically, this system uses a panel 
formed with an asymmetric distribution of more 
than 700 LEDs in colors red, yellow, and green, 
which reflection on the cornea provides a more 
accurate reconstruction of the corneal surface if 
compared with the lack of detail obtained when 
projecting a monochromatic light [21–23].

The main novelty of this system is the use of a 
unique reconstruction algorithm for the reflection 
of each LED projection; this one being indepen-
dent of the algorithm used for the other LED pro-
jections. This new approach has one main 
difference with respect to the systems previously 
described where the rest of them were based on 
the projection of a monochromatic light and use 
the same reconstruction algorithm for all the 
points of the corneal surface. Moreover, the new 
device permits redefining at the local level, every 
three points identified in the corneal surface, its 
curvature or elevation.

The unique commercial equipment based on 
this principle and currently available is the 
Cassini color LED Corneal Analyzer (i-Optics, 
The Netherlands) [21–23].

9.3  Corneal Topography

Corneal topography is considered a noninvasive 
exploratory technique that permits to analyze 
both qualitatively and quantitatively the mor-
phology of the cornea, differentiating standard 
patterns from those potentially devastating for 
vision disorders caused by pathological ectatic 
conditions [1, 7, 15, 24, 25].

Corneal topographers present different maps 
to represent the measurements that characterize 
the corneal surface, but previously to the descrip-
tion of these maps, it is fundamental to take into 
account the dimension or scale to be adopted dur-
ing the assessment of the topographical test to 
obtain the maximum information from the clini-
cal point of view. In this regard, two scales can be 
distinguished [26]:

• Absolute scale: the entire dioptric range that 
the topographer can measure is assigned to a 
color scale, so sensitivity decreases with small 
alterations.

Fig. 9.4 Principle of 
Scheimpflug photography
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• Relative scale: the dioptric range is adjusted 
for the cornea to be analyzed. This manner, 
the analysis is sensible to small changes, 
which makes this scale to be the most appro-
priate for a personalized analysis of the cor-
neal morphology [1, 7, 27, 28].

The maps currently provided by the topo-
graphic devices can be of curvature, sagittal, tan-
gential, elevation, and thickness, as follows:

• The curvature keratometric maps provide 
information about curvature at each point of 
the corneal surface. They can be axial (or sag-
ittal) and tangential (or instant). Although 
both types report information about focal cur-
vature, there exist significant differences 
between them [1, 29]:
• Sagittal maps fix the curvature centers on 

the optical axis and considers the corneal 
surface to have a spherical geometry, 
achieving a marked overall smoothing of 
the corneal periphery. This results in a 
larger and more peripheral curving area 
than the actual area of the cone; however, 
this consideration is erroneous and only 
true in the paraxial approach since the cor-
nea has a spherical surface. Therefore, it 
distorts the true picture of the cornea and 
provides quantitatively inaccurate values 
[1, 26, 29, 30]. However, this map is useful 
for a qualitative assessment through colors 

due to it softens the geometric contours of 
the cornea and facilitates the interpretation 
of the results by less-experienced users 
[26] (Fig. 9.5).

• Tangential maps do not assume the spheri-
cal morphology of the cornea and there-
fore, the tangential curvature algorithm 
reconstructs the corneal surface by means 
of local curvature radii whose centers are 
not located on the optical axis. These maps 
represent more accurately the curvature of 
the peripheral corneal region. This is 
because at local level the area which best 
fits the focal curve is considered, which has 
not been imperatively placed on the optical 
axis, as occurs in the axial maps (Fig. 9.6) 
[26]. This map shows a high sensitivity to 
data obtained, being suitable for monitor-
ing the conical shape of the ectatic disease; 
however, it is less intuitive than the axial 
map and its interpretation may be more 
complex.

• Elevation maps do not represent data directly 
measured by the corneal topographer, but are 
obtained by comparing the reconstruction of 
the anterior or posterior corneal surface to the 
best fitted surface, typically a sphere, a toroid, 
a revolution ellipsoid or a non-revolution ellip-
soid. The difference between both surfaces is 
provided by altimetry data that correspond to 
the elevation maps (Fig. 9.7) [4, 31, 32]. 
Furthermore, typical dimensions of the refer-

Fig. 9.5 Geometric reconstruction  
of the corneal sagittal map
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ence surface are around 8 mm in diameter, 
thereby scenarios that may influence the data 
acquisition process, such as shadows gener-
ated by eyelashes, are avoided [33]. These 
maps present several advantages: data are pre-
sented quantitatively in μm, so they are highly 
accurate and have a high sensitivity to small 
changes that can occur in the corneal morphol-
ogy as a result of keratoconus [1]; also, topog-
raphers allow the selection of the best 
suited surface to perform the elevation map, 
which results in a sensitivity increase of the 
clinical diagnosis. This map provides, for both 
corneal surfaces, the elevation of the corneal 
apex, the elevation of the minimum thickness 

point [34] and the elevation of the center of the 
central region [35]. As the posterior surface is 
not altered by the excimer laser photoablation 
or by the generation of the corneal flap, nor is 
adulterated by the hyperplastic effect of cor-
neal epithelium, data from the posterior sur-
face could be very useful for the clinical 
diagnosis of keratoconus [1, 8, 26, 34, 35].

• The thickness map does not show data directly 
measured by the corneal topographer, but 
must be precisely reconstructed using the 
anterior and posterior corneal surfaces. This 
map gives information of the minimum thick-
ness point and its position on the center of the 
cornea. This point is essential for maintaining 

Fig. 9.6 Geometric reconstruction of the corneal 
tangential map

Fig. 9.7 Altimetry elevation map
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the corneal structure and determining the pro-
gressive thinning of the cornea when the 
severity of keratoconus progresses [36, 37]. 
Some studies in the scientific literature evalu-
ate the pachymetric profile from the center to 
the periphery depending on the average 
 thickness of the concentric rings separated by 
0.1 mm and centered at the minimum thick-
ness point. This profile presents a more abrupt 
change in a pathological stage than in a healthy 
scenario [29, 38, 39].

9.4  New Diagnosis Systems

The development of new technologies in the oph-
thalmology field permits to improve the clinical 
diagnosis capability providing an accurate analy-
sis of the corneal shape and the possibility of 
quantifying patients’ visual quality. Furthermore, 
these technologies have increased and improved 
the sensitivity and specificity of the assessment 
and diagnosis of keratoconic cornea [40]. The 
diagnosis of keratoconus has gained importance 
during the last years because of two fundamental 
reasons:

• The need to contraindicate the practice of 
refractive surgery techniques that can speed 
up the development of keratoconus [41, 42]. 
In this case, it is fundamental to carry to an 
extreme the sensitivity of the diagnosis pro-
cess even at the cost of sacrificing specificity, 
which most negative consequence would be to 
contraindicate a suitable candidate for a 
refractive surgery.

• The possibility of using therapies that can stop 
or delay the severity grade of keratoconus, 
such as cross-linking [43] or implantation of 
intrastromal rings [44, 45]. In this case, it is 
fundamental to ensure specificity in order to 
avoid unnecessary treatments in healthy eyes.

The different analysis methods based on 
assessment indices of the corneal surface that are 
available in the clinical practice try to diagnosis 
the presence of the keratoconus disease by using 
a quantitative and qualitative detection of this 

deformation in the cornea. Although the methods 
that are going to be referenced do not achieve 
individually a diagnostic accuracy of 100 % (real 
positives + real negatives/number of cases), the 
sum of all of them does provide the ophthalmolo-
gist a diagnostic accuracy of 100 %.

These evaluation indices are obtained from 
the topographical maps previously described, and 
for this reason several clinical studies have pro-
posed determined cutoff values to distinguish 
between normal corneas and corneas with kerato-
conus [40]. However, the main problem with 
these indices lies in the fact that each index has a 
high degree of specificity for the corneal topogra-
pher for which it has been developed, and cannot 
be directly extrapolated to other devices. Even in 
some cases, the results obtained from those 
devices do not coincide with the published equa-
tions [40, 46].

For the above-mentioned reasons, it is impor-
tant to know the systems for the diagnosis of 
keratoconus disease, distinguishing between uni-
variate quantitative diagnosis systems, multivari-
ate quantitative diagnosis systems, diagnosis 
systems based on graphical geometry, diagnosis 
systems based on mathematical models, diagno-
sis systems based on biomechanical models, and 
diagnosis systems based on neural networks.

9.4.1  Univariate Quantitative 
Diagnosis Systems

These indices are based on a unique variable and 
are used to characterize the corneal irregularity 
from corneal topographies. Some of the most 
used indices are the following:

• Asphericity coefficient (Q). It is an index that 
describes how the corneal curvature changes 
from the central region to the peripheral 
region. Its value depends on the diameter of 
study, so it is necessary to indicate it when 
expressing a particular index [47]. The most 
common parameter used in literature is Q. In a 
natural or non-pathological stage, the section 
of the cornea is a prolate ellipse with an aver-
age Q value setting –20 ± 0.12 DS [48, 49]. 
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This is physically interpreted as the cornea is 
more curved in the center than at the periph-
ery. For keratoconic corneas, Savini et al. [19] 
reported Q values in the corneal region that 
comprise a 8 mm diameter of −0.84 for the 
anterior surface and −1.10 for the posterior 
surface [19]. Another study comprising the 
same diameter and the same corneal region 
reports Q values of the anterior surface 
between −0.65 and −1.18 and between −1.17 
and −0.66 for the posterior surface [50], 
according to the severity of keratoconus using 
the Amsler–Krumeich classification [51]. The 
values of asphericity describing the geometry 
of the cornea showed that the central and para-
central regions are more curved than the 
peripheral region, and this difference is greater 
in keratoconus disease than in normal corneas. 
Moreover, these values are higher when the 
severity of keratoconus increases. However, 
due to asphericity is measured in the central 
region (4–5 mm), if protrusion is located in 
the peripheral region, topographer may pro-
vide normal or even positive values of asphe-
ricity. Therefore, this quantitative index is not 
very specific for the diagnosis of keratoconus, 
and must be considered in relation to the apex 
position in the cone.

• Inferior–Superior Value (I–S). This index is 
defined as the power difference between five 
points of the inferior hemisphere and five 
points of the superior hemisphere of the cor-
neal region located at 3 mm from the corneal 
apex at spatial intervals of 30°. A positive 
value indicates higher inferior curvature, while 
a negative value indicates higher superior cur-
vature. I–S values between 1.4 and 1.8 D are 
defined as cutoff points for suspected keratoco-
nus and I–S values higher than 1.8 D as cut-
off points for clinical keratoconus [52, 53].

• Simulated keratometry (SIMK). This index 
provides information on the diopter power of 
the flattest and most curved meridians in the 
so-called useful region of the topographer 
(ring diameters between 3 and 9 mm). 
Numerically, it is expressed as K1 and K2, and 
the difference between the two values pro-
vides a quantitative value of corneal astigma-

tism. A clinical study provided SIMK mean 
values of 43.53 ± 1.02 D for a group of normal 
corneas, and established a cutoff value for 
keratoconus group twice the value of the stan-
dard deviation of the control group [4, 54].

• Central Keratometry (K Central). This is the 
average value of corneal power for the rings 
with diameter of 2, 3, and 4 mm. Values below 
47.2 D are considered normal, while values 
between 47.2 and 48.7 D are considered prob-
able keratoconus. Values above 48.7 D are 
clinical keratoconus [4, 53].

• Average corneal power (ACP). This index 
indicates an average power value of various 
points in the central region [53].

• Effective refractive power (EffRP). Index 
averaging the power in the central area of 
3 mm diameter. It considers Styles–Crawford 
effect [47].

• Apex curvature (AK). It corresponds to an 
index that provides a value of the instanta-
neous curvature in the corneal apex. Values 
below 48 D indicate normality, values between 
48 and 50 D are suspect, and values above 50 
D denote abnormally high curvature [40].

• Surface asymmetry index (SAI). It is an index 
that indicates an average value of the power 
differences between the points spatially 
located at 180° from 128 equidistant meridi-
ans. A radially symmetrical surface has a 
value of zero, and this value increases as the 
degree of asymmetry is greater [4, 40, 55].

• Surface Regularity index (SRI). It is a local 
descriptor of regularity in a central area of 
4.5 mm diameter (it comprises the central ten 
rings of Placido Disc). It quantifies power gra-
dient differences between successive pairs of 
rings in 256 equidistant semimeridians. It cor-
relates well with the value of visual acuity (p 
= 0.80, P < 0.001), assuming the cornea as the 
only limiting factor for vision. A normal cor-
nea presents SRI values below 0.56 (this value 
would be 0 in a perfectly regular cornea) [4, 
40, 56].

• Different sector index (DSI). It is an index that 
quantifies the average power difference 
between sectors of 45° with the highest and 
lowest power [40, 53].
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• Opposite industry index (OSI). This is another 
index indicating in terms of average power 
difference between opposing sectors of 45° 
[40, 53].

• Irregular astigmatism index (IAI). It is a mea-
sure of dioptric variables along each semi-
meridian, which is normalized by the mean 
power of the cornea and the number of mea-
sured points [40, 53].

• Corneal Irregularity Measurement (CIM). 
This is a numeric index representing the 
degree of irregularity in the morphology of the 
corneal surface. It quantifies the standard 
deviation between the corneal surface and the 
best-fit reference surface, which in this case is 
a toric surface. High values of this ratio indi-
cate a greater possibility of the cornea to pres-
ent a pathology related to a morphological 
abnormality. A healthy cornea has CIM values 
from 0.03 to 0.68 μm, while a value from 0.69 
to 1 μm is considered as suspect or normal 
limit, and a value from 1.10 to 5.00 μm as 
pathological or unusual [4].

• Analyzed area (AA). It is the ratio of the data 
area interpolated by the area circumscribed by 
the outermost peripheral ring [40, 53] area.

• Centre Surround index (CSI). It is an index 
that quantifies the average power difference 
between the central zone of 3 mm diameter 
and a half-peripheral ring comprised between 
3 and 6 mm diameters [40, 53].

• Corneal uniformity index (CU). It corresponds 
to an index that quantifies the distortion uni-
formity in the central area with 3 mm diame-
ter. It is expressed as a percentage, that is, a 
value of 100 % indicates that the cornea has a 
perfect consistency [47].

• Predicted Corneal Acuity (PC Acuity). It 
quantifies the optical quality in Snellen 
units (with a range of 20/10 to 20/200) in the 
central zone of the cornea with 3 mm diameter 
[40, 47].

• Skew of steepest radial axis (SRAX). It mea-
sures the angle between the more curved supe-
rior semimeridian and more curved inferior 
semimeridian. The more curved semimeridian 
for each hemisphere is determined by averag-
ing the powers of the rings from 5 mm to 

16 mm diameter. The smallest angle between 
these semimeridians is subtracted from 180º, 
and the result, in degrees, is the SRAX index. 
A value greater than 20° is considered indica-
tive of keratoconus, but due to the high disper-
sion of values in some astigmatic corneas, this 
value is only valuable if corneal astigmatism 
is greater than 1.5 D [40].

• Topographic irregularity (TI). It is the root 
mean square (RMS) value of the difference 
between the actual topography data and a geo-
metric reference surface, which in this case is 
a spherical cylinder that best fits the corneal 
surface of the study [40].

• Calossi–Foggi Apex curvature gradient 
(ACG). This index quantifies the average dif-
ference per length unit of the corneal power in 
relation to the apical power. Values greater 
than 2 D/mm can indicate keratoconus, 
between 1.5 and 2 suspect, and less than 1.5 is 
considered a normal value [40].

• Calossi–Foggi Inferior-Superior Index. It is a 
vertical asymmetry index similar to I–S value, 
but this indicates the difference in terms of 
average power between the superior area and a 
inferior area. This last is determined accord-
ing to a major probability of presence of the 
cone. A positive value means that inferior area 
is more curved, and vice versa. A value less 
than 1.5 is considered normal, a value between 
1.5 and 2 considered suspect, and values 
greater than 2 are considered abnormal [40].

• Orbscan surface irregularity. It is a coeffi-
cient calculated from the standard deviations 
of the mean curvature and mean astigmatism 
in the zones comprised between the center 
rings of 3 mm and 5 mm diameters. Values 
greater than 1.5 in the area of 3 mm and/or 
2 in the area of 5 mm are indicative of high 
irregularity. This value is not specific for kera-
toconus, but merely indicates irregularity [40].

• Mean toric keratometry (MTK). This index is 
obtained from the data of the elevation map of 
the cornea. It compares and analyzes the eleva-
tion values of the cornea calculated by means 
of the best adjustment to a toric reference sur-
face. If the MTK value is high, the cornea 
acquires a geometrical behavior similar to a 
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toric surface, which is clinically interpreted as 
a major probability of suffering ectatic altera-
tions. The MTK index follows a Gaussian 
probability distribution, with an average value 
of 44.5 D, and the range defined for the values 
from 41.25 D to 47.25 D contains 96 % of the 
population. [57]

9.4.2  Multivariate Quantitative 
Diagnosis Systems

The diagnosis of keratoconus has been facilitated 
by the application of different quantitative detec-
tion systems using multivariate combinations of 
the topographic indices described above. Each 
topographer incorporates a different strategy and 
it is essential for the user to understand the sensi-
tivity and specificity of each software. These sys-
tems can be:

• Rabinowitz and McDonell Index. It is one of 
the first multivariate indices based on the com-
bination of the numerical values supplied by 
the I–S index, the value of the center K, and 
the difference of the central K between both 
eyes of the patient. This multivariate system 
combines the information obtained from the 
central curvature values with the inferior- 
superior asymmetry values as diagnostic 
parameters of keratoconus that can occur in 
both central and peripheral regions. However, 
this indicator is unable to quantify the amount 
of irregular astigmatism associated with the 
keratoconus disease [40, 52].

• PathFinder Corneal Analysis. It is a system 
which uses three different indices (CIM, Q 
and MTK) for detecting the morphological 
alterations that corneal topographies present. 
In the case of a normal cornea, the three indi-
cators give values within normal limits. In the 
case of molding due to contact lenses, there is 
also a corneal distortion known as pseudo- 
keratoconus, where the CIM index is outside 
the normal range, but the other two indicators 
are within normal limits. In the case of a sub-
clinical keratoconus, central curvature values 
and inferior–superior asymmetry cause both 

the CIM and the MTK to have abnormal val-
ues, while asphericity remains normal or bor-
derline normal. In the case of keratoconus, the 
three indicators are outside the bounds of nor-
mality [4, 58].

• Keratoconus prediction index (KPI). It is a 
calculated by a combination of eight topo-
graphic indices and uses a linear discriminant 
function. These indices are: Sim K1, Sim K2, 
UPS, DSI, OSI, CSI, IAI, and AA. A value 
greater than 0.23 is suggestive of keratoconus. 
In a validation group of a hundred eyes with 
different clinical conditions, this method 
showed a sensitivity of 68 % and a specificity 
of 99 %. The KPI multivariate method along 
with DSI, OSI, GSI and Sim K2 indices were 
implemented using an expert computational 
algorithm based on a binary decision tree [40].

• Keratoconus Index (KCI). This is a method 
commonly known in the ophthalmology field 
as the Klyce–Maeda method. This method can 
differentiate a healthy cornea from a kerato-
conic cornea, and also distinguish between 
keratoconus developed in the central or the 
peripheral regions.

• Keratoconus severity index (KSI). This index 
is also known in the ophthalmology field as 
the Smolek–Klyce method [76]. This multi-
variate system calculates the severity of kera-
toconus, which possibly distinguishes between 
a healthy cornea, a suspected keratoconic cor-
nea, and a cornea with keratoconus. The algo-
rithm used is based on a neural network with 
ten topographic indices as inputs. A KSI value 
<15 % is considered normal, values between 
15 % and 30 % as suspected keratoconus, and 
above this value is considered subclinical ker-
atoconus [4, 40, 54].

• KISA%. It is calculated from four indices: Central 
K, SIMK, I-S and SRAX. It is a very effective 
index in the identification of keratoconus, but 
may have a significant number of false negatives 
in the clinical diagnosis and in incipient kerato-
conus cases, which can suppose a major risk in 
its use as a screening tool in refractive surgery. 
A value between 60 and 100 is indicative of sus-
pected keratoconus, while a value greater than 
100 is diagnostic of keratoconus; for this last 
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value the KISA index has a high sensitivity and 
specificity [4, 40, 59].

• Chastang method. Combines SDSD and Asph 
indices, developing a primary decision tree. 
This method is not applicable for defining the 
grade or severity of keratoconus, so incipient 
or early cases are not identified [40, 60].

• Belin/Ambrósio Enhanced Ectasia Display III 
(BAD III). This method combines the follow-
ing nine parameters: anterior elevation at the 
minimum thickness point, posterior elevation 
at the minimum thickness point, change in 
anterior elevation, change in posterior eleva-
tion, corneal thickness at minimum thickness 
point, location of thinnest point, pachymetric 
progression, Ambrósio relational thickness, 
and Kmax. The BAD III index provides indi-
vidual information for every parameter and 
then performs a discriminant analysis com-
bined with a regression of the nine indices, 
which permits the discrimination between 
healthy and keratoconic corneas [61].

9.4.3  Systems Based on Graphical 
Geometry

Generation of virtual models has experienced dur-
ing the last years an important technological 
advance thanks to the development of new compu-
tational tools for the image acquisition and pro-
cessing [62], making possible the generation of 3D 

shapes [16] and the formulation of behavioral 
models that faithfully reproduce the geometry of a 
solid structure [63]. One of this tools is Computer-
Aided Geometric Design (CAGD), which permits 
to study geometric and computational aspects of 
any complex physical entity, such as surfaces and 
volumes, for generating virtual models [64].

One of the last studies in this field is the work 
carried out by Cavas et al. [51, 65], where a new 
method based on graphical geometry is described 
for the diagnosis of keratoconus. The proposed 
diagnosis procedure consists of the following 
stages (Fig. 9.8):

 1. Geometric modeling of the cornea. In this 
phase the human cornea is scanned with the 
aid of a corneal topographer and the informa-
tion provided is used to reconstruct a 3D geo-
metrical virtual model of the cornea. The 
following subprocesses are performed:
 (a) Measurement of corneal topography and 

preparation of the point cloud. In this pro-
cess the corneal topography of the eye is 
obtained using the Sirius device (CSO, 
Florence, Italy), which is an instrument that 
combines the rotation of two Scheimpflug 
cameras with the projection of a Placido 
disc on the cornea to obtain the corneal 
topography, obtaining measures with a 
good consistency. After measurements are 
made by the corneal topographer, spatial 
point clouds formatted in Cartesian coordi-

Fig. 9.8 Scheme of the method based on graphical geometry for the diagnosis of keratoconus
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nates (X,Y,Z) and representative of the ante-
rior and posterior corneal surfaces are 
generated using the altimetry data gener-
ated by the topographer and a specific algo-
rithm developed in Matlab software.

 (b) Geometric surface reconstruction. The 
point clouds previously obtained are then 
imported to the geometric surface recon-
struction software Rhinoceros V5.0. This 
software uses a mathematical model to gen-
erate the surfaces for both corneal surfaces 
basing on nonuniform rational B-spline 
(NURBS) functions, which have been gen-
erated with the highest goodness of fit that 
the software can provide. The anterior and 
posterior corneal surfaces obtained from 
this process are then positioned by the aid 
of their geometrical center and the periph-
eral surface (bonding surface between both 
sides in the Z-axis direction) is calculated, 
forming a single surface.

 (c) Generation of the solid model. The sur-
faces obtained are then exported to the 
geometric modeling software SolidWorks 
V2012 and the solid model representative 
of the corneal morphology is generated.

 2. Geometric analysis of the cornea. In this phase 
determined geometric variables are extracted 
from the virtual model and analyzed to classify 
the studied cornea as healthy or keratoconic. 
Some of these variables are the following 
(these variables are described with more detail 
in the following chapter): total corneal vol-
ume, anterior/posterior corneal surface area, 
total corneal surface area, sagittal plane area in 
apex, anterior/posterior apex deviation, sagit-
tal plane area at minimum thickness point, 
anterior/posterior minimum thickness point 
deviation, centre of mass coordinates (X,Y,Z), 
net deviation from the center of mass in XY, 
and volume of corneal cylinder with radius-x.

9.4.4  Diagnosis Systems Based 
on Biomechanical Models

The use of mathematical modeling in the field of 
ophthalmology is almost universal [66]. The lat-
est technological advances encourage more accu-

rate models that sometimes are ignored by the 
professionals of this area [67].

A fundamental tool in the clinical practice for 
the diagnosis of keratoconus is the corneal topog-
raphy, which, independently of the technology on 
which it is based, rebuilds the corneal surface by 
means of modal methods and provide the corneal 
topography by comparing this surface with a ref-
erence one [4].

A broadly accepted standard in ophthalmol-
ogy as modal method is the use of Zernike poly-
nomials [68–71]. Furthermore, there exist other 
methods such as the ones based on Fourier 
Transform [72–74], least squares adjustment 
[71], non-linear reconstruction by rational func-
tions [70], or reconstruction by means of contour 
problems [75, 76]. However, these methods are 
limited to the reconstruction of the corneal 
surface.

There exists other modal method based on 
radial basis functions [77, 78] that proposes a 
series of indices for clinical diagnosis of kerato-
conus based on mathematical geometry of a 2D 
space [79].

9.4.5  Diagnosis Systems Based 
on Neural Networks

Artificial neural networks (ANN) are mathemati-
cal algorithms which try to simulate the behavior 
of the biological neural networks of the human 
brain. A neural network is considered as a proces-
sor distributed in a parallel structure that has a 
natural trend to store experimental knowledge 
making it suitable for its use. It has two similari-
ties with respect to the human brain: on one hand, 
knowledge is acquired by the net by means of a 
learning process; and on the other hand, that 
knowledge is stored in synoptic weights or con-
nections between neurons. Current ANNs only try 
to reproduce, in a simplified manner, the basic 
mechanisms of the human brain, not attempting to 
reproduce the brain in its totality and focusing on 
possible mechanisms to resolve individual prob-
lems. Therefore, the aim of these nets is to provide 
them with the possibility of understanding the 
manner in which the human being resolves prob-
lems and use them to complement the capacities 
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of the artificial intelligent systems. There exist dif-
ferent types of neural networks depending on sev-
eral items: the organization of the neurons that 
conform the net, the self-training procedure, the 
association between input and output information, 
and display of the information [26].

These neural networks have been used with 
success in the ophthalmology field for the diag-
nosis of keratoconus by using the classification of 
topographical patterns [53, 80–84].
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10.1  Introduction

Increased life expectancy has led to a growing 
demand of new technologies in the ophthalmo-
logic clinic field, such as new medical imaging 
devices or increasing computer performance. All 
this makes the integration of engineering into 
clinical practice very appealing to, for instance, 
comprehend how organisms function [1], or to 
geometrically characterise tissues from a struc-
tural point of view [2].

The complexity of the cornea structure and its 
ocular globe shape, especially its singular archi-
tecture and metrics at both microscopically and 
macroscopically, are particularly challenging 
when developing a personalised geometric model 
of the cornea to represent any morphological 
variation that may occur when moving from a 
natural scenario to a pathological one [3].

Therefore, it is essential to know the geometry 
of the anterior and posterior corneal surfaces to 
diagnose any pathology related to morphological 
cornea alterations [4], and to thus decide poste-
rior corrective treatment by either invasive or 
non-invasive techniques [5].

This chapter first describes the geometry of 
the cornea, then presents the topography concept 
and includes a brief description of the stages 
required to generate corneal topography. It ends 
by proposing a new geometrical analysis of the 
cornea, obtained from a personalised virtual solid 
model of the cornea.

10.2  Geometrical Analysis 
of the Cornea

Demand of the geometrical characterisation of 
the cornea in clinical practice has increasingly 
grown given the importance of its study for 
understanding that certain changes in the cornea 
can affect not only patients’ visual acuity [6], 
evolution, diagnosis and treatment of determined 
corneal pathologies [7–9], but also planning oph-
thalmologic surgery [10, 11].

For this reason, the cornea must be studied in 
two different scenarios:

• Natural scenario, that is, absence of anomalous 
alterations (see Fig. 10.1). Here the tissues that 
form part of the corneal architecture are sub-
jected to dynamic balance between intracorneal 
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eye factors (apex, corneal thickness, etc.) and 
extracorneal eye factors  (intraocular pressure, 
atmospheric pressure of the corneal anterior 
surface, etc.), when a balanced stress–strain 
behaviour is maintained (minimum energy sta-
tus) and a singular geometrical style is achieved 
with a stable corneal surface curvature and 
optimum optical power [12].

• Pathological scenario, that is, presence of 
anomalous alterations (see Fig. 10.2), in which 
the tissues that form part of the corneal archi-
tecture display structural weakness due to a 
pathological process, as in ectatic pathological 
diseases like keratoconus [13]. This weakened 
structure is manifested clinically by an altera-
tion to the cornea’s surface morphology. This 
implies redistributing the corneal pachymetry, 
changes in the surface geometry and loss of 
optical power [14].

10.2.1  Geometry of the Cornea: 
Natural Scenario

In the natural scenario (see Fig. 10.1), the cornea 
presents corneal surface regularity, which makes 
it act as a lens and confers the cornea the ability 

to act as the most important refractive element of 
the eye scheme. Thus, the anterior corneal sur-
face is responsible for two-thirds of the human 
eye’s total optical power at the highest point of 
the cornea, known as the corneal apex (see 
Fig. 10.3).

A healthy cornea presents the following mor-
phological characteristics:

• On the anterior surface, its surface presents an 
average curvature of between 7.75 and 
7.89 mm [14–16], with an average curvature 
of 7.79 mm in the centre [17].

• On the posterior surface, its surface presents 
an average curvature of between 6.34 and 
6.48 mm [14–16], and an average curvature of 
6.53 mm in the centre [17, 18].

Between both surfaces, pachymetry or corneal 
thickness is defined with an average value in its 
geometrical centre of about 0.54 mm [14, 18, 19].

Several works in the scientific literature have 
demonstrated that the average curvature and cor-
neal thickness values remain stable in the natural 
scenario [18].

Besides the aforementioned parameters, cornea 
characterisation implies knowing the morphology 

Fig. 10.1 Cornea in a natural 
scenario

Fig. 10.2 Cornea in a 
pathological scenario
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of the anterior and posterior cornea surfaces. From 
a geometrical point of view, surfaces are similar to 
a spheroid, which is a geometrical shape whose 
generatrix is obtained when an ellipse revolves 
around one of its main axes. This shape has two 
axes: the symmetry axis, located on the Cartesian 
coordinate axis, denoted with a letter ‘c’; the axis 
perpendicular to the symmetry axis, denoted with 
a letter ‘a’. Letters ‘c’ and ‘a’ are defined on the 
spheroid by international convention (see 
Fig. 10.4).

The spheroid can simulate three different con-
figurations according to the relation between its 
main axes ‘c’ and ‘a’:

• Oblate spheroid: if a > c, the symmetry axis is 
the smallest (see Fig. 10.5).

• Prolate spheroid: if a < c, the symmetry axis is 
the largest (see Fig. 10.6).

• Sphere: if a = c; the symmetry axis is equal 
(see Fig. 10.7). This is a special case because 
the surface generated by the generatrix is a 
sphere; consequently, this curve is not an 
ellipse, but a circumference.
All this can be extrapolated to the ophthalmol-

ogy field, where the cornea displays similar geo-
metrical behaviour to an elliptic profile [6]:

 
X Y Q Z ZR2 2 21 2 0- + +( ) - =

 
(10.1)

This equation presents three spatial coordinates 
(X, Y, Z), on the basis of which the cornea can be 

interpreted as a three-dimensional refractive ele-
ment by the following three parameters (see 
Fig. 10.8):

• Corneal asphericity (Q): a parameter that 
characterises the nature of the conical curve, 
represented by the mathematical expression.

• The known revolution axis (Z).
• Conoid radius (R): the radius of the highest 

point of the anterior corneal surface (corneal 
apex).

Corneal asphericity is defined as the degree of 
curvature, or slope, of the cornea from the central 

Fig. 10.3 Corneal apex

Fig. 10.4 Spheroid
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region to the peripheral region. This slope can 
present a plainer tendency (a geometrical sce-
nario for a healthy cornea) or a more curved state 
(a geometrical scenario for a pathological cornea) 
(see Fig. 10.9).

The corneal asphericity coefficient (Q) can be 
mathematically calculated using the relation 
between the central (b) and peripheral (a) hemi- 
axes of the corneal elliptic profile (see Fig. 10.9).

In light of the earlier, the elliptic profile of the 
corneal surface can be classified as:

• Spherical (Q = 0). A singular case in which the 
horizontal or peripheral (a), and central or ver-

tical (b) hemi-axes of the ellipse are equal, 
that is, the corneal surface has the same curva-
ture in the central region as in the peripheral 
zone.

• Prolate ellipse (0 > Q > −1). In this case the 
elliptic profile of the corneal surface flattens 
as it moves away from the highest point of the 
corneal surface (the apex). This behaviour 
occurs in a natural scenario which, from a 
refractive point of view, implies the cornea 
having a low spherical aberration.

• Oblate ellipse (Q > 0). In this other case, the 
elliptic profile of the corneal surface 
becomes more curved as it moves away from 

Fig. 10.6 Prolate spheroid Fig. 10.7 Sphere

Fig. 10.5 Oblate spheroid
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the corneal apex. This behaviour occurs in a 
pathological scenario which, from a refrac-
tive point of view, implies the cornea having 
a spherical aberration, which is proportional 
to the Q factor.

• Parabola or hyperbola (Q ≤ −1). This is an 
exceptional case in healthy eyes and is exclu-
sive in central ectatic cornea pathologies. 
From the refractive surface viewpoint, the 

cornea has a negative spherical aberration 
index, which is also proportional to Q factor.

Apart from the aforementioned asphericity, 
the degree of cornea curvature can also be 
expressed according to other factors, for instance:

• Eccentricity factor (e):

 e Q= -  (10.2)

• Shape factor (p)

 p e p Q= - = +1 12 or  (10.3)

They are all interrelated (see Table 10.1).
In addition, the corneal elliptical cross-section 

profile is defined according to the central curva-
ture radius (Rc) (see Fig. 10.10), thus:

 
p

b

a
a= æ

è
ç

ö
ø
÷ =
2

Rc /
 

(10.4)

 Q p= -1  (10.5)
Fig. 10.8 Sections for different types of conical curves

Fig. 10.9 Asphericity. 
Concept
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The most widely used term in the scientific litera-
ture to characterise corneal morphology is asphe-
ricity (Q). In normal eyes, the numerical 
asphericity value for the anterior surface ranges 
from −0.29 to −0.13 [15, 16, 20], and from −0.34 
to −0.38 for the posterior surface [6, 15]. This 
indicates that both surfaces have a prolate mor-
phological characterisation.

It must be made clear that asphericity values 
change according to the corneal region under study, 
in such a way that the morphology of the same cor-
nea can present different asphericity values.

10.2.2  Geometry of the Cornea: 
Pathological 
Scenario—Keratoconus

In this scenario (see Fig. 10.2), the bilateral 
ectatic pathology, named keratoconus, causes 
progressive loss of corneal thickness. This mor-
phological change in the corneal architecture is 
manifested in the form of protrusion. It presents a 
conical-type geometry which causes the appear-
ance of an irregular astigmatism or loss of visual 
acuity in patients [4].

Table 10.1 Relationship among different types of geometric curves of the cornea in function of several parameters

Cornea profile Eccentricity e2 Form factor p e= -1 2  p Q= +1 Asphericity Q = -e2

Sphere
e2 1= p = 1 Q = 0

Oblate ellipse
e2 1< p > 1 Q > 0

Prolate ellipse
0 12< <e 0 1< <p 1 0< <Q

Parabola
e2 1= p = 0 Q = -1

Hyperbola
e2 1> p < 0 Q < -1

Fig. 10.10 Corneal asphericity

F. Cavas-Martínez et al.



109

This protrusion creates thinning, which affects 
the tissues that form part of the corneal architec-
ture. This situation occurs progressively as the 
degree of disease severity advances, leading to 
morphological changes that follow a characteris-
tic pattern which is related to a structural weak-
ening of the tissues that make up the cornea (see 
Fig. 10.11). From the geometric perspective, 
keratoconus may give way to several keratoco-
nus subtypes according to cone size and shape 
[21], these being [4]:

• Nipple. The corneal topography analysis pres-
ents a cone-like morphology with a diameter 
of roughly 5 mm that affects at least 50 % of 
the corneal area. Its morphology becomes 
rounded and curved, but the rest of the corneal 
surface takes its natural form. The apex is 
located in the central or paracentral area, but 
can sometimes shift inferonasally.

• Oval. The corneal topography analysis pres-
ents a larger sized cone than the nipple kind; it 
affects one quadrant or two, and is generally 

located in the inferotemporal area. Its mor-
phology is ellipsoid-type.

• Globe. This morphology practically covers 
the whole corneal area because it presents an 
extension of more than 6 mm in diameter. This 
morphology is characterised by generalised 
thinning.

• Astigmatism. This characterisation presents a 
conical protrusion characterised by vertical 
bow tie-type astigmatism whose asymmetry is 
inferosuperior, and frequently more curved in 
the upper area, thus affects less than 50 % of 
the corneal area.

This cone-based classification serves in par-
ticular to describe cone extension and to classify 
keratoconus according to its shape. However, it 
offers no information about corneal pathology 
severity.

The scientific literature offers many publica-
tions that employ corneal topography techniques 
to represent the typical topographical patterns of 
the disease [4, 13, 22–25] (see Fig. 10.12).

Fig. 10.11 Severity grade of keratoconus according Amsler-Krumeich classification [4]
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One of the main morphological characteristics 
that the corneal architecture presents and is 
related with this pathology is the focal curvature 
that the anterior corneal surface undergoes. This 
protrusion is more frequently manifested, in fact 
in 72 % of cases, in the paracentral region, and in 
the central region in around 25 % of cases. 
Therefore, 97 % of cases with keratoconus are 
localised for a radius from r = 0 mm to r = 4 mm, 
which include the central and paracentral corneal 
regions [24]. Presence of a protrusion in the 
peripheral region is considered unusual [26, 27].

The increased curvature produced by kerato-
conus in the corneal morphology due to the 
weakening of the tissues that form part of the cor-
neal architecture not only affects the anterior cor-
neal surface, but also the posterior corneal 
surface, even in incipient or early stage keratoco-
nus cases [4, 27]. Thus, knowledge of geometric 
behaviour of posterior corneal surface is most 
interesting in the ophthalmology field to early 
diagnose keratoconus [28–30] (see Fig. 10.2).

Another differentiating element of the kerato-
conic cornea exists: a parameter that character-
ises the nature of the conical curve or asphericity. 

In this scenario, variation in asphericity occurs 
on the anterior/posterior corneal surfaces, and 
normally with negative values; that is, the healthy 
cornea displays a more prolated geometrical 
ellipse behaviour in relation to both surfaces [6, 
31, 32]. Based on all this, the curvature of a path-
ological cornea’s morphology is greater in the 
central region than in the peripheral region, and 
its behaviour tends to be more parabola like than 
prolate ellipse like. Hence the asphericity value 
increases with more advanced degrees of kerato-
conus [4].

10.3  Corneal Topography: Stages

Nowadays, the geometrical characterisation of 
corneal morphology can be done by Corneal 
Topography. This is a non-invasive exploratory 
technique that allows cornea morphology to be 
analysed both quantitatively and qualitatively 
and is able to identify standard patterns and to 
rule out the potentially devastating alterations for 
eyesight that derive from ectatic pathological dis-
orders [9, 33–36].

Fig. 10.12 Keratoconus characteristic topographical patterns
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Topography is performed with equipment 
known as corneal topographers (see Fig. 10.13). 
These instruments are widely used by the oph-
thalmological medical community and allow 
anatomical and geometrical corneal characterisa-
tion based on its surface reconstruction [35].

Today’s corneal topographers are based on 
two technologies: (1) systems based on light 
reflected on the cornea; (2) systems based on slit 
light projected on the cornea. In turn, they both 
present a standard photographic system or are 
based on Scheimpflug’s photography principle.

Corneal topographers are based on the above- 
described technologies (see Fig. 10.13) and pro-

vide different topographic maps of the anterior 
and posterior corneal surfaces, pachymetry maps, 
and summary indices to follow-up and clinically 
evaluate corneal topographies.

They also contemplate two clearly different 
stages to present the data obtained from corneal 
topography to doctors, who can use them as a 
basis to clinically diagnose corneal ectasis:

• The first stage corresponds to the internal data 
collection and processing procedure.

• The second stage corresponds to geometric 
corneal surface reconstruction and to corneal 
topography generation.

Fig. 10.13 Phases of a corneal topographer
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10.3.1  Stage I: Internal Data 
Collection and Processing

In this stage topographers obtain altimetry data, 
as a matrix of elevations, on a discrete and finite 
set of points that is representative of the corneal 
surface, known as raw data.

10.3.2  Stage II: Geometric Corneal 
Surface Reconstruction—
Corneal Topography 
Generation

In this second stage, by using the data that form 
the matrix of elevations, the corneal surface is 
reconstructed to later compare it with the refer-
ence surface, which is usually a sphere, and to 
obtain the topographic map of the corneal surface 
from the comparison made of both surfaces.

The geometrical reconstruction algorithm can 
be based on two surface reconstruction methods: 
the so-called modal and zonal methods (see 
Fig. 10.14).

10.3.2.1  Modal Methods
Modal methods are based on approaching the 
surface by a combination of basic functions 
defined globally throughout the data domain. 
This combination may depend on a certain num-
ber of parameters and the quantity they require to 

retrieve relevant information about the surface in 
an attempt to avoid overfitting their measurement 
error [37].

In the ophthalmology field, most of the modal 
methods used for surface reconstruction from 
standard heights employ Zernike’s polynomials- 
based developments [38–40], where expansion 
coefficients are interpreted in terms of the basic 
aberrations or degradation in the image in optic 
systems [41, 42].

However, this procedure entails a series of 
problems that have been well discussed in the 
scientific literature [37, 43–45]. In particular, 
there is growing concern about this method being 
inaccurate in abnormal situations as it does not 
obtain a reliable reconstruction in complex 
topographies, which are of much more clinical 
interest.

They also present another problem, that of 
correctly estimating the number of Zernike poly-
nomials to be used in the reconstruction process: 
given the general nature of their support, a rela-
tively small number of them are needed for 
healthy corneas, but a much larger number is 
required for pathological corneas [43, 46]. To 
overcome this problem, there are techniques 
available that objectively estimate the number of 
expansion coefficients that need to be considered 
in the reconstruction polynomial. However, they 
are computationally very complex and difficult to 
implement [47, 48].

Fig. 10.14 Reconstruction methods for corneal 
surface
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Regarding the earlier problems, some alterna-
tive techniques have been proposed in the 
literature:

• Reconstruction by discrete or continuous 
Fourier transform [49–51].

• Reconstruction using least squares model 
 fitting [40].

• Non-linear reconstruction by rational func-
tions [39].

• Reconstruction based on radial basis functions 
[37, 52, 53].

• Reconstruction using contour problems to 
model the corneal surface [54, 55].

However, they all entail the same problems as 
Zernike, and even with other ones, such as high 
computational complexity when dealing with 
residual errors, or obtaining controversial results.

10.3.2.2  Zonal Methods
In zonal methods the data domain is divided into 
more elemental subdomains, and the surface is 
approached in each subdomain, defined indepen-
dently of the others [37, 40].

This reconstruction method is characterised as 
it presents a flexible and accurate fitting when 
considering data inside a zone delimited for the 
calculation of a surface point. This means that 
representation is local, and therefore local irregu-
larities do not affect the global surface represen-
tation, unlike the global functions adopted in 
modal reconstruction as high-order quadratic or 
polynomial surfaces, which lack local informa-
tion. Hence local surface irregularities or defects 
cannot be suitably represented by these 
approaches [3, 56].

The mostly widely used tool is Splines [57], 
especially B-Splines [3, 45, 58], which are 
numerically stable and flexible functions that 
offer good fit accuracy [59, 60].

B-Spline functions have been widely used in 
engineering to solve geometrical and computa-
tional problems which appear when we wish to 
use entities that are highly complex in geometric 
terms [59, 60].

In the ophthalmology field, these B-Spline 
functions have been successfully employed in the 
following applications:

• Topographical corneal surface characterisa-
tion [3, 56, 61–63].

• Eye ball characterisation [64].
• Designing optic lenses to treat keratoconus 

[65].
• Designing an ocular surface prosthesis for a 

so-called keratoglobus corneal pathology 
[66].

In short, depending on the descriptions of the 
models and the previously mentioned purposes, 
and given the singular nature of corneal surface 
morphology, creating a model that offers the 
advantages of zonal reconstruction models by 
B-Spline functions based on Computer-Aided 
Geometrical Design (CAGD) is interesting for 
real corneal morphology characterisation. This 
model could, in turn, also be used to diagnose 
certain pathologies that relate to corneal mor-
phology modifications, such as keratoconus.

10.4  Geometrical Model 
of the Cornea

Generating a geometric corneal model using 
CAGD tools requires representative points of 
corneal morphology for the reconstruction of the 
whole corneal surface and the subsequent gener-
ation of a solid representative model of the human 
cornea.

Some corneal topographers can export these 
points, specifically from the aforementioned first 
data collection stage. Such data correspond to a 
matrix of elevations that is representative of the 
corneal surface, known in the scientific literature 
as raw data, which can be obtained by an internal 
vision algorithm of the corneal topographer [2, 3, 
37, 67–69].

Some authors have conducted works using 
these raw data, e.g. geometrical cornea characteri-
sation done by evaluating corneal symmetry with 
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shape and position parameters [68]; developing a 
personalised biomechanical model by obtaining 
the patient’s geometry [2, 67, 69]. Both these 
works were performed using Cartesian coordi-
nates (x, y, z), provided by a Pentacam topogra-
pher. However, in both cases, raw data were 
interpolated given the above-cited extrinsic exam-
iner–team–patient trinomial problems, which 
affected the measurement process. In order to 
obtain the representative spatial points of the 
whole corneal area, such data interpolation would 
imply them being biased. This would imply that 
throughout the process of reconstructing the whole 
corneal surface, minor morphological alterations 
caused by an incipient degree of the corneal 
pathology, such as keratoconus, not to be reliably 
reproduced.

To date, only raw spatial data obtained from 
the EyeTop 2005 corneal topographer (CSO, 
Italy) without them being interpolated have been 
considered in anterior cornea surface reconstruc-
tions [37], and also in the reconstruction of the 
anterior and posterior corneal surfaces [3] con-
ducted with the data supplied by the Sirius cor-
neal topographer (CSO, Italy).

Therefore with these data and CAGD tools, 
the corneal surface is reconstructed and the solid 
model of a human cornea is generated.

10.4.1  Computer-Aided Geometrical 
Design

In recent years, major technological progress has 
been made thanks to both the generation of vir-
tual models and new computation tools to acquire 
and process images [1]. These have enabled 3D 
shapes to be produced [70], and performance 
models to be formulated that more reliably repro-
duce the geometry of a solid structure [71].

One of these tools is CAGD, which emerged 
when attempting to meet the technological 
requirements of companies in the automobile and 
aeronautics sectors. CAGD allows us to study 
geometrical and computational aspects of any 
complex physical entity, e.g. surfaces and vol-
umes, to produce virtual models [72], which dif-
fer from physical models as they do not imply a 

destructive process, and reduce both production 
and time costs [73, 74].

In the bioengineering field, the development 
of virtual models by CAGD allows the charac-
terisation of biological structures by establishing 
new experimental procedures in the field of med-
icine [71] for different purposes:

• Clinical diagnosis and subsequent treatment 
of a pathology using either invasive or non- 
invasive techniques [75–77].

• Analysis of behaviour in a pathological sce-
nario by numerical methods [78–80].

• Educational purposes by generating virtual 
3D models [81] or by obtaining a physical 
model with 3D printers [82].

In the optics field, some models have been 
found which propose using CAGD to generate 
only the corneal surface and to perform its poste-
rior optical analysis with the spatial points 
obtained by corneal topographers to be used later 
by the aforementioned conical or biconical func-
tions [83–85], or using the images taken of the 
incisions made ex vivo to chicken eyes [86, 87]. 
In both cases, however, the produced cornea 
model was incomplete because, in order to gener-
ate the cloud of the points that constitute the cor-
neal surface, which will be subsequently 
reconstructed by CAGD, data were interpolated, 
and only the corneal surface of optic interest was 
reconstructed. The use of CAGD tools allowed us 
to define and adopt a new methodology [3], 
which guarantees that the data employed for geo-
metric reconstruction did not undergo any type of 
preprocessing or interpolation, which that could 
avoid quite accurately detecting minor distor-
tions formed on both corneal surfaces due to 
keratoconus.

10.5  Geometric Reconstruction 
of the Cornea

The geometric reconstruction process of the cor-
nea defined by the authors proposes carrying out 
the following stages in sequence (Fig. 10.15): (1) 
Obtaining the representative point clouds of the 

F. Cavas-Martínez et al.



115

corneal surfaces, (2) geometrically reconstruct-
ing the corneal surfaces and (3) generating a rep-
resentative solid model of the cornea.

10.5.1  Obtaining the Point Clouds

The reconstruction process is based on generat-
ing a surface using the geometry that the point 
cloud presents in a system of three-dimensional 
coordinates in space, which normally takes a 
Cartesian coordinates format. This geometric 
reconstruction technique is not new to the bio-
medical engineering domain as it has already 
been successfully used to reconstruct other parts 
of the human body [88, 89].

For this process to reconstruct the point clouds 
of the geometry of the anterior and posterior cor-
neal surfaces, a Sirius corneal topographer (CSO, 
Italy) was resorted to, which provides a CSV file 
that contains the following information for each 
patient:

• The radii of Placido’s disc rings (in mm). This 
measurement includes 31 radii values taken in 

0.2-mm intervals which cover the whole cor-
neal area, that is, from r = 0 mm to r = 6 mm.

• Raw altimetry data of the anterior elevation 
(in μm). This is a matrix of elevations formed 
by the 31 rows that correspond to 31 radii of 
Placido’s disc rings, and by the 256 columns 
that correspond to the 256 points that the 
topographer measures per ring. In all, the 
matrix provides 7936 altimetry values that are 
representative of the anterior corneal surface.

• Raw altimetry data of the posterior elevation 
(in μm). This is a matrix of elevations formed 
by the 31 rows that correspond to 31 radii of 
Placido’s disc rings, and by the 256 columns 
that correspond to the 256 points that the 
topographer measures per ring. In all, the 
matrix provides 7936 altimetry values that are 
representative of the posterior corneal surface.

• Corneal thickness data (in μm). This is a matrix 
formed by the 31 rows that correspond to 31 
radii of Placido’s disc rings, and by the 256 col-
umns that correspond to the 256 points that can 
be measured by each ring. In all, the matrix pro-
vides 7936 corneal thickness values, obtained 
by the difference between the raw altimetry data 

Fig. 10.15 Scheme for 3D geometric reconstruction of the cornea
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for the anterior elevation and the raw altimetry 
data for the posterior elevation.

• Further information, such as sagittal anterior/
posterior corneal maps, tangential maps and 
refraction maps, which is not of interest for 
the study conducted.

A Sirius corneal topographer (CSO, Italy) can 
provide raw data in the form of spatial points which 
make up the anterior and posterior corneal surfaces, 
indicating the coordinates of each scanned point. 
These data are provided by the vision algorithm of 
the corneal topographer by combining, on the one 
hand, a specular image of Placido’s disc obtained by 
a reflection on the corneal surface and, on the other 
hand, the image obtained by projecting a slit light 
on the same corneal surface. Therefore, the obtained 
spatial data prove to be the most reliable informa-
tion that can be used for geometric modelling since 
they have not been manipulated or processed by 
any of the equipment’s internal software algorithms 
[37]. For this reason the described reconstruction 
procedure employs only raw data.

However, the topographic data in the CSV file 
take a polar format, where each row represents a 
circle or a ring on the map, and each column repre-
sents a semi-meridian, providing 256 points for each 
cornea radius (from r = 0 to 6 mm in 0.2- mm inter-
vals). Thus, each ith row samples a map on a radius 
circle, i*0.2 mm, and each jth column samples a 
map on a semi-meridian in the j*360/256° direction. 
So each Z value in the [i, j] matrix represents point P 
(i*0.2, j*360/256°) in the polar coordinates.

For the purpose of converting the data sup-
plied by the CSV file with a polar format into a 
point cloud with a Cartesian format (X, Y, Z), 
which is representative of both the anterior and 
posterior corneal surfaces, an algorithm was 
implemented in Matlab.

During the conversion process it was verified 
that not all the points provided by the CSV file 
correctly represented the anterior and posterior 
corneal surfaces since some points were detected 
whose elevation value appeared with an out-of-
range value (Z = −1000), which indicated that the 
point had not been properly scanned.

This demonstrates something previously 
known: a Sirius corneal topographer (CSO, Italy) 

offers low data density in the geographical cor-
neal area known as the peripheral area (with a 
radius between 4 and 5.5 mm), and in the limbus 
(radius of 6 mm) as a result of the time spent on 
rotation during data collection.

This loss of the device’s performance is 
caused by some patient’s extrinsic factors being 
present during the measuring process, such as 
lacrimal film stability, the visual field being 
obstructed by eyelashes or the palpebral aperture 
not being sufficient when data were collected. 
This meant having to redefine the geometric 
reconstruction procedure to only include the 
 corneal surface from its geometrical centre 
(r = 0 mm) to the start of the so-called peripheral 
area (r = 4 mm), which was justified for the fol-
lowing main reasons:

• Geometrical principle. A Sirius corneal 
topographer allows all the points making up 
the corneal geometry in the region defined 
for the reconstruction to be obtained (r = 0 to 
4 mm). It specifically permitted 10,752 spa-
tial points to be obtained, which corre-
sponded to both the anterior and posterior 
corneal surfaces (5376 points each surface) 
per patient, which included both healthy and 
diseased corneas.

• Clinical principle. The defined corneal surface 
(r = 0 to 4 mm) was considered to present 
more information about the corneal morphol-
ogy for both healthy and diseased eyes. This 
area included both the so-called central zone 
(r = 0 to 2 mm), which corresponded to the 
most spherical zone with the best visual reper-
cussion and concentrated 25 % of keratoconus 
cases, and the so-called paracentral zone (r = 2 
to 4 mm), which corresponded to the zone 
where the cornea starts to flatten and concen-
trated 72 % of keratoconus cases [24]. All in 
all, the morphology of the area to undergo 
geometric reconstruction (r = 0 to 4 mm) was 
irregular on both the anterior and posterior 
surfaces, and comprised 97 % of keratoconus 
cases.

Having obtained the representative point 
clouds of both corneal surfaces, from r = 0 mm to 
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r = 4 mm, the next stage was to import this point 
clouds to a software that allows the reliable and 
accurate reconstruction of both surfaces.

10.5.2  Geometric Reconstruction 
of Corneal Surfaces

The point clouds representative of cornea geom-
etry are later imported by the surface reconstruc-
tion software Rhinoceros®, v5.0 (Fig. 10.16). This 
software uses a mathematical model to generate 
surfaces based on non-uniform rational B-splines 
(NURBS) [60], where the surface generated from 
these spatial points is characterised by progress-
ing in two parametric directions, u and v. These 
types of surfaces are invariant with similar trans-
formations—or perspective transformations—
and offer flexibility to design a wide range of 
surfaces with very little computational cost if 
compared with other methods.

Among the functions that the earlier software 
offers, the so-called “Patch” surface reconstruc-
tion function is that which offers the best fit to the 
point cloud. This is a reconstruction function that 
fits a surface by curves, meshes, point objects, 
and previously provided point clouds [90]. This 
function aims to minimise the nominal distance 
between the spatial point cloud and the solution 

surface. For this purpose, configuring this func-
tion by fixing the spacing between the sampling 
points to 256 (the number of points per data ring) 
is recommended, done by defining 255 surface 
segments for both directions U and V (the maxi-
mum number of segments that the software 
allows), and by fixing solution surface rigidity to 
10−3 mm, a parameter that provides information 
about the degree that the best fitting plane can be 
distorted to guarantee it containing the input 
points.

After applying the “Patch” function to the 
point clouds of both corneal surfaces, two similar 
surfaces to those shown in Fig. 10.17 are obtained.

To verify the deviation between the finally 
reconstructed surface and the point cloud to gen-
erate it, the Rhinoceros® software has a function 
known as “Point Cloud Deviation”, which calcu-
lates the average value of the error of the distance 
for the solution surface in relation to the point 
cloud to generate it.

This is seen in Fig. 10.18a, where the upper view 
of the point cloud of the anterior surface of a healthy 
cornea is represented. An average distance error is 
obtained, this being 7.23 × 10−6 ± 1.536 × 10−5 mm 
(mean ± standard deviation).

Figure 10.18b shows the deviation error for 
the anterior corneal surface in an advanced kera-
toconus case. Here the average distance error is 

Fig. 10.16 Importing the point clouds for both corneal surfaces
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3.54 × 10−4 ± 6.36 × 10−4 mm (mean ± standard 
deviation).

In both figures the same threshold values were 
configured to consider which points were valid 
and which were not by fixing 10−3 mm for invalid 
points (in red) and 10−4 mm for valid points (in 
blue). These figures also show how the points are 
 distributed in perfectly circular rings with radii 
from r = 0 mm to r = 4 mm in 0.2-mm intervals. 
As mentioned previously, this is due to the con-
version of the data provided by the corneal topog-
rapher from a polar format into a Cartesian 
format [X, Y, Z].

The anterior and posterior corneal surfaces are 
generated by this procedure, and they are con-
nected by their geometric centre in relation to the 
Z axis (Fig. 10.19). Next the perimetral surface is 
obtained (the linking surface between both sur-
faces in the Z axis direction), and the three sur-
faces are linked to form a single surface, which is 
the object of the present study.

10.5.3  Generation of the Solid Model 
of the Cornea

The surface obtained by Rhinoceros® is later 
imported using the solid modeling software 
SolidWorks® v2014, which allows the generation 
of the solid model that is representative of the 
real and customised geometry of the cornea 
(Fig. 10.20).

10.6  Characterisation 
of the Cornea

After obtaining the 3D solid model of the cornea, 
it can be used to calculate certain geometrical 
variables, which will characterise the analysed 
cornea. Following are some geometrical vari-
ables which can be obtained from the model.

10.6.1  Total Corneal Volume

The “total corneal volume” (in mm3) variable is 
defined as the volume among the anterior, poste-
rior and perimetral surfaces of the generated solid 
model of the cornea (Fig. 10.20).

10.6.2  Anterior Corneal Surface Area

The “anterior corneal surface area” (in mm2) vari-
able is defined as the area occupied by the anterior/
exterior corneal surface. Figure 10.21 shows this 
variable (in green) for both a healthy cornea (in 
blue) and for a cornea with keratoconus (in red).

10.6.3  Posterior Corneal 
Surface Area

The “posterior corneal surface area” (in mm2) 
variable is defined as the area occupied by the 

Fig. 10.17 Final surfaces generated by “Patch” function
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Fig. 10.18 Point-surface 
deviation analysis for the 
reconstruction of anterior 
surface in: (a) a healthy 
cornea, (b) a cornea with 
advanced-state keratoconus

Fig. 10.19 Creation of peripheral surface and welding in a unique surface
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posterior/interior corneal surface. Figure 10.22 
shows this variable (in green) for both a healthy 
cornea (in blue) and for a cornea with keratoco-
nus (in red).

10.6.4  Total Corneal Surface Area

The “total corneal surface area” (in mm2) 
variable is defined as the sum of the area that 
comprises the anterior, posterior and perime-
tral corneal surfaces of the generated solid 
model.

10.6.5  Sagittal Plane Area in Apex

The “Sagittal plane area in apex” (in mm2) 
variable is defined as the cornea area com-
prised on the sagittal plane that passes through 
the Z axis and the highest point (apex) of the 
anterior corneal surface. Figure 10.23 illus-

trates this variable (in green) after making a 
three-dimensional incision in the cornea 
through the sagittal plane that passes through 
both the Z axis and the anterior surface apex, 
and for both a healthy cornea (in blue) and a 
cornea with keratoconus (in red).

10.6.6  Anterior Apex Deviation

The “anterior apex deviation” (in mm) variable is 
defined as the distance from the Z axis to the 
highest point (the apex) of the anterior corneal 
surface (Fig. 10.24).

10.6.7  Posterior Apex Deviation

The “posterior apex deviation” (in mm) variable 
is defined as the distance from the Z axis to the 
highest point (apex) of the posterior corneal sur-
face (Fig. 10.25).

Fig. 10.20 3D solid models 
of a healthy cornea (in blue) 
and a keratoconic cornea (in 
red) generated by the aid of 
Solidworks® software

Fig. 10.21 Anterior corneal 
surface area (in green) 
calculated for a healthy cornea 
(in blue) and a keratoconic 
cornea (in red)

Fig. 10.22 Posterior corneal 
surface area (in green) 
calculated for a healthy cornea 
(in blue) and a keratoconic 
cornea (in red)
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10.6.8  Sagittal Plane Area 
at the Minimum Thickness 
Point

The “sagittal plane area at the minimum thick-
ness point” (in mm2) variable is defined as the 
corneal area that comprises the sagittal plane 
that passes through the Z axis and the minimum 

thickness point (maximum curvature) of the ante-
rior corneal surface. Figure 10.26 depicts this 
variable (in green) after making a three-dimen-
sional incision in the cornea through the sagittal 
plane, which passes through both the Z axis and 
the minimum thickness point of the anterior sur-
face, for both a healthy cornea (in blue) and a 
cornea with keratoconus (in red).

Fig. 10.23 Area of the sagittal plane that passes through the apex of the anterior surface (in green) calculated for a 
healthy cornea (in blue) and a keratoconic cornea (in red)

Fig. 10.24 Anterior apex deviation calculated for a healthy cornea (in blue) and a keratoconic cornea (in red)
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10.6.9  Anterior Minimum Thickness 
Point Deviation

The “anterior minimum thickness point devia-
tion” (in mm) variable is defined as the distance 
from the Z axis to the minimum thickness point 
(maximum curvature) of the anterior corneal sur-
face (Fig. 10.27).

10.6.10  Posterior Minimum Thickness 
Point Deviation

The “posterior minimum thickness point devia-
tion” (in mm) variable is defined as the distance 
from the Z axis to the minimum thickness point 
(maximum curvature) of the posterior corneal 
surface (Fig. 10.28).

Fig. 10.25 Posterior apex deviation calculated for a healthy cornea (in blue) and a keratoconic cornea (in red)

Fig. 10.26 Area of the sagittal plane that passes through the minimum thickness point of the anterior surface (in green) 
calculated for a healthy cornea (in blue) and a keratoconic cornea (in red)
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Fig. 10.27 Anterior minimum thickness point deviation calculated for a healthy cornea (in blue) and a keratoconic 
cornea (in red)

Fig. 10.28 Posterior minimum thickness point deviation calculated for a healthy cornea (in blue) and a keratoconic 
cornea (in red)
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Fig. 10.29 Procedure for 
calculating the volume of the 
corneal cylinder with radius-x
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Fig. 10.30 Different volumes of corneal cylinders with radii 0.5, 1.0, 1.5 and 2.0 mm calculated for a healthy cornea 
(in blue) and a keratoconic cornea (in red)
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10.6.11  Centre of Mass

The “Centre of mass” (in mm) variable is defined 
as the centre of mass’ position, expressed in 
Cartesian coordinates X, Y, Z.

10.6.12  Net Deviation 
from the Centre of Mass 
in XY

The “net deviation from the centre of mass in 
XY” (in mm) variable is defined as the projective 
XY modulus of the centre of mass.

10.6.13  Volume of Corneal Cylinder 
R−x

The “volume of corneal cylinder R−x” (in mm3) 
variable is defined as the volume of the 3D inter-
section between the generated solid model of the 
cornea and one cylinder of radius r = x mm, 
whose axis passes through the minimum thick-
ness points (maximum curvature) of the anterior 
and posterior corneal surfaces (Fig. 10.29). The 
following radii were used for this study: 0.5, 1.0, 
1.5 and 2.0 mm. Figure 10.30 depicts the calcula-
tion of these radii for both a healthy cornea (in 
blue) and a cornea with keratoconus (in red).
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11.1  Introduction

Early detection of corneal ectasia is a main con-
cern for clinical ophthalmologists, in order to 
prevent the iatrogenic effects of several surgical 
procedures such as laser-assisted in situ ker-
atomileusis (LASIK), lamellar cut, or excimer 
laser ablation. One retrospective study in 1364 
patients has found a total of 69 eyes with a cor-
neal topography suggesting forme fruste kerato-
conus (FFKC) after LASIK procedure [1]. 
Although it is a rare complication, the probability 
of an ectatic disease due to the surgically induced 
alteration of the corneal biomechanical structures 
is always present, and not only for those patients 
who have a previous ectatic cornea: in the same 
study, the rate of iatrogenic post-LASIK ectasia 
was 0.05 % (1/1992 eyes), and the total rate of 
post-LASIK ectasia for the entire study was 

0.25 % (1/398). The rate of eyes with unrecog-
nized preoperative FFKC that developed post- 
LASIK ectasia was 5.8 % (1/17) [1]. So even the 
use of the most conservative screening recom-
mendations would not have precluded some 
patients from LASIK, as the one case of post- 
LASIK ectasia previously described, with no 
identifiable preoperative risk factors. Maybe in 
some cases it is not possible to elucidate how sur-
gical procedures will lead to a biomechanical 
failure in response to forces from intraocular 
pressure (IOP), forces from the three antagonistic 
pairs of muscles that control eye movements (lat-
eral and medial rectus muscles, the superior and 
inferior rectus muscles, and the superior and 
inferior oblique muscles), as well as other forces. 
But with a higher rate of surgical-related corneal 
ectasia development in those patients with 

 previous ectatic signs, as observed before, there 
is a great interest in the development of new 
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approaches for the improvement of sensitivity 
and specificity of the clinical diagnostic tools for 
subclinical stages of the ectatic disease detection. 
This chapter is aimed to explain how it is possible 
to establish new criteria for the subclinical kera-
toconus detection using a custom, geometrical 
approach, for an in vivo corneal analysis.

11.2  Materials and Methods

11.2.1  Sampling Procedures

We developed an observational case series study, 
evaluating a total of 120 eyes from 120 subjects 
with normal best spectacle corrected visual acu-
ity, using one eye per patient, following a numer-
ical sequence (dichotomous sequence 0 and 1) 
created by computer software in order to avoid 
interference potential correlations that could 
exist between the eyes of the same person. 
Participants with any ocular or corneal pathol-
ogy, or those whose eyes had undergone any pre-
vious procedure, were excluded.

Sample was divided into two groups: healthy 
and subclinical keratoconus corneas. The first 
group (eyes with healthy cornea) did not present 
any ocular pathology and consisted of 89 healthy 
eyes of 89 patients with ages ranging from 7 to 
66 years (mean age of 37.49 ± 15.11 years). The 
second group was formed by eyes with ocular 
pathology and consisted of 31 eyes of 31 patients 
diagnosed with subclinical keratoconus, with 
ages ranging from 16 to 55 years (mean age of 
34.72 ± 11.12 years). The classification protocol 
for healthy or subclinical keratoconus cases was 
performed based on reported state-of-the-art clin-
ical and topography evaluation [2]: healthy eyes 
had spectacle correction visual acuity ≥1 on the 
decimal scale (Snellen 20/20), no clinical signs 
of keratoconus, no scissoring on retinoscopy, no 
asymmetric bowtie (AB), inferior steepening 
(IS), skewed axes (SRAX), or asymmetric bow-
tie with skewed axes (AB/SRAX) pattern on 
topography. Subclinical keratoconus had specta-
cle correction visual acuity ≥1 on the decimal 
scale (Snellen 20/20); no slit-lamp findings; no 

scissoring on retinoscopy; and presence of AB, 
IS, SRAX, or AB/SRAX pattern on topography 
only.

All clinical data and corneal examinations 
were performed in Vissum Corporation (Alicante, 
Spain). Prior to the examination, informed con-
sent was obtained from each patient, and the 
study was conducted in accordance with the ethi-
cal standards stated in the Declaration of Helsinki 
and approved by the local clinical research ethics 
committee.

11.2.2  Eye Exam

The preoperative examination of all selected eyes 
included the following tests: uncorrected dis-
tance visual acuity (UDVA), corrected distance 
visual acuity (CDVA), manifest refraction, 
Goldmann tonometry, biometry (IOLMaster, 
Carl Zeiss Meditec AG), and corneal topographic 
analysis with Sirius System® (CSO, Florence, 
Italy). All measurements were performed by the 
same experienced optometrist certified in Good 
Clinical Practice (GCP). Regarding the corneal 
topographic analysis, three consecutive measure-
ments were performed and the average values 
were calculated for posterior analysis. A high 
performance corneal topographer with a combi-
nation between rotating Scheimpflug camera and 
Placido disk was used during the study to obtain 
the corneal topography, achieving accurate mea-
surement of elevations, curvature, power, and 
thickness for the whole cornea. This topographer 
has a good level of consistency for taking mea-
surements of sagittal and tangential curvature of 
both faces of the corneal refractive power, points 
of the anterior and posterior corneal surface, cor-
neal pachymetry, and estimations of other 
 biometric structures. This consistency has been 
previously proved to be accurate [3]. During the 
study, the Phoenix® (Phoenix, CSO, Florence, 
Italy) software was used for data registration.

This topographer works in two clearly differ-
entiated stages. The first stage performs a map-
ping of spatial data of the surface morphology  
of the anterior and posterior corneal surfaces. 
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The second stage uses an internal algorithm, 
whose performance is unknown. This proceeds to 
the reconstruction of the corneal surface by an 
elevation map, a topographic map, and a map of 
curvature (tangential or sagittal) from both sides 
of the corneal surface, and later makes a qualita-
tive analysis of these maps using different index 
rates. For the study performed in this paper, only 
raw data extracted from the first stage of the 
topographer was used, which warranties that no 
manipulation of the data by any software algo-
rithm was executed.

11.2.3  Corneal Modeling 
and Geometrical 
Characterization Proposals

The procedure proposed consists of two main 
stages: the reconstruction of a 3D geometrical 
model of the cornea through computational 
geometry techniques and using raw data from a 
Sirius (CSO) corneal topographer, and the deter-
mination and calculation of several geometric 
variables from this model.

