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1 | BACKGROUND

KASHANI ET AL.

METHODS: A consensus framework for assessment of fovea-centered 3 x 3-mm and
6 x 6-mm OCT-A image quality was developed, and reproducibility was reported.
Agreement was assessed for overall image quality and image quality relevant for ves-
sel density (VD) quantification and foveal avascular zone (FAZ) metrics. An analytic
framework was also developed.

RESULTS: Intergrader agreements for overall 3 x 3 mm image quality and quantita-
tive assessment of VD and FAZ ranged between 71% and 87% (52 images). Intragrader
agreements ranged between 82% and 93% (n = 27 images). Intergrader agreements
were similar for 6 x 6-mm images. Three analytic scenarios were developed to account
for bias that may result from image quality and ocular comorbidities.

DISCUSSION: These recommendations provide a framework for working with OCT-A

imaging in epidemiological studies on ADRD.

KEYWORDS

accelerated cognitive ageing, Alzheimer’s disease and related dementias, epidemiology, har-
monization, imaging, microvascular dysfunction, neurodegenerative disease, optical coherence
tomography angiography, population-based study, retinal imaging

Highlights

» Multicentric consensus on quality criteria for use of optical coherence tomogra-
phy angiography (OCT-A) images in population studies was achieved, considering
commonly used protocols acquired with commercially available devices (Heidelberg,
Zeiss, and Topcon).

» Considerable inter- and intrarater agreement was achieved for assessment of OCT-
Aimage quality.

* A framework for harmonized data analyses was designed. Standardized analyses
may accelerate the development of scalable retinal imaging biomarkers for ADRD.

A promising and novel technique for imaging the retinal microvascu-

lature is retinal optical coherence tomography angiography (OCT-A).7:8

There is a clinical need for scalable biomarkers for Alzheimer’s dis-
ease and related dementias (ADRD), given the dramatic increase in
prevalence anticipated in the upcoming 25 years.!2 Scalable biomark-
ers are needed to mitigate the burden of ADRD on public health
systems. Biomarkers can be used to optimize referral to memory clin-
ics and identify individuals at risk for ADRD in an early stage, when
interventions with disease-modifying treatments may be optimally
timed.2®

Retinal imaging may provide scalable biomarkers for ADRD, which
can be complementary to blood biomarkers.* The retina is part of the
central nervous system and allows for in vivo imaging of microvascular
structures in a non-invasive, rapid, and accurate manner.® Imag-
ing of the microvasculature may have an added predictive value to
blood biomarkers as microvascular changes cover alternative or com-
plementary biological pathways than blood biomarkers that reflect
amyloid beta and phosphorylated tau (e.g., p-tau217) or neurode-
generation (e.g., neurofilament light chain or glial fibrillary acidic
protein).2¢

OCT-A-based measures of the superficial and deep retinal capillary
networks can be quantified in vivo, non-invasively, and with high
accuracy (up to a semi-histological resolution).” Common measures
extracted from OCT-A images are capillary density measures (e.g., ves-
sel density [VD] and vessel skeleton density) and foveal avascular zone
(FAZ) area or perimeter based measures.” Lower capillary density and
larger FAZ area reflect worse (systemic) capillary health.”:8

The increasing availability of OCT-A imaging data in population-
based studies will enable large-scale analyses of OCT-A imaging as
a biomarker for ADRD in the near future. Indeed, the acquisition
of OCT-A images is ongoing in multiple large cohort studies, includ-
ing the Maastricht Study (the Netherlands), Rotterdam Study (the
Netherlands), Rhineland study (Germany), Framingham Heart Study
(United States)?, and South Indian Genetics of Diabetic Retinopathy
(SIGNATR) Study (India). Such studies allow the large-scale study of
chronic diseases with a microvascular origin, including ocular diseases
(such as glaucoma,© diabetic retinopathy,!! and age-related macular
degeneration'2) and non-ocular diseases (such as neurodegenerative
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diseases,” Alzheimer’s disease,!3 stroke,’* and heart failure’®). The
biological grounding for studying non-ocular diseases is that retinal
capillary health (in part) reflects systemic capillary health.1®

A standardized approach for working with OCT-A datain population
studies is needed to promote the use of optimal and similar meth-
ods across cohorts internationally.!* Such an approach should ideally
consider bias that may arise due to variations in OCT-A image qual-
ity across studies, for example, information bias and selection bias.111¢
For example, if less healthy individuals more often have poor image
quality, and are therefore more likely to be excluded from analyses, an
underestimation of an association may occur.*¢

No methodological framework for working with OCT-A images in
population studies has yet been widely adopted. One study devel-
oped criteria for grading OCT-A image quality in neurological studies
(OSCAR-MP criteria),!” but further development of criteria is required
for use in population studies. Limitations of this previous study are
that (1) no criteria specific for commonly used OCT-A measures such
as VD and FAZ area were developed, (2) criteria were only developed
on one type of scanning protocol from one OCT-A imaging device, and
(3) performance was only evaluated among patients with neurological
diseases (and not in the general population).'”

