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The subthalamic nucleus (STN) and globus pallidus internus (GPi) are the two most common and effective target
brain areas for deep brain stimulation (DBS) treatment of advanced Parkinson’s disease. Although DBS has been
shown to restore functional neural circuits of this disorder, the changes in topological organization associated
with active DBS of each target remain unknown. To investigate this, we acquired resting-state functional mag-
netic resonance imaging (fMRI) data from 34 medication-free patients with Parkinson’s disease that had DBS
electrodes implanted in either the subthalamic nucleus or internal globus pallidus (n = 17 each), in both ON
and OFF DBS states. Sixteen age-matched healthy individuals were used as a control group. We evaluated the
regional information processing capacity and transmission efficiency of brain networks with and without stimula-
tion, and recorded how stimulation restructured the brain network topology of patients with Parkinson’s disease.
For both targets, the variation of local efficiency in motor brain regions was significantly correlated (p < 0.05)
with improvement rate of the Uniform Parkinson’s Disease Rating Scale-III scores, with comparable improve-
ments in motor function for the two targets. However, non-motor brain regions showed changes in topological
organization during active stimulation that were target-specific. Namely, targeting the STN decreased the in-
formation transmission of association, limbic and paralimbic regions, including the inferior frontal gyrus angle,
insula, temporal pole, superior occipital gyri, and posterior cingulate, as evidenced by the simultaneous decrease
of clustering coefficient and local efficiency. GPi-DBS had a similar effect on the caudate and lenticular nuclei, but
enhanced information transmission in the cingulate gyrus. These effects were not present in the DBS-OFF state
for GPi-DBS, but persisted for STN-DBS. Our results demonstrate that DBS to the STN and GPi induce distinct
brain network topology reconstruction patterns, providing innovative theoretical evidence for deciphering the
mechanism through which DBS affects disparate targets in the human brain.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder charac-
terized by prominent motor symptoms together with cognitive and
emotional disturbances. (Chaudhuri et al., 2006) Deep brain stimula-
tion (DBS) is highly effective for the alleviation of motor complica-
tions in advanced PD, and has become a standard treatment option.
(Deuschl et al., 2006) DBS involves placing an electrode in a target brain
area of a pathological neural circuit and delivering electrical stimula-
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tion. (Boutet et al., 2021) The most common target sites for deep brain
stimulation in PD are the internal globus pallidus (GPi) and the subtha-
lamic nucleus (STN). Although the efficacy and safety of DBS in these
targets for treating motor fluctuations and dyskinesia are well estab-
lished (Lachenmayer et al., 2021; Bloem et al., 2021; Lozano et al., 2019;
Limousin and Foltynie, 2019; Bove et al., 2021; Zhang et al., 2020),
the mechanisms behind the therapeutic action of DBS are not fully un-
derstood. (Lozano et al., 2019; Picillo et al., 2016) A recent study sug-
gested that a shared functional network may underlie motor symptom
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alleviation in PD for both GPi and STN stimulation. (L. et al., 2021) How-
ever, changes in functional connectivity of other brain networks have
been shown to be target-dependent. (Zhang et al., 2020; Zhang et al.,
2021) Moreover, differences in brain-wide topological changes induced
by GPi versus STN stimulation remain unknown.

Brain network abnormalities in patients with PD are not local or
limited to several neural circuits but are large scale and distributed.
It can be found that human brain networks are organized according
to an highly efficient topology that combines large clustering coeffi-
cients (i.e., dense local cluster connections) with short average path
lengths (i.e., critical long-distance connections), a so-called small-world
characteristics. (Dubbelink et al., 2014; Bassett and Bullmore, 2006;
Stam and van Straaten, 2012) The small-world attributes of the brain
network reflect its functional needs to support information processing
in local regions (modularization) and the network overall brain rout-
ing property (integration). (Watts and Strogatz, 1998; van den Heuvel
and Sporns, 2019) Several studies have shown that PD induces ab-
normal topology of brain functional connectivity within multiple net-
works. (Skidmore et al., 2011; Baggio et al., 2014; Lebedev et al., 2014;
Gorges et al., 2015; Luo et al., 2015; Putcha et al., 2015) Meanwhile,
large-scale brain network analyses based on graph theory approaches
have shown abnormal topological characteristics in PD. (Skidmore et al.,
2011; Luo et al., 2015; Gottlich et al., 2013) Moreover, these changes in
topological properties of brain networks reflect clinical manifestations
of PD (Berman et al., 2016; Bullmore and Sporns, 2012; Latora and Mar-
chiori, 2001). For example, Sule et al. (Tinaz et al., 2016) reported a
significant positive correlation between the average whole-brain net-
work LocE and total UPDRS-III scores, while Olde Dubbelink et al.
(Dubbelink et al., 2014) observed that longitudinal variation in network
topology was associated with deteriorative motor UPDRS-III scores and
cognitive performance. Such findings support the clinical utility of topo-
logical measurements in PD diagnosis and disease progress monitoring.

