Research

JAMA Ophthalmology | Original Investigation

Characterization of Retinal Microvascular and Choroidal
Structural Changes in Parkinson Disease
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IMPORTANCE Noninvasive retinal imaging may detect structural changes associated with
Parkinson disease (PD) and may represent a novel biomarker for disease detection.

OBJECTIVE To characterize alterations in the structure and microvasculature of the retina and
choroid in eyes of individuals with PD and compare them with eyes of age- and sex-matched
cognitively healthy control individuals using optical coherence tomography (OCT) and OCT
angiography (OCTA).

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study was conducted at the Duke
Neurological Disorders Clinic in Durham, North Carolina. Individuals aged 50 years or older
with a diagnosis of PD were eligible for inclusion and underwent an evaluation and diagnosis
confirmation before enrollment. Control individuals aged 50 years or older and without
subjective cognitive dysfunction, a history of tremor, or evidence of motor dysfunction
consistent with parkinsonism were solicited from the clinic or the Duke Alzheimer's Disease
Prevention Registry. Individuals with diabetes, glaucoma, retinal pathology, other dementias,
and corrected Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity worse than
20/40 Snellen were excluded. Data were analyzed between January 1, 2020, and March 30,
2020.

EXPOSURES All participants underwent OCT and OCTA imaging.

MAIN OUTCOMES AND MEASURES Generalized estimating equation analysis was used to
characterize the association between imaging parameters and PD diagnosis. Superficial
capillary plexus vessel density (VD) and perfusion density (PFD) were assessed within the
ETDRS 6 x 6-mm circle, 6 x 6-mm inner ring, and 6 x 6-mm outer ring, as was the foveal
avascular zone area. Peripapillary retinal nerve fiber layer thickness, macular ganglion
cell-inner plexiform layer thickness, central subfield thickness, subfoveal choroidal thickness,
total choroidal area, luminal area, and choroidal vascularity index (CVI) were measured.

RESULTS A total of 124 eyes of 69 participants with PD (39 men [56.5%]; mean [SD] age, 71.7
[7.0] years) and 248 eyes of 137 control participants (77 men [56.2%]; mean [SD] age, 70.9
[6.7] years) were analyzed. In the 6 x 6-mm ETDRS circle, VD (§ coefficient = 0.37; 95% Cl,
0.04-0.71; P = .03) and PFD (B coefficient = 0.009; 95% Cl, 0.0003-0.018; P = .04) were
lower in eyes of participants with PD. In the inner ring of the 6 x 6-mm ETDRS circle, VD (3
coefficient = 0.61; 95% Cl, 0.20-1.02; P = .003) and PFD ( coefficient = 0.015; 95% Cl,
0.005-0.026; P = .004) were lower in eyes of participants with PD. Total choroidal area (8
coefficient = -1.74 pixels?; 95% Cl, -3.12 to —0.37 pixels?; P = .01) and luminal area (8
coefficient = -1.02 pixels?; 95% Cl, -1.86 to —0.18 pixels?; P = .02) were greater, but CVI was
lower (B coefficient = 0.5%; 95% Cl, 0.2%-0.8%; P < .001) in eyes of individuals with PD.

CONCLUSIONS AND RELEVANCE This study found that individuals with PD had decreased
retinal VD and PFD as well as choroidal structural changes compared with age- and
sex-matched control participants. Given the observed population differences in these
noninvasive retinal biomarkers, further research into their clinical utility in PD is needed.
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arkinson disease (PD) is a progressive neurodegen-

erative condition that involves prominent motor dys-

function and nonmotor symptoms consistent with
the loss of dopaminergic neurons in the substantia nigra
that is attributed to the pathological accumulation of
a-synuclein within cells.!® The global impact of PD is
increasing as the population ages, with its prevalence more
than doubling from 1990 (2.5 million cases) to 2016 (6.1 mil-
lion cases).*

The underlying cause of PD is not well understood.
However, evidence has implicated cerebral small vessel dis-
ease as a potential risk factor for the development of PD,
and PD has a higher prevalence of cerebral ischemic
lesions.>” On postmortem analysis of brain tissue from indi-
viduals with PD, Guan et al® observed decreased capillary
branching as well as capillary fragmentation, shortening,
and widening in multiple brain regions, including the sub-
stantia nigra. A prospective study showed an association
between baseline small vessel disease and an increased
5-year risk of developing PD.®

