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ARTICLE INFO ABSTRACT
Keywords: Background: Repetitive transcranial magnetic stimulation (rTMS) is an effective noninvasive
Parkinson’s disease neuromodulation technique for Parkinson’s disease (PD). However, the efficacy of rTMS varies

Repetitive transcranial magnetic stimulation
United Parkinson’s disease rating scale part III
Motor symptom clusters

Baseline predictors

Individualized therapy

widely between individuals. This study aimed to investigate the factors related to the response to
rTMS in PD patients.

Methods: We retrospectively analyzed the response of 70 idiopathic PD patients who underwent
r'TMS for 14 consecutive days targeting the supplementary motor area (SMA) in either an open-
label trail (n = 31) or a randomized, double-blind, placebo-controlled trial (RCT) (n = 39). The
motor symptoms of PD patients were assessed by the United Parkinson’s Disease Rating Scale Part
III (UPDRSIII). Based on previous studies, the UPDRSIII were divided into six symptom clusters:
axial dysfunction, resting tremor, rigidity, bradykinesia affecting right and left extremities, and
postural tremor. Subsequently, the efficacy of rTMS to different motor symptom clusters and
clinical predictors were analyzed in these two trails.

Results: After 14 days of treatment, only the total UPDRSIII scores and rigidity scores improved in
both the open-label trial and the RCT. The results of multiple linear regression analysis indicated
that baseline rigidity scores (B = 0.37, p = 0.047) and RMT (B = 0.30, P = 0.02) positively
predicted the improvement of UPDRSIIL. The baseline rigidity score (f = 0.55, P < 0.0001) was
identified as an independent factor to predict the improvement of rigidity.
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Conclusion: This study demonstrated significant improvements in total UPDRSIII scores and ri-
gidity after 14-day treatment, with baseline rigidity scores and RMT identified as predictors of
treatment response, underscoring the need for individualized therapy.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting more than six million individuals
worldwide [1]. Motor dysfunctions, such as resting tremor, postural instability, bradykinesia, and postural instability are the most
typical symptoms and the main burdens in PD patients [2]. In recent years, repetitive transcranial magnetic stimulation (rTMS) has
emerged as a non-invasive neuromodulation technique that has been reported to be effective in alleviating the motor symptoms of PD.
However, the efficacy of rTMS varies widely between individuals. Less than half PD patients responded as expected to the stimulation
and some individuals even experienced worsening symptoms [3,4].

One possible reason for this variability is that PD is a disease characterized by high heterogeneity in clinical features and neural
mechanisms [5,6]. For example, among the symptom clusters of PD, rigidity and bradykinesia often exhibit good early responses to
dopamine therapy [7]. In contrast, the severity and progression of tremor is independent of other motor symptoms and its response to
dopamine is relatively poor [8]. Neuroimaging studies indicated that bradykinesia and rigidity in PD may be related to
cortico-striatal-thalamo-cortical circuit (CSTC) dysfunction. However, tremor may involve dysfunction in peripheral and other central
neuronal systems, such as the cerebellothalamocortical (CTC) circuit dysfunction [9]. Therefore, the distinct symptom clusters of PD
may originate from dysfunction in specific neural circuits, leading to different responses to rTMS treatment.

In addition, patient demographics, clinical characteristics, and cortical excitability also likely contribute to differences in the ef-
ficacy of rTMS. For instance, in a long-term follow-up DBS study, preoperative disease severity in PD patients has been demonstrated as
a positive predictor of motor outcome [10], but whether it is also a predictor of rTMS efficacy remains to be validated. Cortical
excitability is often considered as an important indicator reflecting the functional status of cortico-subcortical motor circuits [11,12].
Chung et al. found that a combination of treadmill training and rTMS achieved motor improvements associated with changes in the
cortical excitability in PD patients [13]. Thus, the baseline cortical excitability of patients may also be related to the rTMS effect.

In this study, we aimed to identified factors related to the efficacy of rTMS in PD patients. To this end, we retrospectively analyzed
the motor symptom responses of 70 idiopathic PD patients who have underwent rTMS for 14 consecutive days in the two independent
clinical trails. We first examined the response of different symptom clusters separately in the two trails. To increase the sample size, we
then combined the data from both trials to further explore the predictors of efficacy.