A key remaining question is how topological abnormalities in PD
are altered by DBS treatment. To address this, we take advantage of
recent technological advancements that have made it possible to ob-
tain functional magnetic resonance images of individuals with PD with
their DBS systems switched on. We used complex network analysis tech-
niques to calculate and compare regional and global topological features
of the brain in the DBS ON and OFF states in 34 individuals with PD
with DBS electrodes implanted in either the STN or GPi. Because loss
of local efficiency and decentralization in motor regions are two known
topological features of PD that emerge early on and worsen over time
(Dubbelink et al., 2014), we hypothesized that we would find these topo-
logical changes in the off state, and that they may be reversed during
active stimulation, regardless of target. Furthermore, because subtha-
lamic stimulation is known to have a higher rate of neuropsychiatric
effects, we anticipated topological changes in regions associated with
depression and cognitive decline, such as posterior cingulate and an-
gular gyrus in patients who received STN-DBS, but not in those with
GPi-DBS.

2. Materials and methods
2.1. Participants and assessment

Thirty-four individuals with a diagnosis of Parkinson’s disease in ac-
cordance with the Movement Disorder Society criteria, and aged be-
tween 40 and 76 years were included in this study. Patients were re-
cruited from Shanghai Ruijin Hospital (Shanghai, China). From this sam-
ple, 17 patients (12 males and five females) had undergone DBS target-
ing the STN, and 17 patients (eight males and nine females) had under-
gone DBS targeting the GPi. The inclusion criteria were as follows: (a)
right-handed patients with idiopathic PD treated with two quadripolar
DBS electrodes (Medtronic 3387, Medtronic, USA; or SceneRay 1210,
SceneRay, China); (b) at the state of medicine-off; (c) no metal implants
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besides the DBS system; (d) no largely predominant non-motor symp-
toms of the disease with affective or cognitive impairment and no psy-
chiatric comorbidities; (e) no excessive tremor that would invalidate
the scan at rest. Sixteen age-matched (aged 49-71 years) healthy older
adults (eight males and eight females) were recruited as a control group.
None of the participants had contraindications to functional magnetic
resonance imaging (fMRI).

2.2. Clinical evaluation

Disease severity was assessed following the motor part of the Move-
ment Disorders Society (MDS) Uniform Parkinson’s Disease Rating
Scale-III (UPDRS-III). (Antonini et al., 2013) The evaluation process of
patients in the on and off states of DBS was as follows: an experienced
neurologist conducted a primary clinical evaluation by phone several
days before the scanning. On the day of the fMRI scanning, motor func-
tions in the DBS-ON and DBS-OFF states were assessed by a movement
disorders specialist after overnight discontinuation of medication using
the MDS UPDRS-III. The DBS-OFF state was addressed after an hour of
rest and reappearance of the motor symptoms. The improvement was
measured as the percentage change in the UPDRS-III scores between
the DBS-ON and DBS-OFF states.

2.3. Image acquisition

T1 and resting state fMRI (rs-fMRI) images were acquired using a
1.5-T MRI machine (Aero, Siemens, Germany). After structural scan-
ning, an rs-fMRI scan of ~8 min was performed for each patient. The
scanning parameters were as follows: T1 imaging parameters: repeti-
tion time, 3400 ms; echo time, 3 ms; inversion time, 900 ms; flip angle,
8°; voxel size, 1.0 x 1.0 x 1.0 mm; matrix, 224 x 216; and number of
slices, 192. The rs-fMRI imaging parameters were as follows: 210 vol;
repetition time, 2100 ms; echo time, 40 ms; flip angle, 90°; voxel size,
3.0 x 3.0 x 3.0 mm; gap, 0.9 mm; matrix, 66 x 66; and number of slices,
37.

2.4. Resting-state functional mri data preprocessing

The rs-fMRI standard image data preprocessing was performed us-
ing the Data Processing and Analysis of Brain Imaging (DPABI) toolbox,
Version 4.1 (http://rfmri.org/dpabi). (Yan et al., 2016) The main steps
were as follows: (a) the first ten volumes of the rs-fMRI were removed
to eliminate unstable data; (b) the images were realigned after slice tim-
ing correction to correct for head movement; (c) functional images were
normalized to the Montreal Neurological Institute (MNI) space using the
Diffeomorphic Anatomical Registration Through Exponentiated Lie Al-
gebra (DARTEL) method. (Ashburner and Friston, 2011) Spatial smooth-
ing was performed with a Gaussian kernel of 6 x 6 x 6 mm full-width at
half maximum. This removed the quadratic trend. White matter, cere-
brospinal fluid signals, and Friston 24 head motion parameters were
regressed out as nuisance covariates. (Friston et al., 1996) A bandpass
filter was used to extract signals between 0.009 and 0.08 Hz.

2.5. Construction of intrinsic dynamic connectivity networks

The brain intrinsic connectivity networks are made up of nodes
(respective brain regions) and edges (the functional connectivity be-
tween the nodes). (Bassett and neuroscience, 2017; Jin et al., 2021)
The GRETNA 2.0.0 toolbox (https://www.nitrc.org/projects/gretna/)
was used to perform brain network analysis. (Tommasin et al., 2020;
Wang et al., 2015) The brain regions were segmented using a previ-
ously validated automatic anatomical labeling (AAL)-based template.
(Tzourio-Mazoyer et al., 2002) The labeled template image divides the
brain into 116 cerebral anatomical regions of interest (ROIs), 45 cortical
and subcortical ROIs in each hemisphere and 26 cerebellum structure
ROIs as shown in Supplementary Table 1. The rs-fMRI time series for
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each ROI was obtained by averaging the voxel time series within it. Each
ROI represented a brain intrinsic connectivity network node. The mean
time series of each region was calculated by averaging the fMRI time
series over all voxels within it. These anatomical ROIs were extracted
using the MarsBaR toolbox (http://marsbar.sourceforge.net).

