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Reduction of Spasticity With Repetitive 
Transcranial Magnetic Stimulation in 
Patients With Spinal Cord Injury

Hatice Kumru, MD, PhD,1 Narda Murillo,1 Joan Vidal Samso, MD, PhD,1 
Josep Valls-Sole, MD, PhD,2 Dylan Edwards, PhD,3,4 Raul Pelayo, MD,1

Antoni Valero-Cabre, MD, PhD,3,5 Josep Maria Tormos, MD, PhD,1 
and Alvaro Pascual-Leone, MD, PhD1,3

Abstract

Objective. Spasticity with increased tone and spasms is frequent in patients after spinal cord injury (SCI). Damage to 
descending corticospinal pathways that normally exert spinal segmental control is thought to play an important causal 
role in spasticity. The authors examined whether the modulation of excitability of the primary motor cortex with high-
frequency repetitive transcranial magnetic stimulation (rTMS) could modify lower limb spasticity in patients with incomplete 
SCI. Methods. Patients were assessed by the Modified Ashworth Scale, Visual Analogue Scale, and the Spinal Cord Injury 
Spasticity Evaluation Tool (SCI-SET) and neurophysiologically with measures of corticospinal and segmental excitability by 
the Hmax/Mmax, T reflex, and withdrawal reflex. Fifteen patients received 5 days of daily sessions of active (n = 14) or sham 
(n = 7) rTMS to the leg motor area (20 trains of 40 pulses at 20 Hz and an intensity of 90% of resting motor threshold 
for the biceps brachii muscle). Result. A significant clinical improvement in lower limb spasticity was observed in patients 
following active rTMS but not after sham stimulation. This improvement lasted for at least 1 week following the intervention. 
Neurophysiological studies did not change. Conclusions. High-frequency rTMS over the leg motor area can improve aspects 
of spasticity in patients with incomplete SCI.
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Introduction

Spasticity is generally conceptualized as a symptom of the 
upper motor neuron syndrome, characterized by an exaggera-
tion of the stretch reflex, spasms, and resistance to passive 
movement across a joint, secondary to hyperexcitability of 
spinal reflexes.1-6 In patients with clinical signs of spasticity 
after spinal cord injury (SCI), complete loss of descending 
corticospinal projections is rare. Preserved yet altered pro-
priospinal and supraspinal input to a given segmental level may 
explain why spasticity is a frequent consequence of SCI.1 One 
of the hypotheses on the pathophysiology of spasticity high-
lights the causal role of long-term reductions in segmental 
inhibition rather than primary increases in excitation.4

Repetitive transcranial magnetic stimulation (rTMS) is 
a noninvasive technique that induces changes in cortical 
excitability at the site of stimulation and transsynaptically 
at distant sites. Modulation of excitability at the directly 
targeted brain region depends on the rTMS parameters 

and can result in either transient facilitation or suppres-
sion. These effects may outlast the duration of the 
stimulation trains for minutes or even hours.7-12 Previous 
studies have shown that high-frequency rTMS applied 
over the primary motor cortex can reduce H-reflex size in 
healthy subjects13-15 and reduce spasticity in patients with 
multiple sclerosis (MS)16 or cerebral palsy and spastic 
quadriplegia.17
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We hypothesized that increasing the excitability of the 
primary motor cortex would modify descending cortico-
spinal influences, increase corticospinal inhibitory input, 
reduce segmental spinal excitability, and thus reduce limb 
spasticity in patients with incomplete SCI. To test this 
hypothesis, we applied repeated daily sessions of real or 
sham high-frequency rTMS in 15 patients with incom-
plete SCI. We assessed spasticity with various clinical 
scales, as well as monitored the impact of the intervention 
on segmental excitability using various neurophysiological 
measures.

Methods
The study was a randomized, double-blind, sham-controlled 
trial. We recruited 15 patients with SCI. Patients were ran-
domized to undergo either real or sham rTMS. Of the 7 
patients who underwent sham rTMS first, 6 were subse-
quently crossed over to undergo active rTMS following a 
≥2-week washout period. Therefore, we obtained data on 
the effects of active rTMS in a total of 14 patients (8 who 
only underwent active rTMS and 6 who had previously 
undergone sham rTMS and then crossed over). All courses 
of rTMS consisted of 5 consecutive daily sessions of active 
or sham rTMS. Patients and investigators (except the rTMS 
operator) were blind to the form of stimulation.

