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Corneal Epithelial Thickness Mapping in the Diagnosis of
Ocular Surface Disorders Involving the Corneal Epithelium:
A Comparative Study
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Purpose: The purpose of this study was to analyze the role of
corneal epithelial thickness (ET) mapping provided by spectral
domain optical coherence tomography in the diagnosis of ocular
surface disorders (OSDs) involving the corneal epithelium.

Design: This was a retrospective comparative study.

Methods: Institutional settings are as follows. Study population
includes 303 eyes with an OSD and 55 normal eyes (controls).
Observation procedures include spectral domain optical coherence
tomography with epithelial mapping in the central 6 mm. Main
outcome measures include ET map classification (normal, doughnut,
spoke-wheel, localized/diffuse, and thinning/thickening patterns) and
ET data and statistics (minimum, maximum, and SD). A quantitative
threshold was determined with receiver operating curves to distin-
guish pathological from normal corneas. Sensitivity and specificity
of classification and quantitative data were calculated using all eyes
to assess the ability to distinguish corneas with a given corneal
disorder from other conditions.

Results: Classification of full agreement between 3 readers was
obtained in 75.4% to 99.4% of cases. Main OSD features were
keratoconus (135 eyes), doughnut pattern (sensitivity/specificity = 56/
94%), and max—min ET = 13 pum (84/43%); limbal deficiency (56
eyes), spoke-wheel pattern (66/98%), and max—-min ET = 14 um
(91/59%); epithelial basement membrane dystrophy (55 eyes),
inferior thickening pattern (55/92%), and central ET > 56 um (53/
81%); dry eye (21 eyes), superior thinning pattern (67/88%),
and minimal ET = 44 pum (86/48%); pterygium (10 eyes), nasal
thickening pattern (100/86%), and nasal ET > 56 pm (80/71%); and
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in situ carcinoma (11 eyes), max ET > 60 um (91/60%), and ET
SD >5 um (100/58%).

Conclusions: The epithelial map pattern recognition combined
with quantitative analysis of ET is relevant for the diagnosis of OSDs
and for distinguishing various OSDs from each other. Deep learning
analysis of big data could lead to the fully automated diagnosis of
these disorders.

Key Words: dry eye, epithelial basement membrane dystrophy, in
situ carcinoma, keratoconus, limbal deficiency, optical coherence
tomography, pterygium

(Cornea 2022;41:1353-1361)

he corneal epithelium serves as a barrier to the outside

environment and, in concert with the tear film, plays an
essential role in the refractive power of the eye. It features 5 to 7
cell layers and an average central thickness ranging from 50 to
52 pm. Its thickness is not always homogeneous, and it tends to
compensate for the irregular stromal surface.! Reinstein et al
described how the epithelial thickness (ET) profile remodels in
response to stromal irregularities.>* This theory was first
proposed by Vogt* in 1962 who mentioned that “corneal
stromal defects are filled with surface epithelial cells.”

Therefore, the analysis of corneal ET may play a key
role in the early diagnosis and evaluation of different ocular
surface disorders.> For instance, in keratoconus eyes, focal
epithelial thinning may be an early disease indicator and the
ET in the thinnest corneal zone is an indicator of forme fruste
keratoconus.®” Several studies have reported the features of
corneal ET in individual diseases, such as epithelial basement
membrane dystrophy (EBMD),? limbal stem cell deficiency
(LSCD),*-10 keratoconus, and dry eye.!! However, to the best
of our knowledge, no studies have referred the value of
corneal ET as a test complementary to clinical evaluation in
the diagnosis and differentiation of these diseases altogether,
especially in difficult situations.

Epithelial and stromal thicknesses have been measured
with several devices including high-frequency scanning
ultrasound biomicroscopy, in vivo confocal microscopy
(IVCM), and spectral domain optical coherence tomography
(SD-OCT). IVCM!L12 and high-frequency scanning ultra-
sound biomicroscopy!3-!# are invasive contact techniques.
SD-OCT is a noncontact technique based on the principles of
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low-coherence interferometry.!> The high axial resolution
allows precise delineation of corneal surfaces to be obtained.
SD-OCT can provide accurate corneal ET mapping>'6 with
good reliability and repeatability.!”-'® However, anterior
segment SD-OCT has become an important tool for charac-
terizing the morphological changes in several corneal
diseases.!?

We hypothesized that analysis of SD-OCT epithelial
maps could provide relevant information for the diagnosis of
several ocular surface disorders. Therefore, our study aimed
to analyze the value of corneal ET mapping in the diagnosis
of ocular surface disorders involving the corneal epithelium
and to correlate ET patterns and pathologies. We also
evaluated the reproducibility of the pattern classification.

