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Key messages
What is known:

e Central corneal thickness (CCT) can be measured using the gold standard ultrasound
pachymeter (USP) or other devices, such as optical coherence tomography (OCT). The
agreement between USP and OCT measurements is still debated.

e OCT measurements of CCT can be analysed using an automatic algorithm (A-OCT) or through
manual measurements using a digital calliper (M-OCT).Differences between these two

techniques of OCT analysis have not been investigated.
What is new:

e Measuring CCT with OCT led to lower values than USP.
e M-OCT had a lower systematic error with respect to USP than A-OCT, which gave the most
underestimated measurements, compared to the gold standard.

e A corrective formula is proposed for both automatic and manual OCT methods
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Abstract

Purpose: To compare central corneal thickness (CCT) measured with optical coherence tomography
(OCT) using an automatic algorithm (A-OCT) vs. manual measurements (M-OCT) with respect to the

gold standard ultrasound pachymetry (USP).

Methods: CCT measurements were performed on both eyes of 28 healthy subjects at four times of
the day. A-OCT used an automatic software analysis of the corneal image, M-OCT was performed by
two operators by setting a digital calliper on the corneal borders, and USP was performed after
corneal anesthesia. Measurements were compared using a three-way repeated measures ANOVA.

Bland-Altman plots were used to evaluate the agreement between OCT measurements and USP.

Results: Both A-OCT and M-OCT significantly underestimated the USP measures, with the mean
difference, i.e., the systematic error, being larger for A-OCT (-19.0 um) than for M-OCT (-6.5 um).
Good reproducibility between the two operators was observed. Bland-Altman plots showed that

both OCT methods suffered from proportional errors, which were not affected by time and eye.

Conclusions: Measuring CCT with OCT yielded lower values than USP. Therefore, clinicians should be
aware that corneal thickness values may be influenced by the measurement method and that the
various devices should not be used interchangeably in following up a given patient. Intriguingly, M-
OCT had less systematic error than A-OCT, an important outcome that clinicians should consider

when deciding to use an OCT device.

Keywords: Central Corneal Thickness, Ultrasound Pachymetry, Optical Coherence Tomography,

Circadian Variation



Introduction

Pachymetry is an integral part of an ophthalmic examination to diagnose and monitor keratoconus
[1] and other corneal pathologies such as Fuchs dystrophy or herpetic stromal keratitis [2, 3].
Moreover, central corneal thickness (CCT) measurement has become an important component in
the diagnosis and evaluation of possible progression from ocular hypertension to glaucoma, both
considering thinner CCT as a risk factor for the disease and because corneal thickness influences the
intraocular pressure (I0OP) reading [4].

Ultrasound pachymetry (USP) is considered the gold standard for CCT assessment because of its high
reproducibility [5]. In recent years, optical coherence tomography (OCT), a noncontact tool, has been
introduced in clinical practise to overcome the main USP limitation, which stems from probe contact
with the cornea [6]. Indeed, USP requires topical anaesthesia [7] and may also lead to infection
and/or corneal damage. The speed of acquisition and high imaging resolution have promoted the
wide diffusion of OCT devices among ophthalmology departments. However, the accordance
between USP and OCT measurements is still debated, and several papers have reported important
differences between the two instruments [8-11], while others found them interchangeable [12-14].
In particular, two different techniques can be used for measuring CCT with OCT: i) the automated
technique (A-OCT), in which the OCT software identifies the corneal boundaries, and ii) the manual
technigue (M-OCT), in which the ophthalmologist sets a digital calliper on the OCT scan.

To the best of our knowledge, the differences between these two techniques of OCT analysis have
not been investigated. The aim of this study was twofold: i) to compare automated vs. manual OCT
and ii) to evaluate these measurements with respect to those given by the gold standard USP.
Moreover, considering the evidence of diurnal variations in CCT [15-21], we tested whether the

various measurement techniques were also able to detect such changes.

