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Abstract.
Purpose: Freezing of gait (FOG) affects mobility and balance seriously. Few reports have investigated the effects of repetitive
transcranial magnetic stimulation (rTMS) on FOG in Parkinson’s disease (PD). We investigated the efficacy of high-frequency
rTMS for the treatment of FOG in PD.
Methods: Seventeen patients diagnosed with PD were recruited in a randomized, double-blinded, cross-over study. We applied
high frequency rTMS (90% of resting motor threshold, 10 Hz, 1,000 pulses) over the lower leg primary motor cortex of the
dominant hemisphere (M1-LL) for five sessions in a week. We also administered alternative sham stimulation with a two-week
wash out period. The primary outcomes were measured before, immediately after, and one week after the intervention using the
Standing Start 180◦ Turn Test (SS-180) with video analysis and the Freezing of Gait Questionnaire (FOG-Q). The secondary
outcome measurements consisted of Timed Up and Go (TUG) tasks and the Unified Parkinson’s Disease Rating Scale part III
(UPDRS-III). Motor cortical excitability was also evaluated.
Results: There were significant improvements in the step required to complete the SS-180 and FOG-Q in the rTMS condition
compared to the sham condition, and the effects continued for a week. The TUG and UPDRS-III also showed significant
ameliorations over time in the rTMS condition. The MEP amplitude at 120% resting motor threshold and intracortical facilitation
also increased after real rTMS condition.
Conclusions: High frequency rTMS over the M1-LL may serve as an add-on therapy for improving FOG in PD.
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1. Introduction

Freezing of gait (FOG) is defined as a brief, episodic
absence or marked reduction of forward progression
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of the feet despite the intention to walk (Nutt et al.,
2011). Almost 50% of patients with Parkinson’s dis-
ease (PD) experience FOG at least twice a month,
and 80% of patients in the more advanced stages
may suffer from this symptom (Macht et al., 2007).
Mobility and postural stability deteriorate over time
due to FOG, ultimately resulting in the need for a
wheelchair (Bloem et al., 2004). Levodopa, which
keeps the patient in the “on” state for most of the
time, is the most common treatment to reduce the
occurrence of FOG (Nutt et al., 2011). However, higher
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doses of levodopa are needed to control FOG, and its
effect lessens as the disease progresses (Moreau et al.,
2012). Intensive physical therapy (Allen et al., 2010)
and attentional strategies using visual (Donovan et al.,
2011) and auditory cues (Kadivar et al., 2011) may
serve as effective rehabilitation to reduce FOG. Deep
brain stimulation of the subthalamic nucleus can alle-
viate symptoms of FOG (Ferraye et al., 2008). Despite
intense investigations, standard rehabilitation strate-
gies have not been established in PD (Tomlinson et al.,
2013), and the invasiveness of DBS is a strong draw-
back.

Repetitive transcranial magnetic stimulation
(rTMS) is a valuable non-invasive brain stimulation
tool for interventional neurophysiology applications,
and modulates brain activity in a specific, distributed,
cortico-subcortical network (Fregni and Pascual-
Leone, 2007). Many studies about rTMS in PD
have focused on its beneficial effects on motor and
gait function. Meta-analyses found modest efficacy
of high-frequency rTMS on motor function in PD
(Fregni et al., 2005; Elahi et al., 2009). In terms of
FOG in PD patients, a cross-over study that applied
anodal transcranial direct current stimulation (tDCS),
another non-invasive brain stimulation technique,
recently showed therapeutic potential (Valentino
et al., 2014). Recently, our previous research showed
the 10 Hz rTMS on the primary motor cortex of
the dominant hemisphere of the lower leg (M1-LL)
was therapeutically effective for FOG in patients
with Parkinsonism (Lee et al., 2014). Unlike single
session rTMS, multi-session cumulative rTMS might
provide a long-lasting effect in cortical excitability
and function (Baumer et al., 2003; Chang et al.,
2010). However, investigations regarding the effect of
cumulative rTMS on FOG in PD are scarce.

On the basis of above previous researches, we
designed and implemented a randomized, double-
blinded, cross-over study to investigate immediate and
long-term effects of cumulative high-frequency rTMS
over M1-LL on FOG in patients with PD.

