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HIGHLIGHTS 

• Combining repetitive peripheral magnetic neurostimulation and motor 

training immediately decreased chronic low back pain. 

• This intervention helped normalize the control of spine one week after 

study onset. 

• These motor and pain changes were paralleled by an increase of 

intracortical motor facilitation. 

 

ABSTRACT  

OBJECTIVE. The study tested whether combining repetitive peripheral magnetic 

neurostimulation (RPMS) and motor training of the superficial multifidus muscle 

(MF) better improved the corticomotor control of spine than training alone in 

chronic low back pain (CLBP). 

METHODS Twenty-one participants with CLBP were randomly allocated to 

[RPMS+training] and [Sham+training] groups for three sessions (S1-S3) over a 

week where MF was stimulated before training (volitional contraction). Training 

was also home-practiced twice a day. Changes were tested at S1 and S3 for 

anticipatory postural adjustments (APAs) of MF and semi-tendinosus (ST), MF 

EMG activation, cortical motor plasticity (transcranial magnetic stimulation) and 

pain/disability. 
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RESULTS The RPMS group showed immediate decrease of pain at S1, then 

improvement of MF activation, ST APA, M1 facilitation, and pain/disability at S3. 

Changes were larger when brain excitability was lower at baseline. Disability 

index remained improved one month later. 

CONCLUSIONS Combining RPMS with training of MF in CLBP impacted motor 

planning, MF and lumbopelvic spine motor control and pain/disability one week 

after the onset of protocol. Brain plasticity might have favoured motor learning 

and improved daily lumbopelvic spine control without pain generation. 

SIGNIFICANCE Clinically, RPMS impacted the function by improving the gains 

beyond those reached by training alone in CLBP. 

 

KEYWORDS: magnetic neurostimulation; paravertebral muscles; motor training; 

APA; M1 excitability; chronic low back pain. 
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1. INTRODUCTION 

Chronic low back pain (CLBP) alters the sensorimotor control of the lumbopelvic 

spine. Patients with CLBP present with impaired activation of lumbopelvic muscle 

during anticipatory postural adjustments (APA) (Hodges et al., 1996b, Massé-

Alarie et al., 2015), as well as during functional activities, such as forward 

bending (Shirado et al., 1995, Alschuler et al., 2009) and gait (Arendt-Nielsen et 

al., 1996). Our research group also showed that the activation of remote muscles 

such as semitendinosus could be delayed during ballistic movement of upper 

limbs thus reflecting a broad alteration of motor planning that might spread out 

the painful area (Massé-Alarie et al., 2015). Over-activation of superficial 

paravertebral muscle (erector spinae and/or multifidus - MF) has also been 

reported in these patients, even during periods of pain remission (van Dieen et 

al., 2003, Macdonald et al., 2011). These motor changes are accompanied by 

sensory changes in the lower back, such as a decrease in tactile acuity 

(Luomajoki et al., 2011), alterations in the integration of vibratory and 

proprioceptive stimuli (Brumagne et al., 1999, Claeys et al., 2011), increased 

pressure pain threshold (Peters et al., 1989, Puta et al., 2013) and impaired 

position sense (O'Sullivan et al., 2003). Neuroplastic changes in brain, such as a 

map shift in the primary motor cortex (M1) of the transversus abdominis muscle 

(TrA) (Tsao et al., 2008), missing inhibitory mechanisms of M1 (Massé-Alarie et 

al., 2012, Massé-Alarie et al., 2016b) and reorganization in the primary sensory 

cortex (Flor et al., 1997) (Baliki et al., 2012) have been reported in parallel to or 

in correlation with APA delay in CLBP. Also, white matter disorders in the 
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cerebellum of patients with CLBP were associated with the alteration of 

responses to vibratory stimuli, thus reflecting impairment of proprioceptive 

integration (Pijnenburg et al., 2014).  

These extensive neuroplastic changes represent potential targets of treatments 

to improving pain and disability, particularly in people with minimal benefit after 

conventional approaches (Hayden et al., 2010, Rubinstein et al., 2011). It is 

acknowledged that motor training triggers neuroplastic changes in brain (Jensen 

et al., 2005), in likely relation to the high-level of attention and cognitive demand 

required to properly perform exercises following therapists’ instructions. For 

example, it was shown that exercises involving the maintenance of isometric 

activation of the deep trunk muscles contributed to normalize M1 maps (Tsao et 

al., 2010b), and reactivated M1 inhibition mechanisms in association with pain 

decrease in individuals with CLBP (Massé-Alarie et al., 2016a). Motor training 

may also improve spine motor control by decreasing the paravertebral muscles 

overactivation (Tsao et al., 2010a) and reducing latencies of MF and TrA APA 

(Tsao et al., 2010a, Tsao et al., 2010b, Massé-Alarie et al., 2016a). Clinically, 

motor training was shown to improve pain and disability in CLBP (for a 

systematic review see (Macedo et al., 2009)), but residual pain and disability can 

persist one year after the intervention (Macedo et al., 2012, Macedo et al., 2014). 

Novel technologies of neurostimulation that drives similar neuroplastic changes 

as those driven by motor training may have the potential to increase the effects 

of motor training if used in combination (Massé-Alarie et al., 2011, Schabrun et 

al., 2012a). Repetitive peripheral magnetic stimulation (RPMS) noninvasively 
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applied over a muscle or spinal nerve roots seems to not activate the cutaneous 

and nociceptive afferents (Zhu et al., 1991, Kunesch et al., 1993) and rather 

generates massive flows of pure proprioceptive inputs to the brain without 

nociceptive components (Struppler et al., 2003, Beaulieu et al., 2015c). This 

differs from electrical stimulation that strongly recruits superficial cutaneous 

receptors (Zhu et al., 1991) and might generate noisy and meaningless 

information for the sensorimotor control of movement (Refshauge et al., 2003, 

Struppler et al., 2003, Struppler et al., 2007b, Beaulieu et al., 2015b, c). These 

proprioceptive inputs generated by RPMS can influence the excitability of fronto-

parietal areas in brain (Struppler et al., 2007a), of the corticospinal tract, and of 

the intracortical circuits of M1 inhibition and facilitation (Krause et al., 2005, 

Krause et al., 2008), and has also shown a potential for the treatment of pain (for 

review (Beaulieu et al., 2015c)). Our first study on the combination of RPMS with 

the practice of physical exercises reported that one RPMS session was sufficient 

to influence the corticomotor control and APA of deep abdominal muscles in 

people with CLBP (Massé-Alarie et al., 2013). The longer-term impact of this 

combined treatment, and its influence on different markers of corticomotor control 

and pain, however, have yet to be determined. 

The present study aimed at testing whether the combination of RPMS with motor 

training (namely, practice of physical exercises engaging MF) could increase the 

benefits of training alone in CLBP. The influence on brain plasticity was assessed 

by M1 excitability and function, as tested with transcranial magnetic stimulation 

(TMS). The influence on motor planning was assessed by APA of MF and remote 
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muscles in different postural tasks and by MF activation during forward bending. 

It was further questioned whether M1 markers of brain plasticity could 

discriminate between the better and the lesser responders to the intervention. 

The hypothesis was that, due to a similar influence of RPMS and motor training 

on mechanisms of brain plasticity, their combination should potentiate the after-

effects on brain function, spine motor control, pain and disability. 

 

2. METHODS 

2.1. Participants 

Twenty-one individuals with CLBP were recruited with the following inclusion 

criteria: to be over than 18 years old, to be living with a pain having affected daily 

activities for more than 3 months. The sample size is beyond the effect size 

calculated by means of G*Power software (Faul et al., 2009) with previous 

published data on the APA and corticomotor changes related to deep abdominal 

muscles and following the combination of RPMS with motor training in CLBP 

(Massé-Alarie et al., 2013). The exclusion criteria were: non-mechanical LBP 

(e.g., fracture, malignancy, infection), more than 2 radicular signs, lumbar 

infiltration in the last 6 months, facet denervation, lumbar surgery, other chronic 

pain pathology, litigation, specific training of multfidus muscles, any major 

circulatory, respiratory, neurological or cardiac disease, severe orthopaedic 

troubles (e.g., scoliosis with gibbosity > 8mm), cognitive deficit, or recent/current 

pregnancy. Exclusion criteria related to TMS testing are reported elsewhere 
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(Rossi et al., 2009) and mainly concerned brain surgery, lesion or injury, any 

history of seizure or concussion, pacemaker/pump holder, change of medication 

in the 2 weeks preceding enrollment, medication affecting cortical excitability, 

metallic implants in skull or jaw. The local research ethics boards approved the 

protocol and the participants’ informed written consent, in accordance with the 

Declaration of the World Medical Association (www.wma.net).  

Participants were randomly allocated to two groups, [RPMS+training] (n=11) and 

[Sham+training] (n=10), using statistical software (see Table 1 for group 

characteristics). The group allocation was in a sealed envelope (one per 

participant) which was opened at the onset of protocol by a person not involved 

in the study. Procedures were taken to ensure proper blinding of experimenters 

(see Data reduction and statistical analyses). 

 (Insert Table 1 near here) 

2.2. Study design 

The study was conducted over one week (see Fig. 1) during which the 

participants had to perform twice daily at home the exercise (motor training 

taught in laboratory) and to fulfill an exercise log so that compliance could be 

assessed (see Table 1). They came three times to the laboratory during the week 

to receive the intervention, i.e. RPMS or sham (depending on the randomization) 

before performing the exercise under supervision. Outcomes (APA, muscles 

activation, M1 function, pain) were collected at the first session (S1) and the third 

session 1 week later (S3 – follow-up). No measure was done at the second 
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session. At the first session, the pre-intervention measures corresponded to the 

baseline. The order of outcome testing between pre- and post-intervention was 

randomised. 

 (Insert Fig. 1 near here) 

2.3. Motor training 

Each participant was provided detailed information on the low back anatomy and 

the rationale for paravertebral muscle exercises in the management of LBP. Both 

groups performed an exercice based on isometric contraction of the lumbar MF, 

with particular attention to contracting the deep MF with minimal activation of the 

superficial MF and adjacent erector spinae (ES) (Richardson et al., 2004). The 

participants were asked to perform a symmetrical contraction (same strength and 

duration for both MF). For instance, if an asymmetrical contraction was denoted 

(delayed or lower activation on one side), the physical therapist applied different 

strategies to facilitate the target contraction on the affected side and ensure its 

quality and symmetry with the other side: real-time ultrasound imaging (Terason 

t3200 MSK series15L4, Burlington, MA, USA), palpation, verbal cues and virtual 

motor imagery (e.g., tensing a rope between the thorax and pelvis, bringing 

together two points on each side of the lumbar spine, palpation with instruction to 

progressively harden the palpated muscles, etc.). Each muscle contraction was 

held for 10s, without holding breath. At each session (S1 to S3), one-on-one 

supervision was given for 3 sets of 10 repetitions. At home, participants were 

asked to perform 3 sets of 10 repetitions, twice a day. 
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The specific isometric contraction training of multifides was chosen given its 

impact on M1 plasticity and motor control (Tsao et al., 2010b, Massé-Alarie et al., 

2016a). Also, combination with neurostimulation promised enlargement of 

training after-effects given the common mechanisms of synaptic plasticity shared 

with peripheral magnetic stimulation (Massé-Alarie et al., 2011, Massé-Alarie et 

al., 2012, Beaulieu et al., 2015a, Beaulieu et al., 2015c). 

2.4. Repetitive peripheral magnetic stimulation (RPMS) 

RPMS was delivered over lumbar MF at L4-L5 level using an air film cooled 

figure-of-8 coil (7 cm outer diameter each wing) connected to 2 rapid-rate 

magnetic stimulators (Rapid2; The Magstim Company Limited), with the CLBP 

patients positioned in prone lying. The RPMS group received 20 Hz-RPMS for 20 

minutes, i.e. 30 contractions of 10s with 30s off between contractions for a total 

of 6000 stimulations. The intensity was set between 35 and 40% of maximal 

stimulator output, i.e. at an intensity eliciting MF contraction that was palpable 

and with visual detection of a slight lumbar spine extension. 

The stimulation parameters were used to replicate the parameters of physical 

exercise, i.e. 30 cyclic contractions/relaxations of the muscle, with a contraction 

time of 10 s. Moreover, pain seems to be reduced by high-frequency RPMS as 

reported in a recent systematic review (Beaulieu et al., 2015c). The parameters 

of the exercise, in turn, were designed to match the postural function of MF 

(Richardson et al., 2004).  
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The stimulated side was chosen following a clinical evaluation of isometric 

voluntary contraction capacity of the MF at L4-L5 level while prone lying. RPMS 

was thus applied on the side that presented, under manual assessment, an 

asymmetry of MF contraction (decrease/delay) when the participant was asked to 

activate MF bilaterally and isometrically (Richardson et al., 2004). In case of a 

symmetrical MF activation, the right MF was stimulated, because study design 

excluded both sides stimulation, and previous data showed that the left 

hemisphere (contralateral to right MF) was predominantly affected by pain 

(Massé-Alarie et al., 2016b).w 

Sham was applied with same parameters as RPMS but with the stimulating coil 

upside-down. The participants heard the RPMS noise (clicks) and felt the coil on 

their back, but received no stimulation of MF (Beaulieu et al., 2015c). At the end 

of the study, the participants were asked to guess their group of allocation, actual 

stimulation or Sham group (see Blinding item in Table 1). 

2.5. Surface electromyography (EMG) 

Parallel-bar surface EMG sensors were positioned bilaterally to record the 

activity of superficial MF, semitendinosus (ST), and anterior deltoid (AD) muscles 

(16-Channel Bagnoli EMG System, Delsys Inc., Boston, MA). Electrodes were 

placed following SENIAM recommendations (Hermens et al., 2000), after careful 

skin preparation. A common ground electrode was positioned over the C7-T1 

spinous processes. EMG signals were bandpass-filtered (10Hz–450Hz), 

amplified before digitization (2 kHz), and stored for online display and offline 
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analysis (PowerLab acquisition system, LabChart-ADInstruments, Colorado 

Springs, CO).  

2.6. Focal movement tasks 

Two rapid focal movement tasks were used to study APA latency. 

The bilateral shoulder flexion task began in quiet standing, holding a rigid stick in 

front of the thighs with the hands at shoulder width. The participants were 

instructed to flex the shoulders (raise the stick) to 90° as fast as possible in 

response to an auditory tone. Ten trials were recorded with rest breaks, and the 

onsets of MF and ST activation were assessed relative to AD onset (primum 

movens).  

The unilateral hip extension task was performed in prone lying, beginning with 

the hips at ~10° of flexion (pillow under pelvis). The participants were instructed 

to extend one hip to the neutral position, as fast as possible, in response to an 

auditory tone. Five trials were recorded on each side (for more details (Massé-

Alarie et al., 2015)) with rest breaks, and the onset of MF activation was 

assessed relative to ST onset (primum movens). 

2.7. Trunk Movement Task 

Participants began in quiet standing (QS), with the feet at hip width. Following the 

experimenter’s count, the participants bent forward (slow and controlled flexion) 

to reach maximal trunk flexion, with minimal knee flexion, and maintained the 

position. The participants then returned to the upright posture. Following practice 



  

 
 

13 

trials, the sequence was repeated 5 times with rest breaks, each phase of the 

movement lasting 3s. 

2.8. TMS testing of MF muscle 

TMS testing of MF is challenging at rest (Ferbert et al., 1992), and M1 function is 

best tested with tonic activity of the muscle in order to increase M1 excitability 

and stabilize motoneuronal excitability and spinal cord output (Darling et al., 

2006). Thus, the participants were seated in a chair without arm support, with 

their feet flat on the floor (O'Connell et al., 2007, Tsao et al., 2011a, Tsao et al., 

2011b), and were asked to lean the trunk forward and maintain the lumbar spine 

in lordosis. The mean rectified MF EMG corresponding to 10% of maximum 

voluntary contraction (MVC - measured for resisted back extension in prone) was 

displayed as a line on an oscilloscope screen, and the participants had to match 

this target line with the real-time visual feedback of their MF activation (2 Hz low-

pass filtered). Trials in which EMG fell outside the acceptance window (± 3.5%) 

were rejected online. 

TMS of M1 was applied over the hemisphere contralateral to the stimulated MF. 

Magnetic stimuli were applied using a double-cone coil (7-cm outer diameter 

each wing; Magstim Company Limited, Whitland, UK) optimal for the activation of 

MF M1 cells (Nowicky et al., 2001, Davey et al., 2002, Tsao et al., 2011a). The 

TMS coil was positioned over the MF area, first approximated at 2 cm lateral to 

the vertex using a 10-20 EEG system (Tsao et al., 2011a). The position then was 

adjusted to determine the ‘hot spot’; the location eliciting the largest amplitudes 
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of MF MEP at a given intensity. Scalp locations were marked using a surgical 

marker to ensure reliable positioning and orientation of the coil. The active motor 

threshold (AMT) was defined as the TMS intensity eliciting at least 5 measurable 

MEP in the pre-activated MF, out of 10 trials. 

Double TMS paradigms (coil connected to two Magstim 2002 monophasic 

stimulators via a BiStim unit) were used to test the function of the intracortical 

circuits of M1. The short-interval intracortical inhibition (SICI) was probed by the 

combination of a subthreshold conditioning TMS (70% AMT) and a 

suprathreshold test TMS at 120% AMT; two inter-stimulus intervals (ISI) were 

tested (2ms, 3ms), i.e. with the conditioning TMS delivered 2 ms then 3 ms 

before the test (Kujirai et al., 1993 ). The short-interval intracortical facilitation 

(SICF) was probed by a subthreshold conditioning TMS (90% AMT) delivered 1 

ms after a test TMS at 100% AMT (Tokimura et al., 1996, Ilic et al., 2002). In 

each paradigm, eight unconditioned (test) MEP and 8 conditioned MEP were 

elicited. Inhibition or facilitation (as appropriate per paradigm) corresponded to 

the decrease or increase, respectively, of the conditioned MEP amplitude as 

compared to its test MEP. The amplitudes of the conditioned MEP were then 

expressed in percent of the mean test MEP amplitude. For each participant, the 

amplitude of the test MEP was matched between pre-intervention at the first 

session (S1) and all other time points (adjustment of test TMS intensity) to 

ensure valid comparisons of conditioned MEP amplitudes. Rest periods were 

allowed between TMS trials to avoid fatigue and pain. 

2.9. Questionnaires (pain, function, kinesiophobia) 
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The Global Physical Activity Questionaire (GPAQ) was used to rate the level of 

physical activity at baseline, i.e. pre-intervention at the first session (S1). At S1 

and S3 (i.e. 1 week apart), the Visual Analogue Scale (VAS) (Price et al., 1983) 

was used to assess the intensity of LBP in a sitting position at the time of testing 

(spontaneous pain) and the intensity of the average pain over the last 2 days 

(average pain); the Oswestry disability index (ODI) (Fairbank et al., 1980) and 

the Patient-Specific Functional Scale (PSFS) (Stratford et al., 1995) were used to 

assess the functional disability of the participants; the Tampa Scale of 

Kinesiophobia (TSK) (Vlaeyen et al., 1995) was used to measure the fear of 

movement or of (re)injury. Only spontaneous pain was also assessed using the 

VAS at post-intervention in each session (S1, S3). In addition, the ODI and TSK 

were administrated at 2 follow-ups (2 weeks and 1 month after the last S3 

session). The psychometric properties of these scales and questionnaires in 

CLBP, such as validity, test-retest reliability and responsiveness are reported 

elsewhere (Chapman et al., 2011). 

2.10. Data reduction and statistical analysis 

The investigator responsible for data collection and extraction / analysis was not 

present during RPMS application and all data collected were codified so that he 

remained blinded to individual, group of allocation and time points until 

completion of analysis. 

2.10.1. APA outcomes in focal movement task 
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The onset of activation for each muscle was determined by visual inspection. If 

this onset was difficult to identify, the first point at which EMG levels rose above 

background levels, by one standard deviation, and for at least 50 ms, was used. 

The average and standard deviation of EMG background levels was measured 

during the 500-ms epoch preceding the auditory tone (Hodges et al., 1996a). 

Precisely, for the bilateral shoulder flexion task, the onsets of MF and ST 

activation (APAs) were both expressed relative to AD onset. ST APA was tested 

because previous studies described delayed activation in this muscle (Massé-

Alarie et al., 2015), and because any improvement in a non-stimulated muscle 

could reflect changes in cerebral areas implied in the cognitive aspects of motor 

function. A multiple analysis of variance, with repeated measures (ANOVARM) 

using a mixed design and factors Group (RPMS vs. Sham) X Time (S1 vs. S3) X 

Period (Pre vs. Post) and Side (Right MF vs. Left MF) was applied on MF and ST 

APAs. 

For the prone hip extension task, MF onset (APA) was expressed relative to ST 

onset. An ANOVARM with factors Group X Time X Period X Side of effect 

(contralateral vs ipsilateral to hip extension) was then applied on MF APA. 

2.10.2. Activation outcomes in forward bending task 

MF EMG activity was extracted for three different phases of the trunk 

flexion/extension task: Flexion (FLX: mean of 200-ms epoch of maximal 

activation), Full Flexion (Full FLX: mean of 3-s activation) and extension (EXT: 

mean of 200-ms epoch with maximal activation). ANOVARM using a mixed design 



  

 
 

17 

and factors Group (RPMS vs. Sham) X Time (S1 vs. S3) X Period (Pre vs. Post) 

and Side (Right MF vs. Left MF) was applied on the ratios EXT/Full FLX and 

FLX/Full FLX, both of which having previously been reported as decreased in 

CLBP (Alschuler et al., 2009). These ratios are also used to differentiate between 

pain-free people and people with CLBP (Alschuler et al., 2009, Neblett et al., 

2013). 

For the RPMS group only, a three-way ANOVARM using a mixed design with 

factors Time (S1 vs. S3) X Period (Pre vs. Post) and Side stimulated (Stimulated 

vs. Non-stimulated) was additionally applied on APAs and MF activation 

outcomes to determine the influence of the side of stimulation. 

2.10.3. TMS outcomes 

Six TMS outcomes associated with MF were acquired for each participant: the 

AMT (% maximum stimulator outcome, MSO) reflecting the basic M1 excitability 

during tonic MF activity; the peak-to-peak amplitude of test MEP ( µV) reflecing 

the volume of M1 cells synchronized by TMS and the synchronicity of 

descending volleys onto motoneurons; the amplitudes of the two different 

conditioned MEP (% test MEP) informing on the levels of SICI (ISI: 2 and 3 ms) 

and SICF; the duration of the EMG silent period (% test MEP amplitude) (Orth et 

al., 2004). The relative (% of test MEP) and the raw amplitude of the conditioned 

MEP of SICF was also tested since the validity and reliability of the relative 

conditioned MEP could have been contaminated by the high variability denoted 
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for this test MEP (elicited at 100% AMT). A three-way ANOVARM with factors 

Group X Time X Period was applied on all TMS outcomes.  

2.10.4. Questionnaire outcomes  

A three-way ANOVARM with factors Group X Time X Period was applied on the 

spontaneous pain. A two-way ANOVARM with factor Group X Time (S1 vs. S3) 

was applied on spontaneous and mean pain, ODI, PSFS and TSK scores. An 

additional two-way ANOVARM had to be done on spontaneous pain due to 

missing data for 3 people at post-S1. An ANOVA with factor Group X Time (S1, 2 

weeks follow-up, 1 month follow-up) was also applied to ODI and TSK scores. 

Contrast analyses of ANOVA (planned comparisons) tested where differences 

did lie. Pearson’s correlation coefficients probed the link between changes of 

APAs, forward bending task, M1 function and pain, and initial values of 

outcomes, i.e. the existence of possible predictive factors of success of the 

intervention.  

Significance level was set at p<0.05 for all tests. However, running multiple 

analyses increased the possibilities of type I error (false positive) and results 

close to significance should be interpreted with caution. 

 

3. RESULTS 

Characteristics were comparable at baseline (at pre-intervention for the first 

session) between RPMS and Sham groups (Table 1). Two participants, one in 
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each group, dropped out due to availability (Fig. 1). Thus, 19 participants 

completed the protocol (10 in RPMS group and 9 in Sham group). Due to 

technological issues in TMS testing, data from one participant was withdrawn 

(n=9 for TMS outcomes analysis in RPMS group) and SICI data were not 

properly collected thus were not analyzed. No adverse effects were reported. 

 

3.1. Focal movement tasks  

3.1.2. Earlier MF onset in Sham group at 1 week follow-up 

In the bilateral shoulder flexion task, the ANOVARM applied on MF APA detected 

a main effect of Time (F(1, 17) = 7.53; p=0.01; Fig. 2A) with significance only in 

Sham group presenting an earlier APA at S3 (1.4 ± 10.2 ms) compared to S1 

(5.3 ± 12.4 ms; F(1, 17) = 9.041; p=0.008) and no change in RPMS group (S1: -1.3 

± 14.1 ms; S3: -2.7 ± 14.2 ms; Fig 2A).  

3.1.2. Earlier ST onset in RPMS group at 1 week follow-up 

ANOVARM applied on ST APA detected a Time X Group interaction (F(1, 17) = 

5.22; p=0.03), with earlier ST APA at S3 (7.6 ± 24.5 ms) than at S1 (16.3 ± 22.3 

ms) for the RPMS group only (F(1, 17) = 8.53; p=0.009; Fig. 2B). A Period X Group 

interaction was also detected for ST APA (F(1, 17) = 4.55; p=0.048; Fig. 2B) with 

ST APA systematically and close-to-significantly earlier at post-intervention (9.0 ± 

25.0 ms) than at pre-intervention (14.8 ± 21.5 ms) for RPMS group only (F(1, 17) = 
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4.01; p=0.055). No other effects were detected. No effect was detected for MF 

APA in the unilateral hip extension task. 

(Insert Fig. 2 near here) 

3.2. Forward bending task 

3.2.1. Increase of MF ratio (FLX / Full FLX) in RPMS group at 1 week follow-up 

The ANOVARM detected a main effect of Time for the FLX / Full FLX ratio (F(1, 17) 

= 5.64; p=0.03). Fig. 3A shows however that, in RPMS group only, the ratio was 

increased at S3 (857.2 ± 689.8 %) compared to S1 (623.9 ± 526.1 %; F(1, 17) = 

5.26; p=0.03). The ratio was higher at pre-intervention in S3 (801.1 ± 550.3 %) 

than at pre-intervention in S1 (585.0 ± 461.1 %; F(1, 17) = 5.78; p=0.03) and the 

increase was close to significance at post-intervention in S3 (913.2 ± 876.9 %) as 

compared to post-intervention in S1 (662.9 ± 646.8 %; F(1, 17) = 4.41; p=0.051).  

3.2.2. Increase of MF ratio (EXT / Full FLX) in RPMS group at 1 week follow-up 

Also, the ANOVARM detected a main effect of Time for the EXT / Full FLX ratio 

(F(1, 17) = 6.67; p=0.02). Fig. 3B shows however that, in RPMS group only, the 

ratio was increased at S3 (1706.9 ± 1384.2 %) compared to S1 (1297.8 ± 1214.8 

%; F(1, 17) = 7.01; p=0.02). The ratio was higher at pre-intervention in S3 (1620.0 

± 1226.3 %) than at pre-intervention in S1 (1280.1 ± 1202.8%; (F(1, 17) = 6.46; 

p=0.02). It was higher at post-intervention in S3 (1793.8 ± 1595.1 %) than at 

post-intervention in S1 (1315.5 ± 1283.6 %; F(1, 17) = 6.70; p=0.02). No other 

effects were detected in RPMS group. Sham yielded no effect (p>0.05). 
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3.2.3. Increase MF ratio (EXT / Full FLX) on the stimulated side in RPMS group 

at 1 week follow-up 

Fig. 3C shows the ANOVARM results for the comparison between the stimulated 

and non-stimulated sides in RPMS group. A main effect of Time (F(1, 9) = 6.74; 

p=0.03) and a Time X Side interaction (F(1, 9) = 5.68; p=0.04) were detected for 

the EXT / Full FLX ratio. Planned comparisons showed that the ratio was 

increased on the stimulated side at S3 (1790.6 ± 1435.4 %) compared to S1 

(1246.2 ± 1151.6 %; F(1, 9) = 7.10; p=0.03) and on the non-stimulated side at S3 

(1623.2 ± 1354.6 %) compared to S1 (1349.4 ± 1285.9 %; F(1, 9) = 5.22; 

p=0.048). 

For the stimulated side only, the ratio was higher at pre-intervention in S3 

(1802.7 ± 1423.0 %) than at pre-intervention in S1 (1252.2 ± 1152.2 %; F(1, 9) = 

5.57; p=0.043) and higher at post-intervention in S3 (1778.6 ± 1457.6 %) than at 

post-intervention in S1 (1240.2 ± 1182.8 %; F(1, 9) = 8.30; p=0.02). No other 

effects were detected for the EXT / Full FLX ratio, and none were found for the 

FLX / Full FLX ratio. 

(Insert Fig. 3 near here) 

3.3. TMS outcomes 

3.3.1. Increase of SICF in RPMS group at 1 week follow-up 

The three-way ANOVARM detected a Time X Group interaction for the raw 

conditioned MEP amplitude of SICF paradigm (F(1, 15) = 5.21; p=0.04; Fig. 4). 
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Planned comparisons showed a close-to-significance increase of MEP amplitude 

at S3 (70.9 ± 43.4 µV) compared to S1 (49.1 ± 19.7 µV) in RPMS group only (F(1, 

15) = 4.41; p=0.053). The three-way ANOVARM applied on AMT showed a main 

effect of Period with a decrease of AMT from pre- to post-intervention when both 

groups were pooled (F(1, 16) = 7.21; p=0.02). No other effects were detected in 

TMS outcomes (Table 2). 

(Insert Fig. 4 and Table 2 near here) 

3.4. Questionnaires 

Table 2 presents the questionnaires’ scores at specific time points. 

3.4.1 Acute and long-term decrease of spontaneous pain in RPMS group 

The three-way ANOVARM detected a close-to-significant Time X Group X Period 

interaction (F(1, 14) = 4.48; p=0.053) with a decrease of spontaneous pain in the 

RPMS group at post-intervention in S1 (F(1, 14) = 4.96; p=0.04) and pre-

intervention in S3 (F(1, 14) = 8.27; p=0.01), as compared to pre-intervention in S1. 

In support, the two-way ANOVARM detected a significant Time X Group 

interaction (F(1, 17) = 7.63; p=0.01) with a decrease of spontaneous pain level at 

pre-intervention in S3 (11.6 ± 10.1) as compared to pre-intervention in S1 (27.9 ± 

20.6) in RPMS group only (F(1, 17) : 10.98; p=0.004; Fig. 5A). Sham yielded no 

effect.  

3.4.2. Decrease of average pain in RPMS group at 1 week follow-up  
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The two-way ANOVARM detected a main effect of Time (F(1, 17) = 10.41; p=0.005) 

with a decrease of average pain from S1 to S3 which was significant in RPMS 

group (F(1, 17) = 6.11; p=0.02) and close-to-significance in Sham group (F(1, 17) = 

4.41; p=0.051). 

3.4.2. Decrease of disability (ODI and PSFS) in RPMS group  

The two-way ANOVARM detected a main effect of Time (F(1, 17) = 19.63; 

p=0.0004) but with ODI scores decreased only in RPMS group between S1 and 

S3 (F(1, 17) = 20.86; p=0.0003; Fig. 5C). ANOVARM also detected a main effect of 

Time at two weeks follow-up (F(1, 15) = 8.00; p=0.01) and one month follow-up (F(1, 

17) = 5.99; p=0.03), both compared to S1, but with ODI scores significantly 

decreased in RPMS group only between S1 and one month (F(1, 17) = 6.30; 

p=0.02; Table 3). Of note, one Sham-group participant washed-out the effect of 

exercise and had an increase of +20 points for ODI score at one month follow-up. 

The two-way ANOVA detected a main effect of Time (F(1, 17) = 8.14; p=0.01) with 

an increase of PSFS score in RPMS group only (F(1, 17) = 11.06; p=0.004; Fig. 

5D). PSFS scores were higher in RPMS group than in Sham at S3 (F(1, 17) = 

11.06; p=0.004) and not different at S1 (p>0.05 ). 

No effect was detected for TSK score. 

(Insert Fig. 5 and Table 3 near here) 

3.5. Correlations between outcomes 
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In RMPS group only, Pearson’s correlation found that the S1-to-S3 changes of 

the average pain (r= -0.86; p=0.003) and PSFS scores (r=0.86; p=0.003; Fig. 6A-

B) were both correlated with the AMT measured at baseline (i.e. at pre-

intervention in S1). These correlations suggest that the participants with higher 

AMT at pre-intervention in S1 (i.e. lower M1 excitability) had larger decrease of 

average pain and larger increase of functional capacity scores following the 

combination of RPMS with motor training. In the sham group, the variations of 

clinical outcomes from S1 to S3 were not correlated with AMT. 

 

(Insert Fig. 6 near here) 

4. DISCUSSION 

This original study tested how the combination of RPMS with motor training of 

MF muscle in CLBP influenced M1 function, spine motor control and pain as 

compared to the combination of sham stimulation with motor training. The 

findings support the initial hypothesis that RPMS combination with motor training 

ought to provide more benefits than motor training alone (sham combination). 

Earlier onset of ST muscle after one week of training were detected in the RPMS 

group for the bilateral shoulder flexion task, along with MF activation during 

forward bending, up-regulation of M1 circuits of corticospinal facilitation, and 

decrease of pain and of disability that persisted one month later. Potential 

mechanisms related to pain processing and functional plasticity are addressed to 

better understand the improvement obtained in RPMS group.  
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4.1. Reduction of pain and disability 

The after-effects of RPMS administration in CLBP is not well known and only two 

studies in literature reported some changes after one RPMS session in CLBP (Lo 

et al., 2011, Massé-Alarie et al., 2013). Our present results showed a significant 

decrease of pain at post-intervention in the first session and persistence over one 

week while Sham did not yield any influence. These effects are stronger than in 

the study of Lo et al. (2011), where pain, even still decreased 4 days after the 

stimulation, had returned closer to baseline (Lo et al., 2011). Thus, the present 

study on pain reduction (VAS score) and function improvement (ODI & PSFS 

scores) over one week provides ancillary evidence that multiple RPMS sessions 

(at least 3 sessions) combined with motor training can contribute to maintain the 

acute reduction of pain (obtained at the first session) across several days. The 

fact that these effects were not observed in the Sham group with however the 

same motor training, suggests that the combination of RPMS with training could 

(1) potentiate practice-dependent plasticity mechanisms, (2) boost the effect with 

multiple sessions and/or (3) influence the endogenous pain system. This may 

explain the larger functional gains obtained in the RPMS group. It can be 

hypothesized that the increased number of proprioceptive stimuli (RPMS) and 

the combined influence of RPMS and training on brain plasticity and motor 

learning (Massé-Alarie et al., 2013) may have contributed to reduce pain and 

ease motor learning during training. This is in line with recent studies reporting 

the impact on pain and brain reorganization of the combination of two 

interventions that influenced M1 plasticity (Boggio et al., 2009, Schabrun et al., 
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2014). Thus, how RPMS combination with motor training drove M1 plasticity in 

our study should be addressed.  

4.2. Influence on M1 plasticity 

Only the TMS outcome of SICF was influenced by the combination of RPMS and 

training at 1 week follow-up. However, due to the use of raw peak-to-peak 

amplitudes of the conditioned MEP (to avoid variability of SICF expression 

relative to test MEP elicited at 100% AMT, see Methods), the interpretation of 

this result should be taken with caution and changes of MF SICF under RPMS 

and training should be replicated in future studies. The rationale for using RPMS 

as an adjunct in motor training is that RPMS can influence synaptic plasticity in 

M1 circuits and frontal-parietal areas to favour motor learning and promote motor 

control (Struppler et al., 2007a, Massé-Alarie et al., 2011, Massé-Alarie et al., 

2013). In RPMS group, the increase of SICF at S3 could reflect the up-regulation 

of synaptic mechanisms involved in M1 facilitation. Indeed, the SICF 

mechanisms of synaptic facilitation are regulated in M1 circuits by inhibitory 

connections from GABAergic circuits (Peurala et al., 2008, Shirota et al., 2010). 

Thus, an increase of SICF suggests a decrease of M1 inhibition. In support, it 

was shown that RPMS combined with skilled motor practice for TrA/IO training 

released M1 from local inhibition (Massé-Alarie et al., 2012). Also, it is 

acknowledged that such M1 disinhibition favours the induction of plasticity by 

unmasking of synapses and increase of synaptic strength (Jacobs et al., 1991, 

Hess et al., 1994, Liepert, 2006). Thus, the increase of SICF, potentially 
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paralleled by M1 disinhibition, could reflect plastic mechanisms that may have 

contributed to motor learning and may have enhanced MF motor control.  

Unexpectedly, no change of TMS outcomes was detected immediately after the 

intervention in the first session of RPMS-training (RPMS group). A first 

assumption could be that the combination of two interventions that influence 

brain plasticity can cancel the immediate (but not long-term) neuroplastic 

influence that each intervention could have, owing to the mechanisms of 

homeostatic metaplasticity where increase of excitability in brain due to a first 

stimulation can reverse the influence of a second stimulation (Gamboa et al., 

2010, Schabrun et al., 2013a). Also, acute changes of TMS outcomes may have 

been missed given that we tested MEP amplitude at 120% AMT (mean of 59.8 ± 

6.3% MSO) whereas it was shown that higher stimulation intensities (80-90% 

MSO) were required to detect modulation of M1 excitability for the paravertebral 

muscles (Tsao et al., 2011c). Furthermore, the optimal timing to influence M1 

excitability and corticospinal function during one week of training is not known 

and other changes could have occurred after the first session and returned to 

baseline within a few days of practice. The possibility that RPMS did not 

influence M1 but other structures in brain and spinal circuits must also be 

considered. Therefore, further studies are warranted to determine more precisely 

the mechanisms (and their timing) of the combined influence of RPMS and 

training on plasticity related to MF M1 area. Also, to validate that the combination 

of RPMS with motor training potentiated the gains beyond those likely obtained in 
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each intervention alone, future studies are warranted to investigate the influence 

of RPMS alone on M1 plasticity and motor control of multifides in CLBP. 

4.3. Improvement of motor control 

The pain decrease still present at one week was likely the result of the combined 

influence of RPMS and motor training, i.e. an intertwined action on motor control 

and pain modulation. For example, the increase of MF activation ratios during 

forward bending reflects a higher MF activation during the concentric and 

eccentric phases of the task and a better relaxation in full flexion. These ratios 

are decreased in CLBP (Alschuler et al., 2009) and their increase could reflect a 

better motor control of spine during functional activities, in likely relation to the 

up-regulation of the circuits of M1 facilitation (SICF). Therefore, the improvement 

of spine motor control may have efficiently protected spine from microtraumas in 

day-to-day tasks, thus maintaining pain level at a decreased level over the week 

of the training at home. 

RPMS on its own could have improved motor control by activating central areas 

involved in motor planning. A previous study from our group reported a delay in 

the onset of ST APA in CLBP (Massé-Alarie et al., 2015) and surprisingly, APA 

was fastened by RPMS administration in the present study, i.e. with no obvious 

relation to the practice of MF activation. Of note, ST onset was not delayed at 

baseline (at pre-intervention in S1) in our participants (both groups) as compared 

to pain-free participants enrolled in a recent study (Massé-Alarie et al., 2015). It 

is thus still unclear whether earliness of ST onset in bilateral flexion task after 
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one week in the RPMS group actually represents an improvement of APA 

programming. For instance, like mechanical tendon vibration of triceps surae 

(Fujiwara et al., 2003), RPMS could have changed the perception of body in 

space (e.g. forward leaning) thus modifying the posture and requiring postural 

adaptation (earlier ST) to avoid forward fall. Nevertheless, RPMS after-effects 

are deemed to be related to an influence on the central processing of sensory 

inputs (Struppler et al., 2007a). For example, it was shown that RPMS over wrist 

extensors generated a massive flow of proprioceptive inputs that activated the 

frontal-parietal pathways involved in perception and sensorimotor planning 

(Struppler et al., 2007a). It follows that, in our study, an increased availability of 

proprioceptive inputs (usually decreased in CLBP) could have contributed to the 

selection of more appropriate strategies of motor control and APA in postural 

tasks. Interestingly, only the sham group presented with earlier MF onset at 1 

week of follow-up. This result in the sham group is consistent with previous 

studies that showed APA improvement with voluntary and isometric contraction 

of MF muscle (Tsao et al., 2007, Massé-Alarie et al., 2016a). Why RPMS has not 

influenced MF APA could be due to the earlier APA at baseline (-1.6 ± 11.8 ms) 

as compared to the sham group (5.9 ± 15.2 ms; Fig. 2A), i.e. a likely result of 

randomization that may have precluded any improvement in RPMS group. Thus, 

it seems that APA can be influenced differently owing to the type of physical 

exercises (training) or neurostimulation techniques (to influence neuroplasticity) 

and this will have to be considered in the development of future guidelines in 
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rehabilitation (Tsao et al., 2007, Tsao et al., 2010a, Tsao et al., 2010b, 

Chipchase et al., 2011, Massé-Alarie et al., 2016a). 

4.4. Possible influence of RPMS on the mechanisms of pain modulation  

Altogether, the present findings suggest that RPMS combination with training 

induced an acute and persistent decrease of pain that likely eased physical 

practice at home over the week and lead to long-term improvements of motor 

control and functional capacity, and reduction of disability. However, it is 

noteworthy that pain reduction in RPMS group at post-intervention in the first 

session and at 1 week follow-up could result from different mechanisms. For 

example, given the absence of MF motor changes at post-intervention in S1, the 

acute pain reduction could have been related to the immediate activation of 

descending anti-nociceptive pathways and spinal inhibition mechanisms, rather 

than a change of corticomotor control of spine. The likely peripheral mechanisms 

of RPMS action should thus be tested in the future along with central processing. 

One striking result is however the association between baseline AMT and 

improvement of pain and disability in RPMS group. Participants with CLBP 

presenting with higher AMT at baseline, i.e. lower excitability within M1 circuits at 

pre-intervention in S1, did self-report larger improvement of pain and of functional 

capacity than participants with higher M1 excitability at baseline. It is possible 

that people with CLBP who will benefit more from RPMS-induced proprioceptive 

inputs to the sensorimotor cortex are those with impairments of proprioceptive 

and multisensory integration following reorganization of cortical sensory maps 



  

 
 

31 

(Flor et al., 1997), thus those with lower M1 excitability given the intertwined 

excitability between sensory and motor maps (Schabrun et al., 2012b, Schabrun 

et al., 2013b). This hypothesis has to be tested in future studies. 

 

4.5. Methodological considerations 

The change of ODI score at S3 in RPMS group (+ 6 points) is considered a 

minimum difference with clinical significance (Fritz et al., 2001). Thus, our results 

suggest that RPMS combination with training can induce changes of clinical 

importance, even if the study was not specifically designed to detect 

pain/disability differences. Although surface electrodes were carefully positioned 

over MF muscle at L4-L5 level, cross-talk from adjacent paravertebral muscles 

could have been recorded, especially in MF response to TMS (Tsao et al., 

2011a). Therefore, studies using fine-wire electrodes are warranted to delineate 

whether changes of TMS outcomes in RMPS group are specific to MF muscles. 

The use of the raw conditioned MEP amplitudes to interpret  SICF data was 

justified in SICF by the fact that the high variability of the test MEP elicited at 

100% AMT (very small amplitudes in MF muscle) could have substantially 

impacted the SICF ratio (conditioned MEP amplitudes expressed in % of the test 

MEP). Therefore, a test TMS at 100% AMT for probing SICF mechanisms of the 

MF muscle could be replaced in future studies by a test TMS at 120% AMT or by 

monitoring a specific MEP amplitude by a stringent window of acceptance (e.g., 

100 µV) (Ziemann et al., 1998). Of note, 9 out of the 10 participants in RPMS 



  

 
 

32 

group guessed their group of allocation, whereas only 4 out of 9 in Sham group 

(Table 1). The difficulty to blind RPMS group is thus a concern owing to the 

strong contractions elicited and cutaneous tingling sensation. Finally, our sample 

of participants was not homogeneous, i.e. was not recruited according to a 

specific motor dysfunction. This decision was based on the evidence that even 

heterogeneous groups of CLBP present with MF atrophy, APA delays and 

abnormal motor patterns during trunk movement (MacDonald et al., 2009, 

Beneck et al., 2012). Nonetheless, most participants (16 out of 21) presented 

with asymmetric MF activation (in term of spatial and temporal contraction), thus 

received RPMS over a muscle whose motor control might have been impaired.  

4.6. Conclusion 

This study showed the benefits of RPMS combination with motor training on pain, 

disability, function and lumbopelvic spine motor control one week after the onset 

of protocol, as compared to motor training alone and in relation to M1 excitability 

and plasticity. Clinically, RPMS seems a promising adjuvant in CLBP to 

potentiate the gains of physical practice on lumbopelvic spine control and pain 

that are intertwined in any daily life activity; therefore, more evidence-based data 

should be collected. Also, the influence of RPMS alone (i.e. without motor 

training) on pain and sensorimotor systems should be more thoroughly tested for 

identifying the neural mechanisms underlying the improvements observed. 
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FIGURE LEGENDS 

Fig. 1. Flowchart of the study design. CLBP: chronic low back pain; RPMS: 

Repetitive peripheral magnetic stimulation combined with motor training (multifide 

muscles); Sham: Sham stimulation combined with motor training; data acquisition 

at pre- and post-intervention: corticomotor outcomes and anticipatory postural 

activation of multifide muscles. 

Fig. 2. Anticipatory postural adjustments. Mean onset (± SD) of (A) MF and (B) 

ST muscles activation relative to AD onset in bilateral shoulder flexion task in 

RPMS and Sham groups at pre- and post-intervention for the first session (S1: 

upper part of each graph) and the third session (S3 i.e. 1 week follow-up: lower 

part). MF: multifidus; ST: semi-tendinosus; RPMS: Repetitive peripheral 

magnetic stimulation combined with training; Sham: sham stimulation with 

training. * p<0.05 

Fig. 3. Ratios of MF EMG (± SD) activity during forward bending. (A) FLX / Full 

FLX and (B) EXT / Full FLX in both RPMS and Sham groups; (C) EXT / Full FLX 

in RPMS group only on the stimulated and non-stimulated sides. FLX / Full FLX: 

ratio during the flexion on full flexion; EXT / Full FLX: ratio during the extension 

on full flexion; RPMS: Repetitive peripheral magnetic stimulation combined with 

training; Sham: sham stimulation with training; S1: first session; S3: third session, 

i.e. 1 week follow-up; pre, post: before, after intervention. * p<0.05 

Fig. 4. Short-interval intracortical facilitation (SICF). Means of conditioned MEP 

amplitude (± SD) at pre- and post-intervention for the first session (S1) and the 
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third session (S3, i.e. 1 week follow-up) in both RPMS and Sham groups. MEP: 

motor evoked potential; RPMS: Repetitive peripheral magnetic stimulation 

combined with training; Sham: sham stimulation with training; S1: first session; 

S3: third session i.e. 1 week follow-up; pre, post: before, after intervention. 

Fig. 5. Clinical scores at sessions 1 and 3 in both RPMS and Sham groups for  

(A) Mean spontaneous pain intensity (± SD) reported at onset of assessment; (B) 

Mean average pain intensity (± SD) in the two days preceding the assessment; 

(C) Mean Oswestry disability index (ODI, ± SD); (D) Mean Patient-specific 

functional score (PSFS, ± SD). RPMS: Repetitive peripheral magnetic stimulation 

combined with training; Sham: sham stimulation with training; S1: first session; 

S3: third session i.e. 1 week follow-up; pre, post: before, after intervervention. * 

p<0.05; ** p<0.01; ***p<0.0001 

Fig. 6. Correlations between the value of AMT at baseline (at pre-intervention for 

the first session) and changes (! : from first to third session) of (A) mean 

average pain and of (B) mean PSFS score in the RPMS group. Note that in Fig. 

6A TMS data from one participant was withdrawn (n=9 points); in Fig. 6B, three 

participants had superimposed coordinates (AMT=51, PFSF=3; n=7 points 

visible). AMT: active motor threshold; PSFS: Patient-specific functional score; 

MSO: maximal stimulator output; RPMS: Repetitive peripheral magnetic 

stimulation combined with training 
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Table 1. Characteristics of participants and groups (mean ± SD) 
Groups RPMS Sham p 
Participants (n) 11 10 - 
Gender (M:F) 6 :5 5 : 5 1.00a 
Age (years) 33.2 ± 10.8 42.1 ± 17.2 0.18 
Handedness (Right : Left) 9 : 2 9 : 1 1.00 a 
Height (cm) 164.4 ± 10.6 167.9 ± 5.5. 0.35 
Weight (kg) 73.7 ± 19.8 68.6 ± 11.7 0.48 
BMI (kg/m²) 26.9 ± 5.4 24.3 ± 3.6 0.20 
GPAQ (METS) 4047.3 ± 2844.4 2638.0 ± 1860.9 0.19 
Sedentarity (h) 7.9 ± 3.3 9.9 ± 3.6 0.20 
Pain duration (months) 56.7 ± 29.3 130.8 ± 126.2 0.10 
Voluntary contraction 
(Asymmetric : Symmetric) 

8 : 3 8 : 2 1.00a 

Stimulated side (Right : Left) 7 : 4 5 : 5 0.67a 
Exercise adherence (%) 91.4 84.7 0.29 
Blinding (matched : unmatched) 9 : 1 4 : 5 0.14a 

BMI; Body mass index; GPAQ: Global Physical Activity Questionnaire; ODI: Oswestry disability index; PSFS: 
Patient specific functional scale; TSK: Tampa Kinesiophobia Scale; mo: months; METS; metabolic equivalent. 
p : Bilateral unpaired t-test; 
a Bilateral Fisher's exact test. 
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Table 2. TMS outcomes 

AMT: active motor threshold; MEP: motor evoked potential; SP: silent period; SICF: short-interval 
intracortical facilitation; S1: first session; S3: third session; pre, post: before, after training; GLOB: global 
exercise; ISOM: isometric exercise. 
 
