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Purpose: Measurement of normal corneal thickness and corneal epithelial thickness is

important in keratorefractive surgery, glaucoma, following extended contact lens wear, and

in patients with corneal disease. Clinically, a central corneal thickness less than 500 µm is

considered to be moderately-to-extremely thin. The purpose of this study was to compare

biological differences in patients with clinically thin compared to normal corneal thickness

values in healthy young adults using Fourier domain optical coherence tomography.

Patients and methods: In total, 168 eyes from 84 patients aged 19–38 years were scanned

using an Avanti optical coherence tomographer. To eliminate circadian effects on corneal

thickness, all patients were scanned within a 4-hour window. Corneal thickness was mea-

sured across the central 6 mm of the cornea. Total central corneal thickness, corneal

epithelial thickness, and corneal stromal thickness were compared between males and

females and tested for correlations with age, use of systemic hormones, degree of myopia,

and corneal curvature.

Results: The average central corneal thickness for males and females was 540.5±32.0 μm

and 525.2±33.0 μm, respectively (P=0.020). Thirty-eight eyes had corneal thickness mea-

surements below 500 µm; 12% (6 eyes) from males and 28% (16 eyes) from females

(P=0.008). All women with corneas below 500 μm were bilaterally thin. This finding

differed for men. Corneal thinning was not associated with age, use of systemic hormones,

or degree of myopia. Females had steeper keratometry (K) readings (P=0.01 for flat K,

P=0.002 for steep K) than males. No differences in layer offset values between normal

thickness corneas and thin corneas were evident, suggesting that the reduced thickness was

not pathological.

Conclusion: The results of this study indicate that a subpopulation of healthy young adults

have non-pathologically thin corneas, well below 500 μm; and that these thinner corneas are

more frequent in females. This underscores the importance of accurate corneal thickness

measurements prior to keratorefractive surgery and when evaluating intraocular pressure in

glaucoma.
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Introduction
The cornea is an avascular, transparent tissue that accounts for approximately 60%

of the refractive power of the eye. The anterior portion of the cornea is composed of

a stratified, multi-layered epithelium, which has been shown to thin in multiple

disease states, during extended contact lens wear and during aging.1–9 Accurate

measurement of central epithelial and stromal corneal thickness is important, not

only for patients undergoing keratorefractive procedures, such as photorefractive

keratectomy and LASIK, but also in the assessment and diagnosis of glaucoma, for
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monitoring pathological changes in the ectatic cornea, and

for assessing alterations in corneal biology and physiology

in response to systemic disease.9–13 Numerous studies

have investigated the relationship between biological para-

meters, including age, sex and racial differences, degree of

myopia, and hormonal influences in relation to total cor-

neal and epithelial thickness.14–23 The results of these

studies have varied, and no clear consensus among differ-

ent research groups exists.

Currently, multiple instruments are available for mea-

suring total corneal and/or epithelial and stromal thickness.

These include tandem scanning in vivo confocal micro-

scopy through focusing, ultrasound pachymetry, slit scan

pachymetry, Scheimpflug imaging, non-contact specular

microscopy, and anterior segment optical coherence tomo-

graphy (OCT).11,24–37 Similar to Scheimpflug imaging, slit

scanning pachymetry, and non-contact specular micro-

scopy, OCT is non-invasive and does not require applana-

tion of the cornea.11,14,32,38 OCT was first used to measure

the cornea in 1994. Now, OCT is used in many clinics for

corneal and anterior segment imaging.38,39 Different types

of anterior segment OCT have been developed. These

include time domain and spectral/Fourier domain

OCT.40,41 Unlike time domain OCT, spectral/Fourier

domain OCT permits rapid image acquisition and allows

for the precise measurement of 3-dimensional volumes

across a specific region in the cornea.

Galgauskas et al42 reported on central corneal thickness

in 1,650 Caucasians. In their study, they classified central

corneal thickness ranging from 524–564 µm as average.

Thinner central corneas were then classified based on

severity: 510–524 µm (mild thinning), 489–510 µm (mod-

erate thinning), and less than 489 µm (extreme thinning).

