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Abstract 59 

Purpose: To evaluate an automated method for detecting the cone shape characteristics and 60 

to assess the corneal specialists’ subjective variability of these measures using different maps. 61 

Methods: Topographic images of the anterior and posterior surface of each eye were 62 

presented to 12 clinicians in two different types of map, tangential curvature and relative 63 

elevation to the best-fit sphere. They were asked to mark the cone centre and its boundaries 64 

in the two maps without knowing that they belong to the same patient. The results between 65 

the maps were compared to assess the subjective variability dependent on the map type and 66 

the automated method was compared against both estimations to assess its accuracy.  67 

Results: Considering the results of anterior and posterior surfaces, there was low agreement 68 

between the cone centre estimations using different types of maps for 10 of the 12 cases 69 

(p<0.05), while the comparison between the automated method and the two maps estimations 70 

did not show differences in 11 of the 12 cases (p>0.05). There was high variability, up to 55%, 71 

among clinicians’ estimations of the cone area. The results of the automated method were 72 

within the range of the expert’s estimations. 73 

Conclusions:  An objective, mathematically derived method of determining morphological 74 

dimensions of the cone was consistent with clinicians’ evaluations. While there was high 75 

variability among the experts’ subjective estimates which were highly influenced by the type 76 

of map, the objective method provided a reliable evaluation of the keratoconus shape 77 

independent of maps or colour-scale. 78 
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Introduction 84 

The emergence of a variety of corneal imaging techniques and the use of sophisticated 85 

algorithms have enhanced our ability to diagnose early stages of keratoconus.1 These 86 

innovations in technology have largely been driven by the growing popularity of refractive 87 

surgery and by the proven efficacy of corneal cross-linking (CXL) in arresting the progression 88 

of keratoconus.2,3  While the emphasis with evolving devices has predominantly been on the 89 

accurate detection of keratoconus, even in its subclinical form, relatively less attention has 90 

been paid to the use of these techniques in describing the geometrical features of the cone 91 

itself. 92 

The cone represents the area of primary pathology in keratoconus.4  Identifying its location 93 

and measuring its magnitude would thus be of seminal importance from a clinician’s 94 

perspective:  in characterising and grading the disease, in tracking its natural course and 95 

response to treatment, in the success of specialised contact lens fitting, in facilitating the 96 

appropriate placement of Intrastromal Corneal Ring Segments (ICRS) and in the design of 97 

customised CXL procedures in the future. 98 

There have been few attempts to map cone location, the definitions, assumptions and 99 

methodology of each being different and often instrument-dependent.5-8  With no consensus 100 

on a standardised approach to assess the area occupied by the cone, clinicians are forced to 101 

exercise their judgement and make subjective assessments based on colour-coded 102 

tomography maps. 103 

In response to this need, Eliasy et al proposed a robust, objective and accurate method to 104 

delineate the location and 3-dimensional magnitude of the cone in eyes with clinically 105 

diagnosed keratoconus.9  The present study aims to evaluate this automated method against 106 

the subjective estimates of 12 cornea specialists and to assess the subjective variability of 107 

those assessments among the examiners. 108 

 109 
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Methods 110 

This study was conducted according to the tenets of the Declaration of Helsinki. In the study, 111 

an anonymised database of corneal tomography examinations obtained with Pentacam HR 112 

(Oculus, Wetzlar, Germany) from patients diagnosed with keratoconus was reviewed.  As only 113 

fully anonymised secondary data was used, according to the University of Liverpool’s Policy 114 

on Research Ethics, ethical approval was ruled unnecessary. The maps were grouped 115 

according to the Pentacam’s Topographic Keratoconus Classification (TKC) in mild – grades: 116 

“abnormal”, “possible”, “–” and 1; moderate – grades: 1 to 2, 2, and 2 to 3; and advanced:– 117 

grades 3, 3 to 4, and 4.10  One eye of two patients from each group – a total of 6 cases – were 118 

randomly selected. Tangential curvature and relative elevation to the best-fit sphere maps 119 

were generated for both corneal surfaces using Pentacam software version 1.20b94. The 120 

absolute Smolek–Klyce 1.5 D scale was used in the tangential curvature maps and the relative 121 

