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Purpose: To quantify the blood flow speed within retinal microaneurysms (MAs) and
investigate the relationship between blood flow speed and clinical characteristics in
eyes with diabetic retinopathy (DR).

Methods: Variable interscan time analysis (VISTA) quantifies blood flow speed in the
vasculature by measuring how fast optical coherence tomography (OCT) angiography
(OCTA) saturates for different interscan times. Macular OCTA imaging was performed in
eyes with DR using a high-speed swept-source OCT prototype instrument operating ata
600-kHz A-scan rate. The presence of MAs was determined using OCT B-scans, and
three-dimensional MA masks were generated. VISTA flow speed (VFS) was determined
within MAs and the retinal capillary plexus (RCP). Intraluminal reflectivity, axial location
within the RCP, and the presence of intraretinal fluid (IRF) around the MAs
were evaluated.

Results: A total of 123 MAs were detected from 24 eyes of 20 patients with DR. Mean
VFS was 1.26 ms~' (95% confidence interval, 1.16-1.35). MAs with medium and high
intraluminal reflectivity had slower VFS than those with low intraluminal reflectivity
(P < 0.01) and often had slower VFS than the RCP (P < 0.01). Sixty-six MAs were located
near IRF and had slower VFS than the other 57 MAs without surrounding IRF (1.16 ms™'
vs. 1.37 ms~'; P = 0.03).

Conclusions: VISTA OCTA can assess blood flow speed of MAs in relation to other
structural features in DR. Decreased blood flow speed in MAs is correlated with the
presence of IRF around MAs.

Translational Relevance: We offer a new method that quantifies the blood flow speed
of MAs to study the development of diabetic macular edema.

shapes and internal structures even in the same eye,

Introduction

Retinal microaneurysms (MAs), grape-like or
spindle-shaped dilations of retinal capillaries, are a
hallmark of diabetic retinopathy (DR).!> Although
MAs are the earliest clinical sign of DR, they can
develop at any stage of DR. MAs can assume various
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which makes it challenging to quantify and assess their
role in DR pathogenesis.® Fluorescein angiography
(FA) is a standard but invasive diagnostic procedure
to evaluate MA and fluorescein leakage related to the
accumulation of intraretinal fluid (IRF).*©

The combination of optical coherence tomog-
raphy (OCT) and OCT angiography (OCTA) can
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assess the retinal capillary plexus and its abnormal-
ities in three dimensions without requiring intra-
venous contrast.” "' On the other hand, Doppler
OCT can directly measure blood flow velocity, but
it is focused on the major retinal vessels, and the
number of vessels that can be measured simulta-
neously is limited.!>~!® Other imaging technologies,
such as scanning laser Doppler flowmetry (SLDF)
and laser Doppler holography (LDH), can quantify
flow in the retina.!®2* However, SLDF and LDH are
not depth resolved and not capable of distinguish-
ing and evaluating retinal capillaries in different retinal
layers.

Recent advances in ultra-high-speed swept-source
lasers enable extensions of OCTA for hemodynamic
assessment by acquiring more repeated B-scans with
shorter interscan times. One example is variable inter-
scan time analysis (VISTA), which characterizes blood
flow speed by comparing short and long interscan time
OCTA. Previous generation VISTA studies identified
relatively slow blood flow speeds in MAs, intrareti-
nal microvascular abnormalities, and neovasculariza-
tion.” 3 However, the flow speed information was
qualitative, and quantitative measurement was not
possible.

More recently, we developed a next-generation
VISTA method, which quantifies blood flow speed by
measuring the rate at which OCTA signals saturate
versus interscan time.’! This next-generation VISTA
technique can detect subtle blood flow changes such
as pulsatility in individual retinal capillaries and
provides high repeatability for capillary blood flow
speed measurements.

