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Summary
Background Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive form of brain stimulation that posi-
tively regulates the motor and non-motor symptoms of Parkinson’s disease (PD). Although, most reviews and meta-analy-
sis have shown that rTMS intervention is effective in treating motor symptoms and depression, very few have used
randomised controlled trials (RCTs) to analyse the efficacy of this intervention in PD. We aimed to review RCTs of rTMS
in patients with PD to assess the efficacy of rTMS onmotor and non-motor function in patients with PD.

Methods In this systematic review and meta-analysis, we searched PubMed, MEDLINE and Web of Science data-
bases for RCTs on rTMS in PD published between January 1, 1988 to January 1, 2022. Eligible studies included
sham-controlled RCTs that used rTMS stimulation for motor or non-motor symptoms in PD. RCTs not focusing on
the efficacy of rTMS in PD were excluded. Summary data were extracting from those RCTs by two investigators inde-
pendently. We then calculated standardised mean difference with random-effect models. The main outcome
included motor and non-motor examination of scales that were used in PD motor or non-motor assessment. This
study was registered with PROSPERO, CRD42022329633.

Findings Fourteen studies with 469 patients met the criteria for our meta-analysis. Twelve eligible studies with 381
patients were pooled to analyse the efficacy of rTMS on motor function improvement. The effect size on motor scale
scores was 0.51 (P < 0.0001) and were not distinctly heterogeneous (I2 = 29%). Five eligible studies with 202
patients were collected to evaluate antidepressant-like effects. The effect size on depression scale scores was 0.42
(P = 0.004), and were not distinctly heterogeneous (I2 = 25%), indicating a significant anti-depressive effect
(P = 0.004). The results suggest that high-frequency of rTMS on primary motor cortex (M1) is effective in improving
motor symptoms; while the dorsolateral prefrontal cortex (DLPFC) may be a potentially effective area in alleviating
depressive symptom.

Interpretation The findings suggest that rTMS could be used as a possible adjuvant therapy for PD mainly to
improve motor symptoms, but could have potential efficacy on depressive symptoms of PD. However, further inves-
tigation is needed.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disease
that is common in middle-aged people and results from
a progressive and selective loss of dopaminergic neu-
rons mostly in the substantia nigra pars compacta. The
motor symptoms of PD include bradykinesia, tremor,
hypertonia, and gait disorder; and the non-motor
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Research in context

Evidence before this study

Repetitive transcranial magnetic stimulation (rTMS) is a
type of non-invasive brain stimulation and has neuro-
modulation effects. We searched PubMed, MEDLINE,
and Web of Science for systematic reviews and meta-
analysis and clinical trials on rTMS intervention and its
efficacy in Parkinson’s disease (PD) in terms of non-
pharmacological therapeutic purposes, published
between January 1, 1988 to January 1, 2022. We found
numerous studies, including systematic reviews and
meta-analysis. Although, most systematic reviews and
meta-analysis showed rTMS intervention effective in
motor symptoms and depression, very few have used
randomised controlled trials (RCTs) to analyse the effi-
cacy of this intervention in PD.

Added value of this study

This is the first systematic review and meta-analysis to
estimate the efficacy of rTMS intervention in motor and
non-motor symptoms of PD by analyzing RCTs only.
The results suggest that rTMS could be used as a possi-
ble adjuvant therapy for motor symptoms in PD and
could have potential efficacy for the depressive symp-
toms of PD; however, further investigation is needed.
Therefore, future RCTs should be carried out to investi-
gate the efficacy of rTMS and the suitable rTMS parame-
ters, including stimulation site and frequency, for
alleviating depressive symptoms in patients with PD.

Implications of all the available evidence

rTMS could be used as a possible adjuvant therapy to
treat motor symptoms and depression in patients with
PD. More RCTs should be conducted to further explore
evidence and suitable parameters of rTMS intervention
in PD.
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symptoms of PD manifest as cognitive impairment and
emotional processing, including depression, apathy,
visual dysfunction and even cardiovascular autonomic
dysfunction.1−6

There are many pharmacologic treatments, includ-
ing levodopa therapy,1,7 to relieve PD symptoms. How-
ever, these medicines sometimes fail to provide the
desired effects or sometimes even induce motor compli-
cations, such as levodopa-induced dyskinesias (LIDs),
especially when used in chronic treatment.8,9 There-
fore, it is necessary to explore other alternative and
promising PD treatments, such as non-invasive brain
stimulation (NIBS).10 Our studies have demonstrated
various neuroimaging markers and their relative neuro-
pathogenesis in PD, which appear to contribute to
motor/non-motor dysfunctions and discriminative
aspects.11−13 Besides, our recent studies on the genetics
and anti-neuroinflammatory therapy of PD14−19 propel
me to write one meta-analysis on the non-pharmacologi-
cal therapy on PD.

