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Abstract

Background and objectives: Cadaveric studies have shown disease-related neurodegeneration
and other morphological abnormalities in the retina of individuals with Parkinson disease (PD),
however it remains unclear whether this can be reliably detected with in vivo imaging. We
investigated inner retinal anatomy, measured using optical coherence tomography (OCT), in
prevalent PD and subsequently assessed the association of these markers with the development

of PD using a prospective research cohort.

Methods: This cross-sectional analysis used data f 0 studi or the detection of retinal

markers in prevalent PD, we used data from a retr tive cohort of 154,830 patients

aged 40 years and over attending secongéry care thalmic hospitals in London, UK between

2008 and 2018. For the evaluati I markers in incident PD, we used data from UK

Biobank, a prospective populati@n-based cahart where 67,311 volunteers aged 40-69 years were

recruited between 2006fand 2010 derwent retinal imaging. Macular retinal nerve fibre

layer (MRNFL), r plexiform layer (GCIPL), and inner nuclear layer (INL)
thicknesses were e m fovea--centred OCT. Linear mixed effects models were fitted to
examine the associatlgn between prevalent PD and retinal thicknesses. Hazard ratios for the
association between time to PD diagnosis and retinal thicknesses were estimated using frailty

models.

Results: Within the AlzEye cohort, there were 700 individuals with prevalent PD and 105,770

controls (mean age 65.5 + 13.5 years, 51.7% female). Individuals with prevalent PD had thinner
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GCIPL (-2.12 pm, 95% confidence interval: -3.17, -1.07, p = 8.2 x 10”) and INL (-0.99 um,
95% confidence interval: -1.52, -0.47, p = 2.1 x 10'4). The UK Biobank included 50,405
participants (mean age 56.1 + 8.2 years, 54.7% female), of whom 53 developed PD at a mean of
2653 + 851 days. Thinner GCIPL (hazard ratio: 0.62 per standard deviation increase, 95%
confidence interval: 0.46, 0.84, p=0.002) and thinner INL (hazard ratio: 0.70, 95% confidence

interval: 0.51, 0.96, p=0.026) were also associated with incident PD.

Discussion: Individuals with PD have reduced thickness he INL an IPL of the retina.
Involvement of these layers several years before cli presentatiop’highlight a potential role

for retinal imaging for at-risk stratification of P

o
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Introduction

Parkinson disease is a heterogenous progressive movement disorder characterised by a loss of
nigrostriatal dopaminergic neurons. Dopaminergic degeneration is detectable early with
multimodal brain imaging, suggesting some striatal territories are affected decades before
diagnosis.? Individuals with prodromal Parkinson disease have increased nigral iron deposition

on susceptibility magnetic resonance imaging (MRI) and accelerated dopaminergic dysfunction

on serial dopamine transport (DAT) scanning.>* However, brai for diagnosis and
disease monitoring in Parkinson disease is limited as a
relatively costly, has modest availability, and requir trast. MRI has shown

promise for disease diagnosis and monitoring but has\not lidated for these purposes.

Another attractive location for inter i0 f dopaminergic pathology is the eye.

Embryologically derived from the orebraipy; the retina provides a minimally invasive

window into the central nervousfsystem and e imaged rapidly using modern high-resolution
devices. The dopaminergic cells rosensory retina are located in the inner plexiform
(IPL) and inner nuclearWayers (INL), where they mediate intercellular coupling between All
amacrine cells, h cells and retinal ganglion cells.>® Stimulated by the postmortem
finding of reduced dOpamine content in the retina of people with Parkinson disease,’ researchers
have sought evidence of retinal changes on in vivo imaging techniques, such as optical
coherence tomography (OCT). OCT, an interferometry-based noncontact imaging modality
(axial resolution approximately five microns) has shown diagnostic and prognostic utility in
several neurological disorders®® and is increasingly available in hospital and community

settings'®. Studies using OCT have revealed several potential morphological abnormalities

associated with Parkinson disease but with inconsistency between studies. In a systematic review
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of ten studies including a total of 690 participants, Parkinson disease was associated with
reduced thickness of the macular ganglion cell-inner plexiform layer (GCIPL) and retinal nerve
fibre layer (MRNFL). There was, however, a significant publication bias noted and some studies
did not report key details, such as the age of controls.* The cell bodies of dopaminergic neurons
sit at the border of INL and inner plexiform layer,'? however the two studies reporting significant

associations in a recent meta-analysis showed opposite directions of effect of Parkinson disease

with the INL!. Most studies also exclude individuals with other orbidities but the

natural history of Parkinson disease may differ in individ fliseases, such as
diabetes mellitus thus limiting the external validity of theSe Ngs tq the wider patient group

encountered by neurologists.™

In this report, we leveraged a bidirectiond ach anafysing retinal imaging data from
individuals with Parkinson disease both, priog.to an@ypost diagnosis. Our aims were firstly, to

characterise inner retinal anat

Parkinson disease from e\ethnically) diverse real-world population study (AlzEye); and
secondly to investigatef\the association of OCT-based measures with the development of

th

Parkinson diseas y phenotyped prospective UK Biobank (UKBB) cohort. We

hypothesised that ingividuals with prevalent Parkinson disease would exhibit thinner GCIPL,