Geometrical modeling and analysis. The geo-
metric reconstruction of the cornea was perfor-
med by executing the following steps, described 
with more detail in chapter 10 [4]: extraction of 
the point clouds from the corneal topographer, 
geometric surface reconstruction, and solid mod-
eling. The resulting solid model of the cornea is 
then used to perform an analysis of determined 
geometric variables. The variables studied in this 
study are as follows: total corneal volume [mm3], 
anterior corneal surface area [mm2], posterior 
corneal surface area [mm2], total corneal surface 
area [mm2], sagittal plane area in apex [mm2], 
anterior and posterior apex deviation [mm], sag-
ittal plane area at minimum thickness point 
(maximum curvature) [mm2], anterior and poste-
rior minimum thickness point deviation (maxi-
mum curvature) [mm], centre of mass coordinates 
X, Y, Z of the solid model [mm], net deviation 
from the centre of mass in XY [mm], and volume 
of corneal cylinder R−x [mm3]. A more detailed 
description of these variables can be found in 
Table 11.1.

11.2.4  Data Analysis

According to data engagement scores (K-S test), 
a Student’s t-test or U-Mann–Whitney Wilcoxon 
test was employed, as appropriate. ROC curves 
were established in order to determine what 
parameters could be used to classify diseased cor-
neas, calculating optimal cutoffs, sensitivity, and 
specificity. All analyses were performed using 
Graphpad Prism 6 and SPSS 17.0 software.

11.3  Results

Table 11.2 summarizes the main outcomes of the 
variables analyzed in this study. The majority of 
modeled variables have statistically significant 
differences when comparing healthy with dis-
eased corneas, as presented in Table 11.2.

11.3.1  Importance of Volumetric 
Variables

Patients in the early keratoconus group showed a 
statistically significant decrease in total corneal 
volume when compared with healthy eyes 
(p < 0.05). This behavior is also found in the area 
of highest corneal irregularity. The volume of 
corneal cylinder with radius x is where there are 
statistically higher values for healthy eyes, with a 
similar trend for all radii adopted in the study, 
(x = 0.5, 1.0, 1.5, and 2.0 mm) (p < 0.05).

11.3.2  Surface and Area-Related 
Variables

Regarding the corneal surfaces, the areas for both 
anterior and posterior corneal surfaces are statis-
tically lower in subjects with healthy corneas 
(p < 0.05). On the other hand, the total corneal 
surface area is higher in healthy corneas 
(p < 0.05), as well as the area of the sagittal plane 
that passes through the apex of the anterior sur-
face (p < 0.05) and the area of the sagittal plane 
through the minimum thickness point of the ante-
rior surface (p < 0.05).
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Table 11.1 Geometric variables analyzed in the study

Geometric variable Description
Figure in which 
is represented

Total corneal volume [mm3] Volume limited by front, back, and peripheral surfaces of the 
solid model generated

1

Anterior corneal surface area 
[mm2]

Area of the front/exterior surface 1

Posterior corneal surface area 
[mm2]

Area of the rear/interior surface 1

Total corneal surface area 
[mm2]

Sum of anterior, posterior, and perimetral corneal surface areas 
of the solid model generated

1

Sagittal plane area in apex 
[mm2]

Area of the cornea within the sagittal plane passing through the 
Z axis and the highest point (apex) of the anterior corneal 
surface

2

Anterior and posterior apex 
deviation [mm]

Average distance from the Z axis to the highest point (apex) of 
the anterior/posterior corneal surfaces

2

Sagittal plane area at minimum 
thickness point [mm2]

Area of the cornea within the sagittal plane passing through the 
Z axis and the minimum thickness point (maximum curvature) 
of the anterior corneal surface

3

Anterior and posterior 
minimum thickness point 
deviation [mm]

Average distance in the XY plane from the Z axis to the 
minimum thickness points (maximum curvature) of the 
anterior/posterior corneal surfaces

3

Centre of mass X, Y, Z [mm] Centre of mass coordinates X, Y, Z of the solid –

Net deviation from centre of 
mass in XY [mm]

Projective XY Modulus of the centre of mass –

Volume of corneal cylinder 
R−x [mm3]

Volume of the intersection in 3D between the solid model of 
the cornea generated and a cylinder with x radius whose axis 
passes through the minimum thickness points (maximum 
curvature) of the anterior and posterior corneal surfaces. Radii 
adopted for this study were 0.5, 1, 1.5, and 2 mm

4

11.3.3  Deviations of Several 
Geometrical Parameters

As expected, a minor deviation from the apex of 
the anterior and posterior surfaces, and also a 
minor deviation at minimum thickness points of 
both surfaces in the group of normal corneas 
were observed (p < 0.05). Regarding net devia-
tion from the centre of mass in x, y, no significant 
differences between the groups of this study were 
observed (p < 0.05). The only parameter with  
no statistically significant differences between 
groups was the centre of mass (x, y, z) (p > 0.05). 
Therefore, it would not be a good predictor of 
differences between healthy corneas and corneas 
with subclinical keratoconus.

11.3.4  Sensitivity and Specificity 
for This Method

The predictive value of the modeled variables has 
been established through a ROC analysis (Fig. 11.1). 
A total of six variables have been identified with an 
area under the curve above 0. 63: Posterior apex 
deviation (area: 0.883, p < 0.000, std. error: 0.041, 
95 % CI: 0.800–0.964), the cutoff value obtained 
was 0.0655 mm, with a sensitivity and specificity 
associated of 90.32 % and 34.83 %, respectively; 
anterior apex deviation (area: 0.758, p < 0.000, std. 
error: 0.059, 95 % CI: 0.641–0.875), the cutoff 
value obtained was 0.0010 mm, with a sensitivity 
and specificity associated of 64.52 % and 100.00 %, 
respectively; posterior minimum thickness point 
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deviation (area: 0.758, p < 0.000, std. error: 
0.053, 95 % CI: 0.654–0.862), the cutoff value 
obtained was 0.6215 mm, with a sensitivity and 
specificity associated of 90.32 % and 20.22 %, 
respectively; anterior minimum thickness point 
deviation (area: 0.744, p < 0.000, std. error: 
0.054, 95 % CI: 0.638–0.851), the cutoff value 
obtained was 0.6795 mm, with a sensitivity and 
specificity associated of 90.32 % and 21.35 %, 
respectively; anterior corneal surface area (area: 
0.672, p < 0.004, std. error: 0.059, 95 % CI: 
0.557–0.790), the cutoff value obtained was 

42.9460 mm2, with a sensitivity and specificity 
associated of 90.32 % and 15.73 %, respectively. 
Finally, the posterior corneal surface area (area: 
0.638, p < 0.022, std. error: 0.061, 95 % CI: 
0.519–0.757), the cutoff value obtained was 
44.9985 mm2, with a sensitivity and specificity 
associated of 90.32 % and 19.10 %, respectively. 
Loo king at these six variables, it can be con-
cluded that the parameter that provides a higher 
rate of discrimination between normal corneal 
and corneas with subclinical keratoconus is the 
posterior apex deviation.

Fig. 11.1 ROC curve modeling the sensitivity versus 1-specificity for variables diagnosing the existence of subclinical 
keratoconus disease (plotted only selected variables with area under the curve over 0.63)

11 Early Keratoconus Detection Enhanced by Modern Diagnostic Technology
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11.4  Discussion

Most of the indices employed by classic Placido 
disc topographers and tomographers devices use 
complicated formulas based on corneal curvature 
and thickness profiles for the detection of kerato-
conus. However, these devices have a number of 
limitations for analyzing completely the corneal 
topography, and their sensitivity and accuracy of 
the measurements are quite low in some cases, 
and therefore relevant information could be lost. 
Data are obtained directly from mathematical 

calculations that sometimes carry implicit 

 assum p tions to simplify the computation, and 
therefore, measurement error may increase. Due 
to this, it results of great interest to have detection 
indices for subclinical keratoconus that are based 
on the primary source of information, for exam-
ple in the digitized data of the Placido rings,  
and that permit to improve the capacity of 
 discrimination of this disease. Moreover, the 
independent analysis of the posterior and anterior 
corneal surfaces is not performed in an integrated 
way and requires the analysis of either surfaces 
separately, including also its aberrometric analy-

Fig. 11.1 (continued)
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sis, which provides a lot of different data that 
many times is redundant and sometimes difficult 
to interpret. This new method has shown new 
findings for the distinction between normal eyes 
and eyes with subclinical keratoconus, employ-
ing volumetric, pachymetric, surface area param-
eters, and deviations in the XY plane. Such 
parameters integrate both corneal surfaces and 
make aberrometric analysis of either of them 
unnecessary, creating a new, more simple, and 
global understanding of the limits of normality 
and early corneal pathology in the keratoconic eye.

Regarding volumetric parameters, the patho-
logical group showed a statistically significant 
decrease of total corneal volume compared to 
healthy eyes. The same behavior was found in the 
volume of the corneal cylinders analyzed, detect-
ing lower volumes for pathologic eyes. This trend 
was similar in all the radii studied (from 0.5 to 
2 mm). Such changes may be due to the process 
of deterioration in keratoconus [5], which is trig-
gered by the alteration of corneal collagen fibers, 
thus causing stromal thinning and breaks in 
Bowman membrane, initially in the subclinical 
degree. This way, the presence of orthogonality 
and homogeneity of the collagen fibers in healthy 
corneas is altered to an irregular distribution [6] 
and the bridges of collagen are affected in the 
pathological group. The analysis of this volumet-
ric reduction has been identified in several stud-
ies as a parameter for the differentiation between 
normal and keratoconic eyes [7–11], where signifi-
cant differences in the volume of the cornea were 
observed. In the case of this study, this difference 
is significantly compared to eyes with subclinical 
keratoconus where the degree of corneal protru-
sion is lower than in moderate cases, thus sup-
porting the accuracy of the method proposed.

With regard to the area of the corneal surfaces, 
eyes with subclinical keratoconus show signifi-
cant differences for both surfaces when com-
pared with healthy corneas, being these areas 
higher in the pathological group. This result was 
expected because of the protrusion and existence 
of an irregular corneal area [5, 12, 13], due to an 
increment in the radius of curvature that causes 
an increase in the surface area. However, this 
behavior was not found when the total corneal 

surface area was obtained. Significant differences 
of the area of the total corneal surface were found 
between both groups, being higher in the group 
of healthy corneas. As previously mentioned in 
the section of solid modeling, anterior, posterior, 
and peripheral surfaces were considered for the 
calculation of the total corneal surface area. In 
the healthy corneas the peripheral corneal area is 
the possible cause of this fact, achieving a higher 
total corneal surface area. These values are con-
sistent with those published by different studies 
on subclinical keratoconus, which report that the 
geometry and surface area of both corneal sur-
faces are affected because of the decreased num-
ber of stromal lamellae and lower interconnection 
lamellar surface at the level of the irregular cor-
neal area [14, 15]. However, the presence of a 
higher total surface area in the healthy group is 
not as important as a higher total corneal volume 
accompanied by a high-density network of col-
lagen fibers, making the cornea more resistant to 
the forces and therefore delaying the progression 
of keratoconus. This trend can also be appreci-
ated with respect to the area of the sagittal plane 
that passes through the apex point of the anterior 
corneal surface, as well as to the area of the sagit-
tal plane that passes through the minimum thick-
ness point of the anterior surface. Statistically 
significant differences of these area parameters 
were found between groups, obtaining higher 
values for both parameters in the group of healthy 
corneas. The higher corneal volume in the healthy 
group previously mentioned may be the possible 
cause of these outcomes.

In addition, when analyzing the deviation of 
the apex points of both surfaces (average distance 
from the Z axis to the apex of the anterior/poste-
rior corneal surfaces), significant differences 
between groups were observed, obtaining the 
largest deviation in the group of eyes with sub-
clinical keratoconus [5, 16]. Concretely, in the 
case of deviation of the apex of the anterior sur-
face, no observations were made in healthy cor-
neas (0.00 ± 0.00 mm) and a minimal deviation 
with subclinical keratoconic corneas was detected 
(0.01 ± 0.03 mm). This might be related to the 
stage of lethargy in which the pathology can still 
be found in the anterior corneal surface. On the 

11 Early Keratoconus Detection Enhanced by Modern Diagnostic Technology



138

contrary, a deviation of the apex on the posterior 
surface of the cornea does exist in healthy cor-
neas (0.08 ± 0.02 mm), possibly due to the exis-
tence of the toricity manifested in subjective 
refraction [17]. However, this deviation is signifi-
cantly higher in eyes with subclinical keratoco-
nus (0.16 ± 0.08 mm). This variation of the 
curvature could be detected by corneal tomogra-
phy or topography [18]. On the other hand, the 
results showed by the deviation of the minimum 
thickness (maximum curvature) points of both 
surfaces (average distance from the Z axis to the 
minimum thickness points of the anterior/poste-
rior corneal surfaces) were statistically different 
between groups, being higher in eyes with sub-
clinical keratoconus (1.15 ± 0.33 mm for anterior 
surface and 1.07 ± 0.31 mm for posterior surface) 
with respect to healthy eyes (0. 88 ± 0.27 mm for 
anterior surface and 0.81 ± 0.25 mm for posterior 
surface). This fact is influenced by the presence 
of an irregular corneal surface creating a protru-
sion in the keratoconic case, thus increasing cor-
neal curvature and therefore incrementing the 
distance of deviation [19]. Some researchers 
have evaluated certain ratios of corneal irregular-
ity, concluding that they were significantly higher 
in keratoconic corneas than in normal corneas [20]. 
Saad et al. showed the comparison of a group of 
normal eyes with subclinical keratoconic eyes, 
demonstrating that only the combination of all 
indices of irregularity, extracted from the mini-
mum thickness area of the cornea, allows a 92 % 
of accuracy in differentiation of these groups [11].

In this sense, we attempt to understand the 
performance provided by this technique for dis-
crimination of both groups by each of these vari-
ables. The best results in the determination of  
the disease were obtained by the posterior apex 
deviation variable (area: 0.883, p < 0.000, std. 
error: 0.041, 95 % CI: 0.800–0.964). This vari-
able, having a higher area under the ROC curve, 
provided a more discriminatory capacity. This 
may be due to the existence of structural insta-
bility in subclinical keratoconic corneas. For 
instance, the decrease of corneal volume in these 
cases was observed. The posterior corneal sur-
face is more susceptible to variations due to the 
forces that are exerted on the tissue and for this 

reason the posterior apex deviation is one of the 
variables that most reliably represents the early 
changes in patients with early forms of the dis-
ease. Several studies conclude the great impor-
tance and interest regarding the posterior corneal 
surface. At the beginning of the disease, struc-
tural changes occur at the rear face of the cornea 
and an efficient analysis of this surface would be 
very useful to perform a positive and early 
 identification of the subclinical keratoconus. 
These findings suggest that important clinical 
analysis of posterior corneal surface clearly 
 contributes to early manifestation of subclinical 
keratoconus.
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12.1           Introduction 

  Keratoconus (KC)  , the most prevalent form of 
idiopathic corneal ectasia, is a progressive 
degenerative eye disease characterised by local-
ised thinning and conical protrusion of the cor-
nea. The cone typically develops in the 
inferior- temporal and central zones [ 1 ] although 
superior localisations can also occur [ 2 ]. 
Consequently, visual acuity is reduced due to 
irregular astigmatism and high myopia resulting 
from the corneal topographical changes. KC 

affects both genders and all ethnicities [ 3 – 6 ]; 
however, higher incidence has been reported in 
Asians when compared to Caucasians [ 7 ,  8 ]. 
 Onset   usually occurs during puberty and pro-
gresses until the fourth decade of life [ 3 ]. With 
50 % of unilateral cases progressing to bilateral 
KC within 16 years [ 9 ], experts now agree that 
true unilateral KC does not exist [ 10 ]. 

 Although the aetiology and pathology of the 
disease is still not fully understood, various bio-
chemical, cellular and microstructural differences 
have been reported in the literature. For instance, 
biochemical changes include increased activity of 
proteolytic enzymes and a decrease in their inhib-
itors [ 11 ,  12 ]. A progressive reduction in collagen 
producing keratocytes has also been observed 
[ 13 ] and it has been suggested that variations in 
collagen type XIII [ 14 ], XV and XVIII [ 15 ] may 
alter the healing properties of keratoconic cor-
neas. Stromal ultrastructural abnormalities com-
prise altered spatial distribution of proteoglycans 
[ 16 ], changes in collagen organisation and uneven 
distribution of collagen mass [ 17 ] as well as 
decreased fi bril diameter and interfi brillar spac-
ing, undulation of collagen lamellae [ 18 ], reduced 
lamellar interweaving and loss of lamellae insert-
ing into Bowman’s layer [ 19 ]. Moreover, the 
observed thinning of the stroma in KC has been 
associated with the uneven distribution of colla-
gen mass with inter- and possibly intra-lamellar 
displacement and slippage resulting in changes in 
corneal curvature [ 20 ,  21 ].  
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12.2     Clinical Tools for the Study 
of Corneal Biomechanics 
in Keratoconus: Diagnostic 
Techniques 

 With the disruption of the collagen network, the 
intraocular pressure causes a weakened cornea to 
bulge from its normal shape and become progres-
sively conical. Consequently,  corneal topography   
has become the most widely used tool to detect 
KC. Abnormal corneal tomography parameters 
such as atypical pachymetry profi le, irregular 
anterior curvature and increased posterior surface 
elevation have all been used to detect KC at dif-
ferent stages of the disease. While topography 
analysis is well suited to characterising KC when 
clear geometrical changes have occurred in the 
cornea, its robustness reduces when attempting to 
assess mild, pathologic cases, especially in sub-
clinical or early KC [ 22 ]. The reduced effi cacy of 
these techniques stems from the fact that changes 
in corneal geometric features are secondary signs 
of KC whereas the earliest initiating changes of 
the disease occur within the microstructure and 
hence the biomechanical properties of tissue. 
Since KC is thought to be associated with a 
“weaker” cornea, a technique capable of deter-
mining in vivo biomechanical behaviour of this 
ocular component may be an important tool 
which could be used in the detection of subclini-
cal KC [ 23 ]. 

12.2.1     Corneal Biomechanical 
Properties 

 The cornea exhibits complex biomechanical 
behaviour characteristics, namely hyperelasticity 
(a nonlinear stress increase with a linear strain 
increase), viscoelasticity (hysteresis, creep and 
stress relaxation) and anisotropy (directionally 
dependent response to applied loads). Non- 
enzymatic glycosylation, or “cross-linking”, of 
collagen molecules also results in age-dependent 
stiffening of the tissue. Furthermore, medical his-
tory and diseases such as KC as well as treatment 
methods can also affect the biomechanical char-
acteristics of the tissue. As a result, accurately 
determining the biomechanical behaviour of the 

cornea requires signifi cant effort and its diffi culty 
is exasperated when in vivo characterisation is 
considered. Nevertheless, there has been signifi -
cant scientifi c interest in assessing corneal bio-
mechanical properties due to potential clinical 
applications in recent years, particularly in the 
diagnosis and  management   of KC. 

 Since  biomechanical stability   is dependent on 
the regulation and organisation of structural com-
ponents within the cornea, the biochemical, cel-
lular and microstructural changes observed in 
keratoconic corneas would be expected to have 
negative consequences on structural integrity of 
the tissue and alter its biomechanical properties 
[ 24 ]. Tensile properties of soft biological tissues 
are determined by the size and organisation of 
collagen fi brils. Therefore, the observed altera-
tions in alignment, diameter and spatial order of 
fi brils in KC would undoubtedly have implica-
tions on the cornea’s response to intraocular pres-
sure (IOP) induced stress. The corneal epithelium 
undergoes the earliest pathological changes in 
KC and proteolytic enzymes released by degen-
erating basal epithelial cells cause instability of 
Bowman’s layer and loss of stromal collagen 
fi brils. In cases of acute  corneal hydrops   in KC, 
abnormalities in Descemet’s membrane and 
endothelium have been noted. All of these com-
bined may be responsible for the biomechanical 
instability of the tissue in keratoconus. 

 Experimental studies of  ex vivo KC corneas   
have reported abnormalities in biomechanical 
response to applied loads when compared to nor-
mal corneas [ 25 ,  26 ]. However, in vivo measure-
ment of corneal biomechanics still remains a 
diffi cult task. There are currently only two com-
mercially available instruments capable of quan-
tifying in vivo biomechanical metrics that can be 
used to assist in the diagnosis of the KC. These 
instruments are summarised as follows.  

12.2.2     Ocular Response Analyser 

 The Ocular Response Analyser ( ORA)      became 
commercially available in 2005 and was the fi rst 
device capable of evaluating the biomechanical 
response of the cornea in vivo. The device quanti-
fi es the dynamics of corneal deformation and 
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recovery during a variable air-puff pressure appli-
cation over a 20 ms period. In addition to intraocu-
lar pressure and pachymetry readings, the device 
also provides two biomechanical metrics: corneal 
hysteresis ( CH  )       and corneal resistance factor 
( CRF     ).       CH is the difference between the two appla-
nation pressures ( P  1  and  P  2 ) recorded while apply-
ing the air puff. CRF, on the other hand, is an 
indicator of the overall resistance of the cornea to 
the applied air-puff pressure and is signifi cantly 
correlated with central corneal thickness (CCT). 
Both of these biomechanical metrics are infl uenced 
by the viscoelastic behaviour of the corneal tissue 
[ 27 ]. Clinically measured metrics provided by 
ORA have been widely used to assess the biome-
chanical response of the cornea in order to help 
identify potential cases of KC. Compared with nor-
mal patients, both  CH         and  CRF      are usually reduced 
in KC corneas indicating a mechanical weakening 
of the stroma [ 28 ]. However, a wide substantial 
overlap exists in the biomechanical metrics of nor-
mal and keratoconic corneas [ 29 ,  30 ] and so they 
have not been as effective in identifying KC as fi rst 
anticipated. Furthermore, the exact correlation 
between these metrics and the established mechan-
ical properties of tissue (such as tangent modulus) 
is still unknown [ 22 ]. Thus, the ORA must be com-
plemented with other diagnostic imaging tools to 
obtain a reliable diagnosis of KC. With the intro-
duction of a software update (version 2.0) in 2009, 
the  ORA   now computes 37 new parameters that 
describe the waveform of the ORA applanation 
signal. These parameters show promise in provid-
ing additional biomechanical information about 
KC corneas [ 31 ,  32 ]. However, the manufacturers 
have not yet provided a specifi c explanation of the 
meaning of each parameter and so they still require 
thorough clinical validation before they can be 
commonly used in clinical practise.  

12.2.3     Corvis ST 

 The Corvis ST ( CVS        ) is another representative 
non-contact device that was fi rst introduced in 
2010. The CVS employs a similar deformation 
technique to the ORA, but with a non-varying 
maximum air pressure and provides information 
about the biomechanical response of the cornea 

using dynamic  Scheimpfl ug imaging   analysis. 
The CVS captures approximately 140 cross- 
sectional images of the cornea during the air- 
puff- induced dynamic deformation [ 33 ] using its 
high-speed camera system. This information is 
then used to characterise the morphological 
response of the cornea to the instrument’s air- 
puff pressure using ten deformation parameters, 
some of which are strongly correlated with the 
tissue’s mechanical stiffness. As shown in a pre-
vious study, the maximum deformation ampli-
tude of keratoconic corneas is much greater than 
that of normal corneas [ 34 ]. Further analysis of 
the CVS data may yet be used to yield additional 
metrics about the biomechanical status of the 
cornea. However, the usefulness of  CVS      to eval-
uate KC severity and diagnose subclinical KC is 
yet to be determined. The inclusion of a high- 
speed Scheimpfl ug camera allows for precise 
monitoring of in vivo cornea cross-sectional 
deformation under the applied air pressure. This 
deformation data provides biomedical engineers 
with invaluable information that can be used to 
determine more precise biomechanical proper-
ties of the tissue. Work is now progressing to uti-
lise this device to produce regional estimations 
of in vivo corneal stiffness, which may allow for 
better planning of the treatment and manage-
ment of  KC  .  

12.2.4     Other Devices 

 Several other technologies have also been devel-
oped to evaluate corneal biomechanical parame-
ters in vivo such as  optical coherence tomography      
[ 35 ], supersonic shear wave imaging ( SSI        ) [ 36 ], 
 confocal microscopy   [ 37 ], applanation resonance 
 tonometer   ( ART        ) [ 38 ], acoustic radiation force 
( ARF        ) [ 39 ] and scanning acoustic microscopy 
[ 40 ]. However, the validation of these technolo-
gies in human eyes will be essential before using 
the fi ndings of studies to help improve the accu-
racy of KC diagnosis. Lack of reliable in vivo 
measurements or devices capable of  characterising 
true corneal material properties has meant that 
KC biomechanics have only been investigated to 
a limited extent. It is now becoming apparent that 
the bulk biomechanical assessment of the cornea 
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may not be suffi cient to fully characterise this 
typically asymmetric disease. Spatial location of 
focal weakening in the cornea may be necessary 
to detect the disease at its earliest stages as well 
as fully characterise its progression.   

12.3     Keratoconus Treatment 
Techniques: Implications 
of Corneal Biomechanics 

 KC is currently managed using a number of meth-
ods ranging from non-invasive options capable of 
providing short-term results to invasive tech-
niques for more long-term outcomes. However, 
the method of treatment used is highly dependent 
on the severity of the ectasia. In early stages for 
instance, spectacles can suffi ciently correct 
refractive errors although this method becomes 
unsuitable for correcting the irregular astigma-
tism associated with KC as the disease progresses 
[ 3 ]. In mild to moderate KC, contact lenses, espe-
cially rigid gas permeable (RGP) lenses, are the 
most common and successful method of treat-
ment providing improved visual acuity whilst 
decreasing the need for surgical interventions 
[ 41 ]. In contrast to the aforementioned short-term 
solutions, which aim to improve visual acuity by 
improving the anterior curvature of the cornea, 
more long-term invasive clinical interventions are 
also available. Intrastromal corneal ring segment 
(ICRS) implants and corneal cross-linking (CXL) 
aim to improve the shape of the cornea or halt the 
progression of the cone. For advanced cases, 
which cannot be successfully managed with regu-
lar treatment, deep anterior lamellar keratoplasty 
( DALK     ) and penetrating keratoplasty (PK) were 
introduced to replace either the anterior layers of 
the stroma or the entire cornea with healthy donor 
tissue, respectively. 

12.3.1     Contact Lenses 

  Contact lenses   aim to improve the anterior curva-
ture of the cornea and increase visual acuity. 
Nevertheless, all options interact mechanically 
with the cornea to varying degrees. While several 

lens options are available, the most commonly 
used materials include  soft hydrogel and silicone 
hydrogel  , and RGP polymethylmethacrylate 
(PMMA). Although soft lenses provide increased 
comfort for the wearer, rigid lenses are more prev-
alent since high levels of irregular astigmatism 
cannot be corrected with other lens types [ 42 ,  43 ]. 

     Soft lenses   interact mechanically with the cor-
nea as surface tension forces arising from the tear 
fi lm at the lens periphery and a negative pressure 
within the tear reservoir between the lens and cor-
nea attract the lens towards the eye [ 44 ,  45 ]. 
Bespoke lens options, such as the  KeraSoft ®  lens  , 
are individually lathe cut to fi t the specifi c irregu-
larity of a patient’s cornea resulting in a close fi t 
between the lens and eye while improving the 
anterior curvature. The Young’s modulus of cur-
rent silicone hydrogel lenses is typically in the 
region of 0.3–1.0 MPa [ 46 ] which is similar to the 
tangent modulus of the cornea under normal IOP 
[ 47 ]. Consequently, the effect of the forces acting 
between the contact lens and eye infl uences the 
fi nal lens topography and hence affect the patient’s 
visual acuity. However, this mechanical interac-
tion and subsequent change in lens topography is 
not yet considered when designing soft lenses. 

 As with  soft lenses  ,  RGP lenses   are held in 
place by forces generated between the tear fi lm, 
lens and eye but the degree of fi t between the lens 
and eye varies. In mild KC an ideal fi t can be 
achieved and the lens is usually intended to rest 
on the apex of the cone. However, as the cone 
progresses a compromised fi t may need to be 
accepted as long as it does not cause damage to 
the cornea. In this instance, additional mechani-
cal action occurs between the lens and cornea as 
the lens presses against the cone and temporarily 
changes its shape [ 48 ]. The Young’s modulus of 
the PMMA material used in RGP lenses is also 
three orders of magnitude higher than that of soft 
lenses. Consequently, mechanical interaction 
with the cornea would be unlikely to cause any 
signifi cant changes in lens shape. Originally it 
was hoped that the lens bearing pressure on the 
cornea could correct or stabilise the ectasia by 
fl attening the cone [ 49 ]. However, it was later 
found that this can result in abrasion and scarring 
of the  cornea   [ 50 ].  
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12.3.2     Intrastromal Corneal Ring 
Segments 

  ICRS implants   are designed to reshape abnormal 
corneal topographies based on an  ‘arc-shortening 
effect’   when introduced into the stroma. This 
method was fi rst developed to correct low myo-
pia during its early stages [ 51 ] but has now 
become a treatment option for  KC patients   with 
signifi cant irregular astigmatism and an intoler-
ance to RGP lenses [ 52 ]. It has been shown that 
eyes with varying severities of KC respond dif-
ferently to ICRS placement with the greatest 
effect shown in mild to moderate KC [ 53 ]. ICRS 
implants are inserted into the stroma by creating 
an incision using a femtosecond laser or a 
mechanical tunnelling technique in the peripheral 
region of the cornea with the aim of decreasing 
asymmetrical astigmatism and convexity of the 
cone [ 54 ,  55 ]. However, the incisions required to 
insert the implants would be expected to lead to a 
relaxation of the anterior stromal tissue resulting 
in an altered shape. Furthermore, the effect of 
wound healing may lead to a possible increase in 
membrane stiffness of the cornea whereas tissue 
separation caused by the introduction of the 
implant could result in changes in fl exural stiff-
ness. Although there have been no statistically 
signifi cant differences observed in  cornea hyster-
esis (CH)   and  corneal resistance factor (CRF)   
parameters obtained from the ORA [ 56 ], the 
introduction of rigid components to the stroma 
would be expected to affect the biomechanical 
behaviour of the tissue. This could be due to tis-
sue scarring within the stroma resulting from the 
introduction of the ICRS implants or changes in 
the overall mechanical response of the tissue par-
ticularly in the peripheral region where the 
implant has been introduced.     

12.3.3     Cornea Collagen 
Cross-Linking 

  CXL   is achieved via saturation of the stroma with 
ribofl avin followed by irradiation of the central 
region of the cornea using ultraviolet-A light at 
365–370 nm [ 57 ]. While  stromal saturation   

originally required the removal of the corneal 
epithelium, more recent advances in techniques 
allow for transepithelial application of ribofl avin. 
Nevertheless, in all cases UVA is applied cen-
trally with uniform distribution and in the same 
form for all patients despite their disease state. 
The procedure activates ribofl avin generating 
reactive oxygen species that induce cross-links at 
the surface of collagen fi brils and within the 
proteoglycan- rich coating surrounding them [ 58 ] 
as well as limited linkages among collagen mol-
ecules and among proteoglycan core proteins 
[ 59 ]. The outcome of this procedure is an overall 
increase in mechanical stiffness [ 60 ] which usu-
ally halts the progression of the cone [ 61 ]. While 
various options are now available for the man-
agement of KC, CXL is fast becoming the most 
commonly used technique. This technique can be 
used to halt progression of the cone at all stages 
of the disease [ 10 ] provided that the minimum 
stromal thickness is at least 400 μm, thereby 
reducing further degradation of visual acuity and 
limiting the need for corneal transplants. With the 
development of  CXL  , some patients who might 
otherwise have required penetrating keratoplasty 
are now able to undergo a relatively well- tolerated 
procedure to potentially stabilise the progression 
of their disease. However, the uniform applica-
tion of the CXL treatment to the diseased cornea 
will result in an over-stiffening of the regions 
unaffected by KC, something that is not yet con-
sidered in the patient treatment.  

12.3.4      Keratoplasty      

 Advanced cases of keratoconus, such as keratom-
etry values steeper than 55 D, corneal astigma-
tism >10 D, corrected visual acuity worse than 
6/12 (20/40), the presence of corneal scarring or 
poor contact lens tolerance may require PK [ 62 –
 64 ]. The procedure entails removing the entire 
thickness of the cornea, which is then replaced 
with donor tissue [ 3 ,  62 ].  DALK  , in which ante-
rior corneal layers are removed and replaced with 
healthy donor tissue while Descemet’s mem-
brane and the endothelium remain intact [ 65 ,  66 ], 
was employed in KC management in recent years. 

12 Role of Corneal Biomechanics in the Diagnosis and Management of Keratoconus



146

Compared with PK, DALK has a lower risk of 
endothelial cell loss and graft rejection [ 65 ], 
avoids the risk associated with open sky surgery 
such as expulsive haemorrhage, endophthalmitis, 
iris and/or lens damage, and offers superior wound 
strength [ 67 ,  68 ]. For corneal pathologies not 
affecting the endothelium and Descemet’s mem-
brane,  DALK   is a reasonable alternative to PK 
[ 67 ]. However, normal stromal architecture cannot 
be fully recovered in full-thickness graft wounds 
[ 69 – 71 ]. Abnormalities in collagen fi bril orienta-
tion and spatial organisation have been found 
around the entire graft margin following PK which 
may affect corneal biomechanical behaviour and 
graft stability in the long  term      [ 72 ].   

12.4      Biomechanical Changes   
Induced by the Use 
of the Different Therapeutic 
Modalities 

 Although all current KC management techniques 
involve mechanical interaction with or mechani-
cal changes to the cornea, the design and plan-
ning of these interventions do not consider the 
mechanical properties of the cornea either pre- or 
post-intervention. For instance,  hypoxia-related 
corneal oedema   can occur as a result of prolonged 
soft lens wear [ 73 ] even though the materials 
used have high oxygen permeability. From a bio-
mechanical perspective, this oedema can lead to a 
decrease in corneal stiffness and hence an 
increase in corneal deformation [ 74 ]. In rigid lens 
wear, where the interaction between the lens and 
cornea can be even more pronounced, changes in 
corneal shape with possible biochemical, cellular 
and microstructural responses may have subse-
quent consequences for the overall biomechani-
cal integrity of the cornea. 

 Surgical interventions can also result in bio-
mechanical changes to the cornea. Recent studies 
using the ORA have found that CH and CRF val-
ues from DALK-treated  corneas   are similar to 
normal corneas whereas the corresponding val-
ues for PK-treated corneas are signifi cantly lower 
[ 75 ,  76 ]. This reduction in the values of these 
metrics indicates a softer cornea. It has been 

suggested that this weakening is the result of last-
ing changes in collagen fi bril orientation in and 
around the PK wounds caused by incomplete 
stromal wound remodelling. Conversely, the 
improved structural integrity of DALK-treated 
 eyes   may be the result of combined healing at the 
deep interface and graft margin as well as the 
intact Descemet’s membrane. 

 The most signifi cant iatrogenic changes in KC 
corneal biomechanics are those observed when a 
patient has been treated using CXL. Experimental 
cross-linking studies have reported human cor-
neal stiffness increases in the region of 300 % 
using ribofl avin/UVA treatment [ 60 ] but surpris-
ingly no change in interlaminar cohesion [ 77 ]. 
However, in vivo assessments of corneal biome-
chanical stress–strain behaviour properties have 
not yet been determined as it is currently not pos-
sible to obtain this information. Consequently, 
this has meant that clinicians have to make 
assumptions about the post-procedure mechanics 
of the tissue, which can result in outcomes that 
are less than perfect. Furthermore, when ribofl a-
vin is combined with UVA irradiation, the cyto-
toxic effect is ten times greater than UVA 
irradiation alone [ 78 ]. It is therefore important to 
ensure that suffi cient increases in tissue stiffness 
are achieved without damaging cellular compo-
nents as complications from the procedure may 
result in the need for  keratoplasty     . 

 Since the deformation of the cornea in KC is 
not symmetric, optimum planning, treatment and 
management of the disorder would require 
patient-specifi c information. This would have to 
include information not only related to the cornea 
as a whole, but also the stiffness in the area 
affected by the disease. However, this lack of 
patient-specifi c information on the biomechani-
cal properties of the diseased cornea has made it 
necessary to apply the CXL procedure uniformly 
over the central portion of the cornea, despite the 
fact that the keratoconic cone is usually eccen-
tric. Applying a uniform distribution of UVA in 
the CXL treatment would also induce cross- 
linking in the unaffected regions of the cornea 
possibly leading to over-stiffening. The same is 
true for corneal implants where a concentric dis-
tribution is adopted potentially leading to a stiff-
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ness increase that is not compatible with the 
stiffness deterioration experienced in KC.    

 Over-stiffening of the cornea may have nega-
tive effects, which have not been considered 
before in the planning of the CXL treatment. In 
comparison to the sclera, the stiffness of the cor-
nea is lower due to differences in microstructure 
such as smaller collagen fi bril diameter and 
changes in fi bril organisation in the peripheral 
cornea. As the eye is subjected to continuous 
changes in IOP due to typical diurnal variation 
[ 79 ], physical exertion or ocular pulse amplitude 
[ 80 ], these pressure changes are mainly absorbed 
by the cornea due to its large surface area and low 
mechanical stiffness. The majority of corneal 
deformation during these changes takes place in 
the peripheral region [ 81 ] where the fi bril direc-
tions transition from an orthogonal to circumfer-
ential alignment [ 82 ]. Meanwhile, the central 
portion stretches while retaining its curvature to 
maintain its refractive power and sustain clear 
vision. However, since the increases in cornea 
stiffness due to CXL are signifi cantly higher, the 
accommodating behaviour of this ocular compo-
nent to changes in IOP would be greatly reduced 
and likely transferred to another region of lower 
stiffness such as the lamina cribrosa located in 
the optic nerve head. As a result, the risk of devel-
oping glaucoma in the long term may be increased 
since this region of the eye would be subjected to 
higher stresses and strains. Furthermore, experi-
mental studies have reported stiffness increases 
in the cornea of 7–11 % per decade between the 
ages of 30 and 99 [ 47 ]. Similarly, increases in 
sclera stiffness due to ageing have also been 
reported [ 83 ,  84 ]. Therefore, the need to consider 
these changes may be more important now that 
CXL is also being used in young KC patients.     

12.5     Conclusion 

 Progressive degeneration with localised thinning 
and conical protrusion of the cornea are the main 
clinical features of KC. Changes in corneal 
microstructure and uneven distribution of colla-
gen mass also result in altered corneal biome-
chanical properties. The current inability to 

measure in vivo corneal biomechanical proper-
ties has been a major obstacle in the diagnosis of 
KC as well as the planning and assessment of 
clinical interventions. While diagnosis tech-
niques rely on abnormal cornea tomography 
parameters, changes in corneal geometry are sec-
ondary signs of the disease. Consequently, the 
effi cacy of using these parameters is reduced 
when attempting to assess mild and subclinical 
cases. Since the earliest changes to KC corneas 
occur within the microstructure, in vivo assess-
ment of corneal biomechanics may be a more 
appropriate approach to detecting subclinical 
KC. The disease is managed using a number of 
methods depending on the severity of the ectasia. 
However, corneal biomechanics is not consid-
ered in the planning of these management tech-
niques. Although several technologies have been 
developed to evaluate in vivo corneal biome-
chanical parameters, only two devices are com-
mercially available to clinicians, namely the 
ORA and CVS. Unfortunately, substantial over-
lap exists between ORA metrics obtained from 
normal corneas and those affected by KC result-
ing in the need for further imaging tools to obtain 
reliable diagnoses. Furthermore, there is no exact 
correlation between ORA metrics and the 
mechanical properties of the tissue. The CVS, on 
the other hand, is capable of recording in vivo 
cross-sectional deformation of the cornea during 
the application of an air pulse using a high-speed 
Scheimpfl ug camera. Additional analysis of this 
data may be used to characterise biomechanical 
properties and identify the spatial location of 
focal weakening. Regional information about cor-
neal biomechanical properties could then be used 
to guide CXL treatments and avoid over- stiffening 
of unaffected tissue. Work is now progressing to 
utilise this device in overcoming the obstacle of 
producing regional estimations of in vivo corneal 
biomechanical properties. Completion of this 
work will allow for better planning of the treat-
ment and management of KC.     

  Compliance with Ethical Requirements   FangJun Bao, 
Brendan Geraghty, QinMei Wang and Ahmed Elsheikh 
declare that they have no confl ict of interest. No human or 
animal studies were carried out by the authors for this article.  

12 Role of Corneal Biomechanics in the Diagnosis and Management of Keratoconus



148

   References 

    1.    Auffarth GU, Wang L, Völcker HE. Keratoconus 
evaluation using the Orbscan topography system. 
J Cataract Refract Surg. 2000;26(2):222–8.  

    2.    Weed KH, McGhee CN, MacEwen CJ. Atypical uni-
lateral superior keratoconus in young males. Cont 
Lens Anterior Eye. 2005;28(4):177–9.  

       3.    Rabinowitz YS. Keratoconus. Surv Ophthalmol. 
1998;42(4):297–319.  

   4.    Wagner H, Barr JT, Zadnik K. Collaborative 
Longitudinal Evaluation of Keratoconus (CLEK) 
study: methods and fi ndings to date. Cont Lens 
Anterior Eye. 2007;30(4):223–32.  

   5.    Weed KH, MacEwen CJ, Giles T, et al. The Dundee 
University Scottish Keratoconus study: demograph-
ics, corneal signs, associated diseases, and eye rub-
bing. Eye (Lond). 2008;22(4):534–41.  

    6.    Owens H, Gamble GD, Bjornholdt MC, et al. 
Topographic indications of emerging keratoconus in 
teenage New Zealanders. Cornea. 2007;26(3):312–8.  

    7.    Pearson A, Soneji B, Sarvananthan N, Sandford- 
Smith J. Does ethnic origin infl uence the incidence 
or severity of keratoconus? Eye (Lond). 2000;
14(Pt4):625–8.  

    8.    Georgiou T, Funnell CL, Cassels-Brown A, O'Conor 
R. Infl uence of ethnic origin on the incidence of kera-
toconus and associated atopic disease in Asians and 
white patients. Eye (Lond). 2004;18(4):379–83.  

    9.    Li X, Rabinowitz Y, Rasheed K, Yang H. Longitudinal 
study of the normal eyes in unilateral keratoconus 
patients. Ophthalmology. 2004;111(3):440–6.  

     10.    Gomes JA, Tan D, Rapuano CJ, et al. Global consen-
sus on keratoconus and ectatic diseases. Cornea. 
2015;34(4):359–69.  

    11.    Cristina Kenney M, Brown DJ. The cascade hypothe-
sis of keratoconus. Cont Lens Anterior Eye. 
2003;26(3):139–46.  

    12.    Kenney MC, Chwa M, Atilano SR, et al. Increased 
levels of catalase and cathepsin V/L2 but decreased 
TIMP-1 in keratoconus corneas: evidence that oxida-
tive stress plays a role in this disorder. Invest 
Ophthalmol Vis Sci. 2005;46(3):823–32.  

    13.    Ku JY, Niederer RL, Patel DV, et al. Laser scanning 
in vivo confocal analysis of keratocyte density in ker-
atoconus. Ophthalmology. 2008;115(5):845–50.  

    14.    Maatta M, Vaisanen T, Vaisanen MR, et al. Altered 
expression of type XIII collagen in keratoconus and 
scarred human cornea: increased expression in scarred 
cornea is associated with myofi broblast transforma-
tion. Cornea. 2006;25(4):448–53.  

    15.    Maatta M, Heljasvaara R, Sormunen R, et al. 
Differential expression of collagen types XVIII/end-
ostatin and XV in normal, keratoconus, and scarred 
human corneas. Cornea. 2006;25(3):341–9.  

    16.    Fullwood NJ, Tuft SJ, Malik NS, et al. Synchrotron 
x-ray diffraction studies of keratoconus corneal 
stroma. Invest Ophthalmol Vis Sci. 1992;33(5):
1734–41.  

    17.    Meek K, Tuft S, Huang Y, et al. Changes in collagen 
orientation and distribution in keratoconus corneas. 
Invest Ophthalmol Vis Sci. 2005;46(6):1948–56.  

    18.    Akhtar S, Bron AJ, Salvi SM, et al. Ultrastructural 
analysis of collagen fi brils and proteoglycans in kera-
toconus. Acta Ophthalmol. 2008;86(7):764–72.  

    19.    Morishige N, Wahlert AJ, Kenney MC, et al. Second- 
harmonic imaging microscopy of normal human and 
keratoconus cornea. Invest Ophthalmol Vis Sci. 
2007;48(3):1087–94.  

    20.    Meek KM, Blamires T, Elliott GF, et al. The organisa-
tion of collagen fi brils in the human corneal stroma: a 
synchrotron X-ray diffraction study. Curr Eye Res. 
1987;6(7):841–6.  

    21.    Sherwin T, Brookes NH. Morphological changes in 
keratoconus: pathology or pathogenesis. Clin 
Experiment Ophthalmol. 2004;32(2):211–7.  

     22.    Pinero DP, Nieto JC, Lopez-Miguel A. 
Characterization of corneal structure in keratoconus. 
J Cataract Refract Surg. 2012;38(12):2167–83.  

    23.    Pinero DP, Alio JL, Barraquer RI, et al. Corneal bio-
mechanics, refraction, and corneal aberrometry in 
keratoconus: an integrated study. Invest Ophthalmol 
Vis Sci. 2010;51(4):1948–55.  

    24.    Edmund C. Corneal elasticity and ocular rigidity in 
normal and keratoconic eyes. Acta Ophthalmol. 
1988;66(2):134–40.  

    25.    Andreassen TT, Simonsen AH, Oxlund 
H. Biomechanical properties of keratoconus and nor-
mal corneas. Exp Eye Res. 1980;31(4):435–41.  

    26.    Nash IS, Greene PR, Foster CS. Comparison of 
mechanical properties of keratoconus and normal cor-
neas. Exp Eye Res. 1982;35(5):413–24.  

    27.    Roberts CJ. Concepts and misconceptions in corneal 
biomechanics. J Cataract Refract Surg. 
2014;40(6):862–9.  

    28.    Seiler T, Huhle S, Spoerl E, Kunath H. Manifest dia-
betes and keratoconus: a retrospective case-control 
study. Graefes Arch Clin Exp Ophthalmol. 
2000;238(10):822–5.  

    29.    Fontes BM, Ambrosio Jr R, Velarde GC, Nose 
W. Ocular response analyzer measurements in kerato-
conus with normal central corneal thickness com-
pared with matched normal control eyes. J Refract 
Surg. 2011;27(3):209–15.  

    30.    Johnson RD, Nguyen MT, Lee N, Hamilton 
DR. Corneal biomechanical properties in normal, 
forme fruste keratoconus, and manifest keratoconus 
after statistical correction for potentially confounding 
factors. Cornea. 2011;30(5):516–23.  

    31.    Mikielewicz M, Kotliar K, Barraquer RI, Michael 
R. Air-pulse corneal applanation signal curve param-
eters for the characterisation of keratoconus. Br 
J Ophthalmol. 2011;95(6):793–8.  

    32.    Wolffsohn JS, Safeen S, Shah S, Laiquzzaman 
M. Changes of corneal biomechanics with keratoco-
nus. Cornea. 2012;31(8):849–54.  

    33.    Valbon BF, Ambrosio Jr R, Fontes BM, et al. Ocular 
biomechanical metrics by CorVis ST in healthy 

F. Bao et al.



149

Brazilian patients. J Refract Surg. 2014;30(7):
468–73.  

    34.   Ali NQ, Patel DV, McGhee CN. Biomechanical 
responses of healthy and keratoconic corneas mea-
sured using a non contact Scheimpfl ug tonometer. 
Invest Ophthalmol Vis Sci. 2014;55(6):3651–9.  

    35.    Ford MR, Dupps Jr WJ, Rollins AM, et al. Method for 
optical coherence elastography of the cornea. 
J Biomed Opt. 2011;16(1):016005.  

    36.    Touboul D, Gennisson JL, Nguyen TM, et al. Supersonic 
shear wave elastography for the in vivo evaluation of 
transepithelial corneal collagen cross- linking. Invest 
Ophthalmol Vis Sci. 2014;55(3):1976–84.  

    37.    Scarcelli G, Besner S, Pineda R, et al. In vivo biome-
chanical mapping of normal and keratoconus corneas. 
JAMA Ophthalmol. 2015;133(4):480–2.  

    38.    Beckman Rehnman J, Behndig A, Hallberg P, 
Linden C. Increased corneal hysteresis after corneal 
collagen crosslinking: a study based on applanation 
resonance technology. JAMA Ophthalmol. 
2014;132(12):1426–32.  

    39.    Urs R, Lloyd HO, Silverman RH. Acoustic radiation 
force for noninvasive evaluation of corneal biome-
chanical changes induced by cross-linking therapy. 
J Ultrasound Med. 2014;33(8):1417–26.  

    40.    Beshtawi IM, Akhtar R, Hillarby MC, et al. 
Biomechanical changes of collagen cross-linking on 
human keratoconic corneas using scanning acoustic 
microscopy. Curr Eye Res. 2015;41(5):609–15.  

    41.    Bilgin LK, Yilmaz S, Araz B, et al. 30 years of contact 
lens prescribing for keratoconic patients in Turkey. 
Cont Lens Anterior Eye. 2009;32(1):16–21.  

    42.    Zadnik K, Barr JT, Edrington TB, et al. Baseline fi nd-
ings in the Collaborative Longitudinal Evaluation of 
Keratoconus (CLEK) study. Invest Ophthalmol Vis 
Sci. 1998;39(13):2537–46.  

    43.    Lim N, Vogt U. Characteristics and functional out-
comes of 130 patients with keratoconus attending a 
specialist contact lens clinic. Eye (Lond). 
2002;16(1):54–9.  

    44.    Hayashi T, Fatt I. Forces retaining a contact lens on 
the eye between blinks. Am J Optom Physiol Opt. 
1980;57(8):485–507.  

    45.    Jenkins JT, Shimbo M. The distribution of pressure 
behind a soft contact lens. J Biomech Eng. 
1984;106(1):62–5.  

    46.    Horst CR, Brodland B, Jones LW, Brodland 
GW. Measuring the modulus of silicone hydrogel 
contact lenses. Optom Vis Sci. 2012;89(10):1468–76.  

     47.    Elsheikh A, Geraghty B, Rama P, et al. Characterization 
of age-related variation in corneal biomechanical 
properties. J R Soc Interface. 2010;7(51):1475–85.  

    48.    McMonnies CW. Keratoconus fi ttings: apical clear-
ance or apical support? Eye Contact Lens. 
2004;30(3):147–55.  

    49.    Hartstein J. Keratoconus that developed in patients 
wearing corneal contact lenses. Report of four cases. 
Arch Ophthalmol. 1968;80(3):345–6.  

    50.    Korb DR, Finnemore VM, Herman JP. Apical changes 
and scarring in keratoconus as related to contact lens 
fi tting techniques. J Am Optom Assoc. 1982;
53(3):199–205.  

    51.    Schanzlin DJ, Asbell PA, Burris TE, Durrie DS. The 
intrastromal corneal ring segments. Phase II results 
for the correction of myopia. Ophthalmology. 
1997;104(7):1067–78.  

    52.    Rabinowitz YS. Intacs for keratoconus. Curr Opin 
Ophthalmol. 2007;18(4):279–83.  

    53.    Alfonso JF, Lisa C, Fernandez-Vega L, et al. 
Intrastromal corneal ring segment implantation in 219 
keratoconic eyes at different stages. Graefes Arch 
Clin Exp Ophthalmol. 2011;249(11):1705–12.  

    54.    Akaishi L, Tzelikis PF, Raber IM. Ferrara intracorneal 
ring implantation and cataract surgery for the correc-
tion of pellucid marginal corneal degeneration. 
J Cataract Refract Surg. 2004;30(11):2427–30.  

    55.    Zare MA, Hashemi H, Salari MR. Intracorneal ring 
segment implantation for the management of kerato-
conus: safety and effi cacy. J Cataract Refract Surg. 
2007;33(11):1886–91.  

    56.    Dauwe C, Touboul D, Roberts CJ, et al. Biomechanical 
and morphological corneal response to placement of 
intrastromal corneal ring segments for keratoconus. 
J Cataract Refract Surg. 2009;35(10):1761–7.  

    57.    Wollensak G, Spoerl E, Seiler T. Ribofl avin/
ultraviolet- a-induced collagen crosslinking for the 
treatment of keratoconus. Am J Ophthalmol. 
2003;135(5):620–7.  

    58.    Hayes S, Kamma-Lorger CS, Boote C, et al. The 
effect of ribofl avin/UVA collagen cross-linking ther-
apy on the structure and hydrodynamic behaviour of 
the ungulate and rabbit corneal stroma. PLoS One. 
2013;8(1), e52860.  

    59.    Zhang Y, Conrad AH, Conrad GW. Effects of ultravi-
olet- A and ribofl avin on the interaction of collagen 
and proteoglycans during corneal cross-linking. J Biol 
Chem. 2011;286(15):13011–22.  

     60.    Wollensak G. Crosslinking treatment of progressive 
keratoconus: new hope. Curr Opin Ophthalmol. 
2006;17(4):356–60.  

    61.    Caporossi A, Mazzotta C, Baiocchi S, Caporossi T. Long-
term results of ribofl avin ultraviolet a corneal collagen 
cross-linking for keratoconus in Italy: the Siena eye cross 
study. Am J Ophthalmol. 2010;149(4):585–93.  

     62.    Sray WA, Cohen EJ, Rapuano CJ, Laibson PR. Factors 
associated with the need for penetrating keratoplasty 
in keratoconus. Cornea. 2002;21(8):784–6.  

   63.    Tuft SJ, Moodaley LC, Gregory WM, et al. Prognostic 
factors for the progression of keratoconus. 
Ophthalmology. 1994;101(3):439–47.  

    64.    Reeves SW, Stinnett S, Adelman RA, Afshari 
NA. Risk factors for progression to penetrating kera-
toplasty in patients with keratoconus. Am 
J Ophthalmol. 2005;140(4):607–11.  

     65.    Watson SL, Ramsay A, Dart JK, et al. Comparison of 
deep lamellar keratoplasty and penetrating kerato-

12 Role of Corneal Biomechanics in the Diagnosis and Management of Keratoconus



150

plasty in patients with keratoconus. Ophthalmology. 
2004;111(9):1676–82.  

    66.    Funnell CL, Ball J, Noble BA. Comparative cohort 
study of the outcomes of deep lamellar keratoplasty 
and penetrating keratoplasty for keratoconus. Eye 
(Lond). 2006;20(5):527–32.  

     67.    Sugita J, Kondo J. Deep lamellar keratoplasty with 
complete removal of pathological stroma for vision 
improvement. Br J Ophthalmol. 1997;81(3):184–8.  

    68.    Shimazaki J. The evolution of lamellar keratoplasty. 
Curr Opin Ophthalmol. 2000;11(4):217–23.  

    69.    Hayes S, Young R, Boote C, et al. A structural inves-
tigation of corneal graft failure in suspected recurrent 
keratoconus. Eye (Lond). 2010;24(4):728–34.  

   70.    Farley MK, Pettit TH. Traumatic wound dehiscence 
after penetrating keratoplasty. Am J Ophthalmol. 
1987;104(1):44–9.  

    71.    Pettinelli DJ, Starr CE, Stark WJ. Late traumatic cor-
neal wound dehiscence after penetrating keratoplasty. 
Arch Ophthalmol. 2005;123(6):853–6.  

    72.    Boote C, Dooley EP, Gardner SJ, et al. Quantifi cation 
of collagen ultrastructure after penetrating kerato-
plasty—implications for corneal biomechanics. PLoS 
One. 2013;8(7), e68166.  

    73.    Holden BA, Mertz GW. Critical oxygen levels to 
avoid corneal edema for daily and extended wear con-
tact lenses. Invest Ophthalmol Vis Sci. 1984;
25(10):1161–7.  

    74.    Kling S, Marcos S. Effect of hydration state and storage 
media on corneal biomechanical response from in vitro 
infl ation tests. J Refract Surg. 2013;29(7):490–7.  

    75.    Hosny M, Hassaballa MA, Shalaby A. Changes in 
corneal biomechanics following different keratoplasty 
techniques. Clin Ophthalmol. 2011;5:767–70.  

    76.    Abdelkader A. Infl uence of different keratoplasty 
techniques on the biomechanical properties of the cor-
nea. Acta Ophthalmol. 2013;91(7):e567–72.  

    77.    Wollensak G, Sporl E, Mazzotta C, et al. Interlamellar 
cohesion after corneal crosslinking using ribofl avin 
and ultraviolet A light. Br J Ophthalmol. 2011;
95(6):876–80.  

    78.    Wollensak G, Spoerl E, Reber F, Seiler T. Keratocyte 
cytotoxicity of ribofl avin/UVA-treatment in vitro. Eye 
(Lond). 2004;18(7):718–22.  

    79.    Liu JH, Medeiros FA, Slight JR, Weinreb RN. Diurnal 
and nocturnal effects of brimonidine monotherapy on 
intraocular pressure. Ophthalmology. 2010;117(11):
2075–9.  

    80.    Dastiridou AI, Ginis HS, De Brouwere D, et al. 
Ocular rigidity, ocular pulse amplitude, and pulsatile 
ocular blood fl ow: the effect of intraocular pressure. 
Invest Ophthalmol Vis Sci. 2009;50(12):5718–22.  

    81.    Boyce BL, Grazier JM, Jones RE, Nguyen TD. Full- 
fi eld deformation of bovine cornea under constrained 
infl ation conditions. Biomaterials. 2008;29(28):
3896–904.  

    82.    Muller LJ, Pels E, Schurmans LR, Vrensen GF. A 
new three-dimensional model of the organization of 
proteoglycans and collagen fi brils in the human cor-
neal stroma. Exp Eye Res. 2004;78(3):493–501.  

    83.    Coudrillier B, Tian J, Alexander S, et al. Biomechanics 
of the human posterior sclera: age- and glaucoma- 
related changes measured using infl ation testing. 
Invest Ophthalmol Vis Sci. 2012;53(4):1714–28.  

    84.    Geraghty B, Jones SW, Rama P, et al. Age-related 
variations in the biomechanical properties of human 
sclera. J Mech Behav Biomed Mater. 2012;16:
181–91.      

F. Bao et al.



151© Springer International Publishing Switzerland 2017 
J.L. Alió (ed.), Keratoconus, Essentials in Ophthalmology, DOI 10.1007/978-3-319-43881-8_13

      Diagnosing Keratoconus Using 
VHF Digital Ultrasound Epithelial 
Thickness Profi les                     

     Dan     Z.     Reinstein      ,     Timothy     J.     Archer      , 
    Marine     Gobbe      ,     Raksha     Urs      , 
and     Ronald H.     Silverman     

        D.  Z.   Reinstein ,  M.D., M.A.(Cantab), F.R.C.S.C., 
F.R.C. Ophth      (*) 
  London Vision Clinic ,   London ,  UK   

  Columbia University Medical Center , 
  New York ,  NY ,  USA    

  Centre Hospitalier National d’Ophtalmologie , 
  Paris ,  France    

  School of Biomedical Sciences, University of Ulster , 
  Coleraine ,  UK    
 e-mail: dzr@londonvisionclinic.com   

    T.  J.   Archer ,  M.A.(Oxon), DipCompSci(Cantab)      
   M.   Gobbe ,  M.S.T.(Optom), Ph.D.      
  London Vision Clinic ,   London ,  UK   
 e-mail: tim@londonvisionclinic.com; 
marine@londonvisionclinic.com  

    R.  Urs ,  Ph.D.     
  Department of Ophthalmology ,  Columbia University 
Medical Center ,   New York ,  NY    

    R.   H.   Silverman ,  Ph.D.     
  Department of Ophthalmology ,  Columbia University 
Medical Center ,   New York ,  NY   

  F.L. Lizzi Center for Biomedical Engineering, 
Riverside Research ,   New York ,  NY    

  13

13.1          Introduction 

 Keratoconus is a progressive corneal dystrophy 
which manifests as corneal thinning and forma-
tion of a cone-shaped protrusion. Because  laser 
refractive surgery   may lead to accelerated post-
operative ectasia in patients with keratoconus [ 1 , 
 2 ], the accurate detection of early keratoconus is 
a major safety concern. The  prevalence   of kerato-

conus in the Caucasian population is approxi-
mately 1/2000 [ 3 ]. The incidence of undiagnosed 
keratoconus presenting to refractive surgery clin-
ics tends to be much higher than this, as kerato-
conics develop astigmatism that is more diffi cult 
to correct by contact lenses or glasses, leading them 
to consider refractive surgery [ 4 ]. The challenge 
for keratoconus  screening   is to have high sensi-
tivity, but for this to be combined with high spec-
ifi city to minimize the number of atypical normal 
patients who are denied surgery. 

 As has been described in other chapters, there 
have been signifi cant efforts made to develop 
methods for  screening   of early keratoconus over 
the last 30 years. In 1984, Klyce [ 5 ] introduced 
color-coded maps derived from computerized 
front surface placido topography, which have 
made the diagnosis of keratoconus easier, as pat-
terns including inferior steepening, asymmetric 
bow-tie and skew bow-tie typical of keratoconus 
can be seen early in the progression of the disease 
[ 6 ,  7 ]. Placido-based instruments producing 
maps of anterior surface topography and curva-
ture became available by the early 1990s and 
their use in keratoconus screening demonstrated 
[ 7 – 16 ]. Characterization of corneal thickness and 
topography of both corneal surfaces using 
scanning- slit tomography was introduced com-
mercially in the mid-1990s by the  Orbscan scan-
ning slit system   (Bausch & Lomb, Rochester, 
NY) [ 17 – 19 ] and later by the Pentacam rotating 
Scheimpfl ug-based system (Oculus Optikgeräte, 
Wetzlar, Germany) [ 20 ,  21 ] and other tomogra-
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phy scanners. Wavefront assessment [ 22 ] and the 
 Ocular Response Analyzer   (Reichert, Depew, 
NY) [ 23 ] have been employed as a means for 
detecting early keratoconus. 

 Topographic and tomographic evaluation 
has evolved from qualitative observation [ 7 ] to 
 quantitative measurements, and many parame-
ters have been described to aid the differentia-
tion of normal from keratoconus eyes [ 7 – 16 ]. 
Several statistical and machine-based or com-
puterized learning models have been employed 
for keratoconus detection, and automated sys-
tems for screening based on front and back sur-
face topography and whole corneal tomography 
and pachymetric profi le have been developed 
[ 20 ,  24 – 31 ]. 

 Although these approaches have improved the 
effectiveness of keratoconus  screening  , there still 
remain equivocal cases where a confi dent diag-
nosis cannot be made and undiagnosed keratoco-
nus remains probably the leading cause of corneal 
ectasia after LASIK [ 32 – 44 ]. The addition of 
quantitative parameters that are independent of 
those now obtained by topographic and tomo-
graphic analysis could potentially improve 
screening. 

 The corneal epithelial and stromal thickness 
profi les may represent such an independent 
parameter and will be the focus of this chapter. 
As will be described later, the corneal epithelium 
has the ability to alter its thickness profi le to re- 
establish a smooth, symmetrical optical outer 
corneal surface and either partially or totally 
mask the presence of an irregular stromal surface 
from front surface topography [ 45 ,  46 ]. Therefore, 
the epithelial thickness profi le would be expected 
to follow a distinctive pattern in keratoconus to 
partially compensate for the cone. 

 To formally distinguish abnormal from nor-
mal epithelial thickness profi les, we set out to 
study a population of normal eyes to defi ne the 
normal epithelial thickness profi le. In parallel, 
we also set out to study the epithelial thickness 
profi le in a population of keratoconic eyes to 
describe epithelial changes with keratoconus. 
Knowing the epithelial thickness profi le in each 
population, we aimed to qualitatively assess the 

differences to be able to discriminate between the 
two populations. Any departure from a normal 
epithelial thickness profi le might be used as a 
very sensitive indicator of stromal surface irregu-
larity and therefore as a tool to detect early 
keratoconus.  

13.2     VHF Digital Ultrasound Arc 
Scanning 

 All of the epithelial thickness data that is described 
in this chapter was obtained using the Artemis 
very high-frequency digital ultrasound arc scanner 
(ArcScan Inc., Golden, CO), which has been pre-
viously described in detail [ 47 – 49 ]. Briefl y, 
 Artemis VHF digital ultrasound   is carried out 
using an ultrasonic standoff medium. The  patient   
sits and positions the chin and forehead into a 
headrest while placing the eye in a soft rimmed 
eyecup. Warm sterile normal saline (33 °C) is 
fi lled into the darkened scanning chamber. The 
patient fi xates on a narrowly focused aiming beam 
which is coaxial with the infrared camera, the cor-
neal vertex and the centre of rotation of the scan-
ning system. The technician adjusts the centre of 
rotation of the system until it is coaxial with the 
corneal vertex. In this manner, the position of each 
scan plane is maintained about a single point on 
the cornea and corneal mapping is therefore cen-
tred on the corneal vertex. The  Artemis VHF digi-
tal ultrasound   uses a broadband 50 MHz VHF 
 ultrasound transducer   (bandwidth approximately 
10–60 MHz) which is swept by a reverse arc high-
precision mechanism to acquire B-scans as arcs 
that follow the surface contour of anterior or pos-
terior segment structures of interest. Performing a 
3D scan set with the Artemis 1 takes approxi-
mately 2–3 min per each eye. 

 Using VHF digital ultrasound, interfaces 
between tissues are detected at the location of the 
maximum change in acoustic impedance (the 
product of the density and the speed of sound). It 
was fi rst demonstrated in 1993 that acoustic 
interfaces being detected in the cornea were 
located spatially at the epithelial surface and at 
the interface between epithelial cells and the 
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anterior surface of Bowman’s layer [ 50 ]. This 
indicated that  stromal thickness measurement   
with VHF digital ultrasound includes Bowman’s 
layer. The posterior boundary of the stroma with 
VHF digital ultrasound is located at the interface 
between the endothelium and the aqueous as this 
is the location of the maximum change in acoustic 
impedance. This indicated that stromal  thickness 
measurement with VHF digital ultrasound 
includes Descemet’s and the endothelium. 

13.2.1      Three-Dimensional Epithelial 
Pachymetric Topography   

 For three-dimensional scan  sets  , the scan sequence 
consisted of four meridional B-scans at 45° inter-
vals. Each scan sweep takes about 0.25 s and con-
sisted of 128 scan lines or pulse echo vectors. 
Ultrasound data are digitized and stored. The digi-
tized ultrasound data are then transformed using 
patented Cornell University digital signal process-
ing technology which includes auto-correlation of 
back surface curvatures to centre and align the 
meridional scans. A speed of sound constant of 
1640 m/s was used. A linear polar–radial interpo-
lation function is used to interpolate between scan 
meridians to produce a Cartesian matrix over a 
10 mm diameter in 0.1 mm  steps     .   

13.3     Epithelial Thickness Profi le 
in Normal Eyes 

 We set out to characterize the in vivo epithelial 
thickness profi le in a population of normal eyes 
with no ocular pathology other than refractive 
error. We obtained the epithelial thickness profi le 
across the central 10 mm diameter of the cornea 
for 110 normal eyes of 56 patients and averaged 
the data in the population. Epithelial thickness 
values for left eyes were refl ected in the vertical 
axis and superimposed onto the right eye values 
so that nasal/temporal characteristics could be 
combined [ 49 ]. 

 The average epithelial thickness map revealed 
that the epithelium was not a layer of homoge-
neous thickness as had previously been thought 
but followed a very distinct pattern (Fig.  13.1a ); 
on average the epithelium was 5.7 μm thicker 
inferiorly than superiorly, and 1.2 μm thicker 
temporally than nasally. The pattern of thicker 
epithelium inferiorly than superiorly and thicker 
epithelium nasally than temporally was consistent 
across a majority of eyes in the population sam-
pled. The  average central epithelial thickness   was 
53.4 μm and the standard deviation was only 
4.6 μm [ 49 ]. This indicated that there was little 
variation in central epithelial thickness in the 
population. The thinnest epithelial point within 

  Fig. 13.1     Mean   epithelial thickness profi le for a popula-
tion of 110 normal eyes and a population of 54 kerato-
conic eyes. The epithelial thickness profi les for all eyes in 
each population were averaged using mirrored left eye 
symmetry. The colour scale represents epithelial thickness 
in microns. A Cartesian 1-mm grid is superimposed with 

the origin at the corneal vertex.  Reprinted with permission 
from SLACK Incorporated :  Reinstein, DZ., Archer, T., 
Gobbe M. (2009). “Corneal Epithelial Thickness Profi le 
in the Diagnosis of Keratoconus.” Journal or Refractive 
Surgery, 25, 604–610        
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the central 5 mm of the cornea was displaced on 
average 0.33 mm (±1.08) temporally and 
0.90 mm (±0.96) superiorly with reference to the 
corneal vertex (Fig.  13.1 ).

   Figure  13.2a  shows a  B-scan   of a normal 
cornea. The epithelium appears regular in 
thickness.

   Figure  13.4 , Column 1 shows the  keratometry  , 
Atlas 995 (Carl Zeiss Meditec, Jena, Germany) 
corneal topography map and PathFinder™ cor-
neal analysis, Orbscan II (software version 3.00) 
anterior elevation BFS, Orbscan II posterior ele-
vation BFS and Artemis epithelial thickness pro-
fi le of a normal eye. 

 Epithelial thickness can now also be mea-
sured using some optical coherence tomogra-
phy systems, notably the RTVue (Optovue, 

Fremont, CA) [ 51 – 53 ]. These studies have con-
fi rmed this superior–inferior and nasal-tempo-
ral asymmetric profi le for epithelial thickness 
in normal eyes [ 53 ]. 

