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Abstract

Objective: To determine whether priming with 1 or 25Hz repetitive transcranial magnetic 

stimulation (rTMS) will enhance the benefits from treadmill training up to 3 months 

postintervention in people with Parkinson disease (PD), and to evaluate the underlying changes in 

cortical excitability.

Methods: This randomized double-blind, placebo-controlled trial was conducted between 

October 2016 and December 2018. Fifty-one participants with PD were randomized to receive 

12 sessions of rTMS (25Hz, 1Hz, or sham) followed by treadmill training. All participants were 

assessed at baseline and 1 day, 1 month, and 3 months postintervention. Primary outcome was 

fastest walking speed, and secondary outcomes were timed up-and-go test (TUG), dual-task TUG 

(DT-TUG), motor section of the Movement Disorder Society–Unified Parkinson’s Disease Rating 

Scale (MDS-UPDRS-III), and electrophysiological evaluation of cortical excitability by TMS.

Results: The 1 and 25Hz rTMS groups produced a greater improvement in fastest walking 

speed at 1 day and 3 months postintervention than the sham group. Only the 1 and 25Hz rTMS 

groups sustained the improvements in TUG, and had a significant improvement in DT-TUG and 

MDS-UPDRS-III for up to 3 months. Behavioral improvements correlated with increased cortical 

silent period and short-interval intracortical inhibition in both groups receiving real rTMS.

Interpretation: Priming with 1 and 25Hz rTMS can augment the benefits of treadmill 

training and lead to long-term motor improvement up to 3 months postintervention. The motor 

improvement at follow-up was associated with a normalization of cortical excitability, which in 

turn suggests an alteration of the homeostatic plasticity range. Rebalancing cortical excitability by 

rTMS appears critical for plasticity induction.
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Introduction

Gait disturbance is one of the most debilitating symptoms of Parkinson disease (PD), 

which is characterized by slow speed, short steps, and reduced dual-task walking ability.1 

Although L-dopa therapy can provide effective symptomatic relief for PD initially, some gait 

difficulties persist and become more complex and refractory to pharmaceutical treatment 

as the disease progresses.2 Gait disorders can lead to functional decline, increased risk of 

falls, and early institutionalization in PD. There is a need to find interventions that maximize 

patients’ gait performance and functional independence. Gait training with treadmill has 

shown efficacy in improving gait performance in patients with PD.3 Another promising 

nonpharmaceutical treatment modality, repetitive transcranial magnetic stimulation (rTMS), 

was found to be effective in improving walking speed in PD.4 Abnormal cortical excitability 

and brain activity are believed to underlie motor disturbances in PD.5,6 Reversing these 

abnormalities by rTMS may promote symptom relief and enhance functional recovery. 

However, the effects of both treadmill training and rTMS have been modest and short­

lived.3,4 The limited long-term efficacy of these treatment modalities may be due to 

impaired plasticity in the primary motor cortex (M1) in PD.7 Beyond the use of rTMS or 

treadmill training, combination of both modalities led to a greater improvement in walking 

speed in patients with PD compared to treadmill training alone.8 Although this preliminary 

finding appears robust, long-term effects and the mechanisms underlying the improvement 

are not understood.

rTMS could modulate cortical excitability; specifically, high-frequency rTMS (ie, ≥5Hz) 

enhances motor cortex excitability,9 whereas low-frequency rTMS (≤1Hz) downregulates 

cortical excitability.10 The approach of neuromodulation offers a promising rationale in 

potentiating the efficacy of motor training by priming it with rTMS for a more permanent 

neuroplastic change. In healthy individuals, motor learning can be enhanced if cortical 

excitability is transiently increased in a process known as “gating.”11 Motor learning can 

also be facilitated if neuronal activity is lowered in the motor cortex prior to training by 

taking advantage of homeostatic metaplasticity.12,13 Although the enhanced effect induced 

by rTMS in the aforementioned study in PD8 may be caused by the increase in cortical 

excitability with high-frequency rTMS, it is plausible that low-frequency rTMS can also 

improve the training effect as the threshold for increasing cortical excitability is lowered. 

