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Purpose: To assess the repeatability of peripapillary OCT angiography (OCTA) in those with Alzheimer
disease (AD), mild cognitive impairment (MCI), Parkinson disease (PD), or normal cognition.

Design: Cross-sectional.
Participants: Patients with a clinical diagnosis of AD, MCI, PD, or normal cognition were imaged. Those with

glaucoma, diabetes mellitus, vitreoretinal pathology, and poor-quality images were excluded.
Methods: Each eligible eye of each participant underwent 2 OCTA 4.5 � 4.5-mm peripapillary scans in a

single session using a Zeiss Cirrus HD-OCT 5000 with AngioPlex (Carl Zeiss Meditec). The Zeiss software
(v11.0.0.29946) quantified measures of perfusion in the radial peripapillary capillary (RPC) plexus in 4 sectors
(superior, nasal, inferior, temporal). The average of these sectors was calculated and reported.

Main Outcome Measures: Radial peripapillary capillary plexus perfusion was quantified using 2 parameters:
capillary perfusion density (CPD) and capillary flux index (CFI). Intraclass correlation coefficients (ICCs) were used
to quantify repeatability. For subjects who had both eyes included, the average values of each scan pair were
used to assess interocular symmetry of CPD and CFI.

Results: Of 374 eyes, 46 were from participants who had AD, 85 were from participants who had MCI, 87
were from participants who had PD, and 156 were from participants who had normal cognition. Capillary
perfusion density ICC in AD ¼ 0.88 (95% confidence interval [CI], 0.79e0.93), MCI ¼ 0.95 (0.92e0.96), PD ¼ 0.91
(0.87e0.94), and controls ¼ 0.90 (0.87e0.93). Capillary flux index ICC in AD ¼ 0.82 (0.70e0.90), MCI ¼ 0.87
(0.80e0.91), PD ¼ 0.91 (0.87e0.94) and controls ¼ 0.85 (0.79e0.89). There were no significant differences in
interocular variation in average CPD and CFI in AD, MCI, or PD (all P > 0.05). Isolated interocular sectoral CPD
differences were noted in AD (nasal, P ¼ 0.049; temporal, P ¼ 0.024), PD (nasal, P ¼ 0.036), and controls (nasal,
P ¼ 0.016). Interocular differences in CFI in the superior sector in MCI (P ¼ 0.028) and in average CFI for controls
(P ¼ 0.035) were observed.

Conclusions: Peripapillary OCTA repeatability in AD, MCI, and PD is good-excellent and similar to those with
normal cognition. Insignificant interocular asymmetry in peripapillary OCTA suggests neurodegeneration may
proceed uniformly; future studies may reveal the appropriateness of single-eye imaging. Ophthalmology
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The optic nerve connects the retina to the brain and may be
affected in numerous medical and ocular conditions.1-3 OCT
and OCT angiography (OCTA) provide a targeted means of
assessing the structure and vascularity of the peripapillary
retina.4 The radial peripapillary capillary (RPC) plexus is a
network of capillaries that runs in parallel with retinal nerve
fiber layer axon bundles and is instrumental in nourishing
the axons of retinal ganglion cells in the peripapillary
neurosensory retina.5-7 Peripapillary vessel density de-
creases with normal aging and in ocular pathologies such as
glaucoma.8-10

Because pathologic changes in the central nervous sys-
tem may be reflected in the retinal tissue, as an extension of
the brain, the peripapillary vasculature has also been studied
in the context of neurodegenerative disease.11,12 The
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development of novel ocular imaging biomarkers for these
conditions using OCT and OCTA technology is a growing
area of research.13,14 A study of Alzheimer disease (AD)
and mild cognitive impairment (MCI) found no difference
in peripapillary vessel density when compared with those
with normal cognition.15 In Parkinson disease (PD), our
group recently demonstrated increased perfusion in the
RPC plexus compared with those with normal cognition
and without PD.16

Previous studies in healthy eyes of cognitively normal
individuals have described good-excellent repeatability of
macular OCTA measures, and our recent investigation of
peripapillary OCTA repeatability in a smaller cohort
of healthy older adults found moderate-good correlation.9,17

Although there is a growing body of literature on
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microvascular changes in neurodegenerative disease, the
differential repeatability of these measures among the
various diagnoses has yet to be studied. Patients with
neurodegenerative disease may have impaired executive
function (in AD and MCI) or impaired motor function and
head tremor (in PD). Because image acquisition requires
eye fixation and OCTA is susceptible to motion artifact,
individuals with these conditions may have less repeatable
scans than those with normal cognition. As OCTA
technology becomes a more readily available, facile, and
noninvasive means of studying the retina to better
understand cerebral disease, establishing its repeatability
in research protocols is a meaningful undertaking.