MRNFL and INL and that this difference would be associated with incident disease.
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Materials and methods

Design, participants and setting

This cross-sectional analysis used data from the AlzEye and UKBB studies to explore retinal
morphology in prevalent and incident Parkinson disease respectively. AlzEye is a retrospective
cohort study, where individual-level ophthalmic data has been linked with hospital admissions

across England for patients, who were aged 40 years and over and aded Moorfields Eye

Hospital NHS Foundation Trust (MEH) in London, United Kiagdo ween January 1

KBB participants additionally underwent a detailed

physical measurements, a subset
ophthalmic assessment includingiretinal imaging at their initial assessment visit. Comprehensive

study protocols have be (http://www.ukbiobank.ac.uk/resources/).

Retinal imagin

Non-mydriatic macula-centred OCT imaging was acquired by trained technicians from
participants in both AlzEye and UKBB using Topcon imaging devices (Topcon Corporation,
Tokyo, Japan). In AlzEye, images were acquired using four different devices (3D OCT 1000, 3D
OCT 1000 Mark 11, 3D OCT 2000 and Triton); for UKBB all images were acquired on the 3D

OCT 1000 Mark 11. All images were volume scans and covered a 6.0 mm x 6.0 mm? area and
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had 128 horizontal B scans and 512 A scans per B scan. Images from both eyes, where available,
were used. In UKBB, we only included participants who had retinal imaging acquired at the
initial assessment visit (baseline instance) as this corresponded to the same time as their
touchscreen questionnaire response. mMRNFL, GCIPL and INL thicknesses were estimated from
OCT using the Topcon Advanced Boundary Segmentation Tool (TABS) version 1.6.2.6, a

software providing automated segmentation of retinal sublayers using dual-scale gradients.'

Given previous evidence of parafoveal spatially-relevant differencgs inson disease and
other neurodegenerative conditions, we investigated retinal four parafoveal
subfields, as defined by the Early Treatment for Diabetic Re dy (ETDRS), as well as
etadata for each image to
artefact and poor quality. For
image quality control, we excluded thespoorest 20% of images based on these specific image
quality control metadata, applyin a etho@ to both cohort datasets (further details in the

Supplementary material).

Systemic an Isease variables

Parkinson disease was defined using hospital admissions data from Hospital Episode Statistics
(HES), a national repository of all hospital admissions in England under the provisions of the
NHS (at least 97% of hospital admissions in England®’). HES is coded using the 10" revision of
the International Classification of Diseases (ICD-10). Parkinson disease was defined as a HES
episode with ICD-10 code G20. HES-based diagnostic codes for Parkinson disease have recently

been validated in a subset of 20,000 participants of UKBB and had a positive predictive value of
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0.84 (95% CI: 0.68, 0.94)." For investigating retinal markers in prevalent Parkinson disease,
eligible cases were defined as images after the relevant ICD-10 code. Given previous evidence of
reduced thickness of the GCIPL and mRNFL in dementia, we excluded individuals with ICD-10
codes for all-cause dementia (E512, FOO, FO1, F02, F03, F106, F107, G30, G310).* For defining
incident Parkinson disease in UKBB, we excluded those who self-reported having Parkinson
disease at their initial assessment visit when they had retinal imaging and then used the first

hospital admission with an ICD-10 code indicating Parkinson disgéSe aspthe time of disease

questionnaire for UKBB Further de egarding the Data Fields used for UKBB can be found

in eTable 2.

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



Statistical analysis

Initial data distributions were analysed visually and statistically. Continuous variables were
compared between groups using Student’s t test and categorical variables through the U-Statistic
permutation test of independence.? To examine the association between prevalent Parkinson
disease and retinal morphology, we fitted linear mixed effects models with a random intercept at

the individual level to account for the multilevel structure of eyes nested,in participants. Models

diabetes mellitus. Degrees of freedom e e

Data on self-reported ethnicity wer. % subjects in the AlzEye cohort. Given

previous evidence on the detefminants of ingness of self-reported demographic data in

healthcare, we assumedg ethnici as missing at random?. We therefore performed

conditional multiple imputation with chained equations ten times with five iterations using

multinomial logist sion models on all exposure and outcome variables, in their raw form,

and pooled adjusted regression coefficients using Rubin’s rule.?