 This  non-uniformity   seems to provide evi-
dence that the epithelial thickness is regulated by 
 eyelid mechanics and blinking  , as we suggested 
in 1994 [ 50 ]. We postulated that the eyelid might 
effectively be chafi ng the surface epithelium 
during blinking and that the posterior surface of 
the semi-rigid tarsus provides a template for the 
outer shape of the epithelial surface. During 
blinking, which occurs on average between 300 
and 1500 times per hour [ 54 ], the vertical tra-
verse of the upper lid is much greater than that of 
the lower lid. Doane [ 55 ] studied the dynamics of 
eyelid anatomy during blinking and found that 

  Fig. 13.2    Plot  showing   the mean location of the thinnest 
epithelium in a population of 110 normal eyes and 54 
keratoconic eyes. The blue dot represents the mean loca-
tion of the thinnest point for the normal population and 
the dotted blue line represents one standard deviation. The 
red dot represents the mean location of the thinnest point 

for the keratoconic population and the dotted red line rep-
resents one standard deviation.  Reprinted with permission 
from SLACK Incorporated: Reinstein, DZ., Gobbe, M., 
Archer, T., Silverman, R., Coleman, J. (2010). “Epithelial, 
Stromal and Total Corneal Thickness in Keratoconus.” 
Journal or Refractive Surgery, 26, 259–271        
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during a blink the descent of the upper eyelid 
reaches its maximum speed at about the time it 
crosses the visual axis. As a consequence, it is 
likely that the eyelid applies more force on the 
superior than inferior cornea. Similarly, the fric-
tion on the cornea during lid closure is likely to 
be greater temporally than nasally as the outer 
can thus is higher than the inner can thus (mean 
intercanthal angle = 3°), and the temporal portion 
of the lid is higher than the nasal lid (mean upper 
lid angle = 2.7°) [ 56 ]. Therefore, it seems that 
the nature of the eyelid completely explains the 
non- uniform epithelial thickness profi le of a 
normal eye. 

 Further evidence for this theory is provided 
by the epithelial thickness changes observed in 
orthokeratology [ 57 ]. In  orthokeratology     , a 
shaped contact lens is placed on the cornea 
overnight that sits tightly on the cornea centrally 
but leaves a gap in the mid-periphery. Therefore, 
the natural template provided by the posterior 
surface of the semi-rigid tarsus of the eyelid is 
replaced by an artifi cial contact lens template 
designed to fi t tightly to the centre of the cornea 
and loosely paracentrally. We found signifi cant 
epithelial thickness changes with central thin-
ning and mid-peripheral thickening showing 
that the epithelium had remodelled according to 
the template provided by the contact lens, i.e. 
the epithelium is chafed and squashed by the 
lens centrally while the epithelium is free to 
thicken paracentrally where the lens is not so 
tightly fi tted.  

13.4     Epithelial Thickness Profi le 
in Keratoconic Eyes 

 It is well known that the epithelial thickness 
changes in keratoconus since extreme steepening 
leads to epithelial breakdown, as often seen clini-
cally.  Epithelial thinning   over the cone has been 
demonstrated using histopathologic analysis of 
keratoconic corneas by Scroggs et al. [ 58 ] and 
later using custom software and a  Humphrey- 
Zeiss OCT system   (Humphrey Systems, Dublin, 
CA) by Haque et al. [ 59 ]. 

 We have characterized the in vivo epithelial 
thickness profi le in a population of keratoconic 
eyes. The subjects included for the study had pre-
viously been diagnosed with keratoconus, and 
the diagnosis was confi rmed by clinical signs of 
keratoconus such as microscopic signs at the slit- 
lamp, corneal topographic changes, high refrac-
tive astigmatism, reduced best-corrected visual 
acuity and contrast sensitivity, and signifi cant 
level of higher order aberrations, in particular 
vertical coma. We measured the epithelial thick-
ness profi le across the central 10 mm diameter of 
the cornea for 54 keratoconic eyes of 30 patients 
and averaged the data in the population [ 60 ]. 
Epithelial thickness values for left eyes were 
refl ected in the vertical axis and superimposed 
onto the right eye values so that nasal/temporal 
characteristics could be combined. 

 The average epithelial thickness profi le in 
keratoconus revealed that the epithelium was 
signifi cantly more irregular in thickness com-
pared to normals. The epithelium was thinnest at 
the apex of the cone and this thin epithelial zone 
was surrounded by an annulus of thickened epi-
thelium (Fig.  13.1b ). While all eyes exhibited 
the same epithelial doughnut pattern, character-
ized by a localized central zone of thinning sur-
rounded by an annulus of thick epithelium, the 
thickness values of the thinnest point and the 
thickest point as well as the difference in thick-
ness between the thinnest and thickest epithe-
lium varied greatly between eyes. There was a 
statistically signifi cant correlation between the 
thinnest epithelium and the steepest  keratometry   
(D), indicating that as the cornea became steeper, 
the epithelial thickness minimum became thin-
ner. In addition, there was a statistically signifi -
cant correlation between the thickness of the 
thinnest epithelium and the difference in thick-
ness between the thinnest and thickest epithe-
lium. This indicated that as the epithelium 
thinned, there was an increase in the irregularity 
of the epithelial thickness profi le, i.e. that there 
was an increase in the severity of the keratoco-
nus. The location of the thinnest epithelium 
within the central 5 mm of the cornea was dis-
placed on average 0.48 mm (±0.66 mm) tempo-
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rally and 0.32 mm (±0.67 mm) inferiorly with 
reference to the corneal vertex (Fig.  13.2 ). The 
mean epithelial thickness for all eyes was 
45.7 ± 5.9 μm (range: 33.1–56.3 μm) at the cor-
neal vertex, 38.2 ± 5.8 μm (range: 29.6–52.4 μm) 
at the thinnest point and 66.8 ± 7.2 μm (range: 
54.1–94.4 μm) at the thickest point [ 60 ]. 

 Figure  13.3b  shows a B-scan for a keratoconic 
 cornea   which demonstrates the lack of homoge-
neity in epithelial thickness as well as central cor-
neal thinning. There is epithelial thinning over 
the cone and relative epithelial thickening adjacent 
to the stromal surface cone.

   Figure  13.4 , Column 2 shows the  keratometry  , 
Atlas 995 corneal topography map and 
PathFinder™ corneal analysis, Orbscan II ante-
rior elevation BFS, Orbscan II posterior elevation 
BFS and Artemis epithelial thickness profi le of a 
keratoconic eye. As expected, the front surface 
topography shows infero-temporal steepening 
with steep average keratometry and high astigma-
tism; the anterior and posterior elevation BFS 
maps demonstrate that the apex of the cone is 
located infero-temporally; the epithelial thickness 

profi le shows epithelial thinning at the apex of the 
cone surrounded by an annulus of thicker epithe-
lium. The steepest cornea coincides with the apex 
of the anterior and posterior elevation BFS as well 
as with the location of the thinnest epithelium.

   As for normal eyes, the epithelial thickness 
profi le for keratoconus as described here has 
been confi rmed by studies using  OCT   [ 53 ,  61 –
 63 ]. The study by Laroche’s group [ 63 ] elegantly 
described the different stages of advanced kera-
toconus demonstrating that as keratoconus moves 
into its latter stages, a very different epithelial 
thickness profi le becomes apparent. In  advanced 
keratoconus  , there is stromal loss often in the 
location of the cone, for example due to hydrops. 
This means that rather than the cone being ele-
vated relative to the rest of the stroma, this region 
is now a depression. Therefore, the epithelium 
changes from being thinnest over the cone to 
being thickest in this region, as it is compensat-
ing for a depression instead of an elevation (see 
next section). There can be signifi cant stromal 
loss in such  advanced keratoconus  , so the epithe-
lium can be as thick as 200 μm in some cases. 

  Fig. 13.3    ( a ) ( left )    Horizontal non-geometrically cor-
rected B-scan of a normal cornea obtained using the 
Artemis very high-frequency digital ultrasound arc scan-
ner. The epithelium appears uniform in thickness across 
the 10 mm diameter of the scan. ( b ) ( right ) Vertical non-
geometrically corrected B-scan of a keratoconic cornea 
obtained using the Artemis very high-frequency digital 

ultrasound arc-scanner. The epithelium appears very thin 
centrally coincident with a visible cone on the back sur-
face. The epithelium is clearly thicker either side of the 
cone. The central epithelium is much thinner and the 
peripheral epithelium is much thicker compared to that 
seen in the normal eye       
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Examples of this epithelial thickening were also 
reported by Rocha et al. [ 61 ] who concluded that 
focal central epithelial thinning was suggestive 
but not pathognomonic for keratoconus (i.e. the 
presence of an epithelial doughnut pattern did not 
prove beyond any doubt that an eye has keratoco-
nus). However, as described by Laroche, these 
cases only appear in very advanced keratoconus, 
which means that they are of no interest with 
respect to keratoconus screening. Eyes with  early 
keratoconus   will never present with epithelial 
thickening in the location of the cone as by defi -

nition if there has been stromal loss, then the 
keratoconus must be more advanced and the cor-
nea will be obviously abnormal.  

13.5     Understanding 
the Predictable Behaviour 
of the Corneal Epithelium 

 Epithelial thickness changes in keratoconus pro-
vide another example of the very predictable 
mechanism of the corneal epithelium to compensate 

  Fig. 13.4    Central  keratometry  , Atlas corneal topography 
and PathFinder™ corneal analysis, Orbscan anterior and 
posterior elevation BFS and Artemis epithelial thickness 
profi le for one normal eye, one keratoconic eye, and three 
example eyes where the diagnosis of keratoconus might 
be misleading from topography. The fi nal diagnosis based 

on the epithelial thickness profi le is shown at the bottom 
of each example.  Reprinted with permission from SLACK 
Incorporated: Reinstein, DZ., Gobbe, M., Archer, T., 
Silverman, R., Coleman, J. (2010). “Epithelial, Stromal 
and Total Corneal Thickness in Keratoconus.” Journal or 
Refractive Surgery, 26, 259–271        
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for irregularities on the stromal surface. Epithelial 
thickness changes have also been described after 
myopic excimer laser ablation [ 64 – 67 ], hyperopic 
excimer laser ablation [ 68 ], radial keratotomy 
[ 69 ], intra-corneal ring segments [ 70 ], irregularly 
irregular astigmatism after corneal refractive 
surgery [ 45 ,  71 – 75 ] and in ectasia [ 76 ]. 

 In all of these cases, the epithelial thickness 
changes are clearly a compensatory response to 
the change to the stromal surface and can all be 
explained by the theory of eyelid template regula-
tion of epithelial thickness [ 46 ]. Compensatory 
epithelial thickness changes can be summarized 
by the following rules:

    1.    The epithelium thickens in areas where tissue 
has been removed or the curvature has been 
fl attened (e.g. central thickening after myopic 
ablation [ 64 – 66 ] or radial keratotomy [ 69 ] 
and peripheral thickening after hyperopic 
ablation [ 68 ]).   

   2.    The epithelium thins over regions that are 
relatively elevated or the curvature has been 
steepened (e.g. central thinning in keratoco-
nus [ 53 ,  60 – 63 ], ectasia [ 76 ] and after hyper-
opic ablation [ 68 ]).   

   3.    The magnitude of epithelial changes corre-
lates to the magnitude of the change in curva-
ture (e.g. more epithelial thickening after 
higher myopic ablation [ 64 ,  65 ,  67 ], after 
higher hyperopic ablation [ 68 ] and in more 
advanced keratoconus [ 53 ,  60 – 63 ]).   

   4.    The amount of epithelial remodelling is 
defi ned by the rate of change of curvature of 
an irregularity [ 46 ,  77 ]; there will be more 
epithelial remodelling for a more localized 
irregularity [ 45 ,  72 ,  73 ,  75 ]. The epithelium 
effectively acts as a low pass fi lter, smoothing 
local changes (high curvature gradient) almost 
completely, but only partially smoothing 
global changes (low curvature gradient). For 
example, there is almost twice as much epi-
thelial thickening after a hyperopic ablation 
[ 68 ] compared with a myopic ablation [ 64 ,  65 , 
 67 ], and there is almost total epithelial com-
pensation for small, very localized stromal 
loss such as after a corneal ulcer [ 68 ].    

13.6        Diagnosing   Early 
Keratoconus Using Epithelial 
Thickness Profi les 

 We have shown that mapping of the epithelial 
thickness profi le reveals a very distinct thickness 
profi le in keratoconus compared to that of normal 
corneas, due to the compensatory mechanism of 
the epithelium for stromal irregularities. We have 
also shown that the epithelial thickness profi le 
changes with the progression of the disease; as 
the keratoconus becomes more severe, the epi-
thelium at the apex of the cone becomes thinner 
and the surrounding annulus of epithelium in the 
epithelial doughnut pattern becomes thicker. 
Therefore, the degree of epithelial abnormality 
in both directions (thinner and thicker than nor-
mal) can be used to confi rm or exclude a diagno-
sis of keratoconus in eyes suggestive but not 
conclusive of a diagnosis of keratoconus on 
topography at a very early stage in the expression 
of the  disease   [ 78 ]. 

13.6.1     Pattern of Epithelial Thickness 
Profi le 

    The epithelial thickness profi le in normal eyes 
demonstrates that the epithelium is on average 
thicker inferiorly than superiorly and slightly 
thicker nasally than temporally. There is very lit-
tle variation in epithelial thickness within both 
the inferior hemi-cornea and the superior hemi- 
cornea. In contrast, in keratoconic eyes, the aver-
age epithelial thickness map showed an epithelial 
doughnut pattern characterized by a localized 
central zone of thinning overlying the stromal 
cone, surrounded by an annulus of thick epithe-
lium. In early keratoconus, we would expect to 
see the pattern of localized epithelial thinning 
surrounded by an annulus of thick epithelium 
coincident with a suspected cone on posterior 
elevation BFS. The coincidence of epithelial 
thinning together with an eccentric posterior ele-
vation BFS apex may reveal whether or not to 
ascribe signifi cance to an eccentric posterior ele-
vation BFS apex occurring  concurrently with  a 
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normal front surface topography. In other words, 
in the presence of normal front surface topogra-
phy, thinning of the epithelium coincident with 
the location of the posterior elevation BFS apex 
would represent total masking or compensation 
for a sub-surface stromal cone and herald poste-
rior elevation BFS changes which  do  represent 
keratoconus. Conversely, fi nding thicker epithe-
lium over an area of topographic steepening or an 
eccentric posterior elevation BFS apex would 
imply that the steepening is  not  due to a kerato-
conic sub-surface stromal cone, but more likely 
due to localized epithelial thickening. Localized 
compensatory changes in epithelial thickness 
profi les can be detected by Artemis VHF digital 
ultrasound once they exceed 1–2 μm. In a way, 
examination of epithelial thickness profi le irregu-
larities provides a very sensitive method of 
examining stromal surface topography—by 
proxy. Therefore, this technique provides 
increased sensitivity and specifi city to a diagno-
sis of keratoconus well in advance of any detect-
able corneal front surface topographic  change  . 

  Case Examples 
 Figure  13.4  shows three selected examples where 
epithelial thickness profi les helped to interpret 
and diagnose anterior and posterior elevation 
BFS abnormalities. In each case, the epithelial 
thickness profi le appears to be able to differenti-
ate cases where the diagnosis of keratoconus is 
uncertain, from normal [ 78 ]. 

    Case 1 (OS) represents a 25-year-old male, 
with a manifest refraction of −1.00 −0.50 × 150 
and a best spectacle-corrected visual acuity of 
20/16. Atlas corneal topography demonstrated 
inferior steepening which would traditionally 
indicate keratoconus. The keratometry was 
45.25/43.25 D × 76, and PathFinder™ corneal 
analysis classifi ed the topography as normal. 
Orbscan II posterior elevation BFS showed that 
the posterior elevation BFS apex was decentred 
infero-temporally. Corneal pachymetry mini-
mum by handheld ultrasound was 479 μm. 
Contrast sensitivity was slightly below the nor-
mal range measured using the CSV-1000 (Vector 
Vision Inc., Greenville, Ohio). There was 
−0.30 μm (OSA notation) of vertical coma on 

WASCA aberrometry. Corneal hysteresis was 
7.5 mmHg and corneal resistance factor was 
7.1 mmHg, which are low, but these could be 
affected by the low corneal thickness. The com-
bination of inferior steepening, an eccentric pos-
terior elevation BFS apex and thin cornea raised 
the suspicion of keratoconus although there was 
no suggestion of keratoconus by refraction, kera-
tometry or PathFinder™ corneal analysis. 
Artemis epithelial thickness profi le showed a pat-
tern typical of keratoconus with an epithelial 
doughnut shape characterized by a localized zone 
of epithelial thinning displaced infero-temporally 
over the eccentric posterior elevation BFS apex, 
surrounded by an annulus of thick epithelium. 
The coincidence of an area of epithelial thin-
ning with the apex of the posterior elevation 
BFS, as well as the increased irregularity of the 
epithelium confi rmed the diagnosis of early 
keratoconus.    

 Case 2 (OD) represents a 31-year-old female, 
with a manifest refraction of −2.25 −0.50 × 88 and 
a best spectacle-corrected visual acuity of 20/16. 
Atlas corneal topography demonstrated a very 
similar pattern to case 1 of inferior steepening, 
therefore suggesting that the eye could also be 
keratoconic. The keratometry was 44.12/44.75 
D × 148, and  PathFinder™ corneal analysis   classi-
fi ed the topography as suspect subclinical kerato-
conus. Orbscan II posterior elevation BFS showed 
that the apex was slightly decentred nasally. 
Corneal pachymetry minimum by handheld ultra-
sound was 538 μm. Contrast sensitivity was in the 
normal range. There was 0.32 μm (OSA notation) 
of vertical coma on WASCA aberrometry. Corneal 
hysteresis was 10.1 mmHg and corneal resistance 
factor was 9.8 mmHg, which are well within nor-
mal range. The combination of inferior steepen-
ing, against-the-rule astigmatism and high degree 
of vertical coma raised the suspicion of keratoco-
nus, which was also noted by PathFinder™ cor-
neal analysis. Artemis epithelial thickness 
profi le showed a typical normal pattern with 
thicker epithelium inferiorly and thinner epithe-
lium superiorly. Thicker epithelium inferiorly 
over the suspected cone (inferior steepening on 
topography) was inconsistent with an underly-
ing stromal surface cone, and therefore the diagno-
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sis of keratoconus was excluded. This patient 
would have been rejected for surgery given a doc-
umented PathFinder™ corneal analysis warning 
of suspect subclinical keratoconus, but given the 
epithelial thickness profi le, this patient was 
deemed a suitable candidate for LASIK. 

 The anterior corneal topography in case 3 
(OD) bears no features related to  keratoconus  . 
The patient is a 35-year-old female with a mani-
fest refraction of −25 −0.50 × 4 and a best 
spectacle- corrected visual acuity of 20/16. The 
refraction had been stable for at least 10 years 
and the contrast sensitivity was within normal 
limits. The keratometry was 43.62/42.62 D × 74 
and PathFinder™ analysis classifi ed the topogra-
phy as normal. Orbscan II posterior elevation 
BFS showed that the apex was slightly decentred 
infero-temporally, but the anterior elevation BFS 
apex was well centred. Corneal pachymetry min-
imum by handheld ultrasound was 484 μm. 
Pentacam (Oculus, Wetzlar, Germany) keratoco-
nus screening indices were normal. WASCA 
ocular higher order aberrations were low 
(RMS = 0.19 μm) as well as the level of vertical 
coma (coma = 0.066 μm). Corneal hysteresis was 
8.9 mmHg and corneal resistance factor was 
8.8 mmHg, both within normal limits. In this 
case, only the slightly eccentric posterior eleva-
tion BFS apex and the low–normal corneal thick-
ness were suspicious for keratoconus, while all 
other screening methods gave no indication of 
keratoconus. However, the epithelial thickness 
profi le showed an epithelial doughnut pattern 
characterized by localized epithelial thinning sur-
rounded by an annulus of thick epithelium, coin-
cident with the eccentric posterior elevation BFS 
apex. Epithelial thinning with surrounding annu-
lar thickening over the eccentric posterior eleva-
tion BFS apex indicated the presence of probable 
sub-surface keratoconus. In this case, it seems 
that the epithelium had fully compensated for the 
stromal surface irregularity so that the anterior 
surface topography of the cornea appeared per-
fectly regular. Given the regularity of the front 
surface topography and the normality of nearly 
all other screening parameters, it is feasible that 
this patient could have been deemed suitable for 
corneal refractive surgery and subsequently 

developed ectasia. As we were able to also con-
sider the epithelial thickness profi le, this patient 
was rejected for corneal refractive surgery. This 
kind of case may explain some reported cases of 
ectasia “without a cause” [ 79 ].    

13.7     Automated Algorithm 
for Classifi cation 
by  Epithelium   

 Based on this qualitative diagnostic method, we 
then set out to derive an automated classifi er to 
detect keratoconus using epithelial thickness 
data, together with Ron Silverman and his group 
at Columbia University [ 80 ]. We used stepwise 
linear discriminant analysis (LDA) and neural 
network (NN) analysis to develop multivariate 
models based on combinations of 161 features 
comparing a population of 130 normal and 74 
keratoconic eyes. This process resulted in a six- 
variable model that provided an area under the 
receiver operating curve of 100 %, indicative of 
complete separation of keratoconic from normal 
corneas. Test-set performance averaged over ten 
trials, gave a specifi city of 99.5 ± 1.5 % and sensi-
tivity of 98.9 ± 1.9 %. Maps of the average epithe-
lium and LDA function values were also found to 
be well correlated with keratoconus severity 
grade (see Figs.  13.5  and  13.6 ). Other groups 
have also been working on automated classifi ca-
tion algorithms based on epithelial thickness data 
obtained by OCT [ 53 ,  81 ].

    Following this study, we then applied the 
algorithm to a population of 10 patients with uni-
lateral keratoconus (clinically and algorithmically 
topographically normal in the fellow eyes), on 
the basis that the fellow eye in such patients rep-
resents a latent form of keratoconus, and as such, 
has been considered a gold standard for studies 
aimed at early keratoconus detection. These eyes 
were also analysed using the Belin- Ambrosio 
enhanced ectasia display (BAD-D parameter and 
ART-Max) [ 20 ,  24 ,  82 ] and the Orbscan SCORE 
value as described by Saad and Gatinel [ 28 – 30 ]. 

 Table 1 summarizes the diagnosis derived for 
the fellow eyes using the classifi cation function 

D.Z. Reinstein et al.



161

based on epithelial thickness parameters, the 
classifi cation function combining VHF digital 
ultrasound (epithelial and stromal thickness) and 
Pentacam HD parameters, the BAD-D and ART- 
Max values, and the Orbscan SCORE value. The 
last column of the table indicates whether the 
topographic map displayed suspicious features of 
keratoconus such as inferior steepening and 
asymmetric bow-tie. The table also shows the 

percentage of eyes that were classifi ed as kerato-
conus by each method. 

    The most interesting fi nding of this study was 
that more than 50 % of the fellow eyes were clas-
sifi ed as normal by all methods. This was similar 
to the result reported by Bae et al. [ 26 ], who found 
no difference in the BAD-D or ART-Max values 
between normal and topographically normal fel-
low eyes of keratoconus patients. This is in con-

  Fig. 13.5    Epithelial  thickness   maps averaged over all 
normal corneas and for each keratoconus grade. The 
departure from the normal epithelial distribution is evi-
dent even in grade 1 keratoconus but becomes more obvi-
ous with severity.  Reprinted with permission from IOVS: 

Silverman RH, Urs R, Roychoudhury A, Archer TJ, Gobbe 
M, Reinstein DZ. Epithelial remodeling as basis for 
machine-based identifi cation of keratoconus. Invest 
Ophthalmol Vis Sci. 2014 Mar 13;55(3):1580–7        

  Fig. 13.6    Box and whisker plot  of   discriminant function 
value versus keratoconus severity grade. Grade 0 repre-
sents normal subjects. Grades 1–4 are based on Krumeich 
classifi cation. Boxes represent ±1 quartile about median 
value ( horizontal line ), and whiskers represent full range 
of values for each group.  Circles  indicate outliers. 

 Reprinted with permission from IOVS: Silverman RH, Urs 
R, Roychoudhury A, Archer TJ, Gobbe M, Reinstein 
DZ. Epithelial remodeling as basis for machine-based 
identifi cation of keratoconus. Invest Ophthalmol Vis Sci. 
2014 Mar 13;55(3):1580–7        
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trast to other studies using unilateral keratoconus 
populations where a much higher sensitivity was 
reported; however, these studies often included 
patients with a suspicious topography in the fel-
low eye (i.e. some studies use a more rigorous 
defi nition of unilateral keratoconus than others) 
[ 27 ]. Therefore, the main conclusion from the 
study was to put into question the validity of using 
unilateral keratoconus patients for keratoconus 
screening studies. The fact that a number of these 
fellow eyes showed absolutely no indication of 
keratoconus by any method implies that it is likely 
that these were truly normal eyes. However, it is 
generally agreed that keratoconus as a disease 
must be bilateral [ 83 ], therefore it appears that 
these cases are patients who do not have keratoco-
nus, but have induced an ectasia in one eye, for 
example by eye rubbing or trauma. This means 
that using “unilateral keratoconus” populations to 
study keratoconus screening may be fl awed. 

    The alternative is somewhat more alarming, 
as this would mean that there are eyes with kera-
toconus that are literally undetectable by any 
existing method. This would, however, explain 
any case of “ectasia without a cause” [ 79 ,  84 ]. 
Detection of keratoconus in such cases may 
require development of new in vivo measure-
ments of corneal biomechanics, although this 
appears to be outside the scope of current meth-
ods such as the Ocular Response Analyzer [ 85 –
 87 ] and Corvis (Oculus, Wetzlar, Germany) [ 86 , 
 87 ] due to the wide scatter in the data acquired. 
Another factor, as has been described using 
Brillouin microscopy [ 88 ], may be that the bio-
mechanical tensile strength of the cornea may not 
be different from normal in early keratoconus 
when measuring the whole cornea globally, but 
there may only be a difference in the region local-
ized of the cone (or in the location of a future 
cone). Another potential and fi nal solution would 
be whether a genotype or other molecular marker 
for keratoconus could be found [ 89 – 91 ]. 

 Finally, another interpretation of this result is 
that  keratoconus   may not necessarily be a disease 
of abnormal stromal substance. The localization 
of the reduced corneal biomechanics found in 
keratoconus suggests that this may be caused by 
a local defect in Bowman’s layer due to eye rub-

bing or other trauma. A break in Bowman’s layer 
would reduce the tension locally and the asym-
metric stress concentration would then cause the 
stroma to bulge in this location. Evidence for 
changes in Bowman’s layer in keratoconus has 
been reported using ultra-high resolution OCT; 
Shousha et al. [ 92 ] showed that Bowman’s layer 
was thinner inferiorly in keratoconus and 
described a  Bowman’s ectasia index (BEI)   to use 
for keratoconus screening. Yadav et al. [ 93 ] also 
described differences in the thickness of 
Bowman’s layer in keratoconus, as well as a dif-
ference in light scatter.     

13.8     Conclusion 

 We have demonstrated that the epithelial thick-
ness profi le was signifi cantly different between 
normal eyes and keratoconic eyes. Whereas the 
epithelium in normal eyes was relatively homo-
geneous in thickness with a pattern of slightly 
thicker epithelium inferiorly than superiorly, the 
epithelium in keratoconic eyes was irregular 
showing a doughnut shaped pattern, and a marked 
difference in thickness between the thin epithe-
lium at the centre of the doughnut and the sur-
rounding annulus of thick epithelium. We have 
shown that the epithelial thickness profi le pro-
gresses along with the evolution of keratoconus. 
More advanced keratoconus produces more 
irregularity in the epithelial thickness profi le. We 
have found that the distinctive epithelial dough-
nut pattern associated with keratoconus can be 
used to confi rm or exclude the presence of an 
underlying stromal surface cone in cases with 
normal or suspect front surface topography as 
well as being a “qualifi er” for the fi nding of an 
eccentric posterior elevation BFS apex. 

 Knowledge of the differences in epithelial 
thickness profi le between the normal population 
and the keratoconic population allowed us to 
identify several features of the epithelial thick-
ness profi le that might help to discriminate 
between normal eyes and keratoconus suspect 
eyes. We developed an automated classifi er based 
on these features that provides good sensitivity 
and specifi city for keratoconus diagnosis. 
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 Randleman, in his paper assessing risk factors 
for ectasia reported that ectasia might still occur 
after uncomplicated surgery in appropriately 
screened candidates [ 33 ]. Mapping of epithelial 
thickness profi les might provide an explanation 
for these cases; it could be that a stromal surface 
cone was masked by epithelial compensation and 
the front surface topography appeared normal. 

 Mapping of the epithelial thickness profi le 
may increase sensitivity and specifi city of screen-
ing for keratoconus compared to current conven-
tional corneal topographic screening alone and 
may be useful in clinical practice in two very 
important ways. 

 Firstly, epithelial thickness mapping can 
exclude the appropriate patients by detecting ker-
atoconus earlier or confi rming keratoconus in 
cases where topographic changes may be clini-
cally judged as being “within normal limits”. 
Epithelial information allows an earlier diagnosis 
of keratoconus as epithelial changes will occur 
before changes on the front surface of the cornea 
become apparent. Epithelial thinning coincident 
with an eccentric posterior elevation BFS apex, 
and in particular if surrounded by an annulus of 
thicker epithelium is consistent with keratoco-
nus. Excluding early keratoconic patients from 
laser refractive surgery will reduce and poten-
tially eliminate the risk of iatrogenic ectasia of 
this aetiology and therefore increase the safety of 
laser refractive surgery. From our data, 136 eyes 
out of 1532 consecutive myopic eyes screened 
for refractive surgery demonstrated abnormal 
topography suspect of keratoconus. All 136 eyes 
were screened with Artemis VHF digital ultra-
sound arc scanning and individual epithelial 
thickness profi les were mapped. Out of 136 eyes 
with suspect keratoconus, only 22 eyes (16 %) 
were confi rmed as keratoconus [ 94 ]. 

 Second, epithelial thickness profi les may be 
useful in excluding a diagnosis of keratoconus 
despite suspect topography. Epithelial thickening 
over an area of topographic steepening implies 
that the steepening is not due to an underlying 
ectatic surface. In such cases, excluding kerato-
conus using epithelial thickness profi les appears 
to allow patients who otherwise would have been 
denied treatment due to suspect topography to be 

deemed suitable for surgery. From our data, out 
of the 136 eyes with suspect keratoconus screened 
with Artemis VHF digital ultrasound arc scan-
ning, 114 eyes (84 %) showed normal epithelial 
thickness profi le and were diagnosed as non-ker-
atoconic and deemed suitable for corneal refrac-
tive surgery. One year post-LASIK follow-up 
data [ 94 ] and preliminary 2-years follow-up data 
[ 95 ] on these demonstrated equal stability and 
refractive outcomes as matched control eyes. 

 In summary, epithelial thickness mapping 
appears to be a new and useful tool for aiding in 
the diagnosis of keratoconus when topographical 
changes are equivocal.     
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14.1  Introduction

The mechanical strength of the cornea is thought 
to play a major role in the onset and progression 
of keratoconus and ectatic disorders. However, 
measuring mechanical properties of the cornea 
in vivo and in situ is currently difficult. Brillouin 
microscopy may address this need by providing a 
noninvasive high-resolution tool for biomechani-
cal measurement. Brillouin scattering arises from 
the interaction between an incident optical wave 
and spontaneous acoustic waves within a sample 
and it thus provides information on the local lon-
gitudinal elastic modulus of material through an 
optical spectroscopy measurement. In the cornea, 
Brillouin microscopy has found depth-dependent 
variation of stromal stiffness, variation of corneal 
strength due to keratoconus ex vivo and ex vivo, 
and stiffening of the cornea following therapeutic 
procedures such as corneal collagen cross- linking. 
Brillouin microscopy promises to become a useful 

clinical tool to diagnose, monitor the development 
of keratoconus, as well as to assess the response 
to treatment and drugs.

This chapter briefly describes the principles of 
Brillouin light scattering and how this phenome-
non can provide information on biomechanical 
properties of the cornea. An overview of current 
technology for Brillouin imaging of the cornea  
is given. Finally, results and perspectives of 
Brillouin microscopy for corneal applications are 
outlined.

14.2  Corneal Biomechanics 
and Keratoconus

Keratoconus is the most common corneal degen-
eration in the US [1] and the leading cause for 
corneal transplantation [2]. Undetected keratoco-
nus is also responsible for most cases of corneal 
ectasia after refractive surgery [3, 4]. The clinical 
presentation of keratoconus is corneal thinning 
and steepening. However, these morphological 
features are probably the last stage of the pro-
gression of a degenerative disorder. Normal cor-
neas possess the mechanical integrity required to 
maintain the corneal shape. Corneal stroma has a 
high content of collagen [5] and a transverse 
lamellar structure of collagen fibers. The anterior 
third of the stroma has more collagen  interweaving 
[6–8] and greater numbers of transverse fiber ele-
ments [9, 10], and the posterior segment has col-
lagen fibers mostly running parallel to each other. 
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The link between keratoconus development  
and degradation of corneal strength is widely 
accepted although it is mostly based on indirect 
mechanical evidence. Genetic and biochemical 
studies have demonstrated that keratoconus 
patients have upregulated MMP [11], protein 
inhibitors that favor collagen degradation and 
downregulated lysyl oxidase (LOX) activity, 
known to reduce cross-linking [12]. In ex vivo 
investigations, keratoconic corneal explants (as 
well as explants from corneas that developed 
ectasia after refractive surgery) have shown dis-
rupted collagen orientation [13, 14], reduced 
number of cross-links [15], and decreased 
mechanical modulus [16, 17]. Other indirect evi-
dence of the role played by mechanics in kerato-
conus are in the population and manifestation of 
the disease: the development and severity of the 
disease is much amplified in young patients and 
corneal strength generally increases as a function 
of age [18]; in addition, the inferior cornea where 
the corneal ectasia manifests most commonly is 
known to have the lowest mechanical strength [19]. 
Finally, collagen cross-linking, generally success-
ful at halting keratoconus progression, is an 
intrinsically biomechanical procedure. CXL 
induces the formation of covalent bonds between 
collagen fibers in the corneal stroma by photoac-
tivation of a photosensitizer such as riboflavin. 
The increased number of the cross-links increases 
the elastic modulus of the corneal tissue, and the 
increased stiffness is believed to be the principal 
reason for stopping the progression of ectasia.

14.3  Assessing Corneal 
Mechanical Properties

Measuring the mechanical properties of a mate-
rial in a quantitative and comprehensive manner 
requires the application of a stress and the mea-
surement of the corresponding strain. The ratio of 
stress to strain provides the elastic modulus of the 
sample. This strategy is not viable for biological 
studies in vivo as it is destructive [20]. Stress–
strain methods are the gold standard of material 
characterization ex vivo. Most of the early ex 
vivo experiments to measure corneal strength, 

assess keratoconic corneas decreased modulus 
and prove the efficacy of the CXL protocols were 
all based on extracting the cornea and performing 
stress–strain tests (e.g., extensiometry) on cor-
neal strips.

Recently, a widespread effort to achieve a non-
invasive test of corneal mechanical properties has 
been put forward. The first technology to get to 
the market was the Ocular Response Analyzer, 
which uses an air puff to induce a deformation 
in the cornea while a laser monitors the displace-
ment of the corneal apex [21]. The corneal hyster-
esis parameter extracted from this measurement 
is indirectly related to the mechanical properties 
of the cornea and it has been shown to correlate 
with advanced keratoconus [22], but it is not 
clear whether the ORA can be useful for diag-
nosis and management of keratoconus [23, 24]. 
A more sophisticated approach to the same prin-
ciple is also commercially available (Corvis St., 
Oculus) and combines the same air-puff deforma-
tion strategy with corneal Schleimpfug’s imag-
ing. Similarly, the air-puff deformation can be 
combined with other rapid imaging modalities, 
such as Optical Coherence Tomography (OCT). 
All these techniques have had success at assess-
ing corneal mechanical properties; for example, 
different deformation parameters are observed in 
untreated corneas vs. cross-linked corneas [25]. 
The major challenge of these approaches remains 
to extract the mechanical properties of the cornea 
from the deformation images because the defor-
mation is strongly affected also by other factors 
such as corneal geometry and intraocular pres-
sure [25, 26]. To address this issue, finite element 
modeling of the corneal response to the air puff  
is probably required. Along this same line of 
research, two new approaches have been put for-
ward recently based on OCT. In one case, micro 
air puffs are applied to the cornea and their propa-
gation through the corneal tissue is recorded [27]; 
in another technology, sound waves are sent to 
the cornea to induce very small mechanical per-
turbation which are captured by rapid OCT [28, 
29]. Brillouin microscopy, the topic of rest of the 
chapter, is based on different principles and prom-
ises high spatial resolution in corneal mechanical 
mapping.
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14.4  Brillouin Microscopy 
for Corneal Mechanical 
Analysis

Brillouin microscopy is based on spontaneous 
Brillouin light scattering, an inelastic scattering 
phenomenon where the interaction between light 
and spontaneous acoustic waves due to thermal 
fluctuations induces a frequency shift in the scat-
tered light [30]. At a microscopic level, the 
acoustic waves are directly governed by the 
mechanical properties of material. As a result, 
the local mechanical properties of material can be 
extracted by measuring high-resolution optical 
spectroscopy. Namely, the Brillouin frequency 
shift Ω is related to the longitudinal viscoelastic 
modulus M M M* = +¢ ¢¢i  [31]:
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Here, λ is the optical wavelength, n is the 
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. Based on published 

data69,70, we estimate ρ/n2 to range from 0.565 to 
0.5635 g/ml, less than 0.3 % within normal 
 corneas. This allows the last two terms to be can-
celed out in approximation.

Due to the low compressibility of biological 
material and the high frequency of Brillouin 
measurements, the Young’s or shear moduli of 
the cornea in the physiological regime are several 
orders of magnitude smaller than M′ measured 
by Brillouin technology.

To understand the relationship between 

Brillouin-measured longitudinal modulus and tra-
ditional Young’s/shear moduli, we used porcine 
cornea tissue samples. Brillouin depth profiles 
were acquired on intact porcine corneas and longi-
tudinal modulus values were computed using fixed 
index/density data taken from the literature. For 
shear rheometry, cornea tissue samples were cut 
with a biopsy punch in order to retrieve thin flaps 
from anterior, central, and posterior portion of the 
cornea. The shear modulus of the thin flaps was 
measured at 0.5 Hz frequency with 0.1 % strain 
amplitude with a stress- controlled rheometer  

(AR-G2, TA Instruments). For each flap, thickness 
was accurately measured in order to calculate the 
corresponding average longitudinal modulus from 
the Brillouin depth profile. We found a strong cor-
relation between the Brillouin-derived longitudi-
nal modulus and gold standard Young’s modulus 
in a log–log linear trend (R > 0.99). The log–log 
linear relationship allows estimating the sensitivity 
to elastic modulus changes of our technology:
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where ΔM′, ΔE′, and ΔG′ are respective varia-
tions. The coefficients “a − b” are intrinsic prop-
erties of the material under analysis. From our 
validation on porcine cornea, we estimate our 
measurement sensitivity of Young’s modulus to 
be in the order of 5 %.

14.5  Brillouin Microscopy 
Technology

Since the 1970s, Brillouin scattering spectros-
copy has been used for material characterization 
[32] using the spectrometer developed by J. R. 
Sandercock. The same spectrometer was also 
used in the biological realm in the 1980s to mea-
sure collagen fibers [33, 34], cornea, and crystal-
line lens [35] ex vivo. However, the acquisition 
time of a Brillouin spectrum was in the 10 min to 
hour range, which made the technology difficult 
to use in vivo.

Brillouin scattered light is very close in color 
(i.e., frequency or wavelength) to the input light. 
In most optical systems and biological speci-

mens, residual components of the input light or 
reflections, diffusions of the samples are orders 
of magnitude stronger than Brillouin scattered 
light. Ordinary spectrometers lack both spectral 
resolution, i.e., the ability to resolve Brillouin 
signal from input light, and spectral extinction, 
i.e., the ability to detect Brillouin scattered light 
in the presence of strong light with similar color. 
JR Sandercock’s spectrometer successfully mea-
sured Brillouin light using a multiple-pass scan-
ning Fabry–Perot (FP) interferometers [36, 37]. 
However, FP interferometers are extremely slow 
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because the spectral scanning is achieved by 
changing the spacing between the two mirrors 
forming a FP cavity and because only a particular 
narrowband spectral component is transmitted at 
one time while the remainder components of the 
spectrum are reflected and lost.

In 2008, the throughput of Brillouin spectrom-
eter was greatly enhanced by parallel detection 
[38] enabled by a diffractive tilted etalon, called 
virtually imaged phased array (VIPA) [39, 40]. 
The VIPA spectrometer has fundamentally supe-
rior performances to achieve high spectral reso-
lution with high temporal resolution. The spectral 
selection is given by the interference of multiple 
reflections at two optical flats thus providing 
equivalent performances to FP interferometers in 
terms of resolution. However, the first surface of 
a VIPA is totally reflective and coated to allow all 
the light to enter the interferometer. This feature 
avoids useful light being wasted in a reflected 
interference pattern. With respect to an equiva-
lent Fabry–Perot spectrometer, the signal strength 
in a VIPA spectrometer is improved by about two 
orders of magnitude. This technical improvement 
has enabled transitioning Brillouin spectroscopy 
to Brillouin microscopy by combining a laser- 
scanning confocal microscope with a VIPA- 
based spectrometer.

VIPA-based Brillouin spectroscopy has been 
dramatically improved since 2008 in both spec-
tral extinction and efficiency [41–44]. A clini-
cally viable Brillouin microscope and the first 
Brillouin measurement of the human eye in vivo 
were reported in 2012. The clinical instrument, 
sketched in Fig. 14.1, employs low-power laser 
light at 780 nm scanned across each location of 
the eye and a Brillouin spectrometer optimized 
for the infrared wavelength [45].

14.6  Brillouin Microscopy 
in Keratoconic Corneas

Recent Brillouin measurements for the analysis 
of keratoconus both ex vivo and in vivo are 
promising [46, 47]. For ex vivo investigation, 
normal tissue samples were obtained from donor 
corneas used in Descemet’s stripping endothelial 

keratoplasty (DSEK) while keratoconic tissue 
samples were obtained as the discarded tissue of 
deep anterior lamellar keratoplasty (DALK) pro-
cedure in advanced keratoconus patients. For in 
vivo investigation, patients with advanced kera-
toconus were measured just before undergoing 
DALK surgery and their corneal strength was 
compared to healthy volunteer corneas. The 
results of ex vivo and in vivo analysis point at 
several similar features. Overall, keratoconic cor-
neas had lower Brillouin shift, thus lower elastic 
modulus and decreased mechanical stability. In 
addition, while the Brillouin shift of the normal 
corneas was relatively uniform across the central 
region of the cornea, in keratoconus patients a 
strong spatial variation was measured with the 
cone showing the lowest Brillouin shift. The ker-
atoconus cone showed a decrease in longitudinal 
modulus of ~2–3 % which corresponds to a 
~70 % reduction in Young’s modulus based on 
our empirical conversion factor measured with 
porcine cornea tissue samples. Interestingly, 
away from the cone, the elastic modulus was very 
similar to normal cornea in both ex vivo and in 
vivo investigations (Fig. 14.2).

Brillouin microscopy has thus provided the 
first experimental evidence of a focal weakening 
or a lack of spatial asymmetry in the distribution 
of elastic modulus in keratoconic corneas. From a 
mechanical standpoint, this has important conse-
quences because the focal loss of mechanical 
strength is thought to represent a critical factor in 
the progression of keratoconus [48]. From a diag-
nostic standpoint, this is encouraging because the 
spatial variation of Brillouin mechanical signa-
tures could be a superior metric to detect the onset 
and progression of keratoconus. Evaluating the 
diagnostic and prognostic potential of Brillouin 
technology will now require the measurement of 

Fig. 14.1 Schematic of the in vivo instrument for 
Brillouin microscopy
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nonadvanced keratoconus cases and the comparison 
with morphological changes (pachymetry and 
topography).

14.7  Future Directions

Brillouin microscopy has the unique potential of 
providing high-resolution maps of corneal elas-
ticity. For keratoconus this could have wide-
spread application in both ophthalmic research 
and in the clinic. Currently, the standard of care 
is morphological characterization by pachyme-
try and topography; if properly analyzed, the 
biomechanical properties of the cornea may 
become an important indicator of corneal health. 
Early diagnosis of ectasia and keratoconus could 
allow patients to receive interventions such as 
corneal cross-linking (CXL) to halt disease pro-
gression. Monitoring CXL mechanical outcome 
could improve the management of keratoconus 
progression. The identification of early keratoco-
nus could improve screening procedures for 
LASIK surgery. Beyond keratoconus, biome-
chanical measurement of corneal elastic modu-
lus is expected to improve the accuracy of 
tonometry to estimate the intraocular pressure 
[49, 50].

In summary, at present Brillouin micro-
scopes are being tested in the clinic to assess 
the potential to characterize keratoconus and 
ectasia patients as well as CXL procedures. 
However, a major component of the future of 
Brillouin microscopy is tied to its technology 

development. The difference in Brillouin shift 
between an advanced keratoconic cornea and a 
healthy control is not difficult to measure, but 
earlier stages of keratoconus will probably show 
much smaller differences in Brillouin shift. At 
the current level of instrumental sensitivities, 
about ten separable categories are provided by 
Brillouin microscopy for the stratification of 
patients into different disease stages. Improving 
the sensitivity of mechanical modulus measure-
ment will likely result into higher capability of 
stratifying patients and detecting early cases. 
Immediate improvement in speed and sensitiv-
ity of the instrument could come by increasing 
the light power used for the Brillouin measure-
ments as all the clinical tests so far reported 
have used about 1/8 of the illumination power 
deemed as safe. Straightforward improvement 
could also come from engineering efforts aimed 
at reducing the size, cost, and operation burden 
of Brillouin instrumentation. Such technologi-
cal development should improve the availability  
of Brillouin technology to many medical and 
research facilities thus accelerating its vali dation 
for diagnosis and management of keratoconus.
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15.1  Introduction

Keratoconus is an ectatic corneal disease charac-
terized by a progressive corneal thinning and 
irregular astigmatism that negatively impact in 
the visual function and the optical quality of the 
patients [1]. Its prevalence has been estimated to 
be 57/100.000 inhabitants with a prevalence of 
4,5/100.000/year in the Caucasian population [2]. 
It is a disease that usually is diagnosed during the 
first decade of life in which 73 % of cases are pre-
sented before 24 years old and present a faster 
progressive pattern as earliest age of diagnosis [3]. 
Nowadays, there are several therapeutic options 
to treat such a pathological condition, such as 
contact lens wearing, thermokeratoplasty proce-
dures, corneal collagen cross-linking, intracor-
neal ring segment implantation, and lamellar or 
penetrating keratoplasty procedures.

Regarding classification of the disease, kera-
toconus is a disorder with a wide range of presen-
tation that comes from a mild alteration of the 

corneal geometry that is only recognizable using 
corneal topography, until severe tissue distortion 
that can induce a significant impairment from the 
optical system of the patient.

The purpose of the following chapter is to 
describe the main grading keratoconus system 
that are used in the clinical practice and per-
formed a critical analysis of its limitations when 
results of some of the therapeutic options are 
evaluated taking into consideration a classifica-
tion system based on new diagnosis parameters.

15.2  Anatomical-Based Grading 
Keratoconus

Keratoconus is a disorder that is included within a 
group of diseases known as corneal ectatic disor-
ders [4]. From the point of view of its origin, kera-
toconus is a primary ectatic disorder unlike than 
post-LASIK ectasia that will be the main represen-
tative of ectatic diseases secondary in origin [4].

As previously commented, keratoconus is a 
corneal disease with a wide spectrum of presen-
tation. On its more benign side, we found the 
subclinical keratoconus, also known by other 
authors with the name of form fruste keratoconus 
or keratoconus suspect [4–6]. The main features 
of this entity are the lack of clinical signs of 
 keratoconus, being the diagnosis of the disease 
performed just by the changes in the corneal 
topography and with a corrected visual acuity 
within normal levels [4–6].
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On the other hand, keratoconus is characterized 
by corneal thinning and morphological altera-
tions of the tissue that induce an irregular 
 astigmatism with different degrees of visual 
impairment on the patients. In contrast to sub-
clinical keratoconus, corneal topography is used 
in keratoconus patients as a tool to confirm the 
diagnosis.

Until now, several grading systems have been 
proposed in order to classify the disease but some 
of them include just one isolated variable (kera-
tometric readings, pachymetry, morphology), 
which represents obvious limitations and there-
fore are not used as routine in the clinical prac-
tice. Classifications that are more widespread are 
those which include more than one variable  
for characterizing the disease, such as Amsler- 
Krumeich or Alio-Shabayek grading systems.

Following we describe some of the keratoco-
nus classifications that are more often used in the 
clinical practice:

• Buxton classification [7] based on the magni-
tude of the keratometric readings:
 – Mild: less than 45 diopters (D)
 – Moderate: between 46 and 52 D.
 – Advance: between 53 and 59 D.
 – Severe: more than 60 D.

• Morphological classification [8]:
 – Oval: cone that is affecting one or two 

quadrants, generally inferior.
 – Globe: cone that is affecting a large area of 

the cornea.
 – Nipple: cone that is limited in diameter but 

may reach any degree of conicity.
• Hom’s classification based on the clinical 

features of the pathology [7]:
 – Preclinical keratoconus: subclinical kerato-

conus or keratoconus suspect.
 – Mild keratoconus: absence of scars, good 

spectacle corrected visual acuity, mild cor-
neal thinning, and scissoring light reflex.

 – Moderate keratoconus: absence of scars, 
good contact lenses corrected visual acuity.

• Amsler-Krumeich classification it is the 
more extended grading system used in kerato-
conus. One of the main advantages is that it 
combines refractive, keratometric, and clinical 

signs of keratoconus in order to grade the 
severity of the disease. Table 15.1 presents the 
main variables included in this classification.

15.3  Optical-Based Keratoconus 
Grading

• Alio-Shabayek classification [9], this grad-
ing system was created taking into account the 
analysis of the anterior corneal higher order 
aberrations in patients with keratoconus. By 
means of evaluation of the corneal wavefront, 
the authors categorize the severity of the dis-
ease assessing the asymmetric aberrations, 
specifically the coma and its radial orders, 
which are the more affected in keratoconic 
patients. Table 15.2 summarizes the main 
characteristics of this classification.
As we can see, there are several grading sys-

tems found in the literature aiming to classify the 
severity of keratoconus. Nevertheless, many of 
them are obsolete or are based just in isolated or 
morphological parameters without taking into 
considerations other variables closely associated 
with the optical quality, such as the visual acuity, 
which additional is related with the quality of life 
of the patients.

Table 15.1 Amsler-Krumeich classification

Grade I Grade II

–  Eccentric corneal 
steepening

– Absence of scarring

–  Myopia and/or 
astigmatism <5 D

–  Myopia and/or 
astigmatism 5–8 D

–  Mean central K 
readings ≤48.00 D

–  Mean central K readings 
>48.00 to ≤53 D

–  Minimum corneal 
thickness >400 μm

Grade III Grade IV
– Absence of scarring – Central corneal scarring

–  Myopia and/or 
astigmatism 8–10 D

– Not reliable refraction

–  Mean central K readings 
>53.00 to ≤55 D

–  Mean central K 
readings >55 D

–  Minimum corneal 
thickness 300 to 
400 μm

–  Minimum corneal 
thickness 200 μm

A. Vega Estrada et al.
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15.4  Visual Function-Based 
Grading Keratoconus

Recently, our research group developed a grading 
system based on the analysis of almost 800 cases 
of keratoconus in which was evaluated the visual, 
refractive, topographic, aberrometric, and biome-
chanical variables in order to classify the severity 
of the disease [10]. The principal features of this 
grading system are presented in Fig. 15.1.

As shown in Fig. 15.1, this new classification 
system includes morphological parameters that 
are directly correlated with functional variables  
as the visual acuity of the patient. In addition, 
includes new parameters as the internal astigma-
tism and corneal asphericity which is also signifi-
cantly affected in keratoconic patients. Moreover, 
it also analyses the biomechanical alterations on 
every case. Even when we do not observe a statis-
tically significant difference on the biomechanical 

Table 15.2 Alio-Shabayek Classification

Grade I Grade II

– Absence of scarring – Absence of scarring

–  RMS of coma-like 
aberration from 1.50  
to 2.50 μm

–  RMS of coma-like 
aberration from 2.50 to 
3.50 μm

–  Mean central K 
readings ≤48.00 D

–  Mean central K 
readings >48.00 to  
≤53 D

–  Minimum corneal 
thickness >400 μm

Grade III Grade IV
– Absence of scarring – Central corneal scarring

–  RMS of coma-like 
aberration from 3.50  
to 4.50 μm

–  RMS of coma-like 
aberration >4.50 μm

–  Mean central K 
readings >53.00 to  
≤55 D

–  Mean central K 
readings >55 D

–  Minimum corneal 
thickness 300 to 
400 μm

–  Minimum corneal 
thickness 200 μm

Fig. 15.1 The principal 
features of the visual 
function based grading 
system

15 Keratoconus Grading and Its Therapeutic Implications
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variables in pair of groups analyzed in the work 
where the classification was proposed [10], there 
is a clear difference between the mild and the 
severe cases in terms of biomechanical behavior 
(Figs. 15.2, 15.3, 15.4, and 15.5). As we can see 
from the figures, the biomechanical parameters 
that are found in the Ocular Response Analyzer 
(ORA), corneal hysteresis (CH), and corneal 
resistant factor (CRF) present higher levels when 
compared to the most severe cases. Additionally, 
in the severe cases the shape of the waveform is 
more flat and almost null when compared to the 
mild cases.

15.5  Intracorneal Ring Segment 
Implantation Outcomes 
Based on Our New 
Keratoconus Classification

One of the main objectives of grading the sever-
ity of a disease is to be able to assess the efficacy 
of the different therapeutic alternatives that exists 
in order to treat such pathology. As commented 
in the previous section, one of the main limita-
tions of the grading systems that are used to 
 classify keratoconus is that they are based on 
morphological variables without taking into 

Fig. 15.2 Grade I keratoconus showing in C the biomechanical parameters corneal hysteresis (CH) and corneal resis-
tant factor (CRF). We can also observe the high peaks on the waveform

Fig. 15.3 Grade II keratoconus showing in C the biomechanical parameters corneal hysteresis (CH) and corneal resis-
tant factor (CRF)

A. Vega Estrada et al.
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account the visual function of the patients. 
Therefore, in a recent work developed by the 
authors, it was assessed the outcomes of intracor-
neal ring segments (ICRS) implantation to treat 
keratoconic patients based on a new grading 
system.

If we revised the published literature, we will 
find that most of the series reported an improve-
ment in the visual and refractive variables when 
treating keratoconus with ICRS [11–16]. Never-
theless and as previously commented, the major-
ity of these works are based on grading systems 

whose pitfalls have been already mentioned. 
Moreover, most of the authors in those studies do 
not evaluate the results of the surgical technique 
independently of the severity of the disease but 
analyzing the outcomes of all the population 
under study as a whole.

Therefore, the purpose of our study was to 
analyze the outcomes of implanting ICRS evalu-
ating the results based on the severity of the dis-
ease taking into account the visual limitation of 
the patients [17]. For that purpose we conducted 
a multicentric study in which was analyzed more 

Fig. 15.4 Grade III keratoconus showing in C the biomechanical parameters corneal hysteresis (CH) and corneal- 
resistant factor (CRF)

Fig. 15.5 Grade IV keratoconus showing in C the biomechanical parameters corneal hysteresis (CH) and corneal 
resistant factor (CRF). We can also observe the flat peaks on the waveform

15 Keratoconus Grading and Its Therapeutic Implications
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than 600 patients with keratoconus and treated 
with ICRS. The population under study was 
divided taking into account the visual limitation 
of the patients as described in Table 15.3 and 
were followed during a period of 6 months.

In that study, we observed that in terms of 
topographic results, specifically in the mean 
 keratometric readings, all patients showed a sig-
nificant reduction of the keratometric readings  
6 months after ICRS implantation (Table 15.4).

These results are consistent with the published 
data reported by most of the authors when ana-
lyzing ICRS implantation taking into account 
other grading systems. Nevertheless, when we 
analyzed the results related to the visual function 
of the patient, specifically the visual acuity, we 
observed that the outcomes are somehow differ-
ent. For instance, when we assess the changes 
that were found in the corrected visual acuity 
(CDVA) 6 months after ICRS implantation bas-
ing the analysis on the degree of visual limita-
tion, we observed that most of the grades showed 
a significant improvement of the CDVA, with the 
exception of patients classified as grade I. In 
those patients who had the better visual acuity 

before the surgery, grade I keratoconus, we 
observed a significant reduction of the vision 6 
months after the surgical procedure (Table 15.5).

Additionally, when we analyze the group of 
patients with the most severe limitation of the visual 
acuity before the surgery and compare with the 
ones who had the better levels of vision we found 
that the best results are achieved in those cases clas-
sified of having a serious visual impairment. As 
described in Table 15.6, patients who have a CDVA 

better than 0.6 on the decimal scale before ICRS 
implantation showed almost the same percentage of 
probability of gaining or losing 1 line of corrected 
vision after the surgical intervention; we can also 
see how more than 25 % of the cases in this group 
of patients were prone to lose 2 or more lines of 
corrected vision. On the other hand, the majority of 
cases with a CDVA worst than 0.4 on the decimal 
scale before the procedure will gain at least 1 line of 
corrected vision after surgery while just the 4 % of 
the cases showed loss of 2 or more corrected visual 
acuity lines after ICRS implantation.

Table 15.3 Population of ICRS implantation study 
divided according to visual limitation

Keratoconus CDVA (decimal scale)

Grade I ≥0.9

Grade II ≥0.6 and <0.9

Grade III ≥0.4 and <0.6

Grade IV ≥0.2 and <0.4

Grade plus <0.2

Table 15.4 Keratometric readings 6 months after ICRS 
implantation

Km Pre Km 6 months P value

44.90 ± 2.96 (35.65 
to 54.96)

43.35 ± 1.69 (38.63 
to 47.45)

<0.01

46.24 ± 4.13 (34.57 
to 59.10)

44.52 ± 4.41 (34.32 
to 56.10)

<0.01

48.93 ± 5.67 (36.25 
to 78.80)

46.09 ± 5.07 (32.60 
to 59.52)

<0.01

51.65 ± 6.06 (32.65 
to 72.70)

47.64 ± 4.87 (39.88 
to 60.11)

<0.01

54.40 ± 8.00 (38.48 
to 82.62)

48.81 ± 4.39 (39.54 
to 57.34)

<0.01

Table 15.5 Changes in the corrected visual acuity 
(CDVA) 6 months after ICRS implantation, based on 
degree of visual limitation

CDVA 
(decimal 
scale) Pre 6 months P value

Grade I 0.97 ± 0.06 
(0.90 to 1.15)

0.86 ± 0.18 
(0.40 to 1.20)

<0.01

Grade II 0.71 ± 0.08 
(0.60 to 0.86)

0.75 ± 0.22 
(0.30 to 1.20)

=0.04

Grade III 0.45 ± 0.53 
(0.40 to 0.58)

0.57 ± 0.22 
(0.10 to 1.00)

<0.01

Grade IV 0.27 ± 0.05 
(0.20 to 0.38)

0.50 ± 0.22 
(0.05 to 1.00)

<0.01

Grade plus 0.09 ± 0.05 
(0.01 to 0.15)

0.38 ± 0.26 
(0.05 to 1.00)

<0.01

Table 15.6 Comparison of patient outcomes after ICRS 
implantation based on the degree of visual limitation

KCN
Gain ≥ 1 line 
CDVA (%)

Lost ≥ 1 line 
CDVA (%)

Lost ≥ 2 lines 
CDVA (%)

CDVA ≥ 0.6 
grade I + II

37.9 36.2 25.8

CDVA ≤ 0.4 
grade IV + 
plus

82.8 10.0  4.2
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Results from this study clearly demonstrate 
that if we take into account the visual limitation 
of the patients with keratoconus those cases that 
benefit the most of ICRS implantation are the 
ones with a significant visual impairment before 
the surgery. Additionally, it also shows that the 
efficacy of the surgical technique will depend on 
the classification system that the clinicians use in 
order to grade the severity of the disease before 
the procedure.

15.6  Final Considerations

In medicine, to have an appropriate classification 
system of any particular disease is fundamental 
in order to perform an accurate diagnosis of the 
disease, consider the best therapeutic approach, 
and perform a correct follow-up of the patient.  
In the specific case of keratoconus, most of the 
grading systems that are nowadays available in 
the clinical practice are obsolete or based on 
 isolated or morphological variables. Such is the 
case, that when we apply a new classification to 
assess the results of a particularly treatment, such 
as ICRS implantation, we found that results may 
be different to those that we see in our routine as 
we have discussed in the previous section of this 
chapter. Thus, it is necessary to update the differ-
ent parameters that we use to classify the disease 
by including the source of information that is 
provided by the new instruments and advances in 
technology that we employed in our daily prac-
tice. Moreover, the main objective of any oph-
thalmic procedure should be aimed in improving 
and not in deteriorating the visual function of the 

patient, this way, a keratoconus classification 
should include variables that directly discrimi-
nate the visual limitation, as a grading system 
will clearly have an implication in the treatment 
that we chose for our keratoconus patients. The 
new classification that was proposed by our 
research team has led us to change the way that 
we made the diagnosis and decide the treatment 
of our keratoconus patients. Currently, we are 
working in the detailed characterization of the 
different clinical features of the severity of kera-
toconus taking into account the grading system 
based on the visual acuity of the patients.

Compliance with Ethical Requirements Alfredo Vega- 
Estrada, Pablo Sanz Díez, and Jorge L. Alió declare that 
they have no conflict of interest.

All procedures followed were in accordance with the 
ethical standards of the responsible committee on human 
experimentation (Vissum Ethical Committee Board) and 
with the Helsinki Declaration of 1975, as revised in 2000. 
Informed consent was obtained from all patients for being 
included in the study.

No animal studies were carried out by the authors for 
this chapter.
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16.1           Contact Lenses 
for Keratoconus 

 There are many different contact lens modalities 
that can be used to improve  visual acuity in 
patients   with keratoconus. Corneal topography, 
including amount and location of ectasia, is the 
key factor to consider when choosing a lens. 
However, a patient’s lifestyle, dexterity, occupa-
tion, and other ocular health conditions are all 
important factors in choosing the optimal lens. 

 Patients with mild keratoconus are often able 
to achieve clear vision with spectacles simply by 
correcting for the spherical and regular astigma-
tism components of refractive error. In patients 
with moderate to severe keratoconus, the inferior 
decentration and steepness of the corneal apex 
causes a signifi cant amount of irregular astigma-
tism and higher order aberrations ( HOA  ), which 
spectacles cannot optically correct. In order to 

optimize visual acuity in these instances, contact 
lenses are used to mask the irregular astigmatism 
and reduce the higher order aberrations.  

16.2     Corneal Rigid Gas Permeable 
( RGP  ) Contact Lenses 

 Corneal  RGP   s   (Fig.  16.1 ) remain the most popu-
lar contact lens modality for improving vision in 
patients with keratoconus. As the name implies, 
these lenses are “rigid” and hold their shape 
when placed on an irregular cornea. The irregular 
surface between the back of the contact lens and 
the front of the cornea is fi lled in with tears and 
creates what is called a “ lacrimal lens  .” This 
interaction creates an optically improved surface 
by masking the regular and irregular astigmatism 
and reducing the  HOA  . However  HOA   can per-
sist, in particular vertical coma, and can prevent 
patients with more advanced keratoconus from 
achieving 20/20 vision [ 1 ]. When patients have 
apical scarring in addition to uncorrected  HOA  , 
the visual acuity may be poor even with contact 
lens correction and surgical intervention would 
be required. According to the Collaborative 
Longitudinal Evaluation of keratoconus( CLEK  ) 
study ( n  = 1209 patient with keratoconus), corneal 
scarring was found in one or both eyes of 53 % of 
patients and was associated with decreased high 
and low contrast visual acuity [ 2 ].

   An ideal keratoconus corneal  RGP   fi t should 
center well to provide optimal vision and move 
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approximately 0.5–1.0 mm with blink to allow 
for oxygen-rich tear exchange beneath the lens. 
The ideal fl uorescein pattern is called “ 3 point 
touch  ” and should show light touch at the apex 
with surrounding pooling and midperipheral 
touch with pooling of the 0.5–1.0 mm edge of the 
lens. The resultant fl uorescein pattern is a bull’s 
eye pattern of concentric rings (see Fig.  16.2 ). 
The midperipheral touch helps to distribute the 
weight of the lens across a larger area rather than 
placing the full burden on the apex of the cone. 
Patients are able to see well in fl at fi tted lenses 
that push on the apex of the cone since the reshap-
ing causes a reduction in  HOA   [ 3 ]. In 1982, Korb 
et al. published a paper describing apical scarring 
as a result of apical fi t, fl at lenses [ 4 ]. The much 
larger  CLEK   study also reviewed the effect of 
 RGP   wear and corneal scarring and found that 

the risk of scarring in keratoconic patient was 
two times more likely in contact lens wearers 
compared to noncontact wearers. However, 
patients with more severe ectasia were more 
likely to wear contact lenses than  patients   with 
milder ectasia so a causal relationship could not 
be established [ 5 ]. Due to this ongoing debate, 
many practitioners do not fi t apically fl at lenses. 
In instances where three-point touch is not 
achievable, the corneal epithelium cannot toler-
ate the lens, or lens retention is a problem, another 
lens modality should be chosen.

   There are many different  RGP   manufacturers 
that design and produce corneal  RGP   lenses spe-
cifi cally for keratoconus. For example, Acculens 
makes the  Accukone ®   , Blanchard makes the 
 CentraCone ®   , and Lens Dynamics makes the 
 Dyna Cone ®   . In addition to the different designs 
that are specifi c to each manufacturer, many will 
carry the  Rose K ®   , Rose K2 ® , and Rose K2 IC ®  
lenses that were designed by an optometrist from 
New Zealand named Paul Rose. The line of Rose 
K lenses is widely available and is currently dis-
tributed in over 88 countries [ 6 ]. The Rose K and 
Rose K2 designs can be used for mild to severe 
keratoconus with base curves available between 
4.30 and 8.60 and diameters between 7.9 and 
10.4 mm. The Rose K2 differs from the previous 
Rose K design in that the Rose K2 has aspheric 
curves to reduce  HOA   and a larger optic zone to 
improve acuity in low light. Additionally, Rose K 
and Rose K2 are now available with  Asymmetric 

  Fig. 16.1    From left to 
right, a scleral lens of 
18.0 mm diameter, a 
penny for size reference, 
and a Rose K corneal 
 RGP   of 8.3 mm 
diameter       

  Fig. 16.2    Ideal fl uorescein pattern of a corneal gas per-
meable lens in a patient with keratoconus. Note bulls eye 
pattern with central light apical touch       
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Cornea Technology (ACT)  . This allows the infe-
rior quadrant of the lens to be steeper in order to 
correspond to the steepest portion of the cornea. 

 The  Rose K2 IC design   is a larger diameter 
corneal  RGP   that works well for mild to moder-
ate keratoconus. It is available in base curves 
between 5.70 and 9.3 and diameters between 9.4 
and 12.0 mm [ 7 ]. New wearers may adapt more 
easily to this design for two reasons. The fi rst is 
that a large diameter lens often centers well on 
the cornea and a well-centered lens causes less 
lens awareness than a decentered lens. Also, large 
diameter lenses tend to move less than smaller 
diameter lenses and less movement allows for 
less lens awareness. The challenge with this 
design in more advanced keratoconus is that as 
the central base curve needs to be adjusted 
steeper, the sagittal depth increases signifi cantly 
due to the large diameter and the lens may suc-
tion, or adhere, to the cornea. An adhered corneal 
 RGP   is always considered an unacceptable fi t as 
the epithelium cannot tolerate the pressure of the 
lens or the reduced oxygen levels that occur when 
there is no longer oxygen-rich tear exchange 
beneath the lens. Additionally, while this design 
works well for mild to moderate keratoconus, it 
does not work well for nipple cones. Due to the 
large diameter, this lens creates more pressure on 
the cornea than smaller diameter lenses. A broad 
cone can disperse this pressure over a larger area 
and the  epithelium   will be able to tolerate it. A 
nipple cone disperses the pressure over the much 
smaller area of ectasia and epithelial erosions can 
occur at the apex. Nipple cones can be fi t suc-
cessfully with small diameter cornea  RGP  s or 
one of the other modalities discussed later. 

  Keratoconus designs   can be carved from a 
variety of gas permeable material buttons. Most 
labs make these designs from common  RGP   
materials such as Bausch and Lomb’s Boston ES, 
EO, XO, or XO2 ®  or  Menicon’s Menicon Z ®   . 
These materials vary in their composition, wet-
ting angle, and oxygen permeability (Dk) 
(Table  16.1 ). The wetting angle quantifi es the 
wettability of a solid surface by a liquid. The 
closer the wetting angle is to zero, the more 
hydrophilic the surface of the lens. Dk refers to 
oxygen permeability of the material and the 

higher the number, the more oxygen permeable. 
Both Dk and wetting angle improved as Boston 
ES ®  evolved to EO ® , then XO ® .  RGP   lenses for 
keratoconus are now commonly made with XO2 ®  
and Menicon Z ® .

   The advantages to the corneal  RGP   lenses are 
that they are fairly simple to fi t and are well toler-
ated by the cornea due to the high Dk materials 
available. They are also easy to insert, remove, 
and clean and are relatively inexpensive com-
pared to other options. The natural deposit resis-
tance of the  RGP   materials is also preferred over 
the soft lens materials for atopic patients. Some 
insurance companies will cover corneal  RGP   
lenses for patients with keratoconus. 

 This lens modality has limited success when 
the apex of the cone is decentered unusually infe-
rior. The lens will tend to center over the apex of 
the cone, which can cause the visual axis to be out-
side the optic zone of the lens. This results in poor 
acuity and glare complaints. An inferiorly decen-
tered lens is also diffi cult for a patient to adapt to 
since the upper lid will hit the edge of the lens with 
each blink and push the lens into the cornea. 

 These lenses may also fail in cases of extreme 
ectasia where lenses tend to have poor stability 
and are poorly retained. They are also not ideal 
for patients that  work   in dusty environments (i.e., 
construction, landscaping, farming), since debris 
can get under the lens causing cornea abrasion 
and discomfort.  