Previous studies have described varying correlation of
ocular parameters measured between 2 eyes of cognitively
normal adults ranging from moderate to high correlation in
retinal thickness,18 foveal avascular zone area, superficial
vessel density,19 ganglion cell complex measures,20

capillary plexus measures,21 and fractal dimension.17 Our
prior work assessing interocular symmetry of peripapillary
OCTA measures found significant asymmetry in temporal
capillary flux index (CFI) between the eyes of cognitively
normal older adults; however, other parameters were
similar between eyes of the same patient.9 The inclusion
of both eyes of a subject in ocular studies of systemic
disease has been controversial, because it is possible that
neurodegenerative disease affects each eye differently.
Demonstrating that interocular symmetry of OCTA
parameters exists in individuals with neurodegenerative
disease may support the inclusion of only 1 eye of a
patient with neurodegenerative disease, which would
facilitate shorter image acquisition times and potentially
allow for larger studies.

In this study, we investigate the repeatability and inter-
ocular symmetry of peripapillary OCTA imaging parameters
in AD, MCI, and PD compared with normal cognition.
Figure 1. Annular peripapillary angiography sectors (superior, nasal,
temporal, inferior) formed by circles of 2 mm and 4.5 mm in diameter about
the center of optic disc (þ). Capillary perfusion density (CPD) and
capillary flux index (CFI) were measured in each sector and as an average
of all 4 sectors.
Methods

Subjects were recruited from the Duke Alzheimer’s Disease Pre-
vention Registry and the Duke Neurological and Movement Dis-
orders Clinics. This included persons with a clinical diagnosis of
AD, MCI, or PD confirmed by an expert neurologist, and cogni-
tively normal participants without a neurologic diagnosis. Patients
with potentially confounding medical or ocular conditions
including diabetes mellitus, glaucoma, uncontrolled hypertension,
other neurodegenerative disease, and vitreoretinal pathology were
excluded.

Each subject underwent 2 consecutive 4.5 � 4.5-mm optic disc-
centered OCTA scans in at least 1 eye. Imaging was performed by
an experienced technician using a Zeiss Cirrus HD-OCT 5000 with
AngioPlex (Carl Zeiss Meditec, Version 11.0.0.29946). The image
set was manually reviewed by the investigators (J.P.M., C.B.R.) for
images of insufficient signal strength (<7/10), segmentation arti-
fact, or motion artifact. Scan pairs in which at least 1 scan was of
poor quality were excluded from analysis. Image quality reviewers
were masked to diagnosis and masked to the quantitative data
between repeated scans. All imaged patients had neurocognitive
status assessed with a Mini Mental State Examination (MMSE) on
the day of imaging, and PD patients had disease severity scored by
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an expert neurologist (B.L.S.) using the Modified Hoehn and Yahr
scale within 7 days of imaging.22,23

The main measurements in this study were that of peripapillary
vessel perfusion quantified by 2 parameters: capillary perfusion
density (CPD) and CFI. These were measured in the RPC plexus,
isolated as a tissue slab including the retinal layers between the
internal limiting membrane and the outer boundary of the retinal
nerve fiber layer. The Zeiss AngioPlex software converted the en
face image into a binary map, in which each pixel was assigned as
either vessel or not-vessel. The resultant binary map was further
skeletonized to a vessel network 1 pixel in width. To ensure
quantification of perfusion exclusively at the capillary level, ves-
sels with a pre-skeletonized width > 32 mm were excluded,
because this width exceeds capillary size and would represent
larger retinal vessels (arterioles/venules).

