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Abstract 

Purpose: To determine the indices of the Pentacam HR® which change enough in 

longitudinal data to detect and predict Keratoconus progression and how they 

correlate to demographic/other predictor variables. 

Methods: In this retrospective chart review topographic, tomographic and elevation 

data from 134 subjects with two visits were collected from the Pentacam HR®. The 

subjects were divided into two groups as diagnosed with Keratoconus and normal 

eyes. The Keratoconus group was subdivided into cross linked and not cross linked 

eyes and whether or not they had atopic disease or not. The parameters were 

compared for each of the groups and between the two visits for each group. 

Results: The normal eyes were significantly different compared to the keratoconic 

eyes in almost all factors and indices (all p>0.05). Comparing the CXL and non CXL 

group only the density was found to be significantly higher in the CXL group (p<0.05). 

In the Non CXL group comparing the two visits K flat steepened significantly 

(p=0.021), the pachymetry of the thinnest point increased (p=0.02) and Dt was 

reduced (p=0.027). Within the CXL group K steep steepened (p=0.028), CKI 

increased (p=0.046) and the location of the thinnest point changed (p=0.024). IHD 

increased for the Non CXL, CXL groups and the atopic, Non atopic groups (all 

p<0.05). There were no differences found in any of the indices or factors when 

comparing the atopic to the non atopic groups at each visit (p>0.05).  

Conclusion: In conclusion, this review on a limited number of KC participants has 

demonstrated that the Pentacam HR®  and its factors and indices can be useful in 

detecting the progression of KC with and without CXL and atopic disease, in addition, 

to their use in early diagnosis of KC when compare to controls. 

  



                

IV 
 

Zusammenfassung 

Ziel: Bestimmung der Indizes der Pentacam HR®, die sich über längere Zeit  stark 

genug ändern, um Keratokonusprogression zu erkennen und vorherzusagen und wie 

diese Indizes mit demografischen und anderen Variablen korrelieren. 

Methoden: In dieser retrospektiven Übersicht wurden topografische, tomografische 

und Höhendaten von 134 Probanden mit zwei Messungen der Pentacam HR® 

gesammelt. Die Probanden wurden in zwei Gruppen eingeteilt, Augen bei denen 

Keratokonus diagnostiziert wurden und normale Augen. Die Keratokonus-Gruppe 

wurde in  weitere Gruppen unterteilt, je nachdem ob Crosslinking durchgeführt wurde 

oder nicht und ob die Probanden eine atopische Erkrankung hatten oder nicht. Die 

Parameter wurden zwischen den Gruppen und zwischen den beiden Besuchen für 

jede Gruppe verglichen. 

Ergebnisse: Die normalen Augen unterschieden sich in fast allen Faktoren und 

Indizes signifikant von den keratokonischen Augen (alle p> 0,05). Beim Vergleich der 

CXL- und der Nicht-CXL-Gruppe wurde festgestellt, dass nur die Hornhautdichte in 

der CXL-Gruppe signifikant höher war (p <0,05). Beim Vergleich der beiden 

Messungen der Nicht-CXL Gruppe zeigte sich, dass K flach signifikant steiler wurde 

(p = 0,021), die Pachymetrie der dünnsten Stelle signifikant zunahm (p=0,02) und 

sich Dt verringerte  (p = 0,027). Innerhalb der CXL-Gruppe wurde K steil signifikant 

steiler (p = 0,028), CKI stieg an (p = 0,046) und die Position der dünnsten Stelle 

änderte sich (p = 0,024). Sowohl in der Nicht-CXL- und der CXL-Gruppe als auch in 

den Gruppen mit und ohne atopische Erkrankung erhöhte sich der IHD signifikant 

(alle p <0,05). Beim Vergleich der atopischen und der nicht atopischen Gruppe  

wurde weder in der ersten noch in der zweiten Messung in signifikanter Unterschied 

der Indizes oder Faktoren festgestellt (p> 0,05). 

Schlussfolgerung: Zusammenfassend hat diese Überprüfung einer begrenzten 

Anzahl an Probanden gezeigt, dass die Faktoren und Indizes der Pentacam HR®, 

zusätzlich zu ihrer Anwendung zur frühen Diagnose von KC, hilfreich zur Erkennung 

der Keratokonusprogression mit und ohne CXL und atopischen Erkrankungen sein 

können. 
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1 Introduction 

1.1 Corneal Shape 

The transparent cornea chiefly contributes to the refracting system of the eye and is 

one of the most important aspects of the eyes. With roughly a radius of curvature of 

approximately 43.25 (±1.53) D (1) it is responsible for 66% of the refractive system of 

the eye. (2) Its average diameter in the normal adult population is 11.71 (±0.42) mm 

(3) and the mean front surface central radius is 7.72 (±0.27) mm and 6.71 (±0.23) 

mm for the back surface. (4) The mean total corneal thickness increases centrally 

from 540 (±40) μm up to 640 (±40) μm in the periphery, whereas the mean epithelial 

thickness remains constant across the entire cornea (approximately 52 (±3) µm). (5, 

6) The shape of the cornea is a prolate ellipse, which means its curvature flattens 

from the centre to the periphery. (4) This resulting asphericity reduces spherical 

aberration and improves the retinal imaging. (7) The radius of curvature and the 

thickness of the cornea show no difference with aging. (8–10) Studies show that from 

a young age until around 50 years of age that the shape of the cornea is maintained. 

(11, 12)  

The cornea is protected by a multi-layered tear film and consists of five different 

cellular layers (Figure 1-1). The outer most layer, the epithelium, has a barrier 

function to the outside environment to stop toxins and microbes from entering the 

rest of the cornea. (13) It has four to six layers of cells and is 40-50 μm thick. (14) 

There are three different layers: the superficial cells, the wing cells and the basal 

cells. (13) The basal cells are capable of mitosis and regenerate quickly. (15) Below 

the epithelium lies Bowman’s membrane. This acellular layer is approximately 15 μm 

thick, biomechanically stiff and with its help the cornea maintains its shape. When it 

is injured, it will develop scars. (13) The next layer is the stroma, which comprises 

80% to 85% of the thickness of the cornea. (13) It consists of parallel-arranged layers 

of collagen fibrils. This organization of fibrils leads to the required transparency of the 

cornea. (16) Keratocytes are quiescent cells in the stroma. After injury, they either 

undergo apoptosis (programmed cell death) or transform into repair phenotypes. (17)  
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Beneath the stroma lies Descemet's membrane, which is the basement membrane of 

the endothelium. Its thickness increases with age from approximately 2 μm to 10 μm. 

(18)  

The innermost layer is the endothelium with just one layer of cells. These cells are 

not able to regenerate but the remaining cells grow and change their shape to fill the 

space of degenerated and lost cells. (13)  

 

Figure 1-1 Anatomy and physiology of the cornea by DelMonte et al (13) 

 

1.2 Change in Corneal Shape 

1.2.1 Keratoconus 

In some cases, the cornea does not maintain its regular shape and shows ectasia 

that is, a bulging forward. Keratoconus (KC) is a degenerative disorder of the cornea 

that leads to a progressive non-inflammatory cornea thinning. (see Figure 1-2) As a 

result of this thinning and bulging, which occurs in the posterior cornea first, the 

protrusion and the conical shape induces irregular astigmatism.  
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According to Rabinowitz, KC normally begins at puberty and progresses until the age 

of thirty or forty. (19)  

The incidence of KC varies between 50 and 230 per 100,000. (19)  Kennedy et al 

reported a prevalence of 54.5 per 100,000 in Minnesota (20) but it ranges from 0.3 

per 100,000 in Russia (21) to 2300 per 100,000 in Central India (22). Two studies 

found a 4.4-7.5 times higher incidence in Asian populations than in Caucasians. (23, 

24) However, the prevalence could be higher as it should be considered that early 

KC may not be detected or certainly not diagnosed. 

 

 

Figure 1-2 Keratoconus profiles (picture courtesy of L. Sorbara) 

 

Pathogenesis of KC 

Currently, the pathogenesis of keratoconus is still not completely understood. Gomes 

et al. have categorized the multitude of pathogenic factors in keratoconus into four 

major components: genetics, biochemical, biomechanical, and environmental. (25) 

Genetics may have an influence as 6-10 % of KC patients have a family history of the 

disease. (26, 27) Further, KC has been associated with connective tissue disorders, 

Down syndrome, Leber’s congenital amaurosis and Marfan syndrome. (19, 28)  
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External factors such as UV-light, poor contact lens fitting, eye rubbing and allergies 

lead to oxidative stress. (see Figure 1-3) (29) Keratoconic corneas do not seem to be 

able to process the oxidative stress as well as normal corneas. (30)  

Moreover, atopic diseases such as hay fever and asthma seem to affect and are 

associated with KC. (31) According to Bawazeer et al. eye rubbing often caused by 

atopic disease is the most important risk factor. (32) This association has been 

attributed to an increase in hydrostatic tissue pressure, corneal temperature, and 

protease activity in the corneal tissue. (33)  

 

 

Figure 1-3 Oxidative Stress (picture courtesy of L. Sorbara) 
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Progression of KC 

The “Global consensus on Keratoconus and Ectatic Disease” by Gomes et al defined 

progression of KC if at least two of the following three parameters change above the 

normal noise of the measuring instrument: steepening of the anterior corneal surface, 

steepening of the posterior corneal surface, thinning and/or an increase in the rate of 

corneal thickness change from the periphery to the thinnest point. Nevertheless, they 

agreed that there is no quantitative data to define progression. (25)  

The rate of progression is influenced by age as younger patients have a higher rate 

of progression. (34, 35) Shetty et al. created a score for high risk of progression that 

includes age, eye rubbing, atopic disease, frequent change of glasses and other 

factors.(see Table 1-1) (36) All of these aspects can help clinicians to treat their 

patients more appropriately. 

