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ABSTRACT

PURPOSE: To assess repeatability and agreement of corneal
epithelial thickness mapping in eyes with keratoconus using
three optical coherence tomography (OCT) devices featuring
different technologies: spectral-domain (SD) OCT combined
with Placido disk corneal topography (MS-39), swept-source
OCT (Anterion), and SD-OCT (Avanti).

METHODS: Three consecutive measurements were acquired
with the three devices in 60 eyes with keratoconus. The mean
epithelial thickness was calculated in the central 2-mm zone
and in 2- to 5-mm and 5- to 7-mm diameter rings. The re-
peatability was calculated using pooled within-subject stan-
dard deviation (S, ). The agreement was assessed by paired ¢
tests and Bland-Altman plots.

s its first cellular layer and refractive medium,
Athe corneal epithelium has an important role in
smoothing the ocular surface by actively grow-
ing thicker over stromal divots and becoming thinner
over bumps, a phenomenon described as epithelial re-
modeling.” In this way, the epithelium regularizes the
corneal refractive properties and, in most cases, leads
to less corneal astigmatism, less prolate asphericity,
and fewer higher order aberrations*?® compared to the
same parameters measured on the stromal surface. The
epithelium also decreases the eye’s refractive power
by simply increasing the corneal radius of curvature
by the amount of its thickness.* Due to eyelid blinking
mechanics, a slightly non-uniform epithelial thick-
ness profile is induced in normal virgin eyes.?
Keratoconus is a progressive ectatic disease with
localized biomechanical failure, which leads to a lo-
cal protrusion and can lead to significant visual im-
pairment due to irregular corneal optics.®” The local
protrusion causes intense epithelial remodeling, re-
sulting in a donut-shaped epithelial pattern consisting
of a compensatory thinning over the protruding part
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RESULTS: The repeatability (S, ) of the epithelial thickness for the
central 2-mm zone was 0.91, 0.71, and 0.93 um for the MS-39,
Anterion, and Avanti, respectively. All thicknesses with the MS-39
were greater than those of the Anterion and Avanti, with mean dif-
ferences of 4.11 + 1.34 ym (P < .001) and 0.52 + 1.30 um (P = .003),
respectively. The 95% limits of agreement were 1.484 to 6.736 pm
for the MS-39 and Anterion, -3.068 to 2.028 um for the Avanti and
MS-39, and 1.258 to 5.922 um for for the Avanti and Anterion.

CONCLUSIONS: Epithelial thickness mapping results were
most repeatable with the Anterion, followed by the MS-39 and
Avanti. The MS-39 gave the thickest values, followed by the
Avanti and Anterion. The differences were significant, making
the devices not interchangeable for epithelial thickness map-
ping in eyes with keratoconus.

[J Refract Surg. 2023;39(7):474-480.]

(cone) and a surrounding annulus of thicker epithe-
lium." One study also found that an overall epithelial
thickness increase may be an early sign of keratoco-
nus.? Epithelial thickness mapping (ETM) has become
an important tool for the early diagnosis of keratoco-
nus,'®1? revealing the specific epithelial thickness
pattern that hides the underlying stromal changes.
Hence, the ETM may be thought of as an imprint of
the protruding stromal surface from underneath the
moldable epithelial tissue. ETM was pioneered by Re-
instein et al in 1994,"5 and they have described “epi-
thelial remodeling” across the whole cornea in eyes
with keratoconus®? using very high-frequency (VHF)
digital ultrasound scanning (Artemis Insight 100; Arc-
Scan, Inc). Since then, ETM has also become indis-
pensable in therapeutic refractive surgery, assisting
in analyzing irregular corneal optics'® and identifying
alternative treatment options. The epithelial thinning
level over the cone has been used as a follow-up pa-
rameter to determine the progression of keratoconus
before considering corneal cross-linking (CXL) and in
evaluating its effect.