Materials and Methods

This observational study was conducted in the Ophthalmology Department of the ‘Fondazione IRCCS
Policlinico San Matteo’ of Pavia (ltaly). The sample population comprised 28 healthy volunteers,
aged from 22 to 33 years (mean age 28.2, 17 females), who were also engaged in a companion study
on changes in CCT and intraocular pressure at different altitudes [22]. The Ethics Committee of the
Fondazione IRCCS Policlinico San Matteo, Pavia, Italy approved the procedure. All subjects were
asked to complete a general health questionnaire, sign an informed consent form and were treated

in accordance with the Declaration of Helsinki.
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The following exclusion criteria were applied: ocular pathologies in one or both eyes (previous laser
or surgical treatment included); refractive error of 8 or more diopters; maximum corrected visual
acuity < 85 in one or both eyes, as assessed with an ETDRS chart (Early Treatment Diabetic
Retinopathy Study); ocular pharmacological therapy in one or both eyes (with the exception of
artificial tears); and positive family history (first-degree relatives) for glaucomatous optic
neuropathy. If the subject was a contact lens wearer (n=4), the measurements were taken at least

24 h after removing the lens.

Data collection

Subjects were measured for CCT using OCT (3D OCT-2000; Topcon Corporation, Tokyo, Japan) and
USP (PachMATE2; DGH Technology, Inc., Exton, USA). In each eye, four CCT measurements were
made: at 9 a.m., 11 a.m., 1 p.m., and 3 p.m. (+/- 30 min) with both OCT and USP to evaluate the
diurnal changes in CCT. The order of measurements was first OCT followed by USP to avoid any
influence of USP on OCT because of corneal flattening; a 5-min interval was left between the two

measurements.

Each subject was positioned on the OCT headrest and asked to look at the internal fixation point.
Images were taken from both eyes using the anterior segment mode. To be eligible for this
investigation, the OCT scans had to be graded by the software to be of “medium” or “high” quality.
On each eye, two different techniques were used for measuring CCT with OCT: the automated
technique (A-OCT), in which the OCT software identified the corneal epithelium and endothelium,
and the manual technique (M-OCT), in which two independent ophthalmologists set a digital calliper
on the OCT image, leading to M1-OCT and M2-OCT measurements. For USP, CCT measurements
were taken on each eye after the instillation of anaesthetic (Oxybuprocaine 0.4%, 3 drops per eye).
The instrument used an ultrasound velocity (acoustic index) of 1,640 m/s. Considering that USP
recordings could be associated with errors due to several biases, such as insufficient centration
and/or oblique incidence of the probe, compression on the corneal surface, and inadequate gaze
fixation of the subject, meticulous care was taken to gently position the probe perpendicular to the
center of the corneal surface. Furthermore, a fixation light was provided to the subjects while the

examiner carefully controlled gaze fixation.



Statistical analysis

CCT measurements were compared by three-way repeated measures analysis of variance (ANOVA)
with factors method (USP vs. A-OCT vs. M1-OCT vs. M2-OCT), time (9 a.m. vs. 11 a.m. vs. 1 pmvs. 3
p.m.) and eye (right vs. left). Post hoc comparisons were made using Tukey’s HSD test. Bland-Altman
plots were drawn to describe the agreement between each OCT measurement and the
corresponding USP data. The three differences A-OCT/USP, M1-OCT/USP, and M2-OCT/USP were
analysed separately by two-way ANCOVA, with eye and time as fixed factors and USP measurement
as a covariate. This enabled us to assess the dependency of proportional and systematic errors on
the eye and time of measurement. The reproducibility of M-OCT measurements was estimated by
applying Intraclass Correlation Coefficient (ICC(2,1)) on M1-OCT and M2-OCT. Statistical significance

was set at p<0.05.

Results

The first step in data analysis aimed at evaluating whether the method (USP vs. A-OCT vs. M1-OCT
vs. M2-0CT), time of measurement (9 a.m. vs. 11 a.m. vs. 1 p.m. vs. 3 p.m.) and eye (right vs. left)
affected CCT values. Application of a three-way ANOVA showed a main effect of method (F351) =
140.87, p < 0.0001) and time (F(,s1)= 2.90, p = 0.04), as well as a method x time interaction (Fs,243)
= 2.29, p = 0.018) with no effect of eye (F(1,27)= 0.19, p = 0.67) or any other interaction (p > 0.22),
which allowed us to average data obtained in both eyes for the various subjects. Figure 1 illustrates
the diurnal variations in CCT obtained by the different methods. USP and A-OCT found a significant
decrease of CCT at 3 p.m. vs. 9 a.m., while no changes were detected by the two manual

measurements (Tukey post-hoc marked by asterisks).

