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Abstract

Background—-Brain structure abnormalities throughout the course of Parkinson’s disease have
yet to be fully elucidated.
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Objective—Using a multicenter approach and harmonized analysis methods, we aimed to
shed light on Parkinson’s disease stage-specific profiles of pathology as suggested by /n vivo
neuroimaging.

Methods—Individual brain MRI and clinical data from 2,357 Parkinson’s disease patients and
1,182 healthy controls were collected from 19 sources. We analyzed regional cortical thickness,
cortical surface area, and subcortical volume using mixed-effect models. Patients grouped
according to Hoehn and Yahr stage were compared to age- and sex-matched controls. Within
the patient sample, we investigated associations with Montreal Cognitive Assessment scores.

Results—Overall, patients showed a thinner cortex in 38 of 68 regions compared to controls
(dmax=—0.20, dpjn=—0.09). The bilateral putamen (djesr = —0.14, djgpe = —0.14) and left
amygdala (&= —0.13) were smaller in patients, while the left thalamus was larger (¢= 0.13).
Analysis on staging demonstrated an initial presentation of thinner occipital, parietal and temporal
cortices, extending towards rostrally located cortical regions with increased disease severity. From
stage 2 and onwards the bilateral putamen and amygdala were consistently smaller with larger
differences denoting each increment. Poorer cognition was associated with widespread cortical
thinning and lower volumes of core limbic structures.

Conclusions—Our findings offer robust and novel imaging signatures that are generally
incremental across, but in certain regions specific to, disease stages. Our findings highlight the
importance of adequately powered multicenter collaborations.

Graphical Abstract

2357 PD patients vs 1182 controls
Cortical thickness
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Introduction

Methods

Samples

Parkinson’s disease (PD) is the world’s second most prevalent neurodegenerative disease.
Apart from cardinal motor symptoms, patients may suffer from cognitive, neuropsychiatric,
and autonomic dysfunction.! Clinical features of PD are thought to arise in part from
dysfunctions of neural circuits, involving both cortical and subcortical regions.2 The use

of neuroimaging to investigate macroscopic brain structural changes in PD may help to
understand patterns of the underlying pathology and potentially provide /n vivo biomarkers
of disease process and development.

Structural MRI of the brain allows for non-invasive assessment of cortical and subcortical
morphology. Most imaging studies of PD report findings consistent with the atrophic
process that underlies neurodegeneration, such as lower measures of subcortical volume
and cortical thickness in PD compared to healthy controls.3 Reported atrophy patterns vary
across studies in terms of location and effect size, and it is still poorly understood how
disease severity relates to profiles of abnormal brain morphology.3# The discrepancies may
be, in part, explained by methodological factors, including small sample sizes for individual
studies, and differences in analysis methods. Heterogeneity with respect to demographics
and clinical characteristics of the patient sample, regions of interest assessed, and algorithms
used for segmentation and parcellation (e.g., atlas-based versus voxel- or vertex-based) may
also produce differences in reported findings, which in turn complicates comparability of
study outcome.

Large-scale collaborations, such as the Enhancing Neuroimaging through Meta-Analysis
(ENIGMA) consortium, have been initiated to overcome these limitations, by harmonizing
data processing and analysis across studies, and aggregating information across multiple
samples worldwide.?

The ENIGMA-PD Working Group is an international initiative, set up to identify imaging
signatures of pathology in PD, and factors that influence them. In the largest study on PD
brain morphology to date, we report on differences in regional cortical thickness, cortical
surface area, and subcortical volume between PD patients and healthy control subjects, and
provide clinico-morphological correlates, taking into account disease severity, age, and sex.