Optical coherence tomography (OCT)-based ETM
appeared much later (2011)," without surpassing VHF
digital ultrasound scanning in terms of repeatability, but
it has become the most prevalent technology in current
clinical practice due to its speed and ease of use. The
first commercially available OCT-based instrument was
the Optovue RT-100 (Optovue, Inc), featuring spectral-
domain (SD) OCT technology, providing 6-mm diameter
ETM, later replaced by a 9-mm ETM device (Avanti),
which became the most commonly used ETM device.'*

The more recently introduced swept-source (SS)
OCT technology has a light source of longer wave-
length than SD-OCT, allowing greater image depth
and high-contrast imaging of the entire anterior seg-
ment.’ The Anterion (Heidelberg Engineering) and
Casia 2 (Tomey Corporation) are high-resolution ante-
rior segment OCT devices featuring SS-OCT technol-
ogy.'® We recently reported the repeatability of ETM
with the Anterion and its agreement with the Avanti
for three different diagnostic groups (virgin, post-laser
vision correction, and keratoconic eyes).!”

The MS-39 (CSO) employs hybrid technology, com-
bining SD-OCT with Placido disk imaging. It was re-
leased in 2018 and has been used for anterior segment
imaging including ETM. So far, three studies!®?° have
investigated its repeatability for ETM, but no compari-

son with other devices was done. In the current study,
we compared the repeatability and agreement between
the MS-39 SD-OCT, Anterion SS-OCT, and Avanti SD-
OCT. For data obtained by the MS-39, we used the
manufacturer’s recommended scanning mode (12 x 5
@ 10 mm), which has not been validated previously.

PATIENTS AND METHODS

Seventy-eight consecutive patients with keratoco-
nus were examined at the eye department of the Uni-
versity Hospital of North Norway. All examinations
were performed between March and December 2021.
Inclusion criteria were: age 16 years or older; diagno-
sis of keratoconus; and spherical equivalent of myopia
of 8.00 diopters (D) or less. Exclusion criteria were:
history of previous ocular surgery (except for CXL);
patients with conjunctival, limbal, or corneal disease
(except for keratoconus); poor fixation or inability to
complete the examination; and use of rigid gas perme-
able contact lens within 2 weeks of the examination
day. One of each patient’s eyes was randomly selected
in patients where both eyes met the inclusion criteria;
in cases where only one eye met the inclusion criteria,
this eye was selected. Only one eye of each patient
was used to avoid statistical bias, and, finally, 60 eyes
of 60 patients were included.

From the Institute of Community Medicine, Faculty of Health Sciences, University in Tromse, Norway (YF, GB); Reinstein Vision, London,
United Kingdom (DZR, TJA); London Vision Clinic, EuroEyes Group, London, United Kingdom (DZR, TJA); Columbia University Medical Center,
New York, New York (DZR); Sorbonne Université, Paris, France (DZR); and Biomedical Science Research Institute, Ulster University, Coleraine,
United Kingdom (DZR); private practice (TN); the Department of Ophthalmology, Royal Gwent Hospital, Aneurin Bevan University Health
Board, Newport, United Kingdom (CM); the Department of Ophthalmology, University Hospital North Norway, Tromse, Norway (GB, AS); and
Institute of Clinical Medicine, Faculty of Health Sciences, University in Tromse, Norway (AS).

© 2023 Feng, Reinstein, Nitter, et al; licensee SLACK Incorporated. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial 4.0 International (https://creativecommons.org/licenses/by-nc/4.0). This license allows users to copy and
distribute, to remix, transform, and build upon the article non-commercially, provided the author is attributed and the new work is non-commercial.