The CPD and CFI values were extracted from the binary map
and vessel skeleton by the software exclusively within the peri-
papillary region, defined as a ring-shaped region of interest
bounded by optic disc-centered circles of 4.5-mm diameter exte-
riorly and 2.0-mm diameter interiorly (Figure 1). Measurements
were reported by sector (superior, nasal, temporal, inferior) and
as an average of these areas. The CPD was calculated as the
percentage of pixels in the binary map that were also in the
vessel skeleton. The CFI was calculated as a unitless ratio
representing the perfused vascular area per unit area, weighted
by the flow within the vessel, extracted from brightness of
constituent pixels of the vessels in the en face image.24,25

Statistical analysis was performed by an experienced statistician
(S.S.S.). The MMSE and Modified Hoehn and Yahr scale scores
were compared between included and excluded patients within
each diagnosis using the Wilcoxon rank-sum test for difference
between medians. The repeatability of average and sectoral CPD
and CFI was quantified using intraclass correlation coefficients
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(ICCs), which describe the overall correlation between individual
measures, and BlandeAltman limit of agreement analysis. We
used benchmarks for qualitative interpretation of ICCs provided by
Koo and Li:26 poor (ICC ¼ 0.00e0.50), moderate (0.5e0.75),
good (0.75e0.90), and excellent repeatability (> 0.90).27-30

We also assessed interocular symmetry in AD, MCI, and PD
using the averages of repeat scans for a more robust measure of
each parameter in each subject. Only patients with both eyes
imaged were included in this sub-analysis. The average of the 2
repeated measures in each of a given pair of patient’s eyes were
compared using the Wilcoxon signed-rank test. To assess potential
association of repeatability with age, patients in each group were
stratified into 2 age brackets (<70 years of age and �70 years of
age), and ICCs were calculated in each stratum.

This study was sanctioned by the Duke University Institutional
Review Board (Pro00082598) in compliance with the Health In-
surance Portability and Accountability Act and the Declaration of
Helsinki. Informed consent was obtained for all participants.
Clinical trial registration is available at clinicaltrials.gov with the
identifier NCT03233646.
Results

A total of 67 AD eyes, 108 MCI eyes, 125 PD eyes, and 195
eyes of cognitively normal subjects were imaged. After
diagnosis-masked image quality exclusion, 46 eyes with AD
(68.7% yield of initial eyes, 35 subjects), 85 eyes with MCI
(78.7% yield, 55 subjects), 87 eyes with PD (69.6% yield 53
subjects), and 156 normal cognition eyes (80.0% yield, 92
subjects) were analyzed. Chi-square testing indicated no
significant differences among or between diagnostic groups
in the proportion of images excluded because of poor
quality (P > 0.05).

Demographic comparisons of average age and sex dis-
tribution in each group are reported in Table 1. The average
age of the AD group was 74.5 years with a standard
deviation (SD) of 7.1 years, MCI ¼ 72.5 years (SD ¼
6.7), PD ¼ 69.0 years (SD ¼ 9.2), and normal
cognition ¼ 68.6 years (SD ¼ 6.7). F-test and analysis of
variance testing revealed that the mean ages between these
groups were unequal (P < 0.001). Chi-square testing
showed significant differences in sex distribution between
groups (P < 0.001).

Table 2 illustrates the degree of neurocognitive and
neurodegenerative impairment between the patients who
were included in the study compared with those excluded
in each group with poor image quality, which could be
Table 1. Age and Sex Dem

Statistic Alzheimer Disease Mild Cogniti

Age (yrs) N (Subjects) 35 5
Mean (SD) 74.5 (7.1) 72.5
Min, Median, Max 59.3, 74.3, 87.3 53.5, 7

Sex, male (%) N (%) 8 (23) 26

SD ¼ standard deviation.
*P value for age-based on F-test from analysis of variance.
yP value for sex based on chi-square test.
partly due to such impairment. As quantified by the
MMSE, there was no difference in cognitive impairment
among the AD, MCI, PD, or cognitively normal groups
when included subjects were compared with excluded
subjects. However, there was a statistically significant
difference in degree of motor symptoms as described by
the Modified Hoehn and Yahr scale score for PD staging
between included and excluded participants, with excluded
participants demonstrating more impairment on the 4-point
scale (mean excluded ¼ 2.19; mean included ¼ 1.88;
P ¼ 0.002).

The ICCs for all sectors and averages are reported in
Table 3. The ICCs were similar for measures of CPD and
CFI across all diagnoses, with the average of sectoral
measures having ICCs with overlapping 95% confidence
intervals (CIs) for both parameters between all diagnoses
(Figure 2).

