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Abstract

Objective: To assess the repeatability of blood flow velocity index (BFVi) metrics obtained with
a recently FDA-cleared laser speckle contrast imaging device, the XyCAM RI, and characterize
differences in these metrics between control, glaucoma suspect, and glaucoma subjects.

Design: Prospective observational study

Participants: 46 subjects (20 control, 16 glaucoma suspect, and 10 glaucoma; one eye per
subject)

Methods: Key dynamic BFVi metrics—mean, peak, dip, volumetric rise index (VRI), volumetric
fall index (VFI), time to rise (TtR), time to fall (TtF), blow out time (BOT), skew, acceleration
time index (ATI)-were measured in the optic disc, optic disc vessels, optic disc perfusion region,
and macula in four imaging sessions on the same day. Intrasession and intersession variability
were calculated using the coefficient of variation (CV) for each metric in each region of interest
(ROI). Values for each dynamic BFVi variable were compared between glaucoma subjects,
glaucoma suspects, and controls using bivariate and multivariable analysis. Pearson correlation
coefficients were used to correlate each variable in each ROl with age, intraocular pressure, cup
to disc ratio, mean deviation, pattern standard deviation, retinal nerve fiber layer thickness, and
minimum rim width.
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Main outcome measures: CV for the intrasession and intersession variability for each
dynamic BFVi metric in each ROI, and differences in each metric in each ROl between each
diagnostic group.

Results: The intersession CV for mean, peak, dip, as well as VRI, VFI, TtR, and TtF ranged
from 3.2 + 2.5% to 11.0 + 3.8%. Age, cup-to-disc ratio, optical coherence tomography metrics,
and visual field metrics showed significant correlations with dynamic BFVi variables. Peak, mean,
dip, VRI, and VFI, were significantly lower in glaucoma subjects than in control subjects in all
ROI except the fovea. These metrics were also significantly lower in glaucoma subjects than
suspects in the disc vessels.

Conclusions: Dynamic blood flow metrics measured with the XyCAM RI are reliable,
associated with structural and functional glaucoma metrics, and significantly different between
glaucoma subjects, glaucoma suspects, and controls. The XyCAM RI may serve as an important
tool in glaucoma management in the future.

Précis

A novel laser speckle contrast imaging device reproducibly measures dynamic ocular blood flow
in the optic nerve head and macula. Dynamic blood flow metrics were lower in glaucoma subjects

Page 2

as compared to suspects and controls.
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Despite advances in glaucoma therapy, many patients continue to irreversibly lose vision
due to the disease, indicating the need for better biomarkers. Automated perimetry remains
central to the management of patients with glaucoma, but has notable limitations including
testing variability, long duration, and a substantial subset of patients who are unable to
perform reliable visual field testing. Furthermore, the COVID-19 pandemic raised concerns
of the spread of pathogens with use of the perimetry bowl and challenges associated with
cleaning it.1

Reliable measurement of blood flow at the optic nerve head and retina may present an
alternative or complementary functional glaucoma biomarker.2 Strong evidence supports a
vascular component to the development and progression of glaucoma.3-> Vascular structural
parameters such as vessel density or vessel caliber are reduced in glaucoma.® Measurement
of dynamic ocular blood flow metrics such as mean, maximal, and minimal blood flow in
the optic nerve head and macula may be more precise than structural biomarkers and further
hold the promise of being reversible.”-8 However, widespread adoption of prior technologies
that measure dynamic ocular blood flow has been limited due to low reproducibility, high
cost, and instrument complexity.

The XyCAM RI (Vasoptic Medical, Inc., Baltimore, MD) is a high-speed, portable ocular
blood flow imaging system with high repeatability that has recently been cleared by the
Food and Drug Administration (FDA) in the United States.®0 This device uses Laser
Speckle Contrast Imaging (LSCI) to measure dynamic changes in ocular blood flow. LSCI
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is a noninvasive technique that uses a safe, low-intensity laser to illuminate the posterior
segment leading to speckle formation in the acquired image data. Because of red blood
cell motion within blood vessels, a blurring effect is observed in the speckle pattern, the
extent of which can be quantified to obtain estimates of blood flow velocity information
with high spatiotemporal resolution. The device has been used in a portable manner at
two sites and demonstrated high measurement repeatability at each site despite frequent
transport and installation between the two sites.? In this study, we use the XyCAM RI

to assess macular and optic nerve head (ONH) blood flow in healthy, glaucoma suspect,
and glaucoma subjects for two aims: first, to determine the repeatability of dynamic blood
flow measurements in glaucoma, glaucoma suspects, and control subjects, and second, to
determine the ability of the XyCAM RI to differentiate controls from glaucoma suspect and
glaucoma subjects using temporal characteristics of dynamic blood flow patterns.

Study Design

Participants

We conducted a prospective observational study in the Department of Ophthalmology

and Visual Sciences at the University of Maryland Baltimore (UMB). All clinical
experimentation was performed in compliance with the tenets of the Declaration of Helsinki,
and with approvals from the UMB Institutional Review Board.