For keratorefractive candidates, a central corneal thickness

value below 500 µm is typically an exclusionary criteria

for surgery. Our clinical observations suggest that there is

a population of patients that present to the clinic with

normally thin corneas that fall within the moderate-to-

extreme range with no other signs of pathology, and that

these patients tend to be female. The frequency of per-

spective candidates presenting with these normally thin

corneas is unknown. Measurement of total corneal, epithe-

lial, and stromal thickness using Fourier domain OCT has

been reported to demonstrate high repeatability in normal,

diseased, and post-surgical corneas.11,41 In the present

study, we measured total central corneal, stromal, and

epithelial thickness in healthy young adults across the

central 6 mm of the cornea using the XR Avanti Fourier

domain OCT. We then evaluated differences in corneal

thickness as a function of key biological parameters,

including age, sex, corneal curvature, and refractive error.

Materials and methods
This is a cross-sectional study to evaluate central corneal

epithelial and stromal thickness across the central 6 mm in

a population of normal, healthy adults. This study cohort

was part of a larger, prospective, ongoing national clinical

trial (NCT 02347631). All procedures were approved by

the Institutional Review Board at the University of Texas

Southwestern Medical Center and adhered to the

Declaration of Helsinki. All patients signed informed con-

sent prior to inclusion in the study.

A total of 168 healthy eyes from 84 adults were eval-

uated in this study. All patients were non-pregnant adults

between 18 and 38 years of age and free of any existing

ocular or systemic pathology. For inclusion in this study,

each patient was required to have a refractive error below

six diopters of myopia for the sphere power and less than

one diopter of cylinder. All patients were correctable to 20/

20 with spectacles. Patients had no prior history of ocular

surgery and were either non-contact lens wearers or had

not worn contact lenses for a minimum of 30 days prior to

examination. None of the patients were currently using

any topical ophthalmic medications. A basic slit lamp

biomicroscopic examination was performed to rule out

any anterior segment pathology. Schirmers testing without

anesthesia and corneal staining using sodium fluorescein

were used to rule out any clinically significant dry eye. All

measurements were performed between the hours of 8 AM

and 12 PM to control for diurnal fluctuations in corneal

thickness. Spectacle correction was determined for all

patients by manifest refraction. Keratometry values were

determined using a Nidek Auto Ref/Keratometer

(Fremont, CA, USA).

Corneal epithelial and stromal thickness

mapping
Corneas were scanned using the Avanti Optical Coherence

Tomographer (OCT) with the Cornea Advance module

(Optovue, Fremont, CA, USA). Patients were scanned

using the pachymetry map and total corneal power feature.

Eight radial measurements were obtained with the beam

centered within the pupil. Each cornea was scanned twice.

Analysis of total corneal, epithelial, and stromal thickness

measurements were performed automatically across the
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central 6 mm cornea using the manufacturer provided

commercial software. This included the central 2 mm of

the cornea, a 2–5 mm annulus, and a 5–6 mm annulus in

the paracentral cornea. Thickness changes were evaluated

for the horizontal, vertical, and diagonal meridians. In

addition to thickness values, the following default layer

offset values were automatically calculated by the Avanti

software for total corneal thickness within the 2–5 mm

region: difference between superior nasal and inferior

temporal thickness (SN-IT), difference between the super-

ior and inferior regions (S-I), minimum thickness (Min),

difference between the minimum and median thickness

(Min-Median), and difference between the minimum and

maximum thickness (Min–Max). For the corneal epithe-

lium, thickness values within the 2–5 mm region were

computed for the superior quadrant (S), the inferior quad-

rant (I), minimum thickness (MIN), maximum thickness

(MAX), standard deviation (SD), and the difference

between the minimum and maximum thickness values

(Min–Max). Individual eyes were independently evalu-

ated, thus both eyes were not required to be thin for

inclusion in the dataset.

Statistical analysis
Statistical analysis was performed using SigmaPlot 11.0

(Systat Software, Inc., San Jose, CA, USA). All data are

expressed as mean±SD or mean standard error, as indi-

cated. To determine variability, the coefficient of variation

was determined by taking the ratio of the standard devia-

tion to the mean. Normality and equal variance testing

were performed using the Shapiro Wilk Normality Test

and Kolmogorov-Smirnov Equal Variance Test. To assess

differences in numerical data between two groups, such as

age or thickness values, atwo-tailed Student's t-test or

Mann-Whitney Rank Sum test was used, where appropri-

ate. To determine differences in proportions such as sex,

race, and ethnicity, a chi-square or Fisher’s exact test was

used. To compare differences in thickness values between

males and females in different quadrants, a two-way

ANOVA with appropriate post-hoc multiple comparison

test was used. Significance was set at P<0.05.