  

RPMS group Pre-S1 Post-S1 Pre-S3 Post-S3 
AMT (%MSO) 50.7 ± 5.8 49.8 ± 6.0 49.7 ± 7.5 48.7 ± 6.9 
MEP amplitude (µV) 61.3 ± 25.3 63.1 ± 28.9 70.6 ± 50.8 74.4 ± 49.3 
SP/MEP (%) 92.5 ± 59.1 90.6 ± 49.1 87.5 ± 40.0 90.8 ± 50.8 
SICF (% test MEP) 175.7 ± 73.9 145.5 ± 57.7 183.5 ± 59.6 206.6 ± 87.8 
SICF (µV) 56.0 ± 23.5 47.4 ± 20.7 73.0 ± 43.5 67.5 ± 38.9 

Sham group Pre-S1 Post-S1 Pre-S3 Post-S3 
AMT (%MSO) 49.9 ± 6.3 49.1 ± 6.0 50.7 ± 8.1 49.3 ± 6.7 
MEP amplitude (µV) 65.6 ± 42.8 64.7 ± 45.6 56.2 ± 28.0 61.5 ± 31.0 
SP/MEP (%) 152.2 ± 100.6 127.9 ± 95.2 137.5 ± 59.5 143.9 ± 87.5 
SICF (% test MEP) 174.1 ± 49.7 187.6 ± 73.2 181.4 ± 72.6 201.8 ± 92.2 
SICF (µV) 55.9 ± 38.3 55.2 ± 36.1 48.4 ± 27.2 50.9 ± 26.5 
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Table 3. Changes in questionnaire over time 

RPMS S1 S3 2 w post-S3 1 mo post-S3 
Spontaneous paina (/10) 27.9 ± 20.6 11.6 ± 10.1*   
Average pain (/10) 36.6 ± 18.5 19.6 ± 14.0*   
ODI (%) 17.6 ± 8.4 11.6 ± 9.8* 14.5 ± 14.7 10.0 ± 8.2 ˣ 
PSFS (/30) 15.8 ± 5.1 21.2 ± 3.9*   
TSK (/68) 40.0 ± 8.4 38.1 ± 9.4 39.1 ± 10.9 37.7 ± 9.6 

Sham S1 S3 2 w post-S3 1 mo post-S3 
Spontaneous paina (/10) 16.6 ± 9.8 20.0 ± 15.9   
Average painb (/10) 34.4 ± 19.8 19.2 ± 10.5   
ODI (%) 21.1 ± 7.4 18.7 ± 9.0 17.0 ± 10.3 18.0 ± 14.4 
PSFS (/30) 15.2 ± 4.2 16.6 ± 4.1   
TSK (/68) 36.3 ± 4.7 37.3 ± 6.0 38.3 ± 9.4 35.4 ± 8.6 
ODI: Oswestry disability index; PSFS: Patient specific functional scale; TSK: Tampa Scale of Kinesiophobia; w: 
week; mo: month. 
aMeasured in sitting (S1 refer to pre-S1; S3 refer to pre-S3) 
b Mean pain level of the last 2 days. 
* Significant difference between S1 and S3; 
ˣ Significant difference between S1 and 1 month post-S3 
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INTRODUCTION

Low back pain, one of the major causes of disability 
worldwide, is a very common reason for seeking medi-

cal care [1]. Low back pain can be classified based on 
duration as follows: (1) acute back pain that lasts less 
than 6 weeks; (2) sub-acute back pain lasting from 6 to 12 
weeks; and (3) chronic back pain that persists for more 

Annals of Rehabilitation Medicine

Original Article

Ann Rehabil Med 2018;42(2):229-238
pISSN: 2234-0645 • eISSN: 2234-0653
https://doi.org/10.5535/arm.2018.42.2.229

Effects of Repetitive Peripheral Magnetic 
Stimulation on Patients With Acute Low  

Back Pain: A Pilot Study
Young-Ho Lim, MD1, Ji Min Song, MD1, Eun-Hi Choi, MD2, Jang Woo Lee, MD3

1Department of Physical Medicine and Rehabilitation, Hallym University Sacred Heart Hospital, Hallym University  
College of Medicine, Anyang; 2Department of Rehabilitation Medicine, Hallym University Chuncheon Sacred Heart Hospital, 

Hallym University College of Medicine, Chuncheon; 3Department of Physical Medicine and Rehabilitation,  
National Health Insurance Service Ilsan Hospital, Goyang, Korea

Objective  To investigate the effects of real repetitive peripheral magnetic stimulation (rPMS) treatment compared 
to sham rPMS treatment on pain reduction and functional recovery of patients with acute low back pain.
Methods  A total of 26 patients with acute low back pain were randomly allocated to the real rPMS group and 
the sham rPMS group. Subjects were then administered a total of 10 treatment sessions. Visual analogue scale 
(VAS) was assessed before and after each session. Oswestry Disability Index (ODI) and Roland-Morris Disability 
Questionnaire (RMDQ) were employed to assess functional recovery at baseline and after sessions 5 and 10.
Results  Real rPMS treatment showed significant pain reduction immediately after each session. Sustained and 
significant pain relief was observed after administering only one session in the real rPMS group. Significant 
functional improvement was observed in the real rPMS group compared to that in the sham rPMS group after 
sessions 5 and 10 based on ODI and after session 5 based on RMDQ.
Conclusion  Real rPMS treatment has immediate effect on pain reduction and sustained effect on pain relief for 
patients with acute low back pain compared to sham rPMS.

Keywords  Acute low back pain, Repetitive peripheral magnetic stimulation, Pain reduction, Functional recovery

Received July 3, 2017; Accepted August 17, 2017
Corresponding author: Eun-Hi Choi
Department of Rehabilitation Medicine, Hallym University Chuncheon Sacred Heart Hospital, 77 Sakju-ro, Chuncheon 24253, Korea. Tel: +82-33-240-
5299, Fax: +82-33-255-6244, E-mail: pmnrh@naver.com
ORCID: Young-Ho Lim (https://orcid.org/0000-0002-4446-3854); Ji Min Song (https://orcid.org/0000-0003-0853-0463); Eun-Hi Choi (https://orcid.
org/0000-0002-7345-6952); Jang Woo Lee (https://orcid.org/0000-0002-2634-0375).

 This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/4.0) which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Copyright © 2018 by Korean Academy of Rehabilitation Medicine



Young-Ho Lim, et al.

230 www.e-arm.org

than 12 weeks. Among these three types, acute low back 
pain (ALBP) generally demonstrates favorable prognosis 
with recovery rate ranging from 39% up to 90% within 6 
weeks [2,3]. However, ALBP patients who seek medical 
care show an upper margin of moderate level of pain (i.e., 
average visual analogue scale [VAS] of 6.25) which causes 
disability (i.e., average Roland-Morris Disability Ques-
tionnaire [RMDQ] score of 13.04) [4]. Accordingly, ap-
propriate pain control is required for ALBP patients. As a 
way to improve the pain and disability that ALBP patients 
experience, staying active is advised while bed rest is dis-
couraged [5]. However, such advice can be hard to follow 
when one is in pain. Up to date, options that have shown 
proven effects for pain reduction with minimal adverse 
effects in ALBP patients are limited [2,6-10].

Repetitive peripheral magnetic stimulation (rPMS) 
is a non-invasive treatment method that can penetrate 
to deeper conductive structure with relatively painless 
stimulation. Of various studies conducted since 1995, no 
study has observed any adverse effects with the exception 
of certain participants reporting tight feelings within a 
tolearble range. Thus, rPMS can be considered as a treat-
ment method with a high level of tolerance and safety. It 
has been demonstrated that rPMS has therapeutic effects 
on musculoskeletal pain [11]. However, no established 
guideline exists. Thus, further study is required.

Based on literature search, rPMS has been applied to 
chronic low back pain (CLBP) patients in four studies [12-
15]. However, no study has observed its effects on ALBP 
patients. Therefore, the objective of this pilot study was to 
investigate clinical effects of rPMS on pain reduction and 
functional recovery in ALBP patients with a randomized 
controlled design.

MATERIALS AND METHODS

Subjects
Patients with ALBP occurring within the last 6 weeks 

who reported pain with VAS of 3 or higher were recruited. 
Magnetic resonance imaging study was performed if 
there was any possibility of a diagnosis other than acute 
lumbar sprain based on patient’s symptoms, physical 
examination, and a lumber X-ray. Patients with age of 
19 years or more who possessed linguistic and cognitive 
capabilities to explain the degree of pain were selected. 
Exclusion criteria were: (1) weakness in lower extremities 

due to lumbar radiculopathy or myelopathy, (2) lum-
bar fracture, (3) non-mechanical low back pain due to 
neoplasia, inflammatory arthritis, or infection, (4) pace-
maker, (5) history of seizure, pregnancy, malignancy, or 
(6) history of lumbar surgery. None of participants in this 
study had any form of magnetic stimulation treatment 
previously. This study was approved by the Institutional 
Review Board of Hallym University Chuncheon Sacred 
Heart Hospital (No. 2017-12).

Methods
A total of 26 subjects were randomly allocated into real 

rPMS group and sham rPMS group using a block ran-
domization program. Subjects were blinded to which 
group they would be allocated into. The purpose of this 
study was explained to subjects to determine how to per-
form rPMS treatment more effectively. Patients in the two 
groups had general physical therapy modality and medi-
cation concurrently with the intervention introduced 
through this study. Neuro MSL magnetic stimulator (MR 
Inc., Seoul, Korea) was used in this study. It is known that 
a round coil is more advantageous than a figure-8 coil for 
stimulating structures in a deep layer such as spinal roots 
and covering a larger area such as a paraspinal muscle 
group [11]. Thus, round coil suitable for treating low back 
pain was employed in this study. Stimulation site was 
determined based on patient’s most tender point prior 
to the start of each treatment session. For patients in the 
real rPMS group, the coil was placed at a flat tangential 
orientation targeting the most painful lumbar region in 
prone position. This is the orientation that enables the 
coil to be positioned parallel to the body surface, thereby 
maximizing effects of magnetic stimulation applied to the 
target area. For patients in the sham rPMS group, the coil 
was applied at a transverse orientation to the most pain-
ful lumbar region in prone position. This is the orienta-
tion which positions the coil at a 90° angle to the body 
surface, thereby minimizing effects of magnetic stimula-
tion applied to the target area [16]. 

Both groups underwent 10 sessions over a span of 2 
weeks. Each session lasted 20 minutes and entailed an 
intermittent stimulation protocol consisting of 5 seconds 
of stimulation at a frequency of 20 Hz followed by 25 
seconds of resting. The total number of stimuli over 20 
minutes amounted to 4,000 times. The stimulus intensity 
level for the real rPMS group commenced at 20% of the 
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maximal stimulator output. It was gradually raised by 
5%. The final stimulation intensity was determined at the 
maximum intensity level which induced sufficient con-
traction of the paraspinal muscle while still falling within 
tolerable range of the patient [11,17,18]. For the sham 
rPMS group, the stimulus intensity level was set at 5% 
of the maximal stimulator output to minimize magnetic 
stimulation. Both groups were exposed to identical click-
ing sound generated during each session. As in the real 
rPMS group, the coil directly touched the skin of patients 
in the sham rPMS group, thereby exposing them to simi-
lar sensation [3]. The application of rPMS coil to both 
groups of patients was conducted by experienced physi-
cal therapists with sufficient preliminary training on the 
application of rPMS before the study. Physical therapists 
applying the magnetic stimulation could not be blinded. 
Thus, their conversion with patients was limited for both 
groups in order to minimize their effects on patients. Au-
thors were blinded to group allocation of patients.

Assessments 
For the evaluation of back pain, VAS was used as the 

primary endpoint. Oswestry Disability Index (ODI) and 
RMDQ were employed as secondary endpoints. ODI 
is a tool that can evaluate functional impairment of a 
low back pain patient. It has a value of 0% to 100%, with 
higher value indicating higher level of disability. The 
validity of ODI has long been proven and its ability to dis-

cern levels of functional disability has been extensively 
documented [19]. RMDQ evaluates limitations in activi-
ties of daily living due to low back pain with 24 questions, 
with higher number of positive answers indicating more 
severe functional disability. The reliability and validity 
of RMDQ have been confirmed [20]. Each assessment 
was conducted via subjects completing questionnaires 
with assistance from an independent researcher who was 
blinded as to group allocation. VAS was evaluated before 
and after every session whereas ODI and RMDQ were as-
sessed at the baseline and after sessions 5 and 10.

Statistical analysis
In normal distribution evaluation using Kolmogorov-

Smirnov test and Shapiro-Wilk test, normality of either 
group was satisfied. Accordingly, statistical analysis was 
performed using the nonparametric method. Mann-
Whitney U-test was used to compare the two groups for 
each session evaluated. Wilcoxon signed-rank test was 
employed to compare differences between pre-manipu-
lation and post-manipulation. Courses of pain relief and 
functional recovery were analyzed by repeated-measures 
analysis of variance (ANOVA). Post-hoc analyses were 
undertaken using Bonferroni correction. Pearson cor-
relation test was performed to assess changes in pain and 
disability. A p-value <0.05 was considered statistically 
significant. SPSS version 21.0 (IBM SPSS, Armonk, NY, 
USA) was used for all statistical analyses.

Allocated to
real rPMS (n=12)

Allocated to
sham rPMS (n=14)

Lost to follow-up
(n=0)

Assessed for eligibility
(n=37)

Enrollment

Randomized (n=26)

Lost to follow-up
(n=0)

Allocation

Follow-up

Analysis
Analysed

(n=12)
Analysed

(n=14)

Excluded (n=11)
Not meeting inclusion criteria (n=5)
Declined to participate (n=2)
Poor cooperation (n=4)

Fig. 1. Consort chart of the study 
design. rPMS, repetitive periph-
eral magnetic stimulation.
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RESULTS

Baseline characteristics of subjects 
In the present study, a total of 26 ALBP patients were 

enrolled, including 18 patients diagnosed with lumbar 
sprain and 8 patients diagnosed with lumbar herniated 
nucleus pulposus. Lumbar herniated nucleus pulposus 
was identified through magnetic resonance imaging 
study. Only those patients without any motor weakness 
were included in this study. Twelve and 14 patients were 
randomly allocated to the real rPMS group and the sham 
rPMS group, respectively. All subjects completed a total 
of 10 treatment sessions (Fig. 1). Baseline characteristics 
of subjects in the two groups are summarized in Table 1. 
There were no significant differences in baseline charac-
teristics between the two groups. 

Immediate effects of rPMS on ALBP
According to VAS results, significant pain reduction 

was observed after each session compared to VAS evalu-
ated before each session in the real rPMS group, with 
average VAS gap (VAS after session – VAS before session) 
of -12.42±8.71. By contrast, subjects in the sham rPMS 
group showed marginal changes, with average VAS gap of 
-1.00±4.67. There was no significant change in VAS gap in 
any session for this group (Fig. 2). Mann-Whitney U-test 
was used to compare VAS gaps of each session between 
the two groups. Pain relief in the real rPMS group was 

found to be significantly greater than in the sham rPMS 
group for all sessions except session 9.

Persistent effects of rPMS on ALBP
Repeated-measures ANOVA showed significant VAS 

differences over the passage of time in both the real rPMS 
group and the sham rPMS group (baseline, after session 

Table 1. Baseline characteristics of subjects

Real rPMS 
group 

(n=12)

Sham rPMS 
group 

(n=14)
p-value

Age (yr) 52.50±21.45 51.21±17.98 0.869
Sex (male:female) 6:6 6:8 0.512
Height (m) 1.64±0.11 1.62±0.10 0.519
Body weight (kg) 67.06±15.24 63.31±11.64 0.485
BMI (kg/m2) 24.5±4.23 23.94±3.17 0.705
Diagnosis (LS:LHNP) 8:4 10:4 0.563
   VAS 63.75±14.64 66.07±12.28 0.705
   ODI 50.98±10.70 51.87±8.86 0.899
   RMDQ 13.67±3.82 13.79±3.09 0.860

Values are presented as mean±standard deviation.
rPMS, repetitive peripheral magnetic stimulation; BMI, 
body mass index; LS, lumbar sprain; LHNP, lumbar her-
niated nucleus pulposus; VAS, visual analogue scale; 
RMDQ, Korean version of Roland-Morris Disability 
Questionnaire; ODI, Korean version of Oswestry Disabil-
ity Index.
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Fig. 2. Changes in VAS before and after each session observed in the real rPMS group (A) and the sham rPMS group 
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Repetitive Peripheral Magnetic Stimulation on Acute Low Back Pain

233www.e-arm.org

5, and after session 10: F(2,48)=86.07, p<0.001). There were 
also significant VAS differences between the two groups 
(F(1,24)=4.35, p=0.048). Difference in the change of VAS 
between the two groups over time was also significant 
(baseline, after session 5, and after session 10: (F(2,48)=6.51, 
p=0.003) (Fig. 3A). Bonferroni post-hoc tests showed 
that the VAS of the real rPMS group was significantly de-
creased both after session 5 (36.67±12.67, p<0.001) and 
after session 10 (27.08±17.64, p<0.001) compared to that 
at baseline (63.75±14.64). On the other hand, the VAS of 
the sham rPMS group was only significantly decreased af-
ter session 10 (38.21±18.25, p<0.001). VAS was not signifi-
cantly decreased after session 5 (56.79±16.01, p=0.377) 
compared to that at baseline (66.07±12.28) in this group. 

Mann-Whitney U-test was used to compare the VAS after 
each session between the two groups. Results showed 
that the real rPMS group demonstrated significant more 
pain relief compared to the sham rPMS group until ses-
sion 7. In sessions 8 to 10, the VAS of the real rPMS group 
was lower than that of sham rPMS group by an average 
of 11.25±7.06. However, the difference between the two 
groups was not statistically significant (Fig. 4A). We also 
compared baseline VAS and VAS before each session 
to confirm the persistence of pain relief under condi-
tions that excluded the effect of immediate pain reduc-
tion (right after rPMS treatment). The real rPMS group 
showed significant improvement is VAS evaluated before 
session 2 and sessions thereafter compared to baseline 
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VAS (the first comparison), confirming ‘sustained’ pain 
relief effect of rPMS. On the other hand, the sham rPMS 
group showed significant improvement in VAS evaluated 
before session 4 and sessions thereafter compared to 
baseline VAS (Fig. 4B).

Functional recovery
Results of repeated-measures ANOVA showed signifi-

cant differences in ODI (F(2,48)=86.07, p<0.001) and RMDQ 
(F(2,48)=86.07, p<0.001) over the passage of time (base-
line, after session 5, and after session 10) in both the 
real rPMS group and the sham rPMS group. There was 
a significant difference in ODI between the two groups 
(F(1,24)=11.19, p=0.003). However, the difference in RMDQ 
was only marginally insignificant (F(1,24)=3.83, p=0.062). 
Difference in changes of ODI (F(2,48)=12.84, p<0.001) and 
RMDQ (F(2,48)=5.76, p=0.006) over the course of time were 
significant between the two groups (Fig. 3B, 3C). Bonfer-
roni post hoc tests showed that the ODI of the real rPMS 
group was significantly decreased both after session 5 
(30.39±6.53, p<0.001) and after session 10 (22.74±6.29, 
p<0.001) compared to baseline ODI (50.98±10.70). On 
the other hand, the ODI of the sham rPMS group was 
only significantly decreased after session 10 (36.70±10.74, 
p=0.001) without showing significant decrease after ses-

sion 5 (45.97±9.45, p=0.348) compared to baseline ODI 
(51.87±8.86). The RMDQ of the real RPMS group was also 
significantly decreased both after session 5 (8.58±2.50, 
p=0.002) and session 10 (4.75±3.60, p<0.001) compared 
to baseline RMDQ (13.67±3.82). The RMDQ of the sham 
rPMS group was only decreased significantly after ses-
sion 10 (7.71±3.93, p<0.001) compared to baseline RMDQ 
(13.79±3.09) without showing significant decrease af-
ter session 5 (12.36±3.23, p=0.834). Results of Mann-
Whitney U-test showed that, after session 5 (p<0.001) 
and session 10 (p=0.002), the real rPMS group showed 
significant functional superiority compared to the sham 
rPMS group based on ODI (Fig. 3B). The real rPMS group 
also showed significant functional improvement in terms 
of RMDQ compare to the sham rPMS group when they 
were evaluated after session 5 (p=0.004). However, there 
was no significant difference in functional improvement 
between the two groups after session 10 (p=0.095) (Fig. 
3C). Pearson correlation coefficient analysis indicated 
that decrease of VAS in the real rPMS group was strongly 
correlated with decrease of ODI (r=0.680, p=0.015) and 
RMDQ (r=0.934, p<0.001). Pearson correlation coeffi-
cient analysis also showed that that the decrease of VAS 
in the sham rPMS group was significantly correlated with 
decrease of ODI (r=0.650, p=0.012) and RMDQ (r=0.879, 
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p<0.001).

DISCUSSION

The purpose of this study was to determine the effects 
of real rPMS on pain relief and functional recovery in 
ALBP patients compared to sham rPMS. As we postu-
lated, real rPMS showed effects of immediate pain reduc-
tion and sustained pain relief, leading to early functional 
recovery. In three of four studies conducted previously, 
effects of immediate pain relief through rPMS were con-
firmed in patients with CLBP [13-15]. The remaining one 
was evaluated 8 hours after rPMS was administered. Ac-
cordingly, it was difficult to assess the effects accurately 
[12]. In this study on ALBP patients, immediate and sig-
nificant pain improvement was also confirmed after each 
session in the real rPMS group. The mechanism of such 
effects has not yet been sufficiently studied or discussed. 
One possible explanation is based on the gate control 
theory. The electrical field formed by magnetic stimula-
tion dominantly might depolarize large diameter myelin-
ated AE afferent fibers due to their high conduction ve-
locity, thereby inhibiting the depolarization of relatively 
small diameter AG nerve fibers and C nerve fibers which 
in turn can block pain signals from traveling to the brain 
[21]. However, the gate control theory alone cannot fully 
explain the immediate effects in relieving the pain by 
magnetic stimulation given that magnetic stimulation is 
relatively ineffective in recruiting cutaneous sensory af-
ferents. This is because magnetic stimulation bypasses 
the cutaneous layer with minimal resistance to penetrate 
to deeper layers such as muscles and spinal roots. It di-
rectly recruits proprioceptive afferents (types Ia, Ib, II). 
Another possibility involves the immediate activation 
of a descending inhibitory pathway. However, there is 
no evidence or study supporting that rPMS activates the 
brain stem area such as rostral ventral medulla (RVM) 
and periaqueductal gray (PAG) that constitute this path-
way. Furthermore, intensities of magnetic stimulation 
applied in this study were not robust enough to generate 
nociceptive signals. 

The immediate effect of pain reduction of rPMS is not 
limited to low back pain patients. Previous studies have 
shown significant pain relief right after application of 
rPMS in various types of musculoskeletal pain including 
myofascial pain syndrome. This suggests that rPMS can 

initiate immediate pain modulatory mechanisms in gen-
eral. However, no clear explanation has been provided 
yet. Accordingly, further research on this subject is war-
ranted.

Through this study, the persistence of pain relief since 
session 1 in the real rPMS group was observed. To con-
firm whether the effect from the first session persisted, we 
compared VAS before the second session to baseline VAS 
and observed that the real rPMS group showed signifi-
cant improvement in pain relief. Following each session, 
the VAS before such session was compared to baseline 
VAS, through which we confirmed that there was signifi-
cant improvement. However, in the sham rPMS group, 
we began to see significant improvement only starting 
from session 4. As reviewed in the introduction section, 
most cases of ALBP show rapid improvement within 
weeks. Therefore, the improvement observed in the sham 
rPMS group can be attributable to the natural course 
of the disease. These effects are consistent with those 
found in studies conducted on CLBP patients. They have 
been described as ‘residual’, ‘persistent’, ‘maintained’, or 
‘long-term’ relief of pain [13-15]. The most likely expla-
nation for this is improvement in motor control by rPMS-
induced brain plasticity. 

CLBP patients typically undergo changes in motor 
coordination of abdominal and paravertebral muscles, 
resulting in decrease in spine control. Persistence of low 
back pain may be due to microtrauma caused by motor 
control impairment of these adjacent trunk muscles sup-
porting the spine [22-24]. There is an increasing amount 
of evidence suggesting that such alterations in motor 
control are caused by plastic changes in the sensorimotor 
cortex that is responsible for planning movements [25]. 
For example, changes in M1 excitability have been ob-
served in CLBP patients through motor evoked potential 
(MEP) studies [26,27]. Substantial reorganization of the 
primary somatosensory cortex (S1) and impairment of 
connectivity with the M1 cortex have been confirmed by 
magnetic source imaging [28]. 

Once rPMS activates muscles, proprioceptive afferents 
are generated through two pathways: indirect activation 
of mechanoreceptors on fibers (type Ia, Ib, II), and direct 
activation of sensorimotor nerve fibers [29]. This pro-
prioceptive influx into the brain is believed to cause cor-
tical plasticity [25,30-32]. Studies using MEP recruitment 
curves have confirmed that corticospinal excitability is 
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maintained for up to 60 minutes if rPMS is conducted at 
a frequency of 25 Hz [31]. The duration of corticospinal 
excitability cannot be 60 minutes in all cases since there 
may be differences in the duration of cortical activa-
tion depending on the frequency of the rPMS applied. 
However, the fact that pain relief persisted long after the 
excited period suggests the possibility of long-term po-
tentiation due to brain plasticity. In fact, activation of the 
premotor cortex and the posterior parietal cortex, both of 
which are closely related to motor control, has been con-
firmed on functional magnetic resonance imaging (fMRI) 
after rPMS treatment [30]. Improvement in the motor 
control of subjects is also confirmed [30]. In addition, it 
has been confirmed that the real rPMS group shows more 
distinct difference in activation of the precentral area 
(M1) and the postcentral area (S1) compared to the sham 
rPMS group through fMRI [31]. Increased excitability of 
these sensorimotor cortexes involved in motor planning 
and control may potentiate motor control improvement. 
This could lead to efficient protection of the spine from 
microtraumas in daily activities, thus enabling persis-
tence of pain reduction. However, this effect is known to 
be further enhanced when rPMS is combined with motor 
training [14,15,25]. One limitation of this study was that 
we did not create a group of ALBP patients who carried 
out lumbar exercise.

In this study involving ALBP patients as in the rPMS 
study of CLBP patients, the pain relief effect did not re-
main transient. Based on knowledge gained from past 
researches, we postulate that this is because magnetic 
stimulation might have activated a modulatory mecha-
nism which maintains pain relief at brain level in ALBP 
patients. Although ALBP patients are less extensively 
documented than CLBP patients, they also show changes 
in trunk muscle activities. One study with experimen-
tally induced acute back pain patients has suggested 
that changes in immediate motor control are caused by 
acute pain. Although there is variability depending on 
muscles, electromyographic studies and researches using 
MEP have shown that muscles such as abdominal exter-
nal oblique and lumbar erector spinae in the superficial 
layer are activated in experimentally-induced acute back 
pain patients. This might have the effect of splinting the 
trunk to protect further injury. As a result, the mobility 
of the spine is reduced. On the other hand, decreased 
activities and delayed recruitment have been observed 

for transversus abdominis located relatively in a deeper 
layer [33,34]. This may reduce the stability of the spine 
itself. As a result, physiologic motion of the spine does 
not occur in daily life. Once the stability of the spine is re-
duced, it may become vulnerable to microtraumas. This 
might interfere with pain relief in patients with ALBP. In 
a previous MEP study on induced acute back pain sub-
jects, the difference in cortical excitability according to 
the type of trunk muscles [34] suggests possible occur-
rence of corticomotor plasticity in ALBP patients as in 
CLBP patients. In addition, the neuromodulatory effect 
of an rPMS therapy might be achieved at the brain level 
in ALBP patients. However, advanced studies addressing 
topics such as which area of the brain undergo changes 
in ALBP patients are lacking. Further study is needed to 
obtain a more convincing explanation. In this study, the 
persistence of pain relief due to real rPMS treatment was 
confirmed. It is noteworthy that significant pain relief 
can be expected in patients with ALBP who receive rPMS 
treatment compared to patients who do not, at least for 
the first 9 days (i.e., 7 sessions).

Another important effect of rPMS identified in this 
study is early functional recovery. It seems that improve-
ment in disability can be attributable to decrease of pain 
in the first place. Correlation coefficient analysis showed 
a significantly positive correlation of the VAS with ODI 
and RMDQ. In addition, deducing from studies con-
ducted on CLBP patients, improvement in motor control 
might have contributed to functional recovery. According 
to studies performed so far, differential muscle activa-
tion identified in induced acute back pain subjects seems 
to be related to changes at brain level that might inhibit 
functional movement of the spine [33,34]. As with CLBP 
patients, if rPMS is shown to reverse brain plasticity 
caused by acute pain, we might be able to provide a clear 
explanation on functional recovery based on rPMS treat-
ments. To this end, further study is needed to determine 
whether motor control is improved and how the senso-
rimotor cortex is reorganized when rPMS is applied to 
ALBP patients. 

In conclusion, rPMS treatment appears to have effects 
of immediate pain reduction as well as sustained pain 
relief. It can also induce early functional recovery for 
patients with ALBP. Therefore, rPMS treatment could be 
used as an effective option for patients with ALBP seeking 
medical care.



Repetitive Peripheral Magnetic Stimulation on Acute Low Back Pain

237www.e-arm.org

CONFLICT OF INTEREST

No potential conflict of interest relevant to this article 
was reported.

REFERENCES

1. Murray CJ, Vos T, Lozano R, Naghavi M, Flaxman AD, 
Michaud C, et al. Disability-adjusted life years (DALYs) 
for 291 diseases and injuries in 21 regions, 1990-2010: 
a systematic analysis for the Global Burden of Disease 
Study 2010. Lancet 2012;380:2197-223. 

2. van Tulder M, Becker A, Bekkering T, Breen A, del 
Real MT, Hutchinson A, et al. Chapter 3. European 
guidelines for the management of acute nonspecific 
low back pain in primary care. Eur Spine J 2006;15 
Suppl 2:S169-91.

3. Henschke N, Maher CG, Refshauge KM, Herbert RD, 
Cumming RG, Bleasel J, et al. Prognosis in patients 
with recent onset low back pain in Australian primary 
care: inception cohort study. BMJ 2008;337:a171.

4. Downie AS, Hancock MJ, Rzewuska M, Williams CM, 
Lin CW, Maher CG. Trajectories of acute low back 
pain: a latent class growth analysis. Pain 2016;157:225-
34.

5. Dahm KT, Brurberg KG, Jamtvedt G, Hagen KB. Ad-
vice to rest in bed versus advice to stay active for acute 
low-back pain and sciatica. Cochrane Database Syst 
Rev 2010;(6):CD007612.

6. Saragiotto BT, Machado GC, Ferreira ML, Pinheiro 
MB, Abdel Shaheed C, Maher CG. Paracetamol for 
low back pain. Cochrane Database Syst Rev 2016;(6): 
CD012230.

7. Harirforoosh S, Asghar W, Jamali F. Adverse effects of 
nonsteroidal antiinflammatory drugs: an update of 
gastrointestinal, cardiovascular and renal complica-
tions. J Pharm Pharm Sci 2013;16:821-47.

8. Kinkade S. Evaluation and treatment of acute low 
back pain. Am Fam Physician 2007;75:1181-8.

9. Acute Low Back Problems Guideline Panel. Acute low 
back problems in adults: assessment and treatment. 
Am Fam Physician 1995;51:469-84.

10. Furlan AD, Giraldo M, Baskwill A, Irvin E, Imamura M. 
Massage for low-back pain. Cochrane Database Syst 
Rev 2015;(9):CD001929.

11. Beaulieu LD, Schneider C. Repetitive peripheral 

magnetic stimulation to reduce pain or improve sen-
sorimotor impairments: a literature review on param-
eters of application and afferents recruitment. Neuro-
physiol Clin 2015;45:223-37.

12. Kim JY, Yoon SH, Rah UW, Cho KH, Hong JY. Effect of 
repetitive magnetic stimulation and transcutaneous 
electrical nerve stimulation in chronic low back pain: 
a pilot study. J Korean Acad Rehabil Med 2010;34:725-
9.

13. Lo YL, Fook-Chong S, Huerto AP, George JM. A ran-
domized, placebo-controlled trial of repetitive spinal 
magnetic stimulation in lumbosacral spondylotic 
pain. Pain Med 2011;12:1041-5.

14. Masse-Alarie H, Flamand VH, Moffet H, Schneider C. 
Peripheral neurostimulation and specific motor train-
ing of deep abdominal muscles improve posturomo-
tor control in chronic low back pain. Clin J Pain 2013; 
29:814-23.

15. Masse-Alarie H, Beaulieu LD, Preuss R, Schneider 
C. Repetitive peripheral magnetic neurostimulation 
of multifidus muscles combined with motor training 
influences spine motor control and chronic low back 
pain. Clin Neurophysiol 2017;128:442-53.

16. Maccabee PJ, Amassian VE, Cracco RQ, Cadwell JA. 
An analysis of peripheral motor nerve stimulation in 
humans using the magnetic coil. Electroencephalogr 
Clin Neurophysiol 1988;70:524-33.

17. Smania N, Corato E, Fiaschi A, Pietropoli P, Aglioti 
SM, Tinazzi M. Therapeutic effects of peripheral re-
petitive magnetic stimulation on myofascial pain syn-
drome. Clin Neurophysiol 2003;114:350-8.

18. Smania N, Corato E, Fiaschi A, Pietropoli P, Aglioti 
SM, Tinazzi M. Repetitive magnetic stimulation: a 
novel therapeutic approach for myofascial pain syn-
drome. J Neurol 2005;252:307-14.

19. Saltychev M, Mattie R, McCormick Z, Barlund E, 
Laimi K. Psychometric properties of the Oswestry Dis-
ability Index. Int J Rehabil Res 2017;40:202-8.

20. Stevens ML, Lin CC, Maher CG. The Roland Morris 
Disability Questionnaire. J Physiother 2016;62:116.

21. Melzack R, Wall PD. Pain mechanisms: a new theory. 
Science 1965;150:971-9.

22. Massion J. Movement, posture and equilibrium: inter-
action and coordination. Prog Neurobiol 1992;38:35-
56.

23. Tsao H, Danneels LA, Hodges PW. ISSLS prize winner: 



Young-Ho Lim, et al.

238 www.e-arm.org

smudging the motor brain in young adults with re-
current low back pain. Spine (Phila Pa 1976) 2011;36: 
1721-7.

24. Tsao H, Danneels L, Hodges PW. Individual fascicles 
of the paraspinal muscles are activated by discrete 
cortical networks in humans. Clin Neurophysiol 2011; 
122:1580-7.

25. Masse-Alarie H, Schneider C. Revisiting the cortico-
motor plasticity in low back pain: challenges and per-
spectives. Healthcare (Basel) 2016;4:67.

26. Masse-Alarie H, Beaulieu LD, Preuss R, Schneider C. 
The side of chronic low back pain matters: evidence 
from the primary motor cortex excitability and the 
postural adjustments of multifidi muscles. Exp Brain 
Res 2017;235:647-59.

27. Strutton PH, Theodorou S, Catley M, McGregor AH, 
Davey NJ. Corticospinal excitability in patients with 
chronic low back pain. J Spinal Disord Tech 2005;18: 
420-4.

28. Flor H, Braun C, Elbert T, Birbaumer N. Extensive 
reorganization of primary somatosensory cortex in 
chronic back pain patients. Neurosci Lett 1997;224:5-
8.

29. Struppler A, Angerer B, Gundisch C, Havel P. Modula-

tory effect of repetitive peripheral magnetic stimula-
tion on skeletal muscle tone in healthy subjects: stabi-
lization of the elbow joint. Exp Brain Res 2004;157:59-
66.

30. Struppler A, Binkofski F, Angerer B, Bernhardt M, 
Spiegel S, Drzezga A, et al. a fronto-parietal network 
is mediating improvement of motor function related 
to repetitive peripheral magnetic stimulation: a PET-
H2O15 study. Neuroimage 2007;36 Suppl 2:T174-86.

31. Gallasch E, Christova M, Kunz A, Rafolt D, Golaszews-
ki S. Modulation of sensorimotor cortex by repetitive 
peripheral magnetic stimulation. Front Hum Neurosci 
2015;9:407.

32. Krause P, Straube A. Peripheral repetitive magnetic 
stimulation induces intracortical inhibition in healthy 
subjects. Neurol Res 2008;30:690-4.

33. Hodges PW, Moseley GL, Gabrielsson A, Gandevia 
SC. Experimental muscle pain changes feedforward 
postural responses of the trunk muscles. Exp Brain 
Res 2003;151:262-71.

34. Tsao H, Tucker KJ, Hodges PW. Changes in excitability 
of corticomotor inputs to the trunk muscles during 
experimentally-induced acute low back pain. Neuro-
science 2011;181:127-33.



Noninvasive neurostimulation in chronic
stroke: a double-blind randomized
sham-controlled testing of clinical and
corticomotor effects

Louis-David Beaulieu1, Hugo Massé-Alarie1, Brenda Brouwer2,
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Background: Repetitive peripheral magnetic stimulation (RPMS) is a painless and noninvasive method to
produce afferents via the depolarization of the peripheral nervous system. A few studies tested RPMS
after-effects on cerebral plasticity and motor recovery in stroke individuals, but evidences remain limited.
Objectives: This study aimed to explore whether RPMS could mediate improvements in corticomotor and
clinical outcomes associated with ankle impairments in chronic stroke.
Methods: Eighteen subjects with chronic stroke were randomly allocated to RPMS or sham group and
compared to 14 healthy subjects. Stimulation was applied over the paretic tibialis anterior (TA). Ankle
impairments on the paretic side and ipsilesional TA cortical motor representation were tested clinically
and by transcranial magnetic stimulation (TMS), respectively.
Results: In the RPMS group, ankle dorsiflexion mobility and maximal isometric strength increased
and resistance to plantar flexor stretch decreased. The magnitude of change seemed to be related to
cortical and corticospinal integrity. Sham stimulation yielded no effect. Changes in TMS outcome and
their relationships with clinical improvements were limited.
Conclusions: RPMS improved ankle impairments in chronic stroke likely by a dynamic influence of sensory
inputs on synaptic plasticity. The neurophysiological mechanisms potentially underlying the clinical effects
are unclear. More studies are warranted to test the spinal and hemispheric changes responsible for the
clinical improvements with emphasis on circuits spared by the lesion.

Keywords: Peripheral neurostimulation, Primary motor cortex, Transcranial magnetic stimulation, Cortical motor function, Ankle impairments,
Chronic stroke

Introduction
Subjects having sustained a stroke often present with

sensorimotor deficits contralateral to the side of the

lesion,1,2 such as muscle spasticity (velocity-dependent

increase inmuscle tone and resistance to stretch resulting

from spinal hyperexcitability),3,4 paresis (muscle

weakness) and loss of dexterity that persist at the chronic

stage.3,5,6 To guide post-stroke recovery and improve

motor function rehabilitative therapies apply principles

of motor learning7 and minimize the negative

consequences of immobilization and learned non-use.8

However, people with severe and persistent sensorimotor

impairments are often unable to perform intense and

repeated therapies oriented to the task, thus experiencing

maladaptive changes (negativeplasticity) in sensorimotor

networks.5,9,10 The use of noninvasive external devices

that induce repetitive muscle contractions and joint

movements to promote neural plasticity and motor

recovery after stroke are under study as ameans of avoid-

ing limb immobilization and learned non-use.11–13 The

influence of muscle stimulation on cortical motor acti-

vation and joint movement suggests that cerebral plas-

ticity responsible for motor improvement depends

in part on proprioceptive afferents14–16 that have both

direct and indirect connections to the motor cortex.2,17,18
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Repetitive peripheral magnetic stimulation (RPMS)

provides noninvasive and painless high-frequency

stimulation of muscles, nerves or spinal roots capable

of producing muscle contraction and has the

advantage over electrical stimulation of activating

sensory afferents with negligible recruitment of

cutaneous and nociceptive receptors.19–23 In healthy

subjects, it was shown by means of transcranial

magnetic stimulation (TMS) applied over the primary

motor cortex (M1) that RPMS of spinal roots

increased the corticospinal excitability and the level

of inhibition of M1 circuits in the hemisphere

contralateral to the side stimulated.24,25 The authors

suggested that RPMS could influence the cortical

plasticity by up-regulating M1 transsynaptic efficacy,

thus increasing the excitability of both excitatory and

inhibitory circuits involved in motor planning. In

subjects at a chronic stage post-stroke, positron emis-

sion tomography was used to test how RPMS of the

paretic finger/hand extensor muscles could influence

the patterns of cerebral activation during a finger

extension task.23 It was shown that RPMS increased

the regional blood flow in fronto-parietal regions of

the contralateral (lesioned) hemisphere and this was

paralleled by an increase in movement amplitude and

velocity during the task. The authors suggested that

the massive sensory inputs generated by RPMS

activated the fronto-parietal areas involved in motor

learning thus explaining the improvements of finger/

hand function observed.23 Others reported a

significant decrease in muscle spasticity after RPMS,

most likely related to lower excitability of spinal

circuits, but it remains unclear whether these changes

originated from plasticity at the spinal and/or

cortical level.26

Despite this interesting observation, literature is

scant and inconsistent and only a few studies with

experimental designs tested the underlying neural

mechanisms of RPMS after-effects.26 Furthermore,

most authors investigated the stimulation of spinal

roots or upper extremity muscles and only one

focused on lower limb muscle stimulation in healthy

individuals.26 The after-effects of RPMS of lower

limb muscles in chronic stroke remain unknown

and its utility in enhancing function has not been

reported. For example, paretic foot drop observed

during walking and known to relate to plantar

flexor spasticity and dorsiflexor paresis27 could be

alleviated following RPMS due to its after-effects

on ankle motor impairments, which, in turn, may

improve gait performance.28

The present study was a first step to understand the

immediate clinical and corticomotor effects of

RPMS applied over the paretic tibialis anterior

muscle (TA, ankle dorsiflexors) on the ankle’s func-

tion in people with chronic stroke. Transcranial mag-

netic stimulation of the lesioned M1 and clinical

testing of the paretic leg were conducted pre- and

post-RPMS administration and comparisons were

made with sham stimulation and with values obtained

from healthy counterparts. Relationships between

clinical and corticomotor changes and predictive indi-

cators of success were examined. We hypothesized

that RPMS of TA would reduce ankle muscle

paresis and spasticity and dynamically influence

the motor systems controlling ankle function in

chronic stroke.

Methods
Participants and study design
Eighteen persons with chronic unilateral, first-ever

stroke more than 12 months prior to the study

were randomly allocated to RPMS group (N59,

51+15 years) or sham group (N59, 55+11 years)

and were compared pre- and post-intervention to a

group of healthy subjects involved in baseline testing

only (N514, 50+7 years, Table 1). Participants with

stroke presented with paretic ankle muscles with spas-

ticity (medical records), had a CT or MRI scan taken

within the last 5 years, and were able to walk indepen-

dently (i.e. no physical assistance) more than 10 m

with or without an assistive device. Exclusion criteria

included the use of anti-spastic medication, past ver-

tebral surgery, major circulatory, respiratory or car-

diac disease, neurological disease/deficit other than

stroke, severe lower limb orthopedic conditions, or

cognitive disorder. All participants were screened to

ensure they had no contraindications for TMS.29

Medical evaluation by a physician before and after

the study ensured compliance with all selection criteria

and monitored any adverse effects. All subjects pro-

vided informed written consent and protocols had

been approved by the local ethics committees.

A double-blind, randomized sham-controlled design

was adopted such that the experimenter not involved

in pre- and post-intervention measures and analysis

applied the intervention (RPMS or sham) to subjects

with stroke who were naı̈ve to what they were receiv-

ing. The experimenters performing the pre- and post-

intervention measures and analysis had to leave the

room during the intervention and they remained

blind to group allocation during the experiments and

also to time of measures during analysis (i.e. pre- or

post-intervention) until completion of the analyses.

All testing was completed in a single session lasting

2–3 hours including rest breaks. Figure 1 presents

Beaulieu et al. Muscle stimulation in chronic stroke
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the order of testing for the paretic leg in stroke: clini-

cal assessment (see clinical testing below), TMS

measures (see TMS testing below), intervention

(RPMS or sham), TMS measures 10 minutes later,

clinical assessment. The healthy counterparts had

their dominant leg tested first for clinical outcomes

then for TMS outcomes. Dominance was determined

as the foot used to kick a ball or to write one’s

name in the sand. Based on TMS safety guidelines,

each subject was contacted by phone 2, 10 and

30 days after the experiment to document any adverse

effects.29

EMG recordings
EMGrecordingsof backgroundactivity during the clini-

cal assessment and responses to TMS were performed

using adhesive surface Ag–AgCl electrodes (Kendall

MediTrace 200 Series, MyWellCare, Concord, ON,

Canada) in a bipolar configuration over the belly of

TA and soleus muscles.30 A common ground

electrode was positioned on the patella. Signals were

bandpass-filtered (20–450 Hz) and amplified (|1500)

before digitization (2 kHz; Biometrics-NexGen ampli-

fiers, Gwent, UK). Signals were displayed in real-time

and stored for offline analysis (PowerLab acquisition

system, LabChart-ADInstruments, Colorado Springs,

CO, USA).

Clinical testing
Three trials were averaged per outcome and up to

two supplementary trials were performed in cases

when variation exceeded 2SD from the mean. The

participants adopted a standardized supine position

on a therapeutic table with full-extended knee.

Range of motion (ROM)
Theankle’s range of dorsiflexion (DF) for activemotion

(volitional upward movement with verbal encourage-

ment) and passive motion (manually imposed, no

stretch reflex at slow speed, silent EMG monitored)

were measured using an extendable-hinged goniometer

(Lafayette-Instrument) aligned with the rotational

axis.31,32 Skin markers were used to position the goni-

ometer and measure the angle formed by the fibular

head, the lateral malleolus and the fifth metatarsal

head to enable reliable repositioning of the goniometer.

Of note, this underestimated the true DF angle due to

the natural angle formed by the fifthmetatarsal and fib-

ular head subtended by the external malleolus. A value

of 0uu corresponded to a goniometer reading of 90uu,
negative or positive values referring to plantar or

dorsal flexion, respectively.

Isometric muscle strength
A hand-held dynamometer (Châtillon-Instrument) was

used to measure maximal isometric strength of the

ankle dorsiflexors when placed perpendicular to the

metatarsal heads on the dorsal surface of the foot.

The participants were instructed to push as hard as

possible against the dynamometer (gradual increase

to maximal strength) and were given verbal encour-

agement. The experimenter matched the strength of

the maximal isometric voluntary contraction (MVC)

without ‘‘breaking’’ it (the ‘‘make’’ test).33–35

Resistance of plantar flexors to stretch
The dynamometer was placed perpendicular to the

metatarsal heads on the plantar surface of the foot

to measure the resistance force in response to

Table 1 General characteristics of participants and details related to the lesions

General characteristics RPMS group Sham group Healthy counterparts

Participants (N) 9 9 14
Age (years): mean+SD 51+15 55+11 50+7
Gender (N: males/females) 4/5 3/6 6/8
Height (cm) 167+7 165+7 168+15
Footedness (N: right/left)* 9/0 9/0 14/0

Lesion details
Location (N: cortical/subcortical/mixed) 3/0/6 3/3/3 –
Nature (N: ischemic/hemorrhagic) 8/1 8/1 –
Hemisphere (N: right/left) 4/5 5/4 –
Time elapsed (months): mean+SD 52.9+36.7 82.7+101.2 –
Range 16–132 22–365 –
Age at lesion (years): mean+SD 44.4+13.8 49.1+14.3 –

Note: *before lesion for participants with stroke, N5number.

Figure 1 Diagram of experimental setup in stroke.
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high-speed passive plantar flexor stretch.36 Stretch

was initiated from the ankle’s resting position and

stopped 5 deg before the participant’s maximal pas-

sive DF end range of motion (measured in previous

step). This procedure was adopted to minimize the

contribution of the soft tissue viscoelastic properties

associated with plantar flexor stretch to the resistance

measured by the dynamometer. EMG traces moni-

tored the initial relaxation of soleus muscle and

stretch reflexes were recorded.