The purpose of this study is to assess blood flow
speeds in individual MAs and correlate them with their
clinical characteristics using swept-source OCT (SS-
OCT) and next-generation VISTA OCTA. This study
aims to comprehensively assess the hemodynamics and
structure of MAs, as well as their associations with
IRF.
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Study Participants

Between January and December 2022, patients
diagnosed with DR were enrolled in a prospec-
tive, observational study at the New England Eye
Center, Tufts Medical Center, Boston, Massachusetts.
This study was approved by the institutional review
boards at Tufts Medical Center and Massachusetts
Institute of Technology. The research adhered to
the tenets of the Declaration of Helsinki and
complied with the Health Insurance Portability
and Accountability Act of 1996. Informed written
consent was obtained from all patients before OCT
imaging.

Patients underwent comprehensive ophthalmic
examination, including measurement of best-corrected
visual acuity (BCVA), intraocular pressure, slit-
lamp biomicroscopy, and fundus examination.
Visual acuity was measured using a Snellen chart
and converted to logarithm of minimum angle
of resolution (logMAR). The presence of diabetic
macular edema (DME) was determined as a retinal
thickness of 300 um or more, either in the central
subfield or a subfield quadrant directly adjacent to the
central subfield with a diameter of 3 mm. Eyes with
prior laser treatment and intravitreal anti-vascular
endothelial growth factor (VEGF) injection within
1 month were excluded. Images with poor quality
due to media opacity and poor fixation were also
excluded.

SS-OCT Imaging and VISTA OCTA

The prototype SS-OCT system utilized a high-
speed, micro-electromechanical systems—vertical cavity
surface emitting laser and is described in our previous
publication.?> Table 1 summarizes the OCTA proto-

Table 1. Prototype Swept-Source OCT Angiography Protocols.
Fundamental Longest
Interscan Interscan A-Scan B-Scan Scanner  A-Scans/ Acquisition
FOV Time, ms Time,ms  Spacing,um Repeats? DutyCycle B-Scan  B-Scans Time, S
3 x3mm 1 7 6.7 8 0.75 450 450 3.60
5x5mm 1.25 5 8.8 5 0.76 570 570 3.57
6 X 6 mm 1.19 5.95 12 6 0.70 500 500 3.58

FOV, field of view.

aScanning protocols with N B-scan repeats and the fundamental interscan time At (the interscan time between sequential

B-scans) provide OCTA at At, 2At¢, ... (N- 1) At.
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cols used in the study. Blood flow speed quantifica-
tion in MAs and retinal capillary plexus (RCP) was
performed using the next-generation VISTA method.?!
In short, VISTA measures how fast OCTA saturates
versus interscan time (the time between repeated B-
scans) as a surrogate marker for blood flow speed.
Fast blood flow results in a rapid OCTA saturation
with increasing interscan time, while slow blood flow
speed leads to a more gradual saturation. VISTA
performs five or more repeated B-scans and computes
OCTA signals at multiple interscan times, as modeled
by OCTA(r) = B8 (1 — exp (—«t)), to measure «,
a surrogate for blood flow speed, the VISTA flow
speed (VFS), and B, the saturated OCTA signal.
Flow speed can be visualized using pseudo-colored
en face OCTA images generated by mapping VFS
to hue in an hue, saturation, and value (HSV) color
map.

Retinal Layer Segmentation to Determine
VISTA Flow Speed of Capillary Plexuses

Two RCP groups were assessed: superficial capil-
lary plexus + intermediate capillary plexus (SCP
+ ICP) and deep capillary plexus (DCP). The SCP
+ ICP is between the posterior of the retinal nerve
fiber layer and the middle of the inner nuclear layer
(INL). The DCP is between the middle of the INL
and 80 pm anterior to the retinal pigment epithe-
lium. To compute the VFS in the SCP + ICP and
DCP, a three-dimensional (3D) vessel mask for each
plexus group was generated from OCTA, as described
in our recent publication.’! Vessels with diameters
larger than 40 um had saturated flow speeds and were
excluded.