Submitted: January 3, 2023; Accepted: May 23, 2023

Disclosure: Dr. Reinstein is a consultant for Carl Zeiss Meditec (Carl Zeiss Meditec AG, Jena, Germany). Dr. Reinstein is also a consultant for CSO
Italia (Florence, Italy) and has a proprietary interest in the Artemis technology (ArcScan, Inc, Golden, Colorado, USA) including patents admin-
istered by the Cornell Center for Technology Enterprise and Commercialization, Ithaca, New York. Dr. McAlinden has received consultancy fees/
travel support from: Acufocus (Irvine, California, USA), Alcon Laboratories, Inc (Fort Worth, Texas, USA), Allergan (Irvine, California, USA), Atia
Vision (Campbell, California, USA), Bausch and Lomb (Bridgewater, New Jersey, USA), Bayer (Leverkusen, Germany), Carl Zeiss Meditec (Dublin,
California, USA), ClarVista (Aliso Viejo, California, USA), BVI (Liege, Belgium), Coopervision (Pleasanton, California, USA), CORD LLC (Laguna
Beach, California, USA), Cutting Edge (Labége, France), European Society of Cataract and Refractive Surgeons (Dublin, Ireland), Eye and Vision
Journal (Wenzhou, China), Eye Center Vista Alpina (Switzerland), Fudan University (Fudan, China), Glaukos (San Clemente, California, USA),
Hoya (Frankfurt, Germany), Knowledge Gate Group (Copenhagen, Denmark), Johnson & Johnson Surgical Vision (Santa Ana, California, USA),
Keio University (Tokyo, Japan), LensGen (Irvine, California, USA), Ludwig-Maximilians-University (Miinchen, Germany), Medevise Consulting
SAS (Strasbourg, France), Novartis (Basel, Switzerland), Ocudyne (Roseville, Minnesota, USA), Ophtec BV (Groningen, The Netherlands) Ora
(Andover, Massachusetts, USA), Perfect Lens (Irvine, California, USA), Pharmerit (Newton, Massachusetts, USA), PhysIOL (Liége, Belgium), Royal
College of Ophthalmologists (London, UK), RxSight (Aliso Viejo, California, USA), Sun Yat-sen University (Guangzhou, China), Santen (Osaka,
Japan), SCHWIND eye-tech-solutions (Kleinostheim, Germany), Scope (Crawley, UK), SightGlass Vision (Menlo Park, California, USA), Science in
Vision (Bend, Oregan, USA), SpyGlass (Aliso Viejo, California, USA), STAAR Surgical (Monrovia, California, USA), Targomed GmbH (Bruchsal,
Germany), Thea Pharmaceuticals (Clemont-Ferrand, France), University of Houston (Houston, Texas, USA), University of Michigan (Ann Arbor,
Michigan, USA), University of SGo Paulo (Sdo Paulo, Brazil), Vold Vision (Arkansas, USA), Wenzhou Medical University (Wenzhou, China), and
Yoshida Eye Institute (Chiba, Japan). The remaining authors have no proprietary or financial interest in the materials presented herein.

Correspondence: Aleksandar Stojanovic, MD, PhD, Eye Department, University Hospital North Norway, Sykehusveien 38, 9019 Tromso,
Norway. Email: aleks@online.no

doi:10.3928/1081597X-20230606-01

Journal of Refractive Surgery ¢ Vol. 39, No. 7, 2023 475



Age, sex, and personal and family history of eye dis-
eases were registered. Refraction, visual acuity, standard
ophthalmological examination with slit-lamp examina-
tion, and funduscopy were performed before ETM mea-
surements. This prospective study was approved by the
Norwegian Regional Committee for Medical & Health
Research Ethics (REK Nord 72084) and complied with
the tenets of the Declaration of Helsinki. All patients
provided informed consent for the anonymous use of
their data in scientific analyses and publications.

EPITHELIAL THICKNESS MEASUREMENTS

The measurements with the three devices were ob-
tained in a random order according to a randomized
list generated by Microsoft Excel 2016 (Microsoft Cor-
poration). Three consecutive measurements were tak-
en with each device. All measurements with all three
devices were acquired within 10 minutes between 10
AM and 2 PM.

Patients were asked to fixate on the fixation target while
the examiner centered the OCT scan on the corneal vertex.
Patients were instructed to blink immediately before each
measurement and to keep their eyes wide open during the
measurement. No eye drops were applied during testing.

The MS-39 (Phoenix software, v.4.1.1.5) uses a super
luminescent diode at 845 nm as the illumination source
for SD-OCT and a super luminescent diode at 635 nm
for Placido disk. The “Corneal topography” mode “12 x
5 @10 mm” was used in this study because it provides a
higher resolution than the “25 x 1 @16 mm” mode, which
has been used in previous studies.'®?° Data for the anterior
surface from the Placido image and the elevation data of
the anterior surface from OCT data are merged, using a
proprietary method. After the acquisition, the MS-39 cal-
culates the epithelial thickness within the 8-mm diameter
and provides ETM, divided into a total of 25 sections.

