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Abstract
Background and Objectives
To investigate the relationship between baseline structural measurements of brain
reserve and clinical progression in Parkinson disease (PD). To further provide a
possible underlying mechanism for structural measurements of brain reserve in PD, we
combined functional and transcriptional data and investigated their relationship with
progression-associated patterns derived from structural measurements and longitudinal
clinical scores.

Methods
This longitudinal study collected data from June 2010 to March 2019 from 2 datasets. The
Parkinson’s Progression Markers Initiative (PPMI) included controls and patients with newly
diagnosed PD from 24 participating sites worldwide. Results were confirmed using data from
the Huashan dataset (Shanghai, China), which included controls and patients with PD. Clinical
symptoms were assessed with Movement Disorder Society–sponsored revision of the Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) scores and Schwab & England activities of
daily living (ADL). Both datasets were followed up to 5 years. Linear mixed-effects (LME)
models were performed to examine whether changes in clinical scores over time differed as a
function of brain structural measurements at baseline.

Results
A total of 389 patients with PD (n = 346, age 61.3 ± 10.03, 35% female, PPMI dataset; n = 43,
age 59.4 ± 7.3, 38.7% female, Huashan dataset) with T1-MRI and follow-up clinical assessments
were included in this study. Results of LME models revealed significant interactions between
baseline structural measurements of subcortical regions and time on longitudinal deterioration
of clinical scores (MDS-UPDRS Part II, absolute β > 0.27; total MDS-UPDRS scores, absolute
β > 1.05; postural instability–gait difficulty (PIGD) score, absolute β > 0.03; Schwab & England
ADL, absolute β > 0.59; all p < 0.05, false discovery rate corrected). The interaction of baseline
structural measurements of subcortical regions and time on longitudinal deterioration of the
PIGD score was replicated using data from Huashan Hospital. Furthermore, the β-coefficients
of these interactions recapitulated the spatial distribution of dopaminergic, metabolic, and
structural changes between patients with PD and normal controls and the spatial distribution of
expression of the α-synuclein gene (SNCA).
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Discussion
Patients with PD with greater brain resources (that is, higher deformation-based morphometry values) had greater compen-
satory capacity, which was associated with slower rates of clinical progression. This knowledge could be used to stratify and
monitor patients for clinical trials.

Heterogeneity in the rates of progression of Parkinson disease
(PD) is well recognized.1-3 Identifying markers related to pro-
gression can lead to a better understanding of underlying
mechanisms, prediction of disease prognosis, and, eventually,
identification of modifiable risk factors that may delay the pro-
gression of PD. To date, many attempts have been made to
identify markers of prognosis, including age,1,2,4 baseline clinical
scores,2,5-7 CSF and blood biomarkers,8 gene sequence
variation,2,5,9-11 free water in the posterior substantia nigra,12

white matter,13,14 functional connectomics,15 and atrophy pat-
terns.3 However, the prognostic value of structural measure-
ments of brain reserve remains elusive. Nevertheless, they have
been validated as prognostic biomarkers in other neurodegen-
erative diseases, such as Alzheimer disease.16-18

The substantia nigra pars compacta (SNc) is a major site of
neurodegeneration in PD.19 However, motor features appear
only when approximately 50% of dopaminergic neurons have
been lost in SNc.20,21 This delayed appearance of clinical signs is
due to the existence of compensatory mechanisms, which are
defined as the changes in the neural circuits that mitigate the
effects of the loss of damaged neurons to maintain function or
behavior.22,23 Furthermore, clinical scores correlate with the loss
of subcortical volumes24,25 and dopaminergic dysfunction,26

demonstrating that the number and size of neurons in subcortex
are significantly associated with the clinical severity of patients. A
recent study by our team found that among 2 biotypes of PD, 1
biotype with smaller subcortical volume has faster progression in
several clinical domains.27 Collectively, the above evidence
suggests that neural resources (i.e., the number of available
neurons, neuronal integrity, and synaptic density) may exert a
protective effect on behavioral performance in PD. These neural
resources are often referred to as brain reserve (BR), which is
typically operationalized by brain volume in human neuro-
imaging studies.28

Herein, we test the hypothesis that patients with PD with greater
BR capacity can tolerate a greater extent of brain damage and
have lower rates of clinical progression, by examining associations
between baseline deformation-based morphometry (DBM)

values and the annual rate of change in clinical scores. In addition,
we integrated multiple modalities to provide a possible mecha-
nistic basis for structural measurements of brain reserve in PD.