The dynamic connection process was estimated from these 116 time
series of each subject by the widely used sliding window approach.
(Erhardt et al., 2011) We determined the correlations between all the
time series from pairs of brain regions using Pearson’s correlation co-
efficients, resulting in a 116 x 116 connection matrix for each sliding
window in each subject. To correct the non-normality of the correlation
coefficients, a Fisher’s r-to-z transformation algorithm was applied to
calculate the z-score. (Liu et al., 2017) Each correlation matrix of each
subject was then transformed into a binarization matrix with a specific
sparsity S pattern. Sparsity S was defined as the ratio of the total number
of edges in a network to the maximum possible number of edges. When
the Pearson’s correlation coefficients were greater than the sparsity S
value, corresponding edges were assumed to exist in the brain network.
(Jin et al., 2021; Lu et al., 2017) Setting a specific threshold for sparsity
S ensured that the brain networks of all groups had the same wiring
cost and guaranteed minimization of the effect of possible differences
in global correlation strength between pairs of groups, thus enabling
us to explore inter-group differences in relative network organization.
(He et al., 2009) We set the threshold at a step size of 0.01 according to
the sparsity S values (0.10~0.45) and repeatedly applied a threshold to
each of the relevant matrices to investigate whether prominent small-
world characteristics were present in the brain network of patients when
the DBS was switched on and off in each of the stimulation targets (STN
and GPi).

2.6. Dynamic topological metrics—regional and global network properties

The topology organization variability of the functional connectiv-
ity network (FCN) was examined using the graph theory approach
based on the obtained 90 x 90 binarization matrices of the subjects.
The brain function organizational characteristics were summarized as
separation and integration components. (Watts and Strogatz, 1998;
Collantoni et al., 2019) We separately calculated global parameters for
the FCN regional and global dynamics of each subject including (a)
small-world parameters involving the normalized clustering coefficient
v, normalized characteristic path length A, and small-worldness 6. When
y > 1, A~ 1, and ¢ > 1, the network had a small-world property, ex-
pressing the optimal balance between the separation and integration of
brain networks; (b) FCN parameters that involve the clustering coeffi-
cient (CC) and local efficiency (LocE). CC measures the extent to which
one node in the network can be combined with other nodes into a tightly
connected cluster that represents the local information processing capa-
bility of the network; LocE measures the level of information transmis-
sion between neighboring nodes, reflecting the ability of the network re-
sist random attacks. (Claeys et al., 2013) The higher the CC of the brain
region, the stronger the information processing ability of the brain re-
gion, and the higher the LocE, the higher the information transmission
efficiency between the brain region and other brain regions. The spe-
cific calculation formulas for the various parameters are presented in
the Supplementary Text.

2.7. Statistical analysis

The two-sample t-test was performed to detect differences in age and
the Chi-square test was performed to demonstrate differences in sex.
Statistical significance level was set at p < 0.05. A series of two-sample
t-tests (p < 0.05, with false discovery rate [FDR] correction) compared
pairs of groups to detect significant differences in CC and LocE of re-
gional FCN. This analysis included the healthy controls (HC) and pa-
tients with PD with the DBS at the ON or OFF state for the STN and
GPi, separately. Statistical analyses were then carried out with MATLAB
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(MathWorks Inc., Natick, MA, USA) using the SPM 12 software program
(Wellcome Department of Cognitive Neurology, London, UK). The Brain-
Net Viewer (https://www.nitrc.org/projects/bnv) was used to visualize
the results, and the statistical maps were analyzed using the xjView soft-
ware, which enabled us to identify significantly different brain regions.
The Wilcoxon rank-sum test tested for significant differences in global
network properties between the groups as mentioned above (p < 0.05,
with FDR correction). Spearman’s correlations quantified the linear re-
lationship between the clinical UPDRS-III scores and global brain net-
work topology parameters in patients with Parkinson’s disease. The FDR
correction adjusted the p-values for multiple comparisons, and the sig-
nificance level was set to p < 0.05.

3. Results
3.1. Demographic and clinical characteristics

The patient and healthy control groups did not differ in sex ratio, age
and improvement rate of UPDRS-III scores. Furthermore, disease dura-
tions and bilateral electrode DBS pulse widths were similar in the STN
and GPi groups (all p > 0.05). Duration since DBS implantation, bilat-
eral DBS electrode frequency and voltage were significantly higher in
the GPi group than in the STN group (all p < 0.05). Detailed participant
demographics and DBS parameters are shown in Table 1. Changes in
topological features of the brain network were not significantly associ-
ated with sex, duration since DBS implantation, bilateral DBS electrode
frequency or voltage (see Supplementary Table 2 and Table 3).

3.2. Small-world properties of the intrinsic brain network

By building intrinsic brain functional networks, we found that the
network topology structure parameters in the sparsity threshold range
of 0.01-0.45 in all participants (DBS ON or OFF for the patients) met the
y>1, A~ 1, and ¢ > 1 conditions. This indicated that these networks ex-
hibited typical characteristics of small-worldness, consistent with previ-
ous reports. (Schadt et al., 2006; Claeys et al., 2013) The detailed results
are shown in Supplementary Fig. 1.