To examine the association between retinal morphology and incident Parkinson disease, we
estimated cause-specific adjusted hazard ratios (HR) fitting survival models including a gamma-
distributed random effect on the intercept representing frailty at the individual level.** The at-risk

period was defined from the time of retinal imaging acquisition (the UKBB initial assessment
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visit data) until the earliest of death, hospital admission with a Parkinson disease diagnostic code
or conclusion of the data refresh date for our UKBB application (1st December 2020). We
conducted survival analysis using a complete-case approach given the small amount of
missingness for ethnicity in UKBB after image quality control (<0.3% of total). Given that
previous evidence has shown HES-based codes for other neurodegenerative diseases can post-

date their appearance in primary care, we additionally performed a sensitivity analysis excluding

all incident cases within 24 months of retinal imaging.”® Statistjg ificance was set at

p<0.05. All analyses were conducted in R version 4.1.0 (R Core.Tea R Foundation for

Statistical Computing, Vienna, Austria) and used the migg,

Reporting is in line with the guidelines s t rengthening the Reporting of Observational
Studies in Epidemiology (STROB reacommendations of the Advised Protocol for
OCT Study Terminology and Eléments (AP L)*" 28,

aland 1mer packages.
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Standard Protocol Approvals, Registrations, and Patient Consents

The AlzEye study has received institutional and ethical review board approval, including an
exemption of participant consent (REC reference: 18/LO/1163).UKBB is conducted under the
approvals of the North-West Research Ethics Committee (ref: 06/MREO08/75); specific approval
was obtained for this project (application ID: 2112). All participants gave written informed

consent according to the Declaration of Helsinki.

Data availability %
‘;@ ed h

National and international collaborations are er the data are subject to the

contractual restrictions of the data sharipg ats between National Health Service Digital,
ondon and are therefore not available for
access beyond the AlzEye reseaich team. Res€archers should contact the Chief Investigator at
p.keane@ucl.ac.uk. Datg'from the ingdom Biobank is available to approved researchers

upon application. Further rmation is available at https://www.ukbiobank.ac.uk/.
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Results

Retinal morphology in prevalent Parkinson disease

From the AlzEye cohort of 154,830 with retinal imaging, there were 700 individuals (0.45%)

who had prevalent Parkinson disease and 105,770 controls (Figure 1). Those with Parkinson

disease were older, more likely to be male, hypertensive and have diabetes mellitus (Table 1, all

arkinson disease. They were also

pellitus and glaucoma. (eTable 3)

After adjustment for age, sex, eth ¥ hypertension and diabetes mellitus, individuals with
prevalent Parkinson dise ad significantly thinner GCIPL across all parafoveal subfields (all
inner: -2.12 um 9 17, -1.07, p = 8.2 x 10™). Thickness point estimates were most
reduced in the inferiofsubfield (-2.38 um, 95% CI: -3.54, -1.22, p = 6.0 x 10) and least reduced
in the temporal subfield (-1.75 um, 95% CI: -2.82, -0.68, p = 0.001). Individuals with Parkinson
disease also had significantly reduced thickness of the INL across all subfields (all inner: -0.99
um, 95% Cl: -1.52, -0.47, p = 2.1 x 10™), most marked at the superior subfield (-1.09 pm, 95%
Cl: -1.70, -0.47, p = 5.9 x 10™). There was limited evidence of reduced mRNFL thickness and

prevalent Parkinson disease with only a weak association seen for the inner temporal subfield (-

0.69 pm, 95% CI: -1.37, -0.02, p = 0.045, Table 2).
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Exclusion of all individuals with diabetes mellitus left a cohort of 344 individuals with Parkinson
disease and 74,405 controls. Effect measures were slightly reduced but significant associations
were still seen between Parkinson disease and the thickness of both the GCIPL (all inner: -1.79
um, 95% CI: -3.30, -0.27, p = 0.020) and INL (all inner: -0.85 pm, 95% CI: -1.58, -0.13, p
=0.022). There were no associations between mRNFL and prevalent Parkinson disease in this

restricted group (all inner: -0.36 um, 95% CI: -1.30, 0.57, p = 0.45

Retinal markers and incident Parkn@

From 67,311 participants in UKBB who upde extended ophthalmic assessment as part of

