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Abstract

Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive neuromodulation

technique with great potential in the treatment of Parkinson's disease (PD). This

study aimed to investigate the clinical efficacy of accelerated rTMS and to under-

stand the underlying neural mechanism. In a double-blinded way, a total of

42 patients with PD were randomized to receive real (n = 22) or sham (n = 20) contin-

uous theta-burst stimulation (cTBS) on the left supplementary motor area (SMA) for

14 consecutive days. Patients treated with real cTBS, but not with sham cTBS,

showed a significant improvement in Part III of the Unified PD Rating Scale

(p < .0001). This improvement was observed as early as 1 week after the start of

cTBS treatment, and maintained 8 weeks after the end of the treatment. These find-

ings indicated that the treatment response was swift with a long-lasting effect. Imag-

ing analyses showed that volume of the left globus pallidus (GP) increased after cTBS

treatment. Furthermore, the volume change of GP was mildly correlated with symp-

tom improvement and associated with the baseline fractional anisotropy of SMA-GP

tracts. Together, these findings implicated that the accelerated cTBS could effectively

alleviate motor symptoms of PD, maybe by modulating the motor circuitry involving

the SMA-GP pathway.
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1 | INTRODUCTION

Parkinson's disease (PD) is a progressive neurodegenerative disorder

affecting more than 6 million people worldwide (Schapira, 1999).

Patients typically exhibit motor dysfunction including bradykinesia,Gong-Jun Ji and Tingting Liu contributed equally to this work.
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rigidity, resting tremor, and postural instability. The major pathological

change is the loss of dopaminergic neurons in the substantia nigra

(Burciu et al., 2017). Recent structural (Zeighami et al., 2015) and

functional (Ji, Hu, et al., 2018) imaging studies suggested that PD is a

network disorder involving both cortical and subcortical structures.

Medical intervention can significantly improve PD symptoms, but

severe complications such as dyskinesia and motor fluctuations can

develop after long-term medication (Fahn, 2008). Less than 5% of PD

patients can be further treated by deep brain stimulation (DBS)

(Morgante et al., 2007), while for others, the treatment options are

limited. It is thus important to develop alternative therapies for

PD. Repetitive transcranial magnetic stimulation (rTMS) is a noninva-

sive brain stimulation technique that has been applied to PD patients

in previous studies (Elahi & Chen, 2009; Pascual-Leone et al., 1994).

While meta-analyses suggest that rTMS can alleviate motor symptoms

in PD, conflicting results have emerged from randomized clinical trials

(RCTs) (Chou, Hickey, Sundman, Song, & Chen, 2015; Chung &

Mak, 2016; Wagle Shukla et al., 2016; Yang et al., 2018; Zanjani,

Zakzanis, Daskalakis, & Chen, 2015). These inconsistent findings may

be explained by the varied rTMS sequences and target selections used

in these studies.

An optimal rTMS sequence is key to clinical efficacy. According to

the meta-analysis, inhibitory rTMS on prefrontal cortex may alleviate

symptoms of PD. 1-Hz rTMS and continuous theta-burst stimulation

(cTBS) are two of the most frequently used protocols that can

decrease the excitability of motor system (Huang, Edwards, Rounis,

Bhatia, & Rothwell, 2005; Wischnewski & Schutter, 2015). However,

cTBS is less time consuming. A typical cTBS session only takes 40 s,

thus is extremely convenient for clinical application. Application of

cTBS in patients also demonstrated potential for alleviation of motor

symptoms in PD (Eggers, Gunther, Rothwell, Timmermann, &

Ruge, 2015). Biochemical analysis (Volz, Benali, Mix, Neubacher, &

Funke, 2013) and neuroimaging studies (Nettekoven et al., 2014) have

demonstrated that three-block TBS (interval = 15 min) may produce

cumulative effect. This multi-TBS protocol also showed significant

efficacy in alleviating the symptoms of patients with schizophrenia

(Chen et al., 2019). Thus, we hypothesized that this multi-TBS proto-

col will be effective in treating PD.

Another decisive factor of clinical efficacy is the TMS target. In PD,

studies have tested the clinical efficiency of rTMS in several motor

related areas, such as supplementary motor area (SMA), primary motor

area, and dorsal prefrontal cortex (Chou et al., 2015). Among these clini-

cal trials, Shirota et al. reported the highest symptom improvement after

inhibitory rTMS on SMA (Shirota, Ohtsu, Hamada, Enomoto, &

Ugawa, 2013). They defined the SMA as a 3-cm anterior leg motor area

along the midline (Shirota et al., 2013). However, this landmark-based

approach could be easily affected by the subjectivity of experimenters,

making the results less reproducible. Given the anatomical variability of

the human brain, image-navigation approach can improve the spatial

precision of target and lead to better aftereffect of rTMS (Sack

et al., 2009; Sparing, Buelte, Meister, Paus, & Fink, 2008). Although a

protocol with multi-TBS and neuronavigated target may produce better

clinical outcome, its efficacy in PD patients remains undetermined.

