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Abstract: Purpose: To investigate corneal densitometry artefacts found in Pentacam Scheimpflug 19 

scans and their potential effect on assessing keratoconic (KC) corneas compared to normal (N) cor- 20 

neas. Methods: The current study utilises Pentacam data of 458 N eyes, aged 35.6 ± 15.8 (range 10 – 21 

87), referred to as the “N group”, and 314 KC eyes, aged 31.6 ± 10.8 (range 10 – 72), referred to as 22 

the “KC group”, where densitometry data was extracted and analysed via a custom-built MATLAB 23 

code. Radial summations of the densitometry were calculated at diameters ranging from 0.5 mm to 24 

5.0 mm. The minimum normalised radial summation of densitometry (NRSD) value and angle were 25 

determined at each diameter and then linked. KC cone locations and areas of pathology were deter- 26 

mined, and a comparison between N and KC groups was carried out both within the averaged area 27 

of pathology and over the corneal surface. Results: Joining minimum NRSD trajectory points 28 

marked a clear distortion line pointing to the nasal-superior direction at 65° from the nasal meridian. 29 

Findings were found to be independent of eye laterality or ocular condition. Consistency was de- 30 

tected in the right and left eyes among both N's and KC's groups. The location of the KC cone centre 31 

and the area of pathology were determined, and densitometry output was compared both within 32 

the area of pathology and over the whole cornea. When averaged densitometry was compared be- 33 

tween N and KC eyes within the KC area of pathology, the N group recorded 16.37±3.15 normalised 34 

grey scale unit (NGSU), and the KC group recorded 17.74±3.4 NGSU (p=0.0001). However, when 35 

the whole cornea was considered, the N group recorded 16.71±5.5 NGSU, and the KC group rec- 36 

orded 15.72±3.98 NGSU (p=0.0467). A weak correlation was found between Bad D index and NGSU 37 

when the whole measured cornea was considered (R=-0.01); however, a better correlation was rec- 38 

orded within the KC area of pathology(R=0.21). Conclusions: Nasal-superior artefacts are observed 39 

in the densitometry Pentacam maps, and analysis shows no significant differences in their appear- 40 

ance between N or KC corneas. When analysing KC corneas, it was found that the cone positions 41 

are mostly on the temporal-inferior side of the cornea, opposite to the densitometry artefact NRSD 42 

trajectory. Analysis suggests that the corneal densitometry artefacts do not interfere with the KC 43 

area of pathology as it reaches its extreme in the opposite direction; therefore, weighting the densi- 44 

tometry map to increase the contribution of the inferior-temporal cornea and decreasing that of the 45 

superior-nasal area would improve classification or identification of KC if densitometry is to be used 46 

as a KC barometer. 47 

Keywords: eye; cornea; densitometry; artefacts; keratoconus; KC cone; KC area of pathology 48 
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 49 

1. Introduction 50 

Advancements in non-invasive imaging techniques are increasingly being used in diag- 51 

nosing and monitoring ocular conditions, including ultrasonic elastography (UE), Opti- 52 

cal coherence elastography (OCE), Optical Coherence Tomography (OCT) or 53 

Scheimpflug systems [1-6] 54 

Corneal densitometry is an imaging technology used by instruments such as OCT or 55 

Scheimpflug systems, to measure the amount and distribution of backscattered light from 56 

different zones of the cornea. While this technique can provide valuable information about 57 

the cornea’s health, it is vital to be aware of potential artefacts or errors that can affect the 58 

accuracy of the results. These artefacts can arise from relatively manageable issues such 59 

as eye movement, poor fixation, scatter from light in the measurement room and out-of- 60 

date instrument calibration. More significantly, they can also be caused by subject-related 61 

factors such as tear film instability and eye tilt [7] or, in the case of OCT densitometry, 62 

epithelial speckle [8]. 63 

Corneal densitometry is increasingly being used as a clinical tool to monitor and as- 64 

sist in the diagnosis of ocular conditions such as high myopia [9,10], corneal dystrophy 65 