METHODS
Study Design

This study was a retrospective comparative study
performed in a national tertiary center (Centre Hospitalier
National d’Ophtalmologie des Quinze-Vingts, Paris, France)
between January 2013 and September 2020. It was approved
by the Ethics Committee of the French Society of Ophthal-
mology. Described research adhered to the tenets of the
Declaration of Helsinki.

The study group was designed from records of a
consecutive series of patients with a confirmed diagnosis.
Data were recorded retrospectively. The study group consists
of eyes with an ocular surface disorder involving the corneal
epithelium and OCT assessment. The inclusion criteria were
diagnosis confirmed by a senior cornea subspecialist
(V.M.B.) and high-quality OCT images acquired by 1
experienced orthoptist (C.G.). Three hundred three eyes of
303 patients were included. We selected the following 7
ocular surface disorders affecting the corneal epithelium with
different physiopathological mechanisms: keratoconus,
LSCD, EBMD, dry eye, pterygium, trachoma, and in situ
carcinoma. The numbers of eyes included in each group
reflect the usual practice in our institution, that is, the
percentages of patients with various disorders routinely
examined in our corneal and external eye disease department.
The diagnosis was based on medical history, ocular symp-
toms, slitlamp examination using fluorescein staining, SD-
OCT scans, and corneal topography data.

Clinical features of keratoconus included corneal
ectasia, apical thinning, Vogt striae, Fleischer ring, Munson
sign, Rizzuti sign, or corneal scarring consistent with
keratoconus. The diagnosis of keratoconus was facilitated
by the use of corneal tomographic data (Oculus, Pentacam,
OCULUS GmbH, Wetzlar, Germany): keratoconus appear-
ance on the topography (skewed asymmetric bowtie, central
or inferior steep zone, or claw shape) and positive topo-
graphic indices (mean keratometry >47 diopters or
inferior—superior value >1.4 diopters in the central 3.0 mm
according to the Rabinowitz and McDonnell criteria).?® We
did not use the grade of severity to analyze subgroups, but all
stages of severity were included except forme fruste kerato-
conus and pregraft keratoconus. The mean keratometry
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was >47 and <55 diopters (stages 1-3 from the Krumeich
classification). Clinical features of LSCD included late fluo-
rescein staining, superficial corneal vascularization, epithelial
opacities, and recurrent epithelial defects. The diagnosis of
LSCD was confirmed in all cases with at least 2 of the fol-
lowing tests: IVCM; SD-OCT of the limbus with parallel,
perpendicular, and en face sections; and histology of the
tissue retrieved at the time of limbal stem cell transplantation.
The different etiologies selected were chemical burns
(n = 15), severe allergic keratoconjunctivitis (n = 6), congen-
ital aniridia (n = 13), long-standing contact lens wear (n = 13),
Lyell syndrome (n = 4), chemotherapy (n = 2), and multiple
eye surgeries with a history of herpes zoster infection (n = 3).
Clinical features of EBMD included subepithelial fingerprint
lines, geographic maps, microcysts, and epithelial dots.
Patients with EBMD presented symptomatic recurrent corneal
erosions. SD-OCT scan features of EBMD included the
presence of irregular and thickened epithelial basement
membrane duplicating and/or insinuating into the corneal
epithelium layer, presence of hyperreflective dots, and
hyporeflective spaces between the corneal epithelial layer
and the Bowman layer.?! Dry eyes were diagnosed by the
association of ocular symptoms for more than 3 months, tear
film abnormalities (tear film break-up time <10 seconds and
3-minute Schirmer test <10 mm) with ocular surface damage
(corneal or conjunctival staining with fluorescein, using the
Oxford Scheme).?? Different etiologies were selected: pri-
mary Sjogren syndrome (n = 6) and meibomian gland
dysfunction (n = 15). No treatments of dryness were
introduced before SD-OCT assessment (neither eye drops
nor systemic treatments). The diagnosis of pterygium was
based on the slitlamp findings. The suspected lesions of in
situ carcinoma were presented as elevated lesions with a
leukoplakic, gelatinous, or papilliform appearance, usually in
the limbal area. The diagnosis of in situ carcinoma was
further confirmed by histopathology. The diagnosis of
trachoma was based on the medical history (history of
trachoma in childhood) and the presence of corneal opacities.

When both eyes were involved, only the most affected
one was included. Exclusion criteria were a history of corneal
or intraocular surgery; contact lens wear; associated corneal
disorders; associated ocular pathologies such as macular
degeneration, retinopathy, and glaucoma; or a history of
retinal detachment.

The control group consists of normal eyes with OCT
assessment. The inclusion criteria were as follows: the
absence of ocular symptoms and eye disease, no contact lens
wear, no history of ocular surgery or trauma, normal slitlamp
examination, normal ocular surface testing (ie, tear film
break-up time >10 seconds and 3-minute Schirmer
test >10 mm), and normal SD-OCT scans. Fifty-five eyes
of 55 patients were included.

