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ABSTRACT

Introduction: To evaluate the corneal epithelial
thickness (CET) profiles and their correlations
with axial length (AL) and anterior corneal
radius of curvature (Rm F) across different
refractive error groups.
Methods: A total of 1225 eyes of 616 normal
patients were included. CET mapping, AL, and
Rm F were obtained using spectral-domain
optical coherence tomography, optical biome-
try, and Scheimpflug corneal tomography,
respectively. In the CET map, one central
(2 mm), eight paracentral (2–5 mm), and eight
peripheral (5–6 mm) quadrants were evaluated
separately. The subjects were divided into four
groups based on their refractive status: hyper-
opia (spherical equivalent [SE] C ?0.50 D),
emmetropia (SE[ -0.50 D and\ ?0.50 D),
low myopia (SE B -0.50 D and[ -3.0 D), and
moderate–high myopia (SE B -3.0 D) groups.
Linear mixed model analysis with Bonferroni
correction was used to compare CET according
to refractive error groups. The correlations

between the CET profile and the AL and Rm F
were analyzed.
Results: The central CET was 53.7 ± 3.3 lm in
hyperopia (n = 34), 53.2 ± 2.9 lm in emme-
tropia (n = 353), 52.8 ± 2.9 lm in low myopia
(n = 677), and 52.0 ± 3.1 lm in moderate–high
myopia (n = 161). Although thinning was
observed in CET in all quadrants from hyper-
opia to moderate–high myopia, it was only
significant in the superior and superonasal
quadrants at the 2–5 mm and 5–6 mm-diameter
rings. While AL and CET were significantly
positively correlated (r range 0.17–0.28) in the
moderate–high myopia group, Rm F and CET
were significantly positively correlated (r range
0.08–0.10) in the low and moderate–high
myopia groups.
Conclusion: CET varied according to different
refractive error groups and was positively cor-
related with AL and Rm F, particularly in the
moderate–high myopia group.
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Key Summary Points

Why carry out this study?

Measurement profiles of corneal epithelial
thickness (CET) in refractive error groups
provide important information for
refractive surgery planning and follow-up.

This study was designed to investigate
epithelial thickness profiles across
different refractive error groups and
correlate the CET of various quadrants
with biometry.

What was learned from the study?

The corneal epithelium becomes
progressively thinner from hyperopia to
myopia, with the superior quadrants
showing a more pronounced change.

The corneal epithelium thickened in most
quadrants as the axial length and anterior
corneal radius of curvature (Rm F)
increased in the moderate–high myopia
group, while the corneal epithelium
thickened in most quadrants only as Rm F
increased in the low myopia group.

INTRODUCTION

The corneal epithelium is the outer layer of the
cornea that provides protection against external
factors and increases optical quality by ensuring
a smooth front surface [1]. The corneal epithe-
lium contributes to 1.03 diopters (D) and 0.85 D
to refractive power in the central 2 mm and
3.6 mm-diameter zones, respectively [2]. Its
thickness shows a nonuniform distribution
across the corneal surface ranging from 48 to
60 lm [2, 3]. Techniques available to measure
the corneal epithelium include in vivo confocal
microscopy, very-high-frequency ultrasound,
optical coherence tomography (OCT), and
Scheimpflug imaging [1]. Optical coherence
tomography, a noncontact method, accurately

