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Purpose: To evaluate the accuracy and reliability in differentiating retinal arteries from
veins using widefield optical coherence tomography angiography (OCTA).

Methods: Ten healthy eyes and 12 eyes from diabetic patients were included.
Foveal-centered swept-source OCTA images (12 X 12 mm) were obtained using the
PLEX Elite 9000. Vessels were graded as arteries or veins by two independent,
masked readers. Arteriovenous crossings were also evaluated in healthy eyes. The
vessel identification gold standard was defined using color fundus photographs
(CFP) for normal eyes and both CFP and fluorescein angiography for diabetic eyes.
Grading accuracy was compared to the gold standard and reliability between
readers assessed.

Results: The study evaluated 538 vessels (119 first order, 110 second, 309 third) in
healthy eyes and 645 vessels (184 first order, 159 second, 302 third). In healthy eyes,
the average accuracies identifying all, first-, second-, and third-order vessels were
98.61%, 99.16%, 100%, and 98.06%, respectively. Cohen’s k between graders in all
vessels was 0.948. In diabetic eyes, the average accuracies identifying vessels were
96.90%, 99.46%, 97.77%, and 94.85%, respectively. Cohen’s k between graders for all
vessels was 0.888. For crossing identification, the average accuracy and Cohen’s k
were low (60.71% and 0.659, respectively).

Conclusions: En face OCTA allows for accurate and reliable artery and vein
identification; for small branches and crossings, identification by en face OCTA alone
may be less accurate and reliable.

Translational Relevance: Arteries and veins can be differentiated on OCTA, assisting
in clinically identifying pathology as arterial or venous side.

changes,' venous beading and tortuosity in diabetic

Introduction

The retina is the only organ in which arteries and
veins can be directly observed. Assessment of retinal
arteries and veins is an invaluable tool in gleaning
clinically useful information for the diagnosis of not
only ocular disorders but also systemic diseases.
Examples of retinal changes in systemic disorders
include focal arterial narrowing and arteriovenous
nicking due to hypertensive and atherosclerotic

retinopathy (DR), and vessel occlusions indicative of
underlying vascular disease.* ® Largely for this
reason, direct fundoscopic examination has histori-
cally been an important and commonly deployed
diagnostic tool across medical fields. A number of
studies performing artery-vein classification based on
color fundus images have also demonstrated that
quantitative metrics, such as the artery/vein vessel
caliber and their caliber ratio can be useful in
predicting systemic diseases.” '* This further demon-
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strates the potential utility of direct in vivo visualiza-
tion of retinal blood vessels.

Clinical adoption of optical coherence tomogra-
phy (OCT) angiography (OCTA) has provided
clinicians with a noninvasive, volumetric modality
for visualizing the retinal vasculature at micrometer
resolutions.'*'> This method allows for easy assess-
ment of not only precapillary arterial and venous
changes but also capillary-level alterations, which is
not possible using conventional vascular imaging
modalities such as color fundus photography (CFP)
or fluorescein angiography (FA). Critical to these
assessments is the ability to accurately differentiate
retinal arteries and veins in order to determine the
location of vascular pathology. For instance, para-
central acute middle maculopathy (PAMM) on the
arterial side or in a globular pattern has been shown
to be due to retinal artery occlusion,'®'” whereas
perivenular PAMM is related to retinal vein occlu-
sion (RVO)'*'®* _diseases with distinct pathophysi-
ologies, risk factors, and, potentially, management
courses. Similarly, predominantly venous-side ori-
gins of neovascularization elsewhere (NVE) and
intraretinal microvascular abnormalities (IRMAs)
are associated with DR,'? and venous-side collaterals
with RVO.?" Differentiating arteries from veins on
retinal imaging is thus critical to accurate diagnosis
and management. Alam et al.”' recently demonstrat-
ed that color fundus image-guided artery-vein
classification using OCTA images was an accurate
method and showed improved sensitivity in OCTA-
based detection and classification of DR. In recent
studies, Balaratnasingam et al.?? histologically
showed the capillary-free zone (approximately 30—
50 pm in diameter) along parafoveal retinal arteries
and also demonstrated that four different OCTA
devices could clearly visualize this zone along retinal
arteries but not veins. Muraoka et al.”’ also
demonstrated that averaged high-resolution OCTA
images enhanced visualization of the capillary-free
zones around the arteries. These findings suggest one
means by which arteries can be directly identified on
OCTA alone.