The neural mechanisms of TMS treatment for PD are only par-

tially understood. TMS induces electrical current in the brain and

modulates neural activity by changing local electrical environment

(Di Lazzaro & Rothwell, 2014; Hamada, Murase, Hasan, Balaratnam, &

Rothwell, 2013). However, imaging studies indicated that the stimula-

tion not only changed the excitability of the target, but also affected

regions distant to the target (Casula et al., 2017). A network theory

has been proposed to explain this phenomenon (Fox et al., 2014).

Although it is the superficial cortex that is directly modulated by TMS,

the modulation effect could reach distant nodes of the target net-

work. For instance, rTMS on dorsal prefrontal cortex induced struc-

tural changes in the rostral anterior cingulate cortex (rACC) in patients

with depression, and the alteration was correlated with improvement

in symptoms (Boes et al., 2018; Lan, Chhetry, Liston, Mann, &

Dubin, 2016). The connectivity map of rACC has also been demon-

strated as a valuable predictor for individual treatment effect (Fox

et al., 2014; Weigand et al., 2017).

The network theory of rTMS also implicated the neural correlates

in PD therapy (Fox et al., 2014). For example, SMA, an rTMS target

for PD, is functionally connected to globus pallidus (GP), a DBS target.

However, whether modulating SMA using TMS will lead to functional

or anatomical changes in subcortical regions has not been examined in

the context of a clinical trial for PD. Here, we carried out a double-

blinded, randomized, sham-controlled study to examine the therapeu-

tic efficacy of an optimized rTMS protocol. rTMS was optimized using

three-block cTBS (Chen et al., 2019; Nettekoven et al., 2014) and

MRI-guided target localization (Sack et al., 2009). We predicted that

motor symptoms of PD patients would be alleviated through a con-

secutive 14-day treatment. We used structural and functional MRI to

explore the neural correlates of motor symptom improvement after

cTBS treatment.

2 | METHODS

2.1 | Standard protocol approvals, registrations,
and patient consents

The study protocol was reviewed and approved by the institutional

ethics committee of the First Affiliated Hospital of Anhui Medical Uni-

versity, and performed in accordance with the ethical standards as laid

down in the 1964 Declaration of Helsinki and its later amendments.

All participants provided written, informed consent before experi-

ments. The study was registered at ClinicalTrials.gov with the identi-

fier NCT02969941.

2.2 | Study design

According to a previous study (Brys et al., 2016), a parallel two-arm

model (1:1; mean difference = 4.57 and SD = 4.9), yielded a sample

size of 19 patients for each arm, providing 80% power with α

level = .05. Participants were randomized into two groups by coin
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tossing, and received real or sham rTMS over the left SMA on Day

1, followed by treatment for 14 consecutive days (Days 1–14). A

researcher who was not involved in any aspect of the trial performed

the randomization of participants. Multimodal MRI and symptom data

were acquired for each participant on Days 1 and 15. To exclude the

acute effect of medicine on symptom estimation and imaging features,

all patients stopped consumption of medication for at least 12 hr (so-

called “off” state) before these assessments. Patients and investiga-

tors were blind to group information. After the 14-day treatment

(medication “on” state), the real treatment group was followed up for

2 months (4, 6, and 10 weeks after the first treatment).

2.3 | Participants

Participants were prospectively enrolled at the First Affiliated Hospital

of Anhui Medical University from November 2016 through December

2018. The inclusion criteria were as follows: (a) diagnosis of idiopathic

PD according to the UK Brain Bank Criteria, confirmed by a neurolo-

gist (author X. C.) with expertise in movement disorders; (b) ongoing

treatment with a stable dose of any medication for 2 months;

(c) 40 years of age or older; and (d) Mini-Mental State Examination

(MMSE) score > 24. Exclusion criteria were as follows: (a) a history of

addiction, psychiatric disorders, or neurological diseases other than

PD; (b) focal brain lesions on T1-/T2-weighted fluid-attenuated inver-

sion recovery images; (c) anti-PD medication adjustments during rTMS

treatment; (d) history of substance abuse within the past 6 months;

(e) nonremovable metal objects in or around the head; (f) previously

received rTMS treatment; and (g) prior history of seizure or history in

first-degree relatives.