In view of the above, researchers from the European Eye Epidemi-
ology consortium (The Maastricht Study, Rotterdam Study, Rhineland
Study) initiated a shared effort to develop recommendations for work-
ing with OCT-A images in population-based studies. Invited were also
researchers from ongoing collaborations, including researchers from
the Framingham Heart Study, SIGNATR, and the Adolphe de Rothschild
Foundation Hospital. The overarching aim was to develop areliable and
reproducible framework for assessment of OCT-A image quality and

analyses with OCT-A-derived variables in population-based studies.

2 | METHODS

2.1 | Part 1: design of quality criteria for grading
fovea-centered OCT-A images

We aimed to develop a minimum set of image quality criteria that could
simply and quickly be assessed with high reproducibility (i.e., high inter-
and intragrader agreement) across large datasets from population-
based studies. We consider the quality of the overall image and, more
specifically, the usability of an image to determine capillary density and

FAZ measures as explained below.

2.1.1 | Study population and design

Prospectively collected data from the following four observational
cohort studies were used: Maastricht Study (the Netherlands),8 Rot-
terdam Study (the Netherlands),'? Framingham Heart Study (United
States),”2% and SIGNATR (India).2! General characteristics of the study
populations among which OCT-A imaging was conducted are shown in
Table 1. Mean age + standard deviation and % men are: 68 + 8 years and
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RESEARCH IN CONTEXT

1. Systematic review: PubMed was searched until Decem-
ber 1, 2024, for studies on optical coherence tomogra-
phy angiography (OCT-A) and image quality. One study
proposed quality criteria, but did not consider several
commonly used, commercially available imaging devices
and protocols. Also, no methodological framework for the
harmonization of analyses was provided.

2. Interpretation: This study provides expert-based rec-
ommendations for quality assessment of OCT-A images
acquired with Heidelberg, Zeiss, and Topcon devices, for
both 3 x 3-mm and 6 x 6-mm images. Criteria were
developed using multicentric data from the Netherlands,
United States, Germany, France, and India.

3. Future directions: Recommendations provided in this
study can contribute to the harmonization of studies
on Alzheimer’s disease and related dementias. Future
studies are needed to compare the quantitative impact
of differences in software programs commonly used to
calculate OCT-A features.

51% men in Maastricht Study (n = 2567 [collected by May 1, 2024]),
75 + 7 years and 43% men in Rotterdam Study (n = 2136 [collected
by July 17, 2024]), 75 + 7 years and 41% men in Framingham Heart
Study (n = 962 [collected by August 26, 2024]), and 57 + 10 years and
54% men in SIGNATR (n = 348 [collected before July 1, 2024)). In addi-
tion, data collected from five healthy individuals (1 man, 4 women, age
range 30-62 years) at the Rhineland Study, and four healthy women
(age range 28-39 years) from Adolphe de Rothschild Foundation Hos-
pital were used. For all cohort studies, medical ethical approval was
obtained. The use of images for the purpose of this paper was in line
with the consent provided by participants. All participants provided
informed consent. More details on cohort studies are presented in the

supporting information.

2.1.2 | OCT-A image acquisition

Four OCT-A devices were used to acquire fovea-centered images: the
Spectralis (Heidelberg Engineering) was used in the Maastricht Study
and Rhineland Study; the Triton (Topcon) was used in the Rotterdam
Study; the Cirrus 5000 (Angioplex, Carl Zeiss Meditec, Inc.) was used
in SIGNATR and at the Adolphe de Rothschild Foundation Hospital;
and the Cirrus 6000 (AngioPlex; Carl Zeiss Meditec, Inc.) was used
in the Framingham Heart Study. All these are commercially available
devices and therefore allow development of criteria that can be
applied broadly. Fovea-centered OCT-A scans with dimensions of
3 x 3-mm were available in all studies except for SIGNATR. 6 x 6-mm
OCT-A images were available only in the SIGNATR cohort and at the
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TABLE 1 Characteristics of the studies and research centers from which OCT-A images were used.

Framingham Heart

Adolphe de
Rothschild

€T4joy

yzly

Maastricht Study Rotterdam Study Study Rhineland study SIGNATR Foundation Hospital
Study characteristics (@) .
Country The Netherlands The Netherlands United States Germany India France 5
Design Population study Population study Population study Population study Type 2 diabetes study Clinical patients from Q
(oversampling of the ophthalmology w*

type 2 diabetes)

