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 28 

Abstract 29 

This study aims to estimate the reduction in collagen fibril density within the central 6mm 30 

radius of keratoconic corneas through processing of microstructure and videokeratography 31 

data. Collagen fibril distribution maps and topography maps were obtained for seven 32 

keratoconic and six healthy corneas, and topographic features were assessed to detect and 33 

calculate the area of the cone in each keratoconic eye. The reduction in collagen fibril density 34 

within the cone area was estimated with reference to the same region in the characteristic 35 

collagen fibril maps of healthy corneas. Together with minimum thickness and mean central 36 

corneal refractive power, the cone area was correlated with the reduction in the cone collagen 37 

fibrils. For the corneas considered, the mean area of keratoconic cones was 3.30±1.90 mm2. 38 

Compared with healthy corneas, fibril density in the cones of keratoconic corneas was lower 39 

by as much as 35% and the mean reduction was 17±10%. A linear approximation was 40 

developed to relate the magnitude of reduction to the refractive power, minimum corneal 41 

thickness and cone area (R2= 0.95, p< 0.001). Outside the cone area, there was no significant 42 

difference between fibril arrangement in healthy and keratoconic corneas. The presented 43 

method can predict the mean fibril density in the keratoconic eye’s cone area. The technique 44 

can be applied in microstructure-based finite element models of the eye to regulate its stiffness 45 

level and the stiffness distribution within the areas affected by keratoconus. 46 

  47 
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Introduction 48 

Keratoconus (KC) is a bilateral non-inflammatory corneal disease that affects approximately 49 

1 in 2000 of the population (1). The keratoconic cornea progressively develops ectasia with 50 

local thinning and a cone-shaped protrusion, which results in visual impairment. The 51 

management of KC, including its diagnosis and treatment, has developed significantly in 52 

recent decades.  53 

Computer-assisted videokeratography provides quantitative imaging of corneal anterior and 54 

posterior topographies. KC can be detected and classified based on corneal topography 55 

through clinical signs of disease evolution, index-based classification systems and advanced 56 

machine learning algorithms (1-7). These detection techniques are clinically useful to evaluate 57 

the stage of KC and guide the selection of suitable treatments. 58 

Corneal shape is the outcome of an equilibrium between the intraocular pressure (IOP) and 59 

the mechanical resistance (or stiffness) of ocular tissue. In keratoconic eyes, and in particular 60 

within the KC cone, the stiffness of corneal tissue is known to be lower than in healthy corneas 61 

due to the combined effect of smaller thickness and softer material (8-12). The reduced 62 

stiffness in the cone is thought to be the cause of the distortion of the tissue and the 63 

subsequent loss in vision clarity. 64 

While the pathogenesis of KC remains unclear, there is strong evidence that the 65 

microstructural alterations in cone tissue, in terms of both collagen fibril density and 66 

organisation, are behind the reduced stiffness of KC tissue. Literature in this field shows 67 

consistently that healthy corneas have preferential fibril organisation with more fibrils lying in 68 

the horizontal and vertical directions than in any other direction in the central region of the 69 

cornea; the fibrils then gradually assume an increasingly tangential arrangement with 70 

increasing proximity to the limbus (13-15). This arrangement is clearly disturbed in KC eyes 71 

and is accompanied by a significant reduction in fibril content (16-18), and a decreased 72 

incidence of collagen interlacing between lamellae in the para-apical region (19, 20). These 73 

changes cause loss of mechanical cohesiveness, and facilitate slippage between stromal 74 
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lamellae (16, 21). Hayes, Boote (18) demonstrated that these effects were concentrated in the 75 

area where the KC cone develops with significant local thinning and surface distortion, thus 76 

providing evidence of an association between microstructural degradation and topographical 77 

distortion. 78 

The last two decades saw several attempts to develop numerical models of ocular 79 

biomechanical behaviour based on the tissue’s microstructure and in particular its collagen 80 

fibril distribution. These models benefitted from the extensive work carried out in X-ray 81 

scattering studies to quantify the fibril density and orientation across the cornea (22-26). 82 

However, while similar studies have attempted to quantify the microstructural features of KC 83 

corneas, no consensus has developed yet on the effect of KC on fibril organisation. 84 

This study attempts to address this shortfall through analysis of microstructure maps of seven 85 

KC corneas and six healthy corneas. It seeks to provide an estimate of the reduction in fibril 86 

density within the cone area that can be expected in eyes with different disease severity stages, 87 

thickness loss and cone surface areas. With this information, progress can be made in building 88 

patient-specific, microstructure-based numerical models of the biomechanical behaviour of 89 

