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Abstract

PURPOSE
To assess repeatability and reproducibility of retinal measurements from spectral-domain optical
coherence tomography (SD-OCT) and optical coherence tomography-angiography (OCT-A) using artificial
intelligence tools Discovery® and CapillaryX® in healthy individuals in two centers.

METHODS
Twenty-three healthy participants underwent OCT and OCT-A examination at two time points in two
centers. Retinal nerve fiber layer (RNFL) thickness, ganglion cell layer plus inner plexiform layer (GCL + 
IPL), and inner nuclear layer plus outer plexiform layer (INL + OPL) were automatically extracted from 3 x
3 mm OCT scans using Discovery® and Cohort Builder software’s. Foveal avascular zone (FAZ) in
superficial (SCP) and deep capillary plexus (DCP), vessel density (VD) and vascular parameters
(bifurcation, diameter and tortuosity in arteries and veins) were derived from OCT-A scans using
CapillaryX®. Inter-and intraclass correlation coefficients were calculated.

RESULTS
Among the performed measurements, all retinal layer thicknesses showed good repeatability and
reproducibility, except for central RNFL. FAZ area and perimeter in SCP also showed good repeatability
and reproducibility. Repeatability and reproducibility of vessel density was moderate to good, bifurcation
and tortuosity were moderate, and vessel diameter was poor.

CONCLUSIONS
Most retinal layer thickness measurements with SD-OCT are repeatable and reproducible. OCT-A
vascular measurements show variable reproducibility. FAZ metrics in the SCP and VD yield promising
results.

Introduction
Diabetic retinopathy is the leading cause of blindness in the working-age population. It affects 34.6% of
individuals with diabetes, corresponding to approximately 93 million people worldwide.1 The disease

develops insidiously with few or no symptoms in its early stages.2

On the one hand, diabetes induces vascular changes, characterized by the presence of microaneurysms
which are caused by pericyte, endothelial cell, and capillary loss.3,4 On the other hand, diabetes induces
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neurodegenerative changes in the retina, namely glial activation and neuronal apoptosis, leading to
thinning of neuronal layers of the retina.5–7

Neuronal and glial cells that interact with vascular cells in the retina form a neurovascular unit. It is the
degradation of this unit that causes diabetic retinopathy.8 Currently, the causal relationship between

neuronal and vascular degeneration remains unclear.6

Optical Coherence Tomography (OCT) provides high-resolution two-dimensional cross-sectional imaging
(5–7 µm) to quantify retinal neuronal layer thinning (Fig. 1a).9–12 Identification of these histological
neuronal changes may help to understand the loss of retinal functions in diabetic patients, such as
reduced visual acuity, impaired dark adaptation, color vision loss, and visual field defects.13,14 Optical
Coherence Tomography – Angiography (OCT-A), a newer imaging technology, uses red blood cell motion
as an intrinsic contrast agent (Doppler effect) (Fig. 1b). This allows to visualize superficial and deep
capillary plexuses in the retina to quantify vessel density and blood flow, and to follow vascular
evolutions.15 Previous studies have described microvascular impairments in diabetic patients without
clinical diabetic retinopathy.16 The degree of capillary loss in the deep capillary plexus is correlated with
the level of visual acuity decline.17

Therefore, OCT-A could help to detect early vascular changes and identify patients at risk before the
appearance of vascular lesions detected by ophthalmoscopy,18,19 even in patients with prediabetes.20

OCT-A could also be used to monitor diabetic retinopathy progression.21–24

The combined use of OCT and OCT-A could change diabetic retinopathy management by enabling early
detection, risk stratification, and personalized treatment.24–27 However, image analysis is operator-
dependent, time-consuming, and poorly reproducible. Therefore, the use of autonomous artificial
intelligence could increase accuracy and allow large-scale phenotyping.28 Although, few data exist on
the reproducibility of OCT and OCT-A measurements.

The aim of the present study is to assess the reproducibility and reliability of retinal neuronal and
vascular measurements assessed by OCT and OCT-A using new artificial intelligence tools Discovery®29

and CapillaryX®30 in healthy individuals in two centers. This will allow database integration for cohort
studies and improve measurement consistency.

Methods

Study population
In this study, we used retrospective data from the Swiss Ophthalmic Imaging Network (SOIN),31 an
ongoing prospective multicenter observational study. Briefly, the SOIN aims to build a secure, integrated
image and data capture, management and analysis platform for an improved exchange of patient data
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between clinicians and researchers. Data were extracted using the Cohort Builder pipeline32 and
integrated into the OphtalmoLaus study.33

Eligible patients consisted of consecutive patients between 18 and 55 years of age, who attended the
department of ophthalmology of the University Hospitals of Geneva (HUG) or the Jules-Gonin
ophthalmic hospital (HOJG) of Lausanne. Recruitment was performed through poster advertisements in
clinic waiting areas.

The study protocol has been approved by the institutional medical ethical committee (BASEC 2022 − 
01992). All participants gave written informed consent in accordance with the Declaration of Helsinki.