16.3      Piggyback Lens      

 In some instances, a patient’s corneal epithelium 
may not tolerate the  RGP   lens touch at the apex 
of the cone and dense superfi cial punctate kerati-
tis may occur. Patients with subepithelial nodules 

   Table 16.1    Common rigid gas permeable materials   

 Name  Material  Dk  Wetting angle 

 Boston ES ®   Enfl ufocon A  18  52 

 Boston EO ®   Enfl ufocon B  58  49 

 Boston XO ®   Hexafocon A  100  49 

 Boston XO2 ®   Hexafocon B  141  38 

 Menicon Z ®   Tisilfocon A  163  24 
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may also be unable to tolerate even the light 
touch of a well-fi tted  RGP   lens. To improve 
patient comfort and increase lens wear time, 
some practitioners may place a soft contact lens 
beneath the  RGP  , called piggybacking. A daily 
disposable, 2 week, or monthly hydrogel or sili-
cone hydrogel lens can be used on a daily wear 
basis. For optimal oxygen transmissibility, a sili-
cone hydrogel should be chosen. X-Cel’s 
“Flexlens Piggyback ® ” is a soft hydrogel lens 
designed specifi cally to be used with an  RGP   and 
may be helpful if the  RGP   continues to decenter 
with a normal soft lens. The Flexlens Piggyback 
is designed with a central cutout depression, 
which keeps the  RGP   centered on the cornea to 
optimize acuity and comfort. For some patients 
piggybacking  works   well, but others need to be 
refi t to a  different   lens modality that does not 
touch the cornea, called a  scleral lens  .  

16.4      Scleral Lenses      

 Scleral lenses are large diameter  RGP   lenses that 
rest completely on the insensitive sclera and vault 
over the cornea without touching it (Image 1). 
The lenses are designed with a central optic zone, 
an area of limbal clearance, and the edge of the 
lens, called the  haptic  . The haptic is fi tted to the 
sclera and supports the weight of the lens. The 
sclera has signifi cant toricity in the majority of 
patients and this often requires a specifi c design 
of the haptic. 

 Patients fi ll the lens with nonpreserved saline 
solution before lens insertion, which creates the 
lacrimal lens between the scleral lens and cornea 
to mask the regular and irregular astigmatism 
optically just like the corneal  RGP   does with 
tears. 

 Just like corneal  RGP   lenses, many manufac-
turers have their own scleral lens design 
(Table  16.2 ).

   Advantages of scleral lenses are numerous.

•    Since the lens vaults over the irregular surface 
of the cornea, these lenses can be used even in 
severe cases of ectasia that cannot be fi t with 
other modalities.  

•   Excellent for patients with nodules at the apex 
of the cone who cannot tolerate other corneal 
lens designs  

•   Work well in patients with concurrent ocular 
surface disease such as Sjogrens Syndrome 
and ocular  Graft Versus Host Disease (GVHD)    

•   Can be made from high Dk materials for opti-
mal corneal tolerance  

•   Due to the large diameter, centration is usually 
excellent which provides clearer vision 
through the optic zone  

•   The lenses tend to be  comfortable   for three 
reasons:
 –    The lens sits on the insensitive sclera and 

does not touch the cornea  
 –   The large diameter  causes   the lens to have 

minimal detectable movement to the patient  
 –   The large diameter allows for minimal lid 

interaction since the edge of the lens sits 
beyond the palpebral aperture       

 Disadvantages are that fi tting appointments 
can be numerous and lengthy. These lenses can 
be complicated to fi t properly and require a pro-
vider with experience in fi tting this type of lens. 
If improperly fi tted, the complications can be sig-
nifi cant. The two most common and signifi cant 
mistakes are as follows: (1) If the sagittal depth is 
too low and the back of the lens comes in contact 
with the cornea, a serious corneal abrasion may 
occur in the area of touch. (2) If the haptic is too 
tight and the patient is experiencing conjunctival 

   Table 16.2    Currently available  scleral lens designs     

 Lab  Scleral design 

 Blanchard  MSD ®  and ONEFIT ®  

 Advanced Visionary Optics  AVT Scleral Lens ®  and 
ALC Scleral Lens ®  

 Art Optical  SO2 Clear Corneal 
Scleral Design ®  

 Essilor  Jupiter ®  

 AccuLens  Maxim ®  

 Valley Contax  Custom Stable ®  

 Alden  ZenLens ®  

 X-Cel  Atlantis ®  

 Lens Dynamics  Dyna Scleral Lens ®  

 Visionary Optics  Europa ®  and Jupiter ®  

 TruForm Optics  DigiForm 
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compression and impingement at the edge of the 
lens, corneal neovascularization and conjunctival 
hypertrophy can occur. 

 Due to the large size and that the lenses must be 
 inserted   with saline solution, some patients are 
unable to easily insert and remove them. In many 
patients, the vision becomes cloudy after a few hours 
of wear and the patient must remove, rinse, and rein-
sert the lenses during the day. This has been termed 
“mid day fogging” (MDF)    and occurs as the natural 
tears and metabolic waste from the tear fi lm 
exchanges with the clear saline in the reservoir of the 
lens causing reservoir turbidity. This is only signifi -
cant with scleral lenses since the thickness of the 
lacrimal lens layer (average 200–250 μm) is much 
greater than with any other modality. 

 These lenses are usually contraindicated in 
patients with a glaucoma drainage device since 
the haptic can press on the device causing IOP to 
increase. The lenses may also be contraindicated 
in patients with endothelial compromise (endo-
thelial cell count  less   than 1000 cells/mm 2 ) as 
corneal edema may occur [ 8 ]. 

 Finally, these lenses are expensive to fi t and 
 replace   and insurance does not provide coverage 
in some instances.  

16.5     BostonSight ®   PROSE   
 Treatment      

 Prosthetic Replacement of the Ocular Surface 
Ecosystem ( PROSE  ) is a scleral lens device 
designed by the Boston Foundation For Sight. It 
is called  PROSE   since it is frequently used for 
various ocular surface diseases in addition to 
keratoconus. Patients who are fi t failures with 
commercially available scleral lenses can benefi t 
from a  PROSE   trial. The advantage of  PROSE   
lenses is that they can be customized for each 
patient in terms of diameter, toricity of the haptic, 
and sagittal depth. Sagittal depth and base curve 
can be specifi ed independently which is not pos-
sible with most commercial designs and can be a 
valuable distinction. The downside to these 
lenses is that there are limited centers that have 
the ability to fi t them: 12 centers in the U.S., 3 
centers in India, and 1 in Japan. Additionally, the 
fees associated with the extensive fi tting may be 

cost prohibitive to some patients. Insurance will 
cover  PROSE   devices in some instances and 
low- income patients may also be eligible for care 
at  reduced   or no cost.  

16.6      Hybrid Lenses      

 Hybrid lenses have an  RGP   center and a soft sili-
cone hydrogel or hydrogel surrounding skirt (see 
Images 3 and 4). Currently, the sole company that 
makes these lenses is called  SynergEyes ®   . Lenses 
are 14.5 mm in overall diameter with 8.5 mm cen-
tral  RGP  . The original line of lenses, called the 
“ Legacy Lenses  ,” have a low Dk hydrogel skirt and 
a high Dk central  RGP   and include the “ SynergEyes 
KC ®   ” and “ Clearkone ®   ” designs. The newest 
SynergEyes line has a high Dk silicone hydrogel 
skirt with a high Dk central  RGP   and includes the 
“ Duette ®   ” and “ Ultrahealth ®   ” designs. 

 In patients with mild keratoconus or in cases 
of pellucid marginal degeneration, corneal  RGP   
lenses tend to decenter onto the inferior portion 
of the cornea. This causes discomfort and poor 
patient adaptation. The advantage to the hybrid 
lens is that due to the soft skirt, the lenses tend to 
center well, are well retained, and often have 
superior comfort. Compared to corneal RGP’s, 
patients may also experience an improvement in 
visual acuity due to the excellent centration of 
this lens. These  lenses   also perform well in dusty 
environments similar to scleral lenses. 

 The disadvantages are as follows:

•    Limited parameters and cannot fi t patients 
with severe ectasia  

•   Insertion is more challenging than with a cor-
neal  RGP   since the lens has to be fi lled with 
saline prior to insertion  

•   The new line of lenses can be challenging for 
patients to remove. The silicone hydrogel skirt 
can be diffi cult for patients with poor dexterity 
to grip  

•   Costly since only made by one company and 
often not covered by insurance  

•   Can tear at the junction of the soft skirt and 
 RGP   center necessitating replacement  

•   Patients may develop neovascularization with 
the “Legacy Lenses” due to the low Dk skirt    
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 Figure  16.3  shows the lacrimal lens created by 
the  RGP   center.

   Figure  16.4  shows the  RGP   center in blue with 
a clear soft skirt.

16.7        Soft Toric: Kerasoft, 
Novakone, Flexlens 

 Patients with keratoconus are usually unable to 
achieve an improvement in vision with soft 
lenses since the lens tends to drape over the 

cornea and not create the needed lacrimal lens to 
reduce the irregular astigmatism and  HOA  . 
Bausch and  Lomb’s Kerasoft ®   ,  Alden’s 
Novakone ®    and  X-Cel’s Flexlens ®    are all higher 
modulus soft toric lenses that can  correct   myo-
pia, high regular astigmatism, and some irregu-
lar astigmatism. Modulus refers to the stiffness 
or rigidity of the lens where a high modulus lens 
will have slight rigidity and ability to hold its 
shape over an irregular corneal  surface  . The 
advantage of these lenses is that patients report 
excellent comfort and they work well in dusty 

  Fig. 16.3    The lacrimal 
lens created by the  RGP   
center. Image courtesy 
of  SynergEyes         

  Fig. 16.4    Shows the 
 RGP   center in blue with 
a clear soft skirt. Image 
courtesy of  SynergEyes         
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environments. These lenses work well for mild 
keratoconus or in instances when all other 
modalities have failed due to comfort. The dis-
advantages are that the patient may fi nd vision 
unacceptable, the Dk and/or thickness of lens 
reduces oxygen to the cornea, and they are often 
not covered by insurance.  

16.8     Conclusions 

 There are many lens modalities for patients with 
keratoconus with  advantages and disadvantages   
to each. The best corrected vision with a corneal 
 RGP  , scleral lens, piggyback, or hybrid lens 
would be essentially the same since all use the 
same approach of a rigid surface and lacrimal 
lens. Kerasoft ® , Novakone ® , and Flexlens ®  pro-
duce an improvement in vision compared to other 
soft lenses, but cannot optimize acuity in moder-
ate or severe keratoconus. Lens  type   should be 
chosen based on a variety of factors including not 
just topography, but also manual dexterity, hob-
bies/occupation, history of atopy, history of ocu-
lar surface disease/dry eye, history of glaucoma 
with drainage device, and cost (Table  16.3 ).

   It is important to note that contact lenses have 
no therapeutic effect on  corneal ectasia  . Patients 
should be advised that wearing contact lenses does 
not prevent the progression of keratoconus and 
should be worn only when vision with spectacles 
is poor compared to vision with contact lenses. 

 Patients and providers must both realize that 
the contact lens fi tting for patients with keratoco-
nus may require multiple lengthy visits. Lens 
modality may need to change as the patient’s ecta-
sia progresses (Table  16.4 ). Reevaluation should 
occur every 6–12 months in unstable keratoconus 
and every 12 months in stable keratoconus. If all 
lens modalities fail, surgical intervention may be 
required.

   In summary, there are many contact lens 
modalities used to improve vision in patients 
with keratoconus. The most common and suc-
cessful remains the corneal  RGP   with other 
designs gaining in popularity. Understanding the 
various options will result in a successful contact 
lens fi tting for the patient.     

  Acknowledgements   Thank you to Shannon Bligdon, 
O.D. and Brittney Mazza, O.D. for reviewing this 
chapter. 

   Table 16.3    Different contact lens modalities and their advantages and disadvantages   

 Lens modality 
 Ease of care/
handling  Vision 

 Corneal 
health  Stability  Comfort  Cost 

 Corneal  RGP     a    a    a    b    b   $ 

 Piggyback   b    b    b    b    b   $$ 

 Legacy hybrid   c    a    b    a    a   $$$ 

 New hybrids   c    a    a    a    a   $$$ 

 Commercial scleral   c    a    a    a    a   $$$–$$$$ 

  PROSE     c    a    a    a    a   $$$$ 

 KC soft toric   a    c    b    a    a   $$ 

   $  $200–$500 per year,  $$  $400–$600 per year,  $$$  $800–$1100 per year,  $$$$  $1200 per year and up 
  a Best choice 
  b better choice 
  c good choice  

   Table 16.4    Contact lens modality chosen depends on 
severity of ectasia   

 Lens modality 
 Early 
KC 

 Mild 
KC 

 Moderate 
KC 

 Severe 
KC 

 Corneal  RGP    ✓  ✓  ✓  ✓ 
 Piggyback  ✓  ✓ 
 Hybrid  ✓  ✓  ✓ 
 Commercial 
scleral 

 ✓  ✓ 

  PROSE    ✓  ✓ 
 KC soft toric  ✓  ✓ 
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Intracorneal Ring Segments: Types, 
Indications and Outcomes

Aylin Kılıç, Jorge L. Alió del Barrio,  
and Alfredo Vega Estrada
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17.1  Introduction

Keratoconus is a progressive corneal ectatic 
disorder characterized by alterations in the mor-
phology of the corneal stromal tissue that will 
negatively impact in the visual function and the 
optical quality of the patients by the generation of 
a progressive and severe irregular astigmatism 
that cannot be corrected with spectacles [1]. 
Nowadays, there are several therapeutic options 
in order to manage this pathological condition, 
such as thermokeratoplasty procedures (currently 
abandoned), corneal collagen crosslinking (CXL), 
intracorneal ring segment (ICRS) implantation, 
lamellar keratoplasty and penetrating keratoplasty 
[2–6]. Nevertheless, rigid gas permeable contact 
lenses are still the gold standard for the visual 

rehabilitation of these patients as this non- invasive 
option provides the best visual performance and 
they can be adjusted to further changes in the cor-
neal shape of the patient. However, they have the 
inherent risks related to any contact lens wear 
such us infective or non-infective keratitis, and 
the challenge raises for those patients that become 
intolerant to the use of either rigid, hybrid or 
scleral lenses or when the cornea is too steep that 
the contact lens becomes unstable.

Intracorneal ring segments (ICRS) are small 
devices made of synthetic materials (PMMA) that 
are implanted within the corneal stroma in order 
to induce a change in the geometry and in the 
refractive power of the tissue. Prof. Joseph Colin 
proposed the use of such medical device for the 
treatment of keratoconus for first time in the year 
2000 [4]. Nevertheless, the idea of implanting a 
corneal ring into the cornea was introduced by 
Reynolds in 1978, being the first design a com-
plete full ring of 360° [7]. This design led to sev-
eral postoperative complications like wound 
healing-related problems in the incision site, 
which was the main reason to abandon the full 
ring design and change it for the ring segments 
that we know today. During the 1980s and in the 
beginning of the 1990s, the ring segment design 
was extensively investigated as an alternative for 
the correction of refractive errors, specifically 
myopia. In spite of the success of ICRS for the 
correction of such refractive error, this technol-
ogy was overcome by the good results and popu-
larity of corneal excimer laser procedures.
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By this time, Colin and his co-workers observed 
that ICRS were able to flatten the central cornea 
and regularize the asymmetry of the tissue, thus 
leading to a reduction in the keratometric readings 
and improving the refraction and vision of kerato-
conus patients. Since then, several authors have 
reported the benefit of using ICRS in keratoconic 
eyes with the added value of delaying or avoiding 
more complex interventions like keratoplasty 
procedures.

17.2  Mechanism of Action 
of the ICRS

ICRS will act as spacer elements between the 
collagen fibres of the corneal tissue [8]. Thus, 
ICRS induce an arc shortening effect of the cor-
neal geometry that in consequence flattens the 
central area of the corneal tissue. For the correc-
tion of astigmatism, the end point of each seg-
ment may produce a traction force on the surface, 
inducing an additional flattening on this refer-
ence axis. Some theoretical models based on 
finite element analysis have proven that the flat-
tening observed after ICRS implantation is 
directly proportional to the thickness of the seg-
ment and inversely proportional to the corneal 
diameter where it is implanted. This means that 
the thicker and the smallest the diameter, the 
higher the flattening effect that will be induced 
by the segment [9]. Nevertheless, these theoreti-
cal analyses apply just to normal corneas where 
there is an orthogonal arrangement of the colla-
gen fibres. As we know, in patients with kerato-
conus this special disposition of the fibres is lost, 
which leads to a more unpredictable outcome in 
this type of corneas [10]. Another theory that 
may explain the mechanism of action of the ICRS 
is the “thickness law” proposed by Barraquer 
which quote that when tissue is added to the 
periphery of the cornea or tissue is removed from 
the centre a flattening of the cornea will be 
achieved and vice versa [11]. However, there is 
not enough scientific data published in the litera-
ture that supports this theory.

17.3  Indications

Selecting the adequate patient for ICRS repre-
sents an important challenge for the clinician 
when are facing the therapeutic approach of a 
keratoconic patient. A full ophthalmic exami-
nation should be performed including the fol-
lowing: (1) corrected and uncorrected visual 
acuity; (2) corneal topography including cor-
neal aberrometry: the majority of patients with 
keratoconus wear contact lenses, so discontin-
uing them must be advised for at least 1 week 
prior to the examination in those cases where 
soft contact lenses are used and 2 weeks in 
those cases wearing rigid contact lenses, in 
order to increase the reliability of the examina-
tion. Although a longer period of rigid contact 
lens discontinuation may be advisable, it is 
often unacceptable for the patient as many of 
them are functionally blind without them; (3) 
corneal pachymetry, preferably a corneal 
pachymetric map aiming to assess the appro-
priate thickness in the area where the ICRS 
would be implanted; (4) corneal biomechanics, 
either Ocular Response Analyser (ORA) or 
Corvis ST.

Before the implantation of any intracorneal 
segment, we must take into account a number of 
preoperative indications in order to increase the 
likelihood of attaining the best possible postop-
erative outcome for the patient [12]:

• Corrected distance visual acuity <0.9 in the 
decimal scale.

• Internal astigmatism <3 D.
• Alignment of refractive and keratometric 

axes. The flattest meridian of the cornea (K1) 
should be aligned with the refractive cylinder 
axis (expressed as a negative value). When 
the meridian and the axis form an angle of 
between 0 and 15° they are considered prop-
erly aligned.

• Corneal pachymetry >250/300 μm in the site 
of the corneal tunnel (depending on the thick-
ness of ICRS to be implanted).

• Absence of central corneal scarring.

A. Kılıç et al.
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17.4  Types of Intracorneal Ring 
Segments

Nowadays, there are different types of ICRS that 
are commercially available, but the ones that are 
commonly used in the clinical practice are the 
Keraring (Mediphacos) (Fig. 17.1), the Intacs 
(Addition technologies) (Fig. 17.2) and the 
Ferrara segments (AJL Ophthalmic). Table 17.1 
summarizes the main characteristics of these 
ICRS. Triangular designs generate a prismatic 
effect of the light coming through the implant, 
being reflected, thus reducing incidence of glare 
and halos. In addition, there are two other types 
of ICRS that because of their smaller diameter 
and different design have more flattening capa-
bilities and are reserved for those keratoconic 
eyes that present high myopic refractive errors: 
the Intacs SK (Addition technologies), and the 
Myoring (Dioptex) (Fig. 17.3). The features of 
these two types of ICRS are shown in Table 17.2:

• Intacs SK (SK means severe keratoconus) are 
designed with rounded edges to potentially 
reduce the incidence of visual symptoms since 
SK segments are placed closer to patient’s 
visual axis than the standard Intacs segments. 
They are indicated for the treatment of moder-
ate to severe keratoconus (SK) with steep ker-
atometric values >55.00 dioptres. Intacs SK 
segments seem to offer a compromise between 
the standard Intacs with 7 mm diameter and 
the Ferrara or Kerarings which are 5 mm in 

diameter, because diameter is inversely pro-
portional to effectivity.

• The Myoring is the only one with a full ring 
(360°) design with published clinical data, and 
it is implanted within a corneal stromal pocket. 
They have a greater capacity to flatten and 
reduce the spherical equivalent than the seg-
ments, but do not usually significantly reduce 
astigmatism and therefore their use is limited 
to cases in which patients have a high spherical 
error and low astigmatism. Daxer et al. support 
that, while ICRS and incomplete rings are bio-
mechanically neutral, MyoRing strengthens 
and stabilizes the cornea considerably and sub-
sequently it is no longer necessary to combine 
it with CXL in progressive keratoconus [13]. 
This statement still requires long-term studies 
before its confirmation.

17.5  Surgical Procedure

In order to implant the ICRS into the deep cor-
nea, we need to perform channels within the 
stroma where the rings will be implanted. For this 
purpose there are two different surgical options: 
mechanical and femtosecond laser-assisted 
technique.

In the mechanical or manual technique, the 
surgeon must mark the centre of the pupil in 
order to use it as a reference point during the pro-
cedure. Then a calibrated diamond knife is used 
to create an incision at a depth of 70 % of the cor-

Fig. 17.1 Intracorneal ring segment Keraring 
(Mediphacos)
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Fig. 17.2 Intracorneal ring segment Intacs 
(addition technologies)

Table 17.1 Main characteristics of the intracorneal ring segments most commonly used in the clinical practice

Design Intacs Kerarings Ferrara

Arc length (degrees) 150° 90°–210° 90°–210°

Cross section Hexagonal Triangular Triangular

Thickness (mm) 0.25–0.35 0.15–0.35 0.15–0.30

Inner diameter (mm) 6.77 6.00 4.8

Outer diameter (mm) 8.10 7.00 5.4

Fig. 17.3 Topography of a patient implanted with a 
Myoring (Dioptex) showing the significant flattening that 
is observed in the postoperative period. Map A: postop-

erative topography showing an average SimK of 42.59 D; 
Map B: preoperative topography showing an average 
SimK of 58.32 D

A. Kılıç et al.
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neal pachymetry at the incision point. A suction 
ring is placed around the corneal limbus in order 
to fixate the eye during the dissection of the cor-
neal stroma. Then, two semi-circular dissectors 
are placed through the incision and advanced into 
the deep stroma in a clockwise and counterclock-
wise movement aiming to perform the tunnel.

With the femtosecond laser-assisted technique, 
a disposable suction ring is placed and centred. 
Afterwards, the cornea is flattened with a dispos-
able aplannation cone, which allows a precise 
focus of the laser beam thus creating the dissection 
on the desire depth. Then the tunnel is created at 
approximately 70 or 80 % of the corneal pachym-
etry without direct manipulation of the eye. 
Finally, ICRS are inserted in the created tunnels.

Femtosecond laser produces a more precise 
and controlled stromal dissection than the man-
ual technique. However, if we are talking about 
visual and refractive outcomes, most studies that 
have been conducted concur that both techniques 
produce similar results in cases of ICRS implan-
tation for keratoconus. On the other hand, femto-
second laser makes the process faster, easier 
(especially for inexperienced surgeons) and more 
comfortable for the patient [14–17]. Apart from 
the safety and efficacy differences between both 
techniques, Alió and co-workers found that intra-
stromal segment implantation using femtosecond 
laser is a method that produces a greater reduc-
tion in corneal high order aberrations in eyes with 
coma aberration >3.0 μm [14, 15].

17.6  Implantation Nomograms

Regardless of the technique used to make the tun-
nels in the corneal stroma, the number, thickness, 
position and arc length of the segments are deter-

mined based on the manufacturer’s nomograms. 
Likewise, rings are chosen from the nomogram 
taking into account the refractive error and the 
topographic map of the disease. It should also be 
noted that the incision guiding implantation of the 
segments in the tunnel is located on the axis of the 
steepest meridian of the corneal topography.

It is important to consider that although sev-
eral authors have reported good results implant-
ing ICRS in keratoconic eyes, the main limitations 
that nomograms have is that most of them are 
based in anecdotic clinical data, or variables that 
are very subjective in patients with keratoconus, 
such as sphero-cylindrical refraction and topo-
graphic pattern of the cone. For instance, it was 
found that based on the topographic pattern of the 
keratoconus the best choice was to implant one 
segment in those cases of inferior steepening and 
two segments in central cones [18].

Other works published in the literature support 
that the best location to implant the segments is by 
placing the corneal incision in the temporal site of 
the cornea [19–22] or in the steepest meridian of 
the cornea [23, 24]. There are other works that 
have reported good results when implanting the 
ICRS guided by the comatic axis [25]. Recently, 
Alió and co-workers published a scientific work 
in which we concluded that the best outcomes for 
implanting ICRS were observed in those cases 
where the refractive and topographic cylinder did 
not differ in more than 15° [12].

As we can see, there are different approaches 
regarding the guidelines to be used when 
 implanting ICRS. Nevertheless, today the most 
widespread nomograms that are used in the clini-
cal practice are those developed by the main 
manufacturers of ICRS:

17.6.1  Keraring Implant

Three types of nomograms (A, B and C) are used 
based on the type of corneal asymmetry 
(Fig. 17.4), on keratometric values and on cor-
rected distance visual acuity (CDVA). The cor-
neal asymmetry type is determined by studying 
the distribution of corneal irregularity (red) rela-
tive to the reference meridian. Accordingly, each 
case is classified according to Fig. 17.4:

Table 17.2 Main characteristics of the intracorneal ring 
segments with higher flattening capabilities, reserved for 
those eyes with high myopic refractive errors

Design Intacs SK Myoring

Arc length (degrees) 150° 360°

Cross section Oval Triangular

Thickness (mm) 0.40–0.45 0.15–0.35

Inner diameter (mm) 6.00 5.00–8.00

Outer diameter (mm) 7.00 5.00–8.00

17 Intracorneal Ring Segments: Types, Indications and Outcomes



200

Type 1: 100 % of the steep area is located on one 
side of the reference meridian.

Type 2: The distribution of the steep area is 
approximately 20/80 %.

Type 3: The distribution of the steep area is 
approximately 40/60 %.

Type 4: The distribution of the steep area is 
approximately 50/50 %.

For type 1 and type 2 nomogram A is applied. 
Nomogram B for type 3 and nomogram C for 
type 4 (Fig. 17.5). These nomograms should be 
considered and used as a general guideline only 
and they should be customised by the surgeon 
depending on each patient particularities and the 
results obtained.

The steps and measures to be taken for ICRS 
implantation are as follows:

 1. Obtain manifest subjective refraction.
 2. Perform corneal topography (axial map).
 3. Take pachymetric map. Determine the minimum 

corneal thickness at 5.5 and 6.5 mm optical zones.
 4. Determine the steepest corneal meridian 

(SIM-K). If the refractive axis and the steepest 
topographic axis do not match, select the top-
ographic meridian.

 5. Compare the thickness of the proposed segment 
according to the selected nomogram with the 
minimal corneal thickness obtained in the 6 mm 
optical zone. The thickness of the segment 
should not exceed 60 % of the minimal corneal 
thickness. If it does, a segment with less thick-
ness should be selected (Table 17.3).

Then we move on to select the reference merid-
ian: If the CDVA > 0.5, we select the steepest 
meridian. If the CDVA < 0.5, select the total coma 
aberration axis or the steepest meridian by topog-
raphy (SIM-K). Then draw a line along the refer-
ence meridian selected.

To determine the treatment strategy: If the 
CDVA > 0.4, program the treatment based on 
refractive sphere and cylinder obtained by mani-
fest refraction. If the CDVA < 0.3 or if the mani-
fest refraction is not very reliable, program the 
treatment based on kerometric values.

When it comes to implantation, when the 
nomogram suggests using two segments, the 
nomogram data appearing in the top line of the 
box should be used for the segment implanted 
in the area where the ectasia is smaller (flatter 
meridian), and the data on the lower line shall 
be for the segment implanted on the steepest 
meridian. When the nomogram suggests only 
one segment, this should be implanted on the 
steepest meridian, where the ectatic area is 
greater.

17.6.2  Ferrara Implant

Similar tasks must be performed before implant-
ing these segments (Tables 17.4 and 17.5). From 
topographic astigmatism, the thickness of the 
ring is defined (Tables 17.6, 17.7 and 17.8). 
However, in the case of nipple keratoconus, this 
measurement is not used and the spherical 
 equivalent is used to define the thickness of the 
ring, which it should be a 210° arc ring (exclusive 
for this type of keratoconus) (Table 17.9).

17.6.3  Intacs Implant

The recommendation is to select between sym-
metric or asymmetric segments depending on the 
ectatic area and spherical and cylindrical refrac-
tive power.

• Use symmetric segments when the ectatic area 
is within the 3–5 mm central optical zone and 

Type 1 Type 2 Type 3 Type 4

Fig. 17.4 Corneal asymmetry 
classification according to the 
area where the corneal 
irregularity (red) is found 
relative to the reference 
meridian (black line)

A. Kılıç et al.
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when, in the manifest refraction with the posi-
tive cylinder, the spherical power is greater 
than the cylindrical power (Table 17.10).

• Use asymmetric segments when the ectatic 

area is outside the 3 mm geometric centre and 
when, in the manifest refraction with the posi-
tive cylinder, the cylindrical power is greater 
than the spherical power (Table 17.11).

Fig. 17.5 Keraring implantation nomograms
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17.6.4  Myoring Implant

Some inclusion criteria must be met before its 
nomogram (Table 17.12) can be applied:

• Uncorrected visual acuity (UCVA) < 0.3.
• Minimal corneal thickness >360 μm.
• Average central keratometry (ACK) 

(K1 + K2)/2 > 44 D.
• No central corneal scarring.
• No history of previous corneal surgery.
• Age <50 years.

In spite of all these nomograms, complete 
predictability in postoperative results is still not 
possible due to changes in corneal biomechanics 
in keratoconic eyes [26]. It has been found a sig-
nificant correlation between the corneal resis-
tance factor (CRF), measured using an ocular 
response analyser (ORA; Reichert) and the mag-
nitude of the corneal spherical-like aberrations 
[27]. Also it has been shown that the visual out-
comes post- ICRS implantation correlated 
inversely with the magnitude of some corneal 
higher order aberrations. It should therefore be 
considered that larger amounts of corneal higher 

Table 17.3 Safety thickness measurements for selection 
of intracorneal ring segments

Safety limits

Proposed segment 
thickness (μm)

150 200 250 300 350

Minimal corneal 
thickness required for 
implant (μm)

250 335 420 500 580

Table 17.4 Step-by-step tasks for Ferrara ICRS 
implantation

Ferrara ring nomogram

1. Define the type of keratoconus: sag, bowtie or 
nipple

2.  Distribution of the ectatic area in the cornea: 
0/100, 25/75, 33/66 and 50/50

3. Corneal asphericity (Q)

4. Topographic astigmatism

5. Pachymetry at incision site and ring track

Table 17.5 Distribution of area of corneal ectasia for 
Ferrara ICRS implantation nomogram

Map
Distribution of 
ectasia (%) Description

0/100 All the ectatic area is 
located at one side of the 
cornea

25/75 75 % of the ectatic area 
is located at one side of 
the cornea

33/66 66 % of the ectatic area 
is located at one side of 
the cornea

50/50 The ectatic area is 
symmetrically 
distributed on the cornea

Table 17.6 Ferrara ICRS thickness choice in symmetric 
bowtie keratoconus

Topographic astigmatism (D)
Intracorneal segment 
thickness

<2.00 150/150

2.25–4.00 200/200

4.25–6.00 250/250

>6.25 300/300

Table 17.7 Ferrara ICRS thickness choice in sag kerato-
conus with 0/100 % and 25/75 % asymmetry index

Topographic astigmatism (D)
Intracorneal segment 
thickness

<2.00 None/150

2.25–4.00 None/200

4.25–6.00 None/250

6.25–8.00 None/300

8.25–10.00 150/250

>10 200/300

Table 17.8 Ferrara ICRS thickness choice in sag kerato-
conus with 33/66 % asymmetry index

Topographic astigmatism (D)
Intracorneal segment 
thickness

<2.00 None/150

4.25–6.00 200/250

<2.00 None/150

4.25–6.00 200/250
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order aberrations are an important factor espe-
cially in advanced keratoconic corneas where 
biomechanical alteration would be more pro-
nounced. Therefore, the predictability models 
could be improved if high order corneal aberra-
tions were included. In other words, the intro-
duction of the aberrometric factor could be an 
indirect manner of considering part of the bio-
mechanical corneal factor. In any case, this indi-
rect contribution of aberrometry to corneal 
biomechanics is limited, and it does not account 
for the total biomechanical effect. The analysis 
of the corneal biomechanical properties of the 
cornea in vivo is not an easy task in clinical prac-
tice and we also have to remember that the exact 
contributions of the elastic and viscous compo-
nents to the magnitude of these parameters are 
not yet fully understood.

17.7  ICRS Outcomes

Since Colin reported for first time the results of 
ICRS implantation for the treatment of keratoco-
nus in the year 2000 [4] several authors have 
demonstrated the efficacy of this surgical tech-
nique in reducing the spherical equivalent and 

keratometric readings in patients with keratoco-
nus [28–32]. Most of these studies report an 
improvement in the uncorrected and corrected 
visual acuity, as well in the spherical equivalent 
and cylinder. The majority of the authors 
observed a central flattening of the cornea that 
was consistent with a mean reduction of the kera-
tometric readings that goes between 3 and 5 diop-
tres [28–32]. Additionally, studies that have 
assessed the optical quality by analysing the 
changes in anterior corneal higher order aberra-
tions have found a reduction in these variables 
after ICRS implantation, specifically in the asym-
metric aberrations (coma and coma like). These 
changes observed in the aberrometric coefficient 
are expected to occur due to the capability of the 
implants in regularizing the geometry of the cor-
neal tissue [14, 32, 33].

In a recent multicentric study performed by 
Alió and co-workers it was found that the effi-
cacy of ICRS implantation is related to the visual 
impairment of the patients at the moment of the 
surgery [32]. In the aforementioned investiga-
tion, the outcomes of the surgical procedure were 
analysed based on a grading system that takes 
into account the visual acuity of the patients 
(RETICS classification) [34]. We observed that 
those patients with good visual function at the 
moment of the surgery were more prone to lose 

Table 17.9 Ferrara ICRS thickness choice in nipple ker-
atoconus (210 arc ring)

Spherical equivalent (D)
Intracorneal segment 
thickness

>2.00 150

2.25–4.00 200

4.25–6.00 250

>6.25 300

Table 17.10 Intacs nomogram for symmetric segments

Symmetric

Spherical power
Inferior Intacs 
(mm)

Superior 
Intacs (mm)

−0.00 to −1.00 D 0.210 0.210

−1.00 to −1.75 D 0.250 0.250

−2.00 to −2.75 D 0.300 0.300

−3.00 to −3.75 D 0.350 0.350

−4.00 to −4.75 D 0.400 0.400

>−5.00 D 0.450 0.450

Table 17.11 Intacs nomogram for asymmetric 
segments

Asymmetric

Cylindrical power
Inferior Intacs 
(mm)

Superior Intacs 
(mm)

2.00–3.00 D 0.350 0.210

3.00–4.00 D 0.400 0.210

4.00 and higher 0.450 0.210

Table 17.12 Myoring implantation nomogram

Average central 
keratometry (D)

Implant 
diameter (mm)

Implant 
thickness (μm)

ACK < 44 7 280

44 < ACK < 48 6 240

48 < ACK < 52 6 280

52 < ACK < 55 5 280

55 < ACK 5 320
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lines of vision after the procedure; on the other 
hand, those cases with a severe visual impair-
ment before the procedure were the ones that 
benefit the most from ICRS implantation [32] 
(Tables 17.13 and 17.14).

This study also analysed topographical changes 
after ICRS implantation according to the visual 
impairment of patients with keratoconus. Table 17.15 
summarizes the topographical results found in this 
study. Although they were able to demonstrate a sig-
nificant reduction in all keratometry measurements 
in all groups (p < 0.01), the greatest reduction was in 
patients classified as Stage Plus, i.e. those with the 
most severe form of the disease. These findings lead 
us to the consideration that ICRS implantation in 
cases with keratoconus and good vision should be 
undertaken with extreme caution because of the risk 
of losing vision in this group of patients who have 
“little to gain and much to lose”.

Long-term outcomes of ICRS implantation 
for the treatment of keratoconus have been 
always a topic of debate. There are some studies 
published in the literature that hypothesized that 
due to the distribution of the forces along the 
stroma that is observed after the implant this may 
help in reducing the stress on a specific point of 
the tissue thus leading to a more biomechanical 
stability of the cornea [35]. Nevertheless, these 
observations have not been proven in the clinical 
practice. Even when there are some long-term 
studies that have reported the stability of the sur-
gical procedure [23, 33, 36] there is a clear limi-
tation in most of these reports as they do not 
specify if the type of patients that they are 

ev aluating within their cohort belong to cases 
with the progressive or stable form of the disease. 
In a recent study was observed that long-term sta-
bility of ICRS implantation depends on the pro-
gression pattern of the keratoconus at the moment 
of the surgical technique. Thus, in those cases 
with the stable form of the disease, ICRS implan-
tation remains without significant changes after 
long period of follow up [33]. Nevertheless, in 
those cases that show clinical signs of progres-
sion, the benefit achieved immediately after the 
procedure is expected to be lost after long period 
of time. From that work, we conclude that stabil-
ity of the disease should be confirmed before sug-
gesting ICRS implantation in keratoconic patients 
[37], as in those progressive cases ICRS implan-
tation should be combined with corneal collagen 
crosslinking in order to halt the progression of 
the disease and keep the response obtained with 
the ICRS in the long term.

It is important to take into account that ICRS 
have the advantage that they can be removed in 
the event of failure and can be combined with 
other techniques such as corneal collagen cross-
linking, PRK and phakic intraocular lenses. They 
can also be exchanged for segments with differ-
ent characteristics, being possible to improve the 
results when these prove unfavourable [38].

17.8  A Glance at the Future

Further changes in the ICRS design may enhance 
their results. Our investigation team is currently 
developing a new type of ICRS, the VR technol-
ogy, which is not yet commercially available and 
combines an asymmetric design in an almost 

Table 17.13 ICRS results in CDVA according to the 
RETICS classification [32]

CDVA Pre 6 months p value

STAGE I 0.97 ± 0.06 
(0.90–1.15)

0.86 ± 0.18 
(0.40–1.20)

<0.01

STAGE II 0.71 ± 0.08 
(0.60–0.86)

0.75 ± 0.22 
(0.30–1.20)

=0.04

STAGE III 0.45 ± 0.53 
(0.40–0.58)

0.57 ± 0.22 
(0.10–1.00)

<0.01

STAGE IV 0.27 ± 0.05 
(0.20–0.38)

0.50 ± 0.22 
(0.05–1.00)

<0.01

STAGE 
PLUS

0.09 ± 0.05 
(0.01–0.15)

0.38 ± 0.26 
(0.05–1.00)

<0.01

Table 17.14 Comparison of success and failure rates 
according to the degree of visual impairment [32]

Visual acuity

Gain ≥ 1 
line CDVA 
(%)

Lost ≥ 1 
line CDVA 
(%)

Lost ≥ 2 
lines CDVA 
(%)

CDVA ≥ 0.6 
GRADE I + II

37.90 36.29 25.80

CDVA ≤ 0.4 
GRADE 
IV + PLUS

82.85 10.00 4.28

A. Kılıç et al.
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complete full ring of 350° of arc length 
(Fig. 17.6). The potential advantages of this 
design is that it may achieve both, the reduction 
of the asymmetry of the cornea that is observed 
with the segments and the significant flattening 
that is induced by the full ring devices (like 
Myoring). Also, as it is an incomplete ring, its 
implantation will be possible through a single 
incision in the cornea, avoiding then a stromal 
pocket.

Dr. Efekan Coskunseven (Dunya Eye 
Hospital, Istanbul, Turkey) is currently analysing 
the results obtained with the new 210° Keraring 
for the treatment of pellucid marginal degenera-
tion (PMD), reporting encouraging results. 
Despite larger number of patients are still 
required before considering the introduction of 
this segment in the clinical practise, the initial 

results show an improvement of 1 or more lines 
of unaided vision in 55.5 % of patients with 
PMD, and a recovery of 1 or more lines of best 
corrected visual acuity (BCVA) in 77.7 % of the 
cases (Fig. 17.7).

ICRS are a powerful and useful therapeutic 
option for patients with corneal ectatic disorders, 
including keratoconus. Nevertheless, it’s critical 
to understand their limitations and to discuss 
with the patient the impossibility of an accurate 
and predictable postoperative result, being often 
necessary their combination with other treatment 
options like crosslinking, PRK or phakic intra-
ocular lenses. Subsequently it is necessary to 
expand our knowledge in corneal biomechanics 
and the changes induced by ICRS on it in order to 
be able to perform mathematical models that 
could predict better our results.

Fig. 17.7 Keraring 
210° in a patient with 
pellucid marginal 
degeneration (courtesy 
of Efekan Coskunseven, 
Dunya Eye Hospital, 
Istanbul)

Fig. 17.6 VR Technology

A. Kılıç et al.
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Intracorneal Ring Segments: 
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18.1  Introduction

Intrastromal corneal ring segments (ICRS) are 
a promising and reversible refractive proce-
dure for keratoconus management [1]. There 
have been reported multiple associated com-
plications, however ICRS explantation is 
rarely necessary. Ferrer et al. evaluated the 
main causes of ICRS-related serious complica-
tions [2]. The most frequent serious complica-
tion was extrusion (48.3 %), followed by 
refractive failure (37.9 %), keratitis (6.9 %), 
and corneal melting (5.2 %). One case (1.7 %) 
of corneal perforation was observed. This 
study could not find differences in the compli-
cation rate between the manual and femtosec-
ond laser-assisted techniques.

It has been reported that the use of femtosec-
ond laser to create the corneal tunnels makes 

ICRS implantation safer and significantly 
reduces the complication rate due to the precise 
depth of implantation [3-5]. Femtosecond laser-
assisted technique is easier for the surgeon, 
more comfortable for the patient, and ensures an 
accurate depth of implantation, which cannot be 
guaranteed with the manual technique [6]. 
Many corneal surgeons, who had abandoned the 
surgical technique with the mechanical spreader 
due to technical difficulties experienced with 
the device supplied by the manufacturer, have 
now once again started carrying out this proce-
dure using the femtosecond laser to create the 
channels, due to the high degree of certainty of 
the depth of placement of the rings [7]. Ertan 
et al. reported that femtosecond laser provides 
precise tunnels depth, width, and location 
(rarely requiring suture placement); minimal 
channel haze or edema; an uniform 360° chan-
nel; minimum risk for epithelial defects; low 
risk of infectious keratitis due to the absence of 
a foreign element placed in the cornea; and a 
completion within seconds without manipula-
tion of the cornea [1].

Piñero et al. reported an ICRS extrusion rate 
of 8.33 % for the mechanical technique and 
10.52 % for the femtosecond laser technique, 
while the explantation rate was 20.83 % and 
10.53 %, respectively [8].

Kanellopoulos et al. reported the highest post-
operative complication rate (35 %, n:20) [9].
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18.2  Early Complications

18.2.1  Epithelial Defects

ICRS patients will usually experience a minor 
foreign body sensation for the first 24 h. Without 
any special intervention, these defects will gener-
ally heal within 24–72 h. A large epithelial defect 
is best managed with a bandage contact lens.

18.2.2  Corneal Edema

Postoperative corneal edema is usually mild and 
its resolution is expected quickly. Rare cases of 
persistent, focal edema of the stroma adjacent to 
the segments have been reported. Always be 
aware of the possibility of an infection and 
observe these eyes carefully (Fig. 18.1).

18.2.3  Filamentary Keratitis

Filament formation around the incision site can 
be treated with debridement.

18.2.4  Stromal Thinning 
and Segment Extrusion

The extrusion of the segment is one of the most 
common postoperative complications and 
requires its explantation. Explantation rate varies 
among studies ranging from 0.98 to 30 % [1]. 

Colin et al. reported explantation of the segment 
in 12 % of eyes implanted with Intacs, due to dis-
satisfaction and visual symptoms [10].

Ideally, an intrastromal implant should not 
affect the normal physiology of the cornea, as an 
impermeable implant has the potential to impede 
fluid and nutrients movement within the cornea. 
A nutritional deficiency of the stroma anterior to 
the inlay can result in anterior stromal edema and 
melting with corneal ulceration and implant 
extrusion [11].

By determining the stromal depth of the seg-
ment during slit lamp evaluation, the surgeon can 
identify those cases where stromal thinning and 
extrusion are more likely. Deep implantations 
allow an adequate nutrition of the overlying 
stroma and there is less risk of extrusion. The first 
sign of stromal thinning is usually punctate epi-
thelial staining over the ring. Ultimately the epi-
thelium breaks down, the stroma melts, and the 
segment extrudes (Fig. 18.2).

The extrusion or removal rate for Intacs SK 
has been reported at 19.3 %, greater than the one 
reported for regular Intacs. Nevertheless, Kwitko 
and Severo et al. reported an extrusion rate for 
Ferrara rings of 19.6 % [12].

Ferrer et al. evaluated the main causes of 
intrastromal ring segment extrusion over a 9-year 
period and its relationship with microscopic find-
ings on the ICRS surface [2]. Intrastromal seg-
ments were explanted with a rate of 22.8 %. The 
main cause was extrusion (48.2 % of explanted 
segments), followed by unsatisfying refractive 
outcome (37.9 %) and keratitis (6.8 %).

Fig. 18.1 Corneal edema

A. Kılıç and J.L. Alió del Barrio
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Shallow implantation is one of the main risk 
factors of extrusion as it has been associated with 
ring superficialization, stromal thinning, and epi-
thelial breakdown [13]. Khan et al. suggested as 
risk factors for extrusion a thin cornea and a his-
tory of atopy with eye rubbing [14].

Lai et al. performed an optical coherence 
tomography (OCT) between 7 and 43 days after 
ICRS implantation to study their final stromal 
depth. They observed that the distal and inferior 
portions of the segments tended to be placed at a 
shallower depth. They suggested that a shallower 
placement of the segments may result in more 
complications, such as epithelial–stromal break-
down and extrusion, because of the greater ante-
rior stromal tensile strain [15].

Kamburoğlu et al. used Pentacam to assess the 
depth of Intacs implanted by femtosecond laser, and 
reported a decreased depth at the end of the first 
postoperative year in all measured points, being 
these differences statistically significant at the supe-
rior, inferior, and temporal sides of the Intacs [16].

Toroquetti and Ferrara identified two major 
causes of ICRS extrusion: superficial implanta-
tion and the placement of a segment close to the 
incision [17]. They claimed that, as a general 
rule, the thickness of the implanted ICRS should 
not be more than 50 % of the corneal thickness in 
the ring track. Deeply located ICRS produce bet-
ter results and also leave a greater amount of cor-
neal stroma between the ICRS and the corneal 
epithelium, what should theoretically protect 
from extrusion.

18.2.5  Segment Migration

When segment migration brings the end of the 
implant adjacent to the incision, this represents an 
unacceptable risk for wound melt. In this scenario, 
the segment should be repositioned as soon as pos-
sible. This can be easily accomplished with a 
Sinskey hook placed into the corneal tunnel through 
the entry wound. If after an initial repositioning, the 
segment continues to migrate to the incision, it will 
be necessary to remove it (Fig. 18.3).

18.2.6  Infection

Infectious keratitis after ICRS implantation is very 
rare, and culture-proven infections were less than 
1 % in several large clinical series [13, 18]. According 
to the literature, the incidence of infectious keratitis 
after Intacs implantation for the treatment of myopia 
is low, ranging from 0.2 to 0.63 % [13].

Bourcier et al. reported a case of late bacte-
rial keratitis after ICRS implantation. Cultures 
were positive for Clostridium perfringens and 
Staphylococcus epidermidis, showing the risk 
of microbial keratitis even months after the 
implantation [18].

Bilateral infections after uncomplicated ICRS 
implantation have also been described [19]. An 
early recognition of the infection, aggressive 
treatment with antibiotics and, in many cases, 
removal of the ICRS are critical to prevent serious 
sight-threatening complications.

Fig. 18.2 Ring extrusion
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Traumatic shattering of intrastromal segments 
due to blunt trauma is possible [20]. Sharp edges 
of the shattered segments may compromise the 
anterior or posterior stroma, so their removal 
should be assessed in order to avoid the risk of 
corneal erosions and a subsequent infection.

European multicenter study of Intacs reported 
1 case of channel infection that was observed 3 
weeks after the implantation [13]. No microor-
ganisms were identified in that case, and the 
infection resolved with high dose topical antibi-
otics without requiring the explant of the 
ICRS. Results of phase II and III of US Food and 
Drug Administration trials reported 1 case of 
infectious keratitis among 499 eyes with Intacs 
[21]. Infectious keratitis should be differentiated 
from simple deposits of extracellular substance, 
which accumulates in the lamellar channel 
around the segments [22].

Several mechanisms can help to explain the 
presentation of channel infection after ICRS: the 
incisional keratotomy to create the channel puts 
the wound perpendicular to the corneal plane, 
which tends to heal slowly. Also, the presence of 
an intrastromal foreign body carries an additional 
risk of postoperative infection because of the 
possible adhesion of cells, proteins, or microor-
ganisms onto the surface of the biomaterial.

Infectious keratitis has been reported with 
either implantation technique (manual or femto-
second laser assisted) [23].

If a patient complains of photophobia or 
aching pain after the surgery an examination 
to rule out infection should be performed as 
soon as possible. Signs of infection include 
edema or an infiltrate involving the stroma 
adjacent to the segment (Fig. 18.4). A minimal 
infiltrate may initially be treated with hourly 
broad-spectrum antibiotic drops. If the infil-
trate worsens or the initial stromal reaction is 
more advanced, removal of the ICRS should 
be considered.

18.2.7  Reduction of Corneal 
Sensitivity

In all forms of keratorefractive surgery, transi-
tory reduction of corneal sensitivity may occur. 
With corneal ring segments, all these findings 
are minor. In most of the cases, in 2–3 months 
period, corneal sensitivity returns to the preop-
erative baseline values, without any neuro-
trophic effects [24].

18.2.8  Epithelial Ingrowth

Minor epithelial cysts or plugs should be consid-
ered normal. Very large plugs may indicate exces-
sive wound gape and can induce against- the- rule 
astigmatism.

Fig. 18.3 Segment migration
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18.2.9  Astigmatism Induction 
After ICRS and Other Visual 
Complications

An unsutured radial corneal incision alone 
(without segment implantation) has specific 
effects on the corneal topography [25, 26]. 
Flattening of the incised meridian with steep-
ening of the perpendicular meridian is seen. A 
wound which is too long or too traumatized is 
prone to excessive gap, and a 12 o’clock wound 
which gapes too much may induce an against-
the-rule (ATR) astigmatism. Nevertheless, as 
the wound contracts, these effects will resolve 
by themselves. On the other hand, a tight 12 
o’clock wound can be associated with a with-
the-rule (WTR) astigmatism. Thus, an overly 
tight suture will induce steepening in the 
incised meridian, although due to the coupling 
created by the presence of the segments there 
will not be a compensatory flattening of the 
meridian 90° away, resulting in a WTR cylin-
der and a myopic shift. Early removal of the 
tight suture may relax the steep meridian and 
may allow a shift of the spherical equivalent 
toward emmetropia.

Patients may complaint of short-term glare or 
halos. As the tunnels are dissected, the lamellae 
split and this creates temporary tunnel haze just 
central to the inner aspect of each implanted seg-
ment. This haze will resolve after 30–60 days but 
may induce glare for a few months in a minority 
of patients. Patients with large pupils are more 
prone to develop these visual symptoms.

A small percentage of patients may experi-
ence diurnal visual fluctuations, what is observed 
more frequently with thicker segments [27, 28]. 
Keratoconus patients experience a morning 
hyperopic shift and an evening myopic shift. 
Thus, undercorrected patients see better in the 
mornings than in the evenings, except emme-
tropic and overcorrected patients (induced hyper-
opia) who experience an increase in visual acuity 
during the day. The reason of the drift is unknown, 
although it should be related to the effects of the 
nighttime lid closure, causing metabolic altera-
tions by oxygen deprivation.

As we have already discussed in the previous 
chapter, due to the abnormal corneal biomechani-
cal response, the precise outcome of an ICRS 
implantation in a keratoconic eye is not possible 
to accurately predict, and this should be informed 
to the patient during the preoperative evaluation 
[29, 30]. However, the refractive effect of an 
ICRS is reversible, so a worsened refractive 
defect after ring implantation may be improved 
to the preoperative values by simple explantation 
of the device [31].

Alternatively, ICRS adjustment surgery may 
be attempted: this adjustment surgery is defined 
as any combination of removal, exchange, addi-
tion, or shifting an ICRS to improve its refractive 
effect over the cornea. Actually, Alió et al. 
reported a significant visual and refractive 
improvement by implanting a new ICRS combi-
nation after previous unsuccessful ICRS, which 
were explanted due to either poor visual results 
or extrusion [32]. Pokroy et al. reported that 

Fig. 18.4 Infection after ring implantation
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approximately 10 % of keratoconic eyes man-
aged with ICRS may require an adjustment sur-
gery, which often has a good outcome [33]. In 
this study, the indications for ICRS adjustment 
were increased astigmatism in four eyes, induced 
hyperopia (overcorrection) in three eyes, and 
undercorrection in one eye. Induced astigmatism 
and hyperopia were most often managed by 
removing the superior segment. The undercor-
rected eye, having initially received a single infe-
rior segment, was treated by implanting a superior 
segment.

18.2.10  Sterile Infiltrates

These infiltrates commonly occur during the sec-
ond week after surgery and they are usually 
asymptomatic. If the physician feels that the stro-
mal reaction may be infectious (based on timing, 
appearance, and clinical presentation), it should 
be treated immediately with antibiotic drops as 
we have already seen.

18.3  Late Complications

18.3.1  Anterior Stromal Necrosis

Bourges et al. reported an anterior stromal 
aseptic necrosis 5 years after ICRS implanta-
tion [34]. A progressive idiopathic paracentral 
keratolysis associated with increased quantities 
of matrix metalloproteinases (MMPs) has been 
described [35].

Samimi et al. evaluated the histopathological 
changes induced by ICRS in keratoconic corneas 
[36]. They observed hypoplasia of the epithelium 
immediately surrounding the channel, no evi-
dence of any inflammatory response or foreign 
body reaction, keratocyte density decreased 
above and below the tunnel, and synthesis of col-
lagen IV in the scar area. Several reports have 
demonstrated that the refractive and topographic 
changes induced by ICRS are reversible after 
their explantation, and this study demonstrated 
that the histological changes are as well revers-
ible after insert removal.

Fabre et al. reported that this chronic epithelial 
injury induces apoptosis via interleukin 1, and 
they hypothesized that these keratocyte apoptosis 
with release of degradative enzymes (as MMPs) 
and other components, induced by ICRS, would 
damage the area next to the tunnel explaining 
these cases of progressive keratolysis after ICRS 
implantation [37].

18.3.2  Chronic Pain

Randleman et al. reported persistent discomfort 
that did not improve with topical medications or a 
bandage contact lens [38]. Confocal biomicros-
copy demonstrated a corneal nerve in direct con-
tact with the inferior segment. Both segments were 
removed and the patient reported complete resolu-
tion of the pain. In patients with keratoconus and 
ectasia post-LASIK, where corneal thinning has 
occurred and corneal nerves may be found in 
abnormal locations, there may be a greater chance 
that ICRS segments and corneal nerves end up in 
contact, resulting in chronic pain.

18.3.3  Intrastromal Tunnel Deposits

One of the findings that are more frequently 
observed is white deposits around the segment 
inside the tunnel (Fig. 18.5). Histopathological 
analysis has demonstrated that these deposits 
correspond to fatty acids and do not interfere 
with the visual function of the patient [22]. The 
accumulation of this substance is self-limited and 
nonprogressive: deposits start to accumulate 
around the third postoperative month, and they 
tend to increase until the 6th–12th month, when 
finally come to a steady state. They remain 
 confined to the intrastromal tunnel without cen-
tral or peripheral expansion.

Ruckhofer et al. reported that the incidence of 
these intrastromal deposits (intracellular lipids) in 
the corneal tunnel can be as high as 60 % [22]. They 
performed confocal microscopy on a total of 21 
eyes concluding that the central corneal zone 
appears unchanged, but the corneal stroma adjacent 
to the ICRS displays a slight but distinct activation 
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of wound healing with mild fibrosis. Epithelial cells 
with highly reflective nuclei were seen as well in 
this region, what may be an indicator of increased 
biologic stress caused by the device [39].

18.3.4  Corneal Neovascularization

Neovascularization of the tunnel is uncommon 
(Fig. 18.6). Superficial neovascularization has 
usually little clinical concern, but deep neovas-
cularization can occur at the wound site and 
treatment should include topical steroids. 
Unresponsive, severe, and progressive cases 
may require segment explantation. Risk factors 
for corneal neovascularization include previous 
contact lens wear, corneal sutures, and wound 
trauma during surgery.

18.3.5  Epithelization of the Stromal 
Tunnel

ICRS related epithelial ingrowth never shows an 
aggressive behavior. It occurs very rarely and is 
nonprogressive.

18.3.6  Late Dislocation of Ring 
Segment into the Anterior 
Chamber

Dislocation of a segment into the anterior cham-
ber can occur intraoperatively, but Park et al. 
reported a case who presented with a dislocated 
ICRS in the anterior chamber 3 weeks postop 
[40]. They identified eye rubbing (due to patient 
eczema) as a possible etiology.

Fig. 18.5 Intrastromal tunnel deposits

Fig. 18.6 Neovascular 
ization of the stromal tunnel
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19.1           Corneal Ectatic Disorders 

19.1.1     Keratoconus 

  Keratoconus      is a disorder of undetermined aetiol-
ogy characterized by paracentral/central corneal 
thinning with secondary conical ectasia. The con-
sequent irregular astigmatism causes visual 
impairment, ghosting and polyopia [ 1 – 3 ]. It is 
almost always bilateral but frequently asymmetri-
cal in disease severity. Typically presentation is 
during adolescence with progression continuing 
for two decades when the condition often stabi-
lizes. It is the commonest reported corneal dystro-
phy, occurring in approximately 1 in 1750 
individuals [ 1 – 3 ]. Studies of quality-of-life analy-
sis demonstrate that that its degree of public health 
impact is disproportionate to its prevalence, with 
scores of life impairment being equivalent to grade 
3–4 age-related macular degeneration [ 4 ]. 

 The  aetiology   of Keratoconus has not been 
fully elucidated. It involves the interaction of 
genetic, mechanical and biochemical factors. 
With a range of clinical presentations, it is likely 

that keratoconus is the fi nal manifestation for 
several different conditions. It often presents as 
an isolated condition, but is also associated with 
some ophthalmic and systemic pathologies, 
including conjunctival vernal disease, blue 
sclera, retinitis pigmentosa, atopy, magnesium 
defi ciency, Down’s syndrome, Turners’ syn-
drome and connective tissue disorders such as 
Marfans and Ehlers–Danlos syndrome, osteo-
genesis imperfecta and pseudoxanthoma elasti-
cuma [ 1 ,  2 ]. It is associated with repeated mild 
ocular surface trauma such as hard contact lens 
wear, allergic eye disease and eye rubbing [ 1 ,  2 ]. 
 Genetic factors   are undoubtedly relevant with up 
to 10–20 % of affected individuals reporting a 
positive family history [ 5 ]. Increased activity of 
proteinase enzymes and reduced activity of pro-
teinase inhibitors has been documented in 
affected corneas [ 6 ], with the consequent ampli-
fi ed stromal protein digestion possibly resulting 
in thinning and secondary corneal biomechanical 
instability [ 7 ].  

19.1.2      Iatrogenic Kerectasia   

 Kerectasia following corneal refractive surgery 
is an infrequent but potentially visually devastat-
ing complication. Seiler was fi rst to document its 
occurrence after  Laser in situ keratomileusis 
(LASIK)   almost 20 years ago [ 8 ]. Its reported 
incidence is between 0.04 and 0.6 % [ 9 ,  10 ], with 
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one survey in 2004 showing that more than 50 % 
of responding surgeons had documented its 
occurrence in at least one patient under their care 
[ 11 ]. Onset ranges from 1 to 45 months with half 
of all cases presenting within 12 months after 
LASIK [ 12 ,  13 ]. Frequently it causes signifi cant 
visual impairment, with a study in the early 
2000s, prior to the introduction of corneal colla-
gen cross-linking ( CXL  ), reporting that 35 % of 
cases eventually required corneal transplantation 
[ 12 ]. As well as LASIK it has been documented 
after Photorefractive Keratectomy (PRK) [ 12 , 
 13 ] and incisional kerato-refractive surgical pro-
cedures such as Radial Keratotomy [ 14 ]. 
Meticulous  pre-operative tomographic screening   
is essential to reduce its occurrence as known risk 
factors for its potential development include pre- 
existing keratoconus and PMD, including forme 
fruste cases. These conditions are a contraindica-
tion to kerato-refractive surgery. Patients with 
thin corneas, high myopic corrections and young 
age at time of surgery are also at risk. Most 
refractive surgeons now avoid leaving residual 
stromal beds of less than 300 micrometers (μm) 
[ 12 ,  13 ,  15 ]. However, ectasia can still occasionally 
occur in individuals without currently  identifi able 
  risk factors [ 12 ,  13 ,  15 ].  

19.1.3     Pellucid Marginal 
 Degeneration      

  Pellucid marginal degeneration (PMD)   occurs 
much less frequently than keratoconus. It involves 
the inferior peripheral, rather than the paracen-
tral, cornea in approximately 85 % and the supe-
rior peripheral cornea in 15 % of presentations. It 
arises in a crescentic fashion usually between the 
5 and 7 o’clock locations [ 16 ,  17 ]. It is more fre-
quent in men, with a male-to-female ratio of 3:1 
[ 17 ]. It is normally bilateral and affects all eth-
nicities [ 16 ,  17 ]. Usually it presents later in life 
than keratoconus, typically between the second 
and fi fth decades [ 16 ,  17 ]. Its aetiology remains 
unknown. Typically it manifests with progressive 
against-the-rule astigmatism often with good 
spectacle corrected acuity until the late stages of 
the disease. Hydrops and spontaneous perforation 

have been reported [ 16 ,  17 ]. Corneal topography 
typically demonstrates a “lobster-claw pattern” 
but this is not exclusive to  PMD   and may occa-
sionally arise in keratoconus [ 18 ]. There is some 
overlap between keratoconus and  PMD  , as well 
as with  keratoglobus   [ 16 – 18 ].  

19.1.4     Overview of the Management 
of Corneal Ectasia 

 Management of  corneal ectasia      depends on the 
severity of the condition and the degree of irregu-
lar astigmatism. Mild cases may be simply cor-
rectable with astigmatic spectacles and/or soft 
toric contact lenses. With disease progression, 
the cornea becomes increasingly irregular and 
rigid contact lenses are then needed for adequate 
visual rehabilitation [ 19 ]. In up to 20 % of cases 
with keratoconus, keratoplasty is necessary 
because of contact lens intolerance/fi tting prob-
lems and corneal scarring [ 20 ]. None of these 
treatment modalities treat the underlying patho-
physiology and prevent disease progression. 
Only with the advent of CXL, can we now hope 
to delay arrest or even to a certain extent  reverse 
   keratoconus   [ 20 – 22 ].  

19.1.5     Corneal Collagen Cross- 
Linking: Laboratory Studies 

 The concept of treating ectatic corneal disorders 
with  Ribofl avin (vitamin B 2 )/ultraviolet A (UVA)   
(370 nm)  CXL   was fi rst postulated at the 
University of Dresden by Spoerl and Seiler [ 21 –
 24 ]. Cross-linking occurs in tissues physiologi-
cally with ageing via enzymatic pathways such as 
Transglutaminase and Lysyl Oxidase. Spoerl and 
Seiler hypothesized that photochemical CXL of 
collagen within the corneal stroma could be 
achieved by utilizing the interaction between 
 Ribofl avin   and UVA to create free radicals (oxy-
gen singlets) which then activate the normal 
physiological  Lysyl Oxidase pathway   [ 24 ]. As 
well as acting as a photosensitizer, Ribofl avin is 
thought to prevent injury to internal ocular struc-
tures, i.e. the endothelium, lens and retina, by 

D. O’Brart



221

absorbing the potentially mutagenic and cytotoxic 
UVA within the superfi cial corneal tissues [ 24 ]. 
The central role of  singlet oxygen creation   for the 
Ribofl avin/UVA CXL process has been con-
fi rmed and in the absence of oxygen CXL does 
not occur [ 25 ]. However, the  oxygen free radicals   
are now considered not to initiate CXL by the 
 Lysyl Oxidase pathway   but by three other poten-
tial mechanisms: imidazolone production, which 
can link to molecules, such as histidine, to form 
novel covalent bonds; the activation of endoge-
nous populations of carbonyl groups in the ECM 
(allysine, hydroxyallysine) to create cross-links, 
and/or the degradation of Ribofl avin itself, 
releasing 2,3-butanedione, which interacts with 
the endogenous carbonyl groups of the stromal 
proteins [ 25 ]. The exact location of the cross- 
links at the molecular level is unknown as these 
bonds cannot be seen microscopically. Cross- 
links cannot be formed between the collagen 
fi brils themselves, as the distance between the 
fi brils is too great for any intramolecular bond to 
be possible. In a series of experiments to investi-
gate stromal ultrastructure utilizing X-ray scat-
tering, hydrodynamic behaviour and enzyme 
digestion in ex vivo ungulate and rabbit eyes, 
Hayes et al. [ 26 ] postulated that it was probable 
that the cross-links were occurring on the outside 
of the collagen fi brils, rather than within them, 
and in the protein network surrounding the 
 collagen      [ 26 ]. 

 Whilst the cross-links between the proteins 
within the stroma cannot be visualized and their 
existence directly corroborated,  ex vivo labora-
tory studies   have reported several changes in the 
mechanical and chemical properties of the stroma 
consistent with their existence. Stress–strain 
measurements of stromal  tissue   are increased 
appreciably [ 23 ,  24 ,  27 ], both immediately as 
well as several months following CXL [ 28 ], with 
such changes being shown to take place predomi-
nantly in the anterior 200 μm of the corneal 
stroma where the most of UVA absorption occurs 
[ 29 ]. In addition, after  CXL   a greater  thermal 
shrinkage temperature   has been reported in the 
stroma with a superior effect being documented 
anteriorly [ 30 ], while increased resistance of 
stromal tissue to enzymatic digestion has been 

confi rmed, with a dose response in relation to 
UVA irradiation intensity [ 31 ]. Similarly an aug-
mented resistance to matrix metalloproteinase 
(MMP) degradation of collagen, in particular 
sub-types MMP-1, 2, 9 and 13, and small leucine- 
rich proteoglycans following CXL has been 
reported [ 32 ]. This increased resistance of colla-
gen and proteoglycans from  MMP degradation   is 
liable to be important in the potential of CXL in 
averting disease progression in corneal ectasias, 
where increased activity of collagenases has been 
recognized [ 18 ]. Other biophysical changes doc-
umented in cross-linked corneas include an 
increase in collagen fi bre diameter in Rabbit cor-
neas [ 33 ] and a reduction in hydration behaviour 
[ 34 ] both of which occur to a greater extent in the 
anterior compared to the posterior stroma. The 
increased resistance to  hydration   has led to the 
proposal that CXL might have a role in the man-
agement of corneal decompensation. However, 
recent investigators have suggested that such 
changes in hydration behaviour are probably just 
short-term alterations due to a consequence of 
the effects of the osmolarity of the dextran- 
containing Ribofl avin solutions used rather than 
the actual effects of cross-linking and unlikely to 
be long-term alterations [ 26 ,  35 ]. Finally, there 
appear to be modifi cations in the electrophoretic 
pattern of corneal collagen type I following CXL, 
with the occurrence of an extra concentrated 
polymer band, with a molecular size of approxi-
mately 1000 kDa, resistant to mercaptoethanol, 
heat and pepsin [ 36 ]. 

 Whilst, the investigations described earlier 
confi rm the expected improvements in biome-
chanical and biochemical properties of corneas 
following  CXL  , it must be remembered that  UVA   
is cytotoxic. It has been shown to cause kerato-
cyte apoptosis and corneal endothelial cell dam-
age/death as well as possible lens and even retinal 
injury [ 37 – 40 ]. Cell cultures studies of kerato-
cytes have demonstrated an enhanced cytotoxic 
irradiance point with UVA irradiation combined 
with photosensitizing Ribofl avin [ 37 ]. In the clin-
ical setting this occurs in human corneas to a 
depth of 300 μm [ 37 ]. In relation to irreversible 
endothelial cell damage, cell culture studies have 
shown a cytotoxic threshold level with irradiation 
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levels greater than 0.35 mW/cm 2  [ 38 ]. This cyto-
toxic level should not be achieved, with the 
 standard CXL UVA dosage of 3mWcm 2  for 
30 min (total dosage 5.4 J/cm 2 ), with corneal 
thickness greater than 400 μm [ 38 ]. In vivo stud-
ies have substantiated these laboratory fi ndings 
and confi rmed that with the standard dosage 
more than 85 % of the UVA radiation is absorbed 
by the Ribofl avin in the anterior 400 μm of the 
stroma [ 39 ,  40 ]. The resultant irradiance at the 
level of the endothelium is less than 0.18 mW/
cm 2 , which is half the cytotoxic level [ 40 – 49 ]. 
This is similar for the lens and retina, where the 
level of UVA radiation reaching these tissues is 
less than 3 % of the cytotoxic limit [ 40 ].   

19.2     Clinical Studies 
(Epithelium- Off CXL) 

19.2.1     Prospective  Cohort Case 
Series   

 The fi rst published clinical application of 
Ribofl avin/UVA CXL was not to treat keratoco-
nus, but to address  corneal ulceration/melt   and 
was reported to successfully arrest corneal melt-
ing in a series of 3 out of 4 eyes [ 41 ]. The fi rst 
investigation of its utilization in keratoconus was 
published in 2003 [ 24 ]. Wollensak et al. in a 
cases series of 23 eyes with keratoconus who 
underwent an epithelium-off CXL technique, 
reported stabilization of ectasia, with up to 5 
years follow-up in some eyes. In 70 % an 
improvement in ectasia was documented, with an 
average reduction in refractive error of 1D and 
maximal keratometry ( K  max ) of 2 dioptres (D). 
Endothelial counts were unchanged and no loss 
of transparency of the cornea or lens was docu-
mented [ 24 ]. Since this seminal publication, 
other research groups have published multiple 
prospective,  cohort case series   of epithelium-off 
CXL with up to 24 months follow-up [ 41 – 52 ], 
including case series of paediatric patients [ 54 , 
 55 ] and advanced keratoconus [ 56 ]. These stud-
ies have corroborated the preliminary results of 
Wollensak, with stabilization of keratoconus in the 
vast majority of treated eyes with few complications 

and signifi cant improvements in vision, keratom-
etry, corneal shape and higher order aberrations 
[ 42 – 58 ]. Similarly, prospective case series of 
epithelium-off CXL to treat iatrogenic post-laser 
refractive surgery ectasia have documented sta-
bility of topographic parameters and improve-
ments in vision with more than 2 years follow-up 
[ 57 – 59 ] and up to 5 years follow-up in one 
reported case series [ 60 ]. In addition, encourag-
ing results have been seen in case reports of CXL 
in eyes with  PMD   [ 61 – 63 ].  