KC eyes. 90 

 91 

Methods 92 

Collagen fibril maps 93 

This study utilised a large collection of previously published x-ray scattering data that was 94 

gathered for a number of individual studies (15, 27-29), and done so in accordance with the 95 

ethical principles of the declaration of Helsinki and its subsequent revisions, with full, informed 96 

consent from the human tissue donors, and with approval from the Human Science Ethical 97 

Committee (School of Optometry and Vision Sciences, Cardiff University, UK). This study 98 

involved 6 healthy donor corneas (with at least 13 mm of surrounding sclera), collected post-99 

mortem from 4 donors aged between 54 and 75 years.  It also included 7 central corneal 100 

buttons with severe keratoconus (KC) collected using 7.5 mm diameter trephines from 7 101 
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donors aged between 24 and 39 years who underwent penetrating keratoplasty. The patients’ 102 

demographic characteristics and corneal thickness values are summarised in Table 1. 103 

 104 

Table 1 Patients’ demographic characteristics including age, gender, left/right eyes. 105 

 Healthy Keratoconus  

Number of corneas and donors 6, 4 7, 7  

Age in years (mean±SD range) 65.0±8.8 (54 – 75) 30.1±4.4 (24 – 39) p < 0.001 

Left:Right eyes ratio 1.0:1.0 1.0:2.5 p = 0.576 

Male:Female gender ratio 1:1 1:1.3 p = 1.000 

Central corneal thickness 
(mean±std 𝜇m) 

546.4±12.5 293.7±88.2 p < 0.001 

 106 

The healthy corneas were obtained within 18 hrs post-mortem, stored at 4°C for transport and 107 

subsequently fixed in 4% PFA prior to scanning by wide-angle x-ray scattering (WAXS), while 108 

the KC corneas were obtained post-operatively, quickly frozen in liquid Nitrogen and stored at 109 

-80ºC until required for data collection. This difference in tissue preparation methods was 110 

found earlier to have no significant effect on WAXS data (30). 111 

Thickness measurements were taken in healthy eyes prior to PFA tissue fixation using an 112 

ultrasound pachymeter (Pachmate 55; DGH Technologies, Exton, PA) with ±5 μm accuracy 113 

(Table 1). The thickness was measured at the centre of each cornea and at intervals of 2.5 114 

mm along 8 meridians. Measurements were taken 3 times at each point and the mean value 115 

was used. Recorded standard deviation was less than 10 µm for all pachymetry thickness 116 

measurements. Interpolation between these values was then used to estimate the tissue 117 

thickness across the whole cornea. On the other hand, the thickness across the surface of 118 

keratoconic corneas was obtained directly from the videokeratography images recorded prior 119 

to the penetrating keratoplasty (Table 1). The different methods used to measure the thickness 120 

were found in the past to produce similar results, and were therefore not expected to make a 121 

notable effect on the results of this study (31, 32). 122 

Based on the measured central corneal thickness of the healthy specimens (530-560 µm) and 123 

the known relationship between thickness and hydration, the healthy corneas were deemed 124 
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to be close to physiological hydration at the time of data collection, and therefore at similar 125 

hydration to that of the keratoconus tissue. 126 

 127 

The white-to-white (WTW) distance was measured in healthy eyes by a digital calliper 128 

(Mitutoyo, Hampshire, UK) with ±20 μm accuracy, while in keratoconic eyes, it was obtained 129 

directly from the Orbscan output. The WTW values showed little variation with a mean, 130 

standard deviation and range of 12.11±0.46 (11.8-13.1 mm) for all eyes.  However, despite 131 

this little variation, the sampling distance within every specimen was normalised such that the 132 

WTW distance became 12.11 mm. 133 

 134 

Due to the large dimensions of the healthy cornea-scleral specimens relative to the size of the 135 

specimen holder, it was necessary to flatten the tissue slightly prior to scanning. This was 136 

achieved by performing a series of six meridional incisions, extending from the corneal limbus 137 

to the outer edge of the sclera (thus avoiding damage to the cornea itself) (15, 27). 138 

