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Abstract.
Background: The hypothesis that the effectiveness of deep brain stimulation (DBS) in Parkinson’s disease (PD) would be
related to connectivity dysfunctions between the site of stimulation and other brain regions is growing.
Objective: To investigate how the subthalamic nucleus (STN), the most frequently used DBS target for PD, is functionally
linked to other brain regions in PD patients according to DBS eligibility.
Methods: Clinical data and resting-state functional MRI were acquired from 60 PD patients and 60 age- and sex-matched
healthy subjects within an ongoing longitudinal project. PD patients were divided into 19 patients eligible for DBS and 41
non-candidates. Bilateral STN were selected as regions of interest and a seed-based functional MRI connectivity analysis
was performed.
Results: A decreased functional connectivity between STN and sensorimotor cortex in both PD patient groups compared to
controls was found. Whereas an increased functional connectivity between STN and thalamus was found in PD patient groups
relative to controls. Candidates for DBS showed a decreased functional connectivity between bilateral STN and bilateral
sensorimotor areas relative to non-candidates. In patients eligible for DBS, a weaker STN functional connectivity with left
supramarginal and angular gyri was related with a more severe rigidity and bradykinesia whereas a higher connectivity
between STN and cerebellum/pons was related to poorer tremor score.
Conclusion: Our results suggest that functional connectivity of STN varies among PD patients eligible or not for DBS.
Future studies would confirm whether DBS modulates and restores functional connectivity between STN and sensorimotor
areas in treated patients.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurode-
generative disorder characterized by motor signs and
symptoms including resting tremor, rigidity, bradyki-
nesia, as well as non-motor manifestations involving
autonomic, behavioral, and cognitive systems [1].
Motor and non-motor alterations have been related
to a progressive and widespread involvement of the
cortico-basal ganglia-thalamo-cortical network [2].
Several treatments, including medications, surgery,
and rehabilitative therapies, are currently available
to help relieve signs and symptoms and to improve
quality of life [1].

Deep brain stimulation (DBS) has become a
well-established therapy for PD and few treatments
are as effective as DBS for controlling the trou-
bling motor signs and symptoms such as tremor
and levodopa-induced dyskinesia, with a conse-
quent positive impact on patients’ quality of life
[3–5]. However, the exact mechanism underlying the
efficacy of the stimulation remains unknown. The
subthalamic nucleus (STN), which is part of the basal
ganglia circuit, is one of the preferred targets for
DBS of PD patients showing great clinical benefits on
motor signs and symptoms. Neuroanatomical tracer,
electrophysiological and structural brain connectiv-
ity investigations suggest that the STN is divided into
three different parts [6, 7]: 1) the sensorimotor area,
the largest part encompassing the dorso-lateral two-
thirds of the STN; 2) the associative area, located in
the ventrolateral STN; and 3) the limbic area, located
at the medial tip of the STN [7, 8]. Even when accu-
rate surgical targeting and selective stimulation of the
STN motor area is performed, the therapeutic benefits
of STN-DBS can vary among PD patients. Therefore,
the hypothesis that the effectiveness of DBS would be
related to connectivity dysfunctions of the site of the
stimulation with other brain regions is being debated.
In this instance, how these network alterations differ
among PD patients is unknown.

Several resting state (RS) functional magnetic res-
onance imaging (fMRI) studies described how PD
alters the functional brain organization providing new
hypotheses about PD physiopathology and treatments
response [9, 10]. More recently, RS fMRI studies
demonstrated that brain functional connectivity iden-
tifies different clinical clusters of PD and correlates
with motor and cognitive severity [11–18]. In a pre-
vious study, we investigated connectivity networks
in PD patients eligible or not for DBS, suggesting
that advanced fMRI techniques (graph analysis and

connectomics) might represent a powerful approach
to help clinicians establish the correct indication to
DBS in PD. In detail, candidates for DBS were char-
acterized by occipital hyperconnectivity and/or basal
ganglia-sensorimotor hypoconnectivity along with
progressively increased connectivity between basal
ganglia and sensorimotor areas and decreased con-
nectivity in the posterior regions [17]. However, in
that study basal ganglia did not involve the bilateral
STN and therefore they were not investigated [17].

