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Purpose: To compare optical coherence tomography angiography (OCTA)-derived flux
with conventional OCTA measures of retinal vascular density in assessment of physio-
logical changes in retinal blood flow.

Methods: Healthy subjects were recruited, and 3 x 3-mm? fovea-centered scans were
acquired using commercially available swept-source OCTA (SS-OCTA) while participants
were breathing room air, 100% O,, or 5% CO,. Retinal perfusion was quantified using
vessel area density (VAD) and vessel skeleton density (VSD), as well as novel measures
of retinal perfusion, vessel area flux (VAF) and vessel skeleton flux (VSF). Flux is propor-
tional to the number of red blood cells moving through a vessel segment per unit time.
The percentage change in each measure was compared between the O, and CO, gas
conditions forimages of all vessels (arterioles, venules, and capillaries) and capillary-only
images. Statistical significance was determined using paired t-tests and a linear mixed-
effects model.

Results: Eighty-four OCTA scans from 29 subjects were included (age, 45.9 + 19.5 years;
14 male, 48.3%). In capillary-only images, the change under the CO, condition was 168%
greater in VAF than in VAD (P = 0.002) and 124% greater in VSF than in VSD (P = 0.004).
Similarly, under the O, condition, the change was 94% greater in VAF than in VAD (P =
0.004) and 57% greater in VSF than in VSD (P = 0.01). Flux measures showed significantly
greater change in capillary-only images compared with all-vessels images.

Conclusions: OCTA-derived flux measures quantify physiological changes in retinal
blood flow at the capillary level with a greater effect size than conventional vessel
density measures.

Translational Relevance: OCTA-derived flux is a useful measure of subclinical changes
in retinal capillary perfusion.

. OCTA images are very useful to detect and quantify
Introduction frank capillary loss.!"*"!® Nevertheless, OCTA has

provided relatively limited quantitative information

Optical ~coherence tomography angiography about retinal blood flow (rather than vascular density).
(OCTA) is a US Food and Drug Administra- For example, commercially available OCTA devices
tion (FDA)-approved technology that provides are typically used to create en face maps demon-
rapid in ViVO Visualization Of I‘ed blOOd Cell (RBC) strating Vascular segments Wlth RBC movement
movements.'-? In clinical and research settings, en face occurring within a range of 0.3 to 3 mm/s."-!! Absolute
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measurement of RBC velocity has been elusive. The
application of OCTA-derived measures to assess
relative quantitative changes in capillary blood flow
has been only possible with custom-designed OCTA
systems.!? Therefore, there is a major unmet clinical
and research need to more accurately quantify subclin-
ical changes in blood flow that precede frank patho-
logical changes in capillary structure. For example,
improving the accuracy and sensitivity of measures
of subclinical changes in blood flow that precede
capillary loss would be highly relevant to early inter-
ventions in retinal vascular diseases such as diabetic
retinopathy.!3-14

Previous in vitro microfluidic modeling of blood
flow suggests that the intensity of the optical microan-
giography (OMAG)">-1¢ decorrelation signal is likely
proportional to the number of RBCs moving within
a capillary segment at the time of the OCTA scan, a
concept otherwise known as “flux.”!” These phantom
studies suggest that flux may be a more accurate and
sensitive measure of subclinical changes in capillary
perfusion (i.e., in the absence of frank capillary loss)
than conventional skeleton density or vessel density
measures.

The aim of this study was to compare conventional
OCTA-derived measures of retinal vascular density
with OCTA-derived measures of flux to quantify
changes in retinal perfusion in the absence of capillary
pathology. We compared how well these OCTA-
derived metrics can quantify the magnitude of retinal
vascular reactivity in response to well-characterized
physiological stimuli in capillaries versus larger caliber
retinal vessels (arterioles and venules) of normal
human subjects.

The study was designed and conducted at the
University of Southern California (USC) Roski Eye
Institute between October 2017 and February 2020.
The study was approved by the USC Institutional
Review Board and conformed to the tenets of the
Declaration of Helsinki. The study was explained to
and written informed consent was obtained from all
subjects prior to recruitment.

Healthy subjects older than 18 years of age without
any history of ophthalmic or systemic vascular disease
were recruited from volunteers or USC Roski Eye
Institute clinic patients who agreed to participate
in the study. Exclusion criteria included inability
to consent, pregnancy, and history of any of the
following: macular edema, age-related macular degen-
eration, retinal vein occlusion, glaucoma, media
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opacities (vitreous hemorrhage or visually signifi-
cant cataract), intraocular surgery, systemic vascular
diseases (diabetes and hypertension), and vasculi-
tis. Subjects with a history of pulmonary disease or
recent hospitalization were also excluded. All subjects
completed a study questionnaire with self-reported
information regarding medical history, -caffeine
consumption, and medication history. This infor-
mation was verified and supplemented by information
from available medical records.