TMS testing
Participants were comfortably seated in a reclining

chair with legs and arms supported. Their knees were

flexed 20uu from full extension and the test foot firmly

strapped in an ankle-foot orthosis to ensure standar-

dized positioning across subjects. Participants were

first instructed to dorsiflex the ankle three times elicit-

ing an MVC against the strap. Fifteen percents of the

mean rectified TA EMG activity associated with the

MVC was calculated and displayed as a target line on

a screen. During TMS testing, real-time EMG activity

of TA was low-pass filtered at 2-Hz and displayed

online as visual feedback on the same screen. Partici-

pants activated their TA to superimpose their EMG

output on the target line representing 15% MVC.

This served to stabilize motoneuronal excitability and

spinal cord output.37 Trials in which the EMG fell out-

side the acceptance window (15% MVC +5%) were

rejected. Magnetic stimuli were applied using a

double-cone coil (7-cm outer diameter each wing;

Magstim Company Limited, Whitland, UK) optimal

for activating TA M1 cells.38 The TMS coil was posi-

tioned over M1 for the TA area that was first approxi-

mated at 0.5–2cm lateral to the vertex39,40 using 10–20

EEG system41–44 and with the long axis of the two-

wing intersection pointing antero-posteriorly.37,39,45

Once amotor evoked potential (MEP, i.e. TA response

to TMS of TA M1 area) could be detected in EMG

recordings, the position was adjusted slightly to deter-

mine the ‘‘hot spot.’’ The hot spot was defined as the

coil’s location where MEPs of the largest amplitudes

could be elicited at the lowest TMS intensity, as com-

pared to other coil positions.37,38,45 Scalp locations

were marked using a surgical marker to ensure reliable

positioning and orientation of the coil. The active

motor threshold (AMT) was determined as the stimu-

lus intensity required to elicit at least fiveTAMEPs out

of 10 trials with amplitudesi100 mV.37 Test TMSwas

set at 120%AMT to elicitMEPs in the preactivatedTA

and test the corticospinal excitability. Paired-pulse

TMS paradigms (coil connected to two Magstim

2002 monophasic stimulators) were used to test

short-interval intracortical motor inhibition and facili-

tation (SICI, SICF). In SICI, a subthreshold con-

ditioning TMS (70% AMT) was delivered 2 ms

before introducing a test TMS at 120% AMT. In

SICF, a subthreshold conditioning TMS (90% AMT)

was delivered 1 ms after a test TMS at 100% AMT.

For both SICI and SICF, the amplitude of the con-

ditioned MEP was expressed relative to the amplitude

of the corresponding test MEP. This provided

measures of pure GABAA inhibition (SICI, i.e. con-

ditioned MEPv100% amplitude of test MEP elicited

at 120% AMT) and glutamate facilitation (SICF, i.e.

conditioned MEPw100% amplitude of test MEP eli-

cited at 100%AMT) ofM1 circuits under preactivated

conditions.46 For each participant, eight to 10 test

MEPs and eight to 10 conditioned MEPs were elicited

within each paired-pulse TMS protocol (SICI,

SICF).47 The test TMS intensity was adjusted post-

intervention to match the amplitudes of test MEPs

obtained at pre-intervention. This procedure ensured

valid comparisons of conditioned MEPs amplitudes

at the two time points.

Peripheral neurostimulation
Participants remained relaxed in the same position as

for TMS testing. RPMS was applied using an air film

cooled figure-of-eight coil (7 cm outer diameter, each

wing) known to limit the co-activation of surrounding

conductive structures as compared to other coil confor-

mations.48 The coil was held tangentially on the skin

overlying the paretic TA muscle belly with the long

axis of the coil junction perpendicular to the orientation

of muscle fibers.48–50 Repetitive magnetic stimuli

(biphasic waveform, 400-ms pulse width, rapid-rate

magnetic stimulator Rapid2 Magstim) were delivered

at a theta-burst frequency, i.e. 5-Hz bursts of three

50-Hz pulses each.51 This specific pattern of peripheral

stimulation applied in chronic stroke has been success-

fully tested by our research group in other popu-

lations.52,53 Intermittent theta-burst stimulation of 2 s

ON 8 s OFF (600 pulses) was applied for 190 s: this

avoided saturation of spinal circuits or muscle fatigue

and cyclical activation/relaxation of muscle fibers

likely recruited proprioceptive afferents that best acti-

vated fronto-parietal mechanisms of neuroplasti-

city.23,54 The RPMS intensity was set at 42% of the

maximal stimulator output, which was the highest

intensity that our theta-burst pattern of stimulation

could produce without causing overheating of the coil.

This intensity was sufficient to produce palpable TA

contraction with visible DF movements. Sham stimu-

lation was applied using the same parameters but at a

very low intensity (5% of maximal stimulator output)

Beaulieu et al. Muscle stimulation in chronic stroke
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with the coil positioned directly above the metatarsals

(dorsal surface of foot) to avoid the recruitment of pro-

prioceptive afferents from ankle muscles. To ensure

blinding, all participants were informed at enrolment

that they could receive either realRPMSor sham stimu-

lation over the paretic lower limb but theywere not pro-

vided with information about the coil’s location or

sensations induced by the stimulation. Our sham tech-

nique had the advantage of producing a clicking noise

and a tingling sensation, which would be expected

if they were in receipt of RPMS, but proprioceptive

afferents from ankle muscles were recruited only in the

RPMS group.

Data reduction and statistical analysis
Five clinical outcomes were measured pre- and post-

intervention: maximum active and passive ankle

DF ROM (deg); strength of isometric DF; plantar

flexor resistance to high-speed stretch and the

associated soleus stretch reflex. Six TMS outcomes

associated with TA were acquired pre- and post-

intervention: AMT reflected the basic M1 excitability;

mean MEP latency reflected conduction time and

indirectly, the synchronous arrival of descending vol-

leys to depolarize spinal motoneurons; mean peak-

to-peak amplitude of the test MEP (elicited at 120%

AMT) reflected the volume of M1 cells activated by

TMS (i.e. the corticospinal cells and associated inter-

neurons);55 duration of the EMG silent period follow-

ing the MEP superimposed on isometric contraction

was referred to as the cortical silent period since it

potentially indicated the activation of M1 GABAB

inhibitory interneurons;56 mean amplitude of the con-

ditioned MEPs testing SICI and expressed as a

percentage of the mean amplitude of the test MEP

elicited at 120% AMT; mean amplitude of the

conditioned MEPs testing SICF and expressed as a

percentage of the mean amplitude of the test MEP

elicited at 100% AMT. Analyses of variance

(ANOVA) were applied to all variables with a

factor of intervention (RPMS, Sham) and time (Pre-

intervention, Post-intervention). Planned comparisons

(two-sided) were used to detect where differences lay.

A one-way ANOVA was used to compare RPMS

and sham groups to the healthy counterparts at pre-

and post-intervention. Pearson’s correlation matrices

were produced to examine the associations between

clinical and TMS changes (change5[(post-interven-

tion–pre-intervention)/pre-intervention]*100) and the

relationship between change and pre-intervention

value. The two-sided t-test enabled comparisons of

age and height between groups of subjects with

stroke and healthy participants and of lesion

characteristics between RPMS and sham groups

(time since stroke, age at lesion). The post-hoc statisti-

cal power of change measures for all outcomes was

tested using G*Power software,
57 which also provided

information about sample size. Significance level was

set at Pv0.05.

Results
RPMS and sham groups presented with similar lesion

characteristics (Pw0.05 for time since lesion and

age at lesion) and similar age and height to healthy

counterparts (Pw0.05). All subjects with stroke com-

pleted the protocol. Statistical power reached 80–85%

for the significant changes.

RPMS after-effects
Clinical outcomes
A significant group|time interaction was detected for

plantar flexor resistance to stretch (F55.71; P50.03)

and a trend only for active DF ROM (F53.92;

P50.065). Planned comparisons determined that after

RPMS plantar flexor resistance to stretch was reduced

(mean decrease of 2.4+2.0 kg; P50.0007; Fig. 2A)

with concomitant increases in active DF ROM (mean

increase of 7.8+7.3uu; P50.0005; Fig. 2B), passive DF

ROM (mean increase of 2.2+1.9uu; P50.03; Fig. 2C)

and DF strength (mean increase of 1.32+1.25 kg;

P50.05; Fig. 2D). The decrease in plantar flexor resist-

ance was not accompanied by any change in the soleus

stretch reflex. Comparison of the RPMS group with

the healthy counterparts showed differences for the

pre-RPMS plantar flexor resistance (P50.04), active

DF ROM (P50.002) and DF strength (P50.0001).

After RPMS, only DF strength remained below the

values obtained from healthy counterparts (P50.0006).

Sham yielded no effect and its contrasts with the healthy

counterparts remained unchanged at both pre- and

post-sham for active DF ROM (Pv0.01), passive DF

ROM (Pv0.01), and DF strength (Pv0.0001).

TMS outcomes
TA MEPs following TMS of the lesioned M1

were absent in two participants at pre- and post-

intervention (one in RPMS group, one in sham),

thus the analyses of TMS data resulted in RPMS

and sham group sizes of 8. ANOVAs did not detect

any effect of either RPMS or sham on TMS out-

comes. Table 2 however denotes lower TA AMT

after RPMS than after sham and longer MEP latency

after sham than found in the healthy counterparts.

Correlations between clinical and TMS outcomes
In the RPMS group, changes in DF strength were

correlated with the duration of the cortical silent

Beaulieu et al. Muscle stimulation in chronic stroke
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period measured pre-intervention (r50.81, P50.016;

Fig. 3A) denoting that participants with a longer TA

cortical silent period pre-intervention demonstrated

a larger increase in DF strength after RPMS. DF

strength changes were also correlated with AMT

changes (r50.94, P50.0006; Fig. 3B). Interestingly,

Fig. 3B suggests a distinction between two subgroups

of participants responding differently to RPMS

intervention. A secondary analysis showed that the

four participants with the lesser increase in DF

strength (1.6+4.4%) presented a higher AMT at

pre-RPMS that decreased after RPMS (57.5+9.9

versus 53.2+9.0% of the maximal stimulator output

(MSO)) whereas in the four participants with the

Figure 2 Clinical outcomes. RPMS and sham influence (means 6 SD) on plantar flexors resistance to high-speed stretch

(A), active and passive ankle dorsiflexion (B, C) and on dorsiflexion strength (D). The dashed area represents the healthy

counterparts’ mean 6 SD. Stars below/above symbols indicate significant differences with healthy counterparts. *P<0.05;

**P<0.01; ***P<0.0001.

Table 2 TMS outcomes

RPMS group Sham group

Healthy counterparts
Mean(SD) Mean(SD)

Mean(SD)
Pre Post Pre Post

AMT (%MSO) 51.5(9.4) 50.0(7.2)a 62.5(11.9)b 61.9(11.8)b 49.8(9.1)
Unconditioned MEP (mV) 0.98(0.78) 0.97(0.81) 0.81(0.56) 0.77(0.54) 1.27(0.53)
Latency (ms) 38.4(5.3) 38.1(5.6) 41.4(7.7) 42.6(8.0)b 35.1(2.5)
Silent period (ms) 85.7(54.4) 100.6(46.8) 63.9(30.3) 66.1(33.9) 73.8(45.5)
SICI (%MEP 120% AMT) 61.6(22.6) 70.8(38.9) 65.5(30.4) 64.0(31.1) 54.0(30.3)
SICF (%MEP 100% AMT) 265.1(194.5) 243.3(95.9) 183.5(143.7) 256.2(211.1) 285.7(140.7)

Note: TMS5transcranial magnetic stimulation; AMT5active motor threshold; MSO5maximal stimulator output; MEP5unconditioned
motor evoked potential elicited at 120% AMT; SICI5short-interval intracortical inhibition; SICF5short-interval intracortical facilitation.
a significant difference with sham value. b significant difference with healthy counterparts.
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larger increase of DF strength (17.4+4.5%) AMTwas

lower at pre-RPMS and did not change after RPMS

(45.5+3.4 versus 46.8+3.5% MSO). Also, those with

lesser increase in DF strength had a shorter silent

period pre-RPMS (47.2+25.6 ms) than subjects with

larger DF strength increase (124.3+47.7 ms). No

other relationship was detected.

Discussion
Our study tested the immediate influence of TARPMS

on clinical impairments and TMS outcomes of the

ankle in chronic stroke. RPMS (not sham) improved

most clinical outcomes. These dynamic changes are

potentially related to the integrity of corticospinal

and intracortical pathways. Identification of the

underlyingmechanisms of action is limited by the rela-

tive absence of changes detected in TMS outcomes.

Dynamic changes of impairments and benefits to
motor function in stroke
It is acknowledged that themanipulation of somatosen-

sory inputs to the human brain drives M1 plasticity in

healthy persons and could be associated with improve-

ment of motor function in people with stroke.14–16,58

Plastic mechanisms of M1 are attributed in healthy

people to rapid homeostatic metaplasticity,59 i.e. the

ability of M1 circuits to balance between inhibition

and facilitation inorder tomodulate cortical excitability

during simple or complex volitional tasks.46,60 Stroke

can severely affect these intra- and inter-hemispheric

mechanisms to balance activity61 and any intervention

supplying brain with sensory information could help

promote neuroplasticity beneficial for function.58

Our study provides new evidence of immediate effects

of RPMS on ankle function. RPMS systematically

improved ankle joint mobility, strength and reduced

plantar flexor resistance to high-speed stretch. Of

note, the mean increase of passive DF ROM

(2.2+1.9uu) was within the intra-observer variability

reported for hinged goniometry.62 This change, tough

statistically significant, may be of limited clinical value

given the small magnitude. Comparison with healthy

participants showed that most outcomes suggestive

of impairment pre-RPMS no longer distinguished

between groups after RPMS, except DF strength

which improved but remained lower than was observed

in healthy counterparts. Nevertheless, after a single ses-

sion of RPMS, the clinical outcomes did not overlap

with thoseof the similarly-agedhealthy groupand there-

fore, may still limit mobility. The lack of effect in the

sham group indicates the ineffectiveness of sham and

suggests that the outcome measures were stable over

the course of the protocol. FollowingRPMS, the conco-

mitant decrease in plantar flexor resistance to stretch

and increase in activeDFROMsuggest that jointmobi-

lity may have been enhanced by a decrease in spasticity

as proposed for the upper limb by protocols testing an

indexfinger extension task.23,63,64Changes indorsiflexor

paresis and plantar flexor spasticity have a functional

impact on foot drop and gait symmetry.27,28 Although

not tested in the present study, it follows that RPMS-

related reduction of these impairments may influence

walking performance. Future studies using RPMS

should include measures of walking performance to

determine the impact on gait function and mobility.

Potential mechanisms underlying the RPMS-
induced improvements
Our TMS findings in chronic stroke offer limited

insight with respect to the possible changes in M1

that could explain the significant clinical effects of

RPMS. The undetected TMS changes observed in

Figure 3 Correlations of clinical and TMS outcomes. Correlations of post-RPMS changes in dorsiflexion (DF) strength with

the cortical silent period of TA measured at pre-RPMS (A), and with the post-RPMS changes of TA active motor threshold (B).
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the current study despite significant improvement of

ankle impairments warrants explanation. The hetero-

geneity of lesions in our sample (see Table 1) may

have masked the detection of a RPMS effect on TMS

measures of M1 function. Indeed, in the upper limb

the mechanisms underlying functional improvements

in different individuals with stroke vary with the sever-

ity of the lesion or the level of impairment.65,66 The

stroke-related structural involvement in our RPMS

sample varied owing to M1 cell death alone (i.e. pure

cortical lesion) or withWallerian degeneration of corti-

cospinal tracts or thalamo-cortical pathways (i.e. mixed

cortical–subcortical lesion). The presence or not of a

subcortical component of the lesionmay havemediated

different mechanisms of plasticity following RPMS

administration thus masking any group effect on M1

function. RPMS over the paretic TA could have

induced changes in the contralesional hemisphere via

transcallosal routes which could explain the significant

improvement of sensorimotor impairments. Interhemi-

spheric inhibition imbalance is well documented in

stroke in the form of excessive inhibition from the

contralesional M1 to the ipsilesional M165,67,68 and

decreasing the contralesional overactivity improved

upper limb motor recovery.69–71 It follows that down-

regulation of the contralesional M1 after RPMS (not

tested in our study) may have contributed to the signifi-

cant clinical improvements. The influence of RPMS on

spinal excitability evidenced by a depression of the

soleus H-reflex has been reported though studies

remain inconclusive (see Beaulieu and Schneider

(2013)26 for review). We did not test spinal excitability

but recordings of soleus EMG during high-speed plan-

tar flexor stretch did not reveal any change in burst

although resistance to plantar flexor stretch decreased

after RPMS.

However, an interesting finding was that the magni-

tude of DF strength increases following RPMS deli-

neated two subgroups of subjects with stroke in

relation to the TA cortical silent period and AMT

measured pre-RPMS (see Fig. 3). Larger increases in

DF strength were observed in subjects with pre-RPMS

silent periods greater than 100 ms and corresponding

to normal post-MEP inhibition of pure cortical

origin (potentially from GABAB inhibition in TA M1

area).55,65 In subjects with lesser increases in DF

strength, pre-RPMS silent periods less than 50 ms

matched the duration of the post-MEP spinal moto-

neuron refractory period,72,73 suggesting that TMS

might have been unable to recruit M1 GABAB inter-

neurons. The contribution of the silent period in

stroke recovery remains unclear. It was reported how-

ever with respect to the upper limb, that a better motor

improvement occurred when the initially prolonged

silent period was shortened to normal values.65

We propose that the length of the silent period at

baseline may be a predictive factor for RPMS-induced

improvement of ankle impairments. Compatible with

this view is that in chronic stroke, the integrity of cor-

ticospinal and intracortical inhibitorymotor pathways

was proposed as a predictor of hand function recov-

ery.74–77 The relationship between higher M1 excit-

ability (lower pre-RPMS AMT) and greater increases

in DF strength after RPMS may be an extension of a

similar phenomenon, that is, a more efficient homeo-

stasis between intracortical inhibition and facilitation

at the basis of larger RPMS-induced effects. It is note-

worthy that this relationship was tested on small

sample groups (Fig. 3) and thus requires replication

in larger samples.

Conclusions
TMS and clinical testing provided novel findings

demonstrating immediate improvements of ankle

joint impairments following RPMS in chronic

stroke though the underlying mechanisms of M1 plas-

ticity remain unclear. RPMS-induced proprioceptive

inputs to the lesioned hemisphere may have influenced

M1 homeostasis, a mechanism potentially at the origin

of recovery though the small sample size and the

heterogeneity of lesions limited the ability to detect sig-

nificance. To identify the mechanisms of RPMS action

that underlie clinical changes requires testing of larger

samples of persons with chronic stroke over several

RPMS sessions, and contrasting the effects in those

with cortical and subcortical lesions. Further, testing

both hemispheres and spinal circuits would provide

important insight.
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Summary
Introduction.  —  Repetitive  peripheral  magnetic  stimulation  (rPMS  over  spinal  root,  nerve  or  mus-
cle belly)  is  a  promising  technology  in  physiopathology  research.  As  compared  to  electrical
stimulation,  rPMS  is  deemed  to  activate  deep  conductive  structures  and  produce  strong  muscle
contractions  and  massive  proprioceptive  afferents  with  minimal  cutaneous  recruitment.  RPMS
may thus  act  differently  on  neural  plasticity  involved  in  pain  reduction  and  motor  recovery  in
musculoskeletal  or  neurological  conditions.  However,  literature  is  very  scant  and  still  contro-
versial concerning  afferents  recruited  by  rPMS,  thus  no  consensus  is  reached  yet  for  its  clinical
use.
Study aim.  —  This  review  dealt  with  stimulation  parameters  reported  in  any  scientific  research
that applied  rPMS  as  an  intervention  to  improve  somatosensory  or  motor  disorders  with  a  view  of
proposing  recommendations  for  future  applications.  Also,  controversy  on  afferents  recruitment
was discussed.
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Results.  —  The  literature  search  resulted  in  24  studies.  Literature  is  scant  on  the  topic  but  our
review presents  the  rationale  and  the  experimental  data  that  may  underlie  the  selection  of
parameters  in  future  studies  using  rPMS  as  an  intervention.  Although  controversy  remains,  the
review presents  that  the  specific  recruitment  of  sensory  afferents  by  magnetic  stimulation  may
offer advantages  and  disadvantages  depending  on  the  pathology.
Conclusions.  —  The  review  proposed  recommendations  to  improve  rPMS  application  in  clinical
research. However,  the  development  of  guidelines  still  requires  methodological  and  clinical
studies enrolling  larger  samples  and  with  randomized  sham-controlled  designs.
© 2015  Published  by  Elsevier  Masson  SAS.

MOTS  CLÉS
Stimulation
magnétique
périphérique
répétitive  ;
Paramètres  de
stimulation  ;
Afférences
proprioceptives  ;
Problèmes
neurologiques  ;
Douleur
musculosquelettique

Résumé
Introduction.  —  La  stimulation  magnétique  périphérique  répétitive  (rPMS  de  racine  spinale,  nerf
ou muscle)  est  une  technologie  prometteuse  en  recherche  clinique.  Comparée  à  la  stimula-
tion électrique,  la  rPMS  produirait  de  fortes  contractions  musculaires  avec  recrutement  massif
des afférences  proprioceptives  et  recrutement  minimal  des  fibres  cutanées.  La  rPMS  pourrait
ainsi agir  différemment  sur  la  plasticité  neuronale  à  l’origine  de  la  baisse  de  douleur  et  de
la récupération  motrice  après  lésion  ou  maladie  affectant  le  système  musculosquelettique  ou
nerveux. La  littérature  est  cependant  limitée  et  toujours  controversée  quant  aux  afférences
recrutées. Aucune  recommandation  n’existe  quant  à  l’utilisation  de  la  rPMS  en  recherche  clin-
ique.
But de  l’article.  —  La  revue  s’est  intéressée  aux  paramètres  de  stimulation  rapportés  dans
toutes les  études  scientifiques  utilisant  la  rPMS  pour  améliorer  les  désordres  somatosensoriels
et moteurs  et  propose  des  recommandations  pour  applications  futures.  Aussi,  la  controverse
concernant  les  afférences  recrutées  a  été  discutée.
Résultats.  — La  recherche  littéraire  a  permis  d’obtenir  24  articles.  Malgré  un  manque
d’évidences  scientifiques,  les  données  expérimentales  et  le  rationnel  présentés  dans  la  revue
pourraient aider  à  la  sélection  de  paramètres  appropriés  dans  les  études  futures,  utilisant
la rPMS  comme  une  intervention.  Quoique  certaines  controverses  persistent,  la  spécificité
de recrutement  des  afférences  par  la  stimulation  magnétique  semble  offrir  des  avantages  et
inconvénients,  dépendant  de  la  pathologie.
Conclusions.  — La  revue  propose  des  recommandations  pour  améliorer  l’application  de  la  rPMS
en recherche  clinique.  Cependant,  le  développement  de  guides  de  pratique  requiert  plus
d’études méthodologiques  et  cliniques  sur  un  plus  grand  nombre  de  participants  et  présentant
un plan  d’analyse  randomisé  contrôlé  avec  placebo.
© 2015  Publié  par  Elsevier  Masson  SAS.

Introduction

Non-invasive  peripheral  stimulation  refers  to  the  use  of
an  external  device  that  can  produce  muscle  contractions
and  sensory  afferents  via  the  depolarisation  of  conduc-
tive  structures  within  the  peripheral  nervous  system.  For
example,  transcutaneous  electrical  stimulation  (TES)  and
peripheral  magnetic  stimulation  (PMS)  create  voltage  differ-
ences  and  ion  flows,  thus  activating  conductive  structures
beneath  the  stimulated  region  [5].  Repetitive  trains  of
TES  and  PMS  stimuli  are  used  in  clinical  research,  with
varying  parameters,  for  reducing  pain  or  promoting  sen-
sorimotor  recovery  [7,12,15,62,63,65].  The  mechanisms
potentially  involved  include  local  changes  of  muscle  and
nerve  function,  synaptic  strengthening  in  the  ventral  horn
of  spinal  cord  [13],  and  also  remote  changes  in  fronto-
parietal  activation  between  sensory  and  motor  cortices  and
in  corticospinal  and  intracortical  motor  excitability  reg-
ulation  [13,33,61,68].  These  mechanisms  of  action  were
discussed  in  our  last  review,  especially  for  the  after-effects
of  PMS  (named  repetitive  peripheral  magnetic  stimulation,

rPMS),  a  novel  easy-to-administer  approach  in  neurological
conditions  affecting  sensorimotor  control  [7]  and  in  pain
conditions  affecting  the  musculoskeletal  system  [55,65].
Conversely  to  TES,  rPMS  is  considered  a  painless  method
deemed  to  preferentially  recruit  proprioceptive  afferents
with  minimal  activation  of  cutaneous  fibers  [67,68].  How-
ever,  rPMS  popularity  and  applicability  are  limited  owing  to
missing  evidence  and  recommendations  on  parameters  of
application,  conversely  to  TES  whose  guidelines  are  already
published  [15,62].  Furthermore,  the  preferential  recruit-
ment  of  cutaneous  vs.  proprioceptive  afferents  by  rPMS  over
nerves  and  muscles  and  whether  this  preferential  activation
is  beneficial  in  pathological  conditions  are  still  controver-
sial  topics  [38,77,78]. The  present  work  included  all  papers
using  rPMS  as  an  intervention  to  improve  somatosensory  or
motor  disorders  with  limitations  of  musculoskeletal  func-
tion.  The  primary  objective  was  to  review  some  selected
parameters  to  refine  rPMS  application  in  future  protocols.
The  work  also  discusses  which  afferents  are  preferentially
recruited  by  rPMS  and  whether  this  basic  knowledge  has  a
potential  clinical  impact.
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Methods

The  literature  search  was  undertaken  in  3  databases
(Pubmed,  CINAHL  and  SPORTDiscus)  with  no  time  restriction
using  the  following  search  strategy:  (peripheral  magnetic
stimulation)  OR  (spinal  magnetic  stimulation)  AND  (repeti-
tive  OR  Hz  OR  Hertz)  NOT  ‘‘repetitive  transcranial  magnetic
stimulation’’  NOT  ‘‘transcranial  direct  current  stimula-
tion’’.  Additional  relevant  studies  were  also  hand-searched
in  the  references  list  of  the  papers  selected  for  the
review.  Articles  that  met  the  following  selection  criteria
were  retained  for  full-length  examination:  full-text  original
papers  written  in  English,  which  used  rPMS  as  an  interven-
tion  to  improve  somatosensory  or  motor  disorders  that  limit
the  musculoskeletal  function.

Results

The  literature  search  was  ended  in  March  2015  and  included
24  papers  (Fig.  1).  Sixteen  studies  had  administrated  rPMS  in
order  to  improve  sensorimotor  impairments  caused  by  sev-
eral  neurological  pathologies:  multiple  sclerosis  [34,49—51],
spinal  cord  injury  [32],  stroke  [8,22,23,29,37,66,68], trau-
matic  brain  injury  [37,66],  cerebral  palsy  [19,20],  traumatic
brachial  plexopathy  [30]  and  Parkinson’s  disease  [4];  eight
studies  used  rPMS  to  reduce  pain  caused  by  various  patho-
logical  conditions:  musculoskeletal  injuries  [55],  myofacial
pain  syndrome  [64,65],  complex  regional  pain  syndrome
[35],  lumbosacral  spondylotic  pain  [40]  chronic  low  back
pain  [46],  neuroma/nerve  entrapment  [39]  and  pudendal
neuralgia/sciatica  [60].  RPMS  parameters  were  retrieved
along  with  authors’  justifications  in  each  study,  including
coil  design  and  location,  coil  orientation  and  current  direc-
tion,  duty  cycle,  duration,  frequency  and  intensity  (Table  1).
Furthermore,  because  rPMS  was  used  for  two  main  purposes
across  the  included  studies  (i.e.  sensorimotor  improvements
or  pain),  a  secondary  analysis  was  performed  to  verify
whether  parameters  differed  between  these  therapy  goals.
Also,  details  concerning  the  use  of  sham  stimulation  in  the
included  studies  were  reported.

Coil  design  and  location
The  information  regarding  the  type  of  coil  was  provided  in
22  of  the  24  papers.  The  round  coil  (RC)  and  the  figure-of-
eight  coil  (Fof8)  were  respectively  used  in  7  and  12  studies.
The  three  remaining  studies  used  both  Fof8  and  RC,  alterna-
tively.  The  effects  of  coil  design  or  location  of  stimulation
were  addressed  in  a  few  studies.  Krause  et  al.  [32,34,35]
selected  RC  to  stimulate  lumbar  and  cervical  spinal  roots
with  higher  magnetic  strength,  whereas  Struppler’s  group
[66,68]  used  Fof8  to  selectively  stimulate  the  superficial
paretic  muscles.  Smania  et  al.  [64,65]  used  Fof8  and  RC
over  the  superior  trapezius  muscle  in  alternation  due  to
coils  overheating,  but  they  acknowledged  that  each  coil
presented  specific  advantages:  Fof8  was  better  for  accu-
rate  targeting  of  painful  trigger  points  whereas  RC  enabled
stimulation  of  deeper  and  larger  painful  muscle  areas.  In
that  vein,  out  of  the  12  studies  that  used  Fof8,  11  intended
to  stimulate  superficial  muscles  or  nerves  and  out  of  the

7  studies  that  used  RC,  7  intended  to  reach  deeper  con-
ductive  structures  such  as  spinal  roots.  Table  1  shows  that
this  dichotomous  use  of  Fof8  vs.  RC  was  true  either  in  stud-
ies  focusing  on  sensorimotor  improvements  and  in  studies
tackling  pain  reduction.  The  choice  made  by  the  authors
on  whether  which  coil  to  use  relay  on  the  impact  of  the
between-coil  differences  of  focality  and  depth  of  penetra-
tion  on  their  objectives.  The  electric  field  induced  in  the
tissue  by  RC  and  Fof8  can  be  visually  inspected  for  focality
in  Figure  8  of  [52]  and  for  depth  of  penetration  in  Figure
7  of  [44]  and  Figure  14  of  [28]. RC  is  the  less  focal  with
a  stimulated  area  equivalent  to  its  diameter  because  elec-
trical  currents  are  produced  along  the  whole  winding  [5].
Currents  are  in  opposite  directions  in  the  two  windings  of
Fof8,  thus  passing  the  coil’s  center  in  the  same  direction  and
the  periphery  in  opposite  directions.  The  resulting  magnetic
field  is  thus  weaker  at  the  periphery  and  2—3  times  stronger
at  the  center  [5]  with  a  focus  (called  virtual  cathode)  that  is
relatively  accurate  (2.5—3.0  cm  from  coil’s  center  to  handle,
Table  2) [52,58].  Fof8  thus  enables  the  selective  stimulation
of  nerves  without  co-activation  of  surrounding  structures
that  often  occurred  with  RC  [53]. Nevertheless,  RC  focal-
ity  can  be  significantly  improved  by  tilting  the  coil  45◦ from
the  skin  surface  (see  section  ‘‘Coil  orientation  and  current
direction’’)  [42]  or  by  using  smaller  diameters  [18],  e.g.
7  cm  diameter  instead  of  14  cm.  Manufacturers  must  how-
ever  respect  a  minimal  size  of  coils  to  avoid  unsafe  heat
dissipation  produced  by  the  large  current  flows  [17].  Fof8
is  therefore  a  better  choice  to  selectively  stimulate  a  spe-
cific  muscle  or  a  distal  nerve,  at  least  at  weak  intensities  of
stimulation  [28].  Small  peaks  of  half  the  amplitude  of  the
center  peak  can  be  produced  on  either  side  of  the  wind-
ings  and  could  depolarize  conductive  structures  at  greater
intensities  [28].

A recording  probe  in  restricted  and  unrestricted  vol-
ume  conductors  was  used  to  study  depth  of  penetration
and  it  showed  that  fall-off  of  magnetic  field  with  distance
was  faster  with  Fof8  than  with  RC  [44],  thus  indicating
that  RC  should  be  preferentially  used  to  stimulate  deeper
structures.  Indeed,  a  large-diameter  RC  was  shown  to  be
more  suitable  to  depolarize  deep  structures  such  as  spinal
nerve  roots  at  weaker  intensities,  especially  if  the  edge  of
the  coil  coincides  with  the  neuro-foramina  [43].  For  exam-
ple,  Chokroverty  et  al.  [14]  stimulated  the  L5/S1  nerve
roots  with  RC  and  from  the  latencies  of  the  direct  motor
response  (direct  recruitment  of  alpha-motor  neurons)  and
spinal  reflex  loops  (recruitment  of  1a-fibers)  recorded  in
the  soleus  muscle,  they  calculated  that  both  afferent  and
efferent  fibers  were  depolarized  near  the  spine  exit  at
the  intervertebral  foramina  (20  cm  from  the  anterior  horn
cells).  In  line  with  this,  the  laws  of  physics  teach  that  the
magnetic  field,  even  if  bypassing  bones,  will  follow  the
path  of  less  resistance,  i.e.  the  electric  current  generated
by  magnetic  stimulation  concentrates  at  the  entrance  of
the  narrow  channel  formed  by  high-resistance  structures  of
bones  (foramina)  [72].
Recommendations.  Evidence  suggests  that  RC  is  more
efficient  for  stimulating  the  deep  conductive  structures.
However,  due  to  large  diameter  of  action,  if  co-activation  of
other  nerve  roots  is  unwanted,  a  meticulous  EMG  monitoring
of  multiple  muscles  is  recommended  to  adjust  coil  position
for  the  specificity  of  stimulation.  This  procedure  was  already

dx.doi.org/10.1016/j.neucli.2015.08.002
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Table  1  Parameters  of  rPMS  application.

Reference  Population  Coil
type

Coil  location  Coil  orienta-
tion/Current
direction

ON/OFF  (s)  Duration
(min)

Number  of
pulse

Frequency
(Hz)

Intensity  (T)

Sensorimotor  impairments
Nielsen  et  al.,  1995  MS,  n  =  12  RC  Caudal  part  of  the

coil  at  T8
NM/NM  8/22  30  5760  12  0.95—1.2,  above  SMT

Nielsen et  al.,  1996  MS,  n  =  38  RC  Caudal  part  of  the
coil  at  T8

NM/NM  8/22  25  10,000  25  1.05—1.26,  above
SMT

Nielsen and  Sinkjaer,  1997  MS,  n  =  11
HS,  n  =  9

RC
RC
RC

Caudal  part  of  the
coil  at  T8,  C7  and  L3

NM/NM  NA
Continuous
5/5

NM
NM
5

1
16
3750

NA
25
25

1.26,  above  SMT
1.26,  above  SMT
1.26,  above  SMT

Heldmann et  al.,  2000  SK,  n  =  14
HS,  n  =  7

Fof8  Finger  and  hand
extensors

NM/NM  NM  NM  NM  NM  Above  MCT

Havel and  Struppler,  2001  SK,  n  =  1  Fof8  Extensor  indices
proprius

NM/NM  1.5/NMa NM  ∼2100  20  Above  MCT

Kerkhoff et  al.,  2001  SK,  n  =  14
HS,  n  =  7

NM  Hand’s  dorsal  palm  NM/NM  NM  20  NM  NM  NM

Struppler et  al.,  2003  SK,  n  =  47
TBI,  n  =  5

Fof8  Extensor  indices
proprius

NM/NM  1.5/4  ∼15  4500  20  Above  MCT

Krause et  al.,  2004  VSP,  n  =  15
HS,  n  =  16

RC  2  cm  paravertebral
between  L3  and  L4

TE/NM  10/40  ∼8.3  2000  20  20%  above  SMT

Krause and  Straube,  2005  SCI,  n  =  1  NM  Over  lumbar  nerve
roots

NM/NM  10/NM
10/NM
10/NM

∼20
∼30
∼40

2000
2000
2000

20
15
10

20%  above  SMT
20%  above  SMT
20%  above  SMT

Struppler et  al.,  2007  SK,  n  =  8  Fof8  Finger/hand
extensors

Adjusted/NM  1.5/4  ∼15.3  5000  20  1.2,  above  MCT

Khedr et  al.,  2012b TBP,  n  =  34  Fof8  Superior  trapezius  NM/NM  10/20
10/30

∼3.5
∼33.3

1050
1500

15
3

Below  MCT
1.54,  above  MCT

Flamand et  al.,  2012  CP,  n  =  5  Fof8  Tibial  nerve
Common  peroneal
nerve

FL/NM  Continuous
2/8

1
5

900
900

TB  (15)
TB  (15)

Above  MCT

Arii et  al.,  2014  PD,  n  =  37  RC  Over  thoraco-lumbar
vertebrasc

ST/NM  1/10  ∼1.3  40  5  1.0,  above  SMT

dx.doi.org/10.1016/j.neucli.2015.08.002
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Table  1  (Continued)

Reference Population Coil
type

Coil  location Coil  orienta-
tion/Current
direction

ON/OFF  (s) Duration
(min)

Number  of
pulse

Frequency
(Hz)

Intensity  (T)

Flamand  and  Schneider,  2014 CP,  n  =  1 Fof8  Sciatic  nerve
Tibial  nerve
Common  peroneal
nerve

FL/NM  Continuous
Continuous
2/8

3
1
5

2700
900
900

TB  (15) Above  MCT

Krewer et  al.,  2014 SK,  n  =  60
TBI,  n  =  3

Fof8  Arm  musclesd NM/NM  1/2  ∼10 5000  25  10%  above  MCT

Beaulieu et  al.,  2015 SK,  n  =  18 Fof8  Tibialis  anterior FT/NM  2/8  3.33  600  TB  (15) 1.47,  above  MCT

Pain conditions
Pujol  et  al.,  1998 MKI,  n  =  30 Fof8

RC
Various  painful
musculoskeletal
structures

NM/NM  5/25  40  8000  20  Below  MCT

Sato and  Nagai,  2002 PN,  n  =  4
Sciatica,
n  =  1

RC  Over  S2—S3 TE/NM  Continuous  1—2 30—50 <  0.5 1.5,  above  MCT

Smania et  al.,  2003 MPS,  n  =  18 Fof8
RC

Most  painful  superior
trapezius  trigger
point

NM/NM  5/25  20  4000  20  Below  MCT

Smania et  al.,  2005 MPS,  n  =  53 Fof8
RC

Most  painful  superior
trapezius  trigger
point

NM/NM  5/25  20  4000  20  Below  MCT

Krause et  al.,  2005 CRPS,  n  =  12
HS,  n  =  10

RC  Over  C7—C8 NM/NM  10/NM  ∼10 NM  20  20%  above  SMT

Lo et  al.,  2011 LSD,  n  =  20 Fof8  Over  cauda  equina
(T12—L1)

FL/NM  0.5/4.5  ∼16.7 1000  10  Below  MCT

Massé-Alarie et  al.,  2013 CLBP,  n  =  13
HS,  n  =  9

Fof8  Transversus
abdominis/obliquus
internus

NM/NM  2/8  10  1800  TB  (15) 1.16,  above  MCT

Leung et  al.,  2014 N/NE,  n  =  5 Fof8  Over  the  site  of  N/NE NM/NM  Continuous  ∼13.33 400  0.5  NM

ON: phase of active stimulations; OFF: phase of rest (no stimulation); T: Tesla; MS: multiple sclerosis; RC: round coil; C7—C8—T8—T12—L1—L3—L4—S2—S3: refer to either cervical (C) —
thoracic (T) — lumbar (L) or sacral (S) vertebrae; NM: not mentioned; SMT: spinal motor threshold; HS: healthy subject; NA: not applicable; SK: stroke; Fof8: figure-of-eight; MCT: muscle
contraction threshold; TBI: traumatic brain injury; VSP: various spinal disorders; TE: flat tangential edge; SCI: spinal cord injury; TBP: traumatic brachial plexopathy; CP: cerebral palsy;
TB: theta-burst frequency; FL: flat longitudinal; PD: Parkinson disease; ST: symmetrical-tangential; FT: flat transverse; MKI: various musculoskeletal injuries; PN: pudendal neuralgia;
MPS: myofacial pain syndrome; CRPS: complex regional pain syndrome; LSD: lumbosacral spondylotic pain; CLBP: chronic low back pain; N/NE: neuroma/nerve entrapment.

a The authors applied approximately 70 cycles of 1.5 sec each.
b Two different rPMS interventions were separated by a 10-min resting period.
c Adaptation of coil placement helped target the largest spinal anteflexion in standing posture for each participant (photograph or spinal X-ray films).
d Stimuli were distributed among arm/forearm extensor and flexor muscles.

dx.doi.org/10.1016/j.neucli.2015.08.002


Please  cite  this  article  in  press  as:  Beaulieu  L-D,  Schneider  C.  Repetitive  peripheral  magnetic  stimulation  to  reduce
pain  or  improve  sensorimotor  impairments:  A  literature  review  on  parameters  of  application  and  afferents  recruitment.
Neurophysiologie  Clinique/Clinical  Neurophysiology  (2015),  http://dx.doi.org/10.1016/j.neucli.2015.08.002

ARTICLE IN PRESS+Model
NEUCLI-2483; No. of Pages 15

6  L.-D.  Beaulieu,  C.  Schneider

Figure  1  Flow  chart  of  the  review’s  research  strategy.  CINAHL:  cumulative  index  to  nursing  and  allied  health  literature.

Table  2  Pros  and  cons  of  magnetic  stimulation  applied  at  the  periphery.

Advantages  Disadvantages

Painlessa [3,5,6,10,14,16,17,21,26,36,41,54,56,71,73,77] Locus  of  stimulation  not  well-defineda

[3,5,6,11,17,38,42,56,73]
Non-invasive  [3,5,6,10,14,16,17,41,54,56,73,77] Slowed  by  overheating  of  the  coila

[5,6,10,11,38,42,56]
Deeper  penetrationa [3,5,6,14,16,17,41]  Larger  area  stimulated  with  increased

intensity  [3,6,17,52,56,74]
Easy  administration  [3,5,6]  Bulky  and  expensive  equipmenta [5,6]
Induces  higher  muscle  torquea [21,26,36]  Muscle  contractions  uncomfortable  at  higher

intensities  [11,17]
Useful  in  children  stimulation  [3]  Time-consuming  for  positioning  because  site  of

stimulation  and  orientation  more  criticala [11]
Separate  stimulation  of  a  variety  of  different  musclesa [77]  Coil  often  displaced  by  muscle  contractions

[11]
Induces  better  torque  output,  smoothness,  and  symmetry  of

pedaling  movement  on  a  cycling  ergometer  in  patients  with
stroke,  SCI  or  MS  and  with  partially  or  completely  preserved
sensitivitya [70,71]

Induces  lesser  torque  output  and  power  of
pedaling  movements  on  a  cycling  ergometer  in
patients  with  complete  SCIa [70]

M-responses: muscle contraction evoked by the direct depolarisation of the !-motor neuron axons in the stimulated nerve; H-responses:
Hoffmann reflexes; SCI: spinal cord injury; MS: multiple sclerosis.

a As compared to electrical stimulation.
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followed  to  target  a  nerve  root  [34,35,45].  Conversely,  Fof8
is  appropriate  for  selective  recruitment  of  superficial  struc-
tures,  such  as  muscles  and  nerves,  without  co-activation
of  surrounding  tissues.  Future  studies  will  have  to  compare
the  effectiveness  and  selectivity  of  different  coil  designs  at
different  sites  of  stimulation.

Coil  orientation  and  current  direction
Seven  studies  provided  sufficient  details  on  the  specific  ori-
entation  of  the  coil  relative  to  the  target  structure  but
none  informed  on  current  direction  within  the  coil  (Table  1).
Four  studies  used  basic  data  to  support  coil  orientation
over  spinal  roots  [34],  nerve  trunks  [19,20]  and  muscle  [8].
Another  study  performed  pilot  testing  to  determine  the  opti-
mal  coil  position/orientation  over  spinal  roots  [4].  The  two
last  studies  did  not  justify  their  coil  orientation  [40,60].
Interestingly,  one  study  reported  that  coil  orientation  was
adapted  per  participant  to  induce  the  strongest  contrac-
tion/movement  [68].  The  following  paragraphs  depict  the
basic  knowledge  underlying  the  selection  of  coil’s  orienta-
tion  and  current  direction  for  rPMS  application.

In  the  late  1980s,  basic  studies  tested  how  different
orientations  of  coil  and  direction  of  electrical  current
in  the  coil  impacted  on  the  effectiveness  of  magnetic
stimulation  to  depolarize  peripheral  conductive  structures.
Maccabee  et  al.  [42,44]  reported  six  RC  orientations  rela-
tive  to  the  longitudinal  axis  of  a  conductive  structure,  as
follows,  from  the  most  to  the  lesser  effective  to  induce
large  amplitudes  of  electrical  current:  flat  tangential  edge
(0◦ to  horizontal/0◦ to  axis);  tilted  (45◦ to  horizontal/0◦

to  axis);  orthogonal-longitudinal  (90◦ to  horizontal/0◦ to
axis);  orthogonal-rotated  (90◦ to  horizontal/45◦ to  axis);
symmetrical-tangential  (0◦ to  horizontal/90◦ to  axis);  trans-
verse  (90◦ to  horizontal/90◦ to  axis)  (see  Figure  3  in  [42]  and
Figure  9  in  [44]).  The  three  former  orientations  produced
strong  muscle  contractions  but  the  tilted  and  orthogonal-
longitudinal  were  more  accurate  with  minimal  loss  of
effectiveness  [17,42,44].  Two  orientations  were  tested  for
Fof8  coil  with  the  flat  longitudinal  (0◦ to  horizontal/0◦

to  axis)  more  effective  than  the  flat  transverse  (0◦ to
horizontal/90◦ to  axis)  (see  Figure  5  in  [44]).  Higher  effec-
tiveness  was  explained  in  all  cases  by  the  optimal  location
of  virtual  cathode  and  anode  along  the  course  of  the  con-
ductive  structure  [44].

It  was  also  questioned  whether  reversing  the  current
direction,  i.e.  interchanging  the  cathode/anode  virtual  posi-
tion  along  the  nerve  without  changing  coil  orientation,  could
influence  the  effectiveness  of  stimulation  [1,17,42,48,76].
Over  cervical  spinal  roots,  motor  latencies  are  relatively
unaffected  by  current  direction  because  the  depolariza-
tion  site  remains  similar  at  the  low  threshold  region  near
neuro-foramina  [72,76].  Over  a  nerve,  when  the  virtual  cath-
ode  is  proximal  (further  from  muscle)  and  the  anode  distal
(closer  to  muscle),  the  current  is  directed  toward  the  mus-
cle  (see  Figure  6 in  [42]).  In  this  case,  given  that  fibers
are  depolarized  under  the  cathode,  muscle  response  laten-
cies  are  slightly  longer  and  amplitudes  slightly  lower  [1]
or  unaffected  [42,48]  as  compared  to  a  current  directed
toward  the  spine  (distal  cathode,  proximal  anode)  and  for
which  stronger  muscle  contractions  are  induced  at  lower
intensities  [76].  In  order  to  explain  why  muscle  action

potentials  were  smaller  when  the  cathode  was  located  prox-
imally,  Tuday  et  al.  [75]  used  EMG  recordings  (muscle  action
potentials)  and  electroencephalography  (sensory  evoked
potentials)  and  showed  that  the  cathodal  depolarization
triggered  bidirectional  action  potentials  along  the  nerve  and
that  propagation  to  the  anode  was  blocked  or  attenuated  by
local  hyperpolarization  (anodal  block).  Finally,  the  impact
of  coil  orientation  and  current  direction  on  muscle  belly
stimulation  has  not  yet  been  thoroughly  studied.  Theoreti-
cally,  nerve  endings  roughly  follow  muscle  fiber  orientation,
especially  for  long  parallel  and  fusiform  muscle  shapes;
thus  this  may  be  a  starting  point  for  selection  of  coil  ori-
entation/current  direction.  However,  recent  evidence  with
the  Fof8  coil  suggested  that  even  a  flat  transverse  orienta-
tion  relative  to  the  tibialis  anterior  muscle  axis  is  effective
in  inducing  contractions  and  movements  [8].  Also,  it  was
impossible  to  predict  which  orientation/current  direction
would  be  more  effective  to  activate  a  peripheral  structure
with  no  longitudinal  axis  (for  example,  the  trigger  point  of
painful  trapezius  muscle  [64,65]).
Recommendations.  Basic  knowledge  is  sufficient  to  select
a  coil  orientation  that  will  efficiently  stimulate  a  nerve
trunk  or  spinal  root.  However,  there  is  limited  evidence
for  other  peripheral  conductive  structures  (such  as  mus-
cles)  where  fibers  orientation  varies  between  individuals.
Also,  the  choice  of  the  most  efficient  coil  current  direc-
tion  remains  hypothetical  (anodal  block).  Thus,  care  should
be  taken  at  the  onset  of  future  rPMS  studies  for  testing
the  combination  of  coil  orientation  and  current  direction
that  will  best  respond  to  the  objectives  of  the  intervention.
Researchers  should  be  aware  of  the  fact  that  different  com-
binations  may  be  required  to  induce  either  stronger  muscle
contractions  [68]  or  better-tolerated  sensations  when  stim-
ulating  injured  musculoskeletal  structures  [55,75].