Patients

We included patients with (a) incomplete SCI classified as 
grades C or D according to the American Spinal Cord Injury 
Association Impairment scale18; (b) spasticity affecting pre-
dominantly lower limb with a Modified Ashworth Scale 
(MAS)19 score, which reflects resistance to stretch ≥1.5; (c) 
stable medical treatment for at least 1 week before and 1 
week after the stimulation; (d) no joint-related limitation of 
passive range of movement; and (e) a written informed con-
sent for the study, which had been approved by the 
institutional review board. All patients were naive to rTMS 
and unaware of the purpose of the study. Demographic and 
clinical characteristics of the patients are summarized in 
Table 1. The mean age was 36.2 ± 15.8 years (range = 15-68 
years), and the mean time since SCI was 7.3 ± 3.9 months. 
In all patients spasticity affected both legs symmetrically, 
thus our study was limited to 1 leg (the right leg in all 
patients) except MAS, which was evaluated in both legs.

Clinical Evaluation of Spasticity
The assessment was done on the right knee. We used MAS; 
a Visual Analogue Scale (VAS) of 10 cm in length for self-
evaluation for spasms, stiffness, and/or clonus during daily 
activities and walking; the Modified Penn Spasm Frequency 

Table 1. Demographic Patient Characteristics, Clinical Level of the Lesion, and Medication

      Time 
   Age Level of  Since Injury Etiology  Antispastic 
Stimulation Patients Sex (Years) Lesion ASIA  (Months) of Lesion MAS Medication

Active 1a Male 54 C6 C 8 Trauma 3 Baclofen, tizanidine
Active 2a Male 32 T4 C 9 Myelitis 3 Baclofen
Active 3a Female 43 T4 C 17 Tumor 3 Baclofen, tizanidine
Active 4a Male 53 C4 C 7 Trauma 3 Baclofen
Active 5a Male 18 T1 D 6 Tumor 2 Baclofen
Active 6a Male 21 C5 D 11 Trauma 3 Baclofen
Active 7 Male 48 T4 C 5 Trauma 3 Baclofen
Active 8 Male 31 T11 C 4 Myelitis 3 Baclofen
Active 9 Male 29 T12 C 2 Trauma 3 None
Active 10 Male 21 T2 C 3 Trauma 3 None
Active 11 Male 29 T11 D 7 Trauma 3 None
Active 12 Male 29 T4 D 8 Myelitis 4 Baclofen
Active 13 Male 52 C6 D 8 Trauma 3 Baclofen
Active 14 Female 15 T5 C 13 Trauma 4 Baclofen
Sham 1a Male 54 C6 C 6 Trauma 3 Baclofen, tizanidine
Sham 2a Male 32 T4 C 6 Myelitis 3 Baclofen
Sham 3a Female 43 T4 C 15 Tumor 3 Baclofen, tizanidine 
Sham 4a Male 53 C4 C 4 Trauma 3 Baclofen
Sham 5a Male 18 T1 D 4 Tumor 2 Baclofen
Sham 6a Male 21 C5 D 9 Trauma 3 Baclofen
Sham 7 Male 68 T12 C 3 Trauma 2 None

Abbreviations: C, cervical; T, Thoracic; ASIA, American Spinal Cord Injury Association Impairment Scale; MAS, Modified Ashworth Scale.
aThe 6 patients who received first sham stimulation and then received active stimulation after a washout of at least 2 weeks.
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Scale (MPSFS); the Spinal Cord Assessment Tool for Spas-
ticity (SCAT); and the Spinal Cord Injury Spasticity 
Evaluation Tool (SCI-SET).

Neurophysiological Evaluation
All tests were conducted with the patient lying in the supine 
position. Routine electrodiagnostic equipment (Medelec 
Synergy, Oxford Instruments, Surrey, UK) was used.

H reflex. The soleus (SOL) compound motor action poten-
tial (CMAP=M) and the H reflex were evoked by electrical 
stimulation (1-ms rectangular pulse) through a bipolar elec-
trode fixed over the posterior tibial nerve at the popliteal 
fossa and recorded with bipolar Ag–AgCl surface electrodes 
placed over the SOL muscle. The reference electrode was 
placed 2 cm distal from the active electrode. The electromyo-
graphic (EMG) signal was amplified (1 mV/Division) and 
band-pass filtered (2-10.000 Hz). The intensity of the stimu-
lation was progressively increased (0.3 mA) to obtain the 
maximal peak-to-peak amplitudes of H reflex and M wave.