Results
One hundred and sixty-eight eyes from 84 participants

were evaluated. Participant demographics are detailed in

Table 1. Fifty-eight participants (69%) were female and 26

(31%) male. The mean age of all participants was 26.9±4.7

years (range=19–38). The male cohort had a mean age of

25.9±3.8 years. This was not significantly different from

the female group, that had a mean age of 27.4±5.0 years

(P=0.214, Mann-Whitney Rank Sum test). Approximately

half of the study population was Caucasian (52%), 36%

were Asian, and the remaining 12% were African

American. The mean sphere power based on the manifest

refraction for all patients was 3.31±1.59 diopters. The

mean cylinder was 0.57±0.28 diopters. There were no

differences in the sphere or cylinder component between

males and females. Differences in keratometry values were

present, however, with females exhibiting steeper kerato-

metry (K) values than males (P=0.010 and P=0.002 for flat

and steep K’s, respectively; Mann-Whitney Rank Sum

test).

Mean central corneal thickness within the central 2 mm

for all participants was 529.7±32.8 μm (Table 2). Central

corneal thickness values ranged from 465 μm to 611 μm.

Mean central corneal epithelial thickness was 54.3±2.8 μm
(range=48–64 μm) and mean stromal thickness was 475.4

±31.9 μm (range=412–550 μm). As detailed in Table 2,

there were no statistical differences in central corneal

thickness (P=0.998, t-test), epithelial thickness (P=0.798,

Mann-Whitney Rank Sum test), or stromal thickness

(P=0.977, t-test) between right and left eyes.

Comparison of central corneal thickness values

between males and females was statistically significant,

with females having a thinner cornea (Table 2, 540.5

±30.2 µm vs 525.2±33.0 µm, for males vs females, respec-

tively; P=0.020, Mann-Whitney Rank Sum test). The cor-

neal epithelium was also slightly thinner for females (53.6

±2.8 μm for females vs 55.8±2.9 μm for males; P<0.001,

Mann-Whitney Rank Sum test). While stromal thickness

tended to be thinner in females than males, this finding

was not significant (P=0.131, t-test). There was no signifi-

cant correlation between central corneal thickness and age

(R=0.0054, P=0.945, Pearson’s correlation coefficient).

Similarly, there was no correlation between central corneal

thickness and the spherical equivalent refractive error (R=

−0.0433, P=0.579, Pearson’s correlation coefficient).

While African Americans tended to have a lower mean

central corneal thickness (515.4±31.8 µm) compared to

Asians (531.5±37.3 µm) and Caucasians (529.9

±30.2 µm), this finding was not significant (P=0.152, one-

way ANOVA). Interestingly, mean keratometry readings

were mildly inversely correlated with corneal thickness

(R=−0.24, P=0.002, Pearson’s correlation coefficient).

This is consistent with our finding of thinner central cor-

neal thickness and steeper K values in females.
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Comparison of regional differences in corneal epithe-

lial thickness demonstrated that, in the 5 mm zone, the

corneal epithelium was thickest inferiorly and inferior

nasally (Figure 1A, P<0.001, two-way ANOVA).

Epithelial thickness was further increased in the 6 mm

circular zone inferiorly (56.1±3.2 μm) compared to the

5 mm circular zone (55.3±3.0 μm, P<0.001, two-way

ANOVA). The epithelium was thinnest in the superior

and superior temporal regions in both the 5 mm and

6 mm zones compared to all other regions (P<0.001, two-

way ANOVA). In contrast to corneal epithelial thickness,

stromal thickness was thickest superiorly and thinnest

inferior temporally (Figure 1B, P<0.001, two-way

ANOVA). Stromal thickness was uniformly increased

across all regions in the 6 mm circular zone compared to

the 5 mm circular zone (P<0.001, two-way ANOVA).

As expected, comparison of right and left eyes revealed

no differences in epithelial or stromal thickness in any of the

regions tested (Tables S1 and S2). The co-efficient of varia-

tion ranged from 5.3%–7.3%. The mean coefficient of

variation was slightly increased for stromal measurements

compared to epithelial measurements (P<0.001, t-test).

Evaluation of epithelial thickness betweenmales and females

demonstrated a consistent 2–3 μm decrease across all corneal

regions assessed, with females having a significantly thinner

corneal epithelium than males (P<0.001, Figures 2A and C,

two-way ANOVA, Student-Newman-Keuls post hoc multi-

ple comparison test, and Table 2, Mann-Whitney Rank Sum

test). Similarly, stromal thickness was thinner for females

compared to males in the 5 and 6 mm annular regions

(P<0.001, Figures 2B and D, two-way ANOVA, Student-

Newman-Keuls post-hoc multiple comparison test). The

effect of sex on stromal thickness in the central 2 mm region

was not significant, although it showed a trend towards

stromal thinning in females (P=0.131, Table 2, t-test).

