
Journal of Parkinson’s Disease 13 (2023) 39–48
DOI 10.3233/JPD-223542
IOS Press

39

Research Report

Extra-Basal Ganglia Brain Structures Are
Related to Motor Reserve in Parkinson’s
Disease

Jinyoung Youna,b,1, Ji Hye Wonc,d,1, Mansu Kime, Junmo Kwonc,d, Seung Hwan Moonf ,
Minkyeong Kimg, Jong Hyun Ahna,b, Jun Kyu Muna,b, Hyunjin Parkd,h,∗ and Jin Whan Choa,b,∗
aDepartment of Neurology, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul,
Korea
bNeuroscience Center, Samsung Medical Center, Seoul, Korea
cDepartment of Electrical and Computer Engineering, Sungkyunkwan University, Suwon, Korea
dCenter for Neuroscience Imaging Research, Institute for Basic Science, Suwon, Korea
eDepartment of Artificial Intelligence, Gwangju Institute of Science and Technology, Gwangju, Korea
f Nuclear Medicine, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Korea
gDepartment of Neurology, Gyeongsang National University Hospital, Jinju, Korea
hSchool of Electronic and Electrical Engineering, Sungkyunkwan University, Suwon, Korea

Accepted 4 December 2022
Pre-press 23 December 2022
Published 31 January 2023

Abstract.
Background: The “motor reserve” is an emerging concept based on the discrepancy between the severity of parkinsonism
and dopaminergic degeneration; however, the related brain structures have not yet been elucidated.
Objective: We investigated brain structures relevant to the motor reserve in Parkinson’s disease (PD) in this study.
Methods: Patients with drug-naïve, early PD were enrolled, who then underwent dopamine transporter (DAT) scan and
diffusion tensor imaging (DTI). The severity of motor symptoms was evaluated with the Unified Parkinson’s Disease Rating
Scale score of bradykinesia and rigidity on the more affected side and dopaminergic degeneration of DAT uptake of the more
affected putamen. Individual motor reserve estimate (MRE) was evaluated based on the discrepancy between the severity
of motor symptoms and dopaminergic degeneration. Using DTI and the Brainnetome atlas, brain structures correlated with
MRE were identified.
Results: We enrolled 193 patients with drug-naïve PD (mean disease duration of 15.6 ± 13.2 months), and the MRE success-
fully predicted the increase of levodopa equivalent dose after two years. In the DTI analysis, fractional anisotropy values of
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medial, inferior frontal, and temporal lobes, limbic structures, nucleus accumbens, and thalamus were positively correlated
with the MRE, while no brain structures were correlated with mean diffusivity. Additionally, degree centrality derived from
the structural connectivity of the frontal and temporal lobes and limbic structures was positively correlated with the MRE.
Conclusion: Our results show empirical evidence for MR in PD and brain structures relevant to MR, particularly, the
extra-basal ganglia system including the limbic and frontal structures.
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INTRODUCTION

The characteristic hallmark of Parkinson’s disease
(PD) is progressive dopaminergic cell loss, and the
treatment protocol focuses on dopamine replacement
[1, 2]. Therefore, dopamine transporter (DAT) scan
is regarded as a useful tool to evaluate the dopamin-
ergic degeneration [3–5] and even suggested as a
predictive marker for the disease severity in PD [5–9].
Nevertheless, the discrepancy between the severity of
parkinsonian symptoms and dopaminergic deficit in
patients with PD has already been demonstrated [10],
and previous studies had failed to predict the disease
progression in patients with PD using DAT imag-
ing alone [11, 12]. Therefore, although dopaminergic
deficit confirmation by DAT imaging is important,
there are other factors to decide the severity of clinical
parkinsonism.

The concept of motor reserve (MR), including the
pre- and post-morbid compensatory changes, was
introduced to explain the aforementioned apparent
discrepancies based on a wide clinical spectrum and
long-standing neurodegenerative process even from
the pre-clinical stage [13]. Despite the lack of con-
sensus on how to measure MR in PD patients, MR
can be evaluated using the discrepancy between the
imaging-based dopaminergic deficit and the severity
of clinical manifestations [13]. As suggested in our
study, this method of computing MR could explain
the discrepancies between DAT results and clinical
parkinsonism, and even predict the clinical prognosis
in PD.