 

Table 1-1 High-risk characteristics for progression of Keratoconus by Shetty et al (36) 

Characteristics Division Score 

Age (in years) <20 2 

  23-30 1 
  >30 0 
Eye rubbing Active 2 
  Past history 1 

  Absent 0 
Atopic eye disease Active 2 
  Past history 1 
  Absent 0 
Frequent change 
of glasses 

Present 2 

  Absent 0 
Others Pregnancy 2 

  Downs syndrome 1 
  Connective tissue disorders 1 
  Retinitis pigmentosa 1 
  Lebers congenital amaurosis 1 
*Scoring for HRC. >8: High risk of progression, 6-8: Moderate risk of 
progression, <6: Low risk of progression. HRC: High-risk characteristics 
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Histopathology 

The histopathology of KC has not been completely elucidated yet, but many 

morphological changes have been reported. Sherwin et al. (37) summarized the 

variations and alterations in each part of the cornea in his histological assessment of 

KC which is shown in Figure 1-4. KC eventually affects each corneal layer. In the 

study of Fernandes et al., a change in epithelial thinning was the most common 

finding in histopathological studies. (38) Kim et al. described atopic changes not only 

in the superficial but also in the deeper layers of the epithelium. (39) Cells located at 

the apex were found to be elongated and arranged in a whorl-like fashion. (40)  

Scroggs et al. characterized two groups of KC, "typical" corneas including the ones 

with one or more breaks in Bowman's layer and "atypical" corneas without breaks. 

(41) Defects and breaks in Bowman's layer are one of the common features of KC. 

These vary from simple breaks to large gaps where the epithelium connects directly 

with the stroma. (42)  

Another change of the keratoconic cornea is the thinning of the stroma. Although the 

thickness of the collagen lamellae stays the same, the number of the lamellae are 

significantly less compared to normal corneas due to increased protease (enzyme) 

activity. (43) The density of keratocytes in the stroma have also been found to be 

lower. (44)  

In Descemet’s membrane ruptures and folds often occur. (37) The cells of the 

endothelium sometime show intracellular "dark structures", pleomorphism and 

elongation. (19) Endothelial cell loss may be connected with ruptures in Descemet's 

membrane or with increased apoptosis. (45, 46)  
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Figure 1-4 Morphological changes in all corneal layers by Sherwin et al (37) 
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Clinical signs and symptoms 

In the early stages of KC, detection may be challenging. There may be no symptoms, 

only that the patient experiences a deterioration of vision. Due to the thinning, the 

cornea bulges and induces irregular astigmatism and high myopia. This results in 

mild to marked impairment of vision. (47)  

With the thinning of the cornea, the volume of the cornea decreases. Therefore, 

some studies propose volume as a factor for detection of KC. (48, 49) Often there 

can be seen an iron ring around the circumference of the cone (Fleischer's ring) 

marking the edge of the thinner and thicker cornea and/or fine vertical lines deep in 

the stroma (Vogt's striae), a buckling of the stroma on itself. (50) KC usually occurs 

bilaterally but in most cases initially one eye is more greatly affected (leading eye) 

compared to the other (lagging eye) as the disease progresses asymmetrically. (51) 

Perry et al. identified two types of cones. (52) The round "nipple" cone is more 

common, globally and is mostly centrally located whereas the "oval" cone is located 

more inferiorly or inferior-temporally. (19) In the late stages of KC, corneal scarring 

may occur over the thinnest point of the cone. (53)  

 

1.2.2 Aberrations with KC 

Visual acuity decreases due to corneal aberrations such as spherical aberration, 

coma and trefoil that the irregularity induces. (47) Keratoconic corneas show higher 

values of high order aberrations (HOA) compared to normal corneas. Alio et al. 

suggested considering HOA especially coma-like aberrations in order to grade KC. 

(54) They assumed that the decentration of the cone in KC significantly increases the 

coma-like aberrations. There are significant differences among spherical aberration, 

coma and trefoil comparing normal eyes and eyes with KC. Due to the change in 

shape and the resulting vertical asymmetry the vertical coma coefficient appears to 

be one of the best indices to detect early KC. (55)  
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1.2.3 Management of KC and Corneal Cross linking 

In early stages of KC, correction with spectacles or soft contact lenses still might be 

possible. If KC progresses and the shape of the cornea becomes more irregular, rigid 

gas permeable lenses (RGP) provide a better optical correction. (56) RGP 

compensate for the irregular surface of the cornea and therefore increase the quality 

of vision. Three different fitting philosophies have been practiced in the past but 

currently the three-point touch method is used the most widely. (57) If for some 

reason the fitting with RGP is not possible, there are some other options of lens 

fittings such as soft lenses with increased centre thickness, piggyback, hybrid lenses 

or scleral lenses. (58, 59) Patients with severe KC who no longer can be corrected 

with spectacles or contact lenses due to late stage corneal scarring may be referred 

for a corneal transplant (keratoplasty, either penetrating or lamellar).  In many 

countries, KC is one of the main indications for keratoplasty. (60)  

Corneal Cross Linking (CXL) is the only treatment available today for KC to stabilize 

the cornea and slow its progression. In 2003, Wollensak et al. first evaluated the 

effect of CXL in human eyes with KC. (61) In the last few years the effect of stopping 

the progression of KC over various short-term study periods was confirmed by other 

studies. (62, 63) The cornea is treated with a combination of Riboflavin and 

Ultraviolet-A-light. Usually UVA light of 370 µm is used because most of this light is 

absorbed into the cornea and therefore there is no risk to the crystalline lens and the 

retina. (64)  

There are two different ways to proceed with CXL: with either the epithelium-off CXL 

or trans epithelial CXL (that is epithelium on). In epithelium-off CXL the central 

epithelium is removed in a 7.00-9.00 mm diameter circle after  anaesthetic eye drops 

are given, (64, 65) whereas, in the trans epithelial CXL, the procedure is performed 

without removing the epithelium in order to reduce the post-surgical pain that is 

induced when the epithelium is removed. (66) In both methods, Riboflavin, a 

photosensitizer, is administered to the cornea. It absorbs the UV irradiation and then 

generates reactive oxygen species (ROS).  These radicals induce the cross linking of 

the stromal collagen fibrils. (64) The diameter of the collagen fibres in the stroma 

significantly increase (66) and thereby strengthen the cornea.  
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Chatzis et al. suggest CXL treatment as soon as possible (63) but most studies focus 

on patients with only progressive KC as crosslinking of the cornea increases on its 

own with age due to lifelong UV exposure. (67)  

 

1.2.4 Other corneal disorders 

In addition to KC, corneal ectasia can be caused by other aspects. Progressive 

inferior corneal steepening is one of the complications after laser in situ 

keratomileusis (LASIK). It is related to an increase in myopia and astigmatism and a 

loss in vision acuity. (68) Another cause of ectasia with similarities to KC is Pellucid 

Marginal Degeneration (PMD). PMD is characterized by a narrow band of thinning in 

the inferior periphery of the cornea with a width of 1-2 mm. It is mostly detected 

between the second and fifth decade of life and it progresses slowly.(47) PMD is a 

rare disorder less common than KC but more common than Keratoglobus. (69) 

Keratoglobus shows a diffuse thinning which is greater in the periphery. This results 

in a globular shape of the cornea. Unlike PMD or KC, Keratoglobus is non-

progressive. (47) As with PMD, Terriens marginal degeneration is a bilateral, slowly 

progressive thinning in the peripheral cornea. However, the thinning usually starts 

supero-nasal and is found mostly in patients older than 40 years. (70)  
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2 Measurement of Corneal Shape 

2.1 Topography 

Corneal topographic measurements are very common in clinical practice for various 

purposes. The data may be used for fitting contact lenses as well as for detecting 

abnormalities in corneal shape as the curvature of the anterior cornea can be directly 

measured. One of the most common principles of topographic measurement is the 

specular reflection method. Therefore, a Placido disc system is used. This system 

consists of several concentric illuminated rings that are reflected onto the cornea 

(Figure 2-1). From these reflected rings, the corneal curvature is reconstructed and 

calculated. (71) The first Placido disc was developed in 1880 by Antonio Placido and 

consisted of alternating black and white concentric bands with a hole in the centre. 

Antonio Placido took the first photographs of the corneal reflection. (72) In 1984, 

Klyce presented a computer-based analysis to simplify the interpretation of the 

images. (73) Computer-assisted videokeratographs (VKE) with high-resolution 

images were a large step to the digital world at this time. Nowadays instruments such 

as the Keratograph from Oculus (Wetzlar, Germany) which also consists of a Placido 

disc with 22 rings and 200 red LEDs automatically use a camera to take multiple 

images analysed with sophisticated software programs. (74)  

Yet, the Placido disc system has some limitations. The curvature can only be 

measured for 60% of the anterior corneal surface and thus peripheral data is lost. 

PMD or KC might not be detected as curvature changes can occur posteriorly first. 

Topographers do not provide data for the posterior surface of the cornea or can they 

calculate corneal thickness. 



                

12 
 

 

Figure 2-1 Placido disc (picture courtesy of L. Sorbara) 

 

2.2 Tomography 

Tomography on the other hand is a projection system that gives a three dimensional 

image. It is an indirect measure of corneal curvature and shape and is based on 

elevation maps using a camera system. The imaging process creates a three 

dimensional image of the anterior eye segment. The elevation maps of both the front 

and back surface of the cornea are usually shown compared to a reference shape 

called the best-fit sphere (BFS). (73) From the elevation data of the front and back 

surface of the cornea, corneal curvature and the pachymetric maps are calculated. 

(75) There are two different types of tomography methods: slit scanning and 

Scheimpflug imaging principles.  

The Orbscan II from Bausch + Lomb (Rochester, New York, USA) (see Figure 2-2) 

uses a combination of a Placido disc (corneal curvature) and a slit scanning camera 

(elevation maps) to describe corneal shape and thickness. 40 slits are projected on 

the cornea, 20 slits from the right and 20 slits from the left at a fixed angle of 45° to 

the instrument axis. The camera records the backscattering of the slits from the front 

and back corneal surfaces and from these data, the structure of the cornea is 

reconstructed. (76) See Figure 2-3 of a typical pachymetry map of the KC cornea. 
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Figure 2-2 Orbscan II (picture courtesy of L. Sorbara) 

 

 

Figure 2-3 Orbscan Pachymetry map (picture courtesy of L. Sorbara) 
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The Pentacam HR® from Oculus (Wetzlar, Germany) (see Figure 2-4) consists of a 

camera based on the Scheimpflug principle. The camera is set perpendicular to a slit 

beam of light. This beam of light rotates 180º around the optical axis of the eye and 

takes 25 to 50 optic section images of the corneal front and back surface in about 2 

seconds. A second camera controls the fixation of the eye and any movement is 

corrected for. (77) From about 25,000 elevation points, the anterior eye segment is 

reconstructed. (77) The Pentacam HR® provides not only elevation, curvature and 

pachymetric data but also data of wave front aberrations and densitometry. (76) See 

Figure 2-5 as example of a KC cornea showed in the 4 Maps elevation display. 

