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Introduction and Objective: To evaluate corneal epithelial thickness (ET) and corneal 
thickness (CT) profiles in healthy eyes of Portuguese children and provide information to 
establish the first normative Caucasian database for these age group.
Methods: Sixty healthy eyes of 60 children aged between 8 and 18 were evaluated using the 
Cirrus high-definition optical coherence tomography device. The average ET and CT were 
assessed using Cirrus Review Software with predefined concentric corneal ring-shaped 
zones. Specific regions of ET (central, superior, inferior, temporal, nasal, superonasal, 
inferotemporal, superotemporal and inferonasal) were also assessed. The mean ET, the 
mean CT and the difference of ET in corresponding octants were compared by gender. 
Correlations between central epithelial thickness (CET), age and refractive error were 
evaluated.
Results and Discussion: The average ET was lower in the peripheric zones, whereas the 
average CT was higher. ET was thinner in the superior area than in the inferior (p<0.05). ET 
was thicker in boys than in girls (p<0.05), but CT did not differ. CET was not correlated with 
older age or refractive error.
Conclusion: Optical coherence tomography analysis of ET reveals that it is thinner in the 
periphery, where the CT is thicker. Unlike CT, ET seems to be influenced by gender. ET 
profile proved to be a useful tool in keratoconus diagnosis and subclinical keratoconus 
detection in adults. As epithelial changes occur early in the disease and keratoconus is 
more aggressive in pediatric population, a normative database of ET profile could contribute 
to enhance early recognition of the disease in this age group.
Keywords: epithelial thickness, AS-OCT, keratoconus, children

Introduction
The corneal epithelium is the outermost layer of the cornea. Beyond the protective 
role of the eye, it plays a major role while contributing to the refractive power of 
the eye.

Corneal epithelial thickness (ET) is not homogenously distributed and tends to 
alter its profile to compensate curvature and stromal irregularities in order to re- 
establish a regular and smooth ocular surface.1–3 These compensatory ET changes 
were described according to four rules by DZ Reinstein.4–9

Modifications in ET profile were reported after refractive procedures, contact 
lenses wear and in many pathologies such as dry eye and keratoconus (KC).10–14 

Distribution of ET has been recognized as an important parameter in the diagnosis 
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of forme fruste keratoconus in adults. Thinning of ET at 
the conus with surrounding thickening is an important 
manifestation in the earliest stages.3,15,16

Several imaging modalities have been used for ET 
measurement such as very high-frequency (VHF) digital 
ultrasound, confocal microscopy and anterior segment 
optical coherence tomography (AS-OCT). The latter, as a 
non-contact method and with negligent corneal infection 
risk, is a reliable modality for ET analyses.17–19 Prakash 
et al reported coefficients of reliability of 0.93 and repro
ducibility of 0.8 for ET measurement.19

Keratoconus usually initiates during adolescence and 
progresses until the third decade of life. It has a more 
severe course in children, with faster progression leading 
to poor visual outcomes. As such, early diagnosis is 
imperative and epithelial mapping can bring new and 
valuable information to enhance early diagnosis. 
However, normative database of these measurements is 
lacking for European children.

The aim of this study was to evaluate ET and corneal 
thickness CT in healthy eyes of Portuguese children, pav
ing the way for a normative database for this age group.

Methods
This is a single center, prospective and randomized study 
that included healthy children between 8 and 18 years of 
age. Inclusion criteria were absence of corneal pathology, 
previous ocular surgery or trauma, no contact lens wearing 
in the past 3 months, best corrected visual acuity (BVCA) 
<0.1 logMAR, astigmatism <2 diopters (D), normal topo
graphy and tomographic parameters using Pentacam® 

(Belin-Ambrosio Deviation Value <1.22) and absence of 
family history of keratoconus.20 Children with history of 
eye rubbing were excluded. The study was conducted by 
the principles of the Declaration of Helsinki, the parents 
given their written informed consent and approval was 

obtained from the institutional Research Committee of 
Hospital Garcia de Orta (Almada, Portugal).