hospital department

NOILVIOOSSY S.H3INIFHZTV IHL 40 TVYNHNOr IHL

1L

Total sample with OCT-A 2567 2136 962 3472 348 NA
images® o)
Mean age (SD) 68 (8) 75(7) 75(7) 59(13) 57 (10) NA E
Men 51% 43% 41% 43% 54% NA g
OCT-Aimage C.'
characteristics SDX
Device brand Heidelberg Topcon Zeiss Heidelberg Zeiss Zeiss
Engineering
Model Spectralis Triton Angioplex Spectralis Angioplex Angioplex
Protocol 3x 3-mm 3x 3-mm 3x 3-mm 3x 3-mm 6 x 6-mm 3 x 3-mm;
6 X 6-mm
Software Heidelberg Eye IMAGEnet6é Cirrus Review Heidelberg Eye Cirrus Review Cirrus Review
Explorer 1.11.2.0 v1.04E 11.5.2.54532 Explorer 1.11.2.0 11.5.2.54532 11.5.2.54532
Number of B-scans for 512 320 245 512 245 NA
3 x 3-mm protocol
Number of B-scans for NA NA NA NA 350 350
6 x 6-mm protocol
Images used for image quality criteria development and validation
Number of images used
Preliminary discussion 3 3 3 3 3 3
Criteria development 10 10 10° 10 10 10°
Intergrader agreement® 12 10 10° 10 10 10°
Intragrader agreement® 9 4 3 6 NA NA
Abbreviations: NA, not applicable; OCT-A, optical coherence tomography angiography; SD, standard deviation.
@Numbers available up to August 2024. =
bIndicates the same images were used. §
“For inter- and intragrader agreement, the same images were used. jz>
m
>
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Adolphe de Rothschild Foundation Hospital. We used superficial reti-
nal layer or full-thickness slab OCT-A images (showing both superficial
and deep capillary networks) for all assessments. Exemplary OCT-A
images from all centers are shown in Figures S1 and S2 in supporting
information.

The following number of B-scans were acquired (software version)
for 3 x 3-mm OCT-A images per manufacturer protocol from each
device: 512 (Heidelberg Eye Explorer 1.11.2.0) in the Maastricht Study
and Rhineland Study, 320 (IMAGEnet6 v1.04E) in the Rotterdam Study,
245 (Cirrus Review 11.5.2.54532) in the Framingham Heart Study, and
245 (Cirrus Review 11.5.2.54532) at Adolphe de Rothschild Founda-
tion Hospital. The number of B-scans acquired (software version) for
6 x 6-mm OCT-A images was 350 (Cirrus Review 11.5.2.54532)
in both SIGNATR and at Adolphe de Rothschild Foundation
Hospital.

2.1.3 | Multidisciplinary team

Our recommendations were developed by a multicenter, multidis-
ciplinary team consisting of ophthalmologists, optometrists, and
researchers with backgrounds in clinical epidemiology, optical physics,
and medical image data science. This approach enables consideration
of key technical, biological, and epidemiological analyses-related fac-
tors. Ophthalmologists include: A.H.K. and L.S. (Framingham Heart
Study), W.D.R. (Rotterdam Study), H.H. (Rhineland Study), and S.B.
(Adolphe de Rothschild Foundation Hospital); clinical epidemiolog-
ical researchers are: FCTv.d.H. (Maastricht Study and Adolphe de
Rothschild Foundation Hospital), V.AV. (Rotterdam Study), L.S. (Fram-
ingham Heart Study), and A.C. (Framingham Heart Study); researcher
in the field of optical physics is T.B. (Maastricht Study); and medical
image data scientists are D.A.J. and L.S.B. (Rotterdam Study). Con-
tributions of all other authors are listed in the Author Contributions

section.

2.1.4 | Development of image quality criteria

Criteria were initially developed using 3 x 3-mm OCT-A scans because
it was the most commonly used across cohorts and is the highest
resolution scan protocol on all devices. Overall image quality was

assessed using a three-level grading system recently described in

» o« » o«

the Framingham Heart Study (“excellent,” “usable,” “unusable”).? In
addition, usability of the image for quantification of commonly used
VD and FAZ measures’ was additionally separately graded using a

» o«

two-level system (“usable,” “unusable”). For simplicity, we refer to
all commonly used measures of capillary density (vessel density and
vessel skeleton density) as VD throughout this article. Our rationale
for quality assessment of the overall image is to exclude images that
are very unlikely to be useful for any kind of quantitative analyses
(“unusable”). We also aim to label images that are of the best possible
quality (“excellent”). We realize that investigators may currently have

measures (or may develop unique measures in the future) that can be

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

derived from portions of the OCT-A images. For example, FAZ-based
measures are currently used by some investigators as one metric of
capillary health in OCT-A images. It is possible that FAZ measures
can be useful in images that are of generally poor quality if the FAZ is
spared from artefacts. Therefore, our rationale for a separate assess-
ment of FAZ measures is to be as inclusive as possible for images that
contain useful FAZ data but may otherwise not be useful for global
assessment of capillary density measures. In the future, we anticipate
that investigators may create similar quality criteria for novel OCT-A
measures that can be incorporated into this analysis paradigm as well.