Against this background, we examined functional
connectivity between STN and other brain regions
in two groups of PD patients: candidates for DBS
(before undergoing surgery) and cases with compa-
rable disease duration and stage but not meeting the
criteria to undergo DBS treatment. We then sought
to determine whether STN-brain network differs
between the two groups and if connectivity alter-
ations are related to the severity of specific signs and
symptoms.

MATERIALS AND METHODS

Subjects and group definition

One hundred-fifty-four patients with idiopathic PD
[19] were prospectively recruited at the Clinic of Neu-
rology, Faculty of Medicine, University of Belgrade,
Serbia, within the framework of an ongoing longitu-
dinal project involving clinical, cognitive/behavioral
and brain MRI evaluations (performed yearly for a
maximum of four years). For the purpose of the
present analysis, clinical and cognitive/behavioral
longitudinal data were used to identify patients who
became eligible or not for surgery over the follow-
up, whereas the baseline brain MRI scans (acquired
at study entry) were analyzed to investigate STN net-
works alterations between groups before developing
clinical criteria for surgery. As previously reported
[17], patients were excluded if they had: disease
duration less than four years at study entry (accord-
ing to the Earlystim trial) [3, 5], severe dementia
[20], acute psychosis or major depression with sui-
cidal ideation (due to their absolute contraindication
for DBS treatment) [21], severe cerebrovascular dis-
orders or intracranial masses on routine MRI, and
incomplete MRI or motion artifacts during the scan.
Subsequently, according to motor symptoms and
signs, general clinical information, levodopa equiv-
alent daily dosage (LEDD) [22] and cognitive and
behavioral data, the PD population was divided in two
groups: 1) patients eligible for DBS if they suffered
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from troublesome dyskinesia and/or severe motor
fluctuations causing reduced quality of life despite
medications adjustment, and/or refractory marked
tremor over four years of follow-up; 2) patients who
did not meet the criteria to undergo DBS surgery over
the follow-up [17]. According to inclusion and exclu-
sion criteria, 60 patients were enrolled in the study (19
candidates and 41 non-candidates for DBS). Notably,
the framework for the selection of PD patients who
became candidates for DBS over time was already
described [17], as we used the same cohorts of PD
patients for the purpose of this study.

Sixty age- and sex-matched healthy controls with-
out neurological and psychiatric disorders were also
recruited and underwent clinical, cognitive and MRI
assessments.

The study received approval from the ethics com-
mittee on human experimentation of Faculty of
Medicine – University of Belgrade (No. 175090).
Written informed consent was obtained from all
patients participating in the study.

Clinical evaluation

An experienced neurologist performed clinical
assessments. Patients were examined in ON state
(i.e., period when the dopaminergic medication is
working, and symptoms are well controlled). Demo-
graphic, general clinical, and family data (age, sex,
education, handedness, age at onset, side of onset,
PD duration, medications, and family history) were
obtained using a semi-structured interview. LEDD
was calculated [22]. Disease severity was defined
using the Hoehn and Yahr (HY) stage score [23].
The Unified PD Rating Scale (UPDRS) [24] was
used to evaluate non-motor symptoms (UPDRS I),
motor symptoms (UPDRS II), motor signs (UPDRS
III), and motor complications (UPDRS IV). UPDRS
III rigidity, tremor, and bradykinesia sub-scores were
also calculated. The presence of dyskinesia and motor
fluctuations was evaluated according to the UPDRS
IV sub-scores. Neuropsychological and behavioral
assessment are reported in the Supplementary Mate-
rial.