Belin intuitive 2.5µm scale was used in the relative elevation maps. The coordinates of the 122 

points of maximum curvature on the tangential map and of the maximum elevation on the 123 

relative elevation map were recorded.  124 

Four figures, each containing the maps for both anterior and posterior surfaces were prepared 125 

for the six selected patients in a shuffled order as observed in Figure 1. The resulting 24 126 

images in the four figures were sent to 12 cornea specialists from across the globe with the 127 

instruction that they belonged to 24 different patients for masked subjective location of the 128 

cone centre and estimation of its boundaries. The marked images were processed with 129 

MATLAB Image Processing Toolbox (11.1, The MathWorks, Inc., Natick, Massachusetts, 130 

United States) and the coordinates of the cone centre and estimated boundaries, along with 131 

the area of the disease, were stored in a binary file.  132 

In addition to the clinicians' markings, the cone centre, boundaries and disease area, in each 133 

of the corneal surfaces of the six cases were also estimated by custom-built MATLAB (2020a, 134 

The MathWorks, Inc., Natick, Massachusetts, United States) codes created by the 135 
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Biomechanical Engineering Group (BioEG) at the University of Liverpool, as described 136 

previously.9  In brief, the process works as follows: the central 8 mm diameter area of the raw 137 

elevation data was fitted to a sphere using the least-squares method. The centre coordinates 138 

of the optimal fit sphere were used as a reference to calculate the radial distance of each point 139 

on the corneal surface. The radial distances were then subtracted from the radius of the 140 

optimal sphere and the position of the point with the largest positive difference defined the 141 

cone centre and height. The next steps to estimate the area of the pathology were conducted 142 

as follows: the radial height data relative to the optimal sphere were determined along 360 143 

equally spaced lines meeting at the cone centre and extending outwards using triangle-based 144 

cubic interpolation. The first derivative was calculated to determine the tangent to the surface 145 

along the height data. The second derivative was then calculated to identify the rate of change 146 

in the tangent gradient.  Sudden variations in the rate of gradient change indicated the 147 

transition zone between the cone area and healthy surrounding tissue. Finally, an iterative 148 

process was conducted. The cone area was removed from the raw elevation data prior to re-149 

identifying the optimal sphere and the aforementioned steps were repeated. The process was 150 

concluded when two subsequent analyses produced results (cone height and centre location) 151 

with differences smaller than 1.0 µm. 152 

Due to the non-normality of the data distribution (Shapiro-Wilk test, p<0.05), the variables 153 

were described by median, interquartile range (IQR), minimum and maximum. The 154 

comparison of the clinicians’ estimates of the cone centre and area using the different maps 155 

was performed with Wilcoxon’s signed-rank test. The distances among the cone centre 156 

positions between the subjective estimates using tangential and relative elevation maps; and 157 

the automated objective method were assessed with the Friedman’s test one-way repeated-158 

measures analysis of variance. The variation among the experts’ estimations of the cone area 159 

was assessed with the non-parametric coefficient of variation (median absolute deviation 160 

divided by the median). The sample size was calculated based on the estimations of 4 corneal 161 

specialists obtained in a trial case. To detect a difference between the maps of 0.3 ± 0.2 mm 162 
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in cone centre and 2 ± 2 mm2 in cone area, using a 2-sided level of significance (α) = 5% and 163 

power (1-β) = 80%, it was required the estimations of 10 corneal specialists. A number 20% 164 

higher was used in this study to account for the relatively lower power of non-parametric tests. 165 

Statistical analyses were accomplished using R Core Team (2016, R: A language and 166 

environment for statistical computing. R Foundation for Statistical Computing, Vienna, 167 

Austria). 168 

Results 169 

The demographic characteristics of the six cases included are summarised in table 1. 170 