2.4 | MRI-navigated rTMS

TMS was performed using a Magstim Rapid2 transcranial magnetic

stimulator (Magstim Company, Whitland, UK) with a 70-mm air-

cooled figure-of-eight coil. All stimulations were guided by the partici-

pant's anatomical image (1 × 1 × 1 mm3) and a frameless neuro-

navigation system (Brainsight; Rogue Research, Montreal, QC,

Canada). Each cTBS session lasted 40 s and consisted of three-pulse

bursts at 50 Hz repeated every 200 ms (5 Hz) until a total of

600 pulses was reached (Huang et al., 2005). On each treatment day,

patients received three rounds of cTBS separated by 15-min intervals

(Chen et al., 2019; Ji, Yu, Liao, & Wang, 2017; Nettekoven

et al., 2014; Volz et al., 2013). In total, 25,200 pulses were delivered

during treatment (1,800 pulses per day). According to previous studies

(Holtzheimer III et al., 2010), we termed this protocol that delivered

high-dose stimulations in each treatment day as accelerated cTBS. The

stimulation was delivered on the left SMA proper using Montreal

Neurological Institute (MNI) coordinates (−6, −6, 77) (Ji et al., 2017)

with intensity at 80% of the resting motor threshold (RMT). The coil

was maintained horizontally pointing leftward, with its center

positioned over the left SMA proper to maximize the strength of the

electric field perpendicular to the target area. Patients in the sham

rTMS group were treated using a placebo coil (Magstim Company)

that produced a similar sound and sensation on scalp as the real coil

but did not induce any current in the cortex. All the treatments were

performed in the morning after usual drug intake. To ensure the

double-blinded design, the rTMS operator (author T. L.) did not take

part in any outcome assessment of the participants. At Week

2, patients were asked whether they were aware of their group

assignment.

RMT was determined on the first day of the experiment by a five-

step procedure (Schutter & van Honk, 2006). Briefly, the electromyog-

raphy (EMG) signal of the abductor pollicis brevis muscle was

recorded using Ag/AgCl surface electrodes, and displayed with the

Rogue EMG device when the left “hand knob” area was activated by

a single pulse stimulation. The RMT was defined as the lowest inten-

sity evoking a small response (>50 μV) in more than 5 of 10 consecu-

tive trials.

According to a previous RCT study, the left SMA is a potential

effective target for PD (Shirota et al., 2013). The proper part of SMA

is functionally connected to the GP (Ji et al., 2016), which is an effec-

tive DBS target for PD treatment (Fox et al., 2014). Accordingly to a

recent network theory of neuromodulation targets (Fox et al., 2014),

we restricted our target within the SMA proper, a sphere region cen-

tered in MNI coordinates (−6, −6, 77) with a 6-mm radius

(Ji et al., 2017). The target was transformed into each participant's

native space by applying an inverse matrix produced during brain

structure segmentation using SPM12 (www.fil.ion.ucl.ac.uk/spm) and

TMStarget (Ji et al., 2017) software.

2.5 | Symptom and neuropsychological
assessments

Demographic information and neuropsychological scores were

obtained before rTMS treatment. The neuropsychological tests

included MMSE, Montreal Cognitive Assessment, Digit Span Test,

Verbal Fluency Test, Hamilton Depression Rating Scale, and Hamilton

Anxiety Rating Scale. Clinical symptoms were assessed with the Uni-

fied PD Rating Scale Part III (UPDRS-III, motor symptoms), Non-Motor

Syndrome Scale (Chaudhuri et al., 2007), timed up-and-go test

(Podsiadlo & Richardson, 1991), and 20-m walking test (Lomarev

et al., 2006) at baseline and 1 and 2 weeks after the first treatment.

Noted that patients were not required to walk as quickly as possible

to complete the behavioral tests. The latter two tests were repeated

three times and averaged at each time point. Dosages of anti-

parkinsonian drugs are expressed as the levodopa equivalent dose

using a recommended formula (Tomlinson et al., 2010).

The primary outcome of this study was improvement in UPDRS-

III score at Week 2 (on Day 15 of the experiment) relative to baseline;

responders were patients whose UPDRS-III score decreased by >30%

from the baseline (Poewe et al., 2007).
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2.6 | Multimodal MRI data acquisition and
processing

Functional, structural, and diffusion MRI data were acquired with a

3-T scanner (Discovery 750; GE Healthcare, Milwaukee, WI) (Ji, Ren,

et al., 2018).

2.6.1 | Structural data

High spatial resolution T1-weighted anatomic images were acquired

in the sagittal orientation using a three-dimensional brain-volume

sequence (repetition/echo time, 8.16/3.18 ms; flip angle, 12�; field of

view, 256 × 256 mm2; 256 × 256 matrix; section thickness, 1 mm,

without intersection gap; voxel size, 1 × 1 × 1 mm3; 188 sections).

Voxel-based morphometry (VBM) analysis was performed on the

structural imaging data with the SPM12 toolbox Computational Anat-

omy Toolbox 12. For this longitudinal analysis, mean images of each

patient were computed after inverse-consistent realignment and bias

correction between different time points. The images were then seg-

mented into gray matter (GM), white matter, and cerebrospinal fluid

(Ashburner & Friston, 2005) and spatially normalized using the

DARTEL algorithm (Ashburner, 2007). Normalization parameters were

applied to the GM images at each time point. After visual inspections

of preprocessed images, the modulated GM images were smoothed

with a Gaussian kernel of 8 mm.