Duty  cycle
Seventeen  papers  used  intermittent  stimulation  and  pro-
vided  details  on  the  duration  of  ON  (active  stimulation)
and  OFF  periods  (pause)  of  rPMS  application,  two  studies
used  continuous  stimulation  (i.e.  no  OFF),  two  studies  com-
bined  intermittent  and  continuous  stimulation,  one  study
used  only  ON  periods  and  the  information  was  missing  in
two  studies  (Table  1).  In  intermittent  protocols,  OFF  peri-
ods  were  overall  4.4  ±  2.2  times  longer  than  ON  periods.
More  specifically,  OFF  periods  were  longer  in  studies  using
rPMS  to  reduce  pain  (mean  ratio  OFF/ON:  5.7  ±  1.8%)  than  in
studies  focusing  on  sensorimotor  impairments  (mean  ratio:
3.9  ±  2.2%).  However,  no  rationale  supported  between-study
differences  thus  this  result  might  be  fortuitous.  Anecdotally,
it  was  mentioned  that  pilot  testing  in  myofacial  pain  syn-
drome  (four  participants)  helped  determine  that  5  s ON
duration  had  better  therapeutic  effects  than  1  s  or  3  s
[64]. Also,  the  specific  duty  cycle  of  theta-burst  frequency
protocol  (2  s  ON/8  s  OFF)  was  used  in  four  studies  but  no
rationale  was  proposed  to  support  this  choice  [8,19,20,46].
The  choice  of  longer  OFF  periods  was  however  related
in  several  studies  to  coil  overheating  which  is  a  major
problem  in  repetitive  magnetic  stimulation  protocols  (see
Table  2)  especially  in  former  rPMS  studies  [50,51].  Most
authors  used  a coil-implemented  cooling  device  while  oth-
ers  prevented  overheating  by  using  two  coils  in  alternation
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[32,34,55,64,65].  However,  despite  the  advent  of  improved
devices  for  rapid-rate  stimulation,  repetitive  magnetic  stim-
ulation  cannot  yet  be  conducted  for  long  durations  without  a
parallel  adjustment  of  intensity,  frequency  or  OFF  duration.
Seven  studies  postulated  that  intermittent  ON/OFF  periods
of  rPMS  above  muscle  contraction  threshold  (rather  than
continuous)  produced  physiological  contraction/relaxation
of  muscles  and  generated  massive  proprioceptive  inflows
to  sensorimotor  networks  by  ascending  pathways,  thus
influencing  neuroplastic  mechanisms  [8,19,20,46,66,68]  and
avoiding  unnecessary  fatigue  of  paretic  muscles  [8]. They
did  not  however  justify  the  ON  and  OFF  durations  cho-
sen.  Specifically,  Flamand  et  al.  [19,20]  applied  intermittent
ON/OFF  rPMS  over  the  common  peroneal  nerve  to  mimic
contraction/relaxation  of  the  paretic  ankle  dorsiflexors  in
cerebral  palsy  just  after  the  application  of  continuous  stim-
ulation  (no  OFF)  over  the  tibial  nerve  [19,20]  and  the  sciatic
nerve  [19]  to  reduce  the  reflex  hyperactivity  of  the  triceps
surae  and  hamstrings  circuits.  They  hypothesized  that  con-
tinuous  rPMS  could  best  induce  transient  saturation  (i.e.
inhibition)  of  hyperactive  spinal  circuits  of  spastic  muscles.
Recommendations.  The  selection  of  a  specific  ON  dura-
tion  seems  arbitrary  whereas  applying  longer  OFF  periods
depends  on  technological  limitations  related  to  magnetic
stimulators.  Although  the  choice  of  protocols  relies  on  inter-
esting  hypotheses,  no  study  has  yet  evaluated  the  specific
after-effects  of  continuous  (ON  with  no  OFF)  versus  inter-
mittent  rPMS  protocols  (ON/OFF)  in  physiopathology.  Two
pilot  studies  [19,20]  proposed  a  rationale  for  each  protocol
(intermittent  to  improve  motor  control  of  the  paretic  mus-
cles;  continuous  to  down-regulate  spinal  circuits  of  spastic
muscles),  but  applied  them  in  combination,  thus  challeng-
ing  the  detection  of  a  specific  influence.  When  repetitive
magnetic  stimulation  is  applied  over  the  skull,  intermittent
protocols  may  help  minimize  the  risk  of  tissue  heating,  mag-
netic  field  exposure  and  side  effects:  this  safety  issue  was
recently  dealt  by  the  International  Federation  of  Clinical
Neurophysiology  [57].  Although  this  knowledge  cannot  be
directly  transferred  to  rPMS  application  (at  the  periphery),
the  question  remains  whether  longer  continuous  protocols
could  increase  the  risk  of  adverse  events.  Table  3  shows
that  rPMS  side  effects  are  not  often  reported  and  insights
on  rPMS  safety  remain  insufficient.  Future  studies  should
thus  test  the  after-effects  of  ON  vs.  ON/OFF  protocols  and
report  any  side  effect.  If  rPMS  are  to  be  administrated  over
a  long  period  of  time  or  with  short  OFF  periods,  then  a  mini-
mal  safety  measure  should  be  the  use  of  a  coil-implemented
cooling  device.

Duration/total  number  of  stimuli
Twenty-two  studies  reported  on  the  total  duration  of  rPMS
application  or  gave  sufficient  details  on  frequency,  ON/OFF
repetitions,  number  of  stimuli,  etc.,  to  infer  the  informa-
tion.  Twenty-one  studies  reported  on  the  total  number  of
stimuli.  Given  inconsistent  length  of  OFF  periods  across
studies,  the  total  number  of  magnetic  pulses  appeared  to
be  a  more  relevant  parameter  and  more  readily  compa-
rable  between  studies.  This  parameter  is  also  considered
a  determining  factor  of  effectiveness  in  brain  stimula-
tion  studies  [57].  Results  from  rPMS  duration  and  number
of  stimuli  are  discussed  together  because  they  were  not

different  between  studies  on  sensorimotor  impairments
(mean  ±  SD  =  13.5  ±  9.5  min  and  2979  ±  2527  stimuli)  and
studies  on  pain  reduction  (13.1  ±  7.5  min  and  2749  ±  2814
stimuli).

Overall,  duration  of  stimulation  and  number  of  stim-
uli  are  highly  variable  across  studies  (13.4  ±  8.8  min
and  2914  ±  2552  stimuli).  Their  choice  missed  rationale,
although  some  authors  relay  on  evidences  from  previous
studies  with  rPMS  [45,64]  or  protocols  published  for  repet-
itive  transcranial  magnetic  stimulation  [8,19,20,46].  One
study  tested  three  different  rPMS  frequencies  (20,  15  and
10  Hz)  and  durations  (20,  30  and  40  min)  but  with  always
the  same  number  of  stimuli  [32]  thus  did  not  investigate  the
effect  of  changing  rPMS  duration/number  of  pulses  per  se.
Another  study  tested  how  different  numbers  of  rPMS  stim-
uli  above  thoraco-lumbar  spinal  roots,  thus  with  different
durations  and  always  the  same  frequency  (25  Hz),  influenced
the  soleus  spinal  excitability  measured  by  H-reflex  (electri-
cal  analogue  of  stretch  reflex)  [49]. It  was  reported  that
increasing  the  number  of  stimuli  decreased  more  H-reflex
and  for  a  longer  time,  especially  in  multiple  sclerosis  where
5-min  rPMS  (3750  stimuli)  down-regulated  H-reflex  during
28  min  [49].  Also,  spasticity  of  lower  limbs  (assessed  by  ordi-
nal  scale)  decreased  more  in  multiple  sclerosis  when  the
total  number  of  stimuli  was  almost  twice  higher  (i.e.  from
5760  [51]  to  10,000  [50]  pulses).  However,  although  the  two
previous  studies  used  the  same  coil  type,  location  and  duty
cycle,  the  latter  used  higher  frequency  and  intensity  of  rPMS
thus  mitigating  the  interpretation  of  results.  Recent  works
with  theta-burst  frequency  showed  that  short  rPMS  durations
(3—10  min)  applied  on  lower  limb  muscles  in  stroke  [8]  and
cerebral  palsy  [19,20]  and  over  deep  abdominal  muscles  in
combination  with  manual  therapy  in  chronic  low  back  pain
[46]  improved  spasticity,  corticomotor  control  and  pain.  The
total  number  of  stimuli  in  a  theta-burst  session  was  similar  to
longer  classic  repetitive  protocols,  i.e.  between  600—4500
pulses.  Interestingly,  two  studies  reported  that  a  single  rPMS
session  with  a  total  of  only  30—50  magnetic  pulses  induced
significant  long  lasting  pain  reduction  in  pudendal  neuralgia
or  sciatica  [60]  and  improvement  of  postural  abnormality  in
Parkinson’s  disease  [4].
Recommendations.  The  scarce  data  available  tend  to  show
that  longer  rPMS  durations  or  larger  numbers  of  stimuli  may
better  impact  on  sensorimotor  systems.  However,  this  is
not  yet  clear  because  significant  and  long  lasting  improve-
ments  could  have  been  obtained  recently  after  short  lasting
application  of  rPMS  with  either  a  small  number  of  pulses  or
instead,  a  high  number  of  stimuli  (available  in  complex  stim-
ulation  patterns  such  as  theta-burst  stimulation).  Clinical
studies  are  warranted  to  test  the  efficiency  of  such  proto-
cols  in  terms  of  time-consumption,  persistence  of  effects,
improvement  of  function  and  quality  of  life,  before  any
knowledge  transfer.

Frequency
Eleven  studies  applied  rPMS  at  a  frequency  of  20—25  Hz
(Table  1),  six  studies  used  15  Hz  or  less,  one  study  used
different  frequencies,  four  studies  used  theta-burst  stim-
ulation  (5  Hz  trains  of  three  pulses  elicited  at  50  Hz,  see
Figure  1a  in  [24])  and  the  information  was  missing  in  two
papers.  Very  low  frequencies  (≤  0.5  Hz)  were  used  only  in
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Table  3  Side  effects  of  magnetic  stimulation  applied  at  the  periphery.

Reference  Side  effects

Sensorimotor  impairments
Nielsen  et  al.,  1995  No  major  side  effects.  All  reported  a  ‘‘tight  feeling  as  if  wearing  a  narrow  ring  around  the

midthoracic  level  during  stimulation’’.  One  participant  had  a  single  episode  of  brief  dizziness
Nielsen et  al.,  1996 Two  participants  complained  of  irregular  heartbeats  2  hours  after  stimulation,  but  showed  a

normal rhythm  on  electrocardiogram.  One  participant  complained  of  low  cost-benefit  ratio,
mostly because  of  long  transportation  time.  All  reported  a  ‘‘tight  feeling  as  if  wearing  a
narrow  ring  around  the  midthoracic  level  during  stimulation’’.  Two  episodes  of  brief
dizziness were  reported  immediately  after  rPMS

Nielsen and  Sinkjaer,  1997  All  reported  a  ‘‘tight  feeling  as  if  wearing  a  narrow  ring  around  the  midthoracic  level  during
stimulation’’.  This  feeling  was  well  tolerated,  except  for  one  who  refused  to  participate  to
the final  study  part  applying  a  longer  stimulation  duration

Heldmann  et  al.,  2000  NM
Havel  and  Struppler,  2001  NM
Kerkhoff  et  al.,  2001  NM
Struppler  et  al.,  2003  Two  participants  developed  a  slight  rigidity  in  the  stimulated  arm
Krause et  al.,  2004  NM
Krause  and  Straube,  2005  NM
Struppler  et  al.,  2007  NM
Khedr  et  al.,  2012  RPMS  was  well  tolerated  by  all  participants,  without  any  adverse  effects
Flamand et  al.,  2012  No  side  effects  reported.  The  children  ‘‘demonstrated  curiosity  and  enjoyment  from  one

session to  another,  laughing  with  their  parents  when  the  foot  on  the  stimulated  side  was
moving on  its  own’’

Arii et  al.,  2014  No  major  safety  issues.  No  participant  reported  pain  during  rPMS,  but  two  reported  mild
discomfort  1—3  hours  after  rPMS  that  disappeared  by  the  next  day

Flamand  and  Schneider,  2014  NM
Krewer  et  al.,  2014  RPMS  and  sham  were  well  tolerated  by  all  participants.  None  reported  pain  or

uncomfortable  feeling  during  or  after  the  treatments
Beaulieu  et  al.,  2015  NM

Pain conditions
Pujol  et  al.,  1998  RPMS  was  well  tolerated  by  all  participants.  None  reported  excessive  discomfort  or  pain

during and  immediately  after  the  treatments
Sato and  Nagai,  2002  RPMS  was  well  tolerated  by  all  participants  without  any  adverse  effects
Smania et  al.,  2003  NM
Smania  et  al.,  2005  High  intensity  rPMS  did  not  cause  any  significant  discomfort
Krause et  al.,  2005  NM
Lo et  al.,  2011  RPMS  was  well  tolerated  by  all  participants  without  any  adverse  effects
Massé-Alarie  et  al.,  2013  No  adverse  effect  reported  after  rPMS
Leung et  al.,  2014  NM

RPMS: repetitive peripheral magnetic stimulation; NM: not mentioned.

studies  focusing  on  pain  reduction  [39,60],  thus  results  from
sensorimotor  impairments  and  pain  conditions  are  discussed
separately.
Sensorimotor  impairments.  Three  studies  [8,19,20]
applied  the  theta-burst  frequency  without  providing  a
sound  rationale.  Two  studies  compared  the  effectiveness  of
different  frequencies,  and  their  results  questioned  whether
rPMS  frequency  influenced  the  outcomes.  They  showed
that  frequency  used  for  paravertebral  rPMS  did  not  actually
impact  on  the  reduction  of  spinal  excitability  (assessed  by
soleus  H-reflex  in  three  healthy  subjects)  [49]  or  of  muscle
tone  (assessed  by  the  Modified  Ashworth  Scale  and  the
Wartenburg’s  Pendulum  Test  in  a  case  of  spinal  cord  injury)
[32].  Precisely,  Nielsen  and  Sinkjaer  [49]  showed  that  the
only  difference  was  a  more  pronounced  H-reflex  inhibition
at  10  and  25  Hz  than  at  1  Hz  but  Krause  and  Straube  [32]  did

not  reproduce  any  difference  between  10,  15,  and  20  Hz.
A  sixth  study  [66]  reported  longer  lasting  improvements  of
spasticity  and  motor  control  with  20  Hz  rPMS.  This  result
differed  from  the  authors’  previous  German-written  study
(not  included  in  the  review)  where  better  improvements
were  obtained  with  40  Hz  in  about  half  of  their  partici-
pants  with  various  spastic  disorders.  They  proposed  that
rPMS  after-effects  might  depend  on  the  spastic  paresis
pathogenesis.
Pain  conditions.  As  for  duration/number  of  stimuli,  some
authors  justified  the  frequency  used  on  the  basis  of  previous
rPMS  studies  [64]  or  on  results  from  repetitive  transcranial
magnetic  stimulation  (rTMS)  literature  [39,46].  Frequency
below  1  Hz  could  have  been  used  to  reduce  pain  because
low  frequency  rTMS  of  the  motor  cortex  induces  a  tran-
sient  inhibition  of  cortico-cortical  connections  [39].  It  was
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hypothesized  that  low-frequency  rPMS  over  the  site  of
neuroma/nerve  entrapment  could  inhibit  neural  hypersen-
sitivity  and  thus  reduce  pain.  In  the  same  vein,  a  former
study  by  Sato  and  Nagai  used  frequencies  below  0.5  Hz  in
cases  of  painful  nerve  hypersensitivity  caused  by  puden-
dal  neuralgia  or  sciatica  [60].  However,  all  other  studies
used  frequencies  higher  than  10  Hz  and  significantly  reduced
pain  [35,40,46,55,64,65].  This  discrepancy  (low  vs.  high
frequency  to  reduce  pain)  may  be  related  to  the  exis-
tence  of  different  origins  of  the  pain  conditions,  those
studies  with  higher  frequencies  having  not  included  nerve
irritation/hypersensitivity.  One  study  [46]  used  theta-burst
frequency  and  refereed  to  Huang  et  al.  [24]  seminal  work
on  brain  stimulation  but  no  rationale  was  provided  to  select
this  specific  stimulation  pattern  at  the  periphery.
Recommendations.  No  evidence  yet  allows  determination
of  whether  rPMS  frequency  is  a  factor  of  influence  for  the
outcomes  tested.  Although  appealing,  the  rationale  for  using
very  low  frequency  in  order  to  reduce  pain  caused  by  nerve
hypersensitivity  comes  from  insights  on  motor  cortex  inhi-
bition  by  transcranial  stimulation.  No  neurophysiological
data  can  yet  confirm  whether  this  hypothesis  is  true  with
rPMS  administration.  Also,  H-reflex  hyperexcitability  was
best  inhibited  when  using  higher  rather  than  lower  rPMS
frequencies  over  spinal  roots.  However,  this  knowledge  is
based  on  too  small-sampled  studies  for  any  clear  conclusion
to  be  drawn.  Future  studies  ought  to  test  larger  samples
with  different  frequencies  over  the  same  locations.  Also,  no
evidence  tackled  the  impact  of  using  lower  versus  higher
frequencies  in  terms  of  quality  of  muscle  contractions.  Evi-
dence  from  rPMS  at  sufficient  intensity  to  produce  muscle
contractions  denote  that  lower  frequencies  (for  example
5  Hz  and  less  [4])  and  theta-burst  frequency  [8]  induced
muscle  twitching  whereas  higher  frequencies  (for  example
above  10  Hz)  produced  sustained  muscle  contractions  due
to  temporal  summation  of  motor  units  recruitment  [26].
When  compared  to  sustained  contraction,  muscle  twitching
gave  rise  to  more  but  weaker  contractions  and  smaller  joint
movements.  For  example,  5  Hz  rPMS-induced  5  weak  con-
tractions  or  small  movements  per  second  while  20  Hz  induce
one  strong  contraction  or  larger  movement  during  the  whole
ON  period.  It  would  be  of  interest  to  address,  for  exam-
ple,  whether  frequencies  producing  sustained  contractions
or  muscle  tetanus  impact  differently  from  those  producing
muscle  twitching.  Sustained  contraction  may  be  chosen  to
strengthen  muscles  [21,26]  and  muscle  twitching  would  be  a
better  choice  to  improve  movement  by  mimicking  contrac-
tions/relaxations  [7]  and  triggering  massive  proprioceptive
inflow  towards  fronto-parietal  areas  [68].

Intensity
Nine  papers  provided  rPMS  intensity  in  Tesla  or  in  percentage
of  the  maximal  stimulator  output  (%MSO  then  transformed
in  Tesla  if  MSO  value  available).  However,  the  magnetic  field
strength  at  the  depth  of  the  targeted  structures  cannot
be  estimated  because  it  depends  on  the  type  of  coil,  the
depth  of  tissue  stimulated  and  the  geometry  of  the  area
beneath  the  coil  [28].  A  solution  could  be  the  expression  of
rPMS  intensity  in  percentage  of  muscle  contraction  thresh-
old.  However,  accurate  surface  EMG  determination  of  this
threshold  can  be  contaminated  by  rPMS  artifacts  when  the

coil  is  placed  near  the  recording  electrodes  [11]. Also,  visual
detection  of  slight  contractions  is  challenging,  especially
when  the  coil  is  positioned  directly  above  the  muscle.  Alter-
natively,  movement  threshold  and  spinal  motor  threshold
correspond  to  the  lowest  rPMS  intensity  eliciting  respec-
tively  a  joint  movement  detected  visually  and  the  minimal
intensity  to  depolarize  a  nerve  root  and  evoke  contraction
of  innervated  muscles.  Some  authors  thus  expressed  rPMS
intensity  in  percentage  of  movement  threshold  [37]  or  spinal
motor  threshold  [32,34,35].  The  present  review  details  such
information  on  threshold  when  available  in  papers  and  if  not,
it  refers  to  supra-threshold  versus  sub-threshold  stimulation
when  reported,  i.e.  intensity  eliciting  muscle  contraction  or
not.  Almost  all  papers  set  supra-threshold  rPMS  (i.e.  17  stud-
ies,  Table  1),  four  used  sub-threshold  intensities,  one  used
both  supra-  and  sub-threshold  protocols  and  the  information
was  missing  in  two  studies.  Of  note,  all  studies  using  sub-
threshold  intensities  focused  on  pain  reduction.  The  study
with  both  protocols  [30]  was  in  traumatic  brachial  plexopa-
thy  participants:  sub-threshold  rPMS  was  used  to  reduce
shoulder  pain  and  rPMS  inducing  strong  muscle  contrac-
tions  was  used  to  strengthen  the  trapezius  muscle  affected.
Therefore,  rPMS  studies  aiming  at  improving  sensorimotor
impairments  vs.  decreasing  pain  are  discussed  separately.
Sensorimotor  impairments.  The  rationale  available  in
studies  supports  that  muscle  contraction  and  joint  move-
ment  produce  massive  ascending  flows  of  proprioceptive
afferents  thus  influencing  the  plasticity  of  residual  sensori-
motor  circuits  available  for  recovery  after  lesion  or  disease
of  central  or  peripheral  nervous  system  [20,23,30,68]
(see  Beaulieu  and  Schneider,  2013  [7]  for  a  review).  Two
papers  specifically  tested  how  changing  rPMS  intensity
could  influence  the  outcomes.  Nielsen  and  Sinkjaer  [49]
showed  in  three  healthy  subjects  that  soleus  H-reflex  was
more  depressed  when  rPMS  intensity  over  spinal  roots  was
increased  from  30%  MSO  (minor  contractions)  to  45%  MSO
(moderate  contractions)  and  45—60%  MSO  (strong  contrac-
tions),  thus  suggesting  that  the  magnitude  of  after-effects
could  be  intensity-dependent.  In  line,  Krause  et  al.  [32]
compared  the  influence  of  supra-threshold  (120%  MSO)  and
‘sham’  rPMS  consisting  of  sub-threshold  stimulation  (50%
MSO)  of  spinal  roots  in  a  spinal  cord  injury  case  and  reported
that  supra-threshold  rPMS  reduced  lower  limb  spasticity
whereas  sub-threshold  did  not  influence.
Pain  conditions.  Most  studies  [40,55,64,65]  referred  to
evidence  from  the  electrical  stimulation  literature  where
intensity  of  pure  sensory  stimulation  (i.e.  transcutaneous
electrical  stimulation  insufficient  to  induce  muscle  contrac-
tion)  was  effective  to  reduce  pain  in  various  disorders.
However,  two  rPMS  studies  [35,60]  that  used  supra-threshold
intensities  to  reach  deep  spinal  roots  still  observed  a  sig-
nificant  reduction  of  pain.  The  last  study  was  on  chronic
low  back  pain  [46]:  the  authors  refereed  to  the  influence
of  rPMS-induced  proprioceptive  afferents  on  cortical  sen-
sorimotor  plasticity  and  used  supra-threshold  rPMS  over
the  transversus  abdominis  muscle  to  improve  lumbar  spine
motor  control  and  reduce  pain.
Recommendations.  Intensity  seems  to  be  a  determining
factor  for  rPMS  after-effects.  The  choice  depends  on  the
depth  of  the  targeted  structure  and  on  the  afferents
recruited,  thus  a  different  rationale  is  used  to  influence
sensorimotor  impairments  or  to  reduce  pain.  However,
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the  section  ‘‘Preferential  afferents  recruitment’’  of  this
review  deals  with  the  capacity  of  rPMS  to  strongly  acti-
vate  cutaneous  fibers  as  compared  to  electrical  stimulation
and  thus  questions  the  potential  of  sub-threshold  inten-
sity  in  rPMS  protocols.  The  expression  of  intensity  relative
to  a  specific  threshold  should  help  standardize  the  proce-
dures  and  compare  results  between  studies.  Methodological
studies  are  warranted  to  circumvent  or  reduce  surface
EMG  recordings  contamination  by  rPMS  artifacts  and  enable
motor  threshold  determination.  Importantly,  the  use  of
high  intensities  reduce  the  magnetic  coil’s  focality  [1]  thus
a  compromise  between  intensity  and  focality  should  help
selectively  recruit  a  muscle  whose  spinal  and  corticospinal
excitability  have  to  be  influenced  without  co-activation  of
surrounding  structures.

Sham  stimulation
Sham-controlled  protocols  contribute  to  evidence  especially
for  demonstrating  the  effectiveness  of  a  new  approach,
such  as  rPMS.  A  very  limited  number  of  rPMS  studies  used  a
placebo  [7]  and  this  section  details  the  methods  they  used.
Plastic  or  air  isolation.  Nielsen  et  al.  [50]  used  real  rPMS
but  with  a  15-cm  plastic  tube  inserted  between  the  coil  and
the  skin.  A  recent  study  rather  maintained  the  coil  away
from  the  participant,  i.e.  without  skin  contact  [30]. These
two  studies  shared  the  advantage  of  producing  the  same
clicking  noise  associated  with  repeated  magnetic  stimula-
tion  and  the  former  [50]  also  ensured  a  same  skin  contact
between  rPMS  and  sham  stimulation.
Coil  position/orientation  and  stimulation  parameters.
Two  studies  tilted  the  round  coil  vertically  (i.e.  orthogo-
nally  relative  to  muscle  or  nerve  fibers)  and  either  reduced
stimulation  intensity  and  frequency  [55],  or  kept  the  same
parameters  as  for  real  rPMS  [40].  Significant  differences
were  detected  between  groups  treated  with  rPMS  (improve-
ments)  and  sham  (no  effects  or  slight  improvements).
However,  the  orthogonal  orientation  of  a  round  coil  rela-
tive  to  fibers  can  reduce  muscle  contraction  by  only  25%
[42]  and  a  45-  to  90-degree  orientation  can  even  improve
stimulation  focality  with  minimal  loss  of  magnetic  strength
[3,17,44,58],  thus  mitigating  the  choice  of  orthogonal  ori-
entation  for  sham  stimulation.  Transverse  placement  of  the
coil  relative  to  the  fibers  could  be  less  effective  thus  pre-
ferred  for  sham  (see  Figure  3  in  Maccabee  et  al.  [42]).
The  situation  is  relatively  similar  for  the  figure-of-eight
coil  whose  small  peripheral  peaks  produced  around  the
windings  are  about  half  the  amplitude  of  the  central  peak
[28].  Two  studies  used  the  same  position/orientation  of
coil  between  rPMS  and  sham  series  but  reduced  intensity
in  sham  [32,46]  in  order  to  avoid  muscle  [46]  or  spinal
root  activation  [32].  A  recent  study  in  stroke  to  improve
ankle  motor  control  [8]  also  used  a  very  low  intensity  but
with  the  coil  positioned  over  the  metatarsals  to  ensure  that
no  muscle  was  beneath  the  sham  stimulation.  The  tingling
sensation  produced  by  magnetic  stimulation  over  the  skin
presents  the  advantage  of  more  easily  blinding  participants
but  differences  in  sensory  coding  between  higher  (rPMS)
and  lower  magnetic  strength  (sham)  are  unknown.  There-
fore,  convenient  orientations/parameters  of  rPMS  coil  for
sham  stimulation  may  combine  a  transverse  and  orthogonal

tilting  with  the  use  of  lower  intensity  away  from  nerve  trunks
or  muscles  (like  in  [55]).
Inactive  intervention.  Two  studies  applied  an  ultrasound
device  that  was  turned  off  [64,65]. The  obvious  disadvan-
tage  of  using  turned-off  devices  is  the  risk  of  nocebo  effect
when  the  participant  is  aware  that  he/she  may  receive  a
sham  or  a real  intervention  [27].  Therefore,  the  use  of  a
sham  coil  where  strength  and  frequency  of  the  clicking  noise
was  similar  to  rPMS  but  with  no  magnetic  stimulation  or
other  methods  homogenizing  sham  and  rPMS  devices  is  pre-
ferred.  For  example,  two  coils  could  be  used  and  hidden
from  the  participants,  one  inactive  positioned  over  the  skin
and  one  active  and  triggered  away  from  the  participants
[2,37]. Earplugs  could  also  be  used  to  reduce  possibilities
for  the  participant  to  distinguish  between  rPMS  and  sham
stimulation  [9].
Recommendations.  Various  techniques  are  described  for
sham  stimulation  and  it  appears  that  the  obvious  sensations
elicited  by  rPMS  (i.e.  tingling,  muscle  contractions)  chal-
lenge  the  effectiveness  of  any  placebo  tested.  It  is  therefore
important  to  recruit  participants  with  no  previous  experi-
ence  of  magnetic  stimulation  and  who  are  naïve  to  what  they
receive  (rPMS  or  sham).  Amongst  all  techniques  reported,
the  sham  coil  is  preferred,  as  it  shares  the  same  skin  contact
and  noise  patterns  with  real  rPMS.  However,  less  expensive
alternatives  were  described  with  minimal  disadvantages  and
successful  blinding  of  participants.

Preferential afferents recruitment

Understanding  how  peripheral  magnetic  stimulation  recruits
fibers  is  crucial  to  better  tackle  the  pros  and  cons  of  mag-
netic  stimulation  compared  to  electrical  stimulation,  as
denoted  in  Table  2,  and  to  point  out  the  potential  impact
in  clinical  research  and  physiopathology  when  administrated
with  a  repetitive  pattern  (rPMS).  This  section  on  the  mag-
netic  stimulation  principles  of  action  essentially  concerns
the  preferential  recruitment  of  fibers  as  compared  to  elec-
trical  stimulation,  even  if  intensities  between  both  methods
cannot  be  directly  compared  due  to  a  distinct  mode  of
energy  transfer  (magnetic  vs.  electrical).

Preferential  recruitment  over  a  nerve  trunk

Preferential  fibers  recruitment  when  varying  stimulation
intensity  differs  between  magnetic  and  electrical  stim-
ulation  of  a  nerve  trunk.  Low  intensities  of  electrical
stimulation  selectively  recruit  the  large-diameter  1a-fibers
(giving  rise  to  H-response  of  the  muscle  via  the  mono-  or
disynaptic  reflex  loops  between  1a-fibers  and  alpha-motor
neurons)  whereas  higher  intensities  are  required  to  recruit
the  motor  neuron  axons  (giving  rise  to  short-latency  M-
response  of  the  muscle)  [25].  Hence,  at  maximal  electrical
stimulation  that  gives  rise  to  M-plateau  almost  all  1a-fibers
are  recruited  too  [25].  The  same  was  not  observed  for  mag-
netic  stimulation,  with  M-response  easily  produced  at  low
intensities  and  H-reflex  being  recorded  at  same  or  greater
stimulus  strength  [41,77]  or  even  not  obtained  [17].  A  differ-
ence  in  pulse  conformation  and  duration  could  underlie  the
different  order  of  fiber  recruitment  between  magnetic  stim-
ulation  (0.05  ms  spike)  and  electrical  (longer  square-wave,
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0.2—1  ms).  Indeed,  M-response  and  H-reflex  thresholds  can
be  similar  if  electrical  pulse  is  shortened  to  a  pulse  duration
similar  to  magnetic,  as  already  reported  by  Zhu  and  Starr
[77].  Also,  electrical  stimulation  transfers  electrons  to  the
skin  and  produces  superficial  ion  flows  with  some  ions  pass-
ing  through  nearby  axons;  the  resulting  density  of  current  is
thus  limited  to  the  skin  and  efficacy  of  recruitment  depends
more  on  the  depth  and  impedance  of  tissues  beneath  the
coil.  Conversely,  the  time-varying  magnetic  field  bypasses
skin  without  any  resistance  and  induces  a  voltage  difference
between  two  virtual  points  thus  resulting  in  a  secondary
ion  flow  in  the  tissues  [31].  Theoretically,  magnetic  stim-
ulation  triggers  an  electric  field  in  any  volume  (even  in  air
or  free  space)  but  electrical  current  will  flow  only  in  a  con-
ductive  volume,  such  as  a  nerve  [5].  This  illustrates  why
motor  fibers  are  magnetically  recruited  at  the  same  thresh-
old  as  sensory  fibers,  which  is  not  the  case  with  electrical
stimulation.

Given  its  negligible  attenuation  by  skin  impedance  and
depth,  magnetic  stimulation  can  activate  the  dorsal  spinal
roots  with  tolerable  intensities  (Table  2).  This  was  confirmed
by  electroencephalography  recordings  of  somatosensory
evoked  potentials  (SEPs)  in  sensory  areas  of  brain  with  laten-
cies  shorter  for  magnetic  than  for  electrical  stimulation
[73,74],  thus  reflecting  the  recruitment  of  large-diameter
proprioceptive  afferents.  The  authors  suggested  that  mag-
netic  stimulation  could  directly  activate  roots  whereas
electrical  stimulation,  at  tolerable  intensities  in  their  pro-
tocol,  most  likely  depolarized  the  cutaneous  branch  of  the
dorsal  primary  ramus  of  spinal  nerves  [73,74].

Preferential  recruitment  over  a  muscle

Magnetic  stimulation  over  a  muscle  belly  can  trigger  muscle
contractions  at  relatively  low  intensities  with  minimal  cuta-
neous  sensations.  Conversely,  with  electrical  stimulation,
muscle  contraction  threshold  can  be  higher  than  depolar-
ization  threshold  of  cutaneous  and  nociceptive  receptors.
In  line,  SEPs  evoked  in  brain  by  electrical  stimulation  of
the  vastus  lateralis  muscle,  even  at  high  intensity,  could
be  completely  suppressed  by  a  procaine  nerve  block  of  the
lateral  femoral  cutaneous  nerve  whereas  the  same  injec-
tion  during  magnetic  stimulation  had  no  effect  on  the  early
SEPs  components  and  only  modified  the  late  components
[77].  Furthermore,  compared  to  electrical  stimulation  of
digital  nerves  (using  ring  electrodes),  magnetic  stimulation
over  the  finger  pads  (with  no  underlying  motor  fibers)  failed
to  produce  synchronized  SEPs,  even  at  high  intensity  [38].
These  studies  strongly  suggested  that  magnetic  stimulation,
in  contrast  to  electrical  stimulation,  could  not  depolar-
ize  the  thin  superficial  cutaneous  nerves.  Therefore,  SEPs
induced  by  rPMS  over  a  muscle  may  be  less  contaminated
by  cutaneous  inflows  [77]  and  depend  more  on  muscular
proprioceptive  afferents  [68].  However,  it  remains  unclear
whether  magnetic  stimulation  over  a  muscle  produces  SEP
via  the  direct  activation  of  1a-afferents  from  the  spindles,  or
indirectly  via  muscle  contraction  and  joint  movement  that
stretch  spindles  or  excite  Golgi  organs.  For  example,  SEP
latencies  were  compared  in  14  healthy  individuals  between
magnetic  stimulation  of  gastrocnemius  muscle  and  electri-
cal  stimulation  of  the  posterior  tibial  nerve  at  the  ankle

and  it  was  shown  that  SEPs  were  of  similar  sequential  com-
ponents  (P40,  N50,  P60,  N70,  and  P100)  but  peaked  0.2
to  8.9  ms  earlier  for  electrical  stimulation,  even  if  the
stimulation  was  elicited  more  distally  [77].  The  authors
thus  suggested  that  SEPs,  induced  by  magnetic  stimulation
over  the  muscle  belly,  did  not  result  from  a  direct  recruit-
ment  of  sensory  fibers  (such  as  1a-afferents).  These  longer
latencies  of  SEPs  elicited  by  magnetic  stimulation  could
alternatively  be  explained  by  the  indirect  recruitment  of
1a-afferents  from  the  contracting  muscle,  from  its  joint
antagonist  stretched  by  the  induced  movement  or  from  the
activation  of  1b-afferents  subsequent  to  fiber  shortening  in
the  contracting  muscle.  Kunesh  et  al.  [38]  conversely  found
that  SEPs  latencies  of  electrical  and  magnetic  stimulation  at
the  wrist  were  similar,  thus  suggesting  that  proprioceptive
fibers  were  directly  activated  by  both  types  of  stimulations.
These  authors  however  nuanced  that  indirect  activation  of
proprioceptive  afferents  was  more  likely  to  occur  for  the
coil  over  a  muscle  belly  far  from  nerve  trunks,  which  was
the  case  for  gastrocnemius’s  experiment  of  Zhu  and  Starr
[77]  but  not  for  wrist  joint  [38].  A  few  years  later,  Zhu  et  al.
[78]  replicated  their  earlier  study  on  muscle  paralysis  but
instead  of  local  drug  injection  in  muscle,  they  used  intra-
venous  administration  of  succinylcholine  (curare)  in  three
patients  undergoing  general  anaesthesia  for  cancer  surgery.
They  showed  that  SEPs,  evoked  by  magnetic  stimulation  over
the  gastrocnemius  and  with  electrical  stimulation  over  the
tibial  nerve,  were  still  present  during  paralysis.  They  elim-
inated  the  hypothesis  of  an  indirect  activation  of  muscle
spindles  with  contractions,  and  rather  proposed  that  1a-
afferents  terminals  can  be  directly  activated  in  the  muscle.
However,  the  use  of  a  large  round  coil  (12-cm  diameter)
compared  to  earlier  study  (pointed  coil  of  4.1-cm  diame-
ter  [77])  cannot  exclude  a  possible  recruitment  of  the  tibial
nerve  near  the  popliteal  fossae.  Also,  the  small  sample  size
and  the  specific  context  of  the  experiment  (general  anaes-
thesia,  total  muscle  paralysis)  limit  the  strength  of  this
demonstration.

Recommendations  for  rPMS  application  based  on
preferential  recruitment  of  afferents

The  previous  sections  described  the  basic  differences
between  magnetic  and  electrical  stimulation  owing  to
their  preferential  recruitment  of  afferents  over  nerves  and
muscles.  Although  evidence  remains  controversial,  it  is
clear  that  the  main  difference  between  each  technique
is  cutaneous  inflow  (including  afferents  to  lemniscal  and
spino-thalamic  pathways),  being  more  easily  and  strongly
recruited  with  electrical  stimulation.  The  relative  inability
of  rPMS  to  recruit  skin  afferents  may  share  advantages  and
disadvantages  when  applied  in  physiopathology.  For  exam-
ple,  if  the  aim  is  to  reduce  pain  with  intensities  below
muscle  contraction  threshold  in  order  to  target  the  anal-
gesic  gating  system  [47], electrical  stimulation  would  be  a
better  choice  [59].  However,  rPMS  should  be  preferred  if
the  objective  is  rather  to  generate  proprioceptive  inflow
(directly  via  1a-afferents  recruitment  or  indirectly  via  mus-
cle  contraction  and  joint  movement)  or  to  target  deeper
conductive  structures  such  as  spinal  roots  or  profound  mus-
cles  [7,68,73,74].  Also,  when  the  aim  is  to  favour  brain
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plasticity  and  motor  recovery  via  the  repetitive  produc-
tion  of  muscle  contractions/joint  movements,  then  the
use  of  electrical  stimulation  may  be  limited  in  the  pres-
ence  of  painful  disorders,  such  as  post-stroke  spasticity
or  incomplete  spinal  cord  injury  [70,71].  Indeed,  painless
magnetic  stimulation  enables  the  production  of  greater
joint  movements  when  compared  to  electrical  stimulation
[21,26,36,69].

Conclusions

This  work  overviewed  current  knowledge  on  use  of  rPMS
in  various  pathological  disorders.  Literature  remains  very
scant  and  no  consensus  yet  proposes  guidelines  on  the
best  parameters  of  rPMS  application.  Future  rPMS  studies
should  however  rely  on  experimental  data,  rationale  and
hypotheses  reported  in  the  review  and  in  relation  to  health
problem  (e.g.,  reducing  pain  with  sub-threshold  inten-
sity  and  low  frequency,  improving  sensorimotor  disorder
with  supra-threshold  intensity  and  intermittent  protocols,
increasing  muscle  strength  with  continuous  high  frequency)
or  in  relation  to  the  basic  after-effects  targeted  (depth
and  focality  of  the  stimulation  depending  on  coil  design,
orientation,  current  direction).  Future  studies  should  pro-
pose  more  structured  designs  in  larger  samples  and  with
the  contribution  of  different  imaging  technologies  to  inves-
tigate  whether  magnetic  stimulation  actually  generates
pure  proprioceptive  flows  (no  cutaneous  recruitment)  and
if  such  specificity  has  a  real  advantage  to  favor  sensorimo-
tor  plasticity.  This  question  is  of  basic  clinical  importance
to  recommend  the  use  of  magnetic  stimulation  in  pain  con-
ditions  and  sensorimotor  impairments  for  the  control  of
musculoskeletal  function.
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Summary
Aims  of  the  study.  —  This  study  tested  the  after-effects  of  neuromuscular  electrical  stimulation
(NMES),  repetitive  peripheral  magnetic  stimulation  (rPMS)  and  muscle  tendon  vibration  (VIB)  on
brain plasticity  and  sensorimotor  impairments  in  chronic  stroke  to  investigate  whether  different
results could  depend  on  the  nature  of  afferents  recruited  by  each  technique.
Materials  and  methods.  —  Fifteen  people  with  chronic  stroke  participated  in  five  sessions  (one
per week).  Baseline  measures  were  collected  in  session  one,  then,  each  participant  received
4 randomly  ordered  interventions  (NMES,  rPMS,  VIB  and  a  ‘control’  intervention  of  exercises).
Interventions  were  applied  to  the  paretic  ankle  muscles  and  parameters  of  application  were
matched as  closely  as  possible.  Standardized  clinical  measures  of  the  ankle  function  on  the
paretic side  and  transcranial  magnetic  stimulation  (TMS)  outcomes  of  both  primary  motor
cortices (M1)  were  collected  at  pre-  and  post-application  of  each  intervention.
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Results.  —  The  ankle  muscle  strength  was  significantly  improved  by  rPMS  and  VIB  (P  ≤  0.02).  rPMS
influenced  M1  excitability  (increase  in  the  contralesional  hemisphere,  P  =  0.03)  and  inhibition
(decrease  in  both  hemispheres,  P  ≤  0.04).  The  group  mean  of  a  few  clinical  outcomes  improved
across sessions,  i.e.  independently  of  the  order  of  interventions.  Some  TMS  outcomes  at  baseline
could predict  the  responsiveness  to  rPMS  and  VIB.
Conclusion.  —  This  original  study  suggests  that  rPMS  and  VIB  were  efficient  to  drive  M1  plasticity
and sensorimotor  improvements,  likely  via  massive  inflows  of  ‘pure’  proprioceptive  information
generated.  Usefulness  of  some  TMS  outcomes  to  predict  which  intervention  a  patient  could  be
more responsive  to  should  be  further  tested  in  future  studies.
© 2017  Elsevier  Masson  SAS.  All  rights  reserved.
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Résumé
Objectifs  de  l’étude.  —  Tester  si  les  effets  de  la  stimulation  électrique  neuromusculaire  (NMES),
la stimulation  magnétique  périphérique  répétitive  (rPMS)  et  la  vibration  musculo-tendineuse
(VIB) sur  la  plasticité  cérébrale  et  les  déficiences  sensorimotrices  en  AVC  chronique  dépendent
des afférences  recrutées  par  chaque  intervention.
Matériels  et  méthodes.  — Quinze  personnes  avec  AVC  chronique  ont  participé  à  cinq  sessions
(une par  semaine).  La  première  servait  de  ligne  de  base,  et  les  interventions  (NMES,  rPMS,  VIB
et une  intervention  « contrôle  » d’exercices)  ont  été  réalisées  dans  les  quatre  sessions  suivantes,
dans un  ordre  aléatoire  entre  participants.  Chaque  intervention  visait  les  muscles  parétiques  de
la cheville,  leurs  paramètres  étant  le  plus  possible  semblables.  Différentes  mesures  cliniques  et
neurophysiologiques  [stimulation  magnétique  transcrânienne  (TMS)  du  cortex  moteur  primaire
(M1)] ont  été  mesurées  avant  et  après  chaque  intervention.
Résultats.  —  rPMS  et  VIB  ont  amélioré  la  force  des  muscles  de  la  cheville  (p  ≤  0,02),  mais
seule rPMS  a  influencé  l’excitabilité  du  M1  (augmentation  dans  l’hémisphère  contra-lésionnel,
p =  0,03)  et  l’inhibition  intracorticale  (levée  d’inhibition  dans  les  deux  hémisphères,  p  ≤  0,04).
Quelques mesures  cliniques  ont  démontré  des  améliorations  progressives  entre  les  sessions,  et
certaines  mesures  TMS  étaient  prédictives  du  succès  clinique  des  interventions.
Conclusion.  —  Cette  étude  exploratoire  supporte  que  rPMS  et  VIB  seraient  plus  efficaces  que
NMES pour  induire  des  changements  plastiques  dans  M1  et  des  améliorations  sensorimotrices,
probablement  étant  donné  leur  activation  minimale  des  afférences  cutanées  permettant  un
recrutement  « pure  » des  afférences  proprioceptives.  Ces  résultats,  incluant  l’utilité  pronos-
tique de  certaines  mesures  TMS,  devront  être  approfondis  dans  des  études  futures.
© 2017  Elsevier  Masson  SAS.  Tous  droits  réservés.

Introduction

Non-invasive  peripheral  stimulation  (NIPS)  consists  of  apply-
ing  an  external  stimulating  device  over  a  nerve,  muscle  or
spinal  root  to  depolarize  the  conductive  structures  within
the  peripheral  nervous  system  [9].  NIPS  use  in  research
and  in  clinical  settings  has  increased  in  recent  years  for
a  myriad  of  pathological  conditions  [5,9,47,58,90].  In  par-
ticular,  peripheral  stimulation  alone  or  in  combination
with  rehabilitation  regimens  to  induce  muscle  contractions
and  joint  movements  have  been  studied  in  patients  with
post-stroke  spastic  hemiparesis  [5,8,47,90].  These  studies
reported  improvements  of  sensorimotor  deficits  and  func-
tional  independence,  in  parallel  with  plastic  changes  of  the
sensorimotor  cortices,  as  tested  by  brain  imaging  and  tran-
scranial  magnetic  stimulation  (TMS).  It  was  proposed  that
the  massive  recruitment  of  sensory  afferents  by  NIPS  could
activate  the  lemniscal  and  extra-lemniscal  pathways  and
influence  the  excitability  of  spinal  and  cerebral  networks
(intra-  and  interhemispheric)  and  the  corticospinal  tract,

thus  contributing  to  promote  sensorimotor  function  on  the
affected  side  [5,9,20,74].

Neuromuscular  electrical  stimulation  (NMES)  and  repet-
itive  peripheral  magnetic  stimulation  (rPMS)  are  two  NIPS
devices  that  have  shown  promising  results  in  populations
with  pathological  affections  [14,51,90,95],  but  some  spe-
cific  pros  and  cons  may  impact  their  use  in  routine  stroke
rehabilitation  (for  a  review  see  [9]).  Briefly,  the  rPMS  equip-
ment  is  bulky  (generator,  coil  of  stimulation)  and  expensive,
but  this  stimulation  is  painless  and  less  affected  by  the
depth  and  impedance  of  the  structures  beneath  the  coil,
as  compared  to  NMES  [9]. Also,  when  applied  at  inten-
sities  above  the  contraction  threshold,  rPMS  and  NMES
seem  to  recruit  proprioceptive  afferents  the  same  way,  i.e.
directly  by  the  depolarization  of  sensory  fibers  terminals  and
indirectly  via  the  induction  of  repeated  contractions  and
joint  movements  [5,9]. However,  NMES  recruits  cutaneous
receptors,  whereas  rPMS  seems  to  generate  almost  pure
proprioceptive  information  during  muscle  contraction  and
joint  movement  (i.e.  with  limited  recruitment  of  cutaneous
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afferents)  [9].  This  difference  is  important  given  the  belief
that  proprioceptive  feedbacks  induced  by  repeated  move-
ments/contractions  preferentially  influence  brain  plasticity
and  sensorimotor  improvements,  while  the  recruitment  of
superficial  cutaneous  receptors  could  generate  noisy  and
meaningless  signals  for  the  sensorimotor  system  [93—95]  or
might  even  inhibit  the  primary  motor  cortex  (M1)  [19]. Given
the  link  between  proprioceptive  information,  brain  plastic-
ity  and  motor  recovery  in  stroke  [21,23,69,85,96],  it  seems
that  rPMS  could  be  more  efficient  than  NMES  in  stroke  reha-
bilitation.  This  said,  however,  the  improvements  related  to
rPMS  should  be  substantially  greater  than  those  related  to
NMES  to  overcome  the  aforementioned  limitations  of  rPMS
(cost,  bulkiness).  This  question  is  important  though,  as  yet
unanswered  by  the  literature.

