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Purpose: To investigate retinal vascular characteristics using ultra-widefield (UWF)
scanning laser ophthalmoscopy in Parkinson disease (PD).

Methods: Individuals with an expert-confirmed clinical diagnosis of PD and controls
with normal cognition without PD underwent Optos California UWF imaging. Patients
with diabetes, uncontrolled hypertension, glaucoma, dementia, other movement disor-
ders, or known retinal or optic nerve pathology were excluded. Images were analyzed
using Vasculature Assessment and Measurement Platform for Images of the Retina
(VAMPIRE-UWF) software, which describes retinal vessel width gradient and tortuos-
ity, provides vascular network fractal dimensions, and conducts alpha-shape analysis to
further characterize vascular morphology (complexity, Opαmin; spread, OpA).

Results: In the PD cohort, 53 eyes of 38 subjects were assessed; in the control cohort, 51
eyes of 33 subjects were assessed. Eyes with PD hadmore tortuous retinal arteries in the
superotemporal quadrant (P = 0.043). In eyes with PD, alpha-shape analysis revealed
decreased OpA, indicating less retinal vasculature spread compared to controls (P =
0.032). Opαmin was decreased in PD (P = 0.044), suggesting increased vascular network
complexity. No differences were observed in fractal dimension in any region of interest.

Conclusions: This pilot study suggests that retinal vasculature assessment on UWF
images using alpha-shape analysis reveals differences in retinal vascular network spread
and complexity in PD and may be a more sensitive metric compared to fractal dimen-
sion.

Translational Relevance: Retinal vasculature assessment using these novel methods
may be useful in understanding ocular manifestations of PD and the development of
retinal biomarkers.

Introduction

Parkinson disease (PD) is a neurodegenerative
condition characterized by dysfunction of the substan-
tia nigra due to loss of dopaminergic neurons.1 As the
second most common neurodegenerative disease after
Alzheimer disease, PD often manifests clinically with

motor signs and symptoms including rigidity, bradyki-
nesia, and resting tremor.2 The non-motor features
of PD include depression, anxiety, constipation, and
disrupted sleep, in addition to sensory complaints
such as visual dysfunction and ultimately cognitive
decline.1,3–6 As an extension of the brain, the eye has
become an organ of interest in the study of neurode-
generation. Tissue-level evidence of alpha-synuclein
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deposition, a key pathologic marker of PD, has been
demonstrated in the retina along with ganglion cell
dysfunction and thinning of the retinal nerve fiber
layer, suggesting that further investigation into associ-
ated ophthalmic findings is warranted to improve our
understanding of both the disease and its diagnosis.7–10

Although the primary pathophysiology of neurode-
generative disease is thought to be distinct from
cerebrovascular diseases, there is growing consensus
on the impact of the “neurovascular” components of
neurodegenerative disease.11,12 Microvascular effects
and reduced cerebral blood flow have been character-
ized in a variety of neurodegenerative conditions.11
In individuals with PD, endothelial cell abnormalities
and capillary injury—as indicated by shorter vessel
lengths, fewer capillary vessels, larger vessel diameters,
and decreased vessel branching—have been described
in multiple regions of the brain.13

Vascular pathology in the brain has been associ-
ated with PD, but how these factors manifest in
the vasculature of the closely related neurosensory
retinal tissue is an emerging field of inquiry.14,15
As the retina is one of the rare locations of the
body where blood vessels are directly visible to
the examiner, imaging modalities such as optical
coherence tomography angiography (OCTA), fundus
photography, and scanning laser ophthalmoscopy
(SLO) offer the unique opportunity to assess and
quantify retinal vascular pathology with non-invasive,
high-resolution imaging.16–18 Studies using OCT and
OCTA have shown a smaller foveal avascular zone
(FAZ) and decreased retinal perfusion density in PD
compared to controls, althoughmore work is needed to
further define these relationships.17,19–22 Studies using
even standard fundus photography and convolutional
neural networks without a focus on vascular parame-
ters are still fledgling, and, in general, exploration of
newly applied imaging modalities and clinical correla-
tionmay become instrumental in improving our under-
standing of the role of ocular diagnostics in neurode-
generative disease.23,24