shows the corneal epithelial thickness (CET)
pattern thanks to its high axial resolution [4].
Previous studies have reported good repeatabil-
ity of corneal and epithelial thickness mea-
surements using OCT imaging systems [5, 6].
Clinically, measurement of CET and its distri-
bution across the corneal surface aids in the
early diagnosis of ectatic disorders, in screening
before refractive surgery, and in evaluating the
remodeling processes after refractive surgery [7].
In early ectasia, epithelial thinning on the cone
apex may mask the topographical changes in
the anterior corneal surface [8]. Also, CET
imaging performed before refractive surgery
may be useful in the planning of refractive
surgery and may contribute positively to the
outcome of the surgery [9]. Accurate knowledge
of CET provides the opportunity to accurately
treat underlying stromal irregularities in pho-
totherapeutic keratectomy (PTK) [1]. CET map-
ping can also convey information on whether
myopic regression after excimer laser treatment
is due to epithelial hyperplasia or corneal
biomechanical changes and can improve the
safety and predictability of retreatment
[1, 10, 11]. There are some concerns regarding
the correction of refractive errors with refractive
surgery due to interindividual CET profile vari-
ability and the associated potential refractive
effect [12, 13]. Hence, precisely identifying
refractive errors and examining the epithelial
thickness maps before refractive surgery are
essential to avoid under- or overcorrection and
provide helpful information to measure
remodeling post-corneal refractive surgery [14].

Refractive surgery is becoming widely avail-
able globally and is performed within specific
limits for refractive errors such as myopia,
hyperopia, and astigmatism. However, there is
limited research on the correlation of CET with
refractive errors, axial length (AL), and corneal
curvature [15–19]. Therefore, this study aimed
to investigate the epithelial thickness profiles
across different refractive error groups and cor-
relate the CET of various quadrants with
biometry.

1090 Ophthalmol Ther (2022) 11:1089–1100



METHODS

This study was approved by the Ethical Board of
Non-interventional Clinical Research of the
Eskişehir Osmangazi University and was con-
ducted in adherence to the tenets of the Dec-
laration of Helsinki. Acquisition of informed
consent was waived.

Subjects

Subjects were recruited from an extended sam-
ple of a population-based keratoconus preva-
lence study conducted across different faculties
of Eskişehir Osmangazi University. The subjects
who did not meet the criteria for keratoconus
and ectasia susceptibility based on our previ-
ously published keratoconus prevalence study
[20] were considered topographically normal.
Hence, only these subjects were included in the
study. Eyes with steepening on the tangential
map, thinning on the relative pachymetry map,
and an elevation of more than 10 lm on the
posterior elevation map on the Holladay 6 map
display, as well as those with a Topographical
Keratoconus Classification (TKC) value of 1 and
above in Scheimpflug corneal tomography
(Pentacam) were classified as keratoconus [21].
Eyes that did not fulfill the Holladay map or
TKC criteria but had a posterior elevation dif-
ference of more than 12 lm and a Belin/
Ambrosio Expanded Ectasia D value above 1.6
standard deviation (SD) were considered as
ectasia susceptibility. The other eyes were clas-
sified as topographically normal. The presence
of keratoconus or ectasia susceptibility accord-
ing to corneal topography, any corneal disease,
and history of refractive surgery were exclusion
criteria.

All subjects underwent a standardized
examination protocol in the following order:
autorefractokeratometry (Tonoref II tonome-
ter–refractometer; Nidek Co, Ltd, Gamagori,
Japan), uncorrected and best spectacle-corrected
visual acuity assessment with logMAR chart,
slit-lamp examination, optical biometry (Len-
star LS 900, Haag-Streit AG, Switzerland),
Scheimpflug corneal tomography (Pentacam
HR, Oculus, Wetzlar, Germany), and anterior

segment optical coherence tomography (AS-
OCT, Optovue Inc., Fremont, CA) imaging.
Pentacam imaging was repeated twice for each
eye, whereas optical biometry and anterior
segment optical coherence tomography imag-
ing were repeated three times. Spherical equiv-
alent (SE) refraction was calculated in diopters
by adding half of the cylindrical value to the
spherical value. The subjects were divided into
four groups based on their refractive status: SE
C ?0.50 D was defined as hyperopia, SE[
-0.50 D and\ ?0.50 D as emmetropia, SE
B -0.50 D and[ -3.0 D as low myopia, and
SE B -3.0 D as moderate–high myopia. Myopia
was divided into axial, refractive, and mixed
according to ocular biometry. Myopia was clas-
sified as axial myopia in the presence of maxi-
mum keratometry (Kmax)\46 D and
AL C 24 mm, and refractive myopia as Kmax
C 46 D and AL\ 24 mm. The remaining cases
were considered mixed myopia.