GM volume in motor network was analyzed using a two-way

analysis of variance (ANOVA) with group as the between-subjects fac-

tor and time as the within-subject factor (at baseline and Week 2).

Total intracranial volume was set as a nuisance variable to remove the

related variance. The motor network was defined as in our previous

work (Ji, Hu, et al., 2018; Ji, Ren, et al., 2018). It included bilateral pri-

mary motor/somatosensory cortices, paracentral lobules, SMA, thala-

mus, putamen, GP, and caudate nucleus from the automatic

anatomical labeling template (Tzourio-Mazoyer et al., 2002). This

image-based ANOVA was performed with SPM12 toolbox Statistic

Non-parameter Mapping. According to Eklund, Nichols, and

Knutsson (2016), we set a cluster-defined threshold p < .01, and

reported the cluster-level corrected findings using permutation test

(family-wise error controlled p < .05). Clusters with significant interac-

tion effect were defined as the effective target (targeteff) of rTMS

treatment.

2.6.2 | Diffusion MRI data

Diffusion data were acquired with a spin-echo echo planar imaging

sequence, including 30 volumes with diffusion gradients applied along

30 noncollinear directions (b = 1,000 s/mm2) and three volumes with-

out diffusion weighting (b = 0 s/mm2). Each volume consisted of

67 contiguous axial sections (TR = 8,600 ms, TE = 84.2 ms, flip

angle = 90�, field of view = 256 × 256 mm2, matrix = 128 × 128, slice

thickness = 2 mm, no interslice gap).

Diffusion images were preprocessed and analyzed using the

fMRIB Software Library (http://fsl.fmrib.ox.ac.uk/fsl). For each partici-

pant, head motion and eddy current-induced distortion were

corrected with an eddy function. Fractional anisotropy (FA) maps

were then generated by fitting the diffusion tensor model at each

voxel. The probability distributions of fiber direction at each voxel

were calculated using a probabilistic diffusion model (BED-POSTX

function) in individual diffusion space.

The fiber bundles between SMA proper to targeteff were identified

by probabilistic tracking (Ji et al., 2016). Firstly, SMA and targeteff, as

regions of interest (ROIs), were transformed into individual diffusion

space in three steps: 1) the structural image was coregistered to a diffu-

sion B0 image; 2) the structural image was normalized to the MNI space

and the inverse matrix was obtained; and 3) the inverse matrix was

applied to ROIs in the MNI space. Probabilistic tractography was applied

by sampling 5,000 streamline fibers per voxel in the SMA ROI. Only

samples that reached predefined ROIs were retained. FA values of

tracks at a range of different thresholds (0.1, 0.2, and 0.3 of the maximal

value in the tractography map) were averaged for statistical analysis.

2.6.3 | Functional MRI data

For resting-state fMRI scanning, participants were instructed to rest

with their eyes closed without falling asleep. Functional images

(217 volumes) were acquired using a single shot gradient-recalled

echo planar imaging sequence (repetition/echo time, 2,400/30 ms;

flip angle, 90�). Images of 46 transverse sections (field of view,

192 × 192 mm2; 64 × 64 in-plane matrix; section thickness without

intersection gap, 3 mm; voxel size, 3 × 3 × 3 mm3) were acquired par-

allel to the anteroposterior commissure line.

Functional images were processed as in our previous studies (Chen

et al., 2019; Ji et al., 2017) using DPARSF (Yan, Wang, Zuo, & Zang, 2016)

(http://rfmri.org) and SPM12 toolkits. Briefly, the preprocessing included

the following steps: (a) deletion of the first five volumes; (b) slice timing

and realignment; (c) coregistration of structural to functional images;

(d) normalization of functional images by DARTEL-based structural seg-

mentation; (e) smoothing of functional images with a 4-mm isotropic

Gaussian kernel; (f) temporal band-pass filtering (0.01–0.1 Hz); and

(g) regressing out of 27 nuisance signals (three averages from white mat-

ter, cerebrospinal fluid, global brain, and 24 head motion parameters)

(Friston, Williams, Howard, Frackowiak, & Turner, 1996).

2.7 | Statistical analysis

2.7.1 | Baseline and therapeutic efficacy

Baseline demographic and neuropsychological scores were compared

between the two groups using independent two-sample t tests,

except for male/female ratio which was assessed using a chi-squared

test. Treatment outcomes (UPDRS-III, NMSS, timed up-and-go test,

and 20-m walking test) were analyzed separately using two-way
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ANOVAs with group (real and sham rTMS) as the between-subjects

factor and time (baseline, Week 1, and Week 2) as the within-subjects

factor. Post hoc analyses were performed using Sidak's multiple com-

parison test (Holm, 1979). Follow-up outcomes in the real group were

compared to baseline using paired t tests. Response/nonresponder

ratios were investigated at Week 1 and 2 using chi-squared tests. All

analyses were performed with Prism v.6.0 (GraphPad Inc., La Jolla, CA).