Optical Coherence Tomography and Optical Coherence Tomography-
Angiography
All participants underwent automated refraction. Next, OCT and OCT-A examination was performed with
the Topcon DRI OCT Triton 3D system (Topcon, Japan, software version 1.1.9) with the eye tracking
function enabled.

For OCT measurements, a macular volume scan (3D horizontal, 512 x 256 sections, 7.0 mm) was
performed in both eyes by experienced examiners masked participant characteristics. Regional numeric
data of the macular thickness were derived from the Macular Thickness Map for the central and four
pericentral subfields as defined by the ETDRS grid.34 Scans were analyzed using ImageNet 6 (software
version 1.26.16898). Automated segmentation of macular cross-sections was performed using
Discovery® software (RetinAI Medical AG, Bern, Switzerland).29,35–37 Thickness measurements of the
retinal nerve fiber layer (RNFL), ganglion cell layer plus inner plexiform layer (GCL + IPL), and inner
nuclear layer plus outer plexiform layer (INL + OPL) were automatically exported by via the Cohort Builder
tool.32

All macular scans were reviewed for quality and measurement errors by a single grader (AD). Macular
grids were recentered on the fovea if needed (Fig. 2). Individuals with an incomplete volume scan, poor
image quality (< 35 dB), segmentation errors at the fovea, unsatisfactory real-time tracking, and retinal
disorders (i.e. epiretinal membrane, cysts, or previous laser treatment) were excluded.

Next, OCT-A was performed in all participants using the Topcon DRI OCT Triton 3D system (Topcon,
Japan) with motion tracking enabled (320 x 320 sections, 4.5 mm). All OCT-A scans were reviewed for
quality and measurement errors in a blinded fashion by a single grader (AD). Poor quality images (< 35
dB), and scans with motion or blinking artefacts were excluded.

Boundaries of the superficial and deep capillary plexus were defined by ImageNet software. OCT-A
features were selected based on clinical relevance and correlation between the different vascular
parameters. Foveal avascular zone (FAZ) in the superficial (SCP) and deep capillary plexus (DCP), vessel
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density (VD), and retinal vascular parameters (bifurcation, diameter, and tortuosity in arteries and veins)
were automatically extracted using CapillaryX®.30 Values were automatically exported.

All measurements were performed bilaterally and data from both eyes were included.

Study protocol
To assess repeatability of OCT and OCT-A measurements in each center, two observers at HUG and four
observers at HOJG performed the measurements independently on the same day using the same device
settings and a common standard operating procedure. Observers were masked with respect to the
identity and medical history of the participants.

To assess reproducibility, the same observers performed OCT and OCT-A measurements on the same
day. Two observers performed the measurements at HUG, while four observers performed the
measurements at HOJG.

Statistical analysis
Statistical analysis was performed using Python built-in library version 3.9.0. Mean value and standard
deviation were calculated for all outcome variables. Normal distribution of retinal thickness values was
verified with the Kolmogorov-Smirnov test and significance of mean value differences was tested with
the paired t-test. Statistical significance was defined as p < 0.05.

Reproducibility was assessed by the intraclass correlation coefficient (ICC).38 An ICC ≥ 0.70 was
considered good, between 0.50 and 0.70 moderate, and < 0.50 poor. Bootstrap resampling was
performed to obtain the confidence intervals. ICC was calculated according to the following standard
formulas:39,40

Variance components were calculated using a linear mixed-effects model fitted to each measure:

Where i denotes the participant, t the technician, j the repeated observation, and k the measurement. The
fixed effects are β0 (overall effect) and β1 effect of laterality (left or right eye). The random effects are
the participant-specific random intercept ui and the technician variance component .  is the residual

error.
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Results
Characteristics of the 23 participants included in the study are shown in Table 1, based on the first
measurement and stratified according to the study center. There was a significant difference in sex
between the two centers (50% men at HUG and 7% at HOJG).

Table 1
Baseline characteristics of the study population, stratified by study center.

Age (years), mean (SD) HUG

(N = 10)

HOJG

(N = 13)

40.8 (8.5) 57.2 (3.8)

Male sex, n (%) 5 (50) 1 (7)

Spherical equivalent (D), mean (SD) -0.39 (3.6) 1.3 (1.5)

HUG, University Hospital of Geneva; HOJG, Jules-Gonin Ophthalmic Hospital.

None of the participants had a refractive error of more than S + 5 or S-8 diopters, any macular disorder,
previous laser treatment, or a central field defect preventing fixation during OCT. 26% of the scans from
HUG were removed due to image quality issues, whereas all scans acquired at HOJG met or exceeded
the manufacturer’s quality threshold and were retained for analysis (Fig. 3). 20 of the OCT macular grids
from HUG and 5 of those from HOJG needed to be recentered on the fovea (Fig. 2).

Repeatability and reproducibility of OCT retinal neuronal layer thickness measurements in the central and
pericentral area at HUG before recentering and filtering on quality (N = 11 participants; 19 eyes) are
presented in Appendix 1.