Repetitive transcranial magnetic stimulation (rTMS),
as one of the forms of NIBS, has neuromodulation
effects.10 In rTMS intervention, a wire coil is used to
generate a magnetic field that can pass through the
scalp and the skull to change the excitability in the cor-
tex according to the frequency. High-frequency rTMS
(≥5 Hz) induces excitability in the cortex, while low-fre-
quency rTMS (≤1 Hz) induces an inhibitory effect. A
longer duration of stimulation is likely to induce a lon-
ger duration of effect.20,21 Additionally, there are
numerous choices of stimulation sites of rTMS inter-
vention; these sites include the primary motor cortex
(M1), which is used mostly for motor symptoms; the
dorsolateral prefrontal cortex (DLPFC); the supplemen-
tary motor area (SMA); and, in some cases, the
cerebellum.22,23

For motor symptoms of PD, rTMS is considered a
possible treatment in some studies, although the results
are inconsistent because of the variation in rTMS stimu-
lation parameters.24 rTMS therapy is also considered a
potential treatment for PD-related non-motor symp-
toms, such as depression symptoms, as this therapy has
already been used in some studies for medication-resis-
tant depression.24 However, the sample size in most
clinical trials that used rTMS to improve PD symptoms
was small, and the parameters of those trials were too
complicated and varied. Therefore, we conducted a
meta-analysis to analyse the efficacy of rTMS interven-
tion on motor and non-motor function by evaluating
multiple scales. For non-motor aspects, we tried to eval-
uate the efficacy of rTMS on cognitive improvement
and antidepression.
Methods

Search strategy
This study was conducted in accordance with the Pre-
ferred Reporting Items of the Guidelines for Systematic
Reviews and Meta-Analysis (PRISMA). In this system-
atic review and meta-analysis, we searched PubMed,
MEDLINE, and Web of Science databases from January
1, 1988 to January 1, 2022 for randomised controlled tri-
als (RCTs) on rTMS intervention in PD. The search key-
words were “Parkinson OR Parkinsonism” AND
“transcranial magnetic stimulation OR TMS OR non-
invasive brain stimulation”. The articles in the reference
lists for these RCTs were also searched for additional
studies. Unpublished data and replies to other articles
were not included. This strategy yielded 2760 studies
on transcranial magnetic stimulation (TMS) treatment
for PD. The initial study protocol was pre-registered at
PROSPERO (CRD42022329633). This is a review and
meta-analysis without original patient data; therefore,
the informed consent from patients was not required.
www.thelancet.com Vol 52 October, 2022
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Select criteria
We chose RCTs that evaluated the efficacy of rTMS
intervention on either motor or non-motor improve-
ment in patients with PD. The following criteria were
included: (1) The manuscript was written in English. (2)
The study was accepted and published. (3) Patients were
more than 18 years of age. (4) Motor improvement was
measured by analysing the motor section of the Unified
Parkinson’s Disease Rating Scale (UPDRS Part III,
a.k.a. UPDRS-III) and the motor section of Movement
Disorder Society-Sponsored Revision of the Unified Par-
kinson's Disease Rating Scale (MDS-UPDRS Part III, a.
k.a. MDS-UPDRS-III). (5) Non-motor aspects included
cognitive improvement and antidepressant-like effect;
cognitive improvement was measured by the Mini-Men-
tal State Exam (MMSE), Montreal Cognitive Assess-
ment (MoCA) or the Mattis Dementia Rating Scale-2
(DRS-2 or MDRS-2); and antidepressant-like effect was
measured by the Beck Depression Inventory (BDI),
Hamilton Depression Rating Scale (abbreviated as
HDRS in this article, and sometimes abbreviated as
HRSD and HAMD in other articles) or Montgomery
−Asberg Depression Rating Scale (MADRS). (6) The
research should include the mean and standard devia-
tion (SD) of the scales mentioned above before and after
the rTMS intervention group and the sham group.
Data analysis
The extracted variables were as follows: (1) study design;
(2) demographic characteristics (including number of
patients, sex, and age); (3) mean and SD of the scores of
the following scales: (I) MDS-UPDRS-III or UPDRS-III,
which were the motor section of the scales; (II) cogni-
tion scales, including MMSE/MoCA/DRS-2; and (III)
depression scales, including BDI/HDRS/MADRS; (4)
mean and SD of the scores of the scales for the follow-
up evaluation, if available; and (5) rTMS parameters (fre-
quency, intensity, sessions, and site). If the studies had
multiple rTMS intervention groups with different sites
or frequencies, these groups were viewed as separate
studies in our analysis. Summary data were extracting
from those RCTs by two investigators independently.

Heterogeneity among studies was first assessed. We
evaluated the major features that contributed to the
study heterogeneity; these features include study
design, demographic characteristics (such as the num-
ber of patients, age, and sex), PD clinical characteristics
(such as the baseline scores, duration of disease, and
medication state during assessment) and treatment
characteristics (rTMS parameters).