3D MA Mask Generation to Determine VISTA
Flow Speed Within MAs

The 3D masks were generated for each MA (Fig. 1).
First, a retinal specialist (HT) identified a cuboid that
contained the MA using structural OCT volumes.
Using this cuboid, three projected OCT images were
generated by averaging the OCT intensity in three
orthogonal directions. Then, the boundaries of the
MA were manually traced on each projected image,
and three two-dimensional (2D) masks were produced.
These 2D masks were intersected within the cuboid
to generate a 3D mask for the MA. This method
using intersecting projections offers a more accurate
representation of the MA than simpler geometric
shapes like cuboids or spheres and is more practi-
cal than manual volume tracing. We note that only
structural OCT, not OCTA, was used to identify and
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generate the 3D masks for MA. OCTA measure-
ments in the 3D masks were used to evaluate VFS for
each MA.

MA Categorization Based on Reflectivity,
Axial Position, and Intraretinal Fluid

All MAs were classified into three groups (high,
medium, and low) by a single grader (HT) accord-
ing to internal OCT reflectivity, following a previ-
ous study.> The lumen of MAs was considered
hyperreflective (high) if its OCT reflectivity was
similar to that of the MA wall, hyporeflective
(low) if it was similar to that of cystic intraretinal
fluid, and moderate (medium) if the reflectivity was
intermediate. Additionally, the uniformity of inter-
nal reflectivity was assessed (homogeneous, hetero-
geneous). If the reflectivity was consistent within
an MA, it was classified as a homogeneous MA.
Varying reflectivity within an MA was classified as
heterogeneous.

The axial location (SCP + ICP, DCP) of each MA
was determined using B-scan images. MAs anterior
to the middle of the INL were classified as MAs
located in the SCP + ICP, and MAs posterior to
the middle of the INL were classified as MAs in the
DCP. For MAs located in both the SCP + ICP and
the DCP, OCT en face images at each depth (z-stack)
were reviewed to determine the closest connection to
the RCP.

The presence of IRF (IRF+, IRF—) was deter-
mined by two graders (HT and MUJ) using OCT
B-scans and en face projections. If cystic fluid was
observed within 250 um from the center of an MA
in the same capillary plexus, the MA was classified
as IRF+. Otherwise, MAs were classified as IRF—.
Discrepancies between the two graders were resolved
through open adjudication.

Statistical Analysis

Statistical analysis was performed using SPSS
Statistics software version 29.0.0.0 (IBM Corp, New
York, NY, USA). Data are presented as mean =+
standard deviation (SD) unless specified otherwise.
When assessing the statistical significance of the differ-
ences between the groups, Student’s z-tests and one-
way analysis of variance (ANOVA) were performed
after normal distributions were confirmed by Shapiro—
Wilk tests. For data not following normal distribu-
tions, the Mann—Whitney U test and Kruskal-Wallis
test were used. A P value less than 0.05 was considered
significant.
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Method for generating a 3D mask of a retinal MA. (A) A cuboid box containing an MA is identified from the structural OCT

volume. (B) Three en face images are generated by projecting the cuboid in three orthogonal directions. (C) Three 2D masks containing the
microaneurysm are traced from the projected en face images. (D) The 3D mask is generated by intersecting the 2D masks.

Twenty-four eyes from 20 patients with DR were
included in the study. The mean age of the study
participants was 58 + 14 (range, 31-79) years. The
mean logMAR visual acuity was 0.30 = 0.39 (Snellen
= 20/41). Of these 24 eyes, 9 eyes were classified as
mild nonproliferative diabetic retinopathy (NPDR), 5
eyes as moderate NPDR, 3 eyes as severe NPDR, and
the remaining 7 eyes as proliferative diabetic retinopa-

thy (PDR). Macular edema was present in 13 (54%)
DR eyes. The clinical characteristics of DR eyes are
summarized in Table 2. The 13 eyes with DME had
worse BCVA and a larger central subfield retinal thick-
ness than the 11 eyes without DME. The median
number of retinal MAs in DME eyes was more than
those in eyes without DME (6 vs. 2; P = 0.04, Mann-—
Whitney U test) over a 5S-mm X 5-mm or 6-mm X
6-mm field of view. The mean VFS of MAs, (SCP +
ICP)VFS, and DCPVFS was not different between DR
eyes with and without DME.
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Table 2. Clinical Characteristics of Patients With DR With and Without DME