Data were collected between September 2016 and December 2019. We analyzed T1-
weighted MRI scans from 19 sites, from 20 countries (Fig. S1), comprising 2,357 PD
patients and 1,182 control subjects. Clinical information from the PD subjects included
Hoehn and Yahr (HY) stages,® illness duration, and Montreal Cognitive Assessment
(MoCA) scores.” Every site additionally supplied scans of healthy controls, if available, with

Mov Disord. Author manuscript; available in PMC 2022 November 01.
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identical MR imaging parameters. Individual site inclusion/exclusion criteria are provided in
Table Sla. The 43 samples of PD patients and controls provided were defined as ‘cohorts’,
such that sites may contribute multiple cohorts from separate testing environments. In
particular, the PPMI (Parkinson’s Progression Markers Initiative) collects data across
multiple centers,8 and these were treated as independent cohorts. Disease severity was
assessed using the HY stages, ranging from 1 to 5; HY'1 denotes unilateral motor
impairment, and HY5 confinement to bed or wheelchair. The modified HY classification,
which includes intermediate increments of 1.5 and 2.5 to complement stage 2,% was used in
12 cohorts. We regrouped the cases so that HY1.5 (N = 83) and HY2.5 (N = 169) patients
were included in the HY2 group. HY4 (N = 66) and HY5 (N = 17) patient groups were
merged. The nearest neighbor matching procedure, featured in the Matchlt software package
for R,10 selected an age- and sex-balanced subsample of controls for each HY group based
on propensity score matching with replacement.

Image Acquisition and Processing

Structural brain MRI scans were obtained with a 3-dimensional gradient-echo T1-weighted
sequence. Site-specific parameters are summarized in Table S1b. Contributing sites
processed their data locally using standardized ENIGMA protocols for harmonization

and quality control (see http://enigma.ini.usc.edu/protocols/imaging-protocols/). Regional
cortical thickness, cortical surface area, and subcortical volume metrics were extracted
from the brain images using FreeSurfer 5.3. For each subject, per hemisphere, FreeSurfer
parcellated 34 cortical regions of interest (ROIs) based on the Desikan-Killiany atlas,

and eight subcortical ROIs.11:12 Poorly parcellated regions were excluded from the
statistical analysis, in accordance with the standardized protocols. All collaborators in

our Working Group granted permission to share individual participant derived data,
including demographic and clinical characteristics, and FreeSurfer-derived measures. All
sites provided anonymized data with ethical approval from their local ethics committees and
institutional review boards.

Analysis of Cortical and Subcortical Properties

Between-group differences were assessed using multivariable linear mixed-effect regressions
on the pooled means of regional cortical thickness (mm), regional and total cortical surface
area (mm?), regional subcortical volume, and intracranial volume (ICV: mm?3). Independent
variables Diagnosis, Age, Sex, and ICV were used as fixed factors and Cofiortwas included
as a random intercept.

The main analysis examined differences between all patients and controls using model 1a
(ROI ~ Diagnosis + Age + Sex + ICV + Cohor?) for subcortical volume and regional cortical
surface area, model 1b (ROI ~ Diagnosis + Age + Sex + Cohori) for cortical thickness

and total cortical surface area, and model 1c for ICV (ICV ~ Diagnosis + Sex + Cohori).
Omitting ICV in the thickness model is consistent with previous research on nuisance
factors.13 Differences between patients grouped by HY stage and age- and sex-matched
controls were assessed using model 2a (ROl ~ Diagnosis(HY ) + ICV + Cohort) for
subcortical volume and regional cortical surface area and model 2b (ROl ~ Diagnosis(HY )
+ Cohori for cortical thickness and total cortical surface area. The d-statistic appropriate
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for mixed-effect models was estimated to quantify the effect size of the differences.14 The
percentage difference of patients from controls was calculated using the least-square group
means of the outcome measure.

In addition, we used a linear mixed-effects regression model to examine within-group
associations between the morphometric measures and cognitive ability, and illness duration,
incorporating model 1a for subcortical volume and cortical surface area, and model 1b for
cortical thickness. The r-statistic appropriate for mixed-effect models was reported as the
effect size.1* To determine how representative the MoCA subgroup was for the complete PD
sample, we performed a differential analysis between the PD group with available MoCA
scores and the control group (supplementary material).