The data were evaluated by using RevMan (Review
Manager software, version 5.4.1, Cochrane Collabora-
tion, UK). For effect size, we considered the main out-
come measures are continuous data, and thereby the
standardised mean difference (SMD) of the change in
scores of multiple scale sets was calculated for the
www.thelancet.com Vol 52 October, 2022
continuous measures of scales that reflected motor and
non-motor function. Considering that the effects of
rTMS intervention could be varied among the recruited
studies, the random effects model was applied to mea-
sure the pooled weighted effect size, which could be
used to evaluate whether the mean effect size was sig-
nificant (P ≤ 0.05). For studies with follow-up evalua-
tion, one mean effect size was obtained across multiple
effect sizes.

For heterogeneity analysis, Cochran’s Q statistics and
the I2 index were used to analyse heterogeneity in the
meta-analysis. An I2 value that was greater than 50% and a
probability value of P that was less than 0.05 indicated that
the included studies were heterogeneous.25

For risk of bias, the Cochrane risk-of-bias tool was
adopted to evaluate each included study. We used this
tool to assess the inclusion of studies in terms of the fol-
lowing aspects: selection bias, performance bias, detec-
tion bias, attrition bias, reporting bias, and other bias.
Then, these studies were classified as having a low,
high, or unclear risk of bias according to the assessment
result. A funnel plot diagram was also adopted to evalu-
ate publication bias when necessary.
Role of the funding source
The funder of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. WJZ and QW had accessed and
verified the data reported in the manuscript. The corre-
sponding author has the final responsibility to submit
for publication following approval from all co-authors.
Results
The PRISMA screening flow diagram is shown in
Figure 1.26 We found 2760 publications by using the
keywords mentioned above in Section 2.1, and all the
manuscripts were carefully reviewed. First, we excluded
2598 records because they were (1) duplicate literature,
or (2) not clinical trials, or (3) written in another lan-
guage. Then, we carefully read the remaining 162
remaining references and excluded 148 references
because they (1) were not RCTs, or (2) focused on other
topics, or other types of non-invasive brain stimulation
rather than typical rTMS stimulation, or (2) used evalua-
tion measures other than MDS-UPDRS-III/UPDRS-III
for motor sections or BDI/HDRS/MADRS/MMSE/
MoCA/DRS-2 for non-motor sections, or (3) applied anti-
depressant medication that had depressive scale out-
comes would not be included in depressive group
analysis, or (4) were considered not suitable for this anal-
ysis by authors. Therefore, 14 studies27−40 met the crite-
ria for our meta-analysis. All the studies included in our
analysis were randomised, and most of them were dou-
ble blinded. The same article could be used for multiple
assessments because one article may contain multiple
3



Figure 1. Study selection.
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scales or have multiple stimulation sites or frequencies.
Twelve articles were evaluated for motor improvement,
and 5 articles were used for non-motor evaluation (3 for
cognition assessment, and 5 for depression assessment).

Most adverse events in these studies were mild or
moderate, although some events resulted in dropouts.
However, one study reported that ischemic stroke
occurred in one patient in the active group. This incident
was considered as a serious adverse event, while the
authors of this study determined that the incident was
unrelated to their study but did not specify the reason.34
Characteristics of patients
A total of 469 patients with PD in 14 studies were
included. A total of 381 of these patients were analysed
for motor symptoms, and 202 of these patients were
analysed for non-motor symptoms. The average age of
patients in most studies was more than 60 years old.
The average disease duration of patients in most studies
was over 6 years. Three articles did not provide the
Hoehn and Yahr Scale stage (H&Y stage) of the
patients, and one article did not provide disease dura-
tion. Most patients in these studies had stable medica-
tion before and during treatment, thus leaving the
medication state on. The details of the patients and the
rTMS variables used in these studies can be viewed in
Tables 1 and 2.
Quality evaluation
Most articles documented completed patient informa-
tion, including age and duration of illness. All the stud-
ies applied randomised allocation. Thirteen studies
www.thelancet.com Vol 52 October, 2022



Sample, Count Sex (F/M) Age
Mean (SD), year

Disease Duration
Mean (SD), year

H&Y Stage Mean (SD)

Li et al. (2020)27 48 16/32 61.6 (7.6) 6.0 (4.8) 1.8 (0.6)

Chung et al. (2020)28 50 24/26 62.3 (6.0) 6.5 (4.0) 2.2 (0.3)

Mi et al. (2019)29 30 16/14 63.6 (9.9) 8.6 (5.5) 2.5 (0.9)

Khedr et al. (2019)30 33 N/A 59.5 (9.2) 6.0 (3.8) 3.2 (1.1)

Cohen et al. (2018)31 42 10/32 65.6 (7.5) 5.1 (3.5) 2.0 (0.37)

Buard et al. (2018)32 46 13/33 68.5 (7.6) N/A N/A

Yokoe et al. (2017)33 19 12/7 69.1 (8.4) 9.5 (3.2) 3.5 (0.6)

Brys et al. (2016)34 61 24/37 63.4 (10.0) 6.9 (4.7) 2.5 (0.6)

