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Abstract

Background To compare the repeatability and reproducibility of corneal and corneal epithelial thickness mapping
using anterior segment optical coherence tomography (AS-OCT) according to tear film break-up time (TBUT).

Methods The included eyes were divided into three subgroups according to TBUT (group 1: TBUT <5 s, group 2:
55<TBUT< 105, and group 3: TBUT > 10 s). All eyes were imaged separately thrice by two operators to obtain the
thickness maps (TMs) of the cornea and corneal epithelium based on spatial zones encompassing a 9-mm-diameter
area. Each TM consisted of 25 areas. Intraoperator (repeatability) and interoperator (reproducibility) standard
deviations (Sws), coefficients of variation (CoVs), and intraclass correlation coefficients (ICCs) among the tests were
calculated and compared in all the areas.

Results Altogether, 132 eyes of 67 subjects were included (50, 47, and 35 eyes in groups 1, 2, and 3; respectively).
The ICCs of corneal epithelial thickness and corneal thickness were >0.75 in most of the areas. Pairwise comparisons
showed that AS-OCT exhibited lower repeatability in group 1 than in groups 2 and 3 (P < 0.05). However groups

2 and 3 showed similar results. Sws and CoVs of corneal epithelial thickness exhibited no significant interoperator
differences. While no significant differences were observed in corneal thickness in most of the areas.
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Conclusions TBUT significantly influences the repeatability of corneal and corneal epithelial thickness
measurements. Poor tear film stability requires careful evaluation of corneal epithelial thickness.

Keywords Repeatability ande reproducibility, FTBUT, Optical coherence tomography, Corneal thickness mapping,

Refractive surgery

Background

Accurate measurement of corneal thickness (CT) and
corneal epithelial thickness (ET) plays an important role
in corneal refractive surgery [1]. Routine measurement
of CT and ET before refractive surgery contributes to
the screening of preoperative keratoconus and reduces
the incidence of postoperative keratoconus [2—4]. Many
previous studies have emphasized the necessity of CT
measurement for refractive surgery [5-8]. Recent stud-
ies have reported that ET could affect the accuracy of
laser ablation [9] in transepithelial photorefractive kera-
tectomy (PRK). In addition, ET should be considered an
important factor for the choice of refractive surgery [10].
Furthermore, preoperative ET measurement is helpful
in detecting corneal irregularities below the corneal epi-
thelium [11], and postoperative measurement helps in
partially explaining the refractive regression [12]. Hence,
accurate measurement of CT and ET is vital.

CT and ET can be measured using several modali-
ties including digital ultrasound, corneal topography,
and corneal tomography [13—-15]. Among these, corneal
topography and corneal tomography, which enable thick-
ness mapping of CT and ET in a non-contact manner,
are the most widely used modalities in refractive surgery.
Anterior segment optical coherence tomography (AS-
OCT), a representative modality for corneal tomography,
is based on low-coherence interferometry [16]. Com-
pared to corneal topography (mostly Scheimpflug-based
devices), AS-OCT has a higher resolution and greater
scanning speed in CT measurement. It can also measure
the corneal sublayer thickness. It is expected to become a
mainstream modality for CT and ET measurements.

However, in AS-OCT examination, the tear film is not
identified and directly incorporated into epithelial mea-
surement, since the interface between tear film and cor-
neal epithelium is too small in terms of signal-to-noise
ratio to be separated [17]. Lee et al. reported that the
repeatability of optical coherence tomography angiogra-
phy in the retina tended to decrease with a decrease in
the stability of tear film [18]. Ruti et al. reported that the
repeatability and reproducibility of OCT for ET measure-
ment were significantly lower than those in the normal
group [19]. Thus, the quality of the tear film affects OCT
measurements in both anterior and posterior ocular seg-
ments. Several studies have reported a high prevalence
of dry eye disease in patients undergoing corneal refrac-
tive surgery [20-22]. In China, 44.62% of the candidates
for refractive surgery were considered to have tear film

instability (tear film break-up time [TBUT]<5 s) [23].
It is important to investigate the effects of different tear
films on the quality of AS-OCT images.