Significant results that passed Bonferroni correction for multiple comparisons were reported
(i.e. p-value 0.05 divided by number of ROIs of each outcome measure); ICV is calculated
differently from the subcortical volume measure, and was treated as a separate outcome
measure.1®

Complete sample

HY stages

Data flow for each analysis is depicted in Fig. 1, participant data in Table 1. There was a
significant difference in age, £1947.3) = 9.9, p< 0.001, and sex, X4(1, N=3539) = 35.2, p<
0.001, between patients and controls in the complete sample.

Cortical thickness, cortical surface area and ICV—PD patients showed a
significantly thinner cortex compared to controls in 20 of 34 left hemisphere ROIS (@4
=-0.20, —1.79%; @i = —0.10, —0.78%) and 18 of 34 right hemisphere ROIS (@2 = —0.19,
-1.87%; d, = —0.09, —0.88%; Fig. 2a and Table S2a). Differences appeared symmetrical
in 16 ROIs. All but the right parahippocampal gyrus (p =0.0891), left pars orbitalis (p =
0.0572), and left superior frontal gyrus (p =0.0600) remained significant when corrected for
ICV. Surface areas of the left frontal pole (= -0.17, —3.08%) and lateral occipital cortex (d
=-0.12, —1.48%) were significantly smaller in patients (Fig. 2b and Table S2b). We found
no differences for total surface area between patients and controls (p = 0.5272). Patients had
a higher ICV than controls (p= 0.010, ¢= 0.08, 0.98%).

Subcortical volume—PD patients showed a significantly larger left thalamus (¢=0.13,
1.79%), smaller putamen bilaterally (djes= -0.14, =2.03%; djjgp = —0.14, =2.01%), and a
smaller left amygdala (&= —0.13, —2.27%), compared to controls (Fig. 2c and Table S2c).

The matching procedure selected 435 stage 1 patients (846 controls), 940 stage 2 patients
(907 controls), 258 stage 3 patients (501 controls), and 83 stage 4 & 5 patients (329
controls) for the analyses (Tables S8a—d). Controls partially overlapped across stages (Tables
S9). Mann-Whitney tests revealed significant differences in illness duration and MoCA
scores between all HY groups (Table S10).
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Cortical thickness—A summary of thickness results is shown in Fig. 3a and Table S3a,
and complete results in Table S4a—d. Compared with controls, HY 1 patients showed a
thinner left fusiform (d=-0.16, —1.31%) and inferior temporal cortex (¢= -0.18, —-1.43%),
right precuneus (d= -0.17, —1.46%), and inferior (d= —-0.22, —1.91%) and superior parietal
cortex (d=-0.17, —1.71%). HY 2 patients showed a thinner cortex in eight left hemisphere
ROIS (dpax = —0.17, —2.53%; dpin = —0.13, —1.22%) and seven right hemisphere ROIS (@jnax
=-0.18, =1.97%; dp,jn= —0.13, —1.34%). HY3 patients showed a thinner cortex in 15 left
hemisphere ROIS (02 = —0.37, =3.67%; dpnin = —0.21, —2.21%) and 17 right hemisphere
ROISs (@pax = —0.33, =4.74%; dpjn = —0.17, —1.89%). HY4-5 patients showed a thinner
cortex in 14 left hemisphere ROISs (@j;qx = —0.58, —=5.24%; d/y, = —0.34, —2.88%) and 15
right hemisphere ROIS (@2 = —0.52, =5.75%; djn = —0.31, —3.19%). When corrected for
ICV, all ROIs remained significant, except for the right temporal pole (p =0.0512) in HY3
and the right isthmus cingulate gyrus (p =0.0744) in HY4-5.