Individuals were screened and recruited from the faculty practice of the Department of
Ophthalmology and Visual Sciences: control subjects from the optometry practice and
glaucoma or glaucoma suspect subjects from the glaucoma practice. Informed consent was
obtained from all participants. Institutional Review Board (IRB) approval was obtained

for this study, and this study adhered to Declaration of Helsinki tenets. Subjects received
monetary compensation for their participation. Inclusion criteria included age 21 or

older with binocular vision. Glaucoma subjects were required to have at least one eye

with moderate to severe glaucoma as defined by Hodapp-Anderson-Parrish criteria.ll We
excluded patients from the study if they had visually significant media opacity, anatomically
narrow angles, prior adverse reaction to tropicamide or fluorescein, greater than 15 diopters
of refractive error, were pregnant or nursing, had an implantable device, or had prior

ocular surgery other than uncomplicated cataract or glaucoma surgery. We screened and
approached 94 subjects to enroll for the study. Forty-seven subjects consented and enrolled
in the study: 20 healthy controls, 16 glaucoma suspects, and 11 glaucoma subjects. One
glaucoma subject was ultimately excluded from analysis for having previous retinal laser.
One subject had both eyes imaged, and one eye was chosen for analysis at random. One
glaucoma subject had previous successful glaucoma surgery and the other nine subjects had
no prior glaucoma surgery. There was no significant difference in age, race, sex, or diagnosis
between the screened patients who were not included in the study and the enrolled subjects
in the study (Supplemental Table S1). One subject’s macular data was excluded from
analysis due to poor image quality. An experienced glaucoma specialist (OJS) reviewed
clinical data of all subjects including visual fields and spectral domain ocular coherence
tomography (SD-OCT) of the retinal nerve fiber layer (RNFL) and macula. Subjects were
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classified as glaucoma or glaucoma suspect based on the preferred practice patterns of the
American Academy of Ophthalmology.12:13 Control subjects had a normal OCT RNFL,
cup-to-disc ratio less than 0.5, and intraocular pressure (IOP) less than 21 mm Hg.

Acquisition of XyCAM RI Imaging Data

The XyCAM Rl is a portable ocular blood flow imager weighing 2.4 kg with a resolution
of approximately 50 linear pixels per degree of field of view. For this study, the device

was mounted on a slit-lamp base for stabilized use as in traditional ophthalmic photography
settings. The XyCAM RI emits a near infrared (NIR, peak wavelength of 785 + 10 nm)
laser to enable LSCI of the subject’s retina. Upon adjusting the field of view and focus, the
operator triggered the acquisition of a sequential stack of speckle images for a duration of
six seconds, with synchronous acquisition of a plethysmogram from a finger pulse oximeter
for reference. Speckle images were acquired at a frame rate of 82 frames per second to
capture the temporal dynamics with high resolution.

In each subject, the XyCAM RI was used to capture dynamic blood flow data from a

field of view (FOV) of at least 20 degrees approximately centered on the ONH or macula

or sequentially on both. To assess intersession repeatability of measurements, subjects
underwent a total of four imaging sessions for each FOV, with a few minutes between the
imaging sessions, but involving no significant activity from the subject that might influence
ophthalmic blood flow. Data from both ONH and macular FOVs were acquired by a single
operator in all glaucoma subjects and glaucoma suspect and in ten out of twenty control
subjects. Among the remaining ten control subjects, three distinct operators imaged the
ONH FQV only in five subjects and the macula FOV only in the other five subjects. The use
of multiple operators permitted assessment of reproducibility across operators.

Clinical Assessment

We performed standard clinical examination on each recruited subject including slit lamp
examination, dilated fundus examination with assessment of cup-to-disc ratio, applanation
tonometry, and gonioscopy. Vital signs including blood pressure, pulse, and continuous
pulse oximetry were recorded. Glaucoma and glaucoma suspects underwent standard
automated perimetry with a 24-2 Humphrey visual field (Zeiss Meditec, Dublin, California).
All enrolled subjects underwent OCT RNFL, OCT Macula, and ONH analysis with
minimum rim width (MRW) determination using SD-OCT with the Heidelberg Spectralis
OCT?2 (Heidelberg Engineering, Heidelberg, Germany). All visual fields were reliable with
less than 15% false-positive errors and less than 20% fixation losses.24 All SD-OCT scans
had a quality rating of at least 20 (although generally above 25). This quality standard has
been shown to have a high degree of accuracy in diagnosing early glaucoma.1®

Laser Speckle Contrast Imaging Analysis

The XyCAM RI outputs a time-stack of blood flow velocity index (BFVi) maps of the FOV
by processing the raw data obtained under laser illumination and provides a time-sequence
of BFVi values at each pixel. BFVi, expressed in arbitrary units, is depicted in pseudo-color
to display the blood flow status in the FOV as shown in Figure 1. The speckle image dataset
was registered prior to BFVi estimation to compensate for motion artifacts. We selected
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specific regions of interest (ROIs) using XyCAM RI analysis tools. In data acquired from
ONH imaging, we manually identified the optic disc and further segmented the disc into two
additional ROIs: visually discriminable vessels within the optic disc (disc vessels) and the
remaining background areas of the optic disc without discriminable vessels (disc perfusion)
(Figure 2). In data acquired from macular imaging, we manually identified the fovea and
analyzed a circular ROI with a diameter of 250 pixels (~5-degree FOV with diameter of
~1.5mm) centered on the fovea. We computed and plotted the mean BFVi value within

each ROI and each frame on the time axis to reveal temporal 6-second sequences of BFVi
values (“waveforms”) as shown in Figure 3. These waveforms are pulsatile, revealing peaks
and dips in BFVi values as blood flow to the retina increases and decreases synchronously
with every heartbeat.%16 We manually identified cycles within the waveform, defined as

a sequence of BFVi values from one dip to the next dip through a peak, and cycles that
contained significant imaging artifacts (e.g., eye blinks, eye movement, or corneal reflection)
were rejected and not considered for analysis.