However, no study has yet demonstrated whether
OCTA images can be used on their own for accurate
identification of arteries and veins as compared to
conventional imaging. In this study, we evaluated the
accuracy and reliability in differentiating arteries and
veins using only widefield OCTA en face images as
compared to identification using conventional imag-
ing modalities.

Study Population

This cross-sectional observational study was ap-
proved by the Institutional Review Board (IRB) at
Tufts Medical Center. The research adhered to the
Declaration of Helsinki and the Health Insurance
Portability and Accountability Act.

We prospectively recruited 10 healthy volunteers
with no retinal pathology at the New England Eye
Center (Boston, MA) between September and No-
vember 2018. Written informed consent was obtained
in accordance with the Tufts Medical Center IRB. We
also retrospectively identified patients with DR who
had undergone CFP (Optos California; Optos PLC,
Dunfermline, Scotland), FA (Optos California or
Spectralis; Heidelberg Engineering, Heidelberg, Ger-
many), and widefield OCTA imaging. DR was
diagnosed and classified by two retina specialists
(NKW and CRB) according to the International
Clinical Diabetic Retinopathy Severity Scale.” We did
not include eyes with severe media opacities, including
severe cataract or vitreous hemorrhage, a history of
vitrectomy, other chorioretinal disorders such as age-
related macular degeneration, or primary retinal
artery or vein occlusion.

Image Acquisition

OCTA images were obtained using a swept-source
OCTA instrument (PLEX Elite 9000; Carl Zeiss
Meditec Inc., Dublin, CA) that operates at an A-scan
rate of 100 kHz, with an axial resolution of 6.3 um
and a transverse resolution of 20 um. OCTA volumes
covering a 12 X 12-mm retinal area (40° field of view)
and centered at the fovea were acquired. Each 12 X
12-mm volume consisted of 500 A-scans per B-scan
and 500 B-scan locations per volume scan. Two
repeated B-scans were obtained at each B-scan
position to generate the OCTA images. En face
OCTA images of the whole retina, generated by
automatically segmenting the inner limiting mem-
brane to 70 pum above the retinal pigment epithelium,
were exported for analysis. OCTA imaging was
performed by trained ophthalmic photographers
who repeated image acquisitions several times if
necessary to ensure that images with good OCT
signal penetration (signal strength >7) and minimal
motion artifacts were obtained. This protocol is
consistent with the standard imaging protocol at the
New England Eye Center. In healthy subjects, CFPs
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Objective determination of evaluated vessels in the en face OCTA image (A) and the CFP (B). (A) The 12 X 12-mm OCTA image

of the right eye from a 30-year-old healthy male. The blue-dot circle represents the area covered by the CFP. Four horizontal yellow lines
(every 2.4 mm) are placed on the image, and the vessels that intersect with the lines are evaluated as arteries or veins by independent
masked readers. Yellow, orange, and pink numbers indicate first-, second-, and third-order vessels, respectively. (B) A high-resolution CFP
used for making the gold standard vessel determination in the same eye as (A). The same four horizontal yellow lines (every 2.4 mm) are
also placed on the image, and the vessels that intersect with the lines are evaluated as arteries or veins by retinal specialists.

centered on the fovea were also taken using a high-
resolution (12-megapixel) nonmydriatic fundus cam-
era equipped in a microperimeter (MP-3; NIDEK
Co., Gamagori, Aichi, Japan).