 

 

Figure 2-4 Pentacam HR® (picture courtesy of L. Sorbara) 
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Figure 2-5 Pentacam HR®: 4 Maps display (picture courtesy of L. Sorbara) 

 

The repeatability and reliability of the Pentacam HR has been extensively studied 

showing that for central thickness after two consecutive readings and on two 

separate days the instrument was highly repeatable when a single observer. (5, 78) 

The accuracy of the instrument reduces as the measurements are taken outside of 

the central region. 

 

2.3 Advantages of Pentacam HR® 

The Pentacam HR® is commonly used for KC detection and classification. It 

measures and calculates data such as the elevation and corneal thickness, which is 

essential for KC diagnosis. 

Firstly, the Pentacam HR® provides the basic information such as the flat and the 

steep radii of curvature in mm. It measures the elevation data compared to a BFS of 

both front and back surfaces of the cornea and converts the values into curvature 

data. For calculating the refractive power (K) in diopters the refractive indices (n) 

n=1,3375 for the anterior surface, n=1,376 for the posterior surface of the cornea and 

n=1,336 for the aqueous humor are used. The calculation of the steepest curvature 

value (Kmax) is based on the sagittal anterior curvature map.  
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Moreover, the astigmatism of the central cornea and the corneal volume at a 

diameter of 10 mm around the apex are given. (79)  

The Pentacam HR® calculates topographic pachymetry by subtracting the anterior 

and posterior elevation data at each point of the measured elevations. The thickness 

and position of the pupil centre, the apex and the thinnest location are given. The 

positions of the pupil centre and the thinnest location are presented relative to the 

corneal apex. 

The measurements of the Pentacam HR® are based on backscattering light. Normal 

corneas are transparent and therefore the scatter is small within the cornea. (80) The 

Pentacam HR® provides a densitometry measurement based on backscatter of the 

anterior eye segment including the cornea and the lens. The density is given in 

greyscale units from 0 to 100 which are defined as 0 no backscatter and 100 

maximal backscatter. (81) See Figure 2-6 for an example of the density given by the 

Pentacam HR®. 

 

 

Figure 2-6 Scheimpflug image density (picture courtesy of L. Sorbara) 

 

Important for detecting KC are the eight topometric indices that the Pentacam HR® 

provides. These indices are calculated with data from curvature data, elevation and 

data from Zernike analysis in an 8 mm zone of the central cornea. (79)  

 

 

 



                

17 
 

Curvature Based Indices 

The Index of Surface Variance (ISV) is unit less and measures the deviation of the 

individual corneal radii from the median value. It increases if there are irregularities. 

The Index of Vertical Asymmetry (IVA) measures the symmetry of the superior and 

inferior curvature with the horizontal meridian as a mirroring axis in mm. (82)  It 

increases with astigmatism, KC or limbal ectasia. The Keratoconus Index (KI) shows 

the ratio between superior and inferior mean radius values and is increased 

especially for KC. The Central Keratoconus Index (CKI) expresses the ratio between 

central and peripheral mean radius values and increases especially for central KC. 

RMin is the smallest sagittal radius given in mm. It is decreased for KC. (79, 82) 

 

Elevation Based Indices 

The Index of Height Asymmetry (IHA) measures the symmetry of elevation with 

horizontal meridian as axis of reflection in μm. It is similar to the IVA but in some 

cases more sensitive. The Index of Height Decentration (IHD) calculates the 

decentration of elevation in vertical direction from a Fourier Analysis on a ring of 3 

mm radius. It is expressed in μm and is increased for KC. (79, 82)  

The Topographical Keratoconus Classification (TKC) gives the grade of the KC 

based on the Amsler-Krumeich Classification (83) with using just the anterior surface 

shown in Table 2-1.  
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Table 2-1 Amsler-Krumeich classification (adapted from Krumeich et al (83)) 

Stage I Eccentric steepening 

Myopia, induced astigmatism, or both <5.00 D 

Mean central K readings <48 D 

Stage II Myopia, induced astigmatism, or both from 5.00 to 8.00 D 

Mean central K readings <53.00 D 

Absence of scarring 

Corneal thickness >400 micron 

Stage III Myopia, induced astigmatism, or both from 8.00 to 10.00 D 

Mean central K readings >53.00 D 

Absence of scarring 

Corneal thickness 300 – 400 micron 

Stage IV Refraction not measurable 

Mean central K readings >55.00 D 

Central corneal scarring 

Corneal thickness < 300 micron 

 

The Indices (except TKC) are shown in white if the deviation is smaller than 2.5 

standard deviation (SD), yellow if it ranges between 2.5 and 3 SD and red if it is 

larger than 3 SD. The limiting values are shown in Table 2-2. The SD is based on a 

database used for comparison to the normal population. (79)  
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Table 2-2 Limiting values for topographic indices (adapted from the Pentacam User Manual (79)) 

Index Abnormal (Yellow) Pathological (Red) 

ISV (Index of 

Surface Variance) 

≥ 37 ≥ 41 

IVA (Index of Vertical 

Asymmetry) 

≥ 0.28 ≥ 0.32 

KI (Keratoconus 

Index) 

> 1.07 > 1.07 

CKI (Central 

Keratoconus Index) 

≥ 1.03 ≥ 1.03 

Rmin  < 6.71 < 6.71 

IHA (Index of Height 

Asymmetry) 

≥ 19 > 21 

IHD (Index of Height 

Decentration) 

≥ 0.014 ≥ 0.016 

 

Elevation and Pachymetry Based Indices 

The Belin-Ambrosio Enhanced Ectasia Display (BAD) is a comprehensive display of 

the Pentacam HR® that combines elevation and pachymetry data Figure 2-7. It 

shows the elevation data for the front and the back surface of the cornea in reference 

to a BFS calculated at a central 8 mm zone. In eyes with ectasia the cone steepens 

the BFS and reduces the actual elevation difference. The "enhanced reference 

surface" presents the elevation data in reference to a BFS that is calculated at the 8 

mm zone excluding the data of a 3.5 mm zone around the thinnest point. In normal 

eyes the excluding of the thinnest point shows little difference but in eyes with ectasia 

the protrusion can be seen more precisely. In the third map the display shows the 

change between the baseline elevation and the enhanced elevation map. (84)  
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Figure 2-7 BAD display elevation data (picture courtesy of L. Sorbara) 

 

Furthermore, the pachymetry of the thinnest point and the apex are given and the 

displacement of the thinnest point to the apex is calculated. Eyes with KC show a 

higher displacement compared to the reference population. The progression of the 

thickness is measured from the thinnest location to the periphery in 22 concentric 

rings. One graph shows the "Corneal Thickness Spatial Profile" and a second one 

the "Percentage Thickness Increase" (Figure 2-8). Both graphs provides a line of the 

average progression in normal population and +/- 2 SD. Ectatic eyes thin faster from 

the periphery to the thinnest point. (84)  

The BAD performs a regression analysis against a standard database for each value 

(change in anterior elevation, change in posterior elevation, corneal thickness at the 

thinnest point, thinnest point displacement and pachymetric progression). It also 

provides five new parameters for the front surface (Df), the back surface (Db), the 

pachymetry progression (Dp), the thinnest point (Dt) and the thinnest point 

displacement (Da or Dy(83)). The D-index is a final overall index including all five 

parameters. If the values are < 1.6 SD the parameters are shown in white, ≥ 1.6 in 

yellow, ≥ 2.6 in red. (84)  
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Figure 2-8 BAD display pachymetry data (picture courtesy of L. Sorbara) 

 

The ABCD grading is a new classification system introduced by M. W. Belin and J.K. 

Duncan. (85) It has similarities to the Amsler-Krumeich classification (83) but is 

based on tomography and includes also the posterior surface of the cornea and the 

visual acuity. The four parameters are the anterior radius of curvature (A), posterior 

radius of curvature (B), corneal pachymetry at thinnest (C) and Distance best 

corrected vision (D). The radii are calculated for a 3 mm zone with the thinnest point 

as the centre. Furthermore, the ABCD gradings add stage 0 as a fifth stage to 

distinguish eyes without KC. (85)  
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Table 2-3 ABCD grading system adapted by Belin et al. (85) (anterior and posterior radius of curvature 
(ARC. PRC), best corrected distance visual acuity (BDVA)) 

ABCD criteria A 
ARC (3mm Zone) 

B 
PRC (3mm Zone) 

C 
Thinnest pach 
μm 

D 
BDVA 

Stage 0 7.25mm  
(> 46.5 D) 
 

> 5.90mm > 490 µm ≥ 20/20  
(≥1.0) 

Stage I 7.05mm 
(< 48.0 D) 
 

> 5.70mm > 450 μm < 20/20 
(< 1.0) 
 

Stage II > 6.35mm 
(< 53.0 D) 
 

> 5.15mm > 400 μm < 20/40 
(< 0.5) 
 

Stage III > 6.15mm 
(< 55.0 D) 
 

> 4.95mm > 300 μm < 20/100 
(< 0.2) 
 

Stage IV < 6.15mm 
(> 55.0 D) 
 

< 4.95mm ≤ 300 μm < 20/400 
(< 0.05) 
 

 

Another advantage compared to other tomographers is the measurement of the wave 

front aberrations. Using the elevation data the Pentacam HR® performs the Zernike 

Analysis for the front and back surface of the cornea. It provides Zernike coefficients 

for the anterior, the posterior and the complete cornea up to Zernike polynomial 

degree 8. (79)  

All of these indices were created by comparing to normal population with the aim to 

detect and diagnose KC in early stages.  
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3 The Study 

3.1 Purpose and Motivation 

The purpose of this study is to see which indices of the Pentacam HR® are sensitive 

enough to detect change in the keratoconic cornea. Knowing the progression of KC 

over shorter periods will direct the management of the patients regarding surgical 

procedures such as CXL. 

For that reason it would be informative to know which of the indices that the 

Pentacam HR® calculates are predictive and correlate with the progression of KC 

compared to the normal population. The control group data was from a sample of 

convenience as they were optometry students at the University of Waterloo, School 

of Optometry and Vision Science. 

 

3.2 Objectives 

The main purpose of the study is answer the following questions: 

1. Do the indices that the Pentacam HR® give change enough to detect 

progression of KC when examining longitudinal data? 

2. Which indices are the best predictors of the changes over time? 

3. Do these indices correlate with age, the stage of KC, presence of atopic 

(systemic) disease and whether or not corneal cross-linking was 

performed? 

