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Parkinson disease (PD) is characterized by motor deficits related to structural changes in the basal ganglia-
thalamocortical circuits. However, it is still unclear the exact nature of the association between grey matter
alterations and motor symptoms.

Therefore, the aim of our investigation was to identify the subcortical modifications associated with motor
symptoms of PD over time - adopting voxel-based morphometry (VBM) and automated volumetry methods.

We selected fifty subjects with PD from the Parkinson’s Progression Markers Initiative (PPMI) database, who

performed an MRI session at two time points: at baseline (i.e. at maximum 2 years after clinical diagnosis of PD)
and after 48 months. Motor symptoms were assessed using the part III of the Unified Parkinson’s Disease Rating
Scale at the two time points.

Our VBM and volumetric analyses showed a general atrophy in all subcortical regions when comparing
baseline with 48 months. These findings confirmed previous observations indicating a subcortical alteration over
time in PD. Furthermore, our findings supported the idea that a reduced volume in the thalamus and an increased
volume in pallidum may be related to the decline in motor skills. These structural modifications are in accor-
dance with the functional model of the basal ganglia-thalamocortical circuits controlling movements. Moreover,
VBM and volumetry provided partially overlapping results, suggesting that these methods might capture com-

plementary aspects of brain degeneration in PD.

1. Introduction

Parkinson disease (PD) is the second-most common neurodegenera-
tive disease and it is mainly characterized by motor symptoms like
tremor, bradykinesia, muscular rigidity and/or postural instability
(Poewe et al., 2017; Papagno and Trojano, 2018; Trojano and Papagno,
2018). It is well known that parkinsonism would result in the loss of
dopaminergic neurons in the substantia nigra leading to a functional and
structural modification of the basal ganglia-thalamocortical circuits
(DeLong and Wichmann, 2007; Marreiros et al., 2013; Galvan et al.,
2015; Caligiore et al., 2016). However, very little is known about the
subcortical structural modifications underlying PD and of their associ-
ation with motor symptoms.

The majority of the studies on grey matter changes in PD focused on
comparing PD patients with healthy controls. All these investigations
showed that people living with PD have a general reduction in grey
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matter volume bilaterally, comprising the following subcortical struc-
tures: amygdala (Rektorova et al., 2014; Li et al., 2017b), hippocampus
(Summerfield et al., 2005; Pitcher et al., 2012; Rektorova et al., 2014),
putamen (Lisanby et al., 1993; Ghaemi et al., 2002; O’Neill et al., 2002;
Krabbe et al., 2005; Summerfield et al., 2005; Geng et al., 2006; Lee
et al., 2011; Pitcher et al., 2012; Lewis et al., 2016), pallidum (O’Neill
et al., 2002) caudate nucleus (Lisanby et al., 1993; Ej et al., 2004; Lee
et al., 2011; Jia et al., 2015; Mak et al., 2015; Lewis et al., 2016; Cui
et al., 2020; Fang et al., 2020) and nucleus accumbens (Summerfield
et al., 2005; Mak et al., 2015). In contrast, the nature of the modifica-
tions in the thalamus still remains unclear, as some studies described a
decrease in grey matter intensity/volume (Lisanby et al., 1993; Ej et al.,
2004; Summerfield et al., 2005; Lee et al., 2011; Pitcher et al., 2012; Cui
et al., 2020), whereas others showed an increase (Kassubek et al., 2002;
Jia et al., 2015).

Other studies examined the progression of the disease by comparing
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patients at different stages of the disease (i.e. early vs. late disease
stages) (Summerfield et al., 2005; Xia et al., 2013; Mak et al., 2015; Blair
et al., 2019). They showed a grey matter atrophy in bilateral hippo-
campus during the more advanced stages of the disease. Another study
also described a loss in grey matter volume in pallidum only in more
advanced stages of PD (Geng et al., 2006).

All these findings suggest that structural changes in PD are pro-
gressive throughout the evolution of the disease and might affect
differently each specific subcortical structure. In addition, these neuro-
imaging investigations described a general alteration of subcortical
structures associated with PD, but it is difficult to link these structural
modifications to specific symptoms of the disease.