Table 2 shows repeatability and reproducibility after filtering on quality of OCT measurements of the
thickness of the neuronal layers of the retina at the central and pericentral area and recentering at HUG
(N = 10 participants, 14 eyes). Repeatability was excellent for all retinal layer thicknesses with
intraobserver ICC values ranging from 0.96 [0.89, 1.00] for central RNFL thickness to 1.00 [0.99, 1.00] for
pericentral GCL + IPL thickness.
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Table 2
Repeatability and reproducibility of retinal layer thickness measurements using OCT at University

Hospitals of Geneva

(N = 10 participants, 14 eyes)
Central RNFL thickness (µm) ICC inter ICC intra

0.61 [0.37, 0.76] 0.96 [0.89, 1.0]

Central GCL + IPL thickness (µm) 0.98 [0.94, 0.99] 0.99 [0.98, 1.0]

Central INL + OPL thickness (µm) 0.96 [0.87, 0.99] 0.99 [0.99, 1.0]

Central RNFL + GCL + IPL + INL + OPL thickness (µm) 0.85 [0.62, 0.95] 0.94 [0.83, 1.0]

Pericentral RNFL thickness (µm) 0.87 [0.74, 0.95] 0.97 [0.95, 0.99]

Pericentral GCL + IPL thickness (µm) 0.98 [0.97, 0.99] 1.00 [0.99, 1.0]

Pericentral INL + OPL thickness (µm) 0.89 [0.78, 0.97] 0.99 [0.97, 1.0]

Pericentral RNFL + GCL + IPL + INL + OPL thickness (µm) 0.98 [0.96, 0.99] 0.99 [0.97, 1.0]

RNFL, retinal nerve fiber layer; GCL + IPL, ganglion cell layer and inner plexiform layer; INL + OPL,
inner nuclear layer and outer plexiform layer.

ICC [95% CI]

ICC < 0.5 = poor repeatability, ICC 0.5–0.7 = moderate repeatability, ICC ≥ 0.7 = good repeatability.

Reproducibility was good for all retinal layer thicknesses with interobserver ICC values between 0.85
[0.62, 0.95] for central RNFL + GCL+IPL + INL+OPL thickness and 0.98 [0.96, 0.99) for pericentral GCL + 
IPL thickness, except for the central RNFL thickness showing moderate reproducibility (ICC 0.61 [0.37,
0.76]).

Repeatability and reproducibility of OCT retinal neuronal layer thickness measurements in the central and
pericentral area at HOJG before recentering (N = 13 participants; 26 eyes) are presented in Appendix 2.

Table 3 shows repeatability and reproducibility after recentering at HOJG (N = 13 participants, 26 eyes).
Repeatability was good for all retinal layer thicknesses with intraobserver ICC values between 0.73 [0.41,
0.94] for central RNFL thickness and 0.97 [0.93, 0.99] for pericentral RNFL + GCL+IPL + INL+OPL
thickness.
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Table 3
Repeatability and reproducibility of retinal layer thickness measurements using OCT at Jules Gonin

Ophthalmic Hospital

(N = 13 participants, 26 eyes)
Central RNFL thickness (µm) ICC inter ICC intra

0.70 [0.30, 0.92] 0.73 [0.41, 0.94]

Central GCL + IPL thickness (µm) 0.80 [0.64, 0.92] 0.85 [0.69, 0.98]

Central INL + OPL thickness (µm) 0.71 [0.45, 0.88] 0.77 [0.50, 0.95]

Central RNFL + GCL + IPL + INL + OPL thickness (µm) 0.77 [0.58, 0.92] 0.84 [0.61, 0.97]

Pericentral RNFL thickness (µm) 0.82 [0.68, 0.94] 0.88 [0.72, 0.97]

Pericentral GCL + IPL thickness (µm) 0.98 [0.96, 0.99] 0.98 [0.96, 0.99]

Pericentral INL + OPL thickness (µm) 0.92 [0.77, 0.97] 0.93 [0.78, 0.98]

Pericentral RNFL + GCL + IPL + INL + OPL thickness (µm) 0.97 [0.93, 0.99] 0.97 [0.93, 0.99]

RNFL, retinal nerve fiber layer; GCL + IPL, ganglion cell layer and inner plexiform layer; INL + OPL,
inner nuclear layer and outer plexiform layer.

ICC [95% CI]

ICC < 0.5 = poor repeatability, ICC 0.5–0.7 = moderate repeatability, ICC ≥ 0.7 = good repeatability.

Reproducibility was good with ICC interobserver values between 0.70 [0.30, 0.92] for central RNFL
thickness and 0.98 [0.96, 0.99] for pericentral GCL + IPL thickness.