Ophthalmological evaluation included best corrected 
visual acuity (BCVA) presented in logMAR, spherical 
equivalent (SE) from the refraction of the correcting 
glasses, biomicroscopy of anterior segment and fundoscopy.

Corneal epithelial thickness (ET) and corneal thickness 
(CT) were automatically measured by anterior segment 
spectral-domain Cirrus 5000 HD-OCT (Carl Zeiss 
Meditec, Germany). The pachymetry map scan includes 
8 radial scans (1024 axial scans each) repeated 5 times 
covering a 9mm diameter area. The children were posi
tioned on the headrest looking to the fixation light and the 
image was centered on the pupil center. Two scans were 
obtained for each eye by one single examiner with a 
minute break and average values were registered.

The software algorithm measures ET as the distance 
between the middle of the first (tear film) and second 
(anterior surface of the Bowman layer) hyperreflective 
lines on the B-scan (Figure 1). CT was measured as the 
distance between the air-tear and cornea-aqueous interfaces.

Data were exported and processed with Cirrus HD- 
OCT review software (version 10.0) which provides aver
age automated ET of four concentric ring-shaped zones 
centered on the center of the cornea (central (CET): 
0–2 mm, paracentral: 2–5 mm, midperipheral: 5–7 mm 
and peripheral: 7–9 mm) and CT from three concentric 
zones (central (CCT): 0–2 mm, paracentral: 2–5 mm and 
midperipheral 5–7mm). ET and CT were also presented for 
specific octants of the cornea: superior (S), inferior (I), 
temporal (T), nasal (N), superonasal (SN), superotemporal 
(ST), inferotemporal (IT) and inferonasal (IN) within the 
paracentral, midperipheral and peripheral zones. 
Associations between corresponding corneal regions were 
calculated and compared by gender for those overlapping 
rings.

Figure 1 HD-OCT showing the hyperreflective epithelium boundaries, corresponding to tear film and anterior surface of Bowman layer, respectively.
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A randomization 1:1 scheme was applied to select only 
one eye of each child. Qualitative variables are presented 
as numbers and percentages. Quantitative variables are 
presented as mean and standard deviation. Between- 
group analysis was performed using the Mann–Whitney- 
U-test. Within-group analysis was performed using the 
Wilcoxon or Friedman tests, as appropriate. Corrections 
for multiplicity were applied when appropriate. 
Correlations were tested using the Spearman correlation 
coefficient. Statistical significance was set at p<0.05 (two 
sided). IBM® SPSS® Statistics v23.0 was used.

Results
Our study included a total of 60 children, 31 boys (51.3%) 
and 29 girls (49.7%). The mean age was 12.2 ± 3.0 years 
(8–18 years) and there was no difference between boys 
and girls (11.7 ± 2.9 years vs 12.8 ± 3.12 years; p=0.89).

Thirty right-eyes (50%) and thirty left eyes (50%) were 
selected after randomization. The mean BCVA was 0.007 
± 0.023 logMAR (0–0.097 logMAR) and the mean SE was 
−0.24 ± 1 D (−2.00 - +2.00 D). There were no differences 
between gender (BCVA: p=0.89; SE: p=0.78). All eyes 
had unremarkable ophthalmological evaluation, regarding 
slit lamp microscopy, fundoscopy and no topographic or 
tomographic criteria for keratoconus.

The corneal epithelial thickness distribution is pre
sented in Figure 2. There were no statistically significant 

differences between right and left eyes, as assessed using 
the Mann–Whitney-U-test. ET reduces from the center to 
the periphery (Table 1). Mean ET was 46.8 ± 2.8µm (46.1– 
47.5µm) in the center (CET), 45.8 ± 2.7µm (42–54µm) in 
the paracentral area, 44.6 ± 2.1µm (40–51µm) in the mid
peripheral area and 43.8 ± 2.2µm (39–50µm) in the per
ipheral area. Standard deviation (SD) was 2.5µm for CET, 
2.7µm for paracentral ET, 2.1µm for midperipheral ET and 
2.2µm for peripheral ET with no statistically significant 
differences between gender.

