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Purrost. To measure the change in peripapillary retinal blood flow in response to hyperoxia
by using optical coherence tomography (OCT) angiography.

MEerHODS. One eye of each healthy human participants (six) was scanned with a commercial
high-speed (70 kHz) spectral OCT. Scans were captured twice after 10-minute exposures to
normal breathing (baseline) and hyperoxia. Blood flow was detected by the split-spectrum
amplitude-decorrelation angiography (SSADA) algorithm. Peripapillary retinal blood flow index
and vessel density were calculated from en face maximum projections of the retinal layers. The
experiment was performed on 2 separate days for each participant. Coefficient of variation (CV)
was used to measure within-day repeatability and between-day reproducibility. Paired #-tests
were used to compare means of baseline and hyperoxic peripapillary retinal blood flow.

ResuLts. A decrease of 8.87% * 3.09% (mean * standard deviation) in flow index and 2.61%
* 1.50% in vessel density was observed under hyperoxia. The within-day repeatability CV of
baseline measurements was 5.75% for flow index and 1.67% for vessel density. The between-
day reproducibility CV for baseline flow index and vessel density was 11.1% and 1.14%,
respectively. The between-day reproducibility of the hyperoxic response was 3.71% and
1.67% for flow index and vessel density, respectively.

Concrusions. Optical coherence tomography angiography with SSADA was able to detect a
decrease in peripapillary retinal blood flow in response to hyperoxia. The response was larger
than the variability of baseline measurements. The magnitude of an individual’s hyperoxic
response was highly variable between days. Thus, reliable assessment may require averaging
multiple measurements.
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he complexity in structure and function of retinal tissue

makes it one of the most metabolically active locations in
the body.! The retina must maintain a high oxygen concentra-
tion that remains stable despite changes in hemodynamics and
atmospheric partial pressures.?® Retinal blood vessels are
unique in that they can regulate vascular tone, and therefore
blood flow, without the presence of an autonomic nerve
supply.” This autoregulation is essential to preserving the
function of retinal tissue.® Uncontrolled hyperfusion during the
early stages of diabetic retinopathy suggests that deficits in the
autoregulatory response have an important role in pathogen-
esis.?~!! Quantification of retinal blood flow change due to
autoregulation may thus be useful in a clinical setting.

Several techniques have been implemented to investigate

Optical coherence tomography is well established in clinical
ophthalmology for structural imaging and evaluation of
diseases.!” The recent development of OCT angiography has
allowed for the mapping of ocular circulation down to the
capillary level. We have developed an efficient OCT angiogra-
phy algorithm called “split-spectrum amplitude-decorrelation
angiography” (SSADA)'8-2° that greatly reduces the scan time
and improves the signal-to-noise ratio of flow detection, making
it possible to obtain high-quality angiograms with a commercial
OCT retinal scanner.

Optical coherence tomography angiography has great
potential for quantifying microvascular change as a response
to physiologic changes. The purpose of this study was to
investigate the change of the peripapillary retinal blood flow in
healthy eyes before and after hyperoxia.

blood flow in the healthy eye. Blue field entopic phenome-
non'?13 and scanning laser Doppler flowmetry'¢ have both

been successfully implemented to investigate retinal blood flow

METHODS

variation. These methods have shown that in order to maintain

relatively constant retinal oxygen levels, retinal blood velocity
decreases with an increase in arterial oxygen partial pressure
(hyperoxia). Other techniques using laser Doppler velocim-
etry'> and Doppler optical coherence tomography (OCT)'®
have been able to measure decreases in retinal blood vessel
diameter and blood flow during hyperoxia.

Study Population

This study was conducted at the Casey Eye Institute at the
Oregon Health & Science University. The research adhered to the
tenets of the Declaration of Helsinki in the treatment of human
participants. The study protocol was approved by the Institu-
tional Review Board. Six healthy participants (age, average *
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The horizontal and vertical scans were registered and merged to obtain one motion- corrected 3D data cube (A). The SSADA algorithm

was used to compute flow (B1) and structural (B2) B-scan images. The en face OCT angiogram (C1) is produced by maximum flow projection of the
retinal layer and the optic disc. The en face OCT structure (C2) is produced by averaging the signal intensity in each axial scan. The peripapillary
region was delineated on the OCT structural image as a 700-um-wide elliptical annulus extending outward from the optic disc boundary (C2). The
peripapillary region of the en face OCT angiogram (D) was used to compute the flow index and vessel density index.

standard deviation, 33 * 6.0 years) were recruited to participate
in the study. One eye from each of the participants was scanned
and analyzed throughout the study (six eyes). All scans were
obtained within the time frame of 1 month.