Recent studies investigated the possible association between
subcortical modifications with specific PD symptoms, by correlating
grey matter intensity/volume with specific clinical or neuropsycholog-
ical evaluations. In particular, several studies focused on motor symp-
toms and investigated the association between anatomical modifications
and motor disabilities (assessed with the part III of unified Parkinson’s
disease rating scale, UPDRS-III). These investigations reported
decreased grey matter volume associated with increasing motor severity
in the bilateral caudate nucleus as well as in the bilateral putamen (Li
et al., 2017a). Another research showed a similar association for the left
caudate but not for the right one (Zarei et al., 2013). Finally, several
studies reported no significant correlations with motor severity in
subcortical structures such as the thalamus, caudate nucleus, putamen
and pallidum (Jia et al., 2015; Lewis et al., 2016; Cui et al., 2020). It is
important to consider that the heterogeneity of these results could be
related to the stage of patients which are generally associated with
different levels of motor symptom severity. Indeed, these studies
considered patients at early (Li et al., 2017a), middle (Cui et al., 2020) or
all (Zarei et al., 2013; Jia et al., 2015; Lewis et al., 2016) stages of the
disease. To summarize, there is no clear consensus on the association
between modifications in grey matter volume and motor symptoms in
PD. Our study wanted to tackle this issue, which clearly required further
investigation (Cui et al., 2020).

Surprisingly, a large part of the literature on this topic is based on
studies adopting a cross-sectional approach, i.e. investigating PD pa-
tients at a specific time point of the disease. This approach might have
limited the sensitivity to identify subtle structural changes induced by
PD which might be hidden by large interindividual variability (Mills and
Tamnes, 2014; Mak et al., 2015). In addition, this focus on cross-
sectional studies could explain the discrepancies associated with struc-
tural modifications described above and the lack of consistency in the
description of gradual structural changes associated with PD evolution.
Longitudinal studies would improve the quantification at the individual
level of these modifications, since the same group will be compared at
different time points. Indeed, one longitudinal study showed that PD
patients with mild cognitive impairment demonstrated a more extensive
atrophy in bilateral hippocampus relative to PD without cognitive
impairment after 18 months of follow-up (Mak et al., 2015). Another
longitudinal research revealed a progressive decrease in gray matter
volume in the bilateral caudate in PD when comparing a baseline
measurement with 12-months follow-up data (Jia et al., 2015).

To sum up, the inconsistent findings associated with the subcortical
brain modifications underlying PD make it difficult to gather a complete
picture of the atrophic process happening in this neurodegenerative
disease. Thus, it is crucial to determine the structural substrates linked to
disease progression and their association with motor deficits, in the
perspective to improve the diagnosis of PD and to identify novel and
efficient targets for therapy. A surgical (e.g. deep brain stimulation) or
medication (e.g. dopaminergic drugs) treatment can be more effective
through a better determination of the target (Stoker et al., 2018).

Therefore, the first aim of the present research is to assess the
subcortical changes associated with PD over time. We hypothesize that
PD patients should show reduced grey matter volume in subcortical
regions when comparing two consecutive time points (around the time

Neurolmage: Clinical 31 (2021) 102745

of the first clinical diagnosis of PD and after 48 months). In addition, the
second objective of the study was to clarify the possible association
between subcortical grey matter volumes and motor symptoms.

To this end, we adopted two classical methods to assess grey matter
changes: voxel-based morphometry (VBM) and volumetry. At the
moment, it is still not clear which is the best method to characterize
structural brain modifications between VBM - generally preferred by
most researcher - and volumetry. This lack of consensus has led several
researchers to adopt both methods to investigate the same dataset
(Emerton et al., 2009; Voormolen et al., 2010; Xia et al., 2013; Cui et al.,
2020). Indeed, these approaches seem to provide complementary in-
formation about structural changes (Testa et al., 2004; Giuliani et al.,
2005; Juh et al., 2006), as they detect differences of grey matter volume
at the voxel (VBM) or at the ROI level (volumetry). So, it was suggested
to use these methods in conjunction to capture complementary aspects
of brain modification over time (Testa et al., 2004; Giuliani et al., 2005;
Juh et al., 2006; Emerton et al., 2009). Therefore, in the present study,
we compare the results from the VBM and ROI-based volumetry analysis
to gather additional knowledge on this topic which is still largely
debated.

2. Materials and methods
2.1. Population

The data were derived from the database of the on-going Parkinson’s
Progression Markers Initiative (PPMI), comprising a total of 4717 vol-
unteers (age > 30 years) enrolled in different cohorts (healthy control,
PD, de novo PD, PD without evidence of a dopaminergic deficit, pro-
dromal, genetic cohort and genetic registry). This study aims to inves-
tigate the evolution of clinical, biologic and imaging markers in PD
patients to improve clinical trials of disease-modifying therapies and
expand knowledge of disease etiology (Parkinson Progression Marker
Initiative, 2011; Marek et al., 2018). The project started in 2010 in
multiple clinical sites (United States, Europe, Israel, and Australia). The
PPMI provides a longitudinal follow-up of the database at least every
year which is still in progress. All details are available online at ppmi-
info.org.