T reflex. The T reflex was recorded in the SOL muscle 
with Achilles tendon tapping by an electrical hammer (Kawe 
Reflex Hammer, Trömner, Germany), while the foot was 
slightly dorsiflexed. The EMG signal was amplified (1 
mV/D) and band-pass filtered (2-10.000 Hz).

Withdrawal reflex. Rectified surface EMG was obtained 
from tibialis anterior (TA) and SOL muscles using bipolar 
Ag–AgCl surface electrodes. The EMG signal was ampli-
fied (0.5 mV/D) and band-pass filtered (50-1.000 Hz). 
Withdrawal reflex was evoked by electrical stimulation 
(1-ms rectangular pulse) through a bipolar electrode fixed 
over the posterior tibial nerve at the medial malleolar fossa. 
Pain threshold was established for each subject, and the 
threshold was used for train stimulation (5 pulses; 100 Hz).

rTMS Protocol
Patients received 5 consecutive daily rTMS sessions applied 
in the morning (between 9 and 12 am). We used a MagStim 
Super Rapid magnetic stimulator (Magstim Company, 
Whitland, UK) equipped with a commercially available 
double cone coil (each wing measuring 110 mm in diame-
ter) that was held over the vertex. All rTMS sessions were 
conducted with the patient lying supine.

For active (real) rTMS we applied 2-second-long bursts 
at 20 Hz (40 pulses/burst) with intertrain intervals of 28 
seconds, for a total of 1600 pulses over 20 minutes. The 
intensity of stimulation was set as 90% of the resting motor 
threshold (RMT) intensity for induction of motor-evoked 
potentials (MEPs) in the right biceps brachii (BB) muscle. 
This muscle was spared in all patients. For motor threshold 
determination the double cone coil was held lateral to the 
vertex over the optimal scalp position overlying the left 

hemisphere from which single-pulse TMS evoked responses 
of maximal amplitude in the right BB. Motor threshold was 
defined as the intensity that evoked MEPs of >50 mV peak-
to-peak amplitude in 5 of 10 consecutive stimulations.

For sham stimulation, the double cone coil was held over 
the vertex (just as in the active TMS condition), but it was 
disconnected from the main stimulator unit. Instead, a second 
coil (8-shaped) was connected with the MagStim stimulator 
and discharged under the patient’s pillow. Thus, no current 
was induced in the brain, and even though the patients did 
not experience a tapping sensation on their scalp, they were 
exposed to a similar clicking noise. All 7 patients in the 
sham stimulation group reported that they thought they had 
got active stimulation when explicitly asked at the end of 
the trial.

Experimental Design
The experimental protocol included the following steps:

1. Baseline clinical and neurophysiological evaluation
2. First rTMS session followed by clinical and  

neurophysiological reevaluation
3. Daily rTMS sessions for 4 more days
4. Clinical and neurophysiological evaluation after 

completion of the fifth consecutive daily rTMS 
session

5. Follow-up clinical evaluation 1 week after the 
rTMS course

Baseline neurophysiological evaluation was done immed-
iately before the rTMS intervention. The neurop hysiologic 
evaluations during the rTMS course were done immediately 
before and after the first rTMS session and immediately 
after the last session.

Data Analysis
The H reflex, T reflex, and M potential amplitudes were mea-
sured from peak to peak. The Hmax/Mmax ratio was calculated 
by dividing the maximal amplitude of the H wave by that of 
the M wave. In the withdrawal reflex, we measured the 
latency and area under the curve in TA and SOL muscles.

Data are presented as mean ± standard deviation. Fried-
man test was used for multiple group comparisons, and 
Wilcoxon test was used for post hoc comparisons of clinical 
scales and neurophysiological baseline data with the results 
after the first session of rTMS, the last session of rTMS, and 
1 week after rTMS. Mann–Whitney U test was used to com-
pare data between different groups of patients (eg, patients 
with traumatic vs nontraumatic SCI).

For all tests, significance level was set as P < .05 with 
Bonferroni correction for multiple comparisons.

 at Harvard University on November 17, 2011nnr.sagepub.comDownloaded from 

http://nnr.sagepub.com/


438  Neurorehabilitation and Neural Repair 24(5)

Results

All patients tolerated the stimulation without complica-
tions, and no adverse effects were reported, except for 3 
patients who complained of twitching facial muscles during 
the first session of active stimulation. In the real TMS 
group, 8 patients spontaneously reported improved sleep 
quality and longer uninterrupted sleep hours for several 
days following the 5 sessions of stimulation. None of the 
patients in the sham stimulation group reported such 
impressions, even when explicitly asked about them.