Waveform analysis

For each cycle, we noted BFVi values at various phases of the cycle and computed the
average BFVi at the two dip locations of the cycle (dip BFVi), BFVi values averaged over
an entire cycle (mean BFVi), and BFVi at the peak (peak BFVi) for each ROl and used
these BFVi variables for further analysis. Derivative metrics were also computed such as
volumetric rise index (VRI) and volumetric fall index (VFI) defined by the area under

the BFVi waveform during its rising and falling phases, respectively. Time-to-rise (TtR)
measures the time in milliseconds from Dip 1 to the peak, while time-to-fall (TtF) measures
the time in milliseconds from the peak to Dip 2 in milliseconds. Figure 3 provides an
illustration of all XyCAM RI computed waveform-based metrics that are provided to the
user. Additionally, we computed offline certain pulse waveform parameters that are not
automatically output by the XyCAM RI, but have been reported in previous studies using
the LSFG-NAVI (Softcare Co., Ltd., Fukuoka, Japan), another speckle-based ocular imaging
instrument.817:18 Specifically, we computed blow-out time (BOT), acceleration time index
(ATI), and skew using equations described in Figure 3.19

Statistical Analysis:

We assessed repeatability of BFVi measurements by calculating the intrasession and
intersession coefficient of variation (CV). We calculated the intrasession CV within an
imaging session as the variation across multiple cycles within the same imaging session

of six second duration. The intersession CV was calculated across the multiple imaging
sessions. We compared all mean values of ocular blood flow metrics across healthy controls,
glaucoma suspect, and glaucoma subject groups using ANOVA (analysis of variance),

and if significant (p<0.05), compared pairwise differences in the three groups with the
Tukey-Kramer test. We calculated Pearson correlation coefficients to reflect the association
between BFVi measurements and traditional risk factors and indicators of glaucoma
including age, intraocular pressure (IOP), cup-to-disc ratio, OCT metrics such as mean rim
width (MRW) and overall RNFL thickness, and visual field metrics including MD24-2 (dB)
and PSD24-2 (dB). We determined significance (p<0.05) using a two-tailed t-test. We then
conducted a linear regression for each dynamic BFVi parameter in each region (optic disc,
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disc vessels, disc perfusion, fovea) with diagnosis as the independent variable and the BFVi
parameter as the dependent variable accounting for age and sex. We determined statistical
significance (p<0.05) using a Wald test.

We then explored whether a combination of dynamic BFVi parameters found to be
significant in our multivariable linear regression and the demographic variables of sex

and age could improve the ability to differentiate glaucoma subjects, suspects, and control
subjects than these features alone. We conducted a Factor Analysis of Mixed Data (FAMD)
analysis, a dimensionality reduction technique which combines principal component
analysis (PCA) and multiple correspondence analysis (MCA) and allows for inclusion of
both continuous and categorical variables. This analysis decomposed BFVi and demographic
variables into two orthogonal vectors using unsupervised methods and is necessary due to
the collinearity BFVi variables. We then evaluated the fit of these FAMD components to
differentiate disease status and compared their performance to logistic regression with each
of the BFVi dynamic parameters individually. FAMD statistical analysis was performed with
R 4.0.3 (R foundation for Statistical Computing).20:21

Patient Demographics

We completed imaging and data analysis in a total of 46 subjects. Table 1 shows the
demographic and clinical characteristics of our sample. Control subjects were significantly
younger (p < 0.05). There were more males in the glaucoma group (70%) and more females
in the glaucoma suspect group (75%), but the differences in distribution (p = 0.08) did

not meet our criteria for statistical significance. We accounted for these differences in our
multivariable analysis.

Repeatability of BFVi measurements

Intrasession repeatability of BFVi measurements for the optic disc, disc vessels, disc
perfusion, and fovea is represented by the CVs listed in Table 2 for each group of subjects.
Dip, mean, peak, VRI, VFI, TtR, and TtF showed high repeatability for all fields of view
and populations. Of these variables, the lowest intrasession CV was 1.8 + 0.7% in the mean
BFVi in the optic disc ROI for healthy controls, and the highest was 9.0 + 4.2 for VRI in the
macula. Of all metrics, skew had the highest variability in each ROl and condition with the
highest CV of 20.4 + 11.5% in the fovea region for glaucoma suspects. Tukey-Kramer tests
revealed a significantly higher intrasession variability (p < 0.05) in glaucoma subjects than
in control subjects with respect to dip, mean, VFI, and TtF measurements in the optic disc,
disc vessel, and disc perfusion regions.