MRI acquisition

Brain MRI scans were obtained for both PD
patients and healthy controls on the same 1.5 Tesla
Philips Achieva system machine (Philips Medical
Systems, Best, the Netherlands). Patients were
scanned 90–120 min after their regular morning

dopaminergic therapy administration (ON state).
The following MRI sequences were obtained:
1) Dual-Echo Turbo Spin-Echo (repetition time
[TR] = 3125 ms, echo time [TEs] = 20/100 ms,
echo train length [ETL] = 6,44 axial slices,
thickness = 3.0 mm, matrix size = 256×247,
field of view [FOV] = 240×232 mm2; voxel
size = 0.94×0.94×3 mm, in-plane sensitivity
encoding [SENSE] parallel reduction factor, 1.5),
2) three-dimensional (3D) sagittal T1-weighted
Turbo-Field-Echo (TR = 7.1 ms, TE = 3.3 ms,
inversion time = 1000 ms, flip angle = 8◦, matrix
size = 256×256×180, FOV = 256×256 mm2, sec-
tion thickness = 1 mm, voxel size = 1×1×1 mm),
and 3) gradient-echo echo planar imaging for RS
fMRI (TR = 3000 ms, TE = 35 ms, flip angle = 90◦,
matrix size = 128×128, FOV = 240×240 mm2, voxel
size = 1.88×1.88×4 mm, slice thickness = 4 mm,
200 sets of 30 contiguous axial slices). For the latter
sequence, participants were instructed to remain
motionless, to keep their eyes closed, not to fall
asleep, and not to think about anything.

Resting-state fMRI preprocessing and
seed-based functional connectivity analysis

MRI analysis was performed at the Neuroimaging
Research Unit, IRCCS Ospedale San Raffaele, Milan,
Italy, by two experienced observers. Methodological
framework for the MRI analysis is summarized in
Fig. 1.

RS fMRI data processing was carried out using
the FMRIB software library (FSLv5.0) [25]. First,
T1-weighted images were skull stripped using the
Brain Extraction Tool and segmented in gray mat-
ter (GM), white matter, and cerebrospinal fluid maps
using the FMRIB’s Automated Segmentation Tool.
Resulting images were registered into the RS fMRI
native space of each subject through a 12 degree of
freedom linear affine transformation using FMRIB’s
Linear Image Registration Tool. The first four vol-
umes of the fMRI data were removed to reach
complete magnet signal stabilization. The following
FSL-standard preprocessing pipeline was applied:
1) motion correction using MCFLIRT; 2) high-
pass temporal filtering (lower frequency: 0.01 Hz);
3) spatial smoothing (Gaussian Kernel of FWHM
6 mm); 4) single-session independent component
analysis-based automatic removal of motion artifacts
(ICA AROMA) to identify those independent com-
ponents (ICs) representing motion related artifacts.
This method calculates a set of spatial and tempo-
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Fig. 1. Schematic representation of the procedure for the seed-based resting state functional connectivity. Each seed of interest (in the
figure an example is provided for the bilateral STN) was defined in MNI space and moved to each subject’s native space. From each seed,
mean time-series were extracted and subject-level maps of all positively and negatively predicted voxels for each regressor were obtained.
Subject-level maps were finally registered to the MNI standard template and were ready for the statistical analysis. Here we provide the
illustrative example of analysis: seed-based functional connectivity was investigated in each patient group (candidates or not for DBS) versus
the matched group of controls using a general linear model which includes the group as independent factor. DBS, candidates for deep brain
stimulation; MRI, magnetic resonance imaging; STN, subthalamic nucleus.

ral discriminative features and, according to them,
exploits a classification procedure to identify ICs rep-
resenting motion artifacts. Finally, ICs classified as
motion-related were removed from the fMRI dataset
by means of linear regression. RS fMRI data set
(‘clean’ from motion-related ICs) were co-registered
to the participant’s 3D T1-weighted TFE image using
affine boundary-based registration as implemented
in FLIRT [26] and subsequently transformed to the
Montreal Neurological Institute (MNI) 152 standard
space with 4 mm isotropic resolution using non-linear
registration through FNIRT [27]. Pre-processed RS
fMRI data for each subject were temporally concate-

nated across participants to create a single 4D data
set.

