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Objective: To investigate the potential of cumulative high-
frequency repetitive transcranial magnetic stimulation (HF-
rTMS) on freezing of gait in atypical Parkinsonism.
Design: Randomized, single-blinded, crossover study with a 
blinded observer.
Participants: Eight patients with atypical Parkinsonism.
Methods: All participants received HF-rTMS over the lower 
leg primary motor cortex (M1-LL) for 5 consecutive days. 
Alternative sham stimulation was also administered with 
a 2-week wash-out period. Freezing of Gait Questionnaire 
(FOG-Q), turn steps in the modified Standing Start 180° 
Turn Test, the Timed Up and Go (TUG) task, and the Unified 
Parkinson’s Disease Rating Scale part III (UPDRS-III) were 
performed before, after, and one week after rTMS.
Results: All participants completed this study without any 
significant adverse effects. FOG-Q and turn steps revealed 
significant improvements over time in the rTMS compared 
with the sham stimulation (χ2=6.067, p=0.048 and χ2=9.083, 
p = 0.011). In addition, the TUG task and UPDRS-III showed 
significant improvements over time in the rTMS compared 
with the sham stimulation (χ2=7.200, p=0.02 and χ2=7.000, 
p = 0.030).
Conclusion: Cumulative HF-rTMS over the M1-LL might 
be effective for improving freezing of gait in patients with 
atypical Parkinsonism. Further investigation with a large 
number of participants is needed to clarify the effects of HF- 
rTMS on freezing of gait in atypical Parkinsonism.
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INTRODUCTION

Freezing of gait (FOG) is defined as a brief, episodic absence 
or marked reduction of forward progression of the feet despite 
the intention to walk (1). It is a disabling complex symptom 
associated with several disorders, such as advanced Parkin-
son’s disease (PD) and atypical Parkinsonism (AP) (1, 2). In 
spite of the high-frequency of FOG in PD, FOG is also com-
mon in AP such as vascular Parkinsonism (VP), progressive 
supranuclear palsy (PSP), multiple system atrophy (MSA), and 
corticobasal syndrome, especially when observed early in the 
course of disease (2). However, few studies have reported the 
treatment of FOG in AP.

Repetitive transcranial magnetic stimulation (rTMS) is a 
non-invasive brain stimulation (NIBS) tool used to modulate 
brain activity in a specific, distributed, cortico-subcortical 
network (3). Many studies with rTMS have reported its ben-
eficial effects on motor and gait function in patients with PD 
(4). Although the pathogenesis of FOG is not fully understood, 
the locomotion and postural networks, such as the frontal lobe 
and its connections to the basal ganglia, might be considered 
important regions for FOG (2). Based on these considerations, 
a NIBS protocol for improving gait function has been applied 
to modulate FOG in PD (5). In addition, our previous research 
showed that 10 Hz rTMS applied to the primary motor cortex 
of the dominant hemisphere for the lower leg (M1-LL) was 
effective in reducing FOG for a short time in patients with PD 
and AP (6). Cumulative rTMS is needed for clinical therapeutic 
purposes because the modulating effect of 1 session of rTMS 
lasts a relatively short duration of 30–60 min (7). 

There is a lack of investigations regarding the effect of 
cumulative rTMS on FOG in AP, although cumulative high-
frequency rTMS showed a positive effect improving FOG in 
PD (8). Therefore, the aim of this study was to investigate 
the efficacy of cumulative high-frequency rTMS on FOG in 
patients with AP. The objective of this pilot study was to as-
sess the safety and feasibility of the design in preparation for 
a larger future study.
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rTMS intervention
Pulses were delivered through a double-cone coil, and the coil was held 
so that the induced current was perpendicular to the midline for M1-LL 
stimulation. Twenty trains of 10 Hz rTMS were delivered to the target 
motor cortex areas of the dominant hemisphere at an intensity of 90% 
RMT using a Rapid® II stimulator with 2 Booster Modules (The Magstim 
Company Ltd). Each train lasted 5 s, with 55-s inter-train intervals, 
delivering a total of 1,000 pulses in 20 min. Sham stimulation was 
conducted with a coil held at a 90° position in order to ensure that the 
magnetic field did not stimulate the motor cortex (6). The stimulation 
paradigm was otherwise the same as that of real M1-LL rTMS. Patients 
were not told whether they were receiving real or sham rTMS.