The diagnosis of PD was assessed at maximum 2 years before base-
line and the disease stage was evaluated as Hoehn and Yahr stage I or II.
Patients must have an asymmetric resting tremor or asymmetric bra-
dykinesia or two of resting tremor, bradykinesia and rigidity. A DaTscan
was also performed to confirm the PD diagnosis by a screening of
dopamine transporter measures. Patients were untreated within at least
6 months of enrollment and have no clinical diagnosis of dementia
(Emre et al., 2007) or of atypical PD syndromes.

In our study, we focus on the PD cohort including patients that have
performed an MRI at two time points. Since MRI data was available at
baseline, after 12, 24 and 48 months, we decided to select the broadest
period, i.e. baseline and 48 months of follow-up, to maximize the pos-
sibility of detecting differences in the evolution of the disease.

Fifty subjects with Parkinson Disease (PD) were selected from the
PPMI database. The flow chart was illustrated in Fig. 1. From 4717
subjects on PPMI database, 796 were enrolled in the PD cohort and 404
carried out a MRI scan. Structural images acquired with the same MRI
sequence were available for 60 subjects at the two selected time points, i.
e. baseline and 48 months. All imaging data have been checked visually
and we removed 10 subjects due to evident artifacts on the images.

In addition, motor symptoms were assessed using the part III of
Unified Parkinson’s Disease Rating Scale (UPDRS-III) also at baseline
and 48 months of follow up. This score was available for the 50 PD
patients at the two time points.

The Hoehn and Yahr Stage, the Geriatric Depression Score (GDS) and
UPDRS-III scores were compared between baseline and 48 months using
a paired samples Wilcoxon test.
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Fig. 1. Flow chart of the selection of subjects. Abbreviations: MRI = Magnetic Resonance Imaging, N = Number of subjects, PD = Parkinson Disease, PPMI =

Parkinson’s Progression Markers Initiative.

2.2. MRI data acquisition

Neuroimaging data were collected using a 3 T scanner (TrioTim,
Siemens, Germany) with a 32-channel head coil. For each MRI session,
structural images (3DT1-MPRAGE) were acquired according to the
following parameters: TR/TE/TI = 2300/3.0/900 ms, flip angle = 9°,
voxel size = 1x1x1 mm, 176 slices.

2.3. MRI data pre-processing

Pre-processing of the MRI images was carried out using the CAT12
toolbox (http://www.neuro.uni-jena.de/cat/) within SPM12 (Wellcome
Department of Imaging Neuroscience Group, London, UK; http://www.
fil.ion.ucl.ac.uk/spm) in MATLAB software (The Mathworks Inc.; MA,
USA, R2019b).

After a correction of bias field inhomogeneity, the anatomical images
at both time-points were segmented into grey matter, white matter, and
cerebrospinal fluid (Ashburner and Friston, 2005). The sum of these
three components were used to assess the total intracranial volume in
the native space. Then, grey matter images were normalized into the
standard Montreal Neurological Institute (MNI) space using the Diffeo-
morphic Anatomic Registration Through Exponentiated Lie algebra al-
gorithm (DARTEL) (Ashburner 2007). During this step, the nonlinear
deformations matrices (forward and inverse) were produced by a high-
dimensional spatial registration to transform the images in the indi-
vidual subject on to MNI space (forward) and in MNI space on to the
individual subject (inverse). Finally, smoothing was applied on
normalized images with a Gaussian kernel of a full width at half
maximum (FWHM) of 8 mm. The segmented images were visually

inspected and a quality check was performed by estimating the weighted
image quality rating.

Finally, a total of fourteen regions of interest (ROI) were selected. We
selected seven ROI in each hemisphere: the nucleus accumbens, amyg-
dala, caudate, hippocampus, pallidum, putamen and thalamus. ROI
masks were generated from the “neuromorphometric” atlas (MNI space)
introduced in SPM12. All ROIs were checked visually in all participants
to assure the quality of the mask.

2.4. MRI statistical analyses

2.4.1. VBM

A voxel-wise general linear model (GLM) group analyses were per-
formed on normalized grey matter images using permutation-based non-
parametric testing (5,000 permutations) adopting the Randomize
toolbox implemented in FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
Randomise). We aimed at assessing: (i) local grey matter differences
between baseline and 48 months with a paired t-test and (ii) local grey
matter modifications associated with UPDRS-III scores evaluated at
baseline then at 48 months adopting an ANalysis of COVAriance
(ANCOVA) analyses. Furthermore, we identified the changes in UPDRS
III over time by assessing the difference in UPDRS III between 48 months
and baseline as well as the difference in grey matter volume between 48
months and baseline. All analyses were performed separately for each
ROI which was introduced as a mask.