A histogram showing the distribution of corneal thick-

ness values across males and females is shown in Figure 3.

Data for males and females are normalized to the number

of patients in each group. Interestingly, 23% of partici-

pants (38 of 168 eyes) had clinically thin corneas, defined

Table 1 Patient demographics

All patients Males Females P-value

Sex

Males 26 (31%) — — —

Females 58 (69%)

Age (years)

Mean±SD 26.9±4.7 25.9±3.8 27.4±5.0 0.214

Range 19–38 22–34 19–38

Race 0.006*

Caucasian 44 (52%) 10 (38%) 34 (59%)

African American 10 (12%) 3 (12%) 7 (12%)

Asian 30 (36%) 13 (50%) 17 (29%)

Sphere (diopters) 0.643

Mean±SD −3.31±1.59 −3.38±1.64 −3.28±1.58

Range −0.50– −7.25 −0.50– −7.25 −0.75– −7.25

Cylinder (diopters)

Mean±SD 0.57±0.28 0.54±0.26 0.59±0.29 0.450

Range 0.25–1.25 0.25–1.25 0.25–1.25

Flat K (diopters) 0.010**

Mean±SD 43.34±1.22 42.98±1.21 43.50±1.20

Range 40.50–47.00 40.50–45.00 40.75–47.00

Steep K (diopters)

Mean±SD 44.20±1.31 43.69±1.30 44.43±1.26 0.002***

Range 41.25–48.25 41.25–46.25 41.25–48.25

Notes: Data represented as mean±standard deviation (SD). Range (min–max). *chi-square test. **Student’s t-test. ***Mann-Whitney Rank Sum test.

Abbreviation: K, keratometry.
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by a total central corneal thickness value of less than 500

μm; 28% of females (32 eyes) examined had thin corneas,

whereas only 12% of males (6 eyes) were clinically thin

(P<0.001, chi-square test). In this study cohort, all females

with a central corneal thickness value of less than 500 μm
showed bilaterally thin corneas; whereas two males pre-

sented with a unilaterally thin cornea with mean thickness

values approaching 500 μm. To rule out any effects of

prolonged daily soft contact lens wear on central corneal

thickness, measurements for clinically thin corneas (<500

µm) were subdivided into non-lens wearers and estab-

lished wearers. Central corneal thickness for non-wearers

was 483.1±10.3 µm (n=15 eyes) and 484.2±10.2 µm

(n=23 eyes) for established wearers (P=0.611, Mann-

Whitney Rank sum test).

Analysis of the metrics for identifying a pathologically

thin cornea or form fruste keratoconic is shown in Table 3.

The mean layer offset thickness value superior to inferior

(S-1) measurement was 19.1±12.0 µm for all subjects and

dropped to 16.9±11.9 µm in subjects with corneal thick-

ness below 500 µm. A value greater than 45 would be

suspicious for keratoconus. Similarly, the minimum cor-

neal thickness value was 522.8±32.9 µm for all subjects

and 478.1±12.3 µm for thin corneas, and the minimum to

maximum value ranged from −63.2±13.5 µm for all sub-

jects to −60.4±12.2 µm for thin corneas, all well within the

normal value range.

Discussion
In the present study, epithelial, stromal, and total corneal

thickness values were measured across the 6 mm central

cornea. For all three parameters, thickness was significantly

thinner in females compared to males. This finding is in

agreement with previous studies reporting that central cor-

neal thickness was higher in males.21,43,44 However, other

studies have yielded conflicting results. In their paper eval-

uating 500 eyes from 250 subjects, Hassan et al45 reported

a mean central corneal thickness value of 529.5±33.6 µm

and 524.1±33.3 µm, for males and females, respectively.