The associations between opposite octants are presented 
in Table 2. The highest ET difference was registered between 
inferior and superior octants. Inferior ET was higher than 
superior ET in each area, with statistical significance 
(p<0.01). The difference between inferior and superior 
octants (I-S) was 3.3 in the paracentral, 3.5 in the midper
ipheral and 3.6 in the peripheral areas. The difference 
between IN and ST was 2.1, 2.6, 2.7, respectively (p<0.01). 
The difference between IT and SN was 0.6, 0.8, 1.2 but it did 
not show any statistical significance (p=0.38; p=0.55; p=0.31, 

Figure 2 Representative corneal epithelial thickness map. Numbers represent 
mean (95% CI for mean).

Table 1 Regional Mean Epithelial and Corneal Thickness 
Associations

Mean p-value

Epithelial Thickness (µm)

Central/Paracentral 46.8/45.8 0.01
Paracentral/Midperipheral 45.8/44.6 0.02
Midperipheral/Peripheral 44.6/43.8 0.2

Corneal Thickness (µm)
Central/Paracentral 542.9/558.1 <0.01
Paracentral/Midperipheral 558.1/583.4 <0.01

Note: p-values marked in bold indicates a statistically significant difference.

Table 2 Epithelial and Corneal Thickness Differences Between 
Opposite Octants

Paracentral Midperipheral Peripheral

Epithelial Thickness
I - S <0.01 <0.01 <0.01
N - T 0.78 0.35 0.41

IN - ST <0.01 <0.01 <0.01
IT - SN 0.38 0.55 0.31

Corneal Thickness
I - S <0.01 <0.01 —

N - T <0.01 <0.01 —

IN - ST 1.00 1.00 —

IT - SN <0.01 <0.01 —

Note: p-values marked in bold indicates a statistically significant difference. 
Abbreviations: S, superior; ST, superotemporal; T, temporal; IT, inferotemporal; I, 
inferior; IN, inferonasal; N, nasal; SN, superonasal.
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respectively). The lowest difference was between nasal and 
temporal quadrants: 0.7, 0.8, 0.9 (p=0.78; p=0.35; p=0.41). 
Same results were obtained when comparing by gender.

Minimum ET was 44.5 ± 2.9µm, 42.9 ± 2.1µm, 41.5 ± 
3.1µm and 39.3 ± 3.9µm from center to periphery, respec
tively, whereas maximum ET was 49.1 ± 3.3µm, 47.8 ± 
3.7µm, 48.4 ± 3.7µm and 48.7 ± 4.8µm, respectively. The 
difference between the minimum and maximum ET (min- 
max) was −7.2, −6.1, −6.2 and −6.3, respectively, and no 
differences were registered between gender. The lowest 
ET was registered in superior and superotemporal octants 
whereas the highest ET value was registered in the inferior 
and inferonasal octants, in all concentric areas.

ET distribution by gender is presented in Figures 3 and 
4. Mean ET was inferior in girls: in the center (p=0.03), in 
paracentral area (p=0.05) and in midperipheral area 
(p=0.04). In the paracentral area, superior (p=0.01), super
otemporal (p=0.01) and temporal (p=0.02) ET was inferior 
in girls. In the midperipheral area, superior (p<0.01) and 
superotemporal (p=0.04) ET was also inferior in girls. 
There were no differences between gender in the periph
eral area (Table 3).

Corneal thickness (CT) distribution is presented in 
Figure 5. CT increases from the center to the periphery 
(Table 1). CCT was 542.9 ± 25.9µm (536.2–549.6µm), 
558.1 ± 26.7µm (520–624µm) in the paracentral area and 
583.4 ± 25.9µm (536–635µm) in the midperipheral area. 

The lowest CT was registered in temporal, inferotemporal 
and inferior octants whereas the highest values were regis
tered in the superior and superotemporal octants.

CT distribution by gender is presented in Figures 6 and 
7. There were no differences between gender (Table 3).