2. Methods

2.1. Subjects

We recruited 19 patients diagnosed as PD with FOG.
Diagnoses were made by neurologists with expertise in
movement disorders (JWJ and JYY) based on medical

history, physical examination, and neuroimaging stud-
ies. All participants were able to walk independently
without walking devices. “Freezers” were defined as
patients who had a positive answer for question 3
(score ≥1), “Do you feel that your feet get glued to
the floor while walking, making a turn, or when trying
to initiate walking (freezing)?” on the freezing of gait
questionnaire (FOG-Q) (Shine et al., 2012).

All study assessments took place in the “on” state
at the same time of the day for each patient. Dosages
of anti-parkinsonism medication were expressed as the
levodopa equivalent dose using a formula (Tomlinson
et al., 2010). We excluded patients with pre-existing
and active major neurological diseases other than
PD and those with a previous history of seizures or
implanted metallic objects that would contraindicate
rTMS (Rossi et al., 2009).

2.2. Study design

This study was a randomized, double-blinded
crossover design. All patients received 5 sessions
of high-frequency rTMS (real) or sham stimulation
(sham) over M1-LL for a week after block randomiza-
tion. The stimulation was conducted with a two week
interval between real and sham stimulation to avoid
carryover effects, and the session order was counter-
balanced across patients (Fig. 1). The assessment was
carried out three times: at the baseline before stim-
ulation (pre-rTMS at day 1), immediately after the
intervention (post-rTMS at day 5), and 1 week after
cessation of the intervention (follow up at day 12). It
took five weeks for each participant to complete the
entire trial. Medication was kept constant throughout
the trial, and all interventions were performed at the
same time of day.

2.3. Standard protocol approvals

All study procedures were carried out with ade-
quate understanding and written consent of the subjects
involved and with the ethical approval of the authors’
institutional review boards. Written informed consent
was obtained from each participant.

2.4. Motor cortex mapping

The patients were seated in an armchair with a silver-
silver chloride surface electrode placed over the tibialis
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Fig. 1. Study design. This study was a randomized, double-blind crossover design. All participants received 5 sessions of high-frequency rTMS
or sham stimulation after block randomization. The stimulation was conducted with a two week interval between real and sham sessions, and the
session order was counterbalanced across the participants. The assessment of FOG was carried out three times: at the baseline before stimulation
(pre-rTMS at day 1), immediately after the intervention (post-rTMS at day 5), and 1 week after cessation of the intervention (follow-up at day
12).

anterior muscle contralateral to the dominant hemi-
sphere. The hot spot was determined using a Rapid2®

Stimulator TMS System (The Magstim Company Ltd,
Wales, UK) and the double corn coil. The double
corn coil was placed over the scalp and repositioned
until the maximal motor evoked potential (MEP) was
elicited. After determining the hot spot, the resting
motor threshold (RMT) was obtained by delivering sin-
gle pulse transcranial magnetic stimulation to the hot
spot. The RMT was defined as the lowest TMS inten-
sity capable of eliciting a MEP greater than a 50 µV

peak-to-peak amplitude in five of the ten subsequent
trials.

2.5. rTMS intervention

Pulses were delivered through a double corn 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 two Booster Modules (The Magstim Company
Ltd.). Each train was 5 seconds, with 55-second inter-
train intervals, delivering 1,000 pulses in 20 minutes.
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. The stimulation
paradigm was the same as that of real M1-LL rTMS.

2.6. Outcome measures

2.6.1. Primary outcome measures
We used the FOG-Q, a self-assessment scale

for evaluating FOG symptoms in Parkinson’s syn-
drome, as the primary outcome measure. Because the
FOG-Q is subjective measure of FOG, we adopted
an additional objective evaluation tool, a modified
Standing-Start 180◦ Turn Test (SS-180), as another pri-
mary outcome measure. Video-based analysis of the
SS-180 showed valid findings for measuring turning
steps (TS) and turning time (TT) with acceptable reli-
ability (Stack and Ashburn, 2005). We modified the
SS-180 while performing a standard Timed Up-and-Go
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Fig. 2. Schematic drawing of the standard Timed Up and Go (TUG) task and the modified Standing Start 180◦ Turn Test (SS-180). The
participants walk for a distance of five meters from a sitting position and come back to the chair after turning 180◦ around a traffic cone in a
0.5 m × 0.5 m target box. The time and number of steps during the 180◦ turn are measured from the point when the patient is one meter from
the cone. The whole process is recorded by a video camera.