Previous studies reported that MR is associated
with various factors such as demographics, lifestyle,
or environment in patients with PD [14–17]. All these
factors lead to structural changes in the brain, which
in turn reflect the MR in patients with PD. Only one
previous study using functional magnetic resonance
imaging (MRI) has focused on the brain structures
related to MR [18]. Interestingly, this study demon-
strated that diverse basal ganglia and extra-basal

ganglia structures are associated with MR. How-
ever, since there is no study using other imaging
modalities, the relevant brain structures continue to
be ambiguous and thus, they need to be explored.

Diffusion tensor imaging (DTI) is an MRI tech-
nique sensitive to the orientation of mobility in
intravoxel water molecules [19], which can detect
microstructural changes in the neural tissue in PD
[20]. Therefore, considering the long-standing course
of PD, DTI allows the study of neuronal fiber
integrity influenced by both the neurodegenerative
and compensatory processes in PD which are directly
associated with MR.

Therefore, to investigate the relevant brain struc-
tures for MR in PD, we constructed a linear marker
model to quantify MR using multiple regression, and
analyzed the correlation between the MR marker
and DTI-imaging derived features of fractional
anisotropy, mean diffusivity, and structural connec-
tivity in patients with drug-naïve, early PD.

METHODS

Study population and clinical assessments

This study was approved by the Institutional
Review Board of Samsung Medical Center, Seoul,
Korea, and all enrolled subjects provided written
informed consent. All methods were carried out in
accordance with the relevant guidelines and regula-
tions.

We prospectively recruited patients with drug
naïve, early PD at the Movement Disorders Clinic
of Samsung Medical Center to collect the baseline
data from 2015 to 2016, and then obtained the lev-
odopa equivalent daily dose (LEDD) after 2 years
from the baseline evaluation for the marker of dis-
ease progression based on the previous literature
[13, 18]. PD was diagnosed using the United King-
dom Parkinson’s Disease Society Brain Bank criteria
[21], and an early PD was defined as PD with a
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disease duration of less than four years [22]. We
excluded participants with structural brain lesions
including territorial stroke or white matter changes
(an age-related white matter change score ≥2 on brain
MRI) [23], other known neurodegenerative diseases,
psychiatric disorders requiring medication, cognitive
decline (a Korean Mini-Mental Status Exam [K-
MMSE] score <24), or musculo-skeletal problems
mimicking parkinsonism.

We evaluated clinical parkinsonism using the Uni-
fied Parkinson Disease Rating Scale (UPDRS) part
3 and the Hoehn and Yahr (HY) stage [24], and
divided the UPDRS part 3 score into 4 sub-scores
of tremor, rigidity, bradykinesia, and axial symptoms
[25]. In terms of dopaminergic deficit, all sub-
jects underwent [18F] N-(3-fluoropropyl)-2�-carbon
ethoxy-3�-(4-iodophenyl) nortropane (18FP-CIT)
positron emission tomography (PET) in a Discov-
ery ST8 scanner (GE Healthcare, Milwaukee, WI).
For DTI analysis, we performed high-resolution T1-
weighted structural imaging and DTI in a 3.0 T
Intera Achieva scanner (Philips Healthcare, Best,
Netherlands) on all participants. Additionally, global
cognition was evaluated using the K-MMSE [26, 27].

Quantitative analysis of 18FP-CIT PET

Brain 18FP-CIT PET images were obtained using
a PET/computed tomography (CT) scanner (Discov-
ery STE, GE Healthcare, USA), 120 min after an
injection of 185 MBq 18FP-CIT. The PET images
were acquired for 10 min in a three-dimensional
mode immediately after a brain CT scan for attenu-
ation correction and image fusion. CT scanning was
performed at 140 kVp and 50 mAs with a slice thick-
ness of 3.75 mm. The 18FP-CIT PET images were
reconstructed with a VUE POINT algorithm using a
128 × 128 matrix.