Then, individual RS fMRI images were
processed using MELODIC (Multivariate
Exploratory Linear Optimized Decomposition
into Independent Components; version 3.10;
http://www.fmrib.ox.ac.uk/fsl/melodic/) [28]. Left
and right STN were selected as seeds and were
defined in the MNI space in WFU PickAtlas
(toolbox of SPM12), moved to each subject native
space trough non-linear and affine registrations,
and visually inspected in the individual brains
by neuroimaging experts. Seed-based RS-FC was

http://www.fmrib.ox.ac.uk/fsl/melodic/
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then performed using a 2-step regression analysis
as implemented in the FMRIB software library
(FSLv5). First, time series of white matter, cere-
brospinal fluid, and whole brain volumes in RS fMRI
native space were extracted from the preprocessed
and denoised data and their effects were regressed
out using the FMRI Expert Analysis Tool. Seed
mean time-series were then calculated. The output
of this step is represented by subject-level maps of
all positively and negatively predicted voxels for
each regressor. Subject-level maps were registered
to the MNI standard template to enter the statistical
analysis.

Statistical analysis

Demographic and clinical data
Demographic, clinical (motor and non-motor),

and cognitive data were compared between groups
using ANOVA models or Chi-square test. p values
were Bonferroni-corrected for multiple comparisons
at p < 0.05. All statistical analyses were per-
formed using R Statistical Software (version 4.0.3;
R Foundation for Statistical Computing, Vienna,
Austria).

Seed-based resting-state functional connectivity
Between-group differences were tested using

the FMRIB’s Local Analysis of Mixed Effects
(FLAME), which allows multi-level modeling for
RS fMRI group analysis. Functional connectivity
was investigated between groups using a general
linear model which includes all groups as indepen-
dent factors (healthy controls, PD candidates for
DBS, PD non-candidates for DBS), and age and sex
variables as covariates. Analysis between candidates
or not for DBS was also adjusted for LEDD and
clinical variables which were found to be different
between PD groups at baseline. Corrections for mul-
tiple comparisons were carried out at cluster level
using Gaussian random field theory, z > 2.3; cluster
significance: p < 0.05, corrected [29]. Moreover, we
tested the correlation between clinical motor signs
(UPDRS III total and subscores) and STN functional
connectivity performing a second-level GLM-based
analysis including both groups of PD patients. Analy-
sis was adjusted for age, sex and LEDD. Results were
considered significant at cluster-level FWE corrected
p < 0.05.

RESULTS

Demographic and clinical features

Nineteen PD patients were eligible for DBS,
whereas 41 patients did not meet the criteria
to undergo surgery, as previously described [17].
Patients were considered eligible for DBS according
to the following clinical indications: medication-
resistant tremor in 4/19 patients (21.05%), motor
fluctuations and dyskinesia impairing quality of life
in 11/19 patients (57.9%), and medication-resistant
tremor and dyskinesia in the remaining 4/19 patients
(21.05%).

Demographic and clinical characteristics of the
study sample are described in Table 1. The three
groups were matched for age and sex. Both patient
groups had lower education and worse behav-
ioral/cognitive performances compared to healthy
controls (Table 1 and Supplementary Table 1).
Patients eligible for DBS over time and those not
eligible did not differ in terms of education, age at
onset, PD duration, site of onset, and HY score. At
baseline, the UPDRS total, part II, part III, and part
IV scores were already worse in candidates versus
non-candidates for DBS (Table 1). Cognitive and
behavioral features were similar between the two PD
groups (Supplementary Table 1). Over the follow-up,
both PD groups showed motor clinical progression
(UPDRS total, part II, part III, part IV) and increased
LEDD. The clinical longitudinal changes were pre-
viously reported [17].