Identification of the Vessels as Arteries and
Veins

To objectively determine which vessels would be
evaluated, four horizontal lines (every 2.4 mm) were
placed on the 12 X 12-mm OCTA images, and the
vessels that intersected with the lines were designated
for grading into arteries or veins (Fig. 1A). We
included only first-, second-, and third-order vessels.
Two masked readers independently performed grad-
ing on the en face OCTA images without seeing either
the CFP or FA images from the other instruments.
Prior to grading, the readers were trained by
instructing them on the following rules: (1) The
presence of surrounding hypointense areas, represent-
ing the capillary-free zone, are associated with
arteries; (2) arteries do not cross other arteries and
veins do not cross other veins, physiologically; (3)

vessels can be traced back proximally and distally to
aid in identification.

The gold standard for vessel identification as arteries
and veins, as well as the order of the vessels (e.g., first-
versus second-order), was derived by two retinal
specialists (OS and AI) using CFP for normal eyes
(Fig. 1B) and both CFP and FA for diabetic eyes.
Especially in the eyes with severe DR, differentiating
retinal arterioles and venules using only CFPs is not
guaranteed because retinal hemorrhages and exudates
can conceal the small vessel branches. Moreover, the
retinal arterioles sometimes become too sclerotic (i.e.,
hyalinized) to be identified on CFPs (Supplemental Fig.
S1). Therefore, we used both CFP and FA for the gold
standard in diabetic eyes. The same four horizontal
lines that had been placed on the OCTA images were
also placed on the CFP and FA images, and the vessels
that intersected with the lines were likewise evaluated as
arteries or veins. When discrepancies occurred between
the results, they were openly discussed by the retinal
specialists and a conclusive decision was reached. Any
vessels that did not achieve agreement by discussion
were excluded from the analysis.
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Figure 2.

Evaluated arteriovenous crossing in the en face OCTA image (A) and the CFP (B) of the same normal eye as in Figure 1. (A)

After grading of arteries and veins using the en face OCTA images, the answers are disclosed: red A for arteries, and blue V for veins. The
blue-dot circle represents the area covered by the CFP. Evaluated crossing sites (yellow circles) are defined as those in which the vessels
are perfectly focused in the CFP (B). The crossing sites are categorized as a large (first- or second-order) vessel versus large vessel (L versus
L, yellow numbers), a large vessel versus a small (third-order) vessel (L versus S, green numbers), or a small vessel versus a small vessel (S
versus S, pink numbers). The independent masked readers evaluated whether the artery or vein is anterior at the crossing sites (yellow
circles) using en face OCTA alone. (B) A high-resolution CFP used for making the gold standard crossing determination.

Identification of Vessel Crossings

The second part of the study focused on
evaluation of whether the artery or the vein was
anterior at the site of crossing of two vessels. In this
grading, the readers were unmasked as to which
vessels were arteries and which were veins based on
the gold standard. The readers then evaluated
whether the artery or vein was anterior at sites of
vessel crossing (Fig. 2A). Evaluated crossing sites
were chosen for their excellent focus on the high-
resolution CFP, providing optimal conditions for
gold standard determination of vascular position at
the crossing by the two retinal specialists (Fig. 2B).
When discrepancies occurred between the retinal
specialists, they were openly discussed and a
conclusive decision reached. Any crossings that did
not achieve agreement by discussion were excluded
from the analysis. Crossings were categorized as
large (first- or second-order) vessel versus large
vessel (L versus L), large vessel versus a small
(third-order) vessel (L versus S), or a small vessel
versus a small vessel (S versus S).

Data Analysis

The accuracy in each reader’s grading of the
OCTA images compared to the gold standard was
calculated by the following formula: Accuracy =
[(Number of correct answers)/(Number of vessels
analyzed)] X 100%. To assess reliability between the
graders, Cohen’s k was calculated. All data analyses
were performed using statistical software (SPSS v25;
SPSS, Inc., Chicago, IL) across four vessel groups
(all, first-, second-, and third-order vessels) and three
vessel crossing groups (L versus L, L versus S, and S
versus S).