Makkos et al. (2016)35 44 20/14 66.5 (8.0) 5.5 (4.8) 2.3 (0.8)

Kim et al. (2015)36 17 5/12 64.5 (8.4) 7.8 (4.9) 3.0 (0.5)

Maruo et al. (2013)37 21 10/11 63.0 (11.3) 12.0 (6.3) 3.1 (0.5)

Benninger et al. (2012)38 26 6/20 64.1 (8.5) 9.0 (5.5) 2.6 (0.4)

Pal et al. (2010)39 22 11/11 68.5 (7.9) 6.0 (4.8) / 6.5 (5)a N/A

Filipovi�c et al (2009)40 10 5/5 64.5 (9.6) 15.6 (5.7) N/A

Table 1: Characteristics of participants.
a Active group/Sham group: Median (SD), SD converted from IQR, SD=IQR/1.35.

Abbreviations: SD, standard deviation; F/M, Female/Male, H&Y stage, Hohn and Yahr Scale stage.

Site Frequency Intensity Session Treatment
Duration

Post-rTMS Evaluation Medication
state

Li et al. (2020)27 M1 20 Hz 80% RMT 5 5 d immediately,

2wk, 4wk

On

Chung et al. (2020)28 M1 1 / 25 Hz 80% RMT 12 3 wk 1 d, 1 mon, 3 mon On

Mi et al. (2019)29 SMA 10 Hz 90% RMT 10 2 wk 5th, 10th, 2wk, 4wk On & Off

Khedr et al. (2019)30 M1 20 Hz 90% RMT 10 10 d immediately,

1 mon, 2 mon,

3 mon

On

Cohen et al. (2018)31 M1+PFC 1 Hz+10 Hz 110% +100% MT 24 3 mon immediately On

Buard et al. (2018)32 DLPFC 20 Hz 90% RMT 10 2 wk Unclear On

Yokoe et al. (2017)33 M1 /DLPFC /SMA 10 Hz 100% RMT 4 3 d 1 h On

Brys et al. (2016)34 M1 /DLPFC 10 Hz 120 V 2 10 d 1 mon On & Off

Makkos et al. (2016)35 M1 5 Hz 90% RMT 10 10 d 1 d, 30d On

Kim et al. (2015)36 M1 10 Hz 90% RMT 5 1 wk 5 d, 12 d On

Maruo et al. (2013)37 M1 10 Hz 100% MT 3 3 d 1 h Off

Benninger et al. (2012)38 M1 50 Hz 80% RMT 8 2 wk 1 d, 1 mon On & Off

Pal et al. (2010)39 DLPFC 5 Hz 90% RMT 10 10 d 1 d On & Off

Filipovi�c et al (2009)40 M1 1 Hz 90% RMT 4 4 d 1 d On

Table 2: Characteristics of rTMS variables.
Abbreviations: DLPFC, dorsolateral prefrontal cortex; M1, primary motor cortex; MT, motor threshold; PFC, prefrontal cortex; RMT, resting motor threshold;

rTMS, repetitive transcranial magnetic stimulation; SMA, supplementary motor area.

Articles
were double-blinded, and one study was single-blinded.
Twelve studies reported the exact number of dropouts,
and some studies specified that dropouts of these stud-
ies had completed the primary evaluation; the remain-
ing two studies did not state whether dropouts
occurred. Twelve studies reported whether patients in
these studies had encountered adverse events, but three
of these studies did not specify the number.

The risk of bias assessment results for all studies are
shown in eFigure 1 in the supplement. Four of 14
www.thelancet.com Vol 52 October, 2022
studies had a low risk of bias across all seven aspects.
According to the quality evaluation results, all 14 studies
were RCTs, and all the studies had a low risk of bias.
Assessment of motor function improvement
The 12 eligible studies27−30,33−40 with 381 patients
assessed the efficacy of rTMS intervention on motor
improvement. The total effect size of rTMS on motor scale
(MDS-UPDRS-III27−29,35 and UPDRS-III30,33,34,36−40)
5
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scores was 0.51 (95% CI, 0.30 to 0.71), which indicated
that the effect size favored the active rTMS group over the
sham group (Z = 4.88; P < 0.0001). The mean change in
the motor scale score for the active rTMS group was 4.61
(13.3), which indicated a moderately clinically important
difference.41 The distribution of overall and effect sizes
can be seen in Figure 2A.

For heterogeneity analysis, the results indicated that
these studies were not distinctly different (Chi2 = 22.51;
P = 0.13; I2 = 29%). Additionally, Figure 2B shows that
these two scales were not statistically heterogeneous
(Chi2 = 0.47; P = 0.49; I2 = 0%), thus implying that these
two chosen scales did not cause a certain deviation. In
addition, the results of the funnel plot of the motor scale
evaluation (eFigure 2 in the supplement) illustrated that
both the left and right sides were roughly symmetrical,
thus indicating the insignificance of publication bias.