The Anterion SS-OCT (software version 2.5.2) gen-
erates images using a laser light source of 1,300 nm
wavelength and an active eye-tracker. It performs 65
radial scans with 256 A-scan lines centered on the cor-
neal vertex within a 7-mm diameter.

The Avanti SD-OCT (software version 6.11.0.12)
generates images using a SLed light source of 840 nm.
ETM and the corneal pachymetry maps are divided
into a total of 25 sections over a 9-mm diameter. The
mean epithelial thickness of each section is presented.

For all three devices, the user may measure the epithe-
lium thickness at any point on the map by mouse point-
ing. To compare the three devices, the mean values of
the same 17 sections (including the central 2-mm zone)
within a 7-mm diameter, as well as for the whole 2- to
5-mm and 5- to 7-mm rings, were calculated (Figure A
available in the online version of this article). The tech-
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nical specifications of the devices are summarized in
Table A (available in the online version of this article)

STATISTICAL ANALYSIS

We used vertically mirrored symmetry superimposi-
tion so that nasal/temporal characteristics could be com-
bined.?* To assess the repeatability, we calculated the
pooled within-subject standard deviation (S ) (lower val-
ues of S  indicate better repeatability).?” The repeatability
limit (r), defined as 1.96 \/2 x S_ (= 2.77 x S), gives the
value below which the absolute difference between two
measurements of S would lie with 0.95 probability.**

To assess the agreement, we calculated the following
parameters: difference in thickness readings; the 95%
limits of agreement (LoA), defined as the mean differ-
ence in thickness + 1.96 x standard deviation; and paired
two-tailed t tests. Bland-Altman plots were generated to
visualize the agreement between any two devices.

Data were entered into Microsoft Excel 2016 and
then imported into statistical software (SPSS v25; IBM
Corporation). A P value of less than .05 was consid-
ered to be statistically significant.

SAMPLE SIZE ESTIMATION

To achieve a 15% confidence in the estimate,'”'° the
required sample size is 43.%* The current study com-
prised 60 eyes (n = 60), which gives 12% confidence.

RESULTS
This study evaluated 60 eyes (34 right eyes and 26
left eyes) of 60 patients (mean + standard deviation age:
30.04 + 9.50 years; range: 16 to 57 years; 50 men and 10
women) for both repeatability and agreement analyses.

REPEATABILITY

The repeatability of the measurements was calculated
for the 17 sections, as well as for the 2- to 5-mm, and 5-
to 7-mm diameter rings (Table B, available in the online
version of this article). Within the central 2-mm zone, S
was 0.91 pm for the MS-39, 0.71 pm for the Anterion,
and 0.93 pm for the Avanti. For the 2- to 5-mm diameter
ring, the S range was 0.53 to 1.62 pm for the MS-39,
0.81 to 0.99 pm for the Anterion, and 1.04 to 1.68 pym
for the Avanti. For the 5- to 7-mm diameter ring, the S |
range was 0.73 to 1.79 pm for the MS-39, 0.86 to 1.59 pm
for the Anterion, and 0.75 to 1.79) pm for the Avanti.

AGREEMENT BETWEEN MS-39, ANTERION, AND AVANTI

The mean difference in epithelial thickness, the
95% LoA values, and paired, two-tailed ¢ test P values
were calculated for the 17 sections, the 2- to 5-mm and
5- to 7-mm diameter rings, and the total measured area
(Table C, available in the online version of this article).
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Figure 1. Average epithelial thickness mapping for the (A) MS-39 (CS0), (B) Anterion (Heidelberg Engineering), and (C) Avanti (Optovue, Inc) within
the central 7-mm diameter. | = inferior; N = nasal; S = superior; T = temporal; unit: pm
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Figure 2. Differential mappings between each two devices within the central 7-mm diameter. (A) MS-39 - Anterion; (B] Avanti - MS-39; (C] Avanti
- Anterion. The Avanti is manufactured by Optovue, Inc, the Anterion is manufactured by Heidelberg Engineering, and the MS-39 is manufactured

by CSO. | = inferior; N = nasal; S = superior; T = temporal; unit: pm

The MS-39 measured significantly thicker epithelium
than the Anterion in all sections, with a mean difference
ranging from 3.37 to 4.91 pm (P < .001 for all). It also mea-
sured slightly thicker epithelium than the Avanti in all
17 sections except in the inferior section within the 2- to
5-mm ring, with a mean difference of 0.52 + 1.30 ym (P =
.003). Overall, the Anterion measured the thinnest, MS-39
the thickest, and the Avanti was in between.