For each subject, one eye was selected based on
the exclusion criteria above. If both eyes were eligi-
ble for the study, one eye was randomly selected.
Then, 3 x 3-mm? fovea-centered OCTA images were
acquired using a commercially available swept-source
OCTA (SS-OCTA) device (PLEX Elite 9000; Carl
Zeiss Meditec, Dublin, CA). The device used a swept-
source tunable laser with a center wavelength of
1040 to 1060 nm and operated at a 100-kHz A-scan
rate. It had an optical axial resolution of 6.3 pum
and a transverse resolution of ~16 um, and it used
OMAG intensity and phase processing to differen-
tiate static tissue from moving particles, particularly
RBCs.!5:16

OCTA images were acquired while subjects were
breathing three different gas mixtures in the follow-
ing order and duration: (1) atmospheric room air, (2)
1 minute after starting to breathe hypercapnic gas
mixture (5% CO», 21% O,, and 74% N>), (3) 10-minute
break, and (4) 1 minute after starting to breathe 100%
O,. A custom-designed non-rebreathing apparatus that
has been described previously was used to deliver the
gas mixtures during retinal imaging. The order of
gas inhalation was optimized to prevent the carry-
over effect from one condition to the next, as previ-
ously demonstrated.'®:!° This protocol was previously
described in studies of cerebrovascular reactivity and
retinal vascular reactivity and was reported to produce
a negligible change in breathing rate and heart rate.”’-?!
An opportunity to rest was also provided to each
subject to ensure that fatigue was not a factor during
gas inhalation conditions. During the gas trials, the
subjects’ heart rates and blood oxygen saturation levels
were monitored with finger-tip pulse oximeter probes,
and the testing was halted if any subject’s saturation
dropped below 94%, if the subject’s heart rate demon-
strated a change of more than 10% from the baseline, or
if the participant experienced any unexpected adverse
effect. The acquired OCTA images were automatically
segmented using the device manufacturer’s software
(PLEX Elite Version 1.7), and full-thickness en face
OCTA images were created. Images were included
if they had a device manufacturer-reported signal
strength of 8 or higher. Images were excluded if they
had major artifacts, including segmentation errors,
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Figure 1.

(A) Original grayscale OCTA bitmap image. (B) All-vessels binarized image derived from previous panel. (C) All-vessels skeletonized

image derived from previous panel. (D) Automatic detection of arterioles and venules (highlighted in yellow). (E) Capillary-only binary image
(after removal of arterioles and venules). (F) Capillary-only skeletonized image. (G) To visually illustrate the calculation of OCTA-derived
perfusion measures, we present a 9 x 9-pixel sample region that covers a larger vessel from A. (H) Binarized image derived from previous
panel with raw decorrelation intensity pixel values overlaid. (I) Skeletonized image derived from previous panel with raw decorrelation
intensity pixel values overlaid. For the 9 x 9-pixel image in G, VAD is the number of white pixels in H divided by the total number of pixels:
27/81 = 0.33.VSD is the number of white pixels in | divided by the total number of pixels: 9/81 = 0.11. VAF is the average of pixel values in
H: 6667/27 = 246.92. VSF is the average of pixel values in |: 2277/9 = 253.

shadow, motion, tilt, or decentration artifacts. The best
quality image was selected when the subject had multi-
ple images available.

A custom semiautomated program (MATLAB
R2019a; The MathWorks, Inc., Natick, MA) was used
to calculate the OCTA measures, including vessel area
density (VAD), vessel skeleton density (VSD), vessel
area flux (VAF), and vessel skeleton flux (VSF), which

are illustrated in Figure 1. VAD and VSD have been
described in the past.!->%:2> Briefly, for VAD and VSD
each OCTA image was exported as a grayscale image
in bitmap format in which each pixel had a value of 0
to 255 (Fig. 1A). This image was converted to a binary
image (Fig. 1B) where each pixel had either a value of
1 if that pixel covered a vessel or a value of 0 otherwise
using a combined approach of global thresholding,
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Hessian filtering, and adaptive thresholding.!">** VAD
was calculated as the number of pixels with a value of
1 in the binarized image divided by the total number
of pixels in the image. VSD was calculated by symmet-
rically reducing the binary image to a I-pixel-wide
skeletonized representation of each vessel (Fig. 1C),
using the “skel” operation of the MATLAB bwmorph
function. VSD was then defined as the number of pixels
with a value of 1 in the skeletonized image divided by
the total number of pixels in the image.