All analyses included three corrections: Family-Wise Error rate
(FWE), Threshold-Free Cluster Enhancement (TFCE) and cluster size
correction. The FWE method was applied at the voxel level with a sta-
tistical p-value threshold corresponding to p < 0.05 to prevent the
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reporting of false positives whereas the TFCE was performed at the
cluster level to correct for multiple comparisons using 5000 permuta-
tions. TFCE correction is a standard approach which is effective to deal
with smoothness non-stationary in VBM analyses and its effects on
cluster-based inference (Salimi-Khorshidi et al., 2011; Finkelmeyer
et al., 2017). We also adopted an arbitrary cluster correction inspired by
SPM small volume correction in order to be more conservative; so only
significant clusters with a minimum size of 40 voxels were reported.
Furthermore, all results were age- and sex-adjusted using two covariates
of no interest in the general linear model (GLM). The total intracranial
volume was also included as third covariate to correct different brain
sizes which is strongly recommended for all VBM analysis (Mechelli
et al., 2005). Finally, cognitive status was added as a fourth covariate.
We adopted the MoCA (Montreal Cognitive Assessment) to stratify our
cohort. The MoCA score is representative of deficits in multiple cogni-
tive domains like attention, executive functions, visuospatial capabil-
ities and memory. We classified our participants as PD-normal (MoCA >
27), PD-mild cognitive impairment (26 < MoCA < 23) or PD-dementia
(MoCA < 22) as suggested in previous studies (Hoops et al., 2009;
Dalrymple-Alford et al., 2010; Jones et al., 2018). We modelled these
three groups (PD-normal, PD-mild cognitive impairment, PD-dementia)
in our fourth covariate.

2.4.2. Volumetry

Grey matter volume assessment was performed in each ROI using the
standard CAT12 pipeline. Volumes were evaluated in their native space
before any spatial normalization using the probabilistic atlas (“neuro-
morphometric” atlas) implemented in CAT12. Then, all volumes were
extracted in each ROI at both time-points.

Statistical analyses were performed using R software (version 3.6.3)
in each ROI. Skewed variables (subcortical grey matter volumes) were
log-transformed to normalize their distribution before statistical ana-
lyses (Nakama et al., 2011; Deverdun et al., 2016; Gerrits et al., 2016;
Ritchie et al., 2017). A paired t-test was performed to examine the grey
matter volume differences between baseline and 48 months of follow-up
(adopting Bonferroni correction for multiple comparisons). Then, cor-
relation analyses (Pearson’s correlation coefficient) were conducted to
investigate the association between UPDRS-III scores and grey matter
volume measures at each time separately (baseline and 48 months).
Finally, correlation analyses based on the changes in UPDRS III and grey
matter volume over time were also performed by assessing the differ-
ence in UPDRS III and the difference in grey matter volume in each ROI
between two time points.

3. Results
3.1. Participant characteristics

The population of interest consisted in 50 PD patients (33 women
and 17 men) with a mean age (standard deviation) of 59.8 (9.9) at
baseline and 63.9 (9.9) at 48 months of follow-up. As expected, the
Hoehn and Yahr Stage and UPDRS-III scores were significantly increased
(H&Y: p = 0.001; UPDRSII: p = 0.0004) between baseline and 48
months. Furthermore, the cognitive status was significantly different
between baseline and 48 months (p = 0.04), so we added this variable as
a covariate in our model. At baseline, 38 subjects were diagnosed as PD-
normal and 12 subjects as PD-mild cognitive impairment. At 48 months,
32 subjects were classified as PD-normal, 15 subjects as PD-mild
cognitive impairment and 3 subjects as PD-dementia.

It is important to note that the severity of the depression can influ-
ence motor performances and lead to subcortical structural changes
especially at the onset of the disease (Prange et al., 2019). In our study,
the Geriatric Depression Scale scores were not significantly different
between baseline and 48 months (p = 0.6), therefore we decided not to
include this variable as a covariate in our analyses.

The start of medication was very heterogeneous within our cohort of
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patients (mean in months + SD: 9.8 + 2.5), with a range of 0 (i.e.
baseline) to 84 months (after the baseline).
Characteristics of the participants are detailed in Table 1.

3.2. VBM

Compared to baseline, PD subjects at 48 months showed a significant
decrease in grey matter volume in all ROIs (nucleus accumbens, amyg-
dala, caudate, hippocampus, pallidum, putamen and thalamus). No
significant differences (i.e. increase in volume) were observed when
baseline was compared to 48 months. Results are illustrated in Fig. 2 and
Table 2.

At 48 months, grey matter volume was associated negatively with
UPDRS-III scores in the bilateral thalamus and positively in the bilateral
pallidum. Two significant clusters were found in the left thalamus. At
baseline, no significant association was identified. These findings were
reported in Fig. 3 and Table 3. Finally, no significant results were found
when considering the changes over time (differences in UPDRS III and
grey matter volume between 48 months and baseline).