In terms of DAT uptake, we computed the spe-
cific to non-specific binding ratio (SNBR) of putamen
and caudate of the more affected side. The SNBR
of the putamen was the ratio of mean uptake value
of the putamen to that of the ipsilateral cerebel-
lum, and the same computation was applied for the
caudate. In detail, we segmented the putamen, cau-
date, and occipital cortex in the T1-MRI images
using Freesurfer [28], and the segmented regions
were registered onto the PET images to specify the
three regions. The partial volume effect was corrected
using the iterative Yang algorithm implemented in
PETPVC toolbox [29]. Photon attenuation was esti-
mated from the T1-MRI images and corrected using

attenuation maps calculated through a combination
of intensity- and prior-based tissue segmentation and
atlas registration [30]. Finally, SNBRs were com-
puted for the putamen and caudate of the more
affected side.

A linear marker model for motor reserve (motor
reserve estimate)

We hypothesized MR as a difference between
the actual and estimated severity of motor symp-
toms. The estimated severity was defined based on
imaging-based pathology and demographics similar
to a previous study [18]. Based on the consistent
correlations of rigidity and bradykinesia with DAT
uptake in putamen [7, 9, 12], we used the sum of
rigidity and bradykinesia scores of UPDRS part 3 of
the more affected side as the severity of parkinson-
ism, and SNBR of putamen of the more affected side
as the dopaminergic deficit. We performed multiple
linear regression with the severity of motor symptoms
as the dependent variable, SNBR of putamen of the
more affected side as the independent variable, and
age, sex, disease duration, and K-MMSE as covari-
ates. The resulting regression (beta) coefficients of
these variables were used to calculate the estimated
severity of motor symptoms. With this assumption,
we defined the MR markers as the difference between
the actual and estimated severity of motor symptoms
as follows.

Severity of motor symptomsestimated

= β0 + β1 × XSNBR + β2 × XAge + β3 × XSex

+β4 × XDuration + βS × XMMSE

(1)

Motor reserve(MR)

= Severity of motor symptomsestimated

−Severity of motor symptomsobserved

(2)

We further defined MR estimate (MRE) as the nor-
malized z-score value [18]. Furthermore, to validate
MRE with the relationship between MRE and the
LEDD after 2 years from the baseline, we created a
linear regression model with LEDD as the dependent
variable and MRE as the independent variable.

MRI acquisition and preprocessing of diffusion
tensor imaging data

Three-dimensional T1-weighted and diffusion-
weighted MRI was performed. The T1-weighted
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images were acquired with the following imaging
parameters: sagittal slice thickness, 1.0 mm; over
contiguous slices with 50% overlap; echo time (TE)
4.6 ms; repetition time (TR) 9.9 ms; flip angle 8◦;
slice gap 0 mm; matrix size of 240 × 240 pixels,
reconstructed to 480 × 480 over a field of view (FOV)
of 240 mm. Diffusion MRI was performed using the
following parameters: 128 × 128 acquisition matrix;
1.72 × 1.72 × 2 mm3 voxel size; 70 axial slices;
22 × 22 cm2 field of view; TE 60 ms; TR 7696 ms;
flip angle 90◦; slice gap 0 mm; and a b-factor of
600 s/mm2. We acquired baseline imaging without
weighting and weighted imaging in 45 different direc-
tions. All axial sections were acquired parallel to the
anterior-posterior commissure line.

For the analysis of diffusion MRI data, we first
computed fractional anisotropy (FA) and mean diffu-
sivity (MD) using FMRIB’s Software Library (FSL
v4.1.2) (http://www.fmrib.ox.ac.uk/fsl). In detail, the
head motion and image distortions induced by eddy
currents were corrected using FSL. We adopted the
Brainnectome atlas to specify the regions of interest
(ROIs) of diffusion MRI scans [31]. The diffusion
tensor was calculated with the DTIFIT program in
FSL for whole-brain volumes. FA and MD maps
were calculated for every voxel. Finally, FA and
MD values of each ROI were calculated by the
sample mean of voxel-wise FA and MD values. Addi-
tionally, we computed degree centrality (DC) from
the structural connectivity analysis using probabilis-
tic tractography. Probabilistic tractography algorithm
implemented in FSL software was applied to extract
the fiber connection in all ROIs [32]. We applied bed-
postX and probtrackX tools of FSL on the diffusion
data, which allows the modeling of crossing fibers
within each voxel, to generate a connectivity distri-
bution [33]. Connectivity analysis is a graph analysis
that requires nodes and edges, and we considered 90
ROIs as nodes in a graph [34]. Each edge was defined
as fiber probability connecting a pair of regions. We
applied a weighted and undirected network model to
perform connectivity analysis. The constructed graph
is commonly referred to as the structural connectiv-
ity matrix as it reflects structural connectivity via
white matter fiber tracts. DC was computed as the
number of direct connections to all other nodes with
respect to a given node to quantify the structural con-
nectivity [34, 35]. Finally, we applied a weighted
and undirected network model to perform the con-
nectivity analysis and computed the DC for every
participant. To eliminate the confounding effect from
variables such as age, sex, and K-MMSE score, we