3.3. Identification of regional network topology

During the analysis of features in regional network topology, we
found that STN-DBS and GPI-DBS induced topological changes in many
different brain regions. We divided these regions with significant inter-
group differences in CC and LocE into motor and non-motor brain re-
gions for respective analysis. Next, we analyzed the CC and LocE of
characteristic motor-related brain regions (precentral gyrus and supple-
mentary motor area, as shown in Fig. 1A). We analyzed differences in
characteristic motor brain region network attributes for all patients in
the DBS-ON and DBS-OFF states; results are shown in Table 2. The av-
erage CC and LocE of the motor brain region network (regardless of
target) in PD patients when DBS was switched on were significantly
higher than those when DBS was switched off, and were closer to values
of HC’s. This indicates that DBS significantly improved CC and LocE in
motor brain regions (precentral gyrus and supplementary motor area)
for both STN or GPi. Furthermore, we found comparable alterations (p
> 0.05) in topological parameters induced by STN-DBS and GPi-DBS
(the alterations in topology parameters in the motor cortices induced by
STN-DBS and GPi-DBS were similar (CC: t = —0.026, p = 0.980; LocE:
t = —0.316, p = 0.756) as shown in Table 3). DBS to both STN and
GPi targets exhibited significant effects on the motor functional network
topology parameters, consistent with DBS-induced increase in brain in-
terval information processing efficiency and the transmission efficiency
of mean parallel information in the functional brain network of patients
with Parkinson’s disease.

We then investigated the correlation between the effect of DBS
(STN/GPi) on motor functional brain regions and the improvement rate
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Table 1

Participant demographic, clinical characteristics, and DBS parameters.

Neurolmage 255 (2022) 119196

Patients with

Patients with

Group comparisons

Characteristic STN-DBS GPi-DBS Healthy controls STN vs. HC GPi vs. HC STN vs. GPi
Sex 13 M, 4F 7M,10F 8M,8F X (Deuschl et al., X (Deuschl et al., X (Deuschl et al.,

2006) = 2.496 2006) = 0.259 2006) = 4.371

p=0.114 p=0.611 *p =0.037
Age (year) 62.7 (7.9) 62.1(8.9) 60.3 (7.4) t=0.921 t=0.651 t=0.204

p=0.364 p = 0.520 p = 0.840
Disease duration (year) 9.7 (4.5) 9.0 (2.7) - - - t=0.625

p =0.541

Duration since DBS 8.4 (4.3) 15.9 (8.5) - - - t=3.090
implantation (month) *p = 0.007
DBS pulse width-left-side 65.9 (10.0) 68.8 (11.7) - - - t=0.788
electrode (us) p=0.436
DBS frequency-left-side 117.1 (25.1) 142.6 (14.8) - - - t=3.624
electrode (Hz) *p < 0.001
DBS voltage-left-side 2.7 (0.5) 3.3(0.6) - - - t=3.071
electrode (volts) *p = 0.004
DBS pulse width-right-side 66.5 (10.0) 65.3 (9.4) - - - t=0.354
electrode (us) p=0.726
DBS frequency-right-side 117.1 (25.1) 142.6 (14.8) - - - t=3.624
electrode (Hz) *p < 0.001
DBS voltage-right-side 2.6 (0.9) 3.1(0.5) - - - t=3.482
electrode (volts) *p = 0.002
Improvement rate of 35.9 (19.3) 24.7 (15.8) - - - t=2.057
UPDRS-III scores p = 0.056

Values in the table are presented as mean (S.D.). The p-values were calculated using Chi-squared test for sex and two-sample t-test for all other variables included in
the table. Significant differences (p < 0.05) are marked with an asterisk (*p). DBS = deep brain stimulation; F = female; GPi = globus pallidus internus; HC = healthy
controls; M = male; SD = standard deviation; STN = subthalamic nucleus.
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Fig. 1. Correlation of UPDRS-III motor symptom score improvement degree with motor functional network topology parameters in Parkinson’s disease sample. (A)
Brain regions associated with motor function. (B) Comparison of CC and LocE of characteristic motor networks between patients with DBS-on and DBS-off. (C) Deep
brain stimulation (DBS) of the subthalamic nucleus (STN). (D) DBS of the globus pallidus internus (GPi). False discovery rate (FDR) corrected correlations significant
at p < 0.05 are marked in red. CC = clustering coefficient; LocE = local efficiency; UPDRS-III = section three of the Uniform Parkinson’s Disease Rating Scale.