Methods
Participants
Participants in this study were recruited from 2 cohorts: the
Parkinson’s ProgressionMarkers Initiative (PPMI; http://www.
ppmi-info.org)29 and Huashan Hospital, Fudan University. The
PPMI is a prospective, longitudinal, observational multicenter
study that aims to verify biomarkers of PD.29 The inclusion
criteria for patients with PD in the PPMI cohort were the fol-
lowing: (1) diagnosed with PD less than 2 years, (2) baseline
Hoehn and Yahr stage I to II, (3) dopaminergic deficit on im-
aging, and (4) never treated with dopamine replacement ther-
apy.29 Study visits for participants from the PPMI occurred at
baseline, every 3 months during the first year, and every 6
months during the subsequent 4 years (eTables 1 and 2, links.
lww.com/WNL/C117). Only patients with baseline MRI data
and at least 2 years of follow-up were included in our analysis.
Therefore, 346 patients with PD and 171 normal controls were
included from the PPMI cohort (Table 1). The data used in this
study were obtained from the PPMI website on April 2021.

The Huashan Hospital cohort consisted of 23 normal controls,
43 patients with PD who underwent MRI and clinical follow-
up, and 97 patients with PD who underwent PET scanning
(eTables 3 and 4, links.lww.com/WNL/C117). Patients with
PD were diagnosed by movement disorder specialists accord-
ing to theUKParkinson’s Disease Society Brain Bank criteria,30

and they were followed up for at least 2 years.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the institutional review board at
each PPMI site and the Research Ethics Committee of Hua-
shan Hospital, Shanghai, China. Written informed consent
was obtained from all patients participating in the study.

Glossary
11C-CFT = 2b-carbomethoxy-3b-(4-trimethylstannylphenyl) tropane; 18F-FDG = 18F-fluorodeoxyglucose; ADL = activities of
daily living; AHBA = Allen Human Brain Atlas; BR = brain reserve; DBM = deformation-based morphometry; FDR = false
discovery rate; GO = gene ontology; H&Y = Hoehn and Yahr; LME = linear mixed effects; MDS-UPDRS = Movement
Disorder Society–sponsored revision of the Unified Parkinson’s Disease Rating Scale; NC = normal control; PAP =
progression-associated pattern; PC = principal component; PD = Parkinsons disease; PIGD = postural instability and gait
disorder; PPMI = Parkinson’s Progression Markers Initiative; SNc = substantia nigra pars compacta.
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T1-Weighted MRI Processing
The T1-weighted MRIs were preprocessed with the Com-
putational Anatomy Toolbox (CAT12).31 RawMRIs of lower
quality (CAT image quality rating <75%) were excluded. We
used DBM values as a measure of BR. DBM is based on the
application of nonlinear registration procedures to spatially
normalize eachMRI to the standard brain template (Montreal
Neurological Institute ICBM-152). The nonlinear transfor-
mations were used to calculate deformation at each voxel to
yield local volume changes, which were quantified by a
mathematical property of these deformations (the Jacobian
determinant).32 By performing this calculation at each voxel, a
map of local volume changes between each MRI and the
MNI152-2009c template were obtained. Please see eMethods
for more details (links.lww.com/WNL/C117).

Baseline and Follow-up Clinical Assessments
Demographic characteristics, including age, sex, race, duration of
symptoms, and education level, were recorded at baseline
(Table 1). The following assessments were used in this study:
Movement Disorder Society–sponsored revision of the Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS)—Part I
(nonmotor experiences of daily living), Part II (motor experiences
of daily living), Part III (motor examination), total MDS-UPDRS
scores, postural instability–gait difficulty (PIGD) scores, and
Schwab & England ADL (activities of daily living) scale, which
together capture major PD symptoms, including both motor and
nonmotor symptoms. A previous study has found that the
UPDRS Part II score and Part III score and the Schwab & Eng-
land Independence Scale score can be used to measure disease
progression in early PD.33 To make the Schwab & England ADL
have the same change direction as that of other scores, the Schwab
& England ADL was calculated as one hundred (full marks)
minus raw score. For patients with PD from the Huashan dataset,
only the PIGD score and UPDRS Part III were recorded.