Characteristic DME Present DME Absent PValue
Patient characteristics

Number of patients 12 8

Mean age in years 61 £ 11 54 +£ 17 0.27°

Male gender 9(69) 8(73) 0.85°
Race

Caucasian 8 (67) 5(62)

African American 3(25) 2 (25) 0.78°

Asian 1(8) 1(13)
Type 2 DM 11 (85) 8(73) 0.63°
Serum HbA1c % 80+ 15 79+ 13 0.87°
Insulin dependency Ocular characteristics 12 (80) 7 (64) 0.66°
Number of eyes 13 11
Prior intravitreal anti-VEGF treatment 6 (46) 5 (45) 0.97°
Prior laser photocoagulation® 3(23) 3(27) 0.81°
BCVA in logMAR units (Snellen) 0.48 4+ 0.44 (20/60) 0.06 +0.11 (20/23) <0.012
DR classification

Mild NPDR 4(31) 5 (46)

Moderate NPDR 2(15) 3(27) 0.35°

Severe NPDR 3(23) 0(0)

PDR 4(31) 3(27)
DME location

Foveal only 8 (62)

At the perifovea 4(31)

Both 1(7)
CST, microns 341 4+ 96 262 + 36 0.01°
Retinal microaneurysm

Median, n 6 2 0.04¢

VISTA flow speed (ms~") 1.29 £ 0.56 1.18 £ 047 0.352
Superficial and intermediate capillary plexus, 1.84 £+ 0.34 1.72 £+ 0.28 0.34°

VISTA flow speed (ms™')
Deep capillary plexus, VISTA flow speed (ms~") 1.56 £+ 0.30 1.50 £ 0.25 0.82°2

Values are presented as n (%) or mean =+ standard deviation unless otherwise indicated. CST, central subfield thickness; DM,

diabetes mellitus; PDR, proliferative diabetic retinopathy.
aStudent’s t-test.
by? test.

All laser treatments were performed with pan-retinal photocoagulation.
dNumber of retinal microaneurysms was compared between 12 eyes with DME and 10 eyes without DME, which were
examined with a scanning field of either 5 x 5mmor 6 x 6 mm.

€Mann-Whitney U test.

A total of 123 MAs were detected on OCT B-scans
of 24 patients with DR (Figs. 2 and 3). The mean VFS
of MAs was 1.26 + 0.53 ms!. The mean largest linear
diameter and volume of the MAs were 132.8 + 37.7 um
and (7.87 £ 6.26) x 10° um?, respectively, as measured
from the 3D MA masks. The largest linear diameter
and volume of the MAs were not correlated with the
VFS in univariate regression analysis (P = 0.30 and
0.34, respectively).

Of 123 MAs, 36 MAs were classified as hyperreflec-
tive (high reflectivity), 55 MAs as moderate-reflective
(medium reflectivity), and the remaining 32 MAs as
hyporeflective (low reflectivity). The mean VFS of
moderate and hyperreflective MAs were slower than
those of hyporeflective MAs (1.19 4+ 0.34 and 1.14 +
0.42 ms! vs. 1.52 + 0.79 ms™!; P < 0.01, one-way
ANOVA) (Fig. 4A), whereas MA diameters (122.2 +
38.6, 136.3 £ 35.3, and 136.9 &+ 40.1 um; in the low,
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Figure 2. Multimodal imaging of a 66-year-old patient with mild nonproliferative diabetic retinopathy in the left eye imaged by high-
speed, swept-source OCT. (A) Color fundus image shows dot and blot hemorrhages temporal to the fovea. A white rectangle highlights the
area corresponding to images (B), (C), and (D) and is slightly cropped from the scanned region. (B) En face OCT image shows MAs with
hyperreflectivity (white arrow and arrowhead). The green dotted bars indicate the location of the OCT B-scans. White bar: 100 um. (C) En face
OCTA image shows knob-like MAs in the DCP (green arrow and arrowheads). (D) En face VISTA OCTA image shows colored MAs and the
DCP. VFS of MAs was measured as 1.27 ms~" (white arrowhead) and 0.79 ms~' (white arrow), which were slower than the mean VFS of the
DCP (1.58 ms™"). (E) A horizontal B-scan image shows MAs with high and heterogeneous intraluminal reflectivity in the DCP (white arrow
and arrowhead). Both MAs have directly adjacent IRF. (F) A vertical B-scan image shows MA in the DCP (white arrow). (G) A horizontal cross-
sectional OCTA image shows MAs (green arrow and arrowheads). (H) A vertical cross-sectional OCTA image shows an MA posterior to the