3.3. Volumetry

Compared to baseline, PD subjects at 48 months showed significantly
decreased grey matter volume in accumbens (left: <10~3; right: 0.002),
amygdala (left: <1073 right: <107%), caudate (left: <10~ ; right:
<1079, hippocampus (left: <1073 right: <107%) and thalamus (left:
<1073 ; right: <107%). These results were summarized in Table 4.

At baseline, grey matter volume was associated positively with
UPDRS-III scores in the right pallidum (r = 0.19, p = 0.02). At 48
months, grey matter volume was associated negatively with UPDRS-III
scores in the bilateral thalamus (left: r = —0.30, p = 0.03; right: r =
—0.35, p = 0.01) and positively in the bilateral pallidum (left: r = 0.39,
p = 0.004; right: r = 0.35, p = 0.01). These correlations are presented in
Fig. 4 and Table 5. In addition, the grey matter volume change was
significantly correlated with UPDRS III change in left pallidum (r =
—0.29, p = 0.04) and left thalamus (r = 0.28, p = 0.04).

4. Discussion

The present study aimed to explore: (i) the anatomical changes in
subcortical structures associated with PD over time and (ii) their asso-
ciations with motor symptoms. To this aim, we adopted two approaches,
i.e. VBM and volumetry.

Our results converged in identifying a general atrophy within
subcortical structures associated with PD evolution. Both methods
revealed a decrease either in grey matter intensity or volume over time
in almost all subcortical regions when comparing baseline and 48
months, supporting the accepted subcortical alteration associated with
PD progression (Summerfield et al., 2005; Pitcher et al., 2012; Mak
et al., 2015; Cui et al., 2020). However, there were differences between
these two methods, as volumetry showed no significant difference in the
bilateral putamen and bilateral pallidum, unlike VBM. This result sug-
gests that these two methods might provide partially dissociable, but
complementary, descriptions of grey matter modifications.

Table 1

Characteristics of the participants. Data are mean (SD) or number of subjects
(N). Abbreviations: GDS = Geriatric Depression Scale, UPDRS III = Unified
Parkinson’s Disease Rating Scale, part III

PD patients Baseline 48 months
N (men/women) 50 (33/17) 50 (33/17)
Age (mean + SD) 59.8 £ 9.9 63.9 £ 9.9
Hoehn and Yahr Stage score (mean + SD) 1.5+05 1.9+0.5
Disease duration (months + SD) 59 +5.9 55.3 + 6.2
GDS (mean =+ SD) 51+ 1.6 52+1.5
UPDRS III (mean + SD) 199 £ 9.5 25.8 £12.3
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Baseline > 48 months

Fig. 2. Statistical parametric maps showing differences between baseline and 48 months of follow-up using voxel-based morphometry analyses. Grey matter volume
was decreased in all subcortical regions (nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen and thalamus) at 48 months relative to baseline.
No significant differences were identified at baseline relative to 48 months. Results were reported using threshold-free cluster enhancement and p < 0.05 family-wise
error rate error corrected with a cluster size > 40 voxels. Age, gender, total intracranial volume and cognitive status were also considered as covariates in the model.
Regions are displayed on transverse slices (MNI space, MRIcroGL software, MNI152 template). Abbreviations: L = Left, R = Right.

Table 2

Subcortical grey matter regions showing differences between baseline and 48
months of follow-up using voxel-based morphometry analyses. Local maxima
were reported, including cluster size and anatomical region. Findings were re-
ported in the Montreal Neurological Institute space (x, y, and z). Results were
reported using threshold-free cluster enhancement and p < 0.05 family-wise
error rate error corrected with a cluster size > 40 voxels. Age, gender, total
intracranial volume and cognitive status were also considered as covariates in
the model. Abbreviations: L = Left, R = Right, ROI = Region Of Interest.

Cluster Voxels size t value MNI coordinates

X y z
L Accumbens 61 59.5 -10.5 6 —-13.5
R Accumbens 45 53.7 12 7.5 -9
L Amygdala 131 62.7 -15 ) -22.5
R Amygdala 117 65.3 24 —4.5 —24
L Caudate 708 63.2 -10.5 9 —6
R Caudate 787 69.7 9 9 —4.5
L Pallidum 206 47.7 -22.5 —10.5 -7.5
R Pallidum 227 60.6 25.5 -9 -7.5
L Hippocampus 664 71.4 -18 -15 -21
R Hippocampus 840 73.3 27 -10.5 —24
L Putamen 560 59.5 —13.5 6 —13.5
R Putamen 549 61.1 15 7.5 —-13.5
L Thalamus 1105 67.6 -3 -9 —4.5
R Thalamus 1050 67.5 19.5 —31.5 —4.5

Regarding the association between grey matter volume and UPDRS-
III scores, our findings support the idea that a reduced volume in the
thalamus and an increased volume in pallidum may be related to the
general decline in motor skills assessed with this scale. VBM and volu-
metry approaches revealed a negative correlation in the bilateral thal-
amus and a positive correlation in the bilateral pallidum at 48 months. A
positive correlation was also identified using volumetry method in the
right pallidum at baseline. Furthermore, the changes in UPDRS-III over
time were correlated with the changes in grey matter volume over time
positively in left thalamus and negatively in left pallidum enhancing
these assumptions.