Linear Mixed-Effects Models Examining
Associations Between Baseline DBM Values
and Clinical Progression
Using T1-weighted MRI data and longitudinal clinical data of
patients with PD from the PPMI dataset29,34 and Huashan
dataset, we investigated the relationship between baseline DBM
values and the annual rate of change in clinical scores using linear
mixed-effects (LME)models.We used a separatemodel for each
clinical score (i.e., MDS-UPDRS-I, MDS-UPDRS-II, MDS-
UPDRS-III, MDS-UPDRS-III, PIGD score, and Schwab &
England ADL) (Eq. (1)).

Score;1 + sex + age + race + education + time

+ DBM values + study sites + DBM values × time

+ ð1 + timejsubjÞ
(1)

All models were implemented in MATLAB 2018b using the
fitlme function. In each model, we included sex, age, race,
education, time (since symptoms), DBM values at baseline,
study sites9 effects, and interaction of DBM values and time as
fixed effects. The participant slope and intercept were

modeled as random effects. These LME models were per-
formed voxel by voxel, and β-coefficients were computed
(Figure 1A). For simplicity, hereafter, we will refer to the
spatial patterns of β-coefficients as progression-associated
patterns (PAP).

Spatial Correlation Analysis With PET and
Structural Changes
We used t values (case-control difference) of the PET data and
T1-weighted MRI from PD and control groups to investigate
their relationships with PAPs. PET images were scanned at
Huashan Hospital. The preprocessing of PET data was per-
formed as previously described (please see eMethods for more
details, links.lww.com/WNL/C117).26,35 The 2b-carbome-
thoxy-3b-(4-trimethylstannylphenyl) tropane (11C-CFT) PET
data provide an assessment of the spatial distribution of
dysfunction in presynaptic dopaminergic binding, and 18F-
fluorodeoxyglucose (18F-FDG) PET provides a measure of
metabolic abnormalities in PD at the system level. Therefore, we
were able to test the associations between PAPs and t values of
these PET markers yielded from comparison between patients
with PD and healthy controls (Figure 1B). Before performing
correlation analyses, we resampled PAPs (1.5 × 1.5 × 1.5mm) to
the same dimension of the PET images (2 × 2 × 2 mm) to make
them share the same spatial resolution. Please see eMethods for
more details.

Transcriptomic Analysis
We integrated transcriptomedata to provide a possiblemechanistic
basis for structural measurements of BR in PD. Transcriptional
datasets with gene expression measurements in 6 postmortem
adult (independent of the participants with PD) brains were ac-
quired from the AllenHumanBrain Atlas (AHBA).36We used the
recently described rigorous preprocessing pipeline,37 including
probe-to-gene reannotation, intensity-based data filtering, probe
selection by maximum coefficient of variation across samples,
normalizing the gene expression data separately for each subject,
and gene filtering by differential stability, finally resulting in 15,745
unique genes (see Arnatkevicĭ�utė et al., 2019, and eMethods, links.
lww.com/WNL/C117).

Next, we investigated the correlation between the individual
expression profiles of each of the 15,745 AHBA genes and PAPs.
We used an online web tool, ToppGene Suite,38,39 to perform
the gene-set analysis with the top genes as input. Please see
eMethods for more details (links.lww.com/WNL/C117).

Statistical Analysis
Pearson correlations were performed between clinical scores at
each time point and baseline subcortical DBM values to test
whether the R values of DBM values and follow-up scores
changed with time. The t test was used to determine the sta-
tistical significance of continuous variables. Before performing
correlation analyses and the t test, confounding variables such as
sex, age, years of education, race (categorized asWhite or other),
and study sites’ effects, were regressed out. The χ2 test was used
to test the significance of categorical variables. The values were
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reported as mean (SD) for each demographic and clinical vari-
able. Missing data were not included in any analyses.

Data Availability
Data used in the preparation of this article were obtained from
the Parkinson9s Progression Markers Initiative (PPMI) data-
base (www.ppmi-info.org). For up-to-date information on the
study, visit ppmi-info.org. Anonymized data from Huashan
Hospital will be made available to research investigators on
request to the corresponding author.