Table 2
The alterations in topology parameters in the motor regions induced by STN-DBS and GPi-DBS.
Topology Patients with Patients with Group comparisons
parameters DBS-ON Healthy controls DBS-OFF ON vs. HC HC vs. OFF ON vs. OFF
CC (STN-DBS) 0.49 (0.05) 0.49 (0.12) 0.38 (0.08) t=0.161 t=2.858 t=5.453
p=0.874 *p=0.012 *p < 0.001
LocE (STN-DBS) 0.68 (0.06) 0.63 (0.14) 0.54 (0.13) t=1.369 t=1.839 t=4.374
p=0.191 p=0.086 *p < 0.001
CC (GPi-DBS) 0.49 (0.11) 0.49 (0.12) 0.38 (0.10) t=-0.315 t=4.249 t=6.649
p=0.757 *p = 0.001 *p < 0.001
LocE (GPi -DBS) 0.64 (0.06) 0.63 (0.11) 0.49 (0.13) t=0.005 t = 4.555 t=6.970
p =0.996 *p < 0.001 *p < 0.001

Values in the table are presented as mean (S.D.). The p-values were calculated using two-sample t-test for variables included in the table. Significant differences
(p < 0.05) are marked with an asterisk (*p). DBS = deep brain stimulation; GPi = globus pallidus internus; HC = healthy controls; S.D. = standard deviation;
STN = subthalamic nucleus.
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Table 3

Neurolmage 255 (2022) 119196

The alterations in topology parameters in the motor cortices induced by STN-DBS and GPi-DBS.

Topology Parameter variation induced by DBS The two-sample t-test
parameters STN-DBS GPi-DBS t value p value
CcC 0.114 (0.087) 0.115 (0.071) —0.026 0.980
LocE 0.143 (0.135) 0.156 (0.092) —-0.316 0.756

Values in the table are presented as mean (S.D.). DBS = deep brain stimulation; GPi = globus pallidus internus;
STN = subthalamic nucleus; CC = clustering coefficient; LocE= local efficiency.

A STN-DBS - Clustering coefficient

B STN-DBS - Local efficiency

Fig. 2. Non-motor brain regions with significant changes in local network parameters. (A) STN-DBS - Clustering coefficient. (B) STN-DBS - Local efficiency. (C)
GPi-DBS - Clustering coefficient. (D) GPi-DBS - Local efficiency. GPi-DBS = Parkinson’s disease patients with deep brain stimulation (DBS) to the globus pallidus
internus (GPi); L = left; R = right; STN-DBS = Parkinson’s disease patients with DBS to the subthalamic nucleus (STN).

of UPDRS-III scores (see Fig. 1C and 1D). Importantly, we found under
the influence of DBS, regardless of target (STN and GPi), there was a
significant positive correlation between the changes in LocE of brain
regions responsible for motor function and the UPDRS-III scores (STN,
R = 0.529; GPi, R = 0.525; p < 0.05; FDR corrected).

We further found the locations of non-motor brain regions with sig-
nificant differences in CC and LocE affected by the two DBS targets,
as shown in Fig. 2 and Fig. 3. When STN was targeted (Fig. 3A right
map), we found that the CC in the right median cingulate and paracin-
gulate gyri (DCG.R) and left angular gyrus (ANG.L) was higher in the
DBS-ON state than in the DBS-OFF state, while it was lower in the DBS-
ON state than in the DBS-OFF state in the right superior frontal gyrus-
dorsolateral (SFGdor.R), right middle frontal gyrus (MFG.R), right in-
ferior frontal gyrus-opercular part (IFGoperc.R), left posterior cingu-
late gyrus (PCG.L), left hippocampus (HIP.L), right cuneus (CUN.R),
right superior occipital gyrus (SOG.R), right Heschl’s gyrus (HES.R),
and right temporal pole: superior temporal gyrus (TPOsup.R). The re-
gional LocE of the network was lower in the DBS-ON state than in the
DBS-OFF state in the MFG.R, IFGoperc.R, right calcarine fissure and sur-
rounding cortex (CAL.R), CUN.R, SOG.R, right fusiform gyrus (FFG.R),
HES.R, TPOsup.R, left fusiform gyrus (FFG.L), and left calcarine fis-
sure and surrounding cortex (CAL.L). For above brain regions, the vari-
ation in parameters was consistent across individuals. These satisfied
the individual characteristics of the group. These brain regions are in-
volved in the association, limbic and paralimbic networks. The associa-
tion, limbic and paralimbic networks in all patients treated by STN-DBS
showed decreased CC and LocE under the action of DBS-ON (Fig. 3A, left
map).

For the GPi group (Fig. 3B right map), the CC in the left thalamus
(THA.L), left caudate nucleus (CAU.L), right caudate nucleus (CAU.R),
and right lenticular nucleus-pallidum (PAL.R) in patients was lower with
DBS-ON than in the DBS-OFF state, while it was higher with DBS in
the SFGdor.R, the right olfactory cortex (OLF.R), left median cingulate
and paracingulate gyri (DCG.L), DCG.R, PCG.L, right posterior cingulate
gyrus (PCG.R), left parahippocampal gyrus (PHG.L), right middle occip-
ital gyrus (MOG.R), and left Heschl’s gyrus (HES.L). The regional LocE
of the network with DBS-ON was lower than in the DBS-OFF state in
the PAL.R and CAU.R, and higher in PCG.L, PCG.R, DCG.L, left middle
occipital gyrus (MOG.L), left temporal pole: superior temporal gyrus
(TPOsup.L), and right postcentral gyrus (PoCG.R). The effects of DBS
when targeting the GPi were consistent with individual characteristics,
and the global regions formed by the above brain components showed
increased CC and LocE under the DBS-ON state (Fig. 3B left map), op-
posite to the effects of STN-DBS.