No universally accepted biomarkers exist for the in vivo
diagnosis of PD. Rather, the criterion standard for diagnosis
is expert opinion in accordance with clinical guidelines
released by the Movement Disorder Society.® In
addition, the diagnosis of PD is complicated by its
similarity to other parkinsonian conditions, including mul-
tiple system atrophy, progressive supranuclear palsy, and
corticobasal degeneration.® Noninvasive tests to improve
confidence in the diagnosis of PD remain a major unmet
need.'?

In the past decade, structural and functional changes in
theretina have been studied as surrogate biomarkers for neu-
rodegenerative changes in the brain.!'* In PD, patients often
experience visual symptoms, including hallucinations,
decreased contrast sensitivity, and impaired circadian
rhythms.?!%!> Retinal ganglion cell dysfunction observed by
electroretinography has been associated with PD disease
severity.'®17 In addition, on postmortem analysis,
a-synuclein deposits have been observed in the retina in in-
dividuals with PD.!® Thinning of the peripapillary retinal nerve
fiber layer (RNFL) and ganglion cell-inner plexiform layer
(GCIPL) on optical coherence tomography (OCT)'® may dis-
criminate individuals with PD from healthy control
individuals.?°2® Research on subfoveal choroidal thickness
(SFCT) in PD has found conflicting results.?*2* Choroidal vas-
cularity index (CVI), ameasure of the vascular status of the cho-
roid that uses enhanced depth imaging (EDI) OCT, has not yet
been assessed in individuals with PD.2® Optical coherence to-
mography angiography (OCTA) may be able to detect retinal
microvascular changes in individuals with PD.262° Qverall, pre-
vious research findings suggest that the retina may serve as a
surrogate biomarker for cerebral vascular changes and global
neurodegeneration in PD.2%-23

In the present study, we used OCT and OCTA to charac-
terize alterations in the structure and microvasculature of the
retina and choroid in eyes of individuals with PD. We then com-
pared the characterization with eyes of age- and sex-
matched, cognitively healthy control individuals.
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Key Points

Question Can noninvasive retinal imaging parameters from
optical coherence tomography angiography and enhanced depth
imaging optical coherence tomography serve as novel biomarkers
for the diagnosis of Parkinson disease (PD)?

Findings In this cross-sectional study of eyes of 69 participants
with PD and 137 healthy control participants, individuals with PD
had decreased retinal vessel and perfusion densities, increased
total choroidal area and choroid luminal area, and decreased
choroidal vascularity index compared with age- and sex-matched
control patients.

Meaning Results of this study suggest that noninvasive retinal
imaging parameters warrant further investigation as potential
biomarkers in PD.

Methods

This cross-sectional study was approved by the Duke Health
Institutional Review Board, followed the tenets of the Decla-
ration of Helsinki,*° and complied with the Health Insurance
Portability and Accountability Act of 1996. Written informed
consent was obtained from all eligible individuals before en-
rollment. Control individuals were offered monetary compen-
sation ($10) for study participation.

Study Participants

Individuals 50 years or older with a diagnosis of PD were re-
cruited from the Duke Neurological Disorders Clinic in
Durham, North Carolina. All individuals with PD were evalu-
ated by an experienced movement disorders specialist among
us (B.L.S.) prior to enrollment, and the clinical diagnosis of PD
was confirmed in association with the International Parkin-
son and Movement Disorder Society clinical criteria.®>' Con-
trol participants were healthy volunteers 50 years or older and
without subjective cognitive dysfunction, a history of tremor,
or evidence of motor dysfunction consistent with parkinson-
ism. Control individuals were solicited from the Duke Neuro-
logical Disorders Clinic or the Duke Alzheimer’s Disease Pre-
vention Registry of cognitively healthy, community-dwelling
volunteers with a Montreal Cognitive Assessment score of 23
or higher.

Exclusion criteria for all eligible individuals included a his-
tory of diabetes, glaucoma, retinal pathology, other demen-
tias, and corrected Early Treatment Diabetic Retinopathy Study
(ETDRS) visual acuity worse than 20/40 Snellen as measured
by study staff at the time of image acquisition.