their baseline visit, 50,405 individua e ufficient quality for analysis and fit the

inclusion criteria (Figure 1). The cohort had n age of 56.1 + 8.2 years, 54.7% were women
and people were predomij If-reported ethnicity (91.4%). Fifty-three individuals
developed Parkinson di the study period (eTable 4). Among those with incident
Parkinson disease, rage time between retinal imaging and clinical presentation was 2653
+ 851 days. On adjusted survival analysis, age and male sex were significantly associated with
incident Parkinson disease (Table 3). Regarding retinal markers, reduced thickness of the GCIPL
was associated with incident Parkinson disease (HR = 0.62 95% CI: 0.46, 0.84 per SD increase,
p = 0.002, Figure 3). There was also some evidence that thinner INL was associated with
incident Parkinson disease, especially at the inferior subfield (HR = 0.66, 95% CI: 0.51, 0.86,

p=0.002). The key findings of thinner GCIPL and INL being associated with greater likelihood
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of developing Parkinson disease, persisted even when all those who developed Parkinson disease

in the first 24 months after having had retinal imaging were excluded (Table 4).
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Discussion

In this cross-sectional analysis of the AlzEye and UKBB cohorts, we first confirm earlier reports
that individuals with Parkinson disease have significantly thinner GCIPL. Secondly, prevalent
Parkinson disease is also associated with thinner INL, which is a novel finding. This is relevant
because the INL represents the hub of dopaminergic activity in the neurosensory retina. Thirdly,

we found evidence that reduced thickness of the GCIPL and, to somegextent, the INL is also

associated with an increased chance of developing Parkinson “d d that which is

conferred by age, sex, ethnicity, hypertension and diabete ely, these findings

strengthen the argument that neurodegenerative p gy in on disease involves the

GCIPL and INL and that these retinal layers m progna@stic clinical relevance.
Prevalent Parkinson digease an thickness
The INL acts as a baudfier to pr n of retrograde trans-synaptic axonal degeneration

(RTSD) from the brain to'the.eye. ¥ The anatomical reason for this is the network function of the

INL which involv I connections of bipolar cells with amacrine and horizontal cells.

Data on the preservatign of INL thickness have been confirmed in the second of two large meta-
analyses in multiple sclerosis (MS).2*° In contrast to the INL, there is atrophy of the
peripapillary RNFL which is robust on repeat meta-analyses over two decades and different OCT
devices. Therefore, the finding of reduced INL thickness in the present cohort is not only novel,
but also permits formulation of a new hypothesis of retinal neurodegeneration in Parkinson

disease (Figure 4). Although the effect measure was modest (~ 1 um), we found reduced INL

thickness consistently across all parafoveal segments in prevalent Parkinson disease and in the
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inferior and temporal subfields in incident Parkinson disease. Studies thus far have likely been
underpowered to detect this new effect. In a 2021 meta-analysis of a total of 387 participants
across four reports, only two showed significant associations between INL thickness and
prevalent Parkinson disease but with opposite directions of effect.** While Schneider et al found
a reduction in INL thickness (mean: 1.2 pm) when comparing 65 patients with Parkinson disease
against age and sex-matched controls,® Albrecht et al noted a mean increase of 4 pum.*
Participants in the latter work were younger on average (61.2 = 2.0 Versus %.2 + 12) but both

had similar disease duration and severity. Dopaminergic activity in the inner retina

predominantly comes from the amacrine cells,® which jat ith Mganglion and All

amacrine cells. Intracellular alpha-synuclein aggrégates, have b found in the INL* and

| acCumulation of toxic protein aggregates provide

igure 4). On a molecular level, toxic protein

d to energy deficiency and neurodegeneration. Thus, a
or our finding could be a primary inner retinal Parkinson
disease-related do degeneration manifesting as INL thinning on OCT. This
explanation reconcilesyour data on reduced INL thickness in Parkinson disease with the general
absence of INL atrophy in non-dopaminergic neurological disorders, where inner retinal change

arises from RTSD.2
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Prevalent Parkinson disease and GCIPL thickness

We found individuals with Parkinson disease had significantly thinner GCIPL, most prominent
at the superior and inferior subfields and persisting when excluding all patients with diabetes.
For context, our effect estimate (-2.12 um) equates to approximately 14 years of age in a recent
UKBB cohort analysis.®® Across 690 participants in 10 studies, Huang et al found that people
with Parkinson disease had on average 3.17 um (95% CI: -5.07, -1.26) thinner GCIPL compared
to controls, with the inferior subfield exhibiting the greatest ence 86 um). GCIPL

thinning has similarly been reported in Alzheimer’s disease and following ischaemic stroke
| AN N |
mediated through RTSD.”™°" Even among neurologically healthy older individuals, a thinner