We further analyzed differences in characteristic brain region net-
work attributes for all patients in the DBS-ON and DBS-OFF states and
results are shown in Table 4. As shown in Fig. 4A, the average CC and
LocE of the brain network when STN was targeted and DBS was switched
on or off were significantly lower than in HC and lower when DBS was
switched on than off (CC: ON vs. HC, t = —4.006, p < 0.001; HC vs.
OFF, t = 2.125, p = 0.039; ON vs. OFF, t = —2.878, p = 0.023; LocE: ON
vs. HC, t = —3.586, p < 0.001; HC vs. OFF, t = 2.385, p = 0.037; ON
vs. OFF, t = —2.310, p = 0.038; FDR corrected). These results indicate
that STN-DBS could significantly reduce the information transmission
ability of the altered brain regions in patients with Parkinson’s disease
(Fig. 2A left), and this reduction effect persisted after DBS was turned
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Fig. 3. Regional differences between Parkinson’s disease patients in the DBS-ON and DBS-OFF states. (A) Regional differences in the STN-DBS. (B) Regional differences
in the GPi-DBS. Individual differences are presented in the line charts. The marked dots on the brain maps represent the brain region locations that changed
significantly in the DBS-ON state (p < 0.05, FDR corrected). The red dots represent a significant increase of the characteristic parameters in the DBS-ON state,
while the blue dots represent a significant decrease. CC = clustering coefficient; DBS-OFF = patients with Parkinson’s disease with the deep brain stimulation (DBS)
switched off; DBS-ON = patients with Parkinson’s disease with the DBS switched on; FDR = false discovery rate; L = left; LocE = local efficiency; GPi = globus pallidus

internus; R = right; STN = subthalamic nucleus.

off. In contrast, when DBS was applied to the GPi group (Fig. 2B left
and Fig. 4B), the average CC and LocE values were higher than in HC
and in the DBS-OFF state (CC: ON vs. HC, t = 6.298, p < 0.001; ON vs.
OFF, t = 3.340, p = 0.003; LocE: ON vs. HC, t = 4.167, p < 0.001; ON
vs. OFF, t = 6.270, p < 0.001; FDR corrected). The average CC and LocE
values of the DBS-OFF state in the GPi group and HC were similar (HC
vs. OFF: CC, t = —-0.602, p = 0.597; LocE, t = —0.365, p = 0.721; FDR
corrected).

3.4. The reconstruction of dynamic network topology among individuals

In order to explore the dynamic influence of subthalamic and pal-
lidal stimulation on brain network topology, we compared the overall
brain dynamic network topology characteristics between patients in the
DBS on and off states and healthy control subjects. Fig. 5 shows the
distribution characteristics of the dynamic network parameters before
and after applying the DBS in each patient. Specifically, the dynamic
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Table 4

Comparison of topology parameters of the characteristic non-motor network.
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Topology Patients with Patients with Group comparisons

parameters DBS-ON Healthy controls DBS-OFF ON vs. HC HC vs. OFF ON vs. OFF

CC (STN-DBS) 0.40 (0.049) 0.45 (0.049) 0.43 (0.03) t=-4.006 t=2125 t=-2.878
*p < 0.001 *p = 0.039 *p = 0.023

LocE (STN-DBS) 0.56 (0.10) 0.69 (0.07) 0.63 (0.09) t=-3.586 t=2.385 t=-2.310
“p < 0.001 *p = 0.037 *p = 0.038

CC (GPi-DBS) 0.39 (0.049) 0.33 (0.05) 0.34 (0.05) t=6.298 t=-0.602 t=3.340
*p < 0.001 p =0.597 *p = 0.003

LocE (GPi -DBS) 0.55 (0.06) 0.45 (0.07) 0.46 (0.07) t=4.167 t=-0.365 t=6.270
*p < 0.001 p=0.721 *p < 0.001

Values in the table are presented as mean (S.D.). The p-values were calculated using two-sample t-test for variables included in the table. Significant differences
(p < 0.05) are marked with an asterisk (*p). DBS = deep brain stimulation; GPi = globus pallidus internus; HC = healthy controls; S.D. = standard deviation;

STN = subthalamic nucleus.
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Fig. 4. Comparison of the characteristic non-motor network topology parameters between patients with Parkinson’s disease and healthy controls. Comparing: (A)
patients with Parkinson’s disease treated with STN-DBS and healthy controls. (B) patients with Parkinson’s disease treated with GPi-DBS and healthy controls. P-
values marked in red indicate significant group differences (p < 0.05, FDR corrected). CC = clustering coefficient; Controls = healthy subjects; DBS-OFF = patients
with Parkinson’s disease with the deep brain stimulation (DBS) switched off; DBS-ON = patients with Parkinson’s disease with the DBS switched on; FDR = false
discovery rate; GPi = globus pallidus internus; LocE = local efficiency; STN = subthalamic nucleus.