Sanchis-Gimeno et al46 also measured central corneal thick-

ness in 100 eyes of 100 subjects. Using the Orbscan II, they

also reported no thickness differences between males and

females. In fact, the range of central corneal thickness

values for males was 405–601 µm and 480–606 µm for

females. Using spectral domain OCT, Samy et al20 evalu-

ated corneal thickness in 240 eyes from 120 subjects split

Table 2 Central corneal epithelial and stromal thickness

Central 3 mm region: grouped
by eye

All M±SD
Range CV

OD M±SD Range
CV

OS M±SD Range CV P-value (OD vs
OS)

Epithelial thickness (µm) 54.3±2.8

48–64

5.2%

54.4±2.9

48–63

5.2%

54.2±2.8

49–64

5.2%

0.798

Stromal thickness (µm) 475.4±31.9

412–550

7.0%

475.3±32.1

412–550

6.7%

475.5±31.9

413–550

6.7%

0.977

Total corneal thickness (µm) 529.7±32.8

465–611

6.2%

529.7±32.9

465–609

6.2%

529.7±33.0

465–611

6.2%

0.998

Central 3 mm region: grouped by

sex

Males M ± SD Range

CV

Females M ± SD Range

CV

P-value (M vs F)

Epithelial thickness (µm) 55.8±2.9

50–63

5.2%

53.6±2.8

48–64

5.2%

<0.001*

Stromal thickness (µm) 481.1±31.4

417–550

6.5%

471.5±32.6

412–544

6.9%

0.131

Total corneal thickness (µm) 540.5±30.2

496–611

5.8%

525.2±33.0

465–594

6.3%

0.020*

Notes: Data represented as mean±standard deviation (SD). Range (min–max). *Mann-Whitney rank sum test.

Abbreviation: CV, coefficient of variation.
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evenly between males and females. In that study, corneal

thickness did decrease with age, but was unaffected by sex.

Differences between the current and former study designs

that may account for the sex disparity in central corneal

thickness include the wide age range used in many studies.

For example, in their report, Galgauskas et al42 found that,

while corneal thickness was impacted by age, with thicker

corneas present in younger subjects, the age affect was

greater on males than females. Likewise, Samy et al20 and

Sanchis-Gimeno et al46 both had extended age ranges from

18–80 years of age and 19–54 years of age, respectively.

Unlike these latter studies, Hassan et al45 restricted their age

range to 40–44 years of age and concluded that male central

corneal thickness was slightly thinner than females.

In the present study, we restricted our age range to

18–38 years, thus our cohort consisted of healthy young

adults. After controlling for age, we were able to detect

a sex difference in central corneal thickness. Unlike other

studies, we also accounted for use of systemic hormones,

which may likely contribute to changes in both corneal

biomechanics and thickness, and diurnal changes by ima-

ging all subjects within the morning hours. One limitation

to the current study, however, is the lack of male partici-

pants enrolled compared to females. Here we reported

a cohort that was composed of 31% males and 69%

females. This unequal gender distribution is common in

contact lens studies. While the distribution in the number

of patients of each sex was slightly skewed, variance in

corneal thickness between each group was equal and the

sample size was sufficient for good statistical power.

Prior studies have shown that corneal thickness using

Fourier/Spectral Domain OCT results in thinner measure-

ments than other methodologies. In a study by Vollmer

et al,47 they reported that measurements with spectral

domain OCTwere, on average, 12 µm thinner. In agreement

with a more recent report, Erdur et al48 reported mean

thickness measurements also using spectral domain OCT

compared to other methodologies, and found a decrease in

means of 9 µm. Our measured central corneal thickness in

the present study was 529.75±32.8 µm. After accounting for

the 10–15 µm reduction in corneal thickness that has been

reported when using this technology, these values are well

within the reported ranges for corneal thickness values.

The important finding in this study is not the overall

thinner cornea in females, but the interesting finding that

there is an increase in the proportion of clinically thin, non-

pathological corneas in females compared to males. A total of

38 eyes examined in our study had central corneal thickness

values below 500 µm. When split into subgroups, four eyes

from three different males had corneas ranging in thickness

from 481–500 µm; compared to 21 eyes from 42 females.

Going even thinner, in the 461–480 µm subgroup, 11 eyes

from 22 females had thin corneas compared to two eyes from

one male. None of the subjects with a normal thin cornea had

undergone any type of ocular surgery, including keratorefrac-

tive procedures, and all patients had not worn contact lenses

for a period of at least 1 month prior to measurement.