Yy

GCIPL is associated with grey matter volume and brain atrophy.®® Grey matter atrophy is found

A Y

in patients with Parkinson disease, but it is heterogenous and inconsistent,® possibly because

L

AN
grey matter atrophy represents neuronal cell death®

V4

disease. Instead, animal models suggest that axonal changes are likely to be earlier events** and

a N\ ) 7

this is supported by degeneration of white matter brain connections prior to cortical atrophy in
a4

which is a relatively late event in Parkinson

Parkinson disease.*? In the retina, c‘zlopaminergic cell bodies are found at the border of the INL
and inner plexiform layer, with axons projecting along the GCIPL. We can consider two
potential mechanistic explanations for the reduced GCIPL thickness we have observed in
Parkinson disease. Firstly, cerebral neurodegeneration in Parkinson disease may induce GCIPL
thinning through RTSD given similar mechanisms seen in other neurodegenerative diseases. An
alternative possibility is a local effect originating with dopaminergic dysfunction in the INL, or
in situ axonal degeneration of the retinal ganglion cell. Although dopaminergic neurons represent
<1% of all amacrine cells in the INL (density of 10-100/mm?)*, they reach their peak density in

the parafoveal region in healthy primates (corresponding to the 1-3mm ETDRS area investigated
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in this report)®. Moreover, retinal dopaminergic dysfunction in humans with Parkinson disease
has previously been linked with death of adjacent cells, particularly ganglion cells. The
dopaminergic amacrine cells couple to melanopsin-sensitive retinal ganglion cells in the GCIPL
and immunohistochemistry shows that reduced dopaminergic plexi in individuals with Parkinson
disease are accompanied by abnormal retinal ganglion cell morphology.** Immunohistochemical
staining for dopamine was almost absent from the INL in Parkinson disease. Therefore, while the
GCIPL and INL atrophy observed in the parafoveal region may predom?antly involve other cell
types, it is likely to be pathophysiologically related to dopaminergic cell death or dysfunction.
Future studies are needed to determine whether progression of\GCIPL atrophy in Parkinson
disease is driven by retrograde mechanism from the posterior thalamus (eg lateral geniculate
- N\ 7
nucleus atrophy precedes GCIPL atrophy) or anterograde fro,m the INL (INL thinning precedes

GCIPL atrophy).

Incident Parkins d inner retinal thickness

In our report, thi L and GCIPL were also associated with a higher risk of developing

Parkinson disease. However, it should be noted that the effect sizes, especially for the INL, are
small, so the practical value for an individual as a marker of early Parkinson disease is currently
limited. The association between retinal layer thicknesses and incident Parkinson disease had not
yet been explored; however, findings in early and prodromal Parkinson disease do corroborate
our results. Reduced thickness of the GCIPL has been described in individuals with drug-naive

Parkinson disease and is related to severity of disease.*** Individuals with idiopathic rapid eye

movement sleep behaviour disorder, a variant of prodromal Parkinson disease where >70% of

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



affected individuals may convert to a Lewy body disease,*® have thinner ganglion cell complexes
on OCT with the severity related to the degree of nigrostriatal dopaminergic degeneration.*’
Epidemiological patterns in other neurodegenerative diseases have also suggested inner retinal
changes may occur early. In the Rotterdam Study, Mutlu et al found that individuals with thinner

mRNFL on OCT had an increased risk of developing Alzheimer’s dementia.’® Another

neurodegenerative explanation for the reduced inner retinal thickness observed could be

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



Limitations

Firstly, for our prevalent Parkinson disease analysis, we did not have detailed clinical
information about Parkinson disease status, such as diagnosis date, treatment patterns or current
therapy. We were therefore not able to relate retinal morphology to disease duration or severity,
although retinal thicknesses have not been shown to differ between individuals with treated and

untreated Parkinson disease.*® Secondly, our case definition of Parkinsen. disease was based on

ICD-10 codes rather than a Parkinson disease-specific reference D-10 codes from

HES for Parkinson disease have been validated in a subset of 28,000 UKBB participants and

shown to have a positive predictive value of 0.84 8-0.94)%5, A separate report at a large

hypothesis in the INL.
individuals with Parkin diseas@ who have had in-vivo OCT, such as the UK Parkinson

disease Brain Ban

In conclusion, our report demonstrates that individuals with Parkinson disease have significantly
thinner GCIPL and the INL. These differences appear early, being discernible several years prior
to clinical presentation. It remains unclear whether such changes relate to the increased
neurodegeneration found in the brains of individuals with Parkinson disease and resulting RTSD,

or could represent a primary dopaminergic degeneration focused within the inner retina with

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



anterior propagation of neurodegeneration. Further studies exploring the chronological sequence
of retinal sublayer thickness would help elucidate the mechanism and determine whether retinal
imaging could support the diagnosis, prognosis, and complex management of patients affected

by Parkinson disease.