Regarding the cone centre position, there was a good match between the clinicians’ 171 

estimations and the tomographer’s points of maximum curvature of the tangential map or 172 

maximum elevation on the relative elevation to the best-fit sphere map, in both corneal 173 

surfaces. However, the values were statistically significantly different between the maps 174 

(p<0.05) on the posterior surface of all cases and on the anterior surface of all of them, apart 175 

from cases 3 and 6. The agreement among the clinicians’ estimations and the automated 176 

estimation was high, the distances between these three centre estimates were not statistically 177 

significant, apart from the anterior surface of case 1. These results are summarised in table 2 178 

and figure 2. 179 

Regarding the area of the disease, on the anterior surface the clinicians’ estimations were 180 

larger on the tangential map than on the relative elevation map for all cases (p<0.001). The 181 

same pattern was observed on the posterior surface for 4 of the 6 cases. There was high 182 

variation among the clinicians’ estimations. For the anterior surface, the non-parametric 183 

coefficient of variation (npCV) was 20.5% (19.7, 13.0 –55.0%, IQR (minimum – maximum)) 184 

on the tangential map and 30.3% (10.2, 17.0 –40.7%) on the relative elevation map.  For the 185 

posterior surface, it was 24.5% (8.2, 12.0 –35.0%) on the tangential map and 22.2% (3.6, 15.2 186 

–36.3%) on the relative elevation map. The automated detection presented values in between 187 
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the clinicians’ estimates for all cases on both surfaces of both maps. Table 3 summarises 188 

these results. 189 

Discussion 190 

The present study evaluated the ability of a new automated method to detect the cone centre 191 

and the boundaries of the cone and compared them with the subjective estimates provided by 192 

12 experienced corneal specialists. A bias towards the point of maximum curvature in the 193 

tangential maps or to the highest point on the relative elevation map was observed in the 194 

clinicians’ estimations of the cone centre even if, for the same case, they were significantly 195 

distant from each other. A similar bias was also observed in the estimation of the boundaries 196 

and interestingly high variations, up to 55%, were present for the same case among the 197 

examiners. While there was high subjective variability, the results produced by the automated 198 

method were, by and large, in agreement with the clinicians’ estimates. 199 

Before the advent of corneal videokeratography, keratoconus was broadly described based 200 

on the shape and location of the cone. Nipple cones had central conical protrusions and oval 201 

cones had inferior sagging projections. However, these gross descriptions were possible only 202 

when the disease was clinically obvious or detectable by keratoscopy.11  The advent of 203 

computerized videokeratoscopes, which captured information from thousands of points on the 204 

anterior corneal surface to produce detailed colour-coded maps allowed identification of 205 

subtler changes in curvature. Diverse patterns of normal and abnormal corneas were now 206 

recognizable.12  The development of topographic indices and neural networks made the 207 

corneal topographer a diagnostic instrument to detect pathology13 and led to the incorporation 208 

of automated keratoconus detection systems into commercial videokeratographic devices.14  209 

The standardization of colour scales of topographic maps underwent multiple revisions to 210 

facilitate a distinction between normal and abnormal patterns, which clinicians could adopt in 211 

routine practice.15  The recognition of the limitations of curvature based maps and the 212 

importance of measuring changes in the posterior corneal surface and corneal thickness led 213 
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to the introduction of elevation based devices.16 The concept of corneal tomography, as 214 

opposed to topography was thus introduced and its ability to represent the corneal shape in 215 

its three-dimensional entirety was amply demonstrated.   The more recently developed 216 

devices using high-frequency ultrasound and the anterior segment optical coherence 217 

tomography (AS-OCT) are able to enhance the corneal shape characterisation by evaluating 218 

the behaviour of its individual layers.17  Kanellopoulos and Asimellis have demonstrated with 219 

AS-OCT an in-vivo ability of the corneal epithelium to smooth the corneal surface by becoming 220 

thinner over the cone apex and thicker around it, which acts as a confounding factor for the 221 

keratoconic cornea shape analysis.18  The authors also studied this imaging technique’s ability 222 

to differentiate healthy and keratoconus corneas even in early stages of the disease.19,20 223 