inner nuclear layer (green arrow).

medium, and high reflectivity groups, respectively) and
volume (6.85 £+ 6.28, 8.41 £+ 6.49, and 7.96 £+ 6.02
x 10° um?®; in the low, medium, and high reflectiv-
ity groups, respectively) were not statistically differ-
ent. Of all 123 MAs, 51 MAs (41%) were classi-
fied as homogeneous and the other 72 were hetero-
geneous. The mean VFS of heterogenous MAs was
slower than those of homogeneous MAs (1.16 £ 0.39
vs. 1.40 + 0.67 ms~!; P = 0.03) (Fig. 4B), whereas
the diameter (137.7 £ 37.3 vs. 125.9 £ 38.0 um) and
volume (8.08 & 6.44 vs. 7.58 £ 6.10 x 10° pm?) were
not significantly different. The distribution of MAs
classified using intraluminal reflectivity and homogene-
ity is shown in Figure 4C. The mean VFS of MAs
with low homogeneous reflectivity was faster than the

other groups of MAs (P < 0.001, one-way ANOVA)
(Fig. 4D).

A total of 55 MAs (45%) were located near the
SCP + ICP, and the other 68 MAs (55%) were located
near the DCP. There was no significant difference
in VFS between MAs in the SCP + ICP versus
those in the DCP (1.17 + 0.39 vs. 1.33 £+ 0.62
ms~!; P = 0.11) (Fig. 5A). Figure 5B shows that
MAVFS(VFS of MA) was slower than both (SCP +
ICP)VFS and DCPYFS in 103 MAs (group 1; 84%),
slower than (SCP + ICP)'FS but not DCPYFS in
7 MAs (group 2; 6%), and greater than (SCP +
ICP)V¥S and DCPV'S in the remaining 13 MAs (group
3; 10%). This relative relationship of VFS between
MAs and RCP was associated with the intralumi-
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Figure 3. Multimodal imaging of a 65-year-old patient with severe nonproliferative diabetic retinopathy. (A) Color fundus image of the
left eye shows multiple blot hemorrhages in the temporal paramacular area. A white rectangle indicates the area corresponding to images
(B), (€), and (D) and is slightly cropped from the scanned OCT region. (B) En face OCT image shows MAs with hyperreflectivity (white arrow-
heads and white arrow). The green dotted bars indicate B-scan OCT locations. White bar: 100 um. (C) En face OCTA image shows MAs (green
arrowheads). The MA indicated by white arrows in (B) is not clearly visualized on this image because of low OCTA signal (green arrow).
(D) En face VISTA OCTA shows colored MAs and the DCP. The VFS of the MA (white arrow) was measured as 1.91 ms~!, which was slower
than the 2.07 ms~' mean VFS of the DCP. This MA has faster blood flow speed than other two MAs (white arrowheads, left; 1.15 ms~', right;
0.85 ms~"). (E) A horizontal B-scan OCT shows an MA with low homogeneous intraluminal reflectivity in the DCP (white arrow). (F) A vertical
B-scan image shows an MA in the DCP (white arrow). The MAs have adjacent intraretinal fluid beside them. (G) A horizontal B-scan OCTA

image shows an MA (green arrow). (H) A vertical B-scan OCTA image shows low OCTA signal at the area of the MA (green arrow).

nal reflectivity of the MAs (P < 0.01, x> test)
(Fig. 5C).