Previous studies using other retinal imaging modal-
ities such as fluorescein angiography, OCT, and OCTA
have reported differences in the retinal microvascu-
lature in eyes of individuals with PD.25–27 Although
FAZ area has been shown to increase with age in some
studies, a significantly smaller FAZ area has been
measured in patients with PD compared to controls
using fluorescein angiography and OCTA.21,28–30
Kwapong and colleagues20 reported a significantly
lower retinal microvascular density using macular
OCTA in 38 patients with PD. Other studies have
noted abnormalities in the retinal microvasculature
in PD using OCTA, including decreased capillary

skeleton and perfusion and vessel densities, as well
as changes in choroidal structure.19,31 The aforemen-
tioned studies reported changes at the microvascular
capillary level, whereas we assessed the larger retinal
vessels at the level of the arteries and veins. Further-
more, macular-centered studies using OCT and OCTA
modalities focusing upon the FAZ and other microvas-
cular parameters do not generally assess qualities of
the retinal periphery, and our UWF analysis aims to
bolster our understanding of this disease with new
perspective. Unique patterns of retinal vasculature
complexity differences on UWF images have not been
previously reported.

Although UWF SLO images are essentially en face
images without the volumetric dimension of OCT
modalities, they are able to characterize the retinal
vascular network to awider extent.Moreover, although
OCT/OCTA may capture the microvascular networks
in the capillary plexuses, the goal of this study was
to investigate the larger vessels of the arterioles and
venules of the macrovascular network. Compared to
conventional SLO or fundus cameras that capture only
30° to 45°, UWF SLO captures images of the retina
with an angular view of up to 200°. This is far wider
than that of OCTmodalities at 20-30° and someOCTA
modalities at 10°, and even wider than that of widefield
OCT technologies at 100°.32 Furthermore, the shorter
acquisition times of UWF SLOmay bemore facile and
accessible for patients, and the larger field of view of
the retinal vasculature may present the chance for more
comprehensive and efficient study of the microvascula-
ture in the PD population. As such, UWF SLO was
selected as the imaging modality for this study, and
further investigation may demonstrate this method as
a potentially useful adjunct in multimodal approaches
to the ocular study of neurodegenerative disease.

The application of UWF fundus imaging to study
the vasculature in PD remains a novel area of inquiry.
Ophthalmic biomarkers have potential as an adjunct
to the currently utilized Movement Disorders Society
Clinical Diagnostic Criteria for the diagnosis of
PD.33,34 We examined the retinas of patients with PD
using UWF imaging and compared them to those of
controls with normal cognition without PD to investi-
gate retinal vascular differences that might contribute
to the development of novel imaging-derived
biomarkers.

Methods

This cross-sectional study (ClinicalTrials.gov identi-
fier NCT03233646) was approved by the Duke Health
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Institutional Review Board (Pro00082598), adhered to
the tenets of the Declaration of Helsinki with regard to
human subjects, and complied with the Health Insur-
ance Portability and Accountability Act of 1996.

Study Participants

Individuals were enrolled from the DukeMovement
Disorders Clinics. Patients with a clinical diagnosis
of PD who met Disorders Society Clinical Diagnos-
tic Criteria, confirmed by an experienced neurologist
(BLS) with expertise in the diagnosis and treat-
ment of PD, were identified. These patients were
compared to a control cohort of volunteers who did
not have a history of tremor or cognitive dysfunction,
or motor symptoms consistent with Parkinsonism.
To avoid confounding any observed relationship
between retinal changes and PD, exclusion criteria
included uncontrolled hypertension, diabetes melli-
tus, glaucoma, retinal or optic nerve disease, non-PD
dementia, demyelinating disorders, or corrected visual
acuity worse than 20/40 on the day of image acquisi-
tion. All subjects underwent cognitive screening with
aMini-Mental State Examination (MMSE) on the day
of study enrollment, and all subjects in both the control
and PD groups scored 26 or above, within the origi-
nal normal screening range (25 or greater). Partici-
pants were recruited between August 2017 and June
2022. Participants and images were de-identified after
initial imaging for general use during data curation,
quality control, and analysis; however, it would still
have been possible to identify a given image if
necessary.