OCTA-derived flux measures were calculated from
the grayscale (non-binarized) bitmap exports of the en
face OCTA image (Fig. 1A). VAF was calculated by
using the binarized image created for the calculation of
VAD as a mask to select pixels in the grayscale bitmap
image. VAF was defined as the average value of these
masked pixels (Fig. 1H). All flux values reported in the
manuscript represent this VAF measure unless other-
wise stated. VSF was similarly calculated by using the
skeletonized binary image created for the calculation of
VSD as a mask to select pixels in the grayscale bitmap
image. VSF was defined as the average value of these
masked pixels in the grayscale bitmap exports (Fig. 11).

Because capillary blood flow is highly correlated
with flux (capillaries only pass one RBC at a time),!’
OCTA-derived measures of capillary flux may be
more accurate measures of capillary perfusion than
measures derived from binarized decorrelation inten-
sities such as VSD or VAD. Therefore, to isolate
capillaries for our analyses, capillary-only bitmap
images were created by using a large vessel mask to
remove arterioles and venules from the OCTA image.
This was achieved using a custom-made, semiauto-
mated MATLAB program with a manually deter-
mined threshold for vessel size that has been previ-
ously described?? and includes end-arteriolar capillary
segments (Figs. 1D-1F). All perfusion measures were
calculated both with the original all-vessels image and
the corresponding capillary-only image.

To assess the reliability of OCTA-derived measures,
repeated OCTA images were acquired in the same
imaging session during the room-air breathing condi-
tion. OCTA measures were calculated from the images,
and intraclass correlation coefficient (ICC) agreement
between the measures from repeated images from the
same participant was evaluated using two-way absolute
agreement parameters.

Statistical analyses were performed in Python 3.8.0
using SciPy 1.4.1 and statsmodels 0.11.1, or in R
4.0.2 (R Foundation for Statistical Computing, Vienna,
Austria) using Ime4 package version 1.1-23, and
irr package version 0.84.1. Paired z-test was used
to compare the percentage change in each measure

TVST | August 2021 | Vol. 10 | No.9 | Article 5 | 4

between all-vessels and capillary-only images. Paired
t-test was used for pairwise comparison of perfusion
measures. A linear mixed-effects model analysis was
used to evaluate the relationship between percentage
change in OCTA perfusion measures and the condi-
tion under which the measure was calculated. Fixed
effects were vessel method (all-vessels vs. capillary-
only), type of perfusion measure (VAD, VSD, or VAF
vs. VSF), breathing condition (O, vs. CO»), gender, age,
and caffeine consumption. Subject ID was modeled as
a random effect. All values for the OCTA perfusion
measures are reported as a percentage change from the
room-air condition. Variables are presented as mean =+
SD, and the level of significance was set at 0.05.

In total, 84 SS-OCTA images from 29 subjects
were included in the study. The characteristics of the
subjects are shown in Table 1. Three subjects had CO,-
condition images that did not pass the image quality
criteria. Twenty-eight subjects were excluded based on
exclusion criteria or image quality criteria.

Figure 2 shows en face OCTA images acquired from
a single representative subject under each gas breathing
condition and illustrates the relative change in retinal
perfusion measures seen in these images in response to
the breathing conditions.

Table 1. Characteristics of Study Subjects
Variable Value
Subjects, n 29
Age (y), mean £ SD 459+ 19.5
Male gender, n (%) 14 (48.3)
OCTA images per breathing
condition, n
Room air 29
Cco, 26
0, 29
Right eye imaged, n (%) 15(51.7)
Systolic blood pressure, 123.24+14.0
mean + SD
Diastolic blood pressure, 7944120
mean + SD
Hyperlipidemia, n (%) 4(16.0)
Caffeine consumption, n (%) 13 (48.1)
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Figure 2.

OCTA scans of a representative subject under three breathing conditions. Arrows highlight the change in blood perfusion

between scans. This change is most evident comparing the CO, and O, images. OCTA-derived retinal perfusion measures were calculated
for each scan. The bottom plot illustrates the percentage change seen in each perfusion measure in response to the CO, and O, breathing

conditions relative to the room-air breathing condition.

