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1 | INTRODUCTION

Abstract

Aims: The effects of subthalamic nucleus (STN)-deep brain stimulation (DBS) on brain
topological metrics, functional connectivity (FC), and white matter integrity were
studied in levodopa-treated Parkinson’s disease (PD) patients before and after DBS.
Methods: Clinical assessment, resting-state functional MRI (rs-fMRI), and diffusion
tensor imaging (DTI) were performed pre- and post-DBS in 15 PD patients, using a
within-subject design. The rs-fMRI identified brain network topological metric and
FC changes using graph-theory- and seed-based methods. White matter integrity was
determined by DTI and tract-based spatial statistics.

Results: Unified Parkinson's Disease Rating Scale Il (UPDRS- Ill) scores were signifi-
cantly improved by 35.3% (p < 0.01) after DBS in PD patients, compared with pre-DBS
patients without medication. Post-DBS PD patients showed a significant decrease in
the graph-theory-based degree and cost in the middle temporal gyrus and temporo-
occipital part-Right. Changes in FC were seen in four brain regions, and a decrease in
white matter integrity was seen in the left anterior corona radiata. The topological
metrics changes were correlated with Beck Depression Inventory Il (BDI-II) and the
FC changes with UPDRS-III scores.

Conclusion: STN-DBS modulated graph-theoretical metrics, FC, and white matter
integrity. Brain connectivity changes observed with multi-modal imaging were also
associated with postoperative clinical improvement. These findings suggest that the

effects of STN-DBS are caused by brain network alterations.

KEYWORDS
deep brain stimulation, functional connectivity, graph theory, Parkinson disease, resting-state
functional MRI

that the therapeutic synergy of DBS and levodopa was greater than

the effect of either treatment alone.® Recent studies further demon-

Subthalamic nucleus (STN)-deep brain stimulation (DBS) has been strated that DBS is a therapeutic option even in the early stages of

shown to improve both the motor symptoms and medication-related PD.® However, DBS may exert adverse effects on non-motor PD

complications of Parkinson's disease (PD).1* A previous study found symptoms, such as impulsivity,” depression,® speech fluency, and
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cognition.”*® The mechanisms underlying the DBS-induced amelio-
ration of PD motor dysfunction and the effects of the combination
of DBS with L-DOPA on the neuronal network are elusive.
Resting-state functional magnetic resonance imaging (rs-fMRI) is
widely used to study abnormal patterns of functional connectivity
(FC) in PD patients. Functional changes in the cerebello-thalamo-
cortical circuitare a hallmark of PD and have been associated with the
major motor symptoms of the disease.}’'? Decreased connectivity
in the posterior putamen is the most consistent functional alteration
associated with motor impairment,13 while the FC of the striatum
with the cerebellum is reduced.!’ Pathological FC also affects the
cerebellothalamic and basal ganglia circuits in tremor-dominant
PD patients.'* Moreover, increased connectivity between the STN
and the sensorimotor cortex is found in levodopa-treated PD pa-
tients.’® Some studies that investigated the effect of DBS on brain
FC demonstrated that it could increase functional brain connectivity
within the cerebello-thalamo-cortical network? and modulate effec-
tive connectivity within the cortico-striato-thalamo-cortical loop.*¢
Another study showed that STN-DBS ameliorates PD symptoms
through normalization of the human functional connectome in PD.Y”
Most research focused on motor circuits in PD patients.2'16 The
brain areas mainly involved in these studies are the primary motor

cortex (M1),24181 supplementary motor area (SMA),*>*?

premotor
cortex,?%?! basal ganglia, thalamus, caudal SMA,Y? cerebellum, and
putamen.22 However, the effect of STN-DBS on brain FC remains
poorly understood, and little is known of its impact on the whole
brain.

Graph theory is a powerful tool for characterizing the global to-

pological organization of brain networks?3%>

and for investigating
abnormal functional brain networks in different stages of PD.2¢ A
previous study found that PD patients exhibited lower global effi-
ciency, higher clustering coefficients, and higher characteristic path
lengths than healthy controls.? Early-stage drug-naive PD patients
exhibited disruption of the whole-brain topological organization
(ie, decreased functional segregation and integration) of functional
brain networks,?” which may contribute to preclinical changesin the
cognitive process.?® At the node and connection level, PD patients
exhibited reduced lengths of node centralities and connectivity,
mainly not only in the temporal-occipital regions, but also in the
sensorimotor regions.28 No significant differences in intransitivity,
characteristic path length, and degree were observed in the motor
network related to the basal ganglia and cerebellum in PD patients,
nor in the related network-level values compared with normal con-
trols.?? Levodopa modulates the global and local efficiency mea-
sures of small-world topology in PD patients.30 However, the effect
of STN-DBS treatment on brain network graph theory in PD patients
remains unclear. Diffusion tensor imaging (DTI) allows the measure-
ment of fractional anisotropy and similarity. Previous studies on the
use of DTl in PD have demonstrated abnormal fractional anisotropy
in multiple white matter regions, particularly in the dopaminergic
nuclei and pathways.gl’32 Hence, it has been used to assess both
disease progression and the effects of treatment.>3 In the last few
years, DTI has been applied for preoperative target localization in

DBS surgery.>#3> A recent study reported that the fibers connecting
the electrode with the left prefrontal areas were associated with a
worsening of depressive symptoms with STN-DBS,® suggesting that
DTI could provide an additional means of assessing the evolution of
psychiatric symptoms after surgery.8

Most rs-fMRI research on STN-DBS has focused on motor and
non-motor circuits in PD patients. The effects of STN-DBS on brain
FC and the topological metrics of graph theory in PD patients are
unknown. Additionally, the impact of DBS on the fiber tract connec-
tivity (integrity) profile of PD patients is unclear. We hypothesized
that the benefit derived from STN-DBS in PD relies on distributed
brain networks and anatomical connections. Consequently, this
study aimed to use multi-modal imaging to compare the brain topo-
logical metrics, FC, and white matter integrity in levodopa-treated

PD patients’ pre- and post-DBS.