However, the use of low-frequency rTMS to prime motor training in PD has not been 

examined before. Therefore, the priming effect of low-frequency rTMS is unknown and the 

important factors that govern the priming effect by rTMS on subsequent motor learning 

in PD remain to be elucidated. In this study, we examined whether 1Hz or 25Hz rTMS 

was more effective than sham rTMS in augmenting the benefits of treadmill training in 

patients with PD at 1 month and 3 months postintervention. We also determined whether any 

improvement in behavioral outcomes produced by active rTMS treatment was mediated by a 

change in corticomotor excitability. We further explored the relative efficacy between 1 and 

25Hz rTMS in priming treadmill training.

Lau-Ha Chung et al. Page 2

Ann Neurol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Subjects and Methods

Study Design

This randomized double-blind, placebo-controlled trial was carried out at a neurophysiology 

laboratory at the Hong Kong Polytechnic University, Hong Kong. Fifty-one participants 

with mild to moderate PD (mean age = 62.3 years, standard deviation = 6.0; 24 female) 

were recruited from the movement disorder clinics of 3 local hospitals and through the 

Hong Kong Parkinson’s Disease Association, a patient self-help group. Individuals were 

eligible if they were diagnosed with idiopathic PD by a neurologist, aged between 40 and 

70 years, had been stable on antiparkinsonian medication, and could walk a distance of 

30m independently. The exclusion criteria were diagnosis of neurological diseases other 

than PD, severe comorbidities known to interfere with participation in the study, dementia 

(Mini-Mental State Examination < 24),14 a history of psychiatric disorders, no recordable 

motor evoked potentials (MEPs) with TMS, the presence of dyskinesia or tremors that 

would disturb stimulation, and contraindications for TMS.15 The study was approved by 

the university’s ethics committee. All study participants provided written informed consent 

to participate in the study in accordance with the Declaration of Helsinki. The trial was 

registered on ClinicalTrials.gov (NCT02701647).

Randomization and Blinding

Participants were randomly assigned using a web-based computer software research 

randomizer conducted by a research team member who was not the principal assessor, to 

1 of the 3 groups (1:1:1) which received either 1Hz (1Hz-TT), 25Hz (25Hz-TT), or sham 

rTMS (sham-TT) followed by 30-minute treadmill training for 12 sessions over 3 weeks. 

Treatment allocation was concealed from the study investigator and assessor using opaque 

envelopes. Participants were blinded to rTMS conditions and all were naive to rTMS before 

the study. Participants were informed that the stimulation during rTMS was subthreshold for 

muscle contraction, and this intensity was much lower than that of single-pulse TMS used 

during electrophysiological evaluation. Hence, no peripheral sensation should be expected.

Procedures

Repetitive Transcranial Magnetic Stimulation.—Intervention was delivered by a 

physiotherapist who is well trained in TMS. The experimental groups (1Hz-TT and 25Hz­

TT) received either 1 or 25Hz rTMS to the leg area of bilateral M1 while seated using a 

90mm double-cone coil connected to a magnetic stimulator (Magstim Company, Whitland, 

UK). The coil was placed at optimal position over M1 for eliciting MEPs in the targeted 

tibialis anterior muscle. The M1 contralateral to the tibialis anterior muscle on the more­

affected side was treated first, followed by that of the less-affected side. Each participant in 

the 1Hz-TT and 25Hz-TT groups received a total of 1,200 rTMS pulses at 80% of resting 

motor threshold (RMT). RMT is defined as the lowest intensity required to elicit MEPs 

of >50μV in at least 5 of 10 consecutive trials while the target muscle is relaxed.15 The 

RMT was determined to the nearest 1% of the maximum stimulator output.16 Participants 

in the 1Hz-TT group received 600 rTMS pulses in 10 minutes on each hemisphere. For the 

25Hz-TT group, 600 rTMS pulses were delivered to each hemisphere in 4-second trains with 

an intertrain interval of 50 seconds. Sham rTMS was applied with a disconnected coil and 
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another active coil behind the participant to mimic true stimulation sound effects without 

brain stimulation.

Treadmill Training.—Immediately after rTMS, participants proceeded with 30 minutes 

of treadmill training while wearing a safety harness to prevent falls. Treadmill speed 

was increased at increments of 0.2km/h every 5 minutes as tolerated. The maximum 

speed achieved was then maintained for the rest of the session or adjusted as needed. 

Verbal feedback was given to encourage participants to walk with an upright posture and 

large strides. Maximum walking speed, total walking distance, and self-perceived physical 

exertion measured by the Borg scale were recorded for each session to monitor exercise 

intensity.