Data Collection

Demographic data, medical history, slitlamp findings,
and spectral domain optical coherence tomography examina-
tion findings were recorded.

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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Spectral Domain Optical Coherence
Tomography

We acquired 6-mm-wide SD-OCT scans (Optovue
RTVue-100; Optovue Inc, Fremont, CA) with the long
corneal adapter module in the center of the cornea. Scans
had an axial resolution of 5 um and a transverse resolution of
15 um. The corneal adapter module software automatically
processes the OCT scans to provide the ET map in the central
6 mm. For each eye, central ET; superior, inferior, nasal, and
temporal epithelial thicknesses; and epithelial statistics within
the central 6-mm zone (minimum and maximal thicknesses,
Max—Min, and SD) were recorded.

Classification of ET Profiles

Based on the color-coded ET maps, we established a
classification of 14 different ET patterns as follows: normal,
spoke-wheel, central thickening, inferior thickening, superior
thickening, nasal thickening, temporal thickening, diffuse
thickening, doughnut (a localized central thinning with a ring
of thick epithelium), central thinning, inferior thinning,
superior thinning, diffuse thinning, and peripheral annular
thinning patterns. Figure 1 shows the 14 patterns. Patterns
were not exclusive to each other; that is, 1 eye could feature
more than 1 pattern. Three trained physicians were involved
in reviewing all the pachymetry maps and classifying the
patterns for each image in a masked fashion.

20ym

Statistical Analysis

Qualitative (ET pattern) and quantitative (ET data)
variables were analyzed, respectively, with the x> test and
analysis of variance with appropriate post hoc tests. The
Spearman rank correlation coefficient was used to assess the
effect of aging on quantitative variables. When quantitative
variables were shown to be significantly associated with a given
corneal condition in the post hoc test, receiving operating curves
were used to determine the diagnostic threshold values. The
observations from the control group and each disease group
were randomly separated into a training set and a validation set.
The receiver operating curve (ROC) analysis was performed
using data from the control group and from the analyzed disease
group, that is, the quantitative variable was assessed for its
ability to distinguish corneas with the given disorder from
normal ones. The training set was used to determine the
threshold value of the quantitative variable and the validation
set for calculating the area under the curve (AUC) associated
with the threshold value. Finally, sensitivity and specificity of
ET pattern and data were calculated for each disease group using
all observations to assess the ability to distinguish corneas with a
given corneal disorder from other conditions including diseased
and normal corneas.

RESULTS
We included 303 eyes in the study group: keratoconus
(135 eyes), LSCD (56 eyes), EBMD (55 eyes), dry eye (21

6mm x 6mm

s

FIGURE 1. Examples of the 14 patterns described in epithelial mapping. A, Central thickening. B, Central thinning. C, Superior
thickening. D, Inferior focal thickening. E, Nasal thickening. F, Temporal thickening. G, Inferior thinning. H, Superior thinning. |,
Spoke-like pattern. |, Doughnut aspect. K, Peripheral concentric thinning. L, Diffuse thinning. M, Diffuse thickening. N, Normal.
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eyes), pterygium (10 eyes), trachoma (15 eyes), and in situ
carcinoma (11 eyes) and 55 eyes in the control group.

Patient Age

The mean (£SD) patient age in the different groups
was as follows: control, 38 =+ 16 years (range, 18-86 years);
keratoconus, 35 = 13 years (11-79 years); LSCD, 46 = 16
years (1675 years); EBMD, 58 * 14 years (26—85 years);
dry eye, 57 = 15 years (30-76 years); pterygium, 66 = 14
years (45—84 years); trachoma, 72 * 10 years (58—88 years);
and in situ carcinoma, 70 = 12 years (5088 years).

Corneal Epithelial Mapping Characteristics of
the Different OSDs

Reproducibility of corneal epithelial map classification:
Full agreement between the 3 readers (ie, 3 identical
classifications) was obtained in 75.4% to 99.4% of cases
depending on the following patterns: spoke-wheel pattern,
94.3%; central thickening, 96.6%; inferior/superior thicken-
ing, 87.8%; nasal/temporal thickening, 93.1%; diffuse
thickening/thinning, 99.4%; doughnut pattern, 75.4%; central
thinning, 92.6%; inferior/superior thinning, 88.0%; and
peripheral annular thinning, 89.7%. Cases with a noncom-
plete agreement were re-evaluated by the 3 readers
working together.