Table 4 shows repeatability and reproducibility of OCT-A measurements of the FAZ in the SCP and DCP,
VD and retinal vascular parameters (bifurcation, diameter and tortuosity in arteries and veins) at HUG (N 
= 10 participants, 20 eyes). Repeatability was good for arterial tortuosity (0.84 [0.68, 0.97]), venous
tortuosity (0.74 [0.57, 0.86]), arterial VD (0.84 [0.63, 0.95]), venous VD (0.71 [0.43, 0.94]), arterial
bifurcation (0.75 [0.54, 0.88]), FAZ area SCP (0.99 [0.97, 1.00]), FAZ area DCP (0.70 [0.56, 0.84]), and FAZ
perimeter SCP (0.94 [0.87, 0.98]); moderate for venous bifurcation (0.59 [0.34, 0.83]), FAZ circularity SCP
(0.55 [0.34, 0.78]), FAZ eccentricity SCP (0.52 [0.25, 0.77)], and FAZ perimeter DCP (0.64 [0.43, 0.83]); and
poor for arterial median diameter (0.31 [0.04, 0.67]), venous median diameter (0.28 [0.05, 0.57]), FAZ
circularity DCP (0.48 [0.26, 0.72]), FAZ eccentricity DCP (0.43 [0.13, 0.71]), FAZ roundness SCP (0.44
[0.13, 0.77]), and FAZ roundness DCP (0.39 [0.07, 0.69]).
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Table 4
Repeatability and reproducibility of retinal vascular parameters using OCT-A at University Hospitals of

Geneva

(N = 10 participants, 20 eyes)
A median diameter ICC inter ICC intra

0.20 [0.00, 0.56] 0.31 [0.04, 0.67]

V median diameter 0.17 [0.00, 0.43] 0.28 [0.05, 0.57]

A tortuosity 0.73 [0.50, 0.89] 0.84 [0.68, 0.97]

V tortuosity 0.71 [0.50, 0.84] 0.74 [0.57, 0.86]

A vessel density 0.84 [0.63, 0.95] 0.84 [0.63, 0.95]

V vessel density 0.67 [0.32, 0.92] 0.71 [0.43, 0.94]

A bifurcation 0.73 [0.51, 0.87] 0.75 [0.54, 0.88]

V bifurcation 0.54 [0.15, 0.82] 0.59 [0.34, 0.83]

FAZ area SCP 0.99 [0.97, 1.00] 0.99 [0.97, 1.00]

FAZ area DCP 0.65 [0.48, 0.80] 0.70 [0.56, 0.84]

FAZ circularity SCP 0.33 [0.03, 0.59] 0.55 [0.34, 0.78]

FAZ circularity DCP 0.30 [0.05, 0.54] 0.48 [0.26, 0.72]

FAZ eccentricity SCP 0.39 [0.00, 0.70] 0.52 [0.25, 0.77]

FAZ eccentricity DCP 0.16 [0.00, 0.42] 0.43 [0.13, 0.71]

FAZ perimeter SCP 0.93 [0.84, 0.97] 0.94 [0.87, 0.98]

FAZ perimeter DCP 0.54 [0.33, 0.72] 0.64 [0.43, 0.83]

FAZ roundness SCP 0.22 [0.00, 0.49] 0.44 [0.13, 0.77]

FAZ roundness DCP 0.14 [0.00, 0.47] 0.39 [0.07, 0.69]

A, artery; V, vein; FAZ, foveal avascular zone; SCP, superficial capillary plexus; DCP, deep capillary
plexus.

ICC [95% CI]

ICC < 0.5 = poor repeatability, ICC 0.5–0.7 = moderate repeatability, ICC ≥ 0.7 = good repeatability.

Reproducibility was good for arterial tortuosity (0.73 [0.50, 0.89]), venous tortuosity (0.71 [0.50, 0.84]),
arterial VD (0.84 [0.63, 0.95]), arterial bifurcation (0.73 [0.51, 0.87]), FAZ area SCP (0.99 [0.97, 1.00]), and
FAZ perimeter SCP (0.93 [0.84, 0.97]); moderate for venous VD (0.67 [0.32, 0.92]), venous bifurcation
(0.54 [0.15, 0.82]), FAZ area DCP (0.65 [0.48, 0.80]), and FAZ perimeter DCP (0.54 [0.33, 0.72]); and poor
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for arterial median diameter (0.20 [0.00, 0.56]), venous median diameter (0.17 [0.00, 0.43]), FAZ
circularity SCP (0.33 [0.03, 0.59]), FAZ circularity DCP (0.30 [0.05, 0.54]), FAZ eccentricity SCP (0.39 [0.00,
0.70]), FAZ eccentricity DCP (0.16 [0.00, 0.42]), FAZ roundness SCP (0.22 [0.00, 0.49]) and FAZ roundness
DCP (0.14 [0.00, 0.47]).