Whatever the time, the different techniques (USP, Automatic OCT, Manual OCT) led to different

CCT values, with no evident differences among operators (M1-OCT vs. M2-OCT).
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Central corneal thickness averaged across eyes, measured at the four time points and by the four tested
methods: ultrasound pachymetry (USP), automatic analysis of anterior segment OCT images (A-OCT) and
manual analysis of the same images performed by the two operators (M1-OCT, M2 OCT). Reported values
are mean + SE from all subjects. Significant differences (brackets and asterisks: p<0.05) were found between
measurements taken at 9 a.m. vs. 3 p.m. with USP and A-OCT, but not with M1-OCT and M2-OCT. It is also
apparent that, irrespective of the time point, all OCT based methods underestimated CCT with respect to
the USP and that the discrepancy was larger for A-OCT than for both M1-OCT and M2-OCT. See Figure 2 for
significant differences among methods

Such main effect of method is illustrated in Figure 2, which plots data averaged by eye and time. The
difference between USP and OCT was larger for A-OCT (-19 um), than for M1-OCT (-6 um) and M2-
OCT (-7 um), with no differences between the latter two (Tukey post-hoc marked by asterisks). The
good reproducibility among operators was also witnessed by the Intraclass Correlation Coefficient

(ICC2,1)), which scored 0.944. Note that both automatic and manual OCT methods led to lower values than

those obtained by USP.



Fig. 2
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Central corneal thickness averaged across eyes and time points, measured by the four tested methods
(same labels as in Figure 1); mean * SE from all subjects. All OCT based methods significantly
underestimated CCT with respect to the USP and such discrepancy was significantly larger for A-OCT than
for both M1-OCT and M2-OCT, with no significant difference between the latter two methods (brackets and
asterisks: p<0.05)

As a second step, we used the Bland-Altman plots illustrated in Figure 3 for analysing the
measurement error introduced by the different methods in comparison with the gold standard USP.
ANCOVA on A-OCT vs. USP errors as well as on M1-OCT vs. USP and M2-OCT vs. USP errors, showed
that all OCT methods suffered a significant proportional error (main effect of USP covariate, p
<0.0001) which, however, did not change at the four time points for both eyes (no significant
interactions time x USP, eye x USP and time x eye x USP, p 2 0.10). Also the systematic error, which
was already highlighted by the three-way ANOVA, was not affected by time and eye (no significant
main effects of time and eye and no time x eye interaction, p = 0.10). Thus all OCT methods
apparently underestimated CCT compared to USP, the underestimation being more marked as the

CCT increased, but with no dependency on the time of measurement and the eye.

From the mean slope and intercepts of the regression lines in Figure 3, a corrective formula might
be proposed for both automatic and manual OCT methods: CCTcorrecten = (A-OCT — 47.888)/0.879
and CCTcorrectep = (M-OCT — 47.851)/0.901.
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Bland-Altman plots of the differences in central corneal thickness measured by each OCT-based method vs.
the gold-standard USP. Each graph reports data from both eyes (filled circles for right eye and open for left
eye) measured at a different time point (9 a.m., 11 a.m., 1 p.m. and 3 p.m.) with a different method (from
top to bottom: A-OCT, M1- and M2-OCT), together with the corresponding regression lines (solid for right
and dashed for left). Irrespective of the eye and time point, all methods showed a comparable proportional
error (slope of the regression lines), while the constant error (average vertical distance of data points from
the dotted line marking 0) was apparently larger for A-OCT, actually replicating the findings of Figure 2



Discussion

Many studies have compared CCT measurements obtained by the gold standard USP vs. other
devices, specifically OCT [8-14]. To the best of our knowledge, however, the present study is the first
to compare two different methods to extract CCT from OCT scans: automated and manual.
Considering that we found good reproducibility between operators, this factor is not addressed in

the Discussion section, which focuses on the differences between USP, A-OCT, and M-OCT.

The present findings indicate a significant underestimation of both the A-OCT and M-OCT
measurements compared with the gold standard USP. An important detail is that M-OCT had a lower
systematic error with respect to USP than A-OCT, which gave the most underestimated
measurements compared with the gold standard. Note that the error between M-OCT and USP was

approximately three times smaller than that between A-OCT and USP.