Table 1
Demographics and clinical data of enrolled patients with drug-

naïve Parkinson’s disease

Total (n = 193)

Age, y 66.2 ± 9.6
Sex (male : female), n (%) 89 : 104 (46.1 : 53.9)
Disease duration, months 15.6 ± 13.2
More affected side (left : right), n (%) 104 : 89 (53.9 : 46.1)
HY stage 1.6 ± 0.6
UPDRS part 3, total score 16.5 ± 10.1

Tremor 2.1 ± 2.1
Rigidity 2.8 ± 2.4
Bradykinesia 6.9 ± 4.6
Axial symptom 4.7 ± 3.9
Dominant symptom side score
Tremor 1.6 ± 1.6
Rigidity 1.9 ± 1.5

Bradykinesia 4.8 ± 2.8
K-MMSE 27.6 ± 2.5
SNBR, more affected side

Caudate 5.1 ± 1.6
Putamen 4.1 ± 1.2
Striatum 9.2 ± 2.5

HY, Hoehn and Yahr; UPDRS, united Parkinson’s disease rat-
ing scale; K-MMSE, Korean version of mini-mental status exam;
SNBR, specific/non-specific binding ratio. Continuous data were
reported using mean ± standard deviation format.

regressed them from the imaging features (FA, MD,
and DC).

Correlation analysis between the motor reserve
estimate and DTI imaging features

To investigate the relevant brain structures related
to MR, we performed a correlation analysis between
MRE and imaging features (FA, MD, and DC) of
each brain ROI. Age, sex, and clinical parkinson-
ism were controlled for and multiple comparisons
were adjusted with Bonferroni correction. Statisti-
cal significance was set at a p-value of 0.05. All
statistical analyses were conducted using MATLAB
[36].

RESULTS

Clinical and demographic data of enrolled
subjects

We enrolled 193 patients with drug-naïve early PD
in this study, and all the demographic and clinical
data of enrolled participants are illustrated in Table 1.
The mean age was 66.2 ± 9.6 years and mean disease

http://www.fmrib.ox.ac.uk/fsl
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Table 2
General linear model to predict the sum of rigidity and bradykinesia score of

the more affected side

Variable � Standard error p

Intercept 27.18 4.6513 <0.0001
Age –0.0991 –0.0307 0.0014
Sex –0.4210 0.5398 0.0171
Disease duration 0.0502 0.0209 0.0171
MMSE –0.4312 0.1213 0.0005
SNBR of the more affected putamen –0.6421 0.2243 0.0047

SNBR, specific/non-specific binding ratio; values in bold indicate a statistically significant
difference (p-value <0.05).

duration was 15.6 ± 13.2 months. The mean UPDRS
part 3 score was 16.5 ± 10.1 and mean HY stage was
1.6 ± 0.6.

Additionally, when we evaluated the correlation
between clinical symptoms and DAT uptake, the
rigidity and bradykinesia sub-scores of the more
affected side were significantly correlated with the
SNBR of the more affected putamen (Supplementary
Table 1).

Calculation and validation of motor reserve
estimate

The general linear model revealed that the DAT
uptake in the more affected putamen significantly
predicted the severity of motor symptoms (sum of
rigidity and bradykinesia score of UPDRS part 3 in
the more affected side) as shown in Table 2. The
validation of MRE with LEDD after 2 years from
the baseline showed that MRE was significantly cor-
related with LEDD after 2 years (Supplementary
Figure 1).