Another  question  is  whether  specific  afferents  recruited
by  NIPS  might  play  a  key  role  in  post-stroke  motor
improvement.  Precisely,  Ib-afferents  (Golgi  tendon  organ)
contribute  to  the  sensory  coding  of  repeated  contrac-
tions/relaxations  and  Ia-  and  II-afferents  (spindles)  of  the
muscle  stretched  contribute  to  the  sensory  coding  of  bidi-
rectional  joint  movements  [11,27,76,77,79],  as  well  as  skin
receptors  stretched  by  the  movements  [1,2]. Thus,  the  sole
comparison  of  rPMS  and  NMES  will  not  discriminate  between
these  different  afferents,  i.e.  will  not  inform  on  whether
joint  movements  in  addition  to  muscle  contractions  are
required  to  influence  brain  plasticity  underlying  functional
improvement.  Therefore,  rPMS  and  NMES  should  be  com-
pared  with  another  approach  that  recruits  specifically  one
type  of  afferents.  This  is  the  case  for  muscle  tendon  vibra-
tion  (VIB)  applied  to  an  accessible  tendon  at  an  optimal  and
fixed  joint  angle,  at  high  frequencies  (i.e.  80—100  Hz)  and
low  amplitudes  (0.25—2  mm)  [78].  Studies  using  microneu-
rographic  recordings  of  sensory  afferents  demonstrated  that
the  Ia-afferents  from  muscle  spindles  were  most  sensitive
to  VIB  as  compared  to  II-afferents  (less  responsive)  and
Ib-afferents  (not  responsive)  [78].  Furthermore,  the  acti-
vation  of  muscle  spindles  and  subsequent  recruitment  of
Ia-afferents  by  VIB  are  so  strong  that,  in  the  absence  of
any  other  sensory  feedback  (i.e.  vision,  cutaneous  cues),
VIB  induces  an  illusion  of  movement  whose  direction  corre-
sponds  to  a  movement  that  would  have  normally  stretched
the  muscle  vibrated  [3,80].  In  healthy  individuals,  illusion  is
reliable  and  direction-specific  [11,79],  and  it  is  accompanied
by  a  strong  activation  of  the  parieto-frontal  areas  involved
in  the  control  of  the  vibrated  muscle  [63—66,81].  Our  recent
pilot  study  denoted  that  individuals  with  chronic  stroke
could  perceive  these  illusions  of  movement  on  the  paretic
side,  but  at  lower  strength  and  clearness  than  healthy  coun-
terparts  [7].  It  thus  seems  feasible  to  match  the  illusory
sensations  produced  by  VIB  with  the  real  movements  induced
by  rPMS  and  NMES.

The  present  study  proposed  to  compare  for  the  first  time
in  chronic  stroke  the  after-effects  of  one  session  of  VIB
with  one  session  of  rPMS  and  one  session  of  NMES,  using
parameters  matched  as  closely  as  possible  so  that  the  main
difference  between  interventions  would  be  the  nature  of
afferents  recruited.  Comparison  was  also  made  with  one  ses-
sion  of  volitional  exercises.  Each  participant  received  the
four  interventions  in  a  randomized  order,  with  a  one-week
washout  period  between  each  session.  The  interventions
were  applied  to  the  paretic  ankle  muscles  given  their

Table  1  General  characteristics  of  participants  with
chronic  stroke.

General  characteristics

Participants  (n)  15
Age (years)

Mean  ±  SD  51.1  ±  15.9
Range  20—69
Gender  (n:  males/females)  9/4
Footedness  (n:  right/left)a 13/2a

CMSA  —  Stage  of  foot
Median  score  (on  the  0—7  ordinal  scale) 4
Range  2—7

Lesion  details
Location  (n:  cortical/subcortical/mixed)  2/0/13
Nature  (n:  ischemic/haemorrhagic)  15/0
Hemisphere  (n:  right/left)  8/7

Time since  stroke  (months)
Mean  ±  SD  59.3  ±  24
Range  22—115

n: number; CMSA: Chedoke McMaster Stroke Assessment [a
measure of motor recovery level, from complete paralysis (0)
to full recovery (7)].

a Before lesion.

importance  in  post-stroke  functional  impairment  [6,8].
Ankle  function  and  brain  plasticity  were  tested  before  and
after  each  intervention  to  determine  whether  the  nature
of  afferents  recruited  was  a  factor  of  importance  and
whether  the  non-invasive  devices  improved  the  outcomes
more  than  the  volitional  exercises.  As  supported  by  the
abovementioned  evidence,  we  hypothesized  that  post-rPMS
improvements  would  be  larger  than  post-NMES  and  that  the
after-effects  of  VIB-related  illusions  would  depend  on  the
intensity  and  quality  of  the  illusions  in  chronic  stroke.  Cor-
relations  between  brain  plasticity  and  sensorimotor  changes
and  the  existence  of  neurophysiological  predictive  factors
(TMS  outcome  measures)  of  responsiveness  to  the  interven-
tions  were  studied  for  each  intervention  [8].

Material and methods

Participants  and  study  design

Fifteen  chronic  stroke  individuals  were  recruited  after  pro-
viding  informed  written  consent  approved  by  local  ethics
committees  and  the  declaration  of  Helsinki  (Table  1).  The
inclusion  criteria  were:  age  ≥  18  years  old;  first  unilateral
stroke  resulting  in  ankle  paresis  more  than  12  months  prior
to  enrolment  in  the  study;  a  recent  CT  or  MRI  scan  (≤  5  years)
for  the  description  of  the  lesion  (Table  1);  and  the  capacity
to  slightly  dorsiflex  the  paretic  ankle  on  request  (Che-
doke  McMaster  Stroke  Assessment  [CMSA]  [28]  —  Stage  of
foot  ≥  2).  The  exclusion  criteria  were:  any  administration
of  anti-spastic  medication  in  the  last  6  months  or  central
nervous  system  (CNS)  active  drugs  (for  example  lowering
the  seizure  threshold);  vertebral  surgery;  any  other  medical
condition  including  (but  not  limited  to)  major  circulatory,
respiratory  or  cardiac  disease,  neurological  disease/deficit
other  than  stroke,  severe  lower  limb  orthopedic  condition,
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or  cognitive  disorder.  Exclusion  criteria  related  to  TMS  fur-
ther  included  a  history  of  seizure,  cardiac  pacemaker  and
intracranial  metallic  implants  [82].  Also,  it  is  known  that  TMS
outcomes  are  sensitive  to  the  cortical  vs.  subcortical  level
of  the  lesion  [6,99]  and  recruitment  of  patients  with  pure
subcortical  stroke  was  more  difficult  in  our  previous  stud-
ies  [6,8].  Thus,  to  improve  the  homogeneity  of  our  sample
and  facilitate  recruitment,  patients  with  pure  subcortical
strokes  were  excluded  so  that  all  participants  had  cortical
damage  (see  Table  1).  Footedness  was  determined  by  the
foot  used  before  stroke  to  kick  a  ball  or  to  write  in  the  sand.
Participants  were  instructed  not  to  change  their  medication
intake  and  other  lifestyle  habits  throughout  the  study.

The  study  design  consisted  of  five  sessions,  each  last-
ing  2.5—3  h,  conducted  at  one  week  apart  and  at  the  same
period  of  the  day  for  a  given  participant.  The  after-effects  of
a  single  session  of  peripheral  neurostimulation  are  unlikely
to  last  more  than  48  h  [46,50,94]  thus  a  one-week  washout
period  seemed  reasonable  between  sessions  for  extinction
of  effects.  The  first  session  was  used  to  collect  the  baseline
measures.  The  four  other  sessions  (S1,  S2,  S3,  S4)  served
to  conduct  the  interventions,  i.e.  rPMS,  NMES,  VIB  and  the
‘control’  intervention  of  volitional  exercises.  Each  interven-
tion  had  been  randomly  allocated  to  one  of  the  four  sessions
(S1,  S2,  S3  and  S4)  by  means  of  a  random  number  genera-
tor  (random  rank  of  each  intervention  for  each  participant).
Baseline  measures  included  the  CMSA  (stage  of  foot)  and,  on
both  the  non-paretic  and  the  paretic  sides,  clinical  testing
of  ankle  function  and  TMS  outcomes  related  to  the  tibialis
anterior  muscle  (see  next  sections).  In  S1  to  S4,  all  measures
were  systematically  collected  pre-  and  post-intervention,  on
both  hemispheres  for  TMS  outcomes,  but  only  on  the  paretic
side  for  clinical  outcomes.  TMS  and  clinical  testing  were
randomly  ordered  for  each  participant  at  pre-  and  at  post-
intervention  by  means  of  the  random  number  generator.  The
experimenters  conducting  data  acquisition  were  not  blinded
to  the  interventions.  However,  all  data  was  codified  post-
hoc  (participant,  session,  pre-  and  post-intervention)  until
completion  of  analyses.  Also,  participants  were  blinded  to
the  study’s  specific  objectives  and  hypotheses  and  were  all
naïve  to  the  interventions.  Based  on  TMS  safety  guidelines,
each  participant  was  contacted  by  phone  2  days  after  the
first  session,  then  10  and  30  days  after  the  last  session  to
document  any  adverse  effects  [82].

Surface  EMG  recordings

After  standard  skin  preparation  (i.e.  cleaning  the  skin
with  alcohol  and  shaving  whenever  necessary)  [34], the
parallel-bar  EMG  sensors  with  adhesive  skin  interfaces  were
installed  on  each  participant  (fixed  1  cm  distance  between
electrodes;  16-channel  Bagnoli  EMG  System,  Delsys  Inc.,
Boston,  MA).  EMG  sensors  were  placed  bilaterally  on  the
tibialis  anterior  (TA)  muscles  (foot  invertor  and  ankle  dor-
siflexor),  soleus  (SOL,  ankle  plantar  flexor)  and  fibularis
longus  (FL,  foot  evertor  and  synergist  during  ankle  plan-
tar  flexion),  strictly  following  SENIAM  guidelines  and  using
anatomical  landmarks  [34].  The  position  of  each  electrode
relative  to  these  landmarks  was  recorded  for  each  sub-
ject  at  baseline.  To  ensure  consistency  between  sessions,
each  electrode  position  was  marked  with  a  surgical  pen  on

the  skin  and  subjects  were  instructed  to  avoid  scrubbing
the  area.  A  common  ground  electrode  was  positioned  on
the  patella  of  the  tested  limb.  EMG  signals  were  bandpass-
filtered  (20—450  Hz),  amplified  before  digitization  (2  kHz),
and  computer-stored  for  online  display  and  offline  analy-
sis  (PowerLab  acquisition  system;  LabChart-ADInstruments,
Colorado  Springs,  CO).

TMS  testing  of  tibialis  anterior  M1  area

TMS  procedures  were  strictly  replicated  for  each  hemi-
sphere  pre-  and  post-intervention,  following  the  guidelines
from  the  International  Federation  of  Clinical  Neurophysiol-
ogy  [31,82,83]. Position  of  participants  was  the  same  as  for
clinical  testing  and  the  tested  foot  was  firmly  strapped  in  an
ankle-foot  orthosis  to  ease  the  isometric  volitional  contrac-
tion  of  TA.  The  participant  was  first  instructed  to  dorsiflex
the  ankle  three  times  at  maximal  isometric  contraction
(MVC)  against  the  orthosis:  elastic  straps  and  manual  sta-
bilization  helped  avoid  any  hip  and  knee  movement.  Also,
constancy  of  MVC  for  the  3  trials  was  monitored  online  by
visual  inspection  of  the  signals  recorded  and  instantaneous
calculation  of  the  coefficient  of  variation  (SD/mean).  The
15%  MVC  was  then  calculated  from  the  mean  TA  EMG  activity
and  displayed  as  a  target  line  on  a  scaled  screen  in  front  of
the  participant.  During  TMS  testing,  a copy  of  the  real-time
raw  EMG  activity  of  TA  was  provided  as  a  visual  feedback  for
the  participant  (and  not  recorded):  it  was  sent  for  rectifica-
tion  and  low-pass  filtering  (2  Hz)  to  an  external  device  via  a
parallel  cable  and  displayed  on  the  scaled  screen.  The  par-
ticipant  had  to  superimpose  this  real-time  EMG  line  on  the
15%  MVC  target  line.  All  TMS  trials  (acquired  with  20—450  Hz
bandpass  filters  and  2  kHz  sampling  rate)  falling  outside  a
stringent  window  of  EMG  acceptance  (15  ±  5%  MVC,  imple-
mented  in  our  software)  were  rejected  online  and  acquired
de  novo.  These  conditions  of  15%  MVC  TA  preactivation  con-
tributed  to  stabilize  motoneuronal  excitability  and  motor
output  during  TMS  testing  [87]  and  facilitated  TA  responses
to  TMS  by  the  increase  of  the  corticospinal  excitability  asso-
ciated  with  TA  M1  area  in  the  lesioned  hemisphere  [6,8,83].
Resting  breaks  were  given  on  request  and  after  each  series
of  8—10  TMS  trials.

Magnetic  stimuli  were  applied  on  the  scalp  over  M1  rep-
resentation  of  the  TA  with  a  double-cone  coil  (7  cm  outer
diameter  each  wing;  monophasic  pulse,  Magstim  Company
Limited,  Whitland,  UK),  which  is  optimal  for  activating  lower
limb  M1  cells  [31]. More  precisely,  the  TMS  coil  was  posi-
tioned  first  at  1.5—2  cm  lateral  from  the  vertex  using  10—20
EEG  system  (TA  M1  area)  [45],  with  the  long  axis  of  the  two-
wing  intersection  pointing  antero-posteriorly  and  inducing
an  electrical  current  of  posterio-anterior  direction  in  M1
[83]. The  position  was  then  adjusted  slightly  to  determine
the  ‘hotspot’,  namely  the  location  eliciting  the  largest  TA
motor  evoked  potentials  (MEPs)  using  the  lowest  TMS  inten-
sity.  This  approach  provided  the  most  selective  activation  of
M1  foot  area  cells  at  the  lowest  threshold  to  elicit  MEP  in  the
contralateral  ankle  muscles  [18,31]. Visual  inspection  of  FL
and  SOL  EMG  recordings  (absence  of  MEP)  ensured  the  selec-
tive  recruitment  of  TA  M1  area  and  visual  inspection  of  EMG
recordings  from  the  other  leg  monitored  the  complete  relax-
ation  of  the  limb  ipsilateral  to  the  stimulated  hemisphere.
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Scalp  locations  were  marked  using  a  surgical  pen  to  ensure
reliable  positioning  and  orientation  of  the  TMS  coil  across
times  of  testing.  Thereafter,  the  following  seven  TMS  out-
comes  associated  with  TA  M1  representation  were  acquired
on  both  sides.

Active  motor  threshold  (AMT)
The  AMT,  expressed  in  %  of  maximal  stimulator  output  and
reflecting  M1  excitability  [83,109]  was  determined  as  the
stimulus  intensity  required  to  elicit  at  least  5  TA  MEPs  out
of  10  trials  with  amplitudes  ≥  100  !V  [83].

MEP  amplitude,  latency  and  silent  period
A  suprathreshold  unconditioned  (test)  TMS,  with  intensity
fixed  at  120%  AMT,  enabled  recording  and  measurement
of  the  MEP  amplitude,  latency  and  of  the  duration  of  the
EMG  silent  period  following  the  MEP  in  pre-activated  condi-
tions  [31,83,105].  Mean  MEP  latency,  reflecting  conduction
time  and  indirectly  the  synchronous  arrival  of  descending
volleys  to  depolarize  spinal  motoneurons  [31,48]  was  mea-
sured  from  stimulation  time  to  MEP  onset.  MEP  amplitude,
reflecting  the  volume  of  M1  cells  activated  by  TMS  and
the  excitability  of  the  corticospinal  pathway  [48,83]  was
measured  peak-to-peak.  Duration  of  the  EMG  silent  period
(SP),  indicating  in  part  M1,  GABAB inhibition  [71]  was  mea-
sured  from  MEP  offset  to  the  return  of  EMG  activity  and
expressed  in  ms  (raw  data)  and  also  as  the  ratio  (SP/MEP
amplitude)  ×  100  to  reduce  inter-individual  variability  [70].

SICI  and  SICF
Paired-pulse  TMS  (coil  connected  to  two  Magstim  2002
monophasic  stimulators)  was  used  to  test  the  short-interval
intracortical  inhibition  and  facilitation  (SICI  and  SICF,
respectively)  [38,52].  In  SICI,  a  subthreshold  conditioning
TMS  (70%  AMT  eliciting  no  MEP  on  its  own)  was  delivered
2  ms  before  the  unconditioned  TMS  at  120%  AMT  [6,52].
The  conditioned  MEP  was  expressed  post-hoc  relative  to  the
amplitude  of  the  unconditioned  MEP  at  120%  AMT,  which  is
acknowledged  as  probing  the  function  of  GABAA interneurons
within  M1  [83,109].  In  SICF,  two  stimulus  were  delivered  1  ms
apart,  the  first  TMS  at  100%  AMT  and  the  second  at  90%  AMT.
MEP  amplitude  was  then  expressed  relative  to  the  ampli-
tude  of  test  MEP  at  100%  AMT,  which  likely  reflects  I-waves
summation  following  the  depolarisation  of  M1  interneurons
by  TMS  [6,38,83,109].  For  both  SICI  and  SICIF  paradigms,
8—10  unconditioned  MEPs  and  8—10  conditioned  MEPs  were
elicited  in  each  case  at  a  rate  of  about  0.2—0.3  Hz.

Clinical  testing

These  outcomes  were  collected  on  both  sides  at  baseline  and
only  on  the  paretic  side  from  S1  to  S4.  Each  participant  was
comfortably  seated  in  a  reclining  chair  with  legs  and  arms
supported,  and  with  the  knees  flexed  20◦ from  full  exten-
sion.  An  experimenter  manually  stabilised  the  leg  against
the  chair,  whenever  necessary.  Three  trials  were  averaged
per  clinical  outcome  and  up  to  2  supplementary  trials  were
performed  if  variation  exceeded  2  standard  deviations  from
the  mean.

Range  of  motion  (ROM)
The  ankle  ranges  of  dorsiflexion  were  measured  under
two  conditions:  voluntary  active  motion  (volitional  upward
movement  with  verbal  encouragements  from  the  exper-
imenters)  and  passive  motion  (manually  driven  at  slow
speed,  absence  of  stretch  reflex  monitored  with  online
EMG  signals).  An  extendable-hinged  goniometer  (Lafayette-
Instrument)  was  aligned  with  skin  markers  positioned  at  the
fibular  head,  the  lateral  malleolus  (rotational  axis)  and  the
fifth  metatarsal  head  [6,8,25]. Thus,  values  higher  or  lower
than  90◦ (right  angle)  referred  to  plantar  or  dorsal  flexion,
respectively.  In  addition,  the  maximal  eversion  ROM  reached
during  active  dorsiflexion  were  obtained  using  a  17  cm  flexi-
ble  goniometer  (Jamar® E-Z  Read).  Skin  markers  were  drawn
distally  on  the  tibial  crest,  the  ankle  rotation  axis  (halfway
between  the  lateral  and  medial  malleoli)  and  on  the  second
metatarsal  on  the  foot’s  dorsal  surface.  Values  lower  (nega-
tive)  or  higher  (positive)  than  0◦ (neutral  position)  referred
to  inversion  or  eversion,  respectively.

Isometric  muscle  strength
A hand-held  dynamometer  (Châtillon-Instrument)  was  used
to  measure  the  maximal  voluntary  isometric  strength  of  the
ankle  dorsiflexors  and  of  the  foot  evertors  under  manual
stabilisation  of  the  knee.  The  participant  was  instructed
to  push  as  hard  as  possible  against  the  dynamometer  dur-
ing  5—10  s and  was  given  verbal  encouragements  [4,59]  as
well  as  feedbacks  on  the  performance  to  ensure  maximal
possible  strength.  The  experimenter  matched  the  strength
without  ‘breaking’  it  (the  ‘make’  test)  [92].  For  ankle  dor-
siflexors,  the  dynamometer  was  placed  perpendicular  to
the  metatarsal  heads  on  the  dorsal  surface  of  the  foot.
For  the  foot  evertors,  the  dynamometer  was  placed  on  the
lateral  surface  of  the  foot,  approximately  over  the  fifth
metatarsal  head.  These  procedures  are  valid  and  reliable  in
healthy  people  and  in  populations  with  neurological  disor-
ders  [53,73,89].  Both  the  dorsiflexion  and  eversion  strength
were  measured  with  the  ankle  joint  at  its  natural  rest-
ing  angle.  This  angle  measured  at  baseline  was  strictly
replicated  per  participant  at  each  time  point  of  strength
measurement.

Stretch  reflex  of  plantar  flexors
The  soleus  stretch  reflex  was  used  to  probe  the  after-effect
of  each  intervention  on  the  spinal  excitability  related  to  the
spastic  plantar  flexor  muscles,  given  that  the  modulation  of
plantar  flexors  resistance  to  stretch  in  chronic  stroke  might
influence  the  ankle  function  [8].  The  experimenter  counted
mentally  one  second  to  dorsiflex  the  ankle  at  a  high-speed
from  the  resting  position  [53]. This  provided  a  high-speed
stretch  reflex  of  plantar  flexors  whose  amplitude  was  ana-
lyzed  post-hoc  on  SOL  EMG  traces  [103].  A  few  practice
trials  were  performed  to  ensure  reliability  of  the  technique
[53]. The  Tardieu  scale  (ordinal  variable)  was  rated  by  the
experimenter  after  each  stretch  [33]. SOL  relaxation  at
the  resting  position  was  monitored  by  visual  inspection  of
EMG  traces,  and  a  10-s  post-stretch  period  was  recorded
to  measure  any  clonus  in  response  to  high-speed  stretch
(alternate  reflex  contractions/relaxations  between  dorsal
and  plantar  flexors)  [29,67].  The  integral  of  the  SOL  stretch
reflex  was  calculated  post-hoc  from  the  rectified  SOL  EMG
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signals  (from  onset  to  offset  determined  visually)  [103]. If  no
clonus  occurred  after  the  stretch  reflex,  a  value  of  zero  was
attributed  for  the  clonus  measure.  In  the  case  of  a  clonus,
the  first  burst  corresponding  to  the  stretch  reflex  was  mea-
sured  alone  and  the  integrals  of  each  successive  burst  were
then  summed  together.  The  count  of  clonus  bursts  was  also
used  as  a  simple  ordinal  scale  outcome  [101].  To  enable
reliable  comparisons  throughout  all  times  of  measurement,
SOL  EMG  measures  at  pre-  and  post-intervention  were  nor-
malized  relative  to  its  maximal  voluntary  contraction  (MVC)
obtained  at  pre-intervention  of  the  same  session.  The  MVC
of  SOL  muscle  corresponded  to  the  mean  EMG  activity  asso-
ciated  with  three  trials  of  isometric  plantar  flexion  against
an  ankle-foot  orthosis  (see  TMS  section).  For  each  MVC,  the
integral  was  calculated  from  the  rectified  EMG  signal  over  a
3-s  period.

Interventions

Procedures  and  parameters  matched  between
interventions
The  participant  remained  comfortably  seated  in  the  reclin-
ing  chair.  rPMS  and  NMES  were  similarly  applied  at  a
frequency  of  20  Hz  with  40  repetitions  of  3  s  ON/19  s OFF
(duty  cycle  chosen  to  avoid  overheating  of  the  rPMS  coil)
and  a  biphasic  waveform  of  400  !s  pulse  width  (no  up/down
ramping  of  intensity,  to  match  magnetic  stimulation  char-
acteristics).  The  stimulation  intensity  could  not  be  directly
compared  between  rPMS  (in  Tesla)  and  NMES  (in  ampere).
As  recommended  previously,  a  meaningful  comparison  may
rather  rely  on  physiological  feedbacks  [9],  such  as  the  ampli-
tude  of  joint  movements  induced  by  each  intervention  or
the  expression  of  stimulation  strength  relative  to  contrac-
tion  threshold.  Therefore,  the  intensity  and  position  of  the
coil  (in  rPMS  intervention)  or  of  skin  electrodes  (in  NMES
intervention)  inducing  the  maximal  amplitudes  of  dorsiflex-
ion/eversion  were  first  determined  before  the  intervention.
Then,  for  each  intervention,  the  amplitudes  of  dorsiflexion
and  associated  inversion/eversion  were  collected  in  the  first
10  repetitions  of  duty  cycle  and  the  last  10  repetitions  with
a  view  of  between  intervention  comparison.  The  interven-
tion  of  volitional  ankle  exercises  was  matched  in  terms  of
duty  cycle  (3  s  ON/19  s  OFF),  number  of  repetitions  (40),
and  participants  were  asked  to  dorsiflex/evert  the  ankle  as
far  as  possible  (the  amplitudes  of  joint  movements  were
also  measured  for  the  first  and  the  last  10  repetitions).  In
VIB  intervention,  the  number  of  repetitions  and  the  total
duration  were  also  matched  (40  illusions  of  ankle  dorsiflex-
ion/eversion),  but  illusions  of  movement  required  additional
specific  parameters  (see  next  section).

After  each  intervention,  the  participant  rated  on  a  visual
analogue  scale  (VAS,  0—100)  the  level  of  pain  and  effort
perceived  during  the  intervention.

Procedures  and  parameters  specific  to  each  intervention
rPMS  was  applied  using  an  air  film  cooled  figure-of-eight  coil
(7  cm  outer  diameter  per  wing;  Rapid2 Magstim,  Magstim
Company,  England)  held  tangentially  on  the  skin  overlying
the  paretic  dorsiflexor  and  evertor  muscle  bellies.  NMES  was
applied  with  the  BioStim® NMS2 stimulator  over  the  paretic
dorsiflexor  and  evertor  muscle  bellies  by  means  of  two

disposable  pre-wired  self-adhesive  2  ×  2  inches  electrodes.
The  exercises  consisted  of  performing  the  maximal  possible
synergistic  movements  of  dorsiflexion/eversion,  and  feed-
backs  were  frequently  given  to  ensure  that  the  participant
remained  focused  on  the  task  and  reproduced  the  desired
movements  at  the  best  of  its  capacity.  Practice  trials  were
allowed  before  the  onset  of  the  intervention.

In  VIB,  the  participant  was  comfortably  installed  on  the
reclining  chair,  with  the  paretic  ankle  and  foot  free  from
any  cutaneous  contact,  and  with  hips  and  knee  joints  flexed
respectively  at  20◦ and  50◦. The  VB115  VIBRASENS©  vibrator
(Techno  Concept,  France)  was  positioned  on  the  Achilles’s
tendon  on  the  paretic  side  and  firmly  stabilized  with  elastic
straps  around  the  ankle.  With  eyes  close  and  no  cutaneous
feedback,  VIB  of  Achilles’s  tendon  induces  an  illusion  of
ankle  dorsiflexion  [26,77].  A  soft  elastic  band  was  strapped
around  the  metatarsal  heads,  so  that  the  experimenter
could  touch  the  foot  (see  below)  with  limited  cutaneous
feedbacks.  In  order  to  monitor  a  stable  ankle  position
throughout  the  VIB  intervention,  a  light  plastic  goniometer
(Jamar® E-Z  Read)  was  fixed  (double-side  taped)  over  the
same  anatomical  landmarks  used  for  the  measure  of  ankle
dorsiflexion  ROM  [6].  VIB  was  applied  at  80  Hz  frequency,  at
1  mm  amplitude  and  during  10  s  [77,78].  One  practice  trial
with  eyes  open  helped  the  participant  to  familiarize  with
the  vibration  and  to  ensure  that  the  setup  was  comfortable.
The  participant  was  instructed  on  which  sensation  he/she
will  have  to  concentrate  on  (i.e.  a  perception  of  ankle  move-
ment  and  not  skin  perception  of  vibration).  Then,  eyes  were
closed  for  a  few  VIB  trials  under  complete  relaxation  (EMG
monitoring)  and  at  different  dorsiflexion  angles  in  order  to
determine  the  optimal  angular  position  per  participant  for
eliciting  the  best  illusions  of  dorsiflexion/eversion  [26,77].
The  participant  had  to  rate  the  clearness  and  precision  of
the  illusion  using  a  3-levels  ordinal  scale  (3  =  perfectly  clear
and  precise,  like  a  real  movement;  2  =  moderately  clear  and
precise;  1  =  vague  and  not  precise)  [102].  The  angle  of  the
optimal  position  was  maintained  during  the  intervention.  Of
note,  if  a  participant  did  not  perceive  any  illusion  with  this
standardized  technique,  a  small  and  slow  stretch  of  plan-
tar  flexors  was  attempted  (5◦ dorsiflexion  imposed  by  the
experimenter  during  the  first  two  seconds  of  VIB),  as  previ-
ously  done  to  increase  the  strength  and  clearness  of  illusion
[7,22].  The  intervention  consisted  of  40  repetitions  of  10  s
ON/15  s  OFF  VIB  to  induce  ankle  dorsiflexion/eversion  illu-
sions.  A  10  s  VIB  is  ideal  in  healthy  people  for  the  illusion  to
build  up  and  be  reliably  perceived  [16,17,26,77].  Obviously,
the  amount  of  angular  ankle  movement  perceived  during
each  VIB  trial  could  not  be  reliably  measured  and  compared
with  the  other  interventions.  Instead,  participants  had  to
rate  the  clearness  and  precision  of  ankle  movement  illu-
sion  after  each  of  the  40  repetitions,  during  the  15-s  rest
breaks.

Statistical  analysis

Assumption  of  normality  was  validated  using  the
Shapiro—Wilk  test.  When  a data  set  was  not  normally
distributed,  a  natural  logarithmic  transformation  was
performed  and  normality  was  re-tested.  Between-side  dif-
ferences  at  baseline  were  tested  with  the  paired  Student’s
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t-test  (two-sided)  for  the  continuous  variables  and  with  the
Wilcoxon  signed  ranks  test  for  the  ordinal  variables.

An  analysis  of  variance  with  repeated  measures  was
applied  to  all  TMS  outcomes  with  the  factors  ‘Intervention’
(rPMS,  NMES,  exercises,  VIB),  ‘Pre/Post’  (pre-intervention,
post-intervention)  and  ‘Side’  (paretic,  non-paretic).  Factors
‘Intervention’  and  ‘Pre/Post’  were  applied  to  the  clinical
outcomes  on  the  paretic  side.  A  one-way  ANOVA  compared
the  outcomes  between  baseline  and  pre-intervention  in  each
session  to  test  extinction  of  effects  between  interventions.
Planned  comparisons  (two-sided  post-hoc  tests)  were  used
to  detect  where  differences  lay  if  between  factor  interac-
tions  or  main  effects  were  detected  by  ANOVAs.  Concerning
ordinal-scaled  outcomes  (Tardieu  score,  number  of  clonus
bursts),  the  Friedman  test  was  used  to  test  effects’  extinc-
tion  between  interventions;  the  Wilcoxon  signed  ranks  test
was  used  to  detect  where  differences  lay  and  the  acute
after-effects  in  each  intervention.

One-way  ANOVAs  were  used  to  test  whether  dorsiflexion
and  eversion  ROMs  reached  during  rPMS,  NMES  and  exer-
cises  were  similar,  and  to  compare  the  pain  and  fatigue
perceived  after  each  intervention.  Matrices  of  Pearson’s
and  Spearman’s  rank  correlations  (continuous  and  ordinal
variables,  respectively)  were  produced  to  examine  the  asso-
ciations  between  clinical  and  TMS  outcome  measures  having
significantly  changed  for  a  specific  intervention  and  the  exis-
tence  of  a  link  between  a  significant  clinical  change  and  a
specific  TMS  outcome  value  measured  at  pre-intervention.
The  latter  correlation  was  used  to  assess  whether  TMS  out-
come  measures  could  predict  the  success  of  an  intervention,
as  previously  reported  [8,91].  Significance  level  was  set  at
P  <  0.05.

Results

All  procedures  were  well  tolerated  by  the  participants  and
no  adverse  effect  was  reported  during  the  study  (5  sessions)
or  during  the  one-month  follow-up  by  phone.  Clinical  out-
comes  from  the  paretic  side  and  TMS  outcomes  from  the
non-paretic  side  were  analyzed  in  all  the  15  participants.
Due  to  the  absence  of  MEP  in  two  participants,  TMS  outcomes
were  analyzed  in  13  participants  on  the  paretic  side.  The  SICI
paired-pulse  artefact  contaminated  SICI  data  in  some  parti-
cipants  for  whom  very  high  intensities  of  TMS  were  required
to  elicit  a  response  (given  high  motor  thresholds),  thus  bring-
ing  to  8  the  number  of  participants  with  SICI  analyzed  on
the  paretic  side  and  13  on  the  non-paretic  side.  The  ampli-
tude  of  TA  MEP  on  the  paretic  and  non-paretic  sides  had
to  be  log-transformed  (LN  MEP)  before  analysis  because  of
non-normal  distributions.

Baseline  differences  between  the  paretic  and
non-paretic sides

Group  means  ±  SD  of  baseline  measures  on  the  paretic
and  non-paretic  sides  and  the  between-side  comparisons
(P-values)  are  presented  in  Table  2  (TMS  and  clinical  out-
comes).  TMS  outcomes  revealed  longer  MEP  latency,  smaller
LN  MEP  amplitude  and  longer  SP/MEP  ratio  on  the  paretic
side  as  compared  to  the  non-paretic.  Also,  all  clinical  out-
comes  were  impaired  on  the  paretic  side,  confirming  muscle

paresis,  spasticity  (i.e.  higher  resistance  of  plantar  flexors
to  rapid  stretch,  higher  stretch  reflex  and  clonus)  and  loss
of  joint  flexibility.

Ankle  movement,  pain  and  fatigue

The  one-way  ANOVA  applied  on  the  maximal  dorsiflex-
ion  ROM  reached  during  rPMS,  NMES  and  exercises  was
significant  (F(2,13) =  8.35;  P  =  0.001).  Planned  comparisons
showed  that  dorsiflexion  ROM  driven  by  stimulation  was  sim-
ilar  between  rPMS  (128.5  ±  10.6◦)  and  NMES  (126.3  ±  14.3◦;
P  =  0.60),  but  dorsiflexion  was  higher  during  the  volitional
exercises  (111.4  ±  15.6◦;  P  ≤  0.02  for  comparisons  with  rPMS
and  NMES).  No  difference  was  detected  for  eversion  ROM
(F(2,13) =  0.46;  P  =  0.63).  All  participants  perceived  reliable
illusions  of  dorsiflexion/eversion  during  VIB  intervention,
but  more  frequently  rated  them  as  vague  and  not  precise
(n  =  7  participants)  or  moderately  clear  and  precise  (n  =  6)
rather  than  perfectly  clear  and  precise  (n  =  2).  The  one-way
ANOVA  was  significant  for  pain  (F(3,12) =  9.51;  P  <  0.0005),  i.e.
more  pain  was  felt  during  NMES  (28.8  ±  25.8%  of  VAS)  as  com-
pared  to  rPMS  (0.4  ±  1.1%,  P  =  0.001),  exercises  (5.1  ±  14.1%,
P  =  0.012)  and  to  VIB  (5.0  ±  13.2%,  P  =  0.002).  Also,  more
fatigue  was  reported  after  the  exercises  (18.8  ±  24.5%)  and
VIB  (12.5  ±  21.8%)  than  after  rPMS  (4.5  ±  13.0%)  and  NMES
(4.5  ±  7.0%)  but  without  reaching  significance  (F(3,12) =  2.31;
P  =  0.090).

Acute  after-effects  in  each  intervention

TMS  outcomes
The  three-way  ANOVA  applied  on  AMT  detected  a  main
Pre/Post  effect  (F(1,12) =  5.38;  P  = 0.039).  Planned  compar-
isons  showed  that  a  pre-post  effect  was  significant  only
for  rPMS.  Precisely,  AMT  on  the  non-paretic  side  was
lower  after  rPMS  (46.6  ±  10.3%  of  maximal  stimulator  out-
put  [MSO])  as  compared  to  pre-rPMS  (47.7  ±  10.7%  MSO;
P  =  0.029,  Fig.  1A).  On  the  paretic  side,  the  AMT  reduc-
tion  after  rPMS  (49.4  ±  8.4%  MSO)  as  compared  to  pre-rPMS
(50.4  ±  8.2%  MSO)  was  close  to  significance  (P  =  0.072).  The
ANOVA  applied  on  the  amplitude  of  the  SICI-related  con-
ditioned  MEP  detected  close  to  significance  interactions
for  factors  Intervention  ×  Pre/Post  (F(3,21) =  3.00;  P  =  0.058)
and  Intervention  ×  Pre/Post  ×  Side  (F(3,21) =  2.73;  P  =  0.074).
Planned  comparisons  revealed  a  significant  increase  of  the
conditioned  MEP  amplitude  (decrease  of  SICI)  on  the  paretic
side  after  rPMS  (56.1  ±  18.3%)  as  compared  to  pre-rPMS
(46.0  ±  13.8%;  P  =  0.036;  Fig.  1B)  and  on  the  non-paretic
side  (67.4  ±  20.0%)  as  compared  to  pre-rPMS  (57.5  ±  21.8%;
P  =  0.040;  Fig.  1B).  Fig.  1B  also  suggests  an  increase  of  the
conditioned  MEP  amplitude  after  VIB  but  this  effect  was  due
to  one  participant  with  no  group  significance  (P  =  0.39).  The
ANOVA  applied  on  MEP  latency  detected  a  Pre/Post  ×  Side
interaction  (F(1,12) =  10.07;  P  =  0.009).  Planned  comparisons
showed  that  a  pre-post  effect  was  significant  only  for  the
non-paretic  side  after  the  exercises,  with  MEP  latency
longer  post-exercises  (36.5  ±  5.8  ms)  than  pre-exercises
(34.3  ±  4.1  ms;  P  =  0.017,  Fig.  1C).  No  other  acute  effect  was
detected  for  TMS  outcomes.
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Table  2  TMS  and  clinical  outcomes  at  baseline.

Mean  ±  SD  Mean  ±  SD  P  value

TMS  measures  Ipsilesional  hemisphere  Contralesional  hemisphere

AMT  (%MSO)  51  ±  9  51  ±  9  0.70
Latency (ms)  38.13  ±  4.98  34.80  ±  4.55  0.01
MEP amplitude  (!V)  222.94  ±  261.13  303.68  ±  205.80  NA
LN MEP  amplitude 4.97  ±  0.93 5.49  ±  0.71  0.01
SP duration  (ms) 81.93  ±  33.61 63.79  ±  34.27 0.15
SP/MEP (%) 77.69  ±  67.48 27.74  ±  14.30 0.02
SICI (%  MEP  amplitude) 48.92  ±  13.94 56.52  ±  26.58 0.89
SICF (%  MEP  amplitude)  249.16  ±  95.32  208.69  ±  63.37  0.25

Clinical measures  Paretic  side  Non-paretic  side  P  value

Active  DF  (◦) 111.7  ±  12.8  92.4  ±  5.3  <  0.001
Passive DF  (◦) 89.0  ±  9.9  78.8  ±  6.7  <  0.001
Active EV  (◦) 16.6  ±  14.2 33.2  ±  6.8  <  0.001
Passive EV  (◦) 43.7  ±  6.7 52.6  ±  6.7 <  0.001
Maximal EV  during  active  DF  (deg) —2.8 ±  13.6 11.2  ±  10.8  <  0.001
DF strength  (kg) 15.5  ±  6.8 19.8  ±  3.9 <  0.001
EV strength  (kg) 6.5  ±  6.2 13.5  ±  4.3 <  0.001
Tardieu (ordinal) 2.5  ±  0.8 0.9  ±  1.0 0.001*

Clonus  (nb  of  beatings) 3.9  ±  3.2 1.1  ±  0.9 0.001*

Clonus  (%  MVC  SOL) 13.5  ±  15.7 0.4  ±  1.2 0.001
SOL stretch  reflex  (%  MVC  SOL) 7.7  ±  8.2 1.9  ±  3.1 0.001

AMT: active motor threshold; MSO: maximal stimulator output; MEP: motor evoke potentials obtained with a test stimulus at 120% AMT;
LN: data transformed with a natural logarithm; SP: silent period; SICI and SICF: short-interval intracortical inhibition and facilitation
as expressed relative to their respective unconditioned MEP amplitude (i.e. 120% AMT for SICI and 100%AMT for SICF); DF: dorsiflexion;
EV: eversion; SOL: soleus muscle; MVC: maximal voluntary contraction. Numbers in bold represent significant statistical differences
(P < 0.05) between the paretic and non-paretic sides.

* Tested with the Wilcoxon signed ranks test.

Clinical  outcomes  on  the  paretic  side
The  two-way  ANOVA  applied  on  isometric  eversion  strength
detected  a  main  Pre/Post  effect  (F(1,14) =  9,09;  P  =  0.009).
Planned  comparisons  revealed  a  significantly  higher  strength
after  rPMS  (8.1  ±  7.6  kg)  than  pre-rPMS  (7.6  ±  7.5  kg;
P  =  0.016,  Fig.  2)  and  after  VIB  (7.9  ±  6.7  kg)  than  pre-VIB
(7.1  ±  6.6  kg;  P  =  0.0078;  Fig.  2).  No  other  acute  effect  was
detected  for  clinical  outcomes.

Cumulative  effects

TMS  outcomes
The  one-way  ANOVA  run  to  compare  baseline  and  the  pre-
intervention  measures  at  each  session  did  not  detect  any
cumulative  after-effect  for  any  TMS  outcome.

Clinical  outcomes  on  the  paretic  side
The  one-way  ANOVA  applied  on  maximal  eversion  ROM
reached  during  active  dorsiflexion  detected  a  progressive
increase  across  sessions  (F(4,56) =  4.06;  P  =  0.006,  Fig.  3A).
Eversion  ROM  was  higher  at  pre-S3  (3.4  ±  12.8◦)  than  pre-
S1  (—3.1  ±  14.3◦;  P  =  0.049)  and  baseline  (—2.8  ±  13.6◦;
P  =  0.018),  as  well  as  higher  at  pre-S4  (4.5  ±  14.4◦)  than
pre-S1  (P  =  0.026)  and  baseline  (P  =  0.019).  Also,  the  iso-
metric  dorsiflexion  strength  increased  across  sessions
(F(4,56) =  5.52;  P  =  0.0008;  Fig.  3B),  with  higher  strength

than  baseline  (15.5  ±  6.8  kg)  at  pre-S2  (17.7  ±  7.6  kg;
P  =  0.006),  pre-S3  (17.0  ±  7.1  kg;  P  =  0.028)  and  pre-S4
(17.4  ±  7.0  kg;  P  =  0.007).  Similarly,  the  isometric  ever-
sion  strength  increased  over  time  (F(4,56) =  4.51;  P  =  0.003,
Fig.  3C),  being  higher  than  baseline  (6.5  ±  6.2  kg)  at  pre-
S2  (7.3  ±  7.0  kg;  P  =  0.026),  pre-S3  (7.7  ±  7.4  kg;  P  =  0.011)
and  pre-S4  (7.5  ±  6.7  kg;  P  =  0.002).  The  one-way  ANOVA
detected  that  clonus  at  pre-intervention  decreased  across
sessions  (F(4,56) =  2.87;  P  =  0.031,  Fig.  4).  Precisely,  a  close
to  significance  decrease  of  clonus  was  present  between
baseline  (13.5  ±  15.7%  of  SOL  MVC)  and  pre-S1  (8.2  ±  11.0%;
P  =  0.06),  i.e.  with  no  intervention,  then  decrease  became
significant  at  pre-S2  (7.1  ±  8.0%;  P  =  0.05)  and  significance
was  maintained  at  pre-S3  (7.8  ±  9.0%;  P  =  0.04)  but  not  at
pre-S4  (P  >  0.05).

Correlations

The  increase  of  isometric  EV  strength  after  rPMS  was
negatively  correlated  between  participants  with  pre-rPMS
measures  of  MEP  latency  on  the  non-paretic  side  (r  =  —0.61;
P  =  0.015,  Fig.  5A).  The  increase  of  isometric  EV  strength
after  VIB  was  correlated  with  pre-VIB  measures  of  SICF  on
the  paretic  side  (r  =  0.80;  P  =  0.001,  Fig.  5B)  and  with  dura-
tion  of  SP  on  both  the  paretic  (r  =  0.56;  P  =  0.04,  Fig.  5C)  and
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Figure  1  Acute  pre/post  changes  of  TMS  outcomes  in  the  lesioned  hemisphere  (paretic  side)  and  the  non-lesioned  hemisphere
(non-paretic side)  for  each  intervention.  A.  Active  motor  threshold  (AMT)  expressed  in  %  of  the  maximal  stimulator  output  (MSO).
B. Short-interval  intracortical  inhibition  (SICI),  i.e.  the  amplitude  of  the  conditioned  motor  evoked  potential  (MEP)  obtained  with
double TMS  paradigm  and  expressed  in  %  of  the  amplitude  of  the  unconditioned  MEP  (uMEP).  C.  Latency  of  uMEP  in  milliseconds
(ms). Each  histogram  represents  the  group  mean  and  one  standard  deviation.  RPMS:  repetitive  peripheral  magnetic  stimulation;
NMES: neuromuscular  electrical  stimulation;  exercises:  volitional  mobilization  of  the  paretic  ankle;  VIB:  muscle  tendon  vibration;
pre/post: before/directly  after  the  intervention. *P  <  0.05.
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Figure  2  Acute  pre/post  changes  of  isometric  eversion
(EV) strength  on  the  paretic  side  after  each  intervention.
Each histogram  represents  the  group  mean  and  one  standard
deviation.  RPMS:  repetitive  peripheral  magnetic  stimulation;
NMES:  neuromuscular  electrical  stimulation;  exercises:  voli-
tional mobilization  of  the  paretic  ankle;  VIB:  muscle  tendon
vibration;  pre/post:  before/directly  after  the  intervention.
*P  <  0.05.

non-paretic  sides  (r  =  0.87;  P  <  0.0001,  Fig.  5D).  No  correla-
tion  was  detected  between  changes  per  intervention.

Discussion

This  study  aimed  at  testing  whether  NIPS  devices  (rPMS,
NMES,  VIB),  recruiting  sensory  afferents  of  different  natures,
had  a  specific  impact  in  chronic  stroke  on  brain  plasticity  and
sensorimotor  deficits.  Results  showed  that  small  but  signifi-
cant  improvements  of  ankle  function  were  induced  by  rPMS
and  VIB,  the  two  interventions  that  preferentially  recruited
muscle  proprioceptive  afferents.  Furthermore,  brain  plas-
tic  changes  were  observed  only  after  rPMS.  Unexpectedly,
cumulative  improvements  of  clinical  outcomes  were  also
obtained  from  one  intervention  to  one  another  (whatever
the  order  of  interventions  between  participants).  The  corre-
lations  found  between  TMS  measures  at  pre-intervention  and
clinical  changes  suggest  a  link  between  the  state  of  motor
systems  related  to  the  control  of  ankle  muscles  in  chronic
stroke  and  the  responsiveness  to  NIPS  for  improvement  of
ankle/foot  function  on  the  paretic  side.  The  role  of  affer-
ents  in  the  after-effects,  the  efficacy  of  one  or  combined
NIPS  to  improve  the  function  and  the  potential  underlying
mechanisms  of  brain  plasticity  are  discussed  below  along
with  methodological  considerations.

Acute  after-effects  in  each  intervention

The  role  of  recruited  afferents  in  NIPS  after-effects
The  improvement  of  isometric  eversion  strength  only  after
rPMS  and  VIB  suggests  that  the  massive  flows  of  relatively
pure  proprioceptive  information  they  generated  influenced
motor  planning  and  corticospinal  drive  required  for  isomet-
ric  contraction.  In  particular,  spindles  of  plantar  flexors
that  are  activated  during  rPMS-induced  dorsiflexion  and
recruited  directly  by  VIB  may  play  a  key  role  in  clinical

Figure  3  Cumulative  effects  across  the  five  sessions  in  all  par-
ticipants  for  (A)  the  maximal  eversion  (EV)  strength  developed
during  the  active  dorsiflexion  testing  (aDF);  (B)  the  isomet-
ric strength  developed  during  aDF  testing;  (C)  the  isometric
strength  developed  during  EV  testing.  Each  histogram  repre-
sents  the  group  mean  and  one  standard  deviation.  The  order
of intervention  did  not  influence  (randomized  between  partici-
pants).  BL:  at  baseline;  S:  session;  pre:  before  the  intervention
at the  session. *P  <  0.05; **P  <  0.01.

improvement.  The  fact  that  NMES  yielded  no  after-
effect,  although  matched  as  closely  as  possible  with  rPMS
(parameters,  movements),  supports  the  idea  that  cuta-
neous  afferents  might  have  brought  non-physiological  noises
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Figure  4  Cumulative  decrease  of  clonus  detected  by  EMG  of
the soleus  muscle  across  the  five  sessions  and  expressed  in  per-
cent of  the  maximal  voluntary  contraction  (MVC)  of  soleus.  Each
histogram  represents  the  group  mean  and  one  standard  devia-
tion. The  order  of  intervention  did  not  influence  (randomized
between  participants).  BL:  at  baseline;  S:  session;  pre:  before
the intervention  at  the  session. *P  <  0.05.

competing  with  the  meaningful  proprioceptive  information.
This  competitive  influence  has  already  been  shown  in  funda-
mental  studies  that  used  electrical  stimulation  of  skin  areas
adjacent  to  or  far  from  a  moving  joint,  similarly  to  our  NMES
intervention  [60,75,104].  For  example,  Refshauge  et  al.,
[75]  showed  that  detection  of  finger  movements  (proprio-
ceptive  task)  was  hindered  by  electrical  stimulation  applied
above  the  perceptual  threshold  at  the  tips  of  the  adjacent
digits,  an  effect  that  was  not  due  to  attentional  distrac-
tion.  Participants  of  our  study  found  NMES  more  painful
than  rPMS,  as  already  reported  in  the  literature  [9,98].
Given  that  painful  stimulations  can  inhibit  M1  excitability
[19,54,86,97], the  slight  recruitment  of  nociceptors  dur-
ing  NMES  application  may  have  further  competed  with  (and
hindered)  the  plastic  phenomena  at  the  origin  of  clinical
improvement.