There were no statistically significant correlations, as 
tested by Spearman rho, between age and CET (p=0.4), 
paracentral ET (p=0.43), midperipheral ET (p=0.51) and 
peripheral ET (p=0.34). Similarly, no correlations were 
found between SE and CET (p=0.81), paracentral ET 
(p=0.73), midperipheral ET (p=0.75) and peripheral ET 
(p=0.76).

There were no correlations between age and CCT 
(p=0.51), paracentral ET (p=0.53), midperipheral CT 
(p=0.49) and peripheral CT (p=0.44). Similarly, no corre
lations found between SE and CCT (p=0.73), paracentral 
CT (p=0.77), midperipheral CT (p=0.76) and peripheral 
CT (p=0.76).

Discussion
The corneal epithelium is outermost anterior layer of the 
cornea and, apart from maintaining ocular surface integ
rity, it contributes to the refractive power of the eye. 
Epithelium alone represents 1.03D in the 2mm central 
diameter and 0.85D over the 3.6 mm diameter corneal 
area.21 Additionally, this layer plays a dynamic role in 
establishing corneal regularity. Alfred Vogt was the first 

Figure 3 Representative corneal epithelial thickness in boys. Numbers represent 
mean (95% CI for mean).

Figure 4 Representative corneal epithelial thickness in girls. Numbers represent 
mean (95% CI for mean).
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to show that the epithelium has the ability to alter its 
thickness facing stromal irregularities, contributing for a 
smooth ocular surface and enhancing vision.22 Later on, 
compensatory ET changes were reunited in four rules: 1 – 
epithelium thickens in areas where tissue has been 
removed or the curvature has been flattened;6–8 2 – epithe
lium thins over regions that are elevated or the curvature 
steepened;4,5 3 – the more irregular the topography, the 
more epithelial remodeling occurs; 4 – the amount of 
epithelial remodeling is defined by the rate of change of 
curvature of an irregularity.9

Epithelial thickness was first-time measured in vivo in 
1993 by Reinstein et al, using VHF digital ultrasound. In 
vivo confocal microscopy proved to be a reliable tool but 
has shown to provide lower ET values than VHF digital 
ultrasound.23 Spectral domain anterior segment optical 
coherence tomography (AS-OCT), the most widely used 
method in recent years, measures the epithelial and full 
corneal thickness and provides reliable thickness maps 
with 5µm resolution but also provides lower values than 
VHF digital ultrasound.24 Corneal epithelial thickness is 
gaining popularity as a screening tool for corneal ectatic 
diseases and for predicting the risk of corneal ectasia after 
refractive ablative surgery.25–27 Its thickness and distribu
tion modifications were described for some ocular disor
ders in adults, particularly keratoconus.28,29

The majority of papers regarding epithelial thickness 
with OCT were performed in healthy adults. The average 
ET reported were between 50 and 55 µm in adults and 
were nearly the same in Asian children.30,31 In our study, 
ET were slightly inferior. However, these could be only a 
device-dependent variation. To our best knowledge, there 
is only one study using Zeiss Cirrus 5000 HD-OCT, in 
healthy adults, which reported values closer to the ones 
present in our children, mimicking the results observed in 
Asian adults and children.29

The epithelium thins as it approaches the periphery, 
whereas the cornea thickens.30,32,33 Epithelium has 
shown to be thinner in superior quadrants than in inferior 
ones, both in adults and children.30,31 King Smith 
explained this with the gravity of tear film flow, as the 
inferior pooling could falsely lead to thicker readings in 
inferior area.34 Reinstein opposed this theory and, using 
very high frequency (VHF) digital ultrasound, a contact 
method that excludes the tear film from analyses due to 
immersion of the eye in a saline solution, concluded that 

Table 3 Epithelial and Corneal Thickness Variations Between 
Gender

Epithelial 
Thickness

Corneal 
Thickness

Central (boys/girls, 

p-value)
Mean 47.5/46.0–0.03 546.7/538.8–0.21

Minimum 45.2/43.8–0.04 536.4/527.9–0.12

Maximum 50.0/48.1–0.04 560.4/547.0–0.07

Paracentral (boys/girls, 
p-value)