The mean rTMS intensity used was 41.9 ± 6.0% of maxi-
mal stimulator output. Only in 3 patients were we able to 
elicit MEPs in the right TA, in whom the motor threshold was 
60%, 90%, and 98%. In the other 12 patients we were not 
able to elicit MEPs in TA despite 100% of TMS intensity.

Clinical Scales
Active stimulation. Spasticity was significantly reduced at the 
end of the first and the last rTMS sessions as measured by 
MAS from both lower extremities when compared with the 
baseline condition (Wilcoxon test; P < .006). These effects 
were maintained 1 week after the end of the rTMS course 
(Wilcoxon test; P = .049). MPSFS in patients undergoing 
active stimulation was reduced significantly after the last 
session (Wilcoxon test; P = .01). Spasm frequency and 
severity according to MPSFS reduced significantly after the 
first and the last rTMS sessions when compared with the 
baseline condition (Wilcoxon test; P < .01 for each compari-
son). Just 2 patients reported pain related to spasticity in 
MPSFS, which disappeared after the last rTMS session. 
There was significant reduction in the spasticity according to 

SCAT at the end of the first and the last sessions (Wilcoxon 
test; P < .04), and the effect was maintained 1 week after 
active stimulation (Wilcoxon test; P = .049).

In patients who underwent active stimulation following 
a course of sham stimulation, spasticity was significantly 
reduced at the end of the first and the last rTMS sessions as 
measured by MAS when compared with the baseline condi-
tion. These effects were maintained 1 week after the end of 
the rTMS course (Wilcoxon test; P < .02 for all compari-
sons). Indeed, we found no difference in the effects of real 
rTMS on spasticity between patients who underwent sham 
rTMS first and those who did not.

The improvement in spasticity measured by MAS was 
not significantly different between patients with traumatic 
SCI and those with nontraumatic SCI (Mann–Whitney U 
test; P = .2).

Sham stimulation. There was no significant effect of sham 
stimulation on spasticity at any time points measured by 
MAS, MPSFS, or SCAT (Friedman test; P > .1; Table 2). 
Spasm frequency and severity according to MPSFS did not 
change significantly after the first and the last rTMS ses-
sions when compared with the baseline condition (Wilcoxon 
test; P > .2 for each comparison). Two patients from the 
sham group reported pain related to spasticity in MPSFS, 
which did not change after the last rTMS session.

Subjective Reports
Active stimulation. Thirteen of the 14 patients reported signifi-
cantly less spasticity according to VAS at the end of the first 
and the last rTMS sessions when compared with the baseline 
condition (Wilcoxon test; P < .002). This effect was main-
tained 1 week after rTMS in 12 of 14 patients (Wilcoxon test; 

Table 2. Changes in Spasticity in Patients With Sham and Active Stimulation Before, After First Session, After Last Session, 
and 1 Week After Stimulation

Stimulation Type Before Stimulation After First Session After Last Session One Week After Stimulation Pa

MAS of right knee     
Active 2.9 (1.2) 2.0 (1.4) 1.4 (1.4) 2.2 (1.0) <.001
Sham 2.6 (0.9) 2.7 (0.8) 2.6 (0.9) 2.5 (1.0) .82

MAS of left knee     
Active 2.7 (1.0) 2.1 (1.1) 1.3 (1.4) 2.1 (1.2) <.009
Sham 2.4 (1.3) 2.6 (1.1) 2.7 (1.0) 2.6 (1.1) .89

MPSFS     
Active 8.3 (3.8) 6.8 (3.7) 5.25 (3.6) 6.2 (4.4) .01
Sham 8.8 (3.9) 7.0 (3.7) 6.3 (4.5) 7.3 (3.5) .44

SCAT     
Active 5.9 (2.3) 4.2 (1.8) 4.6 (1.8) 4.2 (2.2) .01
Sham 5.2 (1.9) 4.7 (2.3) 4.5 (2.1) 4.5 (2.1) .18

Abbreviations: MAS, Modified Ashworth Scale; MPSFS, Modified Penn Spasm Frequency Scale; SCAT, Spinal Cord Assessment Tool for Spasticity.
aStandard deviations are in parentheses.
bP value refers to the results of Friedman’s test. 
cSignificance level p < .05. 
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P = .004; Figure 1). These findings did not differ between 
patients who underwent sham rTMS first and then active 
rTMS and those who underwent only active rTMS.

