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Purposk. The retinal circulation regulates blood flow through various internal and exter-
nal factors; however, it is unclear how locally these factors act within the retinal micro-
circulation. We measured the temporal and spatial variability of blood velocity in small
retinal vessels using a dual-beam adaptive optics scanning laser ophthalmoscope.

MerHops. In young healthy subjects (z = 3), temporal blood velocity variability was
measured in a local vascular region consisting of an arteriole, capillary, and venule repeat-
edly over 2 days. Data consisted of 10 imaging periods separated into two sessions: (1)
five 6-minute image acquisition periods with 30-minute breaks, and (2) five 6-minute
image acquisition periods with 10-minute breaks. In another group of young healthy
subjects (n = 5), spatial distribution of velocity variability was measured by imaging
three capillary segments during three 2-minute conditions: (1) baseline imaging condi-
tion (no flicker), (2) full-field flicker, and (3) no flicker condition again.

Resurrs. Blood velocities were measurable in all subjects with a reliability of about 2%.
The coefficient of variation (CV) was used as an estimate of the physiological variability
of each vessel. Over 2 days, the average CV in arterioles was 7% (£2%); in capillaries, it
was 19% (£6%); and, in venules, it was 8% (£2%). During flicker stimulation, the average
capillary CV was 16% during baseline, 15% during flicker stimulation, and 18% after
flicker stimulation.

Concrusions. Capillaries in the human retina exhibit spatial and temporal variations in
blood velocity. This inherent variation in blood velocity places limits on studying the
vascular regulation of individual capillaries, and the study presented here serves as a
foundation for future endeavors.
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B ecause the retina is one of the most active metabolic
tissues in the human body,!? it requires a continu-
ous supply of oxygen and nutrients in order to maintain
healthy metabolic activity.?> The retina is supplied by a dual-
circulatory system (choroidal and retinal).* In the current
study, we were interested in the retinal circulation that deliv-
ers oxygen carried by red blood cells (RBCs) to the inner
layers of the retina. The delivery of blood to the inner
retina is regulated by numerous mechanisms. These regu-
latory mechanisms are critical to maintaining the appropri-
ate amount of blood flow in the face of variations in the
metabolic demands of retinal tissue. Factors influencing reti-
nal blood flow regulation include intraocular pressure,>°
hypoxia,” and hyperoxia,”® as well as changes in neural
activity.!>!! Changes in the demand of the retina arising
from neural or other activity results in changes to RBC veloc-
ity and/or vessel diameter, and, consequently, blood flow.
This process, termed neurovascular coupling, is utilized in
functional magnetic resonance imaging to detect changes in
blood-oxygen levels in the central nervous system!? under
varying regional demands.

In the human retina, techniques such as the retinal
vessel analyzer,"? laser Doppler velocimetry,'* laser Doppler
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flowmetry,'> and color Doppler optical coherence tomog-
raphy'®!” can measure vascular hemodynamics in large
vessels with high signal-to-noise ratios. However, these tools
are limited in their spatial resolution and are typically used
to target relatively large vessels. These techniques have
shown that variations in blood velocity measured in arte-
rioles and venules averages less than 10% over time in
the human retina.'®'® However, little is known about the
variability or the regulation of blood flow in capillaries,
including how velocity varies over time and across space
and whether responses to changes in tissue demand are
controlled at the level of individual capillaries or more glob-
ally by controlling flow at the feeding arteriole.

Recently, adaptive optics (AO) imaging has allowed the
development of techniques to measure RBC and white blood
cell motion in small retinal vessels (<100 pm) in the micro-
circulation and can do so noninvasively.?~?? Using the dual-
beam approach,?® we found an upregulation in blood veloc-
ity and ultimately flow in retinal arterioles and venules
(<50 pm) during increases in metabolic demand (due to
flicker stimulation) across nine subjects.?* This increase in
blood flow was similar in capillaries, yet the measured veloc-
ities had larger variations in responses. This led us to ques-
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tion if there is an additional source of variability present in
capillaries, perhaps similar to what has been recorded for
cortical capillaries.”>~?” We hypothesized that the regulation
of blood velocity in capillaries varies over time and across
space, such that flow within capillaries is more variable than
their feeding arterioles and draining venules. In this study,
we measured the temporal and spatial variability in RBC
velocity in small parafoveal vessels in the human retina using
dual-beam adaptive optics scanning laser ophthalmoscopy
(AOSLO).