Anterior segment OCT imaging was
employed for epithelial thickness data, while
Pentacam Scheimpflug imaging was used for
anterior radius of curvature and keratometric
data. Pachymetric measurements with AS-OCT
covered an area of 6 mm divided into a total of
17 sectors: one central 2 mm-diameter zone,
eight paracentral zones within an annulus
between the 2–5 mm-diameter rings, and eight
peripheral zones within an annulus between the
5–6 mm-diameter rings. Only scans with
examination quality specifications of ‘‘OK’’ were
chosen for analysis in Pentacam Scheimpflug
imaging. For biometry and OCT measurements,
the absence of blinking and fixation loss were
considered as quality measures. The results for
data analysis were obtained by averaging three
repeated measurements in which intra-session
differences were no greater than 0.02 mm for
biometry and 3 lm for OCT [22, 23].

Statistical Analysis

Statistical analyses were performed using IBM
SPSS Statistics Version 26.0 (IBM Corp.,
Armonk, NY, USA). Continuous data were
expressed as mean ± SD, and categorical data
were expressed as proportions. The normal
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distribution of the variables was tested using
Shapiro–Wilk tests. The relationship between
CET and the anterior radius of curvature (Rm F)
and AL parameters was assessed using Pearson’s
or Spearman’s correlation analysis based on the
normality of the data. The false discovery rate
method was used to eliminate the effect of
multiple comparisons. This method has been
shown to provide a better balance between type
I or type II error handling if the number of tests,
and therefore the denominator required for
Bonferroni correction, is substantial [24, 25].
Linear mixed model analysis with Bonferroni
correction was used to compare CET measure-
ments according to refractive error groups. The
covariance type was selected considering the
smallest values of the Akaike information cri-
terion (AIC) and Schwarz Bayesian information
criterion (BIC). Statistical significance was
assumed at a level of p\ 0.05.

RESULTS

A total of 1225 eyes of 616 patients fulfilled the
inclusion and exclusion criteria and were
included in the analyses. The mean age of sub-
jects was 21.5 ± 2.1 years (range 18–30 years)
and 69% were female. The mean Rm F, Kmax,
SE, AL, central corneal thickness (CCT), central
stromal thickness, (CST) and central CET
among all subjects were 7.8 ± 0.3 mm (range
7.2 to 8.7 mm), 44.2 ± 1.6 D (range 39.6 to 51.1
D), -1.3 ± 1.7 D (range -11.9 to 7.1 D),
23.9 ± 0.9 mm (range 21.0 to 27.6 mm),
527.0 ± 33.4 lm (range 428.8 to 637.9 lm),
474.2 ± 32.7 lm (range 377.5 to 585.1 lm), and
52.8 ± 3.0 lm (range 43.2 to 63.8 lm), respec-
tively. Thirty-four of 1225 eyes were evaluated
as hyperopia, 353 as emmetropia, 677 as low
myopia, and 161 as moderate–high myopia. The
mean age and corneal biometric parameters
according to refractive errors are given in
Table 1. The gender distribution and mean age
of the subjects according to the refractive error
groups were 53% female and 21.1 ± 2.3 years in
hyperopia, 60% female and 21.4 ± 2.3 years in
emmetropia, 73% female and 21.5 ± 1.9 years
in low myopia, and 75% female and
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21.5 ± 2.5 years in moderate–high myopia,
respectively.