Correlation analysis between motor reserve
estimate and imaging features

We performed a correlation analysis between the
MRE and imaging features from DTI (FA, MD, and
DC) of each brain region. All the correlated brain
structures are illustrated in Fig. 1 and described in
Supplementary Table 2. The MRE was mainly corre-
lated with the FA values of the frontal and temporal
lobes, and precuneus. However, no significant asso-
ciation between MD values and MRE was found in
any brain region. Additionally, DC derived from the
structural connectivity of the frontal lobe structures
was also positively correlated with the MR.

DISCUSSION

This is the first study to investigate the correlation
of brain structures with motor reserve using DTI, and
explain the discrepancy between clinical parkinson-
ism and dopaminergic degeneration. Previous studies
suggested DAT imaging as a predictive marker for
clinical parkinsonism in patients with PD [5–8].
Both putamen and caudate are associated with motor
symptoms in PD [7], but the decrease of DAT uptake
in contralateral putamen is the prominent finding
from early PD patients [5]. Accordingly, putamen is
more related with motor symptoms compared to cau-
date especially in early PD patients [8]. We enrolled
early stage PD patients and confirmed significant
correlations between dopaminergic degeneration in
putamen and some parkinsonian symptoms (Sup-
plementary Table 1). However, the severity of DAT
uptake and clinical parkinsonism did not always
match [10], and the concept of MR was suggested to
explain this discrepancy in PD patients [13]. Consid-
ering PD is a slowly progressive neurodegenerative
disease with a long-standing clinical course even
before symptom onset, pathologic changes could lead
to structural changes in the brain or connectome dys-
function [37]. Moreover, various factors even from
pre-morbid status, such as lifestyle, demographic
factors, or genetic background, could affect the sever-
ity of clinical parkinsonism [14–17]. Among these
changes, some could improve clinical parkinsonism
or delay the onset of motor symptoms even with sim-
ilar dopaminergic depletion. To explain this diverse
clinical presentation, a previous study described a
“threshold theory” for symptom presentation [10],
and others suggested the concept of “motor reserve”
based on the discrepancy between the severity
of parkinsonism and dopaminergic deficit [14–17].
In accordance with these hypotheses, the MRE
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Fig. 1. Brain regions significantly correlated with motor reserve estimate (Bonferroni corrected). The color indicates the correlation (rho)
value. Significant correlations between motor reserve estimates and (A) fractional anisotropy values and (B) degree centrality values are
shown.

calculated in our study successfully predicted LEDD
after 2 years from the baseline in our study.

Various aforementioned factors associated with
MR could affect the changes in specific brain struc-
tures, which in turn might reflect MR. However, only
one previous study using functional MRI has demon-
strated that diffuse brain structures, including basal
ganglia and extra-basal ganglia structures, are associ-
ated with MR [18]. Similarly, our results also revealed
that diverse cortical structures, mainly the frontal and
temporal lobes and precuneus, are associated with
MR in patients with PD. Therefore, although basal
ganglia pathway is a key structure involved in the
neurodegenerative process of PD, extra-basal ganglia

structures could play important roles in determining
MR.

We found relevant brain structures with MR using
FA, MD, and DC and there were different involved
brain structures in our results. DC is a connectivity
measure reflecting the degree of connectedness for
a given brain region with respect to the rest of the
brain, whereas FA is a focal measure confined to
a given region measuring the degree of anisotropic
water diffusion. Therefore, the results using FA and
DC could be different with each other, despite the
overlaps of brain lesions in FA and DC values. Espe-
cially, only frontal lobe regions were detected with
analysis of DC, although more regions in temporal
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lobe and precuneus with analysis of FA. Therefore,
both frontal lobe itself and connections with frontal
lobe are important in terms of MR in PD based on
our results.

In according to our results, basal ganglia have lots
of connections with various cortical structures, espe-
cially frontal lobe regions, and basal ganglia loops are
important in not only motor function (motor loop), but
also cognition (associative loop) and emotion (limbic
loop). Among these basal ganglia loops, motor loop
is primarily involved in PD, especially in early stage
[38], and associative and limbic loops might com-
pensate the dysfunction of motor loop in PD [39].
Interestingly, most relevant cortical structures were
detected in frontal and temporal lobes in our study,
and these cortical structures are mainly involved in
associative/cognitive basal ganglia loops. Cognition
is already reported to be related with motor reserve
in PD as our results [14, 40], and MMSE score was
also related with motor reserve in our study. Addition-
ally, precuneus is an important structure, especially
for the cognition in PD [41, 42], and a structure more
involved in PD patients with more severe motor and
cognitive symptoms [43]. In this study, we controlled
MMSE score when we evaluated MRE and found
precuneus was associated with MR.