The 95% LoAs were 1.484 and 6.736 pm for the MS-
39 and Anterion, -3.068 and 2.028 pm for the Avanti and
MS-39, and 1.258 and 5.922 pm for the Avanti and An-
terion. The mean ETMs for the three devices are shown
in Figure 1, and maps of the difference between the de-
vices are shown in Figure 2. Bland-Altman plots for the
agreement for the three pairs of devices are shown in
Figures B-D (available in the online version of this arti-
cle). For all three pairs of devices, the difference between
the upper and lower 95% LoA was greater in the central
2-mm zone than in the 2- to 5-mm and 5- to 7-mm rings.

DISCUSSION

We compared repeatability of the MS 39 hybrid (SD-
OCT + Placido disk) device with the SS-OCT Anterion
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and the SD-OCT Avanti in a group of 60 eyes with kera-
toconus. We also assessed the agreement between the
three devices. The repeatability (S, ) values in the cen-
tral 2-mm zone and 2- to 5-mm ring (Table B) were 0.91
and 1.06 pm for the MS-39, which was slightly worse
than 0.71 and 0.91 pm for the Anterion but slightly bet-
ter compared to 0.93 and 1.28 pm for the Avanti.
Repeatable corneal epithelial thickness measurements
are important for the management of keratoconus,"*** as
well as for safe corneal refractive surgery. The first ETM
measurements by Reinstein et al with the Artemis VHF
digital ultrasound showed S : 0.43 to 1.36 pm in 90%
of the locations within the central 6-mm diameter after
five consecutive measurements of 10 eyes 1 year after
LASIK.?* The repeatability should also be considered in
the context of the measurement resolution of the device;
VHF digital ultrasound can measure the epithelial thick-
ness with less than 1 pm resolution, whereas OCT de-
vices have a resolution of closer to 3.6 pm for the MS-39,
8 pm for the Anterion, and 5 pm for the Avanti.
Introduced 17 years later than the Artemis, the SD-
OCT Optovue RT-100 has shown good repeatability and
reproducibility of ETM in normal and not normal eyes
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(dry eye syndrome, contact lens wear, post-laser refrac-
tive surgery, and keratoconic).'®?5?6 Ma et al?” reported
that the Avanti produced excellent repeatability and
reproducibility for ETM measurements up to a 9-mm
zone in normal eyes and eyes with different corneal
conditions, showing S : 1.4 to 2.3 ym in 14 eyes with
keratoconus. Lu et al?® measured ETM with the Avanti
within a 7-mm diameter, showing S : 1.31 to 2.43 pm
in eyes with mild keratoconus and S : 1.90 to 3.89 pm
in eyes with advanced keratoconus, whereas the cur-
rent study found better repeatability of ETM measured
with the Avanti, S_:0.75 to 1.68 jym, and Anterion, S_:
0.71 to 1.59 pm within a 7-mm diameter in our group of
60 eyes with keratoconus. These results were consistent
with the repeatability that we recently reported for the
Avanti, Sw: 0.75 to 1.96 pm, and Anterion, SW: 0.60 to
1.36 pm in eyes with keratoconus.?”

Using the MS-39 in eyes with keratoconus, Vega-
Estrada et al'*found an S of 1.24 pm in the central
3-mm zone and ranges of 1.16 to 1.69 pm in the 3- to
6-mm ring and 1.42 to 2.70 pm in the 6- to 8-mm ring.
Schiano-Lomoriello et al'® reported an S of 1.57 pm
in the central 3-mm zone in eyes with keratoconus
with the MS-39. The current study showed better re-
peatability with the MS-39 with an S of 0.91 pm in
the central 2-mm zone, and S ranges of 0.53 to 1.62
pm in the 2- to 5-mm and 0.73 to 1.79 pm in the 5- to
7-mm ring, which were better than the results from the
two mentioned studies. Table D (available in the on-
line version of this article) summarizes the literature
findings on the repeatability of ETM studies.