Image Acquisition and Retinal Vessel
Parameters

TheUWF images were acquiredwithOptos Califor-
nia SLO (Optos, Marlborough, MA) and manually
screened by trained study staff (JPM, SM, CH, EP)
for image quality to exclude those images that had
artifacts or reflections, media opacity, eyelid or eyelash
artifacts that crossed the bounds of each region of
interest (ROI), or were out of focus, as these issues
would interfere with image analysis. Image postpro-
cessing included stereographic projection of the curved
surface of the retina allowing for linear measurement
of distance (e.g., vessel width). Images with abnor-
mal projection resulting from poor patient fixation
or errors in automated anatomic recognition by the
processing software were excluded, as these would
lead to erroneous measurements.35 Measurements of
the retinal vasculature were obtained using bespoke

software (Vasculature Assessment Platform for Images
of the Retina; version VAMPIRE-UWF, Universities
of Edinburgh and Dundee, UK) specifically designed
for analysis of UWF images.36,37

First, a manually drawn elliptical ROI was
annotated by experienced masked reviewers (CH,
SM) to exclude eyelashes and eyelids that obscured
peripheral parts of the image. Next, the vessels were
automatically segmented within the manually drawn
ROI and divided into superotemporal, inferotemporal,
inferonasal, and superonasal quadrants (defined as
two perpendicular lines: one through the optic disc
center and the other through the optic disc center
and fovea within the manual ROI).37 The reviewers
manually selected the largest and longest artery and
vein pair within each quadrant; vessel widths and
tortuosity were extracted from these annotated vessel
paths.37,38 To characterize how vessel width changes
as it continues from the optic disk toward the retinal
periphery, the gradient of the robust regression line
that fit the measurements of vessel width (in microns)
against the distance along the path (in millimeters),
denoted as width gradient, was computed.

We quantified vascular network morphology within
a standardized ROI for UWF images that sampled the
same area within each UWF image. The standardized
ROI has been defined as the intersection of manually
drawn ROIs within the dataset utilizing a protocol
described in the cited study by Pead and colleagues,39
representing an approximately ellipsoid area of 25 mm
by 18 mm in dimension or 120° by 85° of angular
view. The standardized ROI was utilized to define a
consistent anatomical area for measurement internal
to both fractal dimensions and alpha shapes and to
avoid any confounding effect of ROI placement and
space between the two parameters. Moreover this was
defined to reduce the effect of ROI placement on fractal
dimension measures specifically while maximizing the
area that was unobstructed and therefore could be
measured within a UWF image.40,41 The standardized
ROI was subdivided into posterior ROI (an annulus
centered on the optic disc, extending 2 disk diameters
from the edge of the disc) and midperiphery ROI (a
ring located peripheral to the posterior ROI but within
the peripheral boundary of the standardized ROI)
(Fig. 1).42 After computerized detection of vessels
(Vampire-UWF),37 fractal dimension as a measure-
ment of retinal vessel branching complexity was
computed in the standardized ROI, posterior ROI, and
midperipheryROI.43 Furthermeasures of retinal vessel
morphology were conducted within the standardized
ROI using alpha shapes (Fig. 2), a method that extracts
an additional measure of vessel complexity (Opαmin)
and vessel spread (OpA).41
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Figure 1. Schematic of the VAMPIRE zones. The standardized ROI
(pink oval) is further subdivided into the posterior ROI (bounded by
the black circles, excluding the optic disk) and themidperiphery ROI
(between the outer black circle and pink oval). Segmentation and
skeletonization of the retinal vasculature (1-pixel-wide green curved
lines) were automated.

Statistical Analysis

Data analysis was completed using SAS 9.4 (SAS
Institute, Cary, NC). Multivariable generalized
estimating equation (GEE) models that accounted
for within-subject correlation (i.e., two eyes of an
individual) were used to compare retinal vessel param-
eters and a known diagnosis of PD. GEE models

were adjusted for age and sex as covariates testing
the null hypothesis of parameter difference between
groups as equal to zero with an alpha significance level
< 0.05.

Results

Initial imaging included 104 eyes of 71 PD subjects
and 82 eyes of 55 control subjects. Exclusion of poor-
quality images yielded a PD group of 53 eyes of 38
participants and a control group consisting of 51 eyes
of 33 participants. Demographic characteristics are
presented in Table 1. The mean age of those in the PD

Table 1. Demographics

Statistic Parkinson Controls P

Subjects (eyes), n 38 (53) 33 (51) —
Age (y)
Mean (SD) 66.7 (7.5) 70.8 (5.7) 0.012a

Minimum, median,
maximum

51, 66.1,
85.4

57.8, 71.0,
82.7

Male, n (%) 23 (61) 18 (56) 0.638b

aBased on t-test of difference between means.
bBased on χ2 test of difference between proportions.