All study participants underwent cognitive evaluation
using the Mini-Mental State Examination (MMSE; score range:
0-30, with higher scores indicating better performance) at the
time of image acquisition. Years of education were assessed
for each patient from the first grade onward.

OCTA Image Acquisition
All participants underwent imaging with the Zeiss Cirrus HD-

5000 Spectral-Domain OCT with AngioPlex OCTA software,
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Figure. Representative Optical Coherence Tomography Angiography (OCTA) Scan of the Right Eye of a Study Participant

E Full 6x6-mm scan

6-mm Circle

6-mm Inner ring

@ 6-mm Outer ring

Vessel density and perfusion density were highlighted over these 4 regions of interest (A-D) in OCTA analysis, and the results are reported separately

for each region.

version 11.0.0.29946 (Carl Zeiss Meditec), which uses an op-
tical microangiography algorithm for analysis, has a scan rate
of 68000 A-scans per second, and uses eye tracking to re-
duce motion artifact.32 The OCTA parameters were assessed
using 6 x 6-mm OCTA images centered on the fovea. Images
were manually assessed by trained study staff, and images with
poor scan quality (less than 7/10 signal strength index), mo-
tion artifact, segmentation artifact, or focal signal loss were
excluded.

Using the Zeiss AngioPlex software, version 11.0.0.29946,
a thresholding algorithm was applied to OCTA en face images
to create a binary skeletonized slab. Full-thickness retinal scans
were segmented into the superficial capillary plexus, defined
as the vasculature between the inner boundary of the inter-
nal limiting membrane and the outer boundary of the inner
plexiform layer. The software detected the internal limiting
membrane and calculated the inner plexiform layer as 70% of
the distance from the internal limiting membrane to the esti-
mated boundary of the outer plexiform layer, which was es-
timated to be 110 pm above the retinal pigment epithelium
boundary.>* The foveal avascular zone boundaries were auto-
matically calculated by the software and then manually re-
viewed to correct inaccurate boundaries or exclude those that
could not be corrected. We used 3 x 3-mm OCTA scans to as-
sess the foveal avascular zone.

The vessel density (VD) and perfusion density (PFD) were
measured in an ETDRS grid overlay. Vessel density was de-
fined as the total length of perfused vasculature per unit area
in the region of measurement. Perfusion density was defined
as a percentage of area of perfused vasculature per unit area
in a region of measurement. Both VD and PFD were mea-
sured over the 6 x 6-mm ETDRS circle and the inner and outer
rings (Figure).

OCT Image Acquisition

A 512 x 128-pm macular cube, a 200 x 200-pum optic disc cube,
and a high-definition, 21-line EDI foveal scan were acquired
for each participant. Images with low signal strength (less than
7/10), motion artifact, segmentation artifact, or focal signal loss
were excluded. Mean RNFL thickness (in micrometers) was
measured over a 3.46-mm diameter circle centered on the op-
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tic disc. Mean GCIPL thickness (in micrometers) was quanti-
fied over the 14.13-mm? elliptical annulus area centered on the
fovea. Central subfield thickness (CST [in micrometers]) was
quantified as the thickness between the inner limiting mem-
brane and retinal pigment epithelium at the fovea. The SFCT
(in micrometers) was assessed as a linear measurement from
the hyperreflective line of the outer border of the retinal pig-
ment epithelium perpendicularly to the hyperreflective sclero-
choroidal junction on the EDI foveal scan. The CVI, total cho-
roidal area, and luminal area were calculated by applying image
binarization techniques to EDI foveal scans using the proto-
col previously described by Agrawal et al.?*

Inbrief, image binarization was performed with public do-
main software Image]J, version 1.52r 26 (National Institutes of
Health). A polygon tool was used to select the total choroidal
area, which was added in the region-of-interest manager. Af-
ter converting the image into an 8-bit image, we subse-
quently applied Niblack auto local thresholding, which gave
the mean pixel value with SD for all of the points. On the EDI
foveal scan, the luminal area was highlighted by applying the
color threshold. To establish the luminal area within the se-
lected polygon, we selected both the areas in the region-of-
interest manager and merged by “AND” operation of ImageJ.
The composite third area was added to the region-of-interest
manager. The first area represents the total of the choroid se-
lected, and the third composite area represents the luminal
area. The CVI was calculated by dividing the luminal area by
the total choroidal area.