Cortical surface area—Compared to controls, HY1 patients showed a smaller surface
area of the left frontal pole (d=-0.22, —3.93%; Fig. 3b, Table S3b, and Table S4e-h). HY2
patients showed a smaller surface area of the lingual cortex (djes= —0.15, =2.32%; gy
=-0.17, -2.57%), left lateral occipital cortex (d=—0.15, —1.99%), and right pericalcarine
cortex (d=-0.17, —3.03%). HY 3 patients showed a smaller surface area in 9 left hemisphere
ROIs (@pax = —0.32, =5.82%; )y, = —0.25, —3.40%) and 7 right hemisphere ROIS (@yax =
-0.35, -4.72%; dpnin = —0.25, —=3.11%). HY4-5 patients combined showed a smaller surface
area of the precuneus (djes = —0.42, =5.10%); yjgn = —0.40, —4.79%), and left inferior
temporal (¢=-0.40, -5.73%) and lateral occipital cortex (d= -0.42, -5.50%). We found
no differences for total surface area between patients and controls for all HY stages (Table
S12).

Subcortical volume—Results of the subcortical analysis are depicted in Fig. 3c, Table
S3c, and Table S4i-I. Compared to controls, HY1 patients showed a significantly larger

left thalamus (&= 0.15, 2.15%). HY2 patients showed smaller bilateral amygdalae (@5 =
—0.16, =2.99%; djjgn= —0.12, —2.28%) and smaller putamen (des; = —0.15, =2.45%; Ojjgnr =
—0.15, -2.49%). At HY3, patients showed smaller amygdalae (djes = —0.44, —8.63%); djigns =
—0.32, —6.28%), putamen (djesr = =0.27, =4.67%; dljgpe = —0.24, —4.16%), hippocampi (djerr
=-0.24, -3.43%; dljgn = —0.28, —4.27%), and left caudate nucleus (= -0.22, -3.72%).
Finally, HY4-5 patients showed smaller amygdalae (djes = —0.64, =11.60%; @/jgp = —0.55,
—9.98%), hippocampi (djerz = =0.55, —6.82%; djjgn = —0.61, =8.11%), putamen (djerr =
—0.42, —6.43%; djjgn= —0.47, =7.47%), left caudate nucleus (¢'= -0.33, =5.20%) and
globus pallidus (d=-0.32, —6.97%), and right accumbens (d'= -0.47, —12.45%). The lateral
ventricles were larger in PD (djesy = 0.36, —=18.42%; djjgn = 0.52, —=27.80%).

Post-hoc HY side-by-side comparison—Comparisons between HY increments, using
model 1, revealed mainly significantly thinner cortical and smaller subcortical ROIs in

HY3 compared to HY2 that overlapped with the case-control findings (Tables S7a—i).
Comparisons between HY groups, additionally corrected for illness duration, revealed
largely consistent volume differences of both hippocampi and left amygdala (Tables S11a—

c).
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A total of 1,057 patients had MoCA scores available for analysis (Table S12), including 425
patients (40.2%) with cognitive impairment (i.e. MoCA < 26), of which 88 patients (8.3%)
with dementia (i.e. MoCA < 21).

Cortical thickness and surface area—Thickness results are depicted in Fig. 4a, Table
S5a, and S15a. The analysis revealed a significant positive correlation between MoCA
scores and cortical thickness in 15 ROIs in the left hemisphere (/;2x = 0.14; ;5= 0.09)

and 13 ROIs in the right hemisphere (/;;,2x= 0.14; rimin = 0.08). All ROIs but the left
precuneus and right transverse temporal gyrus remained significant when corrected for
illness duration. Surface area results are shown in Fig. 4b, Table S5b, and S15b. We found

a significant positive correlation between MoCA scores and cortical surface area in the left
pars opercularis (r=0.11) and the right inferior parietal cortex (r=0.12). This remained
significant when corrected for illness duration. MoCA PD patients versus controls results are
depicted in Table S6a,b.

Subcortical volume—\WVolume results are depicted in Fig. 4c, Table S5c¢, and S15c.