Baseline Characteristics

For normal subjects, 10 randomly chosen eyes (five
right, five left) from 10 healthy volunteers (six male,
four female) were analyzed. The mean age was 31
years (range: 25-38 years). We also included 12 eyes
(eight right, four left) from nine diabetic patients (six
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Table 1. Accuracy and Reliability of Artery-Vein Differentiation in Normal Eyes
Accuracy of Accuracy of Average Cohen’s «
Reader 1, % Reader 2, % Accuracy, % Between Readers
Total (538 vessels) 99.44 (3 errors) 97.77 (11 errors) 98.61 0.948
First order (119 vessels) 100 98.32 (2 errors) 99.16 0.967
Second order (110 vessels) 100 100 100 1.00
Third order (309 vessels) 99.03 (3 errors) 97.09 (9 errors) 98.06 0.920

male, three female). The mean age of the patients in
the diabetic group was 53 years (range: 3473 years).
Four eyes were diagnosed as severe nonproliferative
DR (NPDR), and eight eyes as proliferative DR
(PDR). The mean number of vessels evaluated in each
image was 53 vessels (range: 46—61 vessels) for each
normal eye and 54 vessels (range: 48—66 vessels) for
each diabetic eye.

Artery-Vein Identification in Normal Eyes

A total of 539 vessels were evaluated in normal
eyes. In determining the gold standard from CFP,
eight discrepancies in third-order vessels arose be-
tween the two retinal specialists (Cohen’s k¥ = 0.970).
Seven of them were conclusively decided by open

Normal

discussion, but one could not be conclusively deter-
mined and was excluded. Therefore, 538 vessels were
used for the final analysis. The number of first-,
second-, and third-order vessels were 119, 110, and
309, respectively.

The accuracy of readers 1 and 2 and the reliability
between readers are shown in Table 1. The average
accuracies in identifying all, first-, second-, and third-
order vessels were 98.61%, 99.16%, 100%, and
98.06%, respectively. Cohen’s k between graders for
all, first-, second-, and third-order vessels was 0.948,
0.967, 1.00, and 0.920, respectively. Notably, both
readers perfectly identified second-order vessels (Fig.
3). Reader 2 misread two first-order vessels on the
nasal side (Fig. 4). In the macular region, the third-

Severe NPDR
G {

Figure 3. Clear identification of first- and second-order arteries and veins on OCTA images of a normal (A-D) and a severe NPDR eye (E-
H). Yellow rectangles in the upper row are magnified in the bottom row. A1 and V1 represent a first-order artery and vein, respectively. A2
and V2 are a second-order artery and vein, respectively. (A, B) CFP of a healthy left eye (25-year-old male). (C, D) OCTA images, 12 X 12
mm, of the same normal eye clearly show periarterial capillary-free zones (yellow arrows), especially around the second-order arteries. (E,
F) FA images of a right eye with severe NPDR (59-year-old male). (G, H) OCTA images, 12 X 12 mm, of the same diabetic eye also show
periarterial capillary-free zones (yellow arrows), especially around the second-order arteries.
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Severe NPDR

Figure 4. Difficult cases in identifying first-order arteries and veins on the nasal side of OCTA images. A and V represent arteries and
veins, respectively. (A) The magnified 12 X 12-mm OCTA image at the disc of a normal right eye (34-year-old male). Temporal arteries and
veins are easily differentiated, but the nasal ones are challenging (yellow-dot arrows). (B) The magnified CFP at the disc of the same area
as (A). CFP reveals the nasal artery and vein (yellow arrows). (C) Magnified 12 X 12-mm OCTA image at the disc of the right eye with severe
NPDR (73-year-old male). It is similarly difficult to differentiate the nasal vessels (yellow-dot arrows). (D) FA and CFP (E) taken with Optos
California can easily identify the nasal arteries and veins (yellow arrows).

order vessels that overlapped or intertwined with each
other were also sometimes misread (Fig. 5).