The intersession repeatability of BFVi measurements was similarly high in the dip, mean,
peak, VRI, VFI, TtR, and TtF metrics with a highest CV of 11.0 + 3.8% for VRI in the

disc perfusion ROI for glaucoma subjects (Table 3). Of all metrics, skew had the highest
variability in each ROI and condition with the highest CV of 14.6 + 14.7% in the disc vessel
ROI for glaucoma suspects. There were fewer significant differences in intersession CV for
all BFVi measurements across the three subject groups, with only VRI measurements in
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disc vessels and skew, ATI, and BOT measurements in the fovea having significantly higher
intersession variability in glaucoma than control subjects.

Correlations with Glaucoma Status

Observed BFVi measurements in each of the four ROIs of healthy control, glaucoma
suspect, and glaucoma subjects are shown in Table 4. Dip, mean, peak, VRI, and VFI
measurements were significantly different between groups in the entire optic disc (greatest
in controls, followed by suspects, and then glaucoma subjects). All of these measurements
except VRI were significantly different in the disc vessel ROI. In the disc perfusion ROI,
which excludes major vessels, dip, mean, and VFI were significantly different between
groups. Metrics obtained from the foveal ROI were significantly different only in skew
and BOT. Significance of pairwise comparisons of the three subject groups using Tukey-
Kramer tests confirm that a number of metrics reveal statistical differences between the
healthy control and glaucoma groups, while dip and mean in disc vessels provide additional
discrimination of glaucoma suspect subjects from glaucoma subjects (Supplemental Figure
S1). In all cases for dip, mean, peak, VRI, VFI metrics, means were lower in glaucoma
subjects than in healthy control subjects and those for glaucoma suspect subjects lay
between the glaucoma and healthy control groups.

Supplemental Tables 2A-C show Pearson correlation coefficients stratified by group
between BFVi measurements and certain established risk factors and features of glaucoma
including age, intraocular pressure (IOP), cup-to-disc ratio, MRW, overall RNFL thickness,
MD, and PSD. In all groups, there was no correlation between BFVi measurements and
IOP in any ROI. Skew and BOT were generally correlated with age in multiple ROIs in

all groups. Among control subjects, dip, mean, and peak were correlated with cup-to-disc
ratio in the optic disc and disc vessel ROI, while in the disc perfusion ROI, peak and VRI
were correlated with RNFL and dip alone was correlated with cup-to-disc ratio. Among
glaucoma suspect subjects, BOT was correlated with MD in all ROI excluding fovea. Peak
was correlated with RNFL only in the disc vessels ROI. Finally, among glaucoma subjects,
we observed significant correlations between skew and BOT with MD in all ROI. We also
observed significant correlations between OCT parameters and dip, mean, and peak in all
ROI excluding the fovea. These same BF Vi variables were also correlated with PSD in the
optic disc and disc vessels ROI.

Table 5 shows results of the multivariable linear regression accounting for age and sex

in all ROIs. We confirmed that the standard assumptions for linear regression such as
normality and homoscedasticity held in all regressions. We corrected for non-normality by
log transforming three variables within the disc perfusion ROI (dip, VRI, and VVFI). None
of the BFVi variables were significantly different in the fovea ROI. In the optic disc ROI,
peak, dip, mean, VRI, and VFI were significantly lower in glaucoma subjects as compared
to controls in all three optic nerve head ROIs (optic disc, disc vessels, disc perfusion). In
the disc vessel RO, peak, dip, mean, VVRI, and VVFI were significantly different for all
three subgroups, specifically highest in controls, lower in glaucoma suspects, and lowest in
glaucoma subjects. When we repeated the analysis excluding a glaucoma subject who had a
prior tube shunt, significant BFVi variables did not change.
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Factor Analysis of Mixed Data (FAMD) Analysis:

We used FAMD, an unsupervised machine learning method that mixes principal component
analysis (PCA) and multiple correspondence analysis (MCA) to balance consideration of
continuous and categorical variables, to decompose BFVi parameters that were significant
in the multivariable analysis for the disc vessel region (peak, dip, mean, VRI, and VFI) and
demographic variables into orthogonal vectors, Dim1 and Dim2. Together, Dim1 and Dim2
accounted for 79.8% of the variance within the data. Dim1 was primarily comprised of
dynamic BFVi parameters and Dim2 included only age and sex (Supplemental Figure S2).
Using binomial logistic regression to compare controls and glaucoma subjects, we found
that higher BFVi parameters (Dim1) increased the chance of being a control subject (p =
0.02) with no significant effect of age and sex (Dim2, p = 0.14). Using the same method to
compare glaucoma subject and glaucoma suspects, we found that higher BFVi parameters
were associated with a higher likelihood of being a glaucoma suspect (p = 0.03), and that
higher Dim2 (consisting of age and sex) increased chances of being a control subject (p =
0.04).

In order to assess whether combining BFVi parameters would enable a logistic regression
model to better discriminate between control and glaucoma status, we compared
Nagelkerke’s R for the bivariate binomial logistic regression models between control and
glaucoma subject status and each BFVi parameter, as well as Dim1 Dim1 had the higher

RZ (0.46) than any of the individual dip (0.40), mean (0.39), peak (0.32), VFI (0.30),

VRI (0.25) BFVi parameters. Using the same method to compare glaucoma subject and
glaucoma suspects, we found that Dim1 had a comparable R2 (0.29) with the mean (0.29)
and dip (0.30) variables and a greater R? than peak (0.22), VFI (0.12), and VRI (0.16) BFVi
variables. This analysis reveals that BFVi parameters, when combined, may improve the
determination of glaucoma diagnosis relative to the parameters alone.