2 | MATERIALS AND METHODS

2.1 | Subjects

From December 2016 to July 2019, 15 PD patients who had un-
dergone STN-DBS, had been followed-up for at least 4 months,
and showed significant motor improvement from the DBS were
enrolled in this study (nine men and six women, mean age at DBS
surgery: 58.2 + 7.1 years). The inclusion criteria for STN-DBS
were as follows: a) PD patients who met the diagnostic crite-
ria of the UK PD Brain Bank for the diagnosis of PD, b) at least
5 years disease duration, c) an L-dopa challenge test showing an
improvement of over 30% of the Unified Parkinson's Disease
Rating Scale (UPDRS) motor score, and d) not demented and
with mini-mental state examination (MMSE) scores above the
cutoff, in relation to educational status. Patients who did not
meet these inclusion criteria were excluded from STN-DBS. The
pre-DBS Unified Parkinson's Disease Rating Scale (UPDRS)-III
scores with medication “on” showed an improvement of 43.7%
compared with the medication “off” state. The UPDRS-III scores
showed an improvement of 35.3% on the DBS effect. All patients
received bilateral DBS electrodes (Model 3389, Medtronic), and
pacemakers (implantable pulse generator, SC, Medtronic) were
implanted. The stimulation parameters were set to produce
optimal clinical responses. The average disease duration was
10.4 + 3.9 years. All patients received bilateral STN-DBS with
a mean follow-up time of 12 + 3.8 months (range: 4-16 months)
in a within-subject study design. The average medication dose
of the patients, the levodopa equivalent daily dose (LEDD), was
an average of 1141.3 mg/day (range: 520-2597.5) in pre-DBS
and 445.7 mg/day (range: 150-1130) in post-DBS. A detailed de-
scription of the patient cohort and the stimulation parameters
set to produce optimal clinical responses are shown in Table 1.
The patients were not demented and had no major psychological
problems. The accuracy of the surgery in STN target coordinates
is shown in Table S1. Each participant provided written informed
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consent before the experiment. This study was approved by the
Institutional Review Board of Tzu Chi General Hospital (Hualien,
Taiwan; REC No: IRB 107-88-B).

2.2 | Clinical assessments

The UPDRS was used to evaluate the patient's mentation, behav-
ior, and mood (Part 1), activities of daily living (Part Il), and severity
of motor symptoms (Part Ill) before surgery (pre-DBS) and at the
time of follow-up. Cognition and neuropsychological functions were
also rated with the MMSE and Beck Depression Inventory (BDI-II).
At the post-DBS follow-up, the UPDRS was evaluated in four con-
ditions: on and off medication, and with and without DBS stimula-
tion. Pre-DBS,, 4o Was defined by the worst off-PD medication
state, while Pre-DBS,, o\ Was defined by the best on-PD medi-
cation state. Post-DBSg /\eqon Was defined by the best “on” state
in which DBS was switched on and the patient was on medication,
while Post-DBS g /eq0fr Was defined by the state in which DBS was
switched on, although the patient was off medication. The Hoehn &
Yahr (H&Y) stage and L-dopa equivalent daily dose (LEDD) were also
recorded before and after DBS, for comparison.

2.3 | Magnetic resonance imaging acquisition
2.3.1 | Resting-state functional magnetic resonance
imaging and Diffusion tensor imaging

Resting-state functional magnetic resonance imaging, three-
dimensional (3D) T1-weighted MRI, and DTI were performed before
DBS surgery and at the time when patients had achieved stable
postoperative status. At pre-DBS, these images were obtained dur-
ing the patient's best on-medication status. At the time of follow-up,
patients were in an on-medication state, and DBS was switched off
before entering the MRI suite. All scans were performed in a 1.5-T
MRI scanner (Magnetom Aera; Siemens AG) using a 20-channel
phase-array head coil. The rs-fMRI was acquired by using an echo-
planar imaging (EPI) sequence with a repetition time (TR)/echo time
(TE)/flip angle = 2980 ms/40 ms/90°, field-of-view (FOV) = 22 cm,
matrix: 64 x 64, 36 axial slices covering the whole brain, voxel size
3.4 x 3.4 x 3.4 mm?®, and 120 volumes, in a 6.08-min scan. Patients
were instructed not to focus their minds on specific thoughts and
to keep awake with their eyes closed during the acquisition. Head
motion was minimized by using foam pads. For registration pur-
poses, 3D T1-weighted anatomical images were acquired with a
magnetization-prepared rapid gradient echo method with the fol-
lowing parameters: TR/TE/inversion time/flip angle = 2200 ms/2.9
ms/900 ms/8°, matrix = 256 x 224, FOV = 25 cm, and 176 sagittal
slices with 1-mm thickness. DTI was acquired with a spin-echo EPI
sequence and the following parameters: TR/TE = 4000/97 ms, ma-
trix = 128 x 128, FOV = 23 cm, 30 directions, b = 1000 s/mm?, and
slice thickness = 5 mm.

2.3.2 | Resting-state functional MRl image pre-
processing

All resting-state fMRI datasets were processed using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm) and MATLAB 2018 (The MathWorks
Inc.). Standard pre-processing included realignment, slice-timing
correction, motion correction, normalization with respect to the EPI
template (sampling size matched to the native 2-mm isotropic reso-
lution) provided by SPM, and 8-mm Gaussian smoothing. The struc-
tural scan was normalized with respect to the T1 template of SPM.
Finally, image segmentation was performed on the T1-weighted im-
ages to yield gray matter, white matter, and cerebrospinal fluid (CSF)
masks in normalized space. Time-series data were high-pass filtered
(1/128 Hz), and 14 nuisance parameters (six movement parameters
and their first derivative, white matter, and CSF) were regressed out.
We performed quality checking procedures before analyzing im-
ages. When patients exhibited head motion of more than 1.5 mm in
any of the x, y, or z directions, more than 1.5° of any angular dimen-
sions were discarded.