For those patients that were contact lens wearers, 100%

were habitual or occasional daily soft lens wearers. There
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Figure 1 Epithelial and stromal thickness within 2–5 mm zone (5 mm) and the

5–6 mm zone (6 mm) measured across all eight regions. (A) In both the 5 mm and

6 mm corneal zones, the corneal epithelium was thickest inferiorly and inferior

nasally and thinnest superiorly (*P<0.001 for N compared to ST, S, and T; **P<0.05
for IN compared to ST, S, T, SN, IT, and N; ***P<0.05 for I compared to ST, S, T, SN,

IT, N, and IN; ****P>0.05 for IT compared to ST, S, and T; *****P<0.05 for SN

compared to ST, S, and T; One-way ANOVA, Student-Newman-Keuls post hoc

multiple comparison test). Epithelial thickness values at all regions were significantly

different between the 5 mm and 6 mm zones (P=0.009). (B) Unlike the corneal

epithelium, corneal stromal thickness was thickest superiorly and thinnest in the

inferior temporal region (*P<0.001 for S compared to all other regions except SN;

**P<0.001 for SN compared to all other regions; ***P<0.001 for N compared to IT,

T, and I; ****P<0.001 for ST compared to IT, T, and I; *****P<0.05 for IN compared

to IT, T, and I; and ******P<0.05 for I compared to IT and T; One-way ANOVA,

Student-Newman-Keuls post hoc multiple comparison test). Overall stromal thick-

ness was uniformly thinner within the 5 mm zone compared to the 6 mm zone

(P<0.001). Data presented as mean±standard error.

Abbreviations: I, inferior; IN, inferior nasal; IT, inferior temporal; N, nasal; S, superior;

SN, superior nasal; ST, superior temporal; T, temporal.
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were no rigid lens wearers enrolled in this study. In con-

trast to extended soft lens wearers, daily wear of soft

contact lenses does not normally alter corneal epithelial

thickness.2 However, even during extended wear, corneal

epithelial thickness shows the largest drop during the first

month of wear, but this recovers to near baseline values

over 12 months of wear. Any residual reduction in corneal

epithelial thickness has been shown to recover in full

approximately 1 month following cessation of contact

lens wear.49 Consistent with this, subsequent evaluation

of contact lens wearing history in our subjects with thin

corneas revealed no differences in central corneal
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Figure 2 Corneal epithelial and stromal thickness in males vs females. (A) Epithelial thickness within the 5 mm zone was significantly thicker in the inferior and inferior nasal

region (*P<0.05 for IN compared to ST, T, and S; **P<0.05 for I compared to ST, T, and S; Two-way ANOVA, Student-Newman-Keuls post hoc multiple comparison test).

Across all regions, the epithelium was thicker for males compared to females (P<0.001). (B) Stromal thickness within the 5 mm zone was thickest superiorly (*P<0.05 for

S compared to IT, T, I, IN, and ST; **P<0.05 for SN compared to IT, T, I, and IN; ***P<0.05 for N compared to IT, T, and I; ****P<0.05 for ST compared to IT and T; Two-way

ANOVA, Student-Newman-Keuls post hoc multiple comparison test). Stromal thickness was greater in males than females in all regions (P<0.001). (C) In the 6 mm zone, the

epithelium was also thickest in the inferior and inferior nasal region (*P<0.05 for IN compared to ST, T, and S; **P<0.05 for I compared to ST, T, and S; Two-way ANOVA,

Student-Newman-Keuls post hoc multiple comparison test). Similar to the 5 mm zone, the epithelium was thicker for males than females across all regions (P<0.001). (D)

Stromal thickness within the 6 mm zone was also thicker superiorly, with a greater difference between the superior and inferior stroma (*P<0.001 for S compared to all

other regions except SN; **P<0.05 for SN compared to all other regions; ***P<0.05 for N compared to all other regions except T, IT, and I; ****P<0.05 for ST compared to

T, IT, and I; *****P<0.05 for IN compared to T and IT; Two-way ANOVA, Student-Newman-Keuls post hoc multiple comparison test). Again, males had a greater stromal

thickness than females across all regions (P<0.001). Data presented as mean±standard error.

Abbreviations: I, inferior; IN, inferior nasal; IT, inferior temporal; N, nasal; S, superior; SN, superior nasal; ST, superior temporal; T, temporal.
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thickness between non-lens and established wearers.

Hormonal contraceptive use was also not associated with

the thinner corneas. In agreement with published findings,

African Americans tended to have a lower central corneal

thickness value.50,51 This was not significant in our study,

indicating that a larger cohort is needed to tease out the

effects of race.

The mean flat and steep keratometry values were

43.3±1.2 D and 44.2±1.3 D for all subjects.

Keratometry values were slightly but significantly stee-

per for women compared to men, suggesting a potential

relationship between corneal curvature and thickness.