The CPD sectoral average had excellent repeatability
(ICC > 0.90) in MCI, PD, and normal cognition; AD had
good repeatability (ICC ¼ 0.75e0.90) using Koo and Li’s26

guidelines for interpretation of ICC ranges. For measures of
CFI, there was good repeatability in the AD, MCI, and
normal cognition groups, and excellent repeatability in the
PD group. Individual sectoral measures were largely in the
good or excellent (ICC > 0.75) range for both CPD
and CFI; however, several instances of moderate
repeatability (ICC ¼ 0.50e0.75) were observed. Nasal
sector measures of CPD exhibited only moderate
repeatability in the AD group (ICC ¼ 0.68) and the
normal cognition group (ICC ¼ 0.66). For CFI
measurements, moderate repeatability was observed in the
MCI group (ICC ¼ 0.74) and again in the AD group
(ICC ¼ 0.71). The AD group exhibited the lowest average
ICC for both CPD and CFI; however, this was not
statistically different from other diagnostic groups.

Given that the average age between groups differed, we
calculated ICCs stratified by age (< 70 and � 70 years). The
sectoral average is reported by age per diagnosis in Table 4.
The 95% CIs of CPD measures were all overlapping
between age strata in all neurologic diagnoses. For
measures of CFI, there were some nonoverlapping 95%
CIs, with younger PD subjects having worse average CFI
ICC, and younger individuals with normal cognition
having better CFI ICC on average.

In addition to ICC analysis, the numerical differences
between parameter values in each pair of repeated scans
ographic Distributions

ve Impairment Parkinson Disease Normal Cognition P

5 53 92 <0.001*
(6.7) 69.0 (9.2) 68.6 (6.7)
3.9, 89.5 44.7, 69.5, 85.3 50.6, 69.4, 80.6
(47) 31 (58) 24 (26) <0.001y
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Table 2. Cognitive Impairment of Included Subjects versus Excluded Subjects

Diagnosis Statistic Included Subjectsy Excluded Subjectsy P*

Alzheimer disease N (subjects,* eyes) 35, 47 15, 20
Mean MMSE (SD) 22.0 (4.8) 22.9 (4.7) 0.519

Mild cognitive impairment N (subjects,* eyes) 55, 85 21, 23
Mean MMSE (SD) 26.9 (3.3) 26.6 (3.3) 0.684

Parkinson disease N (subjects,* eyes) 53, 87 20, 38
Mean MMSE (SD) 28.8 (1.6) 27.8 (2.4) 0.043
Mean Modified Hoehn and Yahr scale (SD) 2.04 (0.58) 2.15 (0.56) 0.053

Normal cognition N (subjects,* eyes) 92, 156 28, 39
Mean MMSE (SD) 29.4 (1.3) 29.3 (1.3) 0.767

MMSE ¼ Mini Mental State Examination (range, 0e30); SD ¼ standard deviation. Boldface indicates statistical significance.
Modified Hoehn & Yahr Scale, describing the severity of Parkinson disease motor symptoms (range: 1 least involved to 4 most involved).
*P value based on a ManneWhitney U test for unequal means for MMSE and Modified Hoehn Yahr Scale.
yThe sum of included subjects and excluded subjects, N, may not match the total number of subjects reported per diagnosis in Table 1, due to some subjects
having 1 eye included and 1 eye excluded.
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were compared using the KruskaleWallis test of difference
among medians across all groups and within each group
difference using the Wilcoxon signed-rank test of median
difference from zero. There were no significant differences
in between-group or within-group analysis of CPD or CFI in
any group (all P > 0.05). In general, the average percent
difference between repeated scans was at most 1.26% in
CPD (Table S1, available at www.ophthalmologyscience
.org) and 0.92% in CFI (Table S2, available at
www.ophthalmologyscience.org).