Results
Demographics and Clinical Variables
Patients with PD (n = 389) with T1-MRI and follow-up clinical
assessments from 2 cohorts (n = 346, age 61.3 ± 10.03, 35%
female, PPMI dataset; n = 43, age 59.4 ± 7.3, 38.7% female,
Huashan dataset) were included. At baseline, there were no sig-
nificant demographic differences between the normal controls
and the patients with PDor between the PDpatients in the PPMI
dataset and the Huashan dataset (Table 1). The duration of
symptoms tended to be longer in theHuashan dataset than in the
PPMI dataset (p< 0.05). No significant differences inUPDRS-III
were observed in patients with PD between 2 datasets (p > 0.05).
However, the PIGD scorewas higher in theHuashan dataset than
in the PPMI dataset (p<0.05). Clinical and demographic data are
summarized in Table 1 for both datasets.

Correlations Between Baseline DBM Values
and Motor Progression
To examine whether baseline DBM values correlated with clinical
progression, LMEmodels were performed including the bivariate

interaction of the baseline DBM value and time for the clinical
score as the dependent variable. Voxel-wise analysis by LME
models revealed significant interaction of subcortical baseline
DBM values and time for 4 clinical assessments (i.e., MDS-
UPDRS Part II, total MDS-UPDRS scores, PIGD score, and
Schwab & England ADL score) as the dependent variable, re-
spectively (p < 0.05, false discovery rate [FDR] corrected;
Figure 2, eTable 5, links.lww.com/WNL/C117). The interactions
were evident in all subcortical regions but more marked in the
putamen. Interactions of subcortical baseline DBM values and
time on longitudinal change in MDS-UPDRS Part I, III did not
survive after controlling for multiple comparisons using FDR.
Therefore, results with a more liberal threshold (p < 0.005, un-
corrected) are displayed in eFigure 1. At 1-year follow-up, 153 of
the 346 patients with PD underwent T1-MRI scan of the PPMI
(eTable 1).We found a significant interaction of subcortical DBM
values at 1-year follow-up and time (clinical data over the following
4 years) for the PIGD score as the dependent variable (p < 0.05,
FDR corrected; eFigure 2).

To validate our findings, we repeated LME models analyses in a
separate dataset from Huashan Hospital with MRI data acces-
sible at baseline and follow-up clinical scores (n = 43, Table 1).
We found significant interactions between subcortical DBM
values at baseline and time on longitudinal change in UPDRS-
III and PIGD scores (p < 0.05, uncorrected; eFigure 3, links.
lww.com/WNL/C117). Furthermore, PAPs from the 2 data-
sets were significantly correlated (p < 0.05, uncorrected;
Figure 3, eFigures 4–6). Together, these results suggest that the
patients had lower DBM values of subcortical regions with
faster deterioration of these scores. Voxels with significant

Table 1 Baseline Demographics and Clinical Characteristics of Participants With T1-MRI From 2 Datasets

Demography

Main cohort (PPMI dataset) Validation cohort (Huashan dataset)

Controls (n = 171) PD (n = 346) Controls (n = 23) PD (n = 43)

Age at onset, y 60.5 (11.19) 61.29 (10.03) 60.78 (6.08) 59.35 (7.32)

Sex (male: female) 110:61 225:121 17:6 31:12

Education history, y 16.14 (2.92) 15.61 (2.9) — —

Symptom duration,a y — 0.58 (0.57) — 1.78 (1.52)

H&Y — 1.55 (0.51) — 1.52 (0.67)

UPDRS total scoreb 4.48 (4.5) 31.89 (13.03) — —

UPDRS Part Ib 2.92 (3.04) 5.55 (3.97) — —

UPDRS Part IIb 0.43 (0.98) 5.81 (4.09) — —

UPDRS Part IIIb 1.19 (2.26) 20.55 (8.76) — 17.84 (9.20)

PIGDa,b 0.02 (0.09) 0.23 (0.23) — 0.33 (0.20)