Development of quality criteria took place via a three-stage process
during bimonthly teleconferences involving researchers from all
centers over a period of 6 months. In the first stage, a preliminary
categorization of images was made, classifying into “excellent,”
“usable,” and “unusable,” similar to criteria that were recently imple-
mented and validated in the Framingham Heart Study.” For this
purpose, individual researchers from each center independently
provided three deidentified images from their data that were most
representative of these quality scores. In the second stage, the entire
group reviewed all such exemplary images for each category of image
quality to reach consensus. A definition for each category of image
quality was adopted, similar to that used in the Framingham Heart
Study by Collazo Martinez et al.”

Fifty images from all centers were used for the second stage, with
each center providing 10 randomly selected images. In the third stage,
we evaluated the reliability of the definitions from the second stage by
quantifying inter- and intragrader agreement among and between five
graders using 52 and 27 images, respectively. The same images from
Adolphe de Rothschild Foundation Hospital and Framingham Heart
Study were used for both the second and third stage (20 images);
and different (randomly selected) images from the Maastricht Study,
Rhineland Study, and Rotterdam Study were used in the second and
third stages (30 for the second stage and 32 for the third stage). OCT-
A images were presented in a random order (i.e., not per center or
imaging device). For assessment of intragrader agreement, 12 of the 27
images that were presented a second time were randomly rotated by
90 or 180 degrees to reduce the chance that graders would recognize
the image. Agreement was quantified as percentage agreement.'é For

» o«

three-level classification “excellent”, “usable,

»

unusable,” we made the
following comparisons: (1) “unusable” versus “usable” or “excellent”;
(2) “usable” versus “unusable” or “excellent”; and (3) “excellent” versus

“unusable” or “usable.”

2.1.5 | Validation of image quality criteria on a
6 x 6-mm OCT-A image

We recognize that different scan protocols may be used across
different studies. Therefore, we incorporated one larger scan pat-
tern that was available among study sites to assess the generaliz-
ability of our image quality criteria. Intergrader agreement among
the same five graders was assessed using 21 randomly selected
6 x 6 mm images from SIGNATR and Adolphe de Rothschild
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FIGURE 1 Exemplaryimages per category of optical coherence tomography angiography image quality (3 x 3-mm images; full thickness slab,
that is, displaying both deep and superficial networks). Please see Panel 1 for an explanation of quality criteria.

Foundation Hospital. Intergrader agreement was quantified as per-
centage agreement.'¢

2.1.6 | Secondary analyses

For comprehensiveness and comparison to literature,’” we also calcu-
lated agreement using Cohen kappa as a secondary outcome.?223 We
did not use Cohen kappa as the main measure of agreement because
percentage agreement depends on grader agreement only, but Cohen
kappa depends on both grader agreement and distribution of sam-
ples across categories. As the use of small sample sizes increases the
risk of unequal distributions across subgroups, Cohen kappa may pro-
vide a less robust measure of intergrader agreement than percentage

agreement.2223

2.2 | Part 2: framework for data analyses

We aimed to develop a framework for working with OCT-A images
in population-based studies. Requirements were that this frame-
work should enable insight into how suboptimal OCT-A image qual-
ity may affect size estimations (while considering both information
and selection bias) and specify how to deal with common ocular

comorbidities.®

3 | RESULTS

3.1 | Part 1: design of quality criteria for grading of
fovea-centered OCT-A images

3.1.1 | Criteria development

After preliminary discussions (stage one), exemplary images were
selected and definitions for grading image quality were developed
(stage two). Figure 1 shows exemplary OCT-A images for each cate-
gory of image quality, and Panel 1 shows image quality descriptions.
Figure 2 shows an example of a vessel broken by full width (explained
in Panel 1). Figures S3 and S4 in supporting information show exam-
ples of excellent, usable, and unusable images for each imaging

device.

3.1.2 | Assessment of inter- and intragrader
agreement for 3 x 3-mm OCT-A scans

Agreements for grading are shown in Table 2. For the intergrader
agreement, a total of 52 OCT-A images were assessed. The mean
intergrader agreement for the overall image quality classified as

» o«

“unusable,” “usable,” and “excellent” image quality was 82.3%, 70.8%,

and 87.1%, respectively. Concerning the VD and FAZ area, the
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FIGURE 2 Exemplary 3 x 3-mm optical coherence tomography
angiography image showing a vessel broken by full width (inset; full
thickness slab, that is, displaying both deep and superficial networks).
Other movement artefacts are also visible.

mean intergrader agreements for “unusable” were 80.0% and 81.9%,
respectively.

For the intragrader agreement, a total of 27 OCT-A images were
assessed twice by each grader. The mean intragrader agreements for
" “usable,” and “excellent” image quality were 91.1%,
82.2%, and 81.9%, respectively. Concerning the VD and FAZ area, the

mean intragrader agreements for “unusable” were 89.6% and 92.6%,

overall “unusable,

respectively.

3.1.3 | Assessment of intergrader reliability for
6 x 6-mm OCT-A scans

A total of 21 OCT-A images were assessed. Agreements for grading
are shown in Table 3. The mean intergrader agreement for the overall
image quality classified as “unusable,” “usable,” and “excellent” image
quality was 73.3%, 57.1%, and 83.8%, respectively. Concerning the VD
and FAZ area, the mean intergrader agreements for “unusable” were

60.0% and 84.8%, respectively.