Mean 46.7/45.3–0.05 651.7/554.2–0.29

Minimum 43.5/42.3–0.13 544.9/534.8–0.19
Maximum 47.8/47.8–0.62 583.2/579.1–0.51

S 45.6/43.4–0.01 569.4/562.8–0.42

ST 45.4/43.3–0.01 559.4/555.7–0.54
T 45.9/44.1–0.02 552.1/544.7–0.40

IT 46.9/45.5–0.10 552.2/544.0–0.27

I 47.4/46.5–0.15 554.5/547.5–0.27
IN 47.3/46.1–0.15 557.3/551.5–0.44

N 46.4/44.9–0.06 562.3/559.8–0.67

SN 46.1/44.7–0.08 568.4/562.7–0.40

Midperipheral (boys/ 

girls, p-value)
Mean 45.3/43.9–0.04 585.6/580.9–0.51

Minimum 42.0/40.9–0.14 561.2/559.8–0.77

Maximum 49.5/47.2–0.05 603.9/603.1–0.87
S 44.3/42.6 - <0.01 595.0/593.4–0.96

ST 43.9/42.7–0.04 582.0/583.9–0.64

T 44.6/43.4–0.68 569.2/568.9–0.99
IT 45.8/44.9 0.13 571.2/564.4–0.45

I 46.4/45.9–0.23 577.6/571.1–0.48

IN 46.1/45.9–0.58 579.7/578.03–0.90
N 45.3/44.7–0.20 582.9/580.7–0.64

SN 44.9/44.2–0.13 584.6/590.7–0.51

Peripheral (boys/girls, 

p-value)

Mean 44.0/43.6–0.45 —
Minimum 39.4/39.1–0.67 —

Maximum 49.2/48.2–0.65 —

S 42.6/41.5–0.10 —
ST 42.8/41.7–0.13 —

T 43.9/42.9–0.10 —

IT 44.9/44.7–0.81 —
I 45.4/45.1–0.19 —

IN 45.4/44.6–0.20 —

N 44.5/43.8–0.17 —
SN 43.3/42.6–0.16 —

Note: p-values marked in bold indicates a statistically significant difference. 
Abbreviations: S, superior; ST, superotemporal; T, temporal; IT, inferotemporal; I, 
inferior; IN, inferonasal; N, nasal; SN, superonasal.
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inferior meridian was thicker than superior. He pointed out 
that tarsus, while blinking, presses the epithelium with 
larger force being applied on the superior meridian.12 

Hashmani et al proposed that superior meridian thins due 

to shorter contact time with tear film, less nourishing 
effects and more pronounced desquamation leading to 
overtime thinning.30 In our paper, ET followed the same 
distribution.

Nasal ET was found to be thicker than temporal ET, 
both in adults and children, as a result of nasal cornea to 
be more protected from tarsus rubbing and, for example 
from eye rubbing.29,31 In our paper, we did not find a 
statistically significant difference between these quadrants 
maybe because applied force on epithelium by tarsus in 
children is evenly distributed or because eye rubbers were 
excluded.

Regarding gender, the ET has been reported to be 
inferior in females, with differences ranging from 1 to 
2µm.35,36 In children, ET was also inferior in girls.31 In 
our paper, we found ET to be 1.5µm higher in boys. This 
difference could be explained by hormonal factors.35,36 

The lack of difference in the peripheral area could be 
due to high variable measurements and loss of reproduci
bility in the periphery due to signal degradation.24

Regarding ET age variation, studies are inconsistent. 
VHF studies and Wang, using AS-OCT did not find differ
ences in adults.12 However, Wu, Yang and Kim found ET 
to decrease with age.37,38 Kanellopoulos et al pointed that 
as the person ages, the readings become more variable and 

Figure 5 Representative corneal thickness map. Numbers represente mean (95% 
CI for mean).