Table 1 shows the qualitative analysis of the corneal ET
mapping in the 10 groups of patients. Several ocular surface
disorders (OSDs) were significantly associated with an ET
mapping pattern as follows: keratoconus with the doughnut
pattern (sensitivity, 56% and specificity, 94%), the inferior
thinning pattern (47% and 96%), limbal deficiency with the
spoke-wheel pattern (66% and 98%), EBMD with the inferior
thickening pattern (55% and 92%), dry eye with the superior
thinning pattern (67% and 88%), and pterygium with the
nasal thickening pattern (100% and 86%).

Table 2 shows the quantitative analysis of the corneal
ET mapping in the 10 groups of patients. When analysis of
variance (ANOVA) with the appropriate post hoc test showed
that quantitative ET data could significantly discriminate a
given OSD from normal corneas, ROC analysis was used to
quantify accuracy (Table 3). Threshold values were deter-
mined using the training set, and the AUC was assessed in the
validation set. Several ET variables featured high accuracy in
distinguishing OSD corneas from controls. Specificity was at
least 90% for most ET variables. It was higher than sensitivity
for all these variables but one, that is, their ability to eliminate
the OSD diagnosis was stronger than their ability to confirm
the OSD diagnosis. The AUC was greater than 0.90 in 12 of
34 cases. When the threshold values were used to distinguish
each group from the remaining diseased and control groups,
specificity decreased below 85% for most ET variables.
However, decreased temporal and nasal ETs as markers of
limbal deficiency were still associated with specificity greater
than 85%.

In summary, the main features of the ocular surface
disorders obtained with epithelial map classification and ET
data were as follows:
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1. Keratoconus: doughnut pattern (sensitivity/specific-
ity = 56/94%), inferior thinning pattern (47/96%),

max—min ET = 13 um (84/43%), and ET
SD > 5 um (47/58%).
2. LSCD: spoke-wheel pattern (66/98%), max—min

ET = 14 pm (91/59%), ET SD > 5 um (82/63%),
and minimal ET = 43 pm (88/58%).

3. EBMD: inferior thickening pattern (55/92%), ET
SD > 5 pum (67/58%), and central ET > 56 pm (53/
81%).

4. Dry eye: superior thinning pattern
and minimal ET = 44 pum (86/47%).

5. Pterygium: nasal thickening pattern (100/86%), nasal
ET > 56 um (80/71%), max—-min ET = 19 pm (100/
50%), and ET SD >5 um (70/57%).

6. Trachoma: max—min ET = 15 pum (100/38%) and min
ET = 44 pm (73/46%).

7. In situ carcinoma: max ET > 60 pum (91/60%), ET
SD > 5 um (100/58%), and max—min ET = 22 pum (73/
56%).

(67/88%)

Effect of Aging on ET Characteristics

When all groups were considered, increased age was
significantly associated with increased central (rs = 0.12), max
(ry = 0.13), and max—min (r; = 0.12) ETs and decreased
superior (rg = —0.15) ETs. In the control group, increased age
was significantly associated with increased max ET (rs = 0.30)
and increased ET variability (max—min, r; = 0.51 and
SD, r, = 0.55).

Stratification on Age

Because significant age differences were observed
between groups, a stratified analysis was performed based
on age. The observations were divided into 2 age groups as
follows: 40 years or younger and older than 40 years. For
quantitative variables, stratified analysis was performed for
variables correlated with age (Table 4). Stratification on the
age group did not modify the results of post hoc tests, except
for the superior and max—min ETs that were no longer
significant in dry eyes. For qualitative variables, stratified
analysis was performed for all variables as all patterns were
dependent on the age group (data not shown). Stratification
on the age group did not modify the results of chi-square
tests, except for the superior and diffuse thickening patterns
that were significant only in patients older than 40 years.

DISCUSSION

Our study design was close to real-life practice with a
repartition of disorders resembling that observed in routine
practice in our institution. We first demonstrated that ET
patterns and data were relevant for distinguishing diseased
from normal corneas. Finally, we showed that patterns and
several ET data were useful to distinguish diseased corneas
among a panel of normal and abnormal corneas as observed
in real life. Our proposed diagnosis method is highly
objective because pattern classification was found to be

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 1. Qualitative Analysis of Corneal ET Mapping in the 7 Groups of Patients With OSDs and Controls