METHODS
Subjects

For the first experiment, we measured the temporal vari-
ability in RBC velocity in the right eye of young healthy
subjects (n = 3; average age, 29.9 + 2.5 years). On the
first day, prior to the start of the AOSLO imaging, informed
consent was obtained from each subject after a thorough
explanation of the procedures and goals of the experiments
was provided. A medical history was performed for each
subject to confirm that there were no systemic conditions,
and each subject had a retinal examination prior to partic-
ipating in the experiment. A best-corrected visual acuity
test was performed, and subjects were then dilated with
1% tropicamide. A 30° fundus image and an optical coher-
ence tomography angiography (OCTA) image of the superior
parafoveal retina was obtained (Spectralis; Heidelberg Engi-
neering, Heidelberg, Germany). For the second experiment,
which measured spatial variability in capillary RBC veloc-
ity response to flicker stimulation, the right eye of young
healthy subjects (n = 5; average age, 28.8 = 3.7 years)
was imaged following a similar screening procedure. This
research adhered to the tenets of the Declaration of Helsinki
and was approved by the Institutional Review Board at Indi-
ana University.

AOSLO System

The dual-beam AOSLO at Indiana University uses two
deformable mirrors: a Mirao mirror (Imagine Optics, Orsay,
France) with 52 actuators to correct for low-order aberra-
tions and a Multi-DM mirror (Boston Micromachines Corpo-
ration, Cambridge, MA, USA) with 144 actuators to correct
for high-order aberrations. The mirrors are utilized in a
woofer—tweeter configuration.?® In this study, we used two
galvanometers to produce a 1.3° x 1.1° raster scan of the
retina, with the horizontal scanner oscillating at a frequency
of 15.1 kHz and vertically at a frequency of 29 Hz. Light
is collected using two avalanche photodiodes (C30659-90
series APD; Excelitas Technologies, Mississauga, Ontario,
Canada) that are positioned behind a retinal conjugate plane
containing a 10-Airy disk diameter (ADD) aperture offset at
least 6 ADD from the center of beam to produce multiply
scattered light images.? The light source is a filtered super-
continuum laser. The imaging beams are separated using a
dichroic mirror and have center wavelengths of 842 nm and
769 nm.

To achieve the temporal resolution necessary to quan-
tify RBC motion, we used the dual-beam technique®
and displaced the shorter wavelength beam approximately
50 lines (33 pm) on the retina from the longer wavelength
beam. The two beams image the same retinal region with a
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temporal offset of 3.32 ms within each video frame (50 lines
x 15,1007! s/line). Both wavelengths are at safe power
levels according to the American National Standards Insti-
tute (ANSI Z136). During image acquisition periods, a 30°
scanning laser ophthalmoscope (SLO) image of the subject’s
fundus is displayed to the experimenter along with the loca-
tion of the AOSLO imaging field superimposed onto the
image for navigation of the retina during experimentation®®
with flicker stimulus parameters replicated from previous
studies.?

Image Acquisition and Processing

Images were recorded in multiple 3.5-second (100-frame)
videos with individual frames collected at 29 Hz. Image
distortions in the videos generated from the sinusoidal hori-
zontal scan were corrected prior to image registration and
frame alignment, and all measurements were performed
using custom MATLAB software (MathWorks, Natick, MA,
USA). For processing, a template frame was automatically
selected by the computer program based on parameters such
as brightness and cross-correlation values compared with
previous frames. Other frames within the 3.5-second video
were then aligned to the template frame by custom soft-
ware. Frames containing large eye movements and blinks
were automatically rejected, and the remaining frames were
aligned to the template using strip alignment.