2.3.3 | Resting-state functional MRI data FC and
graph-theory analysis

The correlation of FC networks and topological metrics was ana-
lyzed by the CONN 18b connectivity toolbox3¢ (http://www.nitrc.
org/projects/conn) running in MATLAB. The analysis of graph the-
ory and topological metrics has been detailed previously.?> After
band-pass filtering (0.01 < f < 0.08 Hz), denoising was performed
using aCompcor (anatomical component-based noise correction
method)®’ to eliminate non-neuronal contributions from the white
matter and CSF. The denoising step also included the regression of
time points flagged as outliers due to motion, along with the seven
realignment (three translational, three rotational, and one compos-
ite motion) parameters and their first-order derivatives. The global
topological metrics of the network characteristics included the
global efficiency, local efficiency, betweenness centrality, cost, av-
erage path length, clustering coefficient, and degree®® test on 164
seed regions (Table S2). Regions of interest (ROls) were defined
by the default atlas provided with the CONN, which included 164
parcellations (91 cortical and 15 subcortical parcellations from the
Harvard-Oxford Maximum Likelihood atlas, 26 cerebellar parcel-
lations from the automated anatomical labeling atlas, and 32 ROls
of networks defined from CONN's independent component analy-
ses of the HCP dataset). The correlation matrix was constructed
of 164 x 164 ROIs. The entire matrix of ROI-to-ROI FC values was
computed for each subject using a bivariate correlation measure,
and a threshold at a fixed network-level cost value (0.15)%® to de-
fine an undirected graph that characterized the entire network
of functional connections between these ROls. The pre-DBS and
post-DBS connectivity differences in PD patients were estimated
by specifying a condition contrast of [-1 1] in the second-level anal-
ysis of the CONN.
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2.3.4 | Diffusion tensor imaging data pre-
processing and TBSS analysis

For each subject, DTl images were converted from DICOM to NIFTI
format with MRIcron (http://people.cas.sc.edu/rorden/mricron/
index.html). The diffusion data were corrected for eddy currents and
movement distortions using the Eddy Correct tool in FSL. Non-brain
parts were removed from all images using the Brain Extraction Tool.
Diffusion tensors at each voxel were fitted by the algorithm included
in the Diffusion Toolbox of the FMRIB Software Library (FSL v. 6.0,
www.fmrib.ox.ac.uk/fsl). Fractional anisotropy (FA), mean diffusiv-
ity (MD), axial diffusivity (AD, A1), and radial diffusivity (RD, [A2 +
23]/2) to the principal diffusion direction were computed for the
whole brain.

The tract-based spatial statistics (TBSS) tool®” was used to per-
form a voxel-wise statistical analysis of the diffusion tensor maps.
FA images of all subjects were aligned in the 1 x 1 x 1 mm?® standard
Montreal Neurological Institute (MNI152) space via the FMRIB58_
FA template using nonlinear registration. The mean FA image was
created and thinned to create the mean FA skeleton, which repre-
sented the centers of all tracts common to the groups. This skele-
ton was threshold at FA > 0.20.4%4! Each subject's aligned FA map
was then projected onto this skeleton by assigning each point on the
skeleton with a maximum FA in a plane perpendicular to the local
skeleton structure. The resulting skeletons were analyzed using
voxel-wise statistics. Voxel-wise cross-subject statistics analysis was
performed using 5000 permutations and tested with the threshold-
free cluster enhancement (TFCE) approach.40 Specific details of the

analyses are given in a previous report.’

2.4 | Statistical analysis

All data were tested to ensure they were normally distributed. If
a group of data did not exhibit a normal distribution, a Student t
test or one-way ANOVA test was applied with a non-parametric
equivalent. We use repeated measure analysis of variance to test
UPDRS-III scores, including factors such as treatment method
(pre vs. post), and post hoc Dunn's tests to identify significant dif-
ferences from each treatment state using Prism 6 (https://www.
graphpad.com). Additionally, H&Y stage, BDI-II, MMSE, and LEDD
scores in the same patient were assessed pre vs. post by paired
t test. A paired t test was used to determine where graph theory
and FC changes occurred between the pre-DBS and post-DBS in
the same PD patient. We also assessed the connections and re-
tained only the significant connections. The resulting statistical
parametric maps were corrected for multiple comparisons using
the false discovery rate (FDR) approach with p < 0.05 considered
significant. We did a correlation analysis based on UPDRS-III and
BDI-Il improvement correlation to the dependent variable topo-
logical metrics and FC to identify the post-DBS functional con-
nectivity changes and topological metrics correlation to clinical
improvement.

Whole-brain FA and MD images were compared with pre-DBS
and post-DBS differences. The FA and MD were compared between
the pre-and post-DBS conditions with paired t tests. The significance
threshold was set at p < 0.05, FDR-corrected for multiple compari-
sons performed by permutation test with TFCE.

3 | RESULTS

3.1 | Effect of DBS on motor disability and non-
motor symptoms of cognition and language

Deep brain stimulation on (DBS,) alone improved motor disability sig-
nificantly, by 35.3% (UPDRS part lll, Figure 1A). The LEDD was signifi-
cantly decreased by 56.0% in the post-DBS compared with the pre-DBS
state (Figure 1B). In the medication-on state, there was no significant dif-
ference between pre-DBS and post-DBS, in UPDRS-IIl (21.7 + 6.7%
vs. 24.9 + 6.6%, respectively). Non-motor symptoms of depression
were significantly improved after DBS (BDI-Il, pre-DBS/post-DBS:
19.9 + 16.5/12.1 + 6.5, p < 0.05; Figure 1C). However, cognition (CASI,
pre-DBS/post-DBS: 87.4 + 12.5/86.5 + 14.1; MMSE, pre-DBS/post-DBS:
26.6 + 3.2/26.5 + 4.1) and language functions (UPDRS-II items 5+6+7
pre-DBS/post-DBS: 1.4 + 0.8/1.9 + 1.2, and UPDRS-IIl item 18 pre-DBS/
post-DBS: 0.9 + 0.4/1.0 + 0.4; Figure 1D, E) were not significantly changed

after DBS, although the language showed a trend of deterioration.