(TUG) task (Fig. 2). Specifically, the participants were
instructed to walk to a target (traffic cone) 1 m behind
them, turn around, and then return during the TUG task.
The TUG task was repeated twice in each direction,
and the entire process was video recorded to quantify
FOG. The mean number of steps and time to com-
plete the task were obtained by averaging each trial.
All evaluations and video analysis were independently
performed by a blinded rater.

2.6.2. Secondary outcome measures
Secondary outcome measures included the mean

time to complete a standard TUG task and the Unified
Parkinson’s Disease Rating Scale part III (UPDRS-III).
Participants were initially prepared in the sitting posi-
tion, and were then requested to rise up and walk for a
distance of five meters (Fig. 2). Then, the patients came
back to the chair after turning 180◦ around a traffic cone
in a 0.5 m × 0.5 m box on the floor, as described previ-
ously (Shine et al., 2012). The UPDRS-III consists of
14 items that evaluate motor function.

2.6.3. Measurement of cortical excitability
MEP was performed for neurophysiological test-

ing with the TA muscle contralateral to the dominant
hemisphere using single-pulse TMS at complete rest.
We then investigated cortical excitability using resting
motor threshold (RMT), MEP amplitude at 120% RMT
intensity (AMP), short-interval intracortical inhibition
(SICI), and intracortical facilitation (ICF). SICI and
ICF were measured using the paired-pulse TMS tech-
nique (Kujirai et al., 1993). In the paired-pulse TMS

trials, the test stimulus was applied after the condi-
tioning stimulus at the interstimulus interval of 2 ms
for SICI and 15 ms for ICF. The test and conditioning
stimulus intensity was set to 120% and 80% of rMT
intensity. Each trial was repeated 10 times.

2.7. Statistical analysis

The sample size was determined a priori, assuming
a 2-tailed independent t-test with � equal to 0.05 and
power at 80%. The sample size was determined to be
sufficient to detect differences (δ) of 2.0 in changes of
FOG-Q post-rTMS (the main primary outcome mea-
sure), with respective standard deviations of 1.95 as
calculated using the results of our previous study (Lee
et al., 2014). Using Lehr’s formula (16/(δ/σ)) (Lehr,
1992) and a 20% dropout rate, we calculated that more
than 19 subjects would be needed. To evaluate the
effect of rTMS on all of the primary and secondary out-
come measures across all time points, we performed
the Friedman test with time as the within-subject fac-
tor and treatment (real or sham) as the between-subject
factor. Post-hoc analysis with the Wilcoxon signed-
rank test was performed. Between-group differences
were analyzed using the Mann-Whitney test. Bonfer-
roni’s pairwise comparisons across the three different
assessment times were done as post-hoc analyses to
interpret significant effects. The significance level was
set at 0.05. All statistical analyses were performed
using the software package SPSS 21.0 (SPSS Inc.,
Chicago, IL, USA).
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3. Results

3.1. Subject characteristics

Two patients dropped out and 17 subjects com-
pleted this study. One patient reported a mild headache,
which disappeared soon after stopping stimulation.
One patient was dropped due to acute aggravation of
previous heart disease that was unrelated to this study.
The detailed baseline characteristics of the subjects are
presented in Table 1.

3.2. Changes in primary outcomes: FOG-Q
and SS-180

There were no significant differences in baseline
scores for the primary outcome measures between the
two conditions. The Friedman test revealed signifi-
cant interactions between time and condition for the
FOG-Q and TS (χ2

2 = 13.440, p = 0.001; χ2
2 = 13.320,

p = 0.001, respectively). In the real condition, the
FOG-Q and TS at post-rTMS significantly improved
compared with at pre-rTMS and were maintained at
follow up in the real condition (p < 0.05). However,
there were no significant changes in FOG-Q, TS and
TT at post-rTMS and follow up in the sham condition
(Table 2).