Chi-Square
Limbal In Situ Test
Controls Keratoconus  Deficiency EBMD Dry Eye Pterygium Trachoma Carcinoma P
No. of eyes 55 135 56 55 21 10 15 11
Spoke-wheel pattern 0 3 37 0 0 0 2 1 <0.0001
Se/Sp = 66/
98%
Central thickening 0 14 9 14 1 4 1 3 <0.0001
Se/Sp = 25/ Se/Sp = 40/ Se/Sp =27/
90% 88% 88%
Inferior thickening 0 8 2 30 5 4 1 4 <0.0001
Se/Sp =55/ Se/Sp =28/  Se/Sp = 40/ Se/Sp = 36/
92% 85% 86% 86%
Superior thickening 0 13 2 13 0 1 1 2 0.01
Se/Sp = 24/
94%
Nasal thickening 0 32 2 9 1 10 1 5 <0.0001
Se/Sp = 24/ Se/Sp = 100/ Se/Sp = 45/
88% 86% 84%
Temporal thickening 2 56 4 9 1 2 1 4 <0.0001
Se/Sp = 41/ Se/Sp = 20/ Se/Sp = 36/
90% 77% 78%
Diffuse thickening 0 2 1 4 0 3 2 3 <0.0001
Se/Sp = 30/ Se/Sp = 27/
97% 97%
Doughnut pattern 0 76 5 3 3 1 2 0 <0.0001
Se/Sp = 56/
94%
Central thinning 0 24 4 0 5 0 0 1 0.0001
Inferior thinning 0 63 4 2 0 0 1 <0.0001
Se/Sp = 47/
96%
Superior thinning 0 12 9 8 12 4 3 3 <0.0001
Se/Sp = 67/  Se/Sp =40/ Se/Sp =20/  Se/Sp =27/
88% 86% 86% 86%
Diffuse thinning 0 0 4 0 1 0 4 0 <0.0001
Se/Sp = 27/
99%
Peripheral annular 0 4 13 1 2 0 0 1 <0.0001
thinning Se/Sp = 23/
98%

Shown are the numbers of eyes with the corresponding patterns in each of the 8 groups of patients. One eye may feature more than 1 pattern.

The P values refer to the overall comparison. Sensitivity and specificity were calculated using all 8 groups. Shown are Se/Sp for patterns with Se > 20%. Data in bold correspond

to sensitivity >50%.
Se/Sp, sensitivity/specificity.

repeatable among different observers, and ET data and
statistics are provided by the SD-OCT device.

In this study, several patterns were significantly and
specifically associated with OSDs, that is, doughnut pattern
and keratoconus (sensitivity/specificity = 56/94%), spoke-
wheel pattern and LSD (66/98%), superior thinning pattern
and dry eye (67/88%), inferior thickening pattern and EBMD
(55/92%), and nasal thickening pattern and pterygium (100/
86%).

The normal corneal epithelium features a nonuniform
pattern, and it tends to alter its pattern for the compensation of
stromal irregularities. In 1993, Simon et all suggested that the

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

epithelium does not form a uniform layer. It was further
confirmed by Reinstein et al'* who described the corneal ET
profile over a 10-mm diameter area in a population of normal
eyes (with an ultrasound device): On average, the ET is, at the
vertex, 53.4 * 4.6 um; it is 5.7 pm thicker in the 3-mm
inferior epithelium than in the 3-mm superior epithelium and
1.2 pm thicker in the 3-mm nasal epithelium than the 3-mm
temporal epithelium. In our study, in normal eyes, we
observed a central ET of 52.8 = 2.9 um and an epithelium
slightly thicker inferiorly (53.3 = 3.3 um) and nasally
(524 = 3.1 pum). This nonuniform thickness profile was
suggested to be induced by the mechanical friction of the
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TABLE 2. Quantitative Analysis of Corneal ET Mapping in the 7 Groups of Patients With OSDs Compared With the Control Group

Controls Keratoconus Limbal Deficiency EBMD Dry Eye  Pterygium Trachoma In Situ Carcinoma ANOVA P

No. of eyes 55 135 56 55 21 10 15 11

Central ET 528 =29 50.8 6.0 51.7 = 10.7 582 =68 502 *65 550*54 553 %148 60.7 = 13.9 <0.0001
Minimal ET  49.1 £33 409 £ 7.1 28.3 = 15.1 476 = 6.6 42.6 =51 453 35 380 * 143 44.0 = 19.9 <0.0001
Maximal ET 563 * 4.0 62.9 = 6.8 68.6 = 14.9 66.8 = 10.0 582 +88 740*73 704 =133 75.5 = 16.6 <0.0001
Temporal ET 519 =29 528 =59 47.3 = 14.5 553 = 5.7 492 *48 504 =42 51.6=*10.6 63.3 £ 19.5 <0.0001
Nasal ET 524 =31 553 =*52 48.2 * 13.8 557 =59 502 =*=74 63.1 *11.8 48.6 £ 124 57.5 = 10.3 <0.0001
Superior ET  51.8 £ 3.0 526 £53 45.7 = 14.2 524 68 47060 487 £55 50.7=*98 543 = 15.1 <0.0001
Inferior ET 533 £33 535 %64 49.3 = 11.6 58.6 =75 529 =80 53.1=*57 533=*122 63.3 = 16.0 <0.0001
Max-min ET 73 =39 219 = 10.8 40.3 = 18.9 192 £ 12.0 15.6 £ 9.5 288 £7.7 325 * 14.8 31.5 = 18.1 0.01
ET SD 1.6 = 0.9 54 = 2.7 11.2 = 14.7 45*+28 39*x27 6530 6.8 * 2.8 7.3 + 4.1 <0.0001