Schwab & England ADL — 93.37 (5.74) — —

Abbreviations: ADL = activities of daily living; H&Y = Hoehn and Yahr; PIGD = postural instability–gait difficulty; PD = Parkinson disease; PPMI = Parkinson’s
Progression Markers Initiative; UPDRS = Unified Parkinson’s Disease Rating Scale
Values are presented as mean (SD).
a Differences between patients from the 2 PD cohorts, p < 0.05.
b Differences between normal controls and patients with PD in the PPMI dataset, p < 0.05.
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Figure 1 Overview of the Study Methodology

(A) LMEmodels examining the interactive effects of baseline DBM values and time on clinical deterioration. T1-weighted MRI data and clinical data of follow-
up were obtained from the PPMI and Huashan dataset. PAPs were obtained as β-coefficients by performing voxel-wise LMEmodels analyses. (B) These PAPs
were investigated using complementary analyses of neuroimaging data and transcriptomic data. Because voxels with significantly interactive effects with
time on clinical deterioration were primarily located in subcortical regions, we focused on the PAPs of the subcortical regions. First row: case-control
differences in subcortical DBM values in the 2 cohorts. T1-weighted MRI data were obtained from both the PPMI and Huashan dataset. Second row: case-
control differences in PET. In this dual-tracer PET study, dopaminergic binding (11C-CFT) and glucose metabolism (18F-FDG) data were obtained at Huashan
dataset. Third row: gene expression data in the subcortical regions were extracted. The obtained subcortical gene expression patterns were correlated with
PAPs. 11C‐CFT = 2b-carbomethoxy-3b-(4-trimethylstannylphenyl) tropane; 18F‐FDG = 18F-fluorodeoxyglucose; DBM = deformation-basedmorphometry; HC =
healthy control; LME = linear mixed effects; PAP = progression-associated pattern; PD = Parkinson disease.
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interactive effects on clinical deterioration were primarily lo-
cated in subcortical regions, which are commonly studied and
have received attention in the context of PD studies3,26,27,40,41;
therefore, we focused on subcortical regions (i.e., the putamen,
caudate, pallidum, and thalamus) in this study.

For visualization purposes, patients with PD were divided
into 3 groups based on the regional DBM values of sub-
cortical regions. The 3 groups created using regional DBM
values of putamen were strongly differentiated (eFigure 7,
links.lww.com/WNL/C117). Specifically, individuals with
low putamen DBM values had the steepest slope for all 6
clinical scores, followed by medium putamen DBM values
and then followed by individuals with high putamen DBM
values. Individuals with low regional DBM values of caudate,
pallidum, and thalamus DBM values had the steepest slope
for 3 clinical scores (i.e., MDS-UPDRS Part II, III, and total
MDS-UPDRS scores).

Correlations Between Baseline Subcortical
DBM Values and Follow-up Clinical Scores
To further support the relationship between baseline DBM
values and motor progression, we also tested whether the r
values of DBM values and follow-up scores changed with time.
To this end, we correlated DBM values with clinical scores at
each time point and then performed a secondary correlation of
these r values over time at the voxel level. Regional r values were
extracted by averaging the secondary voxel r values within each
subcortical region defined by the AAL2 atlas.42 Then, we per-
formed correlation analyses between subcortical regional r
values and time from baseline. We found that regional r values
of both left and right caudate with MDS-UPDRS Part II scores
were significantly correlated with time, meaning that r values
were lower closer to PD diagnosis and increased with time
(eFigure 8, links.lww.com/WNL/C117; p < 0.05, uncorrected).
Similar results were found between these 2 measures with the
caudate (both left and right) and MDS-UPDRS-total and the

Figure 2 Voxels With Significant Interactive Effects on Clinical Deterioration

Significant β-coefficients (p < 0.05, FDR corrected) for the interactive effects between baseline DBM values and time on deterioration of MDS-
UPDRS Part II (A), MDS-UPDRS total scores (B), PIGD score (C), and Schwab & England ADL score (D). Warm colors indicate positive β-coefficients;
cold colors indicate negative β coefficients. ADL = activities of daily living; DBM = deformation-based morphometry; FDR = false discovery rate;
MDS-UPDRS = Movement Disorder Society–sponsored revision of the Unified Parkinson’s Disease Rating Scale; PIGD = postural instability–gait
difficulty.
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left putamen and Schwab & England ADL scores. These results
suggested that patients with PD with lower subcortical DBM
values at baseline tended to have higher clinical scores at the
follow-up visit.