CC and LocE of the patients’ characteristic brain regions after DBS of
the STN (Fig. 5A) were significantly lower than in the HC. The dynamic
CC and LocE have significantly increased once the DBS was switched off
but were still lower than in the HC. In contrast, for GPi DBS ON, the dy-
namic CC and LocE of the patients’ characteristic brain regions after DBS
of the GPi (Fig. 5B) were significantly higher than those of control sub-
jects, and showed more clustered dynamic distribution; however, they
decrease to the level of the HC when the DBS is OFF. This phenomenon
corresponded to the above results, indicating that the DBS effects when

targeting the GPi and STN differed primarily in transforming the brain
network properties. Furthermore, we noted different post-stimulation
effects in the STN-DBS and GPi-DBS groups. Without the effect of GPi-
DBS, the dynamic distributions of CC and LocE in the brain network of
patients with Parkinson’s disease in the GPi-DBS group have improved
to be close to the level of the HC when in the DBS-OFF state. However,
when the stimulator was switched off in patients in the STN-DBS group,
CC and LocE distribution in their characteristic brain network remained
significantly lower than in the HC.
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Fig. 5. Distribution of the characteristic non-motor network topology dynamic characteristics in the various groups (DBS-ON, DBS-OFF, healthy controls). (A) STN-
DBS. (B) GPi-DBS. CC = clustering coefficient; DBS-OFF = patients with Parkinson’s disease with the deep brain stimulation (DBS) switched off; DBS-ON = patients
with Parkinson’s disease with the DBS switched on; GPi = globus pallidus internus; HC = healthy controls; LocE = local efficiency; STN = subthalamic nucleus.

4. Discussion

In this study, we explored the topological changes of brain net-
works associated with deep brain stimulation in patients with Parkin-
son’s disease, and compared reorganization patterns that emerge dur-
ing stimulation of the GPi and the STN. Our results show that two
parameters, namely, clustering coefficient and local efficiency, can be
used to characterize topological reorganization occurring throughout
the brain during active DBS. First, we show that DBS of either tar-
get leads to comparable improvements in motor function in individu-
als with Parkinson’s Disease, and that these improvements are closely
associated with the local efficiency of the anterior central gyrus and
sensorimotor regions. Next, we show target-specific, divergent effects
of DBS on the topological structure of non-motor brain regions. Specif-
ically, STN-DBS significantly impairs information transmission ability
(decreases local efficiency and leads to decentralization) of the inferior
frontal gyrus angle, insula, temporal pole, superior occipital gyri, and
posterior cingulate. Meanwhile, GPi-DBS improves information trans-
mission in the cingulate gyrus, but decreases information transfer in the
caudate and lenticular nucleus. Furthermore, we show that clustering
coefficient and local efficiency of brain regions associate with cognitive
function and mood remain lower than in healthy controls even after DBS
is switched off, only in patients with STN-DBS. Meanwhile, the effects
of GPi-DBS on the brain network appear to be transient, with the rele-
vant indicators returning to normal levels once stimulation is switched
off.

Using traditional small-world model and global network measures,
we found that the brain functional networks of all participants, namely,
individuals with Parkinson’s disease during active stimulation to either
target, stimulation to either target switched off, as well as healthy con-
trol subjects, exhibited small-worldness of the brain network, indicating
that global organization of the brain network is preserved during deep
brain stimulation. However, changes in the regional network during
deep brain stimulation indicate significant topological reorganization
of motor regions. Impaired local efficiency and decentralization are two
known topological features of Parkinson’s disease that appear early on
in the disorder and worsen over time (Dubbelink et al., 2014). Our find-
ings suggest that DBS works by increasing local efficiency of motor areas
in both STN-DBS and GPi-DBS, and that these changes are clinically sig-
nificant (as shown in Table 2 and Fig. 1). This finding expands upon
other studies that report comparable results after DBS for either target,
and suggest that topological reorganization of the motor cortex may be
a useful measure of improved motor function with DBS in patients with
Parkinson’s disease, and a potential novel reference for optimizing the
physiological characteristics of DBS.

Previous reports of cognitive and affective complications induced by
DBS have been attributed to current spread into brain structures adja-
cent to the electrode, leading to inadvertent neural network activation
(Kurtis et al., 2017; Obeso et al., 2008; Volkmann et al., 2010; Castrioto
et al., 2014). Our findings indicate more extensive effects of STN-DBS
than of GPi-DBS on non-motor areas, with a widespread loss in informa-
tion transmission ability affecting the prefrontal cortex, insula, tempo-
ral pole, posterior cingulate, and occipital cortex (as shown in Fig. 3A,
Fig 4A and Table 4). Other studies have found similar target-specific
differences in both humans (Zhang et al., 2021) and animals (Min et al.,
2012), with reports of changes in the cingulate cortex, insula, and oc-
cipital lobe during STN-DBS.

Interestingly, the present findings suggest that topological changes
induced by active STN-DBS and GPi-DBS in non-motor regions as-
sociated with cognition and emotion are inverse (STN-DBS and GPi-
DBS decrease and increase CC and LocE in non-motor regions, respec-
tively), and may differ in terms of permanence (as shown in Fig 4B,
Fig. 5 and Table 4). Of the two targets, STN-DBS is more commonly re-
ported to induce adverse non-motor effects, including induce depression
(Bejjani et al., 1999; Doshi et al., 2002; Schadt et al., 2006) and cogni-
tive decline (Claeys et al., 2013; Mahdavi et al., 2014; Contarino et al.,
2007). It is possible that our findings of increased decentralization and
loss of local efficiency in limbic, paralimbic and association areas with
STN-DBS could be related to cognitive and mood changes induced by
stimulation of this target. In line with this, decentralization and de-
creased local efficiency of patients with depression have been reported
for the whole brain network compared with healthy controls (Vincent
et al. (Chen et al., 2017)), as well as specific regions, including posterior
cingulate gyrus, angular gyrus, and inferior temporal cortex (Yicheng
et al. (Long et al., 2020)). Meanwhile, decreased local efficiency and
decentralization of regions in the fronto-parietal and cingulo-opercular
networks have been observed in the early stage Parkinson’s disease pa-
tients with cognitive impairment (Xiangbin et al. (Chen et al., 2020)).
However, the relationship between topological reorganization and cog-
nitive and affective changes associated with STN-DBS need to be further
evaluated using behavioral tests.