Shown is mean * SD. Data in bold are significantly higher (only bold) or lower (bold and italic) compared with the control group in post hoc tests.

upper eyelid on the superior region, during blinking, damag-

ing epithelial cells and resulting in epithelial thinning.?3

LSCD was associated with a spoke-wheel pattern, a
max—min ET greater than 14 um, and an ET SD greater than
5 um. These findings are consistent with our previous study.’

Indeed, the difference between the minimal and maximal ETs
and the ET variability were significantly higher in eyes with
LSCD than in normal eyes, whereas there was no difference
in central ET between both groups. Conversely, Liang et al'®
reported that the reduction of central ET was more than 20%

TABLE 3. Threshold Value, AUC, Sensitivity, and Specificity of ET Features Significantly Associated With OSDs

Keratoconus Limbal Deficiency EBMD Dry Eye Pterygium Trachoma In Situ Carcinoma
Central ET T > 56 um
AUC = 0.79
Se/Sp = 53/81%
Minimal ET T =< 44 um T <43 pm T =< 44 pym T =< 44 um
AUC = 0.86 AUC =091 AUC = 0.88 AUC = 0.88
Se/Sp = 68/53%  Se/Sp = 88/58% Se/Sp = 86/47% Se/Sp = 73/46%
Maximal ET T > 59 um T> 62 pm T > 60 pum T > 62 pm T > 60 pm
AUC = 0.82 AUC = 0.76 AUC = 0.87 AUC = 0.84 AUC = 0.96
SeSp = 67/45% Se/Sp = 63/58%  Se/Sp = 76/49% Se/Sp = 73/56% Se/Sp = 91/60%
Temporal ET T =45 pum T > 55 um
AUC = 0.66 AUC = 0.70
Se/Sp = 57/91%  Se/Sp = 45/76%
Nasal ET T > 55 um T =< 48 pm T > 56 um T > 56 um
AUC = 0.70 AUC = 0.61 AUC = 0.68 AUC = 0.80
Se/Sp = 46/68%  Se/Sp = 48/88%  Se/Sp = 47/73% Se/Sp = 80/71%
Superior ET T =47 um T =45 pum
AUC = 0.68 AUC =0.73
Se/Sp = 59/81% Se/Sp = 48/85%
Inferior ET T =< 48 pm T > 57 um T > 57 pm
AUC = 0.68 AUC =0.75 AUC = 0.79
Se/Sp = 54/83%  Se/Sp = 56/81% Se/Sp = 64/76%
Max—min ET T 213 pm T = 14 pm T = 10 um T =7 um T=19 pm T 215 pm T 222 pm
AUC = 0.94 AUC =097 AUC = 0.89 AUC = 0.85 AUC = 0.99 AUC = 0.99 AUC = 0.91
Se/Sp = 84/43%  Se/Sp =91/58%  Se/Sp =82/20% Se/Sp = 95/11%  Se/Sp = 100/50%  Se/Sp = 100/38%  Se/Sp = 73/56%
ET SD T >5 pum T > 5 pum T > 5 pm T>5 pum T > 3 um T > 5 pm
AUC = 0.96 AUC = 0.96 AUC = 0.97 AUC =098 AUC = 0.85 AUC = 1.00

Se/Sp = 47/58%

Se/Sp = 82/63%

Se/Sp = 67/58%

Se/Sp = 70/57%  Se/Sp = 100/59%

Se/Sp = 100/58%

Only variables that were significant in the ANOVA post hoc test were analyzed with ROCs. ROC analysis was performed for each study group versus the control group to

determine the threshold value and its ability to distinguish the given ocular surface disorder from normal eyes (AUC). Threshold values were determined using the training set, and
AUC was assessed in the validation set. Sensitivity and specificity were calculated with all observations (n = 358) to assess the test ability to distinguish the given disorder from all
other conditions.