3.1.4 | Secondary analyses

Results expressed as mean Cohen kappa are shown in Tables S1 and S2
in supporting information. Intergrader agreements for overall “unus-

»

able,” “usable,” and “excellent” image quality assessment for 3 x 3-mm
OCT-A scans, expressed as mean Cohen kappa, were 0.64, 0.42, and
0.35, respectively (n = 52 images). Intergrader agreements for “unus-
able” VD and FAZ area of 3 x 3-mm OCT-A scans were 0.60 and 0.64,

» o«

respectively. Intragrader agreements for overall “unusable,” “usable,”
and “excellent” image quality assessment for 3 mmx 3-mm OCT-A

scans were 0.77, 0.61, and 0.28, respectively (n = 27 images). Intra-
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PANEL 1: “Excellent” image quality

Excellent discrimination of the “capillary vasculature”
throughout the entirety of the OCT-A scan and clear demar-
cation of the FAZ edges. The fovea is positioned in the center
of the image (i.e., the geometric center of the fovea is within

1 foveal diameter of the image field-of-view center).

“Usable” image quality for quantification of vessel density

Discrimination of “capillary vasculature” may be less distinct
than “excellent” but still of sufficient quality for acquisi-
tion of reliable data in the majority? of the image. Some
image artefacts can be accepted (e.g., non-continuous® arte-
rioles/venules). The fovea is positioned in the center of the

image as above.

“Usable” image quality for quantification of FAZ area

Discrimination of FAZ edges may be less distinct than “Excel-
lent” but still of suitable quality to assess FAZ area or
perimeter (there should be no [motion] artefacts in the ring).
The inner capillary ring is manually traceable with minimal

subjective interpolation needed.

“Unusable” image quality

Discrimination of the “capillary vasculature” is not distinct in
the largest part? of the image, and FAZ edges are not clear
(demarcation of the edges may not be clear due to motion
artefacts, projection artefacts, or any other reason).

Footnotes:

alargest part of the image refers to a subjective assess-
ment that at least 80% of the image, assessed upon visual
inspection, is of “usable” quality. This cut-off was chosen as
some researchers expressed their wish for a clear cut-off,
but acknowledged that purely objective quantification may
be too labor intensive for practical implementation in large
studies.

bNon-continuous indicates “large vessel that is broken by full

width” (an example is provided in Figure 2).

grader agreements for “unusable” VD and FAZ area of 3 x 3-mm OCT-A
scans were 0.78 and 0.83, respectively.

» o«

Intergrader agreements for overall “unusable,” “usable,” and “excel-
lent” image quality assessment for 6 x 6-mm OCT-A scans were 0.17,
0.06, and 0.28, respectively (n = 21 images). Intragrader agreements
for “unusable” VD and FAZ area of 6 x 6-mm OCT-A scans were 0.30

and 0.63, respectively.
3.2 | Part 2: recommendations on epidemiological
analyses using OCT-A imaging data

We developed a three-scenario framework that provides insight into

selection and information bias due to suboptimal OCT-A image quality
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TABLE 2 Inter- and intragrader agreement for “unusable,”
“usable,” and “excellent” image quality assessment of 3 x 3-mm OCT-A
images.

Intergrader agreement, n = 52 images

Unusable Usable Excellent
Mean % Mean % Mean %
agreement agreement agreement
(SD) (SD) (SD)
Overall 82.3(8.5) 70.8(7.9) 87.1(4.8)
VD 80.0 (4.3) = -
FAZ area 81.9(8.5) - -
Intragrader agreement, n = 27 images
Mean % Mean % Mean %
agreement agreement agreement
(SD) (SD) (SD)
Overall 91.1(6.2) 82.2(7.1) 81.9(18.5)
VD 89.6(9.9) = =
FAZ area 92.6(2.6) - -

Note: Inter- and intragrader agreements among five graders are shown.
Abbreviations: FAZ, foveal avascular zone; OCT-A, optical coherence
tomography angiography; SD, standard deviation; VD, vessel density.

»u

TABLE 3 Intergrader agreement for “unusable,” “usable,” and
“excellent” image quality assessment of 6 x 6-mm OCT-A images.

Intergrader agreement, n = 21 images

Unusable Usable Excellent
Mean % Mean % Mean %
agreement (SD)  agreement (SD) agreement (SD)

Overall 73.3(9.3) 57.1(9.5) 83.8(9.8)

VD 60.0(23.1) = =

FAZ area 84.8(6.7) - -

Note: Intergrader agreements among five graders are shown.
Abbreviations: FAZ, foveal avascular zone; OCT-A, optical coherence
tomography angiography; SD, standard deviation; VD, vessel density.

and ocular comorbidities (Panel 2).19-12 We also provide recommenda-

tions for addressing potential selection bias.