2. Participants and methods
2.1. Standard protocol approvals, registrations, and patient consents
The study protocol was approved by the institutional ethics committee of the Anhui Medical University (Approval Number:

PJ2016-10-06). According to the Declaration of Helsinki, all participants provided written, informed consent before participating in
the experiments. The study was registered at ClinicalTrials.gov with the identifier NCT02969941.
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Fig. 1. Experimental design. Seventy PD patients received rTMS treatment in an open-label trial or a randomized, double-blind controlled trial
(RCT). The therapeutic efficacy of various symptom clusters was firstly assessed independently in both trails. Subsequently, to increase the sample
size, the data were pooled from the two trials to further investigate baseline predictors. SMA, supplementary motor area.
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2.2. Study design

The study retrospectively included two independent rTMS clinical trials [4]. The first was an open-label trial. The second was a
randomized, double-blind, placebo-controlled trial (RCT). During the RCT, patients received real or sham rTMS over the left sup-
plementary motor area (SMA) for a consecutive period of 14 days (days 1-14). The randomization process in the RCT was carried out
by an independent researcher with no involvement in any other aspect of the trial. Following the 14-day treatment, the efficacy of
neuronavigational rTMS was assessed separately in each of the two independent clinical trials. Subsequently, the data from both trials
were combined to further explore the baseline predictors. The study design is presented in Fig. 1.

To exclude the acute effects of medicine on symptom estimation and imaging features, all patients stopped the consumption of
medication for at least 12 h (so called “off” state) before the assessment of symptoms.

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: (1) diagnosis of idiopathic PD according to the UK Brain Bank Criteria, and
confirmed by a neurologist (author P. H.) with expertise in movement disorders; (2) ongoing treatment with a stable dose of any
medication for 2 months; and (3) 40 years of age or older. The exclusion criteria were as follows: (1) a history of addiction or psy-
chiatric disorders; (2) head lesions or neurological disorders other than PD; (3) substance abuse within the past 6 months; (4) non-
removable metal objects in or around the head; (5) history of seizure or history of seizure in first-degree relatives; and (6) prior rTMS
treatment.

2.4. Structural MRI data acquisition

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 x 256 mm 2%; 256 x 256 matrix; section
thickness, 1 mm, without intersection gap; voxel size, 1 x 1 x 1 mm 3. and 188 sections).

2.5. MRI-navigated rTMS

TMS was performed using a Magstim Rapid2 transcranial magnetic stimulator (Magstim Company, Whitland, UK) with a 70-mm
aircooled figure-of-eight coil using continuous theta-burst stimulation (cTBS) [4]. The c¢TBS parameters were as follows: three pulses,
50 Hz bursts given every 200 ms (at 5 Hz) until a total of 600 pulses was reached, and an intensity of 80 % of the resting motor
threshold (RMT). Patients received three cTBS sessions (1800 pulses) separated by 15-min intervals each day for 14 consecutive days.
Patients in the sham rTMS group were treated using a placebo coil (Magstim Company) that produced a similar sound and sensation on
the scalp as the real coil, but did not produce any electrical currents in the cortex. All the treatments were performed in the morning
after normal drug intake.

All stimulations were guided by the participant’s structural image (1 x 1 x 1 mm >) and a frameless neuronavigation system
(Brainsight; Rogue Research, Montreal, QC, Canada). The stimulation was delivered on the left SMA proper using Montreal Neuro-
logical Institute (MNI) coordinates (—6, —6, 77) [14]. We used SPM 12 (www.fl.ion.ucl.ac.uk/spm) and an in-house TMStarget
Software (http://www. brainhealthy.net) to transform the MNI coordinates into individual space.

The RMT was measured based on the stimulation intensity from the abductor pollicis brevis muscle using a handheld 70 mm figure-
of-eight coil. RMT was defined as the lowest intensity required to evoked a small response (>50 mV) in more than five of 10
consecutive trials in the right abductor pollicis brevis muscle.