For parameters analysis, the frequency, stimulation site,
medication state and number of rTMS session were evalu-
ated. For frequency analysis (Figure 3A), the effect size of
high frequency group was 0.56 (95% CI, 0.34 to 0.77) and
the result was significant (Z = 5.07; P < 0.0001), while the
effect size of low frequency group was 0.10 (95% CI, -0.44
to 0.64) and the result was insignificant (Z = 0.35; P =
0.73). The test of subgroup differences indicated that there
were subgroup differences but insignificant (Chi2 = 2.40;
I2 = 58.3%, P = 0.12). For stimulation site analysis
(Figure 3B), the effect size of unilateral group was 0.35
(95% CI, 0.03 to 0.67) and the result was significant
(Z = 2.12; P = 0.03), while the effect size of bilateral group
was 0.61 (95% CI, 0.33 to 0.90) and the result was also sig-
nificant (Z = 4.29; P < 0.0001). The test of subgroup dif-
ferences indicated subgroup differences were insignificant
(Chi2 = 1.46; I2 = 31.5%, P = 0.23). For medication state
analysis (Figure 3C), the effect size of “on” group was 0.58
(95% CI, 0.31 to 0.85) and the result was significant
(Z = 4.23; P < 0.0001), while the effect size of “off” group
was 0.37 (95% CI, 0.05 to 0.69) and the result was also sig-
nificant (Z = 2.30; P = 0.02). The test of subgroup differen-
ces indicated subgroup differences were not significant
(Chi2 = 0.97; I2 = 0%, P = 0.32). For the number of rTMS
sessions analysis (Figure 3D), the effect size of “Less than
5” group is 0.66 (95% CI, 0.28 to 1.03) and the result was
significant (Z = 3.40; P = 0.0007); the effect size of “5 to
10” group is 0.34 (95%CI, 0.05 to 0.64) and the result was
significant (Z = 2.26; P = 0.02). The effect size of “More
than 10” group is 0.28 (95%CI, -0.21 to 0.76) and the
result was not significant (Z = 1.13; P = 0.26). The test of
subgroup differences indicated subgroup differences were
not significant (Chi2 = 2.09; I2 = 4.2%, P = 0.35).
Assessment of non-motor symptoms
Five eligible27,31,32,35,39 studies with 202 patients
assessed the efficacy of rTMS intervention on non-
motor improvement, including cognitive improvement
and antidepressant-like effects.
Cognition
Three studies32,35,39 included 112 patients in this eval-
uation section. The cognition scale subgroup
(MMSE, MoCA, DRS-2) analysis used a random
effect model. The effect size of rTMS on cognition
scale scores was -0.11 (95% CI, -0.57 to 0.35), indicat-
ing that there was not enough evidence to determine
the efficacy of rTMS intervention on cognitive func-
tion (Z = 0.47; P = 0.64). The results of the hetero-
geneity analysis showed that the heterogeneity
among these studies was not significant
(Chi2 = 6.19; P = 0.10; I2 = 52%).

The results of the heterogeneity analysis also
showed that the effect size of the MMSE group score
was 0.10 (95% CI, -0.39 to 0.58, P = 0.69), indicat-
ing an insignificant improvement (Z = 0.40; P =
0.69) without heterogeneity (Chi2 = 0.25; P = 0.62;
I2 = 0%). The results of the other two cognition
scales, namely, MoCA and DRS-2, could not deter-
mine heterogeneity because of insufficiency of the
included studies. In addition, the test of subgroup
differences may indicate that subgroup differences
were significant (Chi2 = 5.95; I2 = 66.4%, P = 0.05),
and the heterogeneity of subgroups may cause a cer-
tain deviation. The distribution of overall and sub-
group effect sizes can be seen in Figure 4A.
Depression
Five studies27,31,32,35,39 included 202 patients in this
evaluation section. The depression scale subgroup
(BDI, HDRS, and MADRS) analysis used a random
effect model. The effect size of rTMS intervention on
depression scale scores was 0.42 (95% CI, 0.13 to 0.70),
which indicated a potential minor effect size favoring
the active group, and the effect was significant (Z =
2.85; P = 0.004). The subgroup analysis showed that
the effect size of the BDI group score was 0.51 (95% CI,
0.12 to 0.89), which indicated a minor but significant
improvement (Z = 2.58; P = 0.01). The effect size of the
HDRS group score was 0.18 (95% CI, -0.25 to 0.61) and
the improvement is insignificant (Z = 0.81; P = 0.42).
The effect size of the MADRS group score was 0.55
(95% CI, -0.31 to 1.41) and the improvement is also
insignificant (Z = 1.25; P = 0.21).