The two graders determined the presence of
surrounding IRF near MAs with an agreement of
68% (84 MAs). A concordance index « of 0.63
(95% confidence interval, 0.52-0.74) was obtained,
indicating a moderate level of agreement. After
reaching consensus through open adjudication, a
total of 66 MAs (54%) were classified into the
IRF+ group and the remaining 57 MAs into the
IRF- group. The mean VFS of MAs in the IRF+
group was slower than MAs in the IRF- group
(VFS 1.15 + 0.04 ms™! vs. 1.37 & 0.09 ms~!, P
= 0.03). The intraluminal reflectivity, homogeneity
of reflectivity, proximity to SCP + ICP or DCP,
largest linear diameter, and volume of MAs were
not statistically different between the two groups
(Table 3).

Discussion

In this study, we quantitatively examined blood
flow speed of MAs and RCP in patients with DR
using VISTA OCTA. MAs originate from RCP, in
which blood perfusion is closely associated with the
high metabolic demands of the retina.'*3* There-
fore, hemodynamic information from VISTA OCTA
may provide insights into subclinical alterations of
retinal circulation, which are not readily available
from standard OCTA. Furthermore, utilizing struc-
tural information of individual MAs from dense OCT
volume scans, we investigated the relationships between
the blood flow speeds and clinically relevant parame-
ters, such as largest linear diameter,*-* volume, axial
location,?” and intraluminal reflectivity®*:3® of MAs, as
well as the presence of surrounding IRF.
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Figure 4. VFS of retinal MAs in diabetic retinopathy. (A) Box plots showing VFS of MAs versus intraluminal reflectivity of each MA.
(B) Box plots of VFS of MAs versus homogeneity of intraluminal reflectiveness of each MA. (C) Distribution of MAs (N = 123) by intraluminal
reflectivity and homogeneity. (D) VFS of MAs versus intraluminal reflectivity and homogeneity of each MA.

The mean largest linear diameter of MAs was 132.8
4+ 37.7 um with a range from 53.7 to 254.6 um.
The mean diameter of MAs measured using adaptive
optics scanning laser ophthalmoscopy (AOSLO)*’ and
adaptive optics OCT**#! was reported as 49 to 105 um
and 109 to 137 um, respectively, which is consistent
with our measurements using OCT. Although OCT
does not achieve the high transverse resolution of
adaptive optics, it has a wider field of view.

Recent studies investigated varying intraluminal
reflectivity of MAs using OCT.?3:3® Utilizing a total of
145 MAs from 16 patients with DR, it was reported
that MAs with medium and high intraluminal reflec-
tivity were more clearly visualized in OCTA than MAs
with low intraluminal reflectivity, suggesting a wide
range of blood flow speeds associated with reflectiv-
ity of MAs.* One study observed MAs with varying
reflectivity in patients with NPDR over 1 year and
showed that extracellular fluid developed more around
hyperreflective MAs than hyporeflective MAs.*8

As shown in Figures 3B and 3C, hyporeflective MAs
may appear as having “no signal” in OCT images
due to the selected brightness settings chosen for the
printed image, which are optimized to display the
overall retina but may fail to reveal OCT signals within

MAs. The actual OCT intensity is significant relative
to the background, and thus VISTA can measure flow
speed in these hyporeflective MAs.