In the present study, we recruited healthy subjects with
normal and short TBUT. We investigated the repeat-
ability and reproducibility of OCT images for CT and
ET measurements according to TBUT using the RTVue
OCT system (Optovue, Inc.; Fremont, CA, USA), which
has shown good repeatability and reproducibility in pre-
vious studys [19, 24].

Materials and methods

Subjects

The present study was approved by the Institutional
Review Committee of Wenzhou Medical University Eye
Hospital and was conducted in accordance with the prin-
ciples of the Declaration of Helsinki. All participants
included in this study were candidates for refractive sur-
gery at the Eye Hospital of Wenzhou Medical University
between July 2021 and December 2021.

The inclusion criteria were as follows: (1) subjects at
least 18 years of age; (2) no history of ocular surgery or
trauma; (3) no history of wearing contact lenses or stop-
page of wearing contact lenses for at least 14 days with-
out any complications; and (4) no corneal or other ocular
pathologies. All examination sequences in this study fol-
lowed the principle of non-invasive before invasive. All
subjects provided written informed consent to partici-
pate in the study and underwent all the examinations for
both the eyes.

Tear film break-up time and subgroups

The ocular surface was stained using a fluorescein strip
(Jingming, Tianjin, China) wet with one drop of 0.1%
sodium hyaluronate eye drops (approximately 50 pL),
which was applied to the lower conjunctival sac. The
subjects were asked to blink several times. Tear film was
observed using a slit-lamp biomicroscope with a cobalt
blue filter. The time from the last complete blink to the
first tear film break-up (TBUT) was recorded by an oph-
thalmologist using a stopwatch. The test was repeated
thrice, and the average value was calculated. According to
TBUT, subjects were divided into three subgroups: group
1, TBUT<5 s; group 2, 5 s<TBUT<10 s; and group 3,
TBUT>10s.
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Optical coherence tomography measurements

Thickness mapping of the cornea (CTM) and corneal
epithelium (ETM) was performed using spectral domain
OCT (RTVue-XR100, [Optovue, Inc.; Fremont, CA,
USA]) equipped with an additional lens (CAM-L mod-
ule), providing thickness maps (TMs) with a diameter of
9 mm centered on the center of the pupil. RT Vue-XR100
achieves a 5-um depth resolution in the tissues with an
830-nm near-infrared light source. The “Pachymetry
Wide” mode was selected before the measurements. The
subjects were instructed to blink thrice quickly and watch
a red light in front of the eye. The scan started when the
“QS” column on the monitor turned green, and the sub-
jects were instructed to maintain the fixation state with-
out blinking during the scan.

Each eye was imaged thrice by two investigators (Kan
Lin and Hui Wang). The TMs were obtained in all 25
areas, encompassing a 9-mm-diameter zone in the fol-
lowing four parts (Fig. 1): (1) the corneal center within
a diameter of 0-2.0 mm, (2) eight paracentral sectorial
areas 2.0-5.0 mm in diameter, (3) eight midperipheral
sectorial areas 5.0-7.0 mm in diameter, and (4) eight
peripheral sectorial areas 7.0-9.0 mm in diameter. The
eight sectorial areas located in the paracentric, mid-
peripheral, and peripheral areas included the superior,
superior nasal, nasal, inferior nasal, inferior, inferior
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temporal, temporal, and superior temporal areas. In addi-
tion, the signal strength captured by OCT was recorded.