Table 5 shows the repeatability and reproducibility of OCT-A measurements of the FAZ in the SCP and
DCP, VD, and vascular parameters (bifurcation, diameter and tortuosity in arteries and veins) at HOJG (N 
= 13 participants, 26 eyes). Repeatability was good for venous median diameter (0.75 [0.52, 0.91]),
arterial tortuosity (0.83 [0.72, 0.93]), arterial VD (0.70 [0.49, 0.89], venous VD (0.78 [0.63, 0.90]), arterial
bifurcation (0.70 [0.45, 0.84]), FAZ area SCP (0.95 [0.90, 0.99]) and FAZ perimeter SCP; moderate for
arterial median diameter (0.60 [0.27, 0.89]), venous tortuosity (0.68 [0.42, 0.89]), venous bifurcation (0.69
[0.51, 0.87]), FAZ eccentricity SCP (0.61 [0.30, 0.88]), FAZ eccentricity DCP (0.58 [0.37, 0.74]), FAZ
roundness SCP (0.55 [0.25, 0.86]), and FAZ roundness DCP (0.51 [0.26, 0.74]); and poor for FAZ area DCP
(0.40 [0.11, 0.76]), FAZ circularity SCP (0.49 [0.23, 0.75]), FAZ circularity DCP (0.31 [0.08, 0.56]), and FAZ
perimeter DCP (0.34 [0.11, 0.66]).
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Table 5
Repeatability and reproducibility of retinal vascular parameters using OCT-A at Jules Gonin Ophthalmic

Hospital

(N = 13 participants, 26 eyes)
A median diameter ICC inter ICC intra

0.47 [0.01, 0.75] 0.60 [0.27, 0.89]

V median diameter 0.47 [0.07, 0.77] 0.75 [0.52, 0.91]

A tortuosity 0.74 [0.60, 0.84] 0.83 [0.72, 0.93]

V tortuosity 0.61 [0.27, 0.86] 0.68 [0.42, 0.89]

A vessel density 0.61 [0.34, 0.81] 0.70 [0.49, 0.89]

V vessel density 0.63 [0.41, 0.81] 0.78 [0.63, 0.90]

A bifurcation 0.67 [0.35, 0.82] 0.70 [0.45, 0.84]

V bifurcation 0.48 [0.21, 0.69] 0.69 [0.51, 0.87]

FAZ area SCP 0.95 [0.90, 0.98] 0.95 [0.90, 0.99]

FAZ area DCP 0.31 [0.00, 0.73] 0.40 [0.11, 0.76]

FAZ circularity SCP 0.39 [0.07, 0.65] 0.49 [0.23, 0.75]

FAZ circularity DCP 0.16 [0.00, 0.39] 0.31 [0.08, 0.56]

FAZ eccentricity SCP 0.49 [0.18, 0.74] 0.61 [0.30, 0.88]

FAZ eccentricity DCP 0.41 [0.20, 0.55] 0.58 [0.37, 0.74]

FAZ perimeter SCP 0.88 [0.76, 0.95] 0.89 [0.79, 0.97]

FAZ perimeter DCP 0.21 [0.00, 0.59] 0.34 [0.11, 0.66]

FAZ roundness SCP 0.42 [0.03, 0.76] 0.55 [0.25, 0.86]

FAZ roundness DCP 0.17 [0.00, 0.44] 0.51 [0.26, 0.74]

A, artery; V, vein; FAZ, foveal avascular zone; SCP, superficial capillary plexus; DCP, deep capillary
plexus.

ICC [95% CI]

ICC < 0.5 = poor repeatability, ICC 0.5–0.7 = moderate repeatability, ICC ≥ 0.7 = good repeatability.

Reproducibility was good for arterial tortuosity (0.74 [0.60, 0.84]), FAZ area SCP (0.95 [0.90, 0.98]), and
FAZ perimeter SCP (0.88 [0.76, 0.95]); moderate for venous tortuosity (0.61 [0.27, 0.86]), arterial VD (0.61
[0.34, 0.81)], venous VD (0.63 [0.41, 0.81]), and arterial bifurcation (0.67 [0.35, 0.82]); and poor for arterial
median diameter (0.47 [0.01, 0.75]), venous median diameter (0.47 [0.07, 0.77]), venous bifurcation (0.48
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[0.21, 0.69]), FAZ area DCP (0.31 [0.00, 0.73]), FAZ circularity SCP (0.39 [0.07, 0.65]), FAZ circularity DCP
(0.16 [0.00, 0.39]), FAZ eccentricity SCP (0.49 [0.18, 0.74]), FAZ eccentricity DCP (0.41 [0.20, 0.55]), FAZ
perimeter DCP (0.21 [0.00, 0.59]), FAZ roundness SCP (0.42 [0.03, 0.76]) and FAZ roundness DCP (0.17
[0.00, 0.44]).

Discussion
To allow the integration of clinical imaging databases from different Swiss investigation centers for
future cohort studies, we evaluated the repeatability and reproducibility of OCT and OCT-A
measurements using two artificial intelligence tools: Discovery®29 and CapillaryX®.30 In this multicenter
study, we have assessed the reliability of OCT and OCT-A scans to characterize retinal neuronal and
vascular layers in healthy individuals.