 

3.3 Hypothesis 

The hypothesis is that some indices will not be as predictive to KC progression as 

others will. Indices will include K max, corneal curvature, corneal thickness, corneal 

volume and density, corneal aberrations and elevation data and how these correlate 

with predictor variables such as age, stage of KC, corneal cross-linking and 

associated systemic and ocular conditions. 
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3.4 Study design 

Retrospective chart review from the Pentacam HR® instrument and the electronic 

medical record (demographic data) were used. 

 

3.5 Participants 

Participants who had signed the SOVS clinic consenting to a chart review were 

included that fell into our 2 study groups. The participants were divided into the test 

group including eyes diagnosed with KC and the control group including normal eyes. 

 

3.5.1 Sample size calculation 

As this study will be exploratory in nature, no previous data are available. Therefore, 

no sample size calculation is possible. Due to the lower prevalence of KC at least 

100 cases would need to be examined to show progression. 

 

3.5.2 Number of participants 

106 keratoconic participants and 28 controls were recruited using contact lens clinic 

records at the University of Waterloo. Eligibility were determined using the inclusion 

and exclusion criteria detailed below for the KC group. Participants have 

signed/agreed to the Teaching and Research Permission Form used by the SOVS 

Clinic prior to their information being accessed (Appendix 1). Data from a maximum 

of three imaging sessions over a three year period was collected. This study was 

performed under the Tenets of Helsinki and under the University of Waterloo, 

Research Ethics Board. 
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3.5.3 Inclusion and exclusion criteria 

A person is eligible for inclusion in the study if he/she: 

1. Has read and signed the Teaching and Research Permission Form. 

2. Has been diagnosed with keratoconus for the test group and has not been 

diagnosed with KC for the control groups. 

 

A person will be excluded from the study if he/she: 

1. Has had any other corneal surgery except CXL. 

 

3.6 Statistical Analysis 

All data was analyzed by STATISTICA 7 (StatSoft, Tulsa, OK). The indices were 

tested for normality. To compare between the groups, if the indices were normally 

distributed the unpaired t-test was used and if they were not the Mann-Whitney U test 

was used. For the comparison between the visits within each group the paired t-test 

or the Wilcoxon test was used. All tests were performed with α≤0.05. 
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3.7 Results Part I  

3.7.1 Demographic 

Data of 182 eyes of 106 participants with KC were collected from the Pentacam 

HR®. 139 participants were male (76.37%) and 43 were female (23.63%). The 

average age was 39.15 (±12.78) years. 90 eyes were right eyes (49.45%) and 92 

were left eyes (50.55%). 

The eyes were divided into one group including eyes that have undergone CXL and 

into a second group with eyes without CXL. After age matching these two groups 

there were a total of 36 eyes in each group. The age was not significantly different 

(p=0.355). The demographics are shown in Table 3-1. There was insufficient data for 

the third visit and therefore all participants who had two visits were included in the 

data analysis. The mean time difference in years between the first visit (V1) and the 

second visit (V2) is given in Table 3-2 where there was a significant difference in the 

time over which the data was collected (p=0.037) as the CXL patients were 

monitored more frequently.  

Table 3-1 Demographics of CXL and Non CXL 

 

 

Table 3-2 Mean time difference between visits for CXL and Non CXL 

 

 

 

n=36 CXL Non CXL

Mean Age (years) 30.25 32.53

SD Age (years) 10.88 9.55

Male (%) 80.56 77.78

Female (%) 19.44 22.22

OD (%) 55.56 47.22

OS (%) 44.44 52.78

n=36 CXL Non CXL p value (t-test)

Mean V1-V2 1.37 1.83 0.037

SD V1-V2 0.87 0.94
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For comparison 28 normal eyes of participants without KC were analysed. Data of a 

first and second visit was collected. The mean time difference between the two visits 

was 1.17 (±0.70) years. They were age matched to 28 KC participants with CXL and 

28 KC participants without CXL. Their demographics are shown in Table 3-3. The 

age between the control group and the CXL group was not significantly different 

(p=0.611). The age of the Non CXL group was significantly different compared to the 

control (p<0.001) and to the CXL group (p<0.001). The mean time between the first 

and the second visit in the Non CXL group was 1.96 (±0.96) years and in the CXL 

group 1.29 (±0.63) years as shown in Table 3-4 where again the CXL and normal 

groups were seen more frequently and within the same time frame. 

Table 3-3 Demographics Control, Non CXL and CXL 

 

Table 3-4 Mean time difference between V1 and V2 T-Test 

 

 

3.7.2 Leading and lagging eye 

All 182 keratoconic eyes were divided into 2 groups of 91 eyes. Group 1 includes the 

lagging eyes with K max ≤ 51.1 D and Group 2 includes the leading eyes with K max 

≥ 51.1 D. In Group 1 43.96% and in Group 2 54.95% are right eyes. As it is shown in 

Table 3-5 they are significantly different (p<0.05, all). Therefore, in the following study 

right and left eyes of the KC patients are used. 

 

 

n=28 Normal Non CXL CXL

Mean Age (years) 25.56 27.79 23.00

SD Age (years) 8.06 2.98 2.46

Male (%) 28.57 71.43 85.71

Female (%) 71.43 28.57 14.29

OD (%) 67.86 46.43 53.57

OS (%) 32.14 53.57 46.43

n=28 p

Normal vs. Non CXL 0.004

Normal vs. CXL 0.486

Non CXL vs. CXL 0.001
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Table 3-5 Comparing leading eye and lagging eye 

 

 

3.7.3 Influence of systemic disease 

The keratoconic eyes were divided into two groups. Group 1 including 51 eyes of 

participants with atopic disease and Group 2 including 51 eyes of participants without 

any systemic disease. All eyes that had undergone CXL had been excluded and the 

groups were age matched. The age was not significantly different (p=0.363). The 

demographics are shown in Table 3-6.  

Table 3-6 Demographics of participants with and without atopic disease 

 

 

There was no significant difference between the two groups (p>0.05, all) (see Table 

3-7 and Table 3-8) 

 

 

 

Mean Std.Dv. Diff. Std.Dv. Diff. t df p

K max (D) G1 48.65 2.94

K max (D) G2 59.80 6.49 -11.15 4.32 -24.64 90 <0,0001

K flat (D) G1 43.38 2.66

K flat (D) G2 49.16 5.83 -5.78 4.95 -11.14 90 <0,0001

K steep (D) G1 45.78 2.51

K steep (D) G2 53.14 5.88 -7.36 4.59 -15.28 90 <0,0001

Ast (D) G1 2.26 1.48

Ast (D) G2 3.97 1.95 -1.71 2.29 -7.12 90 <0,0001

Pupil centre (µm) G1 511.18 49.64

Pupil centre (µm) G2 473.97 52.40 37.21 69.05 5.14 90 <0,0001

Group 1 Group 2

Mean Age (years) 45.35 43.51

SD Age (years) 9.95 10.76

Male (%) 64.71 74.51

Female (%) 35.29 25.49

OD (%) 50.98 54.9

OS (%) 40.02 45.1
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Table 3-7 With (Group 1) and Without (Group 2) atopic disease Visit 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

n=51 df=99

Visit 1 Mean Group 1 Mean Group 2 t-value p SD Group 1 SD Group 2 p Mann-Whitney U

Curvature

K max (D) 53.84 53.96 -0.08 0.933 7.26 7.05 ISV 0.726 1223.5

K flat (D) 46.37 46.49 -0.11 0.911 5.32 5.41 IVA (mm) 0.841 1245.5

K steep (D) 49.36 49.72 -0.32 0.752 5.59 5.92 KI 0.627 1203.5

Ast (D) 2.97 3.23 -0.69 0.492 1.89 1.89 CKI 0.583 1194.5

Rmin (mm) 6.37 6.35 0.11 0.914 0.76 0.76

Elevation

BFS Front (mm) 7.33 7.34 -0.14 0.886 0.48 0.51 A (0 to 4) 0.846 1246.5

BFS Back (mm) 6.01 5.98 0.33 0.740 0.47 0.52 B (0 to 4) 0.526 1189

Df 8.64 9.21 -0.35 0.729 6.93 9.40 IHA (µm) 0.245 1104

Db 7.89 8.29 -0.29 0.769 6.63 7.09 IHD (µm) 0.582 1194

Pachymetry

Pupil centre pachymetry (µm) 501.80 487.64 1.38 0.172 53.76 49.57 C (0 to 4) 0.573 1192

x Pupil centre (mm) 0.02 0.04 -0.38 0.707 0.20 0.23

y Pupil centre (mm) 0.34 0.31 0.54 0.591 0.37 0.23

Apex Pachymetry (µm) 489.18 477.00 1.05 0.296 60.27 56.11

Thinnest location pachymetry (µm) 463.55 453.92 0.76 0.450 68.60 58.46

x Thinnest location (mm) 0.03 -0.02 0.37 0.713 0.69 0.69

y Thinnest location (mm) -0.89 -0.83 -0.51 0.613 0.58 0.47

Corneal volume (qmm) 58.81 58.41 0.50 0.616 4.29 3.63

Dp 12.81 12.25 0.23 0.820 13.76 10.85

Dt 2.90 3.18 -0.50 0.619 3.02 2.71

Da 2.89 3.13 -1.35 0.180 1.09 0.67

Aberrations

Coma 90° (µm) -1.60 -1.38 -0.92 0.358 1.13 1.33

Coma 0° (µm) 0.01 0.03 -0.10 0.924 0.98 1.13

Trefoil (µm) -0.07 0.06 -1.67 0.099 0.49 0.29

Spherical aberration (µm) -0.10 -0.14 0.30 0.763 0.74 0.70

Density

Density 90° 38.56 39.60 -0.38 0.704 11.01 15.97

Density 180° 40.36 38.44 0.65 0.516 14.74 14.94

D 9.45 9.37 0.07 0.944 6.47 5.65 TKC (0-4) 0.654 1210

T-test Mann-Whitney U test
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Table 3-8 With (Group 1) and without (Group 2) atopic disease Visit 2 

 

Comparing the atopic group from visit 1 to visit 2, IHD (p=0.0038) increased and the 

Kmax steepened although not significantly. Comparing the first and second visit of 

the group without atopic disease the Kmax flattened but not significantly, although a 

significant change was found in the flat K (p=0.0005) as it steepened, pachymetry 

(p=0.0068) where thickening occurred, back surface BFS as it became flatter 

(p=0.0375) and IHD which increased (p=0.0007).  