Comparison of Capillary-Only Versus
All-Vessel Images

Perfusion measures showed a greater magnitude of
change in capillary-only images compared with all-
vessels images. Figure 3 shows the change in VAF in all-
vessels images (including arterioles and venules) versus
capillary-only images. In response to the CO, breath-
ing condition, the increase in VAF was 20.2% greater
(P = 0.01) in capillary-only images. Similarly, in the
O, condition, the decrease in VAF was 25.3% greater
(P = 0.001) in capillary-only images (Fig. 3, Table 2).
VSF results were similar to the VAF results and are
presented in Table 2 and Supplementary Figure S1.
Absolute values for OCTA measures are provided in
Supplementary Table S1.

Comparison of OCTA-Derived Flux Versus
Density Measures in Capillary-Only Images

VAF showed a significantly greater magnitude of
change compared with its vessel density counterpart
VAD. In the CO, condition, the increase in VAF was
168.2% greater than that in VAD (4.05% + 5.4 vs.

1.51% = 2.04; P = 0.002). Similarly, in the O, condi-
tion, the decrease in VAF was 93.8% greater than that
in VAD (-5.35% %+ 6.97 vs. -2.76% + 3.22; P = 0.004).
These results are illustrated in Figure 4. Comparing
VSF to its vessel density counterpart VSD showed very
similar results (Supplementary Fig. S2).

Comparison of OCTA-Derived Flux Versus
Density Measures in All-Vessels Images

In all-vessels images, flux measures had signifi-
cantly greater magnitude of change compared with
density measures, as well. These results are presented
in Supplementary Figures S3 and S4.

Linear Mixed-Effects Model

An additional analysis using a linear mixed-effects
model was used to evaluate the effect of demographic
characteristics of the subjects on the change in retinal
perfusion measures. In this analysis, vessel method
(capillary-only > all-vessels; P = 0.007), perfusion
measure (VSF > VAF > VSD > VAD; P < 0.001), and
gas condition (O, > CO,; P < 0.001) all significantly



translational vision science & technology

OCTA Flux as a Measure of Retinal Blood Flow

TVST | August 2021 | Vol. 10 | No.9 | Article5 | 6

10 mm All-Vessels 12 A
| - Capillary-only
4 = 10 A
8 p = 0.01 H
p = 0.002
~ - B -
5 6
L]
8 6
g
: _
§ g
2 =
£ <<
- :
L8]
& g
5 £
) g
w
)
N c
8 2
[}
—8 -
p = 0.001 e)
_10 — *Hk
_8 -
VAF
(Vessel Area Flux)
—10 A p = 0.004
Figure 3. Comparison of the change in OCTA-derived VAF in K
all-vessels (including arterioles and venules) versus capillary-only ~12 -
images. Means and 95% confidence intervals of the mean are shown.
VAD VAF
Capillary-only Capillary-only

affected the percentage change. Gender (P =0.17), age
(P = 0.43), and caffeine consumption (P = 0.22) did
not significantly affect the percentage change of perfu-
sion measures.

Reliability

In total, 25 subjects had repeated images available
during the room-air condition taken during the same
imaging session. The ICC agreement values for VAD,

Figure4. Comparison of the change in OCTA-derived VAD and VAF
measures in capillary-only images. Means and 95% confidence inter-
vals of the mean are shown.

VSD, VAF, and VSF were, respectively, 0.973, 0.962,
0.939, and 0.919 for capillary-only images and 0.972,
0.954, 0.954, and 0.915 for all-vessels images (Supple-
mentary Fig. S5).

Table 2. Comparison of the Percentage Change (+ SD) in Retinal Perfusion Measures in Capillary-Only Versus
All-Vessels Images Under CO, and O, Breathing Conditions

CO, 0,
Capillary Only All Vessels P Capillary Only All Vessels P
VAD 1.51 + 2.04 131 + 1.76 0.056 —2.76 +3.22 —2.47 +2.69 0.025
VSD 2.01 + 3.24 1.77 £ 2.85 0.092 —3.94+4.38 —3.72+3.95 0.119
VAF 405+ 54 3.37 + 457 0.010 —5.35+6.97 —4.27 +5.67 0.001
VSF 45+ 70 3.84 + 6.22 0.020 —6.18 +8.44 —5.25+7.48 0.002

Significant P-values are indicated in bold face.
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Discussion

We investigated the application of a novel OCTA-
derived measure of retinal blood flow called flux in
quantifying physiological changes in retinal blood flow
during O, and CO, inhalation and compared these
results to conventional OCTA-derived vessel density
measures. Conventional vessel density and skeleton
density measures are widely used and are based on
binarized decorrelation signal intensity, which indicates
only the presence or absence of blood flow within
the retina.! In contrast, flux measurements are based
on the nonbinarized OCT signals, relating to infor-
mation about both RBC velocity and concentration.!’
In vitro modeling of RBC flow using commercially
available OCTA device parameters suggests that flux
is proportional to RBC concentration and likely a
more accurate measure of blood flow.!” Our results
confirm that flux has a significantly greater dynamic
range than VAD and VSD for detecting physiolog-
ical changes in blood flow. This finding suggests
that flux is a more useful (and likely sensitive)
measure for the assessment of subclinical blood flow
changes that occur in the absence of gross capillary
loss.