Outcome Measures

Participants were assessed at the same time of day at baseline and 1 day (Post), 1 month 

(Post1m), and 3 months (Post3m) postintervention. All assessments were conducted with 

patients in the “on” medication state (ie, after taking their customary antiparkinsonian 

medication and having good therapeutic effect). Additionally, cortical excitability measures 

including the slope of recruitment (recruitment curve [RC]) and cortical silent period (CSP) 

were assessed immediately after rTMS on day 1 of the intervention session.

Behavioral Assessment

The primary behavioral outcome measure was the change in the fastest walking speed, 

which is a direct measure of the training effect of the treadmill training where participants 

were instructed to walk at their maximal tolerable speed. In addition, walking at the fastest 

speed poses a challenge to patients with PD, as bradykinesia is one of the cardinal symptoms 

and more balance control is required for fast walking. Participants were instructed to walk 

for 14m at their fastest walking speed, and the time taken to cover the middle 10m was 

recorded to calculate the fastest walking speed. The average speed over the 3 trials was used 

for analysis. Secondary outcome measures included the timed up-and-go test (TUG), dual­

task TUG (DT-TUG), and the motor section of the Movement Disorders Society–Unified 

Parkinson’s Disease Rating Scale (MDS-UPDRS-III). TUG and DT-TUG were performed 

by instructing participants to stand up from a chair, walk 7m, turn around, walk back to 

the chair, and sit down. For DT-TUG, participants were also required to perform a series 

of 3 subtraction tasks simultaneously. Completion time was captured using the Mobility 

Lab (APDM Wearable Technologies, Portland, OR).17 MDS-UPDRSIII was used to evaluate 

the severity of motor symptoms of PD.18 It comprises 27 items, including tremor, rigidity, 

bradykinesia, postural instability, and gait performance. Each item is scored from 0 to 4, 

with 0 indicating no disability and 4 indicating maximum disability, with total score ranging 

from 0 to 132. Freezing of gait was evaluated using item 3.11 in MDS-UPDRS-III, with 

0 indicating no freezing, 1 and 2 indicating slight and mild freezing of gait, and 3 and 4 

indicating moderate and severe freezing of gait.

Transcranial Magnetic Stimulation Techniques and Electromyographic Recordings

Electrophysiological measures including the linear slope of the RC,19 CSP, and short­

interval intracortical inhibition (SICI) were recorded from electromyography (EMG) of 
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the tibialis anterior muscle of the more-affected side using silver-silver chlo-ride surface 

EMG electrodes placed in a belly-tendon montage. EMG signals were amplified and filtered 

(bandpass = 2Hz and 10kHz). The signal was digitized (1401; Cambridge Electrical Design, 

Cambridge, UK) and exported into a computer for offline analysis.

The slope of the RC reflects the neurophysiological strength of corticospinal projections to 

the target muscle.15 Ten TMS stimuli were applied in 10% steps from 100 to 160% of each 

participant’s RMT. The cutoff intensity was set at 75% of maximum stimulator output due 

to the discomfort perceived by the majority of participants. The peak-to-peak amplitudes of 

10 MEPs at each stimulus intensity were averaged offline and normalized with the maximal 

muscle action potential, which was determined by supramaximal electrical stimulation of the 

fibular nerve. The average normalized MEPs were plotted against stimulation intensity to 

obtain the linear slope of RC.

CSP is an interruption of EMG activity in a contracting muscle after a TMS trigger. It 

is largely due to an inhibitory mechanism originating from the motor cortex and is likely 

mediated by γ-aminobutyric acid type B (GABAB) receptors.15 To elicit CSP, stimulation 

intensities of 130 to 150% of RMT are most commonly used in the literature to ensure 

that the CSP durations reflect intracortical inhibition.20 The present study used 130% 

RMT, because stimulation intensity >130% RMT could lead to ceiling effects, which 

could preclude the ability to observe CSP changes after an intervention.21 Participants 

were instructed to perform a 20% isometric maximal contraction of tibialis anterior muscle 

while 10 suprathreshold TMS stimuli (ie, 130% RMT) were delivered. The duration of CSP 

was determined as the period between the onset of the MEP and the return to baseline 

EMG activity measured 100 milliseconds before TMS stimulus.22 Each CSP duration was 

determined, and the mean value of 10 CSPs was used for analysis. A longer CSP indicates 

greater intracortical inhibition.