The change of FOG-Q at post-rTMS showed a sig-
nificant improvement in the real condition compared

with the sham condition (p < 0.05). At post-rTMS and
follow up, the change of the TS in the real condition
showed significant improvements compared with the
sham condition (p < 0.05, Fig. 3).

3.3. Changes in secondary outcomes: TUG
and UPDRS-III

There were no significant differences in baseline
scores on the secondary outcome measures between the
two conditions. The Friedman test revealed significant
interactions between time and condition for the TUQ
and UPDRS-III (χ2

2 = 10.073, p = 0.006; χ2
2 = 8.603,

p = 0.014, respectively). In the real condition, the TUG
and UPDRS-III at post-rTMS significantly improved
compared with at pre-rTMS and were maintained at
follow up (p < 0.05). However, there were no signifi-
cant changes in the TUG and UPDRS-III at post-rTMS
and follow up in the sham condition (Table 2).

At post-rTMS and follow up, the change of the
UPDRS in the real condition showed significant
improvements compared with the sham condition
(p < 0.05, Fig. 3).

3.4. Cortical excitability change

The baseline values of all parameters reflecting cor-
tical excitability did not differ between the rTMS and
sham conditions. The significant interactions between

Table 1

Baseline characteristics of patients

Pt. no. Gender Age (yrs) Disease Hoehn & LEDD
duration (yrs) Yahr stage (mg/day)

1 M 77 5 4 1,350
2 F 67 6 3 940
3 M 69 2 4 300
4 F 74 4 3 830
5 M 78 6 3 750
6 M 64 6 2.5 960
7 F 47 7 2.5 1,060
8 F 56 9 3 600
9 F 57 11 3 735
10 M 69 5 2.5 250
11 M 71 12 3 650
12 M 64 11 2.5 620
13 M 57 16 4 440
14 M 66 8 2.5 1,100
15 M 54 1 3 900
16 F 65 20 2.5 600
17 M 61 4 2.5 760

Mean±SD M:F = 12:5 64.5 ± 8.4 7.8 ± 4.9 3.0 ± 0.5 755.6 ± 285.9

LEDD: the levodopa equivalent daily dose.
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Table 2

Behavioral outcomes measures

Pre-rTMS Post-rTMS Follow up

Primary outcome measures
FOG-Q Real condition 12.6 ± 5.3 11.0 ± 5.4∗ 11.4 ± 5.0∗

Sham condition 12.2 ± 5.1 12.4 ± 6.1 11.7 ± 4.9
TS (steps) Real condition 14.4 ± 6.4 13.1 ± 6.1∗ 12.9 ± 5.9∗

Sham condition 13.0 ± 7.4 13.3 ± 8.3 13.5 ± 7.7
TT (sec) Real condition 10.07 ± 4.93 9.41 ± 5.57 9.57 ± 6.13

Sham condition 9.60 ± 4.82 9.58 ± 5.70 9.88 ± 5.63
Secondary outcome measures
TUG (sec) Real condition 27.05 ± 22.24 25.00 ± 21.26∗ 25.00 ± 23.03∗

Sham condition 24.94 ± 20.28 24.22 ± 19.44 24.33 ± 18.88
UPDRS-III Real condition 14.4 ± 13.5 10.0 ± 10.3∗ 10.7 ± 12.7∗

Sham condition 14.2 ± 11.8 13.4 ± 10.9 14.0 ± 11.3

Values are presented as mean ± SD. FOG-Q: freezing of gait questionnaire; TS: turn steps of a modified Standing-Start 180◦ Turn Test; TT:
turn time of a modified Standing-Start 180◦ Turn Test; TUG: Timed Up and Go; UPDRS-III: Unified Parkinson’s Disease Rating Scale part III.
∗Within condtion: p < 0.05, when compared with baseline.