4.1. Decreased grey matter volume between baseline and 48 months

Previous MRI studies comparing PD patients to healthy control
showed a loss of grey matter volume in subcortical regions using VBM or
volumetry approach. Several studies reported a bilateral decrease in
thalamus (VBM: Ej et al., 2004; Summerfield et al., 2005; Cui et al.,
2020; volumetry: Lee et al., 2011; Pitcher et al., 2012), amygdala (VBM:
Li et al.,, 2017b), hippocampus (VBM: Summerfield et al., 2005;

volumetry: Pitcher et al., 2012), putamen (VBM: Summerfield et al.,
2005; volumetry: Ghaemi et al., 2002; O’Neill et al., 2002; Krabbe et al.,
2005; Geng et al., 2006; Lee et al., 2011; Pitcher et al., 2012; Lewis et al.,
2016), nucleus accumbens (VBM: Summerfield et al., 2005; volumetry:
Mak et al., 2015), pallidum (volumetry: O’Neill et al., 2002) and caudate
nucleus (VBM: Ej et al., 2004; Cui et al., 2020; volumetry: Lee et al.,
2011; Mak et al., 2015; Lewis et al., 2016; Fang et al., 2020). In addition,
other studies demonstrated a reduction in the bilateral hippocampus
(VBM: Summerfield et al., 2005; Xia et al., 2013; Blair et al., 2019;
volumetry: Mak et al., 2015) and pallidum (volumetry: Geng et al.,
2006) as a function of the different stages of the disease. In our study, we
confirmed these observations showing a decrease in almost all subcor-
tical region at 48 months compared to baseline (clinical diagnosis of PD)
using both VBM and volumetry method. Therefore, our findings may
represent a specific alteration of the subcortical structures over time
characterizing Parkinson disease progression.

4.2. Association with UPDRS-III score

We observed bilaterally that smaller thalamus volumes were corre-
lated with higher UPDRS-III scores (more severe motor symptoms) at 48
months. Thalamus has been generally neglected in the literature on
subcortical modifications associated with PD (Lewis et al., 2016; Cui
et al., 2020). Only one study involving data of the PPMI database re-
ported no correlation between the thalamic volume and UPDRS-III
scores both at baseline and at 12 months follow-up using VBM
approach (Jia et al., 2015). Similarly, our results did not show a sig-
nificant correlation at baseline, but showed an effect at 48 months using
both VBM and volumetry method. A positive significant correlation was
also identified on the changes over time in left thalamus. This suggests
that thalamic changes could have a slow progression and occur only at
the late stage of the disease. These structural modifications are in
accordance with the functional model of basal ganglia-thalamocortical
circuits controlling movements (Albin et al., 1989; DeLong and Wich-
mann, 2007; Rubin et al., 2012; Marreiros et al., 2013; Galvan et al.,
2015; Caligiore et al., 2016; McGregor and Nelson, 2019). This model
proposes that the dopaminergic loss drives abnormal activity in the
basal ganglia, which in turns lead to an excess inhibition of the thalamo-
cortical pathway. It is thus expected that the decline in thalamic activity
is associated with motor deficits of PD, especially as the thalamus
(ventral anterior and ventrolateral nuclei) is known to project towards
motor cortical regions (Galvan et al., 2015). Therefore, our results might
reflect a structural modification following thalamic functional changes,
as we observed a decreased volume in thalamus associated with
increased motor impairment only at 48 months.
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Fig. 3. Statistical parametric maps showing negative correlation between grey matter volume and UPDRS-III scores at 48 months using voxel-based morphometry
analyses. Results showed a positive association between grey matter volume and UPDRS-III in bilateral pallidum at 48 months. Conversely, a negative association was
identified in bilateral thalamus at 48 months. No findings were significant at baseline. Results were reported using threshold-free cluster enhancement and p < 0.05
family-wise error rate error corrected with a cluster size > 40 voxels. Age, gender, total intracranial volume and cognitive status were also considered as covariates in
the model. Regions are displayed on transverse slices (MNI space, MRIcroGL software, MNI152 template). Abbreviations: L = Left, R = Right.