2.7.2 | Imaging correlates of symptom
improvement

Statistical analysis of GM volume is as described in Section 2.6.1, and

significant clusters were defined as targeteff. Functional and structural

connectivity between targetsti and targeteff were analyzed using two-

way ANOVAs (group × time). Post hoc analyses were performed using

Sidak's multiple comparison test (Holm, 1979). The association

between significant MRI variables and change in UPDRS-III was

assessed using Pearson's correlation if the data were normally distrib-

uted, otherwise Spearman's correlation was used.

3 | RESULTS

3.1 | Characteristics of the study population

Of the 64 patients who completed screening (Figure 1), 46 were ran-

domized to receive cTBS, with 25 patients assigned to receive real

stimulation to the SMA (Figure 2a) and 21 patients assigned to receive

sham stimulation. Four patients withdrew before the primary endpoint

(Week 2) due to personal reasons. Therefore, the primary outcome

(UPDRS-III) was assessed in 22 patients in the real group and 20 patients

in the sham group. Forty-one patients completed the other symptom

and behavior tests. One patient in the sham group did not take part in

the 20-m walking test at Weeks 1 and 2. Multimodal MRI data were

acquired from 21 and 19 patients in the real and sham groups,

respectively.

3.2 | Baseline measures

No significant difference was found between the real and sham

groups in demographic (e.g., age), clinical (e.g., disease duration), or

neuropsychological (e.g., MMSE) characteristics (Table 1).

3.3 | Primary outcome

Our primary outcome was the UPDRS-III score at Week 2 (Week

1 results are presented in the secondary outcomes section below).

There was a significant interaction effect between time (baseline and

Week 2) and group (real and sham) (F1,40 = 30.34, p < .0001; Table 2

and Figure 2b). UPDRS-III scores (mean ± SE) showed a significant

decrease in the real group (from 28.0 ± 2.12 at baseline to

20.6 ± 1.82 at Week 2; t = 7.0, p < .0001; 95% confidence interval

[CI], 5.0–10.0) but not in the sham group (from 29.3 ± 2.03 to

F IGURE 1 Schematic diagram elucidating randomization of patients with Parkinson's disease
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30.4 ± 2.16; t = −0.95, p = .58; 95% CI, −3.6 to 1.5). The scores at

Week 2 were significantly lower in the real (20.6 ± 1.82) than sham

(30.4 ± 2.16) group (t = −3.39, p = .002; 95% CI, −16.3 to 3.2).

3.4 | Secondary outcomes

Treatment-induced changes on the UPDRS-III from baseline to Week

1 showed a similar pattern as Week 2 (F1,40 = 21.28, p < .0001;

Table 2 and Figure 2a). After 1-week cTBS, UPDRS-III scores

decreased in the real (from 28.0 ± 2.12 to 21.3 ± 2.02; t = 5.98,

p < .0001; 95% CI, 4.1–9.3) but not the sham group (from 29.3 ± 2.03

to 30.1 ± 2.22; t = −0.68, p = .75; 95% CI, −3.5 to 1.9). UPDRS-III

scores were significantly lower in the real group than in the sham

group at Week 1 (t = −2.97, p = .008; 95% CI, −15.6 to −2.1). The

responder/nonresponder ratio was higher in the real group than in

the sham group at both Week 1 (χ2 = 8.32, p = .004) and Week

2 (χ2 = 12.9, p = .0003) (Table 2 and Figure 2b). Specifically, treatment

F IGURE 2 Outcome measures (mean ± SE) in real and sham treatment groups. After repetitive transcranial magnetic stimulation (rTMS)of the
left supplementary motor area (SMA), a significant interaction effect was found for motor symptoms (a). Responders were participants with a
UPDRS-III reduction >30%. The responder/nonresponders ratio is significantly higher in the real group than the sham group (b). NMSS, Non-
Motor Symptom Scale; UPDRS-III, Unified Parkinson's Disease Rating Scale Part III. *p < .05, **p < .01, ***p < .001