These differences between scan pairs are presented
visually using BlandeAltman plots, which examine 2
values of a given parameter between scan pairs and plot the
average value of the parameter against the difference be-
tween the 2 individual scan measurements. The limits of
agreement, the þ1.96s and �1.96s values of difference, are
plotted about the mean difference. BlandeAltman analysis
showed that the mean intrasession difference was generally
small, near 0 in most cases, with few measurement pairs
Table 3. Capillary Perfusion Density and

Alzheimer Disease Mild Cognitive Impairm

N (eyes) 46 85
Capillary Perfusion Density Repeatability

ICC 95% CI ICC 95%
Average 0.88 0.79e0.93 0.95 0.92e
Superior 0.77 0.62e0.87 0.89 0.83e
Nasal 0.68 0.48e0.81 0.86 0.79e
Inferior 0.86 0.77e0.92 0.89 0.83e
Temporal 0.75 0.59e0.85 0.82 0.73e
Capillary Flux Index Repeatability

ICC 95% CI ICC 95%
Average 0.82 0.70e0.90 0.87 0.80e
Superior 0.80 0.67e0.88 0.80 0.71e
Nasal 0.71 0.53e0.83 0.74 0.63e
Inferior 0.80 0.66e0.88 0.84 0.76e
Temporal 0.77 0.63e0.87 0.81 0.72e

CI ¼ confidence interval (lower bound-upper bound); ICC ¼ intraclass correla
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outlying the limits of agreement, and a generally symmetric
appearance to each plot (Figs S1 and S2, available at
www.ophthalmologyscience.org).

We observed some isolated sectoral differences in the
symmetry of parameter values between the right and left
eyes of subjects in all groups, with findings reported in
Table 5. Notably, in measures of CPD, the AD and PD
groups and individuals with normal cognition showed
significant differences in the nasal sector (all P > 0.05).
Additionally, the AD group showed significant asymmetry
in the temporal sector (P ¼ 0.024). For measures of CFI,
isolated sectoral asymmetry was observed in the
MCI group (superior sector, P ¼ 0.028; temporal sector,
P ¼ 0.040). In the control group, there was a significant
degree of asymmetry of CFI in the temporal sector
(P ¼ 0.035), but also in the CFI area average
(P ¼ 0.035). The equivalent percent differences of these
measures were generally less than 2.5%, with no
exceptional value exceeding 5.0% difference.
Capillary Flux Index Repeatability

ent Parkinson Disease Normal Cognition

87 156

CI ICC 95% CI ICC 95% CI
0.96 0.91 0.87e0.94 0.90 0.87e0.93
0.92 0.95 0.92e0.97 0.87 0.82e0.90
0.91 0.79 0.69e0.86 0.66 0.56e0.74
0.93 0.87 0.80e0.91 0.89 0.86e0.92
0.88 0.76 0.66e0.84 0.76 0.68e0.82

CI ICC 95% CI ICC 95% CI
0.91 0.91 0.87e0.94 0.85 0.79e0.89
0.87 0.90 0.84e0.93 0.75 0.68e0.82
0.82 0.90 0.84e0.93 0.84 0.79e0.88
0.89 0.84 0.76e0.89 0.83 0.78e0.88
0.87 0.86 0.80e0.91 0.75 0.67e0.81

tion coefficient.
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Figure 2. The intraclass correlation coefficient (ICC) for each diagnosis with upper and lower bounds of the 95% confidence interval (CI) for capillary
perfusion density (CPD) (left) and capillary flux index (CFI) (right).
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Discussion

Repeatability of peripapillary OCTA measures of CPD and
CFI was good (ICC ¼ 0.75e0.90) or excellent (ICC > 0.90)
for nearly all measures for all groups: AD, MCI, PD, and
normal cognition. The AD group had the widest 95% CI
bounds for repeatability in measures of CPD and CFI,
suggesting more variability in the imaging of these subjects.
The repeatability of CPD and CFI in our expanded control
cohort is consistent with our previous investigation showing
good-excellent sectoral average repeatability in those with
normal cognition, with some individual sectors with ICCs in
the moderate quality range.9 Similar to our prior
observations, average sectoral CPD was generally better
than that of CFI measures.9 A small early study of
peripapillary OCTA found very high ICC (0.966) in 10
healthy volunteers using the same device (Zeiss Cirrus
HD-OCT 5000 with AngioPlex) that we used in this
investigation, which exceeds the value of any ICC in any
Table 4. Capillary Perfusion Density and Capillary F

Diagnosis

Age < 70 Yrs

N (Eyes) ICC

Capillary Perfusion Density
Alzheimer disease 12 0.58
Mild cognitive impairment 25 0.93
Parkinson disease 42 0.86
Normal cognition 87 0.90
Capillary Flux Index
Alzheimer disease 12 0.55
Mild cognitive impairment 25 0.87
Parkinson disease 42 0.77
Normal cognition 87 0.90

CI ¼ confidence interval (lower bound-upper bound); ICC ¼ intraclass correla
sectoral or average measurement in our study.31 Pappelis
and Jansonius,32 using peripapillary OCTA obtained
from a Canon OCT HS-100 (Canon), found somewhat
lower repeatability values in the good range (ICC ¼
0.76e0.88).