Figure 2. Measurement of alpha shapes within the standardized ROI retinal vasculature on UWF images. As α increases, more edges of the
Delaunay triangularization (DT) are included until eventually all edges of the DT are included (far right). This image includes image set A,
which is a PD example, and image set B, which is an example of a cognitively normal control without PD. The α-shape for each individual
(black box) is constructed from the minimum value of α that encompasses all points, giving a topological outline of the retinal vascular
skeleton. Individual A has a higher Opαmin and OpA (α = 83.2 pixels and area = 912,028 pixels, respectively) compared to individual B (α =
73.6 pixels and area= 2,271,963 pixels, respectively), suggesting a relatively complex and dispersed vasculature in B compared to A. Opαmin

(α) refers to the minimum such radius (Opα) that is required to encircle the nodes of a network in an alpha-shapes analysis, a measure of
network complexity. OpA (area) refers to the total area spanned by the vascular network, a measure of spread.
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Table 2. Retinal Vessel Width Gradient

Statistic Parkinson (n = 53 Eyes) Controls (n = 51 Eyes) Pa

Superotemporal arteriolar
Mean (SD) −0.00336 (0.00119) −0.00339 (0.00089) 0.956
Minimum, median, maximum −0.00780, −0.00309, −0.00134 −0.00520, −0.00323, −0.00157

Superotemporal venular
Mean (SD) −0.00416 (0.00092) −0.00425 (0.00099) 0.712
Minimum, median, maximum −0.00658, −0.00408, −0.00196 −0.00655, −0.00419, −0.00256

Inferotemporal arteriolar
Mean (SD) −0.00283 (0.00093) −0.00298 (0.00079) 0.902
Minimum, median, maximum −0.00554, −0.00280, −0.00023 −0.00467, −0.00292, −0.00107

Inferotemporal venular
Mean (SD) −0.00404 (0.00125) −0.00381 (0.00109) 0.878
Minimum, median, maximum −0.00696, −0.00387, −0.00152 −0.00679, −0.00369, −0.00099

Inferonasal arteriolar
Mean (SD) −0.00316 (0.00153) −0.00356 (0.00158) 0.531
Minimum, median, maximum −0.00703, −0.00310, −0.00010 −0.00929, −0.00334, −0.00095

Inferonasal venular
Mean (SD) −0.00406 (0.00137) −0.00410 (0.00146) 0.803
Minimum, median, maximum −0.00769, −0.00395, −0.00155 −0.00770, −0.00396, −0.00126

Superonasal arteriolar
Mean (SD) −0.00257 (0.00103) −0.00244 (0.00115) 0.105
Minimum, median, maximum −0.00659, −0.00242, −0.00060 −0.00500, −0.00224, −0.00023

Superonasal venular
Mean (SD) −0.00329 (0.00142) −0.00304 (0.00114) 0.102
Minimum, median, maximum −0.00707, −0.00315, −0.00022 −0.00593, −0.00305, −0.00082
aP values are based on GEEs for testing differences between group means equal to zero, adjusted for age and sex.

group was 66.7 years, with a standard deviation (SD)
of 7.5 years. Those in the control group had a mean
age ± SD of 70.8 ± 5.7 years and were significantly
older than the PD group (P = 0.012). The PD group
was 61% male (23/38 subjects), and the control group
was 56% male (18/33 subjects) (P = 0.638). There was
no evidence of significant differences in retinal vessel
width gradient between the PD cohort and the control
group (Table 2). Vessels were stratified as arterial and
venous as well as by image quadrant (Table 2).

There was a trend of more tortuous retinal arter-
ies in the superotemporal quadrant with an age- and
sex-adjusted P value for the PD cohort versus control
cohort of 0.043 (Table 3). There were no differences
in arterial or venous tortuosity in any other quadrant.
There was no significant difference in fractal dimension
in any ROI in PD compared to controls. Age- and sex-
adjusted P values comparing fractal dimension were
0.293 within the standardized ROI, 0.946 within the
posterior ROI, and 0.270 within the midperiphery ROI
(Table 4).