2.6. Symptom and neuropsychological assessments

Demographic information and neuropsychological scores were obtained before rTMS treatment. Cognitive function was assessed
using the Montreal Cognitive Assessment (MoCA) scale. The motor symptoms were assessed using the Unified Parkinson’s Disease
Rating Scale Part III (UPDRSIII). The UPDRSIII measurements are detailed in the supplementary methods. Based on previously re-
ported confirmatory factor analyses, we divided the 27 items of UPDRSIII into six symptom clusters [15,16], including axial
dysfunction, resting tremor, rigidity, left bradykinesia, right bradykinesia, and postural tremor. In both clinical trials, all patients with
clear records for these 27 items were included in the analysis.

2.7. Statistical analysis

In the open-label trial, the treatment outcomes were analyzed using paired t-tests or Mann-Whitney U tests according to the
normality of the data distribution. In the RCT, the baseline demographic and neuropsychological scores were compared between the
two groups using independent two-sample t-tests or Mann-Whitney U tests depending on the normality of the data distribution. The
male/female ratio was assessed using the chi-squared test. Treatment outcomes in the open-label trial were analyzed using t-tests or
Wilcoxon Signed-Rank Test. Treatment outcomes, including UPDRSIII and six symptom clusters were analyzed using two-way ANOVA
or the Scheirer-Ray-Hare test with the group (real and sham rTMS) serving as the between-subjects factor and time as the within-
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subjects factor. Post hoc analyses were performed using Sidak’s multiple comparison test.

In the analysis of predictors, we first conducted the correlation analysis using sex, age, education, MoCA, duration, levodopa
equivalent dose (LED), Hoehn and Yahr stage, UPDRSIII score and the score of six symptom clusters as the independent variables, while
symptom improvement served as the dependent variables. Pearson’s, Spearman’s, or point biserial correlation analyses was used based
on the data type. Then, the univariate and multivariate linear regression analyses were performed to identify the independent baseline
factors associated with motor outcome. All statistical analyses were carried out using GraphPad Prism 8.3.0 or SPSS 21.

3. Results
3.1. Demographic and clinical features

3.1.1. Patients in the open-label trail

The open-label trial included 31 PD patients (22 [71 %] men) with a mean age of 64.84 + 2.04 years and mean education of 9.26 +
0.99 years and mean disease duration of 4.32 + 0.50 years. The mean MoCA score was 21.5 + 0.98 and the mean H-Y stage was 2.11
+ 0.16. Motor symptom measures are provided in Table 1.

3.1.2. Patients in the RCT

A total of 39 PD patients completed the RCT. Twenty-two patients were assigned to receive real stimulation and 17 were assigned to
receive the sham stimulation. No significant difference in demographic and clinical characteristics were found between the real and
sham groups (Table 2).

3.2. Symptom cluster response

3.2.1. Response in the open-label trial
After treatment of the six symptom clusters, the axial dysfunction, resting tremor, rigidity, left bradykinesia, and right bradykinesia
scores were significantly reduced (Table 1). The total UPDRIII scores were also significantly reduced (Table 1).

3.2.2. Responses in the RCT

There was a significant interaction effect between time and group on rigidity (F = 4.54, P = 0.04) (Fig. 2C) and total UPDRIII scores
(F =5.65, P = 0.02) (Table 3). The post hoc analysis revealed that rigidity and total UPDRIII scores only decreased in the real group
(rigidity, t = 3.23, P = 0.005; UPDRSIIL, t = 3.46, P = 0.003) but not in the sham group (rigidity, t < 0.001, P > 0.99; UPDRSIIL, t =
0.12, P = 0.99). No significant interaction effects were observed for the other five symptom clusters [Fig. 2A-B, D-F].

The average score improvement percentages of the six symptom clusters in RCT are shown in the supplementary results (Table S1).
Given the low baseline average scores of each symptom cluster, this study continues to utilize the difference in scores, rather than
percentages, as a variable for intergroup comparison.

3.3. Baseline predictors of rTMS response

To further explore the baseline predictors with good response of rTMS, we aggregated the data from the real stimulation group
across two trials. A total of 53 PD patients were included in the analysis of baseline predictors. Given the significant reduction in
rigidity and UPDRS-III scores observed in both the open-label trial and the RCT, we treated them as separate dependent variables
separately in the correlation and regression analyses.