 

 

n=51 df=99

Visit 2 Mean Group 1 Mean Group 2 t-value p SD Group 1 SD Group 2 p Mann-Whitney U

Curvature

K max (D) 54.35 53.85 0.31 0.760 8.83 7.43 ISV 0.654 1209

K flat (D) 46.79 46.93 -0.11 0.910 6.43 5.63 IVA (mm) 0.905 1257.5

K steep (D) 49.73 49.88 -0.12 0.904 6.60 6.17 KI 0.734 1225

Ast (D) 2.93 2.91 0.05 0.959 1.87 1.93 CKI 0.495 1175

Rmin (mm) 6.35 6.38 -0.17 0.862 0.89 0.76

Elevation

BFS Front (mm) 7.32 7.34 -0.15 0.880 0.52 0.50 A (0 to 4) 0.720 1222.5

BFS Back (mm) 6.02 6.02 -0.02 0.986 0.48 0.46 B (0 to 4) 0.492 1180.5

Df 9.71 9.38 0.17 0.864 9.59 9.67 IHA (µm) 0.347 1136.5

Db 8.32 8.39 -0.04 0.966 7.95 7.70 IHD (µm) 0.773 1232.5

Pachymetry

Pupil centre pachymetry (µm) 505.14 490.68 1.46 0.148 50.11 49.56 C (0 to 4) 0.627 1203.5

x Pupil centre (mm) 0.04 0.04 -0.02 0.988 0.24 0.25

y Pupil centre (mm) 0.40 0.31 1.38 0.170 0.38 0.25

Apex Pachymetry (µm) 487.27 480.12 0.60 0.548 61.10 58.23

Thinnest location pachymetry (µm) 461.98 458.08 0.31 0.760 69.63 57.86

x Thinnest location (mm) 0.04 -0.12 1.19 0.237 0.68 0.70

y Thinnest location (mm) -0.86 -0.73 -1.17 0.246 0.59 0.58

Corneal volume (qmm) 58.27 58.66 -0.50 0.616 3.89 3.96

Dp 12.64 11.97 0.24 0.809 15.87 11.37

Dt 2.94 3.01 -0.10 0.919 3.39 2.63

Da 2.93 3.08 -0.88 0.383 0.97 0.66

Aberrations

Coma 90° (µm) -1.71 -1.36 -1.40 0.165 1.29 1.23

Coma 0° (µm) 0.02 0.03 -0.04 0.965 1.04 1.18

Trefoil (µm) -0.12 0.05 -1.63 0.107 0.63 0.40

Spherical aberration (µm) -0.16 -0.19 0.20 0.843 0.84 0.73

Density

Density 90° 36.14 38.87 -1.25 0.212 10.42 11.40

Density 180° 36.79 38.79 -0.79 0.429 12.02 13.21

D 9.63 9.31 0.24 0.810 7.50 5.82 TKC (0-4) 0.563 1191

T-test Mann-Whitney U test
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3.7.4 Comparing Normal to Non CXL to CXL 

The Control group and the Non CXL group were significantly different at each visit for 

all the measured factors (p<0.05, all) except in the horizontal location of the pupil 

centre, the position of the thinnest location, Coma 0° and Trefoil (p>0.05, all) (see 

Table 3-9 and Table 3-10). Of note, there was a significant difference found in 

densitometry where the ranges of the values in the 090th meridian were found to be: 

normals (24.9 to 33.3, with an outlier removed) and 25.4 to 55.2, with outlier removed 

in the Non CXL group at Visit 1. 

Table 3-9 Normal compared to Non CXL Visit 1 

 

n=28 df=54

Visit 1 Mean Normal Mean Non CXL t-value p SD Normal SD Non CXL p Mann-Whitney U

Curvature

K max (D) 44.56 51.93 -7.12 <0.001 1.15 5.35 ISV <0.001 11.5

K flat (D) 42.91 44.56 -2.91 0.005 1.09 2.79 IVA (mm) <0.001 1.5

K steep (D) 44.15 47.79 -5.37 <0.001 1.09 3.42 KI <0.001 30

Ast (D) 1.23 3.22 -4.67 <0.001 0.68 2.15 CKI <0.001 171.5

Rmin (mm) 7.58 6.57 7.69 <0.001 0.19 0.67

Elevation

BFS Front (mm) 7.83 7.61 3.50 0.001 0.18 0.28 A (0 to 4) <0.001 98.5

BFS Back (mm) 6.36 6.20 2.93 0.005 0.16 0.24 B (0 to 4) <0.001 34

Df -0.14 7.80 -7.46 <0.001 0.86 5.56 IHA (µm) <0.001 139.5

Db -0.15 6.19 -7.63 <0.001 0.58 4.28 IHD (µm) <0.001 3

Pachymetry

Pupil centre pachymetry (µm) 548.29 491.79 5.11 <0.001 33.90 47.74 C (0 to 4) <0.001 76

x Pupil centre (mm) 0.02 0.05 -0.49 0.627 0.17 0.22

y Pupil centre (mm) 0.07 0.27 -4.42 <0.001 0.12 0.21

Apex Pachymetry (µm) 548.04 485.68 5.48 <0.001 33.05 50.28

Thinnest location pachymetry (µm) 543.54 467.32 6.38 <0.001 34.09 53.25

x Thinnest location (mm) -0.26 0.04 -1.80 0.077 0.50 0.72

y Thinnest location (mm) -0.46 -0.63 2.30 0.025 0.19 0.33

Corneal volume (qmm) 61.99 57.67 4.10 <0.001 3.70 4.17

Dp 1.00 8.45 -6.66 <0.001 0.72 5.87

Dt -0.11 2.55 -6.35 <0.001 0.93 2.00

Da 0.63 2.79 -10.57 <0.001 0.56 0.92

Aberrations

Coma 90° (µm) 0.01 -1.47 7.24 <0.001 0.15 1.08

Coma 0° (µm) 0.02 0.02 0.01 0.992 0.10 0.69

Trefoil (µm) 0.00 0.08 -1.29 0.202 0.08 0.31

Spherical aberration (µm) 0.20 -0.19 4.00 <0.001 0.08 0.51

Density

Density 90° 30.64 35.22 -1.93 0.058 8.40 9.31

Density 180° 30.19 35.95 -2.34 0.023 8.67 9.69

D 1.00 7.50 -8.89 <0.001 0.46 3.84 TKC (0-4) <0.001 56

T-test Mann-Whitney U test
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There was also a significant difference found in densitometry where the ranges of the 

values in the 090th meridian were found to be: normals (24.8 to 33.7) and 27.2 to 

53.6, with outlier removed in the Non CXL group at Visit 2. 

Table 3-10 Normal compared to Non CXL Visit 2 

 

Comparing the first visit of the Control group and the CXL group all parameters and 

indices are significantly different (p<0.05, all). (see Table 3-11) In the second visit the 

horizontal location of the pupil centre, the location of the thinnest location, Coma 0° 

and Trefoil were not different (p>0.05) but the rest of the factors were significantly 

different (p<0.05, all). (see Table 3-12) There was a significant difference found in 

densitometry where the ranges of the values in the 090th meridian were found to be: 

normals (24.9 to 33.3, with an outlier removed) and 25.7 to 65.4, with outlier removed 

in the CXL group at Visit 1. 

n=28 df=54

Visit 2 Mean Normal Mean Non CXL t-value p SD Normal SD Non CXL p Mann-Whitney U

Curvature

K max (D) 44.54 52.15 -7.18 <0.001 1.18 5.49 ISV <0.001 10.5

K flat (D) 42.71 44.94 -3.73 <0.001 1.24 2.91 IVA (mm) <0.001 5

K steep (D) 44.03 47.85 -5.56 <0.001 1.26 3.41 KI <0.001 19

Ast (D) 1.26 2.92 -4.31 <0.001 0.75 1.90 CKI <0.001 133

Rmin (mm) 7.58 6.54 7.91 <0.001 0.20 0.67

Elevation

BFS Front (mm) 7.86 7.58 3.93 <0.001 0.22 0.30 A (0 to 4) <0.001 82

BFS Back (mm) 6.39 6.22 3.08 0.003 0.17 0.23 B (0 to 4) <0.001 23

Df -0.33 7.87 -7.93 <0.001 0.89 5.40 IHA (µm) <0.001 77

Db -0.29 6.19 -8.20 <0.001 0.64 4.13 IHD (µm) <0.001 2.5

Pachymetry

Pupil centre pachymetry (µm) 548.61 495.04 5.22 <0.001 31.45 44.27 C (0 to 4) <0.001 83

x Pupil centre (mm) 0.01 0.05 -0.82 0.418 0.18 0.18

y Pupil centre (mm) 0.07 0.28 -4.32 <0.001 0.11 0.24

Apex Pachymetry (µm) 548.39 489.00 5.70 <0.001 30.57 45.84

Thinnest location pachymetry (µm) 542.25 472.86 6.34 <0.001 32.57 47.93

x Thinnest location (mm) -0.31 0.05 -2.03 0.048 0.60 0.71

y Thinnest location (mm) -0.50 -0.62 1.64 0.107 0.21 0.31

Corneal volume (qmm) 61.90 57.77 4.22 <0.001 3.41 3.90

Dp 1.16 7.15 -7.51 <0.001 0.76 4.15

Dt -0.07 2.29 -6.41 <0.001 0.91 1.72

Da 0.77 2.74 -10.04 <0.001 0.65 0.82

Aberrations

Coma 90° (µm) 0.01 -1.55 7.43 <0.001 0.20 1.09

Coma 0° (µm) 0.01 -0.04 0.37 0.712 0.10 0.72

Trefoil (µm) -0.01 0.00 -0.15 0.884 0.17 0.30

Spherical aberration (µm) 0.20 -0.23 4.18 <0.001 0.12 0.53

Density

Density 90° 28.73 37.52 -4.10 <0.001 2.01 11.18

Density 180° 28.20 36.95 -3.69 <0.001 2.16 12.37

D 1.07 7.21 -9.20 <0.001 0.46 3.50 TKC (0-4) <0.001 42

T-test Mann-Whitney U test
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Table 3-11 Normal compared to CXL Visit 1 

 

 

 

 

 

 