SICI is another measure of the intracortical inhibition mediated by GABAA receptors.15 

It is measured using a paired-pulse TMS paradigm according to Kujirai’s procedure.23 A 

test pulse was adjusted to produce MEPs of at least 0.5mV and was delivered after a 

conditioning pulse set at 80% RMT with an interstimulus interval of 2 milliseconds.15 A 

previous study indicated that the maximum suppression of the test response occurred with 

the conditioning pulse set at 80% RMT.23 Ten conditioned MEPs and 10 unconditioned 

MEPs were obtained in a random order and were averaged for each condition. SICI values 

are expressed as a percentage of the unconditioned test MEP amplitude. Values < 100% 

reflect inhibition, and a lower percentage for SICI denotes greater intracortical inhibition.

Statistical Analysis

All statistical analyses were performed using SPSS version 20.0 software (IBM, Armonk, 

NY). Our analysis included all participants who had at least one post-training assessment. 

If there were missing follow-up data, last observation carried forward was adopted. All 

outcome measures were separately analyzed with a 3 × 4 two-factor repeated-measures 

analysis of variance (ANOVA) with one within-subject factor, that is, assessment interval 

(baseline, Post, Post1m, Post3m), and 1 between-subject factor, that is, intervention group 

(1Hz-TT, 25Hz-TT, sham-TT). When there was an interaction effect between group and 
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time, a 1-way repeated-measure ANOVA was followed by post hoc pairwise comparison 

with Bonferroni adjustment to achieve multiple comparisons of 3 time points for each 

treatment group. A between-group analysis of changes from the baseline was performed 

using a 1-way ANOVA, and Tukey adjustment was done for multiple comparisons of 

the change scores for the 3 intervention groups at each postintervention time point. 

Pearson correlation analysis was applied to establish the associations between the 

electrophysiological and behavioral measures. All statistical tests were 2-tailed with a 5% 

level of statistical significance. The sample size calculation is based on a previous study,8 

considering 80% power and an effect size of 0.2 at a 5% level of significance; assuming 10% 

attrition, 17 subjects would be needed per group.

Results

Of 87 patients screened between October 19, 2016 and June 15, 2018, 51 participants were 

recruited and randomly assigned to 25Hz-TT, 1Hz-TT, or sham-TT, and 50 participants 

completed the study (Fig 1). Baseline demographic and clinical characteristics were similar 

among groups (Table 1). Five and 3 participants had slight and mild gait freezing, 

respectively, but none had moderate to severe freezing of gait, as assessed with item 3.11 

of MDS-UPDRS-III. No participant had freezing of gait during the assessment sessions. 

Training dose and intensity received by each group were similar. The procedure was well 

tolerated by all participants, with no adverse effects reported. Changes in each behavioral 

and electrophysiological outcome across assessment intervals are presented in Table 2.

Primary Outcome

After 3 weeks of intervention, all subject groups showed an improvement in fastest walking 

speed from Post to Post3m (time effect, F3,47 = 18.86, η2 = 0.29, p < 0.001; Table 2). 

The 25Hz-TT group increased fast walking speed by 14.8cm·s−1 at Post, 18.3cm·s−1 at 

Post1m, and 13.7cm·s−1 at Post3m. The 1Hz-TT group improved fast walking speed by 

14.2cm·s−1 at Post, 17.6cm·s−1 at Post1m, and 16.8cm·s−1 at Post3m. The sham-TT improved 

fast walking speed by 4.6cm·s−1 at Post, 8.5cm·s−1 at Post1m, and 0.64cm·s−1 at Post3m. 

Between-group analysis for the changes from baselines revealed that 1Hz-TT had a trend of 

greater improvement than sham-TT at Post (by 9.6cm·s−1; 95% confidence interval [CI] = 

−0.6 to 19.9, p = 0.070), and the difference reached significance at Post3m (by 16.3cm·s−1; 

95% CI = 3.1–29.5, p = 0.012; Fig 2A). 25Hz-TT had a marginally greater improvement 

than sham-TT at Post (by 10.2cm·s−1; 95% CI = −0.04 to 20.5, p = 0.051) and at Post3m (by 

13.2cm·s−1; 95% CI = −0.03 to 26.4, p = 0.051). No difference was found when comparing 

25Hz-TT with 1Hz-TT at any time point.