This finding is in agreement with work by Mimouni

et al52 that found that thinner central corneal thickness

values were associated with an increase in mean kera-

tometry readings. Reinstein et al53 also investigated the

relationship between central corneal epithelial thickness

and curvature, both at the epithelial vertex and within

the central 3 mm zone. In that study, there was no

association between corneal epithelial thickness and

age. Similarly, another group evaluated the relationship

between keratometry and central corneal thickness in

subjects with Marfan syndrome. They found that both

corneal thickness and keratometry values were lower in

test subjects compared to controls, which argues against

our current data.54 Collectively, the relationship between

corneal curvature and central corneal thickness is

unclear. Further study is needed to establish the relation-

ship between these two parameters.

In addition to central corneal thickness, regional differ-

ences in corneal epithelial and stromal thicknesses were also

evident. In general, the corneal epithelium is thicker inferiorly

and inferior-nasally, with the thinnest region located superiorly

and superior-temporally. Consistent with this vertical shift in

epithelial thickness, the inferior epithelium was thicker in the

6 mm zone compared to the 5 mm zone. This vertical change

in corneal epithelial thickness is in agreement with previously

reported work.28,53 We speculate that the observed thinning of

the superior corneal epithelium is due to the tension and

pressure forces from the superior eyelid. In contrast to the

epithelium, the stroma was thickest superiorly and thinnest

temporally and inferior-temporally. Regional changes within

the 5 mm and 6 mm zones were also noted. This measured

difference in zones was maintained across all quadrants.

Sex-based differences were also noted between epithelial

and stromal thickness for both males and females within each

quadrant and zone. On average, the corneal epithelium in

males was approximately 2–3 μm thicker than females,

regardless of location. Likewise, stromal thickness tended

to be thicker in males compared to females. The underlying

basis for this sex difference in corneal sublayer thickness is

unknown. Interestingly, studies evaluating skin thickness

have shown that males have thicker skin than females,

regardless of age.55,56 Different mechanisms have been sug-

gested, including the loss of collagen. Skin thickness, like

corneal thickness, has been shown to decrease in subjects in

their mid-forties.55 Thus, while an age-specific effect on

corneal thickness was not detected in the present study, this

is most likely due to the narrow age range evaluated and

exclusion of subjects over 38 years of age. The tight exclu-

sion criteria for age would have also eliminated post-

menopausal women from analysis.

Table 3 Corneal epithelial and layer offset values for thin vs non-thin corneas

All mean±SD Thin mean±SD Non-thin mean±SD P-value (T vs NT)

Layer offset thickness

SN-IT (2–5 mm) 23.4±11.1 22.8±12.0 23.6±10.9 0.801

S-I (2–5 mm) 19.1±12.0 16.9±11.9 19.8±11.9 0.101

Min (mm) 522.8±32.9 478.1±12.3 536.0±24.3 <0.001*

Min–Median (mm) −23.5±4.2 −22.4±3.9 −23.9±4.3 0.042*

Min–Max (mm) −63.2±13.5 −60.4±12.2 −64.1±13.7 0.141

Epithelial statistics within central 5 mm

S (2–5 mm) 54.3±3.3 53.8±3.2 54.5±3.3 0.350

I (2–5 mm) 55.4±3.1 54.8±2.8 55.5±3.1 0.341

Min (mm) 51.7±3.3 50.5±3.9 52.1±3.0 0.025*

Max (mm) 57.5±3.4 57.1±3.1 57.6±3.5 0.750

SD 1.3±0.6 1.5±0.7 1.3±0.6 0.010*

Min–Max (mm) −5.8±2.6 −6.7±3.6 −5.5±2.2 0.009*

Notes: Data represented as mean±standard deviation (SD). *Mann-Whitney Rank Sum test.

Abbreviations: I, inferior; IT, inferior temporal; S, superior; SN, superior nasal.
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Conclusion
There is a sub-population of healthy young adults that have

clinically thin corneas. In addition, sex-based differences in

central corneal thickness measurements indicate that

approximately one-fourth of females have clinically thin

corneas. The role of female sex hormones as a potential

underlying etiology for driving this shift in thickness is not

well established, but we speculate likely plays a contributory

role. Of note, sex hormones have been associated with cor-

neal ectasia in subjects with known pathology.57 How these

hormones regulate corneal thickness during normal develop-

ment compared to pathological thinning is an important

direction for further study. Central corneal thickness has

become increasingly important in the measurement of intrao-

cular pressure in glaucoma and in determining suitability of

candidates for keratorefractive surgery. Moreover, the recent

push by the National Institutes of Health to examine sex as

a biological variable further underscores the need to investi-

gate these differences. Future studies are needed to charac-

terize factors that mediate corneal thickness changes over

time and to identify select patient groups who may be more

prone to normal, non-pathological thinning.
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Supplementary materials