Our findings were most pronounced when capillary-
only data were considered and larger vessels such as
arterioles and venules were removed from the analy-
sis. This suggests that measurement of OCTA-derived
capillary flux is sufficient to capture significant changes
in vascular autoregulatory responses in the retina and
provides a powerful new research tool in the study of
retinal vascular physiology and pathophysiology. Our
results are supported by data from research groups
using custom-designed (non-FDA approved) research
instruments to study human subjects. For example,
Duan et al.* reported a higher percentage of change
in capillaries compared to pre-capillary arterioles and
post-capillary venules in vessels responding to hyper-
oxia and hypercapnia. The same group also reported
that a higher proportion of retinal capillaries reacted
to flicker stimulation and showed a significant change
in diameter compared with pre-capillary arterioles and
post-capillary venules.”> Kornfield et al.>® showed a
higher percentage change in capillary flux when short-
duration flicker stimulus was used in rat retina. Jeppe-
sen et al.’’ also reported that smaller diameter arteri-
oles showed a higher degree of reaction to isometric
exercise, although their data only compared arterioles
of difference sizes and not capillaries.

Our data show that, in response to gas provocations,
the relative magnitude of change in retinal blood flow
is greater than that of retinal vessel density measures
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and is in agreement with previous reports. Gilmore et
al.?® showed that, in reaction to hyperoxic provoca-
tion, blood flow increased more than diameter in retinal
arterioles. Luksch et al.?’ similarly reported a higher
percentage change in retinal blood flow than retinal
vessel diameter in reaction to hyperoxia. This greater
magnitude of change in blood flow was also reported
in reaction to hypercapnia. Dorner et al.’* reported a
greater change in retinal blood flow than vessel diame-
ter in reaction to hypercapnia. Similarly, Venkatara-
man et al.’! reported that, in reaction to hypercap-
nia, retinal blood flow increased more than the arteri-
olar caliber. This finding is not surprising considering
Poiseuille’s law, which states that the flow rate is propor-
tional to the radius of the cannula to the fourth power.
This relationship of vessel diameter and blood flow has
been shown in the retina previously.> There are several
reasons why OCTA-based studies such as this study
and others®® do not seem to reliably detect autoreg-
ulatory responses in larger caliber vessels elicited by
gas inhalation. First, larger caliber vessels are prone
to cardiac pulsation, which may wash out any incre-
mental changes in caliber or flow. Second, unlike capil-
laries that pass individual RBCs, larger caliber vessels
have laminar flow patterns with different flow veloci-
ties that likely confound OCTA-based measurements.
Finally, the increased speed of blood flow in larger
caliber vessels saturates the optical microangiography
OCTA signal.

Our study had some limitations. We used a fixed
inspired concentration of O, and CO, using a gas non-
rebreathing apparatus. This method is easier to imple-
ment, but, due to between-subject variability of alveo-
lar ventilation, it does not guarantee a constant end-
tidal partial pressure of O, and CO,.%3:3* However,
our results agree with the findings of studies that
have used a more controlled breathing environment.
Another limitation of our study was that we did not
correct for the image magnification differences between
the subjects due to the variation in refractive error
of the eyes. However, because we excluded subjects
with high magnification errors and only compared the
images within individual subjects, we do not believe
that this limitation would significantly affect our results
or change our conclusions.

In conclusion, our study demonstrates a novel and
useful tool for assessing subclinical changes in retinal
perfusion at the capillary level using a commercially
available SS-OCTA system and a clinically feasible,
gas-breathing provocation that is of minimal risk but
sufficient to induce physiological changes in retinal
blood flow. Our study evaluated the change in the
OCTA-derived quantitative perfusion measures in full-
thickness en face OCTA images and can be expanded
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by assessing layer-specific changes and studying non-
macular regions of the retina. Our study can also be
further expanded by using other methods of provok-
ing retinal vascular reactivity, such as flickering light
stimulation, isometric exercise, or the use of other gas
mixtures.
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