3.2.1 | Scenario one

In the most common scenario, we recommend using a minimum set of
OCT-A image quality criteria that are the least strict in terms of image
quality assessment. This will maximize the size of the study population
for analyses while minimizing selection bias.

For this scenario, we propose to use the image quality grading
criteria developed within this paper and implemented in a recently
published population-based study from our consortium.? For this anal-
ysis, we propose to include data with “excellent” and “usable” gradings
(i.e., excluding “unusable” images, as defined in Panel 1). We note that
using manufacturer-determined image quality indices such as “signal

strength” or “signal-to-noise-ratio” thresholds is also necessary but is

PANEL 2: Three suggested analytic scenarios for OCTA
data analyses in population studies

Description

Scenario 1 Minimal set of least exclusive image quality

criteria to allow maximum study sample size.

Scenario 2 More stringent image quality criteria than

scenario 1, using two of the following four

options:

2.1) Use only the best quality image per
individual.

2.2) Exclude images with signal strength
based at least on manufacturer
recommendations or higher.

2.3) Adjustment for signal strength.

2.4) Exclude poor quality images based on
OSCAR-MP criteria.

Scenario 3 Consider the impact of ocular comorbidities

on image quality, using both the following

strategies:

3.1) Exclusion of individuals with ocular
comorbidities.

3.2) Adjustment for ocular comorbidities.

Ocular comorbidities to consider are:

age-related macular degeneration, glaucoma,

retinopathy of any etiology, myopia, cataract,

and corneal disease.

not a substitute for the subjective grading criteria that we propose in
this scenario or any other scenario below.

For this scenario we recommend using OCT-A images acquired from
both eyes (if available) rather than restricting the analyses to only the
right or left eye arbitrarily. This will maximize the inclusion of partici-
pants and statistical power.1® Researchers may combine results from
both eyes by averaging OCT-A results from the left and right eye. This
approach may reduce the impact of measurement error. The biological
grounding for this approach is that systemic risk factors that contribute
to the pathobiology of many ocular diseases are likely to have sim-
ilar effects in both eyes although the magnitude of the effect may
vary in each eye.”1> An alternative approach to averaging data from
both eyes is a multilevel analysis.2* Multilevel analysis accounts for the
correlation between eyes within one individual.

For example, this type of analysis may be used when identifying
which (potentially modifiable) factors are determinants of vascular
density and/or FAZ area; or when examining to what extent reti-
nal capillary damage is associated with neural health (e.g., presence
of dementia) or ocular health (e.g., presence of glaucoma). Although
combining data from both eyes may be a suitable strategy for many
research questions, we acknowledge that in certain situations (depen-
dent on the research question) researchers may choose to consider
data from only one eye. This may be the case when substantial differ-
ences are expected between eyes; for example, if the microvasculature

has been severely disrupted in one eye due to a disorder that does not
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affect both eyes equally and at the same time (this could be the case
in eyes with history of retinal detachment for example). This may also
be the case if the order of image acquisition between the eyes of one

individual is thought to introduce a bias.

3.2.2 | Scenario two

In a second scenario, we recommend the use of more stringent image
quality criteria that reduce the chance of measurement error, (i.e.,
information bias), but may increase the risk of selection bias.

For this scenario, we suggest four possible analytical strategies. We
recommend use of these strategies after excluding “unusable” images,
as defined in Panel 1. First, we suggest using only the best quality
image from one eye of each subject. Second, we suggest excluding all
images with signal strength measures below the manufacturer recom-
mended thresholds. If possible, we suggest using the highest possible
thresholds for signal strength. Although such thresholds are likely
arbitrary from one device to another, in general, signal strength mea-
sures correlate with image quality and are a good adjunct to the other
quality control measures proposed here. Third, we suggest adjusting
for signal strength by including it as a covariate in statistical models.?
Adjustment for signal strength may improve precision of the estimate
but may also lead to overadjustment, as signal strength is associated
with OCT-A image quality, but not necessarily with the exposure or
outcome variable.2>26 Last, a fourth strategy is to exclude images of
poor quality as defined by the OSCAR-MP criteria.l” We recommend
researchers use at least two, and preferably more, of these proposed
strategies. The robustness of research findings will be demonstrated if
similar results are obtained when using multiple strategies. For exam-
ple, findings derived from the largest possible set of data can be further
validated by restricting the analysis to “excellent” images as illustrated

in Collazo Martinez et al.?

3.2.3 | Scenario three

In a third scenario, we recommend evaluating the impact of ocular
comorbidities on image quality measures because ocular comorbidi-
ties may negatively impact retinal capillary health and may indirectly
predispose to poor quality OCT-A imaging.