3.2 | Graph theory at pre-DBS and post-DBS and
correlation with clinical changes

In graph theory, the cost and degree were significantly decreased
(cost: pre-DBS/post-DBS: 0.22 + 0.08/0.11 + 0.0; degree: pre-DBS/
post-DBS 35.73 + 13.34/17.67 + 8.9) in the middle temporal gyrus
and temporo-occipital part-Right (toMTG-R) of patients post-DBS
compared with the pre-DBS values. Conversely, global efficiency,
local efficiency, betweenness centrality, and average path length
did not differ between the two conditions (Figure 2). In post-DBS,
both cost and degree topological metrics in toMTG-R were corre-
lated with BDI-Il improvement (r = 0.62; p = 0.014*; Figure 3A, B).

3.3 | Functional connectivity changes at
post-DBS and pre-DBS and correlation with
clinical changes

Figure 4 and Table 2 show four principal increases and four criti-
cal decreases in brain FC. Brain FC of the Language inferior fron-
tal gyrus (IFG) with the PreCG-R and SMA-L; SMA-L with Cereb7-L
and AG-L; SubCalC with Networks Dorsal Attention FEF-R; and
Brainstem with Putamen-R, Putamen-L, Networks Visual Lateral-R,
and OFusG-R was increased (red lines; Figure 4).

Conversely, the FC of the pMTG-R with AG-L, pMTG-L, sLOC-L,
ICC-L, SCC-L, and toMTG-R; toMTG-R with Networks Language
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treatment for at least 4 months and with medication. (*p < 0.05; ***p = 0.0001; ****p < 0.0001)
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FIGURE 2 Network topological alterations observed in PD patients pre-DBS vs post-DBS (contrast: post-DBS >pre-DBS). Graph theory
reveals post-DBS treatment changes in network topological metrics in the middle temporal gyrus, temporo-occipital part-Right (toMTG-R):
X, Y, and z = (58, -49, and 2); both cost and degree were decreased compared with pre-DBS. Blue dot: region of interest with decreased

topological metrics (*paired t test, p.p, < 0.05)

toMTG-R and aSTG-L, and FC increase between SMA-L and
Networks FrontoParietal PPC-L (Figure 3C, D).

pSTG-R, Networks Default Mode LP-L, Networks Default Mode
LP-R, TP-R, pTFusC-R, sLOC-L, aSTG-L, and sLOC-R; pPaHC-R with
sLOC-L, and Networks Default Mode LP-L, Networks Default Mode
PCC, Precuneous, and ICC-L; Networks Language pSTG-R with TP-R,

Networks Default Mode LP-L, and Networks Default Mode LP-R was
decreased (blue lines; Figure 4, Table 2).

In post-DBS, FC changes were correlated with UPDRS-III im-
provement, including toMTG-R - aSTG L (r = 0.63; p = 0.0096**) and
SMA-L - Networks FrontoParietal PPC -L (r = -0.64; p = 0.0109**).
Motor improvement was correlated with an FC decrease between

3.4 | Diffusion tensor imaging TBSS in patients at
pre- and post-DBS

We found a significant reduction in the FA of the white matter tract
in the left anterior corona radiata (ACR) located at MIN coordinate
X, Y, and z (-19, 36, and 16) in post-DBS patients compared with their
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FIGURE 3 Topologic metrics and functional connectivity (FC) changes correlated with BDI-1l and UPDRS-III score improvement in
post-DBS. The BDI-Il improvement was correlated with cost and degree decrease at toMTG-R (A, B). The UPDRS-IIl improvement showed
a negative correlation with the FC increase in SMA L-(156) (C) and a positive correlation with the FC decrease in toMTG-R -aSTG L (D). *

156 = networks. FrontoParietal-PPC L

pre-DBS condition (Figure 5, Table 3). The MD and radial and axial
diffusivities of the patients in the post-DBS state showed no differ-

ence compared with those in the pre-DBS state.

4 | DISCUSSION

Recent concepts of neurodegenerative disease have emphasized
the importance of specific changes in brain connectivity in patho-
physiology and effectiveness of treatment.?”314244 | this study, we
showed that “an increased connectivity of motor hubs with the brain
stem and putamen” indicates that both the brain stem and putamen
play a crucial role in the effects of STN-DBS on motor improvement
in PD patients.>12° The FC changes in toMTG-R-aSTG L and SMA L-
Networks-FrontoParietal-PPC L are correlated with motor improve-
ment. Furthermore, “a major decrease in the degree and cost in the
toMTG-R” indicated that connection density and centrality were
decreased in the toMTG-R and correlated with depression improve-
ment, which could be related to the deterioration in language and

speech function in PD patients after DBS.** We also found a trend of
cognition decline in PD patients after DBS, which could be observed
in terms of topological metrics*® and that the decreased FA in the
white matter tract was more likely to be related to the emotion and
executive attention decline in these patients.47 In Figure 6, we sche-

matically summarize the critical results of the study.

4.1 | Post-DBS motor improvement and FC

In line with the improved motor control and reduced LEDD that is
widely noted in PD patients after DBS,> we also found significant im-
provements in the UPDRS-III motor score and a reduction in LEDD
after DBS. Figure 4 shows four ROIs with increases and four with
decreases in brain FC. The brainstem constitutes a central commu-
nication hub; increases in its FC with the bilateral putamen would
particularly support motor improvement. FC increased in the follow-
ing four regions: Language IFG, SMA-L, SubCalc, and the brainstem.
When the brainstem acts as a seed, connections increased in four
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FIGURE 4 Functional brain changes in PD patients post-DBS compared with pre-DBS shown in the connectome ring (A). The changes
between the regions of interest (ROls)-ROls are shown in the 3D right and left hemispheres (B). Brain network FC decreased (white bars)
and increased (black bars) between ROI-ROI after STN-DBS (C). *162: Networks Language pSTG-R; 134: Networks Default Mode LP-L; 135:
Networks Default Mode LP-R; 136: Networks Default Mode PCC; 152: Networks Dorsal Attention FEF-R; 143: Networks Visual Lateral-R;
156: Networks-FrontoParietal PPC L. Red line: FC increase in post-DBS patients compared with pre-DBS. Blue line: FC decreased in post-
DBS patients compared with pre-DBS