It  was  not  surprising  that  eversion  strength  improved
after  VIB  and  rPMS  because  these  interventions  had  been
settled  to  induce  maximal  ankle  DF  and  eversion  move-
ments  (or  perception  of  movements).  However,  no  change
was  observed  for  DF  strength.  This  may  be  related  to  the
fact  that  participants  had  recovered  more  DF  strength  than

Figure  5  Group  correlations  between  improvements  of  ankle  muscles  isometric  strength  and  TMS  outcomes  measured  at  baseline.
A. Decreasing  relation  between  the  improvement  of  eversion  (EV)  strength  after  RPMS  and  baseline  measure  (pre-RPMS)  of  uMEP
latency for  the  non-lesioned  hemisphere  (non-paretic  side).  B—D.  Increasing  relations  between  the  improvement  of  EV  strength  after
VIB and  baseline  measures  (pre-VIB)  of  (B)  the  level  of  short-interval  intracortical  facilitation  (SICF)  for  the  lesioned  hemisphere
(paretic side),  and  the  duration  of  the  post-MEP  silent  period  (SP)  for  (C)  the  lesioned  hemisphere  (paretic  side)  and  (D)  the  non-
lesioned hemisphere  (non-paretic  side).  Each  point  represents  a  participant.  RPMS:  repetitive  peripheral  magnetic  stimulation;  VIB:
muscle tendon  vibration;  uMEP:  unconditioned  motor  potential  evoked  by  TMS  of  M1.
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expected  before  enrolment  (see  Table  2),  hence  reducing
the  room  for  immediate  improvements.  In  support,  our  pre-
vious  study  with  rPMS  of  the  paretic  dorsiflexors  in  patients
with  weaker  DF  strength  levels  at  enrolment  (i.e.  4.7  kg  less
than  the  present  sample)  did  report  a  significant  increase
of  DF  strength  immediately  after  rPMS  administration  [8].
Although  this  between-study  comparison  is  limited  by  the
use  of  different  rPMS  paradigms,  it  motivates  the  conduc-
tion  of  rPMS  and  VIB  studies  in  samples  with  more  severe
ankle  paresis.

Interestingly,  in  parallel  with  eversion  strength  improve-
ment,  only  rPMS  (not  VIB)  induced  TMS  changes,  i.e.  an
increase  of  M1  transsynaptic  excitability  (as  suggested
by  AMT  decrease  [109])  in  the  contralesional  hemisphere
and  the  decrease  of  SICI  in  both  hemispheres.  This  likely
reflected  dynamic  mechanisms  of  brain  plasticity  in  sensori-
motor  networks  following  the  generation  of  proprioceptive
information  in  coherence  with  actual  contractions  and  joint
movements.  The  mechanisms  underlying  the  decrease  of
SICI  and  AMT  after  rPMS  may  have  likely  involved  unmask-
ing  of  latent  synapses  [39,84]  and  modification  of  synaptic
strength  [36],  which  are  known  to  preferentially  occur
when  GABAergic  inhibition  is  reduced  [35,39,55]  (and  as
discussed  owing  to  sensory  interventions  in  [12]).  Further-
more,  SICI  is  known  to  regulate  the  plastic  adaptations
of  M1  circuits  [43].  For  example,  an  increase  in  GABAA-
related  inhibition  disrupts  M1  use-dependent  plasticity,  as
shown  by  GABAA agonist  administration  in  healthy  subjects
[15].  Conversely,  brain  plasticity  is  enhanced  by  M1  dis-
inhibition,  as  shown  with  GABAA antagonist  administration
[108].  Thus,  our  results  on  SICI  decrease  in  M1  circuits  of
both  hemispheres  could  reveal  a  specific  plastic  adapta-
tion  leading  to  the  increase  of  eversion  strength.  Literature
in  stroke  clearly  supports  that  the  recruitment  of  sensory
afferents  activates  these  adaptive  plastic  mechanisms,  not
only  in  M1  circuits,  but  also  within  distributed  sensori-
motor  networks.  More  precisely,  one  potential  mechanism
underlying  the  bilateral  disinhibition  after  rPMS  could  be
the  activation,  by  rPMS-induced  proprioceptive  inflows,
of  specific  fronto-parietal  networks  in  the  lesioned  hemi-
sphere  [95],  then  an  influence  on  the  contralesional  side
via  transcallosal  or  subcortical  interhemispheric  facilita-
tion  pathways  (or  lacking  interhemispheric  inhibition)  [40].
Such  mechanisms  have  been  already  reported  in  corti-
cal  or  cortico-subcortical  stroke  [13,88]  and  in  animal
models  of  stroke  [107].  Another  possibility  could  have  been
parallel  processing  by  both  M1s  of  the  proprioceptive  affer-
ents  from  the  stimulated  side,  given  that  spared  sensory
areas  in  both  the  ipsilesional  and  contralesional  hemi-
spheres  may  contribute  to  a  better  recovery  of  sensorimotor
functions  (for  reviews  see  [30,107]).  However,  whatever
the  underlying  mechanisms,  our  data  support  that  rPMS
might  have  favoured  the  involvement  of  the  contralesional
M1  in  the  sensorimotor  control  of  the  paretic  side.  It  is
acknowledged  that,  during  the  first  weeks  after  stroke,  the
contralesional  hemisphere  may  compensate  for  lost  func-
tions  of  the  ipsilesional  hemisphere  [30,107].  For  example,
the  strength  of  ipsilateral  connectivity  (i.e.  between  the
contralesional  M1  and  the  lower  limb  paretic  muscles)  has
already  been  correlated  with  the  level  of  walking  impair-
ments  [41].  However,  persistence  of  such  compensation  at
more  chronic  stages  has  been  related  to  lesser  recovery  of

sensorimotor  function  [30,62,106]. Therefore,  it  is  question-
able  whether  the  bilateral  facilitation  detected  after  rPMS
represent  a  desirable  goal  in  terms  of  longer-term  after-
effects  (e.g.,  transfer  to  functional  recovery).  This  point
deserves  further  consideration  in  future  studies,  especially
for  lower  limb  muscles.

The  mechanisms  explaining  the  absence  of  cortical
changes  post-VIB,  despite  similar  improvement  of  ever-
sion  strength  as  after  rPMS,  remain  speculative  to  date.
Beyond  the  fact  that  stimulation  parameters  could  not  have
been  perfectly  matched  between  rPMS  and  VIB  interventions
owing  to  their  respective  requirements  and  limitations,  it
may  be  proposed  that  the  proprioceptive  signals  elicited
by  VIB  intervention  could  have  been  inefficient  to  sig-
nificantly  influence  our  TMS  outcome  measures.  Indeed,
kinaesthetic  illusions  were  inaccurate  in  most  participants
and  did  not  induce  any  ankle  joint  movement  whereas  rPMS
triggered  strong  muscle  contractions  and  fast  joint  move-
ments.  In  other  words,  coding  and  integration  of  VIB-induced
proprioceptive  signals  in  the  sensorimotor  networks  could
have  been  impaired  in  our  stroke  sample  and  less  efficient
for  sensorimotor  transduction  at  the  origin  of  M1  changes
after  VIB.  In  support  of  this  notion,  it  was  shown  that  VIB
could  activate  M1  only  in  the  presence  of  a  clear  illusion
of  movement  [81]. That  said,  VIB  directly  and  preferen-
tially  recruits  Ia-fibers  of  only  one  muscle  group  (plantar
flexors),  conversely  to  rPMS  that  indirectly  recruits  all  pro-
prioceptive  receptors  via  the  repeated  ankle  movements
and  muscle  contractions/relaxations.  Thus,  VIB  might  not
have  sufficiently  activated  TA  M1  area  but  rather  M1  areas
of  plantar  flexors  or  evertors  likely  engaged  in  the  clini-
cal  improvements  observed.  It  should  be  also  noticed  that
visual  inspection  of  Fig.  1B  reveals  a  potential  decrease  of
SICI  after  VIB  only  in  the  ipsilesional  hemisphere  (paretic
side)  and  no  change  in  the  contralesional  (non-paretic  side),
conversely  to  rPMS  which  induced  a  parallel  change  in  both
hemispheres.  Although  not  statistically  significant  (P  =  0.20),
this  change  specific  to  the  ipsilesional  side  after  VIB  warrants
further  investigations.  Indeed,  increasing  the  ipsilesional
hemisphere  excitability  and  decreasing  (or  avoiding)  the
involvement  of  the  contralesional  is  currently  tested  post-
stroke  to  induce  longer-term  improvements  of  the  ankle
motor  control  and  transfer  to  functional  tasks  such  as  walk-
ing.  Also,  the  idea  of  different  mechanisms  of  action  is
fostered  by  the  correlations  (Fig.  5) suggesting  that  rPMS
and  VIB  clinical  after-effects  did  depend  on  the  integrity
of  different  components  of  the  motor  systems:  post-rPMS
after-effects  were  greater  in  participants  with  better  corti-
cospinal  integrity  (shorter  MEP  latency:  better  synchronicity
and  conduction  time  of  descending  volleys  onto  spinal
motoneurons  [48]) whereas  post-VIB  after-effects  were
greater  in  participants  with  better  M1  function  (higher
SICF:  upregulation  of  glutamatergic  circuits  of  M1  [32,38];
longer  SP:  upregulation  of  GABAB inhibitory  circuits  of  M1
[71]).  Nevertheless,  the  present  results  cannot  establish
a  direct  causal  relationship  between  these  variables  and
future  studies  should  confirm  the  existence  of  a  link  between
TMS  markers  and  the  success  of  rPMS  and  VIB  to  promote
the  ankle  function  in  chronic  stroke.  This  may  be  critical
for  improving  a  patient-oriented  (individualized)  approach
to  rehabilitation.  M1  plasticity  related  to  other  muscles
involved  in  the  clinical  improvements  post-VIB  should  also
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be  studied  with  other  TMS  outcomes  (recruitment  curve,
interhemispheric  inhibition  or  facilitation,  etc.).

Are  NMES  and  exercises  inefficient?
Our  study  was  not  designed  to  test  whether  NMES  and  exer-
cises  are  efficient  and  useful  interventions  in  stroke,  but
rather  highlighted  that  the  nature  of  afferents  is  important
for  the  activation  of  brain  plastic  mechanisms.  Matching
parameters  of  application  between  NMES  and  rPMS  had  to
respect  rPMS  technology  limitation  of  coil  overheating  (even
with  a  cooling  system),  thus  impeding  the  interventions
intensity,  duty  cycle  and  repetitions.  NMES  has  virtually  no
such  limitations  and  could  have  been  more  intensive  in  terms
of  duty  cycle  and  repetitions,  which  are  basic  principles
for  the  induction  of  neural  plasticity  after  a  brain  lesion
[44].  Also,  the  present  findings  solely  apply  to  similar  NMES
devices  and  parameters  and  do  not  question  the  relevance
of  other  approaches,  such  as  tactile  stimulations  considered
as  key  components  of  rehabilitation  in  clinical  practice.

It  is  acknowledged  that  the  volitional  aspect  of  train-
ing  during  exercises  is  important  for  motor  learning  and
recovery  post-stroke  [14,56,57].  However,  a  one  session
practice  may  not  induce  detectable  brain  plasticity  and
clinical  improvements  [58,72],  thus  explaining  the  lack  of
acute  effects  after  the  exercise  session.  Also,  more  exer-
tion  was  reported  after  the  repeated  exercises  despite
resting  periods  (i.e.  a  duty  cycle  of  a  3  s  ON  and  19  s
OFF).  In  rPMS,  conversely,  the  movement  was  triggered
without  any  exertion  from  the  participants.  Fatigue  is  com-
monly  acknowledged  as  having  an  inhibitory  influence  on  M1
excitability  [100].  Thus,  plasticity  and  clinical  improvement
may  have  been  masked  by  peripheral  and  central  motor
fatigue  related  to  the  practice  of  skill-focused  movements
(volitional  dorsiflexion/eversion,  especially  with  spastic
paretic  muscles).  It  is  also  known  that  fatigue  lengthens
MEP  latency  [24]  and  this  is  precisely  what  we  observed  in
our  participants:  M1  cells  desynchronization  or  decrease  of
synchronicity  of  descending  volleys  onto  alpha-motoneurons
could  have  negatively  impacted  motor  control.  Detection  of
MEP  latency  lengthening  on  the  contralesional  side  further
suggests  that  the  contralesional  hemisphere  was  substan-
tially  involved  in  the  sensorimotor  control  of  the  paretic
ankle.

Cumulative  after-effects  between  sessions

Ankle  dorsiflexion  (ROM  and  strength)  and  eversion
(strength)  improved  over  sessions  and  clonus  decreased.
These  non-specific  improvements,  independently  of  the
order  of  intervention,  were  not  expected  because  NIPS
after-effects  of  a  single  session  are  typically  short  last-
ing  [46,50,94].  However,  each  intervention  was  designed
to  generate  some  40  repetitions  of  dorsiflexion/eversion
movements,  which  are  the  most  difficult  to  recover  after
a  stroke  [28].  It  is  thus  possible  that  this  favoured  long-term
potentiation  of  circuits  involved  in  the  ankle  motor  control,
hence  leading  to  motor  learning  [49].  However,  this  was  not
detected  by  TMS  outcomes.  One  explanation  could  be  that
plastic  changes  in  M1  circuits  can  return  to  baseline  over
time  between  training  sessions  [42].  Also,  decrease  of  clonus
could  suggest  a  spinal  effect  reinforced  by  motor  training.

That  being  said,  cumulative  changes  might  have  masked  the
detection  of  other  acute  after-effects  per  intervention.  Fur-
ther  studies  are  thus  warranted  to  compare  TMS  and  clinical
changes  following  repeated  sessions  of  rPMS,  NMES,  VIB  or
exercises,  separately.  Also,  spinal  after-effects  should  be
further  explored  with  the  use  of  more  robust  and  reliable
procedures  than  the  one  applied  in  the  present  work  (men-
tally  counting  one  second  for  inducing  stretch  reflexes  and
clonus),  such  as  the  H  reflex  procedures  [37,103],  the  use  of
isokinetic  devices  [53]  or  some  other  versions  of  the  Tardieu
scale  with  different  speeds  of  stretching  and  ROM  measure-
ments  [33,61].

Methodological  considerations

Although  TMS  testing  was  conducted  in  pre-activated  con-
ditions  to  reduce  variations  of  spinal  excitability  [87],
changes  could  have  occurred  indeed  at  the  neuromuscu-
lar  junction  and  in  spinal  cord  under  the  influence  of
NIPS  and  thus  could  have  contributed  to  the  TMS  changes
detected  [10,68,83,109]  and  to  the  clinical  improvements.
Future  NIPS  studies  in  chronic  stroke  should  test  this  point.
This  however  does  not  concern  data  acquired  with  the
paired-pulse  SICI  paradigm  that  typically  investigates  intra-
cortical  inhibitory  mechanisms  [71,109].  Also,  the  design
of  the  study  required  that  the  experimenter  applying  the
interventions  also  collected  data  and  was  not  blinded  to
objectives  and  hypotheses.  Thus,  to  avoid  any  bias,  all
pre/post-intervention  measures  were  strictly  replicated  in
each  session  and  all  data  were  codified  until  completion  of
analyses.  It  is  noteworthy  that  participants  were  positioned
with  the  knees  flexed  at  20◦, thus  stretching  the  biarticular
gastrocnemius  muscle.  It  is  thus  possible  that  contractures
of  the  spastic  gastrocnemius  muscle  might  have  limited  the
active  ankle  dorsiflexion  ROM  before  the  plantar  flexors
spasticity  did.  Future  studies  should  consider  testing  ankle
ROMs  at  different  knee  positions.  In  addition,  the  ampli-
tudes  of  ankle  eversion  were  unusually  large  (see  Table  2).
A  plausible  error  of  measure  could  have  come  from  the
soft  goniometer  used  or  from  the  procedure  (e.g.,  incor-
rect  skin  markers,  insufficient  stabilisation  of  other  joints
than  the  ankle  or  incorrect  reading  of  the  goniometer).  How-
ever,  the  small  standard  deviations  reflect  that  the  problem
was  systematic,  thus  likely  having  a  negligible  impact  on
the  statistical  analyses.  Also,  we  did  not  perform  a  thor-
ough  characterization  of  sensory  deficits,  which  may  have
provided  interesting  responses.  For  example,  could  patients
with  severe  vs.  mild  sensory  deficits  have  responded  dif-
ferently  to  each  NIPS  intervention?  On  the  other  hand,
could  sensory  inflows  induced  by  the  NIPS  interventions  have
influenced  these  deficits?  Futures  studies  are  warranted  to
investigate  these  important  questions.  The  small  sample
and  effect  sizes  may  have  affected  the  strength  of  the
results  obtained,  especially  for  TMS  outcomes  with  missing
data.  Also,  no  statistical  correction  for  multiple  compar-
isons  has  been  used  and  post-hoc  tests  have  been  applied
in  the  absence  of  significant  interaction  between  factors:
this  less  conventional  statistical  approach  was  used  to
minimize  the  risk  of  type  II  errors  (missing  of  significant
changes)  because  ANOVA  ability  to  detect  interactions  could
have  been  affected  by  the  fact  that  (a  priori  hypothesis)  two
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out  of  the  four  interventions  could  have  induced  the  largest
changes  (i.e.  rPMS  and  VIB  with  preferential  recruitment  of
proprioceptive  afferents).  It  follows  that  studies  on  larger
samples  and  more  powerful  study  designs  are  warranted
to  replicate  our  results  with  more  conventional  statistical
approach.

Conclusion

Our  study  provided  promising  findings  in  chronic  stroke  on
the  nature  of  afferents  recruited  by  NIPS,  which  activate
rapid  plastic  mechanisms  of  brain  to  acutely  promote  ankle
sensorimotor  function.  The  relatively  ‘pure’  proprioceptive
inflows  induced  by  rPMS  and  VIB  were  more  efficient  than
NMES  (proprioceptive  afferents  mixed  with  cutaneous)  and
volitional  exercises  (inducing  fatigue).  These  results  support
the  potential  of  peripheral  interventions  targeting  repeti-
tion  of  joint  synergies  to  promote  the  function,  still  years
after  stroke,  and  underline  that  the  preferential  recruit-
ment  of  proprioceptive  afferents  is  worth  being  considered
in  physical  therapy.  Further  larger  sampled  studies  should
test  the  extent  to  which  the  TMS  outcomes  probing  at
baseline  the  motor  systems  integrity  can  predict  the  best
intervention  per  patient,  thus  contributing  to  an  individual-
ized  approach,  and  potentiating  the  mechanisms  of  motor
recovery.
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Bone tissue engineering

Abstract
3XOVHG� HOHFWURPDJQHWLF� ÀHOG� �3(0)�� VWLPXODWLRQ�� DV� D� SURVSHFWLYH�� QRQLQYDVLYH�� DQG� VDIH�
physical therapy strategy to accelerate bone repair has received tremendous attention in 
UHFHQW�GHFDGHV��3K\VLFDO�3(0)�VWLPXODWLRQ�LQLWLDWHV�WKH�VLJQDOLQJ�FDVFDGHV��ZKLFK�HIIHFWLYHO\�
promote osteogenesis and angiogenesis in an orchestrated spatiotemporal manner and 
ultimately enhance the self-repair capability of bone tissues. Considerable research progresses 
KDYH�EHHQ�PDGH� LQ�H[SORULQJ� WKH�XQGHUO\LQJ�FHOOXODU�DQG�VXEFHOOXODU�PHFKDQLVPV�RI�3(0)�
promotion effect in bone repair. Moreover, the promotion effect has shown strikingly positive 
EHQHÀWV�LQ�WKH�WUHDWPHQW�RI�YDULRXV�VNHOHWDO�GLVHDVHV��+RZHYHU��PDQ\�SUHFOLQLFDO�DQG�FOLQLFDO�
HIÀFDF\�HYDOXDWLRQ�VWXGLHV�DUH�VWLOO�QHHGHG�WR�PDNH�3(0)V�PRUH�HIIHFWLYH�DQG�H[WHQVLYH� LQ�
FOLQLFDO�DSSOLFDWLRQ��,Q�WKLV�UHYLHZ��ZH�EULHÁ\�LQWURGXFH�WKH�EDVLF�NQRZOHGJH�RI�3(0)V�RQ�ERQH�
UHSDLU�� V\VWHPDWLFDOO\� HODERUDWH� VHYHUDO� NH\� VLJQDOLQJ� SDWKZD\V� LQYROYHG� LQ� 3(0)V�LQGXFHG�
ERQH�UHSDLU��DQG�WKHQ�GLVFXVV�WKH�WKHUDSHXWLF�DSSOLFDWLRQV�RI�3(0)V�DORQH�RU�LQ�FRPELQDWLRQ�
with other available therapies in bone repair, and evaluate the treatment effect by analyzing 
and summarizing recent literature.

Introduction

Bone loss and defective repair mechanisms brought by trauma, osteonecrosis, 
osteoporosis, arthritis, tumors, and other diseases affecting bone cause severe pain, dyskinesia, 
psychological agony, and economic burden to patients [1, 2]. Therefore, effective treatment 
�����������������������������������������������������������Ǥ������������������������ϐ������
(PEMFs) have been recently employed as a effective method to enhance bone repair because 
of their non-invasiveness, safety, lack of side effects, convenience, and superior treatment 
prospects in several refractory bone diseases, such as non-unions and delayed healings of 
Wenxue Jiang Department of Orthopedics, Tianjin First Center Hospital

24 Fukang Rd, Nankai District (P.R. China)
7HO�������������������)D[������������������(�0DLO�MLDQJZHQ[XH����#����FRP
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fractures [3-5], osteoporosis [6, 7] and osteonecrosis of the femoral head (ONFH) [8, 9]. 
In this review, we analyze and summarize the latest research progress on the underlying 
signaling pathways of PEMFs-induced bone repair and its therapeutic application.

Basic knowledge of PEMFs for bone repair

In 1892, Wolf indicated that mechanical stress determines bone growth and remodeling 
[10]. In 1953, Yasuda revealed that bending the long tubular bone is related with the 
��������������������������������������������������������ϐ���������������������������������
[11]. Since then, the theory that electrical stimulation is the path for bone formation in 
response to applied load has been gradually recognized, and various devices have been 
developed to produce electrical stimulation for promoting the healing of bone fracture. In 
ͳͻͺǡ���������ϐ����������������������������	�������������������������������Ǧ����������������
and have achieved good clinical effect [12]. Shortly thereafter, PEMFs were approved as a 
safe and effective method for treating delayed union or non-union fractures by the US Food 
and Drug Administration [13, 14]. Inductive coupling is the rationale for the application of 
���	��ȏͳͷȐǤ����	������������������������������������������������������������������������ϐ�����
������������Ǥ���������������������ϐ����ǡ��������ǡ���������������Ǧ�����������������������������
ϐ��������������������Ǥ��������������������������ϐ��������������������������������������������
����������������������������ϐ������������������������������Ǥ����������ϐ���������ͲǤͳȂʹͲ�
�����
�������� �������� ���������������������� ϐ�����ǡ� �������� �����ͳ���Ȁ��� ���ͳͲͲ���Ȁ��� ��� ����
�����ȏͳȐǤ����������������	�������ǡ�������Ǧ�������������������ϐ�����������������������������
the normal response of bone cells physiologically to the applied mechanical stress [17], and 
the subsequent enhanced growth and remodeling bioeffects on the bone are initiated by the 
����Ǧ�������������������ϐ����Ǥ

Underlying signaling pathways

Recently, considerable research progresses have been made in exploring the underlying 
cellular and subcellular mechanisms of PEMF promotion effect in bone repair. Several key 
signaling pathways during the osteogenesis and angiogenesis which are two essential 
aspects for bone repair, were revealed by various studies when the bone was exposed to 
PEMFs. In this section, we will elaborate the roles of some of these pathways, including Ca2+, 
���ȀȾǦ�������ǡ��������Ǧ���������� �������� ������� ȋ����Ȍǡ� ϐ���������� ������� ������� ȋ	
	Ȍ�
���������������������������������������ȋ��
	Ȍǡ����������������������������ȋ�
	ȌǦȾȀ������
�����������������������ȋ���Ȍǡ� �������Ǧ������������ ������ȋ�
	Ȍǡ������ǡ���������Ȁ��������
���������ȋ���Ȍǡ�������	Ǧ�������������������Ǥ

Ca2+ signaling
The therapeutic effect of non-thermal bioeffects of PEMFs on bone disorders is yet to 

��� ������������������� �������������� ���� �����ϐ��������� ���������� ������������ ��ϐ������� ����
chemistry of cells. Intracellular Ca2+ is generally considered as one of the main actors to 
translate the PEMF signal into a biological signal [18]. Many studies revealed that PEMF 
��������������������������������������������������������Ǧ�������������������ϐ����������������
�������Ǣ�����������������ϐ���������������������������������������������������������2+, leading to 
increases in cytosolic calcium and activated calmodulin and the enhancement of bone cell 
����������ȏͳǡ�ͳͻǡ�ʹͲȐǤ��������Ǧ������������������ȋ�
���Ȍǡ����������������������ǡ����������������
role in intracellular Ca2+��������Ǥ����	���������������ϐ���������������������������������������
��� �
���� ��� ����� ������� ������������� ȏʹͳǡ� ʹʹȐǤ� ���	Ǧ���������� ��2+ signaling strikingly 
accelerates the osteogenic differentiation of MSCs as represented by the upregulated 
������������������ǡ���������������������������ǡ�����������������������������������������������
calcium [21]. Accumulated studies indicated that increased intracellular Ca2+ caused by PEMF 
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stimulation leads to increased nitric oxide levels, which in turn increases the synthesis level 
����
���������������������������������������������������
Ǥ���������������2+Ȁ������������Ȁ
�
��Ȁ���������������
��������ǡ����	���������������������������������������������������ǡ�
exert their therapeutic effect on bone repair, and remarkably reduce the pain of patients 
�������������� ���� �������� ��� ��ϐ���������� ���������ǡ� ����� ��� �����������Ǧͳ� ����� ȋ��ǦͳȾȌ�
[20, 23-27]. Moreover, the activated Ca2+Ȁ������������Ȁ�
�����������������������������������
�������������������������������	
	Ǧʹ�������
	ǡ������������������������������������ȏʹȐǤ����
addition, the crosstalk between Ca2+ǡ����ǡ����ǡ�������
��������������������	�������������
������������������ȏͳͻǡ�ʹʹȐǤ�����������ϐ�������������������������������������2+ signaling in 
PEMFs-induced bone repair.

Wnt/ȾǦ�������������������������
Extracellular Wnt ligands bind to their seven-pass transmembrane Frizzled receptors 

��������������� ����� �� ��Ǧ��������� ��� ���� �����Ȁ���� ������� ȋ�Ǥ�Ǥǡ� ���ͷ� ���� ���Ȍǡ� �����
����������� ȾǦ�������� ��� ���� ���������� ���� ���������� ���� �������������ȀȾǦ�������� ����������
pathway [28].This signaling pathway is conserved throughout metazoans and is essential 
for cell proliferation, differentiation, development, self-renewal, and cell fate determination 
ȏʹͻǡ�͵ͲȐǤ�����������������������������������������ȀȾǦ������������������������������������
key regulator in PEMF-induced osteogenic differentiation of mesenchymal progenitor cells, 
bone formation and repair. For instance, in vitro assay studies, gene and protein expressions 
����������������ȀȾǦ�������������������������ǡ� �������������ͳǡ����ǡ�����ȾǦ�������ǡ������
���� �����ϐ�������� ��������� ������ ���	� ��������� ��� ����� �������������� ���� ����������������
stages of osteoblast-like MC3T3-E1 cells [31]. In addition, except the upregulation of  mRNA 
������������������ͳǡ����͵�ǡ����ͷ�����ȾǦ�������������������������������������������������
ȋ�����Ȍǡ����	�����������������������������������������������������������ͳ�ȋ���ͳȌ�������
usually acts as an inhibitor of Wnt signaling pathway [32]. Furthermore, the enhanced 
���ȀȾǦ��������������������������������	���������������������������������������������������
��������������������������ǡ������ͳ����������ͳǡ����������������������������������������ǡ����ǡ�
���ǡ����ͳǡ���������ʹǡ��������������������ǡ������������������������������������������������ǡ�
differentiation, and mineralization, three pivotal processes of bone formation [31, 32]. On 
the other hand, according to in vivo assay studies, PEMFs effectively reversed the bone 
mass loss and deterioration of bone microarchitecture analyzed by microCT and attenuated 
biomechanical strength deterioration evaluated by three-point bending test in hind limb-
������������������������������ ���������������Ȁ���ͷȀȾǦ�����������������������ȏ͵͵ǡ�͵ͶȐǡ�
����������������������������������������������	�����������������ϐ������������������������Ǥ

������������
��������������������������������������������������������������������������������������

cellular compartments and is involved in cell proliferation, differentiation, migration, and 
death ȏ͵ͷȐǤ�������������������� �����������ͳȀʹǡ� ��ǡ������͵ͺǤ������������������������
a critical role in PEMF-induced osteogenic differentiation and osteoblasts’ viability and 
��������Ǥ�	����������ǡ����������� ���Ǧ��������������������������������� ϐ����� ȋ��	Ǧ���	Ȍ�
���������� ������ �����ϐ�������� ��������� ���� ������ �������� �������ǡ� �������������� ��������ǡ�
����������������� ���� �������� ���� �������������������������������� ��� ������������������
����� �� ����� �������� ����������� ��������� �������� ����������� �������ͳȀʹ� �����������������Ǥ�
����������������������������������Ͳͳʹǡ������������������������ͳȀʹ������������������ǡ�����
��������� �������� ��� ���� ��	Ǧ���	� ���������� ��� ����������� ��������� ����� ���������� ȏ͵ȐǤ�
����������������������������������������Ȁ����������������������������������������������
effects of PEMF on bone marrow mesenchymal stem cell (BMSC) proliferation, expression of 
�����������������ȋ����ʹǡ����ǡ����Ȍǡ�������������ǡ������������������������ȏʹʹǡ�͵ʹǡ�͵ǡ�͵ͺȐǤ�
������������ǡ������������������������� �����͵ͺ����������������� ��������� ������� ����������
�������������� ������������������� �������������Ǧ����� ������ ����������������	Ǧ��	����������
[39]. Interestingly, a recent research suggested that a 45 Hz EMF promoted the osteogenic 
differentiation of adipose-derived stem cells, whereas a 7.5 Hz EMF directly augmented the 
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expression of osteoclastogenic markers and regulated the osteoclast differentiation through 
���������͵ͺ�����������������ȏͶͲȐǤ������ϐ�������������������������	���������������������
��ϐ��������������������������������������������������������ϐ�������������������������������Ǥ

	
	�������
	���������
�����������������������������ǡ���������������Ȃ����������������������������������������

cells and bone cells, are essential for bone repair. Many studies suggested that PEMFs play 
a promotion effect not only in osteogenesis but also in angiogenesis [41-44]. PEMFs may 
facilitate bone repair by augmenting the interaction between osteogenesis and blood vessel 
������Ǥ����������������������������ǡ�	
	�������
	ǡ���������������������Ǧ�����������������ǡ�
���� ����� ��������� ����������� �����Ǥ� ���� 	
	� ���������� �������� ���� ����� �������������
to contribute in the regulation of proliferation and differentiation of osteoblasts and in 
�������������ȏͶͷȐ�����������
	��������������������������������������������������������������
reciprocal, functional, and regulatory relationship between osteoblasts and endothelial cells 
��������������������ȏͶǦͶͺȐǤ��������� �����������������ͳͷͲΨ���������� ���	
	Ǧʹ����������
�� ϐ���������������������	
	Ǧʹ���������� ������������������������������������������ȋ������Ȍ�
��������������	����������������������������������������������	
	Ǧʹ���������	Ǧ�����������
����������������� ��������������������������������������������� ������������ǡ����������� �����
�����������������������������������ȏͶͻȐǤ����Ȁ	��Ǧͳǡ���������������������������������
	ǡ����
������������������� ������������ �����
	����������������� �������������� ��������������
	�
�������Ǥ� ���� ��������� ���� ��������� ����� ���	� ������������ �����ϐ�������� ���������� ����
�������������������������������������������Ȁ	��Ǧͳ���������������������������ǡ����������ǡ�
�����������������������������ȏͶ͵ȐǤ����������������������������������������	
	�������
	�
signaling pathways of PEMFs provide another explanation for the therapeutic function of 
���	����������������Ǥ����������������������������������������������������������ϐ���������	
	�����
��
	�������	Ǧ�������������������Ǥ

�
	ǦȾȀ�����������
�
	ǦȾ����������ǡ����������������������������������ǡ����������������
	ǦȾ�������������Ǥ�����

����������������
	ǦȾ�Ȁ�����������
	ǦȾ������ϐ��������ͳ����������ʹ��������������Ȁ����������
kinase receptors initiates the signaling cascade via canonical (or Smad-dependent pathways) 
�������Ǧ�������������������ȋ�������Ǧ������������������������������Ȍ�ȏͷͲȐǤ������
	ǦȾȀ
BMP signaling pathway plays an important regulatory role in bone repair [51-56]. It is also 
���ϐ���������������������������	Ǧ��������������������Ǥ�����������������������������������
���	������������������������ϐ�������� ����������������������������
	ǦȾ�������������������Ǧ
like cells and cells from atrophic or hypertrophic non-unions [17, 57-60]. Moreover, a recent 
��������� ���������� ��������	������������ �����
	ǦȾ� �������������� ����ʹ� ������������������
and mineralizing osteoblasts and augmented the expression of osteoblast differentiation 
������� �����ǡ� ����� ������� ���� ����� �� ��������ǡ� ����������� ���� ������������� ������������
function [3]. The expression of 
BMPs in osteogenesis was also 
enhanced by PEMFs according 
to in vitro and clinical studies [5, 
61, 62]. Furthermore, another 
recent study revealed that 
PEMFs stimulate osteogenic 
differentiation and maturation 
of osteoblasts by primary 
cilium-mediated upregulated 
expression of BMPRII, one of 
the receptors of BMPs, and 
������������������������������Ȃ
����ͳȀͷȀͺ�����������ȏ͵ȐǤ�
�����
the separate promotional effects 

Table 1. Signaling pathways involved in PEMF-induced bone 
repair

 

Signaling pathway Role of PEMF stimulation References 

Ca2+ Activate 17,19,20 

���ȀȾ-catenin Activate 31,32,33 

MAPK Activate 22,36,39 

FGF Activate 45,49 

VEGF Activate 43,46 

TGF-ȾȀ��� Activate 3,63 

IGF Activate 70,71 

Notch Activate 73 

cAMP/PKA Activate 38,74 
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on the differentiation and maturation of osteoblasts of BMPs and PEMFs, many studies found 
that combined BMP and PEMF stimulation would augment bone formation to a greater 
degree than treatment with either stimulus [64-67].

��������������
�
	� ���������� �������� ��� ����� ��� ���������� ���������� ������������ ��� �����������

�����������������������������������ȏͺǡ�ͻȐǤ�������������������������	�������ϐ�����������������
���������������������������������
	Ǧͳ���������������������������������������������������
in vitro� ȏͲȐǤ� ��� ��������ǡ� �
	Ǧͳ� ��� ����������������� ���	�� ���������� ���������� ��������
�������������������ǡ������������
����������ǡ��������������������������������������Ǧͳ�ǡ������������
a synergistic chondroprotective effect on human articular cartilage [71]. Another study 
�������������������������������������������	�������������������������������������
	Ǧ
1 and improved dexamethasone-induced bone loss and osteoporosis [72]. Notch signaling 
is a highly conserved pathway that regulates cell fate decisions and skeletal development. 
A recent research advocated that the expression levels of Notch receptor (Notch4) and its 
����������Ͷ��������������������������ȋ���ͳǡ����ͳǡ��������ͷȌ�����������������������������
PEMF-induced ostogenic differentiation of hMSCs. Moreover, the Notch pathway inhibitors 
effectively inhibited the expression of osteogenic markers, including Runx2, Dlx5, Osterix, 
as well as Hes1 and Hes5, indicating that the Notch signaling plays an important regulatory 
����� ������	Ǧ�������������������������������������������� ȏ͵ȐǤ����� ����Ȁ��������������
pathway is another signaling involved in the PEMF-induced bone repair. Recent studies have 
���������������������	��������������������������������������������������������������������
the osteogenic differentiation of MSCs [32, 38, 74]. (Table 1.)

Therapeutic applications of PEMFs in bone repair

The promotional effects of PEMFs on osteogenesis and angiogenesis in bone repair have 
been well established in either vitro or in vivo animal studies. Several key signaling pathways 
involved in PEMF-induced bone repair were elaborate above. Moreover, several decades of 
PEMF applications in the treatment of skeletal diseases have clearly proved its potential 
����ϐ��� ��� ���������������� ������Ǥ� ���������� ��� ������������ ������� ���� ������� ������������
applications of PEMFs in bone repair and evaluate their clinical treatment effect.

	��������ǡ���������������ǡ��������Ǧ������
Fractures, particularly those that had developed into delayed unions or even non-unions, 

have a substantial clinical, economic, and quality of life impact [75]. Apart from traditional 
�������������������� ���� ������ ϐ�������� ȋ������� ��������� ��� ��������Ȍǡ� ������������ ���	��
����������������������������������� ����������������������� ��������������������������ϐ��������
the healing process of a fresh fracture and reactivate the healing process of delayed unions 
�������Ǧ������� ����������� ���������������������������� ϐ������������������������	��������
Drug Administration [13, 14]. A recent systematic review and meta-analysis of randomized 
���������������������������������	�������ϐ�������������������������������������������������
for acute fractures undergoing non-operative treatment and acute fractures of the upper 
limb and accelerated the time to clinical union for acute diaphyseal fractures [76]. Moreover, 
a prospective study that evaluated the treatment effect of PEMFs on 64 patients undergoing 
hindfoot arthrodesis (144 joints) revealed that the adjunctive use of a PEMF in elective 
hindfoot arthrodesis may increase the rate and speed of radiographic union of these joints 
[77]. Despite the relative scarcity of well-organized randomized controlled trials, many 
studies highlight the practice usefulness of PEMFs in treating tibial delayed unions or non-
������ǡ��������ϐ������������ͺΨ�ȏͳ͵ǡ�ͳͷǡ�ͺǡ�ͻȐǤ�	����������ǡ������������������������������
�������������	�����������������Ǧ����������������������������ǡ�
�������������������ͺͳΨ����
reported cases healed with PEMF versus 82% with surgery. Obvious therapeutic advantages 
of PEMFs were showed compared with surgery in treatment for infected non-unions (81% 
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versus 69%) and closed injury caused non-unions (85% versus 79%) [80]. In addition, a 
recent double-blind randomized study advocated that the adjunctive use of PEMF for 
ϐ���������������� ������������Ǧ������������ϐ������������������ ������������ ����� ������������
radiographic union from 14.7 weeks to 8.9 weeks compared with the control group without 
���	���������Ǣ�������������������������������������
	ǡ����Ǧͷǡ��������Ǧǡ�������������������
�����������������������������ǡ������ϐ������������������������Ǧ�����������������������������
after the application of PEMFs [5]. These studies strikingly support PEMFs as an optional 
and effective method to accelerate fracture healing.

���������������������������������
��	�� ��� ���� ��������� ��� �� �������� �������� ����� �������� ����� �����ϐ������� ������ ϐ����

and bone tissue necrosis, leading to joint instability, collapse of the femoral head, and joint 
arthritis that necessitates total hip arthroplasty in many patients [81]. As the mean age of 
the patients is only approximately 40 years, long-term results of total hip arthroplasty in 
these young patients are not always satisfactory. PEMFs have been regarded as a prospective 
noninvasive treatment strategy for ONFH because of their positive effects on osteogenesis and 
chondroprotective effect of articular cartilage. To date, six clinical studies have investigated 
and evaluated the therapeutic effect of PEMFs on ONFH [82]. Three studies have used PEMFs 
as a single management to treat ONFH [83-85] and have revealed that PEMFs can prevent the 
������������������������������������ϐ�������������������������������������������ȋͺͲǤʹΨ����
��������ȏͺ͵Ȑǡ�ͺͺǤͷΨ������������ȏͺͶȐǡ�ͺ͵ǤͻΨ������������ȏͺͷȐȌ��������ϐ�������������������������
necrosis of the femoral head at Ficat 0, I, and II or Steinberg II and III. Moreover, according 
to two of these studies, PEMFs have also been shown to reverse disease progression. Bassett 
found that 9 hips showed improvement, and they were all in Steinberg stages II to III, 
demonstrating a 60% improvement rate. Of these 9 hips, 3 of these even returning to normal 
[85], whereas Massari showed improvements in Ficat stages [83]. Additionally, PEMFs 
were also effective in improving osteonecrosis symptoms, including relieving joint pain and 
alleviating subchondral bone marrow edema [83]. However, for Ficat stage III patients, PEMFs 
�����������ϐ������������������������������������������������ϐ�������������������������������
hip has already collapsed or is biomechanically compromised. The effect of PEMF therapy 
as an adjunct to other treatments, such as core decompression and bone grafting, was also 
assessed in other three studies [8, 16, 86, 87]. By combining PEMFs with core decompression 
and autologous bone grafts, 81% of patients with Steinberg II scores showed good results 
radiographically and clinically and had no pain or limp [8]. Moreover, 68% patients treated 
with PEMFs alone achieved the clinical success determined as marginal pain with retention 
of the femoral head, while only 44% of those treated with core decompression alone [87]. In 
sum, all these studies showed the non-invasive therapeutic effect of PEMFs on ONFH, either 
alone or in combination with other treatments.

������������
Osteoporosis is a worldwide health problem with high morbidity, especially in 

��������������� ������ ȏͺͺǦͻͲȐǤ� ��� ��� ���������� ��ϐ����� ��� �� ��������� ��������� ��������
characterized by low bone mineral density (BMD) and compromised bone strength, leading 
to enhanced bone fragility, increased fracture risk, and resultant disability, which strikingly 
����������������ǯ�����������������ȏͻͳǡ�ͻʹȐǤ�������	�����������ϐ���������������������������������
mechanical stimulation in maintaining or improving bone mass according to experiments 
of NASA between 1976 and 1979, many clinical studies have gradually achieved positive 
therapeutic effects for osteoporosis by PEMF exposure [93-99]. Chronic pain is a common 
symptom of people with osteoporosis [100]. Many randomized controlled trials indicated 
that PEMF exposure could relieve chronic pain caused by osteoporosis [97, 98]. Moreover, 
��������������ͳʹ�����������������������������������ǡ����	����������������������������ϐ������
effect in relieving pain for patients with type I osteoporosis than those with type II [99]. 
BMD is the gold standard for diagnosing osteoporosis and the best quantitative indicator for 
forecasting the risk of osteoporotic fracture, monitoring the natural course of osteoporosis, 
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and evaluating the effect of 
osteoporosis. Tabrah indicated 
that BMD of the treated radii 
was elevated notably in the 
sixth week in a clinical study of 
20 women with PMOP treated 
����� ���	�� ȏͻͶȐǤ� ��� 
������ǯ��
research, which evaluated 
the effect of PEMFs on knee 
osteoporosis in individuals with 
spinal cord injury, BMD was 
also elevated. At three months, 
BMD was increased by 5.1% 
in the stimulated knees but 
declined to 6.6% in the control 
knees. PEMFs as a noninvasive 
physical therapy method avoids 
the defects of pharmacotherapy 
for osteoporosis, including the 
multiple side effects, the more 
cost and the low persistence. 
More importantly, a randomized, active-controlled clinical trial on postmenopausal 
osteoporosis (PMO) in Southwest China revealed that PEMFs had the same effect as 
alendronate, which is, currently, the most commonly prescribed medication for treating 
PMO within 24 weeks [101]. Furthermore, the hemorheological safety of PEMFs for treating 
osteoporosis was also observed by a randomized, placebo-controlled clinical study [102]. All 
����������������������������ϐ�������������������������	������������������������������������
an advantageous treatment strategy in the future.

�����������������������
Although the bone has a large self-healing capacity, in some complex clinical conditions, 

such as large bone defects created by trauma, infection, tumor resection, and skeletal 
abnormalities, or in cases where bone repair failed, a large quantity of bone regeneration are 
required [103]. In this case, bone tissue engineering has emerged as a promising alternative 
����������������ϐ������������������Ǥ���������������������������������������������������in vitro 
culturing of BMSC cells with high osteogenic differentiation potential alone or in the presence 
of scaffold carriers to develop and manipulate a tissue-engineered construct followed by 
implanting into the defected site to augment bone repair [104]. Despite bone tissue engineering 
possess the advantages that the same mechanical and functional properties and superior 
integration to the host bone tissue and has already acquired some better satisfactions in the 
clinical treatment of bone defect [105-108], the extended clinical application is hampered by 
major limitations, such as the poor availability and the time required to differentiate up to 
����������������������������������������������ǡ�������ϐ�����������������������������������
site triggered by the bone defect itself and the surgical procedure and the further new bone 
tissue and surrounding host tissue degeneration after construct implantation [21, 109, 110]. 
Therefore, the improvement of the present available technologies is still needed to acquire 
more satisfactory clinical outcomes in bone defect repair. PEMFs, as described above, have 
a marked function to accelerate the proliferation, osteogenic differentiation, and mutation 
of BMSCs by activating a series of signaling pathways [7, 21, 25, 31, 38, 73]. Moreover, the 
��������������������������������Ǧ�����������������Ǧ�������������������ǡ������������
	ǦȾǡ�
����ǡ��
	�ǡ�	
	�ǡ�������
	�ǡ����������������������������������������	���������Ǥ������������ǡ�
��������Ǧ��ϐ�����������������������	���������������ϐ���������������ȏʹǡ�ͳͳͳǡ�ͳͳʹȐǤ����	��
could upregulate the expression of A2A� ��ǡ������� ��� ������� ��� 
� ��������� ���� �����������
the activity of adenylate cyclase, mediating an increase in cAMP accumulation [111]. The 

Fig. 1. Functional Tissue Engineering (FTE) Road Map. This road 
map was adapted from Ref. 113 and described the combination 
of PEMFs and tissue engineering to obtain effective tissue 
substitutes.
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��������� ��� ����� ��������� �� ������� ��� ����Ǧ��ϐ���������� ��������ǡ� ���������� ��� ����
����������������	ǦȽ�������ǦͳȾ�ȏͳͳͳǡ�ͳͳʹȐǤ����������ǡ�������������������������������������������
functions of PEMFs in bone tissue engineering on the vitro construct culture, in favoring the 
anabolic activities of the implanted cells, and in protecting the construct from the catabolic 
�������� ��� ��ϐ���������� ������ ����� ������������Ǥ� ��� ����������� ������� ������������ ȋ	��Ȍ�
roadmap to describe the combination of PEMFs and tissue engineering was drawn based 
�����������ϐ��������������������	����������������������������������������������������������
substitutes to realize the structural and functional repair of bone defects and its feasibility 
of this paradigm was also evaluated (Fig.1) [104, 113]. In spite of these encouraging results, 
additional studies are needed to promote this therapeutic strategy for bone defect repair in 
clinics in the future.

Conclusion

In recent decades, PEMF stimulation has received tremendous attention as a prospective, 
noninvasive, and safe physical strategy to accelerate bone repair. Physical PEMF stimulation 
initiates the signaling cascades, which effectively promote osteogenesis and angiogenesis in 
an orchestrated spatiotemporal manner, ultimately enhancing the self-repair capability of 
bone tissue. Although the bone repair promotion potential of PEMF stimulation has showed 
�������������ϐ�������������������������������������������������ǡ�����������������������	�����
experimental biology and clinical therapy are still needed to make them more effective and 
extend their clinical applications.