The percentage improvement in spasticity measured by 
VAS was not significantly different between patients with 
traumatic SCI and those with nontraumatic SCI (Mann–
Whitney U test; P = .8).

According to the SCI-SET, spasticity was reduced sig-
nificantly after 5 days of rTMS (Wilcoxon test; P = .003), 
and this improvement remained statistically significant 1 
week after rTMS (Wilcoxon test; P = .005; Figure 2).

Sham stimulation. None of the 7 patients reported signifi-
cant improvement in their spasticity according to VAS 
(Friedman test; P = .8; Figure 1). There was no significant 
effect of sham stimulation on spasticity at any time point as 
measured by SCI-SET (Friedman test; P = .28; Figure 2).

Neurophysiological Recordings
Active or sham stimulation. Regardless of whether patients 
underwent active or sham rTMS, the Hmax/Mmax ratio, the T 
reflex, and the area under the curve in TA and SOL muscles 
in the withdrawal reflex were not significantly different 
after the first or the last rTMS sessions when compared 
with the baseline condition (Friedman test: P > .3 for active 
rTMS; P > .5 for sham rTMS groups; Table 3).

Discussion
The main finding of the present study is that high-frequency 
rTMS over the leg primary motor cortex modulates spasticity in 
patients with incomplete SCI and the effect is maintained for at 
least 1 week after 5 days of daily rTMS sessions. The clinical 

changes were not accompanied by measurable neurophysio-
logic changes (Hmax/Mmax, T reflex, and withdrawal reflex).

Our findings are consistent with reported results on the 
effects of rTMS on spasticity in other conditions. Centonze 
et al16 observed an improvement in lower limb spasticity 
with 5 Hz rTMS stimulation at 100% RMT over the leg pri-
mary motor cortex in patients with MS. After 2 weeks of 
daily rTMS sessions, the authors observed a durable impro-
vement in lower limb spasticity.16 Also in MS patients, 
Nielsen et al20 applied repetitive magnetic stimulation over 
the thoracic spine and found clinical improvement in spas-
ticity. Finally, Valle et al,17 in a study of children with spastic 
quadriplegia, found a clinically significant rTMS-induced 
reduction of spasticity (as assessed by various scales).

All our patients showed a significant and consistent 
clinical improvement in spasticity with active rTMS. 
However, we failed to demonstrate neurophysiologic 
changes following the rTMS intervention. Reduction of 
Hmax/Mmax amplitude ratio following rTMS has been dem-
onstrated in normal subjects for the upper extremity11,15 
and the lower extremity.13 We had hypothesized a neuro-
physiologic impact of the rTMS in our patients also. 
Nonetheless, clinical benefits in the absence of significant 
neurophysiological changes are consistent with the com-
plex pathophysiology of spasticity in SCI. There are 
arguably different types of spasticity depending, for exam-
ple, on the exact site of insult along the neuroaxis.4 Patients 
with spastic paresis are similar in some ways (ie, they are 
spastic and paretic), but many variations occur, depending 
on the damage to different regions of the central nervous 
system and depending on the nature of that damage.2,4,21 
The lack of neurophysiologic changes in our patients may 
be due to a number of factors:

Figure 1. Visual analogue scale
Note: Patients with active stimulation reported significant improvement 
in spasticity after the last session and 1 week follow-up when compared 
with the baseline condition measured by the visual analogue scale.  
*P < .005 (Wilcoxon test).

Figure 2. Spinal Cord Injury Spasticity Evaluation Tool (SCI-
SET) results
Note: Patients with active stimulation reported significant improvement in 
spasticity after last session and 1 week follow-up when compared with the 
baseline condition measured by the SCI-SET. *P = .006 (Wilcoxon test).
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1. The cause of spasticity was different in our 
patients than in others in whom there has been an 
association described between clinical and  
neurophysiologic effects of rTMS. In the patients 
in whom an association was found between clini-
cal improvement and reduction of Hmax/Mmax 
amplitude ratio following motor cortex rTMS,16,20 
spasticity was due to MS,16,20 where lesions can 
be scattered throughout various regions of the 
central nervous system. Also in MS patients, but 
targeting the thoracic spinal cord, Nielsen et al20 
found clinical improvement in spasticity associ-
ated with a reduction of Hmax/Mmax.

2. The stimulation intensity applied during active 
rTMS in our study was relatively low (90% RMT 
of BB, because of absent MEP in lower extremity 
in most patients or very high RMT in the other 3 
patients), and neurophysiologic changes may be 
minimal or rather transient in such a setting.