Artery-Vein Identification in Diabetic Eyes

A total of 649 vessels were evaluated in diabetic
eyes. In determining the gold standard from CFP and
FA, there were 11 discrepancies between the two
retinal specialists in identification of third-order
vessels (Cohen’s k¥ = 0.966). Two vessels were
regarded as IRMAs and thus were excluded. Seven
vessels were conclusively decided by open discussion,
but two were not and were also excluded. Therefore,
645 vessels were used for the final analysis. The
numbers of first-, second-, third-order vessels were
184, 159, and 302, respectively.

The accuracies of readers 1 and 2 and the
reliability between readers are shown in Table 2.
The average accuracies identifying all, first-, second-,
and third-order vessels were 96.90%, 99.46%, 97.77%,
and 94.85%, respectively. Cohen’s k between graders

for all, first-, second-, and third-order vessels was
0.888, 0.978, 0.935, and 0.808, respectively. First- and
second-order vessels were almost perfectly identified
by both readers. However, reader 2 misread two first-
order vessels on the nasal side in a fashion similar to
the normal case (Fig. 4). However, in contrast to the
normal case, some misreading occurred even in the
second-order vessels (Fig. 6). Third-order vessels in
diabetic eyes were less accurately and reliably
identified than those in the normal eyes (Fig. 5 and
6).

Crossing Identification

A total of 170 crossings from the 10 normal eyes
were evaluated. In determining the gold standard
from CFP, eight discrepancies were found between
the results from the two retinal specialists (Cohen’s x
= 0.906). Six of them were conclusively decided by
open discussion, but two were not and were excluded.
Therefore, 168 crossings were used for the final

Table 2. Accuracy and Reliability of Artery-Vein Differentiation in Diabetic Eyes

Accuracy of Accuracy of Average Cohen'’s k
Reader 1, % Reader 2, % Accuracy, % Between Readers
Total (645 vessels) 98.91 (7 errors) 94.88 (33 errors) 96.90 0.888
First order (184 vessels) 100 98.91 (2 errors) 99.46 0.978
Second order (159 vessels) 98.74 (2 errors) 96.80 (5 errors) 97.77 0.935
Third order (302 vessels) 98.34 (5 errors) 91.36 (26 errors) 94.85 0.808
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Severe NPDR

Figure 5. Difficult cases in identifying third-order arteries and veins on OCTA images of a normal (A-C) and a severe NPDR eye (D, E). A
and V represent arteries and veins, respectively. (A) The magnified 12 X 12-mm OCTA image of the normal left eye (25-year-old male). The
yellow-dot arrow shows a third-order vessel that appears to be continuous with the more superior vertically oriented vein. (B, C) The CFP
of the same eye as in A. (C) shows the magnified area from the yellow rectangle in (B). The blue arrow indicates another vein that is
blocked from view in the OCTA image but clearly is actually the vessel continuous with the upper vein. Therefore, the vessel indicated by
the yellow-dot arrow in A and B is actually an artery. (D) The magnified 12 X 12-mm OCTA image of a right eye with severe NPDR (59-year-
old male). The vessel indicated by the yellow-dot arrow appears intertwined with another proximal vessel. (E) However, the FA image
clearly shows that the other vessel (blue arrow) is continuous with the upper vein; therefore, the vessel shown as a yellow-dot arrow is an
artery.

analysis. The number of L versus L, L versus S, and S
versus S crossings were 54, 76, and 38, respectively.
The accuracies of readers 1 and 2 and the
reliability between readers are shown in Table 3.
The average accuracies with respect to the gold
standard, to which the two readers were blinded, in
identifying all, L versus L, L versus S, and S versus S
crossings were 60.71%, 87.97%, 40.79%, and 61.85%,
and Cohen’s k for the same groups was 0.659, 0.783,

0.546, and 0.632, respectively (Table 3). Compared to
artery-vein identification, the accuracy and reliability
were low even in L versus L crossings. Reverse
visualization of relative vessel depth at crossing sites
frequently occurred on the en face OCTA with respect
to the gold standard, especially at L versus S crossings
(Fig. 7). However, following and tracing flow signals
on flow-overlaid B-scans could reveal which vessel
was truly anterior (Fig. 7C, F, and I).