In this review, we elaborated the involvement of various key molecular signaling pathways 
in PEMF-induced bone repair. Targeting the molecular signaling pathways described above 
may be a prospective strategy to further enhance the bone repair promotion effect of PEMFs 
via increasing the number of osteoblasts and their maturation and elevating endothelial cell 
proliferation and tubulization, processes important for osteogenesis and angiogenesis. For 
��������ǡ�����������������������������������Ͳ͵ʹͺͳǦ͵ͳǦͺ������������������������������
��͵�ǡ�
which plays a negative regulatory role in the Wnt signal transduction pathway, and result in 
�����������������������������������ȏͳͳͶȐǤ���������������ͳ�����������������������Ǧ�����������
antibody in mice increased bone formation and bone mass [115]. Combining PEMF exposure 
����� ������ ������������ȀȾǦ�������� ������������������ ��������������� �������� ��������� �����
pivotal signaling pathway and enhance the biological response of bone tissue to PEMF 
stimulation, leading to more effective bone repair. However, risk of cancer, osteoarthritis 
��������� ���� ������������ ���� ����� ���� ������ ��� ���� ����Ǧ����� ����������� ��� �������ȀȾǦ
catenin signaling pathway. Additionally to the Wnt signaling pathway, many studies have 
������� ����� ���������� ���	� ������������ ����� ����� ��� �
	�� ������ ����� �������� �����
formation [65, 70]. We also discussed the recent clinical therapeutic application of bone 
repair promotion potential of PEMFs in the treatment of skeletal diseases, such as fractures, 
����������������������Ǧ������ǡ���	�ǡ�����������������Ǥ�������������������������ϐ�����������
incorporation of PEMFs and bone tissue engineering for large bone defect repair were also 
evaluated. Despite positive effects of PEMF stimulation for bone repair alone or as an adjunct 
���������������������������ϐ����������������ǡ���������ǡ�����������������������������������������
same disease in different studies [6, 15]. This is mainly because of the lack of a standardized 
intensity, frequency, and therapeutic course and time of PEMFs. In this regard, more studies 
��������������������������������������������������Ǧ��ϐ������������������Ǥ�����������ǡ����
PEMF stimulation offers noninvasive, effective, safe, and convenient effects, it opens up a 
new avenue for bone repair. However, much work remains to be done to extend its clinical 
application in the future.
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ABSTRACT

Introduction: Repetitive magnetic stimulation
(rMS) is a safe and well-tolerated intervention.
Transcranial magnetic stimulation (TMS) is used
for the treatment of depression and for the
treatment and prevention of migraine. Over the
last few years, several reports and randomised
controlled studies of the use of rMS for the
treatment of pain have been published. The aim

of this systematic review was to identify the
available literature regarding the use of rMS in
the treatment of peripheral neuropathic pain.
Methods: After a systematic Medline search we
identified 12 papers eligible to be included in
this review.
Results: The majority of the studies were on
patients with phantom limb pain, followed by
radiculopathy, plexopathy, post-traumatic pain
and peripheral neuropathy. The treatment pro-
tocols vary significantly from study to study
and, therefore, pooling the results together is
currently difficult. However, rMS has a definite
immediate effect in pain relief which, in the
majority of studies, is maintained for a few
weeks.
Conclusion: rMS seems to be a promising
intervention in the treatment of peripheral
neuropathic pain. Further research is in the field
is needed. Use of neuronavigation might
increase the precision of stimulation and sub-
sequently its effectiveness.

Keywords: Neuropathic pain; Peripheral;
Repetitive magnetic stimulation; TMS
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Key Summary Points

Both peripheral and central repetitive
magnetic stimulation have been
employed for the treatment of peripheral
neuropathic pain.

Repetitive magnetic stimulation has
potential in the treatment of peripheral
neuropathic pain.

Use of neuronavigation might increase the
precision of stimulation and subsequently
the effectiveness of repetitive magnetic
stimulation.

Assessment of brain networks might be
the way forward to developing an
objective means of studying the effect of
repetitive magnetic. stimulation.

INTRODUCTION

Transcranial magnetic stimulation (TMS) is a
neurostimulation and neuromodulation tech-
nique based on the principle of electromagnetic
induction of an electric field in the brain [1].
Anthony T. Barker was the first to explore the
use of magnetic fields to alter electrical sig-
nalling within the brain, in Sheffield, and the
first stable TMS devices were developed in 1985
[2].

The therapeutic utility of repetitive TMS
(rTMS) has been demonstrated in a variety of
neurological [3] and psychiatric conditions [4]
and has already been approved as a treatment
for depression and migraine in many countries.
TMS is a safe and well-tolerated intervention
whilst serious adverse events during TMS are
rare [5].

Neuropathic pain is a common presenting
complaint of patients with peripheral neuropa-
thy (PN) and is considered one of the most
detrimental aspects of the condition with
regards to patients’ quality of life [6–13]. It is
therefore imperative for robust pain therapeutic

interventions to be innovated, improved and
implemented.

Over the years, increasing reports of the
clinical utility of magnetic stimulation (MS) in
the management of peripheral neuropathic
pain and in particular rMS delivered either
through a peripheral or transcranial route have
been attempted with promising results.

The aim of this work was to systematically
review the current literature regarding the use
of rMS for the management of peripheral neu-
ropathic pain. We aimed to describe the differ-
ent treatment protocols that have been used
and their efficacy in order to establish the
therapeutic utility of rMS in the management of
peripheral neuropathic pain.

METHODS

Search Strategy

A systematic computer-based literature search
was conducted on 12 June 2019 using the
PubMed database. We evaluated all articles
published between the dates of 1 January 1999
and 12 June 2019. For the search, we used three
Medical Subject Heading (MeSH) terms that had
to be present in the title or the abstract. Term A
was ‘‘neuropathy’’ or ‘‘phantom limb’’ or
‘‘polyneuropathy’’ or ‘‘peripheral’’ or ‘‘neu-
ronopathy’’ or ‘‘radiculopathy’’ or ‘‘polyradicu-
lopathy’’ or ‘‘dorsal’’ or ‘‘low back’’. Term B was
‘‘magnetic stimulation’’ or ‘‘magnetic therapy’’
or ‘‘electromagnetic’’. Term C was ‘‘pain’’ or
‘‘painful’’. No filters were applied to our search.

Inclusion and Exclusion Criteria

In order to be included in this review articles
were required to meet the following criteria: (1)
be original articles; (2) involve study of human
subjects; (3) be written in the English language;
(4) refer to transcranial magnetic stimulation or
peripheral magnetic stimulation; (5) refer to
pain because of peripheral nervous system
involvement. The exclusion criteria for the
articles were as follows: (1) book chapters,
reviews, meta-analyses, systematic reviews,
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letters to the editor and editorials not providing
new data and study protocols; (2) articles which
did not discuss magnetic or electromagnetic
stimulation as a management option; (3) arti-
cles with a lack of individual results for the
management of painful peripheral neu-
ropathies, even if those subjects were included
in the study; (4) articles not referring to patients
with painful peripheral neuropathies.

Synthesis of Results

The study is reported in accordance with the
Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines
[6]. Where studies did not provide raw values in
graphically displayed results, an open-source
programme was used to extract raw data (En-
gauge Digitizer, http://markummitchell.github.
io/engauge-digitizer). A database was developed
using the Statistical Package for Social Sciences,
version 24 for Mac. Pooled frequencies and
descriptive characteristics of demographic
parameters were extracted.

Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

RESULTS

Our literature search strategy identified 332
articles. Of these, 12 met the inclusion criteria
and were included and analysed in this review.
Of them five were randomised controlled trials
(RCTs), two were small case series and five single
case reports. The majority of the papers (50%)
tested the use of rMS in phantom limb pain,
followed by radiculopathy (17%), brachial
plexopathy (17%), post-traumatic pain (8%)
and peripheral neuropathy (8%).

The PRISMA chart displays the process of
article selection (Fig. 1). Table 1 summarizes the
characteristics of the papers included and gives

a detailed summary of the treatment protocols
and outcomes.

PHANTOM LIMB PAIN

Phantom limb pain (PLP) is difficult to treat and
often responds poorly to conventional pain
management [15, 16]. Phantom limb sensations
can be experienced following amputation.
Phantom limb-like sensations can also be seen
in patients with spinal cord injury, nerve avul-
sions and with congenital limb aplasia [17]. In
PLP, maladaptive plasticity and reduced con-
nectivity in interhemispherical and sensorimo-
tor networks play a major role in pain. rTMS has
been tested in PLP as a tool for blocking mal-
adaptive plasticity in the sensorimotor cortex
and has shown analgesic effects when used on
the motor cortex, through modulating cortical
reorganisation [18]. One particular study has
shown that amputees with PLP have a signifi-
cantly greater activation in the primary motor
cortex and supplementary motor cortex of the
affected hemisphere compared to those without
pain, likely due to increased excitability after
limb amputation [19].

Malavera et al. studied the effects of rTMS in
the treatment of PLP in a randomised double-
blinded placebo-controlled study [16]. Fifty-four
patients underwent real or sham rTMS of the
primary motor area contralateral to the ampu-
tated limb. The analgesic effect of the treatment
was significant for the first 15 days; however, it
was not after 30 days. The analgesic effect found
in this study can possibly be explained by the
effect of rTMS over the central pathophysio-
logical mechanisms relating to PLP. After a
traumatic amputation, maladaptive reorganisa-
tion of the sensorimotor cortex involves a
reduction in intracortical inhibition mecha-
nisms, an imbalance between c-aminobutyric
acid (GABA) and glutamate and an increase in
excitability of corticospinal neurons. High fre-
quency rTMS over the motor cortex enhances
its excitability leading to the indirect activation
of inhibitory projections towards the thalamus,
resulting in the modulation of pain signalling
pathways [16].
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In contrast to the RCT conducted by Malav-
era et al., a study by Ahmed et al. showed a
significant and prolonged reduction of pain in

patients with PLP receiving real rTMS versus
sham. The authors randomised patients to
receive either real rTMS (n = 17) or sham rTMS

Fig. 1 PRISMA chart
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(n = 10). Sham rTMS involved elevating and
angling the magnetic coil away from the cortex.
The authors found a 55% reduction in pain in
the treatment group immediately following the
fifth session. This effect was still seen at
2 months follow-up [20]. Interestingly the per-
centage of pain reduction was higher in patients
with upper limb phantom pain compared to
patients with lower limb phantom pain. Whilst
the results reported are positive, there are mul-
tiple drawbacks in the methodology within this
study including non-standard randomisation
criteria, small sample size and unequal group
allocation. Additionally, the study recruited a
heterogenous population of patients affected by
PLP, in both upper (n = 11) and lower limbs
(n = 16).

Navigated TMS employs conventional TMS
combined with sophisticated neuronavigational
software providing precise anatomical infor-
mation necessary for anatomically controlled
cortical stimulation. It can be used to stimulate
highly selected areas in the brain in PLP. It
promotes the modulation of brain connectivity
to induce its rearrangement in chronic pain
syndromes. In a patient with PLP, Scibilia et al.
used high frequency stimulation (10 Hz) of the
primary motor area and the dorsolateral frontal
cortex contralateral to the pain, and low fre-
quency (1 Hz) stimulation of the primary
somatosensory area contralateral to the pain,
using navigated TMS [21]. Using resting state
functional magnetic resonance, they showed
that rTMS promoted cortical and subcortical
plasticity, which led to an associated pain
reduction. After treatment, the patient experi-
enced a significant reduction of 5 points on the
visual analogue scale (VAS) in terms of pain.
This suggests that high frequency stimulation of
the motor cortex contralateral to site of PLP can
induce an analgesic effect. As this was a single
case report, larger cohort studies are warranted
to validate these findings.

In cases such as motor function recovery
post stroke, stimulation with low frequency
rTMS in the unaffected hemisphere has shown
beneficial results [22]. Di Rollo et al. reported
the effect of stimulating the hemisphere ipsi-
lateral to the PLP in a single patient [15]. The
patient showed a 33% reduction in pain at the

end of the third week of treatment and a
decrease of 17% at the follow-up visit which was
3 weeks after the last session.

Lee et al. described a case report of PLP
treated with rTMS of the supplementary motor
cortex and the primary motor cortex, using
neuronavigation. Magnetic therapy dramati-
cally reduced the pain intensity when directed
over the supplementary motor cortex; however,
there was no reduction in pain with therapy
directed over the primary motor cortex
[23]. The authors postulate that this is due to a
reported greater activation of the supplemen-
tary motor cortex in amputees with PLP than
those without [24]. These results, however, are
to be taken with caution, owing to the patient
receiving one round of treatment to the primary
motor cortex, versus five rounds to the supple-
mentary motor cortex.

Grammer et al. reported a patient with upper
extremity PLP. Over 6 weeks they delivered 28
sessions of rTMS to the dorsolateral prefrontal
cortex and primary sensory area contralateral to
the side of pain. The sessions were of low fre-
quency (1 Hz) for the first five sessions, there-
after alternating between low frequency (1 Hz)
and high frequency (10 Hz). This protocol led to
an 80% decrease in pain as rated on the VAS
[25].

RADICULOPATHY

Attal et al. studied the efficacy of rTMS in
patients suffering from neuropathic pain sec-
ondary to unilateral lower lumbar radiculopa-
thy in an RCT. In tandem with this they
compared the efficacy of rTMS to transcranial
direct current stimulation (tDCS), which applies
low intensity electrical currents directly, rather
than the magnetic field employed in rTMS [26].
In an altered crossover methodology, they ran-
domised 36 patients to receive either active
rTMS and tDCS or sham rTMS and tDCS, with a
3-week period between either modality. Results
showed that rTMS was more effective than tDCS
and sham (tDCS and rTMS), after the third and
final stimulation session. Repetitive magnetic
stimulation maintained its efficacy over sham
when pain was measured 5 days after the final

Adv Ther



session, but not in comparison to tDCS. The
study was limited by its relatively short treat-
ment and follow-up period.

Töpper et al. evaluated the use of rTMS in
two patients with PLP-like syndrome who had
suffered cervical nerve root (C7 and C8) injuries
secondary to road traffic collisions [27]. The
authors investigated two separate protocols of
rTMS directed over the posterior parietal cortex
contralateral to the symptomatic side. The first
included high frequency stimulation (10 Hz)
and the second low frequency (1 Hz). The two
protocols were separated by at least 4 weeks.
Whilst the authors reported a significant
reduction in pain measured with VAS during
the rTMS treatment, this effect was seen only for
up to 15 min after therapy. The study is, how-
ever, limited by its small number of
participants.

Brachial Plexopathy

In an RCT of 34 patients with traumatic brachial
plexopathy, Khedr et al. evaluated the efficacy
of rTMS as an adjuvant intervention to physical
therapy, consisting of electrical stimulation,
ultrasound, heat therapy and therapeutic/active
exercises [28]. Magnetic stimulation was direc-
ted over the superior trapezius muscle, using
stimulation at both 3 Hz (aiming to increase
strength) and 15 Hz (aiming to relieve pain).
The authors reported a significant reduction in
the VAS score in patients receiving real therapy
compared to sham therapy. This effect was seen
both at the end of the therapy and at 1-month
follow-up. The study is limited by the fact that
the sham protocol was substandard as the
authors used an active coil that was elevated
away from the muscle, rather than a sham coil
applied directly over the muscle [29].

In a case report of a 37-year-old patient with
brachial plexopathy, Lefaucheur et al. assessed
the efficacy of high frequency rTMS targeting
the precentral gyrus [30]. Over a treatment
period of 16 months, they found that rTMS
provided a statistically significant reduction in
VAS scores. Whilst the study provides evidence
of long-term use of rTMS, it is limited by being a
single patient report with no matched control.

POST-TRAUMATIC NEUROPATHIC
PAIN

Peripheral nerve injury can lead to the forma-
tion of a neuroma which results from abnormal
nerve regeneration, which is often refractory to
medications and invasive interventions. In a
small case series reported by Leung et al., five
patients tolerated well low frequency TMS over
the site of the neuroma formation and showed
long-term pain relief [31]. This is in line with
other studies demonstrating that low frequency
rTMS provides an inhibitory effect on neuronal
activities. However, this study is limited by its
small sample size, lack of control and unclear
frequency of treatment sessions.

PERIPHERAL NEUROPATHY

Peripheral neuropathy is common amongst the
diabetic population [32]. In a cross-over RCT
Onesti et al. were the first to investigate the
effect of deep rTMS, achieved by using the
H-coil in 25 patients with diabetic neuropathic
pain. The H-coil allows safe access to deep cor-
tical areas which otherwise could not be acces-
sed [33] and has been proven to be effective in
the management of major depressive disorder,
bipolar disorder and focal dystonias [34–36]. In
this study the authors used deep real or sham
rTMS of the lower limb motor cortex. The
authors reported that real rTMS at 20 Hz reduces
chronic drug-resistant distal diabetic neuro-
pathic pain for 3 weeks.

CONCLUSIONS

Chronic pain perception has been found to
propagate through central brain sensitisation,
particularly involving the prefrontal cortex and
the thalamus, in comparison to acute pain sce-
narios primarily recruiting the spinothalamic
pathways [37]. This presents an opportunity to
identify therapeutic interventions that are able
to target this central processing of pain. Mag-
netic stimulation exerts its effect by the mag-
netic field generated inducing a subsequent
electrical field that is able to depolarise axons
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and therefore modulate active neural networks
within the cortex [38]. This effect may differ
depending on factors such as the magnetic
pulse waveform, the intensity, frequency and
pattern of stimulation [38]. There is consensus
in the literature that low frequency stimulation
(\1 Hz) and high frequency stimulation
([5 Hz) are responsible for suppression and
facilitation of corticospinal excitability, respec-
tively [39]. There is some consensus that high
frequency rather than low frequency stimula-
tion is able to illicit an analgesic effect in neu-
ropathic pain [38]. Indeed, a similar conclusion
may be drawn from the studies that have been
included in this review.

On a molecular level, rTMS has been reported
to induce endogenous opioid release, with one
study demonstrating a reduction of the analgesic
effect when stimulating the primary motor cortex
in subjects administered naloxone. The authors
did not find this to be the case when rTMS was
applied to the dorsolateral prefrontal cortex [40].
It is important to note, however, that naloxone is
known to play a role in reducing the perceived
analgesic effect derived through placebo [41].
Various other neurochemicals have been reported
to be implicated during rTMS therapy, including
GABA, glutamate and dopamine. Glutamate N-
methyl-D-aspartate (NMDA) receptors are known
to be responsible for synaptic plasticity and have
been reported to be associated with the long-term
analgesic effect of rTMS [42]. In the context of
PLP in particular, high frequency rTMS may
indirectly activate inhibitory thalamic projec-
tions, thereby modulating ascending nociceptive
pathways [43]. Neuropathic pain of diverse aeti-
ologies has been shown to be associated with
decreased intracortical inhibition (ICI) and inter-
estingly rTMS therapy has been correlated with
increased ICI in tandem with pain relief, partic-
ularly in patients with drug-resistant neuropathic
pain [44]. Functional magnetic resonance imag-
ing has revealed that rTMS of the motor cortex
results in subsequent activity within the ipsilat-
eral thalamus and putamen, structures known to
be linked to the sensorimotor cortex, implicated
in the centralisation of pain [45].

This review identified five RCTs, highlight-
ing a paucity in the literature of well-designed
placebo-controlled trials evaluating rMS for

relief of peripheral neuropathic pain. Although
the majority of the studies included in this
review show that rMS has potential for the
treatment of peripheral neuropathic pain, there
is a need for further studies in the field. Whilst
its efficacy is still debated, rMS has been
demonstrated to be a safe and tolerated inter-
vention, with no serious adverse effects noted in
the studies included in this review. Further-
more, there is a need to create consensus
regarding optimum stimulation protocols and
procedures [46]. The use of neuronavigation
might increase the precision of stimulation and
subsequently its effectiveness; however, this
requires further robust assessment as current
evidence is lacking. Finally, assessment of brain
network function, with techniques such as
functional magnetic resonance or appropriate
TMS-compatible EEG recordings, with various
quantitative EEG metrics, might be the way
forward to developing an objective means of
studying the effect of rMS on widely distributed
brain network constituents involved in the
generation and persistence of neuropathic pain.

Limitations

• As in all studies measuring pain with the
VAS, a self-reported questionnaire, there is
potential for an inherent response bias when
reporting the nature and extent of the pain.

• The variations in treatment protocols
between studies and the limited number of
studies eligible for inclusion make it impos-
sible to use a meta-analytic approach.

• A more comprehensive search using data-
bases other than PubMed alone might have
identified a greater number of articles suit-
able for analysis.
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PulsedMagnetic FieldsEnhance theRateof
RecoveryofDamagedNerveExcitability

Ismail GunayandTufanMert*
Department of Biophysics, SchoolofMedicine, University of Cukurova,

Balcali, Adana,Turkey

Pulsed magnetic fields (PMFs) have well-known beneficial effects on nerve regeneration. However,
little research has examined the nerve conduction characteristics of regenerating peripheral nerves
under PMF. Themain goal of this study was to examine the conduction characteristics of regenerating
peripheral nerves under PMFs. The sucrose-gap recording technique was used to examine the
conduction properties of injured sciatic nerves of rats exposed to PMF. Following the injury, peripheral
nerves were very sensitive to repetitive stimulation. When the stimulation frequency was increased,
the amplitude of the compound action potential (CAP) decreased more at 15 days post-crush injury
(dpc) than at 38 dpc. PMF treatment for 38 days after injury caused significant differences in the
conduction of CAPs. Moreover, application of PMF ameliorated the abnormal electrophysiological
activities of nerves such as hyperpolarizing afterpotentials and delayed depolarizations that were
revealed by 4-aminopyridine (4-AP). Consequently, characteristic findings in impulse conduction
of recovered nerves under PMF indicate that the observed abnormalities in signaling or aberrant
ion channel functions following injury may be restored by PMF application. Bioelectromagnetics
32:200–208, 2011. ! 2010 Wiley-Liss, Inc.

Key words: pulsed magnetic field; nerve conduction; action potential; injury; rat sciatic nerve

INTRODUCTION

Application of a magnetic field is one of the most
important alternative therapies for clinical conditions.
Previous studies using magnetic field applications have
reported profound effects of magnetic fields on a large
number of biological processes and have suggested
that non-invasive magnetic fields can be effective
and practical for clinical applications [Shupak, 2003;
Markov, 2007a,b].

The response of peripheral nerves to injury has
been extensively studied to elucidate the possiblemech-
anisms and evaluate the potential therapeutic inter-
ventions in demyelinating problems. Regeneration or
functional recovery of peripheral nerves following
injury depends on the combined effects of several
neuronal and non-neuronal factors [Schafer et al.,
2006]. There are a large number of invitro experimental
studies that have suggested that after injury, incomplete
functional peripheral nerve regeneration causes several
electrophysiological abnormalities [Gordon et al., 1991;
Mert et al., 2004; Mert, 2007]. Disturbed axonal excit-
ability results in the inability to maintain conduction of
ameaningful impulse train in the damaged nerve bundle
[Mert, 2006, 2007]. It is well known that voltage-
dependent ion channels are normally responsible for
generation and propagation of action potentials along
nerve fibers. As a result of injury/damage to myelinated
nerve fibers, the distribution of voltage-dependent

channels located along the axon is altered and thus
the conduction of nerve action potentials is reduced
or blocked [Rasband and Trimmer, 2001; Mert et al.,
2004].

Animal nerve injury models provide excellent
opportunities for introducing and subsequently assess-
ing the effects of pulsed magnetic fields (PMFs) on
peripheral nerve regeneration. PMFs have been exten-
sively used in investigations [Shupak, 2003; Markov,
2007a]. A great number of studies have reported that
PMFs can stimulate nerve growth, regeneration, and
functional recovery of peripheral nerves in both in vitro
and in vivo studies [Sisken et al., 1989, 1993; Walker
et al., 1994; Macias et al., 2000; Mert et al., 2006].
However, little research has examined the nerve con-
duction characteristics of regenerating peripheral
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nerves under PMFs. Examination of nerve conduction
properties at various discharge frequencies is very
important because nerves repetitively discharge in vivo.
Even a small amount of damage could limit the nerve
discharge frequency. In this study, we therefore aimed
to provide electrophysiological evidence of the curative
effects of PMF application on the abnormal impulse
activities of regenerating peripheral nerves after crush
injury.

MATERIALS AND METHODS

Animals
Animals used in this study were adult female

Wistar rats (230–250 g) obtained from the Medical
Sciences Research Centre of Cukurova University.
The rats were maintained in a climate-controlled room
under a 12-h light/dark cycle (6:00 am–6:00 pm), and
food and water were available ad libitum. This study
adhered to the ethical guidelines of the International
Association for the Study of Pain, and the experimental
protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of
Cukurova University.

Surgical Procedure
All surgical procedures were performed under

deep anesthesia with a premixed solution containing
ketamine (80 mg/kg) plus xylazine (2.5 mg/kg). Crush
injury was performed as previously described [Mert
et al., 2004]. Briefly, the left lateral thigh was shaved
and prepped with Betadine solution. The sciatic nerve
was identified by dissecting the plane separating at the
mid-thigh level between the gluteal musculature. At
the ischial tuberosity, the nerve was crushed with fine
surgical forceps on the second lock for 30 s. In sham
crush surgery, the sciatic nerve of the right hind limb
was exposed under the same surgical conditions, but
no crush was made. After the wound was closed with
4-0 silk sutures, the animals were allowed to recover for
15–38 days. These time frames were based on our
previous studies [Mert et al., 2004, 2006] and were
chosen with the expectation that, at these post-surgical
delays, possible PMF-induced changes on nerve regen-
eration could be determined. All surgical procedures
were performed by the same researcher and conducted
under sterile conditions using protocols approved by the
animal care and use committee of our institution.

Pulsed Magnetic Field Treatment
PMF application to rats was performed as pre-

viously described [Mert et al., 2006, 2010]. Before
the PMF treatment, all rats were acclimated to their

environment for 1 week. Habituation to the treatment
conditions was accomplished by placing the rats in the
restrainer at least three times for 30 min.

PMF application was performed by using
Helmholtz coils 60 cm in diameter, placed 30 cm
apart (Fig. 1B). When connected to a signal generator
(ILFAElectronic, Adana, Turkey), these coils produced
a magnetic field peak amplitude of 1.5 mT (1.49–
1.51 mT). The peak value of the magnetic field was
measured using a gauss meter with a Hall-effect probe
(F.W. BellModel 6010, Sypris, Orlando, FL). The time-
varying magnetic field consisted of a quasitriangular
waveform, with a rise time of 0.5 ms and a fall time of
9.5 ms (Fig. 1C).

The waveform of the induced electric field
was measured using a search coil probe (50 turns of
30 gauge copper wire with an internal diameter of
50 mm) that was placed in the midcenter axis of the
Helmholtz coils. Probe leads were connected to an
oscilloscope (Hitachi, Tokyo, Japan) and the induced
voltage was read directly. The corresponding induced
electric field was a unipolar rectangular waveform hav-
ing peak electric fields of 0.6 V/m (0.59–0.61 V/m) in
the restrainer located between the coils (Fig. 1B). The
maximum induced electrical field between the coilswas
calculated using Faraday’s law. The current (I ¼ 5.2 A)
in the circuit was also monitored on an oscilloscope
via a resistor (0.1 V) connected in series between the
output of the power amplifier and coil.

Fig. 1. A: Schematized pulsed magnetic field (PMF) application
protocol.B: Schematic of PMFexposure system.C:Description of
thewaveforms.
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PMF application was presented in three sequen-
ces. Each sequence included four different consecutive
pulse trains (1, 10, 40, and 100 Hz). The duration of
each pulse train was 4 min, and the interval between
each pulse trains was 1 min (Fig. 1A). A digital timing
device controlled the timing. The waveforms of mag-
netic field were determined using a search coil probe.
There were no clear differences in the shape and mag-
nitude of these waveforms. In this PMF administration,
both the frequency and sequencing of pulses can
be modulated. Therefore, the excitatory/stimulatory
actions of PMF treatment can be increased and the
probable accommodation of the animals to a single
frequency can be prevented.

Animals were placed in an all-plastic restrainer
located between the coils. Whole-body exposure to
PMF began the first day after crush injury and was
applied for 1 h each day. Daily PMF exposure contin-
ued for 15 days (PMF-treated 15 days post-crush (dpc))
or 38 days (PMF-treated 38 dpc). The distribution
of the magnetic density was measured using a gauss
meter. The density was homogeneous within 5% in the
exposure area (restrainer: 30 cm long, 20 cmwide, and
15 cm high). It has been previously reported that rats
are subject to the circadian cycle [Cain et al., 2004] and
that light can be a source of an aversive stimulus [Stern
and Laties, 1998]. All PMF treatments were carried out
at the same time period each day (9:00 am–10:00 am)
and kept throughout the experimental period under
the same light conditions in a separate laboratory.
The temperature (23–258C) and humidity (40–60%)
were monitored continuously throughout the treat-
ments. Sham exposure to animals was performed under
the same environmental conditions, using another
apparatus in a Faraday cage outfitted with only the
Helmholtz coils.

Electrophysiological Examinations
In preparation for sucrose-gap recordings [Mert

et al., 2004, 2006] the animals were killed by cervical
dislocation and their sciatic nerves were resected from
the posterior thigh, desheathed (removal of circumfer-
ential sheath), and placed in oxygenatedKrebs solution.

The desheathed sciatic nerves were superfused
with an oxygenated Krebs solution to achieve a stable
baseline and to record reproducible compound action
potentials (CAPs). Following a period of equilibration
(30 min), individual nerves (the nerve segment with the
crush lesionwas positioned in the test pool) were placed
in a sucrose-gap apparatus partitioned into pools by a
Vaseline–silicon oil mixture and superfused with the
appropriate solution at a flow rate of 1–2 ml/min. There
were four pools: (a) stimulating pool containing a pair
of platinum electrodes and filled with Krebs solution

(inmM, 124.0NaCl, 3.0KCl, 1.3NaH2PO4, 2.0MgCl2,
2.0 CaCl2, 26.0 NaHCO3, and 10.0 dextrose); (b) test
pool containing Krebs or test solution; (c) iso-sucrose
pool containing 320 mM isotonic sucrose; and (d) iso-
KCl pool containing an isotonic KCl solution (in mM,
120.0 KCl, 7.0 NaCl, 1.3 NaH2PO4, 2.0 MgCl2,
2.0 CaCl2, 26.0 NaHCO3, and 10.0 dextrose). Test
solutions were made by adding appropriate concen-
trations to the Krebs solution, and were bubbled con-
tinuously with a 95% O2 and 5% CO2 gas mixture
during the experiments.

Agar-bridgedAg/AgCl recording electrodes posi-
tioned in the test and iso-KCl pool of the apparatuswere
connected to the inputs of a high impedance amplifier
(P-16, Grass Instruments, West Warwick, RI). During
recordings, amplification was set to 100–1000 and
frequencies filters were set to DC and 40 kHz. The
nerve was stimulated with a stimulator (S-48, Grass
Instruments) and a stimulus isolation unit (SIU5, Grass
Instruments) with short (0.05 ms) depolarizing pulses.
To obtain complete stimulation of all fibers, a nerve
was stimulated with voltages two times the threshold
stimulus required to achievemaximumamplitude of the
initial CAP.

The nerves were stimulated with a single stimulus
every minute for 30 min at the lowest stimulation rate.
To examine the stimulation frequency, we used three
consecutive frequencies (10, 40, and 100 Hz). Each
frequency train was composed of 20 impulses and
the interval between each train was 30 s. Stimulation
pulses were delivered through an isolation unit and a
digital timing device that controlled the timing of the
pulses. The changes in CAP, delayed depolarization
(Del-Dep), and hyperpolarizing afterpotential (HAP)
were recorded (Fig. 2), and all records were transferred
to a computer to be evaluated later. In the experiments,
after the initial 30 min equilibration period, all nerves
were exposed to 2 mM 4-aminopyridine (4-AP) in
Krebs solution. This concentration was also used in
our previous studies and was chosen because it permits
the evaluation of activities of 4-AP-sensitive Kþ chan-
nels located in the internodal segment. Following nerve
injury, the incomplete regrowth of the myelin sheath
causes an increase in Kþ currents through these chan-
nels [Gordon et al., 1991; Rasband et al., 1998; Mert,
2007].

Sucrose-gap recordings were carried out at 23–
25 8C. Deionized and bi-distilled water were used for
the solutions, and the pH of the solutions was adjusted
to 7.4withNaOHorHCl. All chemicals used in electro-
physiological studies were purchased from Sigma
(Taufkirchen, Germany).

Experimental groups were determined in accord-
ance with our previous studies [Mert et al., 2004, 2006,
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2010] and several pilot studies. In this study we used
two sham crush surgery groups (sham PMF (SPMF)-
treated 15 dpc (n ¼ 6) and SPMF-treated 38 dpc
(n ¼ 6)). The data from the two sham surgery groups
and intact animals were pooled together as the SPMF-
treated intact groups, since they did not differ statisti-
cally. Accordingly, experimental groups were designed
as below.

Following the crush injury, animals were divided
into twomain groups: SPMF and PMF. Each group was
separated into two subgroups: SPMF-treated 15 dpc
(n ¼ 8) and 38 dpc (n ¼ 8), and PMF-treated 15 dpc
(n ¼ 8) and 38 dpc (n ¼ 8). In addition, therewere two
groups of intact (unoperated) rats: SPMF-treated intact

(for 15 days (n ¼ 14) and 38 days (n ¼ 14)) and PMF-
treated intact (for 15 days (n ¼ 8) and 38 days (n ¼ 8)).
Furthermore, two crush groups (no PMF/SPMF 15 dpc
(n ¼ 8) and 38 dpc (n ¼ 8)) were used as control.

Statistical Analysis
All the data given here are reported as mean

# standard error of the mean (SEM). For statistical
analyses, all data were evaluated with one-way
ANOVA and post hoc Tukey’s honestly significant
difference test for multiple comparisons, and Mann–
Whitney U-tests when variables were not normally
distributed, using SPSS 11.0 statistical software
(SPSS, Chicago, IL). P values <0.05 were considered
significant.

RESULTS

Effects of PMF on Signals of Regenerating
Nerves in the Absence of 4-AP

Before the application of 4-AP, theCAPs (control)
that were recorded from 15 dpc, 38 dpc, and intact
sciatic nerves in response to a single stimulus exhibited
significant differences between their amplitudes or
time parameters (P < 0.05; Table 1). After nerve crush
injury, development of the regeneration was accom-
panied by an increase in amplitude of the CAPs and
a decrease in time to peak of the CAPs. PMF treatment
for 15 or 38 days following the crush injury did not
cause any differentiation in these parameters of CAPs.

When the nerve stimulation frequency was pro-
gressively increased, amplitudes of the CAP decreased
more in the 15-dpc group than the 38-dpc and intact
groups (Fig. 3A). At the highest stimulation frequency,
100 Hz, the amplitudes were decreased by 18.6 # 1.1,

Fig. 2. Analysis of the compound action potential (CAP), delayed
depolarization (Del-Dep), anda frequency-dependent stimulation
pattern. A series of CAPs recorded from an injured sciatic nerve
before and after frequency-dependent stimulation of100 Hz.The
peak to peakamplitude of the CAPis representedbyVCAP.VDel-Dep
reflects the amplitude of Del-Dep. The duration of Del-Dep
(TDel-Dep) wasmeasured from the end of the CAP to the baseline
value.WhenVCAP was calculated as a percentage, the amplitude
of the last CAP was proportional to the amplitude of the first CAP.
The amplitude of the hyperpolarizing afterpotential (VHAP) was
measuredasmaximumnegativedeflection.

TABLE 1. Effects of Pulsed Magnetic Field Treatment on Compound Action Potentials

Exposure groups

CAP parameters—control CAP parameters in 4-AP

VCAP (mV) Time to peak (ms) Amplitude (mV) Time to peak (ms)

SPMF
15 dpc 7.8 # 0.8& 2.18 # 0.04& 14.4 # 0.7# 4.12 # 0.10#

38 dpc 41.0 # 1.7& 0.82 # 0.03& 39.8 # 1.1 0.86 # 0.05
Intact 78.2 # 0.9 0.61 # 0.01 75.5 # 1.2 0.63 # 0.01

PMF
15 dpc 8.5 # 0.1& 2.08 # 0.07& 15.1 # 1.0# 3.99 # 0.09#

38 dpc 43.6 # 2.1& 0.88 # 0.05& 50.8 # 1.2$ 0.90 # 0.07
Intact 74.1 # 1.3 0.62 # 0.01 73.1 # 1.1 0.60 # 0.01

VCAP, amplitude of compound action potential (CAP); PMF, pulsed magnetic field treatment; SPMF, Sham PMF treatment; 4-AP,
4-aminopyridine.
&P < 0.05 compared to intact in the SPMF- and PMF-treated groups.
#P < 0.05 compared to CAP controls in the SPMF- and PMF-treated 15-dpc groups.
$P < 0.05 compared to the SPMF-treated 38-dpc group.
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9.1 # 0.8, and 5.2 # 0.4% in the 15 dpc, 38 dpc, and
intact groups, respectively (P < 0.05).

Furthermore, when 40 and 100 Hz nerve stimu-
lation were applied, HAPs were observed in all exper-
imental groups. However, HAPs did not occur at the
stimulation of 10 Hz. Previous studies have also
reported that pronounced HAPs can appear in whole
nerve recordings after the nerve crush injury [Poulter
et al., 1995;Mcintyre et al., 2002;Mert et al., 2004].We
observed large HAPs following the crush injury
(Table 2). Increasing the nerve stimulation frequency
enhanced the amplitudes of the HAPs, but not their
duration. No statistically significant difference was
observed for frequency-dependent effects between
the PMF-treated and untreated groups (P > 0.05;
Table 2).

4-AP-Induced Changes in Signals of
Regenerating Nerves Under PMF

After nerve crush injury and damage to the
myelin sheath, juxtaparanodal Kþ channels (4-AP-
sensitive Kþ channels proteins; Kv1 channels) are reor-
ganized [Rasband et al., 1998; Mert, 2007]. When
activated, these channels briefly hyperpolarize the
membrane. Inhibition of these channels restores the
signaling in damaged axons and provokes reexcitation
and repetitive firing [Waxman and Ritchie, 1993;
Vabnick et al., 1999; Mert, 2006]. Therefore, determi-
nation of the changes in activities of 4-AP-sensitive Kþ

channels is important for the evaluation of nerve regen-
eration processes.

There was an enhanced sensitivity to 4-AP in
crushed nerves compared to intact nerves. Following
the administration of 4-AP, while both amplitude and
time to peak of the CAPwas enhanced by about twofold
at 15 dpc, these CAP parameters did not significantly
change in the 38 dpc and intact groups (Table 1 and
Fig. 4). After crush injury, PMF treatment for 15 or
38 days only significantly changed the amplitude of
the CAP in the 38 dpc group compared to the SPMF-
treated 38-dpc group (Table 1).

After 4-APapplication to the nerves, Del-Depwas
observed as another waveform following the CAP in
the 38 dpc and intact groups (Table 3 and Fig. 4). We
noted significant differences in amplitude and duration
of Del-Dep between the 38 dpc and PMF-treated
38 dpc groups (P < 0.05). Application of PMF for
38 days after injury significantly reduced the amplitude
and prolonged the duration of Del-Dep compared to
the SPMF-treated 38-dpc group (P < 0.0; Table 3).
Both the amplitude and duration of the Del-Dep in
the PMF-treated group approached that of the intact
group (Fig. 5).

In the presence of 4-AP (Fig. 3B), when stimu-
lation frequency was increased, amplitude of the CAPs
significantly decreased in all experimental groups com-
pared to the control (in the absence of 4-AP, see
Fig. 3A). This influence of stimulation frequency can
reflect the use-dependent block of 4-AP on Kv1 chan-
nels [Russell et al., 1994]. At the highest stimulation
frequency, 100 Hz, the amplitudes were decreased by
60.5 # 1.4, 22.8 # 1.1, and 8.4 # 0.4% in the 15 dpc,
38 dpc, and intact groups, respectively (P < 0.05). At
the 100 Hz frequency, treatment with PMF for 38 dpc
significantly reduced the influence of 4-AP on the
CAP amplitude when compared to the SPMF-treated
group (10.1 # 1.1% and 22.8 # 1.1%, respectively;
P < 0.05; Fig. 3B).

Application of 4-AP markedly increased the
amplitude and duration of the HAPs at both stimulation

Fig. 3. Effects of pulsed magnetic field (PMF) on the compound
action potential (CAP) amplitude (VCAP) of the regenerating and
intact nerves stimulated with different frequencies. A: In the
absenceof 4-aminopyridine (4-AP),PMFdidnot causeanysignifi-
cantchange.B:Inthepresenceof4-AP,adecreaseintheamplitude
by100 Hzinthe38dayspost-crush(38 dpc)group(5)wassignifi-
cantlydifferent fromthePMF-treated38 dpc(!)andintactgroups
(&). Ordinate: When VCAP was calculated as a percentage,
the amplitude of the last CAPwas proportional to the amplitude
of the first CAP. Abscissa: Stimulating frequency (Hz) in log
scale. Each point represents the mean value of 8 nerves and the
vertical bars indicate the mean # SEM. $P < 0.05 compared to
SPMF-treated 38-dpc group.
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frequencies (Table 2 and Fig. 6). PMF treatment did not
significantly change the HAP parameters in the 15 dpc
and intact groups. In the 100 Hz condition, the HAP
amplitude of the PMF-treated 38-dpc group was sig-
nificantly decreased relative to the untreated 38-dpc
recordings. HAP durations were not altered by PMF
treatment (Table 2 and Fig. 6).

DISCUSSION

Previous ultrastructural examinations have
reported that crush injury results in axon and myelin
degradation (at 15 dpc) and moderate to severe myelin
sheath degeneration and disruption (at 38 dpc) [Mert
et al., 2006]. In addition, it has been suggested that PMF
application can accelerate the formation of the myelin
sheath [Mert et al., 2006]. Examination of the conduc-
tion characteristics of peripheral nerves can provide
evidence of the beneficial actions of PMF on peripheral
nerve regeneration. PMFhas been used as an alternative
therapeutic agent [Sisken et al., 1993; Shupak, 2003]. It
has been suggested that PMF exposure can enhance
nerve regeneration to approximately the same degree
as growth factors, hormones and other treatments
[Henderson, 1996; Gordon et al., 2003; Markov,
2007a].

A great number of studies have reported the
changes in ultrastructure and electrophysiological
properties of regenerating peripheral nerves [Gordon
et al., 1991; Ide, 1996; Johnson et al., 2005]. Also,
electrophysiological characteristics of crushed and
intact peripheral nerves after low and high frequency
stimulations have been presented in our previous
studies [Mert et al., 2004].

In accordancewith data reported previously [Mert
et al., 2004], the results presented in this studymay also

TABLE 2. Hyperpolarizing Afterpotentials at 40 and 100 Hz Stimulation Frequencies

Exposure groups

Stimulation of 40 Hz Stimulation of 100 Hz

VHAP (mV) THAP (ms) VHAP (mV) THAP (ms)

SPMF
Control
15 dpc 0.7 # 0.03 300.0 # 3.5 1.2 # 0.04 290.0 # 4.6
38 dpc 1.3 # 0.02 250.0 # 2.8 2.4 # 0.06 200.0 # 3.7
Intact 0.4 # 0.02 200.0 # 6.2 0.8 # 0.02 235.0 # 8.4

In 4-AP
15 dpc 1.3 # 0.05# 356.0 # 3.5# 1.8 # 0.05# 357.0 # 5.3#

38 dpc 2.4 # 0.20# 335.0 # 6.2# 3.9 # 0.10# 345.0 # 7.1#

Intact 1.3 # 0.06# 380.0 # 7.3# 1.7 # 0.10# 363.0 # 8.1#

PMF
Control
15 dpc 0.7 # 0.01 265.0 # 5.5 1.4 # 0.09 260.0 # 5.0
38 dpc 1.4 # 0.06 215.0 # 4.7 2.6 # 0.06 188.0 # 3.7
Intact 0.4 # 0.02 195.0 # 6.0 0.7 # 0.04 240.0 # 8.1

In 4-AP
15 dpc 1.2 # 0.10# 365.0 # 4.5# 1.6 # 0.10# 360.0 # 3.0#

38 dpc 2.1 # 0.20# 365.0 # 9.2# 2.5 # 0.30#,$ 355.0 # 8.1#

Intact 1.3 # 0.20# 390.0 # 6.6# 1.9 # 0.20# 340.0 # 7.2#

VHAP, amplitude of hyperpolarizing afterpotential (HAP); THAP, duration of HAP; PMF, pulsedmagnetic field treatment; SPMF, Sham PMF
treatment; 4-AP, 4-aminopyridine.
#P < 0.05 compared to HAP controls in the SPMF- and PMF-treated groups.
$P < 0.05 compared to the SPMF-treated 38-dpc group.

Fig. 4. Effects of 4-aminopyridine (4-AP) on regenerating and
intact nerves. At 15 days post-crush (15 dpc), 4-AP enhanced the
amplitudeandtimetopeakoftheCAP.However,afterthe4-APappli-
cation, delayed depolarizations (Del-Dep) occurred following the
CAPinthe 38-dpcandintactgroups.The timecalibrationat the top
pertainstoall figures.
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suggest that injured nerves in the 15-dpc group aremore
susceptible to high repetitive stimulation than nerves in
the 38-dpc group because of the insufficient formation
of myelin, or axon–myelin interactions and Naþ chan-
nel-poor membranes [Rasband and Trimmer, 2001].
As myelin formation develops, and the number of
Naþ channels increases at later stages of recovery
(38 dpc), the propagating impulse may successfully
pass through the damaged segments.

Alterations in ultrastructures following the injury
result in abnormal electrophysiological characteristics
in nerves due to the reorganization of ion channels at
both internodes and nodes [Schafer et al., 2006; Mert,
2007]. Naþ andKþ channels provide the generation and
propagation of the nerve action potentials [Hille, 1992;

Catterall, 2000; Fedida and Hesketh, 2001; Lai and Jan,
2006]. Experiments with blocking drugs and genetic
deletion have shown that the Kv1 channels (Kv1.1 and
Kv1.2; juxtaparanodal Kþ channels) may serve import-
ant functions during remyelination and regeneration
stages [Rasband et al., 1998; Vabnick et al., 1999].
Several studies have reported that 4-AP can specifically
block these juxtaparanodal Kv channels (4-AP-
sensitive Kþ channels) [Waxman and Ritchie, 1993;
Rasband et al., 1998; Vabnick et al., 1999]. From a
electrophysiological point of view, changes in activities
of 4-AP-sensitive Kþ channels have been used as a
probe for the evaluation of myelin sheath formation,
since Kþ channels sensitive to 4-AP are located in
the internodal axon membrane and are masked by
the overlying myelin sheath [Gordon et al., 1991;
Waxman, 1995; Rasband and Trimmer, 2001; Mert,
2006, 2007]. These channels may serve important
functions during remyelination and regeneration.

Application of 4-AP markedly increased the
amplitude and time to peak of CAPs in all four of
the 15-dpc groups. By 38 dpc, only one of the CAP
indices was still significant. These findings also show
that activation of 4-AP-sensitive Kþ channels can

TABLE 3. Effects of Pulsed Magnetic Field on Amplitude and Duration of 4-AP-Induced Delayed Depolarization

Exposure groups

SPMF PMF

VDel-Dep (mV) TDel-Dep (ms) VDel-Dep (mV) TDel-Dep (ms)

Intact 9.6 # 0.5 92 # 5.1 10.8 # 0.8 100 # 5.5
38 dpc 22.6 # 1.2# 58 # 3.6# 14.4 # 1.3#,$ 88 # 6.3$

VDel-Dep, amplitude of delayed depolarization (Del-Dep);TDel-Dep, duration ofDel-Dep; PMF, pulsedmagnetic field treatment; SPMF, Sham
PMF treatment; 4-AP, 4-aminopyridine.
#P < 0.05 compared to the intact group.
$P < 0.05 compared to the SPMF-treated 38-dpc group.

Fig. 5. Effects of pulsed magnetic field (PMF) treatment on com-
pound action potentials (CAPs) with delayed depolarizations
(Del-Dep).4-Aminopyridine (4-AP) application caused Del-Dep in
intactnerves(arrowhead)andinjurednervesat38dayspost-crush
(38 dpc; single arrow). In the PMF-treated 38-dpc group (double
arrow), the amplitude of Del-Dep decreased and the value
approached thatof theintactgroup.

Fig. 6. Hyperpolarizing afterpotentials (HAP) produced by stimu-
lation of 40 and100 Hz in the presence of 4-aminopyridine (4-AP)
at 38 dpc.Pulsedmagnetic field (PMF) treatment causedasignifi-
cantdecreaseintheamplitudeofHAPat the100 Hz test frequency
(double arrow) but not at the 40 Hz test frequency (single arrow).
PMFtreatmentsignificantlyrescuedthedecreaseinthecompound
actionpotential (CAP) amplitudeobservedinthe100 Hzcondition.
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increase after the myelin sheath damage and can gradu-
ally decrease due to myelin sheath regeneration, con-
sistent with other previous papers [Gordon et al.,
1991; Rasband and Trimmer, 2001; Mert, 2006].
Furthermore, 4-AP application to the injured nerves
in the 38 dpc and intact groups resulted in an occur-
rence ofDel-Deps following theCAP.After nerve crush
injury, the amplitude of Del-Dep significantly shifted in
the 38-dpc group when compared to the intact group.
Del-Dep results from the inhibition of juxtaparanodal
Kþ currents by 4-AP [Mert, 2007]. These results may
also indirectly support the fact that during the regen-
eration process, there is a decrease in the pharmaco-
logical sensitivity of nerve fibers to 4-AP due to the
myelination.

This present paper demonstrated that PMF appli-
cation for 15 or 38 days to injured animals did not cause
any significant changes in the electrophysiological
properties of nerves. However, in the presence of
4-AP, significant electrophysiological differences were
noted only in PMF-treated 38-dpc group. PMF caused a
significant decrease in the frequency-dependent inhi-
bition of the CAP amplitude at only the highest stimu-
lation frequency, 100 Hz, but not at 40 or 10 Hz. It has
been previously shown that increasing the repetitive
stimulation can enhance Naþ channel inactivation
[Hille, 1992] and application of 4-AP to nerves can
increase the number of inactivated Naþ channels due to
Del-Dep and HAP [Mert et al., 2004]. As a result of the
decrease in the number of Naþ channels, the CAP
amplitude gets smaller with an increased stimulation
frequency. Reducing the activation of 4-AP-sensitive
Kþ channels by PMF-induced myelin sheath regener-
ationmay increase the number of resting Naþ channels.
Furthermore, PMF treatment for 38 days after injury
also significantly reduced the Del-Dep that appeared
after 4-AP application. Taken together, these results
suggested that application of PMF for 38 days may
provoke the process of myelin compaction, or may
decrease the breaks in the myelin sheath and prevent
the appearance of abnormal impulse patterns.