Fig. 3. Changes of behavioral data in the real and sham conditions. (A) the freezing of gait questionnaire (FOG-Q) (B) turning steps (TS), (C)
turning time (TT) using the Standing Start 180◦ Turn Test, (D) the Timed Up and Go task and (E) the Unified Parkinson’s Disease Rating Scale
part III (UPDRS-III). ∗, P < 0.05 comparison with sham condition.

time and condition of the group on the ICF were con-
firmed in the rTMS condition (χ2

2 = 6.154, p = 0.046)
(Table 3). The mean change in AMP at post-rTMS
was significantly greater than at pre-rTMS (p < 0.05),
but there was no significant difference from pre-rTMS
to follow up in the rTMS condition. The mean change

of ICF at post-rTMS and follow up increased signif-
icantly from pre-rTMS in the rTMS group. However,
there was no significant improvement in AMP or ICF
at post-rTMS or follow up in the sham condition. The
RMT and ICI also failed to show significant time and
condition factor interaction effects (Table 3).
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Table 3

Cortical excitability measures

Pre-rTMS Post-rTMS Follow up

RMT (%) Real condition 46.2 ± 7.9 46.70 ± 8.8 47.7 ± 8.3
Sham condition 46.8 ± 8.0 46.2 ± 8.0 46.8 ± 8.1

AMP (uV) Real condition 471.9 ± 422.9 644.2 ± 488.0∗† 585.4 ± 421.3
Sham condition 495.8 ± 421.8 432.6 ± 462.3 457.2 ± 287.9

SICI (%) Real condition 61.88 ± 23.07 61.35 ± 36.19 57.23 ± 28.74
Sham condition 52.76 ± 22.33 63.7 ± 25.04 56.05 ± 27.80

ICF (%) Real condition 105.3 ± 47.4 176.9 ± 74.9∗† 133.9 ± 51.7∗
Sham condition 106.9 ± 48.9 100.7 ± 41.3 111.0 ± 62.4

Values are presented as mean ± SD. RMT: resting motor threshold; AMP: MEP amplitude at 120% RMT intensity; SICI: short-interval intracor-
tical inhibition; ICF: intracortical facilitation. ∗Within condition: p < 0.05, when compared with baseline. †Between conditions: p < 0.05, when
compared with the sham condition.

4. Discussion

This study demonstrated that 5 cumulative sessions
a week of 10 Hz high-frequency rTMS was likely to
alleviate FOG in patients with PD, and the effect con-
tinued for a week. Similar results were found in the
motor and the gait function. This study provides evi-
dence that the cumulative high-frequency rTMS is a
good candidate as an add-on therapy for FOG in PD.

The behavioral data observed in this study demon-
strate a clear pattern of within-group changes for
the real rTMS condition. In addition, the behavioral
data differed significantly between the two conditions.
It is noteworthy that the effects of high-frequency
rTMS on FOG were cumulative and continued for at
least one week after treatment. Behavioral effects of
rTMS depend on the number of sessions administered
(Gershon et al., 2003). We hypothesized that this
cumulative and long-lasting effect is likely due to a
combination of the mechanisms described previously
and direct plastic changes. Baumer et al. (Baumer et
al., 2003) reported that repeated consecutive rTMS
sessions led to cumulative changes in cortical excitabil-
ity. Similarly, MEP parameters (AMP and ICF) that
reflect cortical excitability in this study increased in
the rTMS group, which suggest an increase in synaptic
efficacy (Fregni et al., 2006). However, further research
is needed to investigate the relationship between synap-
tic plasticity and FOG.

Several hypotheses might explain the favorable
influence of rTMS on FOG in PD. First, rTMS might
correct basal ganglia dysfunction through a cortico-
basal ganglia-thalamo-cortical circuit (Shine et al.,
2011; Kamble et al., 2014). Decreased neural reserve
and automaticity due to dysfunctional basal ganglia

are the major pathophysiological mechanisms of FOG
(Shine et al., 2011). rTMS over M1 influences the
premotor cortex, supplementary motor area, thala-
mus, and cerebellum with its connections (Kamble
et al., 2014). In this study, motor cortical excitability
increased significantly after treatment in the real condi-
tion. Therefore, high-frequency rTMS over the M1-LL
directly increased cortical excitability, indirectly trig-
gering striatal hyperactivity through motor pathways
in the basal ganglia. These activities may modulate
inhibitory impulses of the globus pallidus interna,
leading to improvement of FOG (Shine et al., 2013).
Second, high-frequency rTMS over M1-LL might
directly activate dopaminergic neurons in the striatum,
replenishing endogenous dopamine. Some previous
reports support this hypothesis (Strafella et al., 2003;
Khedr et al., 2007). Using positron emission tomog-
raphy, high-frequency rTMS on M1 was previously
shown to increase endogenous dopamine release in
the ipsilateral dorsal striatum by activating corticos-
triatal projections (Strafella et al., 2003). In addition,
Khedr et al. (Khedr et al., 2007) reported that serum
dopamine levels were significantly elevated after six
daily sessions of high-frequency rTMS over the right
and left hand and leg motor cortex using an enzyme
immunoassay.