19.2.2     Randomized Controlled 
 Studies      

 While results of prospective cohort case series 
studies have been supportive of the technique, 
there a relative paucity of randomized, prospec-
tive clinical studies of CXL. O’Brart el al in a 
randomized, prospective, bilateral study in 22 
patients with documented keratoconic progres-
sion, in which one eye was treated with an 
epithelium- off CXL technique and the other left 
untreated to serve as a control, reported stabiliza-
tion in all treated eyes with statistically signifi -
cant improvements in corrected distance visual 
acuity (CDVA), keratometry, apex power mea-
surements and higher order aberrations, with pro-
gression in 14 % of untreated eyes over an 
18-month follow-up period [ 64 ]. Similarly, 
Wittig-Silva et al. in a study incorporating 48 
untreated control eyes and 46 treated eyes with 
3-year follow-up documented a signifi cant 
increase in  K  max  and refractive cylinder with a 
reduction in uncorrected visual acuity (UCVA) in 
control eyes, while treated eyes showed a signifi -
cant reduction in  K  max  and improvement in UCVA 
and  CDVA   [ 65 ,  66 ]. Hersh et al., Greenstein 
et al., and Chang et al. in a randomized trial 
reported signifi cant improvements in UCVA, 
CDVA, higher order aberrations and topographic 
indices in 66 eyes with keratoconus and 38 with 
iatrogenic ectasia with 12-month follow-up and 
found better results in more severely affected 
eyes [ 53 ,  67 ,  68 ]. More recently, Lang et al. doc-
umented a signifi cant difference between treated 
and control eyes in terms of changes in corneal 
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refractive power which reduced in treated eyes 
and increased in untreated cases over a 3-year 
follow-up  period   [ 69 ], while Seyedian et al. in a 
bilateral randomized study found a signifi cant 
difference in  K  max  and CDVA at 12 months, which 
improved in treated and worsened in contralateral 
control eyes [ 70 ]. Most recently, Sharma et al. in 
a randomized trial with a sham treatment 
(Ribofl avin administration with no UVA expo-
sure) in control eyes showed an improvement in 
23 treated eyes in terms of UDVA,  refractive 
cylindrical correction   and  K  max  while the sham 
control group of 20 eyes showed no such changes 
[ 71 ]. These randomized, controlled studies while 
relatively few in number and limited in subjects 
treated, continue to provide a growing body of 
evidence to support the effi cacy of Ribofl avin/
UVA epithelium-off CXL to prevent disease 
progression and improve corneal shape in cor-
neal ectasias.     

19.2.3      Long-Term Follow-Up   

 While prospective cohort and randomized, con-
trolled clinical studies of epithelium-off CXL 
certainly support its mid-term effi cacy and safety, 
there is scarcity of long-term data. Keratoconus 
characteristically progresses at an unpredictable 
rate for about two decades following presentation 
and then becomes stable, probably as a conse-
quence of physiological age-related cross-linking 

[ 1 – 3 ]. The rate of molecular turnover of collagen 
and the extracellular matrix (ECM) within the 
cornea is as yet undetermined. Given such con-
siderations, the duration of effectiveness of CXL 
and the necessity to repeat the procedure is 
unclear.    Outcomes from a number of published 
case series with follow-up of greater than 24 
months are shown in Table  19.1 . Raiskup-Wolf 
et al. in 33 eyes with over 3-year follow-up 
reported stabilization of keratoconus with reduc-
tion of keratometry and improvements in vision 
with time [ 72 ]. Caporossi documented stability 
of ectasia in 44 eyes after 48 months, with a 
reduction in keratometry and coma and improve-
ments in vision [ 73 ]. O’Brart in 29 eyes found 
stabilization in all cases, with improvements in 
refraction, vision, keratometry and higher order 
aberrations at 12 months which showed statisti-
cally signifi cant continued enhancement at 4–6 
years [ 74 ]. Hashemi demonstrated stabilization 
in 40 eyes of 32 patients with progressive kerato-
conus with continued improvement in corneal 
elevation measurements over 5 years of follow-
 up [ 75 ]. Few studies have reported follow-up 
over 5 years. Poli et al. in 36 eyes of 25 patients 
reported no evidence of keratoconic progression 
6 years after CXL with a signifi cant improvement 
in CDVA and no sight-threatening complication 
[ 76 ]. Theuring and Raiskup in 34 eyes of 24 
patients at 10 years documented signifi cant 
improvements in vision and keratometry at 10 
years, with progression in only 6 % of cases and 

   Table 19.1     Visual, refractive and keratometric changes   after epithelium-off Ribofl avin UVA CXL in prospective case 
series in which all eyes have a reported follow-up of 24 months or more   

 Lead author  Year 
 Number 
(eyes) 

 Follow-up 
(months) 

 UDVA 
change 
(LogMar) 

 CDVA 
change 
(LogMar) 

 MSE 
change 
(D) 

 K max 
change 
(D) 

 Pachymetry 
change (μm) 

 Failure 
(%) 

 Raiskup  2008  33  >36  −0.15  −2.57  6 

 Caporossi A  2010  44  48  −0.37  −0.14  +2.15  −2.26  +0.6  0 

 Kampik D  2011  46  24  −0.05  −1.23  −21.6 

 Vinciguerra A  2012  40  24  −0.21  −0.19  +1.57  −1.27  +14.0 

 Goldich Y  2012  14  24  −0.08  −2.40  0 

 O’Brart D  2013  30  >48  −0.01  −0.1  +0.8  −1.06  +2.0  0 

 Theuring A  2015  34  120  −0.13  −3.64  −46.0  6 

 Raiskup F 

 Poli M  2015  36  72  −0.08  −0.14  +0.11  −16.4  11 

 O’Brart D  2015  36  78  −0.14  −0.13  +0.78  −0.9  −3.0  0 
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no change in transparency of the cornea or lens 
[ 77 ,  78 ]. O’Brart et al. in a series of 36 eyes of 36 
patients reported no progression in any eyes at a 
mean follow-up of 7 years with signifi cant 
improvements in visual, topographic and corneal 
wave-front parameters. These parameters contin-
ued to improve between 1 and 5 years after surgery 
with stabilization thereafter, although CDVA 
continued to improve even between 5 and 7 years 
[ 79 ]. No sight-threatening complications were 
documented in this series although during the 
7-year follow-up 24 % of untreated fellow eyes 
had an increase in  K  max  of over 1.0 dioptre (D) 
and underwent CXL [ 79 ]. This documented pro-
gression in fellow untreated eyes, seen in this and 
other studies indicate that the improvements in 
measured visual and topographic parameters in 
treated eyes with long-term follow-up are 
unlikely to be due to any physiological age-
related changes but to the CXL treatment itself. 
Such fi ndings from different investigators further 
support the effi cacy and safety of epithelium-off 
CXL with up to a decade of follow-up. Further 
follow-up will determine the nature of longer 
term effi cacy and the need if any to repeat the 
procedure and will elucidate how long and to 
what degree eyes might continue with improve-
ment in visual and topographic parameters even 
years after CXL. The recurrence of keratoconus 
following keratoplasty, which classically, albeit 
rarely, occurs 10 to 20 years following surgery 
[ 80 ], suggests that turnover of corneal collagen 
and ECM may be measured in decades and that 
CXL might be effective for at least this length of 
time if not longer given physiological cross-link-
ing changes with  age  .

19.2.4        Description of the Standard 
Epithelium-Off CXL Procedure 

 As described earlier, all long-term data over 5 
years, together with the vast majority of prospec-
tive cohort case series with reported follow-up 
between 12 and 24 months and most published 
randomized prospective studies are with 
epithelium- off CXL using the standard UVA 
exposure of 3 mw/cm 2  for 30 min (total UV dos-

age 5.4 J/cm 2 ). As more has been published and 
is known about this particular CXL methodology 
and as its effi cacy and safety is supported by the 
current scientifi c literature it must be regarded as 
the gold standard technique. The following sec-
tion describes this operative technique. 

 Prior to CXL, it is typically necessary to 
obtain documented evidence of progression of 
 ectasia  . The precise and best parameters to defi ne 
progression are not agreed and remain undefi ned 
and indeed undetermined. However, many stud-
ies and surgeons defi ne progression as an increase 
in  K  max /average keratometry and/or refractive 
astigmatism of over 1.0D and/or decrease in 
pachymetry greater than 10 % over the preceding 
12–18 months [ 64 ,  74 ,  79 ]. In addition, many 
surgeons will offer CXL in all adolescent and 
paediatric keratoconus patients and all with iatro-
genic ectasia, even in the absence of documented 
progression, because of the high risk of worsen-
ing of ectasia in such eyes and the improvements 
in corneal shape and vision documented in most 
eyes after CXL with time. 

 To minimize the risk of endothelial damage 
and corneal decompensation it should be ensured 
that prior to surgery the corneal thickness is 
greater than 450 micrometers (μm) (400 μm with 
the epithelium off) at its thinnest point [ 38 – 40 ]. 
Following fully informed consent, CXL is typi-
cally performed under topical anaesthesia. In the 
standard epithelium-off technique the central 
9 millimetre (mm) of the corneal epithelium is 
debrided to enable adequate stromal  Ribofl avin   
absorption [ 24 ,  42 – 79 ]. Following epithelial 
debridement,  Ribofl avin   0.1 % is applied every 
2–3 min for at least 30 min to allow suffi cient and 
homogeneous stromal uptake prior to UVA expo-
sure [ 81 ]. In the initial studies the Ribofl avin was 
suspended in a 20 % dextran solution. Whilst this 
is still used, many formulations now used clini-
cally are isotonic to avoid stromal dehydration 
and inadvertent corneal thinning during the pro-
cedure and contain hydroxypropyl methylcellu-
lose instead of dextran [ 82 ].  Intraoperative 
pachymetry   is advocated by many surgeons to 
monitor corneal thickness prior to UVA exposure 
and to administer hypotonic Ribofl avin drops if 
the cornea thins excessively (below 400 μm) dur-
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ing Ribofl avin administration. The central 8 to 
9 mm of the cornea is then irradiated with UVA at 
3 mW/cm 2  for 30 min. During this time,  Ribofl avin   
0.1 % drops are applied to the stromal surface 
every 3–5 min during the 30-min irradiation 
period. Following irradiation, topical antibiotics 
and corticosteroids are prescribed until corneal re-
epithelialization. Systemic analgesic and bandage 
soft contact lenses can be used for  pain manage-
ment  . Topical anaesthetics in limited dosage, no 
more than 2 hourly and only for 48 h may also be 
of benefi t [ 83 ]. Signifi cant ocular pain is typically 
experienced for the fi rst 24–48 h following sur-
gery and vision is blurred for 1–2 weeks. Patients 
need to be carefully counselled concerning the 
expected occurrence of post- operative pain and 
slow visual recovery in the early post-operative 
period to avoid unnecessary distress. Contact lens 
wear can be resumed once the epithelium has 
fully healed, typically at about 3 weeks. 

19.2.4.1      Wound Healing Changes 
and Confocal Microscopy   
During the First 12 Months 
After CXL 

 Studies using confocal microscopy have identi-
fi ed oedema, superfi cial nerve loss, rarefaction of 
keratocytes in the anterior and mid-stroma and 
isolated endothelial damage in the immediate 
post-operative period [ 84 – 86 ]. During the fi rst 3 
months after surgery there is keratocyte re-popu-
lation, which is usually complete by 6 months. An 
increased density of the extracellular matrix 
occurs to a depth of 300–350 μm, which forms the 
so-called demarcation line which can be observed 
on slit lamp examination [ 87 ]. Regeneration of 
nerve fi bres, with re- establishment of the sub-
epithelial plexus occurs usually within 12 months 
with return of full corneal sensitivity. Confocal 
investigations have confi rmed the lack of endo-
thelial damage, with no alterations of cell density 
changes or hexagonality [ 84 – 86 ]. These in vivo 
confocal microscopic changes after epithelium-
off CXL have been confi rmed by histological 
examination of corneal buttons after keratoplasty 
[ 87 – 90 ] and corroborate keratocyte loss and dam-
age, which can be prolonged [ 87 ], with an increase 
in collagen fi bril  diameter   [ 87 – 90 ].  

19.2.4.2     Epithelium- On   
Versus Epithelium-Off 
Techniques 

 Ribofl avin is a hydrophilic and is unable to pass 
through the tight junctions of the intact corneal 
epithelial barrier. Spoerl et al. confi rmed the 
requirement for full central epithelial debride-
ment to allow suffi cient  stromal uptake   of 
Ribofl avin. They found no modifi cations in the 
biomechanical properties of corneal tissue where 
the CXL was performed with the epithelium intact 
[ 22 ,  23 ]. These fi ndings were confi rmed by a 
series of ex vivo laboratory investigations, utiliz-
ing photospectrophotometry to indirectly mea-
sure stromal Ribofl avin concentration, which 
demonstrated the necessity with standard 0.1 % 
solutions to completely remove all layers of epi-
thelium to achieve adequate stromal Ribofl avin 
concentrations [ 91 – 93 ]. Superfi cial epithelial 
trauma, pre-operative, multiple administration of 
topical Tetracaine 1 %, application of 20 % 
Alcohol solution, grid pattern epithelial removal 
were all found to be insuffi cient to attain signifi -
cant and/or homogeneous Ribofl avin stromal 
 absorption   [ 91 – 93 ]. On the basis of such studies, 
the epithelium was debrided prior to Ribofl avin 
administration in the fi rst clinical investigations 
and became the gold standard CXL methodology 
as described earlier [ 24 ,  42 – 79 ]. In an attempt to 
reduce post-operative pain, speed visual recovery, 
reduce risks of infection, reduce corneal scarring 
(by decreasing epithelial/stromal cytokine inter-
action) and limit potential endothelial damage (by 
having a greater overall corneal thickness and 
preventing perioperative stromal dehydration and 
thinning), some investigators postulated perform-
ing CXL with the epithelium  on  . Research has 
been directed at methodologies to enhance epithe-
lial permeability by using multiple applications of 
topical anaesthesia [ 94 ], the addition of chemical 
additives to the Ribofl avin solution such as tro-
metamol (Tris-(hydroxymethyl)aminomethane) 
[ 96 ], Sodium Ethylenediaminetetraacetic acid 
(EDTA) [ 95 ], Benzalkonium Chloride (BAC) and 
Sodium Chloride [ 96 ], partial mechanical disrup-
tion [ 97 ], iontophoresis [ 98 ], increased Ribofl avin 
 concentrations, reduced solution osmolarity [ 99 ] 
and/or increased application times.       
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19.3     Partial Mechanical Epithelial 
Disruption 

  Partial Mechanical Epithelial Disruption   may be 
achieved using superfi cial scratches or specially 
designed surgical instruments [ 100 ]. Rechichi 
used a corneal disruptor to create pockmarks in 
the epithelium in 28 patients and reported an 
improvement in vision and to a certain extent in 
refraction and corneal topography at 12 months 
[ 100 ]. Similarly, Hashemi in 40 eyes using a 
technique with 3–4 vertical strips of complete 
debridement with intact islands of epithelium in- 
between, reported signifi cant improvements in 
CDVA and anterior and posterior corneal eleva-
tion at 5 years but no changes in  K  max , refraction 
or pachymetry [ 75 ]. However, whilst these two 
studies show some effi cacy, two comparative 
studies, Hashemi in a retrospective study of 80 
eyes in 65 patients [ 101 ] and Razmjoo in a ran-
domized controlled study in 44 eyes of 22 patients 
[ 102 ], suggested that while visual outcomes in 
terms of CDVA may be better with partial disrup-
tion, improvement in topographic indices are 
superior with complete epithelial debridement 
[ 101 ,  102 ]. Clearly, long-term comparative stud-
ies are needed to compare these two approaches 
in terms of stability of outcomes and cessation of 
progression of ectasia, before partial disruption 
can be considered as effi cacious as the gold stan-
dard epithelium-off  technique  .  

19.4     Epithelium-On CXL: 
Chemical Enhancers 

 The use of  Trometamol and EDTA   in Ribofl avin 
solutions to enhance transepithelial CXL is 
equivocal. Filippello in a prospective case series 
reported rapid visual recovery, little post- 
operative pain and outcomes in terms of reduc-
tion in  K  max  comparable to epithelium-off CXL 
albeit with a shallower demarcation line [ 96 ]. 
Such results were also seen in 22 eyes of paediat-
ric cases by Salman, who observed a 2.0D 
decrease in keratometry, improved vision and no 
progression at 12 months with a worsening of 
topographic parameters in untreated control eyes 

[ 103 ] and by Magli in a retrospective compara-
tive study who found little difference between 
epithelial-on and epithelial-off CXL [ 104 ]. 
However, Buzonetti in 13 eyes treated with epi-
thelium- on CXL with solutions containing 
 Trometamol and EDTA  , reported that although 
CDVA had improved, keratometry and higher 
order aberrations were worse at 12 months [ 105 ]. 
Similarly, Caporossi documented failure of treat-
ment and had to retreat 50 % of his cases with 
epithelium-off CXL at 24 months, suggesting 
little effi cacy with the use of these chemical 
“enhancers” [ 106 ]. 

 Correspondingly, the use of  BAC   and multiple 
administration of  topical anaesthetics   has shown 
limited effi cacy, despite some encouraging 
results in ex vivo pre-clinical studies [ 96 ]. 
Leccisotti and Islam in a prospective, paired-eye 
study in 51 patients, with the eye with more 
severe keratoconus being treated and the fellow 
acting as a control, showed an improvement in 
CDVA, refraction and keratometry in treated 
compared to control eyes, but with less effect 
than that reported with epithelium-off CXL 
[ 107 ], while Koppen in 53 similarly treated eyes 
of 38 patients showed an improvement in CDVA 
at 12 months, but with progression of  K  max  and 
pachymetry [ 108 ]. In an as yet unpublished study 
(Gatzioufas, personal communication) reported a 
high failure rate in epithelium-on treated eyes 
using Ribofl avin 0.25 % with BAC. Not only did 
24 % of eyes progress with an increase in  K  max  
greater than 1.0D at 12 months but almost 50 % 
of eyes had epithelial defects on the fi rst day fol-
lowing surgery due to epithelial toxicity from 
prolonged BAC application. Such fi ndings are 
consistent with those of Yuksel et al., who found 
higher pain scores on day 1 and longer epitheli-
alization with epithelium-on treatments [ 109 ]. 

 In terms of comparative studies of epithelium-
 on CXL, with chemical enhancers and solution 
modifi cation, with epithelium-off treatment, 
results are equivocal. Whilst a few showed little 
difference between techniques some clearly 
 indicate better results with epithelial debride-
ment. Rossi in a limited randomized prospective 
study of 20 eyes (10 per treatment group) utiliz-
ing an epithelium-on technique with  EDTA and 
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Trometamol   reported no differences between the 
two treatments at 12 months [ 110 ]. Likewise 
Nawaz et al. in a non-randomized study of 40 
patients using an isotonic Ribofl avin solution 
found no differences in outcomes between 
epithelium- off or on CXL at 6 months [ 111 ]. 
However, Al Fayez et al. in a randomized study 
of 70 patients with 3-year follow-up reported bet-
ter results with epithelium-off CXL with no pro-
gression and an average reduction of  K  max  of 
2.4D, while 55 % of eyes with epithelium-on 
CXL showed progression and an average increase 
of  K  max  by 1.1D [ 112 ]. Similarly, Soeters in a ran-
domized study of 51 eyes documented better 
reduction of  K  max  with epithelium-off CXL, with 
progression being reported in 23 % of epithelium-
 on treated eyes, utilizing  EDTA and Trometamol  , 
at 12 months, although improvement in CDVA 
with epithelium-on CXL was better and compli-
cations were less [ 113 ]. Finally, Kocak in a retro-
spective study in 36 eyes with 12-month 
follow-up showed a greater reduction in cone 
apex power with epithelium-off CXL, while 
there was progression in 65 % of epithelium-on 
treatments [ 114 ]. 

 It therefore appears that there still remains a 
great deal of uncertainty concerning the effi cacy 
of current commercially available epithelium-on 
CXL methodologies using Ribofl avin solution 
modifi cations and the addition of chemical 
enhancers, with many studies reporting high rates 
of treatment failure. This is probably due to lim-
ited stromal Ribofl avin penetration through the 
intact hydrophobic epithelial barrier as seen in 
photospectrometry studies [ 91 – 93 ] and confi rmed 
recently by a series of published investigations 
conducted with 2-photon fl uorescence micros-
copy to more directly measure Ribofl avin concen-
tration within the stroma [ 115 ,  116 ]. These studies 
by Gore et al. show very limited uptake with the 
use of epithelium-on CXL with chemical enhanc-
ers with at best only 20–50 % of the Ribofl avin 
concentrations achieved with the standard epithe-
lium-off technique within the fi rst 100 μm of 
stroma, which falls further at increasing depths 
[ 116 ]. In addition with BAC- containing com-
pounds, signifi cant epithelial damage was 
observed after 30 min of solution application time 

and there appeared to be considerable loading of 
the epithelium with Ribofl avin with all solutions 
that must cause shielding of the stroma from UVA 
during irradiation [ 116 ]. This shielding of UVA 
reaching the stroma is likely to further limit the 
effi cacy of epithelium-on treatments.  

19.5      Iontophoretic      
Epithelium-On CXL 

 In addition to the novel formulations discussed 
earlier, laboratory investigations have shown 
enhanced transepithelial Ribofl avin absorption 
using iontophoretic delivery [ 117 – 121 ]. 
 Ribofl avin   is an effective molecule for  iontopho-
retic transfer   as it is small, negatively charged at 
physiological pH and is easily soluble in water. 
Cassagne using 0.1 % Ribofl avin and 1 mA cur-
rent for 5 min reported 50 % of the stromal con-
centration seen with epithelium-off CXL in a 
 Rabbit eye model   with similar enhancements in 
extensiometry and collagenase digestion [ 117 ]. 
In a rabbit eye and human cadaver model, 
Vinciguerra et al. reported better Ribofl avin 
uptake and increased extensiometry changes with 
iontophoresis compared to epithelium-on CXL 
without iontophoresis but less than epithelium- 
off treatments [ 118 ]. Mastropasqua et al. docu-
mented increased stiffening of  human cadaver 
corneas   following iontophoretic CXL using a 
noncontact air pulse tonometer [ 119 ] and 
Lombardo found comparable stiffness to that 
seen with epithelium-off CXL using an infl ation 
methodology of ex vivo human  globes   [ 120 ]. 

 Published clinical studies of iontophoretic 
CXL are limited but encouraging. Bikbova and 
Bikbov treated 22 eyes using  Ribofl avin   0.1 % 
and 1 mA for 10 min and reported a mean reduc-
tion of  K  max  of 2.0D at 12 months [ 121 ]. 
Vinciguerra treated 20 eyes, using Ribofl avin 
0.1 % and 1 mA for 5 min and showed an 
improvement in CDVA and stable keratometry, 
higher order aberrations, pachymetry and endo-
thelial counts at 12 months [ 122 ]. Similarly, Li 
using Ribofl avin 0.1 % and 1 mA for 5 min in 15 
eyes, documented improvement in visual and 
topographic parameters, with a demarcation line 
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with an average depth of 288 μm at 6 months 
[ 123 ], while Buzzonetti et al. in 14 paediatric 
cases showed an improvement in CDVA, stabil-
ity of refraction and topography at 15 months but 
with an average demarcation line depth of 
180 μm [ 124 ]. 

 These results are encouraging, but at present 
there are no published comparative studies with 
epithelium-off CXL so this technique must be 
regarded as investigative at present. In addition, 
iontophoresis is currently being utilized to pro-
vide reduced application times of 5–10 min, 
instead of the usual 30 min epithelium-off appli-
cation time. In a series of laboratory investiga-
tion, O’Brart and colleagues have shown that by 
increasing  Ribofl avin   concentration, iontophore-
sis application times and allowing short periods 
of time for the Ribofl avin, which is initially 
deposited only into the epithelium and anterior 
stroma by the iontophoresis, to diffuse deeper 
into the stroma, concentrations of up to 60–80 % 
of that achieved with epithelium-off application 
with a homogeneous distribution throughout 
the stroma can be achieved [ 125 ,  126 ]. With such 
improved  transepithelial   Ribofl avin penetration 
it is hoped that results similar to epithelium-off 
CXL may be achieved. Randomized, prospec-
tive, comparative studies are currently being 
undertaken (O’Brart, personal communication, 
ISRCT No: 04451470).    

19.5.1     Epithelium-on CXL Other 
Methodologies 

 As well as iontophoresis, other methodologies 
currently under pre-clinical investigation to facil-
itate transepithelial Ribofl avin  stromal absorp-
tion   include the use of  ultrasound   [ 127 ], 
 nano-emulsion systems   [ 128 ], other epithelial 
permeation enhancers such as d-Alpha- 
tocopheryl poly(ethylene glycol) 1000 succinate 
(Vitamin E-TPGS) [ 129 ] and the creation of 
femto second laser intrastromal pockets [ 130 ]. At 
present there are no large case series or compara-
tive studies of these techniques which are only at 
an investigational stage but might hold promise 
in the future.  

19.5.2      Rapid (Accelerated/High- 
Fluence)   CXL Techniques 

 Current protocols utilize UVA energies of 3 mW/
cm 2  and require 30 min of UVA exposure to 
achieve the desired clinical effect [ 24 ,  42 – 79 ]. It 
has been hypothesized that by increasing the 
UVA fl uence while simultaneously reducing the 
exposure time (the Bunsen–Roscoe law of reci-
procity), the same sub-threshold cytotoxic cor-
neal endothelial UVA dosage can be delivered 
(5.4 J/cm 2 ), thereby maintaining effi cacy and 
safety, but with a reduced treatment time. 
Reduced treatment time as well as improving 
case throughput and surgeon convenience may 
offer improved patient comfort as well as short-
ened keratocyte exposure time, which it has been 
postulated may result in less keratocyte damage 
and apoptosis. 

 Preclinical ex vivo studies were encourag-
ing, with similar biomechanical changes as 
measured by scanning acoustic microscopy and 
extensiometry, seen between the standard UVA 
exposure of 3 mw/cm 2  for 30 min (SCXL) com-
pared with higher fl uencies with shorter expo-
sure times [ 131 – 133 ], albeit with a sudden 
decrease in effi cacy with very high intensity 
UV light greater than 45 mW/cm 2  [ 133 ]. This 
decrease in effi cacy with higher fl uencies is not 
understood but might be related to oxygen con-
sumption and availability, which has been 
shown to limit the photochemical cross-linking 
process [ 25 ]. 

 Published clinical studies at present are lim-
ited. Cinar et al. in a study of 23 eyes showed that 
 accelerated CXL (ACXL)   produced a signifi cant 
reduction in topographic keratometry values and 
an improvement in corrected distance acuity with 
a limited follow-up of 6 months [ 134 ]. Shetty 
et al. in 30 eyes of 14 paediatric cases with a 
UVA dosage 9 mW/cm 2  for 10 min documented 
an improvement in vision and refractive cylinder 
at 24 months [ 135 ], while using the same 
 accelerated protocol, Marino in 40 eyes with 
post- LASIK ectasia reported stabilization in all 
eyes at 2 years [ 136 ] and Elbaz et al. documented 
stability in 16 keratoconic eyes at 12 month with 
an improvement in UDVA [ 137 ]. 
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 Comparative studies of  ACXL   and SCXL 
have been confl icting. Ng in a comparative study 
of 26 eyes found a greater reduction in  K  max  and 
 K  mean  with SCXL at 6–18 months compared to 
ACXL (9 mW/cm 2  for 10 min) [ 138 ], while 
Brittingham in 131 eyes found a reduction of 
 K  max  in SCXL but not ACXL at 12 months, with a 
similar high fl uence protocol [ 139 ]. In contrast, 
Kanellopoulos in a randomized, bilateral study of 
21 eyes using a UVA power of 7 mW/cm 2  for 
15 min demonstrated similar results to SCXL at 
18–56 months [ 140 ]. Similarly, comparable 
results between ACXL and SCXL were reported 
by Hashemian et al. in 153 eyes of 153 patients 
with 15-month follow-up [ 141 ], Hashemi in 62 
eyes with 6-month follow-up, and an ACXL of 
18 mW/cm 2  for 5 min [ 142 ], Shetty et al. in 138 
eyes of 138 patients with 12-month follow-up, 
who found  ACXL   protocols of 9 mW/cm 2  for 
10 min and 18 mW/cm 2  for 5 min had similar 
outcomes to SCXL but 30mWcm 2  for 3 min was 
not as effi cacious [ 143 ], and Sherif who in 25 
eyes of 18 patients comparing 30 mW/cm 2  for a 
4 min 20 s (to give an 33 % increased total UVA 
dose of 7.2 J/cm 2 ) found comparative results at 
12 months with SCXL [ 144 ]. Such outcomes are 
somewhat confusing but do cast some doubt on 
ACXL protocols especially with fl uencies greater 
than 18 mw/cm 2 . The reasons for this possibly 
reduced effi cacy seen in some studies with ACXL 
are uncertain but may, as discussed earlier, be 
related to excessive oxygen consumption with 
higher fl uencies of UVA and subsequent reduced 
oxygen availability, which has been shown to be 
central to the CXL process [ 25 ]. Certainly 
recently published ex vivo pepsin digestion stud-
ies have suggested reduced CXL effi cacy with 
increasing UVA fl uencies despite the total UVA 
dosage remaining unchanged at 5.4 J/cm 2  [ 145 ]. 

 This uncertain effi cacy has led some investi-
gators to postulate the need to increase UVA 
exposure time by 30–40 % [ 144 ,  146 ] or employ 
fractionated/pulsed treatments [ 147 ,  148 ]. Thus 
far, there is little clinical data but as discussed 
earlier Sherif found comparable results with 
SCXL by increasing exposure time by one-third 
with 30 mW/cm 2  exposure [ 144 ] and Kymionis 

found the same depth of demarcation line by 
increasing exposure time by 40 % from 10 to 
14 min with the 9 mW/cm 2  protocol [ 146 ]. 
Mazotta et al. in a comparative non-randomized 
study of 20 eyes found a greater reduction in 
keratometry with pulsed treatment compared to 
non- pulsed with a UVA fl uence of 30 mW/cm 2  
at 12 months [ 147 ], while Moramarco et al. 
found signifi cantly deeper demarcation lines with 
pulsed treatments using the same protocol. Whilst 
interesting these studies with differing  ACXL   
protocols are at an investigational stage at pres-
ent and the effi cacy uncertain further randomized 
controlled, long-term studies are clearly indi-
cated to ascertain their effi cacy to the gold-stan-
dard SCXL.  

19.5.3     Treatment of Thin  Corneas   

 Due to potential UVA endothelial toxicity, CXL 
using the standard protocol is contraindicated for 
individuals with corneas thinner than 400 μm. 
However, it is not uncommon in the clinical set-
ting to see eyes which meet the criteria for cross- 
linking in terms of progression and good visual 
rehabilitation with contact lenses whose corneas 
are less than 400 μm at their thinnest points. This 
has led investigators to develop a number of proto-
cols to treat such eyes. In a number of studies, 
hypo-osmolar Ribofl avin solutions have been used 
to swell the cornea intraoperatively to over 400 μm 
and enable CXL to be undertaken. Raiskup and 
Spoerl in a series of 32 eyes with corneas thinner 
than 400 μm showed stability of vision and kera-
tometry with no adverse events at 12 months 
[ 149 ], whilst Nassaralla et al. in 18 eyes demon-
strated swelling of the cornea with the intraopera-
tive administration of hypo- osmolar 0.1 % 
Ribofl avin with no post-operative complications 
[ 150 ]. However, in one study of CXL in thin cor-
neas endothelial counts were shown to be some-
what reduced, although vision and keratometry 
were improved [ 151 ] and in one case report, pro-
gression continued after CXL in an eye with a cen-
tral thickness of less than 330 μm [ 151 ]. In addition 
to the use of hypo-osmolar Ribofl avin, Spadea and 
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Mencucci demonstrated effi cacy with no endothe-
lial damage with transepithelial CXL in corneas as 
thin as 331–389 μm [ 152 ,  153 ]. Other proposed 
techniques for CXL in thin corneas include the use 
of Ribofl avin-soaked, non-UVA fi ltering bandage 
contact lenses to be placed on the cornea during 
UVA irradiation [ 154 ] and the avoidance of epithe-
lial debridement over the corneal thinnest point 
[ 155 ]. As yet all these published case series of 
novel CXL techniques in thin corneas contain 
small number of treated eyes with limited follow 
up. Undoubtedly, there is a need to cross-link such 
eyes and larger clinical series with further long- 
term follow-up are required to establish if these 
procedures in thin corneas are as effective and safe 
as standard CXL in corneas with thicknesses 
greater than 400 μm.     

19.5.4     CXL in Combination 
with Other Treatment 
Modalities 

 As well as an isolated treatment, CXL has been 
used in combination with other treatment modali-
ties to optimize visual outcomes in keratoconic 
and post-laser ectasia. Excimer laser epithelial 
removal has been postulated as a more effi ca-
cious methodology than mechanical epithelial 
debridement in standard epithelium-off 
CXL. Reinstein et al. using high resolution ultra-
sonic mapping, showed the epithelium to some 
extent masks the severity of any ectasia by show-
ing hypoplasia/thinning over the cone apex and 
hyperplasia/thickening around the cone base 
[ 156 ]. Hence phototherapeutic laser removal 
could theoretically improve outcomes as the cone 
would be slightly fl attened due to superfi cial stro-
mal tissue removal over its apex during laser 
ablation. Kapasi et al. in a comparative study of 
34 patients comparing excimer laser with 
mechanical debridement demonstrated better 
improvement in refractive error and astigmatism 
with laser removal [ 157 ]. Similarly, superior 
visual and refractive outcomes with  laser removal   
were reported in a comparative study by 
Kymionis in 38 eyes [ 158 ]. Kymionis et al. also 
published long-term follow-up utilizing this tech-

nique of up to 4 years with an average reduction 
in  K  max  of 3.4D in 23 eyes [ 159 ]. This technique 
shows promise and randomized, prospective 
studies to compare mechanical and excimer  laser 
removal   as well as long-term studies to ensure 
that progression rates are not increased by stro-
mal tissue removal in these already biomechani-
cally unstable eyes are indicated. 

 Combined CXL and  limited topography- 
guided PRK   in selected eyes with moderate ecta-
sia and adequate corneal thicknesses has been 
shown to be effective with marked improvements 
in visual, refractive and topographic parameters 
and stabilization of the ectatic process in the vast 
majority of eyes [ 160 – 165 ]. Such treatments 
have been shown to be associated with signifi cant 
improvements in quality of life scores [ 166 ]. 
Follow-up in these studies, however, is limited to 
only 3 years so that long-term biomechanical sta-
bility has not been fully elucidated [ 167 ] and pro-
gression of ectasia has been reported (T. Seiler, 
personal communication). In addition, signifi cant 
corneal haze/scarring has been reported follow-
ing these combined treatments [ 168 ,  169 ]. 
Undoubtedly, further follow-up studies, beyond 5 
years in large patient series and comparative 
studies would be of great interest to establish this 
combined procedure. 

 CXL has also been used after intracorneal ring 
segment (ICRS)  insertion   and even in a three- step 
procedure with both PRK and ICRS insertion 
[ 170 ]. Some studies have suggested that CXL may 
have an additive effect with intracorneal ring seg-
ments [ 171 ], although this has not been demon-
strated in all studies [ 172 ]. The sequencing of the 
two treatments is as yet undetermined with a single 
small randomized study suggesting that better 
results could be obtained with simultaneous treat-
ment rather than sequential [ 173 ]. 

 Limited high fl uence CXL has also been used 
in conjunction with  keratorefractive procedures   
such as PRK and LASIK in an attempt to improve 
long-term stability and reduce the possible occur-
rence of post-surgery ectasia [ 174 ,  175 ]. As yet, 
such studies are limited in terms of numbers 
treated and long-term follow-up. However, 
results are encouraging, with a contra-lateral eye 
study by Kanellopoulos of CXL after hyperopic 
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LASIK in 23 eyes demonstrating less regression 
of correction over a mean follow-up of 23 months 
[ 176 ] and a comparative study by the same author 
of high myopic LASIK corrections combined 
with CXL reporting better visual outcomes [ 177 ]. 
Whilst such studies are of great interest, it should 
be noted that long-term studies of CXL have 
demonstrated continued fl attening of the cornea 
and continued hyperopic refractive shift in some 
eyes for up to 5 years follow-up [ 77 – 79 ] and 
whilst adjunctive CXL may be useful in LASIK 
longer follow-up over 5 years and randomized, 
prospective comparative studies are indicated.   

19.6     New Methodologies 

 Whilst Ribofl avin/UVA CXL has been shown to 
be effective, other methodologies which are 
potentially more rapid and less invasive are cur-
rently under investigation. Rocha et al. reported a 
fl ash-linking process with UVA and Polyvinyl 
pyrrolidone may have the potential to photo-
chemically cross-link the cornea in only 30 s 
[ 178 ]. Paik et al. have investigated the topical 
application of short-chain Aliphatic beta-nitro 
alcohols [ 179 ] and Cherfan et al. demonstrated 
an almost fourfold increase in corneal stiffness 
with no reduction in keratocyte viability with 
Rose Bengal 0.1 % administration and green light 
application and a less than 5 min total treatment 
time [ 180 ]. Undoubtedly other methodologies 
and applications will become available over the 
several next years due to the vast interest in this 
area of research.  

19.7      Complications   of Corneal 
Collagen Cross-Linking 

 To be discussed in separate chapter.  

19.8     Summary 

 Clinical studies of CXL have shown great prom-
ise in stabilizing keratoconus and post-refractive 
surgery ectasia. Whilst further randomized, 

prospective and long-term follow up studies are 
necessary, it is very likely that in the future cor-
neal ectasia can be halted at an early stage and 
perhaps the need for rigid contact lenses and ker-
atoplasty avoided. Future refi nement in tech-
niques may allow for safer and more rapid 
procedure with less patient discomfort but require 
further investigation. Combined treatment with 
other methodologies to treat ectasia shows prom-
ise but also requires further investigative and 
long-term studies.     

  Compliance with Ethical Requirements   David 
P.S. O’Brart declares that he has no confl ict of interest. He 
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20.1           Introduction 

 Ribofl avin/ Ultraviolet A (UVA)   corneal collagen 
cross-linking (CXL) is the fi rst treatment modal-
ity that may halt the progression of keratoconus 
and other corneal ectatic  disorders  . Within the 
scientifi c literature there are multiple published 
prospective case series [ 1 – 12 ] and randomised 
controlled trials [ 13 – 15 ] with up to 36-month 
follow-up supporting its effi cacy in keratoconus, 
including paediatric [ 16 ,  17 ] and advanced cases 
[ 18 ],  pellucid marginal degeneration   [ 19 ,  20 ] and 
 iatrogenic   ectasia [ 21 – 23 ]. In addition to cessa-
tion of progression, most investigators have also 
reported consistent improvements in visual, kera-
tometric and topographic parameters with time 
[ 1 – 23 ]. 

 Its precise mechanism of action at a 
 molecular level   is as yet not fully determined. 
At present follow-up is limited to 7–10 years 
but suggests continued stability and improve-
ment in corneal shape with time [ 24 ,  25 ]. 
Most published data is with  epithelium-off 

techniques   [ 1 – 25 ]. Epithelium-on studies 
suggest some efficacy but less than with the 
epithelium-off procedures and long-term data 
are not currently available [ 26 – 28 ]. The use of 
 Ribofl avin  /UVA  CXL   for in management of 
infectious and non-infectious keratitis 
appears very promising [ 29 – 32 ]. Its use in the 
management of bullous keratopathy is equiv-
ocal [ 33 – 35 ].  

20.2      Adverse Effects   of CXL 

 Whilst clinical studies indicate that it is a safe 
procedure with few sight-threatening complica-
tions, adverse events can occur. Complications 
attributable to  CXL   include corneal haze and 
scarring, infectious and non-infectious keratitis, 
endothelial failure, treatment failure with  pro-
gression of   ectasia, excessive corneal fl attening 
with associated hyperopic shift and possible lim-
bal stem cell changes.  

20.3      Anterior Corneal Haze   (the 
“Demarcation” Line) 

 An anterior, mid-stromal haze occurs in the 
majority of eyes after CXL, typically appearing at 
2–6 weeks and clearing by 9–12 months (Fig.  20.1 ). 
It appears to be the result of an increased “den-
sity of extracellular” matrix and arises at a depth 
of 300–350 μm [ 36 ,  37 ]. It forms the so-called 
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 “demarcation line”   which can be  easily seen on 
slit lamp examination [ 38 ]. As this change is 
self-limiting, topical cortical steroids are not 
indicated. The “demarcation line” has been 
shown to be shallower with accelerated, high fl u-
ence CXL [ 39 ] and with epithelium-on treat-
ments [ 40 ]. It has been postulated that it 
represents the demarcation between cross-linked 
and non-cross-linked tissue and has been used 
by some investigators as a means of quantifying 
the effi cacy of CXL [ 39 ]. However, it has be 
shown to be shallower in older patients and eyes 
with more advanced keratoconus receiving the 
same technique, with the depth of the line not 
being correlated to visual or keratometric 
changes at 6 months [ 41 ]. It is generally thicker 
centrally and more shallow in the para-central 
treated cornea [ 42 ,  43 ], with a deeper depth of 
the line centrally being found in one study to be 
related to a larger decrease in corneal thickness 
within the fi rst 12 months after surgery [ 44 ]. 
Therefore while CXL is undoubtedly associated 
with the development of an anterior/mid-stromal 
haze during the fi rst year after surgery, there is a 
yet no absolute evidence that it is the true delin-
eation between cross-linked and uncross-linked 
tissue and may only represent a natural wound 
healing response. Until more evidence is forth-
coming it would be unwise to consider in depth 
as an accurate way to assess the effi cacy of any 
particular  CXL   technique [ 45 ].

20.4         Corneal Scarring   

 Persistent loss of corneal transparency (scarring) 
over the axial cornea/cone apex rather than tran-
sient changes may occur after CXL (Fig.  20.2 ). 
Raiskup et al. reported stromal scarring in 14 
(8.6 %) of a series of 163 eyes at 12 months [ 46 ]. 
Compared to eyes without such changes, affected 
eyes had a higher pre-operative apex power (aver-
age power 72.0 dioptres (D)), higher 3.00 mm 
keratometry (average 54.75D) and thinner central 
pachymetry (average 420 micrometers (μm)) 
compared to unaffected eyes. On the basis of these 
fi ndings, Raiskup et al. advised caution and care-
ful patient counselling before CXL is undertaken 
in patients with advanced keratoconus [ 46 ]. 
However, scarring with associated impairment of 
post-operative visual performance has been 
reported in mild cases of keratoconus after CXL 
[ 47 ]. Therefore, all patients need to be carefully 
counselled pre-operatively as to this possible 
occurrence. Stromal scarring may also be more 
prevalent in eyes receiving simultaneous  photore-
fractive keratectomy (PRK)   followed by 
CXL. Kymoinis et al. documented the occurrence 
of posterior linear haze formation persistent at 12 
months in a series of 13 (46 %) of 26 such treated 
eyes [ 48 ], while Guell reported late onset deep 
stromal scarring in a similarly treated patient that 
reoccurred after 2 years [ 49 ].

  Fig. 20.1     Self- limiting stromal haze   ( white 
arrow ) 3 months after CXL       
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20.5         Failure of Treatment  : 
Progression 

 With the standard epithelium-off technique, 
utilising  Ribofl avin   0.1 % and UVA at 3 mw/
cm 2  for 30 min, the vast majority of patient 
achieving a follow-up of over 5 years demon-
strate no progression of ectasia [ 24 ,  25 ,  50 ,  51 ]. 
Raskup-Wolf et al. in a series of 241 eyes with 
a follow-up of over 6 months documented pro-
gression in only 2 cases (0.8 %), which subse-
quently underwent re- treatment [ 52 ]. Koller 
et al. in their series of 117 eyes, all of which 
reached 12-month follow-up, reported progres-
sion of ectasia in 9 eyes (7.6 %) [ 53 ], while 
Ivarsen in 28 eyes with advanced keratoconus, 
all with a maximum keratometry greater than 
55.0D and a mean follow-up of 22 months, doc-
umented progression in only one eye (3.5 %) 
[ 18 ]. Similarly, Sloot in a series of 53 eyes with 
12-month follow-up, documented progression 
in only 5 (8 %), with little difference between 
advanced and mild keratoconic cases [ 54 ]. 
Such results are very encouraging and offer 
great hope for the control of this often visually 
debilitating disease [ 55 ]. Indeed although pub-
lished follow-up is still limited at present in the 
102 eyes reported in the long-term follow-up 
studies of Theuring, O’Brart and Poli, progres-
sion was evident in only 8 % of cases at 5–10 
years [ 25 ,  50 ,  51 ].  

20.6      Sterile Infi ltrates   

 Sterile infi ltrates occurring during the early post- 
operative period are not infrequent (Fig.  20.3 ). 
They typically present within the fi rst days/weeks 
after CXL and resolve after within a month with 
topical corticosteroid medication. Koller et al. 
reported sterile infi ltrates in 8 eyes (7.6 %) in a 
series of 117 cases, which resolved within 4 
weeks with topical dexamethasone 0.1 % treat-
ment [ 53 ]. Lam et al. reported a cluster of 4 cases 
of sterile keratitis and compared them retrospec-
tively to 144 eyes their group treated with no such 
problem. They found eyes with sterile infi ltrates 
generally had advanced keratoconus with maxi-
mum keratometry values greater than 60.0D and 
central corneal thicknesses less than 425 μm [ 56 ].

20.7         Non-infectious Keratitis   

 Whilst transient, non-sight threatening, sterile 
infi ltrates are not uncommon, serious cases of 
non-infectious keratitis following CXL with sig-
nifi cant visual loss have been occasionally 
reported. Koppen et al. published four cases 
occurring within 4 days of CXL. Two of their 
patients were atopic, two had permanent visual 
loss and one eye underwent penetrating kerato-
plasty [ 57 ]. Eberwein reported a single case of 
corneal melting associated with activation of 

  Fig. 20.2     Corneal scarring   following keratitis 
after CXL (courtesy of Dr. Carina Koppen)       
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herpes simplex keratitis, which necessitated 
 penetrating keratoplasty [ 58 ]. Whilst such epi-
sodes are rare, it is necessary to counsel patients 
pre- operatively of such serious sight-threatening 
adverse events. It is also prudent to control atopic 
eye disease prior to CXL, with topical and if indi-
cated systemic medication, and to give prophy-
lactic systemic Acyclovir to patients with a 
history of previous Herpetic Eye disease.  

20.8      Infectious Keratitis   

 Infectious keratitis following CXL has been 
reported (Fig.  20.4 ). This is to be expected as 
debriding the corneal epithelium can expose the 
corneal stroma to microbial infection, during the 
operative and early healing phases. Most case 
reports of microbial infection have been bacterial 

in nature. Infections with  Staphylococcus epider-
midis ,  Escherichia coli ,  Pseudomonas aeruginosa  
and Coagulase-negative Staphylococcus have 
been published with resultant documented perma-
nent visual loss [ 59 – 62 ]. A number of these cases 
have been associated with post- operative bandage 
contact lens use and misuse and it is necessary to 
inform patients not to replace, remove or try to 
clean these lenses themselves.

   The precise incidence of microbial keratitis is 
as yet undetermined. It would be expected to have 
a much rarer occurrence than other operative pro-
cedures involving corneal epithelial debridement 
given the potential role of CXL in the manage-
ment of corneal microbial infections [ 30 ,  63 ]. 
Shetty et al. reported four cases of infectious kera-
titis following CXL in a series of 2350 patients 
(1715 epithelium-off CXL, 310 epithelium- on 
CXL), giving an overall incidence of 0.0017 % 

  Fig. 20.3    Sterile infi ltrates occurring within 1 
week of CXL ( white arrow ), which gradually 
cleared by 6 weeks       

  Fig. 20.4    Infectious keratitis after CXL (courtesy 
of Dr. Carina Koppen)       
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[ 64 ]. Similar to previously published reports all 
their cases were treated with an epithelium- off 
technique. All were due to Methicillin-resistant 
Staphylococcus Aureus ( MRSA  ) and all had 
atopic dermatitis and conjunctivitis [ 64 ]. Similar 
to Shetty, Facciani and Rana reported post-CXL 
microbial keratitis due to  MRSA  , with an associa-
tion with atopic dermatitis in one case [ 65 ] and 
perforation in two eyes [ 66 ]. Such reports, while 
anecdotal re-enforce the need to control atopic 
dermatitis and conjunctivitis prior to CXL and to 
counsel patients pre- operatively of such rare 
sight-threatening complications. 

 In addition to bacterial keratitis, other micro-
bial pathogens have been implicated. Rama 
reported a case of acanthamoeba keratitis in a 
patient that had rinsed his bandage contact lens in 
tap water post-operatively and then replaced it 
[ 67 ]. Al-Qarni reported two cases of dendritic 
ulceration occurring with 2 weeks after CXL in 
patients with no previous history of herpetic ker-
atitis, that responded well to topical antiviral 
therapy [ 68 ]. 

 These case reports, whilst few in number 
compared to the hundreds of thousands of eyes 
that have undergone CXL worldwide, highlight 
the possible rare occurrence of this  sight-threat-
ening   complication and the need to inform 
patients to immediately report and seek urgent 
medical advice if there is any increasing pain and 
redness after the initial 12–24 h period post-oper-
atively or the occurrence of purulent  discharge  , 
so that if infectious keratitis if present it can be 
promptly and appropriately managed.  

20.9      Endothelial Failure   

 Endothelial failure has been reported very occa-
sionally after CXL resulting in corneal oedema 
post-operatively. Sharma et al. in a retrospective 
series of 350 patients treated with a standard 
epithelium- off protocol in eyes with corneal 
thicknesses greater than 400 μm after epithelial 
removal reported persistent problems in fi ve 
patients (1.4 %), 2 of whom (0.6 %) required pen-
etrating keratoplasty [ 69 ]. Bagga et al. reported a 
single case with keratouveitis and endothelial 

failure that required keratoplasty [ 70 ]. Whilst 
such complications are rare, they highlight the 
need to warn patients pre-operatively of severe 
 sight-threatening   complications and the very 
occasional need for keratoplasty after CXL. The 
aetiology of such problems has not been fully 
elucidated but endothelial damage after CXL 
may occur even in corneas with adequate thick-
ness perhaps due to severe stromal thinning intra-
operatively due to the use of hyper- and 
 iso-osmolar Ribofl avin solutions   and/or lack of 
homogenicity with hot spots in the UV beams 
associated with the use of diodes and limited 
focusing/alignment systems.  

20.10     Excessive  Axial Flattening 
and Hyperopic Shift   

 O’Brart et al. in a long-term study of 36 eyes who 
underwent a standard epithelium-off technique 
and followed up for 7 years demonstrated contin-
ued statistically signifi cant fl attening of corneal 
topographic parameters between 1 and 5 years 
[ 24 ]. At 7 years this continued corneal fl attening 
had resulted in a mean hyperopic shift of almost 
+0.8D. Eight (22 %) of the 36 eyes of the 36 
patients (with a mean age less than 28 years) 
examined in this study experienced a hyperopic 
shift of over +2.0D compared to pre-operative 
refractive status and 4 eyes (11 %) had more than 
+3.0D of hyperopic refractive change [ 24 ] 
(Fig.  20.5 ). Such refractive changes with time 
need to be taken into consideration in the already 
hyperopic patient. In addition, the use of CXL 
has been postulated in the non-ectatic routine 
refractive surgery patient to improve post- 
operative refractive and corneal biomechanical 
stability in the so-called  LASIK Extra procedure   
[ 71 ,  72 ]. CXL in these eyes might result in late 
and progressive corneal fl attening and unwel-
come long-term hyperopic refractive outcomes. 
Caution needs to be adopted with such treatments 
and potential patients counselled pre-operatively 
concerning these possible changes with time.

   Indeed, occasionally corneal fl attening can be 
very excessive. Santhiago reported two cases, one 
a 28-year-old woman with fl attening of greater 
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than 14.0D and the other a 14-year-old boy with 
fl attening of 7.0D at 12 months [ 73 ], while 
Kymionis reported a 23-year-old woman with 
over 11.0D of corneal fl attening, with associated 
corneal thinning of over 220 μm during a 5-year 
follow-up period [ 74 ]. The pathophysiology of 
such changes is at yet unclear. Santhiago postu-
lated that such cases may be more apparent with a 
central cone location and more advanced disease 
resulting in a greater CXL and wound healing 
effect. However, in their cases there was no exces-
sive corneal thinning while in that reported by 
 Kymionis   this occurred, suggesting perhaps dif-
fering mechanisms for this occurrence.  

20.11      Potential Limbal Stem Cell 
Damage   

 CXL is typically undertaken on young individu-
als. UVA radiation is known to have potential 
mutagenic and toxic cellular effects. Corneal lim-
bal stem cells could theoretically be adversely 
affected by UVA radiation, with potential dam-
age not being clinically evident for years/decades 
following CXL. Moore et al. exposed cultured 
corneal epithelial cells and ex vivo corneal tissue 
to the standard clinical cross-linking protocol and 
found evidence of oxidative nuclear DNA dam-

age in corneal limbal epithelial cells [ 75 ]. Vimalin 
et al. subjected cadaveric eyes to CXL and dem-
onstrated damage to limbal epithelial cells with a 
drop in viable cells [ 76 ]. Both investigators dem-
onstrated that such changes could be easily 
avoided by avoiding UVA limbal irradiation/
shielding the limbus at the time of CXL. 

 As yet long-term clinical studies have shown 
no evidence of limbal stem cell dysfunction with 
up to 7–10 year follow-up [ 24 ,  25 ]. However, 
such changes may take decades to occur. In a 
single case report, Krumeich described a patient 
who presented with conjunctival intraepithelial 
neoplasia 2 years after CXL and  deep anterior 
lamellar keratoplasty   [ 77 ]. While causation 
between CXL and the development of CIN can-
not be established with a single case report, it 
seems entirely prudent to protect the limbus and 
 avoid   its irradiation during CXL.  

20.12     Summary 

 CXL offer great promise for the corneal ectatic 
disorders. Whilst it is a relatively simple outpa-
tient procedure with good effi cacy and an excel-
lent safety profi le,  sight-threatening   complications 
can occur albeit rarely. Patients need to be 
 counselled pre-operatively of these potential 

  Fig. 20.5    Comparison map pre-operative and 8 years showing almost 4.0 dioptres of corneal fl attening with a 28-year- 
old patient with a +3.0 dioptre hyperopic shift       
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adverse events.  Conjunctival atopy  , if present, 
needs to be adequately controlled pre-operatively 
and it is advised to give systemic prophylaxis if 
there is a previous history of  ocular Herpes sim-
plex  . Patients need to be fully informed not to 
abuse post-operative contact lens wear and return 
if any symptoms of infectious keratitis occur. It is 
advisable to avoid UVA irradiation of the limbus 
during the procedure.     

  Compliance with Ethical Requirements   David P.S. O’Brart 
declares that he has no confl ict of interest. He holds a non-
commercial grant from Alcon, Inc. for research into Femto-
second laser assisted cataract surgery. No human or animal 
studies were carried out by the author for this review.  
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21.1            Keratoconus   and CXL 
Effi cacy in Children 

 Keratoconus is a degrading corneal disease and 
typically manifests in adolescence or early 
adulthood. While pediatric keratoconus is rare, 
it is diffi cult to manage due to its fast progres-
sion and often advanced state at the time of 
diagnosis. Also, children rub their eyes more 
frequently, which favors comorbidities such as 
vernal keratoconjunctivitis [ 1 ] but also kerato-
conus progression [ 2 ]. 

 The natural degree of collagen cross-linking 
and hence the stiffness of the cornea increases 
with age [ 3 ]. Keratoconus  progression   therefore 
often stops in patients over 40 years. However, 

pediatric patients do not benefi t from the age- 
related stiffness increase, which may explain the 
faster keratoconus progression in children. 

 Visual function in children is important for 
development, education, and leisure activities. 
Often subjective suffering is higher in these 
patients. Until recently  keratoplasty   [ 4 ] was the 
sole indication for pediatric keratoconus. However, 
the limited graft durability makes it a nonoptimal 
solution. Corneal cross-linking by  ribofl avin and 
UV-A   is an emerging alternative, which has been 
successfully applied to treat adult keratoconus for 
nearly 15 years [ 5 ]. Standard corneal cross-linking 
(CXL) according to the Dresden protocol involves 
de-epithelialization, instillation of 0.1 % ribofl avin 
for 30 min, followed by UV-A irradiation at 3 mW/
cm 2  for 30 min. 

 While CXL reliably stops keratoconus pro-
gression in approximately 97 % of adults, differ-
ent success rates have been reported in children: 
While studies with follow-up times of up to 24 
months report a similar effi cacy in children as in 
adults [ 6 – 10 ], keratoconus progression was 
observed at a follow-up time of 36 months [ 11 ]. 
Chatzis and Hafezi speculated that keratoconus 
in children may be slowed down but not com-
pletely stopped by CXL. While still more studies 
are needed to confi rm this hypothesis, it demon-
strates the need for continuous follow-up exami-
nation in pediatric patients. Kankariya et al. [ 12 ] 
reviewed the success of CXL in pediatric patients 
in more detail.  
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21.2     Indication for CXL 
in  Children   

 In adults the  indication   for CXL is given when 
keratoconus progression has been documented 
during at least 6 months. Although the rate of 
keratoconus progression is similar in children 
(79 % [ 13 ] to 88 % [ 11 ]) as in adults [ 13 ], pediat-
ric keratoconus is often advised to be treated 
immediately as it advances faster and therefore is 
often diagnosed in a late stage. CXL treatment is 
only possible in a limited time frame: On the one 
hand, CXL is most effective in an early stage. On 
the other hand, as soon as the residual stromal 
thickness is below 400 μm CXL is considered 
unsecure with respect to UV damage at the endo-
thelium [ 14 ]. A consensus on CXL treatment in 
children does not exist yet. Similar to adult kera-
toconus different CXL protocols are under inves-
tigation. While standard CXL using 3 mW/cm 2  
for 30 min is the most effi cient [ 15 ] up to date, it 
requires a long treatment session and signifi cant 
postsurgical pain. Modifi ed CXL protocols avoid 
de-epithelialization, reduce the ribofl avin soak-
ing, and UV irradiation time. These treatment 
modalities aim especially at children or patients 
with reduced compliance.     

21.3     Complications with Pediatric 
CXL: The GENEVA  Protocol   

 Generally, the complication rate after CXL is 
similar in children as in adults. However, eye rub-
bing is a potential risk factor that favors infec-
tions and postsurgical complications. Down 
patients have an elevated risk due to their lack of 
postoperative compliance [ 16 ]. The incidence 
rate of keratoconus is this patient group is also 
signifi cantly higher (1:64) compared to the gen-
eral population (1:1250). Therefore, the Light for 
Sight foundation has established the Geneva pro-
tocol (personal communication Prof. F. Hafezi), 
which recommends different CXL protocols 
dependent on patient compliance (Fig.  21.1 ).    For 
normal compliance, epi-off CXL under topical 
anesthesia is recommended. The patient is 
expected to tolerate manipulations at the cornea 
and to look straight into the light. Postoperatively, 
the patient must abstain from rubbing or touching 
the eye. For reduced compliance, epi-on CXL 
with slow irradiation (30 min) under topical anes-
thesia is recommended. As healing is faster, these 
patients experience less pain and inadvertent eye 
rubbing is less severe. Infections are less proba-
ble as the epithelium acts as a barrier. For patients 

  Fig. 21.1    The  Geneva   
protocol for corneal cross- 
linking (CXL) in pediatric 
 patients         
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with strongly reduced or no compliance, epi-on 
CXL with slow irradiation (30 min) under gen-
eral anesthesia is recommended. While the sur-
gery can be performed without problem, attention 
needs to be paid to prevent eye rubbing and infec-
tion postoperatively.

21.4        Patient Comfort Versus CXL 
 Effi cacy   

 Recently, new and less invasive protocols for 
CXL treatment have been proposed.  Accelerated 
CXL   uses higher irradiances (9 or 18 mW/cm 2 ) 
and is applied to reduce the irradiation time (10 
or 5 min, respectively). Transepithelial CXL 
[ 17 ] does not require de-epithelialization due to 
the aggregation of benzalconium chloride or eth-
ylenediaminetetraacetic acid (EDTA) to the 
ribofl avin solution. Additionally, the ribofl avin 
diffusion speed into the corneal stroma can be 
increased by iontophoresis [ 18 ]. Transepithelial 
 treatment   is less painful and increases the speed 
of postoperative wound healing. There are 
 several studies that suggest  accelerated CXL   
[ 19 ,  20 ], transepithelial CXL without [ 21 ,  22 ] or 
with iontophoresis [ 23 ] is effective in pediatric 
patients. Others in contrast reported that tran-
sepithelial CXL did not stop pediatric keratoco-
nus progression [ 24 ]. There is ongoing research 
performed to develop faster and more comfort-
able treatment protocols. However, current labo-
ratory studies suggest that standard CXL is most 
effective in terms of biomechanical stiffness 
increase [ 15 ]. Therefore, the authors suggest to 
use the Geneva protocol as a tool in the decision-
making process for cross- linking procedures.        

  Compliance with Ethical Requirements   Farhad Hafezi 
is co-founder of the Light for Sight Foundation. Sabine 
Kling has no confl ict of interest. No human or animal 
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22.1  Introduction

Corneal debilitating disorders are characterized 
by progressive changes of the geometry of the 
tissue that leads to an irregular astigmatism that 
negatively impacts in the visual system of the 
patients. The mechanism responsible for the cor-
neal weakening that induces the aforementioned 
geometrical abnormalities is the biomechanical 
alterations of the collagen fibers within the cor-
neal stroma [1–3]. Until the date, riboflavin/UV 
light exposure corneal collagen cross-linking is 
the only treatment option that has proved to stop 
the progressive nature of the corneal ecstatic dis-
orders [4]. However, it is a long and uncomfort-
able surgical procedure for both the patient and 
the surgeon and it is also a technique not exempt 
of complications.

Carbon nanostructures, mainly carbon nano-
tubes (CNTs) and graphene, have attracted great 
attention in the last few years due to their small 
size and their extraordinary physicochemical 
properties (they are the stiffest and strongest mate-
rials known). Whereas graphene is a flat mono-
layer of carbon atoms tightly packed into a 
two-dimensional (2D) honeycomb lattice, carbon 
nanotubes can be visualized as rolled sheets of 
graphene built from sp2 carbon units. Previous 
studies described in the literature have shown that 
carbon nanomaterials offer potential as structural 
reinforcement in biomolecules and are used in 
regenerative medicine due to their high mechani-
cal strength and good biocompatibility [5–7].

The purpose of the present chapter is to present 
an innovative application of carbon nanomaterials 
in ophthalmology. Furthermore, we will present a 
summary of the main results that our research group 
has obtained in the application of this new technol-
ogy in the reinforcement of the ocular tissues.

22.2  Corneal Biomechanics

The term biomechanics is used to describe the 
study of the different mechanical structures that 
compound the living beings. This scientific 
 discipline is based on different biomedical science 
and utilizes the knowledge from mechanics, engi-
neering, anatomy, physiology, and other disciplines 
to analyze the different structures of the human 
body and how they behave in a given situation.
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In the specific case of ophthalmology, cor-
neal ectatic disorders are characterized for an 
alteration in the mechanical properties of the 
main components of the corneal tissue, the col-
lagen fibers. The mechanical stability of the 
cornea is determined by the structure of the col-
lagen fibers and their disposition within the 
stroma. The corneal stroma is composed basi-
cally of type I collagen arranged in approx. 200 
lamellae in the human cornea [1]. Orientation 
of the collagen fibers follows an orthogonal ori-
entation in the normal subjects which is one of 
the main responsible factors for its stability. On 
contrast, this special arrangement is lost in 
patients with corneal ectatic disorders which 
negatively impact in the biomechanical stabil-
ity of the tissue. Furthermore, biochemical 
studies have shown that these pathological cor-
neas have an increasing amount of collagen 
degradation mediated by collagenolysis, loss of 
keratocytes, and reduced cross-links binding 
among the collagen fibers also representing an 
additional factor related in the biomechanical 
instability of the stroma [8].

Determining in vivo biomechanical behavior 
of the cornea has become a significant challenge 
and a topic of important research in ophthalmol-
ogy mainly as a tool in characterizing corneal 
ectatic disorders. Nowadays, there are two sys-
tems commercially available that can be used in 
the clinical practice in order to determine the bio-
mechanical behavior of the cornea, the Ocular 
Response Analyzer (ORA) (Reichert, Inc. 
Depew, New York, USA) (Fig. 22.1) and the 
CorVis ST (Oculus Optikgerate GmbH, Wetzlar, 
Germany) (Fig. 22.2).

Both instruments work in a similar manner 
and are by analyzing the deformation of the cor-
nea an air pulse. The ORA system provides two 
biomechanical parameters, the corneal hysteresis 
and corneal resistant factor, which have shown to 
be reproducible in normal patients and be altered 
in eyes with corneal ectatic disorders [9]. On the 
other hand, the CorVis utilizes a Scheimpflug 
camera which is able to assess more than 4000 
frames per second aiming to evaluate the dynamic 
behavior of the cornea during the deformation 
process [10].

Corneal biomechanical behavior can also be 
evaluated by using ex vivo techniques. One of 
the most widespread procedures used for that 
purpose is by means of the analysis of the modu-
lus of elasticity of the corneal tissue. For this 
technique, stress–strain measurements are deter-
mined performing extensiometry experiments. In 
this type of experiments, a strip of corneal tissue 

Fig. 22.1 The Ocular Response Analyzer (ORA) 
(Reichert, Inc. Depew, New York, USA)

Fig. 22.2 The CorVis ST (Oculus Optikgerate GmbH, 
Wetzlar, Germany)
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is clamped into a mechanical press which pulls 
the ends of the corneal strip. Then, by means of 
strain control, samples undergo deformation in a 
ramp with a constant speed. The equipment reg-
isters the force that is necessary to perform this 
deformation and the stress–strain graphics are 
plotted. This way, the elastic modulus of the sam-
ple can be determined and denotes the relation-
ship between the stress and the strain of the 
sample. Corneas with a higher elastic modulus 
are supposed to be stiffer and able to bear a big-
ger amount of load in comparison to those with a 
lower elastic modulus and therefore more weak 
from the biomechanical point of view.

22.3  Carbon Nanomaterials: 
Structure and Properties

Nanomaterials have emerged in the last two 
decades as highly versatile platforms with unpar-
alleled properties compared to systems with the 
same composition in the bulk phase. The excel-
lent properties of materials are based in their pre-
cise engineering at the nanometer length scale 
(ultra-small size, large surface area-to-mass ratio, 
and high reactivity), thus providing exciting 
properties not only in traditional fields such as 
engineering and electronics, but also in new 
research branches such as therapeutics (e.g., drug 
delivery, cancer treatment), tissue engineering, 
and so on. These carefully designed nanoscale 
agents provide more efficient systems in applica-
tions such as drug delivery, with controlled 
release, lower therapeutic toxicity, and reduced 
healthcare costs. Taking into account the vast 
scope of materials for biomedicine (polymers, 
nanoparticles, etc.), in this section we will briefly 
focus on carbon nanostructures and their biomed-
ical application.

Although activated carbon materials (acti-
vated charcoal) have been widely used in medi-
cine since many decades (for instance, to reduce 
intestinal gas, treat poisoning, lower cholesterol 
levels, etc.), it was not until the 90s, when a large 
revolution started thanks to the discovery of new 
fibrous carbon nanostructures (e.g., mainly car-
bon nanotubes and carbon nanofibers), followed 

by the isolation of a single graphene in 2010. 
These carbon materials together with graphene 
oxide nanoribbons and nanodiamonds have made 
a significant impact in science and technology, 
from enhancing the mechanical properties of 
composite materials, to miniaturizing electron-
ics, providing more efficient energy storage and 
facilitating the early detection and treatment of 
diseases [11–16]. It is the versatility of the carbon 
nanostructures that makes them attractive and 
versatile for various applications. They are nano-
scopic in size, have high length-to-width and 
surface-to-volume ratio, can have hollow core 
and are chemically inert to many reagents but can 
be easily modified to possess different surface 
chemistry. Among them, carbon nanotubes 
(CNTs), discovered by Japanese scientist Iijima 
in 1991, have being postulated as the most attrac-
tive carbon nanomaterials due to their intrinsic 
properties such as impressive structural, mechan-
ical, and electronic properties (they have con-
ducting or semiconducting properties) and their 
unique optical properties [14–16]. These nano-
materials are allotropes of carbon, made of gra-
phene, and they can be described as a rolled up 
graphene sheet with sp2 carbons giving rise to 
cylindrical tubes with nanometer scale in diame-
ter and several millimeters in length [17, 18]. 
Depending on the number of cylindrical gra-
phene layers, CNTs can be classified as single- 
wall carbon nanotubes (SWCNTs) or multiwalled 
carbon nanotubes (MWCNTs). SWCNTs consist 
of a single graphene cylinder with diameter 
between 0.4 and 2 nm, whereas MWCNTs con-
sist of two to several coaxial cylinders, with an 
outer diameter ranging from 2 to 100 nm.

Figure 22.3 shows TEM images and sche-
matic drawing of carbon nanotubes: single- 
walled carbon nanotube (SWCNT) and a 
multiwalled nanotube (MWCNT) [14].

CNTs exhibit high tensile strength, stiffness, and 
ductility [19]. In fact, the tensile strength of SWCNTs 
is 100 times that of steel, making them the strongest 
material ever known [16]. Concerning the electrical 
properties, SWCNTs can be metallic or semicon-
ducting depending on their helicity, whereas 
MWCNTs exhibit a range of electronic behavior 
(metallic, semiconducting, and semimetallic) [20]. 
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However, the reactivity of carbon surfaces varies 
greatly with surface microstructure, cleanliness, and 
functional groups [21].