System Setup

The experiment was conducted by using a commercial Fourier-
domain OCT system (RTVue-XR, Optovue, Fremont, CA, USA)
to obtain images for quantification of the peripapillary retinal
blood flow. This instrument has an A-scan rate of 70K scans per
second, using a light source centered on 840 nm and a
bandwidth of 45 nm. The tissue resolution is 5 pm axially, and
there is 22-um beam width. The exposure power at the pupil
of 750 uW was used in accordance with the safety limits set by
the American National Standards Institute.?!

Data Acquisition

Participants were asked to sit and breathe normally for 10
minutes. Immediately following this baseline condition, system-
ic blood pressure and heart rate were recorded. Participants
were then asked to fix their gaze on an internal fixation target
that centers the scan on the optic disc. The OCT angiography
scans of the disc were then acquired, during which time the
normal breathing condition (baseline) was maintained. Follow-
ing the baseline scan, participants were fitted with a nasal mask
(OxyMask, Southmedic, Barrie, Ontario, Canada) and delivered
supplemental oxygen at a rate of 15 L/min, for 10 minutes. This
equates to an approximate 60% hyperoxic condition. Systemic
blood pressure and heart rate were recorded at the end of the
10-minute hyperoxia exposure. The hyperoxic breathing
condition was sustained throughout the scanning.

Two sets of OCT angiography scans were obtained during
each breathing condition. Each imaging session included two
sets of scans. Each set contains a horizontal-priority and
vertical-priority volumetric raster scan (Fig. 1A). In the fast
transverse scan direction, the B-scan contained 304 A-lines
covering 3 mm. In the slow transverse scan direction, 304 B-

scan locations covering 3 mm were used. Two consecutive B-
scans were done at each location to compute inter-B-scan
decorrelation with the SSADA algorithm. Altogether, each
volumetric scan consists of 608 B-scans acquired in 2.9
seconds.

Data Processing

In each scan, the SSADA algorithm was used to compute flow
map (Fig. 1B1). The SSADA algorithm incorporates three other
steps to reduce motion artifacts.!® Cross-sectional image
frames corrupted by saccadic eye movements were removed.
The horizontal-priority and vertical-priority scans were com-
bined by using an orthogonal registration algorithm that
removes bulk motion and produces a merged OCT image
volume with almost no residual motion artifacts.?? The retinal
layer was segmented between the inner limiting membrane

FiGure 2.

Optic disc en face maximum decorrelation projecton
angiograms from a participant with a large response to hyperoxia at
baseline (A) and under hyperoxia (B). The images represent a 3 X 3-
mm area. The peripapillary region extends from the optic disc (inner
green ring) outward for 700 um (outer green ring). The angiogram
after hyperoxia exposure (B) shows a 17% decrease in flow index and a
4% decrease in vessel density.
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Tasie 1. Characteristics of Healthy Participants

Parameters Baseline Hyperoxia P Value
Heart rate 76 £ 5.1 70 £ 4.7 0.018*
Mean arterial pressure 79 £55 81 = 6.8 0.49

Baseline and hyperoxia are mean * SD. P values, based on paired #
tests.
* Statistical significance.

and the retinal pigment epithelium layer on the basis of OCT
structural image (Fig. 2B2). The en face angiogram (Fig. 1C1)
was then produced by maximum decorrelation (flow) projec-
tion within the segmented retinal slab. Within the optic disc,
maximum flow was projected along the full depth range. The
disc boundary was delineated by the authors using the OCT
structural en face image (Fig. 1C2). Within the disc, sections of
the major retinal vessels that contain significant axial flow
velocity component exhibited loss of OCT signal (dark
patches, Fig. 2B) due to the interferometric fringe washout
artifact.?> This artifact is not seen in the peripapillary area,
where the blood vessels are nearly perpendicular to the OCT
beam. Therefore, flow statistics can be more reliably assessed
in the peripapillary region. The peripapillary region was
defined as a 700-pm-wide elliptical annulus extending outward
from the optic disc boundary (Fig. 1D).