Table 3

Subcortical grey matter regions showing correlation between grey matter vol-
ume and UPDRS-III scores at 48 months using voxel-based morphometry ana-
lyses. Local maxima were reported, including cluster size and anatomical region.
Findings were reported in the Montreal Neurological Institute space (x, y, and z).
Results were reported using threshold-free cluster enhancement and p < 0.05
family-wise error rate error corrected with a cluster size > 40 voxels. Age, sex,
total intracranial volume and cognitive status were also considered as covariates
in the model. Abbreviations: L = Left, R = Right, ROI = Region of Interest,
UPDRS-III = Unified Parkinson’s Disease Rating Scale, part III.

Cluster Voxels size t value MNI coordinates

X y z
UPDRS-III decreased
L Thalamus 933 1.8 -6 -9 1.5
L Thalamus 56 1.8 -21 -30 -1.5
R Thalamus 1174 1.9 13.5 -18 15
UPDRS-III increased
L Pallidum 40 1.9 19.5 0 0
R Pallidum 69 2.0 22,5 -1.5 1.5

Table 4

Subcortical grey matter regions showing differences between baseline and 48
months using volume assessment analyses. The comparison between baseline
and 48 months was assessed using a paired-t-test, Bonferonni corrected. The
asterisk indicates significant differences at p < 0.05. Abbreviations: L = Left, R
= Right, ROI = Region of Interest.

ROIs Volume at Baseline Volume at 48 months P value
L Accumbens 405.0 + 57.3 390.6 + 58.9 <1073
R Accumbens 410.3 £ 59.9 397.4 + 60.5 0.002*
L Amygdala 964.1 + 106.6 938.1 + 104.4 <1073
R Amygdala 953.7 + 101.0 921.3 + 120.6 <1073
L Caudate 2624.7 + 376.5 2522.0 + 392.8 <1073 *
R Caudate 2770.2 + 349.4 2685.9 + 353.7 <1073+
L Hippocampus 3144.6 + 291.7 3063.0 + 310.2 <1073 =
R Hippocampus 3503.9 + 338.6 3404.4 + 364.5 <1073 *
L Thalamus 4920.8 + 520.6 4736.0 + 565.6 <1073+
R Thalamus 5208.3 + 504.1 5088.8 + 583.9 <1073
L Pallidum 171.1 + 80.5 181.9 + 89.9 0.94

R Pallidum 193.1 £ 99.1 202.0 +105.3 0.82

L Putamen 3584.6 + 547.7 3546.7 + 551.4 0.12

R Putamen 3501.1 + 419.1 3460.2 + 411.2 0.12

The same functional model of basal ganglia-thalamocortical circuits
support the idea that a dysfunction of the pallidum would be responsible
of the inhibition of the thalamo-cortical pathway in PD (Albin et al.,
1989; DeLong and Wichmann, 2007; Rubin et al., 2012; Marreiros et al.,
2013; Galvan et al., 2015; Caligiore et al., 2016; McGregor and Nelson,
2019). The model proposes that the selective depletion of dopaminergic
neurons of the substantia nigra will induce an overactivation in the
pallidum, triggering the inhibition of the thalamo-cortical pathway.
Therefore, the dopaminergic loss would lead to abnormal excitability in
pallidum which also should contribute to motor impairment. In our
study, we showed a positive correlation between the grey matter volume
in pallidum and UPDRS-III scores, as well as a negative correlation be-
tween the UPDRS III/grey matter volume changes over time in the left
pallidum. These findings suggest that a large volume in pallidum could
be related to increased severity of motor symptoms. Considering the
general atrophy of all subcortical structures in PD over time, a possible
interpretation of our data might be that the atrophy in the pallidum
might be a possible compensatory mechanism as it correlates with less
motor impairment.