WNL-2023-000510_etabl ---http://links.lww.com/WN
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Characteristic Parkinson disease (n=700) Controls (n=105,770) p-value

Age (years) 77.5+/-8.0 65.4 +/- 13.5 <0.001
Women (n (%)) 292 (41.7) 54,717 (51.7) <0.001
Ethnicity (n (%)) South Asian 154 (22.0) 18,188 (17.2) 0.026
Black 55 (7.9) 9,249 (8.7)
Other/Mixed 99 (14.1) 17,510 (16.6)
White 292 (41.7) 40,316 (38.1)
Unknown 100 (14.3) 20,507 (19.4)
Hypertension (n (%0)) 558 (79.7) 10 (50.1) <0.001
Diabetes mellitus (n (%)) 356 (50.9) A'\ 31,3‘9.7) <0.001
Glaucoma (n (%)) 59 (8.4) ‘ 7,964 .5) 0.39
mRNFL (um) All inner subfields 24.7 41 )\ \Y+/- 8.4 <0.001
Inner superior 26.6/¥1-'9.8 27.0+-95 0.017
Inner nasal (5&3 ’V 25.2 +/- 10.0 0.21
Inner temporal 19.9 +/- 21.0 +/-8.7 <0.001
Inner inferior A 7.4+-96 ) 285+/-9.6 <0.001
GCIPL (um) All inner subfie A‘\ \7.1:/- 15.0 82.9 +/-13.9 <0.001
| N

Inner supe‘r'l\/'\ 7’ +-17.0 83.0 +/- 15.4 <0.001
PN

Wl ‘ , 78.0 +/- 16.0 84.0 +/- 15.1 <0.001

In“temporal \ 7 76.6 +/- 15.5 81.4 +/- 14.0 <0.001

7~ NinrieRinferior 76.9 +/- 16.9 83.3+-15.3 <0.001

INL (um) All inner subfields 39.9 +/- 6.3 41.1+/-6.8 <0.001
\‘ Inner sliperior 40.0 +/- 7.7 41.5+/-8.0 <0.001

—¥rner nasal 41.0+/-7.0 42.1+/-78 <0.001

kYlnner temporal 379+4/-8.0 39.2+/-7.9 <0.001

Inner inferior 40.5+/-7.7 41.8+/-7.9 <0.001

Table 1: Baseline characteristics of the AlzEye cohort by Parkinson disease status. Note that
all results are at the level of the individual with the summary values for retinal imaging
representing the means of the two eyes. Except where indicated, all characteristic results are
shown as mean +/- standard deviation.

INL: inner nuclear layer, GCIPL: macular ganglion cell-inner plexiform layer, mRNFL: macular

retinal nerve fibre layer, SD: standard deviation.
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Prevalent Parkinson disease AlzEye - all AlzEye — no diabetes mellitus

(n cases = 700) (n cases = 344)
Characteristic Layer thickness difference (95% CI) p-value Ahickness difference (95% CI) p-value
MRNFL (um) All subfields -0.39 (-1.04, 0.26) 0.24 /\ ‘36 (-1.30, 0.57) 0.45

Inner superior -0.26 (-1.00, 0.47) 0.48 / \ 6 (-1.41, 0.69) 0.50
Inner nasal -0.19 (-0.97, 0.59) o;\ ) y 02 (-1.16, 1.12) 0.97
N PN ,
Inner temporal -0.69 (-1.37, -0.02) ‘Uh«s ‘ -0.78 (-1.73,0.17) 0.11
A
Inner inferior -0.41 (-1.16, 0.34) ( v ‘y -0.26 (-1.33, 0.82) 0.64