Seed-based resting state functional connectivity

PD candidates for DBS vs. healthy controls
Compared to controls, patients eligible for DBS

showed reduced functional connectivity between
bilateral STN and 1) bilateral primary, premotor and
supplementary motor cortex, 2) bilateral primary
and sensory association cortex, and 3) right Broca’s
area and supramarginal gyrus (Fig. 2, Table 2).
On the other hand, candidates for DBS showed
an increased functional connectivity between bilat-
eral STN and bilateral thalamus and globus pallidus
(Fig. 2, Table 2).

PD non-candidates for DBS vs. healthy controls
Relative to healthy controls, patients not eligible

for DBS showed a reduced functional connectivity
between bilateral STN and bilateral primary motor
and somatosensory cortices (Fig. 2, Table 2). Further-
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Table 1
Demographic and clinical features of Parkinson’s disease patients and healthy controls

Variables HC Candidates for
DBS

Non-
candidates

p: Candidates
for DBS vs.
HC

p: Non-
candidates vs.
HC

p: Candidates
for DBS vs.
Non-
candidates

N 60 19 41 – – –
Age at MRI (y) 61.79 ± 8.98 (46.14–77.72) 61.09 ± 7.32

(48.86–73.59)
61.96 ± 6.38
(49.09–82.95)

1.00 1.00 1.00

Sex (men/women) 29 (48.33)/31 (51.67) 11 (57.9)/8
(42.1)

25 (61)/16
(39)

0.32 0.15 0.52

Education (y) 13.52 ± 2.57 (8.00–16.00) 11.21 ± 3.06
(4–16)

12.34 ± 2.31
(8–17)

0.003 0.01 0.35

Handedness (right/left/both) 46 (92) 4 (8) 0 (0) 18 (94.7) 1
(5.3) 0 (0)

36 (87.8) 4
(9.8) 1 (2.4)

0.58 0.50 0.64

Age at onset (y) – 52.05 ± 7.94
(42.0–64.0)

54.63 ± 6.45
(43.0–71.0)

– – 0.19

Disease duration (y) – 8.94 ± 5.55
(4.28–23.93)

7.42 ± 3.65
(4.00–16.86)

– – 0.24

Family history (no/yes) – 16 (84.2) 3
(15.8)

34 (82.9) 7
(17.1)

– – 0.61

Side of onset (right/left/both) – 12 (63.2)/7
(36.8)/0 (0)

25 (61.0)/15
(36.6)/1 (2.4)

– – 0.79

Hoehn & Yahr – 2.32 ± 0.74
(1–3)

1.94 ± 0.60
(1–3)

– – 0.19

UPDRS Total – 65.00 ± 17.59
(28–90)

49.66 ± 17.35
(15–79)

– – 0.002

UPDRS I Total – 3.84 ± 3.97
(0–12)

3.27 ± 2.99
(0–12)

– – 0.54

UPDRS II Total – 14.21 ± 4.66
(3–21)

10.39 ± 4.49
(1–20)

– – 0.004

UPDRS III Total – 43.68 ± 14.36
(14–62)

34.71 ± 13.34
(12–55)

– – 0.02

UPDRS IV Total – 3.26 ± 2.51
(0–9)

1.29 ± 1.69
(0–6)

– – 0.01

Levodopa equivalent dose (mg) – 882.63 ± 398.59
(0–1530)

679.15 ± 322.42
(0–1140)

– – 0.07

Values are reported as mean ± standard deviation (range) or absolute and percentage frequency (%) for continuous and categorical variables, respectively. Differences between Parkinson’s disease
patients and healthy controls and between Parkinson’s disease groups were assessed using ANOVA models (for continuous demographic and general clinical variables) and Chi-square test
(for all categorical variables). p values were adjusted for multiple comparisons at p < 0.05. DBS, Deep Brain Stimulation; Candidates for DBS, Patients eligible for DBS; HC, healthy controls;
Non-candidates, patients not eligible for DBS; PD, Parkinson’s disease; UPDRS, Unified Parkinson’s Disease Rating Scale.
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Fig. 2. Seed-based functional connectivity analysis. Resting-state functional connectivity of the bilateral STN seed region among PD groups
and healthy controls. Results are overlaid on the Montreal Neurological Institute template in neurological convention, displayed at p < 0.05
family wise error corrected for multiple comparisons (with age and sex variables as covariates), implementing the threshold-free cluster
enhancement. Colored bar represents Z values.

more, non-candidates for DBS showed an increased
functional connectivity between bilateral STN and
bilateral thalamus (Fig. 2, Table 2).