For OCT-measurements, we found excellent repeatability and reproducibility for all retinal layers in both
centers, except for the central RNFL showing moderate agreement.

For OCT-A measurements, we showed good repeatability and reproducibility for the FAZ area and the FAZ
perimeter in the SCP in both centers. Vessel density showed moderate to good reliability, whereas
bifurcation and tortuosity showed moderate reliability. In contrast, vessel diameter showed poor
reliability in both centers, which could be explained by limitations in image resolution and segmentation
algorithms for small vessels.

This is the first study describing the methodology and reproducibility of OCT and OCT-A measurements
performed within the Swiss Ophthalmic Imaging Network. The infrastructure of this imaging network
includes “Swiss Eye Expertise”, a tele-expertise bridge between clinicians and hospitals; “EyeConsent”,
dynamic management of consent from 30’000 patients, and “MI DataLab”, advanced IT resources for
imaging research. The establishment of precise measurement and analysis protocols allows to collect
quality clinical data and to define the relevant neuronal and vascular parameters for the detection of
diabetic retinopathy. By the use of autonomous artificial intelligence tools, SOIN aims to reduce
variability, improve reproducibility, and facilitate the integration of clinical imaging databases from
different centers. This infrastructure enables large-scale phenotyping and supports progress toward
predictive, preventive, and personalized approaches in ophthalmic research.

Repeatability, often referred to as intra-observer reliability, of OCT measurements was first assessed at
the HOJG based on retrospective clinical data from the OphtalmoLaus database.33 The analysis showed
good ICC values for all variables ensuring the reliability of the measurement protocol. The same protocol
was used by the HUG showing ICC values that were in line with the results of the HOJG and confirming
the robustness of the measurement procedure.

We showed a good correlation for measurements of neuronal and vascular intraretinal layers, both within
and between examiners. This likely reflects the high image quality of the scans, the use of standardized
acquisition protocols, and the distinct reflectivity profiles that facilitate accurate layer segmentation.
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However, foveal retinal neuronal layer thicknesses showed a slightly lower correlation because the foveal
neuronal layers are extremely thin and therefore difficult to segment (Fig. 4). Our results are in line with
the findings of previous studies, reporting good repeatability for OCT measurement of retinal neuronal
layer thickness.41–44

Nevertheless, OCT-A vascular parameters showed variable ICC values ranging from good to poor. These
results are in contrast with previous studies.45–51 The most reliable variables in both centers were
arterial tortuosity, arterial and venous vessel density, arterial bifurcation, superficial capillary plexus
foveal avascular zone area and superficial capillary plexus foveal avascular perimeter. According to
previous papers, superficial capillary plexus foveal avascular zone circularity is one of the less
repeatable OCT-A parameters, as shown by our results on the repeatability of the deep capillary plexus
avascular zone circularity, eccentricity and roundness. These parameters seem to be more affected by
noise and quality issues. In contrast, the FAZ perimeter and FAZ area are not that subjective to noise and
quality issues, which explains their superior reliability.

Repeatability for arterial and venous diameter was moderate to good and vessel tortuosity and density
showed good repeatability, in contrast with the bifurcation of the veins which showed lower repeatability
values mainly due to some outliers. Only the FAZ perimeter SCP showed good repeatability. Lower
repeatability of the deep vascular parameters compared with the superficial parameters could be
explained by the fact that our AI model was primarily trained on SCP data. Additional training of our AI
model for segmentation of DCP data is needed.

Overall, our findings confirm the high precision of the Topcon OCT device and the good repeatability of
the Discovery® software.32 However, previous studies showed that results cannot be interchanged when
using different scan protocols and devices.52 Further investigation is needed to improve the repeatability
of OCT-A measurements, in particular for DCP parameters, and to validate these findings in larger
cohorts.

ICC values derived from repeatability studies allow to assess the reproducibility of measurement
methods, often referred to as inter-observer reliability. As expected, the results for reproducibility were
slightly lower than the results for repeatability due to the variability induced by multiple observers. Our
results are in line with previously published studies and confirm the suitability of OCT and OCT-A
measures for multicenter studies.53,54

In both centers, reproducibility was good for all intraretinal layer thicknesses, with a slightly lower
reproducibility for the central RNFL thicknesses. Reproducibility of the OCT-A measures ranged from
moderate to good for most variables, except for arterial and venous median diameter, venous
bifurcation, circularity, eccentricity, and roundness of the foveal avascular zone in the SCP and DCP,
which showed poor reproducibility. These findings suggest that certain vascular parameters are
sensitive to image quality, variability in segmentation, and systematic differences between observers.
The poor reproducibility of vein bifurcation measurements could be explained by systematic differences
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between observers. This highlights the importance of standardized training and strict application of the
standardized operating procedure to reduce observer bias.

When we compare both study centers, reliability of OCT measurements was slightly higher for HUG
compared to HOJG. The difference between both centers could be explained by (1) higher resolution of
the scans for HUG due to a smaller field of view, a greater number of sections, and (2) more frequent
recentering of the scans at the post-processing stage. These differences should be interpreted with
caution, as the acquisition involved a different number of technicians.