[11], monoclonal gammopathy [12], corneal biomechanics [13,14] and KC [2,15-17]. In ad- 66 

dition, densitometry is frequently used to assess corneal transparency at different stages 67 

of KC [15,18]; therefore, it is useful to understand the effects of any artefacts inherent in 68 

the measurement system. 69 

The current study explores and analyses artefacts in densitometry maps generated 70 

by the Pentacam rotating Scheimpflug camera system (Oculus, Inc., Wetzlar, Germany), 71 

where the densitometry measurements are expressed in a grey scale from 0 to 100. Lower 72 

values represent greater transparency, and a score of 100 means a totally opaque cornea. 73 

For the analysis, a set of custom-built MATLAB codes (MathWorks Inc, Natick, MA, US) 74 

were written to automatically import Pentacam data for N and KC corneas in double- 75 

precision numerical format up to 64-bit, then process it without manual human interven- 76 

tion, from raw data to final figures, to eliminate human factors during digital data pro- 77 

cessing entirely. 78 

2. Methods 79 

2.1. Subject Data Collection and Processing 80 

This retrospective study utilised fully anonymised records from Brazil’s Hospital de 81 

Olhos Santa Luzia, including N and KC patients. The analyses were conducted following 82 

the standards of the Declaration of Helsinki and consented to by the ethical committee 83 

board of the Federal University of São Paulo (UNIFESP/SP 2020 # 4.050.934). Subjects were 84 

excluded where there was a history of ocular diseases (other than KC), history of trauma 85 

or ocular surgery and intraocular pressure (IOP) above 21 mmHg as measured by Ocular 86 

Response Analyser (Reichert Technologies, Depew, USA). If the subjects wore contact 87 

lenses, they were required to stop wearing them for a period of time before topography 88 

measurement [19]; soft contact lens wearers were asked to remove lenses two weeks prior 89 

to measurements and rigid, gas-permeable (RGP) four weeks prior.  90 

The data collected in the study was collected by scanning one randomly selected eye 91 

of each participant. Where a subject had only one confirmed KC eye, this eye was chosen. 92 

At least three successive scans were taken for each subject, with approximately a period 93 

of roughly half a minute between them. 94 

The measurements were repeated until three scans with at least 90% instrument-gen- 95 

erated quality factors were achieved. Only scans with an examination quality status iden- 96 

tified as “OK” and error rank “0” were considered and analysed. Room lights were 97 
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switched off during data acquisition, and the Pentacam computer screen was directed 98 

away from the participant’s face to reduce interference from external light scattering. Par- 99 

ticipants were asked to place their chin on the chinrest and their forehead on the forehead- 100 

rest and then to fixate on a target at the centre of the instrument camera while the operator 101 

carried out instrument adjustments using the joystick. The subjects were asked to blink 102 

and reposition their head between each shot while the instrument was pulled back fully 103 

and then realigned. 104 

In total, 458 N eyes aged 35.6 ± 15.8 (10 – 87) and 314 KC eyes aged 31.6 ± 10.8 (10 – 105 

72) were included in the current study. Table 1. refers to the clinical characteristics of the 106 

study participants. Additionally, the severity of KC cases was classified from the Pen- 107 

tacam maps to form subgroups according to TKC index grading. In the current study, 108 

Stage 1 refers to a TKC of 1 or less (21.5%); Stage 2 refers to a TKC of either 1-2 or 2 (37.9%); 109 

Stage 3 refers to a TKC of either 2-3 or 3 (28.2%) and Stage 4 refers to a TKC of either 3-4 110 

or 4 (12.4%). Table 1 shows the ranges of the multivariate index of Bad D, where the inclu- 111 

sion criterion for KC participants was a clear presence of KC with no previous ocular pro- 112 

cedures, such as collagen crosslinking and an index of Bad D more than 1.5 D/mm [20]. 113 

Table 1. Clinical features of the participants as measured by the Pentacam system. 114 

Clinical Classification Normal (N) Keratoconic (KC) 