4.3. VBM and volumetry approach

Our VBM and volumetry analyses showed only partially overlapping
results. Previous studies have provided mixed results in this respect.
Several investigations showed only a limited convergence between these
two methods (Tisserand et al., 2002; Giuliani et al., 2005; Emerton et al.,
2009; Voormolen et al., 2010; Cui et al., 2020), whereas others showed a
total (Good et al., 2001; Job et al., 2003; Luders et al., 2004) or no
convergence at all (Juh et al., 2006). This variability could be explained
by differences in the type of measurements: VBM detects qualitatively
the local density changes in brain tissue, while volumetry can provide
quantitatively measure of brain volume (Tisserand et al., 2002).
Therefore, volumetry would be less sensitive than VBM to identify subtle
deficits, as local modifications in a specific part of the selected region
might be diluted and disappear when selecting a too large ROI (Tisser-
and et al., 2002; Voormolen et al., 2010). The relevant information
about structural modification could thus be hidden by the other unal-
tered parts of the ROL As mentioned earlier, we found only partially
overlapping results using VBM during the comparison between the two
time points, whereas volumetry approach was more sensitive to identify
association between grey matter modifications and motor symptoms.
These results support the idea that the choice of the type of method is
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Fig. 4. Correlation between grey matter volume and UPDRS-III scores at baseline, 48 months and over time. At baseline, one positive correlation was identified
between grey matter volume and UPDRS-III scores in the right pallidum. A non-significant correlation was observed in the bilateral thalamus and left pallidum. At 48
months, a positive correlation was found between grey matter volume and UPDRS-III scores in bilateral pallidum whereas a negative correlation was identified in
bilateral thalamus. Changes between 48 months and baseline in grey matter volume and UPDRS-III were correlated positively in left thalamus and negatively in left
pallidum. Pearson correlations were reported with a statistical threshold of p < 0.05. Data (grey matter volume) were log-transformed to normalize the distribution.

Abbreviations: UPDRS = Unified Parkinson’s Disease Rating Scale.

Table 5

Subcortical grey matter regions showing correlation between grey matter vol-
ume and UPDRS-III scores at baseline, 48 months and over time using volume
assessment analyses. Pearson correlations (r) are reported with a significant
statistical threshold of p < 0.05 reported by an asterisk (*). Abbreviations: BL =
BaseLine, L = Left, R = Right, ROI = Region Of Interest.

ROIs Pearson r P value
Baseline

L Pallidum 0.19 0.17

R Pallidum 0.32 0.02*
L Thalamus —0.045 0.75

R Thalamus —0.12 0.42
48 months

L Pallidum 0.39 0.004*
R Pallidum 0.35 0.01%
L Thalamus —0.30 0.03*
R Thalamus -0.35 0.01*
Difference (48-BL)

L Pallidum -0.29 0.04*
R Pallidum —0.027 0.85

L Thalamus 0.28 0.04*
R Thalamus —0.050 0.73

crucial: a qualitative method should be preferred for comparative data
(t-test), whereas a quantitative method should be selected in the analysis
of associations with neuropsychological data (regression/correlation).
Therefore, we confirm that these methods should be used jointly as
complementary tools, as already suggested previously (Testa et al.,
2004; Giuliani et al., 2005; Juh et al., 2006; Emerton et al., 2009;
Voormolen et al., 2010; Cui et al., 2020).

4.4. Limitations of our study

We acknowledged that our study did not provide novel evidence
regarding the caudate nucleus. As reported in the Introduction, the

investigation of the association between grey matter volume in the
caudate nucleus and motor impairment is still not clear. Several studies
reported no correlation with the UPDRS-III scores (Jia et al., 2015; Lewis
et al., 2016; Cui et al., 2020), or a negative correlation bilaterally in the
caudate nucleus (Li et al., 2017a) or only in the left caudate nucleus
(Zarei et al., 2013). In our study, results were not statistically significant
using both VBM and volumetry methods, confirming the difficulties in
establishing this possible relationship. An explanation to this lack of
effect could be the selection of too large ROI, encompassing different
subregions, which might not be optimal to identify subtle structural
modifications (Tisserand et al., 2002; Voormolen et al., 2010).

Following this line of thinking, it could be also interesting to inves-
tigate the role of the different nuclei of the thalamus, as the ventral
anterior and the ventrolateral nuclei, which have been also related to
motor impairments according to the model of the thalamo-cortical
functional loops (Albin et al., 1989; Rubin et al., 2012; Galvan et al.,
2015; Caligiore et al., 2016; McGregor and Nelson, 2019). Conse-
quently, additional work should be performed to better define the
different subdivisions in each anatomical ROI — and possibly adopting
high-resolution sub-millimeter anatomical images — in order to better
understand parkinsonism-related changes and their association with the
motor deficits.

5. Conclusion

To conclude, our study confirmed the existence of a general atrophic
process within subcortical structures following the progression Parkin-
son’s disease, described as a decreased grey matter volume in all
subcortical regions over time (48 months) using both VBM and volu-
metry approach. We highlighted for the first time that a decreased grey
matter volume in thalamus and an increased grey matter volume in
pallidum were correlated with increased motor symptoms severity.
These structural changes are consistent with the proposed role of basal
ganglia-thalamocortical circuits in controlling movement in Parkinson’s
disease. Our results also broadened knowledge about the importance to
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use VBM and volumetry as complementary approaches to investigate
brain modifications in PD. All in all, our finding helped in better clari-
fying parkinsonism-related changes and their association with motor
deficits, highlighting the thalamus and pallidum as possible targets to
appropriate therapeutic intervention.
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