Table 3. Accuracy and Reliability of Arteriovenous Crossing Identification in Normal Eyes

Accuracy of Accuracy of Average Cohen'’s «
Reader 1, % Reader 2, % Accuracy, % Between Readers
Total (168 crossings) 60.11 (67 errors) 61.31 (65 errors) 60.71 0.659
L vs. L (54 crossings) 85.19 (8 errors) 90.74 (5 errors) 87.97 0.783
L vs. S (76 crossings) 40.79 (45 errors) 40.79 (45 errors) 40.79 0.546
S vs. S (38 crossings) 63.16 (14 errors) 60.53 (15 errors) 61.85 0.632
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Figure 6. Difficult diabetic cases in differentiating arteries and veins on OCTA. A and V represent arteries and veins, respectively. (A) A
right eye with PDR (37-year-old female). (B) A left eye with PDR (73-year-old male). The vessels indicated by the yellow-dot arrows in (A)
and (B) appear to be veins, but they are intertwined with another vessel. Moreover, small capillary dropout around the vessels makes the
periarterial capillary-free zones difficult to discern. (C, D) OCTA images of a left eye with PDR (62-year-old male). At the temporal area (C),
capillary dropout and abnormalities are more severe than in (A) and (B). The vessel indicated by the green-dot arrow appears to be an
artery but is difficult to conclusively identify on OCTA alone. At the inferior nasal area (D), projection of neovascular tissues is covering
over the proximal large vessels. The second-order vessel indicated by the pink arrow appears to be an artery, but the neovascular

projections interfere with identifying its proximal connection.

Discussion

A recent study, which developed automatic artery-
vein differentiation in 6 X 6-mm OCTA guided by
color fundus images from normal and diabetic
subjects, demonstrated more than 98% accuracy in
identifying vessels as arteries and veins.”' Our study
investigated the accuracy and reliability in manually
differentiating retinal arteries and veins using only 12
X 12-mm en face OCTA images in normal eyes and
eyes with severe DR. The overall accuracies of the
readers were high in normal eyes (>97%) and still
relatively high in diabetic eyes (>94%). For first- and
second-order vessels, OCTA enables identification of
arteries and veins almost perfectly in normal eyes
(accuracy: >98%, Cohen’s k: >0.96) and even in
diabetic eyes (accuracy: >96%, Cohen’s x: >0.93).
Our results suggest that readers can correctly identify

the large arteries and veins using only widefield
OCTA if they are taught how to differentiate arteries
from veins on OCTA using the aforementioned rules.
Moreover, widefield OCTA images have adequate
resolution to visualize third-order vessels, which can
be accurately identified, presumably by tracing these
vessels back to easily identified second-order vessels
and making use of the fact that physiologically like
vessels do not cross like (i.e., artery-artery, vein-vein).
Third-order vessels also were accurately classified
with an average accuracy above 90%, even in the
diabetic eyes.

The most notable result of the current study was
that second-order vessels in normal eyes were
perfectly identified by both readers (Table 1). This
could be explained by the fact that the capillary-free
zone is quite visible around the second-order branches
of the retinal arteries in OCTA images (Fig. 3).
Michaelson and Campbell®* for the first time showed
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Figure 7. Typical cases representing the “crossing artifact.” A and V represent arteries and veins, respectively. (A) Magnified CFP of a
normal right eye (34-year-old male). A yellow arrow shows a third-order vein crossing over a second-order artery. (B) The corresponding
OCTA image to (A) displays the large artery as overlaying the small vein, reversing the actual depth order of the vessels (dot arrows). (C)
Horizontal flow-overlaid OCT B-scan at the crossing site in (B) (yellow-dot arrow) shows that the vein (blue arrow) is actually crossing over
the artery (red arrow). (D) Magnified CFP of the normal left eye (25-year-old male). Arrows show second-order artery crossing over a
second-order vein. (E) The corresponding OCTA image to (D) displays the vein as inversely overlaying the artery (yellow-dot arrow). (F)
Horizontal flow-overlaid OCT B-scan at the crossing site in (E) (vellow-dot arrow) shows that the artery (red arrow) is actually crossing over
the vein (blue arrow). (G) Magnified FA image of a left eye with severe NPDR (73-year-old male). Arrows show third-order veins crossing
over a second-order artery. (H) The corresponding OCTA image to (E) displays the large artery as overlaying the small veins. (I) Horizontal
flow-overlaid OCT B-scan at the crossing site on H (right yellow-dot arrow) shows that the vein (blue arrow) is actually crossing over the

artery (red arrow).