Prediction of the Individual Motor Progression
To test whether baseline DBM values could predict individual
progression of PD, we trained predictive models with fitted
rates of progression as a dependent variable. The annual rate
of change in the clinical score was estimated using LME
models for each individual (see eMethods for more details,
links.lww.com/WNL/C117). Principal component (PC)
analysis was applied to characterize low-dimensional sub-
cortical DBM values. The first PC, which explained 46.15% of
variance in subcortical DBM values across all voxels, was
negatively correlated with progression based on 5 clinical
scores, including MDS-UPDRS Part I, II, and total scores,
PIGD scores, and Schwab & England ADL scores (p < 0.05,
FDR corrected; eFigure 9). Then, tenfold cross validation was
used to estimate the prospective predictive performance for
trained models using internal PPMI samples, with r values of
Pearson correlation (predicted vs observed progression

rates). The results showed significant predictions of clinical
progression (progression based on MDS-UPDRS Part II: r =
0.21; progression based on total MDS-UPDRS scores: r =
0.21; progression based on PIGD scores: r = 0.24; progression
based on Schwab& England ADL scores: r = 0.23; all p < 0.05,
FDR corrected; eFigure 10). These results suggested that
subcortical DBM values capture meaningful neurobiological
features that support distinct rates of motor progression.

Correlations Between PAPs and Dopaminergic
Binding, Metabolic, and Structural Changes
PD is associated with dopaminergic dysfunction, abnormal
metabolism, and subcortical atrophy.26,36,40,43 We thus tested
whether the spatial distribution of PAPs would recapitulate the
distribution of changes in dopaminergic binding and metabolic
and structural measures. This might then reinforce that the
brain areas where higher DBM values afford protection against
clinical progression are those implicated in dopaminergic
binding, metabolic and structural change. Using dual-tracer
PET data combined with assessments of dopaminergic
binding (11C-CFT) and glucose metabolism (18F-FDG) in
patients with PD and normal controls from the Huashan

Figure 3 Validation of PAPs From the PPMI Dataset Using Data From the Huashan Dataset

Correlations between PIGD PAP from Huashan dataset with UPDRS Part II PAP (A), MDS-UPDRS total score PAP (B), PIGD PAP (C), and Schwab & England ADL
score PAP (D) from the PPMI dataset. ADL = activities of daily living; DBM = deformation-based morphometry; MDS-UPDRS = Movement Disorder Society–
sponsored revision of the Unified Parkinson’s Disease Rating Scale; PAP = progression-associated pattern; PIGD = postural instability–gait difficulty; PPMI =
Parkinson’s Progression Markers Initiative.
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dataset, the spatial distribution of t values in subcortical
regions was obtained. PAPs across the spatial extent of
subcortical regions were positively correlated with the t
values of 11C-CFT and negatively correlated with the t

values of 18F-FDG (Figure 4, eFigure 11, links.lww.com/
WNL/C117). The positive correlations with the t values of
11C-CFT suggested that voxels that lose more dopaminergic
innervation could contribute more to protecting against

Figure 4 Spatial Association Between PAPs and Case-Control Differences in DAT Binding, 18F-FDG Metabolism, and DBM
Values in Subcortical Regions