GCIPL (um) All subfields -2.12 (-3.17, -1.07) 8.2 ‘ -1.79 (-3.30, -0.27) 0.020
Inner superior -2.36 (-3.52, -1.19) 72x107 -2.07 (-3.73,-0.41) 0.015

y N
Inner nasal -2.01 (-3.15, -Oy - 56 x 10 -1.54 (-3.18, 0.09) 0.06

Inner temporal -1.75 (-2.82, -ﬁv y 0.001 -1.49 (-3.03, 0.04) 0.06

Inner inferior -2. 38@ ' 6.0 x 10° -1.90 (-3.56, -0.24) 0.025

INL (pm) All subfields 099\52 -0.47) 2.1x10* -0.85 (-1.58, -0.13) 0.022
Inner superior W 5.9x10* -1.06 (-1.92, -0.21) 0.015
Inner nasal ‘ -1.00 (-1.61, -0-39) 0.001 -0.79 (-1.63, 0.05) 0.07
Inner temporal -0.99 (-1.60, -0.38) 0.001 -1.00 (-1.83, -0.16) 0.019
Inner inferior ‘N 0'89%(-1.51, -0.28) 0.004 -0.59 (-1.44, 0.26) 0.18
Table 2: Association between retinal la ICkNess and prevalent Parkinson disease. Pooled adjusted regression coefficients estimated

using linear mixed effects modelling retinal 18yer thickness against Parkinson disease. All models are adjusted for age, sex, ethnicity, diabetes
mellitus and hypertension. CI. confidence interval, INL: inner nuclear layer, GCIPL: macular ganglion cell-inner plexiform layer, mRNFL.:

macular retinal nerve fibre layer

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



Variable

Retinal sublayer
Age

Sex

Ethnicity

Diabetes mellitus

Hypertension

Per SD increase

Per decile

Female

Male

Asian (South)
Black
White

Other/Mixed
Absent
Present
Absent

Present

Table 3: Association between retinal

exposures variables derived from multivari

mRNFL (all inner subfields)

HR (95% CI)

0.81 (0.60, 1.11)

1.21 (1.15, 1.28)
Reference

391 (2.11, 7.24)
Reference

2.74 (0.12, 62.90)

1.45 (0.12, 18.15)

0.98 (0.03, 32.57)

1.15 (0.25, 528\

(S
0.77&9,1.54) ) 046

tMand exposure variables with incident Parkinson disease. Hazard ratios for all

e \ )

Incident Parkinson disease

GCIPL (all inner subfields)

HR (95% Cl)

0.62 (0.46, 0.84)

V4
6.10 (3.62, 10.28 1.2 x 1
X‘\ ‘

PO
Ve ‘( )"
CN "
\2 12 (OV
) "¢

152(0.11,20.2)

v (0.11, 20.24)
\

Reference

1.04 (0.22, 4.80)

Reference

0.77 (0.38, 1.55)

nuclear layer, mMRNFL: macular retinal nerve fiber layer, SD: standard deviation.

p-value

002

0.65

0.75

0.99

0.96

0.46

INL (all inner subfields)

HR (95% CI)
0.70 (0.51, 0.96)
1.22(1.15,1.28)
Reference

454 (2.39, 8.60)

Reference
3.26 (0.14, 76.77)
1.48 (0.11, 19.28)
1.01 (0.03, 35.25)
Reference
1.08 (0.23, 4.99)
Reference

0.76 (0.38, 1.52)

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.

p-value
0.026

1.7x10%

35x10°

0.46

0.77

1.0

0.92

0.43

le frdilty models. Models for average inner subfield thickness for the macular retinal nerve fiber,

ganglion cell-inner plexiform and inner nuclear layers are shown. GCIPL: ganglion cell-inner plexiform layer, HR: hazard ratio, INL: inner



Unadjusted Adjusted Adjusted - late diagnosis

Incident Parkinson disease HR (95% CI) p value HR (95% CI) p-value HR (95% CI) p-value
mMRNFL (jum) All subfields 0.81 (0.62, 1.06) 0.13 0.81 (0.60, 1.11) 0.19 0.83 (0.61, 1.12) 0.23
(per SD increase) Inner superior 0.85 (0.65, 1.10) 0.21 0.85 (0.62, 1.15) 0.29 0.86 (0.63, 1.16) 0.32

‘

Inner nasal 0.87 (0.64, 1.18) 0.37 0.83 (0.58, 1.19) ( 0.85 (0.60, 1.20) 0.36
Inner temporal 0.96 (0.74, 1.23) 0.73 1.04 (0.79, 1.35), ° ‘\o .80 , 1.05 (0.80, 1.37) 0.73
Inner inferior 0.79 (0.63, 1.00) 0.047 0.77 (0. 6‘%)) 5 0.78 (0.60, 1.01) 0.06
GCIPL (jum) All inner subfields 0.54 (0.42,0.71) 8.0 x 10° 0.62 , 0 \‘ \0.002 0.64 (0.48, 0.87) 0.004
(per SD increase) Inner superior 0.57 (0.45, 0.74) 1.5 x 10° N, 0.85) \/ 0.002 0.65 (0.49, 0.87) 0.004
Inner nasal 0.54 (0.42, 0.71) 5.5 x 10° 0.67 (0.5090.90) 7 0.008 0.69 (0.52, 0.93) 0.014
Inner temporal 0.66 (0.51, 0.87) 0.003 ,< ’70 (051, oy 0.019 0.73 (0.54, 0.98) 0.038