Data analysis

A preliminary experiment including ten samples from
each group was performed to calculate the sample size.
PASS (version 15.0; NCSS, Kaysville, UT, USA) was used
in the multiple comparison model, and ensured that this
study needed at least 32 samples in each group with a type
I error probability set at 0.05 and a type II error probabil-
ity set at 0.1 (power of 90%). The repeatability (intraop-
erator) and reproducibility (interoperator) of CTM and
ETM in all 25 areas were calculated. Repeatability was
represented by the intraclass repeatability coefficient of
variation (CoV) of three repeated measurements made
by a single operator (Hui Wang) [25]. Reproducibility was
represented by the Sw and CoV of the average values cal-
culated from the measurements made by two operators.
The Ocular Surface Disease Index (OSDI) scores, age,
average ET, average CT, and signal strength were com-
pared among the three groups using one-way analysis of
variance. The study incorporated both eyes, hence com-
parisons of Sw and CoV between the three groups were
based on generalized estimating equation comparisons,
adjusting for interocular correlations on the statistical
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Fig. 1 Corneal epithelial thickness and corneal thickness values were obtained in all 25 areas encompassing a 9-mm-diameter zone
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Table 1 Basic Data related to the eyes of the subjects
Group 1(TBUT<5) 2(5<TBUT<10) 3(TBUT=10) P-value
Included eyes 50 47 35
TBUT (s) 3.63+0.86 (range 1.91-4.98) 7.10+1.18 (range 5.03-9.83) 12.47+1.97 (range 10.00-17.73) <0.001™"
Male/Female 15/35 28/19 28/7 <0.001™
Age (years) 25264550 (range 17-34) 25324583 (range 17-35) 22.57+6.21 (range 17-35) 0.680
Signal strength 35.57+3.03 (range 29.33-41.00) 35.06+2.32 (range 29.67-39.00) 35.14£2.15 (range 31.33-39.33) 0.600
OSDI score 10.70+14.73 (range 0-70.83) 6.51+6.05 (range 0-20.83) 8.92+8.85 (range 0-35.42) 0.168
TBUT: tear film break-up time, OSDI: Ocular Surface Disease Index
***Statistically significant(p<0.001), Data are presented as absolute numbers or meanststandard deviations
Table 2 Average corneal epithelial thickness and corneal thickness in all 25 areas of all subjects
Zone ET cT

TBUT<5 5<TBUT<10 TBUT=10 P-value TBUT<5 5<TBUT<10 TBUT=10 P-value
C 54.35+3.75 5451+250 55.75+6.47 0.138 540.25+31.96 544.28+34.53 5424142437 0.820
s25 53.33+£3.89 53.69+252 5496+6.34 0.083 585.99+33.98 587.59+36.94 58820+29.11 0.952
s57 50.38+4.28 51.62+346 51.83+6.30 0.164 636.67+34.13 63592+37.37 637.00£32.08 0.990
s79 4535+4.30 46.50+3.54 46.33+5.71 0.281 683.99+39.66 682.84+3829 679.98+37.02 0.894
sn25 54.04+3.86 5394+239 55.57+6.35 0.053 583.63+£34.73 58545+36.36 584.27+28.14 0.996
sn57 52.69+4.01 5320+297 54.18+6.34 0.164 632.89+36.56 632.79+38.83 630.41+30.95 0.944
sn79 48.76+3.92 49.59+3.79 49.89+6.36 0.396 683.81+40.67 683.35+45.82 677.30+33.16 0.742
n25 54.89+3.81 54.65+2.56 56.21+6.52 0.101 572.85+34.85 575.03+£35.05 57247 +26.82 0927
ns57 55.01+3.89 54.75+237 55.93+6.38 0.253 614.40+38.28 616.24+36.73 611.96+3047 0.869
n79 55.12+3.61 5499+2.58 55.16+6.33 0.964 663.97+40.85 660.82 +40.65 66042 +34.21 0.769
in25 55.63+4.09 55.36+2.81 56.88+6.67 0.157 563.28+33.51 567.04+34.54 56348+26.11 0.823
in57 55.55+3.67 5557+258 56.41+£6.46 0415 602.28+35.27 604.53+37.24 601.33+29.77 0911
in79 5436+3.22 5467+2.53 5495+6.30 0.664 649.60+39.27 652.20+41.39 648.48 +34.86 0.905
i25 55.59+4.03 5552+284 56.94+6.69 0.160 555.23+32.13 559.30+3548 557.32+25.64 0.824
i57 55.12+343 55.09+253 56.25+6.42 0.179 592.21+32.64 594.06+3842 593.34+29.60 0.965
i79 52974352 5348+283 5450+6.49 0.137 6359243645 636.00+41.88 635.03+32.98 0.992
it25 54.89+3.88 55.14+273 56.37+6.62 0.150 550.25+32.08 555.13+35.70 553.51+24.91 0.748
it57 5462+337 5463+267 56.01+6.45 0.090 583.04+33.75 586.45+39.11 585.74+2887 0.881
it79 5343+£3.20 53.89+247 54.87+6.21 0.081 62835+38.66 628.76+45.22 627.73+34.00 0.994
t25 54.28+3.64 54544252 55.67+£6.49 0.156 554.63+32.14 559.55+35.79 55829+25.51 0.741
t57 53.75+£3.31 54214253 55.39+6.38 0.057 585.78+34.17 591.03+£37.59 589.04+29.12 0.753
t79 52.58+324 5335+236 54.05+6.09 0.064 627.95+37.09 633.63+40.80 629.77 £34.29 0.760
st25 53.75+£3.76 5409+2.46 55.17+6.39 0.144 57141+33.27 574.67 £36.94 574.81+28.09 0.861
st57 52.50+3.75 53.16+2.71 53.74+6.25 0.236 613.34+35.01 615.07+3845 616.90+32.30 0.904
st79 4890+3.90 50.11+£291 49.77+£5.89 0.201 65843+36.92 657.08+39.86 661.50+37.53 0.936