As described earlier, although carbon nano-
tubes were first used as additives to improve the 
performance of structural materials for electron-
ics, optics, plastics, etc., since the beginning of 

the twenty-first century they have been intro-
duced in pharmacy and medicine for drug deliv-
ery systems in therapeutics. Nowadays they are 
used as excellent drug vehicles for drug delivery 
by penetration into the cells while keeping the 
drug intact without metabolism during transport 
in the body [15–18]. When bonded to CNTs, 
these drugs are delivered more effectively and 
safely into cells as compared to other conven-
tional methods. CNTs have also being applied to 
bind antineoplastic and antibiotic drugs for can-
cer and infection treatments, respectively. Similar 
linkages of biomolecules (genes, proteins, DNA, 
antibodies, vaccines, biosensors, cells, etc.) have 
also been assayed for gene therapy, immunother-
apy, tissue regeneration, and diagnosis of differ-
ent ailments [22–24]. Therefore, the applications 
of CNTs are very wide and very exciting in a 
wide variety of disciplines.

CNTs of various diameters, lengths, and struc-
ture can be fabricated using a variety of methods 
from arc discharge method (using arc vaporiza-
tion of two carbon rods), laser ablation method 
(using graphite), catalytic chemical vapor depo-
sition (C-CVD), using hydrocarbon sources such 
as CO, methane, ethylene, etc., plasma enhanced 
chemical vapor deposition (C-PECVD), and 
template- based CVD. After preparation, CNTs 
usually contain amorphous carbon, fullerenes, 
and catalytic metal particles (e.g., Co or Ni) as 
impurities that must be carefully removed before 
any further processing. Usually the purification 
process involves several steps from an initial oxi-
dation upon heating to ~350 °C in air, to remove 
amorphous carbon, followed by a nonoxidizing 
acid refluxing to remove the metal nanoparticles 
and a final annealing at temperatures in excess of 
1000 °C in vacuum to remove all the defects cre-
ated in early steps [25].

22.4  Carbon Nanomaterials 
in Biomedical Applications

One of the most important concerns after the 
preparation of the purified carbon nanomaterials 
and before their application in any biomedical 
application concerns their functionalization. The 

Fig. 22.3 TEM images and schematic drawing of carbon 
nanotubes: single-walled carbon nanotube (SWCNT) and 
a multiwalled nanotube (MWCNT). Reprinted from 
S. Iijima, “Carbon nanotubes: past, present and future”, 
Physica B 323 (2002) 1–5 [14], with permission of 
Elsevier
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introduction of surface functional groups in the 
open or defect carbon sites (principally oxygen 
surface groups) allows increasing their solubility 
in aqueous solutions, and in addition improves 
the biocompatibility and reduces the toxicity for 
their medical application [26]. The incorporation 
of functional groups can be performed by cova-
lent attachment (e.g., incorporation of carboxyl 
(-COOH) groups to the carbon atoms at edges or 
defect sites of the nanotubes via an oxidation 
treatment with strong acids), or by noncovalent 
attachment (e.g., physisorption of large macro-
molecules via noncovalent interactions with the 
aromatic surface of the nanotubes), depending on 
the final application. Upon functionalization, car-
bon nanotubes become more hydrophilic and 
consequently, their solubility in physiological 
media is highly improved. Furthermore, the pres-
ence of functional groups improves the anchoring 
of drugs and biomolecules (e.g., enzymes, bio-
sensors, proteins, DNA, etc.).

Figure 22.4 shows the chemical modification of 
carbon nanotubes through thermal oxidation using 
strong acids, followed by a subsequent esterifica-
tion or amidization of the carboxyl groups [27].

The main applications of carbon nanomateri-
als in medicine and pharmacy are based on their 
unique structural, electronic, and mechanical 

properties. These applications include electro-
chemical sensors, biosensors, drug deliver to 
organs or cells, vaccine vehicles, tissue engineer-
ing, etc.

Due to the high ratio of surface area to vol-
ume, CNT-based electrodes exhibit a significant 
increase in the signal-to-noise ratio compared to 
other electrochemical sensors with the corre-
sponding increase in the detection sensitivity. For 
instance, Huang et al. used ferrocene functional-
ized SWCNTs noncovalent film to detect l- 
glutamate [28]. The unique interdigitated 
structure of the ferrocene/SWCNT film provided 
a high catalytic efficiency, a high sensitivity, and 
a fast response during the detection at low con-
centrations. Similar electrochemical sensors 
were developed by Lin et al. for selective detec-
tion of glucose. Glucose oxidase was covalently 
immobilized on CNTs surface through the EDC/
sulfo-NHS linker moieties [29]. Experimental 
results show that the biosensor effectively per-
forms a selective electrochemical analysis of glu-
cose in the presence of common interferents 
(e.g., acetaminophen, uric and ascorbic acid).

SWCNT and MWCNT-based field effect tran-
sistors can also be used as sensors for detection 
of gases and vapors with high sensitivity based 
on the variations in their electrical resistance with 

Fig. 22.4 Chemical 
modification of carbon 
nanotubes through thermal 
oxidation using strong 
acids, followed by a 
subsequent esterification or 
amidization of the carboxyl 
groups. Reprinted from 
K. Balasubramanian, 
M. Burghard, “Chemically 
functionalized carbon 
nanotubes”, Small, 1, 
180–192 (2005) [27], with 
permission of John Wiley 
and Sons
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changes in the environment (e.g., when mole-
cules adsorb on the surface). Compared to other 
solid-state sensors at room temperature, CNTs 
sensors exhibit a faster response and a substan-
tially higher sensitivity. These studies include 
detection of small molecules such as nitrogen 
dioxide, ammonia, and oxygen, as well as larger 
odor molecules such as trimethylamine, dinitro-
toluene, and dimethylphosphonate [30, 31]. The 
application of CNTs as a sensor has been 
extended to larger macromolecules. For instance, 
researchers of the NASA Ames research center 
have used CNTs to detect ribonucleic acid 
(RNA), DNA, and DNA polymerase chain reac-
tion (PCR) amplicons in the solution [32, 33].

Another application of CNTs concerns its use 
in bone regeneration. Mwenifumbo et al. evalu-
ated the growing of human osteoblastic cells 
(SaOs-2) on MWCNT constructs and compared 
to a control based on flat highly ordered pyrolytic 
graphite (HOPG) surfaces to investigate cellular 
attachment, cell metabolic activity, and construct 
cytocompatibility [34]. Experimental results 
demonstrate that cells attach and survive on the 
MWCNT constructs, with higher metabolic 
activity compared to control surfaces and meta-
bolic activity negatively correlating with nano-
tube diameter. Usui et al. showed that MWCNTs 
are highly biocompatible [35]. Furthermore, 
MWCNTs inhibit osteoclastic bone resorption 
in vivo, inhibit osteoclastic differentiation, and 
suppress the expression of a transcription factor 
essential for osteoclastogenesis in vitro. CNTs 
have also being investigated for other tissue 
types. Hanui et al. evaluated the effect of 
MWCNTs on IMR-32 human neuroblastoma 
cells [36]. MWCNTs only bound to the cells with 
low cytotoxicity, high biocompatibility, and with 
a scarce effect on the nerve system.

In terms of safety, in vitro tests (following the 
appearance of alkaline phosphatase activity) and 
in vivo tests (by implantation of MWCNT/CHI 
scaffolds adsorbed with rhBMP-2 in muscle tis-
sue and evaluation of the ectopic formation of 
bone tissue) show a high biocompatibility, the 
composite being biodegradable. However, exper-
imental results have anticipated that the incorpo-
ration of the CNTs has no clear beneficial effects 

compared to the base biomaterials, whereas the 
safety remains an important drawback. Due to 
the biopersistent character of CNTs and their 
accumulation in the cells, the CNTs excretion or 
biodegradation after absorption in the body 
remains a safety issue before scaffold biomateri-
als can be applied in human bodies. In despite of 
this result, other authors that have also analyzed 
the biocompatibility of such nanomaterials have 
demonstrated their safety. In the work performed 
by Zhao et al. the authors observed that CNTs did 
not interfere with metabolic activity of the cell 
types that were under study [37]. In the same 
line, low toxicity and inert biological response 
have also been reported in another study that 
investigated the behavior of such nanomaterials 
in peripheral blood of experimental animals [38]. 
Nowadays, there are other several investigators 
that have reported in the scientific literature that 
carbon nanomaterials are biologically compati-
ble, they are not toxic for the tissues, and that also 
cleared from circulation when injected intrave-
nously [39–43].

22.5  Carbon Nanomaterials and 
Biomechanics

In the field of biomedicine, CNTs have also being 
applied as reinforcement materials for scaffolds 
in tissue regeneration, i.e., as a reinforce for weak 
points of existing scaffolds. For instance, incor-
poration of CNTs to a collagen scaffold has dem-
onstrated an improved mechanical behavior 
because of the favorable properties of CNTs [44, 
45]. Zhang et al. reported that a composite of 
poly(l-lactide) and MWCNT showed increased 
direct current conductivity, crystallization, plasti-
cization of the polymer matrix, and growth inhi-
bition of fibroblast cells [46]. Abarrategi et al. 
fabricated MWCNT-chitosan (CHI) scaffolds 
composed of MWCNT (up to 89 wt%) and with 
a well-defined microchannel porous structure as 
biocompatible and biodegradable supports for 
culture growth [47]. Other authors have also 
shown that CNTs may lead to an improvement in 
the mechanical properties of the collagen. In the 
work conducted by Cao et al., the authors found 
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an increase of the static tensile modulus and 
strength of the collagen when adding CNTs to 
their samples [44]. In the same line of investiga-
tion, Tosun also observed a significant enhance-
ment in the rigidity of the collagen gels treated 
with CNTs [48].

As we can see, CNTs are able to improve the 
mechanical properties of different materials and 
biomolecules. In the specific case of the collagen, 
the enhancement of the mechanical properties is 
mediated by chemical and physical interaction 
between the CNTs and the collagen. Some theo-
retical models have demonstrated the quantum 
interaction that is present between carbon-based 
nanostructures and collagen-like peptides [49]. 
By means of scanning electron microscopy 
(SEM) and spectrometry, other authors have also 
showed that there is a chemical interaction and 
adsorption between carbon nanomaterials and 
collagen [44, 48, 50].

22.6  Carbon Nanomaterials and 
Ophthalmology

Based on the aforementioned state of the art, our 
research group conducted an experimental investi-
gation with the purpose of assessing if carbon 
nanomaterials were safe within the corneal tissue 
and also to evaluate the corneal biomechanical 
properties after its application. To the best of our 
knowledge that is the first investigation aiming to 

evaluate how carbon nanomaterials behave in the 
ocular tissues [51]. In that study, we developed a 
dissolution containing CNTs that was applied in a 
pocket created in the middle of the corneal stroma 
of New Zealand white rabbits. The animals were 
kept under observation during a period of 3 months 
and then enucleation of the eyes was performed. 
Afterward, histopathology evaluation was done in 
order to assess the biocompatibility of the dissolu-
tion and in addition biomechanical assessment by 
means of stress–strain measurements.

Histopathology using blue Alcian and Masson 
trichrome staining showed that there were no 
signs of active inflammation and no fibrous scar-
ing of the corneal stroma after application of the 
CNTs.

Figure 22.5 shows a histopathology image of 
the corneal stroma treated with carbon nanotubes 
(CNTs). Black dots correspond to the CNTs in 
the area of the corneal stroma where the pocket 
was created.

For corneal biomechanics assessment, we dis-
sect a strip of corneal stroma of 15 mm in length 
and 5 mm in width that was clamped into a bio-
mechanical press and then the modulus of elas-
ticity (Young’s modulus) was evaluated by means 
of extensiometry analysis as explained before in 
the corneal biomechanics section of the current 
chapter. It was observed that those samples 
treated with the solution containing the carbon 
nanomaterials showed an increase in the mechan-
ical properties when they were compared with 

Fig. 22.5 Histopathology 
image of the corneal 
stroma treated with carbon 
nanotubes (CNTs). Black 
dots correspond to the 
CNTs in the area of the 
corneal stroma where the 
pocket was created
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those untreated samples or with those in which 
we just performed the corneal pocket but without 
adding any dissolution (Table 22.1).

It is worth to mention that even when we 
found a trend toward stiffer corneal stroma after 
applying the CNTs dissolution, these changes 
were not statistically significant. It is our hypoth-
esis that a higher enhancement of the mechanical 
properties of the cornea may be achieved if we 
are able to obtain a better distribution of the 
CNTs along the corneal stroma. As we can see 
previously in the photo of histopathology evalua-
tion, Fig. 22.3, CNTs are just present in the area 
of the cornea corresponding to the place where 
the corneal pocket was created. Thus, if we come 
upon with a technique that allows us to find a bet-
ter distribution of the carbon nanomaterials 
within the corneal tissue we believe that a more 
rigidity of the tissue will also be observed. 
Currently, we are working in a new research in 
which enhancement of the dissolution and 
together with other carbon nanomaterials will 
lead to an increase in the biomechanical proper-
ties of the collagen fibers of the corneal stroma.

22.7  Final Considerations

In summary, the unique physical and chemical 
properties of carbon nanomaterials make them 
excellent candidates for the development of new 
therapeutic applications in the field of medicine. 
There is enough scientific evidence published in 
the literature that demonstrate that they are able to 
improve the mechanical properties of different 
biomolecules and that they are also biocompatible 
with different tissues. However, despite the excel-
lent achievements of CNTs in different fields of 
medicine, the consequences of large exposure to 
carbon nanomaterials in human health remain a 

critical issue. In the specific case of ophthalmic 
research, our investigation group is pioneer in this 
new technology. We have observed that there is a 
potential for carbon nanomaterials for the rein-
forcement of ocular tissues and as a therapeutic 
agent in different ophthalmic pathologies. 
Nevertheless and because of its novelty, there is 
still plenty of investigation to be performed in 
order to better understand the implications of this 
new technology in the field of ophthalmology.
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23.1  Introduction

Surgical treatment of keratoconus has received 
considerable attention and a formidable number 
and variety of surgical procedures, before kerato-
plasty was even considered the most suitable pro-
cedure [1]. Surgical options that have been 
proposed include intraocular operations such as 
paracentesis of the anterior chamber, lens extrac-
tion or needling, or deviation of the pupil by incar-
cerating the iris in a corneal incision to achieve a 
stenopeic slit-like pupil; cone excision procedures; 
or flattening techniques by scar formation, brought 
by cauterization of the conus with chemicals, elec-
trocautery, high frequency current, or by splitting 
of Descemet membrane [1].

Before keratoplasty became an option, Alfred 
Appelbaum in 1936 [2] stated concerning the 
surgical treatment of keratoconus “surgical inter-

vention aims to produce flattening of the cornea 
in order to improve eyesight. When no degree of 
useful vision is obtained with the use of contact 
glasses, operative intervention may be 
considered- but no sooner. Only in cases of 
advanced or nearly hopeless conditions should 
the patient undergo operation. Most ophthalmol-
ogists agree with this. Too much cannot be 
expected of surgical treatment. At best, it gives a 
result far from ideal and none too lasting. The 
unsightliness which inevitably follows must be 
anticipated, and the appearance of the eye is 
always marred to some extent.”

Castroviejo a Spanish ophthalmologist born 
in Logroño, Spain, performed the first penetrat-
ing keratoplasty (PKP) for keratoconus in 1936 
[1] in the Columbia Presbyterian Medical Center 
in New York. Several years later in an article 
about keratoplasty for the treatment of keratoco-
nus he concluded that keratoplasty was the only 
surgical procedure that fulfilled the two essential 
requirements for treating keratoconus: surgery 
had to be limited to the cornea, and the whole 
corneal protrusion had to be removed and 
replaced with normal tissue of normal curvature 
and thickness, leaving the pupillary area free of 
scarring. Based on his experience, when a suit-
able technique was used, the percentage of per-
manently, greatly improved vision was from 75 
to 90 % [1].

Lamellar keratoplasty (LKP) was described 
earlier than penetrating keratoplasty. However, 
although Arthur von Hippel performed the first 
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successful LKP in man in 1888 [3], decades ear-
lier than the first successful human PKP by 
Edward Zinn, this technique was abandoned in 
1914 for PKP, and was not reintroduced until 
the1940s [4]. However, the concept of deep 
lamellar keratoplasty extending down to 
Descemet membrane is relatively new. Gasset 
reported a series of keratoconus patients in the 
late 1970s who received full-thickness grafts 
stripped of Descemet’s membrane transplanted 
into relatively deep lamellar beds and enjoyed 
good surgical results with 80 % of cases achiev-
ing 20/30 or better vision [5]. Dissection of host 
tissue ‘close to’ the Descemet’s membrane and 
the term ‘deep lamellar keratoplasty’ (DLKP) in 
the conventional sense were first introduced by 
Archilla in 1984, who also showed the use of 
intrastromal air injection to opacify the corneas 
a method to facilitate removal of host tissue [6]. 
Sugita and Kondo reported the first extensive 
study on the results of DLKP compared with 
PKP in 1997 [7]. They showed that postopera-
tive visual acuity was similar between DLKP 
and PKP, with no episodes of immunological 
rejection in over 100 eyes followed. Despite the 
clear benefits of DLKP, the classical technique 
of removing stroma layer by layer was at that 
stage time consuming and was greatly depen-
dent on surgical experience. Only in the last two 
decades DLKP has gained momentum thanks to 
improvement in surgical techniques and the 
availability of new surgical instruments and 
devices. Probably the two most relevant papers 
on techniques were those from Melles and 
Anwar.

In 1999, Melles described a technique to visual-
ize the corneal thickness and the dissection depth 
during surgery creating an optical interface at the 
posterior corneal surface by filling the anterior 
chamber with air completely [8]. In 2002, Anwar 
described his popular “big-bubble” technique in 
baring Descemet Membrane by injecting air into 
the deep stroma to create a large bubble between 
the stroma and the Descemet’s membrane [9].

Approximately about 12–20 % of the kerato-
conus patients may require a corneal transplanta-
tion [10]. The Australian Graft Report of 2012 
shows that keratoconus, with almost 1/3 of the 

corneal grafts performed, was the first reason for 
keratoplasty, followed by bullous keratoplasty 
and failed previous grafts. The 2012 Eye Banking 
statistical Report published by the Eye Banking 
Associations of America finds that keratoconus 
was the reason for penetrating keratoplasty in 
18 % of the cases, and in 40 % of the DALK 
cases. Surprisingly penetrating keratoplasty rep-
resented almost 80 % of the total grafts, while 
DALK only accounted for 3 % of the total kerato-
plasties done, meaning that time consuming and 
surgical experience are still a factor reducing the 
popularity of DALK in the United States of 
America. Increasingly, however, DALK is 
becoming the preferred surgical option, largely 
thanks to improvements in operative technique, 
and now representing 10–20 % of all transplants 
for KC and 30 % when eyes with previous 
hydrops are excluded [11]. In the UK, the per-
centage of transplants for keratoconus in which 
DALK was used increased from 10 % in 1999–
2000 to 35 % in 2007–2008 [12].

While the scope of this article is mainly cor-
neal grafting as treatment of keratoconus, it is 
important to point out that the main goal of treat-
ment of keratoconus has changed over the last 
few years from that aiming to improve visual 
acuity with keratoplasty to a number of relatively 
new procedures focused on the prevention of the 
progression of the disease or to restore or support 
contact lens tolerance by making wear more 
comfortable. These include ultraviolet crosslink-
ing (UV-CXL), intracorneal ring segments 
(ICRS), and a newly proposed type of “corneal 
transplant” known as Bowman Layer (BL) trans-
plantation described by Gerrit Melles [13].

23.2  Indications of Corneal Graft 
in Keratoconus

Corneal graft is the traditional recourse for 
advanced keratoconus. There are many different 
grading schemes for keratoconus from scales 
based on outdated indices such as the Amsler- 
Krumeich scale, to scales using a variety of 
detailed metrics of corneal structure provided by 
anterior segment optical coherence tomography 
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and Pentacam imaging. Other scales (RETICS 
classification) include functional parameters 
(corrected distance visual acuity—CDVA) in 
order to assess the severity of the disease. All 
these different scales do not always correlate well 
with disease impact. While there are eyes with 
milder disease that may exhibit contact lens (CL) 
intolerances, there are other eyes with severe dis-
ease that obtain good functional vision with con-
tact lenses.

Therefore, although there is no precise defini-
tion for advanced disease, most specialists would 
agree that a keratoconus patient is eligible for 
corneal transplant, when spectacle correction is 
insufficient, continued CL wear is intolerable, 
and visual acuity has fallen to unacceptable lev-
els [11]. Nevertheless, there has been a strong 
push to extend other treatment modalities such 
UV-CXL and ICRS, both of which were origi-
nally meant for mild to moderate disease, to treat 
advanced disease. In 2014, BL transplantation 
was also described for advanced KC with extreme 
thinning/steepening [13]. These less troublesome 
therapeutic alternatives will seek to arrest disease 
progression, reenable comfortable contact lens, 
or improve visual acuity to some extent, although 
rarely do the visual gains exceed one or two lines 
in advanced disease. These techniques would 
permit PK or DALK to be postponed or avoided 
entirely [11].

Nowadays, despite the excellent outcomes of 
PK, DALK may be preferred in patients with 
keratoconus because of the absence of risk of 
endothelial rejection, earlier tapering of steroids, 
decreased risk of secondary glaucoma, and 
increased wound strength [14]. The advantage of 
DALK is even more evident in patients with 
mental retardation in which PK has a higher inci-
dence of postoperative complications such as 
globe rupture, corneal ulceration, and graft rejec-
tion; in phakic patients; and in corneas with sig-
nificant peripheral thinning [11].

PK would be considered more suitable in 
cases in which endothelial dysfunction is present, 
or when deep corneal scarring affects severely 
the visual axis up to the Descemet membrane 
level (such as in previous hydrops). It is not 
unusual for KC to coexist with endothelial dys-

function that might be underestimated as stromal 
thinning of KC may mask the corneal edema. 
Fuchs endothelial dystrophy is the most common 
of such disorders, but also includes posterior 
polymorphous dystrophy a peculiar condition of 
endothelial depletion and guttae excrescences 
that may be the product of the KC itself rather 
than a distinct entity [15]. If central deep corneal 
scarring is present PK will provide a better visual 
acuity than DALK, but with a higher risk. In 
some instances, safety of DALK can outbalance 
the better visual acuity of PK. In fact, when cor-
neal scars arise from previous hydrops, PK out-
comes tend to be worse as the risk of graft 
rejection is higher [11]. In these cases, manual 
lamellar dissection for DALK is a good choice as 
Anwar big bubble technique is contraindicated 
owing to the high risk of perforation during 
surgery.

23.3  Penetrating Keratoplasty 
in Keratoconus

Penetrating keratoplasty (PKP/PK) has tradition-
ally been the surgery of choice for keratoconus, 
but nowadays lamellar techniques are the gold 
standard for patients with mild to moderate dis-
ease. Currently, an elective PK is reserved for 
those advanced cases where the Descemet mem-
brane (DM) and endothelium appear splitted due 
to a previous corneal hydrops. Frequently a pre-
vious hydrops is not clearly reported by the 
patient but, in absence of an obvious endothelial 
split, deep stromal scars involving the DM are 
observed. In such cases, a lamellar technique can 
still be attempted, mainly if these scars are not 
affecting the visual axis, but as the integrity of the 
DM is not intact anymore this layer has a great 
tendency to rupture through the area of the scar 
(mainly if a Big Bubble technique is used) and 
the surgery will require to be converted into a PK 
intraoperatively if a big tear is observed (longer 
than 2–3 clock hours).

Penetrating keratoplasty technique for kerato-
conus does not differ significantly from the tech-
nique used for other etiologies, but some 
considerations should be taken into account:

23 Surgical Correction of Keratoconus: Different Modalities of Keratoplasty and Their Clinical Outcomes
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23.3.1  Donor Size

A 7.5–8.5 mm host trephine (in relation with the 
corneal horizontal diameter) is often used and 
centered with the optical axis. However, in kera-
toconus the cone is often inferiorly displaced and 
should be fully removed to avoid residual or 
recurrent disease [16]. Therefore, the extent of 
the cone should be well known before surgery 
and thinning mapped out by slit lamp examina-
tion, as this will be difficult to discern with the 
operating microscope. Fleischer iron ring forma-
tion, which usually circumscribes the cone, may 
assist on its delineation. Corneal topography is 
not reliable in advanced scarred conus and should 
not be considered for surgical planning. Donor 
size will have then to be adjusted in relation with 
the host limbal white-to-white measurement and 
conus extension, so larger grafts than 8.5 mm 
may occasionally be needed in severe conus, as 
well as its partial decentration respecting the 
optical axis in cases of very advanced conus with 
a severe thinning up to the perilimbal area. On 
the other hand, the risk of rejection increases 
with grafts larger than 8.5 mm in diameter and as 
the graft–host junction moves closer to the lim-
bus, so this should be considered into the postop-
erative treatment and management [17, 18]. 
Decentered grafts can as well induce a significant 
irregular astigmatism into the visual axis, requir-
ing rigid lenses for the visual rehabilitation of the 
patient and occasionally a second centered graft 
for visual purposes.

The donor tissue trephine is routinely sized 
0.25 mm larger than the host trephine because, 
using current techniques, donor corneal tissue cut 
with a trephine from the endothelial surface mea-
sures approximately 0.25 mm less in diameter 
than host corneal tissue cut with the same diam-
eter trephine from the epithelial surface [19]. 
Keratoconus patients may benefit from using 
same-diameter trephines for both donor and host 
tissue, which in effect undersizes the donor but-
ton and helps to reduce postoperative myopia 
(reducing donor size by 0.25 mm causes the 
mean postoperative refractive error to shift 
toward hyperopia by approximately 2 D) [20, 
21], but the surgeon should be aware that obtain-

ing watertight wound closure with an undersized 
donor tissue can be challenging and may require 
additional sutures. Moreover, a flattened corneal 
contour could complicate contact lens fitting in 
the anisometropic patient and also laser excimer 
ablation for correction of a significant residual 
hyperopia after PK may not be possible as it is 
not as predictable and efficient as it is with resid-
ual myopia, thus requiring phakic or pseudopha-
kic piggyback intraocular lenses for patients who 
are intolerant of spectacles and contact lenses, 
always once suture removal has been completed 
[22]. Considering this, despite undersizing the 
donor cornea may provide better visual outcome 
in patients with keratoconus, it should be selected 
carefully in PK. Axial length can be an important 
factor in the refractive error outcome following 
PK [23]. Ultrasound axial length measured from 
the anterior lens capsule to retina reveals a broad 
range in length from 18.77 to 25.65 mm. 
Reducing donor size, in a relatively short eye, 
could result in significant postoperative hypero-
pia, so same-size donor and host corneal buttons 
should not be used when the anterior lens-to- 
retina length is less than 20.19 mm, the mean 
length for nonkeratoconic individuals with 
emmetropia.

The degree of postoperative myopia is deter-
mined by both corneal curvature and axial length. 
Lanier et al. [23] found a mean and range of axial 
length in keratoconic eyes to be fairly close to 
those observed in emmetropic eyes. Mean cor-
neal curvature and anterior chamber depth, how-
ever, are consistently greater than in other eyes 
[20, 24]. As keratoconic corneas are steeper, with 
an increased anterior chamber depth,  trephination 
leaves a peripheral corneal rim that is longer 
(ellipsoid shape) and steeper than normal (mainly 
if the base of the cone is not completely excised). 
Thus, placement of a normally sized donor results 
in a steep cornea and deeper anterior chamber, 
reasons for part of the postoperative myopia and 
astigmatism. Placement of a relatively small 
diameter donor can counteract this by rotating 
the peripheral rim downwards, reducing the final 
keratometry and anterior chamber depth, and so, 
the postoperative myopia. However, if the steep-
ening is asymmetric, which commonly is the case 
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in keratoconus, the length and steepness of the 
peripheral rim vary around its circumference. 
Therefore, the bed is not round, and placement of 
a round donor, even if undersized, will not result 
in a spherical cornea, leaving significant irregular 
astigmatism in spite of reducing the postopera-
tive myopia.

A suggested alternative to reduce the postop-
erative astigmatism as well as the myopia after 
PK in patients with keratoconus is to cauterize 
the vertex of the recipient cornea [25]. 
Cauterization of the cornea (thermokeratoplasty) 
of patients with keratoconus was introduced by 
Gasset and Kaufman [26] in the 1970s with the 
purpose of flattening the cone by shrinking the 
surrounding corneal tissue. The effect of this pro-
cedure, although often remarkable, was limited 
in time and the technique was abandoned. In 
1998 Busin et al. recovered this technique with 
the theory that this induced corneal shrinkage 
could flatten the keratoconus and “regularize” the 
corneal shape of the recipient rim before trephi-
nation during PK surgery [25]. They superficially 
cauterized a central area of 6 mm in diameter 
with bipolar forceps until whitening and shrink-
age of corneal tissue was observed. Their results 
show a significant decrease in the postoperative 
spherical equivalent and keratometric astigma-
tism before and after suture removal compared 
with the control group, subsequently improving 
the postoperative uncorrected and best-corrected 
visual acuity results. The cauterization of the 
apex should be avoided during DALK as it will 
induce a severe adherence of the DM to the over-
lying stroma as well as the damage or perforation 
of the endothelium, compromising severely any 
attempt of lamellar keratoplasty.

23.3.2  Suturing Technique

Once the four cardinal 10-0 nylon sutures have 
been placed the surgeon can use the preferred 
suture technique: interrupted sutures (IS), com-
bined continuous and interrupted sutures (CCIS), 
single continuous suture (SCS), or double con-
tinuous suture (DCS). IS should be always the 
closure method of choice in cases where a partial 

or complete suture removal in one region of the 
graft is likely to be necessary at some point dur-
ing the postoperative period: pediatric kerato-
plasty (as sutures become loose quickly); 
vascularization in the host cornea (occasionally 
seen after a hydrops episode or contact lens- 
related keratitis); multiple previous rejections, or 
other inflammatory concomitant conditions that 
may predispose to localized vascularization, 
rejection, or ulceration of the donor tissue. Also 
large and decentered grafts that are placed close 
to the limbal area present, as already discussed, 
an increased risk of rejection, being necessary 
the use of IS for its closure.

However, most of the keratoconic eyes do not 
present any additional risk for graft rejection or 
infection, so a SCS or DCS are generally pre-
ferred by most surgeons. The advantages of a 
continuous suture are ease of placement, the ease 
with which the suture can be removed at a later 
date, and the potential for suture adjustment 
intra- (with an intraoperative keratometer) and 
postoperatively to reduce astigmatism. With 
DCS a 12-bite 10-0 nylon suture placed with 
bites at approximately 90 % depth and a second 
continuous suture (10-0 or 11-0 nylon) placed 
with bites alternating between each of the origi-
nal suture’s bites for 360° at approximately 
50–60 % corneal depth are used. The second 
suture is tied with only enough tension to take up 
slack in the suture. The second suture permits 
early removal or adjustment of the 10-0 nylon 
first suture for astigmatism control in 2–3 
months; the second suture acts as a safety net if 
the deep suture breaks  during the adjustment and 
is generally left in place for 12–18 months post-
operatively (Fig. 23.1).

Interrupted sutures, CCIS, and a single con-
tinuous suture (SCS) have shown comparable 
postoperative astigmatism [27]. In addition, a 
comparison of astigmatism in keratoconus 
patients utilizing a single continuous versus a 
double continuous suture showed that after suture 
removal, astigmatism was comparable (DCS 
−4.6 D, SCS −5.2 D) between the two groups 
[28]. Therefore, it is apparent that all methods of 
suture closure can work well. The ultimate choice 
rests with the surgeon.

23 Surgical Correction of Keratoconus: Different Modalities of Keratoplasty and Their Clinical Outcomes



270

Regardless of the preferred method, it is very 
important to have clear concepts of each suture 
technique. As a basic idea for standard graft 
suturing, the needle is passed 90 % depth through 
the donor cornea and then through the host cor-
nea. The ideal bite is as close to Descemet’s 

membrane as possible, and there should be an 
equal amount of tissue purchased in the donor 
and host cornea in order to approximate 
Bowman’s layer in both the donor and host. 
Discrepancies frequently exist in the thickness of 
the donor and host cornea if donor corneas are 
thick due to the hyperosmolar glycosaminogly-
cans in the preservation medium, or fresh donor 
tissue is used in patients with severe corneal 
edema. In keratoconic eyes this scenario is fre-
quent, where the graft is sutured to a relatively 
thin host cornea. Closing Bowman’s layer to 
Bowman’s layer should always be attempted to 
avoid steps in the graft–host junction and subse-
quent exposed sutures, so in areas where the 
recipient cornea presents thin (assessed preopera-
tively by slit lamp examination) partial thickness 
bites (50–70 % depth) in the donor tissue should 
be in relation with deep bites (95 % depth) in the 
host thin stroma (Fig. 23.2).

The postoperative astigmatism management 
and elective suture adjustment/removal for PK in 

Fig. 23.1 Clinical picture of a keratoconic eye after pen-
etrating keratoplasty with a double continuous 10/0 Nylon 
suture

Fig. 23.2 Normal appearance of the graft–host 
junction with correct aligning of Bowman’s layer 
of the donor and host corneas, with needle passed 
at a 90 % depth in both sides (a). If care is not 
taken in cases of a thin recipient cornea, steps will 
remain at the graft–host junction, leaving an 
irregular astigmatism and exposed sutures that 
need to be replaced (b). To avoid this, a partial 
thickness bite (50–70 % depth) should be 
performed at the donor side (c)
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cases of previous keratoconus does not differ 
from other PK indications, with a complete suture 
removal generally recommended after 12–15 
months.

23.3.3  Outcomes

Penetrating keratoplasty offers good long-term 
visual rehabilitation for keratoconus patients, 
and compared with other indications for PK 
there is a relatively low rate of graft failure and 
long mean graft survival. Rejection rate has 
been reported to be 5.8–41 % with a long-term 
follow-up, where most rejections occurred in 
the first 2 years [29–33]. Larger host trephine 
size, male donor gender, and nonwhite donor 
race have been associated with increased rejec-
tion hazard [29]. Despite this observed rejec-
tion rate, only a 4–6.3 % graft failure rate has 
been reported with a mean follow-up of 15 
years, with an estimated 20-year probability of 
12 % [29, 30, 34]. Fukoka et al. reported a 
cumulative probability of graft survival at 10, 
20, and 25 years after PK of 98.8 %, 97.0 %, 
and 93.2 %, respectively, while Pramanik et al. 
estimated a graft survival rate of 85.4 % at 25 
years after initial transplantation [30, 34]. 
Summarizing, the existing evidence shows that 
the graft survival rate gradually decreases after 
20 years post-PK.

An average best-corrected visual acuity 
(BSCVA) in logarithm of the minimum angle of 
resolution (LogMAR) at preoperation, 10, 20, 
and 25 years after surgery of 1.54 ± 0.68, 
0.06 ± 0.22, 0.03 ± 0.17, and 0.14 ± 0.42, respec-
tively, has been reported [30]. Best spectacle- 
corrected visual acuity (BSCVA) of 0.14 ± 0.11 
LogMAR has been reported with a mean period 
of 33.5 months, while a BSCVA of 20/40 or bet-
ter with a mean follow-up of 14 years was 
observed in 73.2 % of patients [33, 34].

An open angle glaucoma rate of 5.4 % with a 
mean follow-up of 14 years has been reported [34].

Claesson et al. reported a poorer survival and 
worse visual outcome of regrafts compared with 

first grafts in patients where the original indica-
tion was keratoconus: the failure rate was three 
times higher with regrafts and the observed visual 
acuity with preferred correction was ≥ 0.5 in 
69 % of first grafts, while only 55 % of regrafts 
achieved that level [35].

23.4  Deep Lamellar Anterior 
Keratoplasty in Keratoconus

The goal of deep lamellar anterior keratoplasty in 
keratoconus is to achieve a depth of dissection as 
close as possible to the Descemet Membrane 
(DM). There are various ways to create a plane of 
separation between DM and the deep stromal 
layers, mainly variations of the two basic strate-
gies: the Anwar big bubble method and the 
Melles manual dissection.

23.4.1  Surgical Techniques

23.4.1.1  The Big Bubble Method
Anwar based the big bubble method on a discov-
ery in 1998 that intrastromal injection of bal-
anced salt solution (BSS) was often effective at 
establishing cleavage plane just above the DM 
[36], taking advantage of the loose adhesion 
between DM and the posterior stroma. Anwar 
and Teichman described the current big bubble 
procedure in 2002 using air instead of BSS [9].

After a partial trephination of 70–80 % of the 
corneal stroma, pneumatic pressure is used to 
detach DM by injecting air into the deep stroma 
with a 30G needle. The air injected into the stroma 
produces a dome-shaped detachment of the DM 
that is seen under the surgical microscope as a 
ring meaning that the big bubble has been formed. 
The stromal tissue above the DM plane is removed 
with spatula and scissors, making first sure to 
exchange the air in the  supradescemetic plane 
with viscoelastic to avoid inadvertent puncture of 
the DM. When all of the stromal tissue is success-
fully removed, the DME membrane exposed is 
characteristically smooth (Fig. 23.3).
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23.4.1.2  Melles Manual Method
This technique is based on the air–endothelium 
interface [8]. First the anterior chamber is filled 
with air. Then, using a series of curved spatulas 
through a scleral pocket, the stroma is carefully 
dissected away from the underlying DM. The dif-
ference in refractive index between the air and the 
corneal tissue creates a reflex in front of the surgi-
cal spatulas, and the distance between the instru-
ment and the reflex is used to judge the amount of 
remaining tissue. Viscoelastic is injected through 
the scleral incision into the stromal pocket. Once 
the desired plane is reached, the superficial stroma 
is removed using trephine and lamellar dissection 
(Fig. 23.4).

Since the original descriptions, there have 
been many variations to the standard technique. 
Lamellar dissection can be made with diamond 
knife, nylon wire, microkeratome [37], or femto-
second laser. To help guiding the dissection plane 
trypan blue, ultrasound pachymetry [38] or real 
time optical coherence tomography [39] (OCT) 

has been tried. Partharsathy et al. describe the 
“small bubble” technique for confirming the 
presence of the big bubble [40].

For corneas with extreme peripheral thinning, 
a modified procedure has been proposed dubbed 
“tuck-in lamellar keratoplasty” [41, 42]. In this 
technique, the central anterior stromal disc is 
removed and a centrifugal lamellar dissection is 
performed using a knife to create a peripheral 
intrastromal pocket extending 0.5 mm beyond 
the limbus. The donor cornea is prepared in such 
a way that it has a central full thickness graft with 
a peripheral partial thickness flange. The edges of 
a large anterior lamellar graft are tucked in below 
to add extra thickness.

23.4.2  Outcomes

Most studies have found equivalent visual and 
refractive results between PK and DALK pro-
vided stromal dissection reaches the level or 

Fig. 23.3 DALK Big Bubble Technique: after a partial 
trephination of 70–80 % of the corneal stroma, pneumatic 
pressure is used to detach DM by injecting air into the 
deep stroma with a 27G needle (a). Once the air is injected 
it produces a dome-shaped detachment of the DM that is 
seen under the surgical microscope as a ring meaning that 
the big bubble has been formed (b). Then a lamellar dis-
section with a Crescent blade of the anterior stroma is per-

formed (c) followed by the removal of the stromal tissue 
above the DM plane with spatula and scissors (d), making 
first sure to exchange the air in the supradescemetic plane 
with viscoelastic to avoid inadvertent puncture of the DM. 
When all of the stromal tissue is successfully removed, 
the DME membrane exposed is characteristically smooth 
(e), and the donor cornea without its DM and endothelium 
is then sutured with the preferred suture technique (f)
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close to the DM [12, 43–48], although 20/20 
vision seems more likely after PK [12, 48]. For 
instance, in a recent study from Australian 
patients including 73 consecutive patients with 
keratoconus, the mean BCVA was not signifi-
cantly different for DALK (0.14 logMAR, SD 
0.2) versus PK (0.05 logMAR, SD 0.11) [12, 44]. 
A review of published literature that included 11 
comparative studies on DALK and PK found that 
visual and refractive outcomes are comparable if 
the residual bed thickness in DALK cases is 
between 25 and 65 μm [14].

In those studies where the visual outcomes of 
DALK were inferior to PK [49], the dissection 
plane was “predescemetic” and the incomplete 
stromal dissection and the not fully baring of the 
DM had a negative impact in the results [49]. The 
problem seems to be related to the depth of the 
undissected stromal bed rather than to its smooth-
ness as predescemetic DALKs performed by 
laser ablation did not outperform those dissected 
manually.

The recently published Australian graft regis-
try data compared the outcomes of PKs and 
DALKs performed for KC over the same period 
of time and found that overall, both graft survival 
and visual outcomes were superior for PK. In a 
recent study from the UK, Jones et al. compared 
the outcomes after PKP and DALK for keratoco-
nus [12]. The risk of graft failure for DALK was 
almost twice that for PKP. Probably, in the day- 
to- day clinical practice, visual outcomes with 
DALK, although comparable with PK, may be 
just slightly inferior or less predictable compared 

with PK, given surgical inexperience, and unpre-
dictable issues regarding residual stromal thick-
ness and DM folds. Nonetheless, elimination of 
risk of endothelial rejection compensates for this 
difference.

Lastly, one of the important advantages of 
DALK is a lower rate of endothelial loss com-
pared with PK. The reported endothelial cell loss 
is as high as 34.6 % after PK, whereas it was 
13.9 % after DALK [50].

Fig. 23.4 DALK Melles Technique: first the anterior 
chamber is filled with air and a partial trephination of 70 % 
of the corneal stromais performed (a). Then, using a series 
of curved spatulas through a scleral pocket, the stroma is 
carefully dissected away from the underlying DM (b). The 
difference in refractive index between air and corneal tis-
sue creates a reflex of the surgical spatulas, and the dis-

tance between the instrument and reflex is used to judge 
the amount of remaining underlying tissue (b, arrows). 
Viscoelastic is injected through the scleral incision into the 
stromal pocket and the dissection can be completed 
through the trephination edge (c). Once it is completed, the 
superficial stroma is removed (d), the DME membrane 
exposed, (e) and the donor cornea sutured (f)
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23.4.3  Complications

Allograft reactions are less frequent in DALK than 
in PK and less likely to result in graft failure if cor-
rect treatment is initiated. Subepithelial and stro-
mal rejection after DALK has been reported in the 
range of 3–14.3 % whereas in PKP ranges from 13 
to 31 % in the first 3 years after surgery [11]. 
Endothelial rejection is not an issue in DALK.

Increases in IOP following DALK has been 
reported to be only 1.3 % of operated eyes, com-
pared with 42 % of eyes after PK [50]. 
Development of glaucoma may also be up to 
40 % less [51]. It is attributed to the lower steroid 
requirement of DALK [52].

Urrets–Zavalia Syndrome first reported follow-
ing PK in KC and causing fixed, dilated pupil with 
iris atrophy is a rare entity following DALK [53].

There are also a few complications that are 
unique to DALK and the presence of a donor–host 
interface. One of the major problems with DALKs 
is intraoperative DM perforation, which may occur 
in 0–50 % of the eyes [11]. Surgeon’s inexperience, 
corneal scarring near the DM, and advanced ecta-
sias with corneal thickness less than 250 μm 
increase the risk [54, 55]. Depending on the size of 
the perforation, conversion to PK may be required 
to avoid double anterior chamber and persistent 
corneal edema, especially when the rupture leads 
to the collapse of the anterior chamber (macroper-
foration). Incidence of pseudoanterior chamber or 
double anterior chamber is in the range of 1 % [56]. 

It can occur because of retention of fluid secondary 
to breaks in the DM, or, because of incomplete 
removal of viscoelastic in the interface [57]. Large 
pseudo chambers must be managed surgically by 
drainage of the fluid and anterior chamber injection 
of air or gas [58]. The presence of DM folds caused 
by a mismatch between donor button and the recip-
ient bed is usually transient and disappear over 
time, but interface wrinkling when central and per-
sistent may affect quality of vision [59]. 
Occasionally an eye with anatomically correct 
DALK may require a reoperation secondary to 
interface haze and poor visual acuity, usually stem-
ming from incomplete or predescemetic stromal 
dissection [11]. Interface keratitis is a serious com-
plication of DALK and it is caused mainly by 
Candida [60] but Klebsiella pneumonia [61], and 

nontuberculous mycobacteria [62] have also been 
isolated in several cases. Conservative treatment is 
usually unsuccessful and most cases need a thera-
peutic PK [60]. Interface vascularization can occur 
because of inflammatory, infective, and traumatic 
episodes and can be treated with injection of beva-
cizumab [63].

23.5  Femtosecond Laser-Assisted 
Keratoplasty for Keratoconus

The capability of femtosecond laser energy to 
create different cutting patterns with a controlled 
level of biological interaction and minimal tissue 
trauma has provided a new possibility for corneal 
surgeons in both penetrating and nonpenetrating 
keratoplasty procedures. From case to case the 
cutting profile can be more convenient in one 
specific shape, what was impossible to be made 
before with the manual trephination techniques. 
The potential advantages of femtosecond laser- 
assisted keratoplasy are the following [64, 65]:

 1. More precise and regular cuts
 2. No risk of injury for intraocular structures
 3. Perfect donor–recipient size matching
 4. Less injury to donor endothelium
 5. Customization of the cutting pattern
 6. More donor–host tissue interaction promoting 

better wound healing
 7. Potentially less induction of surgically 

induced astigmatism
 8. Shorter visual rehabilitation time
 9. Stronger and probably more stable wounds 

with earlier suture removal

23.5.1  Femtosecond-Assisted 
Keratoplasty Incision Profiles

Intralase (AMO) provides the more sophisticated 
and complex patterns when compared to the other 
technologies. The combination of simpler incisions 
(posterior side cut, anterior side cut, and lamellar 
cut) can be combined in limitless number of com-
plex edge profile graft combinations [66] with a very 
high level of precision in dimensions and concentra-
tion which is not possible with other techniques [67].
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• Top-hat-based edge profile
• This type of architecture maximizes the poste-

rior tissue to be transplanted. Not suitable for 
keratoconus.

• Mushroom-based edge profile
• The inverted version of a top-hat is known as 

mushroom (Fig. 23.5) and is often used for 
anterior surface surgery, being composed of a 
narrower posterior side cut and a wider ante-
rior side cut both intersected by the ring lamel-
lar cut. The broader anterior section maximizes 
the anterior stroma area to be transplanted, 
what makes it suitable for keratoconus.

• Zigzag-based edge profile
• Zigzag profile (Fig. 23.6) is composed of a 

slanted anterior and posterior side cuts con-
nected by the ring lamellar cut. It can be 
adapted to maximize either anterior or poste-
rior surface, which makes it suitable to a wide 
variety of situations, including keratoconus.

23.5.2  Basics on Femtosecond Graft 
Architecture

Regardless of the profile being used, it is impor-
tant to understand the basics of femtosecond inci-
sions and stepped graft architecture [64].

• Incision intersection
Femtosecond laser-assisted keratoplasty is 
formed by a combination of straight incisions 
that need to interact with each other in order to 
obtain a clear and continuous graft cutting 
profile that is easy to dissect, handle, and be 
later extracted. The overlapping degree is gen-
erally set between 10 and 30 μm.

• Lamellar cut depth
As a thumb rule, lamellar cut depth is set at 
50 % of average pachymetry in both donor and 
recipient corneas.

• Oversizing
Femtosecond laser is able to create iden-
tical sized grafts in terms of diameter 
regardless of the keratometry readings, 
which has led to recommend using the 
exact same diameter in donor and recipient 
corneas [66, 68]. It is then up to the sur-
geon to decide oversizing primarily just in 
terms of postoperative spherical refraction 
needs.

• Deepest posterior point
When designing the donor graft in PKP, pos-
terior depth must be set below the maximum 
pachymetric reading in the incision area in 
order to assure a clean and full thickness inci-
sion. On the other hand, recipient might be 

Fig. 23.5 Mushroom-based 
edge profile

Fig. 23.6 Zigzag-based edge 
profile
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moved from laser room to the main surgical 
operating room. In these cases, patient move-
ment makes advisable to intentionally avoid 
performing a full thickness incision to pre-
vent any pressure leaking during transporta-
tion from the Lasik room to the suturing 
surgical theater. Thus, posterior depth is gen-
erally set 70 μm above the thinnest pachy-
metric reading in the incision area, which is 
generally enough tissue to prevent wound 
leakage [69].

23.5.3  Surgical Technique

Donor: an artificial anterior chamber (AAC) is 
required to hold the donor tissue in proper posi-
tion and pressure similar to a real patient during a 
lasik procedure; Recipient: as previously 
described, it is necessary to leave a safety gap of 
posterior noncut tissue on the recipient cornea 
which prevents any aqueous humor leakage 
during transportation [69]; Graft manipulation: a 
Sinskey hook is used to dissect the different inci-
sions being the procedure identical in both donor 
and recipient corneas. However, recipient cornea 
partial thickness cut will be completed with a dia-
mond blade and curved scissors.

23.5.4  Femtosecond-Assisted 
Penetrating Keratoplasty

The initial published evidence comparing man-
ual and femtosecond laser-assisted PK (f-PK) 
showed a faster visual rehabilitation together 
with an improved best corrected visual acuity, 
and a lower refractive and topographic astigma-
tism in the laser group [70–73]. Nevertheless, 
these papers had a limited follow-up of the 
cases, generally shorter than a year. Little evi-
dence still exists about the long-term outcomes 
of f-PK: Chamberlain et al. published their 
results with 2-year follow-up and using a “zig-
zag” edge profile [74]. They could demonstrate 
a topographic astigmatism significantly lower 
in the f-PK group but only during the first 6 
postoperative months. Afterward no significant 
differences were observed regarding the refrac-
tive or topographic astigmatism and visual acu-
ity. Only a few papers have been published 
comparing the different cutting edge profiles 
[75]. Our impression is that there are not sig-
nificant differences in the visual or refractive 
outcomes regarding the preferred edge profile, 
although studies comparing the “zig-zag” and 
“mushroom” profiles in keratoconus are still 
required (Fig. 23.7).

Fig. 23.7 Femtosecond laser-assisted penetrating kerato-
plasty with a “Zig-Zag” edge profile (a, b; courtesy of 
Abbott Medical Optics, USA). Postoperative clinical pic-

ture (c) and an anterior segment OCT capture (d) where it 
is possible to appreciate the zig-zag edge profile at the host–
donor interface with a perfect coalescence of the edges
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23.5.5  Femtosecond-Assisted Deep 
Anterior Lamellar 
Keratoplasty

The use of the femtosecond laser in DALK 
(f-DALK) avoids manual trephination and 
allows more precise identification of tissue depth 
and insertion of the air needle by following the 
plane between the lamellar and posterior laser 
side cuts. As variability in stromal thickness in 
eyes with advanced keratoconus, ectasia, or 
dense and deep stromal scars may limit the abil-
ity of the femtosecond laser to produce a uni-
form lamellar plane, we use the laser only to 
create the side cut both in donor and recipient 
cornea, while leaving a minimal amount of 
residual corneal tissue. With this we try to con-
trol the potential risk of creating a DM perfora-
tion with the femtosecond laser.

Femtosecond laser mushroom configuration is 
the preferred profile for DALK (Fig. 23.8). For 
the side cut a full thickness mushroom configura-
tion cut is made on the donor cornea first and then 
a nonpenetrating mushroom configuration on the 
recipient. In the recipient cornea, the depth of the 
anterior side cut is about 60 % of the thinnest cor-
neal pachymetry, the depth of the posterior side 

cut about 80 % of the thinnest corneal pachymetry, 
leaving a ring lamellar cut of 1 mm (Fig. 23.9). In 
the donor cornea, the Descemet’s membrane 
(DM) and endothelium is debrided assisted by 
trypan blue dye.

Femtosecond laser-assisted DALK might 
have an advantage in keratoconus cases because 
it provides a larger amount of donor–recipient 
tissue to interact for the purpose of corneal 
wound healing consistency, and it has been dem-
onstrated recently by our group that f-DALK 
shows a more active wound healing leading to 
leucomatous wounds [76]. We established a grad-
ing for the side cut corneal healing pattern as 
observed by slit lamp examination (Table 23.1), 
and we could observe that 52 % of f-DALK cases 

Fig. 23.8 Femtosecond 
laser-assisted DALK with a 
“Mushroom” edge profile (up: 
courtesy of Abbott Medical 
Optics, USA). Postoperative 
anterior segment OCT capture 
(down) where it is possible to 
appreciate the mushroom edge 
profile at the host–donor 
interface

Fig. 23.9 Mushroom DALK configuration: the depth of 
the anterior side cut is about 60 % of the thinnest corneal 
pachymetry, the depth of the posterior side cut about 80 % 
of the thinnest corneal pachymetry, leaving a ring lamellar 
cut of 1 mm
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showed a healing pattern grade 3 or 4 [76]. The 
reasons for this could be either due to the larger 
area of contact between the donor and recipient 
tissues and/or to femtosecond laser-related bio-
logical activation of the corneal tissues, which 
should be related to the level of energy used for 
the creation of the side cut.

Equivalent to f-PK, f-DALK accelerates the 
visual rehabilitation, showing a better visual 
result during the immediate postoperative period, 
but without significant differences after the sixth 
postoperative month [77]. In a recent study of our 
group, we could not demonstrate significant dif-
ferences regarding the visual or refractive out-
comes after 1-year follow-up. However, we 
demonstrated a faster visual rehabilitation in the 
f-DALK group versus manual DALK as well as 
significant differences in the wound healing pat-
tern between groups, being more intense in the 
f-DALK group [76].

Summarizing, and regarding the current evi-
dence, femtosecond laser accelerates the visual 
rehabilitation after PK or DALK compared with 
the manual technique, obtaining better refractive 
and visual results along the immediate postopera-
tive period; however, these benefits are lost later 
in the follow-up, not being able to improve the 
refractive or visual outcomes in the long term. 

Considering the high costs of this technology, 
these results do not justify its use as a gold stan-
dard for keratoplasty. Nevertheless, if available, 
femtosecond laser offers important intraoperative 
(easy wound closure) and perioperative (faster 
rehabilitation) advantages, together with a stron-
ger surgical wound that allows a faster suture 
removal (depending on the wound healing pat-
tern) and probably less risk of dehiscence against 
an ocular trauma in the long term.

23.6  Keratoconus Recurrence 
After Corneal 
Transplantation

We have already discussed the good long-term 
results of the different options of corneal grafting 
for keratoconus. Nevertheless, de Toledo et al. 
observed a progressive increase of keratometric 
astigmatism in 70 % of their cases from 10 years 
after suture removal, following an initial phase of 
refractive stability during the first 7 years after 
PK for keratoconus (4.05 ± 2.29 D 1 year after 
suture removal, 3.90 ± 2.28 D at year 3, 
4.03 ± 2.49 D at year 5, 4.39 ± 2.48 D at year 7, 
5.48 ± 3.11 D at year 10, 6.43 ± 4.11 D at year 15; 
7.28 ± 4.21 D at year 20, and 7.25 ± 4.27 D at year 

Table 23.1 Analysis of femtosecond laser side cut corneal wound healing pattern

Keratoconus recurrence 17 years after a penetrating keratoplasty (left). Observe the severe thinning of the recipient 
stroma at the graft–host junction (right)
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25), so a late recurrence of the disease may occur 
with an increasing risk over time [16]. Actually, a 
20 year post-PK probability of 10 % has been 
reported previously, with a mean time to recur-
rence of 17.9–21.9 years, so given the younger 

age at which keratoconus patients undergo cor-
neal transplantation, these long-term findings 
should be explained to patients and incorporated 
into the preoperative counseling [29, 34, 78] 
(Fig. 23.10).

Fig. 23.10 Reconstruction of corneal stroma. (a) 
Hematoxylin–eosin staining of a rabbit cornea with an 
implanted graft of decellularized human corneal stroma 
with h-ADASC colonization: hypocellular band of ECM 
without vessels or any inflammatory sign (magnification 
×200); (b) human cells labeled with CM-DiI around and 
inside the implant that express (c) human keratocan 
(human adult keratocyte specific marker; magnification 

×400), confirming the presence of living human cells 
inside the corneal stroma and their differentiation into 
human keratocytes (arrows); (d) phase-contrast photomi-
crographs showing a morphologically unaltered corneal 
stroma (magnification ×400); (e) the graft remains totally 
transparent after 12 weeks of follow-up (magnification 
×2) (arrows point to the slightly visible edge of the graft). 
Epi epithelium, Str stroma, Lam Lamina
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It is well known how other corneal stromal 
dystrophies, like granular or lattice dystrophy, 
tend to recur into the donor cornea, due to either 
colonization of the new stroma by the abnormal 
host keratocytes or epithelial secretion in early 
stages. In keratoconus this host keratocyte inva-
sion has not been well stabilized as the main eti-
ology for the post graft recurrent ectasia, but is 
likely in relation with the early keratoconic 
changes observed in the histology of explanted 
donor buttons after regrafting [78–80]. Postgraft 
ectasia is often preceded by thinning of the recip-
ient stroma at the graft–host junction, so the dis-
ease progression at the host stroma is likely to be 
the underlying reason for these cases of recurrent 
ectasia and progressive astigmatism over time 
[16, 78]. In such cases, a mean keratometric 
sphere and cylinder increase of 4D and 3D, 
respectively, between final suture removal and 
diagnosis can be observed [78].

The management of recurrent ectasia after 
corneal grafting should be spectacle adjustment 
if low astigmatism levels are induced and rigid/
hybrid gas permeable contact lenses with higher 
levels of astigmatism or significant anisometro-
pia. For more advanced cases, scleral lenses may 
be considered before a surgical approach. If a 
second corneal transplant is required either a new 
full thickness PK versus lamellar keratoplasty 
can be considered. Large grafts are usually nec-
essary as the whole area of thinning should be 
included within the graft limits in order to excise 
the whole cone to avoid a new recurrence and 
also to avoid suturing through a thin recipient 
cornea. As large grafts are associated with 
increased risk of rejection and glaucoma, lamel-
lar techniques by manual dissection of the host 
and donor corneal stroma are always preferable 
as far as the donor endothelium presents healthy 
without signs of failure. If femtosecond dissec-
tion of the lamellar bed is chosen, gentian violet 
and cyanoacrylate glue can be used in the area of 
thinning as masking agents to minimize the risk 
of perforation [81]. Limbus may have to be 
recessed while suturing very large grafts that sit 
close to the limbus in order to avoid passing the 
suture through the conjunctiva at the host side. 

Recurrence after regrafting has also been 
reported, event that it may require a third graft for 
visual rehabilitation [78].

Keratoconus recurrence after DALK has not 
been described, being currently available very 
little evidence about its real incidence and impact. 
Feizi et al. reported a case where keratoconus 
recurred only 49 months after DALK [82]. They 
suggested that the time interval from transplanta-
tion to recurrence may be shorter after DALK 
than after PK, but this has not been supported or 
confirmed by other authors [83]. Further research 
analyzing the long-term outcomes after DALK 
for keratoconus is required in order to investigate 
its real incidence.

23.7  A Glance at the Future

Keratoconus is a corneal disease that affects 
primary the corneal stroma and Bowman layer. 
Current research and future therapeutic direc-
tions are focusing in the regeneration of cor-
neal stroma by less or no invasive procedures 
that could avoid the common complications 
that we still see even with lamellar kerato-
plasty techniques.

Melles at al. recently described a new tech-
nique where an isolated Bowman layer is trans-
planted into a mid-stromal manually dissected 
corneal pocket in patients with an advanced 
(Stage III-IV) keratoconus [84]. They observed a 
modest improvement in the maximum keratom-
etry and BSCVA but an unchanged best contact 
lens corrected visual acuity (BCLVA). This is a 
new interesting approach that it could have its 
indication for those advanced keratoconus non-
suitable for corneal collagen crosslinking or 
intracorneal ring segments and intolerant to con-
tact lenses but without visually significant cor-
neal scars and therefore good BCLVA. In such 
cases Bowman’s transplant could avoid or post-
pone the necessity of keratoplasty if the mild 
observed corneal flattening enables continued 
contact lens wear and the cone is stabilized (as it 
has been reported to happen but with only a sam-
ple of 20 eyes and a short mean follow-up of 21 
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months). Further research by alternative authors 
with a larger sample and longer follow-up is 
needed before introducing this technique into the 
routine clinical practice.

As discussed, Bowman’s transplantation could 
have some benefits in cases of advanced keratoco-
nus, but even if these results are finally confirmed 
by other authors, they offer a mild improvement 
to these patients without a significant functional/
anatomical rehabilitation, so further techniques 
may focus on attempting the subtotal regenera-
tion or substitution of the corneal stroma in order 
to achieve better results. Different types of stem 
cells have been used in various ways in several 
research projects in order to find the optimal pro-
cedure to regenerate the human corneal stroma: 
Corneal Stromal Stem Cells (CSSC), Bone 
Marrow Mesenchymal Stem Cells (BM-MSCs), 
Adipose Derived Adult Mesenchymal Stem Cells 
(ADASCs), Umbilical Cord Mesenchymal Stem 
Cells (UCMSCs), Embryonic Stem Cells (ESCs) 
[85]. These approaches can be classified into four 
techniques:

 1. Intrastromal injection of stem cells alone
Direct injection of stem cells inside the 

corneal stroma has been assayed in vivo in 
some studies, demonstrating the differentia-
tion of the stem cells into adult keratocytes 
without signs of immune rejection. Our 
group demonstrated the production of human 
extracellular matrix when human ADASCs 
(h-ADASC) were transplanted inside the rab-
bit cornea [86]. Du et al. reported a restora-
tion of the corneal transparency and thickness 
in lumican null mice (thin corneas, haze, and 
disruption of normal stromal organization) 
3 months after the intrastromal transplant 
of human CSSCs. They also confirmed that 
human keratan sulfate was deposited in the 
mouse stroma and the host collagen lamel-
lae were reorganized, concluding that deliv-
ery of h-CSSCs to scarred human stroma 
may alleviate corneal scars without requir-
ing surgery [87]. Very similar findings were 
reported by Liu et al. using human UMSCs 
in the same animal model [88]. Recently, 

Thomas et al. found that, in a mice model for 
 mucopolysaccharidosis, transplanted human 
UMSC participate both in extracellular gly-
cosaminoglycans (GAG) turnover and enable 
host keratocytes to catabolize accumulated 
GAG products [89]. In our experience, the 
production of human extracellular matrix by 
implanted mesenchymal stem cells occurs, 
but not quantitatively enough to be able to 
restore the thickness of a diseased human 
cornea. However, the direct injection of stem 
cells may provide a promising treatment for 
corneal dystrophies including keratoconus, by 
regulating the abnormal host keratocyte col-
lagen production, enabling collagen micro-
structure reorganization, and corneal scarring 
modulation.

 2. Intrastromal implantation of stem cells 
together with a biodegradable scaffold

In order to enhance the growth and devel-
opment of the stem cells injected into the 
corneal stroma, transplantation together with 
biodegradable synthetic extracellular matrixes 
has been performed. Espandar et al. injected 
h-ADASCs with a semisolid hyaluronic acid 
hydrogel into rabbit corneal stroma, reporting 
better survival and keratocyte differentiation 
of the h-ADASCs when compared to their 
injection alone [90]. Ma et al. used rabbit 
ADSCs with a polylactic-co-glycolic (PLGA) 
biodegradable scaffold in a rabbit model of 
stromal injury, observing newly formed tissue 
with successful collagen remodeling and less 
stromal scarring [91]. Initial data show that 
these scaffolds could enhance stem cell effects 
over corneal stroma, although more research 
is required.

 3. Intrastromal implantation of stem cells with a 
nonbiodegradable scaffold

At the present time, no clinically viable 
human corneal equivalents have been pro-
duced by tissue engineering methods. The 
major obstacle to the production of a success-
fully engineered cornea is the difficulty with 
reproducing (or at least simulating) the stro-
mal architecture. The majority of stromal ana-
logs for tissue engineered corneas have been 
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created by seeding human corneal stromal 
cells into collagen-based scaffoldings, which 
are apparently designed to be remodeled (see 
Ruberti et al. 2008 for a general review of cor-
neal tissue engineering) [92]. The major 
drawback of these analogs is their lack of 
strength, thus unable to restore the normal 
mechanical properties of the cornea. New and 
improved biomaterials compatible with 
human corneas and with enhanced structural 
support have been developed leading to 
advanced scaffolds that can be used to engi-
neer an artificial cornea (keratoprosthesis) 
[85]. The combination of these scaffolds with 
cells can generate promising corneal stroma 
equivalents, and some studies have already 
been published that use mainly corneal cell 
lines providing positive results regarding 
adhesion and cellular survival in vitro [93]. 
Our opinion is that stem cells do not differen-
tiate properly into keratocytes in the presence 
of these synthetic biomaterials, losing their 
potential benefits and not resolving the major 
drawbacks with such substitutes: their rela-
tively high extrusion rate and lack of complete 
transparency [94].

 4. Intrastromal implantation of stem cells with a 
decellularized corneal stromal scaffold

The complex structure of the corneal 
stroma has not been yet replicated, and there 
are well- known drawbacks to the use of 
synthetic scaffold- based designs. Recently, 
several corneal decellularization techniques 
have been described, which provide an acel-
lular corneal extracellular matrix (ECM) [95]. 
These scaffolds have gained attention in the 
last few years as they provide a more natu-
ral environment for the growth and differen-
tiation of cells when compared with synthetic 
scaffolds. In addition, components of the 
ECM are generally conserved among spe-
cies and are tolerated well even by xenoge-
neic recipients. Keratocytes are essential for 
remodeling the corneal stroma and for normal 
epithelial physiology [96]. This highlights the 
importance of transplanting a cellular sub-
stitute together with the structural support 

(acellular ECM) to undertake these critical 
functions in corneal homeostasis. To the best 
of our knowledge, all attempts to repopulate 
decellularized corneal scaffolds have used 
corneal cells [97–99], but these cells have 
major drawbacks that preclude their autolo-
gous use in clinical practice (damage of the 
donor tissue, lack of cells, and inefficient cell 
subcultures), thus the efforts to find an extra-
ocular source of autologous cells. In a recent 
study by our group, we showed the perfect 
biointegration of human decellularized cor-
neal stromal sheets (100 μm thickness) with 
and without h-ADASC colonization inside the 
rabbit cornea in vivo (Fig. 23.10a,b), without 
observing any rejection response despite the 
graft being xenogeneic [100]. We also demon-
strated the differentiation of h-ADASCs into 
functional keratocytes inside these implants 
in vivo, which then achieved their proper bio-
functionalization (Fig. 23.10c). In our opin-
ion the transplant of stem cells together with 
decellularized corneal ECM would be the best 
technique to effectively restore the thickness 
of a diseased human cornea, like in keratoco-
nus. Through this technique, and using extra-
ocular mesenchymal stem cells from patients, 
it is possible to transform allergenic grafts 
into functional autologous grafts, theoreti-
cally avoiding the risk of rejection.

23.8  Conclusion

Treatment of keratoconus has experienced great 
advances in the last two decades. From being lim-
ited only to rigid gas permeable contact lens wear 
and penetrating keratoplasty for the most 
advanced cases, to have nowadays different thera-
peutic alternatives to treat not only the cone and 
postpone/avoid the necessity of a corneal trans-
plant, but also being able to halt the progression 
of the disease with a very high rate of efficacy and 
safety [101] (Figs. 23.11 and 23.12). Also the 
advances in refractive surgery including surface 
corneal ablation treatments and phakic intraocu-
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Fig. 23.11 Decision tree for intervention at presentation 
in keratoconus. Grading regarding the RETICS classifica-
tion. BCVA best corrected visual acuity, CDVA corrected 
distance visual acuity, CXL corneal collagen crosslink-
ing, TransPRK transepithelial photorefractive keratec-
tomy, ICRS intracorneal ring segments (* if thinnest 

point > 370 μm; ** wavefront guided transPRK (limited 
treatment) to reduce coma-like aberrations and increase 
CDVA; *** if corneal scarring, insufficient corneal thick-
ness for ICRS implantation or ICRS failure with persis-
tent contact/scleral lenses intolerance and poor CDVA)

Fig. 23.12 Guideline for corneal transplant technique 
selection in cases of advanced keratoconus (*big bubble 
DALK as technique of choice due to its better visual per-

formance; **assess manual DALK with “Melles” tech-
nique as big bubble technique will likely burst the 
Descemet membrane-endothelium layer)

lar lenses have allowed a better management and 
visual rehabilitation of these patients after a cor-
neal transplant is required, being able to achieve, 
in many cases, a 20/20 unaided vision (Fig. 23.13). 
The future expected advances in transepithelial 
crosslinking, nanotechnology, and regenerative 
medicine predict an exciting future in this field 
and we will be looking forward to updating these 
guidelines.
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24.1           Introduction 

 Since the beginning of the 2000s the  femtosec-
ond laser   strongly entered the corneal surgery 
rooms. The major contribution of this technology 
is related to the enhanced cutting precision, speed 
of execution, and the ability to make a custom-
ized surgery in relation to specifi c patient’s anat-
omy and pathology. All these characteristics 
effectively revolutionized the prognosis in  cor-
neal transplants surgery  . The  femtosecond laser   
is particularly suitable in the surgery of keratoco-
nus patients, thanks to the opportunity to make 
customized intervention fl aps, e.g., the femto 
DALK [ 1 ]. The technology evolution led to the 
development of high precision lasers, with 
increasing frequencies, so that surgeons have the 
ability to create accurate, reproducible incisions 
in a broad variety of shapes and patterns. The 

 Prato Ophthalmic Department team  , in collabo-
ration with the researchers of the Institute of 
Applied Physics—Italian National Research 
Council of Florence designed and then realized 
the  anvil profi le   in penetrating keratoplasty, 
showing self-sealing properties and mechanical 
resistance to external and internal loads [ 2 ]. 
Moreover, this profi le is suitable to diode laser 
welding procedure. This original approach allows 
quick sealing of the surgical wounds and a rapid 
healing process. In the following paragraphs the 
characteristics of the  anvil profi le   and of the laser 
welding processes are described. The results in 
clinical applications will be discussed in the fi nal 
part of this chapter.  