Just before testing, the KC corneas were thawed, and both the healthy and KC tissue was 139 

wrapped in polyvinylidene chloride catering film to minimise tissue dehydration. Wide angle x-140 

rays scatter (WAXS) patterns were obtained from each specimen in a grid system of 0.5 mm 141 

intervals in both horizontal and vertical directions for healthy eyes (27), and 0.25 mm intervals 142 

for KC eyes (29). The x-ray scattering images collected at every scanning spot were 143 

normalised against the x-ray beam intensity and the x-ray exposure time, and subsequently 144 

analysed to determine the orientation of fibrillar collagen at equally-spaced 256 orientations 145 

covering 360, as well as the total collagen x-ray scatter intensity at each sampling position. 146 

Assuming hydration is fairly uniform across the cornea, then the total x-ray scattering intensity 147 

can be seen as a reasonable representation of the relative mass of collagen at each sampling 148 

site within an individual cornea.  Fibril density was calculated as the total x-ray scatter intensity 149 

divided by the local tissue thickness.  150 

 151 
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Due to the potential for tissue distortion artefacts close to the cut edges in both the healthy 152 

and keratoconus specimens, data obtained within 0.75 mm of the sample edge was excluded 153 

from the analysis.  154 

 155 

Identification of cone area in KC corneas 156 

Videokeratography scans of the keratoconic buttons were obtained using Orbscan (Bausch & 157 

Lomb, Technolas PV, Germany) before the surgery, in which they were removed. These scans 158 

provided corneal anterior and posterior topography maps, mean power maps and thickness 159 

distribution maps. Central corneal thickness measurements were taken with partial coherence 160 

interferometry, ultrasound, and the Orbscan system (33). The topography maps enabled 161 

calculation of the height of the cornea relative to a best-fit spherical (BFS) surface, with the 162 

highest point assumed to represent the centre of the keratoconic cone (34, 35). The refractive 163 

power of healthy corneas P was calculated using the Gaussian optics formula (36-38).  164 

P =
ncornea − nair

Ranterior
+

naqueous − ncornea

Rposterior
−

tc

ncornea
×

ncornea − nair

Ranterior
×

naqueous − ncornea

Rposterior
 (1) 

Where the refractive indices of air, nair, cornea, ncornea, and aqueous, naqueous, were set at 165 

1.0, 1.376 and 1.336, respectively following Gullstrand’s relaxed eye model (39, 40), and tc, 166 

represented the central corneal thickness. The sagittal radii of curvatures at any point were 167 

calculated as: 168 

R =
x

cos (
π
2 − α)

  (2) 

where α is the tangent angle at the calculation point and x is the distance from the apex. 169 

The mean power map was constructed based on the average of the two principal curvatures 170 

at each scanned point (38). 171 

 172 

The boundary of keratoconic cones was detected based on the observation that it coincided 173 

with a sudden, abnormal reversal of corneal curvature, Figure 1 & S1. As outlined in our earlier 174 

studies (35, 41, 42), corneal profiles along equally-spaced meridian lines originating at the 175 
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cone centre and extending outwards were analysed. Initially, a best-fit sphere was fitted to the 176 

central, 7 mm diameter area of each corneal anterior surface, and the radial distance from 177 

each data point on a corneal surface to the centre of the sphere was calculated. This was 178 

followed by subtracting the radius of the sphere from these radial distances and the position 179 

and magnitude of the largest positive difference were assumed to point at the location and 180 

height of the cone centre, respectively. 181 

 182 

Figure 1: Topography map of the central 7 mm of the keratoconic right eye cornea KC4. The 183 

origin (0,0) is the corneal apex and red lines represent the KC cone boundaries. 184 

 185 

To estimate the area of pathology, height data relative to the optimal sphere were determined 186 

along 360 equally-spaced lines meeting at the cone centre and extending outwards using 187 

triangle-based cubic interpolation (43). A first derivative of the height data was calculated to 188 

determine the tangent to the surface along these lines. The second derivative was then 189 

calculated to represent the rate of change of this gradient. Since the rate of gradient change 190 

experiences a change in direction when the point of interest moves from the cone area to the 191 

surrounding healthy area, a sudden change in the sign of the rate of change in tangent 192 
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gradient is indicative of an intersection with the transition zone between the pathologic area 193 

and the remaining corneal tissue. Locating the transition zone between the area of pathology 194 

and the remaining corneal tissue using this method then allowed calculating the cone area. 195 

An iterative process was then initiated in which the cone area was removed from the 196 

topography data before re-identifying the optimal sphere and repeating the subsequent steps. 197 