ET: corneal epithelial thickness, CT: corneal thickness, TBUT: tear film break-up time, C: central, S: superior, SN: superior nasal, N: nasal, IN: inferior nasal, I: inferior, IT:

inferior temporal, T: temporal, ST: superior temporal

Data are presented as absolute numbers or means+standard deviations

results. All analyses were performed using IBM SPSS Sta-
tistics version 24.0 (IBM Corp., Armonk, NY, USA).

Results

Altogether, 132 eyes were included from the 134 eyes of
67 recruited subjects (group 1: 50 eyes, group 2: 47 eyes,
and group 3: 35 eyes). Two eyes in group 1 were excluded
due to poor OCT image quality. The summary data for
each group are presented in Table 1. The mean TBUT
values in groups 1, 2, and 3 were 3.6310.86, 7.10+£1.18,
and 12.47+1.97 s, respectively; showing a significant
difference among the groups (P<0.05). No significant

differences were observed in the signal strength of OCT
images, OSDI score, or age among the three groups
(P>0.05). The CTMs and ETMs exhibited no significant
differences among the groups (Table 2).

The ICC:s of single-surveyor measurements (Hui Wang)
are presented in Table 3. CT exhibited greater ICC val-
ues than ET. ICC values were >0.75 in most of the areas
and never<0.4 in any of the areas. The ICC of ETM was
>0.75 in group 3.

Intraoperator Sw and CoV of ETM showed significant
differences among the groups in several areas (Figs. 2A
and 3A). These values decreased with an increase in
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Table 3 The ICC of corneal epithelial thickness and corneal thickness measured by a surveyor three times
Zone ET cT

TBUT<5 5<TBUT<10 TBUT=10 TBUT<5 5<TBUT<10 TBUT=10
C 0.77 0.69 0.94 0.99 0.99 0.99
s25 0.78 0.70 091 0.94 0.98 0.95
s57 0.71 0.82 0.81 0.87 0.97 0.93
s79 0.59 0.70 0.52 0.80 0.94 091
sn25 0.80 0.66 0.94 0.95 0.97 0.95
sn57 0.81 0.79 0.86 0.90 0.87 0.93
sn79 0.77 0.84 0.78 0.82 0.60 0.89
n25 0.79 0.79 0.92 0.95 0.96 0.96
n57 0.83 0.83 092 0.92 0.90 0.92
n79 0.88 0.86 0.92 0.86 0.71 0.85
in25 0.78 0.69 0.93 0.96 091 0.96
in57 0.80 0.80 092 0.93 0.94 0.90
in79 0.83 0.86 0.95 0.86 0.83 0.70
i25 0.77 0.73 0.92 0.97 0.99 0.97
i57 0.75 0.79 0.92 0.92 0.97 0.94
i79 0.48 0.84 0.96 0.77 0.95 0.92
it25 0.79 0.73 0.95 0.98 0.99 0.98
it57 0.75 0.73 0.94 0.85 0.94 0.92
it79 0.86 0.73 0.95 0.53 0.78 0.80
t25 0.74 0.78 0.94 0.98 0.99 0.98
t57 0.72 0.74 0.92 0.94 0.94 0.95
t79 0.84 0.77 0.91 0.86 0.78 0.89
st25 0.76 0.82 0.93 0.96 0.98 0.96
st57 0.78 0.82 0.87 0.93 0.97 0.90
st79 0.75 0.78 0.77 0.87 093 0.67