 

n=28 df=54

Visit 1 Mean Normal Mean CXL t-value p SD Normal SD CXL p Mann-Whitney U

Curvature

K max (D) 44.56 56.16 -7.31 <0.001 1.15 8.31 ISV <0.001 8

K flat (D) 42.91 46.79 -3.48 <0.001 1.09 5.78 IVA (mm) <0.001 2

K steep (D) 44.15 49.78 -4.39 <0.001 1.09 6.70 KI <0.001 3

Ast (D) 1.23 2.94 -4.09 <0.001 0.68 2.10 CKI <0.001 99.5

Rmin (mm) 7.58 6.12 9.11 <0.001 0.19 0.82

Elevation

BFS Front (mm) 7.83 7.39 3.63 <0.001 0.18 0.62 A (0 to 4) <0.001 55.5

BFS Back (mm) 6.36 5.99 3.08 <0.001 0.16 0.62 B (0 to 4) <0.001 57

Df -0.14 11.29 -8.02 <0.001 0.86 7.50 IHA (µm) <0.001 114

Db -0.15 10.07 -6.87 <0.001 0.58 7.71 IHD (µm) <0.001 0

Pachymetry

Pupil centre pachymetry (µm) 548.29 495.14 4.28 <0.001 33.90 56.29 C (0 to 4) <0.001 82

x Pupil centre (mm) 0.02 0.03 -0.21 <0.001 0.17 0.16

y Pupil centre (mm) 0.07 0.25 -3.14 <0.001 0.12 0.29

Apex Pachymetry (µm) 548.04 485.21 5.14 <0.001 33.05 55.54

Thinnest location pachymetry (µm) 543.54 465.64 5.94 <0.001 34.09 60.42

x Thinnest location (mm) -0.26 -0.12 -0.99 <0.001 0.50 0.59

y Thinnest location (mm) -0.46 -0.70 3.38 <0.001 0.19 0.33

Corneal volume (qmm) 61.99 59.66 1.86 <0.001 3.70 5.50

Dp 1.00 12.10 -5.40 <0.001 0.72 10.86

Dt -0.11 2.70 -5.55 <0.001 0.93 2.51

Da 0.63 3.04 -12.35 <0.001 0.56 0.87

Aberrations

Coma 90° (µm) 0.01 -1.94 8.52 <0.001 0.15 1.20

Coma 0° (µm) 0.02 -0.13 1.21 <0.001 0.10 0.67

Trefoil (µm) 0.00 0.08 -1.19 <0.001 0.08 0.36

Spherical aberration (µm) 0.20 -0.36 4.52 <0.001 0.08 0.65

Density

Density 90° 30.64 40.09 -3.51 <0.001 8.40 11.49

Density 180° 30.19 41.23 -3.62 <0.001 8.67 13.61

D 1.00 10.01 -9.00 <0.001 0.46 5.27 TKC (0-4) <0.001 42

T-test Mann-Whitney U test
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There was a significant difference found in densitometry where the ranges of the 

values in the 090th meridian were found to be: normals (24.8 to 33.7) and 26.8 to 

84.6, with outlier removed in the CXL group at Visit 2. (see Table 3-12) 

Table 3-12 Normal compared to CXL Visit 2 

 

 

For the normal group, between the first and the second visit some of the parameters 

and indices changed significantly: curvature based indices-ISV and IVA, elevation 

based BFS (back) (p=0.046), IHA and IHD, pachymetry based indices-the y-

coordinate of the thinnest location, Dp and Da (p<0.05, all). (see Table 3-13) 

 

n=28 df=54

Visit 2 Mean Normal Mean CXL t-value p SD Normal SD CXL p Mann-Whitney U

Curvature

K max (D) 44.54 56.74 -8.26 <0.001 1.18 7.73 ISV <0.001 11

K flat (D) 42.71 47.22 -4.08 <0.001 1.24 5.71 IVA (mm) <0.001 2.5

K steep (D) 44.03 50.90 -5.22 <0.001 1.26 6.86 KI <0.001 1.5

Ast (D) 1.26 3.20 -4.27 <0.001 0.75 2.29 CKI <0.001 20.5

Rmin (mm) 7.58 6.05 9.99 <0.001 0.20 0.79

Elevation

BFS Front (mm) 7.86 7.34 3.95 <0.001 0.22 0.65 A (0 to 4) <0.001 42.5

BFS Back (mm) 6.39 5.97 3.42 0.001 0.17 0.62 B (0 to 4) <0.001 31.5

Df -0.33 11.61 -10.14 <0.001 0.89 6.17 IHA (µm) <0.001 156

Db -0.29 10.05 -8.45 <0.001 0.64 6.44 IHD (µm) <0.001 0

Pachymetry

Pupil centre pachymetry (µm) 548.61 488.71 4.90 <0.001 31.45 56.58 C (0 to 4) <0.001 67.5

x Pupil centre (mm) 0.01 0.04 -0.80 0.430 0.18 0.15

y Pupil centre (mm) 0.07 0.35 -5.64 <0.001 0.11 0.24

Apex Pachymetry (µm) 548.39 476.29 5.71 <0.001 30.57 59.37

Thinnest location pachymetry (µm) 542.25 458.71 6.29 <0.001 32.57 62.25

x Thinnest location (mm) -0.31 -0.03 -1.74 0.088 0.60 0.62

y Thinnest location (mm) -0.50 -0.67 1.39 0.170 0.21 0.60

Corneal volume (qmm) 61.90 58.98 2.44 0.018 3.41 5.34

Dp 1.16 12.14 -5.29 <0.001 0.76 10.95

Dt -0.07 3.03 -5.36 <0.001 0.91 2.93

Da 0.77 3.10 -12.26 <0.001 0.65 0.77

Aberrations

Coma 90° (µm) 0.01 -1.97 7.15 <0.001 0.20 1.45

Coma 0° (µm) 0.01 -0.05 0.39 0.696 0.10 0.79

Trefoil (µm) -0.01 0.00 -0.20 0.841 0.17 0.35

Spherical aberration (µm) 0.20 -0.51 5.24 <0.001 0.12 0.70

Density

Density 90° 28.73 45.75 -4.47 <0.001 2.01 20.05

Density 180° 28.20 44.26 -4.23 <0.001 2.16 19.99

D 1.07 10.07 -9.67 <0.001 0.46 4.91 TKC (0-4) <0.001 28

T-test Mann-Whitney U test
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Table 3-13 Normal V1 compared to V2 

 

n=28

Mean difference t-value p p

Curvature

K max (D) 0.03 0.42 0.675 ISV 0.009

K flat (D) 0.20 2.05 0.050 IVA (mm) 0.014

K steep (D) 0.12 1.28 0.213 KI 0.639

Ast (D) -0.03 -0.42 0.677 CKI 0.641

Rmin (mm) -0.01 -0.53 0.599

Elevation

BFS Front (mm) -0.03 -1.61 0.118 A (0 to 4)

BFS Back (mm) -0.02 -2.10 0.046 B (0 to 4)

Df 0.19 1.70 0.101 IHA (µm) 0.019

Db 0.16 1.88 0.071 IHD (µm) 0.008

Pachymetry

Pupil centre pachymetry (µm) -0.32 -0.16 0.872 C (0 to 4) 0.850

x Pupil centre (mm) 0.01 1.52 0.140

y Pupil centre (mm) 0.00 -0.36 0.720

Apex Pachymetry (µm) -0.36 -0.18 0.862

Thinnest location pachymetry (µm) 1.29 0.70 0.491

x Thinnest location (mm) 0.05 1.39 0.177

y Thinnest location (mm) 0.04 2.11 0.045

Corneal volume (qmm) 0.09 0.42 0.674

Dp -0.17 -2.13 0.043

Dt -0.04 -0.71 0.484

Da -0.13 -2.22 0.035

Aberrations

Coma 90° (µm) 0.00 0.17 0.868

Coma 0° (µm) 0.02 1.08 0.291

Trefoil (µm) 0.01 0.41 0.682

Spherical aberration (µm) 0.00 0.01 0.996

Density

Density 90° 1.91 1.19 0.246

Density 180° 1.99 1.20 0.240

D -0.06 -1.41 0.171 TKC (0-4) >0.05

T-test Wilcoxon Test
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3.8 Results Part II (Non CXL vs. CXL) 

3.8.1 Curvature data 

Comparing the Non CXL and CXL groups at each of the first and second visit, the 

curvature based indices were found not to be significantly different (p>0.05, all). The 

data is shown in Table 3-14.  

Table 3-14 Curvature data Non CXL vs. CXL at each visit 

 

3.8.2 Elevation data 

The elevation based indices showed no significant differences between the Non CXL 

and CXL group at each visit (p>0.05, all). (seeTable 3-15) 

Table 3-15 Elevation data Non CXL vs. CXL at each visit 

 

 

(n=36; df=70) Mean Non CXL Mean CXL t-value p SD Non CXL SD CXL p Mann-Whitney U

Visit 1

K max (D) 53.47 55.21 -0.88 0.381 7.79 8.97 ISV 0.173 527

K flat (D) 45.90 46.24 -0.23 0.815 5.69 6.52 IVA (mm) 0.205 535.5

K steep (D) 49.18 49.39 -0.14 0.893 6.13 6.76 KI 0.255 547

Ast (D) 3.28 2.84 0.94 0.351 2.02 1.92 CKI 0.446 580.5

Rmin (mm) 6.43 6.25 0.85 0.400 0.83 0.92

Visit 2

K max (D) 53.59 55.18 -0.86 0.395 7.59 8.14 ISV 0.114 507.5

K flat (D) 46.40 46.43 -0.02 0.984 6.16 6.75 IVA (mm) 0.205 535.5

K steep (D) 49.41 50.20 -0.50 0.618 6.25 7.14 KI 0.300 556

Ast (D) 3.01 3.39 -0.68 0.500 1.99 2.65 CKI 0.372 569

Rmin (mm) 6.41 6.24 0.86 0.392 0.82 0.87

Mann-Whitney U testT-test

(n=36; df=70) Mean Non CXL Mean CXL t-value p SD Non CXL SD CXL p Mann-Whitney U

Visit 1 (n=36 df=70)

BFS Front (mm) 7.47 7.47 0.04 0.967 0.50 0.67 A (0 to 4) 0.650 608

BFS Back (mm) 6.11 6.03 0.60 0.552 0.43 0.60 B (0 to 4) 0.324 569

Df 9.16 11.01 -0.97 0.334 7.47 8.70 IHA (µm) 0.305 557

Db 7.94 10.62 -1.48 0.143 6.95 8.33 IHD (µm) 0.173 527

Visit 2

BFS Front (mm) 7.45 7.44 0.05 0.961 0.51 0.71 A (0 to 4) 0.830 629

BFS Back (mm) 6.12 6.03 0.77 0.446 0.41 0.59 B (0 to 4) 0.186 543

Df 9.99 10.79 -0.41 0.684 8.97 7.66 IHA (µm) 0.411 575

Db 7.97 10.51 -1.51 0.136 6.89 7.43 IHD (µm) 0.386 571

Mann-Whitney U testT-test
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3.8.3 Pachymetry data 