The heterogeneity analysis of these studies these
studies were not distinctly different (Chi2 = 8.03; P =
0.24; I2 = 25%). The BDI group showed no heterogene-
ity (Chi2 = 1.96; P = 0.37; I2 = 0%), and HDRS also
showed no heterogeneity (Chi2 = 1.11; P = 0.29;
I2 = 10%). The heterogeneity analysis of studies that use
the MADRS also showed insignificant heterogeneity
(Chi2 = 2.72; P = 0.10; I2 = 63%). Additionally, the test
of subgroup differences may indicate that there were no
subgroup differences (Chi2 = 1.43; P = 0.49; I2 = 0%).
The distribution of overall and subgroup effect sizes can
be seen in Figure 4B.
www.thelancet.com Vol 52 October, 2022



Figure 2. Forest plot showing the standardised mean difference (SMD) and 95% CI of differences in motor scale scores
between the repetitive transcranial magnetic stimulation (rTMS) group and control group.

(A) Overall analysis.
(B) subgroup analysis.

Articles
Discussion
Numerous relevant general conclusions could be drawn
based on the results of this meta-analysis. Overall, the
results of this analysis indicated a positive effect of
rTMS intervention on motor improvement, but the effi-
cacy on cognitive improvement and antidepression
remained unclear.
www.thelancet.com Vol 52 October, 2022
For the motor aspect, the random effects across 12
studies showed a significant effect size (SMD = 0.51) in
favor of the active rTMS group, thus indicating the
improvement of motor function and a reduction of the
relevant symptoms of PD; these results had been dem-
onstrated in numerous reviews and meta-analyses.42−44

Interestingly, according to Table 2, 10 of those studies
7



Figure 3. Forest plot showing the standardised mean difference (SMD) and 95% CI of differences in motor scale scores
between the repetitive transcranial magnetic stimulation (rTMS) group with different parameters and control group.

(A) Frequencies.
(B) Stimulation sites.
(C) Medication states.
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Figure 3. Continued
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Figure 4. Forest plot showing the standardised mean difference (SMD) and 95% CI of differences in non-motor scale scores
between the repetitive transcranial magnetic stimulation (rTMS) and control group, and subgroup analysis.

(A) Cognitive scales.
(B) Depressive scales.
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chose high-frequency stimulation only. Our subgroup
analysis for frequency showed that the effect size of
high frequency group (SMD = 0.56) was larger than low
frequency group (SMD = 0.10), and the effect size of
low frequency group was insignificant. We assumed
that high-frequency stimulation could serve as an effec-
tive stimulation parameter. For stimulation site, previ-
ous studies have already pointed out that rTMS
targeting M1 was effective in reducing the motor symp-
toms of PD compared with other stimulation sites.44

Meanwhile, further investigation showed that bilateral
group (SMD = 0.61) was larger than unilateral group
(SMD = 0.35), but the subgroup differences were not
significant, and therefore future study may investigate
whether bilateral stimulation is beneficial. However,
according to Lefaucheur et al. (2020), high-frequency
www.thelancet.com Vol 52 October, 2022
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rTMS (HF-rTMS) of the M1 in patients with PD has
been recommended for the treatment of motor symp-
toms of PD.45 According to Table 2, nine of 12 studies
were included in our motor group containing HF-rTMS
of the M1 simulation mode, which explained the good
results on motor symptoms. But we also notice that the
good results of UPDRS-III scores sometimes cannot
translate to the improvement in quality of life as mea-
sured by the Parkinson’s Disease Questionnaire (PDQ-
39) like some studies mentioned, thus probably result-
ing the conflicting outcomes.

For medication state, our subgroup analysis showed
that the effect size of “on” group (SMD = 0.58) was larger
than “off” group (SMD = 0.37), but the subgroup differ-
ences were not significant. Interestingly, several studies
indicated that rTMS-induced cortical inhibition could be
affected by anti-PD pharmacotherapy including dopa-
mine agonist, which may imply that dopamine treatment
could modify the effect of rTMS intervention.46 How-
ever, there were four studies where dopamine agonist
was used in some or all of the participants during the
study,30,35,39,40 while the rest of studies provided levo-
dopa equivalent daily dose and oral medication. Mean-
while, most studies did not mention the exact duration of
pharmacotherapy, but describe like “during the
experiment”, or “for at least a time before starting the
study”. Therefore, the insufficient detail of oral medica-
tion hindered us to further evaluate the potential role of
duration and type of anti-PD treatment in rTMS interven-
tion. Therefore, it would be better for future study to
examine the duration and type of pharmacotherapy treat-
ment, rather than simply describe as ON/OFF state, and
to further investigate the role of dopamine treatment in
the efficacy of rTMS intervention.

For the number of rTMS sessions analysis, the sub-
group differences were not significant, which indicated
that the number of rTMS session may not be the signifi-
cant indicator of the efficacy of rTMS. This result was
consistent with Chou et al. (2015),44 which indicated
that the number of pulses per or across sessions, rather
than the number of sessions, could improve the efficacy.
However, Lefaucheur et al. (2020) indicated that
increased number of sessions may optimize the efficacy.
This inconsistency requires further investigation.45

In addition, heterogeneity analysis showed that the
scores of the UPDRS-III and MDS-UPDRS-III were not
statistically heterogeneous. However, for limitation of
MDS-UPDRS-III, some studies indicated that, in motor
symptoms of early PD, psychometric limitations of
MDS-UPDRS-III may result in limitation of precision
and insensitivity, compared with traditional UPDRS-
III.47,48 This limitation may prevent MDS-UPDRS from
wider use of PD assessment, and more investigation is
needed to explore the possible direction of improvement.