Reliability of OCT-A was also higher for HUG compared to HOJG. The younger mean age of the included
participants at HUG could result in better fixation, although eye was enabled in both centers. Finally, the
skills of the technicians could differ between both centers. Therefore, an additional quality control of the
AV segmentation and FAZ annotation was necessary. After re-running the analysis, intra-observer
reliability significantly increased after manual annotation of the FAZ, but no additional increase of the
reliability was observed after manual AV segmentation.

Image quality of OCT-A measurements also differed between both centers. This is due to the fact that a
predefined threshold for OCT-A quality was set at HOJG, which excluded scans below 35 dB as part of a
larger dataset (OphtalmoLaus).33 Additional corrections for deep features were performed. In contrast,
the HUG dataset better reflects real-life hospital conditions. Variations in pixel density could be solved by
advanced software. However, in patients with maculopathy, adjustments of the algorithm should not
overrule anatomical accuracy. OCT-A images were assessed by a deep learning technique. For
methodological reasons, manual annotation of the FAZ was needed for the deep capillary plexus, since
the model was trained for the superficial plexus. Overall, deep learning FAZ annotation performed well.

Differences between both centers could also be explained by differences in the baseline characteristics
of the study population. At HOJG, participants were significantly older and predominantly female (7%
male). Age progression is known to substantially decrease macular thickness and vessel density, which
explains the lower OCT and OCT-A values at HOJG.55,56 However, until now no studies have shown a
significant effect of sex on retinal or vascular layer measurements. Increasing axial length or spherical
equivalent is known to decrease retinal thickness and increasing astigmatism is known to significantly
reduce FAZ, parafoveal vessel density and perfusion density.12,57 We did not find any significant
difference in astigmatism or spherical equivalent between both groups.

Our findings suggest that international standardized methods and acceptance criteria for image
analysis, experienced observers, and accurate automated segmentation software are needed to reduce
discrepancy and improve reproducibility of OCT-A measurements. In contrast, OCT-measurements
showed good reliability, suggesting that the current standardized operating procedures are appropriate
and that human factors influencing the results are limited.

Our findings also show the accuracy of the RetinAI Discovery and CapillaryX® software.29,30,35–37

Previously, an ARVO poster reported the impact of acquisition device and quality control on test-retest
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reliability of thickness measurements derived from the RetinAI OCT segmentation model.29 To our
knowledge, this is the first paper assessing repeatability and reproducibility of retinal layer thickness and
vascular parameters using these automated software after repeated measurements by different
observers. This allows a better understanding of the design, efficacy, safety, and reliability of both
artificial intelligence tools, which is an essential step through the development and validation process of
Artificial Intelligence for clinical applications.58

Some methodological issues deserve discussion. A 3 x 3 mm size of OCT-A scan was chosen, which is
known to have a higher interrater reliability compared to larger scans.59,60 Vessel density was measured
in pixels/mm2 rather than as a count per mm2, which is more frequently used in recent literature.
However, the use of a measurement in pixels/mm2 has the advantage to be more precise.
Measurements were performed by two observers at HUG and four observers at HOJG, which required
the use of appropriate statistical formulas for calculating the ICC and account for interobserver
variability. Furthermore, the OCT-A scans at HUG were taken one year after the OCT scans due to
technical issues.

Some quality issues were identified. First, in certain cases, recentering of the OCT scans was necessary.
Therefore, both the results before and after recentering of the OCT scans were presented in this paper,
showing a significant increase in repeatability and reproducibility following this adjustment. However,
recentering of the scans often resulted in an incomplete scan area that made the ETDRS outer ring
region not fully measured. Therefore, peripheral retinal thickness measurements were not included in
this paper.

Second, certain OCT-A scans showed artefacts due to eye movement and superposition of segmentation
levels. These scans were excluded to avoid erroneous analysis of blood vessel density, AV
segmentations, FAZ area, and FAZ circularity. However, small segmentation errors located away from the
center of the deep FAZ were automatically excluded by the software (Fig. 5). Furthermore, we did not
observe artefacts due to reflections of hard exudates since we only included healthy participants. No
reflections due to vitreous opacities were observed.

Our results confirm that OCT measurements are more reliable than OCT-A measurements, which is
consistent with previous studies. OCT is known to be a very reliable measurement thanks to its laser
technique and the use of good segmentation software, which reduce variability. In contrast, OCT-A is
more susceptible to fixation-related artefacts, which become more important in patients with
maculopathy. Although our study population only included healthy eyes, limiting the impact of bad
fixation, many participants presented errors due to superposition of segmentation levels. This reduces
reliability because measurements may not correspond to the same anatomical plane.

Future work should focus on developing three-dimensional assessments of vessel density and the foveal
avascular zone to minimize artefacts inherent to two-dimensional analyses.
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This high precision is particularly relevant to define quantitative cut-off values for diagnosis or
biomarkers for disease progression. At present, OCT-A is mainly used as a qualitative tool, allowing
visualization of neovascularization and its subtype classification.