Peripapillary retinal flow index was defined as the average
decorrelation value in the peripapillary region of the en face
retinal angiogram. The vessel density is the percentage area
occupied by blood vessels, with the blood vessels being
defined as pixels having decorrelation values above threshold
level (two standard deviations above noise).

Data Analysis

The experiment was performed on 2 separate days for each
participant. The peripapillary retinal blood flow mean and
standard deviation of all baseline and hyperoxia scans were
calculated from the combined testing days. Paired #-tests were
used to compare means of baseline and hyperoxic peripapillary
retinal blood flow. Change in blood flow during hyperoxia was
calculated as the average percentage change and standard
deviation of all participants during both testing days. Coefficient
of variation (CV) was used to measure within-day repeatability
and between-day reproducibility. The population variation in
hyperoxic response CV was calculated for the between-day
percentage change of blood flow during hyperoxia.

RESULTS

Hemodynamic Response

Under hyperoxia, there was a significant decrease in heart rate
but no significant change in mean arterial pressure (Table 1).
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Peripapillary Retinal Angiograms

All scans had adequate signal strength and were void of
excessive motion error; therefore, no scans were excluded
from the data set.

Detailed peripapillary microvasculature could be visualized
on en face OCT angiograms both under room air (Fig. 2A) and
hyperoxic (Fig. 2B) conditions. The angiograms appear darker
after exposure to hyperoxia because of lower decorrelation
(flow) values in the capillaries. These are quantified by flow
index below.

Peripapillary Retinal Flow Index and Vessel Density

Compared to the baseline mean, there was a greater
percentage reduction in flow index than vessel density after
exposure to hyperoxia, both of which were statistically
significant (Table 2). The population variation in the hyperoxic
response was smaller for the flow index than vessel density
(Table 2). All six participants showed reduction in both flow
index (Fig. 3A) and vessel density (Fig. 3B) during hyperoxia on
cach experimental day and when results from the 2
experimental days were averaged.

Repeatability and Reproducibility

As assessed by CV, vessel density had better within-session
repeatability than flow index (Table 3). Vessel density also had
better between-day reproducibility. The hyperoxic response
for vessel density was also more reproducible than the
hyperoxic response for flow index in terms of CV (Table 3).

DISCUSSION

Optical coherence tomography has become the standard
imaging modality for evaluating ocular structures in ophthal-
mology. A growing body of evidence suggests the importance
of assessing blood flow in the eye.®~!! Optical coherence
tomography angiography is a novel technology that detects
blood flow by using intrinsic motion contrast within the
microcirculatory network and does not need any intravenous
contrast. The SSADA is an efficient algorithm that makes it
possible to obtain OCT angiograms on a commercial OCT
scanner and provide quantitative flow indices to assess the
microcirculation of the retina and optic nerve.'8-20.24

The SSADA algorithm has been used to assess the parafoveal
retinal blood flow index response to light stimulation.?> In this
study we measured the change in flow index and vessel density
during hyperoxia. The flow index response found here was
greater in magnitude and had a smaller standard deviation than
the maximal response (7.2% = 5.1%) during light stimula-
tion.?> This difference in response magnitude may be due to
the different types of stimulus or location of measurements.

Previous studies have shown that an increase in breathable
oxygen (hyperoxia) causes a decrease in both the retinal
vascular caliber and blood flow. Using Doppler OCT, Bower et

TasLe 2. Optical Coherence Tomography Peripapillary Perfusion Measurements
Population Variation
Hyperoxic in Hyperoxic
Parameters Baseline Hyperoxia P Value Response, % Response CV, %
Flow index 0.108 = 0.011 0.099 = 0.011 0.001* 8.87 £ 3.09 36.9
Vessel density, % 95.9 + 2.23 93.3 = 3.43 0.007* 2.61 = 1.50 57.5

Baseline and hyperoxia are mean * standard deviation. P values, based on paired #-tests. Average change (%) relative to baseline mean of all
participants. CV, coefficient of variation for population variation in hyperoxic response for flow index and vessel density.