24.2      Femtosecond Laser Cutting 
Profi le   

 The use of the femtosecond (FS) laser technol-
ogy for corneal surgery has allowed great 
advances especially in penetrating keratoplasty 
( PK  )   . Thanks to the FS laser, new variety of 
shapes and angulations in vertical and lamellar 
intrastromal incisions could be designed at a pre-
cise depth with minimal collateral tissue injury. 
Different incision patterns have been proposed in 
the past few years for the creation of a particular 
fl ap shape in  PK  , so that a watertight closuring 
effect of the surgical wound could be achieved 
together with a more biomechanically stable fl ap and 
an improved healing process. The best profi le 
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would be the one ensuring a wider wound inci-
sion, improving the fi t and stability of the graft–
host junction. 

 Variations from a vertical wound in  PK   
include top hat, mushroom, zigzag, Christmas 
tree, and the more recent anvil. 

 Every FS-designed pattern has the purpose to 
create a more structurally stable and predictable 
wound confi guration with the aim of a faster 
recovery of vision and higher optical quality in 
comparison with the conventional blade 
trephination. 

 In patients with keratoconus, selected to  PK  , it 
is important to preserve the largest part of 
patient’s endothelial cells, because they are gen-
erally quite young and they have a good endothe-
lium. Moreover, having a key-hole wound effect 
is crucial to have a good suture apposition and to 
decrease the astigmatism after surgery. Therefore, 
the use of FS technology could fi nd a wide appli-
cation in these patients: the anterior diameter of 
the donor cornea should be wider than the poste-
rior one; a good centration of the cut can be easily 
achieved than manual trephination. In addition, 
the cutting pattern can be customized on the 
pachimetry in order to avoid misalignment 
between host and donor tissue. 

 Between the different FS-laser proposed 
shapes, mushroom pattern has been widely used 
for  PK   in keratoconus patients [ 3 – 5 ]. 

 Recently, a new anvil-shaped laser incision 
called “anvil” has been proposed (Fig.  24.1 ): it is 
particularly suitable in keratoconus corneas 
because this graft shape provides a large contact 
surface in between donor and recipient corneas, 
improving the donor tissue stabilization in the 
recipient bed. This original profi le also enables a 
perfect match with the laser  welding   procedure.

24.3         Laser Welding   

 Laser welding of biological tissues is a technique 
used to join tissues by inducing a photothermal 
 effect   within the wound walls. It has been pro-
posed in several surgical fi elds over the last 30 
years. The fi rst successful test was reported at the 
end of the 70s, when a neodymium:YAG laser 

was used to join small blood vessels [ 6 ]. Since 
then, several experiments have been performed 
using a variety of lasers for sealing many tissue 
types, including blood vessels, nerves, skin, ure-
thra, stomach, and colon (see also previous 
reviews [ 7 ,  8 ]). Laser welding has progressively 
gained relevance in the clinical setting, where it 
now appears as a valid alternative to standard sur-
gical techniques. 

 Laser welding technique holds the promise to 
provide instantaneous, watertight seals, which is 
important in many critical surgeries, such as in 
ophthalmology, without the introduction of for-
eign materials (sutures). Other advantages over 
conventional suturing include reduced operation 
times; fewer skill requirements; decreased for-
eign body reaction; and therefore reduced infl am-
matory response, increased ability to induce 
regeneration of the original tissue architecture, 
and an improved cosmetic appearance. The fi nal 
aim of this procedure is to improve the quality of 
life of patients by reduction of healing times and 
the risk of postoperative complications. 

 The laser–tissue interaction occurring during 
a laser-mediated welding of biological tissues is 
considered to be photothermal [ 7 ,  8 ]. This inter-
action is distinguished by the absorption of the 
light emitted by the laser source, which generates 
heat through a target volume. The thermal 
changes induced within the tissue about the 
lesion result, in turn, in a bond between its adjoin-
ing edges. The heat is produced through the 
absorption of the laser energy by endogenous or 
exogenous chromophores. 

 In the laser welding approach, optimized by 
our research team, we proposed the application 
of a photo-enhancing dye in the tissue and the use 
of a laser emitting in the near infrared region. The 
corneal tissue, as well as most of biological tis-
sues, is transparent to the light in this wavelength 
region, while the stained tissue presents the opti-
cal absorbance peak at the laser wavelength. This 
means that when irradiating the corneal wounds, 
only the stained tissue is absorbing the laser light 
and the induced photothermal  effect   is confi ned 
in the stained region. 

 The result is the selective fusion of wound 
walls at low irradiation power per target area, 
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thus reducing the risk of thermal damage to sur-
rounding tissues. The welding effect may be 
modulated in the depth of the transparent tissue, 
thus resulting in a more effective closure of the 
wound. Various chromophores have been 
employed as photo-enhancing  dyes  , including 
Indocyanine Green ( ICG  )   , fl uorescein, basic 
fuchsin, and India ink [ 9 ]. A very popular setting 
of tissue laser welding includes the use of a near 
infrared laser, which is poorly absorbed by the 
biological tissue, in conjunction with the topical 
application of a chromophore absorbing in the 
same  spectral   region. Current examples of this 
modality are in the transplant of the cornea, in 
cataract surgery, in vascular tissue welding, in 
skin welding, and in laryngotracheal mucosa 
transplant [ 10 ,  11 ]. In all these cases, diode lasers 
emitting around 800 nm and the topical applica-
tion of  ICG   have been used. 

24.3.1     Surgical Applications 
of Thermal Laser Welding 
 in Keratoplasty   

 To the best of our knowledge, the technique opti-
mized and proposed by our research team is the 
only one laser welding application which has 
reached the preclinical and clinical phases. It is 
based on the use of a near infrared diode laser 
emitting at 810 nm and the topical application of 
the chromophore  ICG  , which shows high optical 

absorption at the laser wavelength emission [ 12 –
 15 ]. The procedure consists in a preliminary 
staining phase with the chromophore, followed 
by an irradiation phase.  ICG   has been chosen 
because of its biocompatibility, which has already 
favored its exploitation in several biomedical 
applications. In practice, the chromophore is pre-
pared in the form of an aqueous saturated solu-
tion of commercially available  Indocyanine 
Green   for biomedical applications (e.g., 
IC-GREEN Akorn, Buffalo Grove, IL or  ICG  - 
Pulsion Medical Systems AG, Germany). This 
solution is accurately positioned in the tissue area 
to be welded, using particular care to avoid the 
staining of surrounding tissues, and thus their 
accidental absorption of laser light. Then the 
wound edges are approximated and laser welding 
is performed under a surgical microscope. 

 The laser used in preclinical tests and in the 
clinical applications is typically an AlGaAs diode 
laser (e.g., Mod. WELD 800 by El.En. SpA, 
Italy) emitting at 810 nm and equipped with a 
fi ber-optic delivery system. 

 We proposed two different protocols, to be 
used in penetrating keratoplasty [ 12 ,  13 ,  16 ] and 
in endothelial transplantation [ 17 ]. The fi rst one 
is used in keratoconus patients, in combination 
with the  femtosecond laser   to cut donor and 
recipient tissues. 

 In penetrating keratoplasty, the technique has 
been named the continuous wave laser welding 
( CWLW  ). Noncontact, CW diode laser irradia-

  Fig. 24.1    The laser welded  anvil profi le   at slit 
lamp ( a ) and OCT ( b ), 15 p.o. days       
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tion is used for the welding of corneal wounds, 
in substitution or in conjunction with traditional 
suturing procedures. The  CWLW   procedure 
developed to weld human corneal tissues in pen-
etrating keratoplasty is as follows. The donor 
and recipient cornea are trephined by the use of 
a  femtosecond laser  . The donor cornea is then 
applied onto the patient’s eye and secured by 
8–16 interrupted stitches or continuous suturing. 
The  ICG   chromophore solution is prepared in 
sterile water (10 % w/w) in the surgery room, 
soon before its use. The surgeon places a small 
quantity of chromophore solution inside the cor-
neal cut, using an anterior chamber cannula, in 
an attempt to stain the walls of the cut in depth. 
A bubble of air is injected into the anterior cham-
ber prior to the application of the staining solu-
tion, so as to avoid perfusion of the dye. A few 
minutes after the application, the solution is 
washed out with abundant water. The stained 
walls of the cut appear greenish, indicating that 
 ICG   has been absorbed by the stroma. Lastly, the 
whole length of the cut is subjected to laser treat-
ment. Laser energy is transferred to the tissue in 
a noncontact confi guration, through a 300-μm 
core diameter fi ber. The fi ber is mounted in a 
handpiece and moved by the surgeon as a pencil. 
A typical value of the laser power density clini-
cally used is around 10 W/cm 2 , which results in 
a good welding effect. During irradiation, the 
fi ber tip is kept at a working distance of about 
1 mm, and at an angle of 20°–30° with respect to 
the corneal surface (side irradiation technique). 
This particular fi ber position provides in-depth 
homogenous irradiation of the wound and pre-
vents accidental irradiation of deeper ocular 
structures. The fi ber tip is continuously moved 
over the tissue to be welded, with an overall 
laser irradiation time of about 120 s for a 360°. 
This procedure has been performed up to now on 
300 patients with very satisfactory results [ 2 ,  12 , 
 16 ]. The position of the apposed margins has 
been found to be stable over time, thus assuring 
optimal results in terms of postoperatively 
induced astigmatism after cataract and kerato-
plasty surgery. The lower number of stitches 
reduces the incidence of foreign body reactions, 
thus improving the healing process. Objective 

observations on treated  patients   have proved that 
the laser-welded tissues regain a good morphol-
ogy (without scar formation) and pristine func-
tionality (clarity and good mechanical load 
resistance, see Figs.  24.2  and  24.3 ).

    In endothelium keratoplasty, the technique is 
called  Pulsed Laser Welding (PLW)  . In this pro-
tocol, single laser spots (lasting tens of millisec-
onds) are delivered to the tissue, resulting in a 
photothermal  effect   localized within the spot 
dimension (a few hundreds of micrometers in 
diameter): the induced effect is a hard laser weld-
ing, consisting in a photocoagulation of the col-
lagen confi ned at the donor/host interface. The 
result of the collagen denaturation at the welded 
site is a strong adhesion between the donor and 
host tissues, thus providing a suturing effect that 
is impossible to obtain with standard technique. 
The tissue regains his natural appearance in a 
short follow-up (1 month) and the adhesion 
between donor/host tissue is improved by the 
welding provided in the very early stage of the 
 healing   phase. However, this protocol is not used 
in keratoconus cases.  

24.3.2     Mechanism of  Thermal Laser 
Welding   

 The proposed approach has been characterized by 
the use of different experimental and theoretical 
studies, such as thermal modeling and microscopic 
analyses [ 11 – 15 ]. These include traditional meth-
ods as optical and fl uorescence microscopy which 
allow for an investigation at the micron scale [ 18 ] 
and transmission and scanning electron micros-
copy (TEM and SEM, respectively) which are 
useful when studying nanometric structures [ 19 –
 21 ]. Other used techniques are  atomic force 
microscopy (AFM)   and  second-harmonic genera-
tion (SHG)   microscopy which provide comple-
mentary information [ 22 – 24 ]. These studies have 
been helpful (although not exhaustive) in eluci-
dating the different dynamics behind the sealing 
process. 

 The  CWLW   is based on the “soft” laser welding 
effect, as briefl y described in this paragraph, 
while the PLW is based on “hard” laser welding. 
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The main difference is the maximum induced tem-
perature in the tissue and the treatment time dura-
tion, resulting in different biological effects. The 
“hard” photothermal  effect   results in the photoco-
agulation of the collagen content of the corneal 
stroma; the “moderate” effect consists in the “inter-
digitation” of collagen fi brils; and the “soft” effect 
results in the reorganization of the nonfi brillar 
components of the corneal stroma (mainly proteo-
glycans—PG- and glycosaminoglycans—GAGs). 

 As it has been pointed out, during hard laser 
welding the induced temperatures are higher than 
70 °C. In these conditions there is a localized, 
strong loss of the regular appearance of the fi bril-
lar collagen following laser welding. This is 
described as a full homogenization of the tissue 
(also called hyalinosis) [ 11 ,  25 ]; the appearance 

of fi brils fused together with a drastically altered 
morphology is the consequence of a complete 
denaturation of the collagen matrix occurring at 
high temperature values. Another frequently 
accompanying effect is the disruption of the cell 
membranes causing leakage of the cellular mate-
rial in the extracellular space. In these cases, the 
wound sealing mechanism has been attributed to 
the photocoagulation of collagen and of other 
intracellular proteins, which act like micro-sol-
ders or endogenous glue on laser activation, thus 
forming new interactions between the tissue 
interfaces upon cooling [ 25 ]. 

 In  CWLW  , it seems that the GAGs bridges 
connecting collagen fi brils in the native tissue 
are broken at the characteristic temperatures 
of diode laser welding (in the 50–65 °C range). 

  Fig. 24.2    Representative displays of the Corvis ST in a 
keratoconic eye ( a ) and in an eye of the same patient, 
following fs-penetrating keratoplasty ( b ). The deformation 

amplitude (DA) at the highest concavity in kerato-
conic eye (1.61 mm) is deeper than in fs- PK   eye 
(1.41 mm)       

  Fig. 24.3    Images from the Corvis ST at the highest con-
cavity: simple femtosecond penetrating keratoplasty anvil 
profi led ( a ) versus laser welded fs- PK   anvil profi led ( b ) of 
the same patient. Note the DA in laser welded fs- PK   

(1.04 mm) is smaller than in simple fs- PK   (1.22 mm): this 
shows a greater biomechanical stability of the procedure. 
The  anvil profi le   is evident in Scheimpfl ug image: a per-
fect synergy is remarkable at the host–graft junction       
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The individual GAG strands, freed upon heating, 
subsequently create new bonds with other free 
strands during the cooling phase. In practice, the 
interwoven fi brils observed at the weld  site   are 
supposed to be connected by several newly 
formed GAG bridges.   

24.4     Clinical Results 

 A new dynamic Scheimpfl ug analyzer (Corvis 
ST, Oculus Optikgeräte, Wetzlar, Germany) has 
become available for  clinical use  . Because 
dynamic deformation of the cornea by a constant 
pressure air pulse is recorded through this ultra- 
high- speed Scheimpfl ug camera, not only the 
intraocular pressure and corneal thickness but 
also several parameters associated with the cor-
neal biomechanics can be obtained. Between all 
these parameters (which not will be discussed on 
this occasion), deformation amplitude (DA; in 
mm) is defi ned as the displacement of the corneal 
apex from the original position at the highest 
concavity and it is signifi cantly more useful and 
intuitive to demonstrate the biomechanical varia-
tions induced by transplant surgery. 

 In previous studies DA was found to be sig-
nifi cantly greater in keratoconic eyes than in nor-
mal eyes and however, is widely accepted that the 
anterior segment surgery may change the biome-
chanical behavior of the cornea too. 

 Our fi ndings showed that the DA in the kera-
toconic eyes underwent femtolaser penetrating 
keratoplasty (fs- PK  ) was signifi cantly greater 
than in the control but not greater than in the 
fs- PK   to which was applied the laser welding 
(see Figs.  24.2  and  24.3 ). 

 Some factors might have contributed to the 
changes in DA (and others parameters) after 
fs- PK  : the biomechanical characteristics of the 
transplanted corneal button, the fi brotic wound 
healing of the host–graft junction site, and the 
application of laser welding have a positive 
recovering effect on DA, whereas the biome-
chanical characteristics of the corneoscleral rim 
of the residual recipient cornea may increase it, 

because the host cornea still has the weakened 
tissue characteristics of the keratoconic cornea. 

 In conclusion, penetrating keratoplasty has a 
benefi cial effect on corneal biomechanics in 
keratoconus; as the severity of keratoconus 
increases, the viscoelastic properties of the cor-
nea decrease but nearly return to normal levels 
with corneal transplantation. This  benefi cial   
effect is amplifi ed when we may add the femto-
laser technology ( anvil profi le  ) and the laser 
welding: both these elements are able to posi-
tively modulate the biomechanical behavior of 
the cornea [ 26 – 28 ].  

24.5     Discussion and Conclusions 

 The intense collaboration with the physicists 
from the  Institute of Applied Physics   allowed us 
to develop and implement the welding process of 
the cornea. The advent of the  femtosecond laser   
then has created new models for the surgical 
treatment of corneal transplants. The combina-
tion of these procedures, laser welding and  fem-
tosecond laser   cutting profi les, has further 
increased the surgical success and the good qual-
ity of patient’s life in postoperative treatment. 
Laser welding can defi nitely overcome the prob-
lems related to the restlessness of the incongru-
ous surgical maneuvers, the risk of micro-traumas, 
and the possibility of reopening the wound walls 
at the time of stitches removal (even 16–18 
months p.o.). The recovery of the work activities 
and sports is greatly encouraged by this proce-
dure. The combination of these  laser- based tech-
niques   can provide a quiet postoperative period 
for both the surgeon and the patient.     
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Refractive Surgery in Keratoconus

Pablo Sanz Díez, Alfredo Vega Estrada, 
and Jorge L. Alió

This chapter is a general introduction to summarize 
the current status of implementation of refractive 
surgery in keratoconus. In separate chapters to this, 
we will discuss in detail the excimer laser surgery 
and phakic lenses use in these cases, due to its cur-
rent relevance. Keratoconus is an ectatic corneal 
disorder characterized by progressive corneal thin-
ning that results in corneal protrusion, irregular 
astigmatism, and decreased vision. This corneal 
disorder induces myopia and astigmatism in both 
regular and irregular forms, often leading to marked 
visual impairment.

Keratoconus is probably one of the most com-
mon so-called rare diseases. Occurrence in the 
general population is low, between 4/1000 and 
6/1000 [1]. Others have reported a lower incidence 
(between 1 and 2.3/1000) [2]. According to other 
authors, the current incidence is 1/2000 per year 

[2, 3] and depends on the geographic region; 
though there are also studies supporting the fact 
that the prevalence is higher in zones with higher 
UV exposure or with a combination of genetic and 
environmental factors [4]. Its prevalence is proba-
bly higher than that reported by the majority of 
studies if we take into account subclinical or forme 
fruste keratoconus.

The management of keratoconus depends on 
the stage and evolution of ectasia. In early cases, 
contact lenses are the main support treatment for 
keratoconus and one of the first treatments of 
choice due to corneal surface irregularity [5–7].

Nowadays, there are different and varied 
options for surgery in keratoconus:

• Lenticular refractive surgery.
 – Refractive lens exchange with toric intra-

ocular lenses.
 – Toric phakic intraocular lenses

• Intracorneal ring segment insert.
• Corneal Cross-linking.
• Corneal transplantation.

 – Penetrating keratoplasty.
 – Deep anterior lamellar keratoplasty.

• Thermokeratoplasty.

From refractive surgery solution, the two pri-
mary lines of action are phakic lens (PIOL) 
implantation [8–13] and corneal tissue ablation 
using photorefractive keratectomy (PRK).
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These techniques have also been used in combi-
nation with cross-linking (CXL) [14–19] and intra-
corneal ring segment (ICRS) [20, 21] (Fig. 25.1).

These techniques are normally used in patients 
with forme fruste keratoconus or stable keratoco-
nus [13] and are not choice in progressive kerato-
conus, although there are some studies along 
these lines [15, 19, 22].

We have always followed the same stability 
criteria in our work. If one (or several) of the cir-
cumstances described later occurs in an interval 
of less than 1 year, keratoconus is considered 
progressive and we consider it is not appropriate 
to apply some of these techniques:

• Increase in astigmatism of 1.0 D or more.
• Significant changes in the orientation of 

refractive axes.
• Increase of 1.0 D or more in the optical power 

of the steepest corneal meridian.
• Decrease of 25 μm or more in corneal thickness.

25.1  Phakic Intraocular Lenses 
(PIOL)

Several studies have reported significant visual 
improvements with good safety and efficacy 
indices for phakic intraocular lens insertion in 
keratoconus [23, 24].

The use of phakic lenses has advantages such 
as efficient and stable ametropia compensation, 
preservation of accommodation, centered and 
rotational stability not dependent on corneal mor-
phology, retinal image magnification in patients 
with high myopia, and reversibility in the event 
of failure.

Negative effects of phakic lens implantation 
include accelerated endothelial cell loss, cataract 
formation, pupil ovalization, lens rotation or 
decentration, photic phenomena, and retinal 
detachment in isolated cases.

25.1.1  Implantation Criteria

Based on our experience and that described in 
medical literature, we believe the criteria in 
Table 25.1 should be met for phakic lens implan-
tation in keratoconus:

According to a recent study by our group 
with the largest number of case studies on pha-
kic lens implantation in keratoconus reported to 
date [13], the safety of this procedure in visual 
terms is high (post-CDVA/pre-
CDVA = 1.19 ± 0.29). It is also an effective oper-
ation (post-UDVA/pre- CDVA = 0.90 ± 0.26). In 
fact, many patients stopped wearing glasses 
after phakic lens  implantation. These results are 
roughly consistent with those reported by other 
authors [8–12].

It is also interesting to note that, based on the 
results of this study, implantation of a foldable 
lenses can be as safe and effective as implantation 
of a hard lens. The following models were stud-
ied: foldable Artiflex lens (Ophtec, Netherlands) 
and the ICL (implantable collamer lens, STAAR 
Surgical, United States). This result is particularly 
interesting, because flexible lenses can be inserted 
and removed through smaller incisions thanks to 
their flexibility.

We recommend that, whenever possible, 
implantation be performed using this type of 
microincision surgery (with incision of 1.8–
2.00 mm) to ensure that the ectatic process is 
not affected as a result of the operation. It has 
been widely demonstrated that use of this type 
of incision causes minimal alternations in the 
cornea [25, 26].

Fig. 25.1 Options of refractive surgery in keratoconus
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25.2  Photorefractive Keratectomy 
(PRK)

This is a technique that ablates the stroma 
without performing the corneal flap. The cor-
nea is reshaped using the excimer laser onto 
Bowman’s layer and the anterior stroma. The 
epithelium can be removed mechanically (by 
brush, blade, or epikeratome), chemically 
(most often with approximately 20 % alcohol), 
or by laser.

PRK for the treatment of keratoconus has 
been discussed by several authors. While the 
precision obtained in ablating the corneal sur-
face with laser ablation may be very high in 
normal corneas, it is unclear whether the same 
occurs with keratoconic patients due to preex-
isting corneal asymmetry and to the reduced 
reliability and repeatability of keratometry 
measurements in such patients [27]. In addi-
tion, ablating corneal tissue in patients whose 
corneal biomechanics are already altered is a 
risk factor to bear in mind. Obviously, unlike 
phakic lenses, this technique cannot be used to 
treat high levels of myopia (which are frequent 
in keratoconus), because the ablation is so deep 
in these cases. Furthermore, this technique is 
not reversible.

Exclusion Criteria
• Advanced or progressive keratoconus.
• Keratometry >56 D.
• Pachymetry less than 440 μm.
• Large displacement of the apex.
• Presence of scars or rupture of the Bowman 

membrane.

Our experience shows that it is a safe technique 
(1.03 ± 0.08) with a high degree of efficacy 
(0.91 ± 0.18), but we have only been able to confirm 
these results in the short term. Moreover, we detected 
some cases in which the ectasia became progressive. 
Hence the need for combined use with cross-linking 
and for more cases studied with longer follow-up.

Interestingly, regarding the use of this surgery 
on keratonic eyes, some authors like Vinciguerra 
et al. [28] suggest using corneal topography data 
before epithelial removal to avoid the masking 
effect over the stroma that may occur in keratoco-
nus. This is obviously an inconvenient practice for 
the patient but a well-founded one in our opinion.

Lastly, in these cases, the ablation should not 
exceed 50 μm [29] and regarding the ablation 
profile to use, we think it is better to use 
wavefront- guided ablation as opposed to 
topography- guided ablation. This is because with 
the latter technique the operation is conducted 
based on the aberrometric profile of the anterior 

Table 25.1 Criteria for phakic lens implantation in keratoconus

Indications Relative indications Contraindications

Corneal topography stable and age 
> 35–40 years

Keratoconus, stable following CCL 
(topography and refraction)

Progressive keratoconus, 
unstable corneas

Good spectacle-corrected visual acuity 
(>0.6; 20/30)

Following DALK or PKP Young patients (<25 years-old?)

Stable refraction for about 2 years. 
Spherical equivalent greater than 
−2.75 D

Moderately good vision but with 
poor tolerance to glasses or contact 
lenses

Highly aberrated eyes (total HOA 
>3 μm) with poor best spectacle 
corrected visual acuity (<0.5)

Absence of clinically significant 
irregular astigmatism. We consider 
irregular astigmatism to be clinically 
significant when there is a difference 
greater than one line of corrected 
vision between the vision obtained 
with glasses and the vision obtained 
with hard contact lenses

Anisometropia with adequate 
refractive anatomy and stable 
refraction

25 Refractive Surgery in Keratoconus
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corneal surface. As has been widely reported in 
the literature, high internal astigmatism is com-
mon in keratoconic eyes due to large disparities 
between the anterior and posterior corneal sur-
faces [30]. For this reason, we believe it is better 
to use a customized wavefront profile.

In any case, as stated earlier, we do not con-
sider PRK on its own to be the technique of choice 
in keratoconus, despite the high efficacy rates 
obtained (in a small series of only 21 eyes), due to 
doubts concerning long-term stability [31].

25.3  Combined Treatments

In recent years, refractive surgery of keratoconus 
has evolved combining different techniques to 
achieve the following objectives: improve visual 
quality and stop the progression of the disease. 
Currently, both PRK and PIOL are combined 
with CXL and ICRS.

In the combined treatment with CXL, the fol-
lowing principles must be taken into account:

• Indications:
 – Clinical manifestations of progressive ker-

atoconus [32, 33].
 – Age: under 35 years [34].
 – Visual acuity less than 0.8 (20/25; LogMAR 

0.1) [34].
 – Pachymetry over 400 μm [33, 35].
 – Keratometry readings less than 58 D [32, 

34].
• Contraindications:

 – Pregnancy and breastfeeding [33, 36].
 – Age: can be a risk factor causing visual 

loss, but for the moment no limit has been 
established [37].

 – Visual acuity: as a visual loss risk factor, 
CVA ≥ 0.8 (20/25; LogMAR 0.1) [34].

 – Cornea with central opacity [38].
 – Serious dry eye syndrome [39].

Regarding combined treatments with ICRS, 
we must take a number of preoperative indica-
tions into account [40], in order to increase the 
likelihood of attaining the best possible postop-
erative outcomes for the patient:

• Corrected distance visual acuity (CDVA) < 0.9.
• Stable cases. Patients with refractive and top-

ographic stability, confirmed in the past 12 
months.

• Aligning of refractive and keratometric axes. 
The least curved meridian of the cornea (K1) 
should be aligned with the refractive cylinder 
axis (expressed as a negative value). When the 
meridian and the axis form an angle of between 
0° and 15° they are considered properly aligned.

• Internal astigmatism <3 D.
• Corneal pachymetry in tunnel area > 300 μm 

(Ferrara); > 450 μm (Intacs); > 250 μm 
(Keraring), with these being minimum thick-
nesses depending on the thickness of each 
intracorneal segment.

• Absence of corneal leukoma.

25.3.1  Photorefractive Keratectomy

25.3.1.1  PRK and CXL
The rationale for this surgical approach is to halt 
the progression of keratoconus and to provide 
better refractive, topographic, and HOA results 
than with CXL treatment alone by reshaping the 
cornea and flattening and regularizing the ante-
rior corneal surface, while ensuring stable out-
comes over time in terms of nonprogression of 
the disease. It is very important to know that the 
CXL significantly increases corneal rigidity 
immediately after treatment, with a 71.9 % 
increase of Young’s modulus in pig corneas and a 
328.9 % increase in human corneas [41] and 
therefore, a cross-linked cornea may withstand 
low tissue ablations.

There are two possibilities for this combination:

• Sequential treatment (PRK several months 
after CXL).
Kanellopoulos and Binder [14] described a 

case with bilateral progressive keratoconus 
treated on one eye with topography-guided PRK 
and who had undergone CXL on both eyes 12 
months before. PRK was attempted to improve 
the post-CXL refractive error; a significant clini-
cal improvement and apparent stability was suc-
cessfully achieved after two surgeries. At the 18 
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months follow-up visit, the uncorrected visual 
acuity (UCVA) and corrected distance visual 
acuity (CDVA) were improved from 20/100 to 
20/20 and from 20/50 to 20/20, respectively, and 
there was no evidence of topographic 
progression.
• Simultaneous treatment (PRK + CXL).

Kymionis et al. [16] reported promising 
results in study about customized topography- 
guided PRK followed by immediate CXL in 12 
patients with keratoconus. The preoperative 
mean (logMAR) UCVA was 0.99 ± 0.81, which 
increase postoperatively to 0.16 ± 0.15.

Other studies have also shown good results 
with simultaneous PRK and CXL [16, 18, 42]. It 
improved in SE, UDVA, CDVA, and KMAX and 
did not show evidence of topographic progres-
sion at 12 months follow-up visit.
• Sequential vs. Simultaneous.

Kanellopoulos [17] compared these tech-
niques. For this he used different sequence and 
timing which were evaluated in consecutive ker-
atoconus cases. This study included a total of 325 
eyes with keratoconus divided into two groups:

 – The sequential group had topo-guided PRK 
6 months after the CXL procedure (127 
eyes).

 – The simultaneous group had a CXL proce-
dure immediately after the MMC topo- 
guided PRK (198 eyes).

The simultaneous group demonstrated sta-
tistically superior results in CDVA, spherical 
equivalent (SE) reduction, maximum keratom-
etry (Kmax) reduction, and corneal haze score. 
Furthermore, it was not observed progression 
of ectasia in either group after a mean follow-
up of 36 months.

• Concluding remarks.
 – Low ablation of tissue seems to be safe and 

effective in keratoconic cross-linked cor-
neas according to the current evidence.

 – Topo-guided PRK provides refractive error 
correction and HOAs decrease.

 – Simultaneous PRK+CXL has shown better 
outcomes than the sequential strategy.

 – Therefore, PRK+CXL is a promising tool 
in keratoconus that needs further investiga-

tion to assess its stability in the long term 
and to establish the indications.

25.3.1.2  PRK and CXL + ICRS
Not many research groups have studied about this 
type of multisurgery. Coskunseven et al. [43] per-
formed a prospective case series (16 eyes with 
progressive keratoconus). All patients underwent 
topography-guided transepithelial PRK after 
Keraring ICRS implantation followed by CXL 
treatment. They applied a three-step sequence 
where the time interval between each of the three 
operations was 6 months. The results are promis-
ing: mean SE was significantly decreased from 
−5.66 ± 5.63 to −0.98 ± 2.21 D. Regarding visual 
results: the preoperative mean (LogMAR) UDVA 
and CDVA were significantly improved from 
1.14 ± 0.36 to 0.25 ± 0.13 and 0.75 ± 0.24 to 
0.13 ± 0.06, respectively. In other study [44], 
observed cases with moderate keratoconus who 
had previous Intacs ICRS implantation with the 
Intralase laser at least 6 months before PRK- 
CXL. They found that it satisfactorily changed the 
UDVA, CDVA, and central K values from 
0.20 ± 0.12 to 0.55 ± 0.15, from 0.58 ± 0.13 to 
0.77 ± 0.17, and from 50.91 ± 5.50 to 46.61 ± 4.52 D, 
respectively.

Two different studies have performed Intacs 
implantations followed by same-day PRK and 
CXL in patients with keratoconus. The results are 
satisfactory: UDVA, CDVA, and sphere and cyl-
inder refractive measurements all significantly 
improved after surgery, with most eyes gaining 
two lines of CDVA or more [45, 46].

25.3.2  Phakic IOL

In progressive cases of keratoconus, surgical 
alternatives to corneal transplantation have been 
suggested. These include phakic IOL implanta-
tion, CXL, and ICRS. Once the keratoconus has 
stabilized, refractive solutions can be considered. 
A perfect power calculation of intraocular lens is 
essential to achieve good visual results, because 
we are in cases with high curvature and corneal 
irregularity.

25 Refractive Surgery in Keratoconus
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25.3.2.1  PIOL and CXL
CXL is the only treatment that has proved effective 
in stabilizing the cone and PIOLs have been exten-
sively used to correct a wide range of refractive 
errors in nonkeratoconic eyes and keratoconic 
eyes. The combination of these two methods has 
been reported as an effective and safe procedure 
[19, 47, 48]. Izquierdo et al. [47] performed a pro-
spective comparative study (11 eyes with progres-
sive keratoconus). They propose a minimal interval 
between CXL and Artiflex PIOL implantation of 6 
months to allow consideration of the changes to 
refractive errors and K values produced by CXL 
because these changes can affect the calculation of 
PIOL power. They observed a reduction in the 
mean maximum keratometry value was 1.27 D at 6 
months after CXL and 2.14 D at 6 months after 
Artiflex PIOL implantation (12 months after CXL). 
They also report a significant reduction in the mean 
spherical refractive error; however, the cylinder 
remained unchanged because the Artiflex toric 
PIOL model was not commercially available at the 
time of their study.

Güell et al. [19] reported a retrospective study 
(17 eyes with progressive keratoconus). This study 
evaluated the outcomes of CXL performed first to 
stabilize the cone followed by toric iris- claw PIOL 
implantation (Artiflex (15 eyes) and Artisan (two 
eyes)) to correct regular astigmatism in eyes with 
keratoconus. The median interval between CXL 
and PIOL implantation was 3.9 ± 0.7 months. They 
showed the following results: 14 eyes were 
within ± 0.50 D of the attempted spherical equiva-
lent correction and 13 eyes were within ± 1.00 D of 
the attempted cylinder correction. The mean differ-
ence in simulated keratometry between preopera-
tively and the last follow-up was 0.17 ± 0.45 D. The 
postoperative uncorrected distance visual acuity 
was 20/40 or better in 16 eyes and no eye lost lines 
of corrected distance visual acuity.

Fadlallah et al. [48] published a retrospective 
study (16 eyes with keratoconus). In this study 
they combined CXL and Visian toric ICL implan-
tation. The two procedures were done at an inter-
val of 6 months. The postoperative follow-up was 
at 6 month after ICL implantation. They showed 
good results: mean UDVA improved from 
1.67 ± 0.49 to 0.17 ± 0.06 logMAR and mean 

CDVA improved from 0.15 ± 0.06 to 
0.12 ± 0.04 logMAR. Mean SE decreased from 
−7.24 ± 3.53 to −0.89 ± 0.76 D and mean cylinder 
decreased from 2.64 ± 1.28 to 1.16 ± 0.64 D.

25.3.2.2  PIOL and ICRS
Coskunseven et al. [49] evaluated three eyes of 
two patients who had undergone posterior 
 chamber toric Implantable Collamer Lens (ICL) 
after Intacs implantation. This procedure was 
performed at intervals between 6 and 10 months 
after Intacs implantation. An improvement in 
uncorrected distance visual acuity and corrected 
distance visual acuity was found after the Intacs 
and toric ICL procedures in all eyes. The mean 
manifest refractive spherical equivalent refrac-
tion reduced from −18.50 ± 2.61 D to 0.42 D.

Another study [50] evaluated the same PIOL, but 
combined with other type of ICRS, being in this case: 
Keraring ICRS. This study is composed of 40 eyes 
with keratoconus who had ICRS implantation fol-
lowed 6 months later by PIOL implantation with cor-
neal relaxing incisions. The mean UDVA was 
0.11 ± 0.05 preoperatively and 0.18 ± 0.14 at 6 months 
after ICRS implantation, and 0.50 ± 0.27 at 6 months 
after PIOL implantation. The mean CDVA was 
0.56 ± 0.23 before ICRS implantation, 0.68 ± 0.25 at 6 
months after ICRS implantation, and 0.71 ± 0.19 at 1 
month after PIOL implantation. The mean spherical 
equivalent after PIOL implantation was 
−1.19 ± 1.33 D. Six months after PIOL implantation, 
the efficacy index was 0.88 and the safety index, 1.28.

Other studies also found promising results 
using this combined treatment (PIOL and ICRS) 
obtained an improvement in UDVA and CDVA 
and significant reduction in the mean SE after 
PIOL implantation [51, 52].

25.4  Conclusions

Usually, keratoconus has been traditionally consid-
ered a contraindication for refractive surgery, but 
performing a precise evaluation of each keratoco-
nus patient (stage of disease, visual function, cor-
neal topography, aberrometry, etc.) the refractive 
surgery can be, in some cases, a safe and effective 
option.
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Today there is the possibility of combining 
different treatments to improve visual quality and 
stop the progression of the disease; however, we 
need more investigations to have a safer indica-
tion of each combination treatment.
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26.1  Introduction

Laser refractive surgery in patients with such 
irregular corneas has long been contraindicated 
because of the risk of postoperative progression of 
the disease process. However, numerous studies 
claim the safety of surface ablation in suspected 
keratoconus or in “forme fruste keratoconus” as in 
photorefractive keratectomy (PRK). In patients 
with mild to moderate keratoconus, combined 
PRK and collagen cross-linking has been proven 
to be a safe and effective alternative to correct 
minor refractive error, stabilizing the remaining 
stromal bed and avoiding progression of ectatic 
disease [1, 2].

Kanellopoulos and Binder (2007) proposed a 
two-step procedure with corneal CXL and 
topography- guided PRK after a 1-year interval. 
They studied the effect of this two-step approach 
on keratoconus progression and concluded that 

there was significant clinical improvement and 
apparent stability for more than a year compared 
to the untreated mate eye that continued to 
progress over the same period [3].

Kanellopoulos and Asimellis also described 
the ATHENS protocol of simultaneous 
topography- guided PRK with same-day collagen 
CXL [4]. Kanellopoulos found superior results of 
this protocol compared to sequential CXL with 
later PRK after 6 months in his study that included 
325 eyes with progressive keratoconus [5].

Thus, combination of laser surface ablation 
and CXL provides a potential treatment for 
keratoconus.

26.2  Higher Order Aberrations 
and Keratoconus

Keratoconus causes a reduction in the optical qual-
ity of the eye as a result of corneal distortion, cor-
neal scarring, and higher order aberrations. The 
correction of these optical aberrations would sig-
nificantly improve the visual performance of kera-
toconic eyes. However, the first step would be to 
measure the optical flaws in keratoconus accu-
rately, which in itself presents a challenge. In kera-
toconus, corneal thinning causes marked shape 
changes which create large amounts of higher 
order optical aberrations, which differ significantly 
from the aberrations found in normal eyes [6].

Increased negative vertical coma, the major 
aberrometric finding in keratoconus, is caused by 
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the relatively slower wavefront in the inferior 
part of the cornea; the relatively advanced wave-
front in the superior part of the cornea is also an 
indicator of infero-superior asymmetry [7].

Measurement of the wavefront error of the eye 
provides an accurate method to assess the optical 
properties of the eye beyond sphere and cylinder, 
evaluate therapy (e.g., refractive surgery) 
designed to improve the optical properties of the 
eye, and provide the necessary information to 
design optical prescriptions for the eye to mini-
mize all refractive errors.

Modern high-definition aberrometers that 
were introduced to the ophthalmic armamentar-
ium could read the aberrations of such irregular 
corneas and generate a dependable ablation pro-
file out of them for precise correction [8].

26.3  Wavefront vs. Topography- 
Guided Ablation

Attempts to treat irregular cornea by laser vision 
correction (LVC) started early by the work of 
Fernandez et al. (2000). They used a kind of 
primitive topography-guided ablation profile 
(contoured ablation pattern = Custom CAP) to 
treat irregular cornea cases including stable kera-
toconic patients. The results were disappointing, 
as the authors mentioned in their work, due to: 
The variability of refractive condition (sphere, 
cylinder, and irregular astigmatism) made it dif-
ficult to predict the precise spherical or regular 
cylindrical component that will remain, the abla-
tion profile which was a primitive topo-guided 
one did not provide good tackling for the cause–
effect relationship, the calculation and position-
ing of the laser beam lacked by that time the 
precision to address such irregularity with no 
compensation for cyclotorsion and no compensa-
tion for pupil centroid shift [9].

The use of wavefront-guided laser technology 
for the management of aberrated corneas has 
been shown to effectively reduce HOAs in cor-
neas with residual refractive errors post keratore-
fractive surgeries [10]. Wavefront-guided 
technology has also shown efficacy in addressing 
irregularities in pathologic corneas once their 

biomechanical weakening has been addressed 
through the application of CXL [1]. However, 
limitations of wavefront-guided procedures have 
been described, mainly related to the technical 
limitations of aberrometers in measuring ocular 
aberrations [11].

After the introduction of the high-definition 
aberrometers, irregular astigmatism accompany-
ing highly aberrated corneas could be handled [8, 
10]. Modern aberrometers that were introduced 
to the ophthalmic armamentarium could read the 
aberrations of the irregular cornea and generate a 
dependable and reliable ablation profile out of 
them. Few years ago, a newer version of high- 
definition Hartmann-Shack aberrometer (iDesign 
system®) was introduced to the field of refractive 
surgery by Abbott Inc. with reports about their 
abilities to read and treat precisely the highly 
aberrated corneas [8].

26.4  Sequential vs. Simultaneous 
Treatment

The simultaneous approach is thought to be too 
invasive (two techniques at the same sitting), 
does not address emmetropia due to the pro-
longed flattening effect of CXL with uncontrolled 
refractive outcome [12].

Besides, the sequential protocol is, in fact, 
making use of the stable cornea provided by pre-
vious CXL. This stable corneal surface provides, 
in turn, a stable refractive surface (even still 
irregular) from which we can calculate a reliable 
and dependable ablation profile to correct the 
irregularity and avoid refractive surprises and 
changes that can potentially occur with the use of 
the simultaneous approach [8].

26.5  Wavefront-Guided PRK 
After CXL

We recommend Sequential wavefront-guided 
PRK using the ablation profile generated by the 
high-definition Hartmann-Shack aberrometer 
(iDesign system®, Abbott, USA) in cross-linked 
stable keratoconic eyes after at least 12 months of 

M. Shafik Shaheen and A. Shalaby



309

the cross-linking according to the data of a pilot 
study published recently by our team [8]. It is 
also recommended to have the cross-linking done 
by an epithelium-off approach to guarantee maxi-
mum corneal tissue compactness and stiffness 
before ablating a thin part of it.

The following selection criteria are 
recommended:

 – Stage I, II keratoconus cases according to 
Amsler-Krumeich classification [13].

 – Stable keratoconus after corneal collagen cross-
linking as defined by stability of subjective 
refraction (± 0.5 diopters (D) change in spheri-
cal equivalent) in three consecutive monthly 
visits after 1 year of corneal CXL together with 
keratometric stability (no increase of the cone 
apex keratometry of ≥0.75 D) in the last 6 
months of follow-up [14].

 – Manifest refraction spherical equivalent ≤6 D.
 – Corneal thickness at the thinnest location 
≥400 μm.

 – Clear cornea in the pupillary area.

26.6  Preoperative 
and Postoperative 
Examination

Preoperative ophthalmic examination should 
include manifest and cycloplegic refraction, 
UDVA and CDVA testing, pupil diameter mea-
surement under mesopic conditions using the 
Colvard pupillometer (Oasis, Glendora, CA, 
USA), slit lamp anterior segment examination, 
corneal topography, and anterior segment imag-
ing using the Pentacam-HR system (Oculus Inc., 
Wetzlar, Germany) or similar Scheimpflug imag-
ing device, ocular aberrometry (iDesign aber-
rometer, Abbott Medical Optics, AMO, Santa 
Ana, CA), applanation tonometry, and fundus-
copy. With the Pentacam topography system, the 
following topographic and pachymetric parame-
ters were recorded and evaluated: flattest and 
steepest keratometric readings (K1 and K2), 
maximum keratometry (K-max), corneal asphe-
ricity (Q) for an 8-mm diameter, central corneal 
thickness (CCT), minimum corneal thickness 
(MCT), maximum anterior corneal elevation 

(AE) for an 8-mm diameter, index of surface 
variation (ISV), index of vertical asymmetry 
(IVA), keratoconus index (KI), center keratoco-
nus index (CKI), index of height asymmetry 
(IHA), index of height decentration (IHD), and 
minimal radius of curvature (Rmin).

With the high-resolution aberrometer, the fol-
lowing parameters are recorded and evaluated for 
a 6-mm pupil: total root mean square (RMS), 
HOAs RMS, primary coma RMS Z3

1±( ) , trefoil 
RMS Z3

3±( ) , and the Zernike term corresponding 
to the primary spherical aberration (Z4

0).
Postoperatively, patients should be examined 

the third day after surgery and at 1 week postop-
eratively to assess the status of the corneal epithe-
lial healing and if a complete epithelialization is 
present, the therapeutic contact lens fitted has to 
be removed. Afterward, patients should be exam-
ined at 1, 3, 6, and 12 months after surgery. 
UDVA and CDVA testing, manifest refraction, 
corneal topography, ocular aberrometry, and bio-
microscopic examination are performed in these 
four visits. In all postoperative visits, the level of 
corneal haze has to be evaluated on a scale from 
0 to 4 (0 = clear cornea, 1 = mild haze, 2 = moder-
ate haze, 3 = severe haze, and 4 = reticular haze 
obstructing iris details) [5].

26.7  Surgical Procedure

All surgical procedures are performed under topi-
cal anesthesia (benoxinate hydrochloride 0.4 % 
Sterile Ophthalmic Solution). In all cases, the cor-
neal epithelium is removed using the 9.0-mm 
Amoils brush (Innovative Excimer Solutions, 
Inc., Toronto, Canada) and the laser ablation iw 
then applied. A WFG-PRK laser treatment is 
applied using the VISX Star S4IR excimer laser 
(Abbott Medical Optics, Santa Ana, California) 
and an ablation profile generated according to the 
measurements obtained with the iDesign system. 
An adjustment to the profile is applied as needed 
to reduce the maximum ablation depth to a 
 maximum of 15 % of the corneal thickness at the 
thinnest location, reducing only the sphere com-
ponent without changing the cylinder. The sphere 
adjustment is limited to 2.50 D, which is the max-
imum adjustment allowed by the manufacturer.
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After laser ablation, a 6-mm cellulose disc 
soaked in Mitomycin C (MMC) 0.02 % solution is 
applied over the ablated tissue for 20 s followed 
by irrigation with 30 mL of chilled balanced salt 
solution. A bandage contact lens is then fitted, 
remaining in place until full reepithelialization. 
The postoperative treatment regimen consists of 
Topical Antibiotics/Corticosteroids, e.g., moxi-
floxacin hydrochloride 0.5 % (Vigamox, Alcon 
Laboratories) applied four times daily up to 2 
weeks after complete reepithelialization, a combi-
nation of tobramycin 3 mg/mL with dexametha-
sone 1 mg/mL (Tobradex, Alcon Laboratories, 
UK) applied four times daily until complete reepi-
thelialization and then gradual tapering over 2 
weeks, preservative-free tear substitutes applied 
every 2 h for 2 weeks (e.g., Refresh plus, Allergan, 
Inc, USA), and oral analgesic nonsteroidal anti-
inflammatory drug applied three times daily for 3 
days (Catafast, Novartis, Switzerland).

26.8  Clinical Results

A study by Shafik Shaheen et al. was done on 34 
eyes with stage I and II keratoconus meeting the 
above-mentioned criteria who had previous CXL 
at least 1 year before treatment to demonstrate 
the effect of this wavefront-guided laser surface 
correction on visual, refractive, corneal morphol-
ogy, and aberrometric data (Recently published: 
Shafik Shaheen M, Bardan AS, Pinero D, 
Ezzeldin H, El-Kateb M, Helaly H, Khalifa M. 

Wave Front–Guided Photorefractive Kera-
tectomy Using a High-Resolution Aberrometer 
After Corneal Collagen Cross-Linking in 
Keratoconus. Cornea 2016;35(7):946–953).).

It demonstrated a statistically significant 
improvement in the mean logMAR UDVA from 
0.93 ± 0.33 (mean ± SD) preoperatively to 
0.14 ± 0.11 (mean ± SD) at the last follow-up 
visit and the mean logMAR CDVA has been 
improved from 0.28 ± 0.24 (mean ± SD) preop-
eratively to 0.05 ± 0.06 (mean ± SD) at the last 
follow-up visit; (p-value <0.001) for both. The 
mean MRSE has been reduced from −3.22 pre-
operatively to −0.68 at the 12th month postop-
eratively. The magnitude of reduction is shown 
in Fig. 26.1. The study demonstrates a high 
safety and efficacy indices at the last follow-up 
visit. Efficacy index was 1.58 ± 1.11 (mean ± SD), 
p < 0.001, safety index was 1.96 ± 1.52 (p < 0.001) 
proving safety and efficacy regarding VA 
improvement.

About the predictability of the procedure, at 
the sixth month postoperatively, 76.5 % of eyes 
had a manifest refraction within ±1.00 D of 
emmetropia, 47.1 % were within ±0.50 D. At the 
last follow-up visit 62 % of the cases reached 
within ±0.50 D. Summary is shown in Fig. 26.1.

As shown in Fig. 26.2, 97.1 % of the study 
subjects reached ≥ 20/40 UDVA at the last fol-
low- up visit compared to 73.5 % only reaching 
CDVA of ≥ 20/40 preoperatively. Hundred per-
cent reached ≥ 20/50 UDVA at the last follow-up 
visit at 1 year postoperatively.

Fig. 26.1 Summary of the 
predictability outcomes after 
surgery in the analyzed sample
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The study demonstrated many changes in the 
corneal morphology. First of all the reduction of 
the maximum K reading from a mean of 48.32 D 
preoperatively to a mean of about 45.8 D at month 
3 which remained in the same range over the first 
year postoperatively as shown in Fig. 26.3. Mean 
Q-value has decreased from −0.44 to −0.26. 
Central corneal thickness has decreased from 
491.12 ± 39.19 μm (mean ± SD) preoperatively to 
429.56 ± 61.81 μm at the last follow-up visit. 
Minimal corneal thickness decreased from 
478.32 μm (mean) preoperatively to about 414 μm 
(mean) which remained stable over the period of 
follow-up as shown in Fig. 26.4. All the results 
are statistically significant (p < 0.001).

About the corneal indices, the results showed 
decrease in the values of the eight Pentacam indi-
ces studied. The reduction in IVA, IHA, IHD, and 
CKI was not statistically significant. While the 
reduction in ISV, Rmin, and KI was statistically 
significant. The study showed also stability of the 
indices through the period of follow-up.

There was a statistically significant reduction 
in the higher order aberrations in general demon-
strated by the significant reduction of total RMS; 
p-value <0.001, and the RMS HOA; (p = 0.003), 
and reduction of coma (p = 0.001) and trefoil 
(p < 0.001). The primary coma RMS has 
decreased from 0.60 ± 0.59 μm (mean ± SD) 
 preoperatively to 0.37 ± 0.37 μm at the last fol-

Fig. 26.2 Comparison of the 
distribution of the 
postoperative UDVA (after 1 
year) and the preoperative 
CDVA outcomes

Fig. 26.3 Stability of the 
maximum keratometry 
(K-MAX) over the 
postoperative follow-up
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low-up visit (p = 0.001). Mean Trefoil RMS has 
decreased from 0.35 μm preoperatively to 
0.21 μm at the last follow-up visit.

Astigmatic analysis was done by vector analy-
sis (Alpins method) for better understanding and 
presentation of astigmatic correction. Targeted 
induced astigmatic correction (TIA) was 
2.79 ± 1.82 (mean ± SD), while the real change 
achieved at the last follow-up visit (SIA) was 
2.36 ± 1.72 (mean ± SD) and this showed a magni-
tude of error (ME) of 0.43 ± 0.86 (mean ± SD) 
which is the difference between SIA and TIA (pos-
itive number means undercorrection). The correc-
tion index (CI) was evaluated and found to be 
0.88 ± 0.29 (mean ± SD) which means slight under-
correction. This is described in detail in Table 26.1.

The following vectors were determined and 
evaluated: targeted induced astigmatism (TIA) as 
the vector of intended change in cylinder for each 
treatment, surgically induced astigmatism (SIA) 
as the vector of the real change achieved, and dif-
ference vector (DV) as the additional astigmatic 
change that would enable the initial surgery to 
achieve its intended target. Additionally, the fol-
lowing parameters derived from the relationship 
between these vectors were calculated and ana-
lyzed in each postoperative visit:

 – Magnitude of error (ME): the arithmetic dif-
ference between the magnitudes of the SIA 
and TIA. Positive: undercorrection; negative: 
overcorrection.

 – Angle of error (AE): the angle described 
by the vectors of the achieved correction 
(SIA) and the intended correction (TIA): 
Negative: achieved correction is clockwise 
to its intended axis. Positive: achieved cor-
rection is counterclockwise to its intended 
axis

 – Correction index (CI): The ratio of the SIA to 
the TIA; what the surgery actually induced 
versus what the surgery was meant to induce. 
The CI is preferably 1; it is greater than 1 if an 
overcorrection occurs and less than 1 if there 
is an undercorrection.

Case Example 1
A 25-year-old female patient. Wavefront-guided 
PRK was performed 2 years after corneal colla-
gen cross-linking. Table 26.2 represents the pre-
operative clinical data, Pentacam and iDesign 
wavefront measurements compared to the find-
ings at the final postoperative follow-up visit (12 
months postop).

In this case there is a noticeable reduction in 
the total RMS value by (52 %), RMS HOA by 
(51.4 %), Coma reduction by (58.9 %), trefoil 
reduction by (40.2 %). This improvement was 
reflected on the patient’s visual outcome (log-
MAR CDVA was improved from +0.50 to 0.00). 
Figures 26.5, 26.6, 26.7, 26.8, and 26.9 show the 
pre- and postoperative investigations and the 
ablation profile of this patient.

Fig. 26.4 Stability of the 
minimal corneal thickness 
(MCT) over the postoperative 
follow-up
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Case Example 2
A 30-year-old female patient. Wavefront-guided 
PRK was performed 3 years after corneal colla-
gen cross-linking. Table 26.3 represents the pre-
operative clinical data, Pentacam and iDesign 
wavefront measurements compared to the find-
ings at the final postoperative follow-up visit (12 
months postop).

In this case there is a noticeable reduction in 
the total RMS value by (67.6 %), RMS HOA by 
(24.6 %), Coma reduction by (28.8 %). This 
improvement was reflected on the patient’s visual 
outcome (logMAR UDVA was improved from 
+0.70 to 0.00). Figures 26.10, 26.11, 26.12, 
26.13, and 26.14 show the pre- and postoperative 
investigations and the ablation profile of this 
patient.

26.9  Discussion

Keratoconus has a great impact on the visual per-
formance which in turn affects the patient’s qual-
ity of life owing to the highly aberrated irregular 
cornea that lead to image quality degradation. 
Retinal image quality is degraded by scatter, dif-
fraction, and wavefront aberrations (better known 
as wavefront errors) [15].

In the modern era, a great breakthrough in the 
management of keratoconus was achieved by 
introducing the corneal collagen cross-linking that 
halts the disease progression and makes the cornea 
stiffer and more stable. Moreover, advances in 
laser vision correction changed the way of think-
ing and added a lot of options to the armamentar-
ium of irregular cornea management [16–19].

Attempts to implement surface ablation to 
treat early to moderate keratoconus have evolved 
in the era of CXL. Some authors preferred the 
simultaneous approach [1, 2, 5] (same day 
PRK + CXL) while others preferred the sequen-
tial PRK after CXL [3, 8].

In his work, Kanellopoulos advised using 
topography-guided ablation to treat early and 
moderate keratoconus with simultaneous same 
day CXL. He stated that he was not able to use 

Table 26.1 Summary of the parameters derived from the 
vector analysis of ocular astigmatic changes at the end of 
the follow-up in the analyzed sample (Alpins method)

Vector parameters

Mean (SD)

Median (range)

TIA (D) 2.79 (1.82)

3.00 (0.00 to 7.00)

SIA (D) 2.36 (1.72)

2.39 (0.00 to 7.95)

DV (D) 1.06 (0.92)

0.75 (0.00 to 3.25)

ME 0.43 (0.86)

0.28 (2.58 to −0.95)

CI 0.88 (0.29)

0.83 (0.26 to 1.61)

AE (°) 2.57 (15.43)

2.34 (48.76 to −44.86)

TIA targeted intended astigmatism, SIA surgically induced 
astigmatism, DV difference vector, ME magnitude of error, 
AE angle of error, CI correction index, SD standard deviation

Table 26.2 Summary of preoperative and postoperative 
data of case 1

Preoperative data
Final postoperative 
data

UDVA 
(logMAR)

+1.30 +0.10

CDVA 
(logMAR)

+0.50 0.00

Refraction +0.75 − 4.00 × 110 −0.25 − 1.00 × 155

Pentacam corneal data

Thinnest 
location

422 μm 374 μm

ISV 67 51

IVA 0.83 0.49

KI 1.19 1.17

CKI 1.03 1.05

Rmin 6.78 6.98

IHA 9.8 15.3

IHD 0.061 0.057

iDesign data at 5 mm WFD

RMS total 3.65 μm 1.75 μm

RMS HOA 2.72 μm 1.32 μm

Coma 1.16574 0.47882

Trefoil 0.67390 0.40287

Spherical 
aberrations

−0.00306 −0.21724

26 Excimer Laser Ablation in Keratoconus Treatment…



314

a wavefront-guided ablation profile because the 
highly irregular keratoconic eyes were beyond 
the limits of wavefront measuring devices mak-
ing topo-guided approach more efficient in 
such cases. He also claimed superior results of 
the simultaneous over the sequential technique 
for three reasons: the combination reduces the 
patient’s time away from work, performing 

both procedures at the same time with 
topography- guided PRK first appeared to mini-
mize the potential superficial stromal scarring 
resulting from PRK, and when topography-
guided PRK is performed after the CXL proce-
dure, some of the cross-linked anterior cornea 
is removed, minimizing the potential benefit of 
CXL [5].

Fig. 26.5 Preoperative Pentacam of case 1
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Innovations in ablation profiles, excimer laser 
technology, and diagnostic equipments have 
allowed surgeons not only to correct LOAs but 
also to minimize HOAs, increasing the levels of 
postoperative efficacy, predictability, and visual 
quality [20]. Even so, the management of signifi-
cantly irregular corneas remains as a challenge 
for refractive surgeons.

The use of wavefront-guided laser technology 
for the management of aberrated corneas has 
been shown to effectively reduce HOAs in 
 corneas with residual refractive errors post kera-
torefractive surgeries [10, 21]. Wavefront-guided 
technology has also shown efficacy in addressing 
irregularities in pathologic corneas once their 
biomechanical weakening has been addressed 

Fig. 26.6 Postoperative (final follow-up visit) Pentacam of case 1
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through the application of CXL [22]. However, 
limitations of wavefront-guided procedures have 
been described, mainly related to the technical 
limitations of aberrometers in measuring ocular 
aberrations [11].

Recently after the introduction of the high- 
definition aberrometers, irregular astigmatism 

accompanying highly aberrated corneas could be 
handled [8, 10]. Modern aberrometers that were 
introduced to the ophthalmic armamentarium 
could read the aberrations of the irregular cornea 
and generate a dependable and reliable ablation 
profile out of them. Few years ago, a newer version 
of high-definition Hartmann-Shack aberrometer 

Fig. 26.7 Preoperative wavefront map of case 1

Fig. 26.8 Ablation profile generated by iDesign® for case 1
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(iDesign system®) was introduced to the field of 
refractive surgery with reports about their abilities 
to read and treat precisely the highly aberrated cor-
neas [8].

Our point of view in performing the sequential 
approach to treat keratoconic eyes after stabiliz-
ing them with CXL is due to the potential disad-
vantages of the simultaneous approach. The 
simultaneous approach is thought to be too inva-
sive (two techniques at the same sitting) and does 
not address emmetropia due to the prolonged 
flattening effect of CXL with uncontrolled refrac-
tive outcome [12, 23].

The previously explained points were behind 
the philosophy of choosing the sequential 
wavefront- guided PRK after stabilizing the cor-
nea with CXL.

Our study (under publication) demonstrated 
clearly in a statistically proved number of eyes 
(n = 34) the safety and efficacy of a sequential 
high-definition aberrometer-guided PRK in 
 providing a satisfactory visual outcome for the 
patients. The mean efficacy index (ratio of the 
postoperative UDVA to the preoperative CDVA) 

Fig. 26.9 Postoperative (final) wavefront map of case 1

Table 26.3 Summary of preoperative and postoperative 
data of case 2

Preoperative data
Final 
postoperative data

UDVA 
(logMAR)

+0.70 0.00

CDVA 
(logMAR)

+0.10 0.00

Refraction −2.75 − 0.50 × 180 0.00 – 0.25 × 80

Pentacam corneal data

Thinnest 
location

501 μm 468 μm

ISV 25 21

IVA 0.26 0.26

KI 1.06 1.04

CKI 1.01 1.00

Rmin 7.22 7.52

IHA 14.3 22.1

IHD 0.033 0.032

iDesign data at 5 mm WFD

RMS total 2.72 μm 0.88 μm

RMS HOA 0.69 μm 0.52 μm

Coma 0.23022 0.16375

Trefoil 0.07142 0.16481

Spherical 
aberrations

−0.01702 −0.08772
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calculated after 1 year of follow-up was 
1.58 ± 1.11 (mean ± SD); p-value <0.001. 
Whereas the safety index (ratio of the postopera-
tive CDVA to the preoperative CDVA) calculated 
after 1 year of follow-up was 1.96 ± 1.52 
(mean ± SD); p-value <0.001.

At the last follow-up visit, the preoperative log-
MAR UDVA of 0.93 ± 0.33 (mean ± SD) has been 

improved to 0.14 ± 0.11 postoperatively; p-value 
<0.001, and logMAR CDVA has been improved 
from 0.28 ± 0.24 preoperatively to 0.05 ± 0.06 
(mean ± SD) postoperatively; p-value <0.001. 
Results also showed reduction in MRSE from 
−3.22 ± 1.32 D (mean ± SD) preoperatively to 
−0.68 ± 0.64 D at the last follow-up visit. About the 
predictability of the procedure, at the sixth month 

Fig. 26.10 Preoperative Pentacam of case 2
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postop, 76.5 % of eyes had a manifest refraction 
within ±1.00 D of emmetropia, 47.1 % were within 
±0.50 D. At the last follow-up visit 62 % of the 
cases reached within ±0.50 D. A total of 97.1 % of 
our patients reached ≥20/40 UDVA at the last fol-
low-up compared to 73.5 % only reaching CDVA 
of ≥20/40 preoperatively. Hundred percent of our 
patients reached ≥20/50 UDVA at the final follow-

up. A total of 44.1 % of our patients gained two or 
more lines in the CDVA at month 12.

Our work also demonstrated a statistically sig-
nificant reduction in the maximum keratometric 
reading from 48.32 ± 4.25 (mean ± SD) preopera-
tively to 45.81 ± 3.45 at the last follow-up visit. 
There was insignificant change in its value over 
the follow-up period.

Fig. 26.11 Postoperative (final follow-up visit) Pentacam of case 2
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The mean starting central corneal thickness of 
the studied group was 491.12 ± 39.19 μm 
(mean ± SD) at the thinnest location that was 
reduced to 429.56 ± 61.81 μm at the last follow-
 up visit. It decreased as a result of excimer laser 
ablation and then remained stable through the 
follow-up period. The mean intended ablation 
depth for our patients was 54.53 ± 11.44 μm 

(mean ± SD). The ablation depth percentage cal-
culated as (max. ablation depth in μm/corneal 
thinnest location thickness in μm) presented a 
mean of 11.4 % and a SD of 3.2 %. To some 
extent this exceeds the ablation depth in most of 
other reviewed studies. Many authors used a 
maximum ablation depth of 50 μm, this value 
was chosen arbitrarily by the authors based on 

Fig. 26.12 Preoperative wavefront of case 2

Fig. 26.13 Ablation profile generated by iDesign® for case 2
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their own experience [5]. In our work, the maxi-
mum intended ablation depth did not exceed 
15 % of the corneal thinnest location thickness 
and the results showed stability of the cornea 
over the follow-up period (1 year).

There was a statistically significant reduction 
in the higher order aberrations in general demon-
strated by the significant reduction of total RMS 
p-value <0.001 and the RMS HOA p-value 0.003, 
and reduction of coma, trefoil with p-value 0.001, 
<0.001, respectively. It is to be mentioned that 
the reduction of HOA in these eyes is considered 
number one reason behind the postoperative 
improvement in both UDVA and CDVA. From 
our point of view, this is a real addressing to what 
was named “Cause–Effect relationship” in 
Tamayo work [9].

In our study, vector analysis of ocular astig-
matic changes was done (Alpins method) for bet-
ter understanding and presentation of astigmatic 
correction. Targeted induced astigmatic correc-
tion (TIA) was 2.79 ± 1.82 (mean ± SD), while 
the real change achieved at the last follow-up 
visit (SIA) was 2.36 ± 1.72 (mean ± SD) and this 
showed a magnitude of error (ME) of 0.43 ± 0.86 
(mean ± SD) which is the difference between SIA 
and TIA (positive number means undercorrec-

tion). The correction index (CI) was evaluated 
and found to be 0.88 ± 0.29 (mean ± SD) which 
means slight undercorrection.

There was insignificant corneal haze in the 
whole sample, six eyes had mild haze (grade 1) 
on the scale used and this was present from the 
start after CXL. The apparently insignificant 
postoperative haze could be attributed to the use 
of MMC in all of the cases after finalizing the 
laser ablation procedure.

The corneal indices were included in our study 
in an attempt to study the impact of corneal abla-
tion by iDesign-guided profile on improving the 
corneal irregularities in these eyes; we noted 
reduction in values of the corneal indices. The 
reduction in IVA, IHA, IHD, and CKI was not 
statistically significant. While the reduction in 
ISV, Rmin, and KI was statistically significant. The 
study shows also stability of the indices through 
the follow-up period. By studying these values, it 
is to be noted that the improvement of visual per-
formance in these patients was achieved without 
increasing their corneal irregularities. On the 
contrary, all corneal regularity indices demon-
strated a trend toward a more regular cornea 
although it was not statistically significant in 
some of the studied indices.

Fig. 26.14 Postoperative (final) wavefront of case 2
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Our study demonstrates that wavefront-guided 
PRK treatment seems to be safe and effective to 
restore the visual function in aberrated stable 
keratoconic eyes. By this technique we provide a 
better management of the cause–effect relation-
ship. In other words, we are treating the higher 
order aberrations that are responsible for image 
quality degradation. At the same time, we are 
correcting the lower order refractive errors that 
affect negatively the visual performance of those 
patients, the precisely positioned excimer laser 
beam using a platform that compensates for 
cyclotorsion and pupil centroid shift ensures tar-
geting the exact irregularities in the corneal sur-
face that degrade the image.

Besides, the sequential protocol that we sug-
gest is, in fact, making use of the stable cornea 
provided by previous CXL. This stable corneal 
surface provides, in turn, a stable refractive sur-
face (even still irregular) from which we can cal-
culate a reliable and dependable ablation profile 
to correct the irregularity and avoid refractive 
surprises and changes that can potentially occur 
with the use of the simultaneous approach.

We strongly believe that the proposed protocol 
could be a very good modality to provide a useful 
glasses-independent vision for selected kerato-
conic eyes after CXL.

Of course, in the dilemma of keratoconus, the 
treating surgeon cannot promise perfection but at 
least can deliver to his patient, by the proposed 
protocol, a useful good vision using the patient’s 
own cornea without the need for keratoplasty 
modalities with all their known complications.

26.10  Conclusions

High-definition aberrometers are able to read 
highly aberrated corneas (such as in stable kera-
toconus) and generate out of them a reliable abla-
tion profile which can be used to reduce refractive 
error / HOAs in such eyes and provide better 
quality of vision for those patients.

Wavefront-guided ablation profile seems to be 
a good option to address visual rehabilitation in 
stable keratoconic eyes.

Sequential PRK for keratoconic eyes after 
doing corneal CXL seems to be a good option as 

it can address precisely the visual rehabilitation 
and refractive error correction in selected cases 
after having the maximum effect of CXL.

The proposed protocol could be a good tool to 
provide a useful glasses-independent vision for 
selected keratoconic eyes using their own cornea 
without the need for any type of keratoplasty.
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27.1  Introduction

Keratoconus is a corneal disorder in which the 
central or paracentral cornea undergoes progres-
sive thinning and steepening, causing irregular 
astigmatism and corneal scarring. Keratoconus 
can lead to severe vision deterioration through the 
development of this irregular astigmatism. The 
general incidence has been estimated in 1:2000 

of the general population, with a prevalence of 
54:100,000 in the USA and 229:100,000 in Asian 
countries [1].

Nowadays, keratoconus treatment has become 
expanded and several techniques are now avail-
able. Keratoconus presents different treatment 
options: corneal stabilization or regularization 
(intrastromal corneal ring segment (ICRS) and 
corneal collagen crosslinking (CXL)) [2, 3], 
refractive treatment or a combination of these. In 
the treatment of visual impairment, the phakic 
intraocular lenses (pIOL) implantation has an 
important role.

Phakic IOLs can be classified into the follow-
ing three categories based on their position in 
the eye or their mechanism of fixation: anterior 
chamber angle supported, anterior chamber iris- 
fixated, and posterior chamber. When there are 
no contraindications to implantation of phakic 
lenses, this refractive technique is the best choice 
for young patients with moderate to high refrac-
tive errors in which corneal refractive procedures 
are contraindicated. The advantages provided 
by these lenses, among others, are to maintain 
the accommodation and the reversibility of the 
process.

This chapter discusses the role of anterior cham-
ber iris-fixated pIOLs (ARTIFLEX and ARTISAN 
(Ophtec BV, Groningen, The Netherlands)) in 
cases of keratoconus.
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27.2  Iris Fixated Phakic IOL

The first iris fixation IOLs were initially used in 
aphakic eyes after intraocular cataract extraction. 
In 1978, Jan G.F. Worst designed the iris-claw 
intraocular lenses [4]. These lenses began with the 
idea of being implemented after intracapsular cat-
aract extraction. The one-piece PMMA lens was 
fixated to a fold on the middle periphery of the iris 
stroma (relatively stationary portion).

In 1986, Worst and Fechner developed an 
anterior chamber lens for the treatment of myo-
pic phakic patients based on the original idea of a 
fixating iris-claw intraocular lens [5]. The follow-
 up showed a good predictability but a loss of 
endothelial cells around 7 % [6, 7].

In 1991, some modifications were incorpo-
rated into the phakic lens design, resulting in a 
convex–concave Artisan Myopia lens. The new 
design decreased the potential for complications, 
improved the optical performance, and facilitated 
the surgical implantation technique. In 2001, the 
Artisan toric lens was introduced into the market.