3.3.1. Predictors of the improvement of total UPDRSIII scores

A significant correlation was found between the baseline total UPDRSIII (r = 0.54, P < 0.0001), axial dysfunction (r = 0.35, P =
0.01), rigidity (r = 0.52, P = 0.0001), left bradykinesia (r = 0.44, P = 0.002) scores, RMT (r = 0.28, P = 0.047), and improvement of
UPDRSIII (Table 4). Subsequently, a multivariate regression analysis was conducted using the five baseline clinical variables as

Table 1
Symptom measures in the open-label experiment.
Pre-treatment Post-treatment Statistics P
UPDRSIII 26.39(2.44) 21.94(1.72) 2.67 0.01°
Axial dysfunction 9.03(0.77) 8.07(0.70) —2.79 0.005"
Resting tremor 1.94(0.36) 1.19(0.26) —3.46 0.001°
Rigidity 5.81(0.60) 4.23(0.51) 4.78 <0.0001"
Left bradykinesia 4.42(0.68) 3.58(0.58) -2.59 0.01"
Right bradykinesia 5.45(0.60) 4.19(0.48) 4.00 0.0004"
Postural tremor 1.00(0.19) 0.77(0.14) 1.75 0.09"

Data are expressed as the mean (SEM). UPDRS-III, Unified Parkinson’s Disease Rating Scale Part III.
@ Paired t-test.
b Wilcoxon Signed-Rank Test.
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Table 2
Baseline demographic and clinical measures in the RCT.
Real group Sham group Statistics P
Age (years) 61.91(1.73) 59.41(8.91) 0.91 0.37¢
Sample size (m/f) 13/9 12/5 0.16 0.69"
Education (years) 10.50(0.90) 8.82(4.69) 1.17 0.25%
Duration (years) 4.25(0.61) 5.47(3.97) 0.91 0.38°
H-Y 1.55(0.11) 1.68(0.50) 0.96 0.36°
LED (mg) 445(58.55) 460.90(334) 0.16 0.87¢
MoCA 23.68(0.85) 24.82(3.25) 0.96 0.34"
UPDRSIII 26.775(2.24) 30.47(11.74) 1.04 0.31°
Axial dysfunction 6.91(0.62) 6.94(3.83) 0.03 0.97¢
Resting tremor 0.89(0.27) 2.24(2.56) -1.31 0.23¢
Rigidity 6.91(0.83) 8.12(0.82) 1.02 0.32"
Left bradykinesia 5.18(0.75) 6.12 (1.03) 0.75 0.46"
Right bradykinesia 5.32(0.77) 6.71(0.93) 1.15 0.26"
Postural tremor 0.73(0.15) 0.41(0.15) —1.48 0.19°

Data are expressed as the mean (SEM). H-Y, Hoehn and Yahr stage; LED, levodopa equivalent dose; MoCA, Montreal cognitive assessment; UPDRS-III,
Unified Parkinson’s Disease Rating Scale Part III.

@ Two-sample t-test.

b Chi-square test.

¢ Mann-Whitney test.
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Fig. 2. Responses of the six symptom clusters in the RCT. Among the six symptom clusters, a significant interaction was observed between the real
and sham group specifically for rigidity scores (C), whereas no significant interactions were detected among the remaining five other symptom
clusters (A-B, D-F). Error bars indicate the SEM. **P < 0.01.

Table 3
Symptom measures after the 14-day treatment in the RCT.
Real group Sham group Statistics P
UPDRSIII 22.45(2.36) 30.65(2.65) 5.65 0.02"
Axial dysfunction 6.43(0.51) 7.24(0.85) 1.70 0.20"
Resting tremor 0.68(0.23) 2.35(0.56) 0.39 0.53"
Rigidity 5.14(0.71) 8.12(0.76) 4.54 0.04"
Left bradykinesia 4.23(0.64) 5.94(0.89) 1.10 0.30°
Right bradykinesia 4.32(0.72) 6.35(0.81) 0.86 0.36"
Postural tremor 0.64(0.18) 0.59(0.21) 0.72 0.40"

Data are expressed as the mean (SEM). UPDRSIII, Unified Parkinson’s Disease Rating Scale Part III.
& Two-way ANOVA.
b Scheirer-Ray-Hare.
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independent variables. The results indicated that baseline RMT ( = 0.30, P = 0.02) and rigidity scores (p = 0.37, P = 0.047) were
significant positive predictors of the improvement of the overall UPDRSIII scores (Table 5).