PD candidates vs. non-candidates for DBS
Patients eligible for DBS showed a decreased

functional connectivity between bilateral STN and
bilateral motor and somatosensory cortices, between
bilateral STN and right supramarginal gyrus when
compared to non-candidates for surgery (Fig. 2,
Table 2). Since the motor signs and symptoms already
differed between PD groups at baseline, analysis
between candidates and non-candidates for DBS
adding UPDRS total, part II, part III and part IV as
covariates was performed and showed similar results
to those obtained in the analysis without UPDRS
correction (Supplementary Figure 1).

Correlation analysis

In patients eligible for DBS, a significant negative
correlation was found between total UPDRS-III score
and functional connectivity between bilateral STN
and left supramarginal and angular gyrus (Fig. 3).

Considering the UPDRS-III subscores, Fig. 3 shows
that UPDRS-III bradykinesia and UPDRS-III rigid-
ity were negatively related to functional connectivity
between bilateral STN and left supramarginal and
angular gyrus; on the contrary, UPDRS-III tremor
subscore was positively related to functional connec-
tivity between bilateral STN and cerebellum and pons
(Fig. 3). No relation between clinical and fMRI data
were found in PD patients not eligible for DBS.

DISCUSSION

RS fMRI is a valuable measure of disease pro-
gression and will hopefully provide biomarkers to
monitor functional brain network changes in PD, as
well as in other neurological disorders [9]. In our
previous study [17], the segmentation of gray mat-
ter according to Desikan atlas [30] did not involve
bilateral STN, whereas bilateral thalamus, caudate,
putamen, and globus pallidus were included in the
basal ganglia. In that study we carried out a longi-
tudinal whole brain analysis through graph analysis
and connectomics. We evaluated properties of brain
nodes connected by edges to identify the topologi-
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Table 2
Comparisons of seed-based functional connectivity between groups

↑↓FC Areas Z x y z BA

↓ FC in DBS R premotor-supplementary motor 4.44 43 –11 32 6
candidates vs. R sensory association 4.44 26 –38 56 5
healthy controls R primary sensory 4.43 28 –41 54 1

L primary sensory 4.34 –62 –12 22 1
L primary motor 4.34 –50 –10 12 4
R primary motor 4.27 36 –22 54 4
L sensory association 4.23 –27 –38 56 5
L premotor-supplementary motor 4.22 –50 –6 –12 6
R inferior temporal gyrus 4.1 54 –10 –34 20
R supramarginal gyrus 4.07 38 –34 44 40
R Broca triangle 3.67 42 20 10 45

↑ FC in DBS L thalamus 4.09 –6 –16 0 –
candidates vs. R thalamus 4.08 13 –32 4 –
healthy controls L thalamus 3.75 –10 –28 6 –

L globus pallidus 3.53 –24 –16 6 –
R globus pallidus 3.41 23 –9 –6 –

↓ FC in DBS R premotor-supplementary motor 3.96 36 1 30 6
non-candidates vs. L premotor-supplementary motor 3.90 –2 1 50 6
healthy controls L primary sensory 3.55 –64 –14 22 1

L primary motor 3.49 –42 –12 18 4
R primary sensory 3.47 29 –37 50 1
R primary motor 3.41 41 –17 51 4

↑ FC in DBS R thalamus 3.55 16 –14 0 –
non-candidates vs. L thalamus 3.07 –4 –16 0 –
healthy controls
↓ FC in DBS R premotor-supplementary motor 4.48 43 –3 38 6
candidates vs. R primary sensory 4.31 56 –22 32 1
non-candidates for DBS R supramarginal gyrus 4.29 58 –18 20 40