We assume that 65 radial scans used by the An-
terion versus the 12 radial scans used by the MS-
39 and 8 radial scans used by the Avanti (both re-
peated five times for each meridian), as well as the
Anterion’s eye-tracking ability, are the likely factors
explaining the better repeatability with the Anterion.
We hypothesize that the repeated, wider-spread ra-
dial scans used by both the MS-39 and Avanti do not
compensate for the denser coverage of the Anterion
(Table A).

Concerning the agreement between any two devices,
the epithelium measured by the MS-39 was significant-
ly thicker than with the Anterion and slightly thicker
than with the Avanti, whereas the measurements with
the Anterion were significantly thinner than with the
Avanti (Table D, Figures 1-2). The agreement between
the Anterion and Avanti was consistent with the results
we recently reported, with the Anterion measuring sig-
nificantly thinner epithelium than the Avanti, with a
mean difference of 3.68 = 2.51 ym (P < .001).7

The three OCT devices use their own proprietary meth-
ods for their respective segmentation algorithms, and they
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treat differently the inclusion of the tear film in their ETM
measurements. Corneal epithelial thickness measured by
VHF ultrasound excludes the pre-corneal tear film thick-
ness." According to their respective manufacturers, the
MS-39 measures the distance between the tear film layer
and Bowman’s layer, whereas the Anterion is “looking
for the highest intensity of the anterior surface, which can
provide the ability to reliably find the underlying struc-
ture in a repeatable way.” The Avanti’s manufacturer
claims that its ETM measurements include the tear film.?°

The CSO designers deemed it necessary to equip
their SD-OCT device with a Placido disk and combine
high-quality anterior curvature data with OCT-derived
elevation data, to achieve the best possible resolution
of the anterior surface morphology. However, conver-
sion of curvature to elevation may be subject to errors
inherent to the arc-step method.

All three devices use Fourier-domain detection, but
they feature different imaging wavelengths and band-
widths. Although the Anterion uses a tunable swept la-
ser light source (wavelength: 1,300 nm),*° the Avanti and
MS-39 use a broadband near-infrared SLed as their light
source (wavelength: 840 nm and 845 nm, respectively).
This results in different transversal and axial resolutions
(3.6 x 35 ym for MS-39, 10 x 45 pm for Anterion, and 5
x 15 pm for Avanti), which presumably leads to differ-
ent performance. Both SS-OCT and SD-OCT technologies
record an interference spectrum that carries the informa-
tion of the sample, but SS-OCT features a light source that
sweeps the wavelength in time, whereas SD-OCT uses a
spectrometer for wavelength separation. SS-OCT imaging
features a denser scan pattern, due to its higher acquisition
speed, as well as a larger scan depth, due to the use of a
longer wavelength and reduced sensitivity roll-off. Hence,
SS-OCT may quickly acquire the images of the whole ante-
rior segment,®® whereas SD-OCT provides higher contrast
and resolution within a shorter depth range. In contrast
to the other two devices, the Anterion features real-time
eye-tracking during the acquisition of multiple B-scans,
which allows precise alignment and enhanced detailed
imaging.'® For a given cornea, it appears that multiple fac-
tors may influence the repeatability of a device, such as
axial resolution, image contrast, penetration rate, tracking,
scanning speed, and scanning density. So, just by looking
at the technical specifications, one cannot decide which
device is superior, which emphasizes the importance of
clinical evaluations.

As shown in Table A, the Anterion takes 0.33 sec-
ond, followed by the Avanti with 0.58 second and
the MS-39 with 1 second for acquisition. Concerning
patient comfort, the red Placido rings lighting during
the acquisition with the MS-39 may often cause the
patient to blink. Overall, the Anterion has the advan-