Secondary Outcomes

Significant interaction effects were found in TUG (time × group, F6,47 = 2.56, η2 = 0.10, p 
= 0.033), DT-TUG (time × group, F6,47 = 2.80, η2 = 0.11, p = 0.031), and MDS-UPDRS-III 

scores (time × group, F6,47 = 4.16, η2 = 0.15, p = 0.002; Table 2). For TUG time, all 

groups showed improvement at Post but only 1Hz-TT (p = 0.006; Table 3) and 25Hz-TT 

(p = 0.004; Table 3) sustained the improvement up to Post3m. Between-group comparison 

showed that 25Hz-TT had a greater improvement in TUG time than 1Hz-TT at Post1m (by 
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−1.8 seconds; 95% CI = −3.4 to −0.2, p = 0.029) and sham-TT at Post3m (by −1.9 seconds; 

95% CI = −3.7 to −0.1, p = 0.039; Fig 2B). Because the TUG test consists of a 7m walking 

component, exploratory analysis was performed to examine the time taken to complete the 

walking portion of TUG. Results showed that there was no group × time interaction effect 

and all subject groups had small although significant reductions in time spent on the walking 

component of TUG (time effect, F3,47 = 8.47, η2 = 0.15, p < 0.001; Tables S1 and S2, 

Supplementary Materials).

For DT-TUG time and MDS-UPDRS-III score, 1Hz-TT and 25Hz-TT but not sham-TT 

showed significant improvement at all time points (Table 3). For all groups, performance 

of cognitive tasks during DT-TUG did not decline and there were no differences among 

the groups. Between-group comparison showed that 25Hz-TT had a greater improvement in 

DT-TUG time than sham-TT at Post1m (by −4.6 seconds; 95% CI = −7.9 to −1.2, p = 0.006) 

and Post3m (by −4.0 seconds, 95% CI = −8.0 to −0.03, p = 0.048; Fig 2C). Both 25Hz-TT 

and 1Hz-TT outperformed sham-TT in reducing MDSUPDRS-III scores at Post (1Hz-TT, 

by −3.2; 95% CI = −6.4 to −0.02, p = 0.048; 25Hz-TT, by −6.3; 95% CI = −9.4. to −3.1, p 
< 0.001; Fig 2D); 25Hz-TT showed a trend of greater reduction in MDS-UPDRS-III scores 

than 1Hz-TT at Post (p = 0.056) and a significant greater reduction than sham-TT at Post1m 

(by −5.3; 95% CI = −8.2 to −2.3, p < 0.001; Fig 2D).

Electrophysiological Outcomes after a Single Session of rTMS on the First Day of 
Intervention

No significant interaction effect or time effect was found after a single session of rTMS on 

day 1 of the intervention for RC slope and CSP (Table S3, Supplementary Materials). A 

between-group comparison for the changes in the slope of RC and CSP from the baseline 

found no difference among the 3 intervention groups (Table S4, Supplementary Materials). 

No significant correlation was found between changes in CSP or RC slope after a single 

session of rTMS and the changes in any behavioral outcome measure for all subjects in both 

the short and long term (Table S5, Supplementary Materials).

Electrophysiological Outcomes after Completion of 3-Week Intervention

No intervention had a significant effect on the slope of RC at any assessment interval. For 

the CSP, a significant interaction effect (time × group, F6,46 = 2.61, η2 = 0.10, p = 0.020) 

was found; both 25Hz-TT and 1Hz-TT prolonged the CSP at Post, although the change did 

not reach statistical significance (Table 3). Between-group analysis revealed that 25Hz-TT 

had a greater prolongation of CSP than sham-TT at Post (by 28.1 milliseconds; 95% CI 

= 0.3–55.9, p = 0.047; Fig 3B). No significant change in SICI or interaction effect was 

evident; however, a trend of difference was found between 25Hz-TT and sham-TT at Post 

(by −26.4%; 95% CI = −54.5 to 1.6, p = 0.068), which reached significance at Post1m (by 

−42.0%; 95% CI = −75.9 to −8.1, p = 0.012; Fig 3C).