There was a thinning trend in all quadrants
from hyperopia to moderate–high myopia.
However statistical significance was only noted
in the superior and superonasal quadrants of
both the 2–5 mm and 5–6 mm-diameter rings
(Table 2). The 2–5 mm and 5–6 mm superior
quadrants did not differ significantly between
the individual refractive error groups. The
2–5 mm superonasal quadrant showed a statis-
tically significant difference only between
hyperopia and moderate–high myopia groups

(p = 0.02). On the other hand, the 5–6 mm
superonasal quadrant showed a statistically
significant difference between moderate–high
myopia and the other three groups (hyperopia
[p = 0.01], emmetropia [p = 0.02] and low
myopia [p = 0.02]). For all refractive error
groups, CET was the thinnest in the 5–6 mm
superior quadrant, and the thickest in the
5–6 mm inferior quadrant. In addition, the
nasal epithelium was thicker than the temporal
epithelium for both 2–5 mm and 5–6 mm-di-
ameter rings in all refractive errors.

Table 2 Comparison of epithelial thickness measurements among the different refractive error groups

Parameters Hyperopia
Mean – SD

Emmetropia
Mean – SD

Low
myopia
Mean – SD

Moderate–high
myopia
Mean – SD

p value*

Central 2 mm 53.6 ± 10.2 52.9 ± 4.0 52.8 ± 3.2 52.6 ± 6.0 0.07

2–5 mm-diameter

rings

Temporal 52.4 ± 10.2 52.1 ± 4.0 52.0 ± 3.2 51.8 ± 6.0 0.26

Superotemporal 52.4 ± 10.9 52.0 ± 4.0 52.0 ± 3.2 51.7 ± 6.0 0.52

Superior 52.5 ± 10.9 52.2 ± 4.0 52.2 ± 3.2 51.5 ± 6.0 0.04a

Superonasal 53.3 ± 10.7 52.6 ± 4.0 52.5 ± 3.2 51.9 ± 6.0 0.001b

Nasal 53.5 ± 10.2 52.9 ± 3.7 52.8 ± 3.0 52.3 ± 5.7 0.34

Inferonasal 54.1 ± 10.2 53.6 ± 3.7 53.5 ± 3.0 53.3 ± 5.7 0.46

Inferior 54.3 ± 10.4 54.0 ± 4.0 53.8 ± 3.2 53.6 ± 6.0 0.28

Inferotemporal 53.3 ± 10.4 53.1 ± 4.0 52.9 ± 3.2 52.7 ± 6.0 0.05

5–6 mm-diameter

rings

Temporal 52.4 ± 10.4 52.2 ± 4.0 52.0 ± 3.2 51.6 ± 6.0 0.16

Superotemporal 52.0 ± 11.4 51.5 ± 4.0 51.4 ± 3.2 51.0 ± 6.2 0.34

Superior 51.5 ± 12.4 51.0 ± 4.2 50.9 ± 3.2 50.4 ± 6.5 0.002a

Superonasal 53.0 ± 11.7 52.2 ± 4.0 52.1 ± 3.2 51.4 ± 6.2 < 0.001c

Nasal 53.5 ± 10.2 53.1 ± 3.7 53.0 ± 3.0 52.4 ± 5.7 0.77

Inferonasal 54.4 ± 10.4 54.0 ± 3.7 53.8 ± 3.0 53.6 ± 5.7 0.24

Inferior 54.9 ± 11.4 54.7 ± 4.2 54.3 ± 3.2 54.0 ± 6.5 0.16

Inferotemporal 53.9 ± 11.2 53.6 ± 4.0 53.4 ± 3.2 53.0 ± 6.2 0.12

*Bonferroni adjusted p value
aNo statistically significant differences in pairwise comparisons
bStatistically significant difference only between hyperopia and moderate–high myopia (p = 0.02)
cStatistically significant differences between moderate–high myopia and the other three groups (hyperopia [p = 0.01],
emmetropia [0.02], and low myopia [0.02])
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There was a significant positive linear corre-
lation between CCT and central CET for all
refractive error groups. Among other biometric
parameters, AL had a positive correlation with
CET only in the moderate–high myopia group,
whereas Rm F was positively associated with
CET in hyperopia and moderate–high myopia
groups. (Fig. 1). Figure 2 shows the correlations
of AL and Rm F with CET for each quadrant in
all refractive error groups. While biometric
parameters (AL and Rm F) and most corneal
epithelial quadrants were positively correlated
in the moderate–high myopia group, most cor-
neal epithelial quadrants were positively corre-
lated with Rm F and not with AL in the low
myopia group. In a sub-analysis performed in
the moderate–high myopia group, a significant
positive correlation was detected between AL
and Rm F (Supplementary Material). Although
AL and Rm F were more positively correlated
with CET in the upper quadrants compared to
the lower quadrants in the emmetropia and
hyperopia groups, there was no statistical sig-
nificance in any quadrant. In the axial,