The results of a previous study of rTMS on FOG
were inconsistent with those of this study (Rektorova
et al., 2007). Rektorova et al. (Rektorova et al., 2007)
conducted a pilot study of rTMS for 6 patients with
PD who featured off-related FOG. Using 10 Hz rTMS
over either the M1-LL or DLPFC, 1,350 pulses per ses-
sion were delivered for 5 days in the on state. However,
the investigation was prematurely terminated because
of a subjective lack of treatment. There were several
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factors that contributed to these differences. We deliv-
ered 1,000 rTMS pulses per session over the M1-LL
only. Our rTMS protocol, including total pulses, dif-
fers from this previous study, which might result in
variability (Hamada et al., 2013). In addition, different
characteristics of the participants in each study may
affect the results, because the FOG in PD is deeply
associated with disease severity and longer levodopa
treatment (Giladi et al., 2001; Macht et al., 2007).

We evaluated FOG-Q and the SS-180 as primary
outcomes. Because the episodes of FOG were highly
variable and usually shown in the off state, histories
or questionnaires are often good indicators (Nutt et al.,
2011). Shine et al. (Shine et al., 2012) found that the
TUG task was a reliable method for provoking FOG
in the clinical setting. In particular, they also reported
that the patients with PD were most likely to freeze
during turns, making it the most sensitive measure for
eliciting FOG (Shine et al., 2012). However, the TUG
may improve regardless of the degree of FOG if the
patients were able to walk faster straight forward due
to improvement in motor function. Considering these
points, the modified SS-180 is likely to be a useful tool
to evaluate changes in FOG for research purposes. The
SS-180 based on video analysis was a comprehensive
test to evaluate turning performance in a clinical set-
ting, and has proven reliability (Stack and Ashburn,
2005, 2008). However, the validity and reliability of a
modified SS-180 for evaluating FOG requires further
investigation. We used a crossover design in which sub-
jects receive a sequence of cumulative real and sham
rTMS. Although this study design has the advantage of
reducing the influence of confounding covariates, it has
two major limitations including order effects and carry-
over effects (Mills et al., 2009). The random-ordered
design used in this study is intended reduce order
effects. However, carry-over effects could still have
affected theresults,because thewashoutperiodwasrel-
ativelyshort at twoweeks.Thesecarry-overeffectsmay
have caused TS and TUG at pre-rTMS to appear higher
in the real condition than sham condition. Despite these
tendencies between the two conditions, we observed
no significant differences in TS or TUG at pre-rTMS
between the two conditions. In addition, episodes of
FOG are often rare or absent in the clinic, and there-
fore a questionnaire is an appropriate assessment tool
for the presence and severity of FOG (Nutt et al.,
2011). FOG-Q was significantly different between the
two conditions. However, differences in the subjective

measurement at baseline constitute one of limitations
of this study, and further studies with longer wash out
periods or parallel designs will be needed.

This study has some limitations. Because the sham
stimulation was conducted without a sham coil, some
participants could be identified the difference between
the real and sham condition. Even though the blind
observer assessed the behavioral and cortical excitabil-
ity analysis, it is one of limitations of this study. Also,
there were a relative small number of participants to
parametric statistical analysis. All measurements and
treatment were performed in the “on” state in PD.
Because this study was conducted on an outpatient
basis, the participants could not visit every day in the
“off” state. However, we focused on rTMS as an add-
on therapy rather than as a medication replacement in
this study. Further investigations are required to sup-
plement these limits in the future.

In conclusion, despite many studies of the therapeu-
tic role of rTMS in PD, few studies investigate the
effects of rTMS on FOG. Our results suggest that the
cumulative high-frequency rTMS over the M1-LL may
serve as an add-on therapy for improving FOG in PD.
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