TABLE 1 Baseline demographic and clinical measures

Measures Real group Sham group Statistics p

Sample size (m/f) 14/8 14/6 0.19a .66

Age (years) 61.7 (1.57) 60.2 (1.97) 0.63b .53

Education (years) 9.1 (1.13) 8.4 (0.98) 0.43b .67

Duration (years) 4.3 (0.52) 5.3 (0.83) 1.00b .33

UPDRS-III 28.0 (2.12) 29.3 (2.03) 0.44b .66

NMSS 36.3 (4.35) 35.6 (3.89) 0.13b .90

Timed up-and-go (s) 11.4 (0.48) 12.4 (1.04) 0.87b .39

20 m walking (s) 23.8 (1.07) 23.3 (1.32) 0.29b .77

H-Y 1.6 (0.12) 1.7 (0.11) 0.39b .70

LED (mg) 485.2 (58.08) 460.5 (68.04) 0.27b .79

MMSE 28.1 (0.42) 28.7 (0.41) 0.95b .35

MoCA 24.2 (0.83) 24.6 (0.78) 0.32b .75

VFT 17.9 (0.92) 17.6 (0.65) 0.27b .79

DST (forward) 7.5 (0.28) 7.2 (0.28) 0.64b .52

DST (backward) 4.1 (0.24) 3.6 (0.22) 1.66b .11

HARS 8.7 (1.17) 8.1 (1.22) 0.39 .70

HDRS 8.1 (0.95) 7.8 (1.28) 0.19 .85

Note: Values in brackets indicate SEs.

Abbreviations: DST, digit span test; HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale; LED, levodopa equivalent dose;

MMSE, Mini-Mental State Examination; MoCA, Montreal cognitive assessment; NMSS, Non-Motor Syndrome Scale; UPDRS-III, Unified Parkinson's

Disease Rating Scale Part III; VFT, verbal fluency test.
aChi-squared test.
bTwo-sample t test.
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response (UPDRS-III score reduction >30%) was achieved in nearly

half of the subjects (10 in 22) who received real treatment, whereas

no response was achieved in the sham group. The baseline UPDRS-III

was not significantly different between responders and nonre-

sponders (t = 0.47, p = .65). When questioned at Week 2, the patients

reported their group assignment at a chance level, indicating they

were uncertain about the group assignment.

No significant interaction effects (two groups and three time

points) were found for the NMSS, timed up-and-go, or 20-m walking

test (Table 2), while a significant time effect was observed for the

NMSS (F2,80 = 16.6, p < .0001) and the 20-m walking test

(F2,78 = 3.92, p = .02).

3.5 | Adverse effects

The stimulation was well-tolerated. No adverse effect was reported in

any group.

3.6 | Follow-up outcomes

After the 14-day treatment, UPDRS-III in the real group was evalu-

ated at three follow-up time points, namely Week 4 (n = 16), Week

6 (n = 16), and Week 10 (n = 14). Sixteen patients participated in more

than one follow-up. Twelve patients participated in all three follow-

ups. We performed a mixed-measure ANOVA for these follow-ups

and baselines. Significant treatment effect was found (F1.5,21.4 =

28.93, p < .0001). Post hoc analysis (Bonferroni's correction) showed

decreased UPDRS-III at Week 4 (t = 7.13, p < .0001; n = 15), Week

6 (t = 7.97, p < .0001; n = 15), and Week 10 (t = 5.58, p = .0003;

n = 13), as compared to the baseline. These results suggest that the

rTMS treatment has a long-lasting effect. More specifically, the

reduction was maintained in 9 of the 10 responders at Week 10

(Figure 3a), and none of the nonresponders became responder in

follow-ups (Figure 3b).

3.7 | Imaging correlates of symptom improvement

3.7.1 | Structural imaging

The VBM analysis showed a significant interaction effect in the left

thalamus and GP (nonparametric test, family-wise error-corrected

p < .05; Table S1; Figure 4a,b). The signal of the peak voxel in these

two clusters was used for post hoc and correlation analyses. The nor-

malized change in UPDRS-III (baseline minus Week 2, then divided by

baseline) showed a mild correlation with volume increase in the left

GP (ρ = .32, p = .04) (Figure 4c) but nonsignificant correlation with the

left thalamus (r = .3, p = .06). Correlation between disease duration

and volume change in the left GP (r = .10, p = .53) and thalamus

(r = .19, p = .23) was not significant.

3.7.2 | Diffusion imaging

We then defined two ROIs in the left thalamus and GP. The thalamus

ROI was defined as a sphere with a radius of 6 mm centered at the

peak voxel. Considering the nonsphere contour of the GP cluster, the

ROI was defined as the GP mask from the automated anatomical

labeling template. Structural connectivity (i.e., FA) were estimated

between stimulation target (i.e., SMA) and these two subcortical ROIs.

Baseline FA values in SMA-GP tract showed a positive correlation

with volume change of the GP (ρ = .56, p = .008, Figure 4d). FA values

in SMA-thalamus tract was not correlated with volume change of the

thalamus (r = .43, p = .054).