TABLE 2 Results of alteration in FC of

ROI-ROI Fc Tvalue p-FDR brain regions are showing between-group

post-DBS>pre-DBS (post-DBS treatment vs. pre-DBS)
Networks. DorsalAttention.FEF R-SubCalC T 5.39 0.0155
Brain-Stem-Networks. Visual. Lateral R 411 0.0481
Brain-Stem-OFusG R 4.06 0.0481
Brain-Stem-Putamen L 4.49 0.0413
Brain-Stem-Putamen R 4.72 0.0413
Language.lIFG-PreCG-R 4.59 0.0424
Language.lIFG -SMA R 4.48 0.0424
SMA L- Networks. FrontoParietal-PPC L 4.04 0.0499
SMAL-AG L 4.45 0.0298
SMA L-Cereb7-L 4.97 0.0298

post-DBS<pre-DBS
Networks. DefaultMode.LP L-Networks. Language. 1 -4.32 0.0386

pSTGR
Networks. Language.pSTG R-Networks. -4.25 0.0331
DefaultMode.LP R

Networks. Language.pSTG R-TP R -4.73 0.0265
pMTG R-AG L -4.89 0.0386
pMTG R-ICC L -4.02 0.0461
pMTG R-pMTG L -4.48 0.042
pMTG R-SCC L -3.87 0.0461
pMTG R-sLOC L -4.06 0.0461
pMTG R-toMTG-R -3.87 0.0461
pPaHC R-Networks. DefaultMode.LP L -5.11 0.013
pPaHC R-Networks. DefaultMode.PCC -4.85 0.0139
pPaHC R-ICC L -4.04 0.0395
pPaHC R-Precuneous -4.33 0.0284
pPaHC R-sLOC L -5.25 0.013
toMTG-R-Networks. DefaultMode.LP L -4.9 0.0192
toMTG-R-Networks. DefaultMode.LP R -4.34 0.0369
toMTG-R-Networks. Language.pSTG R -5.04 0.0192
toMTG-R -aSTG L -3.65 0.0497
toMTG-R-pTFusC R -3.92 0.0461
toMTG-R-sLOC L -3.74 0.0497
toMTG-R-sLOCR =860 0.0497
toMTG-R-TP R -4.09 0.0447

Abbreviations: T, increase; |, decrease; L, Left; R, right.

directions, namely, with both sides of the putamen, the Networks improvement. These findings also highlight the emphasis on the
Visual Lateral-R, and the OFusG-R (Figure 4). This indicates that brainstem and cerebellum in PD research.?® In post-DBS, FC change
the brainstem and putamen may play essential roles in the modula- was correlated with UPDRS-IIl improvement, including toMTG-R-

tion of brain networks by stimulation resulting in sustained motor aSTG L and SMA L-networks-FrontoParietal-PPC L connections,
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FIGURE 5 Fractional anisotropy (FA) decreased in the left anterior corona radiata at MNI coordinate x, y, and z (-19, 36, and 16) in post-
DBS patients compared with pre-DBS (red color: pre-DBS >post-DBS). Green color: mean skeletal fiber skeletal after multiple comparisons
by threshold-free cluster enhancement (TFCE) p < 0.05

TABLE 3 Fractional anisotropy (FA) decreased in the left anterior corona Radiata, located at specific MNI coordinates, in post-DBS

patients as compared with pre-DBS

Contrast WM tract

pre-DBS >post-DBS (FA)  Anterior corona Radiata L
Anterior corona Radiata L

Anterior corona Radiata L

FIGURE 6 Brain topological metrics
and functional connectivity changes after
DBS correlated with regions associated
with clinical assessment improvement.
*toMTG-R = Middle Temporal Gyrus,
temporo-occipital part-Right; aSTG

L = Superior Temporal Gyrus, anterior
division Left; SMA L = Supplementary
Motor Cortex-Left; 156: networks.
FrontoParietal-PPC L. +: increase; -:
decrease

Brain region(s)
Left cerebral white matter
Left cerebral white matter

Left cerebral white matter

Graph

theory toMTC
—
Cost Degree

oNgo]

toMTG R

I
BDI-II
(depression)

MNI (mm)
X, Y, Z voxel size
-19, 36, 16 692
-17, 20, 30 535
-20, 33, -7 155
Functional
Connectivity

.

<0.05
<0.05
<0.05
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2
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which suggests FC change was associated with the effectiveness of
STN-DBS (Figure 3C, D).

4.2 | Depression improvement and topological
metrics: The toMTG-R and related findings

The cost and degree of topological metrics in toMTG-R were de-
creased after STN-DBS and were correlated with an improvement
in depression as interpreted by the Beck Depression Intervention
(BDI-II) score (Figure 3A,B). Ye et al.*® used rs-fMRI and graph the-
ory for analyzing patients with major depressive disorder and found
that patients had higher node centralities than normal control group.
Our result showed STN-DBS improves patients' depression and de-
creased these pathologically higher parameters through analyzing
graph-theory metrics. These findings indicate that the toMTG-R may
be a biomarker for depression improvement when using topological
metrics as diagnostic tools. Previous studies have demonstrated a
gradual decline in cognitive function after long-term DBS.>* The
toMTG are related to higher-order cognitive function in visual per-
ception.50 Although our results showed a mild decline in cognitive
function, the difference was not statistically significant. This may be
due to the shorter follow-ups of STN-DBS.

4.3 | Deterioration in language and speech
function and FC

Clinically, the worsening of PD symptoms, including akinesia,
speech, postural stability, freezing of gait, and cognitive func-
tion, may occur after DBS.® We showed a decline in language and
speech function, although this was not statistically significant, and
may be attributed to the relatively short-term follow-up period.
Nevertheless, changes in FC may reflect the deterioration in their
earlier stage.