This process was repeated until the difference between the results (cone height and centre 198 

location) of two subsequent analyses became smaller than 1.0 m. 199 

 200 

Fibril density reduction factor ‘𝜿’ 201 

Assessment of the reduction in collagen fibril density in KC cones started with developing a 202 

map representing the mean density distribution in the six healthy corneas scanned. As it was 203 

not possible to scan at exactly the same points in all cornea specimens, as discussed in our 204 

previous study Zhou, Eliasy (15), 10th order Zernike polynomials were used to fit the fibril 205 

density measurements (𝜌) obtained for each cornea: 206 

𝜌 = ∑ ∑ 𝑍𝑛
𝑚(𝑟, 𝜃)𝐶𝑛

𝑚(𝜃)

𝑚=−𝑛:2:𝑛

10

𝑛=0

 
(3) 

Where Zernike term is represented by 207 

𝑍𝑛
𝑚(𝑟, 𝜃)  = {

𝑅𝑛
|𝑚|

𝑐𝑜𝑠(𝑚𝜃)         𝑚 > 0   

𝑅𝑛
|𝑚|

𝑠𝑖𝑛(𝑚𝜃)          𝑚 < 0     

𝑅𝑛
0                        𝑚 = 0

 

(4) 

with the radial polynomial 𝑅𝑛
|𝑚|

  defined as 208 

𝑅𝑛
|𝑚|

= ∑
(−1)𝑖(𝑛 − 𝑖)! 𝑟𝑛−2𝑖

𝑖! ((𝑛 + |𝑚|)/2 − 𝑖)! ((𝑛 − |𝑚|)/2)!

𝑛−|𝑚|
2

𝑖=0

 , (0 ≤ 𝑟 ≤ 1)  

(5) 

Where (𝑟, 𝜃) are the polar coordinates of x-ray scanning points, 𝑛 is the radial order of the 209 

polynomial, and m is an azimuthal integer index which varies from -n to n for even m-n while 210 

equals 0 for odd n-m. 211 

 212 
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The average values of Zernike coefficients were then determined and used to represent the 213 

mean density distribution for healthy corneas. This process enabled comparison of fibril 214 

density in KC corneas (both within and outside cone boundary) with mean fibril density in the 215 

corresponding areas of healthy corneas. Therefore, the analysis included two sets of 216 

comparisons. First, the fibril density within the cone area in keratoconic corneas was 217 

compared to the density in corresponding areas in healthy corneas. The second comparison 218 

was between the fibril density outside the cone in keratoconic corneas and the density in 219 

corresponding areas in healthy eyes. This exercise led to the development of a fibril density 220 

reduction factor (𝛋) that quantified the mean reduction in fibril density in each KC cone relative 221 

to the corresponding area in healthy corneas: 222 

 
κ =

Ck

Ch

Sh

Sk
 (6) 

where, for each KC cone, Ch and Sh are the mean fibril density in the healthy corneal areas 223 

that correspond to the areas inside (C) and outside (S) the KC cone, respectively. Likewise, 224 

Ck and Sk represent the mean fibril density inside and outside the cone area in each KC cornea. 225 

Expressing the fibril reduction factor as a ratio was used to eliminate any hydration-induced 226 

variation in absolute collagen scatter caused by the different sample storage methods of KC 227 

and healthy corneal specimens. 228 

A stepwise linear regression model was fitted to assess the correlation between κ  and 229 

topographic features of the cornea including the mean central refractive power (P) obtained 230 

within the central 3 mm diameter zone, the minimum corneal thickness (T), the KC cone area 231 

(A) and the distance between the cone centre and corneal apex (D). Both P and T were 232 

extracted from the Obscan reports. Using the forward stepwise approach, the variables that 233 

could explain most of the variance in κ and therefore composed the final model were P, T and 234 

A. 235 

The first-order polynomial adopted for the dependence of κ on P, T and A took the following 236 

form (the first order was adopted to avoid overfitting, which can be caused by the small size 237 

of the database): 238 
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κ = a1A + a2P + a3T + a4 (7) 

In Equation 7, a1 to a4 are constants, which were optimised using the least square method 239 

with the objective function: 240 

RMS =
1

n
∑(κmi −  κe(Ai, Pi, Ti))

2
n

i=1

 
(8) 

Where RMS is the root mean square error, n is the number of data points, κmi is the measured 241 

value of density reduction based on KC fibril map i, and κe is the estimated density reduction 242 

based on Equation 7. Each KC cornea provided one data point i, and six more points were 243 

added to represent the healthy corneas, with κ = 1 , A = 0 , P ∈ [43D, 45D] , T ∈244 