L premotor-supplementary motor 4.40 –50 –6 12 6
L primary motor 3.98 –61 –3 22 4

Coordinates (x, y, z) are in Montreal Neurological Institute (MNI) space. Results are shown at p < 0.05, family wise error (FWE) corrected
for multiple comparisons implementing the threshold-free cluster enhancement, adjusting for age, sex and LEDD (the latter only between
PD groups comparison). BA, Brodmann area; DBS, Deep brain stimulation; FC, Functional connectivity; L, left; R, right.

cal organization of brain network at study entry and
over time in PD patients eligible or not for DBS, in
order to find out brain network differences between
groups and to look into identifying an early predic-
tive biomarker of indication to DBS. We first made
a whole brain analysis as it avoids a strong a pri-
ori selection-bias in the seed definition, which limits
findings to functionally connected areas rather than
looking at the whole brain level.

In this paper, since the hypothesis that the effec-
tiveness of DBS in PD is related to connectivity
dysfunctions between the site of the stimulation and
other brain regions is growing [31], we looked at
the specific functional connectivity between bilat-
eral STN and the rest of the brain to determine if
it differs between the two groups and if connectiv-
ity alterations are related to the severity of specific
signs and symptoms. The following main findings
were observed: 1) decreased bilateral STN-bilateral
sensorimotor cortex functional connectivity in both
PD groups relative to controls; 2) increased connec-

tivity between bilateral STN and bilateral thalamus
in both patients eligible or not for DBS compared
to controls (albeit with lower Z-scores connectivity
levels in patients not eligible for DBS); 3) decreased
functional connectivity between bilateral STN and
bilateral sensorimotor cortex in candidates for DBS
relative to those patients not eligible for surgery.

STN is a crucial component of basal ganglia path-
ways that mediates inhibitory output from basal
ganglia to cortical sensorimotor areas [32]. It is
well known, given previous neurophysiological stud-
ies and the basal ganglia pathway, that compared
to healthy controls PD patients have an abnormal
increased STN neuronal activity, which results in
excessive inhibitory outflow from the basal ganglia
to the cortex [32]. Furthermore, neurophysiological
studies showed that STN neuronal activity changes
according to the off- or on-status of the patients.
In more detail, intraoperative local field potential
recordings from the STN of patients undergoing DBS
(off-status) confirmed a strong oscillatory activity,
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Fig. 3. Correlations between STN functional connectivity and UPDRS-III scores in PD candidates for DBS. Clusters showing significant
correlation between STN functional connectivity and UPDRS III values are marked in blue (Z negative correlation) and red (Z positive
correlation) colors. DBS, candidates for deep brain stimulation; STN, subthalamic nucleus.
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mainly in the beta band (13–35 Hz) [33]; on the
contrary, STN beta activity was reduced both under
levodopa and DBS activity (on-status) [34].

To date, few RS fMRI studies have explored STN
functional connectivity in healthy subjects and PD
patients [6, 32, 35, 36]. In healthy subjects, STN
was predominantly functionally linked to subcorti-
cal structures, frontal cortex, temporal cortex, and
cerebellum [6]. Increased functional connectivity of
STN with sensorimotor cortex was observed in off-
medication PD patients relative to controls, whereas
no changes or reduced functional connectivity were
reported in on-medication cases compared to controls
[32, 35, 36].

In line with neurophysiological studies and pre-
vious fMRI results from PD patients in on-status,
we found a reduced functional connectivity between
STN and sensorimotor cortex in both PD patients eli-
gible or not for DBS compared to controls (with lower
z scores in the former PD group) in association with
an increased functional connectivity between STN
and thalamus/globus pallidus (with higher z scores in
the former PD group). The decreased functional con-
nectivity between STN and sensorimotor cortex in
patients eligible for surgery relative to non-candidates
for neurostimulation could be secondary to the worse
response to dopaminergic therapy in the former group
(supported by the presence of more severe motor
signs and symptoms in the group of DBS candidates
who required a slightly higher LEDD).