For this scenario, we also recommend excluding “unusable” images
(as defined in Panel 1). In addition, we recommend conducting two
analyses that provide insight into the impact of ocular comorbidi-
ties on OCT-A measures. Ocular comorbidities that should, at mini-
mum, be considered are age-related macular degeneration, glaucoma,
retinopathy of any etiology, myopia, cataract, and corneal disease. We
recommend conducting additional analyses in which (1) individuals
with ocular comorbidities are excluded and (2) ocular comorbidities
are entered into the model as covariates. In our opinion it is impor-
tant to conduct both analyses as they have different methodological
underpinnings.’® Exclusion of individuals with ocular comorbidities

may reduce measurement error but may induce selection bias.1®
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Adjustment for ocular comorbidities may reduce the chance of mea-
surement error, but may (also) induce overadjustment bias (this may
occur when ocular and systemic diseases with a shared pathobiol-
ogy are entered in a model).2® We recommend researchers use both

proposed strategies.

3.2.4 | Evaluation of scenarios and additional
recommendations for addressing selection bias

A comparison of results from the different scenarios above will reveal
the potential impact of selection bias due to poor OCT-A image quality.
If results are similar across all analytical scenarios the impact of infor-
mation and selection bias due to OCT-A measurement quality may be
minimal.

In addition to the above, we provide the following three strategies
to address selection bias. A first approach is to evaluate characteristics
of the individuals included and excluded in the different scenarios.?’
If general characteristics of the populations differ, some degree of
selection bias may have occurred. A second approach is conducting
analyses between non-missing variables (e.g., age or sex) and out-
come(s) in the entire study population and in selected populations
(i.e., populations with sufficient OCT-A image quality). Comparison
of results will provide insight into whether selection bias may have
occurred.?” A third approach concerns use of inverse probability
weighting, which allows estimation of associations while accounting
for selectively missing data. This method uses weights (developed for
prediction of non-missingness in the analytic sample) to account for
selectively missing data. These weights are entered in the statistical

model. More details are provided in Chesnaye et al.28

3.2.5 | Reporting

We recommend reporting results of all three analytical scenarios and

addressing selection bias using one or more of the above strategies.

4 | DISCUSSION

In this article researchers from the European Eye Epidemiology con-
sortium and collaborators used an expert-based approach to develop
a framework for assessment of OCT-A image quality and conducting
analyses with OCT-A-derived variables in population-based stud-
ies. There are three main findings: First, the quality grading system
developed using 3 x 3-mm OCT-A images and adapted from one
recent study” showed substantial inter- and intragrader agreement
for assessment of “unusable” overall image quality, VD, and FAZ mea-
sures when applied to consortium data from different populations and
devices. Second, the grading system showed substantial intergrader
agreement for assessment of “unusable” FAZ area on 6 x 6-mm scans,
but lower agreement for assessment of overall quality and VD. Third,
a methodological framework consisting of three scenarios to quantify
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the impact of selection bias, information bias, and ocular comorbidities
was developed.

This is the most comprehensive framework for working with OCT-
A images in population-based cohort studies to date. This work has
an important added value to the already published OSCAR-MP crite-
ria in several ways.'” First, we developed image quality criteria that
are valid on commercial devices from three common OCT-A man-
ufacturers (i.e., Heidelberg Engineering, Topcon, and Zeiss). In the
previous study, only images acquired with a Heidelberg Engineering
device were considered. Second, we developed criteria to determine
whether images could be used for the assessment of VD and FAZ met-
rics. Third, we evaluated grading criteria on 6 x 6-mm OCT-A images.
Fourth, this study demonstrated the validity of the grading system
in the general population. The previous study only showed validity
among patients with neurological diseases. Last, this study evaluated
intragrader agreement for image quality assessment.

Intergrader agreement for the rejection of images with “unusable”
quality was similar when using our criteria (Cohen kappa 0.64) and the
OSCAR-MP criteria (Cohen kappa 0.67). This is likely because both
grading systems are in part similar.)” Both grading systems require
the majority of “usable” (or “excellent”) images to be free of artefacts.
Our system is different from the OSCAR-MP on several points, includ-
ing: (1) the centering of the image is not considered in our criteria for
assessment of image quality when the variable of interest is the FAZ
area. This criterion is designed to be more inclusive of data for par-
ticular analyses where overall image quality may not be relevant and
thereby increase sample size. (2) The source of the error (i.e., type of
artefact) is not specified in our paradigm. (3) No separate grading of
retinal pathology is required. These features of our analysis paradigm
are designed to enable more rapid image assessment as fewer details
are required to be documented.

Validation of the criteria on 6 x 6-mm images showed that our grad-
ing system, which was developed on 3 x 3-mm field-of-view images,
performed worse for the assessment of “unusable” overall image qual-
ity, and for the assessment of “unusable” VD on 6 x 6-mm images.
This highlights the need for scan protocol-specific quality criteria. A
possible explanation for the difference we observe is that the scan res-
olution for 6 x 6-mm images is generally lower than 3 x 3-mm images.
This makes it difficult to assess capillary level detail (e.g., 6 x 6-mm
images cover a larger retinal area than 3 x 3-mm images, while fewer
or the same number of B-scans are used to capture a 6 x 6-mm image
than a 3 x 3-mm image).”2? This lower scan resolution is less likely to
significantly impact the assessment of FAZ measures, as the “absence”
of vasculature is used to assess FAZ area.”2? Indeed, intergrader agree-
ment for usability of FAZ area was similar for 3 x 3-mm and 6 x 6-mm
images (82% and 85%, respectively).