The growing interest in improving methods to detect early keratoconus is sustained by two 224 

important factors: the evidence for a successful therapeutic option for keratoconus and the 225 

importance of being able to identify eyes that are at risk of developing ectasia following laser 226 

refractive procedures.21,22  Several new algorithms have been introduced in recent years, 227 

including some that integrate tomographic features with corneal biomechanical parameters 228 

that are able to discriminate normal from keratoconic eyes with a high degree of sensitivity 229 

and specificity.23,24  Relatively less attention has been paid to accurately demarcate the 230 

boundaries of the cone or to characterize its three-dimensional features. The cone represents 231 

the area of primary pathology in keratoconus. Hence, studying its morphology and the 232 

dynamics of changes that occur either in its natural time course or in response to treatment 233 

would significantly enhance our understanding of the disease and improve our approach to its 234 

management. 235 

Although keratoconus is recognized as a progressive disease, there is no consensus yet on 236 

an ideal system of classification.25  Belin and Duncan recently proposed a new classification 237 

system incorporating data from both surfaces of the cornea in a 3mm zone centred around 238 

the thinnest point – a zone chosen to reflect the major ectatic region of the cornea.26  This new 239 
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system not only independently grades the anterior and posterior radii of curvature, the thinnest 240 

corneal pachymetry in this zone, has a modifier component for scarring and, for the first time, 241 

includes the vital functional component of vision. Although more comprehensive than any 242 

other grading system yet proposed, it does not capture other descriptors of the cone itself, like 243 

the area occupied, its location and the degree of decentration of its apex, all of which could 244 

have useful clinical implications. 245 

The maximum keratometry (Kmax) has been the commonly used parameter to detect and 246 

document progression in ectasia. However, Kmax often fails to reflect the true degree of 247 

ectasia, ignores the contribution of the posterior cornea to progression and due to its high 248 

variability in KC cases, the traditional threshold used to detect progression commonly lack 249 

accuracy.27,28  The Global Consensus on Keratoconus and Ectasia defined progression by a 250 

consistent change in any 2 of 3 parameters (steepening of the anterior corneal surface, 251 

steepening of the posterior corneal surface and changes in pachymetric rate of change),25 252 

without the need to demarcate the cone although all 3 parameters were likely descriptors of 253 

changes happening within the cone itself. Changes in the area of the cone, if measurable, 254 

could be an additional feature of progression, one that has been hitherto ignored. It would also 255 

be of interest to study distinct patterns in progression, if any, for example in response to eye 256 

rubbing.  257 

Knowledge of the cone morphology would further be invaluable in planning the appropriate 258 

contact lens fitting.29  The type of lens, its size and the fitting philosophy all depend on cone 259 

characteristics.30  260 

The choice of type, shape, arc length and location of placement of ICRS in the treatment of 261 

keratoconus and the decision to combine it with adjunctive procedures would be influenced 262 

by individual cone characteristics.31 263 

Corneal cross-linking (CXL) as a treatment to prevent progression of keratoconus has been 264 

proven and accepted globally. The location of the cone may affect the outcome of the 265 
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procedure and may have an effect on the quality of vision.32 Therefore, differentiating 266 

keratoconus based on cone location may reveal differences in the course of disease as well 267 

as in their response to treatment.  Efforts to refine the procedure and minimize its drawbacks 268 

led to the concept of customized CXL.33  Recently Seiler et al reported a successful outcome 269 

with concentric zones of CXL centred around the maximum posterior float.34  An accurate 270 

delineation of the cone would allow the creation of customized protocols which would retain 271 

the intended benefits of CXL without unnecessary exposure of healthy tissue to irradiance. 272 