Se/Sp, sensitivity/specificity; T, threshold value.
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TABLE 4. Comparison of the 7 Groups of Patients With OSDs With the Control Group After Stratification on Age

Keratoconus  Limbal Deficiency EBMD Dry Eye Pterygium Trachoma In Situ Carcinoma
Central ET All 0.10 (135) 0.42 (56) 0.0002 (55) 0.18 (21) 0.41 (10) 0.26 (15) 0.002 (11)
Age <40 yrs 0.13 (91) 0.95 (18) 0.004 (7) —(2) —(0) —(0) —(0)
Age >40 yrs 0.31 (44) 0.40 (38) 0.04 (48) 0.25 (19) 0.63 (10) 0.51 (15) 0.02 (11)
Maximal ET All <0.0001 (135) <0.0001 (56) <0.0001 (55) 0.45 (21) <0.0001 (10) <0.0001 (15) <0.0001 (11)
Age <40 yrs  <0.0001 (91) <0.0001 (18) <0.0001 (7) —(2) —(0) —(0) —(0)
Age >40 yrs 0.22 (44) 0.001 (38) 0.006 (48) 0.84 (19) 0.0003 (10) 0.002 (15) <0.0001 (11)
Superior ET All 0.50 (135) <0.0001 (56) 0.68 (55) 0.02 (21) 0.25 (10) 0.62 (15) 0.33 (11)
Age <40 yrs 0.42 (91) <0.0001 (18) 0.67 (7) -2 —(0) —(0) —(0)
Age >40 yrs 0.83 (44) 0.02 (38) 0.76 (48) 0.10 (19) 0.41 (10) 0.76 (15) 0.42 (11)
Max-—min ET All <0.0001 (135) <0.0001 (56) <0.0001 (55)  0.008 (21) <0.0001 (10) <<0.0001 (15) <0.0001 (11)
Age <40 yrs  <0.0001 (91) <0.0001 (18) 0.0008 (7) —(2) —(0) —(0) —(0)
Age >40 yrs 0.001 (44) <0.0001 (38) 0.01 (48) 0.25 (19) 0.0004 (10) <0.0001 (15) <0.0001 (11)

Shown is the P value of post hoc tests and the number of eyes for variables significantly correlated with age.

in LSCD eyes, and this reduction increased with the number
of affected limbal and corneal regions. Central ET could
reflect the global function of limbal stem cells. In this study,
we did not grade the stages of LSCD. This could be a limit for
the interpretation of the central ET because the hyperreflective
subepithelial fibrosis can interfere with the ET measurements
(with the precise location of the epithelial layer and Bowman
layer),” which probably results in ET overestimation. Our
previous study showed the presence of subepithelial fibrosis
in 76% of the eyes with LSCD and none of the normal eyes.

Keratoconus was associated with a doughnut pattern, an
inferior thinning pattern, and a max—min ET greater than
13 pm. No significant differences in central ET were observed
between keratoconus eyes and controls. These findings are
consistent with the data published in 2012, when Li et al5
reported a central ET around 519 = 53 pum in 35
keratoconus eyes and around 52.3 * 3.6 um in normal eyes,
with no significant differences between both groups. On the
other hand, Pircher et al** observed a significant reduction of
central ET in keratoconus eyes around 9.2% of the normal
cornea. These data confirmed what Haque et al®® already
reported: a reduction of 4.7 pm in central ET in keratoconus
eyes compared with controls.

Reinstein et al*® suggested that epithelial changes may
allow an earlier diagnosis of keratoconus because the epithelial
changes appear before the changes on the front surface of the
cornea. The epithelial remodeling appears to smooth and reduce
the bulging of the anterior stromal surface.?® The epithelial
doughnut pattern was then described, defined by epithelial
thinning surrounded by an annulus of thicker epithelium,
colocalized with an eccentric posterior elevation best-fit sphere
apex. An epithelial doughnut pattern appears to indicate the
presence of an underlying stromal cone. In our study, 56% of the
keratoconus had an epithelial doughnut pattern. Li et al’ reported
that the epithelial profile in all keratoconus eyes is a thinning of
the inferotemporal epithelium and a thickening of the super-
onasal epithelium. We also observed a similar pattern in our
results: 47% had an inferior thinning. In most keratoconus eyes,
we observe the cone apex in the central 5-mm diameter of the
cornea,?’ so the central thinning of the doughnut pattern can be
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detectable with a 6-mm-wide OCT scans. However, it is possible
that the central 6-mm zone, as used here, is not wide enough to
observe all epithelial changes, especially that a full ring of
thicker epithelium can be missed.

Dry eye was associated with a superior thinning pattern
and a minimal ET lower than 44 pm in our series. Cui et al?8
reported a thinner superior ET compared with normal eyes.
They reported a weak correlation between thinned superior
epithelium and decreased Schirmer test. The superior epithe-
lium in grade 4 of dryness was significantly thinner than in
grade 1. The supposed mechanism is an increase of blinking
to compensate for the tear deficiency. This mechanical
friction intensifies the epithelium damage and makes the
superior epithelium thinner.