 𝑴𝒆𝒂𝒏 ± 𝑺𝑻𝑫 𝑴𝒊𝒏:𝑴𝒂𝒙 𝑴𝒆𝒂𝒏 ± 𝑺𝑻𝑫 𝑴𝒊𝒏:𝑴𝒂𝒙 

Minimum corneal thickness (µm) 550±33 492:660 466±39 307:568 

Flat radius of curvature in the central 3 mm 

zone K1 (D) 
42.6±1.4 39.4:46.6 44.7±3.1 36.7:55.3 

Steep radius of curvature in the central 3 mm 

zone K2 (D) 
43.8±1.5 40.3:47.9 48.4±3.7 41.8:59.4 

Topographical KC classification TKC (level) NA NA 2.1±0.7 1:3.5 

Index of Bad D (D/mm) - less than 1.5 is nor-

mal [20] 
0.4±0.5 -0.9:1.4 7.0±3.3 1.5:20.8 

2.2. Measurement of Corneal Densitometry  115 

The Pentacam system’s software measures corneal depth over three layers; the ante- 116 

rior layer (120 µm), the posterior layer (60 µm) and the central layer, which comprises the 117 

rest of the corneal thickness. The standard Pentacam settings allow the device to capture 118 

25 cross-section images over evenly spread meridians. These images are interpolated 119 

through an image signal processor integrated within the Pentacam software to create a 120 

densitometry map over a diameter up to 12 mm in the post-measurement processing 121 

stage. The Pentacam software-driven map is calibrated and expressed in normalised gray- 122 

scale units (NGSU). The intensity values cover 256 brightness levels (0 for black to 255 for 123 

white) and are normalised by the number of brightness levels to be within the 0 to 100 124 

range; therefore, a minimum light scatter of 0 (black) represents no light scattering, indi- 125 

cating maximum transparency, and a maximum light scatter of 100 (white), indicating 126 

minimum transparency [3], Figure 1. 127 
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 128 

Figure 1. Sample densitometry maps in NGSU for 61 years old male participant fellow eyes as dis- 129 
played by the Pentacam software - the yellow arrows point to artefact-affected areas as visually 130 
identified. (a) Oculus Dexter (OD) or right eye; (b) Oculus Sinister (OS) or left eye. In this figure, T 131 
stands for temporal, and N stands for nasal. 132 

2.3. Processing Corneal Densitometry Measurements 133 

Densitometry measurements were constructed collectively in a three-dimensional 134 

matrix for each cornea before being averaged as a map. Pentacam densitometry data were 135 

extracted over the corneal apex, as a central point, with a mesh grid covering -7.0 to 7.0 136 

mm in 0.1 steps in both nasal-temporal and superior-inferior directions with missing ele- 137 

vation values around corners and edges set to NaN (Not a Number). A fully 100% com- 138 

puterised custom-built MATLAB code was written primarily for this study to allow com- 139 

prehensive, repeatable, automated analyses. Before processing them separately, the code 140 

read comma-separated values files (CSV) files of all participants’ right or left corneas. Alt- 141 

hough no fellow eyes of the same participant were included, right and left eyes were ini- 142 

tially analysed separately to ensure that variances between right and left eyes could be 143 

detected. To compare KC and N corneas, left eye data were flipped around the superior- 144 

inferior axis to allow proper comparison between nasal and temporal data. This combina- 145 

tion facilitated the drawing of overall conclusions regarding any artefacts’ effect on using 146 

densitometry as a tool for KC detection. Different maximum radii values of 0.5 mm to 5.0 147 

mm, centred at the corneal apex, in 0.5 mm steps, were considered in the analyses to reflect 148 

the investigated artefact effect over the corneal radius. The radial summation of each den- 149 

sitometry measurement map was calculated over 360° meridians and then normalised to 150 

the range [0,1] before being multiplied by the radius where the densitometry was calcu- 151 

lated. The resulting marker is named “normalised radial summation of densitometry”; 152 

(NRSD) and was used for further processing. Minimum NRSD values were automatically 153 

identified, located, and their angular positions were recorded. Identified NRSD angular 154 

positions were linked to calculation radii and then connected on the densitometry map by 155 

a black line to indicate where the ultimate distortion occurs (see Figure 2 and Figure 3). 156 
 157 
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 158 