Importantly, in patients eligible for DBS motor
signs severity correlated with the decreased func-
tional connectivity between STN and somatosensory
association cortex. Indeed, in candidates for DBS, we
observed that increased UPDRS III total, and UPDRS
III bradykinesia and rigidity subscores, were related
to decreased functional connectivity between bilat-
eral STN and left supramarginal and angular gyri.
Similar results were already reported by Mathys et
al. [35], who explored the relationship between the
severity of PD-related motor symptoms and STN
functional connectivity with other brain regions.
These findings are not surprising as the inferior pari-
etal lobe is a sensorimotor associative area that plays
an important role in the integration of spatial and tem-
poral sensory inputs, being involved in the perception
of space and limb location and in controlling postures
and gestures [37, 38]. Inferior parietal cortex is also
identified as a key region for executive functions such
as movement planning and organization and motor
inhibition, which are usually altered in PD patients
[39, 40]. Interestingly, electrophysiological evidence

suggested that STN DBS in PD patients induced a
decreased cortico-cortical synchronization of senso-
rimotor areas that was associated with improvement
of motor signs [37, 41].

We also found that a more severe tremor (higher
UPDRS III tremor subscore) was related with an
increased functional connectivity between STN and
cerebellum/pons in patients eligible for DBS. Our
results further support the well-known hypothesis
that the cerebellum is deeply involved in tremor gen-
eration in PD as the dentate-rubro-thalamo-cortical
network dysfunction is one of the main causes of
tremor symptom [18]. In addition, the peduncolopon-
tine nucleus, located in the dorso-lateral portion of
the ponto-mesenchephalic tegmentus, is a potential
target for DBS therapy in PD, as it has been shown
to improve tremor and more recently gait, freezing,
and falls [42, 43]. However, the evidence support-
ing such an effect is still minimal. Development of
pedunculopontine nucleus DBS to become a reliable,
established therapy would likely require a prospective
multicenter study [43].

This study is not without limitations. First, the sam-
ple size is relatively small and is not homogeneous
between PD groups; further studies with a larger
patient population are needed to verify and support
our results. Secondly, PD patients were assessed in
on-status. Even if without statistically significant dif-
ference between groups, LEDD was slightly higher in
candidates for DBS. However, our analysis accounted
for LEDD correction. Thirdly, we used a 1.5 T MRI
scanner, which is characterized by a lower BOLD
signal-to-noise ratio compared with higher field scan-
ners. Fourth, the difference in connectivity among
PD groups could simply be a reflection of UPDRS
severity. Candidates for DBS met the criteria for
neurostimulation treatment precisely because their
motor characteristics, which already differed from
the other group of patients at study entry, continued
to get worse over time despite medication adjust-
ment. Therefore, we definitely compared a group of
patients with more severe motor signs, crucial feature
to candidate PD patients for DBS, to the other group
with similar demographic features, disease stage, and
duration. However, an analysis between candidates
and non-candidates for DBS adding UPDRS total,
part II, part III, and part IV as covariates was per-
formed and showed similar results to those obtained
from the analysis without UPDRS correction (Sup-
plementary Figure 1). Furthermore, patients selected
as candidates for DBS did not undergo surgery at
this stage. Future analyses with the investigated func-



L. Albano et al. / STN Connectivity in Parkinson’s Disease 807

tional networks and postoperative clinical outcomes
would be imperative.

CONCLUSIONS

To conclude, our results showed that STN
functional connectivity varies among PD patients
candidate or not for DBS and is related to the sever-
ity of motor signs and symptoms in the former group.
Our findings also confirm the basal ganglia circuitry
disfunction in PD and support the hypothesis that
DBS may work by modulating and restoring connec-
tivity between basal ganglia and sensorimotor areas.
Future studies would be crucial to understand how
DBS modulates and restores functional connectiv-
ity between STN and sensorimotor areas in treated
patients.
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