3.3.2. Predictors of the improvement in rigidity scores

Only a significant correlation was observed between the baseline rigidity scores (r = 0.55, P < 0.0001) and improvements in ri-
gidity (Table 6). Furthermore, baseline rigidity scores (f = 0.55, P < 0.0001) were identified as independent predictors of the im-
provements in rigidity.

4. Discussion

This study investigated the responses of different symptom clusters and the baseline predictors of rTMS efficacy in PD. This
retrospective analysis incorporated data from two independent clinical trials. Our findings indicated that rTMS targeted at the left SMA
led to significant improvements in motor symptoms, particularly rigidity, in PD patients. The regression analysis revealed that baseline
rigidity scores and RMT were positive predictors for improvements for motor symptoms improvements in PD patients.

4.1. Global symptom responses to rTMS in PD

Overall, the findings of this study demonstrated a positive effect of rTMS intervention on motor improvement in PD, which were
consistent with the previous studies. However, most meta-analyses have indicated that excitatory TMS intervention targeting the M1
appears to be the optimal parameters for motor improvement [17-19], rather than inhibitory TMS intervention targeting the SMA as
conducted in this study [20]. This difference may be attributed to variations in the stimulation sequence. Both low-frequency stim-
ulation (<1 Hz) and cTBS can decrease motor cortex excitability [21]. Although our previous research [4] suggested cTBS-induced
improvement appears to be higher than that induced by 1-Hz stimulation of the SMA [22], there was limited inclusion of cTBS
studies in the current meta-analysis. Therefore, future studies should further investigate the effects of cTBS intervention in PD.

Recent years, there has been growing attention towards the non-motor symptoms of PD. Among them, depression is the most
common and could be effectively treated as a nonmotor symptom [23]. Nevertheless, it remains unclear whether rTMS intervention in
PD had antidepressant effects superior to that of oral medication [20,24]. The newly developed high-dose, MRI-guided rTMS may
further optimize the treatment of PD depression [25]. In addition to mood, other non-motor symptoms of PD, such as cognitive
impairment, pain, sleep disturbance, and autonomic disorders have also received increasing attention [26-28], but the effectiveness of
TMS in treating them still needs to be tested. The Nonmotor Symptoms Scale, which include multiple non-motor symptoms, can be
evaluated in PD in the future rTMS intervention studies and can be divided into multiple symptom clusters for analysis, similar to this
study [29].

4.2. Motor symptom cluster responses to rTMS
Rigidity is a typical and common motor symptom of PD. The depletion of dopamine in the basal ganglia play an important in

rigidity. Consistent with previous dopamine [30] and intervention research [31], in the present study, we also found rigidity responded
well to the cTBS. This indicated that dysfunction of CSTC circuit is the pathological mechanism of rigidity in PD and motor cortex is an

Table 4

Correlation analysis with total UPDRSIII scores.
Baseline Variable r P
Sex 0.01 0.94°
Age 0.06 0.66 °
Duration —0.06 0.70°
Education -0.09 0.55"
RMT 0.28 0.047"
LED —0.02 0.87"
H-Y 0.08 0.61°
MoCA —0.04 0.82¢
UPDRSIII 0.54 <0.0001
Axial dysfunction 0.35 0.01°
Resting tremor 0.01 0.95°
Rigidity 0.52 0.0001"
Left bradykinesia 0.44 0.002°
Right bradykinesia 0.15 0.32"
Postural tremor —0.004 0.98"

RMT, Resting motor threshold; LED, levodopa equivalent dose; H-Y, Hoehn and Yahr
stage; MoCA, Montreal cognitive assessment; UPDRSIII, Unified Parkinson’s Disease
Rating Scale Part III.

 Point biserial correlation analysis.

b pearson’s correlation analysis.