Figure 2. Normal eyes normalised radial summation of densitometry (a) right eyes at different radii 159 
in mm, (b) left eyes at different radii in mm, (c) averaged cornea densitometry for right eyes with 160 
artefact contour line marked in black, (d) same as c but for left eyes. 161 
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 162 

Figure 3. KC eyes normalised radial summation of densitometry (a) right eyes at different radii in 163 
mm, (b) left eyes at different radii in mm, (c) averaged cornea densitometry for right eyes with arte- 164 
fact contour line marked in black, (d) same as c but for left eyes. 165 

2.4. KC Cone Centre Location and Boundary Analyses 166 

The current study characterises the KC corneas’ cone centre and size by an updated 167 

version of a previously published method [21] where a best-fitted ellipsoid was used as a 168 

reference surface instead of a perfect sphere reference to counteract the effect of corneal 169 

astigmatism while identifying the KC cone effect. The method can be outlined in three 170 

stages as follows. First, the corneal surface was levelled using a first-order Zernike poly- 171 

nomial fitted plane following the method outlined in previous work [22], and then the 172 

resultant surface was best-fitted to an ellipsoid using a minimum least squared error 173 

method. Secondly, the distances from the centre of the eye’s best-fit ellipsoid to each point 174 
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on the corneal surface were calculated by switching to spherical coordinates with the 175 

origin at the best-fit ellipsoid’s centre; hence, the height data was presented by their X and 176 

Y cartesian coordinates and their spherical coordinate radii as a third dimension. Finally, 177 

the radii of the best-fit ellipsoid were subtracted from the spherical coordinate radii that 178 

represent the corneal height data to obtain a flattened elevation map. This method of de- 179 

scribing the corneal surface separates the natural curvature of the cornea from the abnor- 180 

mal curvature resulting from the KC cone.  181 

The anterior and posterior centres of the KC cone were then detected as the highest 182 

points in the spherical height maps of the corneal surfaces. The cone boundary was de- 183 

tected by investigating an area with a 2 mm radius around the cone centre by dividing it 184 

into 360 meridians with 1° spacing to attain maximal coverage. Then, the second deriva- 185 

tive of each of these meridians was used to detect the rate of change in the surface tangent. 186 

A rapid change in this rate identified the position where the corneal curvature transforms 187 

from the steep area of pathology within the KC cone to a more regular corneal shape area 188 

beyond it. Joining these identified positions of KC cone edges in the 360 meridians formed 189 

the KC cone boundary for each KC eye. 190 

In the current study, averaged KC cone boundaries were approximated to circles and 191 

calculated by fitting the areas of pathology to circular shapes, hence calculating the radii 192 

and then averaging them. A histogram plot for KC cone centres was then introduced with 193 

a bin size of 0.5 mm to represent the distribution of KC cone centres. Averaged densitom- 194 

etry analyses by KC severity were conducted twice. Once within the KC averaged cone 195 

boundary in the KC group and once covering the whole measured portions of the KC 196 

group’s corneas. 197 

2. Statistical Analyses 198 

The statistical analyses of the current study were performed via MATLAB Statistics 199 

and Machine Learning Toolbox software. The built-in MATLAB function “ttest2” was uti- 200 

lised for two-sample t-tests to return p-values and test decisions for the null hypothesis in 201 

a binary format. A confidence level of 95.0% was used to set the null hypothesis to examine 202 

the interpretations of the results based on statistical indications. Using the Kolmogorov- 203 

Smirnov test [23], the normal distribution of the samples was confirmed before each of the 204 

two-sample t-tests was implemented to explore whether data set couples were signifi- 205 

cantly different and to check whether the evaluated results characterised an independent 206 

data record. Within the closed period of 0.0 to 1.0, the probability p-value higher than 0.05 207 

indicates that the null hypothesis cannot be rejected [24]. Significance in the current study 208 

was reported for every point on the corneal surface; therefore, full significance maps, not 209 

singular points, were presented to compare regional variations in the corneal surface den- 210 

sitometry measurements. 211 

3. Results 212 

Plotting the NRSD at the radii of 0.5 mm to 5.0 mm showed the radial distribution of 213 

densitometry around the cornea in both N eyes (Figure 2a,b) and KC eyes (Figure 3a,b). 214 