Currently, there is no consensus on how cone morphology is best defined or measured. Cone 273 

location is typically denoted by the sector of decentration of the cone apex. The cone apex, in 274 

turn, has been defined as the point on a topographic map, showing the highest dioptric power 275 

either using the axial/sagittal display (global representations of curvature) or the tangential 276 

display (which represent local curvature by spatial location)35 although Schwiegerling clearly 277 

emphasized that techniques using dioptric power to locate the cone apex could be 278 

misleading.5  The recognition that the steepest area may not be the area of greatest protrusion 279 

made elevation-based maps more useful in locating the cone apex, now defined as the point 280 

with highest positive deviation in microns, from the Best fit sphere.36  Some authors consider 281 

the thinnest point on the cornea to represent the centre of the cone. Interestingly, Tu et al 282 

have shown that the keratometric apex, the elevation apex and the pachymetry apex most 283 

often do not coincide in eyes with keratoconus.37  Mahmoud AM et al introduced CLMI as an 284 

index to determine the location and curvature magnitude of the cone as described by an 285 

algorithm that was applied to axial and tangential curvature maps.38  The CLMI_X was 286 

subsequently proposed as an extension of the CLMI algorithm to include the combination of 287 

tomographic information from the anterior and posterior surfaces of the cornea as well as 288 

corneal thickness to make it a more robust index to detect ectasia.39  The CLMI and CLMI_X, 289 

not being intended to be descriptors of cone morphology, have proved themselves useful in 290 

being a sensitive diagnostic tool. 291 
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The assessment of cone pattern and size, on the other hand, is largely based on subjective 292 

pattern recognition, choosing the 2 warmest colours displayed on colour coded maps. 293 

Rabinowitz et al described 10 topographic patterns which formed a template often used by 294 

clinicians to label patients with keratoconus.40  295 

The paucity of precise, objective,  technique to delineate the cone and the need for a robust 296 

technology to do so forms the basis of the method proposed by Eliasy et al and used in this 297 

study.9  The method is universal and can be applied to corneal topographic images from 298 

different sources such as Placido’s topography, Scheimpflug and OCT tomographies, 299 

including the segmental OCT stromal maps that are able to mitigate the influence of varying 300 

epithelial thickness.  301 

The cone morphology estimated by the 12 experienced topography readers on the same 302 

patients using two different maps were significantly different (p<0.001) for all cases on the 303 

anterior surface and three cases on the posterior surface. The inter-observer variation was up 304 

to 40.8% on the relative elevation maps and up to 55% on the tangential maps. Ramos et al37 305 

reported  high subjective variability  among 11 corneal topography specialists who were asked 306 

to classify the topographic exam of 25 eyes with absolute colour-scale system and again with 307 

normative scales without knowing that they were being presented the same cases. In 44% of 308 

cases using normative scales a variation in classification between 0 to 4 was found across the 309 

examiners. Using different scales the same examiner had given different classifications in 56% 310 

of cases. In the present study, the results obtained with the automated method were within 311 

the interquartile range (IQR, corresponds to the central 50% of values of the sample) for all 312 

cases on the anterior surface.  On the posterior surface, even though the estimates were 313 

slightly lower than the boundary of the IQR they were within the limits of the experts’ 314 

estimations. While the subjective classification is somehow limited by the colour-scale, the 315 

automated method, with its iterative process, in addition to not relying on scales, allows for a 316 

better peripheral fitting and a more precise identification of the protruded area.  317 
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The small sample size was a limitation of the study, which, however, did not affect the primary 318 

goal of the study which was to evaluate how the automated process would perform in relation 319 

to clinicians’ classification.  It could be argued that the simulated conditions in this study for 320 

experts to make their evaluation solely on the basis of corneal images rather than on clinical 321 

details may have been unrealistic.   However, the masked analysis used in this study was 322 

deliberately chosen to allow a direct comparison of how the experts interpreted the images 323 

without been influenced by their clinical judgement. 324 

Future studies will explore the effect of cone geometry on refractive errors, higher-order 325 

aberrations and image quality. The dynamics of cone geometry with disease progression, as 326 

well as the response of cone characteristics to corneal procedures such as corneal cross-327 

linking and ICRS implantation along with the implementation of machine learning techniques 328 

to improve the mathematical method are also future projects. 329 

In summary, an automated method to describe the cone in its 3D geometry fulfilled the need 330 

for an objective assessment that is free of color-scale bias while clinical estimations showed 331 

significant variability.  332 

  333 
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Legends 334 

Table 1: Patient’s demographic characteristics. 335 

Table 2: Cone centre estimations in mm relative to corneal apex by experts using tangential 336 

curvature and relative elevation maps along with results of the automated method. 337 