While FC decreased in post-DBS PD patients in four brain re-
gions, including the pMTG-R, toMTG-R, pPaHC-R, and Networks,
language pSTG-R, and particularly the first three regions, may be a
central hub in the decrease in FC after DBS. The MTG is related to
language inputs. The pMTG is related to language®® and semantic
memory processing.’® The IFG (Broca area) is related to language
processing, speech production, and executive function.’® The left
inferior frontal gyrus (IFG-L) to the left posterior middle temporal
gyrus (pPMTG-L) connection suggests top-down influences of the
frontal cortex on retrieval of semantic representations. The MTG
provides relevant associations in verbal semantic memory for the
IFG to perform retrieval. The left fusiform gyrus to the pMTG-L sug-
gests bottom-up orthographic influences on semantic representa-
tions. Cereb7-L, which has on posterior to primary somatosensory
cortex and above the occipital lobe, is related to visual-motor coor-
dination and language activation. The increase in activity from the
MTG and output from Cereb7-L may cause stuttering in PD patients
after DBS stimulation.’?> This finding of stuttering in PD patients

may correlate with our clinical observation (UPDRS-II) of decreased
language fluency post-DBS.>¢

Notably, rs-fMRI studies in PD patients showed various pat-
terns of FC alterations, which can be attributed to the inclusion of
cases at different stages of the disease and with varying durations
of stimulation.

4.4 | Emotion and executive attention and white
matter fractional anisotropy: FA decrease in the ACR

The reduced FA value indicates either damage to the white mat-
ter or a loss of white matter structural integrity, which may reduce
information transfer. In our findings in post-DBS PD patients, the
white matter FA values decreased in the ACR in the left hemisphere
(Figure 5). The ACR is part of the limbic-thalamo-cortical circuitry
associated with impaired top-down emotion regulation systems and
the motor pathway.*”>”>8 It is also associated with executive atten-
tion network functions.” Decreased FA in the ACR, therefore, might
contribute to prefrontal cortex dysfunction, which is associated with
inattention. Interestingly, decreased FA in the ACR occurred in the
left hemisphere alone; the physiological significance thereof war-
rants further study. Nevertheless, damage to the ACR during the
surgical procedure cannot be excluded. Currently, the non-motor PD
symptoms of emotional and executive attention deficits are receiv-
ing increasing attention. Many behavioral assessments have been
developed and used to evaluate emotion and executive attention.®®
Using the rs-fMRI and behavioral assessments to explore the effects
of DBS on emotion and executive attention is, therefore, both in-
formative and valuable.

There are several limitations to this study. First, a major issue
in fMRI with DBS is the occurrence of geometric distortions and
drop-out of the EPI signal in the vicinity of the electrodes, particu-
larly near the skull where electrodes are connected to the extension
leads; these problems are currently unavoidable.r” Furthermore, the
impact of DBS-induced artifacts on the rs-fMRI signal has not been
investigated in detail, and more methodological work is required
to address potential issues. Second, according to our objective,
we needed to turn DBS off 10 min before the scan due to safety
concerns.®! We defined this post-DBS g aeqon State as the highest
“on” state, in which DBS was switched on and the patient was on
medications. Moreover, our included patients remained in their “on”
state during the scan. This sustained effect observed after DBS was
turned off could be due to synaptic plasticity within the stimulated

neural network.*

Third, the results could also be confounded by
pharmacodynamic changes produced by the significant reduction
in medication. Lastly, patients had different stimulation parameters,
which could cause diversity of results. Furthermore, the length of
the follow-up times after DBS was not uniform, making it difficult to
compare the result with other studies.

In conclusion, we demonstrated that STN-DBS alters graph-
theoretical metrics, FC, and white matter integrity, leading to a

significant improvement in the motor and psychiatric symptoms of
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patients with PD. The changes in brain connectivity from this multi-
modal imaging were also associated with the extent of postoperative
clinical improvement. These results suggest that changes in brain
networks might explain the benefit of STN-DBS in PD.

ACKNOWLEDGMENTS

The authors are grateful to the Parkinson's disease patients who
participated in the experiment. We thank Professor Jon-Son Kuo
for the editing of the manuscript. This research was supported by
the Buddhist Tzu Chi Medical Foundation (grant number TCMF-MP
108-01-03) and the Ministry of Science and Technology, Taiwan
(grant number 108-2314-B-303-014).

CONFLICT OF INTEREST

All authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS

Li-Chuan Huang performed the experiments, analyzed the rs-fMRI
data, and wrote the manuscript. Li-Guo Chen analyzed the DTI data.
Ping-An Wu, Cheng-Yoong Pang, and Shinn-Zong Lin contributed con-
ception and design of the study. Sheng-Tzung Tsai was responsible for
the study design, data review, editing, and revision of the manuscript.
Shin-Yuan Chen reviewed and revised the manuscript and was respon-
sible for the supervision of the study concept and design, critical revi-
sion of the manuscript, and study supervision. All authors contributed

to manuscript revision and read and approved the submitted version.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID

Li-Chuan Huang "= https://orcid.org/0000-0002-0423-1215

REFERENCES

1. Mossner JM, Patil PG, Chou KL. Subthalamic nucleus deep brain
stimulation improves dyskinesias in Parkinson's disease beyond
levodopa reduction. J Neural Transm. 2019;126:1479-1483.

2. Mueller K, Jech R, Ruzicka F, et al. Brain connectivity changes
when comparing effects of subthalamic deep brain stimulation
with levodopa treatment in Parkinson's disease. Neuroimage Clin.
2018;19:1025-1035.

3. Krack P, Batir A, Van Blercom N, et al. Five-year follow-up of bilat-
eral stimulation of the subthalamic nucleus in advanced Parkinson's
disease. N Engl J Med. 2003;349(20):1925-1934.

4. Deuschl G, Schade-Brittinger C, Krack P, et al. A randomized trial
of deep-brain stimulation for Parkinson's disease. N Engl J Med.
2006;355(9):896-908.

5. Vizcarra JA, Situ-Kcomt M, Artusi CA, et al. Subthalamic deep brain
stimulation and levodopa in Parkinson's disease: a meta-analysis of
combined effects. J Neurol. 2019;266(2):289-297.

6. Schuepbach WM, Rau J, Knudsen K, et al. Neurostimulation for
Parkinson's disease with early motor complications. N Engl J Med.
2013;368(7):610-622.

7. Mosley PE, Paliwal S, Robinson K, et al. The structural connectivity
of subthalamic deep brain stimulation correlates with impulsivity in
Parkinson's disease. Brain. 2020;143(7):2235-2254.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

-Wi LEYJE

Irmen F, Horn A, Mosley P, et al. Left prefrontal connectivity links
subthalamic stimulation with depressive symptoms. Ann Neurol.
2020;87(6):962-975.