Behavioural assessments
The FOG-Q (10) was used as the primary outcome measure. In addi-
tion, a modified Standing-Start 180° Turn Test was used to objectively 
assess FOG severity (6). Video-based analysis of the Standing-Start 
180° Turn Test showed valid findings for measuring turn steps and 
turn time with acceptable reliability (11). We modified the Standing-
Start 180° Turn Test while performing a modified Timed Up-and-Go 
(TUG) task (6). The TUG task was repeated twice in each direction, 
and the entire process was video-recorded to quantify FOG. The mean 
turn steps and turn time were obtained by averaging each trial. To as-
sess locomotion and motor function, we measured the mean time to 
complete a standard TUG task and the Unified Parkinson’s Disease 
Rating Scale part III (UPDRS-III) motor scale (12). All behavioural 
assessments were performed by one researcher who was blinded to 
the stimulation condition.

Statistical analysis
The Shapiro-Wilk test was used to test the normal distribution assump-
tion for all continuous variables. This assumption was rejected for all 
parameters in this study (p < 0.05 by the Shapiro-Wilk test). Therefore, 
the effect of the interventions over time between 2 conditions was 
evaluated using the Friedman test. If there was a difference across 
time-points between 2 conditions, post hoc analysis was performed 
with the Wilcoxon signed-rank test to compare pairs of time-points 
for each condition. The significance level was set at 0.05. All statisti-
cal analyses were performed using the software package SPSS 21.0 
(SPSS Inc., Chicago, IL, USA).

RESULTS

All 8 participants completed the study including both condi-
tions without any significant adverse effects. There were no 
significant differences in baseline scores on the behavioural 
assessments between the 2 rTMS conditions (Table II).

METHODS
Participants
We recruited 8 patients diagnosed with AP with FOG (5 VP, 2 PSP, and 
1 MSA). Baseline characteristics of the participants are presented in 
Table I. All participants were right-handed. No participant had a history 
of receiving rTMS for treatment or research purpose. Diagnoses were 
made by neurologists with expertise in movement disorders (JWJ and 
JY) based on medical history, physical examination, and neuroimaging 
studies. To determine the cause of Parkinsonism, we used the PINE 
study as a reference (9). All participants were able to walk indepen-
dently without walking devices. We excluded patients with pre-existing 
and active major neurological diseases other than Parkinsonism and 
those with a previous history of seizures or implanted metallic objects 
that would contraindicate rTMS (7). All study assessments took place 
at the same time of the day for each patient. 

All study procedures were carried out with adequate understand-
ing and written consent of the subjects involved and with the ethical 
approval of the authors’ institutional review boards.

Study design
This study was a randomized, single-blinded, crossover design with 
blind observer. All patients received 5 sessions of high-frequency rTMS 
(real) or sham stimulation (sham) over M1-LL for a week after block 
randomization. The stimulation was conducted with a 2-week interval 
between 2 stimulations to avoid carryover effects, and the session 
order was counterbalanced across patients (Fig. 1). The assessment 
was carried out 3 times: at baseline before rTMS (T0, pre-rTMS at day 
1), after rTMS (T1, post-rTMS at day 5), and 1 week after cessation 
of rTMS (T2, follow-up at day 12). Medication was kept constant 
throughout the trial, and all interventions were performed at the same 
time of day for each patient.

Optimal stimulating point for rTMS
The patients were seated in an armchair with a silver-silver chloride 
surface electrode placed over the tibialis anterior muscle contralat-
eral to the dominant hemisphere. The hot spot was determined using 
a Rapid2® Stimulator TMS System (The Magstim Company Ltd, 
Whitland, UK) and the double cone coil. The coil was placed over 
the scalp and repositioned until the maximal motor-evoked potentials 
(MEPs) were elicited. After determining the hot spot, the resting motor 
threshold (RMT) was obtained by delivering single-pulse transcranial 
magnetic stimulation to the hot spot. The RMT was defined as the low-
est transcranial magnetic stimulation intensity capable of eliciting an 
MEP greater than a 50 µV peak-to-peak amplitude in 5 of the 10 sub-
sequent trials (6). In addition, 5 MEP sweeps at 120% of the RMT were 
performed, and the mean amplitude of the MEPs was calculated (6).

Fig. 1. Experimental sham-controlled repetitive transcranial magnetic 
stimulation (rTMS) crossover design. T0, pre-rTMS at day 1; T1, post-
rTMS at day 5; T2, follow-up at day 12.