Although substantial percentage agreement was observed for
“excellent” quality images (82%-87%), relatively worse agreements
were observed when Cohen kappa was calculated (0.28-0.35). This
may be due to an imbalanced distribution of image quality gradings,
as both rater agreement and prevalence are used in the calcula-
tion of Cohen kappa. 2223Indeed, “excellent” images are relatively

less common than “usable” or “unusable” images. This phenomenon

has previously been described and is known as the “prevalence
paradox.”?2

Our findings have implications for future research. First, recom-
mendations can be used to promote consistency in statistical analyses
across population studies. Second, during the process of data col-
lection, exemplary images from this paper can be used to guide
image quality assessments with frequent real-time feedback to imag-
ing technicians. For example, the recent work from the Framingham
Heart Study demonstrated the best OCT-A data retention rates by
implementing a quality control process contemporaneous with data
collection.? Third, our recommendations can be used for the develop-
ment of artificial intelligence models for fully automatic assessment
of OCT-A image quality.3? Fourth, given relatively lower intergrader
agreement for assessment of VD in 6 x 6-mm images, developers
of artificial intelligence algorithms may aim to develop automatic
models for this.3° Open availability of a “benchmark” dataset con-
taining images acquired using different protocols and on different
devices would assist the development of such algorithms. Fifth, future
researchers with an interest in deriving other measures than VD and
FAZ from OCT-A images may expand the proposed framework with

» o«

a two-level grading (“usable,” “unusable”) framework for each addi-
tional metric. Sixth, future studies may develop fully automatic artificial
intelligence algorithms for assessing OCT-A image quality for sepa-
rate retinal regions or sectors, for example, per sector of the early
treatment of diabetic retinopathy (ETRDS) grid.

This study has certain strengths. One, OCT-A images collected
in multiple countries and using different protocols and commercially
available devices were used for the development of the image qual-
ity criteria. This implies that images of individuals from different
ethnicities were considered (e.g., individuals of European and Indian
descent).1® Also, this implies that the proposed image criteria can be
used onimages acquired from different devices with differences in res-
olution. In addition, a relatively simple and practical grading system
was developed, allowing for rapid assessment of OCT-A image qual-
ity. This is in particular relevant when large numbers of images are
involved, such as in population studies. We also considered a three-
level approach for assessment of overall image quality, allowing us to
distinguish between “excellent” and “usable” images. Advantages of
this approach are that (1) a goal image quality standard is provided dur-
ing data acquisition and (2) in statistical analyses, it is possible to only
analyze those images free of measurement errors.

Our study does have limitations. We used an expert-based assess-
ment to determine the usability of OCT-A images. This method pre-
sumes that image graders have some baseline level of expertise reading
OCT-Aimages and this takes time and experience to acquire. While this
is a limitation of our study it is also a limitation of any study that pro-
poses to use OCT-A data, especially at scale. After intense debate, our
group settled on a subjective cut-off that 80% of the image be free of
artefacts. Future studies may aim to provide quantitative insight into
the impact of using differing thresholds as this threshold was reached
by consensus for the purpose of the current study. The quantitative
impact of artefacts on associations of OCT-A metrics is particularly
helpful to know when studying risk factors for capillary deterioration;
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or associations with eye or systemic diseases. We did not consider indi-
viduals of all ethnicities in this study (e.g., no individuals of African
or Chinese descent were included). Whether findings are also valid in
other populations requires further study.® We did not quantify intra-
grader agreement for the assessment of 6 x 6-mm OCT-A images.'®
There was some overlap in the 3 x 3-mm images used for develop-
ment and validation of image quality criteria and it may be possible
that a learning effect may have occurred. The impact of any learning
bias was minimized due to the presentation of images in a randomized
order and due to rotating or inverting of images that were presented
twice to the same grader. We did not evaluate the impact of experience
in grading OCT-A images prior to grading image quality in this study.
However, all investigators in the consortium are currently collecting
or have collected thousands of OCTA images in population studies.
Last, we developed image quality criteria using either superficial or full
thickness images and future studies may seek to further stratify these
criteria on images depicting deep networks separately. However, with
the exception of projection artefacts (Collazo Martinez et al.?), there
is no reason to believe that image artefacts will differentially impact
superficial and deep layers.

In conclusion, in this study, an expert-based approach was used
to develop practical recommendations for quality assessment and
analytical use of OCT-A images in population-based studies. These
recommendations provide a framework for future studies and aim to
promote the harmonization of analyses across studies. Uniform anal-
yses across population studies may accelerate the identification and
development of scalable retinal imaging biomarkers for ADRD.
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