tage of a shorter acquisition time and no issue with
eye blinking, making it a more patient-friendly option.
Data within a 7-mm diameter were analyzed because
all three devices covered that area (the maximum for
Anterion, 1 mm off the maximum for MS-39, and 2 mm
off the maximum for Avanti). Different coverage of the
devices should be considered when comparing their
clinical applicability, but there is no indication that
this could affect our repeatability results within 7 mm.
A clinician will definitely recognize the same patterns
on the ETMs of the three devices, which may be suffi-
cient in most cases when used for diagnostics, but if used
for surgical planning or scientific work, then the mea-
surements of the three devices cannot be interchanged.
Due to the complex relationship between the measure-
ments, using a simple conversion factor is not advisable.
We found that the repeatability of the ETM measure-
ments in eyes with keratoconus was high for all three
devices, but the agreement between them was low. The
repeatability with the MS-39 was slightly worse than
with the Anterion, but better than with the Avanti. The
mean epithelium thicknesses measured with the three
devices were significantly different, making them not
interchangeable for ETM in eyes with keratoconus.
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Figure A. Epithelial thickness mapping 17 sections and two rings used in the analysis of the

measurements.

Table A
Technical Specifications of the Three Devices for ETM
Parameter MS-39 Anterion | Avanti
. OCT: 845

Light source wavelength (nm) Placido: 635 1300 840
A-scan speed 102,400 50000 70000
Axial resolution (um) 3.6 <10 5
Transverse resolution (um) 35 <45 15
A-scan depth (mm) 7.5 14 3
Maximum Scan width (mm) 16 16.5 12
B scan 10 x 52 65x1 8x5
Number of A-scans per B-scan 1024° 256 1024
Acquisition time (s) 1 0.33 0.58

ETM = epithelial thickness mapping; OCT = optical coherence

tomography

4Customized in this study as recommended by the manufacturer.
1600 A-scan on 16 mm and 800 A-scan on 8 mm.




Repeatability of ETM (um) Measurements of the Three Devices

Table B

Repeatability, Sw

(Repeatability Limit, r)? MS-39 Anterion Avanti
Zone 0 to 2 mm
Central 0.91 (2.53) 0.71 (1.97) 0.93 (2.59)
Ring 2- to 5-mm
Nasal 0.53 (1.46) 0.81 (2.24) 1.11 (3.08)
Superior nasal 0.97 (2.68) 0.90 (2.48) 1.22 (3.39)
Superior 0.90 (2.49) 0.99 (2.73) 1.15(3.18)
Superior temporal 1.13 (3.12) 0.98 (2.72) 1.04 (2.89)
Temporal 1.27 (3.52) 0.94 (2.59) 1.68 (4.65)
Inferior temporal 1.62 (4.48) 0.92 (2.56) 1.45 (4.00)
Inferior 1.39 (3.84) 0.91 (2.53) 1.33 (3.69)
Inferior nasal 0.72 (1.98) 0.82 (2.29) 1.28 (3.55)
Ring 2-5 mm total 1.06 (2.95) 0.91 (2.52) 1.28 (3.55)
Ring 5- to 7-mm
Nasal 0.80 (2.22) 0.86 (2.39) 1.11 (3.07)
Superior nasal 1.36 (3.76) 1.13(3.12) 1.07 (2.97)
Superior 1.41(3.92) 1.28 (3.54) 1.19 (3.28)
Superior temporal 1.22 (3.38) 1.34 (3.71) 1.34 (3.70)
Temporal 0.94 (2.61) 1.21 (3.35) 1.44 (3.99)
Inferior temporal 1.79 (4.95) 1.17 (3.25) 1.79 (4.97)
Inferior 1.37 (3.80) 1.59 (4.40) 0.99 (2.75)
Inferior nasal 0.73 (2.02) 1.21 (3.36) 0.75 (2.07)
Ring 5- to 7-mm total 1.20 (3.33) 1.22 (3.39) 1.21 (3.35)

ETM = epithelial thickness mapping; Sw = pooled within-subject standard deviation

#Repeatability limit=2.77 x S,

The Anterion is manufactured by Heidelberg Engineering, the Avanti is manufactured by Optovue, Inc,

and the MS-39 is manufactured by CSO.
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A Agreement of ETM between MS-39 and Anterion in central 2 mm zone
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Figure B. Bland-Altman plots showing the difference in epithelial thickness measurements (MS-39 —
Anterion) as a function of the mean epithelial thickness of the two devices in the (A) central 2-mm zone,
(B) 2- to 5-mm diameter rings, and (C) 5- to 7-mm diameter rings, respectively. The red lines represent
the mean difference and green lines represent the 95% limits of agreement. The Anterion is manufactured
by Heidelberg Engineering and the MS-39 is manufactured by CSO. Unit: um