Inner inferior 0.57 (0.45, 0.72) %ﬁ A 0.61 (0.47, 0.81) 49 x10* 0.62 (0.47, 0.82) 7.6 x10*
INL (um) All subfields 0.85 (0.66, 1.11) 24 ) y(o.51, 0.96) 0.026 0.70 (0.51, 0.97) 0.032
(per SD increase) Inner superior 0.88 (0.68, 1.14) )k / 0.76 (0.56, 1.04) 0.08 0.76 (0.56, 1.04) 0.09
Inner nasal 1.07 (0.82, 1.39) y 0.92 (0.67, 1.26) 0.61 0.94 (0.67, 1.29) 0.70
Inner temporal 0.80 (0.6 .\ 0. 0.67 (0.49, 0.92) 0.013 0.67 (0.48,0.92) 0.013
Inner inferior 0.79 (o.ko.gg) \W.ow 0.66 (0.51, 0.86) 0.002 0.66 (0.50, 0.86) 0.002

Table 4: Association between retinal layer thiWincident Parkinson disease. Hazard ratios derived from mixed effects Cox

proportional hazards modelling time to dia Parkinson disease against retinal layer thicknesses. Adjusted models control for age, sex,

ethnicity, diabetes mellitus and hypertension.Late diagnosis model excludes all individuals developing Parkinson disease within 2 years of
retinal imaging. CI: confidence interval, HR: hazard ratio, INL: inner nuclear layer, GCIPL: macular ganglion cell-inner plexiform layer,

MRNFL: macular retinal nerve fibre layer

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



Figure legends

Figure 1: Flow chart detailing inclusion and exclusion of participants in both AlzEye

and UK Biobank. PD: Parkinson disease.

AlzEye UK Biobank
Patients Patients
(N =154,830) (N=67311)
Excluded (n = 48,360): Excluded (n = 16,906):
+ Nonmacula fixation (4,687) « Insufficient image quality (9,935)
» + Insufficient image quality (39,543) » * Unknown ethnicity (398)
v * Unknown sex (9) v » Self-reported eye disease (6,551)
+ Dementia without PD (3,800) » Self-reported PD (22)
Patients + Prior to PD diagnosis (321) Patients
(n=106,470) (n =50,405)
Control PD Did not Incident PD
(n =?85r370) (n = 700) develop PD n?‘;‘ < 23)
' (n=50,352)

Figure 2: Distribution of retinal sub

N\ 7
ne& AlzEye and UK Biobank.
Raincloud plots consisting of a densi oxawhis nd scatter plots for AlzEye (A-C) and

UK Biobank (D-F) for individ ayers. Scatter points represent the mean of both

eyes (where available) icipant. JTo improve visibility, a random 2% of control

participants are illustrated.

-

A. Retinal nerve fiber layer B. Ganglion cell-inner plexiform layer C. Inner nuclear layer & Control

B3 PD
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D. Retinal nerve fiber layer E. Ganglion cell-inner plexiform layer F. Inner nuclear layer
. E : : iy, .y
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Figure 3: Summary of findings for prevalent and incident Parkinson disease. Values are
shown per parafoveal region and for the average of all inner segments (small donut). The

effect measure corresponds to a color scale with warm colors indicating lower numbers.

I1: inner inferior, IN: inner nasal, IS: inner superior, IT: inner temporal INL: inner nuclear

layer, GCIPL: macular ganglion cell-inner plexiform layer, mRNFL: macular retinal nerve
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Figure 4: lllustration of cell type distribution in the retina. An example optical coherence
tomography scan of the nasal macula adjacent to a schematic detailing interactions with
dopaminergic amacrine cells. Dopaminergic cells (1) have dense plexi positioned throughout
the inner plexiform and inner nuclear layers. They are pre-synaptic to amacrine All cells (2)
and some dopaminergic processes project towards the photoreceptor layer where they interact
with horizontal cells (3). They are postsynaptic to bipolar cells (4). Previous work has
demonstrated aggregation of proteins, including o synuclein, within the inner nuclear layer

(5), which could result in impairment of nearby ganglion cells.

m layer, PRL.:

e fiber layer
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