The analysis revealed a significant positive correlation between MoCA scores and the
hippocampi (7zefz= 0.11; r7jgne= 0.12), amygdalae (/jefr = 0.13; 77jgne = 0.11), and left
putamen (r=0.08) volumes. In addition, we found a negative correlation between MoCA
scores and lateral ventricular volume bilaterally (77es=—0.12; 77jgp = —0.11). All ROIs but
the left putamen remained significant when corrected for illness duration. MoCA patients
versus controls results are depicted in Table Séc.

IlIness duration

A total of 2,211 patients had illness duration scores available for analysis (Table S13).

Cortical thickness and surface area—Thickness results are depicted in Table S14a.
The analysis revealed a significant negative correlation between illness duration scores and
thinning of the precuneus (/7es = —0.06; /gy = —0.06), and left inferior (7= -0.06) and right
superior parietal cortex (r=-0.06). Surface area results are shown in Table S14b. We found
a significant negative correlation between illness duration scores and cortical surface area in
the medial orbitofrontal cortex (r=—0.08). Results uncorrected for Age are depicted in Table
Sl4d-e.

Subcortical volume—\Volume results are depicted in Table S14c. The analysis revealed a
significant negative correlation between illness duration scores and the thalami (7= —0.05;
I'right = —=0.06), amygdalae (/e = =0.11; r7jgp = —0.10), hippocampi (e = =0.06; g =
—0.06), caudate (/7ef; = =0.10; r7jgp = —0.08), left putamen (7= -0.07), and left accumbens (r
=-0.06) volumes. Results uncorrected for Age are depicted in Table S14f.
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Discussion

Main findings
In this largest collaborative MRI study on PD to date, we found lower cortical thickness,
on average, in patients compared to controls across all HY disease stages, more pronounced
with higher disease severity. In the subcortex, a larger left thalamus in patients in stage 1 was
followed by smaller putamen and amygdalae bilaterally in stage 2 and onwards. Late-stage
patients showed smaller hippocampi, left caudate nucleus, left globus pallidus, and right
accumbens, and larger lateral ventricles. Finally, we found that poorer cognitive performance
was associated with widespread cortical atrophy and volume loss in core limbic structures.

HY and disease staging

The HY stages reliably track disease progression,16 although the relationship between the
development of motor and cognitive symptom development has not been fully elucidated.
Generally, both domains tend to worsen during the disease course, with a dementia
prevalence up to 80% in the final stages of PD, in addition to severe movement disabilities.1’
Our cortical and subcortical findings are strongly in line with an ongoing neurodegenerative
process; each HY increment largely replicates the previous stage with additional implicated
regions, emphasized by longer illness duration and poorer cognitive performance in patients.
Furthermore, there was notable overlap in the implicated cortical and subcortical regions in
the illness duration and HY stage analysis, including parietal, striatal and limbic structures.
This is largely compatible with earlier work on the progression and propagation of atrophy
in early PD, with the exception of the frontal cortex we found to be spared until the later
HY stages.18 Possibly, deformation-based morphometry is more sensitive to capture these
differences, while nuances may alternatively be driven by milder atrophy subtypes.1® The
small effect sizes reflect the subtle differences that may be difficult to capture in smaller,
underpowered studies. Notably, the stringent statistical method we used for better model fit
is known to yield lower effect size estimates.20

Cognitive features

A thinner posterior and temporal cortex has been linked to cognitive impairment in the early
symptomatic stages of PD.21 Indeed, we found that poorer cognition was associated with
thinning in the parietal and inferior temporal regions, contingent upon the thinner cortices
as demonstrated in HY1 and HY2 patients. We may, however, assume the vast majority of
early-stage patients were cognitively normal,22 which would fit the notion that temporal and
parietal degeneration may precede cognitive decline.?! In addition, the implication of the
occipital cortex may relate to compromised visual functions in early-stage PD patients.23
The diffuse pattern of thinner cortices alongside smaller hippocampi and amygdalae in HY3
patients agrees with the more advanced symptomatic stages associated with PD dementia;2
we found those regions accordingly linked to worse cognitive performance. Patients in