Applying alpha-shape analysis, the PD cohort
exhibited smaller OpA (smaller area, P = 0.032) and

smaller Opαmin (vascular network complexity, P =
0.044) compared to the control cohort, after age- and
sex-adjusted analysis (Table 5). Overall, this indicates
a more complex vasculature that also covers a smaller
area in the PD cohort.

Discussion

To our knowledge, this is the largest cohort of
individuals with PD who have undergone retinal vessel
analysis using UWF SLO with comparison to a cogni-
tively normal cohort without PD. Those with PD
had greater arterial tortuosity in the superotemporal
quadrant. Alpha-shapes analysis indicated decreased
spread of the overall retinal vasculature as measured
by OpA and increased vascular network complexity as
measured by Opαmin.

We found no evidence of significant differences in
the measurements of vessel width gradients; this is
in loose concordance with prior related studies that
measured vessel caliber using OCT. Although not
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Table 3. Retinal Vessel Tortuosity

Statistic Parkinson (n = 53 Eyes) Controls (n = 51 Eyes) Pa

Superotemporal arteriolar
Mean (SD) 0.0004449 (0.0015631) 0.0000357 (0.0000359) 0.043
Minimum, median, maximum 0.0000085, 0.0000343, 0.0099491 0.0000040, 0.0000263, 0.0001939

Superotemporal venular
Mean (SD) 0.0001075 (0.0003835) 0.0005111 (0.0027239) 0.275
Minimum, median, maximum 0.0000057, 0.0000315, 0.0027557 0.0000032, 0.0000303, 0.0192332

Inferotemporal arteriolar
Mean (SD) 0.0003854 (0.0016486) 0.0000980 (0.0003205) 0.244
Minimum, median, maximum 0.0000024, 0.0000329, 0.0117470 0.0000043, 0.0000306, 0.0022335

Inferotemporal venular
Mean (SD) 0.0001007 (0.0002845) 0.0002242 (0.0011049) 0.453
Minimum, median, maximum 0.0000093, 0.0000305, 0.0017512 0.0000035, 0.0000267, 0.0077612

Inferonasal arteriolar
Mean (SD) 0.0001378 (0.0007750) 0.0000182 (0.0000238) 0.241
Minimum, median, maximum 0.0000013, 0.0000158, 0.0056648 0.0000002, 0.0000088, 0.0001041

Inferonasal venular
Mean (SD) 0.0000250 (0.0000351) 0.0000156 (0.0000133) 0.138
Minimum, median, maximum 0.0000004, 0.0000158, 0.0001971 0.0000004, 0.0000123, 0.0000576

Superonasal arteriolar
Mean (SD) 0.0001487 (0.0005206) 0.0000189 (0.0000241) 0.069
Minimum, median, maximum 0.0000000, 0.0000204, 0.0026623 0.0000004, 0.0000114, 0.0001227

Superonasal venular
Mean (SD) 0.0000408 (0.0001014) 0.0000193 (0.0000155) 0.116
Minimum, median, maximum 0.0000006, 0.0000169, 0.0007057 0.0000005, 0.0000157, 0.0000869
aP values are based on GEEs for testing differences between group means equal to zero, adjusted for age and sex.

Table 4. Fractal Dimension in Eyes of Individuals with Parkinson Disease Versus Controls

Statistic Parkinson (n = 53 Eyes) Controls (n = 51 Eyes) Pa

Standardized ROI
Mean (SD) 1.402 (0.033) 1.406 (0.030) 0.293
Minimum, median, maximum 1.309, 1.408, 1.451 1.332, 1.411, 1.455

Posterior ROI
Mean (SD) 1.344 (0.036) 1.342 (0.045) 0.946
Minimum, median, maximum 1.244, 1.349, 1.412 1.227, 1.348, 1.419

Midperiphery ROI
Mean (SD) 1.330 (0.034) 1.335 (0.041) 0.270
Minimum, median, maximum 1.200, 1.336, 1.386 1.218, 1.341, 1.391
aP values are based on GEEs for testing differences between group means equal to zero, adjusted for age and sex.

directly comparable to UWF imaging, assessing the
retinal vasculature by quadrant on OCT and differen-
tiating between arterial and venous supply have not
shown evidence of change, although vessel diame-
ter was uniformly decreased in patients with PD
versus age- and sex-matched controls.44 Kromer and

colleagues17 did not observe significant differences in
retinal vessel diameter but did not comment on rate of
change.