Discussion

Our study represents the first assessment of a new LSCI-based ocular imaging device,

the XyCAM R, in glaucoma subjects. We found that BFVi variables, when focused on

the optic nerve head, were significantly different between controls, glaucoma suspects and
glaucoma subjects. While LSCI has previously been used for ocular imaging for glaucoma,
the XyCAM Rl is a new platform with certain distinct features that may afford it an
advantage over other devices.8-22-24 The device is portable, has high temporal resolution

of 82 frames per second, has high repeatability, and permits reliable, detailed assessment
of ocular blood flow dynamics.® The high temporal resolution may also limit the effect

of mation artifact on the entire measurement, unlike in OCT angiography, where data is
aggregated over larger timescales to produce a single estimate of perfusion status at a
specific location. We have previously observed that while LSCI-based mean BFVi and peak
BFVi estimates demonstrates acceptable correlation with peripapillary perfusion density
obtained using OCT-A, correlation is poor for dip BFVi estimates.?

The XyCAM RI and LSFG-NAVI are similar devices, but have some notable differences.28
The XyCAM RI obtains blood flow information from a circular field of view of 25 degrees,
while the field of view imaged by LSFG-NAVI is 21 degrees (horizontal) by 12 degrees
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(vertical). The XyCAM RI has a spatial resolution of 48 pixels/degree, while the LSFG-
NAVI has a spatial resolution of 35 pixels/degree. XyCAM RI has a temporal resolution of
82 Hz, compared to the LSFG-NAVI's temporal resolution of 30 Hz. The LSFG-NAVI uses a
higher wavelength of 830nm which may results in a greater contribution from blood flow in
the choroidal layers rather than in the retinal layers. Furthermore, the method of determining
mean blur rate (MBR) is different — LSFG-NAVI uses exclusively spatial determination of
MBR, whereas the XyCAM computes speckle contrast in the spatiotemporal domain.

BFVi Measurements and Repeatability

Repeatability of the XyCAM RI in glaucoma, suspects, and controls is generally as good
or better than previously reported methods of estimating ocular blood flow /in vivo. For
example, laser doppler imaging showed a CV of up to 37%, and the retinal function imager
has a reported CV of 10.8% to 30.5%.927-31 Reproducibility of LSCI imaging in this study
is comparable with the repeatability of perfused vessel density measurements enabled by
OCT angiography.32 In our data, we found that while dip, mean, peak, VRI, VFI, TtR,

and TtF were highly reproducible, other parameters such as skew had higher variability

in comparison. This is consistent with previous reports of repeatability in waveform
parameter measurements, where CV ranged from 1.86% to 11.19% and skew had higher
CV than most other parameters.8:19 The higher intrasession variability for BFVi metrics

in glaucoma subjects is consistent with prior investigations showing higher variability in
blood flow in glaucoma and provides further support for potential vascular dysregulation in
glaucoma.29:33-37

Role of blood flow dynamics in glaucoma assessment

Structural vascular measurements such as vessel density and vessel caliber have shown
encouraging results as potential glaucoma biomarkers,® but our work shows that dynamic
variables and flowrates may offer additional or complementary information. This makes

a strong case to assess the role of temporally-resolved ocular blood flow dynamics for
glaucoma assessment in larger clinical trials. Furthermore, prior work suggests the potential
of decoupling between vessel density obtained by OCT-A and BFVi values obtained by
XyCAM RI.25 We further note that BFVi metrics used here, specifically dip, mean, peak,
VFI, and VRI, performed better in terms of determining glaucoma status than those
previously developed, specifically BOT and ATI, which have shown variable diagnostic
efficacy between studies.8:38:39 This may be because BOT and AT are considered to be
more closely correlated with systemic vascular resistance and cardiac parameters than with
ocular status.17:40-42 Supplemental Tables 2A-C reveal a much closer association between
clinical glaucoma metrics in the optic disc ROIs as compared to the fovea ROI, consistent
with our understanding of glaucoma as a primarily an axonopathy, but may also be due to
contribution of choroidal flow to the imaging signal in the foveal region.

The present study is one of the few studies conducted in the United States and the only one
in a multi-ethnic population with a large proportion of African Americans.3* Prior studies
have primarily been conducted in Asian and European populations.817:19.38-40 Fyrthermore,
the prior study conducted by Gardiner et al. in the United States did not report racial and
ethnic data, but may have had proportionally fewer nonwhite subjects.3® In their study,
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Gardiner et al. showed increased blood flow in glaucoma suspects compared to controls or
glaucoma subjects.38 The difference in patient demographics may be one reason that our
results differed, showing highest BFVi metrics in controls followed by glaucoma suspects,
followed by glaucoma subjects with the lowest BFVi metrics. We also note that blood

flow parameters may be affected by the degree of pigmentation within the retinal pigment
epithelium, which was not adjusted for in our analysis. Previous studies with Color Doppler
imaging and confocal scanning laser Doppler demonstrated lower blood flow in people of
African descent compared to European descent and greater correlation between blood flow
and ONH changes in glaucoma, potentially relating to the increased rate of glaucoma among
African Africans.43-48

The breadth of metrics available with assessment of ocular blood flow dynamics with the
XyCAM RI presents avenues to potentially better diagnose glaucoma early in the disease
state and identify those most likely to develop the disease. While these metrics are highly
colinear, we have shown that dip, mean, peak, VRI, and VFI in the optic vessels allow

for differentiation of all 3 diagnostic groups from each other when accounting for the
effects of age and sex. Furthermore, the FAMD analysis suggests that BFVi metrics in
combination may offer improved discrimination between glaucoma subjects, suspects, and
controls. However, the sample size in our study was limited, and an equivalent analysis in
a larger clinical trial would be needed for more definitive results. A follow-up of glaucoma
suspects is also needed to determine if BFVi metrics are able to assist in early assessment of
risk of developing glaucoma.