TABLE 2 Symptom measures at Weeks 1 and 2

Measures Real group Sham group Statistics p

Primary outcome

UPDRS-III (Week 2) 20.6 (1.82) 30.4 (2.16) 30.34a <.0001

Secondary outcomes

UPDRS-III (Week 1) 21.3 (2.02) 30.1 (2.22) 21.28a <.0001

Responder/nonresponder ratio (Week 1) 7/15 0/20 8.32b .004

Responder/nonresponder ratio (Week 2) 10/12 0/20 12.9b .0003

NMSS (Week 1, 2) 22.9 (3.01), 21.9 (2.1) 25.1 (3.67), 26.8 (2.68) 0.72a .49

Timed up-and-go (Week 1, 2) 10.9 (0.48), 10.7 (0.5) 11.9 (0.99)c 11.6 (1.21)c 0.42a .66

20-m walking (Week 1, 2) 21.8 (1.03), 21.8 (1.05) 22.7 (1.48)d, 22.9 (1.7)d 1.34a .27

Note: Values in brackets indicate SEs.

Abbreviations: ANOVA, analysis of variance; NMSS, Non-Motor Syndrome Scale; UPDRS-III, Unified Parkinson's Disease Rating Scale Part III.
aInteraction effect in two-way ANOVA indicating outcome changes (from baseline to Week 1 and/or 2) between groups.
bChi-squared test.
cMean and SE were calculated based on 18 patients.
dMean and SE were calculated based on 19 patients.
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3.7.3 | Functional imaging

Resting-state functional connectivity between SMA and the two sub-

cortical structures was not correlated with their volume changes (GP,

ρ = −.27, p = .24; thalamus, r = .07, p = .78). Head motion, as mea-

sured by frame-wise displacement (Power, Barnes, Snyder,

Schlaggar, & Petersen, 2012), showed no difference between groups

at baseline (t = 0.82, p = .41).

4 | DISCUSSION

This RCT study investigated the efficacy of accelerated cTBS in the

treatment of PD. The primary analysis showed that accelerated cTBS

of the SMA significantly decreased UPDRS-III scores whereas sham

stimulation did not. Treatment response (UPDRS-III score reduction

>30%) was achieved in nearly half of the subjects (10 in 22) who

received real treatment, whereas no response was achieved in the

sham group. Furthermore, symptom improvement was observed as

early as 1 week after treatment started. Follow-up examinations indi-

cated that symptom improvement was maintained even 8 weeks after

the end of treatment. Motor function improvement was mildly associ-

ated with structural changes in the left GP.

4.1 | Clinical efficacy of cTBS

This study indicated the efficacy of cTBS in treating PD symptoms. A

significant decrease on the UPDRS-III (7.4 points on average) was

observed after 2 weeks of real treatment, which represents a clinically

significant improvement (Shulman et al., 2010), whereas no response

was achieved in the sham treatment group. This cTBS-induced

improvement appears to be higher than that induced by 1-Hz stimula-

tion of the SMA (i.e., 6.84 points) (Shirota et al., 2013), although the

difference should be directly compared in the same study in the

future. Another RCT study also reported a significant clinical effect

through 10-Hz stimulation of the primary motor area; however, the

effect size of symptom improvement appeared to be lower (4.9

points) (Brys et al., 2016). These findings are consistent with those of

previous meta-analyses (Chou et al., 2015; Yang et al., 2018) and pro-

vide evidence that inhibitory rTMS of the SMA can be an efficient

therapy for PD.

Critically, the clinical effect in our study was observed after only

7 days of treatment, and maintained 8 weeks after the end of the

treatment. This fast-acting and long-term maintenance may relate to

the optimized settings of stimulation protocol. It has been shown that

typical intermittent TBS (iTBS) and cTBS with 600 pulses (Huang

et al., 2005) has similar modularity capacity on the MEP amplitude as

conventional rTMS protocols, such as 1- or 5-Hz stimulations (Zafar,

Paulus, & Sommer, 2008). An accelerated iTBS protocol, for example,

repeating the iTBS for three times, could produce long aftereffect in

both MEP and fMRI activity (Nettekoven et al., 2014). In schizophre-

nia, triple cTBS also produced a higher responder/nonresponder ratio

than typical cTBS (Chen et al., 2019). Here, we found that the effect

of this accelerated stimulation in PD may be stronger and longer than

that shown in previous RCT reports (Brys et al., 2016; Shirota

et al., 2013). Our findings also suggest that a long washout time

(>2 months) should be used to exclude the residual effect in future

studies with a crossover design.

4.2 | Structural correlates of rTMS treatment

The neural mechanism of rTMS treatment is still debated (Bergmann,

Karabanov, Hartwigsen, Thielscher, & Siebner, 2016; Dayan, Censor,

Buch, Sandrini, & Cohen, 2013; Fox et al., 2014; Hallett, 2007;

Neggers, Petrov, Mandija, Sommer, & van den Berg, 2015). From a

physiological point of view, the aftereffects of cTBS were usually

explained by long-term depression, as the duration of the effects

seem to suggest changes in synaptic plasticity. In PD, the impaired

neuroplasticity has been shown in both animal model and human

studies (Koch, 2013). For instance, no plasticity change was found in

F IGURE 3 Individual changes on the Unified Parkinson's Disease Rating Scale Part III (UPDRS-III) in responders (a) and nonresponders
(b) from the real stimulation group. Responders were patients whose UPDRS-III decreased by >30% from baseline
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de novo PD patients after rTMS stimulations (Kishore, Joseph,

Velayudhan, Popa, & Meunier, 2012). It is possible that the efficiency

of our treatment is partly contributed by restoring the cortical plastic-

ity of patients. Future studies that estimate the change of neuro-

plasticity in motor system and associating it with symptom

improvement are crucial to clarify this hypothesis.