The t statisticmap indexes voxel-wise differences inDATbinding, 18F-FDGmetabolism, andDBMvalues between thepatientswith PDandhealthy participants (that is,
a higher absolute t statistic value corresponds to a more severe abnormality in this voxel). DAT binding and 18F-FDGmetabolism were obtained from the Huashan
dataset. DBM values were obtained fromboth the PPMI dataset andHuashan dataset. (A) Results of spatial correlation analyses betweenMDS-UPDRS Part II PAP (A),
MDS-UPDRS total score PAP (B), PIGDPAP (C), and Schwab&EnglandADLPAP (D)with case-control differences inDATbinding, 18F-FDGmetabolism, andDBMvalues.
11C-CFT = 2b-carbomethoxy-3b-(4-trimethylstannylphenyl) tropane; 18F-FDG = 18F-fluorodeoxyglucose; ADL = activities of daily living; DAT = dopamine transporter;
DBM = deformation-based morphometry; MDS-UPDRS = Movement Disorder Society–sponsored revision of the Unified Parkinson’s Disease Rating Scale; PAP =
progression-associatedpattern;PIGD=postural instability–gaitdifficulty;PPMI= Parkinson’sProgressionMarkers Initiative; rCMRglc= regional cerebralmetabolic rate
of glucose.
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clinical deterioration. The negative correlation with the 18F-
FDG t value map suggested that voxels with elevated met-
abolic activity might be compensating more to protect
against PD pathology.44,45 In addition, there were strong
positive correlations between PAPs and the t values of DBM
values in each of the 2 cohorts, suggesting that voxels with
greater atrophy could contribute more to protect against
clinical deterioration. These correlations still existed within
distinct subcortical regions (eFigures 12–15). These cor-
relations of PAPs and the t value map were replicated using
validation data from Huashan Hospital, with details pro-
vided in eFigure 16.

Correlations Between PAPs and Gene
Expression Patterns
We then investigated whether the spatial distribution of
PAPs could recapitulate the expression of some PD risk
genes in subcortical regions. The set of putative PD risk
factor genes from the GWAS meta-analysis46 was mapped to
the standard brain template. Among PD risk genes corre-
lated with PAPs, there were both positive and negative

correlations. A negative correlation indicated that these PD
risk factor genes were highly expressed in sites related to
clinical progression and vice versa. Of interest, α-synuclein
gene (SNCA) expression patterns negatively correlated with
PAPs (Figure 5, eFigure 17, links.lww.com/WNL/C117).
The expression of some other genes is negatively correlated
with PAPs, includingKLHL7,DDRGK, andCOQ7 (p < 0.05,
FDR corrected; eFigure 18). Genes had expression patterns
that were positively correlated with PAPs, including TOX3,
ZNF646, CAMK2D, and TMEM163 (p < 0.05, FDR cor-
rected; eFigure 18).

We continued by examining the correlations between PAPs
and each of the 15,745 individual AHBA genes and selecting
significantly correlated genes (p < 0.05, FDR correction).
See eTables 6 and 7 (links.lww.com/WNL/C117) for a
complete list of genes. To obtain clues about possible bi-
ological functions of the genes with expression levels related
to PAPs, we subjected these genes to gene ontology (GO)
enrichment analysis. The positively (MDS-UPDRS II PAP,
PIGD PAP, and Schwab & England ADL PAP) and

Figure 5 Gene Expression Patterns Underlie PAPs

(A andB) Scatterplot ofMDS-UPDRS Part II PAP (A), Schwab&EnglandADL PAP (B) and SNCA gene expressionmeasures. Pearson correlation coefficients and p
values are shown above the plot. (C) Enrichment analysis of the positively correlated genes, involved in different biological processes, for each PAP. The p
values are Bonferroni corrected for multiple comparisons. *p < 0.05, **p < 0.01, and ***p < 0.005. ADL = activities of daily living; MDS-UPDRS = Movement
Disorder Society–sponsored revision of the Unified Parkinson’s Disease Rating Scale; PAP = progression-associated pattern.
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negatively (MDS-UPDRS III PAP) correlated genes were
both enriched in the biological processes of neurogenesis,
neuron differentiation, generation of neurons, and cell part
morphogenesis (Figure 5C, eTables 8 and 9). The negatively
correlated genes were enriched in the biological process
glutamate secretion. Glutamatergic neurons are rich in basal
ganglia and involved in both motor symptoms and non-
motor symptoms in patients with PD.47 No biological
process was enriched for genes that negatively correlated
MDS-UPDRS II PAP, PIGD PAP, and Schwab & England
ADL PAP.

Discussion
In this study, we found that (1) patients with low subcortical
DBM values are associated with faster progression of motor
symptoms across the 2 datasets. Despite the relatively small
sample size of the validation dataset and some sample bias
(i.e., baseline clinical measures, clinical follow-up, MRI ac-
quisitions, and participant ethnicity), the cross-validations
support a general trend between brain reserve and PD motor
progression. (2) Progression-associated patterns were spa-
tially associated with dopaminergic dysregulation and meta-
bolic and structural changes in PD and the expression of the
α-synuclein gene. Overall, we found that structural measure-
ments of brain reserve are associated with motor progression
in PD.