Besides, there are four manuscripts in our meta-
analysis that used PDQ-39 but the results were not con-
sistent.27,33−35 Li et al. (2020) and Makkos et al. (2016)
www.thelancet.com Vol 52 October, 2022
indicated that PDQ-39 was improved in the active
group, while Brys et al. (2016) and Yokoe et al. (2017)
indicated no correlation of improvement in UPDRS-III
translated into improvement in quality of life as mea-
sured by PDQ-39. Interestingly, we found a conference
abstract by Lokhandwala et al. (2019) who showed that
MDS-UPDRS-III may correlated with PDQ-39.49

Although the rest of manuscripts in our meta-analy-
sis did not include PDQ-39 and hindered us from
further analyzing, we think that further clinical stud-
ies and meta-analysis should evaluate if the improve-
ment in UPDRS-III can translate into improvement
in quality of life.

Moreover, freezing of gait (FOG) is one of the com-
mon symptoms of PD. Three studies included in our
meta-analysis investigated whether rTMS intervention
could improve FOG. Mi et al. (2019) indicated that HF-
rTMS of SMA could improves FOG in PD.29 Kim et al.
(2015) pointed out that HF-rTMS of the lower leg pri-
mary motor cortex of the dominant hemisphere (M1-LL)
could also improve FOG.36 However, in Benninger’s
study (2012) the scores of Freezing of Gait Question-
naire (FOGQ) did not have significant improvement in
HF-rTMS of M1 group.38 Given that the insufficient
number of studies for further investigation, we searched
for other reviews for reference. Gao et al. (2020)50

pointed out that rTMS intervention is beneficial for the
improvement of FOG in PD and SMA may be a poten-
tial stimulation site. Chen et al. (2019)24 also drew a
similar conclusion. However, a conference abstract by
Gao et al. (2019) pointed out that HF-rTMS of SMA
cannot alleviate the sequence effect (SE) in patients
with PD with FOG.51 Therefore, future study to
investigate whether FOG can be improved by HF-
rTMS of SMA is needed.

In addition, levodopa-induced dyskinesias (LIDs) is a
side effect of levodopa therapy in patients with PD.
Although this meta-analysis mainly focused on the effi-
cacy of rTMS in the symptoms resulted from PD and
most of the included studies did not mention this com-
plication, we do notice that some studies indicated that
simulation of SMA52 and cerebellar53 could help
reduced LIDs. Therefore, we hope that future studies
could evaluate the efficacy of rTMS in LIDs.

For non-motor aspects, the effect size of rTMS inter-
vention on cognition scale scores was -0.11 (P = 0.64),
and the effect size of rTMS on depression scale scores
was 0.42 (P = 0.004).

For cognition, although there were multiple
studies32,35,39,54−59 assessing the efficacy of rTMS inter-
vention on cognitive function in patients with PD, most
studies were not high-quality RCTs, and there were
mixed designs, cognition scales and results among
those studies. In this study, we tried to pool RCTs to
analyse the efficacy of rTMS intervention on cognitive
function, but the number of RCTs with suitable cogni-
tion scales before and after rTMS intervention was
11
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insufficient. Some reviews and meta-analyses consid-
ered that rTMS intervention may have limited but posi-
tive effects on executive function60 or working
memory.61 However, Lawrence et al. (2017) considered
the results were insufficient to determine whether
rTMS intervention was effective, but the authors could
not exclude the ceiling effect of the potential thera-
peutic effect of the intervention because the number
of included studies with rTMS intervention was
insufficient.62 Therefore, more high-quality RCTs
with suitable cognition scales are needed to further
assess the potential efficacy of rTMS intervention on
cognitive function.

The total random effect of depressive scale scores
across five studies showed a significant effect size
(SMD = 0.42), and the random effects of BDI scale
scores across three studies showed a significant effect
size (SMD = 0.51) in favor of active rTMS over sham
rTMS. The result indicated a potential antidepression-
like effect for patients with PD. However, we noticed
that the effect of total depressive scale scores and BDI
score were significant, but HDRS and MADRS had
insignificant improvement. Therefore, we propose that
the model we used in our analysis may cause this incon-
sistency. We chose random-effect model based on the
heterogeneity analysis in the original version of meta-
analysis. However, Borenstein et al. (2010) pointed out
that such a strategy should be strongly discouraged.63

Although random-effect model is generally a more plau-
sible match, we tried the fixed-effect model because the
insufficient number of studies included in those groups
may cause deviation in random-effect model. We specu-
lated that the standard error of the summary effect and
the confidence intervals were narrowed when the analy-
sis moved to fix-effect model. Interestingly, the fix-effect
model (eFigure 3) provided slightly different result. The
effect size of MADRS scale scores was 0.63 (95% CI,
0.13 to 1.13), and the result became significant (Z = 2.45;
P = 0.01). This result indicated that the model we chose
may cause deviation because of the insufficient num-
bers of studies in those groups. However, we also
found that most studies seem to prefer random-
effect model because they consider that the treat-
ment effects of rTMS intervention may be varied
among the included studies.