refractive, and mixed myopia groups, there was
a positive correlation between Rm F and central
CET separately for all groups. Nevertheless, it
was statistically significant only in the axial and
mixed myopia groups (Fig. 3).

DISCUSSION

The present study demonstrated that the cor-
neal epithelium becomes progressively thinner
from hyperopia to myopia, with the superior
quadrants showing a more pronounced change.
There was a significant positive correlation
between central CET and AL in the moder-
ate–high myopia group only, whereas Rm F was
shown to correlate with CET in the hyperopia
and moderate–high myopia groups. It was
observed that the corneal epithelium thickened
in most quadrants as the AL and Rm F increased
in the moderate–high myopia group, while the
corneal epithelium thickened in most quad-
rants as only Rm F increased in the low myopia
group.

Fig. 2 Correlation scheme illustrating the linear relation-
ship between the corneal epithelial thickness map and
ocular biometric determinants (axial length and anterior
corneal radius of curvature). Warmer colors indicate an

increasing positive (uphill) linear relationship, while cooler
colors indicate an increasing negative (downhill) linear
relationship

Ophthalmol Ther (2022) 11:1089–1100 1095



There is a correlation between CET and total
thickness, and a relationship between CET and
other ocular parameters has been frequently
investigated in the literature [3, 16, 17]. A study
of Korean children aged 6–17 years found that
CET is not associated with ocular factors such as
AL, mean keratometry, and refractive error [19].
These results could be related to the pediatric
cohort studied in whom refractive errors can
often progress [19]. On the other hand, a ran-
domized study evaluating children aged 7–-
15 years showed that AL and CET were not
correlated in any quadrant, while the corneal
curvature radius was positively correlated with
CET in the paracentral and peripheral corneal
quadrants [26]. In our study, AL and Rm F were
positively correlated with CET, particularly in
the moderate–high myopia group. The increases
in AL does not directly increase CET; it causes
flattening of the cornea and indirectly increases
the CET due to increasing Rm F. In our sub-
analysis that supports this relationship, a

positive correlation was observed between AL
and Rm F in all refractive error groups.

To date, there is very limited information on
the relationship between refractive errors and
CET [17–19]. Wang et al. reported no statistical
difference was found between the CET of highly
myopic patients and normal subjects, but a
correlation between AL and CET was not
investigated [17]. Gowrisankaran et al. found
that refractive error was associated with blink
rate [27]. Furthermore, Wu et al. concluded that
thin CET in the high myopia group compared
to low and moderate myopia groups was due to
frequent blinking [16]. Although it was found in
the same study that anterior corneal curvature
was not associated with CET, no evaluation was
performed according to myopia subgroups [16].
Similarly, in another study, no correlation was
found with the degree of myopia, whereas CET
was significantly thinner in some paracentral
and mid-peripheral quadrants in high myopia
compared to other myopic groups [18]. In the

Fig. 3 Scatterplots of central epithelial thickness against the anterior corneal radius of curvature according to different
myopia groups
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present study, the CET was thinnest in the
moderate–high myopia group with high AL
compared to the other groups. Wu et al. [16],
suggested that a longer AL may increase eyelid
friction and cause thinning of the epithelium
which corresponded with this study findings.
Hence, it is tempting to speculate that a longer
AL in myopic eyes may bring the cornea closer
approximation to the eyelids, enhancing the
effect of the lid wiper phenomenon in shaping
the corneal epithelium.