AO Imaging Procedures

Prior to the experiments, a preliminary AO imaging session
was performed on a separate day. For vascular images, a 2°
x 1.75° imaging field was moved in 1° steps to generate
an 8° x 8° montage centered on the macula, as well as a
3° x 10° montage temporal to the macula. The AOSLO was
focused on the retinal microvasculature. From these vascular
montages a local vascular region of interest superior to the
macula, which included an arteriole, capillaries, and venule
where blood arriving from the arteriole supplied capillaries
which in turn supplied the venule, was selected for measure-
ments in the main experiments. Custom MATLAB software
was then used to steer the scanner to these regions of inter-
est during the experiments to position the scanner to sample
the retina at the desired locations.>® The criterion for select-
ing arterioles and venules was based on the identification
of the vessel being terminal (last branching vessel) to iden-
tify relative vessel size and the ability to make successful
simultaneous measurements of more than one capillary in a
region between the arteriole and venule.

Experiment 1. Temporal Variability of RBC
Velocity

To evaluate how blood velocity varied over time we
performed repeated testing without a background illumi-
nation. AO imaging was separated into two sessions: (1)
five 6-minute image acquisition periods separated by 30-
minute breaks, and (2) five 6-minute image acquisition peri-
ods separated by 10-minute breaks. Prior to each acquisi-
tion period, a 1-minute baseline period was provided where
subjects sat in the system to adapt to the system luminance.
This baseline period was followed by three 2-minute image
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acquisition periods for the selected arteriole, capillary, and
venule. To help negate the impact of tear film instability on
image quality, artificial tears were given prior to baseline
imaging. The imaging procedure was replicated a second
day.

Experiment 2. Spatial Variability of RBC Response
to Flicker Stimulation in Multiple Capillaries

To measure RBC velocity differences among capillaries
supplied by the same arteriole, three capillary segments (at
least 50 pm in length) were imaged simultaneously in three
2-minute conditions: (1) no flicker (baseline), (2) full-field
flicker stimulus (at 10 Hz), and (3) no flicker again. As in
Experiment 1, subjects sat in the system during a 1-minute
baseline adaptation period. Figure 1 illustrates the regions
imaged in one subject, including the selected capillaries and
RBC velocity measurements from an individual acquisition
of 100 video frames (3.5 seconds) for the three selected
capillaries (Figs. 1C-1E).

Statistical Analysis

Statistical analysis was performed using StatView software
(SAS Institute, Cary, NC, USA) with a significance level set
at P < 0.05. The coefficient of variation (CV) was used to
measure RBC velocity variability in each vessel type for all
acquisition periods for both experiments.
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Control Experiment

In this study, we measured the RBC velocity in different
capillaries, as well as the variability in velocity. Because
capillary flow is relatively slow and the measurements are
based on the motion of a relatively small number of blood
cells, we tested whether we could reliably measure velocity.
We selected a region of the retina in one subject where there
was a relatively long capillary segment without branches.
This capillary was broken into two segments, each about
the length of the capillary segments used in the rest of this
paper. We then measured RBC velocity separately in the two
segments (Fig. 2). For this capillary, the CV of blood veloc-
ity measurements was 17% in capillary segment 1 and 14%
in capillary segment 2 across all conditions. However, when
comparing the velocity measured in the two segments of the
same capillary for the same time intervals, the measurements
agreed to within 2% (£1%). Because these were segments of
the same capillary, the velocities should have been identical
at any given time. The results confirm that capillary blood
velocity can be measured reproducibly with a reliability of
about 2%.