Table S1 Comparison of OD vs OS for all geographic regions within the 5 mm zone

Region Epithelial thickness (µm) Stromal thickness (µm)

OD
M±SD
Range
CV

OS
M±SD
Range
CV

P-value OD
M±SD
Range
CV

OS
M±SD
Range
CV

P-value

Superior 54.2±3.3

46–64

6.2%

54.5±3.2

47–63

5.9%

0.400 510.1±35.8

441–609

7.0%

509.4±35.5

443–600

7.0%

0.900

Superior nasal 54.7±3.2

47–65

5.9%

54.7±3.2

47–64

5.9%

0.853 509.4±35.1

447–605

6.9%

507.4±34.8

441–598

6.9%

0.721

Nasal 54.8±2.9

48–63

5.3%

54.9±3.1

48–64

5.6%

0.921 501.3±33.4

436–580

6.7%

499.6±34.3

434–583

6.9%

0.735

Inferior nasal 55.3±2.9

49–62

5.3%

55.4±3.1

50–64

5.6%

0.947 495.7±32.6

431–566

6.6%

494.3±34.2

431–576

6.9%

0.755

Inferior 55.5±3.1

50–63

6.0%

55.2±3.1

50–63

5.6%

0.619 489.5±32.7

421–563

6.7%

489.3±33.8

420–574

6.9%

0.970

Inferior temporal 54.7±3.1

49–64

5.7%

54.3±3.0

50–63

5.6%

0.534 484.7±32.9

411–560

6.8%

485.9±32.9

410–564

6.8%

0.812

Temporal 53.9±3.1

47–62

5.7%

54.0±3.2

48–62

5.9%

0.728 486.3±33.8

422–566

7.0%

487.1±33.3

420–562

6.8%

0.693

Superior temporal 53.7±3.3

45–63

6.2%

54.1±3.3

47–63

6.1%

0.498 498.7±34.8

433–588

7.0%

498.7±34.5

432–580

6.9%

0.988

Abbreviations: OD, right eye; OS, left eye; C, coefficient of variation.
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Table S2 Comparison of OD vs OS for all geographic regions within the 6 mm zone

Region Epithelial thickness (µm) Stromal thickness (µm)

OD
M±SD
Range
CV

OS
M±SD
Range
CV

P-value OD
M±SD
Range
CV

OS
M±SD
Range
CV

P-value

Superior 54.0±3.5

47–63

6.5%

53.9±3.4

48–64

6.3%

0.993 546.7±39.1

475–656

7.2%

545.7±38.4

470–645

7.0%

0.866

Superior nasal 54.9±3.4

47–65

6.3%

54.9±3.5

48–64

6.4%

0.885 543.1±39.6

455–657

7.3%

539.0±36.7

470–645

6.8%

0.488

Nasal 55.3±2.9

50–64

5.3%

55.4±3.0

49–64

5.4%

0.718 530.1±35.8

462–622

6.8%

527.2±36.2

459–623

6.9%

0.603

Inferior nasal 55.7±3.0

50–64

5.4%

56.1±3.3

50–65

5.9%

0.403 522.7±34.2

452–607

6.5%

521.3±36.0

453–607

6.9%

0.791

Inferior 56.2±3.4

51–65

6.0%

56.0±3.2

51–64

5.8%

0.625 516.1±33.8

445–595

6.5%

515.8±35.3

445–606

6.8%

0.957

Inferior temporal 55.3±3.2

50–64

5.7%

55.0±3.1

50–65

5.7%

0.437 506.9±34.1

429–585

6.7%

507.8±34.4

425–583

6.8%

0.867

Temporal 54.3±3.0

48–64

5.6%

54.0±3.1

49–64

5.7%

0.646 506.2±34.1

439–590

6.7%

508.0±34.5

437–582

6.8%

0.738

Superior temporal 53.9±3.1

47–63

5.8%

54.1±3.4

48–64

6.2%

0.581 528.0±36.9

458–624

7.0%

527.3±36.3

456–614

6.9%

0.909

Abbreviations: OD, right eye; OS, left eye; C, coefficient of variation.
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