Overall, our findings suggest the usefulness of assessing ocular blood flow dynamics for
gathering insights on glaucoma status that may inform future strategies for glaucoma
diagnostics and management. The XyCAM RI may fill an important clinical role in
glaucoma diagnosis and management given that it is portable and noncontact. We plan

to further assess whether the LSCI-based XyCAM RI can provide diagnostic classification
with a high degree of confidence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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10
BFVi (a.u.)

Figure 1: Images of ocular blood flow obtained using the XyCAM RI.
Blood flow velocity (BFV) images centered around the optic nerve head (ONH) and macula

for a control subject (A, B) and a glaucoma subject (C, D). The same colormap scale is used
across the subjects to display low flow velocities in cooler colors and high flow velocities in
hotter colors.

a.u.: arbitrary units
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Disc
Vessels

Figure 2: Selection of assessed regions of interest.
(A) To analyze flow-based metrics from the region of the optic nerve heard, three regions

were selected: entire optic disc within the circular ROI, major blood vessels overlying the
optic disc (disc vessels) delineated by the piecewise linear polygonal region, and the region
of the optic disc not included within disc vessels (disc perfusion). (B) To analyze flow-based
metrics from the foveal region, a fixed diameter region overlaying the fovea was selected.
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Figure 3: Illustration of a pulsatile blood flow velocity index (BFVi) waveform and computation
of ocular blood flow metrics.

Dip BFVi and peak BFVi pertain to phases corresponding to the cardiac diastole and systole.
Mean BFVi corresponds to the average of the means of the rising and falling phase.

TtR: time-to-rise, TtF: time-to-fall, VRI: volumetric rise index (area under the rising portion
of the BFVi waveform), VFI: volumetric fall index (area under the falling portion of the
BFVi waveform), FWHM: full width half maximum, ATI: acceleration time index, BOT:
blow-out time
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Page 18

Demographic distribution of imaged subjects and their clinical ophthalmic measurements relevant to diagnosis

and management of glaucoma. (* indicates p-value < 0.05, ANOVA)
MD: mean deviation, PSD: pattern standard deviation, dB: decibel, OCT: optical coherence tomography,

RNFL: retinal nerve fiber layer, MRW: mean rim width

Contrcle | suspeqt | Glaucoma

Age * 473+16.5 59.6 +10.8 67.9+6.8
Race

Black 7(35%) 8(50%) 6(60%)

Non-Black 13(65%) 8(50%) 4(40%)
Sex

Male 9(45%) 4(25%) 7(70%)

Female 11(55%) 12(75%) 3(30%)
Intraocular Pressure 145+3.6 16.1+3.9 16.4 £ 4.7
Cup-to-Disc Ratio * 0.31+0.10 0.59 £0.16 0.71+0.22
Visual Field Metrics

MD 24-2 (dB)* N/A -0.34+196 | -10.03+6.22

PSD 24-2 (dB)* N/A 1.86 +0.76 8.82+2.39
OCT Metrics

RNFL (total) * 103.5+13.3 929+123 70.3+13.7

MRW (total) * 352.9+ 575 | 282.2+63.8 206.3+71.6

Ophthalmol Glaucoma. Author manuscript; available in PMC 2023 May 01.
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Table 2:
Intrasession repeatability assessment of ocular blood flow metrics.

Table reports observed mean * standard deviation of coefficient of variation (CV, expressed as a percent value)
in measurement of various metrics derived from ocular blood flow data at the optic disc, disc vessels, disc
perfusion, and fovea regions of interest (ROIs) across multiple cardiac cycles within the same imaging session
for healthy (n = 20), glaucoma suspect (n = 16), and glaucoma (n = 10) subjects. Every column of three
asterisks (*) indicates that CV of at least one subject group is statistically different (p < 0.05, ANOVA).