RESULTS

Experiment 1. RBC Velocity Variability Over Time

Arteriole, capillary, and venule RBC velocities were measur-
able in all subjects. The average CV for both days in arte-
rioles was 7% (£2%); in capillaries, it was 19% (£6%); and,
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Ficure 1. A representation of the targeted vascular region in a subject. (A) An OCTA image of the superficial vascular plexus superimposed
on a subject’s SLO image taken prior to AO imaging. The red square indicates the region within which blood velocity was measured.
(B) A vascular flow image obtained by calculating the variation in pixel intensity across all frames throughout the video. Color-coded arrows
mark the selected capillaries measured for Experiment 2. Labels A and V correspond to the terminal arteriole and venule visible in the image.
Each capillary segment selected was supplied by the same arteriole. (C-E) The RBCs in the capillary segments indicated by the red arrows
(C) and green arrows (D) are traveling to the venule above the arteriole. The RBCs in the capillary segment indicated by the blue arrow
(E) are traveling to the venule to the right of the arteriole. Three-second velocity measurements of the three capillary segments were acquired
in the same video. Individual capillaries can have missing data because small eye movements could move one capillary, but not another, out
of the frame (compare D and E). If we could not detect RBCs in a capillary at any time, the data were not plotted, and the missing data are
not included in the CV computation. Scale bar: 50 pm.
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Ficure 2. A control experiment verifying the reproducibility of this technique for measuring RBC velocity in an individual capillary by
making measurements over two non-overlapping sections of an unbranched capillary. (A) A flow map identifying the region measured. The
two dashed red lines indicate the capillary segments selected for measurements. (B) The average of five RBC velocity measurements for
two segments of the selected capillary under different flicker conditions, as in Experiment 2 (before, during, and after exposure to 10-Hz
full-field flicker). The RBC velocities of the capillary segments differed on average 2% (+1%) from each other across conditions. Scale bar:

50 pm.
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Ficure 3. Repeated RBC velocity measurements of an arteriole (A, D), capillary (B, E), and venule (C, F), as well as corresponding CV for
one subject plotted for each session on day 2 of imaging. RBC velocity measurements in an arteriole (A), capillary (B), and venule (C) with
30-minute breaks in between acquisition periods (A-C) and 10-minute breaks (D-F). The number of measurements made varied somewhat
between acquisitions due to eye blinks or eye motion. The x-axis indicates the sequence number of the 3-second videos taken during each
acquisition period, and the y-axis indicates the average RBC velocities measured. The CV is also shown for each acquisition period separated

by the appropriate break.

in venules, it was 8% (£2%). A two-way ANOVA (vessel type
and subject) indicated that only the CV of the vessel type
was significant (F, 115 = 199.70; P < 0.001). A Bonferroni
post hoc ttest that was performed indicated that capillar-
ies have significantly different CVs compared to arterioles
and venules. In separate analyses, there was not a signifi-
cant difference between the variability measured across the
two imaging sequences (10 minutes vs. 30 minutes), nor was
there between days. Figure 3 shows the velocity measure-
ments acquired in one subject over the course of the imag-

ing protocol for 1 day, and Figure 4 illustrates the average
box plot.

Experiment 2. Capillary RBC Velocity Response to
Flicker Stimulation

We were able to measure the velocity of RBCs in three capil-
lary segments in all subjects. For each condition, the average
RBC velocity of all 15 capillaries (three capillaries in each of
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Ficure 4. Box plots of the CV of blood velocity for arterioles, capillaries, and venules across all subjects for each imaging session in
Experiment 1. The median CV is indicated by the line within the box and the mean by an “x.” The filled vertical dots indicate outliers. The
filled portions show the 25% to 75% interquartile range.

TaBLe. Average RBC Velocity and RBC Velocity Variability of Individual Capillary Segments of Five Subjects Under the Stimulus Conditions

in Experiment 2

Average RBC Velocity (mm/s)

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
Capillary Segment B D A B D A B D A B D A B D A
1 2.24 1.80 3.50 2.41 3.00 2.75 0.93 0.84 1.08 1.34 1.17 1.14 1.06 1.22 1.05
2 1.76 195 159 121 136 147 108 1.07 106 121 116 133 230 277 280
3 146 108 113 224 184 177 168 195 189 118 1.07 110 332 357 315
RBC Velocity Variability per Condition (CV, %)
1 9 18 19 11 10 14 22 36 14 14 11 20 17 11 24
2 28 23 13 17 15 16 21 17 21 14 10 24 18 13 15
3 15 13 16 17 11 15 21 18 28 12 11 17 11 7 13
Average 17 18 16 15 12 15 21 24 21 13 11 20 15 10 17