We observed greater arterial tortuosity in the super-
otemporal quadrant of eyes with PD compared to eyes
of cognitively normal controls without PD. There was
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Table 5. Alpha Shapes

Statistic Parkinson (n = 53 Eyes) Controls (n = 51 Eyes) Pa

Opαmin
Mean (SD) 67.6 (12.6) 74.7 (17.9) 0.044
Minimum, median, maximum 49.2, 66.5, 102.8 45.5, 69.8, 120.0

OpA
Mean (SD) 695633 (167153) 767595 (170682) 0.032
Minimum, median, maximum 274,272, 702,898, 1,034,803 393,018, 783,543, 1,074,474

Opαmin refers to the minimum radius (Opα) that is required to encircle the nodes of a network in an alpha-shapes analysis,
a measure of network complexity. OpA refers to the total area spanned by the vascular network, a measure of spread.

aP values are based on GEEs for testing differences between group means equal to zero, adjusted for age and sex.

a trend toward greater tortuosity in the superonasal
arteries, as well, in PD subjects, which may suggest
that the superior retina might be an area of interest for
future studies of individuals with PD. In general, vascu-
lar tortuosity has been associatedwith various ischemic
phenomena in numerous organ systems.45–47 In partic-
ular, arterial system tortuosity is often discussed in
the context of cerebrovascular disease and aging.48,49
Measuring vascular tortuosity as a potential marker
of cellular stress in the retina and understanding the
mechanism and pathophysiology of retinal vascular
tortuosity in association with PD and other neurode-
generations are nascent areas of investigation, and
it remains unclear whether vascular tortuosity in the
retina is a primary or secondary phenomenon in the
context of PD.45,50 Some studies in Alzheimer disease
have also reported increased vessel tortuosity in the
venous tree, although without distinction by quadrant;
however, there are no similar studies yet in PD.51,52
The observed increased tortuosity solely in the retinal
arterial system may be related to a parallel mecha-
nism of retinal vascular stress in PD, either through
suggested effects of alpha-synuclein clearance via peri-
arterial pathways which may be perturbed in PD or
perhaps via some less specific anomaly in the consti-
tutive expression of alpha-synuclein in the central
nervous system vascular walls.53,54

We found a smaller OpA in PD, which indicates
decreased spread of retinal vessels in this cohort, and a
smaller Opαmin (a smaller radius required to refine the
skeleton of the vessel segmentation during triangular-
ization), which geometrically suggests a retinal vascular
network morphology of increased complexity in eyes
with PD. As the architecture of the microvasculature
represents a physiologic optimization of energy cost
and perfusion, perturbation of the normal morphol-
ogy may be a marker of vascular stress secondary
to neurodegeneration.16,55 Our prior study of PD

subjects using macular OCTA found decreased vessel
density in the 6-mm × 6-mm Early Treatment Diabetic
Retinopathy Study circle, which could represent some
microvascular change in the highly metabolic and
sensitive tissue of the macula by a similar mecha-
nism.31 Although the metrics and area measured with
OCTA are not directly comparable to UWF fundus
images, these data suggest that the vascular morphol-
ogy changes in PD may extend beyond the central
macula.

A prior study has shown lower retinal capillary
complexity as described by fractal dimension, whereas
our similar measure of complexity as measured by
alpha-shapes analysis, Opαmin, specifically suggested
increased complexity.19 We speculate that perhaps early
exhaustion of the capillary beds due to PD pathophys-
iology may cause early microvascular change, followed
bymacrovascular retraction, as suggested by decreased
OpA, or spread, in the PD group. The chronology and
pathophysiology of such a mechanism remain unclear.
Even in more broadly studied diseases of both micro-
and macrovascular components, such as diabetes, the
true sequence and interplay between microvascular
andmacrovascularmanifestations is not well defined.56
Further study of differential changes between the
vascular hierarchies may help elucidate the nuance of
our findings in comparison to microvascular findings
described by other work.