Under the assumption that progressive loss of dopaminergic
neurons causes clinical symptoms,21 higher subcortical DBM
values may reflect greater brain resources acting as a buffer
that enables the brain to better tolerate emerging neuropa-
thology. These interactions were more marked in the puta-
men, which is consistent with previous studies that showed
that the functional and structural connectivity of the basal
ganglia predicts clinical progression in patients with PD.14,15

PAPs recapitulate the spatial distribution of case-control dif-
ferences in dopaminergic and structural measures, suggesting
that voxels that show more abnormality in PD are also more
important in compensating against clinical deterioration. The
negative correlation between the PAPs and metabolic changes
may reflect protective or compensatory metabolic activities in
response to PD pathology.22,26,44,48 Therefore, patients with
PD with higher DBM values in subcortical regions showed
better compensatory capacity, resulting in slower rates of
clinical progression, than PD patients with lower DBM values
in subcortical regions. Thus, our findings provide supporting
evidence for the theory of a compensatory role of BR.22,23

This is in line with a series of articles indicating that BR acts as
a resilience factor against clinical deterioration in the presence
of neuropathology16,18,49 and that compensatory mechanisms
decline as PD progresses.48

GO analysis identified biological processes of neurogenesis,
neuron differentiation, generation of neurons, and cell part
morphogenesis, indicating that these processes may involve
in a compensatory role in PD.50 It is thus possible that new

neurons may enable compensation in PD.50 This process
allows the brain to reorganize its structure and brain func-
tional networks to actively cope with neuropathology.23,50

Therefore, our finding that baseline structural measure-
ments of BR are associated with motor progression in PD
may help maximize the information gleamed from trials of
potential disease-modifying therapies, such as stem cell
implants.50,51 This arises because brain reserve measures
in the form of baseline DBM values may provide a means
of identifying patients who are more likely to deterio-
rate rapidly. Enrichment of disease-modifying trials with
such patients may lead to greater effect sizes and shorter
studies.

Some limitations of this study should be considered. First, for
the longitudinal analyses, we used clinical scores with 5-year
follow-up duration that were used. Five years is a relatively
long time for a longitudinal study but was not enough to cover
the full course of PD. It is possible that future longitudinal
studies with longer follow-up periods could further investigate
these associations. Second, these 4 clinical scores (MDS-
UPDRS Part II, total MDS-UPDRS scores, PIGD score, and
Schwab & England ADL score) predominantly capture motor
symptoms, and future research should be undertaken to in-
corporate additional nonmotor symptoms of PD, such as
psychiatric7,20 and cognitive symptoms,25,52 to investigate the
relationship between BR and nonmotor progression in a
larger dataset. Third, the PPMI recruited participants who
were younger than the general PD population, and as such,
the PPMI dataset cannot be considered to be representative
of the natural history of PD progression.29,34 Fourth, the in-
terpretation of our cross-validation is constrained by some
sample bias including the small sample size, baseline clinical
measures, clinical follow-up,MRI acquisitions, and participant
ethnicity. Theses sample bias may limit the generalizability of
our findings. Replication of findings in future studies with
shorter baseline duration, longer follow-up periods, more
comprehensive clinical assessments, and ethnically more di-
verse sample is required. Fifth, the first PC of subcortical
DBM values explained only a relatively small proportion of
the total variance in fitted slopes of change in motor symp-
toms, suggesting the BR may be only factor of many de-
termining clinical progression.1-15 Finally, the whole-brain data
on normal brain tissue expression of the genomeweremeasured
in 6 postmortem donors (mean age = 43 years) and not in age-
matched patients with PD. Therefore, the expression data are
limited to examining relationships between subcortical patterns
of gene expression and the association patterns between clinical
progression and structural measures.

Overall, we found that structural measurements of BR affect the
clinical progression of motor symptoms in patients with PD.
Although further validation and independent tests on data from
larger populations and longer follow-up timewill be required to
provide more definitive evidence for the robustness and gen-
eralizability of the effects, our results on generalizability across
2 separate datasets provide a meaningful step toward a
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neuroimaging biomarker that can quantitatively assess motor
progression in PD.
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