Table I. Baseline characteristics of patients

Patient 
number Gender

Age, 
years

Disease 
duration, 
years

LEDD, mg/
day

Diagno
sis

1 M 71 6 200 VP
2 F 76 2 1,530 VP
3 M 78 6 950 MSA
4 F 81 3 500 VP
5 M 79 6 612.5 VP
6 M 64 4 487.5 VP
7 M 66 5 1,100 PSP
8 M 60 2 200 PSP
Mean (SD) 71.9 (7.8) 4.3 (1.8) 697.5 (463.6)

LEDD: levodopa equivalent daily dose; SD: standard deviation; VP: 
vascular parkinsonism; PSP: progressive supranuclear palsy; MSA; 
multiple system atrophy.
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on motor function in PD without significant adverse effects 
(13). Besides motor function, recent studies have reported that 
high-frequency rTMS applied over M1-LL can improve FOG 
symptoms in patients with PD (8). In spite of heterogeneous 
underlying pathophysiologies between PD and AP, attempts 
with similar rTMS protocols with PD have been made in pa-
tients with AP (14). In FOG in advanced PD patients, decreased 
neural reserve and automaticity due to dysfunctional basal 
ganglia are considered the major pathophysiological mecha-
nisms (4). Under this hypothesis, our previous study showed 
that high-frequency rTMS over M1-LL has the potential to 
reduce FOG in patients with parkinsonism (6). However, the 
previous study could not assess long-lasting effects as only 
one session of rTMS was applied. For clinical therapeutic 
purposes, it is essential to demonstrate a long-lasting effect of 
NIBS. The lasting duration of the behavioural effects of rTMS 
relies on the number of sessions (15). Therefore, this study was 
designed to establish a therapeutic strategy with cumulative 
rTMS to reduce FOG. In this respect, it is meaningful that the 
effects of high-frequency rTMS on FOG were cumulative and 
continued for at least one week.

Because episodes of FOG are often rare or absent in the 
clinic, a questionnaire is often a proper assessment tool of the 
presence and severity of FOG (1). We used FOG-Q as the pri-
mary outcome; however, it cannot assess the immediate effect 
of one session of rTMS. For the objective assessment of FOG, 
the modified Standing-Start 180° Turn Test was also used in 
this study. There was no significant difference in FOG-Q im-
mediately or one week after rTMS between the 2 conditions, 
although there was a statistically significant improvement over 
time in only real rTMS conditions. In addition, improvement 
in FOG-Q after cumulative rTMS was less than 20%, which 
suggests a lack of clinical significance. However, the turn steps 
in the modified Standing-Start 180° Turn Test was significantly 
different between the 2 conditions immediately and one week 

Fig. 2 (A, B) shows individual raw data of the FOG-Q and 
the turn steps in each rTMS condition. The FOG-Q and the turn 
steps showed significant differences between the conditions 
over time (χ2

 = 6.067, p = 0.048 and χ2=9.083, p = 0.011). In the 
post hoc comparison, the FOG-Q and the turn step decreased 
significantly between T0 and T1 only in the group that received 
rTMS (p = 0.049 and p = 0.026). In addition, these significant 
effects lasted until T2 (p = 0.028 and p = 0.026). However, turn 
time was not significantly different between the conditions 
over time (Table II).

Fig. 2 (C, D) shows individual raw data of the TUG task 
and UPDRS-III in each rTMS condition. The results of the 
TUG task and UPDRS-III were significantly different between 
the conditions over time (χ2

 = 7.200, p = 0.02 and χ2
 = 7.000, 

p = 0.030). In the post hoc comparison, TUG task and UPDRS-
III scores decreased significantly between T0 and T1 only in 
those who received rTMS (p = 0.049 and p = 0.030). In addition, 
the significant difference in UPDRS-III lasted only until T2 
(p = 0.028, Table II). 

DISCUSSION

This pilot study showed that 5 sessions a week of high-fre-
quency rTMS might be effective for alleviating FOG symptoms 
in patients with AP without any severe adverse effects, with 
the effects continuing for one week. In addition, cumulative 
high-frequency rTMS could improve locomotion function in 
patients with AP. These results might suggest the potential 
of cumulative high-frequency rTMS for 5 days as an add-on 
therapy for FOG in patients with AP.

rTMS has been used widely in movement disorders such as 
PD, because it has the ability to modulate the activity of the 
distant subcortical areas in addition to the direct cortical stimu-
lation site (4). Meta-analyses showed a significant efficacy of 
high-frequency rTMS over the primary motor cortex hand area 

Table II. Behavioural and cortical excitability assessments

Baseline (T0)
Mean (SD)

Post-intervention (T1)
Mean (SD)

Follow-up at day 12 (T2)
Mean (SD)