When minimum radial summations of densitometry contour lines were joined, the results 215 

of both N and KC groups showed an apparent disturbance in the radial densitometry in 216 

nasal-superior directions in the right and left eyes. Angles were always measured from 217 

the nasal axis to properly compare the right and left eyes. Right eyes in the N group rec- 218 

orded an artefact contour at 66° at a radius of 5.0 mm, while the KC group recorded a 64° 219 

at the same radius. For N’s left eyes, the artefact contour pointed to 66° while the value 220 

was 65° in KC’s left eyes. A range of radii, varying from 0.5 mm to 5 mm, showed that the 221 

artefact contour line angles slightly varied within the central cornea before becoming 222 

steady towards the periphery, where they always pointed to the nasal-superior direction, 223 

Table 2.  224 
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The averaged densitometry among the N and the KC groups showed a trend sup- 225 

porting the findings obtained from the artefact contour lines. The distortion in the nasal- 226 

superior direction was evident in both groups and with right and left eyes (see Figure 227 

2c&d, Figure 3c&d).  228 

When comparing males and females, KC males within the study recorded slightly 229 

lower average densitometry (12.80±3.04 %) than females (13.51±2.93 %), which was not 230 

significant (p=0.1192). In terms of Bad D, females demonstrated an average of 8.22±5.57 231 

and males a slightly lower average of 7.95±4.36, with no significant difference between the 232 

two groups (p=0.7216). There was also no significant difference in average densitometry 233 

between KC males and females (p=0.1192). TKC was 2.13±0.98 among males and 1.82±1.07 234 

among females, with a significant difference (p=0.0448). Similarly, there was no significant 235 

difference (p=0.8951) in average densitometry among the N group between males 236 

(10.10±3.26 %) and females (10.03±4.20 %). 237 

Age analyses revealed that the average densitometry was weakly correlated with age 238 

among the N group (R=0.04) but moderately correlated with age among the KC group 239 

(R=0.63). 240 

Significance analysis to evaluate the difference in densitometry among N and KC 241 

groups showed significance in the central (~1 mm diameter) area (p<0.001), insignificance 242 

within the corneal ring diameters ~3 to ~6 mm (p~=0.75), and then, in the periphery, the 243 

significance covers all directions apart from the inferior and nasal-inferior sections 244 

(p<0.001). The results are displayed on a map representing the whole cornea where black 245 

boundaries are used to display p=0.05, Figure 4. 246 

 247 
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Figure 4. Investigating the significance of the difference between N and KC eyes’ densitometry. The 248 
black contour marks p=0.05 significance boundary where values over this limit indicate statistical 249 
insignificance. 250 

Cone centre frequency plots indicated that most cones (~=50) in the KC group were 251 

approximately centred at X=-1.25 mm, Y=-1.25 mm towards the nasal-temporal side, Fig- 252 

ure 5. It can be seen that most cones are within the central area where there is a significant 253 

difference in densitometry between N and KC groups. When the averaged densitometry 254 

was compared between the N group and the KC group, within the averaged KC cone area 255 

of pathology, the KC group recorded 17.74±3.4 NGSU, slightly more than the N group 256 

which recorded 16.37±3.15 NGSU. However, when the averaged densitometry was com- 257 

pared over the entire cornea, the N group recorded 16.71±5.5 NGSU, slightly higher than 258 

the KC group, which recorded 15.72±3.98 NGSU, Figure 6. Both comparison methods 259 

showed significant differences between the N and the KC groups but overlap between the 260 

standard deviation of the two groups was evident. 261 

 262 

Figure 5. Frequency plot of the KC cone centres with the N vs KC significance areas shaded in light 263 
green and averaged KC cone boundary coloured in light red. 264 
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(a) (b) 

Figure 6. Averaged densitometry (a) within the KC averaged cone boundary in the KC group com- 265 
pared to the equivalent area among the N group, (b) covering the whole KC group corneas com- 266 
pared to the N group. 267 

Averaged densitometry KC subgroup analysis showed an increase in the NGSU with 268 

the rise in KC severity except for stage 1 when the KC area of pathology was considered, 269 