Similarly, our results show M As with heterogeneous
intraluminal reflectivity had slower blood flow speed
than MAs with homogeneous intraluminal reflectivity,
suggesting the existence of different materials within
MAs that may be associated with slower blood flow
speed. A previous histologic study showed that intra-
luminal materials in MAs can consist of accumu-
lated red blood cells, monocytes, polymorphonuclear
cells, macrophages, lipid depositions, and thickened
basement membranes of vascular endothelial cells,
which can generate heterogeneous optical scattering
properties.” In addition, these intraluminal hyper-
reflective materials may change over time, as reported
by Hafner et al.*® using adaptive optics OCT. In
our study, we believe that the intraluminal materi-
als may behave like static components (compared
to moving red blood cells) within the MA during
image acquisition, decreasing the VFS of the MA.
Moreover, MAs with higher flow speeds may cause
the speckle pattern to become decorrelated across
repeated OCT scans. When these B-scans are averaged
to produce the structural OCT image, the decor-
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Figure 5. VFS of retinal MAs in diabetic retinopathy. (A) Box plots showing VFS of MAs versus axial location of each MA. (B) Scatterplot of
the ratio MAVF/DCPYFS versus the ratio MAY/(SCP + ICP)VS . (C) Distribution of MAs (N = 123) by intraluminal reflectivity and classification
according to the ratio MAYFS/DCPY™ and the ratio MAYF/(SCP + ICP)"F,

relation may result in a homogeneous intraluminal
reflectivity.

As expected, most MAs (84%) had blood flow speed
slower than the SCP + ICP and DCP, and blood
flow speeds between MAs in the SCP + ICP versus
in the DCP were not statistically different. Li et al.*
simulated flow velocity in MAs using AOSLO and
platelet aggregation models and demonstrated that
flow speed is slower in MAs than in the feeding and
draining vessels. This may explain our observation of
slower blood flow speed within MAs than mean blood
flow speed of both SCP + ICP and DCP (group 1), the
most common case (84%) in our study. On the other
hand, we did not evaluate the shape of each MA and
the distance between MAs and draining vessels, and
this could have introduced a large variance in the VFS
of MAs.

It is also important to highlight that the blood flow
speed of MAs having surrounding IRF was slower
than those without surrounding IRF, whereas the other
parameters (intraluminal reflectivity, axial location,
and largest linear diameter) were not different between

the MAs with and without adjacent IRF. Recently, Gao
et al.** also categorized MAs into three groups based
on their perfusion status. To investigate the relation-
ship between perfusion status and VISTA flow speed,
we applied the same classification method as Gao et
al.** by categorizing MAs into nonperfused, partially
perfused, and fully perfused groups using OCTA B-
scans. Figure 6A presents representative MAs from
each category. Of the 123 MAs, 12% were classified
as nonperfused, 55% as partially perfused, and 33%
as fully perfused. We compared VISTA flow speed
across these groups (Fig. 6B), which showed signifi-
cant differences (Kruskal-Wallis test, P = 0.0057). Post
hoc Mann—Whitney U tests revealed statistically signif-
icant differences between fully perfused versus partially
perfused MAs, as well as fully perfused versus nonper-
fused MAs (P = 0.0059 and P = 0.0104, respectively)
but not between partially perfused and nonperfused
MAs (P =0.312).

Fully perfused MAs exhibited higher flow speeds
than partially perfused MAs, likely because partially
perfused MAs may contain intraluminal materials that
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Table 3. Comparison of Characteristics and VISTA Flow Speed Among Retinal Microaneurysms With and

Without Surrounding Intraretinal Fluid

Characteristic IRF Present IRF Absent P Value
Number of microaneurysms 66 57
Intraluminal reflectivity
High 13 (20) 19 (33) 0.16°
Medium 34 (52) 21 (36)
Low 19 (28) 17 (30)
Homogeneity of intraluminal reflectivity
Homogeneous 23 (35) 28 (49) 0.14°
Heterogeneous 43 (65) 29 (51)
Axial location
At SCP and ICP 29 (44) 30 (53) 0.37°
At DCP 37 (56) 27 (47)
Largest diameter (um), mean £ SD 136.1 £ 38.1 129.0 £ 37.6 0.30°
Volume (um?3), mean + SD 8.52 + 6.79 7.12 £+ 5.61 0.22°
VISTA flow speed (ms~'), mean + SD 1.15 £ 0.35 1.37 £ 0.67 0.03°

Values are presented as n (%) or mean = standard deviation unless otherwise indicated.