Behavioural assessments
FoG-Q Real rTMS 15.3 (5.4) 13.0 (4.2)* 13.5 (3.5)*

Sham rTMS 15.4 (4.5) 15.0 (4.5) 14.5 (4.4)
Turn steps Real rTMS 25.3 (10.4) 20.8 (8.1)* 19.6 (8.1)*

Sham rTMS 24.5 (9.8) 24.9 (11.3) 21.8 (9.5)
Turn time (sec) Real rTMS 16.35 (5.77) 14.47 (4.81) 14.38 (5.56)

Sham rTMS 15.52 (6.53) 15.27 (5.37) 16.19 (6.80)
TUG task (sec) Real rTMS 53.75 (31.88) 46.12 (24.60)* 46.75 (26.64)

Sham rTMS 43.75 (22.82) 44.37 (25.08) 43.62 (26.00)
UPDRS-III Real rTMS 20.1 (12.0) 17.3 (12.8)* 16.9 (12.7)*

Sham rTMS 19.8 (12.0) 19.1 (11.7) 20.6 (11.0)
Cortical excitability assessments
RMT (%) Real rTMS 42.5 (9.0) – –

Sham rTMS 43.8 (10.3) – –
Amplitude (µV) Real rTMS 480.2 (304.9) – –

Sham rTMS 469.1 (350.1) – –

*p < 0.05 compared with baseline.
FoG-Q: Freezing of Gait Questionnaire; rTMS: repetitive transcranial magnetic stimulation; TUG: Timed Up and Go task; UPDRS-III: Unified 
Parkinson’s Disease Rating Scale part III; RMT: resting motor threshold.
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cumulative high-frequency rTMS could improve locomotion 
and motor function in patients with AP. These results were 
similar to those of a previous pilot study (14). Because we 
used a crossover study design with sham rTMS condition, the 
results of this study revealed stronger evidence than a previous 
pilot study. Therefore, cumulative high-frequency rTMS over 
M1-LL might be considered a potential additional therapy for 

after rTMS. Further study on the clinical effect of cumulative 
rTMS is needed to support the therapeutic potential of high-
frequency rTMS for FOG in patients with AP. 

A previous pilot study without a control group reported that 
gait function improved after 5 Hz rTMS for 5 consecutive 
days in patients with VP (14). In this study, the decrease in 
TUG task and UPDRS-III over time in real rTMS means that 

Fig. 2. Change in (A) Freezing of Gait Questionnaire (FOG-Q), (B) turn steps of the modified Standing Start 180° Turn Test, (C) Timed Up and Go 
(TUG) task, and Unified Parkinson’s Disease Rating Scale part III (UPDRS-III) in each rTMS condition. T0, pre-rTMS at day 1; T1, post-rTMS at 
day 5; T2, follow-up at day 12.
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improving locomotion and motor function in patients with AP 
as well as with PD.

The crossover design used in this study can reduce the influ-
ence of confounding factors compared with a non-crossover 
longitudinal study design. In spite of this advantage, the car-
ryover effect is the most common problem in a crossover study 
design (5). In this study, we used a washout period with 2 weeks 
and a counterbalanced session order to avoid carryover effects. 
However, a 2-week interval in this study was relatively short to 
wash out the effect of cumulative rTMS. This relatively short 
duration of washout is one of the limitations in this study. In 
addition, the duration of follow-up was relatively short in 
this study. The crossover design has another major limitation, 
in that participants could easily guess whether they received 
real or sham rTMS. Sham rTMS in this study, which involved 
tilting the TMS coil on its side, is not a true sham condition. 
Unfortunately, the protocol in this study did not apply the 
questionnaire for both real and sham conditions. To clarify 
these limitations, a further randomized, double-blind, parallel-
group study with a longer follow-up period will be needed to 
investigate the effects of rTMS for FOG. Another limitation 
is that we included a small number of patients with VP, PSP, 
and MSA. The pathophysiological mechanisms responsible 
for FOG may differ according to each disease, despite similar 
clinical features. Therefore the power to draw the conclusion 
that high-frequency rTMS was effective on FOG in each dis-
ease may be insufficient. However, we focused on rTMS as an 
add-on therapy for FOG in this study. Further investigations 
are required to supplement these limits.

In conclusion, our results suggest that high-frequency rTMS 
over the M1-LL might be effective for improving FOG in AP. 
This pilot study warrants that further investigations with a large 
number of participants and better study design will be needed 
to clarify the effect of high-frequency rTMS on FOG in AP.
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