Figure 7a; however, when the whole cornea was considered, Figure 7b, there was no clear 270 

densitometry trend. When the correlation between Bad D index and averaged densitom- 271 

etry was investigated, a weak correlation was found between the Bad D index and NGSU 272 

either within the KC area of pathology, Figure 8a, or when the whole measured cornea 273 

was considered, Figure 8b; however, a slightly better correlation was recorded within the 274 

KC area of pathology. 275 

  
(a) (b) 

Figure 7. Averaged densitometry subgroup analysis by KC severity classified by TKC index show- 276 
ing averaged densitometry (a) within the KC averaged cone boundary in the KC group (b) covering 277 
the whole KC group corneas. Following the TKC grading method, stage 1 (TKC = 0-1,1), stage 2 278 
(TKC = 1-2,2), stage 3 (TKC = 2-3,3) and stage 4 (TKC = 3-4,4). 279 
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(a) (b) 

Figure 8. Correlation between Bad D index and averaged densitometry (a) within the KC averaged 280 
cone boundary in the KC group (b) covering the whole KC group corneas. 281 

Table 2. Artefact contour line angles as detected in different radii with 0° pointing to the nasal side 282 
and 90° pointing to the superior side. 283 

 Right Eye Angles (°) Left Eye Angles (°) 

r (mm) N KC N KC 

0.5 69 74 45 84 

1.0 59 60 69 68 

1.5 63 63 66 62 

2.0 61 62 67 64 

2.5 62 62 67 65 

3.0 65 64 63 64 

3.5 65 64 62 64 

4.0 66 65 63 64 

4.5 66 65 64 64 

5.0 66 66 64 65 

4. Discussion 284 

The use of corneal densitometry to assess corneal disorders [25,26] and diseases [2,27] 285 

has been reported in several studies. In addition to KC, it has been suggested as a tool for 286 

evaluating refractive surgery [28,29], trabeculectomy [30] and corneal collagen crosslink- 287 

ing [31]. As unquantified light scattering due to reflections from the limbal area, intraocu- 288 

lar lens, corneal tilt, and potentially facial anatomy could impact corneal densitometry 289 

readings, the current study investigated a noticed phenomenon in Pentacam densitometry 290 

maps where an artefact appeared to present in a nasal-superior direction in each eye, Fig- 291 

ure 1. Figure 9 shows a typical set of Scheimpflug images taken over a range of 25 merid- 292 

ians. It can be seen that the area below the top lid is in shadow for many of the images, so 293 

it was difficult for the Pentacam software to attain optimal edge detection. In addition, the 294 

images show significantly reduced backscatter from the superior iris, whilst the inferior 295 

iris consistently demonstrates a reasonable amount of scatter. The combination of these 296 

two effects may result in an apparently increased transparency towards the periphery, 297 

resulting in the observed artefact. 298 
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 299 

Figure 9. A typical set of images from the Scheimpflug Pentacam demonstrating superior shadow- 300 
ing effects from the upper eyelid and brow and the inequality of backscatter from the iris. The par- 301 
ticipant is 45 years old from the N group. 302 

In investigating these artefacts, other potential influences on densitometry were in- 303 

vestigated. It has been previously found that densitometry does not appear to correlate 304 

with either keratometry or refractive power [22]. Although an increase in corneal densi- 305 

tometry has been found in healthy eyes with age [32], age analysis of the N and KC groups 306 

showed that average densitometry was weakly correlated with age among the N group 307 

but moderately correlated with age among the KC group. This may be linked to the se- 308 

verity of KC being more likely to be higher with age, as it is a progressive condition [13]. 309 

There was no significant difference in average densitometry between males and females 310 

among both N and KC groups. It is possible that the ethnicity of the participants may 311 

affect densitometry but in this retrospective study, this was not easy to define as the Bra- 312 

zilian population is mixed with European, African and Asian countries contributing to the 313 

genetic pool in addition to Native American with variations depending on region [33].  314 