For 25Hz-TT, a greater inhibition in SICI at Post was associated with a greater reduction 

in MDS-UPDRSIII at Post1m (r = 0.524, p = 0.045), and a prolonged CSP duration was 

associated with a reduced TUG time at Post1m (r = −0.506, p = 0.038). For 1Hz-TT, a 

prolonged CSP was associated with a reduced MDS-UPDRS-III at Post1m (r = −0.560, 
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p = 0.020) and Post3m (r = −0.491, p = 0.045) as well as reduced TUG time at Post3m 

(r = −0.551, p = 0.022). A prolonged CSP at Post1m was associated with reduced TUG 

time at Post3m (r = −0.504, p = 0.039). No significant correlation between behavioral and 

electrophysiological changes was found in sham-TT.

Discussion

Three main findings arose from our investigation. First, rTMS-primed treadmill training has 

greater long-term beneficial effects on walking performance, complex walking tasks, and 

motor symptoms in patients with PD. Second, our results showed that the improvement 

in behavioral measures correlated with the increase in intracortical inhibition in the 1Hz­

TT and 25Hz-TT groups. Third, 1Hz and 25Hz rTMS had a similar beneficial effect in 

promoting gait training with a treadmill in patients with PD. The implication of these 

findings is 2-fold: (1) priming treadmill training with high- or low-frequency rTMS induced 

long-lasting therapeutic effects in patients with PD; and (2) long-lasting clinical benefits that 

were accompanied by a normalization of brain excitability could be due to metaplasticity, 

possibly by expansion of the homeostatic range.

Effect on Trained Motor Function

Motor learning in patients with PD has been found to be less efficient than in healthy 

individuals. Specifically, there is a deficiency in the consolidation and retention of new 

skills,24 as well as marked difficulty in shifting to the automatic stage of performing learned 

motor tasks.25 In the present study, treadmill training resulted in improvement in fastest 

walking speed in all participants. The increases from the baselines of the 25Hz-TT group 

at Post1m (ie, 18.3cm·s−1) and 1Hz-TT group at Post1m and at Post3m (ie, 17.6cm·s−1 and 

16.8cm·s−1) reached the minimal detectable change of 15.7cm·s−1 in community-dwelling 

older adults with PD.26 In addition, these observed changes exceeded 10cm·s−1, the 

clinically important difference reported in older adults.27,28

For the TUG time, only 1Hz-TT and 25Hz-TT sustained the improvement to 3 months 

postintervention. The reduced TUG time could be due to faster walking during the 7m 

walking portion of TUG or overall improvement of all TUG components (ie, sit-to-stand, 

gait initiation, walking, turning, and termination). Findings of the exploratory analysis 

showed the reduced time taken to complete the walking portion of TUG was small (Table 

S2) when compared with that of TUG overall (Table 3). We therefore suggest that our 

rTMS-primed treadmill training generalized to better ability to perform a sequential mobility 

task.

The moving treadmill belt provided patients with constant proprioceptive cues, thus allowing 

for a more rhythmic and normal gait during treadmill training. This resulted in better gait 

performance in all participants. However, this benefit was more robust in the active rTMS 

groups and was lost at 1 month postintervention in the sham-TT group. The larger and 

longer-lasting improvement found in walking and TUG suggests that rTMS boosted activity­

dependent plasticity mainly by stabilizing the consolidation process, resulting in long-term 

retention. rTMS-primed treadmill training could have strengthened synaptic connections 
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within M1, which is involved in processing and storage of new information for motor 

consolidation,29,30 thus resulting in more stable and prolonged enhancement.

Effect on Motor Automaticity

A long-term improvement in DT-TUG implies better dual-tasking ability and automatic 

control of movement, which is a significant problem in PD. The striatum plays an important 

role in acquiring and executing automatic movement.31,32 In addition, efficient neural 

coding of movement by enhanced network connectivity is essential for the automatic 

execution of learned motor plans.33 The striatal dopamine depletion in PD would result 

in difficulty in storing learned automatic skills and acquiring new automatic skills.34 Our 

rTMS-primed treadmill training protocols could have strengthened the connectivity between 

the striatum and motor areas, leading to enhanced automaticity during DT-TUG. Notably, 

only the 25Hz-TT group demonstrated a between-group difference with sham-TT for DT­

TUG. A functional magnetic resonance imaging (MRI) study showed that 25Hz rTMS to 

the bilateral M1 enhanced functional connectivity between the supplementary motor area 

and prefrontal areas during complex motor tasks.35 Because the supplementary motor area 

is involved in automatic and complex movement,36 25Hz rTMS may be more effective than 

sham rTMS in modulating the underactive brain regions and improving motor automaticity 

in PD.