Statistical Analysis

Each eye of a participant with PD was compared with 2 eyes
of an age- and sex-matched control participant. Age-matched
participants were chosen within 5 years of age of participants
with PD. Patient demographic variables were compared at the
participant level across groups using the x? test for categori-
cal variables and a 2-tailed, unpaired t test for continuous vari-
ables. The OCTA and OCT parameters were compared be-
tween participants with PD and control participants using
generalized estimating equation (GEE) analysis with an ex-
changeable correlation structure to account for the inclusion
of 2 eyes from the same participant. Area under the receiver
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Table 1. Demographic Data for Study Participants

Mean (SD)

Participants with PD Healthy control
Variable (n=69) participants (n = 137)
Age, y 71.7 (7.0) 70.9 (6.7)
Female sex, No. (%) 30/69 (43.5) 60/137 (43.8)
Years of education  16.7 (3.0) 17.2 (2.3)
MMSE score 28.4(2.4) 29.0(2.8)

Abbreviations: MMSE, Mini-Mental State Examination; PD, Parkinson disease.

operating characteristic (AUROC) values were ascertained for
each parameter using logistic regression with the diagnosis of
PD as the outcome variable. The CVI was analyzed as a pro-
portion (ie, number between 0 and 1) and reported as a per-
centage. 3 Coefficients for CVI are thus reported as percent-
ages (ie, multiplied by 100). All P values were based on 2-tailed
testing, and P = .05 was considered statistically significant; this
value was not adjusted for multiple comparisons. Conclu-
sions were based on observed differences in population means.

All statistical analyses were completed using SAS, ver-
sion 9.4 (SAS Institute Inc). Data were analyzed between Janu-
ary 1, 2020, and March 30, 2020.

|
Results

We analyzed 124 eyes of 69 participants with PD (30 women
[43.5%] and 39 men [56.5%]; mean [SD] age, 71.7 [7.0] years)
and 248 eyes of 137 control participants (60 women [43.8%]
and 77 men [56.2%]; mean [SD] age, 70.9 [6.7] years). A total
of 14 eyes of participants with PD and 30 eyes of control par-
ticipants were excluded according to the exclusion criteria (eg,
image artifact, ETDRS visual acuity less than 20/40). Table 1
describes the demographic and clinical characteristics of en-
rolled participants. Individuals with PD were well matched to
their healthy control counterparts in terms of mean (SD) age,
sex, MMSE score (28.4 [2.4] vs 29.0 [2.8]), and years of edu-
cation (16.7 [3.0] years vs 17.2 [2.3] years).

Results of a GEE analysis of the association between OCTA
parameters and PD diagnosis are shown in Table 2. Individu-
als with PD had lower superficial capillary plexus VD (f3 coef-
ficient = 0.37; 95% CI, 0.04-0.71; P = .03) and PFD (B coeffi-
cient = 0.009; 95% CI, 0.0003-0.018; P = .04) in the 6 x 6-mm
ETDRS circle. They also had lower superficial capillary plexus
VD (B3 coefficient = 0.61; 95% CI, 0.20-1.02; P = .003) and PFD
(B coefficient = 0.015; 95% CI, 0.005-0.026; P = .004) in the
inner ring of the 6 x 6-mm ETDRS circle. The 2 patient groups
did not differ with respect to the foveal avascular zone area (3
coefficient = 0.016; 95% CI, -0.013 to 0.044; P = .29).