Table 3 Cone area estimations in mm2 by experts using tangential curvature and relative 338 

elevation maps along with the automated method.  339 

  340 
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Figure 1 Corneal images of the 6 patients included 341 

Caption: A: Tangential curvature map of the anterior surface. B: Tangential curvature map of 342 

the posterior surface. C: Relative elevation to best-fit sphere map of the anterior surface. D: 343 

Relative elevation to best-fit sphere map of the posterior surface. 344 

Figure 2 Cone centre estimations relative to corneal apex by experts using tangential 345 

curvature and relative elevation maps along with results of the automated method. 346 

Caption: A to F: Anterior surface of cases 1 to 6. G to L: Posterior surface of cases 1 to 6. 347 

Blue circle: centre of cone estimated by the automated method. Red circle: experts’ average 348 

estimation of cone centre on relative elevation maps. Green circle: experts’ average estimation 349 

of cone centre on tangential curvature maps. (X and Y axes units: mm) 350 

Figure 3 Cone geometry estimations by experts using tangential curvature and relative 351 

elevation maps along with results of the automated method. 352 

Caption: A to F: anterior surface of cases 1 to 6. G to L: posterior surface of cases 1 to 6. Blue 353 

line: cone boundaries estimated by the automated method. Red lines: experts’ cone 354 

boundaries estimations on relative elevation maps. Green lines: experts’ cone boundaries 355 

estimations on tangential curvature maps. (X and Y axes units: mm) 356 
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Table 1: Patient’s demographic characteristics. 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Age 39 42 49 31 28 62 

Gender Female Female Female Male Male Male 

Eye Left Right Right Right Left Left 

TKC # 1 # 1 # 2-3 # 2-3 # 3-4 # 3 

K Max (D) 46.8 50.7 58.1 54.3 67.9 57.5 

Pachy 

Apex (µm) 528 444 491 399 424 439 

Pachy Min 

(µm) 507 429 473 386 397 411 

 

TKC: Pentacam’s topographic keratoconus classification; K Max: maximum curvature of the 

anterior surface. Pachy apex: corneal thickness at the apex; Pachy min: minimum corneal 

thickness. 

Table 1



Table 2: Cone centre estimations in mm relative to corneal apex by experts using tangential curvature and relative elevation maps along with results of the automated method 

 

                              
Distance between estimations in each map and 

automated detection   Tangential Map Relative Elevation Map Experts' estimates between maps Automated Detection 

    Pentacam Experts' Estimates Pentacam Experts' Estimates   p-value         p-value   

    X Y 
X 

(median(IQR)) 
Y 

(median(IQR)) X Y 
X 

(median(IQR)) 
Y 

(median(IQR))       X Y       

Anterior 
Surface 

Case 1 0.1 -1.4 0.1 (0.05) -1.4 (0.04) 0.8 -1.4 0.8 (0.03) -1.4 (0.04) 
 

0.003 
 

0.6 -1.3 
 

0.019 
 

Case 2 -0.1 -0.6 -0.1 (0.01) -0.6 (0.09) -0.3 -0.5 -0.3 (0.16) -0.5 (0.04) 
 

0.024 
 

-0.3 -0.5 
 

0.243 
 

Case 3 0.1 -0.9 0.1 (0.04) -0.9 (0.04) -0.1 -1.0 -0.1 (0.08) -1.0 (0.05) 
 

0.099 
 

-0.1 -1.0 
 

0.169 
 

Case 4 -0.4 -0.7 -0.4 (0.01) -0.7 (0.12) -0.8 -1.1 -0.8 (0.03) -1.1 (0.08) 
 