histologically the presence of a capillary-free zone
along human retinal arteries. The capillary-free zone
develops during embryogenesis because transmural
oxygen diffusion is capable of satisfying the metabolic
demands of the cells immediately adjacent to the
retinal artery, mitigating the need for vessels in this
area.”* Thus, the periarterial capillary-free zone is an
area of physiological avascularization. Recently,
Balaratnasingam”® demonstrated the prominent cap-
illary-free zone along the retinal artery in OCTA slabs
containing the superficial plexus and all capillary
plexuses using four different devices, including the

PLEX Elite 9000. When the second-order arteries are
identified according to the capillary-free zone, they
can also be traced proximally and distally to identify
first- and third-order arteries. Therefore, the periar-
terial capillary-free zone is among the most important
characteristics in differentiating arteries from veins
using only OCTA.

It is interesting that identification of the first-order
vessels was not perfect for both readers, and all
misreading of first-order vessels occurred near the
nasal side of the optic disc (Fig. 4). On 12 X 12-mm
OCTA images centered on the fovea, second-order
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vessels are not always included in the scan area. Thus,
the readers cannot trace back from the second-order
arteries that have the abovementioned prominent
capillary-free zone. Furthermore, it has been reported
that the proximal part of the first-order retinal
arteries around the optic disc have a narrower
capillary-free zone than do second-order arterial
branches.”” Also, dense radial peripapillary capillaries
in this area make the periarterial capillary-free zone of
the proximal retinal arteries blurred. Misreading of
first-order vessels on OCTA images could potentially
be avoided if the nasal side is scanned as well when
generating widefield montage images.®

The accuracy and reliability in identifying third-
order vessels was less than for first- and second-order
vessels (Tables 1 and 2). However, as demonstrated by
the relatively high Cohen’s k in normal (0.920) and
diabetic eyes (0.808), the misreading occurred in
similar vessels that were difficult for both readers to
identify (Figs. 5 and 6). Overlapping and intertwined
vessels sometimes lead to misreading partly because
the resolution in 12 X 12-mm OCTA images is not
sufficient to visualize vessels closely located to each
other. Increased resolution in widefield OCTA images
could overcome this problem. Furthermore, third-
order arteries and veins become, more distally,
precapillary arterioles and venules in order to supply
and drain the retinal tissues. At the level of these
small-size vessels, arterioles are physiologically next
to venules in order to facilitate efficient metabolic
exchange; this alternating distribution of the arteri-
oles and venules has been three-dimensionally report-
ed in the histology of mice and pig retinas”’-*® and
using OCTA devices in human retinas.”” Using this
heuristic, looking at the neighboring third-order
arteries and veins is sometimes helpful in identifying
intertwined vessels as either arterial or venous (Fig.
5).

In severe diabetic cases, however, the alternation
of arterioles and venules can be violated due to
capillary occlusion and dropout. As a number of
studies have demonstrated, capillary density signifi-
cantly decreases in eyes with severe DR as compared
to normal, no DR, or mild DR cases.’’ > Decreased
capillary density would make the periarterial capil-
lary-free zone more difficult to discern (Fig. 6).
Furthermore, from histological studies, the non-
perfusion areas in DR are known to be more likely
located adjacent to arterioles,’®?” which could further
confound the utility of the capillary-free zone in
identifying arteries. In cases of PDR, the presence of
NVE also adds difficulty to accurately identifying

vessels, as projection of the NVE interface can
obscure the view of vessel connections. In our study,
the individual reader accuracy and the reliability
between readers was lower in the diabetic eyes as
compared to normal eyes (Table 2). This suggests that
when identifying vessels in diabetic eyes, it is
important to use CFP and FA in combination with
OCTA rather than relying on en face OCTA alone.