Results of a GEE analysis of the association of OCT and cho-
roidal structural parameters with PD diagnosis are shown in
Table 3. Individuals with PD did not differ from control pa-
tients in terms of CST (B coefficient = 2.95 pm; 95% CI, -3.97
to 9.87 um; P = .40), mean GCIPL thickness (3 coeffi-
cient = 0.62 pm; 95% CI, -1.74 to 2.99 um; P = .61), or mean
RNFL thickness (B coefficient = -0.21 um; 95% CI, -2.79 to0 2.37
um; P = .87). The SFCT did not differ between groups; how-
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ever, the total choroidal area (B coefficient = -1.74 pixels?; 95%
CI, -3.12 to —0.37 pixels?; P = .01) and choroidal luminal area
(B coefficient = -1.02 pixels?; 95% CI, -1.86 to -0.18 pixels?;
P =.02) were larger but CVI was lower (8 coefficient = 0.5%;
95% CI, 0.2%-0.8%; P < .001) in participants with PD. eFig-
ure 1in the Supplement demonstrates representative OCTA im-
ages and choroidal analysis of an individual with PD and an
age- and sex-matched healthy control patient. Box plots with
overlaid dot plots for each retinal parameter are shown in eFig-
ure 2 in the Supplement.

Results of AUROC analysis for each parameter are de-
tailed in separate columns in Table 2 and Table 3, and gener-
ated ROC curves for each parameter are shown in eFigure 3 in
the Supplement. The AUROC values ranged from 0.50 to 0.63
as follows: GCIPL thickness, 0.50; SFCT, 0.50; RNFL thick-
ness, 0.51; CST, 0.54; luminal area, 0.59; total choroidal area,
0.60; 6 x 6-mm inner ring VD and PFD, 0.63; and CVI, 0.63.

|
Discussion

In this cross-sectional study, we observed decreased retinal VD
and PFD in the inner ring of the 6 x 6-mm ETDRS circle in in-
dividuals with an expert-confirmed diagnosis of PD com-
pared with cognitively healthy control participants. On EDI-
based analysis of the choroid, we observed increased choroidal
area, increased choroidal luminal area, and decreased CVI in
participants with PD compared with control participants.
These differences suggest that objective retinal and choroi-
dal structural changes may exist in individuals with a clinical
diagnosis of PD. However, the AUROC analysis suggests that
individual retinal parameters may not have sufficient discrimi-
native capacity to function as independent biomarkers of dis-
ease with prespecified cutoff values that define disease pres-
ence or absence. However, when combined with clinical history
and other existing tests, these choroidal and retinal microvas-
cular imaging findings may hold the potential to improve cli-
nician confidence in the diagnosis of PD.

The mechanism of retinal microvascular changes in PD is
unclear. Individuals with PD have been noted to have in-
creased cerebral small vessel disease compared with healthy
control patients.”>” In addition, decreased retinal fractal di-
mension (associated with complexity of vascular branching)
has been observed in individuals with cerebral small vessel
disease?® and, more recently, in individuals with PD.282° Fur-
thermore, the presence of a-synuclein, a pathophysiological
factor in PD, in the retina of individuals with PD suggests that
parkinsonian neurodegeneration occurs in the retina concomi-
tantly with other brain structures, including the substantia
nigra.'® One may speculate that the retinal microvascular VD
and PFDin individuals with PD may reflect the underlying neu-
rodegenerative process with associated blood vessel regres-
sion.

In this large cross-sectional study, we did not observe dif-
ferences in retinal structure (ie, CST, GCIPL thickness, or RNFL
thickness) or SFCT between individuals with PD and healthy
control individuals. Although a-synuclein is present in the
retina in individuals with PD, it is not clear whether the neu-
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Table 2. Generalized Estimating Equation Analysis of the Association of Optical Coherence Tomography Angiography Parameters