All pachymetry based indices were not significantly different between Non CXL and 

CXL at each visit (p>0.05, all). (seeTable 3-16) 

Table 3-16 Pachymetry data Non CXL vs. CXL at each visit 

 

3.8.4 Aberrations 

Comparing the aberrations at each visit, no significant difference was found (p>0.05, 

all). (seeTable 3-17) 

Table 3-17 Aberrations Non CXL vs. CXL at each visit 

 

(n=36; df=70) Mean Non CXL Mean CXL t-value p SD Non CXL SD CXL p Mann-Whitney U

Visit 1

Pupil centre pach. (µm) 491.44 483.19 0.59 0.559 49.77 68.07 C (0 to 4) 0.640 606.5

x Pupil centre (mm) 0.02 0.02 0.07 0.942 0.21 0.18

y Pupil centre (mm) 0.32 0.27 0.76 0.448 0.26 0.29

Apex Pachymetry (µm) 480.50 473.53 0.47 0.641 59.27 66.84

Thinnest location pach. (µm) 458.33 453.19 0.31 0.760 66.78 74.89

x Thinnest location (mm) 0.06 -0.15 1.39 0.170 0.69 0.56

y Thinnest location (mm) -0.72 -0.69 -0.23 0.818 0.50 0.36

Corneal volume (qmm) 57.80 59.04 -1.18 0.243 4.11 4.81

Dp 12.20 13.81 -0.51 0.615 13.82 13.30

Dt 3.10 3.45 -0.43 0.669 3.10 3.72

Da 2.92 3.07 -0.68 0.500 0.95 0.94

Visit 2

Pupil centre pach. (µm) 494.75 478.11 1.18 0.241 45.87 70.81 C (0 to 4) 0.414 575.5

x Pupil centre (mm) 0.01 0.02 -0.23 0.823 0.18 0.19

y Pupil centre (mm) 0.33 0.35 -0.23 0.815 0.27 0.27

Apex Pachymetry (µm) 483.25 466.31 1.12 0.264 54.85 71.82

Thinnest location pach. (µm) 463.50 447.42 0.97 0.335 62.71 77.11

x Thinnest location (mm) 0.06 -0.07 0.82 0.414 0.68 0.59

y Thinnest location (mm) -0.69 -0.67 -0.16 0.875 0.53 0.58

Corneal volume (qmm) 57.91 58.45 -0.55 0.585 3.75 4.63

Dp 11.14 14.31 -0.95 0.344 13.64 14.53

Dt 2.86 3.81 -1.07 0.287 3.04 4.37

Da 2.89 3.10 -0.96 0.342 0.90 0.94

Mann-Whitney U testT-test

(n=36; df=70) Mean Non CXL Mean CXL t-value p SD Non CXL SD CXL

Visit 1

Coma 90° (µm) -1.53 -1.85 1.10 0.274 1.08 1.34

Coma 0° (µm) 0.08 -0.06 0.73 0.469 0.81 0.82

Trefoil (µm) -0.03 0.01 -0.31 0.760 0.52 0.48

Spherical aberration (µm) -0.28 -0.35 0.41 0.686 0.70 0.78

Visit 2 

Coma 90° (µm) -1.63 -1.79 0.55 0.583 1.14 1.37

Coma 0° (µm) 0.09 0.02 0.34 0.734 0.86 0.91

Trefoil (µm) -0.13 -0.12 -0.03 0.974 0.60 0.45

Spherical aberration (µm) -0.30 -0.37 0.43 0.670 0.68 0.83

T-test
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3.8.5 Densitometry 

For the first and second visit the density of the cornea was significantly higher in the 

CXL eyes compared to the non-CXL eyes (p<0.05, all). (see Table 3-18) A graph is 

shown in Figure 3-1. 

Table 3-18 Density Non CXL vs. CXL at each visit 

 

 

Figure 3-1 Densitometry Non CXL vs. CXL Visit 1 vs. Visit 2 

 

(n=36; df=70) Mean Non CXL Mean CXL t-value p SD Non CXL SD CXL

Visit 1 

Density 90° 36.08 42.08 -2.20 0.031 9.05 13.67

Density 180° 36.63 43.08 -2.32 0.023 9.48 13.71

Visit 2

Density 90° 37.57 47.81 -2.65 0.010 10.07 20.92

Density 180° 36.95 45.47 -2.18 0.032 11.70 20.28

T-test

Densitometry; LS Means

Current effect: F(1, 35)=1,4152, p=,24220

Effective hypothesis decomposition

Vertical bars denote 0,95 confidence intervals
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3.8.6 Final D value and TKC 

There was no significant difference found for the D value or TKC for each visit 

(p>0.05, all) but the CXL group had higher values compared to the non-CXL group 

for both indices.  (see Table 3-19) There was no significant correlation between the 

TKC and age (p>0.05). 

Table 3-19 D and TKC Non CXL vs. CXL at each visit 

 

 

3.9 Results Part III (comparing visits by CXL) 

3.9.1 Curvature data 

Comparing the visits within the Non CXL group, K flat was found to be significantly 

steeper from visit 1 to 2 (p=0.021). (see Table 3-20) In the CXL group there was a 

difference from the first to the second visit for K steep (p=0.028) as it also steepened 

and CKI increased (p=0.046). (see Table 3-21) A graph of the curvature data can be 

found in Figure 3-2. 

Table 3-20 Curvature data Non CXL comparing each visit 

 

 

 

 

(n=36; df=70) Mean Non CXL Mean CXL t-value p SD Non CXL SD CXL p Mann-Whitney U

Visit 1

D 9.24 10.42 -0.78 0.436 6.55 6.17 TKC (0-4) 0.174 529

Visit 2 

D 9.12 10.46 -0.89 0.377 6.65 6.11 TKC (0-4) 0.227 542.5

Mann-Whitney U testT-test

Non CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

p

K max (D) 53.47 (±7.79) 53.59 (±7.59) -0.39 0.695 ISV 75.97 (±38.45) 79.08 (±42.91) 0.564

K flat (D) 45.90 (±5.69) 46.40 (±6.16) -2.42 0.021 IVA (mm) 0.77 (±0.41) 0.78 (±0.44) 0.876

K steep (D) 49.18 (±6.13) 49.41 (±6.25) -0.92 0.364 KI 1.20 (±0.12) 1.20 (±0.13) 0.830

Ast (D) 3.28 (±2.02) 3.01 (±1.99) 1.59 0.121 CKI 1.04 (±0.05) 1.05 (±0.05) 0.312

Rmin (mm) 6.43 (±0.83) 6.41 (±0.82) 0.63 0.532

Wilcoxon TestT test
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Table 3-21 Curvature data CXL comparing each visit 

 

 

 

Figure 3-2 K values Non CXL vs. CXL Visit 1 vs. Visit 2 

 

3.9.2 Elevation data 

For both groups IHD was significantly different between each visit (Non CXL: 

p=0.008 and CXL: p=0.046). (see Table 3-22 and Table 3-23) Figure 3-3 shows the 

increases in IHD for both groups from visit 1 to visit 2. 

CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

p

K max (D) 55.21 (±8.97) 55.18 (±8.14) 0.08 0.938 ISV 91.19 (±40.32) 93.83 (±39.69) 0.130

K flat (D) 46.24 (±6.52) 46.43 (±6.75) -0.81 0.424 IVA (mm) 0.94 (±0.47) 5.25 (±26.02) 0.981

K steep (D) 49.39 (±6.76) 50.20 (±7.14) -2.29 0.028 KI 1.24 (±0.15) 1.32 (±0.56) 0.820

Ast (D) 2.84 (±1.92) 3.39 (±2.65) -1.40 0.171 CKI 1.05 (±0.06) 1.06 (±0.06) 0.046

Rmin (mm) 6.25 (±0.92) 6.24 (±0.87) 0.38 0.706

Wilcoxon TestT test

K values; LS Means

Current effect: F(2, 70)=1,7132, p=,18777

Effective hypothesis decomposition

Vertical bars denote 0,95 confidence intervals
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Table 3-22 Elevation data Non CXL comparing visits 

 

Table 3-23 Elevation data CXL comparing visits 

 

 

 

Figure 3-3 IHD Non CXL vs. CXL Visit 1 vs. Visit 2 

Non CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

p

BFS Front (mm) 7.47 (±0.50) 7.45 (±0.51) 1.77 0.086 A (0 to 4) 2.02 (±1.45) 2.09 (±1.44) 0.095

BFS Back (mm) 6.11 (±0.43) 6.12 (±0.41) -0.42 0.678 B (0 to 4) 2.87 (±1.39) 2.94 (±1.38) 0.808

Df 9.16 (±7.47) 9.99 (±8.97) -1.18 0.247 IHA (µm) 22.60 (±25.25) 29.25 (±22.70) 0.145

Db 7.94 (±6.95) 7.97 (±6.89) -0.06 0.953 IHD (µm) 0.09 (±0.06) 0.10 (±0.06) 0.008

Wilcoxon TestT test

CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

p

BFS Front (mm) 7.47 (±0.67) 7.44 (±0.71) 0.74 0.467 A (0 to 4) 2.17 (±1.49) 2.16 (±1.49) 0.870

BFS Back (mm) 6.03 (±0.60) 6.03 (±0.59) 0.17 0.865 B (0 to 4) 3.16 (±1.49) 3.16 (±1.48) 0.695

Df 11.01 (±8.70) 10.79 (±7.66) 0.35 0.728 IHA (µm) 26.98 (±23.86) 27.32 (±25.89) 0.891

Db 10.62 (±8.33) 10.51 (±7.43) 0.21 0.837 IHD (µm) 0.10 (±0.06) 0.11 (±0.06) 0.046

T test Wilcoxon Test

IHD; LS Means

Current effect: F(1, 35)=,46256, p=,50091

Effective hypothesis decomposition

Vertical bars denote 0,95 confidence intervals
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3.9.3 Pachymetry data 

Comparing the visits within the Non CXL group, the pachymetry at the thinnest point 

significantly increased (p=0.02) and Dt was reduced (p=0.027). (see Table 3-24) In 

the CXL group the y location of the pupil centre changed significantly (p=0.024). (see 