Figure 6 Representative corneal epithelial thickness map in boys. Numbers repre
sent mean (95% CI for mean).

Figure 7 Representative corneal epithelial thickness map in girls. Numbers repre
sent mean (95% CI for mean).
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less reliable.39 Regarding children, Ma et al found ET to 
increase with age in pediatric population.31 We did not find 
any correlation between ET and age in pediatric popula
tion. As in most studies, we did not also find correlation 
between ET and spherical equivalent.

ET measurements and distribution proved to be a use
ful tool in keratoconus diagnosis in adults and could be 
valuable in subclinical keratoconus detection. Epithelial 
changes could be the first detectable alterations.40

The plasticity of the epithelium was identified in early 
KC stages. Here, the epithelium thins at the apex of the 
cone and thickens in the surrounding area, in a “doughnut 
pattern”, what could detect a cone hidden by the 
epithelium.15 Using epithelial thickness maps, 50% of 
topographically normal fellow eyes of KC eyes have 
been found to have KC.11 As the KC are mostly located 
in the inferior quadrants, the distribution of ET could 
change and become more variable. In KC, the minimum 
CET could be found in the inferior area instead of the 
superior observed in normal eyes41 and higher differences 
could be registered between minimum and maximum ET 
(min-max).4 Due to this, it is extremely important to know 
physiologic thickness distribution.

Li et al and Silverman et al developed highly accurate 
computerized algorithms to differentiate normal and kera
toconic corneas based on ET.3,4 Vega Estrada et al even 
showed a correlation between ET measurements and the 
degree of visual impairment in keratoconus.42 ET can also 
aid in KC progression detection as the inferior ET is lower 
in paracentral area in progressive KC compared to stable 
KC at the same disease stage.43

KC in pediatric population has several differences 
compared to adults. The diagnosis may be more challen
ging and KC is usually detected in more advanced stages 
since children are less prone to complain, they usually 
maintain good binocular vision until the dominant eye 
gets impaired and ocular aberrations from KC could be 
partially compensated by their high accommodative 
power.44,45 Moreover, the cone is usually located near 
the center so irregular astigmatism is less pronounced in 
children.46

For these reasons, children are often undiagnosed and 
untreated. In a large series, at the time of diagnosis, 27.8% 
of pediatric KC were in an advanced stage versus 7.8% in 
adults. The annual progression rate was 88% in children.47 

As children experience faster KC progression, early detec
tion and treatment is imperative to prevent irreversible 
vision impairment.

AS-OCT is a quick and non-invasive method, with no 
risk of infection, and proved to be valuable tool for sub
clinical KC detection in adults.11 As such, it could be an 
attractive modality for KC screening in children, leading 
to early intervention and preventing vision loss and need 
for corneal transplantation. To take advantage of AS-OCT, 
it is important to create normative database for further 
improve our knowledge on the role of AS-OCT in KC 
screening in children. Modifications from the normal dis
tribution of ET, such as the difference between opposite 
octants should raise suspicion.

We acknowledge that the small sample could preclude 
more strengthness of the study, however, this is the first study 
in a European pediatric population. Although VHF-US has 
superior accuracy (1um) over AS-OCT, it would be extre
mely difficult to use in this population due to eye contact.

This is the first time that peripheral epithelium is stu
died in children, which may be useful for recognizing 
patterns of modifications between corneal zones. We aim 
to provide the basis for prospective ongoing clinical trials 
to study the differences between normal and KC eyes.

Conclusion
Optical coherence tomography analysis of corneal epithelial 
thickness reveals that it is thinner in the periphery and in 
superior quadrants whereas it is thicker in the inferior quad
rants. Unlike epithelial thickness that is higher in boys, corneal 
thickness does not seem to be influenced by gender. Gender- 
based variations in corneal profile should be considered when 
evaluating patients suspected to have corneal disease, namely 
keratoconus. As the epithelial changes occur early in the 
disease, this normative database could be a helpful tool in 
pediatric patients to enhance early keratoconus diagnosis.
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