Picillo M, Vincos GB, Sammartino F, Lozano AM, Fasano A. Exploring
risk factors for stuttering development in Parkinson disease after
deep brain stimulation. Parkinsonism Relat Disord. 2017;38:85-89.
Combs HL, Folley BS, Berry DT, et al. Cognition and depression fol-
lowing deep brain stimulation of the subthalamic nucleus and glo-
bus pallidus pars internus in Parkinson's disease: a meta-analysis.
Neuropsychol Rev. 2015;25(4):439-454.

Hacker CD, Perlmutter JS, Criswell SR, Ances BM, Snyder AZ.
Resting state functional connectivity of the striatum in Parkinson's
disease. Brain. 2012;135(Pt 12):3699-3711.

de Schipper LJ, Hafkemeijer A, van der Grond J, Marinus J,
Henselmans JML, van Hilten JJ. Altered whole-brain and network-
based functional connectivity in Parkinson's disease. Front Neurol.
2018;9:419.

Herz DM, Eickhoff SB, Lokkegaard A, Siebner HR. Functional neu-
roimaging of motor control in Parkinson's disease: a meta-analysis.
Hum Brain Mapp. 2014;35(7):3227-3237.

Helmich RC, Janssen MJ, Oyen WJ, Bloem BR, Toni I. Pallidal dys-
function drives a cerebellothalamic circuit into Parkinson tremor.
Ann Neurol. 2011;69(2):269-281.

Shen B, Gao Y, Zhang W, et al. Resting state fMRI reveals increased
subthalamic nucleus and sensorimotor cortex connectivity in pa-
tients with Parkinson's disease under medication. Front Aging
Neurosci. 2017;9:74.

Kahan J, Urner M, Moran R, et al. Resting state functional MRI in
Parkinson's disease: the impact of deep brain stimulation on ‘effec-
tive’ connectivity. Brain. 2014;137(4):1130-1144.

Horn A, Wenzel G, Irmen F, et al. Deep brain stimulation induced
normalization of the human functional connectome in Parkinson's
disease. Brain. 2019;142(10):3129-3143.

Horn A, Reich M, Vorwerk J, et al. Connectivity predicts deep
brain stimulation outcome in Parkinson disease. Ann Neurol.
2017;82(1):67-78.

Chen HM, Sha ZQ, Ma HZ, He Y, Feng T. Effective network of deep
brain stimulation of subthalamic nucleus with bimodal positron
emission tomography/functional magnetic resonance imaging in
Parkinson's disease. CNS Neurosci Ther. 2018;24(2):135-143.

Holiga S, Mueller K, Moller HE, et al. Resting-state functional mag-
netic resonance imaging of the subthalamic microlesion and stimu-
lation effects in Parkinson's disease: indications of a principal role
of the brainstem. Neuroimage Clin. 2015;9:264-274.

Mueller K, Jech R, Schroeter ML. Deep-brain stimulation for
Parkinson's disease. N Engl J Med. 2013;368(5):482-483.

Hanssen H, Steinhardt J, Munchau A, et al. Cerebello-striatal interac-
tion mediates effects of subthalamic nucleus deep brain stimulation in
Parkinson's disease. Parkinsonism Relat Disord. 2019;67:99-104.
Wang J, Zuo X, He Y. Graph-based network analysis of resting-state
functional MRI. Front Syst Neurosci. 2010;4:16.

Farahani FV, Karwowski W, Lighthall NR. Application of graph the-
ory for identifying connectivity patterns in human brain networks:
a systematic review. Front Neurosci. 2019;13:585.

Huang LC, Wu PA, Lin SZ, Pang CY, Chen SY. Graph theory and
network topological metrics may be the potential biomarker in
Parkinson's disease. J Clin Neurosci. 2019;68:235-242.

Suo X, Lei D, Li N, et al. Functional brain connectome and its re-
lation to Hoehn and Yahr stage in Parkinson disease. Radiology.
2017;285(3):904-913.

Sreenivasan K, Mishra V, Bird C, et al. Altered functional network
topology correlates with clinical measures in very early-stage, drug-
naive Parkinson's disease. Parkinsonism Relat Disord. 2019;62:3-9.
Luo CY, Guo XY, Song W, et al. Functional connectome assessed
using graph theory in drug-naive Parkinson's disease. J Neurol.
2015;262(6):1557-1567.



https://orcid.org/0000-0002-0423-1215
https://orcid.org/0000-0002-0423-1215

104
_I_Wl L EY_ CNSS Neuroscience & Therapeutics

29.

30.
31
32.

33.

34.
35.

36.
37.
38.
39.
40.
41.
42.
43,
44,

45.

46.

47.

HUANG ET AL.

Sako W, Abe T, Furukawa T, et al. Differences in the intra-
cerebellar connections and graph theoretical measures between
Parkinson's disease and multiple system atrophy. J Neurol Sci.
2019;400:129-134.

Berman BD, Smucny J, Wylie KP, et al. Levodopa modulates small-
world architecture of functional brain networks in Parkinson's dis-
ease. Mov Disord. 2016;31(11):1676-1684.

Tinaz S, Lauro PM, Ghosh P, Lungu C, Horovitz SG. Changes in
functional organization and white matter integrity in the connec-
tome in Parkinson's disease. Neuroimage Clin. 2017;13:395-404.
Theilmann RJ, Reed JD, Song DD, et al. White-matter changes cor-
relate with cognitive functioning in Parkinson's disease. Front Neurol.
2013;4:37.

Taylor KI, Sambataro F, Boess F, Bertolino A, Dukart J. Progressive
decline in gray and white matter integrity in de novo Parkinson's
disease: an analysis of longitudinal Parkinson progression mark-
ers initiative diffusion tensor imaging data. Front Aging Neurosci.
2018;10:318.

Avecillas-Chasin JM, Alonso-Frech F, Nombela C, Villanueva C,
Barcia JA. Stimulation of the tractography-defined subthalamic
nucleus regions correlates with clinical outcomes. Neurosurgery.
2019;85(2):E294-E303.