the final stages showed enlarged lateral ventricles - highlighting the severe atrophy in
surrounding and adjacent structures, such as the hippocampus. The spared occipital cortex in
HY4-5 contrasting HY2-3 may be a surprising finding, since previous studies demonstrated
a gradual worsening of cholinergic denervation in this region, associated with cognitive
decline and the appearance of dementia.25 It is possibly explained by the relatively small
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HY4-5 sample size and dementia-specific exclusion criteria related to 13 patients (15%),
which together may have nuanced group differences. Interestingly, patterns associated with
cognitive decline appeared largely independent of illness duration, possibly denoting the
variable rate of cognitive symptom progression in PD.24

HY and relation to staging theories—An estimated 80% of striatal dopaminergic
neurons are lost at the time of motor symptom onset in PD.26 Dysfunction of the
nigrostriatal pathway is associated with motor symptoms and leads to reduced activity in
the putamen.2’ We observed lower putamen volumes, indicative of early abnormal atrophy
in PD; the symmetry in HY2 corresponds to the transition from unilateral to bilateral

motor impairment. Striatal degeneration is further highlighted by atrophy of the caudate
nucleus in HY 3 and onwards. The globus pallidus appeared robust to volume loss until the
final stages, contrasting with the role of pallidal dopamine depletion in tremor in PD.28

It should be noted, however, that the globus pallidus notoriously shows poor contrast on
T1-weighted scans,2 hampering adequate segmentation. Perhaps counterintuitively in view
of a neurodegenerative disease, the volume of the left thalamus was higher in HY1 patients
versus controls. Previous studies have reported local shape abnormalities of the thalamus in
PD patients to suggest both atrophic and hypertrophic subregions.3%31 It is proposed that the
initial hypertrophy may be the result of hyperactivity in the cerebellothalamic circuit, which
is thought to underlie Parkinson tremor.28

According to Braak’s staging model,32 Lewy body pathology spreads in an ascending
fashion from brainstem regions towards the subcortex, finally reaching the neocortex
through the mesocortex. Clinical symptoms manifest around Braak stage 4-5, when first
limbic and then mesocortical structures become affected. Similarly, in this study the
bilateral amygdalae are affected first at an early symptomatic stage, with reduced bilateral
hippocampal volumes and thinner entorhinal, parahippocampal, and posterior cingulate
regions in subsequent stages, denoting the transition to the neocortex. The ascending
propagation of pathology as proposed by Braak is challenged by our finding of posterior
cortical implication at an early stage, suggesting that neocortical degeneration may occur
at least parallel to the onset of subcortical degeneration. The simultaneous development

of pathology in multiple systems has been incorporated in alternative staging models

and may offer a more comprehensive theory on the neurobiology of PD that better
accounts for individual differences in manifestation, onset and progression of motor and
non-motor symptoms such as cognitive impairment.33:34 For example, unlike the fronto-
striatal dopaminergic circuits, the posterior cortex is heavily innervated by cholinergic
projections, emphasizing the deterioration of distinct systems. Early stage dysfunction in
the posterior cortex in PD patients has been linked to a phenotype showing rapid cognitive
decline and conversion to dementia.33 We note, however, that MRI-derived findings should
be cautiously interpreted in the context of alpha-synuclein propagation.

ICV and brain size

The larger ICV found in PD patients suggests that cranial overgrowth might be a risk factor
for the disease, supported by earlier research demonstrating a shared genetic background
between ICV and the risk of PD.3 Due to the congruent maturation of the brain and
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cranium, and the unchanged cranial size through adulthood, ICV is considered a stable
proxy for “maximal attained brain size”.35 It could be hypothesized that PD patients have
a larger maximal attained brain size compared to healthy individuals, which would be a
relevant early life marker. In absence of premorbid data, we have evidence to suggest there
is no difference in cerebral size, as measured by total cerebral surface area, between PD
patients and healthy controls, despite early indications of abnormal atrophy in patients.
Investigation of brain size in a premorbid group, such as patients suffering from prodromal
REM-sleep behavior disorder, could provide further insight in the possible role of brain
overgrowth in PD.