The average ICC was generally higher than that of any
individual sector. As the average scan area exceeds that of
any single sector, the average CPD and CFI are mathe-
matically, and likely anatomically, a more robust measure
and may be more resistant to factors that would affect
repeatability. The temporal and nasal sectors had lower
ICCs in comparison with the superior and inferior sectors in
all diagnoses as well as controls with normal cognition for
CPD. It is possible that measurements of CPD are qualita-
tively less reproducible in the temporal and nasal peri-
papillary sectors; however, a similar trend was not observed
with CFI, suggesting that this phenomenon is likely not due
to an anatomic difference or a systematic flaw in patient
positioning or scan tilt. As the 95% CIs for ICC overlapped
lux Index Sectoral Average Repeatability by Age

Age ‡ 70 Yrs

95% CI N (Eyes) ICC 95% CI

0.05e0.85 34 0.91 0.83e0.96
0.86e0.91 60 0.81 0.71e0.88
0.76e0.92 45 0.93 0.88e0.96
0.86e0.94 69 0.89 0.82e0.93

0.02e0.84 34 0.87 0.75e0.93
0.73e0.94 60 0.84 0.75e0.90
0.63e0.87 45 0.93 0.88e0.96
0.85e0.93 69 0.74 0.61e0.83

tion coefficient.
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Table 5. Interocular Symmetry of Capillary Perfusion Density and Capillary Flux Index

Diagnosis Alzheimer Disease Mild Cognitive Impairment Parkinson Disease Normal Cognition

N (eye pairs)

11 30 34 60

Mean D* (SD, %D) Py Mean D* (SD, %D) Py Mean D* (SD, %D) Py Mean D* (SD, %D) Py

Capillary Perfusion Density
Average 0.47 (2.17, 4.09%) 0.206 0.13 (0.97, 0.33%) 0.725 0.20 (1.70, 0.57%) 0.927 0.14 (1.17, 0.31%) 0.222
Superior 0.27 (1.72, 1.32%) 0.765 0.39 (2.07, 0.91%) 0.307 0.20 (3.61, 0.27%) 0.055 0.22 (2.17, 0.55%) 0.575
Nasal 1.33 (1.96, 3.14% 0.049 0.53 (2.29, 1.29%) 0.260 0.77 (2.09, 1.94%) 0.036 0.71 (2.20, 1.70%) 0.016
Inferior 1.15 (2.57, 2.77%) 0.102 0.30 (2.54, 0.69%) 0.312 0.54 (2.09, 1.35%) 0.227 0.21 (1.83, 0.46%) 0.205
Temporal 1.79 (2.17, 4.09%) 0.024 0.57 (2.01, 1.26%) 0.130 0.31 (2.26, 0.65%) 0.329 0.22 (1.94, 0.50%) 0.536
Capillary Flux Index
Average 0.007 (0.018, 1.80%) 0.413 0.008 (0.023, 2.06%) 0.107 0.006 (0.022, 1.42%) 0.226 0.005 (0.021, 1.12%) 0.035
Superior 0.008 (0.018, 2.07%) 0.249 0.009 (0.020, 2.25%) 0.028 0.004 (0.023, 1.16%) 0.580 0.004 (0.022, 0.85%) 0.061
Nasal 0.010 (0.018, 2.49%) 0.086 0.007 (0.024, 1.81%) 0.130 0.005 (0.028, 1.36%) 0.598 0.005 (0.026, 1.26%) 0.218
Inferior 0.008 (0.020, 2.15%) 0.288 0.004 (0.024, 1.04%) 0.450 0.004 (0.020, 1.05%) 0.481 0.003 (0.019, 0.85%) 0.149
Temporal 0.003 (0.018, 1.80%) 0.770 0.012 (0.033, 3.07%) 0.040 0.010 (0.030, 2.29%) 0.054 0.006 (0.029, 1.48%) 0.035

SD ¼ standard deviation. Boldface indicates statistical significance.
*Mean difference calculated by subtracting maximum of the mean parameter value (right or left eye) from the minimum value (corresponding left or right
eye), with the corresponding percent difference calculated as this difference divided by the minimum mean parameter value.
yP value calculated using the Wilcoxon signed-rank test using the mean difference between eyes.
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across each cohort, these slight differences are likely within
the normal variation of sectoral repeatability.