With a Parkinson Disease Diagnosis

Participants with PD (n = 124) Healthy control participants (n = 248)
Variable Mean (SD) Median (range) Mean (SD) Median (range) B Coefficient (95% CI) P value® AUROC
6 x 6-mm Circle
VD 17.34(1.38) 17.70(13.18 to 17.69 (1.46) 18.08 (10.13 to 0.37(0.04t00.71) .03 0.60
19.50) 19.60)
PFD 0.424(0.035) 0.431(0.314to 0.433(0.040) 0.444(0.182to 0.009 (0.0003 t0 0.018) .04 0.61
0.483) 0.479)
6 x 6-mm Inner
ring
VD 17.17 (1.74) 17.64 (11.00 to 17.75 (1.68) 18.25 (10.25 to 0.61 (0.20t0 1.02) .003 0.63
19.90) 20.00)
PFD 0.412(0.044) 0.421(0.259to 0.426 (0.043) 0.439(0.235to 0.015 (0.005 t0 0.026)  .004 0.63
0.484) 0.483)
6 x 6-mm Outer
ring
VD 17.67 (1.32) 18.00 (13.74 to 17.95(1.48) 18.35(10.41to 0.295(-0.032t0 0.624) .08 0.59
19.79) 19.90)
PFD 0.435(0.034) 0.442(0.332to 0.444(0.038)  0.455(0.240to 0.009 (0.0002 to 0.017) .045 0.60
0.488) 0.488)
FAZ area® 0.215(0.096) 0.210(0.036 to 0.229(0.112)  0.215(0.033 to 0.016 (-0.013 t0 0.044) .29 0.52
0.460) 0.679)

Abbreviations: AUROC, area under the receiver operating characteristic curve;
FAZ, foveal avascular zone; GEE, generalized estimating equation; OCTA, optical
coherence tomography angiography: PD, Parkinson disease; PFD, perfusion
density; VD, vessel density.

2 Pvalue was based on GEE analysis using an exchangeable correlation structure

for the difference between means, accounting for the correlation between
eyes of the same participant. Level of statistical significance was not adjusted
for multiple comparisons.

®Measured usinga 3 x 3-mm OCTA scan.

Table 3. Generalized Estimating Equation Analysis of the Association of Structural Optical Coherence Tomography Parameters

and Choroidal Structural Parameters With a Parkinson Disease Diagnosis?

Participants with PD (n = 124) Healthy control participants (n = 248)
Variable Mean (SD) Median (range) Mean (SD) Median (range) B Coefficient (95% Cl) Pvalue  AUROC
CST, pm 267.52 264.0 (207.0 to 270.40 267.5(197.0 to 2.95(-3.97 t09.87) .40 0.54
(24.28) 361.0) (26.55) 389.0)
Mean GCIPL thickness, pm ~ 75.10 (8.95)  75.0(38.0t095.0)  75.52(7.53)  76.0(31.0t096.0)  0.62 (-1.74 t0 2.99) 61 0.50
Mean RNFL thickness, pm  88.77 (9.71) 89.0(66.0t0118.0) 88.38(8.98) 89.0(62.0t0111.0) -0.21(-2.79t02.37) .87 0.51
SFCT, ym 261.15 258.0 (64.0to 263.72 261.5(66.0 to 2.21(-21.64t026.06) .86 0.50
(87.66) 453.0) (91.42) 600.0)
Total czhoroidal area, 19.64 (4.68) 18.8(8.7t031.8) 17.91 (5.44) 17.7 (7.5t039.1) -1.74(-3.12t0-0.37) .01 0.60
pixels:
Luminal area, pixels? 12.35(2.84) 11.9 (5.6 t0 19.5) 11.34 (3.33) 11.3(4.81t023.7) -1.02(-1.86t0-0.18) .02 0.59
CVI, % 63.0(0.90) 62.89 (61.12 to 63.53(1.20) 63.40 (60.57 to 0.52(0.24t00.79) <.001 0.63
65.42) 68.56)

Abbreviations: AUROC, area under the receiver operating characteristic curve;
CST, central subfield thickness; CVI, choroidal vascularity index; GCIPL, ganglion
cell-inner plexiform layer; GEE, generalized estimating equation; PD, Parkinson

disease; RNFL, retinal nerve fiber layer; SFCT, subfoveal choroidal thickness.
@ GEE analysis adjusted for the correlation between 2 eyes of the same patient.