 315 

In terms of the instrument itself, like many parameters measured by a digital device, den- 316 

sitometry is affected by systematic errors and digital noise; therefore, a careful assessment 317 

of the maps produced by such devices and how they relate to the relative orientation to 318 

the slit-light source of the investigated phenomenon is needed when drawing conclusions 319 

about the conditions being studied. Quantitative analyses showed that the maximum den- 320 

sitometry artefact always points to the nasal-superior direction, regardless of the eye (right 321 

or left) or the eye condition (N or KC). Considering the fact that the vast majority of KC 322 

cones were found to be on the inferior-temporal side [21], opposite to the direction of the 323 

maximum densitometry artefact, which is nasal-superior according to the current study, 324 

this artefact should not affect the use of densitometry for assessing KC within the KC area 325 

of pathology. The orientation of densitometry artefacts in the analyses indicates that the 326 
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systematic artefact effect in the Pentacam densitometry maps could result from the varia- 327 

ble distribution of shadows and light reflections and should be considered when assessing 328 

densitometry maps. One of the possible limitations is that although the time of day of 329 

measurements is important when considering densitometry, as there is a diurnal variation 330 

of corneal thickness [34], this was not possible due to the retrospective nature of the study.  331 

 332 

When comparing N and KC groups from 2D densitometry maps, it was clear that a 333 

significant difference (p=0.0001) in densitometry occurs around the KC area of pathology 334 

compared to the same area in the N group. This result indicates that the existence of the 335 

KC cone increases the light scattering within the area of pathology. These are anticipated 336 

results as it is known that the progress of KC involves a substantial localised interlamellar 337 

and intralamellar dislocation and slippage that cause cornea thinning associated with 338 

steepened corneal curvature [35], hence the cause of the rise in light scattering. 339 

Conversely, when the whole corneal densitometry was compared between the N and 340 

the KC groups, N corneas recorded higher overall scattering than KC corneas (p=0.0467). 341 

This indicates that analysing the densitometry of the whole corneal surface of KC eyes, 342 

that is, averaging the healthy with the pathologically affected cornea, including the supe- 343 

rior-nasal densitometry artefacts, reduces the KC detectable effect if averaged NGSU den- 344 

sitometry is to be used as a KC identifier or classifier. 345 

Although N versus KC comparisons showed significant differences between N and 346 

KC groups’ densitometries, the overlap of the standard deviation (STD) range (see Figure. 347 

6) suggests that it is clinically difficult to use densitometry measurements alone to distin- 348 

guish between N and KC corneas, as the difference between the two is not large enough 349 

for a clinically clear indication. Within the KC area of pathology, averaged densitometry 350 

subgroup analysis showed a slightly increasing trend in NGSU densitometry scattering in 351 

successively more severe KC stages; however, no significance was noticed among KC 352 

stages p>0.05. This slight trend disappeared when the whole measured cornea was inves- 353 

tigated against different KC stages, which indicates that locating the KC cone is vital to 354 

recognise small trends in densitometry. 355 

In conclusion, the results of this investigation show that the densitometry artefact of 356 

the Scheimpflug-based system of Pentacam is systematic and disturbs both N and KC cor- 357 

neas but lies outside the KC cone area of pathology; therefore, it should not affect the 358 

capability of densitometry to be used in the evaluation of KC corneas in supplementary 359 

applications, theoretically. Despite this weak ability to be used as a sole classifier, densi- 360 

tometry could be used to enhance artificial intelligence (AI) models of identifying or clas- 361 

sifying KC when combined with other topographic and biomechanical metrics. Based on 362 

the current study, it is recommended that densitometry in the inferior-temporal area of 363 

the cornea should be more highly weighted than the superior-nasal as the former is the 364 

most common area of pathology and the latter is more likely to be affected by artefacts. 365 

Finally, future work will consider the possible effect of the top lid shadow artefacts 366 

on other maps, such as axial, tangential, and refractive power maps. 367 
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Abbreviations: 379 

CSV Comma-separated values file 

IOP Intraocular pressure 

KC Keratoconic 

N Normal 

NaN Not a number 

NGSU Normalised grey scale unit 

NRSD Normalised radial summation of densitometry 

RGP Rigid gas-permeable 

STD Standard deviation 
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