Our results show a shift in centralization and local efficiency away
from healthy controls for both target groups. However, while the shift in
the STN-DBS group shows a decrease in both parameters consistent with
an exacerbation of reduced topological centralization and efficiency al-
ready present in the off state, the GPi-DBS ON-state shows an increasing
trend in these parameters from levels that largely overlap with healthy
controls in the OFF-state. Although we cannot draw solid conclusions
without behavioral data, these findings seem to align with previous ev-
idence that GPi-DBS is not only less likely to induce mood deteriora-



C. Chu, N. He, K. Zeljic et al.

tion and cognitive impairment than STN-DBS (Ramirez-Zamora and Os-
trem, 2018; Wang et al., 2016), but may even improve PD patients’ per-
formance on certain cognitive tasks (Hansen et al., 2019). For example,
Carbon et al. reported that in the cases of GPi-DBS, the improvement
of patients’ learning abilities is reflected in the increased brain network
activities during the learning task (Carbon et al., 2003). Indeed, net-
work activity increased with stimulation in GPi-DBS patients, suggesting
enhanced functioning of higher order cognitive cortico-striato-pallidal-
thalamocortical loops and related pathways (Carbon et al., 2003). We
speculate that the shift in centralization and local efficiency of non-
motor brain regions with GPi-DBS away from the level of healthy con-
trols could be related to such beneficial effects on mood and cognition.
However, whether this effect of GPi-DBS reflects the improvement of
cognitive function, attention enhancement and other non-motor func-
tional effects needs to be teased apart in further investigation.

Another key finding of the present study is that the effect of STN-DBS
on non-motor topological features seem to persist after DBS is switched
off, while the non-motor effects of GPi-DBS were not present in the OFF-
state. The persistence of such topological changes in STN-DBS may re-
flect the response of brain functional networks to depression or cognitive
deterioration in patients with long-term STN-DBS. While the temporary
existence of such topological induced by GPi-DBS reflects that GPi-DBS
does not cause substantial brain network topological changes related to
depression or cognitive deterioration. However, due to the lack of base-
line data before implantation and STN-DBS, follow-up studies would be
required to verify this effect.

Dopamine D2 receptors are found in the striatum and are particularly
concentrated in the outer segment of the globus pallidus. (Missale et al.,
1998) It has been shown that a decrease in local efficiency of the stria-
tum can be induced by blocking dopamine D2 receptors. (Achard and
Bullmore, 2007) Meanwhile, it has also been shown that administration
of levodopa (a drug known to increase dopamine levels) leads to a sig-
nificant increase in local efficiency of the subcortical network in patients
with Parkinson’s disease (Berman et al., 2016), a network that includes
basal ganglia structures with densely concentrated dopamine receptors.
In the present study, we observed a significant reduction in local effi-
ciency of the caudate nucleus and globus pallidus in the striatum during
active GPi-DBS (as shown in Fig. 3B, Fig 4B and Table 4). This would be
consistent with inhibited dopamine transmission with GPi-DBS, and also
fits in well with clinical findings demonstrating that patients with GPi-
DBS require higher doses of dopamine-enhancing drugs (Weaver et al.,
2012; Moro et al., 2010; Odekerken et al., 2016).

The findings of this study should be considered in the context of its
limitations. First, this work did not assess whether sex differences with
STN or GPi target. The effects of DBS on the subjective pain perception
of Parkinson’s disease patients are known to be sex-specific, but it is not
clear whether there are gender differences in other non-motor symptoms
such as mood deterioration and cognitive decline. (Khazen et al., 2021)
Second, PD patients recruited in this study were not randomized for tar-
get region. However, participants were recruited based on their earlier
participation in one of two clinical trials conducted by our team. Each
of these clinical trials investigated DBS intervention targeting one of the
two brain regions compared in the present study. Importantly, recruit-
ment criteria were identical in these trials. Moreover, the PD patients
in two groups did not differ in the preoperative clinical manifestations,
such as age, disease duration, levodopa response before DBS surgery,
etc. Nevertheless, future investigation using randomized patient groups
would be valuable. Finally, Parkinson’s Disease is a heterogeneous dis-
order, and different disease characteristics may be associated with dif-
ferent neural responses to DBS. The neuroregulatory effects of DBS on
different symptom dimensions of Parkinson’s disease was not addressed
in this study.

This is the first analysis of the neuromodulation effect of DBS on the
resting state of brain network topology in patients with Parkinson’s dis-
ease. We have found that subthalamic and pallidus stimulation induced
topological reconfiguration in different non-motor functional brain re-
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gions, while their ability to improve motor function is similar. These
results reveal the brain network topology characteristics underlying the
clinical manifestations of STN-DBS and GPi-DBS, providing new insights
into the neural response of Parkinson’s disease to subthalamic and pal-
lidus stimulation.
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