Although in general the results of artery-vein
identification suggest that arteries and veins can be
identified with a relatively high degree of accuracy
and reliability using en face OCTA alone, this was not
the case for all areas of the image and was especially
not the case for the arteriovenous crossing sites (Table
3). When analyzing the crossing features, it was noted
that en face OCTA did not accurately depict the
relative depth of vessels as compared to CFP or CFP
and FA, resulting in a “crossing artifact” (Fig. 7). For
example, where a small vein was known from CFP
and/or FA to cross over a large artery, en face OCTA
images in this data set often displayed the large artery
as overlaying the small vein—reversing the actual
depth order of the vessels. In crossings between large
vessels, reverse visualization of this kind was rare, but
still occurred. In these cases, referring to the OCT B-
scans with flow overlay revealed which vessel was
actually anterior (Fig. 7); identifying arteriovenous
crossing using OCT B-scans has been demonstrated in
eyes with branch RVO.***” A previous study focusing
on venous nicking without arteriovenous contact
using adaptive optics images showed that the various
ophthalmoscopic presentations of arteriovenous nick-
ings might result from the combined effects of
hypertrophy and retraction of the intervascular
space.”’ Initially, we were not sure if the crossing
artifact was related to the microenvironment sur-
rounding small arteries and venules. However, we
confirmed that this finding was inconsistent across
different OCTA devices and imaging sizes (Supple-
mental Fig. S2), suggesting that this crossing artifact
may be a function of each device’s processing
algorithms for constructing the en face OCTA image.
Therefore, when determining which vessel is anterior
at crossing points in OCTA images, it is important to
use CFP and FA in combination with flow-overlaid
OCT B-scans, rather than relying on en face OCTA
alone.

In contrast to the CFP and FA, OCTA is neither
widely available for all clinicians nor the gold
standard in differentiating arteries from veins in daily
clinical practice. However, if available, OCTA allows
for easy assessment of not only precapillary arterial
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and venous changes but also capillary-level alter-
ations. The current results could contribute to direct
observation of the arterial-side or venous-side micro-
vascular changes in the retinal diseases and the
estimation of their pathogenesis. Furthermore, the
presence of leakage in eyes with DR on FA reinforces
that en face OCTA can serve as a “clean” imaging
modality that shows no leakage, making differentia-
tion of arteries and veins easier. In addition, the
current analyses may also apply to machine learning
and automated interpretation of the OCTA images.
Further studies assessing the roles of these new
technologies are needed.

This study had several limitations. First, only
normal and diabetic eyes were included. The effects of
other pathologies, such as branch RVO, on artery-
vein differentiation could be different and require
further investigation. Second, eyes with minor media
opacity or pseudophakia were included. As opposed
to FA, OCTA images do not have “phase” informa-
tion; thus, it might be difficult to identify arteries and
veins in low-quality OCTA images due to severe
media opacity. The selection bias of so-called perfect-
to-image eyes is a limitation of the current study.
Third, our study was limited to 12 X 12-mm images.
The accuracy of vessel identification using other
image sizes that capture both first- and second-order
vessels, such as 6 X 6 mm, is unclear. The vessels
captured in 3 X 3-mm scans are mostly third-order or
precapillary arterioles and venules, so accurate
identification using the methodology described in this
study would be challenging. Finally, this study
included only images obtained using the Carl Zeiss
PLEX Elite 9000. Further investigation is needed to
fully understand the accuracy and reliability of vessel
and crossing identification using other devices,
including spectral-domain OCTA devices. This is
particularly important given the impact that variable
processing algorithms can have on how vessel
information is displayed in en face OCTA images.

In conclusion, OCTA images allow for overall
accurate and reliable artery and vein identification;
however, for small branches and at areas of vessel
crossing, identification by OCTA alone may be less
accurate and reliable.
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