VRI: volumetric rise index, VFI: volumetric fall index, TtR: time-to-rise, TtF: time-to-fall, ATI: acceleration
time index, BOT: blow-out time

g1\t/rz)s/s)ssmn Ocular Blood Flow Metrics
ROI Subjects Dip Mean Peak VRI VFI TtR TtF Skew ATI BOT

Healthy 23+ 182 20| 80+ | 45| 66| 37+ 102x| 60z 38+
Controls 0.9* 0.7% 0.9 2.9 1.7% 25 1.3* 58 2.2 2.1%
Ontic Disc | Glaucoma 332 222 22+ | 76+ | 43+| 66| 42+ 106+| 60z 48+
P Suspect 1.5% 0.9% 0.9 2.4 1.4% 2.4 1.3* 32 2.0 1.6%
46+ 27+ 26+ | 86+ 74+| 76| 70+ 155+ | 90z 6.4
Glaucoma 2.7* 0.9* 1.2 2.7 4.9* 26 6.3* 9.0 57 3.3*
Healthy 224 162 18+ | 79+ | 44+| 66| 37+ 133x| 60z 46+
Controls 0.8* 0.7% 08 2.8 1.6% 25 1.3* 10 22 3.0
. Glaucoma 352 22% 20| 75+ | 43+| 662 | 42+ 157+ | 60z 6.4
Disc Vessel | g qpect 17 1.0% 11 24| 15 24| 13 8.3 2.0 3.0
46+ 26+ 25+ | 87+ | 74x| 76| 70+ 179+ | 90z 76+
Glaucoma 2.8* 1.0% 1.1 27 5.1% 26 6.3* 11.7 57 37
Healthy 29+ 22+ 25+ | 83+ 47+| 66| 37+ 101%x| 60z 38+
Controls 1.0% 0.8% 1.0 3.0 1.7% 25 1.3* 5.7 2.2 2.1%
Disc Glaucoma 4.2+ 2.7+ 28+ 79+ 46+ 6.6 £ 42+ 108 + 6.0 £ 52+
Perfusion | Suspect 1.6% 0.8* 0.9 2.9 1.3% 2.4 1.3* 47 2.0 1.8%
531 302 20+ | 89+ | 73x| 76+| 70x]| 138x| 90z 652
Glaucoma 2.8* 0.9* 13 3.0 4.7* 26 6.3* 75 57 3.1*
Healthy 22+ | 1 oi06 17+ | 84+ | s50+| 73x| 43+ 133x| 73z 41+
Controls 08 | +°*° 0.7* 33 2.4 3.2 22 7.0 3.4 1.5%
Glaucoma 252 23+ | 84+ | 55+ | 72+| 51+ 2042 | 702 792
Fovea | gispect 14 | 19%07 0.8% 2.1 25 2.0 31 115 2.0 3.4
34+ 20+ | 90+ | 67+| 64| 59+ 131+ | 772 74+
Glaucoma 26 | 2310 1.3% 42 6.9 35 77 74 38 2.5%
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Table 3:
Intersession repeatability assessment of ocular blood flow metrics.

Table reports observed mean * standard deviation of coefficient of variation (CV, expressed as a percent value)
in measurement of various metrics derived from BFVi data at the optic disc, disc vessels, disc perfusion, and
fovea regions of interest (ROI) across multiple imaging sessions for healthy (n = 20), glaucoma suspect (n

= 16), and glaucoma (n = 10) subjects. Every column of three asterisks (*) indicate that CV of at least one
subject group is statistically different (p < 0.05, ANOVA).

VRI: volumetric rise index, VFI: volumetric fall index, TtR: time-to-rise, TtF: time-to-fall, ATI: acceleration
time index, BOT: blow-out time

Intersession .
CV (%) Ocular Blood Flow Metrics
ROIls Subjects Dip Mean Peak VRI VFI TtR TtF Skew ATI BOT

Healthy 65+ [ o 0y | 54| 76+| 78x[ 41:| 4p: 86+ | 46+ | 28+
Controls 34 | ©8%3 32 36 51 26 33 6.1 25 17
| Glaucoma 74+ 60+ | 77+ | 74+ 44:]| 49+ 71+ | 51+ | 42+
Optic Disc | g ;cpect 37 | 8533 32 34 3.4 2.9 12 56 26 29
70+ 57+ | 107+| 77+| 67+| 52+ | 112+ s55+| a6+
Glaucoma 3g | 59%29 25 38 41 44 47 46 39 21
Healthy 6ax | o0 53+ 73:| 76x| 41:| 4s: 99+ | 46+ | 31+
Controls 3.1 e 3.2 3.4* 5.5 2.6 3.3 5.2 25 1.9
. Glaucoma 73+ 57+ | 76+| 71+ | 44+ | 49+| 146+| 51| 54+
Disc vessel | g \nect 37 | 63%33 30| 37 33 2.9 12 147 26 36
75+ 64+ | 100+ | 85+| 67+| 52+ | 120+| 55+| 56+
Glaucoma 39 | 66%28 22 3.0% 42 44 47 8.1 39 29
Healthy 7ax [ oo 00| 62:| 8ax| 83:| 41:| 4b: 80+ | 46+ | 33=
Controls 34 | 65%3 32 35 47 26 33 6.0 25 26
Disc Glaucoma 78+ 71444 6.9+ 82+ 8.1+ 4.4+ 49+ 74+ 5.1+ 4.0 +
Perfusion Suspect 50 | (14 42 37 3.9 29 12 39 26 26
71+ 61+ | 110+| 75+| 67+| 52+ | 111+| s55+| 51+
Glaucoma 40 | 62%35 33 38 43 44 47 49 39 31
Healthy 60+ oo 00| 53+| 82:| 69x( s53:| 542 78+ | 61+ | 32+
Controls 30 | 95%3 31 57 33 47 3.0 agc | a9 2.8%
Glaucoma 6.2+ 55+ | 78+| 57+| 48+ | 39+| 130+| 39+ | 54+
Fovea | g spect 29 | 56%29 3.0 3.9 36 26 20 g3 | 20 2.9%
6.9+ 56+ | 69+| 61+| 33| 32+ 55+ | 28+ 28+
Glaucoma 50 | 29%39 35 51 35 24 25 35% 15% 16%
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Table reports observed blood flow velocity index (BFVi) metrics (mean * standard deviation) in specific
ocular regions (optic disc, disc vessels, disc perfusion, fovea) of healthy (n = 20), glaucoma suspect (h =
16), and glaucoma (n = 10) subjects. Rows with an asterisk (*) indicate statistical differences in the metrics
obtained from the three subject groups (p < 0.05, ANOVA).