Effect on PD Motor Symptoms

The benefits of our rTMS-primed treadmill training protocol also translated to alleviation of 

motor symptoms as measured with MDS-UPDRS-III scores in the long term. This reflects 

a more widespread improvement in bradykinesia, rigidity, and axial symptoms such as 

posture, gait, and balance. Our findings concur with a recent study that reported 1Hz and 

20Hz rTMS improve motor symptoms in PD.37 We extend previous research by finding 

that the effects of rTMS-TT on PD motor symptoms last up to 3 months postintervention.8 

The interaction between rTMS and treadmill training might induce plastic changes in motor 

processing within the basal ganglia–thalamocortical circuits38 and/or restore the efficacy 

of dopamine transmission,39 leading to a long-term improvement in motor symptoms. 

The improved motor symptoms may also have been augmented by the costimulation of 

supplementary motor area, which is very close to the stimulation site of M1-leg. Previous 

studies reported a positive effect of high- or low-frequency rTMS to the supplementary 

motor area on improving motor symptoms in patients with PD.4 Future research is needed to 

explore the mechanism underlying such global motor improvement.

Possible Neurophysiological Mechanisms Underlying Behavioral Changes

Impaired motor output or bradykinesia is believed to be the result of insufficient 

thalamocortical facilitation in PD.38 Functional imaging studies revealed hypoactivity in the 

supplementary motor area and hyperactivity in bilateral M1 and the premotor cortex.6,40,41 

The hyperactive M1 may play a role in motor abnormalities, as shown by a recent finding 

that there is an association between increased cortical excitability and bradykinesia in PD.42 

These investigators proposed that hyperexcitability in M1 may disrupt the encoding of 

motor parameters, leading to bradykinesia. L-dopa, an antiparkinsonian medication, restores 

both CSP and SICI, suggesting the involvement of impaired cortical inhibition in the 
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pathophysiology of PD.43,44 The present study showed a positive association between the 

restoration of cortical inhibition and behavioral improvements only in groups that received 

real rTMS. These findings suggest that relevant plastic changes at the cortical level have 

an effect similar to that of dopaminergic medications. The added benefits induced by rTMS 

for treadmill training may be mediated through the restoration of cortical inhibition, thereby 

normalizing motor processing. Furthermore, downregulation of cortical hyperexcitability 

may provide a more propitious brain state for induction of long-term potentiation (LTP), 

thus promoting neural plasticity critical for long-term functional recovery.

Relative Efficacy of 1Hz and 25Hz rTMS on Priming Treadmill Training

When treadmill training was preceded by 1 or 25Hz rTMS, there were enhanced and 

prolonged training effects on gait and motor performance compared with sham rTMS. 

There was no significant difference between the 25Hz-TT and 1Hz-TT groups for all 

outcomes except TUG at Post1m. The greater improvement from the 25Hz-TT protocol 

compared to sham-TT is consistent with a previous study in which high-frequency rTMS 

enhanced the effect of treadmill training,8 implying a possible gating effect of rTMS 

on subsequent training-induced plasticity.11 Why then would 1Hz rTMS also lead to a 

better outcome compared to sham rTMS? One possible explanation would be that 1Hz 

rTMS also increased baseline activity to gate the induction of subsequent LTP induced in 

treadmill training. Although this postulation disagrees with the conventional view that high­

frequency rTMS increases excitability and low-frequency rTMS decreases it, the effects 

of low-frequency rTMS on cortical excitability in PD has not been confirmed in previous 

studies.37,45,46 Furthermore, the decreased activation of intracortical inhibition pathways in 

PD may influence the aftereffect of 1Hz rTMS such that an excitatory effect may outweigh 

the inhibitory effects.47 Another possible explanation would be that both 25Hz and 1Hz 

rTMS act to increase cortical inhibitory mechanisms and downregulated the corticomotor 

hyperexcitability in PD.45,48 However, all the above suggestions only explain the short-term 

modification in cortical excitability within the homeostatic range.