Table 3-25) 

Table 3-24 Pachymetry data Non CXL comparing visits 

 

Table 3-25 Pachymetry data CXL comparing visits 

 

 

 

 

 

Non CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

p

Pupil centre pach. (µm) 491.44 (±49.77) 494.75 (±45.87) -1.56 0.127 C (0 to 4) 1.74 (±1.11) 1.65 (±1.03) 0.073

x Pupil centre (mm) 0.02 (±0.21) 0.01 (±0.18) 0.63 0.534

y Pupil centre (mm) 0.32 (±0.26) 0.33 (±0.27) -0.64 0.527

Apex Pachymetry (µm) 480.50 (±59.27) 483.25 (±54.85) -1.25 0.220

Thinnest loc. pach. (µm) 458.33 (±66.78) 463.50 (±62.71) -2.43 0.020

x Thinnest loc. (mm) 0.06 (±0.69) 0.06 (±0.68) 0.01 0.993

y Thinnest loc. (mm) -0.72 (±0.50) -0.69 (±0.53) -0.70 0.489

Corneal volume (qmm) 57.80 (±4.11) 57.91 (±3.75) -0.45 0.655

Dp 12.20 (±13.82) 11.14 (±13.64) 1.05 0.291

Dt 3.10 (±3.10) 2.86 (±3.04) 0.24 0.027

Da 2.92 (±0.95) 2.89 (±0.90) 0.03 0.588

T test Wilcoxon Test

CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

p

Pupil centre pach. (µm) 483.19 (±68.07) 478.11 (±70.81) 1.16 0.254 C (0 to 4) 1.85 (±1.16) 1.89 (±1.20) 0.264

x Pupil centre (mm) 0.02 (±0.18) 0.02 (±0.19) -0.28 0.783

y Pupil centre (mm) 0.27 (±0.29) 0.35 (±0.27) -2.36 0.024

Apex Pachymetry (µm) 473.53 (±66.84) 466.31 (±71.82) 1.89 0.067

Thinnest loc. pach. (µm) 453.19 (±74.89) 447.42 (±77.11) 1.36 0.181

x Thinnest loc. (mm) -0.15 (±0.56) -0.07 (±0.59) -1.18 0.246

y Thinnest loc. (mm) -0.69 (±0.36) -0.67 (±0.58) -0.29 0.775

Corneal volume (qmm) 59.04 (±4.81) 58.45 (±4.63) 1.47 0.150

Dp 13.81 (±13.30) 14.31 (±14.53) -0.37 0.711

Dt 3.45 (±3.72) 3.81 (±4.37) -1.43 0.162

Da 3.07 (±0.94) 3.10 (±0.94) -0.62 0.542

T test Wilcoxon Test
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3.9.4 Aberrations 

In the both groups there was no significant difference found (p>0.05, all). (see Table 

3-26 and Table 3-27) 

Table 3-26 Aberrations Non CXL comparing visits 

 

Table 3-27 Aberrations CXL comparing visits 

 

 

3.9.5 Densitometry 

Both groups showed no significant difference in Density (p>0.05, all) although the 

CXL group showed an increase in density comparing visits. (see Table 3-28 and 

Table 3-29) 

Table 3-28 Density Non CXL comparing visits 

 

 

 

 

 

Non CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p

Coma 90° (µm) -1.53 (±1.08) -1.63 (±1.14) -0.50 0.622

Coma 0° (µm) 0.08 (±0.81) 0.09 (±0.86) -1.22 0.229

Trefoil (µm) -0.03 (±0.52) -0.13 (±0.60) 1.44 0.159

Spherical aberration (µm) -0.28 (±0.70) -0.30 (±0.68) 0.37 0.713

T test

CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p

Coma 90° (µm) -1.85 (±1.34) -1.79 (±1.37) -0.50 0.622

Coma 0° (µm) -0.06 (±0.82) 0.02 (±0.91) -1.22 0.229

Trefoil (µm) 0.01 (±0.48) -0.12 (±0.45) 1.44 0.159

Spherical aberration (µm) -0.35 (±0.78) -0.37 (±0.83) 0.37 0.713

T test

Non CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p

Density 90° 36.08 (±9.05) 37.57 (±10.07) -0.80 0.431

Density 180° 36.63 (±9.48) 36.95 (±11.70) -0.15 0.881

T test
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Table 3-29 Density CXL comparing visits 

 

 

3.9.6 Final D value and TKC 

There was no significant difference in the both groups (p>0.05, all) comparing visits. 

(see Table 3-30 and Table 3-31) For the CXL group, despite not being significant, 

there was an increase in the D value and TKC. 

Table 3-30 D and TKC Non CXL comparing visits 

 

Table 3-31 D and TKC CXL comparing visits 

 

 

 

 

 

 

 

 

CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p

Density 90° 42.08 (±13.67) 47.81 (±20.92) -1.77 0.086

Density 180° 43.08 (±13.71) 45.47 (±20.28) -0.75 0.458

T test

Non CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

p

D 9.24 (±6.55) 9.12 (±6.65) 0.13 0.615 TKC (0-4) 1.93 (±1.06) 2.03 (±1.07) 0.622

T test Wilcoxon Test

CXL

n=36

Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

t-value p Mean (±SD)

Visit 1

Mean (±SD)

Visit 2

p

D 10.42 (±1.03) 10.46 (±6.11) -0.11 0.914 TKC (0-4) 2.25 (±1.08) 2.58 (±0.88) 0.313

T test Wilcoxon Test
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3.10  Discussion 

This study was a retrospective chart review examining a number of corneal factors 

that could determine diagnosis to differentiate between normal and KC and monitor 

the progression in those who were diagnosed with KC. The data were collected at 

two visit points that were separated by approximately 1.5 years. There was a 

difference in follow up time when the KC population was divided into two groups, 

those with and those without corneal cross-linking. The CXL group was followed up 

more frequently and closely compared to the Non CXL group. Despite the fact that 

CXL is normally performed on a younger and more progressive group of individuals 

(67) there was not a significant difference in ages in our study compared to the non-

CXL group (n=36). There was a significant difference in age comparing Non CXL 

(older) when matched with the control group (n=28) but no difference between CXL 

and control. The CXL group was younger as expected and better matched to the 

control group. 

The population was further sub-divided into two groups as to whether they had atopic 

disease (and no CXL) associated with KC or not, in order to differentiate results at 

each visit. Comparing visit 1 to visit 2 the atopic group showed no differences in the 

indices examined indicating that despite eye rubbing a direct consequence (86) or 

diagnostic factor (87, 88) related to KC is less influential on the progression of the 

disease. 

As a diagnostic tool the Pentacam HR® has a variety of curvature, elevation and 

pachymetric factors and indices, based on those factors, which differentiate KC from 

the normal eye. (89) In this study all of the factors and indices examined showed a 

significant difference at each visit when compared to normals. When comparing CXL 

to non-CXL the factor that predominated was the Densitometry measure which was 

increased in the CXL group, as there were no differences in the curvature, elevation 

or pachymetric data at each visit. Although not statistically different there was a slight 

increase in Densitometry from visit 1 to visit 2 for the CXL group.  
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The densitometry values were higher in this study for all groups including normals. 

The ranges of the values for the CXL group were from the mid-twenties to the mid-

eighties due to the range of time of when the CXL was performed. It is therefore 

difficult to compare these results to Greenstein et al (90) where they found 21.4 ±3.9 

in KC eyes with CXL after 3 months postoperatively, a much shorter timeframe. Other 

studies show that corneal haze might occur after CXL and that it declines over the 

first year but there is little evidence that there are any changes beyond the first year. 

(90, 91) 

There is also little evidence that the Pentacam HR® is useful to monitor progression 

of KC or to detect the effects of corneal cross-linking on the progression of KC. This 

study has found some factors and indices that may be useful to do this, as a 

practitioner would be over-whelmed when examining the Pentacam HR® data due to 

its large volume.  

The curvature based data that best described progression was the FlatK for the non-

CXL group and the SteepK and CKI for the CXL group. This is in support of other 

papers that have shown that the K readings from a tomographer based on thousands 

of points is a reliable and repeatable measure to detect progression. (92, 93)  The 

CKI values in this study are in the range of the study of Hashemi et al (89) as they 

found a CKI of 1.03-1.12 for keratoconic eyes and comparable to the result of a 

mean CKI of 1.06±0.07 found in the study of Kanellopoulus et al. (82) The elevation 

based data that best described progression for both groups was the IHD (index of 

height decentration). The IHD has been confirmed to be an indicator for KC detection 

by others (89, 94) and the study of Kanellopoulos et al supports the result of IHD as a 

progression criteria with a mean IHD of 0.091±0.054 for KC which is comparable to 

this study’s findings. (82) The results of this study also fall in the range of the results 

of the study of Hashemi et al (89) as they found an IHD of 0.051-0.122. On the other 

hand, it should be considered that in this study also the control group showed a 

change in the IHD (without outliers removed) which could be reflective of the sample 

of convenience that was chosen.  
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As for the pachymetric based data, the thickness at the thinnest point and Dt (index 

based on thickness) were showing a statistically significant increase in thickness 

within the non-CXL group by ≈5 microns which may not be clinically relevant and a 

non-significant decrease in thickness with the CXL group. As the non CXL group was 

slightly older, then they may not have significantly progressed between the two visits. 

The thickness based indices are dependent on a change in thickness from the centre 

to the periphery of the cornea where the accuracy of the instrument declines (5, 78) It 

is commonly known that KC progression can be measured by monitoring corneal 

thickness. (25) Some studies showed a slight increase by 2-3 microns or stabilization 

of the corneal thickness in non-progressive eyes. (95, 96) The change in the y 

location of the pupil centre relative to the apex based on the location of highest 

elevation, when examining the CXL data was most significant as it became more 

decentred. The x location was closer to the apex by the second visit, but not 

significantly for the CXL group and no change for the non-CXL group. Recent 

literature does indicate that the location of the cone does change after CXL, but the 

location is described as being more centred relative to the apex, especially when the 

cone is more inferiorly displaced. (97, 98)  

 

3.11 Conclusion 

In conclusion, this review on a limited number of KC participants has demonstrated 

that the Pentacam HR®  and its factors and indices can be useful in detecting the 

progression of KC with and without CXL and atopic disease, in addition, to their use 

in early diagnosis of KC when compare to controls. 
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