Variations are defined as variation of RBC velocity relative to the mean. Before (B), during (D), and after (A) are the three 2-minute
imaging conditions. Variation across all subjects was 16% during the baseline condition, 15% during the full-field flicker stimulation, and

18% after the flicker stimulus was off.

five subjects) was 1.70 mm/s (maximum, 3.32 mm/s; mini-
mum, 0.93 mm/s) during baseline; 1.72 mm/s (maximum,
3.57 mm/s; minimum, 0.84 mm/s) during flicker stimula-
tion; and 1.80 mm/s (maximum, 3.49 mm/s; minimum, 1.05
mm/s) after flicker stimulation. The Table shows the average
RBC velocity of the three capillary segments for each subject
during each condition.

The CVs of the velocity measurements were 16% during
baseline, 15% during flicker stimulation, and 18% after flicker
stimulation. The Table shows the CV of each capillary
segment for each subject during the different imaging condi-
tions. To measure capillary response to flicker stimulation,
each capillary segment was normalized by dividing the aver-
age RBC velocity relative to the average RBC velocity during
the baseline condition. There was no significant change in
capillary blood velocity during flicker stimulation as in our
previous study.?* Within the 2-minute measurements, the
individual capillaries did not respond uniformly to the stimu-
lus, even though all were supplied by the same arteriole. The
sizes of the variations in RBC velocity were consistent with
the results of Experiment 1. Even though flicker stimulation
has been shown to cause an overall increase in capillary
blood velocity of about 15%,* the larger ongoing variabil-
ity of 17% to 20% in the individual capillaries is consistent

with some increasing blood velocity and others decreasing
during the flicker stimulation.

DiscussioN

Autoregulation in the retinal vasculature is essential to main-
taining healthy metabolic function. Blood velocity regula-
tion in the retina has been shown to respond to changes
in metabolic states that extend over large regions, such
as increases in metabolic demand,'®3' changes in oxygen
tension,®3? or drops in perfusion pressure.’ In addition,
there are variations in blood velocity that seem to arise from
more local changes in demand.

In this study, we have shown that in the absence of
external stimuli, RBC velocities vary over time by up to
8% in arterioles and venules and up to 20% in capillaries.
This variation was observed over both 50-minute and 2.5-
hour imaging windows in Experiment 1 and was present
on multiple days. The variation in arterioles and venules fall
within measurement ranges of previous studies,'®1? suggest-
ing that RBC velocity variability remains consistent from
larger vessels down to the smaller arterioles and venules
(<100 pm in diameter). Capillaries, on the other hand,
exhibited much larger variations in RBC velocity, with an
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average CV of 19%. This may arise from numerous factors
influencing capillary RBC velocity such as vasomotion,?3-3°
local neuronal demand distinct from stimulus responses (i.e.,
retinal oscillatory potentials®”), or varying local metabolic
states of small regions. The smaller size of capillaries makes
the velocity of flow within them susceptible to changes in
local hematocrit levels, thus increasing viscosity,’®3° which
in turn could contribute to variable velocity and a cycling
of flow from high to low values.*’ Retinal neuronal activity
is modulated apart from the visual response as evidenced
by retinal oscillatory potentials.’” As the neuronal activity
is modulated, the local metabolic requirements must also
be. Finally, if each retinal area is locally regulating its blood
velocity according to metabolic demand and there are delays
in the control system, as there must be due to diffusion, vari-
ous areas supplied by distinct capillaries interacting both
by metabolite diffusion and via upstream pressure effects
on the arteriole system would induce instability (i.e., vari-
ability). When looking at the velocity at two different time
points within a 2-minute acquisition period, a capillary was
shown to exhibit increased velocity during one acquisition
and decreased velocity in another acquisition, confirming
that the variability in velocity occurs, but there was still a
normal pulsatile shape, thus this change did not arise from
brief interruptions in flow (stasis) arising from temporary
leukocyte or rouleaux blockage of flow (Supplementary Fig.
S1). The current data cannot disentangle these various possi-
ble factors, as the suggestions are speculative based on the
literature.