2% 2 test.
bStudent’s t-test.

increase fluid resistance, thereby reducing flow speed.
Notably, nonperfused MAs still showed nonzero VFS
values. This is consistent with our expectations because
our OCTA system uses interscan times that are two
to five times shorter than those in commercial OCTA
systems. These shorter interscan times can result in
weaker OCTA signals for MAs with slower flow due to
limited red blood cell displacement within each inter-
val. However, VISTA measures flow speed based on
the rate at which OCTA signals saturate over multi-
ple interscan time points rather than relying solely on
OCTA signal intensity, allowing it to detect slow flow
speeds even in MAs with low OCTA signals.

Limitations of this study include the small number
of enrolled patients, cross-sectional design, and lack
of longitudinal follow-up. About half of the eyes with
DR have a history of anti-VEGF treatment or prior
laser photocoagulation, which may have affected the
VEFES in eyes with DR and the amount of IRF in eyes
with DME in our study. A longitudinal study with a
larger sample number is needed to better understand
the correlation of MA flow speeds with clinical features
and treatment outcomes.

We note that blood flow speeds in MAs are
modulated by cardiac pulsatility, similar to retinal
capillaries. Therefore, the VFS measurements in this
study are subject to pulsatility effects. However,
because the cardiac phase during imaging is random
for each MA, the effect of pulsatility on VFS can be
treated as an error term, introducing variance but not

bias. This may reduce the statistical power of our analy-
ses. To obtain pulsatility-averaged VFS measurements,
OCTA images can be acquired at different cardiac
phases.*> However, this approach will require multiple
image acquisitions and OCT system integration with a
pulse oximeter, significantly increasing acquisition time
and system complexity.

Three different scanning protocols were used, and
the differences in scan density may have affected
the measured volume of MAs. However, our recent
study showed that VFS measurements were compatible
between different imaging protocols.’! Figure 1 shows
a method for generating a 3D MA mask from three
2D masks. While this approach offers a time-efficient
way to create a 3D mask, it is expected to overestimate
the MA volume by approximately 10% to 12% and
length by 3% to 4%. More advanced techniques, such as
binary tomography and voxel carving, could improve
3D mask accuracy using projections.***’ Additionally,
deep learning approaches have been effective in identi-
fying MAs from 2D images in various imaging modal-
ities and may enable fully automated 3D MA segmen-
tation in OCT without the need for human readers or
projections. 84

The clinical relevance of measuring MA hemody-
namics remains an open question, as in vivo studies
are still at an early stage. To the best of our knowl-
edge, this study represents the first in vivo measurement
of MA hemodynamics in humans. MA hemodynamic
markers, such as blood flow velocity and shear stress,
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Figure 6. Perfusion status of retinal MAs versus VFS. (A) Representative OCTA B-scan images of MAs with different perfusion status: nonper-
fused (left), partially perfused (middle), and fully perfused (right). (B) Box plots showing VFS across the three perfusion status categories.

may provide insights into vascular wall integrity and
thrombosis.”® Compromised vascular walls can lead
to MA leakage and retinal edema with DR progres-
sion.>!+32

Previous studies have primarily relied on simula-
tions or in vitro models to explore MA hemody-
namics. For example, adaptive optics-based models
have been used to calculate shear rates, microfluidic
platforms have demonstrated reduced shear stress in
larger MAs, and particle-based models have shown

the relationship between flow speed and platelet
aggregation.” > In contrast, our study measures
a surrogate marker for blood flow speed in vivo,
providing a complementary approach to these earlier
approaches.

In summary, in vivo measurements of blood flow
speed of MAs and the RCP were performed in
a single acquisition using high-speed SS-OCT and
VISTA OCTA. The capability of assessing blood flow
speed over multi-millimeter fields of view may help
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develop quantitative OCTA biomarkers that can be
used to better understand DR pathogenesis, includ-
ing accumulation of fluid within the retinal inner
layers.
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