The important finding of our study is that, for the real rTMS groups, the long-term 

improvement in gait performance lasted for at least 3 months after the intervention and 

this improvement is associated with a normalization of cortical excitability. More permanent 

motor improvement would likely involve a change in the excitability range in the brain. 

The correlative normalization of cortical excitability demonstrated in our study supports 

this inference of breaking through the homeostatic excitability barrier by our interventions. 

Therefore, it is more likely that both 1Hz and 25Hz rTMS exerted gating effects to 

induce LTP in treadmill training. The cumulative interactions between rTMS and treadmill 

training eventually broke through the excitability barriers and resulted in nonhomeostatic 

metaplasticity. Previous research had demonstrated an increase in cortical excitability after a 

single session of 25Hz rTMS in patients with PD followed by a trend of reduction after the 

4-week intervention, suggesting an expansion of plasticity.49

Limitations of the Study

This study has potential limitations. First, our sham rTMS protocol did not generate 

comparable peripheral sensory stimulation, and the blinding efficacy was not evaluated. 
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Second, more detailed electrophysiological assessments such as stimulus–response curves 

for CSP and SICI were not performed, considering the patients’ tolerance for prolonged 

investigation and the short optimal medication therapeutic window. Cortical excitability 

and intracortical inhibition assessment after the first treadmill training was not feasible for 

the same reason. Although the lack of this assessment makes it difficult to demonstrate 

the effect of priming rTMS on metaplasticity after a single training session, it does not 

preclude the activation of the mechanism involved in the iterative interactions between 

rTMS and training over consecutive days. In the present study, the correlative normalization 

of cortical excitability with improved motor performance in the follow-up period implies 

neuroplastic changes and an alteration in synaptic modification range. Third, costimulation 

of brain regions other than M1-LEG could not be ruled out, as the double-cone coil was 

chosen for deeper stimulation, but it has less focality.50 Lastly, the experimental paradigm 

adopted in this study does not allow us to differentiate the combined effect of rTMS and 

treadmill training from the priming effect of rTMS. However, this is beyond the scope of 

this experiment, and future studies should investigate the effect of treatment order. Future 

studies could employ structural MRI of the brain and a computational model to give more 

information about the stimulated site, and to simulate the resulting electrical field in the 

stimulated brain region for establishing the rTMS dose–response relationship. Additional 

imaging studies or magnetic resonance spectroscopy may assist in confirming the changes in 

connectivity in the network and change in neural activity of relevant neurotransmitters.

Conclusion

To conclude, the present study extends our understanding of the beneficial effects of rTMS 

on priming treadmill training in patients with PD and also sheds light on possible neural 

mechanisms underlying behavioral improvement. Our data demonstrated that both 1Hz 

and 25Hz rTMS were superior to the sham treatment in consolidating activity-dependent 

plasticity, leading to long-lasting improvement in fastest walking speed and complex 

walking tasks in patients with PD. Furthermore, the therapeutic effect of rTMS-primed 

treadmill training translated to a long-term improvement in motor symptoms and dual­

task walking. The motor improvements were associated with a restoration of a cortical 

inhibition mechanism in the active rTMS groups. Our data suggest that both 1 and 25Hz 

rTMS promoted treadmill training through gating with a breakthrough of the homeostatic 

excitability barrier. Rebalancing cortical excitability by rTMS appears critical for plasticity 

induction in PD.
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FIGURE 1: 
Trial flow chart. Post = 1 day postintervention; Post1m = 1 month postintervention; Post3m 

= 3 months postintervention; rTMS = repetitive transcranial magnetic stimulation; TT = 

treadmill training.
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FIGURE 2: 
(A) Increase in fastest walking speed. (B) Reduction in timed up-and-go test (TUG) 

time. (C) Reduction in dual-task TUG time. (D) Reduction in motor section of the 

Movement Disorders Society–Unified Parkinson’s Disease Rating Scale scores. Post = 1 day 

postintervention; Post 1m = 1 month postintervention; Post 3m = 3 months postintervention. 

* denotes p < 0.05.
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FIGURE 3: 
(A) Change in slope of recruitment curve. (B) Change in cortical silent period. (C) Change 

in short-interval intracortical inhibition. Post = 1 day postintervention; Post 1m = 1 month 

postintervention; Post 3m = 3 months postintervention. * denotes p < 0.05.
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