In Experiment 2, despite the introduction of a full-field
flicker stimulus, which on average increases blood veloc-
ity, we still observed a CV in capillary blood velocities of
15%. Because these capillaries are fed by a common arte-
riole the implication is reasonable that control occurs on a
local level, perhaps at the level of a single capillary. This
variability over time and space cannot be attributed solely
to measurement noise, as the control experiment indicated
that we can make measurements with a reproducibility of
about 2%, much smaller than the variability present in these
capillaries. The data support the suggestion that blood veloc-
ity within the capillaries is not solely controlled by arteri-
ole flow, as individual capillaries vary in flow separately,
even when supplied by a single arteriole. Certainly, although
increases in perfusion pressure in arterioles would lead to
increases in perfusion pressure at the capillary level, our
data deviate from the notion that this upstream variation in
perfusion pressure solely controls flow in individual capil-
laries. For arterioles and venules, when measuring RBC
velocity responses to flicker stimulation, we have shown
that individual capillary RBC velocities vary across capillar-
ies (either increasing or decreasing), differing from arteri-
oles and venules, which show a consistent response.'%-244!
Unlike other studies that have found increases in RBC veloc-
ity in larger retinal vessels during flicker stimulation,*?-% our
capillary measurements in this study showed an increase in
RBC velocity in only three out of the five subjects, although
from a larger sample we found on average that capillary flow
increased by about the same amount as arteriole flow, but
the change was not statistically significant, in part due to the
variability in capillary measurements.?*

There are limitations to the study, however. One limitation
is based on the need for high-quality images. Fatigue can
increase voluntary or involuntary eye movements, making
it difficult to record 3-second videos of small vessels over
time. To account for this, rest periods were given between
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imaging sessions, and the image acquisition periods were
condensed to 2 minutes per vessel to give the subjects ample
time to rest while having enough time to acquire sufficient
image data. The length of the study also limits the criteria for
subject selection. Subjects were required to maintain focus
and be willing to participate over a course of 4.5 hours for
each day in Experiment 1. Due to the high signal-to-noise
image quality required to identify RBC motion in capillaries
over the course of 9 hours, recruiting elderly participants,
or even many younger subjects, was not an option, result-
ing in a small sample size. The size of the imaging field
is another limitation to the study. Having a small imaging
field makes imaging of complete sequences of data diffi-
cult, as it is desirable to measure the data across several
cardiac cycles. Small eye movements or blinks also nega-
tively impact the image quality of the vessel region and make
capturing multiple capillaries within the small imaging field
for the entire time period difficult. Finally, all measurements
reported were made on capillaries in the superficial vascular
plexus in the macula. It is possible that capillaries within the
deep vascular plexus will behave differently.

Vascular diseases can alter the healthy metabolic state of
the retina and affect blood velocity regulation. In diabetes,
this could cause changes in variability by decreasing the abil-
ity to control flow. Such losses could occur either due to a
loss of pericytes*>3* or through altered signaling pathways
that control the vasomotive properties of blood vessels."2%:?7
These changes could impact the change in blood velocity
in patients with different stages of diabetic retinopathy.?> In
glaucoma, increases in intraocular pressure lead to decreases
in perfusion pressure and result in decreases in retinal blood
flow,> and the decrease in ganglion cell numbers could
change demand.

We have been able to measure RBC capillary velocity
in multiple superficial retinal capillaries and demonstrate
significant ongoing variation in blood velocity in individual
capillaries and in their response to the local metabolic state
and hemodynamic factors. Although this study alone cannot
separate out the specific mechanism of control, it is clear
that blood velocity varies at the individual capillary level.
The data are merely speculative and serve as a foundation to
explore these possible factors. It is not clear how this regu-
lation is beneficial to the neural tissue, but it was a reliable
feature in our normal control subjects. This in turn suggests
that the data presented could serve as the groundwork for
further studies measuring physiological regulation in the
microcirculation of young healthy subjects. Such research
could provide useful insights into interpreting changes that
occur in diseased states such as diabetes and hypertension,
where the regulatory control of vessels and especially capil-
laries may change.?”-46-48
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