[530μm, 560μm]. 245 

K-fold cross-validation was used to test the accuracy of the linear model in predicting fibril 246 

density reduction. Data of one keratoconic cornea was kept in every validation cycle to be 247 

used in testing the regression model, while data of other eyes were used in its training and 248 

calculating its coefficients. The model finally adopted the average values of coefficients 249 

following all K-fold cross-validation steps. 250 

 251 

Statistical analysis 252 

Statistical analysis was carried out using the MATLAB and Statistics Toolbox Release 2019b 253 

(The MathWorks, Inc., Natick, Massachusetts, United States). The Goodness-of-fit of the 254 

regression model relating κ to P, T and A was evaluated with the coefficient of determination 255 

(R2). The closer the R2 is to 1, the higher the variation of the dependent variable explained by 256 

the independent variables in the regression model. The comparison of the continuous 257 

variables was performed using either Student’s t-test or Mann-Whitney U-test according to the 258 

variables’ distribution. The categorical variables were compared using the Chi-Squared test. 259 

A p-value lower than 0.050 was considered statistically significant. 260 

 261 

 262 
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Results 263 

KC cone area 264 

Figure 2 shows the fibril density maps of the seven keratoconic corneas with the estimated 265 

cone boundary marked in each case. The cone area (A), the central refractive power (P), the 266 

minimum thickness (T), and the fibril reduction factor (κ) measured from the fibril density maps 267 

are also listed in Table 2. The results show trends in which increases in cone area or mean 268 

power, or decreases in min thickness were associated with higher fibril density reductions (i.e. 269 

smaller κ). However, despite the significant correlation between κ and each of A, P and T, 270 

there was no correlation between A and P (p= 0.37), A and T (p= 0.89), or R and T (p= 0.18). 271 

 272 

   

(a) KC1, Left (b) KC2, Right (c) KC3, Right 

   

   

(d) KC4, Right (e) KC5, Right (f) KC6, Left 
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(g) KC7, Right   

Figure 2 Fibril density maps for seven keratoconic corneas. The origin (0,0) is the corneal 273 

apex. Red lines represent the KC cone boundaries. 274 

 275 

 276 

Table 2 Measurements of cone area, mean central refractive power, minimum thickness and 277 

cone fibril density reduction in keratoconic corneas 278 

Specimen Cone area, A 
(mm2) 

Mean power, P 
(Diopter) 

Min Thickness, T 
(µm) 

Fibril reduction factor, κ 

KC1 3.61 46.90 483.0 0.84 

KC2 2.18 49.20 220.0 0.90 

KC3 0.72 54.30 298.0 0.91 

KC4 6.24 58.30 277.0 0.65 

KC5 5.17 59.30 279.0 0.73 

KC6 2.07 63.20 227.0 0.89 

KC7 3.12 63.20 272.0 0.87 

Mean±SD 3.30±1.90 56.34±6.47 293.7±88.2 0.83±0.10 

 (min-max)  (0.72-6.24)  (46.90-63.20)  (220.0-483.0)  (0.65-0.91) 

 279 

 280 

Fibril distribution comparisons 281 

The effect of KC on fibril distribution outside the cone area was studied with reference to the 282 

results in Figure 3. In this figure, the proportion of collagen fibrils in the 45° sectors surrounding 283 

the horizontal and vertical directions, and the tangential direction to the cornea edge was 284 

quantified within successive tissue rings, each with 0.5 mm width. All the x-ray scanning points 285 

in the healthy cornea maps were included in the calculations while the cone areas were 286 
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excluded from the KC cornea calculations. The results covered the central zones with 3 mm 287 

radius in KC corneas and 6 mm radius in healthy corneas.  288 

The central corneas within 3 mm radius had percentages of horizontal and vertical fibril 289 

contents between 30% and 35% of total density in both healthy and KC eyes. No significant 290 

differences were found in percentages of preferentially aligned horizontal fibrils (p= 0.29) or 291 

vertical fibrils (p= 0.22) between healthy and KC corneas. Similarly, there were no significant 292 

differences between healthy and KC corneas in the percentages of tangential fibrils – mean 293 

values ranged between 24 and 28% in both specimen groups.  294 

 295 

 296 

Figure 3 Percentage of fibril quantity in (a) the horizontal direction, (b) the vertical direction, 297 

and (c) the tangential direction in healthy and keratoconic cornea specimens. 298 

 299 

 300 
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Fibril density reduction factor ‘𝜿’ 301 