In comparison to themeasurement of fractal dimen-
sion, alpha shapes are not space dependent in terms of
ROI size. In our analysis, we standardized the fractal
dimension zones to minimize the effect of ROI place-
ment and size. Nonetheless, we did not find evidence of
any differences in fractal dimension measures between
groups, in contrast to alpha shapes, which did demon-
strate significant changes. This suggests that alpha
shapes could potentially capture structural nuances
on UWF that are not described by fractal dimension
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alone and could be a more useful metric in a multi-
modal assessment of retinal changes in PD. Fractal
dimension measures the “space-filling” properties of
a network, and alpha shapes measure the “shape”
properties. They quantify inherently different charac-
teristics of a network but are potentially complemen-
tary by nature, which alone could explain this differ-
ence. The degree of discrepancy and moreover the
clinical significance of this observation will require
further study. Future studies of larger datasets would
aid in validating this novel parameter for broader use
alongside other imaging modalities in a multimodal
approach.

Data on other demographic factors that may have
impacted parameters of the retinal vasculature, includ-
ing socioeconomic status and ethnicity, were not
available but may have had untold impact on the obser-
vations in this study. Furthermore, in our recruitment,
few participants with advanced disease, based on PD
disease staging with the Hoehn and Yahr scale, demon-
strated severe disease, largely due to their inability to
remain tremor-free for image acquisition. Only two
eyes of two participants scored a 3 or greater sever-
ity on the Hoehn and Yahr scale, where a class 3
grade indicates mild to moderate disease with some
postural instability while remaining physically indepen-
dent. There remains an opportunity to conduct a
deeper analysis of disease severity and retinal findings
when participants can be recruited and reliable images
obtained. In general, many studies of neurodegenera-
tion, including our own, are limited to some degree by
difficulty in controlling for the numerous lifestyle and
health factors which are inherent to the lives of patients
with these diagnoses, such as medication use, physi-
cal activity, and other comorbidities. Future larger and
more advanced studies beyond our exploratory work
may be able to more rigorously regulate the controls of
comparison.

Although images of poor quality were excluded
from our sample to allow for accurate analyses, the
strict exclusion criteria may currently limit the gener-
alizability of our observations to all individuals with
PD which would otherwise be inclusive of persons
who cannot provide high-quality images, although a
sufficient number of good quality images would be
necessary for the development of a clinically relevant
retinal biomarker. Although the Optos device software
accounted for the curvature of the retina by projecting
to a standard eye model, it does not account for irregu-
larly shaped eyes and deviations in posterior curvature
from the standard model, which could introduce error.
Patients with high refractive error (+6 or –6 diopters)
were excluded from this study to minimize distortion-
related effects on image analysis. Although the litera-

ture generalizes such effects to high refractive error, it
is possible that variation in axial length even within
this range may have had some, albeit minimal, effect
on imagemeasurements.57 The inclusion of axial length
measurements may bolster future analyses. In addition,
although the angular view of the standardized ROI,
at 120° by 85°, exceeds that of other conventional
imaging such as non-UWF fundus photography and
OCT, the unused image area represents an opportunity
to further improve this analytical platform. With
regard to the potentially disproportionate number
of images included in the study that met inclusion
criteria in the PD group (51%) versus the control
group (65%), a χ2 statistic assuming independence
of group status and eye exclusion yields a non-
significant P = 0.1255. However, to explain the
higher proportion of excluded images, we postulate
a tendency for patients with PD to have more eyelid
and eyelash artifacts due to poor facial muscle control
and subtle motion artifacts related to PD motor
symptoms.

In this study, our findings suggest that there
are significant differences in the retinal vasculature
morphology captured on UWF fundus images using
the novel application of alpha-shape analysis in
patients with PD compared to controls with normal
cognition. These differences included increased super-
otemporal quadrant arterial tortuosity in subjects with
PD, decreased vascular spread (OpA), and increased
vascular network complexity (lower Opαmin). Contin-
ued investigation into the utility of UWF imaging
is warranted to further explore and define novel
biomarkers for PD and the potential adjunctive role
of alpha-shapes analysis in a multimodal approach
to ophthalmic imaging in neurodegenerative disease.
Future studies in automation may eliminate the need
for manual image annotation and for vessel arteriolar–
venular differentiation.
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