This study highlights the need of evaluating the repeatability and reproducibility of OCT and OCT-A
measurements, not only for research studies, but also to support evidence-based clinical decision-
making. Measurements demonstrating poor repeatability should be excluded from clinical analyses to
prevent potential misinterpretation. Tools such as Bland-Altman and box plot graphics are useful to
identify outliers and can constitute an efficient tool for quality control in all centers. Furthermore,
intercenter collaboration is important to make measurements reproducible by aligning the acquisition
protocols and analysis procedures. Further collaboration between OCT and OCT-A manufacturers may
help reduce variability introduced by proprietary post-processing algorithms.

Further research is needed to standardize OCT and OCT-A imaging biomarkers in diabetic retinal disease.
61,62 The use of standard protocols for image acquisition and analysis is crucial to explain the
pathophysiology of development and evolution of diabetic retinopathy within the neurovascular unit. This
will support early diagnosis and personalized treatment; including vascular (angiotensin 1 and 2 receptor
antagonists) and neuroprotective (statins, ginko biloba, palmitoylethanolamide or topical administration
of somatostatin and brimonidine) treatment of diabetic retinopathy,63 in order to avoid or to delay laser
and surgical treatments, which are risky and expensive. Improved management of this chronic
degenerative condition may help slow disease progression and preserve visual function, ultimately
enhancing patients’ quality of life. However, before incorporation of OCT and OCT-A to routine screening
programs for diabetic retinopathy, their incremental benefit needs to be determined in addition to
conventional clinical investigations.

To improve the model of artificial intelligence software, a database containing segmentations validated
by specialists is needed. Next, ophthalmologists should define morphological phenotypes relevant to the
pathogenesis of the disease by comparing data from healthy individuals and patients at intermediate or
advanced stages of the disease. Finally, understanding the role of these phenotypes in disease
progression could support the development of a kinetic model of diabetic retinopathy and other retinal
diseases, allowing predictive and personalized care.

In conclusion, most retinal layer thickness measurements with SD-OCT are repeatable and reproducible.
OCT-A vascular measurements show variable reproducibility. FAZ metrics in the SCP and VD yield
promising results. These findings highlight the importance of validating OCT and OCT-A measurements
reliability, not only for research purposes, but also to support evidence-based clinical decision making.
To improve reproducibility, international accepted criteria for image acquisition and analysis,
experienced observers, and accurate automated segmentation software are needed.
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Figures

Figure 1

Structural and vascular retinal imaging using spectral-domain OCT and OCT-A.

a. Cross-sectional OCT B-scan of the macula illustrating automated segmentation of the main retinal
layers: retinal nerve fibre layer (RNFL), ganglion cell layer plus inner plexiform layer (GCL+IPL), inner
nuclear layer plus outer plexiform layer (INL+OPL), outer nuclear layer (ONL), photoreceptors plus retinal
pigment epithelium complex (PR+RPE), and choriocapillaris plus choroidal stroma (CC+CS). b. En-face
OCT-A images showing the retinal microvasculature in the superficial (left) and deep (right) capillary
plexuses. These layers are used to quantify neuronal and vascular parameters analyzed in this study.
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Figure 2

Recentering of macular OCT maps to improve segmentation accuracy.

a. En-face reconstruction of the ganglion cell plus inner plexiform layers (GCL+IPL) with the Early
Treatment Diabetic Retinopathy Study (ETDRS) sector map automatically generated by the Discovery®
software before recentering. b. The same map after manual recentering on the foveal pit, showing
improved foveal alignment due to cropping of the outer scan area.
Accurate centering enhances layer thickness repeatability and ensures more consistent measurements
across sections.

Figure 3

OCT scan quality across centers.
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Distribution of OCT image quality scores obtained at the University Hospitals of Geneva (HUG), showing
that scans below the manufacturer’s minimal quality threshold (< 35 dB) were excluded from further
analysis. At the Jules-Gonin Ophthalmic Hospital (HOJG), all scans met or exceeded the manufacturer’s
quality requirements, indicating consistently high image quality and no need for additional quality
filtering.

Figure 4
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Example of foveal segmentation errors in low-quality OCT images.

Automated layer segmentation occasionally failed at the fovea in scans with reduced signal strength,
leading to discontinuities or misalignment of the retinal boundaries (shown here on the ganglion cell and
inner plexiform layers). Such artifacts contributed to lower repeatability of central retinal thickness
measurements and were excluded from quantitative analysis.

Figure 5

Example of segmentation errors in the deep foveal avascular zone (FAZ).

Left: Automated segmentation of the FAZ in the deep capillary plexus (DCP) showing fragmentation and
misidentification of vascular boundaries. Right: Automated segmentation of the FAZ in the DCP of the
same eye on a different scan, illustrating accurate delineation of the FAZ.