0.003 
 

-0.8 -1.1 
 

0.088 
 

Case 5 -0.5 -0.5 -0.5 (0.09) -0.5 (0.13) 0.0 -0.9 0.0 (0.01) -0.9 (0.05) 
 

0.002 
 

0.1 -0.8 
 

0.243 
 

Case 6 -0.1 -2.8 -0.1 (0.01) -2.8 (0.10) -0.1 -2.6 -0.1 (0.02) -2.6 (0.04) 
 

0.184 
 

0.0 -2.0 
 

0.169 
 

Posterior 
Surface 

Case 1 0.1 -1.2 0.1 (0.01) -1.2 (0.02) 0.3 -1.3 0.3 (0.04) -1.3 (0.04)   0.008   0.5 -1.3   0.112   

Case 2 -0.2 -0.5 -0.2 (0.28) -0.5 (0.09) -0.6 -0.7 -0.6 (0.04) -0.7 (0.04) 
 

0.002 
 

-0.5 -0.6 
 

0.284 
 

Case 3 -0.2 -0.6 -0.2 (0.08) -0.6 (0.06) -0.7 -0.8 -0.7 (0.04) -0.8 (0.04) 
 

0.002 
 

-0.6 -0.7 
 

0.169 
 

Case 4 -0.4 -0.8 -0.4 (0.04) -0.8 (0.08) -0.7 -1.1 -0.7 (0.06) -1.1 (0.06) 
 

0.003 
 

-0.7 -1.1 
 

0.052 
 

Case 5 0.1 -1.0 0.1 (0.04) -1.0 (0.04) 0.2 -1.1 0.2 (0.08) -1.1 (0.06) 
 

0.003 
 

0.2 -1.0 
 

0.169 
 

Case 6 -0.3 -2.1 -0.3 (0.04) -2.1 (0.04) -0.5 -2.0 -0.5 (0.08) -2.0 (0.05)   0.004   -0.5 -1.9   0.169   

X: x-axis coordinates of cone centre in mm; Y: y-axis coordinates of cone centre in mm; IQR: interquartile range. 

Table 2



Table 3 

Cone area estimations in mm2 by experts using tangential curvature and relative elevation maps along with the automated method 

  Tangential Map Relative Elevation Map     

  Median IQR Min Max npCV Median IQR Min Max npCV p-value Automated Detection 

Anterior 
Surface 

7.8 4.6 3.8 17.8 55.0% 5.6 2.0 2.0 8.8 32.5% <0.001  6.6  

17.2 1.8 7 23.6 13.0% 6.4 2.4 4.5 10.7 40.8% <0.001  10.1  

11.3 2.7 8.5 19.8 24.4% 7.9 3.0 5.3 11.4 39.3% <0.001  6.8  

14.4 9.2 6.5 25.3 40.1% 9.5 2.6 7.5 13.1 28.2% <0.001  8.6  

14.4 2.6 3.9 24.5 15.6% 8.5 2.5 6.7 12.2 27.2% <0.001  9.6  

19.6 3.6 2.8 27.3 17.4% 11.7 2.0 8.6 18.9 17.0% <0.001  11.9  

Posterior 
Surface 

7.7 3.0 3.6 10.9 35.0% 8.3 1.6 5.7 11.4 20.5% 0.791   5.0   

9.7 4.6 7.6 18.8 28.5% 5.7 1.9 4.5 8.5 36.3% <0.001  7.0  

11.0 2.9 8.6 25.4 23.0% 9.4 1.5 5.6 12.0 15.2% 0.012  6.5  

10.3 3.1 8.0 19.8 13.3% 11.1 2.8 9.7 16.0 23.1% 0.733  8.3  

14.3 2.7 11.9 20.6 18.8% 11.3 3.0 4.6 17.0 24.8% <0.001  8.1  

16.0 3.5 9.1 21.7 25.7% 14.1 2.8 8.4 22.7 21.3% 0.092   10.0   
 

IQR: Interquartile range; npCV: non-parametric coefficient of variation 

Table 3
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