A Agreement of ETM between Avanti and MS-39 in central 2 mm zone
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Figure C. Bland-Altman plots showing the difference in epithelial thickness measurements (Avanti —
MS-39) as a function of the mean epithelial thickness of the two devices in the (A) central 2-mm zone,
(B) 2- to 5-mm diameter rings, and (C) 5- to 7-mm diameter rings, respectively. The red lines represent
the mean difference and green lines represent the 95% limits of agreement. The Avanti is manufactured
by Optovue, Inc and the MS-39 is manufactured by CSO. Unit: pm



A Agreement of ETM between Avanti and Anterion in central 2 mm zone
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Figure D. Bland-Altman plots showing the difference in epithelial thickness measurements (Avanti —
Anterion) as a function of the mean epithelial thickness of the two devices in the (A) central 2-mm zone,
(B) 2- to 5-mm diameter rings, and (C) 5- to 7-mm diameter rings, respectively. The red lines represent
the mean difference and green lines represent the 95% limits of agreement. The Avanti is manufactured
by Optovue and the Anterion is manufactured by Heidelberg Engineering. Unit: pm



Repeatability of ETM Measurements Reported by Previous Investigators

Table D

Repeatability, Sw

Authors/ Year Eyes (n) Normal PLRS KC Areas Instrument used
Reinstein and KC: 10 0.58 vertex Very-high frequency
colleagues (2010) 0.43-1.36 central 6 mm ultrasound
Ma and colleagues Normal: 35 0.7 0.7 central 2 mm | Optovue RT-100 SD-OCT
(2013) PLRS: 45 0.6-0.9 0.8-1.7 2-5 mm

0.8-1.2 14-2.2 5-6 mm
Sella and colleagues Normal: 12 0.9 1.2 central 2 mm
(2019) PLRS: 48 0.9-1.3 1.3-1.5 2-5mm
1.0-1.4 15-1.9 5-6 mm
Lu and colleagues Normal: 75 0.89 1.35-2.34 1.41-2.42 central 2 mm | Optovue Avanti SD-OCT
(2019) PLRS:204 | 0.99-124 | 1.2-3.56 1.36-3.89 | 2-5mm
KC:73 1-1.26 1.42-3.04 | 131-383 |57mm
0.92-1.62 1.57-2.94 1.02-4.01 7-9 mm
Savini and colleagues Normal: 96 0.99 1.84 central 3 mm MS-39 SD OCT
(2018) PLRS: 43 1.06-1.57 | 1.50-2.10 3-6 mm
Vega-Estrada and Normal: 60 2.03 1.24 central 3 mm
colleagues (2019) KC:170 0.84-1.18 1.16-1.69 | 3-6 mm
0.99-2.72 1.42-2.70 6-8 mm
Schiano-Lomoriello
and colleagues (2020) KC.: 43 1.57 central 3 mm
Feng and colleagues Normal: 90 0.98 0.75 1.15 central 2 mm Optovue Avanti SD-OCT
(2022) PLRS:46 | 108-1.19 | 1.07-1.49 | 1.17-152 |2-5mm
KC:122 094-1.27 | 1.70-2.40 | 1.29-1.72 | 5-7 mm
0.64 0.6 0.91 central 2 mm Anterion SS- OCT
0.69-0.89 0.79-0.96 0.91-1.09 2-5mm
0.86-1.11 1.07-2.05 1.10-1.47 5-7 mm
Current study KC: 60 0.93 central 2 mm Optovue Avanti SD-OCT
1.04-1.68 2-5mm
0.75-1.79 5-7 mm
0.71 central 2 mm Anterion SS- OCT
0.81-0.98 2-5 mm
0.86-1.59 5-7 mm
0.91 central 2 mm MS-39 SD OCT
0.53-1.62 2-5mm
0.73-1.79 5-7 mm

ETM = epithelial thickness mapping; KC = keratoconus; OCT = optical coherence tomographer; PLRS = post-laser refractive
surgery; SD = spectral-domain; SS = swept-source; Sy = pooled within-subject standard deviation

The Avanti is manufactured by Optovue and the Anterion is manufactured by Heidelberg Engineering.
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