However, from the present results, one could also argue that the CCT was not underestimated by
OCT but, rather, overestimated by USP; indeed, the anesthetic drops might have somehow induced
a corneal swelling. In this last case, USP would lose its “gold standard” status. Nonetheless, literature
using non-contact CCT measurements provides evidence that the anesthetic application does not
systematically increase CCT [23-25], thus excluding this factor as a possible bias. Furthermore, we
adopted a series of methodological precautions in order to overcome the possible biases associated
with USP recordings (see Materials and Methods section). Consequently, the A-OCT vs. USP
discrepancy should be more seemingly attributed to the automatic OCT algorithm, leading to the
strong underestimation of CCT (-19 mm). In fact, the M-OCT method, irrespective of the operator,
allowed a better approximation (-6.5 mm) of the gold standard. A possible limitation of the manual
method might be that it could not detect the diurnal CCT variations observed by both USP and A-
OCT. Nevertheless, considering that such variations are extremely small (about 3.5 mm) and thus

clinically insignificant, the manual OCT method should still be preferred to the automatic one.

It could then be argued that both M-OCT and A-OCT may reach an accuracy comparable to the gold
standard USP by applying a corrective formula like those we presented at the end of the Results
section, a situation in which A-OCT would actually be faster to apply. However, the values of the
correction coefficients are very likely device dependent and may also vary according to the subjects’
age and health status.

A final comment deserves the observation that the thicker the cornea, the larger the CCT

underestimation. This proportional error displayed in the Bland-Altman plots for all OCT measures
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was similar at the four different time points and for both eyes. This further suggests that there may
be a bias related to the OCT device, rather than to the measurement approach.

In accordance with our results, the underestimation of CCT by OCT has been a common finding in
most experimental studies [8-11]. Nonetheless, these data are not in agreement with a previous
paper comparing CCT and USP in glaucomatous patients [14], which found clinically insignificant
differences between these devices; however, the discrepancy could be explained by considering that
the glaucomatous disease and the topical ocular hypotensive medications are known to be

associated to changes in CCT [26].

Concerning the diurnal changes in corneal thickness, previous literature offers conflicting results
about circadian variations of CCT. Some papers found similar CCT during the day [15-17] while others
reported significant swelling of the cornea upon awakening, usually recovering to baseline within a
few hours [18-21]. In accordance with these latter studies, our data showed that USP and A-OCT, but

not M-OCT, revealed small but statistically significant diurnal variation in CCT.

This study has several limitations. First, no a-priori sample size was calculated because an estimate
of the CCT difference between manual and automatic OCT measurement was lacking. Nevertheless,
the main factor of interest in the present study, i.e. method, was highly significant and the same
occurred for the method x time interaction. This excluded that a Type Il error occurred for these
factors and confirmed that the sample size was large enough. An a-posteriori calculation based on
the effect sizes we actually observed revealed that an 80% power could have been attained with as
low as 23 subjects. Second, the recruitment encompassed only young healthy subjects, and our
results are thus indicative of a physiological condition, i.e., the discrepancy between A-OCT, M-OCT,
and USP may differ in various pathological situations [27]. Future investigations of the accuracy of
the manual OCT measurement on patients with diseases such as glaucoma and Fuchs endothelial
dystrophy would provide interesting clinical insights and may extend the validation of the M-OCT
method in these patients. Third, the ability of different OCT instruments to measure CCT may vary,
and the present results, especially the correction coefficients, do not necessarily apply to all
commercially available OCT platforms. Finally, the reproducibility of each method was not tested.
However, previous studies reported excellent reproducibility of central corneal thickness
measurements by both USP and anterior segment optical coherence tomography, for both expert
and novice examiners [28-32]. Future studies with multiple USP, automatic and manual OCT

measurements on a single eye and time point will shed evidence-based light on this topic.
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Conclusions
Measuring CCT with OCT led to lower values than USP. Therefore, as confirmed in this study and in
accordance with the literature, clinicians should be aware that corneal thickness measurements are
influenced by the measurement method and that these devices should not be used interchangeably
in the follow-up of a given patient. Intriguingly, M-OCT had less systematic error than A-OCT. This is

an important outcome that clinicians should consider when deciding to use an OCT device.
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