Coenen VA, Allert N, Paus S, Kronenbtirger M, Urbach H, Méadler B.
Modulation of the cerebello-thalamo-cortical network in thalamic
deep brain stimulation for tremor: a diffusion tensor imaging study.
Neurosurgery. 2014;75(6):657-669; discussion 669-670.
Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional con-
nectivity toolbox for correlated and anticorrelated brain networks.
Brain Connect. 2012;2(3):125-141.

Behzadi Y, Restom K, Liau J, Liu TT. A component based noise cor-
rection method (CompCor) for BOLD and perfusion based fMRI.
Neurolmage. 2007;37(1):90-101.

Bharti K, Suppa A, Pietracupa S, et al. Abnormal cerebellar connec-
tivity patterns in patients with Parkinson's disease and freezing of
gait. Cerebellum. 2019;18(3):298-308.

Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spa-
tial statistics: voxelwise analysis of multi-subject diffusion data.
Neurolmage. 2006;31(4):1487-1505.

Hattori T, Orimo S, Aoki S, et al. Cognitive status correlates with
white matter alteration in Parkinson's disease. Hum Brain Mapp.
2012;33(3):727-739.

Kim HJ, Kim SJ, Kim HS, et al. Alterations of mean diffusivity in
brain white matter and deep gray matter in Parkinson's disease.
Neurosci Lett. 2013;550:64-68.

Kahan J, Mancini L, Flandin G, et al. Deep brain stimulation has
state-dependent effects on motor connectivity in Parkinson's dis-
ease. Brain. 2019;142(8):2417-2431.

Lin H, Na P, Zhang D, Liu J, Cai X, Li W. Brain connectivity markers
for the identification of effective contacts in subthalamic nucleus
deep brain stimulation. Hum Brain Mapp. 2020;41(8):2028-2036.
Wong JK, Middlebrooks EH, Grewal SS, Almeida L, Hess CW,
Okun MS. A comprehensive review of brain connectomics and
imaging to improve deep brain stimulation outcomes. Mov Disord.
2020;35(5):741-751.

Hoehn MM, Yahr MD. Parkinsonism: onset, progression and mor-
tality. Neurology. 1967;17(5):427-442.

Alberts JL, Voelcker-Rehage C, Hallahan K, Vitek M, Bamzai R,
Vitek JL. Bilateral subthalamic stimulation impairs cognitive-motor
performance in Parkinson's disease patients. Brain. 2008;131(Pt
12):3348-3360.

Sanjuan PM, Thoma R, Claus ED, Mays N, Caprihan A. Reduced
white matter integrity in the cingulum and anterior corona radiata

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

in posttraumatic stress disorder in male combat veterans: a diffu-
sion tensor imaging study. Psychiatry Res. 2013;214(3):260-268.

Ye M, Yang T, Qing P, Lei X, Qiu J, Liu G. Changes of functional brain
networks in major depressive disorder: a graph theoretical analysis
of resting-state fMRI. PLoS One. 2015;10(9):e0133775-e0133775.
Cernera S, Okun MS, Gunduz A. A review of cognitive outcomes
across movement disorder patients undergoing deep brain stimula-
tion. Front Neurol. 2019;10:419.

Jung WH, Kim SN, Lee TY, et al. Exploring the brains of Baduk
(Go) experts: gray matter morphometry, resting-state functional
connectivity, and graph theoretical analysis. Front Hum Neurosci.
2013;7:633.

Turken AU, Dronkers NF. The neural architecture of the language
comprehension network: converging evidence from lesion and con-
nectivity analyses. Front Syst Neurosci. 2011;5:1.

Castelli L, Perozzo P, Zibetti M, et al. Chronic deep brain stimu-
lation of the subthalamic nucleus for Parkinson's disease: effects
on cognition, mood, anxiety and personality traits. Eur Neurol.
2006;55(3):136-144.

Le Goff F, Derrey S, Lefaucheur R, et al. Decline in verbal fluency
after subthalamic nucleus deep brain stimulation in Parkinson's dis-
ease: a microlesion effect of the electrode trajectory? J Parkinsons
Dis. 2015;5(1):95-104.

Wu B, Han L, Sun BM, Hu XW, Wang XP. Influence of deep brain
stimulation of the subthalamic nucleus on cognitive function in pa-
tients with Parkinson's disease. Neurosci Bull. 2014;30(1):153-161.

Parsons TD, Rogers SA, Braaten AJ, Woods SP, Troster Al
Cognitive sequelae of subthalamic nucleus deep brain stimu-
lation in Parkinson's disease: a meta-analysis. Lancet Neurol.
2006;5(7):578-588.

Mendonca MD, Barbosa R, Seromenho-Santos A, Reizinho C,
Bugalho P. Stuttering in Parkinson's disease after deep brain stim-
ulation: a note on dystonia and low-frequency stimulation. J Clin
Neurosci. 2018;50:150-151.

Karababa IF, Bayazit H, Kilicaslan N, et al. Microstructural changes
of anterior corona radiata in bipolar depression. Psychiatry Investig.
2015;12(3):367-371.

Wakana S, Jiang H, Nagae-Poetscher LM, van Zijl PC, Mori S.
Fiber tract-based atlas of human white matter anatomy. Radiology.
2004;230(1):77-87.

Yin X, Han Y, Ge H, et al. Inferior frontal white matter asymme-
try correlates with executive control of attention. Hum Brain Mapp.
2013;34(4):796-813.

Asakawa T, Fang H, Sugiyama K, et al. Human behavioral assess-
ments in current research of Parkinson's disease. Neurosci Biobehav
Rev. 2016;68:741-772.

Erhardt JB, Fuhrer E, Gruschke OG, et al. Should patients with brain
implants undergo MRI? J Neural Eng. 2018;15(4):041002.

SUPPORTING INFORMATION
Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: Huang L-C, Chen L-G, Wu P-A, et al.
Effect of deep brain stimulation on brain network and white
matter integrity in Parkinson's disease. CNS Neurosci Ther.
2022;28:92-104. https://doi.org/10.1111/cns.13741



https://doi.org/10.1111/cns.13741