C: central; S: superior; SN: superior nasal; N: nasal; IN: inferior nasal; I: inferior; IT: inferior temporal; T: temporal; ST: superior temporal; ET: corneal epithelial thickness;

CT: corneal thickness

TBUT. Eleven areas showed statistically significant differ-
ences in Sw, while 12 areas showed statistically significant
differences in CoV among the groups. Interoperator Sw
and CoV of ETM for all 25 areas are shown in Figs. 2B
and 3B. Altogether, only 2 areas showed statistically sig-
nificant differences in Sw, while 3 areas showed statis-
tically significant differences in CoV among the three
groups. Pairwise comparisons showed that in all the
areas, no significant differences were observed between
group 2 and group 3 (P>0.05).

Intraoperator Sw and CoV of CTM in most of the
areas showed no significant differences among the three
groups (Figs. 4 and 5) except only two and three areas
respectively(P<0.05). Interoperator Sw and CoV analyses
were also performed similarly. In both intraoperator and
interoperator analyses, a few areas showed significant dif-
ferences among the three groups. It is remarkable that
groups 2 and 3 exhibited no significant differences in the
repeatability and reproducibility of ETM or CTM.

Discussion

In the present study, CT and ET in 25 areas encom-
passing a 9-mm-diameter zone were measured in sub-
jects with different TBUT values using RTVue AS-OCT

system. Repeatability and reproducibility were calculated
and compared. The main results were as follows.

1) Repeatability of ET were significantly lower in
the TBUT <5 s group (group 1) compared to the
remaining groups in quite a large area.

2) Differences were found in only a few areas between
group 2 and group 3.

3) A few areas showed significant differences of CTM
intraoperator or interoperator.

In the present study, ETM in group 1 exhibited lower
repeatability than that in the remaining two groups.
However, the repeatability in groups 2 and 3 were similar.
Sella et al. reported that the repeatability of ET measure-
ment using OCT was significantly lower in subjects with
dry eyes than in normal subjects [19]. This finding is con-
sistent with our results, indicating that a shorter TBUT
is associated with lower repeatability. Tear break-up may
occurs in the eye during the entire measurement process,
which caused repeatability and reproducibility decline.
Ma et al. reported that in subjects with dry eyes, contact
lens wearers, subjects with keratoconus, and subjects
who have undergone laser-assisted in situ keratomileusis
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Repeatability Sw

Reproducibility Sw

Group 2

Group 3

Fig. 2 Repeatability and reproducibility standard deviations (Sws) of corneal epithelial thickness in 25 areas. * Significant difference among the three
groups(p < 0.05), *p <0.01, **p <0.001. * Significant difference between group 1 and group 2 in pairwise comparisons. & Significant difference between

group 1 and group 3 in pairwise comparisons

(LASIK) or PRK; the repeatability of ET measurement
using OCT was worse than that in normal subjects [24].
In their study, all aforementioned subgroups were char-
acterized by instability of the ocular surface microenvi-
ronment and tear film. This finding is consistent with our
hypothesis. On the other hand, few significant differences
were found in the reproducibility of ETM measurements
among the three groups in this study. It suggests that the
reproducibility of OCT measurements of ET performed
well after repeated measurements.

Reportedly OCT exhibited similar repeatability and
reproducibility of CT measurement in eyes with contact
lenses, dry eyes, and eyes that have undergone LASIK/
PRK [24]. However, the ocular surface microenvironment
obviously differed between these eyes and normal eyes.
In the present study, both repeatability and reproduc-
ibility of CT showed little differences among the groups
when compared with differences in ET. TBUT mainly
reflects tear film stability on the corneal surface. Unsta-
ble tear film leads to a short TBUT, which affects the
accuracy of the measurement. However, the tear film is
extremely thin (2-5.5 p) [26—29]. Hence, the effect is very
small for relatively larger measurements such as mea-
surement of CT.