While we interpret the overlapping ICC 95% CIs as an
indicator of general similarity of the repeatability of peri-
papillary OCTA between groups, it is notable that the
normal cognition control group did not have the highest
sectoral average ICC in CPD or CFI. The cognitively
normal controls in our study lacked the executive and
physical symptoms of AD, MCI, and PD participants,
facilitating image acquisition with more precision and ac-
curacy, thereby contributing to higher repeatability. It is
possible that images from participants with cognitive or
motor symptoms due to AD, MCI, and PD would be more
likely to be excluded from analysis due to poor image
quality, causing disproportionate image yields between
groups. However, although the AD and PD groups had the
lower image yields, our analysis found that this difference in
patient yield across all groups, including the cognitively
normal control cohort, was not significant.

Given significant differences in age across groups, we
performed sub-analyses stratifying patients by age (< 70
years or � 70 years). In both AD and PD, the two groups
hypothesized to have worse repeatability with age, older
patients demonstrated similar if not better repeatability
compared with the younger strata. However, the 95% CIs
were overlapping, suggesting that repeatability is comparable
between groups for these diagnoses; the sample size for
younger AD patients was lower, decreasing the robustness of
ICC calculation for that subgroup. For cognitively normal
controls, however, the ICC in the older group was less
(moderate ICC quality) than that of the younger group
(excellent ICC quality) and outside of the 95% CI, indicating
the hypothesized trend in decreasing repeatability with age.
That our quantitative analysis of parameter differences be-
tween scan pairs, both between groups and within groups,
found no significant differences in CPD or CFI for any study
6

group further supported the robust repeatability of peri-
papillary OCTA in the research environment, even for sub-
jects with neurodegenerative conditions.

Our findings of only small differences between the right
and left eye measures for any given parameter in the AD,
MCI, and PD groups suggest that there is only a minor
degree of asymmetric peripapillary microvascular impair-
ment in these conditions. Although asymmetric findings on
brain imaging or symptomology have been observed in
neurodegenerative conditions such as AD and PD, and
unilateral central pathology may correspond with unilateral
signs and symptoms, it is unclear how common asymmetric
progression may manifest at the population level or what the
etiology and clinical significance of these phenomena are
specific to the eye.33-35 It is possible that the eye may be less
overtly affected by asymmetric progression of disease cen-
trally or that our sample size was insufficient to capture
many such patients with asymmetric disease; larger studies
may consider performing a sub-analysis on patients who
demonstrate more asymmetric retinal findings in the con-
texts of repeatability but also in the primary pathophysi-
ology of disease. By convention, subjects with only 1 eye
included (if both eyes are eligible) tended to have the right
eye imaged (we routinely image the right eye first, followed
by the left eye); however, our findings of symmetry between
eyes indicates that this is unlikely to have introduced
appreciable bias in our results. Notably, it was the control
group that demonstrated a significant difference in symme-
try in average CFI. Although significant, the magnitude of
the difference was small, and the literature has suggested
that such a minor degree of asymmetry may be an expected
finding in the context of normal aging.30 Although this
component was a sub-analysis, our findings indicate that
AD, MCI, and PD do not demonstrate appreciable asym-
metry in peripapillary OCTA, thereby providing some initial
support for the inclusion of single eyes in research studies of
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neurodegeneration that are studying the peripapillary
vasculature; however, more study with longitudinal follow-
up is needed.

A limitation of this study lies in the potential bias due to
the poor-quality images from the analysis and their effect on
aggregate repeatability.36 The quality of OCTA metrics is
sensitive to patient movement during image acquisition,
inability to fixate on the target, and signal loss due to
media opacity or miosis.37,38 These challenges can create
artifacts of projection, shadowing, poor saturation,
displacement, segmentation, and errors in flow rate
measurement, which could confound the true measurement
of various imaging parameters. As discussed, subjects
with neurodegenerative conditions exhibit varying degrees
of executive and movement-related symptoms and may be
more likely to produce poor-quality images; thus, inade-
quate quality control could have led to an underestimation
of ICC because the underlying cause of both poor image
quality and poor image repeatability are the same. Although
the proportion of patients’ images excluded for quality was
higher than 30% in AD and PD (compared with 20% in
those with normal cognition), perhaps reflecting the fact that
rigorous quality control would be expected to exclude im-
ages of patients with neurodegeneration-related impairment
more frequently, this difference in proportion of subjects
excluded across groups ultimately was not statistically
significantly. Additionally, the reviewers in the image
exclusion process were blinded to diagnosis. As such,
although our findings may not apply to all subjects in the
population, many of whom are likely unable to provide
research-quality images, our measurements of effective
repeatability are representative of the high-quality data upon
which research and clinical practice using these images
would need to rely upon.