* Statistical significance.
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Ficure 3. Line graph displaying the flow index (A) and vessel density (B) average of all peripapillary retinal blood flow measurements from the six
participants at baseline and under hyperoxic breathing. Results from the 2 experimental days were averaged.

al.'® have found a 6% decrease in total retinal blood flow after 5
minutes of hyperoxia. Furthermore, Riva et al.'>2° have used
laser Doppler velocimetry (LDV) to measure a 12% vasocon-
striction response in the large retinal blood vessels. The LDV
method has been implemented at both the macula and optic
disc to show a similar hyperoxic-induced blood flow response.®
Investigations done at the macula, using blue field entropic
phenomenon'?13 and laser Doppler flowmetry,?” have shown
that blood flow decreases by 30% during hyperoxia. In our
study, the average 8.9% reduction in flow index measured with
OCT angiography is within the range of previously measured
responses to hyperoxia. The flow index is the average
decorrelation value within a region of interest. The decorrela-
tion value increases with flow velocity up to a level, after which
it saturates. Generally, the decorrelation value varies within the
capillaries and reaches the saturation value in larger blood
vessels.!®1 Thus, the flow index contains information on
capillary flow velocity in addition to vessel density.

In our study, we detected reduction in both flow index and
vessel density during hyperoxia. The reduction in vessel
density could be attributed to a reduction in vessel caliber,
because we defined vessel density as the percentage area
occupied by flow pixels. The flow index contains information
on capillary flow velocity in addition to vessel density.
Comparing the two indices, the flow index showed 3.4 times
larger hyperoxic response (Table 2). The between-day repro-
ducibility for hyperoxic response was 2.2 times worse for the
flow index than the vessel density (Table 3). Overall, the flow
index was a more sensitive metric for detecting hyperoxic
response. This makes sense because the flow index contains
additional information on capillary flow velocity.

The relatively small response magnitude is the primary
limitation of using OCT angiography to assess blood flow
response to hyperoxia or other stimuli. In this study, the
hyperoxic response in flow index reduction was 8.9%, which
was only 2.4 times larger than the between-day standard
deviation. Thus, reliable assessment of response magnitude based
on this technique would require averaging of several trials, with
each trial taking at least 10 minutes to reach stable physiologic

TaBLE 3. Variability of OCT Peripapillary Retinal Perfusion Measure-
ments

Within-Day Between-Day
Repeatability  Reproducibility
Baseline flow index, CV % 5.75 11.1
Baseline vessel density, CV % 1.67 1.14
Flow index response, % SD 3.71
Vessel density response, % SD 1.67

% SD, standard deviation expressed as percentage of baseline value.

state after changing breathing conditions. The time required may
pose a practical limitation as a clinical test. Additional limitations
include the need for stable fixation and good signal strength to
obtain high-quality OCT angiography. Thus, the method may be
difficult to apply for patients with poor cooperation, poor visual
acuity, nystagmus, or opacity of the ocular media.

Another limitation of our approach is that the flow index does
not provide a volumetric measure of retinal blood flow. Because
the decorrelation values produced by the SSADA saturates at
velocity levels in vessels larger than capillaries, the flow index is
likely to underestimate blood flow changes. Furthermore,
because capillary diameters (5-10 pm) are generally finer than
the transverse resolution of the OCT beam (~15 pm), the SSADA
vessel density index is likely to overestimate actual vessel density
while underestimating change. However, both flow index and
vessel density had good repeatability and varied within a
relatively narrow range in a healthy population (Table 3).
Therefore, they offer sufficient precision to detect difference
between individuals and changes between physiologic states.
The level precision compared favorably to other methods of
assessing retinal perfusion. However, caution must be exercised
in comparing the magnitude of response measured by OCT
angiography and other methods.

In summary, we have demonstrated that SSADA OCT
angiography could detect blood flow and vascular changes in
response to hyperoxia. This might be useful in the investiga-
tion of vascular autoregulation in the eye.
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