Multiple reviews and meta-analyses have demon-
strated that rTMS intervention could reduce depression
scale scores, and thus indicating that this intervention
may have potential antidepression-like effects.45,64−66

Meanwhile, some studies showed that rTMS interven-
tion had antidepressant-like effects similar to that of
oral medications such as selective serotonin reuptake
inhibitors (SSRIs) that were clinically used for antide-
pression therapy.59,64 To our knowledge, rTMS inter-
vention could be applied to not only the treatment of
PD-related depression, but also other depressive disor-
ders. McClintock et al. (2018) illustrated the
antidepressant effect of rTMS therapy in patient with
major depressive disorder, and high frequency over left
DLPFC and low frequency rTMS over right DLPFC had
antidepressant effects.67 Interestingly, Lefaucheur et al.
(2020) pointed out that HF-rTMS of the left DLPFC in
patients with PD could provide probable antidepressant
efficacy, which is similar to our findings.

Therefore, we considered rTMS intervention to be
effective for antidepression, and DLPFC could be a
potential target site, while the suitable stimulation site
(left or right DLPFC, unilateral or bilateral) and fre-
quency are needed to be further investigated.

This study had several limitations. First, this meta-
analysis did not further analyse the specific stimulation
site of rTMS intervention for motor section. Meanwhile,
we acknowledge that the absence of this separate evalua-
tion is one of the limitations of our study, and future
clinical study and meta-analysis should take it into con-
sideration.

Second, the insufficiency of high-quality RCTs on
non-motor aspects hindered us from further assessing
the efficacy of rTMS on cognitive and depressive aspects
and resulted in the deviation of our choice of these
scales. Therefore, we did not further analyse the change
in various cognitive aspects as other reviews and meta-
analyses.60,61 Meanwhile, we acknowledge that the
insufficient numbers of studies included in depressive
groups may cause inconsistency of results among sub-
groups. Besides, we agreed that analysis separating the
patients with PD as young vs early stage is beneficial.68

However, unfortunately, three studies in our analysis
seem to have insufficient information for such an analy-
sis. Pal et al. (2010)39 does not provide H&Y Stage, and
Buard et al. (2018)32 does not provide H&Y Stage and
Disease Duration. Such an additional analysis seems to
be difficult based on the current studies in our meta-
analysis. We acknowledge that lacking such an analysis
is one of the limitations of our study, and future study
is needed to evaluate the role of this factor in cognition
change and the efficacy of rTMS treatment.

Moreover, the sex difference was not considered a
comparable factor in our meta-analysis, while Oltra et
al. (2022) reported that the sex effect may significantly
affect cognitive impairment in patients with PD.69 Sex
differences may require attention in future studies of
cognitive assessment in patients with PD. Mean-
while, some studies pointed out that other factors
like diabetes mellitus could affect the progression of
PD and its motor and non-motor symptoms, espe-
cially the cognition symptoms,46,70−72 which may
affect the efficacy of rTMS intervention and the
result of this meta-analysis. In addition, we did not
include studies that used antidepressant medications,
such as SSRIs, as a control group.

Third, we did not evaluate other non-motor symp-
toms, such as sleep disorders, that may serve as an early
PD symptom,73 while Babiloni et al. (2021)
www.thelancet.com Vol 52 October, 2022
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demonstrated a potential positive effect of rTMS inter-
vention on sleep disturbances.74

Forth, although we focused mainly on rTMS inter-
vention in this study, several types of new TMS proto-
cols, such as theta burst stimulation (TBS); paired
associative stimulation (PAS); and other types of NIBS,
including transcranial direct current stimulation
(tDCS), started developing rapidly and are worth atten-
tion; these new protocols introduced innovative
approaches to modulate cortical excitability.75−78

Lastly, due to the limitation of the software we used,
not all p values could provide two significant figures.

This study showed that rTMS intervention with
proper parameters could positively affect the improve-
ment of motor symptoms in patients with PD and may
have potential antidepression-like effects, but we cannot
determine the efficacy on cognitive improvement.
Therefore, rTMS treatment can be used as an adjuvant
therapy for PD with motor symptoms, and more studies
of parameters are needed to further improve the effi-
cacy. Meanwhile, some studies had pointed out that
rTMS intervention was effective and DLPFC could be a
possible target for stimulation in patients with PD who
have depression. Thus, more RCTs should be carried
out to further investigate its efficacy and suitable param-
eter including stimulation site and frequency on depres-
sive aspects in patients with PD.
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