The lack of difference in neurocognitive testing (by
MMSE) in the AD, MCI, PD, and cognitively normal
groups suggests that our included sub-sample of subjects
with good image quality are likely a good representative
population across the spectrum of neurocognitive impair-
ment. However, we did find more motor impairment in the
excluded PD subjects in comparison with those included.
The average Modified Hoehn and Yahr score of the
excluded patients of 2.19 reflects the lower-bound of a Stage
2 score, which indicates bilateral and axial motor symptoms
without balance impairment.22,23 The included patients had
an average Modified Hoehn and Yahr score of 1.88,
reflecting a lower-bound of a Stage 1.5 score, which in-
dicates only unilateral and axial motor symptoms without
balance impairment.22,23 The key difference between these
clinical stages is bilateral motor involvement in the
excluded group compared with unilateral motor
involvement in the included PD subjects. Although the
Modified Hoehn and Yahr score does not directly account
for head motion, in terms of retinal imaging, any motor
involvement, particularly head movements, may affect
image quality. These findings suggest that in PD,
advanced Parkinsonism may have a greater impact on
image quality than cognitive status alone. We also
recognize that excluding such PD subjects may
overestimate the repeatability of peripapillary OCTA
imaging in this group and that these findings may not be
generalizable to those with advanced Parkinsonism. These
findings reiterate the critical importance of scan quality in
analyzing OCTA metrics in neurodegeneration. With one
of the key goals in development of retinal imaging in
neurodegeneration being earlier detection along the
clinical continuum of the disease, it is reassuring that in
those patients able to provide good-quality images, the
metrics have good-excellent repeatability. This is even more
important when performing longitudinal studies as change
over time analysis requires high-quality baseline data.

Our use of uniformly high-quality images enables a more
consistent comparison between groups. Notably, the exclu-
sion rate of approximately 20% in even individuals with
normal cognition highlights the need for future studies of
neurodegeneration and retinal imaging to account for image
loss in sample size calculations, because quality control is
critical in producing accurate data. Furthermore, our study
cohorts of AD and PD in particular were relatively small;
however, this is among the larger studies of its kind to
consider subjects with neurodegeneration. The effect of
small study populations was likely compounded in our sub-
analysis by age in which even smaller groups were created
with stratification. The significant differences in study
cohort demographic composition also limits the generaliz-
ability of these results. Notably, because the PD group was
slightly younger on average than the other groups, it is
possible that older patients with more severe motor symp-
toms resulting in poor-quality images were systemically
removed from the study. Challenges in technical interoper-
ability among various OCTA machines, analysis software
versions, and platform-specific metrics may similarly limit
the broad application of our findings. These challenges are
not unique to our study and reiterate the need to establish
consensus guidelines for retinal imaging in
neurodegeneration.

In conclusion, our results suggest that with good-
quality images, peripapillary OCTA has high repeat-
ability and deserves further study as a potential clinical
biomarker for disease in neurodegenerative conditions.
These findings offer support for conclusions drawn by
studies of neurodegeneration in the eye that use peri-
papillary OCTA. Because OCTA is particularly suscep-
tible to artifact issues, more so than structural OCT,
assessing small differences in scan qualityesensitive
metrics, such as CPD and CFI, requires reliance on
good-quality images. Continuing to evaluate the differ-
ential imaging repeatability in various neurodegenerative
diagnoses is important to collect meta-data in this field
of study. Future studies of imaging modality perfor-
mance should include larger populations of subjects
with neurodegenerative conditions. Consideration of the
effect of poor-quality images and how they should be
interpreted in context of large data sets will also be
important to understand the true imaging characteristics
of these subjects and limitations of OCTA imaging.
7
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