Frontal lobe is the cortical area which undergoes
thinning with initial disease progression in patients
with PD [44], thus its role beginning from the early
stage of PD would be important. In addition, the
frontal lobe structures were associated with dyski-
nesia and falling, which are important markers of PD
progression [45, 46]. Moreover, various non-motor
symptoms, including cognitive decline, depression,
or apathy, were also connected to the frontal lobe in
patients with PD [47–49]. Basal ganglia structures,
which are directly connected with the substantia
nigra, are vulnerable to the pathologic changes in
patients with PD, and the fronto-striatal connectiv-
ity is also affected with disease progression [50].
Such an abnormality in the fronto-striatal connectiv-
ity has already been reported in the non-tremor PD
phenotype, which is associated with poor prognosis
and more pathologic involvement in patients with PD
[33]. Based on the previous results, the changes in
frontal lobe are associated with motor and non-motor
parkinsonian symptoms from the early to advanced
stage. Combining these findings with our results, the
frontal lobe is a structure associated with MR or
higher threshold in patients with PD.

Aside from the frontal lobe structures, various non-
motor symptoms are also related to the temporal lobe

structures [49, 51]. The temporal cortex undergoes
thinning with PD progression following that in the
frontal cortex [44]. A previous functional MRI study
also showed a similar correlation between the limbic
and frontal lobe structures [18]. In addition, limbic
structures were also involved in the basal ganglia cir-
cuits that help to compensate for the damaged basal
ganglia motor circuit in PD. Similarly, precuneus was
also reported to be connected to basal ganglia and
motor control [52]. Additionally, the fronto-parietal
network is associated with clinical symptoms and
treatment in PD [53, 54]. Therefore, all the changes in
the aforementioned structures would be reflected as
MR which may compensate for parkinsonism result-
ing from dopaminergic degeneration in patients with
PD.

Our study has several strengths. First, we recruited
a relatively large-sized sample of patients with drug-
naïve PD to investigate relevant brain structures with
motor reserve. Second, our results showed significant
correlations of SNBR of putamen or striatum with
contralateral rigidity and bradykinesia, consistent
with previous studies [7, 8]. This indicates that our
results could sufficiently represent the motor reserve
in patients with PD. Third, we enrolled only drug-
naïve PD patients to eliminate possible confounding
effects from dopaminergic medications. Moreover,
bradykinesia and rigidity are well-responsive motor
symptoms to dopaminergic medications [55], and the
response to levodopa is also reported to be associated
with PD progression [56]. Therefore, by eliminating
the confounding effect of dopaminergic medications
we could identify the “exact” severity of clinical
parkinsonism in patients with PD.

However, our study also has some limitations.
First, since ours was a cross-sectional and not a cohort
study, it is difficult to understand whether the sug-
gested brain structures underwent adaptive changes
to neurodegeneration or pre-morbid changes related
to MR. Therefore, we used the term “motor reserve”
rather than “compensation”, because the latter term
would be appropriate only for post-morbid adaptive
changes from pathologic involvements. To under-
stand the exact mechanism for the structural changes
in our results, further studies recruiting a large-sized
sample with pre-morbid status and longer follow-
up period is required. Second, even though diverse
neurotransmitters could be involved in PD patients,
we evaluated only dopaminergic degeneration in
our study. However, dopaminergic degeneration is
a hallmark of PD pathology, and we defined clin-
ical parkinsonism with bradykinesia and rigidity
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which were significantly correlated with DAT imag-
ing results in the present and previous studies [7,
8]. Further, most motor symptoms result from the
involvement of dopaminergic system, and respond
well to the dopaminergic medications.

In conclusion, MRE successfully predicted pro-
gression in patients with drug-naïve PD in the present
study. On our results suggest that various extra-basal
ganglia structures are related to MR in patients with
PD. We hope the brain structures revealed by our find-
ings will be targets for future treatment options for
patients with PD.
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