Values of constants a1  to a4  in the linear relationship between κ  and A, P and T, were 302 

determined using the least square method as: 303 

 κ = −0.0425A − 0.0004P + 0.0001T + 0.9727 (9) 

The relationship reflected a decrease in κ (denoting a larger fibril density reduction) with lower 304 

minimum corneal thickness (T) (p=0.015), larger central refractive power (P) (p=0.003) and 305 

larger cone area (A) (p<0.001). The R2-value was 0.95 (p< 0.001) and indicated the strong fit 306 

of Equation 9 to the measured fibril density measurements. The K-fold cross-validation 307 

showed 2.00% error in average fibril reduction in training the model and 2.58% in its testing. 308 

 309 

Discussion 310 

Microstructural abnormality in the KC cornea including irregular fibril arrangement, reduced 311 

fibril density, lamellae splitting and decreased lamella interweaving was observed in previous 312 

studies (16-18, 21, 44). These microstructural changes lead to deterioration in mechanical 313 

stiffness compared with the levels expected in healthy corneas (11, 45). The evident 314 

association between the reduced fibril density and the stiffness deterioration has enabled the 315 

development of numerical models of KC corneas that consider changes in fibril arrangement 316 

(22, 23, 25, 26, 28). However, what remains lacking are methods to estimate reductions in 317 

fibril density in individual eyes, which would be needed in construction of customised 318 

numerical models of KC corneas. This study seeks to address this gap through developing a 319 

relationship between fibril density reduction within the cone and a number of corneal features 320 

including the cone area, the mean refractive power and the minimum corneal thickness. The 321 

study also attempts to establish the effect of keratoconus on the density and distribution of 322 

collagen fibrils outside the cone. 323 

 324 

As we have shown here, and has been well documented previously (19, 29, 46, 47) in the 325 

central region of the healthy cornea most collagen lies in the vertical and horizontal directions 326 
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(with ~30% of the total collagen lying in each of the directions (48). It has been suggested that 327 

this arrangement of collagen directed towards the insertion points of the rectus muscles may 328 

play a biomechanical role in helping the cornea to resist the forces acting upon it and enabling 329 

it to maintain its correct curvature. With increasing proximity to the limbus, a transition zone 330 

between the cornea and the less curved sclera, the predominant orientation of the collagen 331 

becomes increasingly tangential to the edge of the cornea. Although comparative data was 332 

not available from the KC corneas beyond a radius of 3 mm, our current study has shown that 333 

in the central region of the KC corneas (with the exclusion of the cone areas), the proportion 334 

of collagen aligned in the vertical and horizontal directions fibrils did not differ significantly from 335 

that of the healthy corneas. 336 

 337 

The range of fibril density reduction in the cone areas of the 7 KC corneas analysed in this 338 

study was between 20 and 39%. This magnitude of density loss was correlated with three 339 

parameters; namely the cone area, the mean refractive power and the minimum corneal 340 

thickness (p= 0.001, 0.008, 0.041, respectively). Another parameter, the distance between 341 

corneal apex and cone centre, was excluded due to lack of significant correlation with density 342 

reduction. Based on these results, an estimate of a cone fibril reduction factor κ  was 343 

developed and found to offer a close match with measured values. With the proven 344 

dependence of corneal stiffness on collagen fibril distribution, this parameter could be 345 

employed in numerical analyses to simulate the effect of KC on corneal biomechanical 346 

behaviour. 347 

The study has a number of limitations. First, due to the low intensity of collagen x-ray scatter 348 

(and the resulting poor signal to noise ratio) from the cone region of the keratoconus corneas, 349 

coupled with the lack of inter-specimen consistency in terms of collagen orientation in this 350 

region, it was not feasible to include the cone region in our current analysis. Second, the 351 

number of cornea specimens included in the study was relatively small due to the difficulty in 352 

obtaining full tissue thickness KC buttons. As new data becomes available, the method 353 

developed in this study will be updated. 354 
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In conclusion, this study presented a method to estimate the reduction in collagen fibril density 355 

inside the cone areas of KC corneas. The study also presented evidence that the fibril 356 

distribution outside the cone areas was not affected by KC development and progression and 357 

was therefore similar to the fibril distribution in healthy corneas. These findings would make it 358 

possible to develop customised numerical models that predict the biomechanical behaviour of 359 

KC corneas. 360 

 361 
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Figure 1S: Topography maps for the keratoconic corneas included in the current study. The 518 

origin (0,0) represents corneal apex, and the red lines represent the keratoconus cone 519 

boundaries. 520 
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