VRI: volumetric rise index, VFI: volumetric fall index, TtR: time-to-rise, TtF: time-to-fall, ATI: acceleration

time index, BOT: blow-out time

Table 4:
Comparison of ocular blood flow metrics in healthy, glaucoma suspect, and glaucomatous
eyes.

Assessed BFVi Units gcfr?tllt’g?ls %Ijsup()::crga Glaucoma
Regions Metrics
n =20 subjects | n =16 subjects | n =10 subjects

Dip* a.u. 73+19 6.0+0.9 50+18

Mean* a.u. 89+23 75+1.2 6.4+2.0

Peak* a.u. 10.4+26 89+15 78+24

VRI* a.u. 23+0.6 20+04 1.7+05

VFI* a.u. 51+16 40+0.9 35+14

Optic Disc

TtR ms 267.5 + 30.6 269.1 +23.9 280.2 +36.3
TtF ms 583.0 + 125.0 542.8 +£82.0 557.0 + 142.8

Skew - 0.7+0.1 0.7+0.1 0.7+0.1

ATI - 0.3+0.0 0.3+0.0 0.3+0.0

BOT - 05+0.0 05+0.0 05+0.0

Dip* a.u. 99+17 92+1.2 76+20

Mean* a.u. 11.7+19 110+14 9319

Peak* a.u. 13522 128+1.8 111+21

VRI a.u. 3.1+05 29+04 26+0.6

VFI* a.u. 6.8+ 15 6.0+1.2 51+1.6

Disc Vessels

TtR ms 267.5 + 30.6 269.1 +23.9 280.2 +36.3
TtF ms 583.0 + 125.0 542.8 +£82.0 557.0 + 142.8

Skew - 06+0.1 0.7+0.1 0.7+0.1

ATI - 0.3+0.0 0.3+0.0 0.3+0.0

BOT - 05+0.0 05+0.0 05+0.0

Dip* a.u. 49+20 3.7+0.7 34+13

Mean* a.u. 6.3+24 49+10 46+16

Peak a.u. 76+28 6.0+14 58+2.0

VRI a.u. 16+0.6 1.3+0.3 12+04

Disc Perfusion | VFI* au. 36+16 26+07 25+1.1
TtR ms 267.5 + 30.6 269.1 +23.9 280.2 +36.3
TtF ms 583.0 + 125.0 542.8 +£82.0 557.0 + 142.8

Skew - 0.7+0.2 0.8+0.2 0.8+0.1

ATI - 0.3+0.0 0.3+0.0 0.3+0.0
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Healthy Glaucoma
Assessed BFVI | it Controls Suspects Glaucoma
Regions Metrics
n =20 subjects | n =16 subjects | n =10 subjects
BOT - 0.5+0.0 0.4+0.0 0.4+0.0
Dip a.u. 6.4+3.8 44+21 38+17
Mean a.u. 76+4.2 5527 52+21
Peak a.u. 8.7+47 6.7+3.3 6.6+2.7
VRI a.u. 19+10 14+0.7 14+0.7
VFI a.u. 44+23 3.1+16 3.0+1.7
Fovea
TtR ms 264.6 +£28.2 267.7+255 267.8£30.1
TtF ms 606.6 + 125.1 559.1+83.0 582.7 £ 143.2
Skew* - 0.7+0.2 0.8+0.2 09+0.1
ATI - 0.3+0.0 0.3+£0.0 0.3+0.0
BOT* - 0.7+0.1 0.8+0.0 0.9+0.0
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Results of multi-variable regression analysis.

Beta coefficients for the effect of glaucoma subject relative to control on parameter estimate in multiple

Table 5.

Page 23

variable regression model accounting for sex and age. (* indicates coefficient p value < 0.05 by Wald test, bold
font indicates that p < 0.05 for the effect of glaucoma suspect versus glaucoma, 1 indicates coefficient when
dependent variable was log-transformed)

Differences in Mean Parameter Values in Glaucoma vs Control Subjects

Parameters Optic Disc | Disc Vessels | Disc Perfusion
Peak -2.85* —-2.54* -2.14*
Dip -2.0* -1.9* -0.33%4
Mean -2.43* -2.22* -1.76*
Volumetric Rise Index -0.68* -0.62* -0.33*1
Volumetric Fall Index -1.56* -1.49* -0.37%4
Time-to-Rise 0.07 0.07 0.07
Time-to-Fall -22.82 -22.82 -22.82
Skew -0.08* -0.08* -0.08
Acceleration Time Index 0.009 0.009 0.009
Blow-out time 0.03* 0.006 0.02
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