In 2005 and 2009, Artiflex Myopia lens and 
Artiflex Toric lens were introduced into the mar-
ket, respectively.

In recent years, knowledge about these lenses 
has grown exponentially. These phakic lenses are 
based on the principle of iris fixation. This 
method of intraocular fixation allows relatively 
unrestricted constriction and dilation of the pupil; 
ensures stable fixation to the iris due to the two 
diametrically opposed haptics; permits centration 
of the lens over the pupil and is extremely versa-
tile, permitting fixation horizontally, vertically, or 
obliquely.

Cases with keratoconus present topographic 
irregularity, so that toric versions of each of the 
mentioned phakic lenses. These lenses are 
ARTIFLEX toric® and ARTISAN toric® (Ophtec 
BV, Groningen, The Netherlands).

The ARTIFLEX® toric pIOL has a flexible 
optic of ultraviolet light-filtering silicone and two 
rigid polymethyl methacrylate haptics (Fig. 27.1). 
It has an anterior spherical surface and a posterior 
toric surface. The dioptric power range of 
ARTIFLEX Toric includes a spherical correction 
from −1.0 to −13.5 diopters in combination with 
a cylinder correction from −1.0 to −5.0 diopters.

It has a flexible optic with a diameter of 6 mm. 
The total diameter of the lens is 8.5 mm and the 
maximum width of the haptics is 3 mm (Fig. 27.2 
and Table 27.1), so that it can be inserted through 
a small incision (3.2 mm), with the benefits this 
entails.

This pIOL is available with a 0° or a 90° cyl-
inder. This enables implantation of the Toric 
PIOL in a horizontal or slightly oblique position 
through a 12 o’clock incision, as well as in a 
more or less vertical position through a temporal 
incision. Essentially no change in the surgeon’s 
implantation technique is required. The iris fixa-
tion method ensures exact positioning on the cyl-
inder axis, without risk of lens rotation or 
decentration (Fig. 27.3).

Its concave–convex shape makes the distance 
between the peripheral margin of the optic and 
the corneal endothelium constant regardless of 
the dioptric power. In addition, this also enables a 
separation of 1.18 mm anterior to the iris plane, 
which facilitates normal aqueous flow, thus pre-
venting a pupillary block (although it is advisable 
to perform iridotomy). Its insertion is done 
through a specially designed spatula.

The ARTISAN® toric pIOL is designed for the 
correction of astigmatism in combination with 
myopia or hyperopia. The asymmetric optic has 
two components: sphere and cylinder. All (spher-
ical) ARTISAN lenses for myopia and hyperopia 
can be supplied with cylinders between 1 and 7.5 
diopters. It is also possible to supply optics with 
only a cylindric correction (Table 27.2).

Fig. 27.1 Scanning electron microscopy (SEM) of 
ARTIFLEX pIOL
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The ARTISAN pIOL shows in cross-section a 
low profile within the eye. The distance from the 
edge of the optic to the corneal endothelium is 
approximately >1.0 mm, depending on the ante-
rior chamber depth and the dioptric power.

This lens is biconcave and made of poly (methyl 
methacrylate) with an ultraviolet- absorbing 
Perspex material. It has an overall 8.5 mm diameter, 
5.0 mm lens width, 5.0 mm optic zone, 1.04 mm 
height, and a 0.93 mm thickness (Fig. 27.4).

The Artisan toric PIOL has two models. 
Model A has a 0° cylinder axis corresponding to 
the main lens axis, which runs through the claws. 

This model is implanted in cases where the cylin-
der axis to be corrected is between 0° and 45° or 
in cases with astigmatic meridians between 135° 
and 180° if the surgeon prefers a superior 
approach. Model B has its cylinder axis at 90°, 
perpendicular to the main lens axis, which runs 
through the claws. It is implanted when the cylin-
der axis to be corrected is between 45° and 135° 
if the surgeon prefers a superior approach. When 
performing a temporal approach, the previous 
two models could be used but in the reversed 
manner—model A for correction of astigmatism 
between 45° and 135° and model B for correction 

Fig. 27.2 Lens design

Table 27.1 Properties of ARTIFLEX toric pIOL

Optic material Claw material Overall Ø Body Ø Edge design Refractive index

Hydrophobic 
Polysiloxane

PMMA CQ-UV 8.5 mm 6.0 mm Polynomial 1.43

Fig. 27.3 ARTIFLEX anterior chamber iris claw pIOL
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of astigmatism between 0° and 45° or in cases 
with astigmatic meridians between 135° and 
180° (Tables 27.3 and 27.4).

27.3  Surgical Technique

The surgical technique is similar to the nontoric 
pIOLs, except for the need to fixate the lens on a 
precise axis. Preoperative determination and 

marking of the cylinder axis is therefore essential 
for an optimal refractive correction.

The incision width required for implantation of 
the lens is 5.5 mm for the ARTISAN toric lens, and 
3.2 mm for the ARTIFLEX toric lens. This incision 
should be perpendicular to the enclavation axis.

Being cases of keratoconus, which are charac-
terized by a destabilized corneal geometry, we 
propose to perform a tunneled scleral incision 
because an incision in the corneal area could lead 

Table 27.2 Properties of ARTISAN® toric pIOL

Material Overall Ø Body Ø Availability

Perspex CQ-UV 8.5 mm 5.0 mm|concave–convex Can correct astigmatism 
from 1 to 7.5 diopters

Fig. 27.4 ARTISAN anterior chamber iris claw 
pIOL

Table 27.3 Dioptric powers (positive cylinder range)

Positive cylinder range

Cylinder 
power

Minimal 
sphere 
power

Maximal 
sphere 
power

Sphere power 
increments

1 −23.0 6.5 0.5

1.5 −23.0 6.5 0.5

2 −23.0 6.5 0.5

2.5 −23.0 6.5 0.5

3 −23.0 6.5 0.5

3.5 −23.0 6.5 0.5

4 −23.0 6.5 0.5

4.5 −23.0 6.5 0.5

5 −23.0 6.5 0.5

5.5 −23.0 6.5 0.5

6 −23.0 6.5 0.5

6.5 −23.0 6.5 0.5

7 −23.0 6.5 0.5

7.5 −23.0 6.5 0.5

Table 27.4 Dioptric powers (negative cylinder range)

Negative cylinder range

Cylinder 
power

Minimal 
sphere 
power

Maximal 
sphere 
power

Sphere power 
increments

−1 −22 7.5 0.5

−1.5 −21.5 8 0.5

−2 −21 8.5 0.5

−2.5 −20.5 9 0.5

−3 −20 9.5 0.5

−3.5 −19.5 10 0.5

−4 −19 10.5 0.5

−4.5 −18.5 11 0.5

−5 −18 11.5 0.5

−5.5 −17.5 12 0.5

−6 −17 12.5 0.5

−6.5 −16.5 13 0.5

−7 −16 13.5 0.5

−7.5 −15.5 14 0.5
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to a weakening of the corneal tissue and unpre-
dictable astigmatic change (Fig. 27.5) favoring 
even more the process of instability present in the 
irregular cornea.

At the time of surgical manipulation of each of 
the lenses, the ARTIFLEX pIOL is manipulated 
from haptic because these are PMMA CQ-UV, 
thus avoiding damage of the optic. In contrast, the 
ARTISAN pIOL is manipulated through the optic 
zone, because the lens as a whole is rigid (Perspex 

CQ-UV). We should note that each of these lenses 
has a specific instrumentation for proper implan-
tation in the eye (Figs. 27.6 and 27.7).

Astigmatic marker is used to mark the astig-
matic axis selected for lens implantation using 
slit-lamp microscopy, not in the supine position, 
to avoid any possible cyclotorsion or rotation 
movement of the eye.

Make two paracenteses of 1.2 mm at 10 and 2 
o’clock, pointing downwards, oriented toward 

Fig. 27.5 Scleral incision to not affect the corneal structure and inserting the pIOL

Fig. 27.6 ARTISAN instruments
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the enclavation site. Introduce viscoelastic mate-
rial through the paracenteses.

The pupil is constricted to prevent contact 
between the crystalline lens and the pIOL or sur-
gical instruments. A miotic agent is injected into 
the anterior chamber previously. The ARTISAN 
pIOL is fixated using an enclavation needle with 
a bent shaft and a bent tip that pushes the iris into 
both claws. For insertion of the ARTIFLEX lens 
into the anterior  chamber, a specific Disposable 
Insertion Spatula is used.

For both lenses, it is very useful to use the 
instrument VacuFix® because it helps the surgeon 
to grasp a fold of iris tissue, putting the toric 
pIOL in the correct orientation.

A surgical iridectomy (with vitrectome or 
laser) is important to allow for the normal flow of 
aqueous humor.

Topical anesthesia with preservative-free lido-
caine 2.0 % is used with midazolam before the 
implantation of the pIOLs.

Postoperatively, topical tobramycin–dexa-
methasone eye drops (Tobradex) is used every 
6 h for 2 weeks and then stop the treatment. 
Topical lubricants (polyethylene glycol 400 
0.4 %–propylene glycol 0.3 % [Systane]) are also 
prescribed every 6 h for 1 month.

27.4  Results

The surgical correction of refractive errors in 
cases of keratoconus has been a continuous 
challenge in refractive surgery, with various sur-
gical techniques having been attempted in these 
cases for the past years. The implantation of 
pIOLs has been showing very good results in 
these cases, as evidenced by the scientific litera-
ture [8, 9].

Regarding the use of toric phakic lenses in 
keratoconus, there are a number of published 
studies to allow sound conclusions on the safety 

Fig. 27.7 ARTIFLEX instruments
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and efficacy of this surgical technique in such 
cases with some complexity.

Budo et al. [10] implanted ARTISAN toric 
pIOLs in both eyes of three patients with kerato-
conus and high astigmatism with clear central 
corneas and contact lens intolerance. They 
reported good visual results in these six cases: 
best spectacle-corrected subjective visual acuity 
after lens implantation was unchanged in one eye 
and improved in five eyes. Spherical equivalent 
refraction was significantly reduced in all eyes 
(p = 0.03) and the safety index was 1.49.

In the same way as the previous study, 
Sedaghat et al. [11] implanted 14 Artisan pIOLs 
and two toric ARTISAN pIOLs in 16 eyes with 
stable keratoconus who had contact lens intoler-
ance. They obtained good visual and refractive 
outcomes: all patients had a final UDVA of 20/40 
or better, and 84.6 % had final CDVA of 20/32 or 
better. A two-line improvement in CDVA was 
achieved in 50 % of eyes. The improvements in 
UDVA and CDVA were statistically significant 
(p < 0.0001 and p < 0.002, respectively). Mean 
final spherical and cylindrical refractions were 
−0.03 ± 1.81 D (range: +2.25 to −3.50 D) and 
2.08 ± 1.04 D (range: 0.50–3.50 D), respectively. 
Mean final spherical equivalent refraction was 
−0.90 ± 1.90 D.

They contend that toric ARTISAN lenses can 
be considered for patients who show significant 
increases in CDVA with astigmatism correction 
(two lines). These patients have more regular 
astigmatism, and the axis of astigmatism can be 
approximated in subjective refraction.

Venter [12] performed a study on the use of 
Artisan pIOL for the correction of myopia and 
astigmatism in patients with stable keratoco-
nus. He analyzed 18 eyes primarily for 6-month 
follow-up and finally, for 1-year follow-up. At 6 
months postoperatively, all 18 eyes were available 
for follow-up. Nine eyes were available for fol-
low- up at 9 months postoperatively and five eyes 
were available for follow-up at 1 year postopera-
tively. The majority of eyes were within 0.50 D 
of the intended correction 6 months postopera-
tively. At 6 months postoperatively, 22 % (4/18) 
of eyes saw 1.0 or better without correction. Six 
months after ARTISAN pIOL implantation, no 
eyes lost BSCVA and 33 % (6/18) of eyes gained 

two or more lines of BSCVA. Eighteen months 
postoperatively, keratoconus progressed in one 
eye, which required an exchange of the Artisan 
IOL. He concludes that the use of this lens in 
cases of stable keratoconus is safe, predictable 
and effective, with minimal complications.

Regarding ARTIFLEX pIOL, not many stud-
ies have been performed in eyes with keratoco-
nus. Our group reported good results for this 
pIOL in cases with stable non-progressive kera-
toconus graded as mild to moderate on the 
Amsler- Krumeich scale. The iris-claw pIOL was 
implanted in 20 eyes. The UDVA, CDVA, and SE 
improved from preoperatively to postoperatively. 
The keratometric analysis showed: K1 changed 
from 44.46 ± 2.24 D (range 40.16–50.56 D) to 
46.06 ± 3.82 D (range 42.17–50.47 D), K2 
changed from 46.74 G 2.24 D (range 43.97–
52.48 D) to 49.29 ± 2.43 D (range 45.88–
51.84 D), and the mean K changed from 
45.60 ± 2.04 D (range 43.29–51.52 D) to 
47.65 ± 2.68 D (range 45.39–50.96 D). The mean 
efficacy index was 0.96 ± 0.22 and the safety 
index was 1.22 ± 0.33. The conclusion of our 
study is that the implantation of this lens can be 
considered a safe and effective procedure in the 
treatment of stable keratoconus over a wide range 
of ametropia (Table 27.5 and Fig. 27.8) [13].

Others studies have evaluated the possibility 
of a combined treatment [14–17]. These include 
phakic IOL implantation combined with cross-
linking or intracorneal ring segments or both. The 
general idea is to first stop the progression of 
keratoconus and once the keratoconus has stabi-
lized, refractive solutions can be considered. The 
combination of these methods has been reported 
as an effective and safe procedure [14–17].

27.5  Indications

Although keratoconus is not a currently accepted 
indication for pIOL implantation, some surgeons 
have performed such procedures and reported 
reasonable outcomes [9–18].

Based on our experience and that described in 
medical literature, we believe the following 
 criteria should be met for phakic lens implanta-
tion in eyes with keratoconus:

27 Iris-Supported Phakic IOLs Implantation in Patients with Keratoconus
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Table 27.5 Comparisons in iris-claw pIOL group (20 eyes) [13]

Parameter Preoperative Postoperative Difference p Value

Decimal UDVA

Mean ± SD 0.08 ± 0.06 0.72 ± 0.28 0.64 <0.001

Range 0.02, 0.3 0.03, 1.10

Decimal CDVA

Mean ± SD 0.75 ± 0.27 0.83 ± 0.24 0.08 0.004

Range 0.17, 1.00 0.03, 1.04

LogMAR UDVA

Mean ± SD 1.22 ± 0.38 0.14 ± 0.17 1.08 <0.001

Range 0.52, 1.77 −0.04, 0.52

LogMAR CDVA

Mean ± SD 0.12 ± 0.16 0.06 ± 0.10 0.06 0.003

Range 0.00, 0.47 −0.02, 0.32

Sphere (D)

Mean ± SD −8.66 ± 5.51 0.13 ± 0.72 8.79 <0.001

Range −21, −0.50 −1.75, 2.00

Cylinder (D)

Mean ± SD −2.29 ± 1.90 −0.70 ± 0.80 1.59 <0.001

Range −7.00, 0.25 −3.00, 0.00

SE (D)

Mean ± SD −8.91 ± 4.57 −0.28 ± 0.81 8.63 <0.001

Range −20.75, −2.75 −3.25, 1.00

ECC (cells/mm2)

Mean ± SD 2830 ± 590 2522 ± 282 308 0.012

Range 1992, 3937 1953, 2950

CDVA corrected distance visual acuity, ECC endothelial cell count, SE spherical equivalent, UDVA uncorrected distance 
visual acuity

Fig. 27.8 (a) postoperative spherical equivalent (SE) distribution 2 months postoperatively. (b) Postoperative refrac-
tive cylinder distribution 2 months postoperatively. (c) Efficacy. (d) Safety
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• Stable Refraction for 1 year and age of more 
than 21 years.

• Not a candidate for corneal refractive surgery.
• Anterior chamber depth ≥2.85 mm.
• Iridocorneal angle ≥35°.
• Crystalline lens elevation <200 μm.
• Flat iris configuration.
• Endothelial cell count:

 – ≥3000 cells if age <25 years.
 – ≥2500 cells if age 25–30 years.
 – ≥2200 cells if age >30 years.

• Toric: Refractive cylinder ≥1.25–1.5 D.

Contraindications
• Progressive keratoconus, unstable corneas.
• Highly aberrated eyes (total HOA >3 μm) 

with poor best spectacle corrected visual acu-
ity (<0.5).

• Any condition that can compromise proper 
alignment of the IOL:
 – Zonular deficiencies.
 – Lens subluxation.

The clinician should always consider the com-
plications that can be caused by this type of pha-
kic intraocular lenses [19, 20]:

• Endothelial cell damage.
• Cataract formation.
• Glare.
• Disengagement of the haptics.
• Pigmentary dispersion.
• Large corneal incision.

27.6  Conclusions

The use of phakic lenses in selected cases of 
stable keratoconus with high refractive error 
seems to be a valid therapeutic alternative for 
the treatment of ametropia that accompanies 
this disease. In the vast majority of studies, it 
has shown a high degree of effectiveness and 
safety of treatment, along with a great satis 
faction of patients. More studies are needed to 
evaluate the best options for the intraocular 
management of refractive errors in patients 
with keratoconus.
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28.1  Introduction

Phakic refractive IOLs are becoming more and more 
popular because of the ease of implantation and the 
predictability of refractive and visual results.

Myopia and astigmatism are often associated 
with keratoconus, and patients with keratoconus 
often ask for refractive surgery. In such eyes, 
when corneal topography shows a keratoconic 
aspect or suggests a keratoconus fruste, implanta-
tion of a refractive IOL may be considered to 
avoid a postoperative fragile cornea. Moreover, 
the indication is easily considered because the 
anterior chamber depth is usually greater than 
3.00 mm in such cases [1].

Phakic IOLs (PIOLs) allow correction outside 
the limits of the corneal refractive surgery [1]. 
The insertion of an implant in a phakic eye pre-
serves accommodation and is reversible. Current 

IOL choices include AC PIOLs; angle-supported 
or iris-fixated models; and PC PIOLs, sulcus- 
fixated or free-floating models.

Historically, the idea of curing refractive 
problems by means of built-in or integrated addi-
tional optics (built-in glasses or contact lenses) 
sounds logical; however, even the great surgeons 
of our time failed initially with this approach that 
dates back to the late 1950s.

Despite the well-known setbacks of Strambelli 
[2–4], individual scientists never allowed the 
idea of PIOL implantation to die. Three different 
scientists pursued three different anatomic con-
cepts for PIOLs at roughly the same time: Baikoff 
saw a solution in the angle-supported anterior 
chamber lens [5].

Fechner developed another solution in the 
modification of Worst’s iris fixated lobster claw 
IOL and Fyodorov implanted a silicon lens into 
the posterior chamber [6].

The Baikoff design, angle-supported PIOLs 
evolved from 4-point fixation polymethyl methac-
rylate (PMMA) versions [5] to three-point PMMA 
versions, and then to foldable IOLs to decrease 
induced astigmatism. The PMMA versions failed 
basically due to endothelial cell loss, pupil oval-
ization, and induced astigmatism. To overcome 
these problems, the material was changed from 
PMMA to hydrophilic acrylate or hydrophobic 
acrylate. However, severe complications such as 

mailto:m.shafik@link.net
mailto:hussamhamed@gmail.com


336

endothelial decompensation [7] and pupil ovaliza-
tion [8] after implantation of an anterior PIOL 
have resulted in several European countries hav-
ing recalled these lenses for the correction of 
refractive errors [9].

The iris-fixated PIOL for the correction of 
myopia was introduced in 1986 as a rigid 
single- piece PMMA model with a 5.0- or 6.0-
mm optic. The iris-fixated PIOL has been 
implanted for more than 20 years through a 5.0- 
to 6.0-mm incision. The goal of reducing surgi-
cally induced astigmatism was achieved with 
the development of the foldable iris-fixated 
model with silicone optic and PMMA haptics 
introduced in 2003.

The foldable design makes implantation pos-
sible through a 3.2-mm incision. However, this 
PIOL may be associated occasionally with 
recurrent intraocular inflammation, enhanced 
iris dispersion with posterior synechiae [10], 
and lenticular glistering [11].

The posterior chamber PIOLs to correct 
myopia was introduced first by Fyodorov in 
1986 [6]. The first-generation Fyodorov PC 
PIOL was a one-piece silicon lens fixated by a 
haptic in the PC. In 1990, this lens was replaced 
by a second- generation model. Using knowl-
edge of the early model of silicon posterior 
PIOL designs as a basis, two manufacturers, 
i.e., Medennium Inc., Irvine, CA, USA and 
STAAR Surgical Co., Monrovia, CA, USA, 
currently are researching and marketing poste-
rior PIOL designs.

28.2  The Implantable Collamer 
Lens (ICL) (STAAR 
Surgical Co.)

The ICL has undergone many modifications in 
design since 1993. The latest model, V 4c, devel-
oped in 2011, made significant improvement in 
the amount of vaulting over the anterior lens cap-
sule from the previous model [1]. The lens has a 
one-piece plate design with a rectangular shape, 
7.5–8.0 mm wide, available in four standard 
overall lengths: 11.5–13.5 mm for myopic lenses 

and 11.0–13.0 mm for hyperopic lenses to adapt 
to eyes of different sizes.

The diameter of the optic zone is 4.65–5.5 mm 
in the myopic lenses, based on the desired diop-
tric power, and 5.5 mm for hyperopic ICLs.

Available powers for myopic lenses range 
from −3.0 to −22.0 D and from +3.0 to +20.0 D 
for hyperopic lenses [12].

The lens is introduced by means of a STAAR 
microinjector.

The proximity of the ICL to the crystalline 
lens, a dynamic phenomenon, has been postu-
lated to be a risk factor for cataract development, 
which has been the main concern with this lens, 
and a greater vault would be expected to decrease 
ICL–crystalline lens contact [1, 12]. However, it 
is also possible that interference with lens nutri-
tion instead of IOL contact of the crystalline lens 
may be the cause of cataract [13].

The main differences between the ICL and the 
phakic refractive lens (PRL) are the lens material 
and lens dynamics. The ICL is made of a colla-
mer, which is hydrophilic acrylic with some 
cross-linked porcine collagen [13].

The PRL is made of hydrophobic silicone and 
rests on the zonulas and floats in the PC, whereas 
the ICL is fixated and supported in the ciliary sul-
cus. Cataract formation has been reported less fre-
quently with the PRL [14]. However, rotation of 
the PRL in the PC excludes the possibility for cyl-
inder compound whereas the ICL has the toric 
alternative for myopic eyes with astigmatism [15].

28.2.1  Device Description

The STAAR Surgical Visian ICL (Implantable 
Collamer Lens) is an intraocular implant manufac-
tured from a proprietary hydroxyethyl methacry-
late (HEMA)/porcine-collagen based 
biocompatible polymer material. The Visian ICL 
contains a UV absorber made from a UV absorb-
ing material. The Visian ICL features a plate- 
haptic design with a central convex/concave 
optical zone and incorporates a forward vault to 
minimize contact of the Visian ICL with the 
central anterior capsule.
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The Visian ICL features an optic diameter 
with an overall diameter that varies with the diop-
tric power; the smallest optic/overall diameter 
being 4.9 mm/12.1 mm and the largest 
5.8 mm/13.7 mm. The lenses are capable of being 
folded and inserted into the posterior chamber 
through an incision of 3.2 mm or less.

The Visian ICL is intended to be placed entirely 
within the posterior chamber directly behind the 
iris and in front of the anterior capsule of the 
human crystalline lens when correctly positioned, 
the lens functions as a refractive element to opti-
cally reduce moderate to high myopia.

28.2.2  Material

Collagen—Copolymer (Collamer™) Biocompatible, 
Refractive index 1.45 at 35 °C, optically clear, UV 
Absorbing (10 % transmission).

28.2.3  Manufacture

Lathe cut, Laser engraved, Hydrated, Steam 
Sterilized, Single—Piece Design.

28.2.4  Different Versions of the  
Toric ICL

The development of the toric ICL has passed by 
many modifications since the first version in 
1993 with appearance of the V family of the 
lens in 2007 which was stored in NaCl con-
tainer and has no holes which necessitates mak-
ing a peripheral iridotomy to help prevent 
pupillary block, in 2010 the improved version 
V4b came with two perioptic holes to facilitate 
removal of viscoelastic material behind the lens 
and the lens was stored in BSS not NaCl as 
before, in 2013 the newer version V4c was 
introduced with a central hole which allowed 
for the implantation of the lens without the 
need for the peripheral iridotomy (see 
Figs. 28.1, 28.2, and 28.3).

28.2.5  Recommended Criteria 
for the Toric ICL Implantation 
in KC Patients

• Normal systemic history and normal physical 
examination results.

• Absence of any history or physical signs of 
ocular disease with the exception of keratoco-
nus and myopia.

• Age between 20 and 45 years.
• Best Spectacle Corrected visual acuity of 0.3 

(20/60) or better in the eye to be treated.
• Stable refraction for at least 12 months after 

corneal collagen cross-linking.
• Clear central cornea.
• Normal anterior segment with an anterior 

chamber depth of at least 2.80 mm.
• Normal intraocular pressure.

28.2.6  Preoperative Assessment 
of Patients

• Manifest (Subjective) and Cycloplegic 
(Objective) refraction.

• Best spectacle corrected visual acuity:

Every single measure should be used to verify 
the subjective refraction before the calculation of 
the ICL power. The accurate subjective refraction 
in these cases is defined as the lowest sphere and 
cylinder values that give the best spectacle cor-
rected visual acuity. These values together with 
the exact axis of the cylinder should be properly 
determined using all the available optometric 
tricks. The subjective refraction that gives the 
best spectacle corrected visual acuity should be 
checked in three consecutive monthly visits after 
at least 9 months of the CXL to get sure of the 
stability of refraction. The stability of the subjec-
tive refraction over the monthly visits is one of 
the most important parameters before planning to 
implant a toric ICL (TICL) for those patients. It 
indicates the stability of the keratoconic state 
after the CXL, hence the stability of the visual 
outcome after the TICL implantation. One of the 
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useful clinical tricks is to prescribe glasses for 
those patients and encourage them to wear their 
glasses for at least 2 weeks before ordering the 
ICL. Patient’s satisfaction and fair visual perfor-
mance with the glasses before the TICL implan-
tation are very good indicators of a good 
postoperative visual performance. Again, it is to 
be noted that there is usually a discrepancy 
between the value of the subjective and cyclople-
gic refraction in keratoconic eyes as a result of 
the corneal multifocality induced by the kerato-
conus [16].

Verification of the power of the sphere together 
with the power and exact axis of the cylinder give 
the best subjective spectacle corrected visual acu-
ity is the key point of the success of the TICL 
implantation to give visual performance satisfac-
tion for those patients.

• Anterior chamber depth using IOL Master 
(Carl Zeiss, Jena, Germany), a Scheimpflug 
anterior segment imaging (e.g., Pentacam), or 
anterior segment OCT.

• Corneal Curvature information (K readings).
• White-to-white measurement using a Caliper 

and/or IOL Master (Carl Zeiss, Jena, 
Germany).

• Assessment of anterior, posterior corneal sur-
faces and Anterior Chamber using a 
Scheimpflug camera system (e.g., Pentacam, 
Oculus Inc).

• The ICL power can be calculated using the 
software ICL POWER CHOICE OF 
STAAR SURGICAL. The verified stable 
subjective refraction, as described earlier, 
is the one that is used to calculate the TICL 
power.

Fig. 28.1 Different periods of vaulting of the 
implanted toric ICL

Fig. 28.2 The ICL V4b IOL

Fig. 28.3 The ICL V4c iol
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28.3  Surgical Technique

• In order to dilate the pupil of the eye to be 
operated, 1 h before surgery, a Tropicamide 
1 % (Mydriacyl, Alcon laboratories, Inc. Fort 
Worth, USA) and phenylephrine® ophthalmic 
solution 2.5 % (Alcon laboratories, Inc. Fort 
Worth, USA) are instilled every 15 min.

• Marking the exact horizontal and vertical axes 
of the cornea at the slit lamp with a pen marker.

• Checking and confirming that the pupil is 
fully dilated.

• Confirmation of the received TICL power and 
diameter.

• Reviewing the orientation diagram supplied 
by the manufacturer and establishing the 
implantation direction.

• Cleaning of the operative site with Povidone 
Iodine (Betadine®).

• Draping the patient and the operative site with 
sterile towels.

• Preparing the TCL for loading into the injec-
tor cartridge:
 – Open the lens container
 – Hydrate the micro-Staar foam tip (STAAR 

Surgical) inside the ICL container
 – Wet the inside of the micro-Staar injector 

with BSS.
 – Lubricate the inside of the cartridge with 

viscoelastic Healon® (10 mg/mL Sodium 
hyaluronate; Abbott).

 – Getting the ICL from its container using 
the foam tip

 – Loading the ICL inside the cartridge under 
the microscope on the side table using the 
foam tip and the coaxial forceps (Janach, 
J3864.1, sold by STAAR)

 – Insertion of the foam tip inside the micro- 
Staar injector.

 – Finally load the cartridge inside the 
injector.

• Cutting of the drape and exposing the opera-
tive eye with a self-retaining speculum.

• Bores and Mendez tool is used to determine 
the proper axis for the lens position as indi-
cated by the implantation diagram.

• Marking the axis on the limbus using a surgi-
cal pen marker.

• Performing two sideport incisions (paracente-
sis) one at 12:00 o’clock and one at 6:00 o’clock.

• Temporal clear corneal tunnel of 3.00–3.2 mm 
with a disposable keratome after fixing the 
globe with 0.12 fixation forceps.

• Injection of viscoelastic in the anterior 
chamber.

• Insertion of the ICL using the injector.
• Injection of viscoelastic on top of the lens in 

the anterior chamber.
• Manipulating the distal haptic under the edge 

of the iris through the side port using an ICL 
special manipulator.

• Manipulation of the proximal haptic under the 
iris edge through the main 3.2 mm incision.

• ICL centration and rotation as necessary refer-
ring to the implantation guide.

• Removal of the viscoelastic using Simcoe irri-
gation/Aspiration cannula.

• Constriction of the pupil using Miochol-E 
(acetylcholine chloride intraocular solution) 
1:100 with Electrolyte Diluent (Novartis, 
Switzerland).

• Surgical iridectomy after pupil constriction is 
achieved using Vitrectomy cutter in case of 
implanting the V4b version of the ICL (not 
necessary in the new version of V4c ICL as it 
has a central hole).

• Checking for wound leakage.
• Instillation of antibiotic eye drops.
• Removal of the drapes.
• Antibiotic and corticosteroid drops four times 

daily for 10 days.
• In cases of bilateral implantation, the second 

eye can be operated upon within the first post-
operative week of the fellow eye.

• Postoperative follow up should include; uncor-
rected visual acuity (UCVA), CDVA, slit-lamp 
examination, Manifest and Cycloplegic refrac-
tion, funduscopy, and IOP measurements.

• Assessment of the postooerative ICL vaulting 
should be done using the slit lamp, the anterior 
segmant OCT and/or a Scheimpflug camera 
system (Pentacam, Oculus Inc.).
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28.4  Clinical Results

In a study that was conducted by our team [16] to 
assess the use of the toric ICL to correct the ame-
tropia in the stable keratoconus patients after 
corneal collagen cross-linking, a prospective 
interventional clinical study included 16 eyes 
that we followed for more than 3 years which is 
considered the longest follow-up period for this 
technique in published data.

The results demonstrate the efficacy of the 
technique in restoring a good visual acuity for 
those patients having residual high sphere and 
cylinder after corneal collagen cross-linking.

28.4.1  Visual Acuity

• Table 28.1 presents the different periods of the 
CDVA after the corneal cross-inking and ICL 
implantation, as noticed, the mean CDVA 
improved from 0.56 before cross-linking to 
>0.8 after 1 week of the ICL implantation, and 
this improvement was maintained throughout 

the follow-up period. The beta type 2 error 
was 0.0987.

• Table 28.2 presents the difference between the 
CDVA before the surgery and the postopera-
tive UDVA demonstrating a significant 
improvement in the visual acuity as the mean 
for the preoperative CDVA was 0.63 ± 0.14 and 
the mean of the postoperative UDVA was 
about 0.8 at 1 week and maintained throughout 
the rest of the follow-up or even got slightly 
better. The beta type 2 error was 0.0842.

28.4.2  Refraction

Considering the sphere, the preoperative mean 
was about −6.00 ± 4.00 D, which improved to 
almost undetectable levels postoperatively. 
Preoperatively, the mean cylinder was about 
−5:00 ± 1.50 D, and this improved to 0.0 D post-
operatively; the spherical equivalent preopera-
tively was −8.50 ± 4.00 D, and this improved 
postoperatively to less than −0.25 D. The beta 
type 2 error was 0.0835.

Table 28.1 Different periods of the CDVA after the corneal cross-linking and ICL implantation

CDVA
Before 
cross- linking Before ICL After 7 days

After 1 
month

After 6 
months After 1 year After 3 years

Range 0.40–0.80 0.40–0.80 0.60–1.20 0.60–1.20 0.60–1.20 0.60–1.20

Mean ± SD 0.56 ± 0.13 0.63 ± 0.14 0.82 ± 0.16 0.87 ± 0.15 0.89 ± 0.17 0.89 ± 0.17 0.89 ± 0.17

Median 0.60 0.60 0.85 0.85 0.90 0.90 0.90

F (p)

Mean 
difference (p1)

0.063* 
(0.002)

0.256* 
(<0.001)

0.306* 
(0.028)

0.325* 
(<0.001)

0.325* 
(<0.001)

0.325* 
(<0.001)

Mean 
difference (p2)

0.194* 
(0.002)

0.244* 
(<0.001)

0.263* 
(<0.001)

0.263* 
(<0.001)

0.263 
(<0.001)

Mean 
difference (p3)

0.050* 
(0.032)

0.069 
(0.139)

0.069 
(0.139)

0.069 
(0.139)

Mean 
difference (p4)

0.019 
(1.000)

0.019 
(1.000)

0.019 
(1.000)

Mean 
difference (p5)

0.0 (−) 0.0 (−)

Mean 
difference (p6)

0.0 (−)

p1, Bonferroni-adjusted P value for comparison between pre-cross-linking with each other period; p2, Bonferroni- 
adjusted P value for comparison between pre-ICL with each other period; p3, Bonferroni-adjusted P value for compari-
son between after 7 days with each other period; p4, Bonferroni-adjusted P value for comparison between after 1 month 
with each other period; p5, Bonferroni-adjusted P value for comparison between after 6 months with each other period; 
p6, Bonferroni-adjusted P value for comparison between after 1 year and after 3 years
*Statistically significant at P ≤ 0.05
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The preoperative manifest refraction is used 
to calculate the TICL power. The beta type 2 
error was 0.0762.

28.4.3  Vaulting of the TICL

The mean values were 539.13 ± 161.94 μm, 
524.88 ± 151.61 mm, 509.12 ± 121.7 mm, 
508.75 ± 132.4 μm, 508.90 ± 111.6 μm, and 
507.12 ± 117.3 μm for the 1-week; 1-, 3-, 6-, 
12-month; and 3-year postoperative periods of 
the follow-up, respectively (see Fig. 28.4).

28.4.4  Intraocular Pressure

The mean values were 12.0 ± 1.03 mmHg, 
14.38 ± 2.45 mmHg, 13.0 ± 1.51 mmHg, 
12.19 ± 1.33 mmHg, 11.94 ± 1.12 mmHg, and 
11.94 ± 1.12 mmHg for the 1-week; 1-, 3-, 6-, 
12-month; and 3-year postoperative periods of 
the follow-up, respectively.

28.4.5  Endothelial Cell Count

The mean preoperative endothelial cell count 
was 2850 cells per square millimeter; after 1 
year, it was 2705 cells per square millimeter 
(−5.08 % cell loss). After 2 years, it was 2650 
cells per square millimeter (−7.01 % cell loss), 
and after 3 years, it was 2594 cells per square 
millimeter (−8.89 % cell loss).

No complications occurred during the surgical 
procedures.

No eye needed explantation or repositioning 
of the TICL. Decentration of the TICL optic was 
not observed, and no case of pupillary block was 
detected.

28.5  Discussion

Refractive surgical correction of ametropia in 
patients with keratoconus remains challenging.

Progressive thinning and subsequent anterior 
bulging of the cornea can lead to high astigmatism 

Table 28.2 Difference between the CDVA before the surgery and the postoperative UDVA

UCVA
CDVA 
before ICL After 7 days After 1 month After 6 months After 1 year After 3 years

Range 0.40–0.80 0.60–1.20 0.60–1.20 0.60–1.20 0.60–1.20 0.60–1.20

Mean ± SD 0.63 ± 0.14 0.79 ± 0.16 0.83 ± 0.16 0.85 ± 0.15 0.88 ± 0.18 0.88 ± 0.18

Median 0.60 0.80 0.80 0.80 0.85 0.85

F (p) 43.022* 
(<0.001)

Mean difference 
(p1)

0.169* 
(0.002)

0.206* 
(<0.001)

0.250* 
(<0.001)

0.250* 
(<0.001)

0.250* 
(<0.001)

Mean difference 
(p2)

0.038 (0.135) 0.081* (0.042) 0.081* (0.042) 0.081* (0.042)

Mean difference 
(p3)

0.044 (0.210) 0.044 (0.210) 0.044 (0.210)

Mean difference 
(p4)

0.0 (−) 0.0 (−)

Mean difference 
(p5)

0.0 (−)

p1, Bonferroni-adjusted P value for comparison between pre-ICL with each other period; p2, Bonferroni-adjusted P 
value for comparison between after 7 days with each other period; p3, Bonferroni-adjusted P value for comparison 
between after 1 month with each other period; p4, Bonferroni-adjusted P value for comparison between after 6 months 
with each other period; p5, Bonferroni-adjusted P value for comparison between after 1 year and after 3 years; UCVA, 
uncorrected distant visual acuity
*Statistically significant at P ≤ 0.05
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that is often accompanied by myopia and some-
times central scarring, resulting in mild-to- marked 
impairment in the quantity and quality of vision 
[17, 18].

Spectacles and contact lenses are the usual 
optical treatment options in the early stages of 
keratoconus [19].

In more advanced cases with severe cor-
neal astigmatism and stromal opacity, patients 
may not tolerate contact lenses or there may 
be no improvement in visual acuity on using 
contact lenses. In these cases, a penetrating 
keratoplasty (PKP) or a deep anterior lamellar 
keratoplasty is necessary to restore visual 
function [20].

Collagen cross-linking using riboflavin and 
UV light was lately introduced [21]; however, 
cross-linking alone stabilizes and stiffens the cor-
nea by inducing more corneal collagen cross- 
links of keratoconus, and the remaining refractive 
errors will still need to be corrected.

Our prospective nonrandomized clinical inter-
ventional study of 16 eyes, aimed to determine 
whether the implantation of a TICL in corneas 
that had been cross-linked and showed refractive 
stability for at least 12 months is safe, predict-
able, and effective in correcting different ranges 
of myopia and astigmatism in eyes with early 
stage keratoconus [16].

We obtained very satisfactory refractive out-
comes in predictability with all the eyes being 
within 0.5 D of the intended spherical equivalent; 
the mean spherical equivalent was <0.25 D 3 
years after the surgery. In addition, the astigma-
tism decreased significantly to nearly clinically 
insignificant values. Regarding visual outcomes, 
the efficacy was good with >81 % of the eyes hav-
ing a postoperative UDVA of ≥0.8 and all the 
operated eyes maintaining a CDVA or gaining 
multiple lines of CDVA [16]. All the studied cases 
demonstrated line(s) gain in their postoperative 
BCVA. The improvement of the postoperative 
visual performance of these patients is attributed 
to many optical factors: The effect of the CXL on 
regularization of the corneal surface and relative 
recentering of the cone and then the correction of 
the remaining refractive error by the ICL which 
provides a magnification of image and improve-
ment of the image details by correcting the refrac-
tive error at a level near to the nodal point. We 
think that the above-mentioned factors are respon-
sible for the superior visual performance of the 
cross-linked keratoconic eyes after implantation 
of Toric ICL to correct their ametropia.

The efficacy and predictability of posterior 
chamber phakic toric IOLs in the treatment of 
different degrees of myopia combined with low 
to high astigmatism in virgin ametropic eyes are 
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Fig. 28.4 The ICL V4c 
IOL. The KS-Aquaport is 
designed to restore a more 
natural aqueous flow and 
eliminate the need for an 
iridotomy
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supported by many reports [15, 22–25]. Some 
studies demonstrated the efficacy and predict-
ability of these lenses to treat similar refractive 
errors in stable keratoconic eyes [26]. Their long- 
term stability was also reported in our study [16].

The most commonly reported postoperative 
complications of the ICL implantation are ante-
rior subcapsular cataract [27–29] and increased 
IOP [30, 31].

Sanders [32] reported that anterior subcapsu-
lar opacities and cataract occurred 5 years after 
surgery in the Food and Drug Administration 
trial.

Although approximately 6–7 % of eyes devel-
oped anterior subcapsular opacities ≥7 years 
after phakic IOL implantation, the opacity pro-
gressed to a clinically significant cataract in only 
1–2 % during the same period, with most cases 
being observed in older patients and in eyes with 
very high myopia.

There were no cases of chronic increased 
postoperative IOP or anterior subcapsular cata-
ract in our study.

Another concern is the degree of vaulting of 
the implanted ICL and how it changes over time; 
a study performed by Kojima et al. [33] 1 year 
after ICL implantation in 36 eyes showed that the 
mean vault was 0.53 ± 0.25 mm. A result consis-
tent with the results in our study, which showed a 
mean vault of 0.509 ± 0.141 mm at 1 year 
postoperatively.

We also demonstrated that a high vault gradu-
ally decreases over time. The reason for the 
decrease in the initial vaulting measures espe-
cially from the 1-week to 1-month period of the 
postoperative follow-up may be related to the 
residual viscoelastic material that was present 
between the ICL and the crystalline lens, although 
meticulous irrigation/aspiration was performed.

A complete irrigation is often difficult because 
of the presence of a narrow space between the 
crystalline lens and the ICL.

It is preferable that TICL implantation not be 
performed until refraction and keratometry are 
stable after corneal collagen cross-linking. We 
prefer to wait for a least 1 year of the CXL to 
insure the stability of the refraction in those eyes.

The recommended indications for TICL 
implantation in keratoconus are as follows:

CDVA ≥20/60, clear central cornea, stable refrac-
tion at least 12 months after cross-linking and 
those patients who are satisfied with their 
spectacles prescription after CXL. Of course 
all measures should be exhausted to provide 
the best subjective spectacle corrected visual 
acuity before ordering the spectacles after sta-
bilizing the cornea. If these criteria were not 
met, TICL is not considered as a good tool for 
ametropia correction and visual rehabilitation 
in keratoconic eyes a kind of keratoplasty 
would probably provide better visual 
outcomes.

In other words, TICL implantation should not be 
considered a true alternative to keratoplasty 
but rather an alternative treatment in cases of 
early-to-moderate stages of keratoconus with 
a relatively low irregular/regular astigma-
tism. The key point of success with this 
modality is to base the TICL power calcula-
tion on the subjective best spectacle correc-
tion refraction. This value should be 
meticulously verified and approved by both 
the patient and surgeon prior to TICL calcula-
tion, ordering, and implantation. A keratoco-
nus patient who is happy with his glasses 
after CXL will be almost sure after TICL 
implantation as a result of the optical correc-
tion of his refractive error on a plane nearer to 
the nodal point by the ICL. We advise waiting 
for at least 1 year after the CXL to implant the 
TICL to get sure of the stability of the refrac-
tion and corneal state.

Refraction stability could be verified by 3 
monthly consecutive visits in which the sub-
jective refraction value that guarantees the 
best spectacle corrected visual performance is 
revised each time to insure stability before 
ordering and implanting the TICL.

All intraocular procedures entail some degree of 
endothelial cell loss, and insertion of a phakic 
IOL induces between 2.1 and 7.6 % [34]. 
Postoperative endothelial loss is also an impor-
tant issue. For the ICL, the 1-year endothelial 
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cell loss rate was 5.17 % in one study [35] and, 
in another, a cumulative decrease of 7.7 % was 
seen in the endothelial cell density over 5 
years [36].

The reason for the discrepancy is possibly because 
of chronic low-grade inflammation [37].

28.6  Conclusion

Correction of spherical and cylindrical refrac-
tive errors in keratoconic eyes by TICL implan-
tation after cross-linking seems to have 
significantly good outcomes, particularly in the 
astigmatic component of refraction. The sig-
nificant visual improvement after this proce-
dure could be attributed to two factors: the 
effect of the cross-linking on flattening/regu-
larizing the cornea and the correcting effect of 
the TICL on a plane near the nodal point of the 
line of sight.

It is recommended to meticulously repeat the 
refraction of these eyes to obtain the subjective 
refraction that provides the best spectacle cor-
rected visual performance and to calculate the 
ICL power using it to target postoperative 
emmetropia.

28.7  Example of a Clinical Case 
from Our Study

A 26-year-old female patient with progressing 
keratoconus who had corneal collagen cross- 
linking of her both eyes and showed refractive 
stability after 12 months. (Fig. 28.5 shows 
Pentacam study before CXL and 12 months after 
CXL.) The refractive stability was verified over 
the last 3 monthly visits of the patient. The patient 
had a BCVA of 0.4 (OD) and 0.8 (OS) with the 
subjective refraction of −9.50 −4.00 × 46 and 
−4.50 −3.50 × 138, respectively. The patient was 
given glasses to wear them over 2 months and she 
was very satisfied with them. A pair of toric ICLs 
was ordered for her based on the subjective refrac-
tion. The IOL Master (Zeiss, Germany) was used 
to provide values of the K readings, anterior 
chamber depth, and white-to-white measure-
ments of both eyes (Fig. 28.6). Bilateral toric ICL 
implantation was performed 14 months after the 
CXL according to the provided data and the 
implantation forms provided by the manufacturer 
(Figs. 28.7 and 28.8). One month after the surgery 
the UCVA was 0.7 (OD) and 1.2 (OS) with a quite 
bilateral anterior segment, normal bilateral IOP, 
and an ICL central vault of 600 μm bilaterally as 

Fig. 28.5 Bilateral Scheimpflug images pre and 12 months postcorneal collagen cross-linking

M. Shafik Shaheen and H. Zaghloul



345

Fig. 28.6 Bilateral corneal curvature data, anterior chamber depth, and white-to-white measurements as measured 
using the IOL Master® (Zeiss, Germany))

Fig. 28.7 Bilateral toric ICL calculation form provided by STAAR surgical
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measured by the anterior segment Scheimpflug 
imaging provided by the Pentacam (Fig. 28.9).
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29.1  Introduction

It has been reported that keratoconus patients are 
more likely to develop cataract compared with 
nonkeratoconus patients [1, 2]. Keratoconus is a 
progressive noninflammatory disease character-
ized by thinning and protrusion of the cornea. 
This results in high irregular astigmatism and 
myopia and a reduced visual acuity. Therefore, 
toric pseudophakic intraocular lenses (IOLs) are 
a very attractive option in these cases. Modern 
toric pseudophakic IOLs have shown excellent 
efficacy, predictability, and safety in correcting 
astigmatism at time of cataract surgery in eyes 
with normal corneas and regular astigmatism 
[3]. Clinical studies have shown significantly 
better UDVA and refractive astigmatism out-
comes following toric IOL implantation com-
pared with spherical IOL implantation in eyes 

with a cylinder power of 1.50 D or higher [4–6]. 
However, there are very few publications about 
toric pseudophakic lenses performance in kera-
toconic eyes [1, 2, 7–10]. In this chapter, we will 
review the patient selection, limitations of toric 
IOLs in keratoconic eyes, IOL power calcula-
tion, considerations during the cataract surgery, 
and the results published of cataract surgery in 
kerataconus.

29.2  Preoperative Examination

Preoperatively, a full ophthalmological examina-
tion is mandatory. It should include uncorrected 
distance visual acuity (UDVA) and corrected dis-
tance visual acuity (CDVA), manifest refraction, 
slit-lamp evaluation, Goldmann applanation 
tonometry, corneal topography and measurement 
of corneal aberrations, biometry, endothelial cell 
count, and funduscopy.

A topographer that analyzes both anterior and 
posterior corneal surfaces is preferred. Regarding 
the biometry, axial length and anterior chamber 
depth measured by partial coherence interferom-
etry is desirable.

29.3  Patient Selection

There are two main limiting factors regarding 
cataract surgery in a keratoconic eye:
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 – First, the decision of whether to perform the 
surgery or not is not easy. The difficulty for 
the clinician to evaluate the influence of the 
cataract on the visual acuity is probably one of 
the reasons why surgeons do not decide to 
operate in many of these cases. In other words, 
the clinician cannot measure separately the 
effect on one hand of the ectasia and on the 
other of the cataract on the visual limitation 
and cannot decide which the most influential 
factor is and therefore it is difficult to be sure 
if the surgery is really needed.

 – Second, formulas for the calculation of the 
IOLs used are the same as those applied in 
nonkeratoconic patients. Measurement of 
high keratometry values in keratoconic eyes 
is not reliable and results vary depending on 
where the measurement is taken on the cor-
nea. Additionally, keratoconic eyes are mul-
tifocal and the visual axis is not at the apex 
of the cornea but on the slope of the cone 
[11]. Thus, keratometry readings may be 
artificially high for the purposes of IOL cal-
culation. Software used for toric IOL calcu-
lation by various companies is calibrated 
and validated on nonkeratoconic eyes with 
regular astigmatism where the apex of the 
cornea often roughly coincides with the 
visual axis [8].

Inclusion criteria for toric pseudophakic IOL 
implantation [2, 8–10]

 – Mild-to-moderate keratoconus (usually grade 
I–II in Amsler-Krumeich classification)

 – Nonprogressive disease. Cataract surgery is 
usually performed in patients older than 40 
years old and keratoconus is usually stable at 
that age. In any case, progressive keratoconus 
is a contraindication for toric IOL implanta-
tion as the achieved effect will not be stable 
over time.

 – Patients that were not rigid contact lens depen-
dent to achieve good visual acuity.

 – Good historical corrected (with spectacles) 
visual acuity (better than 20/40).

 – Not very irregular astigmatism in the central 
4 mm of the cornea.

We advocate using a keratoconus classification 
defined by our research group (called RETICS 
classification). This classification is mainly based 
on the CDVA but also in some aberrometric 
parameters such us the coma like [12]. The inter-
est of this grading system is that it is a functional 
classification. Grade I is for those cases with deci-
mal CDVA better than 0.9. Grade 2 eyes with 
CDVA >0.6 and ≤0.9. Grade 3: 0.4<CDVA ≤0.6, 
Grade 4: CDVA ≤0.4, and Grade plus: CDVA 
<0.2. According to this grading system, cataract 
surgery with toric IOL could be performed in 
Grade I and in selected Grade 2 cases. In the rest 
of the eyes, a reshaping procedure like intracor-
neal ring segments (ICRS) implantation should be 
attempted before the cataract surgery.

Figure 29.1 shows an example of a good can-
didate for cataract surgery with toric IOL implan-
tation. Right eye refraction is +2.50 − 5 × 35° with 
a historical CDVA of 0.9 (decimal scale). Left 
eye refraction is +1.75 − 2.25 × 145° with a his-
torical CDVA of 1.0. Topographies and aberro-
metric analysis of both eyes are shown earlier.

Figure 29.2 shows an example of patient with 
cataract and keratoconus. The right eye refraction 
is +2.50 − 6.50 × 30° (CDVA: 0.5) and the left eye: 
+1.25 − 5.50 × 145° (CDVA: 0.4). However, in 
this case, the optical aberrations in both eyes are 
high and a combined procedure of ICRS to 
improve the corneal regularity and decrease the 
coma aberration followed by cataract surgery 
with toric IOL implantation might be considered.

29.4  IOL Calculation

This is obviously the main issue when planning 
cataract surgery in keratoconic eyes. In a series of 
refractive lens exchange with toric IOL in kerato-
conus, the authors used Pentacam or Orbscan II 
keratometry and interferometry IOL calculation. 
The SRK II formula was used for the IOL power 
calculation [9]. Other authors also chose the 
K-values obtained with the Pentacam for the IOL 
calculation; however in this case, manual kera-
tometry (Javal-Schiotz; Rodenstock, Dusseldorf, 
Germany) was used to obtain accurate determina-
tion of the axis of corneal astigmatism and the 
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Fig. 29.1 An example of a good candidate for cataract 
surgery with toric IOL implantation. Right eye refraction 
is +2.50 − 5 × 35° with a historical CDVA of 0.9 (decimal 

scale). Left eye refraction is +1.75 − 2.25 × 145° with a 
historical CDVA of 1.0. Topographies and aberrometric 
analysis of both eyes are shown earlier

Fig. 29.2 This an example of patient with cataract and 
keratoconus. The right eye refraction is +2.50 − 6.50 × 30° 
(CDVA: 0.5) and the left eye is +1.25 − 5.50 × 145° 
(CDVA: 0.4). However, in this case, the optical aberra-

tions in both eyes are high and a combined procedure of 
ICRS to improve the corneal regularity and decrease the 
coma aberration followed by cataract surgery with toric 
IOL implantation might be considered
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elected formula was the Sanders–Retzlaff–Kraff 
theoretical (SRK/T) [2]. In the largest series of 
refractive lens exchange in keratoconus, the 
author calculated the IOL power by US biometry 
using the Allergan Humphrey 820 and Holladay 2 
formula, targeting a residual myopic astigmatism. 
Keratometry readings were obtained by axial top-
ographic maps. The dioptric power of the steepest 
meridian over the central 3 mm of the cornea was 
considered K1, and the dioptric power of the flat-
test meridian over the central 3 mm of the cornea 
was considered K2. Each meridian power was cal-
culated by averaging its two semimeridian val-
ues, always considering the central 3 mm [13]. In 
a series of two cases of forme fruste keratoconus, 
the IOLMaster axial length, the Orbscan II kera-
tometric readings, and the SRK II formula were 
used for the IOL calculation [14]. In contrast, 
other authors do not report enough information 
about how the IOL calculation was performed 
[8]. It is evident that there is big disparity among 
authors regarding the best method for IOL calcu-
lation in keratoconus patients. In any case, axial 
length measurement by optical interferometry 
and K readings from topographers are the pre-
ferred options. In our study [10], we had the 
impression that when the corneal shape is very 
altered, probably the deformity of the anterior 
and posterior cornea is similar, therefore the pos-
terior cornea may not influence the calculation as 
much as we were thinking.

Regarding the use of different formulas for the 
calculation of the IOLs power, in one of the 
reported case series, the SRK/T formula seemed 
to provide better results compared with the 
Hoffer Q [10]. In contrast, in a different publica-
tion, the difference between the ideal IOL power 
and the calculated IOL power from SRK, SRK II, 
and SRK/T formulas was determined and the 
most accurate IOL power was found by using 
SRKII [1]. It is our opinion that the axial length 
and the rest of the factors that help in the effective 
lens position (ELP) prediction are very impor-
tant. Formulas like Holladay II that take into con-
sideration all these factors should be more 
accurate. We have also the hope that with the new 
ray tracing formulas we will be able to improve 
the predictability of these difficult cases in the 

future. In any case, greater series are needed to 
demonstrate which formula performs the best.

29.5  Surgery

We advocate performing microincisional sur-
gery (MICS) in every cataract surgery but espe-
cially in those cases when astigmatism needs to 
be carefully managed or a toric intraocular lens 
is planned to be implanted. Incisions larger than 
2.2 mm may induce variable amounts of surgi-
cally induced astigmatism (SIA) leading to a 
more unpredictable outcome [15–17]. Other 
factors that may affect the amount of SIA are 
the amount of preoperative corneal astigma-
tism, suture use, and patient age [18, 19]. As in 
keratoconus eyes predictable results are more 
difficult to be achieved, it is extremely impor-
tant to avoid all the possible sources of error 
and uncontrolled surgically induced astigma-
tism due to a too large incision may be an 
important one. In a recent paper from our 
research group [10], the results of MICS sur-
gery in keratoconus eyes with cataract are 
shown. Surprisingly, in most of the papers pub-
lished to date, the incisions used to perform the 
surgery are larger than 2.2 mm. Only in two of 
the series the incisions size were 2.2 mm or 
smaller [2, 10]. Other authors performed 2.7 
and 3.2 mm sclera tunnel incisions [8, 12], and 
2.8 and 3.2 mm corneal incisions [9, 14].

We need to emphasize that large corneal inci-
sions must be avoided especially in keratoconus 
due to its weakening effect in an already weak 
cornea.

Regarding the toric IOL, in most of the series 
the implanted IOL was the AcrySof Toric (Alcon 
Laboratories Inc. Ft Worth, Texas) [2, 9, 10, 13, 
14]. In one of the series the IOL implanted was 
the AT TORBI 709M (Carl Zeiss Meditec, 
Germany) [8]. This bitoric plate haptic IOL offers 
a wider range of astigmatism correction than the 
AcrySof extending up to 12 diopters and even 
higher levels can be manufactured to order. At 
this moment it is necessary to remind that some 
manufactured toric IOL calculators consider the 
relation between cylinder power at the IOL plane 
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and at the corneal plane as a fixed amount [20, 
21]. This is an important error because the effec-
tive cylinder power of the IOL at the corneal 
plane is a function of the effective lens position 
and the spheroequivalent power of the IOL. The 
IOL cylindrical and spherical powers must first 
be converted into the two principal lens powers, 
after which both lens powers are calculated to the 
corneal plane using a standard vertex formula. 
The difference between both lens powers at the 
corneal plane should be used to select the most 
appropriate IOL cylinder power [3].

29.6  Results

Overall, outcomes after cataract surgery with toric 
IOL implantation in keratoconus are good. Nanavaty 
et al. [8] reported excellent outcomes with a UDVA 
of 20/40 or better in 75 % of the eyes and a reduc-
tion in the preoperative cylinder from 3.00 ± 1.00 D 
to 0.70 ± 0.80 D. Leccisotti [13] reported worse out-
comes in his series of clear lens extraction and toric 
IOL implantation. IOL exchange surgery was 
needed in 11 cases (32 %) because the IOL power 
was not accurate due to the ultrasound biometry 
limitations. However, at 12 months, mean spherical 
equivalent (SE) was −1.31 ± 1.08 D and mean defo-
cus equivalent was 1.94 ± 1.57 D. Twenty-two eyes 
(65 %) were within ±2 D of defocus equivalent, 16 
eyes (47 %) were within ±1 D, and three eyes (9 %) 
were within ±0.5 D. The safety index was 1.38, and 
the efficacy index was 0.87.

Jaimes et al. [9], in their refractive lens 
exchange series in 19 keratoconus eyes showed 
that the mean preoperative sphere decreased from 
−5.25 ± 6.40 D to 0.22 ± 1.01 D postoperatively 
(p < 0.001). Mean preoperative cylinder and SE 
were 3.95 ± 1.30 and −7.10 ± 6.42, respectively, 
and improved to 1.36 ± 1.17 and −0.46 ± 1.12 
after the surgery (p < 0.001). Preoperative mean 
UDVA was 1.35 ± 0.36 and changed to 0.29 ± 0.23 
after the surgery (p < 0.001).

Thebpatiphat et al. [1] found a mean improve-
ment in CDVA of four lines and a slight improve-
ment in UDVA from 0.71 ± 0.41 to 0.63 ± 0.47; 
most of these patients were rigid contact lenses 
users before and after the surgery.

Our research group recently published the 
largest series of cataract surgery in keratoconic 
eyes [10]. Refractive outcomes before and after 
the surgery are presented in Table 29.1.

As it can be seen in the table, statistically signifi-
cant improvements were found in the cylinder, 
defocus equivalent, UDVA, and CDVA. Meanwhile, 
the keratometry remained completely stable due to 
the neutral effect of the MICS incisions.

The safety index was 1.38 ± 0.58. Nine eyes 
(60 %) achieved postoperative UDVA ≥20/30. 
The efficacy index was 1.17 ± 0.66.

In Fig. 29.3a, b, the change in Snellen lines of 
corrected distance visual acuity versus percentage 
of eyes and the results for visual efficacy are shown.

In Fig. 29.4a, b, the postoperative spherical 
equivalent distribution and the attempted versus 
the achieved refraction can be seen. The black 
line corresponds to the fit line of the complete 
group.

It should be noticed in the graph earlier, that 
the refractive predictability of this surgery was 
very good for those patients with myopic astig-
matism (N = 10), but not for patients with hyper-
opic astigmatism. However, the application of 
different formulas for the calculation of the IOL 
power (depending on the axial length) could 
influence the result.

There are also two more publications of cata-
ract surgery in keratoconic eyes, they show good 
results but these papers are case report of only 
two cases each [2, 14].

According to the above-mentioned literature, 
toric IOL implantation in keratoconus at the time of 
cataract surgery reduces preoperative cylinder and 
overall improves patient’s refraction. However, the 
predictability achieved is worse and not compara-
ble with the predictability reported in eyes with 
normal corneas [3, 4, 6, 22–28].

29.7  Combined Procedures

In our clinical practice, we will also find cases 
with cataract and advanced keratoconus. In 
these patients, we usually need to combine sev-
eral procedures. We may find two different 
situations:
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 1. Eyes with high irregular astigmatism and 
aberrations but with clear corneas and with 
the thinnest point at 6 mm of 400 μm or more. 

In these cases, we recommend to implant 
intracorneal ring segment/s to improve the 
corneal shape prior to the cataract surgery. 

Table 29.1 Changes in refractive, visual, and keratometric parameters for keratoconus stable patients operated of cata-
ract using micro-inclusion cataract surgery

Preoperative Postoperative Comparison (p value)

Sphere (D) −1.77 ± 6.57 (−11.00 to 7.00) 0.08 ± 0.79 (−1.25 to 1.75) 0.211

Cylinder (D) −2.95 ± 1.71 (−7.00 to −0.75) −1.40 ± 1.13 (−3.25 to 0.00) 0.016*

Spherical equivalent (D) −3.24 ± 6.14 (−11.75 to 5.63) −0.62 ± 0.97 (−2.50 to 0.50) 0.158

Defocus equivalent (D) 5.73 ± 3.40 (0.25 to 11.75) 0.78 ± 0.84 (0.00 to 2.50) 0.001*

UDVA (logMAR) 1.33 ± 0.95 (0.40 to 2.77) 0.32 ± 0.38 (0.00 to 1.30) 0.008*

CDVA (logMAR) 0.32 ± 0.45 (0.01 to 1.77) 0.20 ± 0.36 (−0.03 to 1.30) 0.013*

K1 43.93 ± 1.78 (42.05 to 46.32) 44.83 ± 2.38 (42.50 to 47.25) 0.593

K2 46.95 ± 2.75 (44.35 to 50.05) 47.75 ± 2.29 (45.75 to 50.25) 0.580

KM 45.44 ± 2.24 (43.70 to 48.19) 46.29 ± 2.14 (44.55 to 48.75) 0.625

CDVA corrected distance visual acuity, UDVA uncorrected distance visual acuity
The level of significance was p = 0.05
*Statistically significant difference
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Once the corneal regularity is improved, we 
can proceed with the cataract surgery. A toric 
IOL may be implanted only in cases with low 
aberrations and low irregular astigmatism 
after the ICRS implantation.

 2. Eyes with high irregular astigmatism and 
aberrations but with corneal scars (due to a 
previous hydrops) or too thin corneas for the 
ICRS implantation purpose. These are obvi-
ously the more extreme keratoconus cases and 
in these cases we need to combine corneal 
transplantation, preferably deep anterior 
lamellar keratoplasty (DALK), and cataract 
surgery. However, once again, we need to dis-
tinguish two different situations:
 (a) When the cataract is very dense or it is 

mild but penetrating keratoplasty (PK) is 
needed, it is better to perform the cataract 

surgery and the corneal transplantation at 
the same time.

The endothelial cell number is always 
decreased after PK, thus the risk of cor-
neal decompensation with cataract sur-
gery is higher in eyes with previous PK.

 (b) When the cataract is not very dense and a 
DALK is planned, an interesting strategy 
is to first perform the DALK. Once the 
sutures are removed a cataract surgery is 
planned to improve the patient visual acu-
ity but also with a refractive purpose, 
even implanting a toric IOL when the cor-
neal regularity allows it (Fig. 29.5).

In a recent publication [29], toric IOL 
implantation results after corneal transplanta-
tion are analyzed in 21 cases. The authors show 
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significant improvement in UDVA (logMAR, 
0.90 ± 0.48 to 0.23 ± 0.25; p = 0.0001) and CDVA 
(logMAR, 0.31 ± 0.14 to 0.08 ± 0.13; p = 0.0001). 
A total of 14 of 21 eyes (67 %) and 17 of 21 eyes 
(81 %) had UDVA and CDVA of 20/30, respec-
tively. Preoperative topographic astigmatism 
was 4.57 ± 2.05 D. Postoperative manifest 
refraction astigmatism was 1.58 ± 1.25 D.

Figure 29.5 shows a case of sequential DALK 
and cataract surgery. This patient had advanced 
keratoconus and mild cataract. DALK was suc-
cessfully performed and 1 year later, once the 
double running sutures were removed, cataract 
surgery with a toric IOL was performed to adjust 
the refractive outcomes. The first picture (on top) 
shows very low astigmatism (1.96 D) prior to the 

Fig. 29.5 This figure shows a case of sequential DALK 
and cataract surgery. This patient had advanced keratoco-
nus and mild cataract. DALK was successfully performed 
and 1 year later, once the double running sutures were 
removed, cataract surgery with a toric IOL was performed 

to adjust the refractive outcomes. The first picture (on top) 
shows very low astigmatism (1.96 D) prior to the sutures 
removal. The second picture (below) shows increased 
astigmatism (5.37 D) after the suture removal. However, 
this is a nicely regular astigmatism
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sutures removal. The second picture (below) 
shows increased astigmatism (5.37 D) after the 
suture removal. However, this is a nicely regular 
astigmatism.

29.8  Conclusion

Cataract surgery in the keratoconic eye with the 
current technology improves the refraction and 
the quality of life of these patients. To achieve 
this satisfactory outcome, proper patient selec-
tion, IOL calculation with topography and opti-
cal biometry, microincisional cataract surgery, 
and toric IOL implantation in selected cases are 
mandatory.
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      Adjourn: A Glance at the Future 
of Keratoconus                     

     Jorge     L.     Alió    

       The reader who has gone through the different 
chapters of this book has been able to confi rm 
how improvements in genomics, proteomics, 
etiopathology, epidemiology, diagnostics, and 
therapy have improved our knowledge about ker-
atoconus, jointly with a capability for  early diag-
nosis   which has indeed made keratoconus a more 
frequent disease because we can diagnose it 
properly. Most probably, this is just the beginning 
of a scientifi c and technical trend that will be fur-
ther developed for a better understanding and 
treatment of keratoconus. 

 Looking at the future, we may guess that the 
 computerized volumetric analysis   of keratoconus 
will display not only the disease but also its capa-
bility to progress into different stages with differ-
ent severities. The eye in keratoconus, for sure, is 
not only affected at the cornea but also at the 
scleral level. Further investigations will probably 
confi rm early studies that are indicating that the 
sulcus and the anterior part of the sclera are 
indeed affected in keratoconus, which is some-
thing that seems to be just logical [ 1 ]. 

 The advances in  corneal surgery      as applied in 
keratoconus today are clear but still with impor-
tant limitations. Among the main ones are the 
unpredictable refractive and visual outcomes of 
corneal graft surgery in its different modalities. 
In spite of the recent advances with the use of 
femtosecond laser, deep anterior lamellar grafts 
and other sophistications, still the use of sutures 
that have to join a normal donor tissue to an 
abnormal tissue in harmonic shape and thickness 
make the outcomes unpredictable. Modern tech-
niques based on the use of adhesives or diode 
laser welding most probably will eliminate the 
need for sutures or will make the use of sutures 
more adequate, useful, and predictable. 

  Invasive pharmacological therapy   of the cor-
nea initiated by the use of ribofl avin and ultravio-
let: the so-called corneal collagen cross linking 
therapy has just started. Ultraviolet is not the only 
radiation capable of  crosslinking   the cornea and 
ribofl avin is not the only photosensitizer able to 
be stimulated and to make the oxidative changes 
that make the corneal collagen crosslinking in 
keratoconus possible. Most probably, the future 
use of  nanotechnology   and other methods that 
will be able to strengthen the corneal tissue col-
lagen creating a different standard in treating 
keratoconus and perhaps even other diseases 
associated to the weakening of the ocular surface 
structure such as happens in high myopia. 

 We may forecast that the future knowledge and 
treatment is going to be completely different and 
better. Keratoconus, now treatable, will be in a 
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given moment preventable, thanks to the help of 
 genomics and proteomic diagnosis  . The early 
application of invasive pharmacological therapy 
of the cornea will change the progression of the 
disease to stages in which surgery is today neces-
sary. When necessary, surgery will be transformed 
to one with more predictable outcomes, using 
minimally invasive technology assisted by lasers 
and probably without the sutures used today. 

 The currently available and future develop-
ments that will happen in keratoconus treatment 
make this otherwise rare and frustrating corneal 
disease one of the most important issues that we 
have in cornea and basic and clinical research 
studies today. 

 Keratoconus is a model for the future under-
standing of the cornea and it is a model as well 
for future treatment of other corneal  diseases  . 
Let us participate in this most interesting and 
creative moment in the history of ophthalmology 

related to the technological and therapeutical 
development of the diseases of the cornea by the 
opportunity offered by keratoconus. The future 
of our patients and probably our understanding 
about today’s partially known corneal diseases 
will improve and progress to a new and far bet-
ter level of knowledge and ophthalmological 
practice.    

  Compliance with Ethical Requirements   Jorge L. Alió 
declares that he has no confl ict of interest. No human or 
animal studies were carried out by the author for this 
chapter.  
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  Corneal tangential map  ,   93   
  Corneal thickness spatial profi le (CTSP) graphs  ,   

78–80     

Index



364

  Corneal tomography 
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 diagnosing keratoconus and ectasia susceptibility  , 
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 keratoconic cornea  ,   69  
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 advanced keratoconus  ,   156   
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  Filamentary keratitis  ,   210   
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  IntraLase femtosecond laser (IntraLase FS Laser)  ,   46   
  Intraocular pressure  ,   341   
  Intrastromal corneal ring segments (ICRS)  ,   199–204                  
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