Many studies have reported that the corneal
epithelium is thinner in the superior and tem-
poral quadrants than when compared to their
counterparts [5, 23, 26, 28–30]. There are several
theories regarding the thinness of the superior
quadrant compared to the inferior quadrant.
One reason for this could be that the stronger
superior eyelid causes more friction in the
superior corneal quadrants, leading to an
increased lid wiper effect [10]. Secondly, the
upper eyelid covers a larger portion of the eye
than the lower eyelid, and due to gravity, the
eyelid exerts greater force on the upper cornea
[31]. Lastly, the fact that the contact time of the
tear film is shorter in the upper quadrant than
in the lower quadrant causes less lubricating
and nourishing effects in the upper quadrant,
resulting in faster desquamation of the epithe-
lium [30]. Cui et al. also found that CET was
significantly thinner in the upper corneal
quadrants in patients with dry eye compared to
normal patients, which also shows the rela-
tionship between tear film and CET and sup-
ports the third theory [32]. In this study, similar
to previous reports, the superior and inferior
quadrants had the thinnest and thickest thick-
nesses, respectively. Additionally, the nasal
quadrant was thicker than the temporal quad-
rant in all refractive groups. Theoretically, the
nasal cornea is thicker because it is more pro-
tected than the temporal cornea [29].

Assessment of the CET profile before refrac-
tive surgery and knowing how it changes after
surgery may contribute positively to the refrac-
tive outcome and may be helpful in the plan-
ning of surgery [1, 9, 10]. The Arba Mosquera
and Awwad study reported that the theoretical
calculation of induced refractive errors varied
between -1.32 and ?1.27 D according to

different epithelial profiles [13]. Khamar et al.
noted that if refractive surgery is performed
with standard flap thickness in an eye with
thick CET, it will lead to under-correction due
to less stromal ablation [14]. A study by
Guglielmetti et al. also showed improvement in
postoperative vision by planning the depth of
epithelial ablation to treat irregular astigmatism
with transepithelial PTK [33]. In our study, it
was observed that there was a difference in CET
according to the refractive error groups,
although it was not clinically significant.
Therefore, the importance of personalized sur-
gical planning in refractive surgery is shown.

The strength of this study is that the study
cohort is population-based and was randomly
recruited, and represents the largest number of
subjects in the current literature comparing CET
and evaluating biometric determinants of CET
profiles according to different refractive error
groups. The most important limitation of this
study was that the distribution of refractive
error groups was not homogeneous. Since our
study included population-based randomized
participants, large differences between the
sample numbers across different refractive error
groups could not be avoided. Nonetheless, the
proportional distribution of refractive errors
found in our sample is representative of the
overall population studied because the subjects
were randomly selected. Likewise, a similar
hyperopia prevalence was found among uni-
versity students in Israel and Iran, reflecting the
possible prevalence of hyperopia within the
Middle East region [34, 35]. Although the
number of subjects in the low myopia group
was high, the moderate and high myopia
groups were evaluated together, due to the low
number of patients in both groups. Another
limitation of the study was that dry eye evalu-
ation was not performed in subjects, and the
possible effect of tear film on CET was ignored.
Although SD-OCT used in our study has been
shown to provide good CET mapping repeata-
bility and reproducibility in normal eyes and
eyes with corneal disease in all map regions, the
axial resolution of 5 lm may create a disad-
vantage compared to other OCT devices
[36, 37].
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CONCLUSIONS

In conclusion, the findings of this study showed
an increasing corneal epithelial thinning from
hyperopia to high myopia. Regardless of the
refractive group, the thinnest quadrant of the
corneal epithelium was the 5–6 mm superior
quadrant, and the thickest quadrant was the
5–6 mm inferior quadrant. Axial length and
CET were positively correlated in the moder-
ate–high myopia group. In comparison, Rm F
and CET were significantly positively correlated
in the low and moderate–high myopia groups.
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