The use of cross-sectional data does not allow us to make clear inferences on atrophy
patterns and disease progression as with a longitudinal design. The HY scale also does

not encompass the variety of non-motor symptoms that contribute to disease severity and
progression. Moreover, due to the retrospective nature of data collection, some sites had
specific inclusion/exclusion criteria related to psychiatric illness, cognitive impairment, and
dementia, which may have made our sample less representative of the patient population,
especially in the later HY stages, when these symptoms are more prevalent and severe.
Nevertheless, we demonstrated that both longer illness duration and poorer cognitive
performance were associated with each HY increment. Although the MoCA subgroup

was representative of the full sample in terms of demographics, there may be hidden
confounding clinical or environmental parameters influencing these results not picked up by
our limited sample.

Conclusions

To conclude, in this large, multi-national sample of PD patients versus healthy controls,

we found widespread structural brain abnormalities on the cortical and subcortical level

that may shed new light on the pathophysiology and progression of PD. The cortical and
subcortical findings are strongly in line with an ongoing neurodegenerative process and

with the development and extent of structural differences with increasing disease severity.
The results correspond to earlier findings reported in individual studies and, importantly,
overall correspond to the staging described by Braak,32 with some notable exceptions that fit
alternative staging theories. The results of this study highlight the importance of adequately
powered multicenter collaborations to reveal disease patterns.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Flowchart of Data Inclusion.
Schematic overview of derived subcortical and cortical samples for each analysis.

Abbreviations: HY, Hoehn & Yahr; med, medication; MoCA, Montreal Cognitive
Assessment.
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Figure 2. Cortical Thickness, Cortical Surface Area, and Subcortical Volume Group Differences
for Parkinson’s Disease Patients versus Controls.

D-statistic effect size estimates for mean differences in (A) cortical thickness, (B) cortical
surface area, and (C) subcortical volume. A negative ¢-value indicates smaller measurements
in Parkinson’s disease patients. Cortical regions with P-values < 7.35 x 107 (i.e., 0.05/68
ROIs) are depicted in the heatmap colors. Subcortical regions with A-values < 3.13 x

1073 (i.e. 0.05/16 ROIs) are depicted as in the heatmap colors. Abbreviations: RH, right
hemisphere; LH, left hemisphere; ROI, region of interest, L, left; R, right; n., nucleus.
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Figure 3. Cortical Thickness, Cortical Surface Area, and Subcortical Volume Group Differences
for Parkinson’s Disease Groups, at Different Hoehn & Yahr Stages, versus Age- and Sex-
matched Controls.

D-statistic effect size estimates for mean differences in (A) cortical thickness, (B) cortical
surface area, and (C) subcortical volume. Cortical regions with P-values < 7.35 x 1074

(i.e., 0.05/68 ROIs) are depicted in the heatmap colors. Subcortical regions with ~values
<3.13 x 1073 (i.e. 0.05/16 ROIs) are depicted as * and structures with A-values < 6.25 x
1072 as ** (i.e. 0.001/16 ROIs). Scan the QR code to download the Schol-AR app and aim
your camera at Figure 3 to see an augmented reality version of the supplementary videos.
Abbreviation: ROI, region of interest; L, left; R, right; thal, thalamus; amyg, amygdala;
caud, caudate nucleus; hippo, hippocampus; accumb, accumbens nucleus; put, putamen; pal,
globus pallidus; lat vent, lateral ventricle.
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Figure 4. Cortical Thickness, Cortical Surface Area, and Subcortical Volume Findings for the
MoCA Regression.