In the analysis of ICCs in all the areas, AS-OCT
was accurate regardless of TBUT. However, ICC was

still<0.75 in several areas concentrated near the nasal
and superior sides. Since our study subjects were of Asian
ethnicity and included subjects with varying degrees of
epicanthus, these were the areas most severely affected
by epicanthus [30]. Even when the eyes are exposed as
much as possible, the nasal and superior sides are easily
obscured by the shadows of the eyelids and conjunctiva,
affecting the accuracy of the measurements.

The present study was designed to compare the repeat-
ability and reproducibility of corneal and corneal epithe-
lial TMs generated by AS-OCT according to TBUT. CT
and ET measurements are important ocular examina-
tions for refractive surgery [31]. The majority of the can-
didates for refractive surgery, especially those in China,
suffer from dry eye disease or unstable tear film. Thus, it
is particularly important to determine whether CT and
ET measurements can accurately reflect the real situation
of subjects having different TBUT values [20-23]. This
study evaluated candidates for refractive surgery with
different TBUT values, and the results showed that AS-
OCT had lower repeatability and reproducibility of ET
measurement in subjects with TBUT <5s than in those
from other TBUT subgroups. It may provide information
relevant to clinical refractive surgery when ET measure-
ments are unreliable.
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Repeatability CoV(%)
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|
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|
Group 3

Fig. 3 Repeatability and reproducibility coefficients of variation (CoVs) of corneal epithelial thickness in 25 areas. * Significant difference among the three
groups(p <0.05), **p<0.01, ***p <0.001. * Significant difference between group 1 and group 2 in pairwise comparisons. & Significant difference between

group 1 and group 3 in pairwise comparisons

Repeatability Sw

Reproducibility Sw

|
Group 2

Fig.4 Repeatability and reproducibility standard deviations (Sws) of corneal thickness in 25 areas. * Significant difference among the three groups(p < 0.05),
*p<0.01, **p<0.001. * Significant difference between group 1 and group 2 in pairwise comparisons. & Significant difference between group 1 and

group 3 in pairwise comparisons
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Fig. 5 Repeatability and reproducibility coefficients of variation (CoVs) of corneal thickness in 25 areas. * Significant difference among the three
groups(p < 0.05), *p <0.01, **p <0.001. * Significant difference between group 1 and group 2 in pairwise comparisons. & Significant difference between

group 1 and group 3 in pairwise comparisons

In our study, despite the 5 um resolution of commercial
OCT systems, which leads to unavoidable measurement
deviations, we observed increased intragroup variability
and decreased reproducibility of ET measurements as
TBUT decreased. This suggests that while the resolution
limits do introduce error, tear film instability significantly
impacts ET measurement variability. Therefore, both
technical limitations and biological variability should be
considered when interpreting ET measurements in the
context of poor tear film stability.

In this study, repeatability values are better than repro-
ducibility values. However, the repeatability was cal-
culated from the data of three repeated measurements
made by a single operator. The reproducibility was cal-
culated from the data of average values measurements
made by two operators. This means that a part of ran-
dom errors have been excluded from the reproducibility
comparison.

This study has some limitations. (1) Both the eyes of
the subjects were included in the study. (2) The age of
the subjects was significantly different among the three
TBUT subgroups. However, repeatability and repro-
ducibility analyzing between the three groups in this
study were compared by generalized estimating equa-
tions adjusted for interocular correlation and gender
correlation, hence this had less impact on the findings
of this study. ETM has been widely used in many clini-
cal studies on bullous keratopathy and studies involving

postoperative evaluation of keratoconus crosslinking,
pterygium, and granular corneal dystrophy [32-36]. Fur-
ther studies are needed to investigate the effect of errors
in epithelial measurements caused by the tear film on
these medical conditions.

Conclusions

In conclusion, AS-OCT provided good repeatability and
reproducibility of CT and ET measurements in all TBUT
subgroups. TBUT influences the repeatability of CT and
ET measurements. Poor tear film stability requires care-
ful evaluation of ET.
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AS-OCT  Anterior segment optical coherence tomography
TBUT Tear film break-up time
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