¢ Spearman’s correlation analysis.
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Table 5

Multiple linear regression analysis on the improvement of total UPDRSIII scores.
Baseline Variables VIF p t P
RMT 1.05 0.30 2.44 0.02
Axial dysfunction 3.63 —0.03 -0.11 0.91
Rigidity 2.29 0.37 2.05 0.047
Left bradykinesia 2.07 0.10 0.55 0.58
UPDRSIII 7.60 0.16 0.47 0.64

RMT, Resting motor threshold; UPDRSIII, Unified Parkinson’s Disease Rating Scale Part III; VIF, variance inflation factor; f, Standardized coefficient.

Table 6

Correlation analysis with rigidity scores.
Baseline Variables r P
Sex —-0.07 0.64°
Age 0.03 0.83°
Duration 0.002 0.99¢
Education 0.06 0.67°
RMT 0.11 0.45"
LED 0.08 0.56"
H-Y 0.10 0.49°¢
MoCA 0.12 0.38¢
UPDRSIIT 0.25 0.07¢
Axial dysfunction 0.11 0.42¢
Resting tremor 0.08 0.57¢
Rigidity 0.55 <0.0001"
Left bradykinesia 0.07 0.61°
Right bradykinesia -0.03 0.82°
Postural tremor —0.06 0.66 °

RMT, Resting motor threshold; LED, levodopa equivalent dose; H-Y, Hoehn and Yahr
stage; MoCA, Montreal cognitive assessment; UPDRSIII, Unified Parkinson’s Disease
Rating Scale Part IIL.

@ Point biserial correlation analysis.

b Pearson’s correlation analysis.

¢ Spearman’s correlation analysis.

effective stimulation target. In contrast to the rigidity, there was no significant improvement in postural tremor in either experiment.
Several lines of evidence have suggested PD tremor may have different underlying pathophysiology processes from other motor
symptoms [32-34]. A task-based functional MRI found tremor predominant patients exhibited significantly increased activation in the
CTC circuit compared to akinetic-rigidity predominant PD patients [9]. Zhen et al. further suggested resting and postural tremors in PD
may be mediated by different neuronal pathways as resting tremor in PD was only suppressed by M1 stimulation but postural tremor
can be suppressed by both M1 and cerebellar stimulation [35]. These evidences suggest that cerebellum may be a potential target for
treating postural tremor in PD. Moreover, we found significant improvement of other four symptom clusters in the open-lable study,
but not in the RCT, indicating that efficacy of the protocol in this study was not clear for these symptoms. Future studies can further
expand the sample size or explore TMS intervention with different targets and parameters to develop of more effective therapeutics for
PD.

4.3. Baseline predictors

In PD patients, Tomoo et al. have shown that RMT in the more affected cortex is significantly lower than in the less affected cortex
[36]. In this study, we found higher baseline RMT can predict a better motor outcome of 2 weeks of TMS intervention. These findings
indicated patients with a higher RMT may have less cortical damage and may exhibit better cortical plasticity and efficacy of TMS.
Furthermore, consistent with the DBS study [10], we showed more severe baseline symptom can predict motor improvement in the
off-medication state. However, most studies are typically assessed symptom of PD using the sum score change of the motor scale [4,10,
13,37,38]. It is not clear whether scores for single symptom cluster have a predictive effect to TMS efficacy. In the present work, we
found that baseline rigidity predicted both the overall motor performance and rigidity improvement for TMS treatment, suggesting
rigidity may be a more sensitive predictive index compared to the baseline overall motor performance. Furthermore, recent studies
have shown that some mathematical and neuroimaging models are excellent tools for characterizing dynamic diseases [39-43]. Hence,
it is advisable for future studies to further investigate the predictive effects of symptom clusters in PD by utilizing these models.

4.4. Limitations

Several limitations in this study are worth mentioning. Firstly, the sample size was relatively small, and the patients enrolled had a
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short duration of the disease and were of mild severity. Second, the first study was an open-label trial. Hence, it should be further
validated in another RCT study. Third, this was a single-center study, and therefore, the findings must be confirmed in a large-scale,
multicenter clinical trial.

5. Conclusion

In summary, this study showed significant improvements in total UPDRSIII scores and rigidity after 14-day treatment, with baseline
rigidity scores and RMT identified as positive predictors of treatment response, underscoring the need for individualized therapy.
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