3 Antispasticity medication (baclofen and tizani-
dine) are potent neuromodulators that might 
have influenced the effect of rTMS in some of 
our patients. We did not find a discernible impact 
of medications on our clinical or neurophysio-
logic measure, but our sample size is too small to 
reliably assess this issue.

4. Finally, it is worth considering that the neurophysi-
ology of spasticity is complex, and the measures we 
applied may have missed the critical substrate  
for the clinical impact of rTMS. Spasticity is  
a motor disorder characterized by brisk tendon 
jerks and a velocity-dependent elastic muscle 
hypertonia during stretch, affecting certain 
muscle groups preferentially.2 Although the 
spinal segmental stretch reflex arc contains 
monosynaptic connections with motor neurons by 

spindle primary afferents coming from that muscle 
and synergistic muscles (via Ia fibers), most 
excitatory activity in the stretch reflex is  
mediated via oligosynaptic and polysynaptic 
pathways. Interneurons play a much larger role 
than direct connections between first-order sen-
sory neurons and motor neurons.2-6,21 Secondary 
changes in mechanical muscle fiber properties 
might also contribute to spasticity,6 although 
they will be unlikely to change with rTMS. Fur-
thermore, muscle hypertonia and exaggerated 
reflexes are 2 distinct features of the upper motor 
neuron syndrome that may be independently 
present following SCI.

When applied to the motor cortex, high-frequency rTMS 
tends to provoke a lasting facilitation of corticospinal excit-
ability.22 The magnitude and duration of the after effects 
seems to depend on the total number of stimuli, and longer 
periods of rTMS induce a more consistent and persistent 
change in corticospinal excitability. In our patients with 
incomplete SCI, the clinical effect of rTMS on spasticity 
lasted for at least 1 week following the 5-day stimulation 
course. Previous studies have demonstrated that cumulative 
plastic changes can be produced by rTMS, in healthy 
participants23 and in patients with Parkinson disease24 and 
MS.16 Some authors have suggested that after repeated daily 
sessions of repetitive magnetic stimulation over the spinal 
cord20,25 or rTMS in MS,16 long-lasting modulation of spinal 
circuits may be related to long-lasting depression-like 
mechanisms. High-frequency rTMS at subthreshold intensity 
can lead to an increase in regional glucose metabolism 
immediately after the end of rTMS, suggesting the possibility 
of an rTMS-induced increase in overall neuronal activity in 
the stimulated M1.26 We hypothesize, therefore, that in our 
patients rTMS induced amelioration of spasticity through 

Table 3. Mean and Standard Deviation of the Neurophysiologic Data According to Type and Time of the Stimulationa

Stimulation Type Before Stimulation (Baseline) After First Session After Last Session Pb

Hmax/Mmax ratio    
Active 0.55 (0.28) 0.48 (0.32) 0.55 (0.26) .36
Sham 0.54 (0.29) 0.50 (0.26) 0.53 (0.25) .31

T reflex (mV)    
Active 2.7 (1.4) 2.6 (1.6) 2.3 (1.2) .67
Sham 2.0 (1.0) 2.2 (1.4) 2.2 (1.3) 1.0

Withdrawal reflex area (mV ms)    
TA    

Active 9.7 (16.5) 13 (21.4) 11.5 (15.8) .69
Sham 7.8 (11.8) 7.0 (4.9) 7.9 (2.1) .82

SOL    
Active 3.0 (4.6) 2.7 (4.4) 3.4 (5.0) .87
Sham 3.6 (3.2) 5.2 (6.3) 5.1 (4.1) .85

Abbreviations: TA, tibial anterior muscle; SOL, soleus muscle.
aStandard deviations are in parentheses.
bP value refers to the results of Friedman’s test.
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enhancement of descending cort icospinal projections and 
there may be some effect to local interneurons of the spinal 
cord, similar to the impact of magnetic stimulation over the 
spinal cord.20 The pyramidal tract has widespread terminations 
in the spinal gray matter, thereby controlling motor neurons 
through not only monosynaptic but also nonmonosynaptic 
connections, involving local interneurons and sensory 
afferents.

Further studies systematically exploring the effects 
induced by repeated sessions of high-frequency rTMS on 
the corticospinal tract excitability in spasticity from differ-
ent origin are necessary to provide further mechanistic 
insights, assess further the clinical benefit, and ultimately 
examine whether rTMS might offer therapeutic benefit for 
patients with spasticity.
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