In contrast to the cellular level mechanism, our MRI-based find-

ings reflected the neural correlates in macrolevel. A significant volume

increase was found in the left GP after real treatment. Similar struc-

tural changes after rTMS were also reported in both healthy partici-

pants (May et al., 2007) and patients (Boes et al., 2018; Hasan

et al., 2017; Lan et al., 2016) previously. Furthermore, our data

indicated that the structural pathway between SMA and GP may play

a role in the modulation effect, as FA value of this pathway is related

to the volume change of GP. The interna GP is an effective DBS tar-

get for PD (Follett et al., 2010) and has structural connectivity with

the SMA. Our finding is in line with the network hypothesis (Fox

et al., 2014) which suggested that effective rTMS and DBS therapies

may work by modulating different nodes of the same functional net-

work. Additionally, our findings implicate a predictive value of baseline

structural connectivity for clinical outcome. To achieve better symp-

tom improvement, future studies may need to define personalized

SMA target in subregion showing the highest structural connectivity

with GP. In contrast to the structural findings, the functional

F IGURE 4 Neural correlates of the continuous theta-burst stimulation (cTBS) treatment effect. Voxel-based morphometric analysis showed a
significant Interaction effect in the left thalamus and globus pallidus (GP) (a). Normalized symptom improvement was correlated with volume
change in the GP (b). Fractional anisotropy of the tract from supplementary motor area to GP at baseline was positively correlated with the
volume change in the GP (c)
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connectivity between SMA and GP did not show significant relation

with symptom or volume changes. This negative result may be proba-

bly due to the instability of resting-state fMRI in estimating single link

(Pannunzi et al., 2017), when the scanning duration is not long enough

(e.g., �8 min). According to reliability studies (Birn et al., 2013; Noble

et al., 2017), multisessions (>30 min) should be performed for future

studies. Taken together, our data suggest that the modulation effect

of SMA stimulation in PD is likely dependent on the SMA-GP pathway

(Andoh, Matsushita, & Zatorre, 2015; Voineskos et al., 2010).

4.3 | Limitations

Several limitations in this study are worth mentioning. First, this is a

single-center study and the findings must be confirmed in a large-scale

clinical trial. Second, all patients received medical intervention during the

rTMS treatment. To exclude the acute effect of medication on the find-

ings, symptom and imaging data were acquired for patients in medica-

tion “off” state. However, the long-term effect of medicine still

persisted. To completely rule out the contribution of medication (e.g., its

interaction with rTMS) on the clinical improvement in the real group,

future studies with drug-naïve patients are still necessary. Third, in this

study, participants were allocated using coin flipping. Although this sim-

ple randomization can achieve random assignment, it cannot prevent the

imbalances in the sample size. This method is more suitable for large-

scale clinical trials. For small sample studies, adaptive randomization may

be a better choice (Lim & In, 2019). Fourth, although TMS coil was

placed on the center of SMA, the stimulation may also significantly mod-

ulate the function of the neighboring gyrus (Deng, Lisanby, &

Peterchev, 2013). Thus, it should be noted that the clinical outcome and

treatment mechanism may be partly contributed from gyrus adjacent to

the left SMA. By estimating the induced electric field individually, future

studies may clarify to what extent cortices outside the left SMA was

effectively modulated in rTMS treatment (Weise, Numssen, Thielscher,

Hartwigsen, & Knosche, 2020). Fifth, the RMT was not tested every day

before the treatment. Although our previous study did not find signifi-

cant difference between RMTs estimated within subjects 1 week apart

(Ji et al., 2017), future work considering the intraindividual variability

(Sommer, Wu, Tergau, & Paulus, 2002) may further improve the treat-

ment efficiency. Finally, additional attention should be paid to the RMT

testing in PD patients. In definition, the RMT should be tested on the

patient in a relaxed state. However, rigid PD patients may need longer

time to relax their skeletal muscles than controls. In this study, the EMG

signal was monitored by the navigation system in real time, and no

prominent EMG signal (> 10 μv) was found before RMT testing. How-

ever, to further exclude the potential bias, a statistical comparison should

be performed between groups for the EMG signal before RMT testing.

5 | CONCLUSION

This RCT suggests that the accelerated cTBS of left SMA is an effec-

tive treatment for alleviating PD motor symptoms. This particular

stimulation protocol is fast acting and has a long-lasting effect. Struc-

tural pathway between SMA and GP may play an important role in

this treatment.
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