R-statistic estimates for the associations with (A) cortical thickness, (B) cortical surface
area, and (C) subcortical volume. Cortical regions with P-values < 7.35 x 107 (i.e., 0.05/68
ROIs) are depicted in the heatmap colors. Subcortical regions with A-values < 3.13 x 1073
(i.e. 0.001/16 ROIs) are depicted in the heatmap colors. Higher MoCA scores denote better
cognitive performance. Abbreviations: RH, right hemisphere; LH, left hemisphere; ROI,
region of interest; n., nucleus.
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Table 1:

Demographic Characteristics of 2,357 Parkinson’s Disease Patients and 1,182 Controls Stratified by Cohort.

N Mean age, years (SD) Female % DURILL, years (SD)
Site Cohort HC PD HC PD HC PD HC PD
Amsterdam Amsterdam | 44 138 56.5(9.48) 63.1(10.81) 39 38 NA  2.1(3.39)
Amsterdam |1 0 61 NA 625(7.08) NA 39 NA  53(3.54)
Bern BE | 23 52 54.1(9.78) 62.9 (10.38) 30 52 NA 12.4 (4.29)
BE Il 30 3 68.2(459) 59.7(6.66) 70 67 NA  11.3(7.57)
Campinas UNICAMP 138 110 58.9(7.91) 59.9(10.2) 63 34 NA  7.3(6.41)
ChangGung  CGU 223 327 61(7.28) 60.1(9.63) 54 43 NA  87(6.33)
Charlottesville  UVAI 0 116 NA 63.7 (8.52) NA 28 NA 9.7 (5.09)
UVA I 0 37 NA 62.4 (9.59) NA 14 NA 8.7 (3.64)
UVA 1T 0 24 NA 70.8 (6.77) NA 29 NA 7.7 (3.23)
Christchurch ~ PDNZ 39 209 67.5(852) 69.4(7.77) 33 26 NA  57(557)
Donders Donders 23 59  627(10.29) 60.8(10.07) 48 44 NA  4.4(3.79)
Graz PROMOVE/ASPS | 124 100 63.4 (10.07) 63.2(10.15) 27 29 NA 4.7 (4.77)
PROMOVE/ASPS 11 0 23 NA 64 (9.9) NA 22 NA 4 (5.69)
Liege Liege | 33 30 658(429) 659(661) 45 37 NA  7.2(532)
Liege Il 43 45  648(833) 669(824) 49 44 NA  6(3.93)
Milan Milan 10 44 53.3(10.53) 57.8(7.71) 70 32 NA  11.4(3.38)
NEUROCON NEUROCON 15 27 66.7 (11.74) 68.7(10.55) 80 37 NA NA
NW-England ~ NW-England | 22 32 70 (7.27) 69.9(858) 45 19 NA  6.8(4.42)
NW-England 11 13 14 64.6 (4.13) 65 (5.67) 38 20 NA  92(6.02
ON Japan ON Japan 15 30  633(5.25) 67.6(6.81) 53 57 NA NA
Oxford Oxford DISCOVERY 57 115 65.6 (8.2) 63.9 (10.05) 39 36 NA 2.3(1.58)
Pennsylvania ~ UDALL/U19 11 112 70.1(5.86) 66.4(7.87) 55 32 NA  7.3(5.48)
PPMI PPMI 1-21 163 347 63.6 (16.73) 62.9(8.19) 36 35 NA 0.6 (0.52)
Rome SLF Rome SLF 125 239 36.6(10.63) 627(10.19) 41 37 NA  49(417)
Stanford Stanford 11 44 65.6(6.47) 68.6(8.49) 8 50 NA  56(3.44)
Tao Wu Tao Wu 20 19  64.8(558) 65 (4.45) 40 47 NA  53(4)
Total 1182 2357 59.4(12.31) 63.4(9.77) 46 36 NA  55(547)

Abbreviations: NA, not available; N, sample size; HC, healthy control; PD, Parkinson’s disease; SD, standard deviation; DURILL, duration of
illness; MoCA, Montreal Cognitive Assessment.
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