rodegenerative process would lead to a clinically detectable de-
crease in retinal thickness because of retinal ganglion cell loss.
Subtle changes in the thickness of certain retinal layers and the
choroid may be observed in specific individuals with PD and
may be outside the limits of resolution of current imaging in-
strumentation. It has also been well documented that these
alterations in RNFL, GCIPL, and CST are associated with nor-
mal aging, even beyond the sixth decade of life, and differ be-
tween male and female sexes.3*3¢ After eliminating confound-
ing from normal aging and sex differences by age- and sex-
matching the study participants, we did not observe an
association between a diagnosis of PD and these structural
parameters. Previous studies have reported conflicting re-
sults on differences in RNFL and GCIPL thickness in PD even
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after age-matching the study participants with PD and con-
trol participants.?'23 Long-term follow-up is needed to clarify
if the rate of retinal structural change in individuals with PD
is greater than what could be explained by normal aging.
Given the conflicting nature of previous reports on SFCT
in individuals with PD,?3-24 we sought to further clarify cho-
roidal structural changes in PD.2> We observed no difference
in SFCT, which was manually measured on EDI foveal scans.
However, when assessing the total choroidal area, luminal area,
and CVI using the whole scan and semiautomated image bi-
narization, we observed differences between individuals with
PD and control patients. This finding suggests that the cho-
roidal vascularity may differ in individuals with PD without
changes in choroidal thickness. The mechanism for these cho-
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roidal changes is unclear but could be associated with the dys-
regulation of neurotransmitters, which control normal cho-
roidal perfusion, including dopamine>®” and acetylcholine.?®:>°
Further research characterizing choroidal changes across the
clinical spectrum of PD and across a larger area of the retina
may reveal the natural history of such changes.

Strengths and Limitations

This study has numerous strengths. We prospectively col-
lated good-quality OCT and OCTA images from individuals with
PD, and we were able to limit confounding associated with age
and sex by matching these participants with cognitively healthy
control individuals. We also used GEE analysis to account for
theinclusion of 2 eyes from the same patient given that changes
associated with a neurodegenerative disease may be ex-
pected to have implications for both eyes. In addition, we in-
cluded an AUROC analysis, which demonstrated that, al-
though the parameters exhibited mean population differences,
they were individually unable to discriminate participants with
PD from control participants. Perhaps a diagnostic index that
incorporates multiple parameters may be better suited for dis-
tinguishing diagnoses. We recommend that future studies char-
acterizing retinal imaging biomarkers for neurodegenerative
disease include criteria and statistical analyses similar to those
used in the present study given that many ocular, demo-
graphic, or imaging confounders could alter study results; re-
sults should be appropriately interpreted and reported.

This study has several limitations. Because there is no cri-
terion standard biomarker for PD, we included individuals with
an expert-confirmed clinical diagnosis of PD. However, it is pos-
sible that some individuals in this cohort had other parkinso-
nian disorders rather than true PD. In addition, because this
is a cross-sectional study of individuals with varying degrees
of PD severity, we were not able to identify the prognostic value
of retinal imaging in PD. Long-term research is needed to clarify
whether these imaging findings may be useful as biomarkers
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for the onset of PD or the development of more rapid deterio-
ration from PD. OCTA imaging is particularly susceptible to mo-
tion artifact compared with other retinal imaging modalities.
Images with poor quality or artifacts from tremor were ex-
cluded from the analysis, which restricted the pool of in-
cluded participants to those with milder symptoms. Ad-
vances in OCTA technology and novel solutions for imaging
in individuals with more advanced PD who have head trem-
ors and other substantial motor symptoms will allow the as-
sessment of retinal perfusion in individuals with the highest
burden of neurodegeneration. In the statistical analysis that
we conducted, we did not adjust the level of statistical signifi-
cance for the presence of multiple comparisons because this
adjustment may increase the rate of type Il error. As such, find-
ings in this study with P < .05 should be interpreted in con-
text. We also were not able to evaluate the implication of com-
monly prevalent confounders, such as diabetes and glaucoma,
for this cohort of patients with PD, which is necessary if these
retinal and choroidal biomarkers are to be developed as screen-
ing tools.

. |
Conclusions

In this cross-sectional study, a clinical diagnosis of PD was as-
sociated with decreased retinal microvascular perfusion and
structural alterations in the choroid compared with findings
in cognitively healthy control individuals. The findings of this
study highlight the need for further research into retinal
imaging as a potential novel biomarker for individuals with
neurodegenerative diseases, such as PD. Future long-term stud-
ies that characterize the natural history of microvascular and
structural retinal changes in individuals across the clinical spec-
trum of PD is warranted. Such studies may clarify whether
these imaging findings may be useful as biomarkers for the on-
set of PD or the rapid deterioration from PD.
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