The nonsignificant difference in central ET between dry
eyes and controls is consistent with previous results reported
by Francoz et al>® and Liang.? It has been proven that ET is
more altered in peripheral regions than in the central region?’
and that its alteration is more enlarged in severely dry eyes.?®
However, Kanellopoulos et al'® reported a thicker central ET,
whereas El Fayoumi et al3! reported a thinner central ET. The
inclusion of different stages and causes of dryness might have
contributed to these various results: The inflammatory process
induces epithelial proliferation,3? whereas an impaired sub-
basal nerve plexus results in corneal epithelial thinning.33

In our study, both the central and inferior ETs were
significantly increased in EBMD eyes. These results are
consistent with what Buffault et al8 previously reported: The
ET in EBMD was significantly thicker compared with normal
eyes, except for the superior and minimal ETs. The suggested
mechanism is the mechanical friction of the upper lid on a
more fragile epithelium.® Histologically, in EBMD, the
basement membrane is thickened and multilamellar, and the
hemidesmosomes are nonfunctional: There is a lack of
adhesion of the epithelial cells on the basement mem-
brane.3435 However, the corneal epithelium could be pushed
down from the superior to the inferior region and accumulate
in the inferior region, resulting in a thickening of the
epithelium. In this study, the inferior thickening pattern was
significantly associated with EBMD with 92% specificity.
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A few studies reported the ET in in situ carcinoma. In
2017, Atallah et al*® evaluated the role of HR-OCT in 16
patients with ocular surface squamous neoplasia (OSSN) and a
coexisting ocular disease and lesions potentially suspicious for
OSSN. OCT scan features suggesting OSSN were epithelial
thickening and hyperreflectivity. The OSSN diagnosis was
confirmed by biopsies. Although the gold standard for the
diagnosis of carcinoma remains to be histopathological, the
finding of epithelial thickening in patients with clinical suspicion
of carcinoma can be helpful in the orientation of the diagnosis.
Our study provides quantitative thresholds for both max ET
(60 um) and inferior ET (57 pm).

A strong correlation between the location of pterygium
and the location of the epithelial thickening was found in this
study with all pterygia being located nasally and associated
with nasal thickening in ET maps.

Age was significantly correlated with several quantita-
tive variables, and ET map pattern was dependent on patient
age. The stratified analysis did not lead to substantial changes
in the results of statistical analysis, and it did not affect the
main features of the ocular surface disorders obtained with
epithelial map classification and ET data.

Our retrospective case—control series has some limitations
including its retrospective design. The number of eyes included in
some groups is low, and this could decrease the statistical power of
our results. Another limitation is the limited 6-mm diameter size of
the thickness map. Some patterns could have been underestimated;
for instance, a full ring of thickness surrounding an epithelial
thinning might have been missed. A larger map size would help to
differentiate some patterns for disorders involving the peripheral
comea. We did not grade the severity of patients with dry eye,
LSCD, and keratoconus. Because we included only high-quality
OCT images, a selection bias cannot be ruled out. Our study was
based on a given spectral domain OCT device, and our results and
conclusions cannot be transposed to other OCT devices because
measurements can be device-dependent. A possible source of
uncertainty in our study is the tear film discrimination inability.
The ET provided by the current SD-OCT Optovue RTVue-100
incorporates the tear film. This can explain why in our study we
found ET thicker than others using ultrahigh-resolution OCT.37-38
Optovue RTVue-100 has an axial resolution of 5 pum, whereas
other anterior SD-OCTs have a better axial resolution (for
example, around 3.9 um for the SPECTRALIS OCT, Heidelberg,
Germany) and do not include the tear film in the ET measurement.
The tear film is seen as the first hyperreflective layer and the basal
membrane as the second hyperreflective layer.® Finally, in severe
stages in both LSCD and keratoconus, a stromal scar can interfere
with the automatic epithelial mapping of the device that could lead
to inaccurate measurements. The SD-OCT device tends to
consider the posterior limit of superficial scars as the epithelial
basement membrane, leading to overestimation of the ET in these
cases. Manually, we can measure the true ET using the calipers
provided by the SD-OCT device, but we still miss automatized
methods to measure it.

CONCLUSIONS

Whereas distinguishing corneas with a given ocular
surface condition from normal corneas is relatively easy to
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achieve with a quantitative biomarker analyzed with ROCs,
the diagnosis of several conditions among eyes with various
conditions is still difficult to achieve even with advanced
artificial intelligence technologies. In this study, we show that
epithelial map pattern recognition combined with quantitative
analysis of ET using threshold values determined by ROCs
may help the clinician in diagnosing various ocular surface
conditions and distinguishing them from each other. The last
step of the precise diagnosis has still to be made by the
clinician. However, deep learning analysis of big data could
lead to the fully automated diagnosis of these ocular
surface conditions.
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