Examinations of HAPs are important because of
the substantial changes in nerve excitability during
regeneration. HAP activities have been discussed in
our previous papers [Mert et al., 2004]. Briefly, HAP
occurs with increasing Kþ conductance and is gener-
ated by an outwardly oriented Kþ current due to the Kþ

electrochemical gradient. HAPs elicited by repetitive
stimulation is an adaptation of the nerve to high fre-
quency stimulation. Increasing the amplitude of the
HAP by 4-AP may be explained by the increase in
outward Kþ currents in response to elevated intracellu-
lar Naþ concentration during the high stimulation fre-
quency [Poulter et al., 1995;Mcintyre et al., 2002]. The

other distinctive difference due to PMF application on
the frequency-dependent activities of injured nerves
appeared on the HAP recorded from 38-dpc and
PMF-treated 38-dpc nerves in the presence of 4-AP.
This can also demonstrate the restorative effects of PMF
on damaged myelin sheaths.

Previous investigations performed with PMF
applications have demonstrated that PMF can promote
peripheral nerve regeneration [Sisken et al., 1989;
Kanje et al., 1993; Walker et al., 1994; Shupak, 2003;
Markov, 2007a]. Electrophysiological findings pre-
sented in this paper can support these studies. A number
of studies have shown that PMF influences growth
factor activity and levels in injured nerves [Sisken
et al., 1993; Longo et al., 1999; Macias et al., 2000].
Growth factor actions may be considered as important
effects for both regenerative and correctivemechanisms
of PMF on injured peripheral nerves.

Determination of nerve activities at various nerve
conduction frequencies is very important because
nerves are stimulated by repeated impulses in vivo.
High frequency conduction of action potentials depends
on excellent myelin integrity over the axon, and thus
any damage to the myelin sheath limits the nerve con-
duction frequency. Characteristic findings in impulse
conduction in recovered nerves under PMF treatment
indicate that the observed abnormal impulse patterns or
aberrant ion channel functions following injury may be
partially restored by PMF application. Present findings,
taken together with those of previous reports, suggest
that PMF treatment may reduce the time required for
healing and rehabilitation in peripheral nerve injury.
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Despite its frequency in right brain damaged patients crucial
mechanisms of tactile extinction are still obscure and treat-
ments are unavailable. Recent PET observations suggest a
hypometabolism in the primary and secondary somatosensory
cortex of the lesioned hemisphere in patients with tactile
extinction. Functional and morphological investigations have
shown that the sensorimotor cortex has a remarkable
capability of reorganization when the sensory inØow is changed.
Repetitive peripheral magnetic stimulation (RPMS) applied in
patients suffering from central paresis alleviates sensorimotor
as well as cognitive deÆcits by the induction of proprioceptive
inØow, thereby activating plasticity in the CNS. Based on the
observation of reduced metabolic activity in patients suffering
from tactile extinction we applied RPMS to explore the effects
of peripheral sensory stimulation on tactile extinction. Four-
teen right-hemisphere lesioned patients with tactile extinction
were randomly allocated to an experimental and a control
group. The experimental group received one single RPMS

treatment of the left forearm as well as a condition of
attentional cueing known to improve visual extinction. The
control group, with comparable tactile extinction scores,
neither received RPMS nor verbal cueing, but was tested twice
to evaluate possible learning or test repetition effects. In the
experimental group RPMS led to a signiÆcant reduction of left-
sided extinctions in the recognition of different tactual surfaces,
but had no effect on ipsilesional errors. In contrast, attentional
cueing had no signiÆcant effect on left-sided extinction errors
but unexpectedly increased right-hand extinction errors slightly
but signiÆcantly. The control group showed stable extinction
scores of the left- and right-hand stimulus across two measure-
ments, thus ruling out learning or test repetition effects. These
results show that sensory inØow is an important modulatory
factor in tactile extinction. Furthermore, multiple RPMS may
prove a promising way for the rehabilitation of patients with
this disorder. NeuroReport 11:3193±3198 & 2000 Lippincott
Williams & Wilkins.

INTRODUCTION
Extinction of sensory stimuli is deÆned as the inability to
process or attend to the more contralesionally located
stimulus when two stimuli are simultaneously presented.
By deÆnition the processing of a single stimulus should be
only marginally impaired, thereby ruling out gross elemen-
tary sensory deÆcits, i.e. hemianopia or hemianaesthesia.
Extinction may occur in the visual [1], auditory [2±4],
olfactory [5] or tactile modality [6,7]. The disorder is
particularly frequent in right-hemisphere lesioned patients
of whom 70% show left-sided tactile extinction [7]. Extinc-
tion is often found in patients with parietal or basal ganglia
lesions [8], but occurs after frontal [2] and temporal [3]
lesions as well. It is probably a rather persistent deÆcit
since it can be found a long time after lesion onset [9].

Two main explanations of extinction have been pro-
posed: sensory [6] and attentional theories [8]. While the
prior explain extinction as the result of a weakened sensory
integration process [6] the latter hold that elementary
sensory abilities may be completely intact, and yet extinc-
tion occurs. In favour of the latter account several studies

have shown that early sensory or preattentive processes
are often reasonably intact in patients with visual extinc-
tion. Thus, extinction is reduced when the two stimuli
perceptually grouped into a coherent `Gestalt' [10], show a
similar visual orientation in paracentral Æeld areas [11],
when both stimuli form one perceptual object [12], or when
both stimuli are perceptually very different [13,14]. Ob-
viously, sensory information regarding the extinguished
stimulus is covertly processed up to higher cortical integra-
tion areas which renders pure sensory explanations of
extinction unlikely [15].

Despite the increasing knowledge concerning the me-
chanisms guiding visual extinction much less is known
about the genesis of tactile extinction, and even less how to
rehabilitate it. Tactile extinction is usually tested with light
touches of the patient's left and right back of the hand [6],
or more quantitatively with same or different tactual
surfaces delivered to both hands [7]. Here, the patient has
to verbally identify both tactile surfaces beyond the mere
detection of a touch, thus increasing task difÆculty and
reducing guessing errors. As in visual extinction, covert



processing of information regarding the extinguished sti-
mulus has been found in tactile extinction [16]. This
residual information is signiÆcantly modulated by spatial
factors, i.e. the position of the hands to each other (crossed
or uncrossed, cf. [17]), or their position in the patient's
contra- or ipsilesional hemispace [18]. A recent PET study
[19] suggests that tactile extinction is associated with a
reduced metabolic activity in primary (SI) and secondary
somatosensory cortex (SII) during bilateral vibration stimu-
lation of the hands. Consequently, maneuvers suitable to
increase neural and/or metabolic activity in cortical soma-
tosensory areas might reduce tactile extinction of the
contralateral hand. Similarly, visual stimulation with drift-
ing patterns towards the contralesional hemispace and
transcutaneous electroneural stimulation (TENS) of the left
body side transiently reduce left-sided tactile extinction
[20].

During developments of a stimulation method for the
rehabilitation of central paresis of arm and hand it could
be shown [21,22] that repetitive magnetic stimulation above
the innervation zone of arm and hand muscles could
alleviate voluntary motor performances such as precision
grip, Ænger extension and tactile exploration. The concept
implies the activation of proprioceptive inØow to the
associative areas involved in goal directed movements of
forearm and hand in order to activate modulatory effects
(plasticity) in the CNS. Repetitive peripheral magnetic
stimulation (RPMS) applied to the innervation zone elicits
proprioceptive inØow to the CNS adequately via induced
muscle contractions as well as directly via stimulation of
afferent proprioceptive nerve Æbers.

In order to explore further modulatory factors on tactile
extinction that might also be suitable for rehabilitation we
evaluated in the present study the effectiveness of two
experimental manipulations on tactile extinction. First,
RPMS of the contralesional hand was studied in seven
patients (experimental group), with severe tactile extinction
of left-sided stimuli, to increase inØow of afferent somato-
sensory information to the lesioned right hemisphere. As
outlined above, RPMS leads to signiÆcant improvements in
sensorimotor performances in patients suffering from cen-
tral paresis [21,22] and activates fronto-parietal systems in
the lesioned hemisphere which are involved in control of
sensorimotor as well as cognitive±spatial functions. This
activation might have a modulating effect on tactile extinc-
tion.

As a second manipulation, verbal cueing of the patient's
attention towards the contralesional stimulus is known to
reduce extinction of left-sided stimuli in the visual domain
[9].This maneuver was used as a second manipulation to
explore the effect of attentional modulation on tactile
extinction. As mentioned in the introduction extinction is
viewed as an attentional disorder by some theories [10±
12]. According to these accounts the simultaneous proces-
sing of two sensory stimuli is limited due to reduced
attentional resources and/or inhibition between the two
inputs. Consequently, the cueing of attention to the left-
sided, probably extinguished stimulus might enhance per-
formance on this side. An interesting by-effect of this
manipulation is to look for possible cost effects on the
performance of the right, ipsilesional side when attention
is cued to the left-side. Since tactile extinction is also

inØuenced by fatigue, repeated testing or learning [3,23]
we tested a second comparable group of patients, all with
severe left-sided, tactile extinction, and tested them twice
in the same extinction test to estimate possible learning or
test repetition effects. This control group received neither
RPMS nor verbal cueing.

MATERIALS AND METHODS
Patients and normal subjects: Fourteen patients with left-
sided, tactile extinction following unilateral, right-hemi-
spheric brain lesions were included in the study (Table 1).
Seven were allocated randomly to the experimental group
and were selected for RPMS and the verbal cueing experi-
ment while the remaining seven patients served as a
patient control group. Seven age-matched normal subjects
(four female, three male, aged 22±67 years) served as
normal controls in the extinction test. All patients had
normal or nearly normal (. 90% correct identiÆcations) of
single tactile stimulations of the left and right hand using
the same tactual surfaces as in the bilateral tests.

Quality extinction test (QET): An assortment of materials
differing in tactile qualities, such as silk, sandpaper, foam
rubber, jute and Øeece, were Æxed on wooden boards
(153 10 cm). The patient was told that his sensory func-
tions were examined with a tactile test. He/she was
blindfolded for the duration of the test and was given all
items of the QET sequentially. Subjects were instructed to
handle and identify each material with either hand so that
they could recognize and name them when tested later in
the experiment. Tactile stimulation occurred on the back of
each hand because some patients were not able to open
their hand completely due to their paresis. First, we
investigated each hand alone to Ænd out whether the hand
has the sensitivity to identify the different materials. If the
patient repeatedly was not able to name a material when it
was presented to one single hand (unilateral trials) he was
excluded from the study. The patient then was instructed
to hold both hands parallel in front of his body on a table.
The examiner presented simultaneously one material to
each hand by pushing it with a velocity of ⇠5 cm/s over
the back of the hand from distal to proximal. The patient
was not told whether the stimulation included identical or
different materials applied to the two hands. He was
instructed to name the material he recognized on each
hand. Each naming response was reinforced by the exam-
iner, but the patient was not informed about his perform-
ance. There were 18 trials with the same material on each
hand (each material was presented three times simulta-
neously) and 18 trials with different materials on each
hand. Every material was presented with the same fre-
quency to each hand; every combination of materials
occurred twice during the test. An extinction response was
scored when the subject could identify in a trial with two
different materials only one of the materials. The raw score
and percentage of left- and right-sided extinctions during
bilateral stimulation trials with different materials were
computed for every subject.

Repetitive peripheral magnetic stimulation (RPMS): To
activate patterns to the CNS similar to the propriceptive
inØow of physiological movements, we induced controlled
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muscle contractions by RPMS [24]. RPMS activates predo-
minantly thick, myelinated nerve Æbres lying in well-
conducting tissue. Due to this fact pain can not be elicited
by this stimulation technique, in contrast to transcutaneous
electrical stimulation. RPMS applied to the innervation
zone elicits proprioceptive inØow to the CNS adequately
via induced muscle contractions as well as directly via
stimulation of afferent Æbres. We developed a new high
power magnetic stimulator, which can be computer-con-
trolled in instantaneous intensity (maximum 1500 J) and
rate (maximum 40/sˇ1; [25]). By placing the center of a
Ægure-of-eight coil (Fig. 1) over the innervation zone, we
can generate movements even of single Ængers. In order to
generate stimulation patterns similar to physiological pat-
terns, we use a closed-loop control, which generates posi-
tion-controlled movement of the forearm and Ængers. The
effects of magnetic stimulation on tactile extinction were
evaluated by comparing the prestimulation (Ærst baseline)
results with those obtained 30min after RPMS.

Verbal cueing of attention: Here, the patient was encour-
aged to report the quality of the contralesional stimulus
before that of the ipsilesional stimulus. Subjects were
instructed immediately before every bilateral stimulation
trial to report Ærst the tactual surface on his/her left dorsal
palm, and then the stimulus felt on the right dorsal palm.
Due to longer lasting improvements in the extinction tests
after RPMS in a pilot study it was necessary to establish a
second baseline 2±3 weeks after the RPMS experiment. The
effects of attentional cueing on tactile extinction are com-
pared with this second baseline data.

Statistics: Due to the small samples nonparametric tests
were used for within-group comparisons (Wilcoxon tests,
two-tailed, ·à 0.05) and between-group comparisons
(Mann-Whitney-tests, two-tailed, ·à 0.05).

RESULTS
Normal subjects: Normal subjects showed a mean of
4.7% (range 0±11%) left-hand errors in the extinction test,
and 2.4% (range 0±5.5%) right-hand errors. Although left-
hand errors were numerically more frequent, the perform-
ance between the left and right hand was not signiÆcantly
different (zàˇ1.134, n.s.).

Right brain-damaged experimental group: Figure 2 sum-
marizes the results of the experimental group. In the Ærst
baseline test all experimental patients showed moderate to
severe extinction scores on their left (contralesional) hand
(mean 90.4%, range 77±100%, Fig. 2, upper plot). They also
showed some errors on their right hand (mean 18.2%,
range 0±27%; Fig. 2, lower plot). Following one single
session of RPMS the percentage of left-sided extinctions
was reduced signiÆcantly in the experimental group by
25% (mean extinction ratio 64.2%, range 39±83%), and
remained relatively unchanged for the right hand (mean
24.5%, range 16±44%). Non-parametric statistics conÆrmed
that the number of left-sided extinctions was signiÆcantly
reduced after RPMS (zàˇ2.384, p, 0.017), but not the
number of right-sided errors (zàˇ1.069, n.s.).

In the condition of left-sided attentional cueing the
experimental group showed 77% (range 55±100%) extinc-T
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tions on their left hand, and 29.3% (range 16±38%) on their
right hand. The result of their left-hand performance was
not signiÆcantly different from that of the second baseline
(mean 81.6%, range 66±100%; zàˇ0.962, n.s.), while the
number of right-hand errors was slightly but signiÆcantly
higher in the attentional cueing condition (see above) than
that in the second baseline (mean 16.6%, range 0±22.7%;
zàˇ2.214, p, 0.027; Fig. 2).

To summarize, RPMS improved selectively the contrale-
sional tactile extinctions in the experimental group without
affecting ipsilesional tactile performance signiÆcantly. In
contrast, left-sided attentional cueing had no effect on
contralesional extinctions, but increased the number of
ipsilesional errors signiÆcantly.

Right brain-damaged control group and normal sub-
jects: The seven right brain-damaged control patients
who did not receive RPMS or cueing had comparable
extinction scores on bilateral different trials in the Ærst
baseline measurement with the QET (mean 87.3% on the
left hand, range 55±100%; mean 19.9% on the right hand,
range: 0±38.8%; Fig. 3). Mann-Whitney tests did not reveal
any signiÆcant difference between the two right brain-
lesioned groups (experimental vs control patient group)
regarding age, months since lesion, motor, sensory and
neglect status (largest U 24.5, smallest p-value 0.508, n.s.).
Furthermore, left-hand errors (zà 0.0, n.s.) and right-hand

extinction errors (zàˇ0.662, p. 0.05) did not differ sig-
niÆcantly between the two patient groups in the Ærst
baseline test, thus ruling out group differences as a
possible explanation for the differential results in the
extinction test.

The results of the control patient group in the second
baseline test were quite similar to those of the Ærst baseline
test (left hand: mean 84.2%, range 55±100%; right hand:
mean 24%, range 11.1±38.8%; Fig. 3). Wilcoxon tests did
not reveal any signiÆcant difference between the Ærst and
second baseline in the seven control patients (left hand:
zàˇ0.272, p. 0.05; right hand: zàˇ1.89, p. 0.05).
Hence, the right brain damaged control group was com-
parable to the right brain-lesioned experimental group but
showed no learning or test repetition effects in the same
extinction test as used in the experimental group.

DISCUSSION
The present study shows clearly that peripheral magnetic
stimulation of the contralesional, extinguishing hand re-
duces tactile extinction signiÆcantly in this hand, without
any negative cost effect in the ipsilesional hand. Moreover,
this effect was found within a time period of some 30min
post-stimulation, thus clearly demonstrating beneÆcial ef-
fects outlasting the stimulation. In contrast the attentional
cueing technique used here was ineffective in reducing
contralesional extinctions although it led to a small but

EMG
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·out
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Fig. 1. Schematic layout of the setup for RPMS of the left Ænger. The stimulation is triggered either by pressing a button with the unaffected hand or
by the EMG of the extensors of the affected Ænger. The closed loop PID controller sets the stimulation intensities in order to induce a smooth
movement to the position set by the command interpreter. The position of the affected Ænger is measured by a light goniometer.
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signiÆcant increase in ipsilesional errors. This latter cost
effect indicates that the patients somehow tried to employ
the cueing technique they had been instructed to use but
still were unable to discriminate the left tactual surface
during bilateral stimulation. This Ænding is quite the
opposite of what has been found with a similar cueing
technique in visual extinction [9] or line bisection judg-
ments (summarized in [16]). Perhaps this cost effect of

contralesional cueing on ipsilesional performance results
from the relatively demanding tactile extinction test we
used (discrimination instead of detection). If this hypoth-
esis is true, positive attentional cueing effects might be
obtained with less demanding tactile detection tasks.

Our results obtained with the non-invasive and non-
painful peripheral magnetic stimulation technique show
that repetitive sensory inØow is an important modulatory
factor in tactile extinction that deserves further exploration.
Our observations are compatible with the Ændings of
reduced metabolic activity in SI and SII in patients with
tactile extinction [19]. Since RPMS activates parieto-frontal
circuits [21,22] it is conceivable that this sensory inØow
increases neural and metabolic activity in primary and
secondary somatosensory cortices, thereby enhancing per-
formance in bilateral tactile discrimination tasks. In con-
trast to most of the other sensory stimulations or
behavioural manipulations evaluated in tactile extinction
(summarized in [16]) that produce short-lived effects which
disappear immediately after cessation of the modulation
[20], RPMS seems to induce longer lasting behavioural and
possibly physiological effects. This makes it a promising
candidate for the treatment of tactile extinction. Further-
more, other disorders frequently associated with spatial
neglect and extinction [16], i.e. the disturbed position
sense, impaired pain sensitivity or avoidance of contralat-
eral limb use as well as astereognosis ([19], see [16] for
review) might be also modulated by RPMS. Still greater
and enduring effects might be reached by combining
peripheral magnetic stimulation with a behavioural tactile
discrimination training since clinical [24,26] as well as
animal studies [27] show a signiÆcant potential for percep-
tual learning in the tactile modality following repetitive
training which is based on cortical plasticity and reorgani-
zation.
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Summary
Objective. — To evaluate the therapeutic effects of peripheral repetitive magnetic stimulation
(rMS) on recovery of traumatic brachial plexopathy.
Patients and methods. — Thirty-four patients with traumatic brachial plexopathy were studied.
Strength of different muscles of upper limbs was evaluated neurologically. Nerve conduction
studies (NCS), upper limb F-waves and visual analogue scales (VAS) for shoulder pain were
obtained for all patients. These were randomly assigned into two groups with a ratio of 2:1;
each patient received conventional physical therapy modalities and active exercises as well as
real or sham rMS applied over the superior trapezius muscle of the affected limb daily for 10
sessions. Patients were reassessed with the same parameters after the 5th and the 10th session,
and 1 month after rMS treatment.
Results. — No significant between-group differences were recorded at baseline assessment. Sig-
nificant improvement was observed (time X groups) after real rMS in comparison to the sham
group (P = 0.0001 for muscle strength and 0.01 for VAS of shoulder pain). These improvements
were still present at 1 month after the end of treatment. In accordance with the clinical
improvement, a significant improvement was recorded in the neurophysiological parameters
in the real vs the sham group.
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Conclusions. — We demonstrate that peripheral rMS for 10 sessions may have positive therapeu-
tic effects on motor recovery and pain relief in patients with traumatic brachial plexopathy.
Therefore, it is a useful adjuvant in the therapy of these patients.
© 2011 Elsevier Masson SAS. All rights reserved.
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Résumé
But de l’étude. — Évaluer les effets de la stimulation magnétique répétitive (SMR) périphérique
sur la récupération d’une plexopathie brachiale traumatique.
Patients et méthodes. — L’étude porte sur 34 patients atteints de plexopathie brachiale trau-
matique. La force de différents muscles des membres inférieurs a été mesurée cliniquement.
Nous avons obtenu, chez tous les patients, une mesure des conductions nerveuses incluant celle
des ondes F des membres supérieurs ainsi qu’une échelle visuelle analogique (EVA) des scapu-
lalgies. Les patients ont été aléatoirement distribués en deux groupes selon une proportion 2:1;
chaque patient a bénéficié d’une prise en charge physiothérapeutique conventionnelle incluant
des exercices de mobilisation active et a suivi dix sessions au cours desquels une SMR réelle ou
fantôme était appliquée sur le muscle trapèze du membre atteint. Les mêmes paramètres ont
été évalués chez les patients après la cinquième et la dixième session et un mois après la SMR.
Résultats. — La ligne de base ne différait pas entre les deux groupes. Une amélioration signi-
ficative fut observée après la SMR réelle par comparaison à la SMR fantôme (p = 0,0001 pour
la force musculaire et 0,01 pour l’EVA). Cette amélioration était toujours manifeste un mois
après le traitement. Parallèlement à l’amélioration clinique, une amélioration significative des
paramètres neurophysiologiques fut observé après SMR réelle par opposition à la SMR fantôme.
Conclusions. — Dix sessions de SMR périphérique peuvent avoir un effet favorable sur la
récupération motrice et l’atténuation de la douleur en cas de plexopathie brachiale trauma-
tique. La SMR périphérique peut, dès lors, constituer une thérapie adjuvante utile chez ces
patients.
© 2011 Elsevier Masson SAS. Tous droits réservés.

Introduction

Brachial plexopathy is a common complication of traffic
accidents. It is characterized by brachial neuralgia and
upper limb weakness. One approach to treatment of the
peripheral pain consists of repetitive electrical stimulation
of peripheral nerve; however, deep structures are difficult
to activate due to local discomfort at the site of stimula-
tion. Single and repetitive pulse magnetic coil stimulation
(rMS) can activate deeper neural structures without caus-
ing irritation and has been successfully applied to reduce
musculoskeletal pain for several days [14]. The mechanism
of action is unclear, although it may be similar to transcu-
taneous electrical nerve stimulation (TENS) with actions at
both peripheral and/or central levels of the nervous system.
For example, it has been proposed that TENS could cause
slowing of conduction in both small and large afferent nerve
fibers [19,23]. Kaelin-Lang et al. [6] concluded that TENS
elicits focal increase of cortico-motorneuronal excitability
outlasting the stimulation period and probably occurring at
cortical sites.

Struppler et al. [21,22] found that rMS could reduce
spasticity and improve perception of joint position in
stroke patients. Heldmann et al. [5] found that prolonged
peripheral rMS could modulate the response of primary
and secondary somatosensory cortices to afferent input.
Recent studies on healthy subjects demonstrated that
somatosensory input produced by peripheral nerve stim-
ulation or muscle stretch can produce a lasting increase
in cortico-motorneuronal excitability of the stimulated
body parts [15]. Thus, peripheral mixed nerve stimulation
may evoke conjoint activity of somatosensory afferents

and intrinsic motor cortical circuits. Such combination
seems particularly effective in modulating motor output,
as shown by the fact that median nerve stimulation paired
with transcranial magnetic stimulation can lead to lasting
changes in excitability of motor cortex [20].

The aim of this study was to evaluate the therapeutic
effects of peripheral rMS on pain relief and motor recovery
as an adjuvant therapy in patients with traumatic brachial
plexopathy.

Patients and methods

Neurophysiological measurements

Ulnar and median nerve motor conduction velocities, dis-
tal latencies and compound muscle action potentials (CMAP)
amplitudes were measured with standard surface stimulat-
ing and recording electrodes in both affected and unaffected
arms. For the axillary and suprascapular nerves, the tech-
nique described by Gassel [4] was used for measuring motor
nerve conduction time (latency) to the deltoid and supras-
capular muscles, respectively, using a concentric needle as
the recording electrode. A concentric needle electrode was
placed in the middle of the biceps, deltoid, and supraspina-
tus muscles.

The brachial plexus was stimulated with bipolar surface
electrodes at Erb’s point (a few centimeters above the
clavicle in the angle between the posterior border of the
sternomastoid muscle and the clavicle at the level of the
6th cervical vertebra). Latency values obtained with anodal
and cathodal stimulation were averaged to calculate the
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final value. The normal limits of motor conduction veloci-
ties, distal latencies and conduction times were set at +2 SD
from the mean values of the healthy arm of the same group
of patients. The CMAP was considered abnormal if the peak-
to-peak amplitude was below the lowest value found in the
healthy arm.

F-waves from both upper limbs were recorded to median
and ulnar nerves supramaximal stimulation at the wrist
using surface electrode at thenar and hypothenar emi-
nences, respectively. The ground electrode was placed at
the forearm. Twenty trials for each nerve were recorded;
the mean F-wave latency was measured. A 1.5-ms F-
wave latency difference between both arms was considered
abnormal.

Skin temperature was controlled. Recordings were per-
formed with a Nihon Kohden equipment (model 7102), with
the following parameters: sweep time 8 ms/D, sensitivity
0.5 mV/D, low frequency 2 Hz, high frequency 10 Hz, stimu-
lation duration 0.1 ms, stimulation frequency 1 Hz.

Magnetic stimulation

Resting motor threshold of the 1st dorsal interosseous
muscle (FDI) of the unaffected limb was measured for each
patient using a Magstim Super Rapid (Magstim, Whitland,
UK) stimulator connected to a 90-mm outer diameter
figure-of-eight coil. First, we determined the optimal scalp
location by moving the figure-of-eight coil systematically
in 1-cm steps in order to determine the scalp position
from which transcranial magnetic stimulation (TMS) (cons-
tant suprathreshold intensity) evoked motor potentials of
maximum peak-to-peak amplitude in the target muscle.
The coil was positioned tangentially to the scalp and
oriented so that the induced electrical currents would flow
approximately perpendicular to the central sulcus, at a 45◦

angle from the mid-sagittal line. Single-pulse TMS was then
delivered to the optimal location, starting at suprathreshold
intensity and decreasing in steps of 2% of the stimulator
output. Relaxation and EMG signals were monitored for
20 ms prior to stimulation. Resting motor thresholds was
defined as the minimum output of the stimulator that
induced reliable MEPs (amplitude of 50 !V and 200 !V
at rest or during weak voluntary contraction, respec-
tively) in at least five of 10 consecutive trials in the FDI
muscle.

Patients

We conducted this study in the Department of Neurology
in collaboration with the Department of Rheumatology and
Rehabilitation at Assiut University Hospital, Assiut, Egypt.
The study included 40 consecutive patients (28 males) with
traumatic weakness of one upper limb. These were recruited
from the outpatient clinics of Rehabilitation and Orthopedic,
during the period from March 2005 to December 2010. The
mean age was 37.2 ± 14.1 years (range: 16 to 59 years). All
patients had been treated after trauma with conventional
physical therapy, muscle strengthening exercises and medi-
cations, including anticonvulsants, narcotic or non-narcotic
analgesics, without any satisfactory pain control or improve-
ment in muscle strength for at least one and half month.

Exclusion criteria were: patients with open injury, fractures,
dislocation, head trauma, tendon tears of shoulder joint,
severe limb paralysis and wasting of the muscles, in which
no evoked potential could be recorded. Four cases were
excluded due to the presence of associated tendon tear
and fracture in the shoulder (Fig. 1; flow chart). Out of the
remaining 36 patients, 20 presented with right and 16 with
left brachial plexopathies. Traffic accident (16 patients)
was the most common cause followed by lifting heavy
objects on the shoulder (10 patients), direct trauma, object
striking shoulder or falling from a height (six patients),
and postoperative arm traction during general anesthe-
sia (four patients). Mean illness duration was 7.8 ± 2.1
weeks (range: 6 to 12 weeks). This study was approved
by the local ethical committee of Assiut University Hospi-
tal. Written informed consent was obtained from all of the
subjects.

The strength of different upper limb muscles was
neurologically assessed in each patient using the Medi-
cal Research Council Scale [12] and each patient was
asked to score shoulder pain using a visual analogue scale
(VAS) [13].

The patients were randomly classified into one of the
two groups with a 2:1 ratio, using closed envelopes. The
first group (24 patients) received both physical therapy
(electrical stimulation, ultrasound, heat therapy and
therapeutic as well as active exercises) and real rMS.
Physical therapy aimed at alleviating pain, maintaining
range of motion (ROM), and optimizing motor-function
recovery at the time of muscle reinervation. Therapeutic
exercises gradually progressed from passive to active ROM,
as tolerated. The second group (12 patients) received the
same physical therapy with sham rMS.

Two types of real rMS were used. The first one (‘‘7
Trains’’) was designed to relieve shoulder pain: stimulation
at motor threshold, 15 Hz, 10 seconds per train with an 20-
second inter-train interval for a total of 1050 pulses. The
second one (‘‘50 Trains’’) was designed to increase strength:
stimulation at 70% of the motor output, sufficient to give
rise to arm contraction, 3 Hz, 10 seconds per train with a
30-second inter-train interval, for a total of 1500 pulses.
A 10-minute rest period was observed between both types
of stimulation. Both were daily applied over the superior
trapezius muscle (10 sessions, five sessions/week). The same
parameters were used for sham rMS and real rMS but the coil
was elevated away from the trapezius muscle (not touching
the patient). The magnetic stimulator (Magstim model 200;
Magstim, Whitland, UK) was connected to a 70-mm outer
diameter figure-of-eight coil, which resulted in a maximal
output of 2.2 Tesla. Two patients in the real group were
lost to follow-up, so that 34 patients completed the study
(Fig. 1).

Patients were evaluated before rMS, after the 5th ses-
sion and the 10th session, and at 1 month, using VAS for
assessment of shoulder pain and rating scale for strength of
power. Neurophysiological assessment was performed both
before and after the series of sessions. Patients were not
aware of the type of stimulation. The investigator who was
responsible for clinical and neurophysiological follow-up was
blind to the type of treatment. However, the investigator
who assessed muscle strength was aware of the type of
stimulation.
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Assessed for eligibility (n=40)

Excluded (n=4)

Not mee!ng inclusion criteria
(n=2)

Declined to par!cipate (n=2)

Other reasons (n=0)

Randomized (n=36)

Allocated to interven!on (rTMS) (n=24)

Received allocated interven!on (n=24)

Did not received allocated interven!on (n=0)

Allocated to interven!on (Sham rTMS) (n=12)

Received allocated interven!on (n=12)

Did not received allocated interven!on (n=0)

Follow - Up

Lost to follow-up (n=0)

Discon!nued interven!on (n=0)

Lost to follow-up (n=2)

Discon!nued interven!on (n=0)

Analysis

Analysed (n=22) for manifesta!on
of brachial plexopathy

Analysed (n=12) for manifesta!on of
brachial plexopathy

Figure 1 Study flow chart. Two patients in the real group were lost to follow-up, so that 34 patients completed the study.

Data analysis

Pain level and muscle strength at baseline, 5th, 10th and
after 1 month were evaluated using a 2-factor analysis of
variance (Anova) (‘‘time factor’’ as the main factor pre,
5th, 10th, 1 month) and ‘‘session type’’ (real vs sham), for
both rating scores (muscle strength and VAS). Paired t test
was used to evaluate the pre- vs post-changes in neurophysi-
ological parameters. The Greenhouse—Geisser correction of

degrees of freedom was used whenever necessary to correct
non-sphericity. Spearman’s correlation between the degree
of improvement in muscle strength and VAS (pre-rMS—1
month after) were calculated for the different muscles.

Results

Table 1 shows the demographic and clinical data of the
patients at admission. Weakness was more pronounced in
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Table 1 Demographic and clinical data of the studied patients (that complete the follow-up) at baseline assessment.

Variable Real group
n = 22

Sham group
n = 12

P value

Age mean (SD) (years) 33.9 (11.1) 30.9 (11.70) 0.197

Sex (Male/Female) 18/4 10/2 NS

Duration of illness (weeks) mean (SD) 7.8 (2.2) 8.4 (2.5) 0.611

Affected arm (Right/Left) 12/10 6/6 NS

Causes
Motor car accident 10 6
Lifting heavy objects 5 3 NS
Postoperative traction to the limb 3 1
Direct trauma 4 2

Strength of the muscles mean (SD)
Hand grip strength 3.9 (0.9) 3.6 (1.2) NS
Elbow flexor (biceps muscle) 3.6 (0.9) 3.9 (0.9) NS
Elbow extensor (triceps muscle) 3.9 (0.9) 3.8 (1.0) NS
Deltoid muscle 2.5 (1.4) 2.3 (1.1) NS
Supraspinatus muscle 2.6 (1.3) 2.3 (1.1) NS

NS: non-significant.

Table 2 Neurophysiological data of the studied patients (34 patients) at base line assessment.

Normal arm (34 arms) Affected arm Affected arm P value

Real group
(22 arms)

Sham group
(12 arms)

Between
both groups

Median nerve (mean ± SD)
Distal latency (ms) 3.7 ± 0.5 3.7 ± 0.6 3.6 ± 0.5 0.93
NCV (m/s) 56.5 ± 6.8 53.1 ± 6.2 56.4 ± 5.8 0.95
CMAP amplitude (! V) 10.1 ± 4.3 6.8 ± 4.6 6.1 ± 3.1 0.23
F-wave latency (ms) 27.5 ± 2.9 29.6 ± 3.7 28.7 ± 2.6 0.36

Ulnar nerve (mean ± SD)
Distal latency (ms) 2.6 ± 0.6 2.9 ± 0.6 2.5 ± 0.4 0.2
NCV (m/s) 56 ± 6.6 54.8 ± 9.3 54.8 ± 13.5 0.27
CMAP amplitude (!V) 8.9 ± 3.7 6.8 ± 3.7 8.7 ± 8.2 0.09
F-wave latency (ms) 28.8 ± 2.7 29.8 ± 3.0 34.5 ± 12.8 0.53

Axillary nerve (mean ± SD)
Conduction time (ms) 3.5 ± 0.7 5.5 ± 2.9 5.9 ± 3.4 0.3
CMAP amplitude (! V) 8.3 ± 6.1 2.5 ± 3.6 2.4 ± 4.4 0.4

Musculocutaneous nerve (mean ± SD)
Conduction time (ms) 4.1 ± 0.8 6.1 ± 2.8 5.1 ± 1.8 0.4
CMAP amplitude (! V) 8.2 ± 5.3 3.9 ± 5.1 3.3 ± 3.2 0.1

Suprascapular nerve (mean ± SD)
Conduction time (ms) 2.7 ± 0.5 4.7 ± 0.8 4.7 ± 1.5 0.74
CMAP amplitude (! V) 6.9 ± 4.9 2.1 ± 4.6 2.9 ± 1.9 0.1

muscles supplied by the upper trunk of the brachial plexus
(deltoid, supraspinatus and biceps muscles) followed by
triceps and hand grip muscles. Table 2 confirms that the neu-
rophysiological abnormalities were more severe in axillary,
suprascapular and musculocutaneous nerves (upper trunk of
brachial plexus) followed by median nerve and the ulnar
nerve as the least affected one.

Peripheral rMS was well-tolerated by all patients, without
any adverse effects.

Effect of treatments on muscle strength

The mean rating score of muscle strength increased over
the four times of assessment in the real rMS group, for all
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Figure 2 Changes in mean power rating scores of hand grip (A), elbow flexion (B), and deltoid (C) at the four assessment points
(pre, 5th, 10th, 1 month). The first assessment was performed immediately prior to a 10-session repetitive magnetic stimulation
(rMS) treatment, the 2nd and 3rd assessments immediately after the 5th and 10th sessions of transcranial magnetic stimulation of
the brain (rTMS), respectively, and the last assessment one month after the end of sessions. There were no significant between-group
differences in muscle strength at baseline assessment, while a significant improvement was observed over the course of the real
repetitive magnetic stimulation (rMS) treatment as compared to the sham group (P = 0.03, for hand grip, and 0.0001, for elbow
flexor and deltoid muscles).

Table 3 Neurophysiological parameters (pre- and post-sessions) of nine cases of real and six cases of sham groups.

Real group (nine cases) Sham group (six cases)

Pre-sessions Post-sessions P value Pre-sessions Post-sessions Paired t test

Median nerve (mean ± SD)
Distal latency (ms) 3.5 ± 0.33 2.85 ± 0.01 0.002 3.6 ± 0.5 3.65 ± 0.01 0.85
NCV (m/s) 59.5 ± 5.5 57.3 ± 2.8 0.13 53.8 ± 4.9 54.3 ± 3.3 0.83
CMAP amplitude (!V) 7.2 ± 3.0 14.5 ± 2.5 0.04 6.6 ± 3.7 6.56 ± 3.3 0.92
F-wave latency (ms) 27.3 ± 0.8 25.4 ± 1.6 0.006 29.7 ± 0.8 29.0 ± 2.1 0.21

Ulnar nerve (mean ± SD)
Distal latency (ms) 2.6 ± 0.34 2.2 ± 1.8 0.08 2.5 ± 0.5 2.5 ± 1.8 0.63
NCV (m/s) 56.9 ± 9.4 58.2 ± 9.3 0.109 56.9 ± 9.4 58.2 ± 9.3 0.08
CMAP amplitude (!V) 13.4 ± 8.6 15.5 ± 8.9 0.123 5.3 ± 2.6 5.2 ± 2.7 0.64
F-wave latency 29.4 ± 4.2 26.2 ± 2.8 0.58 30.7 ± 3.6 29.9 ± 3.2 0.03

Axillary nerve (mean ± SD)
Conduction time (ms) 7.98 ± 4.1 4.1 ± 0.78 0.028 6.1 ± 3.8 6.3 ± 4.5 0.51
CMAP amplitude (!V) 0.48 ± 0.11 1.6 ± 0.88 0.009 0.5 ± 0.12 1.1 ± 0.85 0.06

Musculocutaneous nerve (mean ± SD)
Conduction time (ms) 5.2 ± 1.6 3.8 ± 0.4 0.04 5.6 ± 1.6 5.4 ± 1.6 0.29
CMAP amplitude (!V) 4.08 ± 3.5 4.9 ± 0.95 0.16 4.08 ± 3.5 4.9 ± 0.95 0.88

CMAP: compound muscle action potentials; NCV: nerve conduction velocity.

muscles. This was evident for the deltoid: P < 0.0001, F = 91,
df = 1.6 (33), supraspinatus, P < 0.0001, F = 102, df = 2.1 (44),
elbow flexors P < 0.0001, F = 45, df = 1.5 (31), elbow exten-
sors P < 0.0001, F = 39, df = 1.3 (27.7), and hand grip muscles
P < 0.0001, F = 44.1, df = 1.3 (27.6). In the sham group,

there was a significant improvement in hand grip only,
while the other muscles showed a non-significant improve-
ment: P < 0.01, F = 5.8, df = 1.5 (18) for hand grip, P = 0.10,
0.51, 0.06 and 0.6 for elbow flexor, extensor, deltoid,
and supraspinatus muscles respectively. Fig. 2A, B and C
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Figure 3 Changes in mean pain rating scores (Visual Ana-
logue Scale [VAS]) over the course of the treatment. The Visual
Analogue Scale improvement is significantly more marked in
the real vs sham repetitive magnetic stimulation (rMS) group
(P = 0.0001).

illustrate changes in the mean scores of hand grip, elbow
flexion, and deltoid muscles at each assessment time (pre,
5th, 10th, 1 month).

Improvements were statistically significant at the second
and third assessment points (pre vs 5th and 5th vs 10th)
P = 0.001, and 0.0001 respectively for all muscles except
the elbow extensor (P = 0.15 5th vs 10th). At 1 month, the
improvements were stationary with no significant changes
(10th vs 1 month) in any muscle except the deltoid muscle
(P = 0.04).

Effect of treatment on neurophysiological
parameters

Nine cases in the real group and six cases in the sham
group were neurophysiologically re-evaluated after the
last session. Paired t test showed that the mean value
of the neurophysiological parameters in each nerve was
significantly improved after real rMS especially for the
axillary, median and musclucutaneous nerves. No similar
changes were recorded in the sham group except for a small
improvement in ulnar nerve parameters. Details are pro-
vided in Table 3.

Pain assessment

A significant improvement in VAS was noticed during the
course of treatment: P < 0.0001, F = 27 and df = 1 (21) for
both the real and the sham group: P < 0.01, F = 6.1 and
df = 1.6 (24). However, a two-way Anova time X groups
showed that the improvement was significantly greater in
the real group in comparison to the sham group: P < 0.0001,
F = 25.9 and df = 2.1 (66). This improvement also persisted
until 1 month (Fig. 3). There was a significant correlation
between the degree of improvement in muscle strength and
VAS (pre-rMS—1 month after) (P = 0.001 for all muscles) in
the real group.

Discussion

This preliminary study demonstrates that 2 weeks of real
rMS combined with conventional physical therapy can
improve pain and muscle strength in cases of brachial
plexopathy. Noteworthy, these changes started during the
peripheral rMS therapy and improvement continued during

the following month. Pain improvement paralleled the pro-
gressive increase in muscle strength.

The advantage of rMS over conventional therapeutic
electrical stimulation lies in its ability to stimulate deep
structures without the local discomfort that is produced by
high intensities of electric stimulation [1]. That is to say
that brachial plexus activation was readily obtained in all
patients.

The mechanisms of the response to rMS are still uncer-
tain, and, objective effects could occur at both spinal and
supraspinal levels. There could be a direct effect on pain,
with a secondary increase in muscle strength as patients
start to increase their use of the affected limb. Conversely,
there could be a direct effect on strength with a secondary
effect on pain. Finally, there could even be a direct effect
of rMS on both pain and strength.

Muscle strength

In this study, we applied a mixture of sub-motor thresh-
old stimulation, in order to activate only sensory afferents,
together with supra-motor threshold stimulation, in order
to evoke clear muscle contraction through stimulation of
the efferent nerve. As noted by Struppler et al. [21], the
latter will activate sensory afferent fibers by direct depo-
larization as well as indirectly via the muscular contractions
evoked by stimulation of efferent motor fibers. This will
produce a large input to the CNS and a strong sensation
of contraction and movement. Pain could be influenced by
activation of large diameter afferent fibers that may excite
inhibitory neurons in the spinal dorsal horn and suppress
the neurons in laminae I, II, and V, which ordinarily fire
in response to noxious stimuli [8]. They also may activate
supraspinal inhibitory systems acting on nociceptive spinal
neurons [18].

Several factors could explain the improvement in mus-
cle strength. However, it is important to note that even
though rMS induces muscle contraction, it is unlikely that
the increase in muscle strength observed was due to a direct
effect on the muscle. Indeed, a direct effect would take
several weeks to occur, whereas the increase in strength
was evident after the first 5 days of stimulation. Therefore,
it is likely to be due to increased volitional drive to the
remaining peripheral connections. Reduced pain could be
one factor that would increase volitional output. In addition,
Ridding et al. [15] noted that prolonged peripheral input can
increase corticospinal excitability, which would also tend to
increase voluntary strength. Both hypotheses are consistent
with a PET study of stroke patients by Spiegel et al. [18] who
found that rMS of the upper extremity increased activation
of fronto-parietal circuits.

Another possibility is that magnetic stimulation of the
nerve trunk of the brachial plexus increases the number
of the endoneurial vessels, thereby improving the ischemic
state of damaged nerve and promoting axonal regeneration.
Such effects might contribute to the gradual increases in
strength that are observed after cessation of treatment.
This is in keeping with the significant improvement in neu-
rophysiological parameters that was recorded in this study.
An additional mechanism might be that rMS enhances the
effect of physiotherapy at some central site.
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Pain

Although several previous studies underlined the usefulness
of transcranial magnetic stimulation of the brain (rTMS) to
treat pain syndromes [2,3,7,9—11], only a few studies dealt
with the effects of peripheral magnetic stimulation. In keep-
ing with the studies of Smania et al. [16,17] on myofascial
pain syndromes and Pujol et al. [14] on musculoskeletal
pain, our study indicates that rMS might be an effective tool
to reduce peripheral pain.

Despite some of its limitations (small sample size,
short follow-up, incomplete blinding), this preliminary study
should encourage further research aimed at establishing the
clinical usefulness of this new procedure in the treatment
of brachial plexopathies.

Conclusion and recommendations

Even if the mechanisms of improvement need further inves-
tigations, peripheral rMS for 10 sessions might enhance
motor recovery and pain relief in patients with traumatic
brachial plexopathy.
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+RZHYHU��D�SUREOHP�ZLWK�7(6�LV�WKDW�D�VWURQJ�VWLPXOXV�LV�
UHTXLUHG� WR� LQGXFH� MRLQW� PRYHPHQW� E\� FRQWUDFWLQJ� WKH�
SDUDO\]HG�PXVFOHV��WKXV�PDNLQJ�LW�D�SDLQIXO�SURFHVV��

5HSHWLWLYH� SHULSKHUDO� PDJQHWLF� VWLPXODWLRQ� �U306�� LV�
D� QRQ�LQYDVLYH�� QHDUO\� SDLQOHVV�� FOLQLFDOO\� SURPLVLQJ�
PHWKRG� RI� EULQJLQJ� DERXW� QHXUDO� PRGL¿FDWLRQV��±��� 7KH�
GLIIHUHQFH� EHWZHHQ� WKH� DPRXQW� RI� SDLQ� FDXVHG� E\� U306�
DQG�WKDW�FDXVHG�E\�7(6�FDQ�EH�H[SODLQHG�E\�XQGHUVWDQGLQJ�
WKDW� WKH�$į�DQG�&�QRFLFHSWLYH�¿EHUV� WKDW� UXQ� WKURXJK� WKH�
VXSHU¿FLDO� OD\HUV� KDYH� ¿QH� D[RQV� ZLWK� KLJKHU� H[FLWDWLRQ�
WKUHVKROGV�� ,Q� FRQWUDVW�� Į� PRWRU� QHXURQ� D[RQV� UXQ� DW�
D� GHHSHU� OHYHO�� DUH� WKLFNHU�� DQG� KDYH� D� ORZ� H[FLWDWLRQ�
WKUHVKROG������� 7R� H[FLWH� GHHSO\� ORFDWHG� Į� PRWRU� QHXURQ�
D[RQV�ZLWK� 7(6� UHTXLUHV� D� VWURQJ� HOHFWULF� FXUUHQW� WKDW� LV�
PRUH� OLNHO\� WR� H[FLWH� VXSHU¿FLDO� QRFLFHSWLYH� QHXURQV� DQG�
UHVXOW� LQ� SDLQ�� ,Q� U306�� PRWRU� D[RQV� DUH� VWLPXODWHG� E\�
SXOVHG� FXUUHQWV� WKDW� FDQFHO� RXW� WKH� PDJQHWLF� ¿HOG� E\�
UHSHDWHGO\� SDVVLQJ� D� WUDQVLHQW� HOHFWULF� FXUUHQW� WKURXJK�
D� VWLPXOXV� FRLO��%HFDXVH� WKH�PDJQHWLF� ÀX[� GHQVLW\� LV� QRW�
DIIHFWHG�E\�VNLQ� UHVLVWDQFH�� WKH� LQGXFHG�FXUUHQW� LV� DEOH� WR�
VWLPXODWH�PRWRU�D[RQV� LQ� WKH�GHHS� WLVVXHV��7KHVH�QHXURQV�
KDYH�ORZ�H[FLWDWLRQ�WKUHVKROGV�DQG�GR�QRW�H[FLWH�QRFLFHS�
WLYH�QHXURQV�LQ�WKH�VXSHU¿FLDO�OD\HU�DQG�WKHUHIRUH�LW�LV�OHVV�
SDLQIXO�

$OWKRXJK� SUHYLRXV� OLWHUDWXUH� UHSRUWHG� WKDW� U306� SUR�
GXFHG�OHVV�SDLQ�FRPSDUHG�WR�7(6��TXDQWLWDWLYH�VWXGLHV�WKDW�
FRPSDUHG�SDLQ�LQGXFHG�E\�PDJQHWLF�YHUVXV�HOHFWULF�VWLPX�
ODWLRQ�DUH� OLPLWHG����±�����±��� +DQ�HW�DO� UHSRUWHG� WKDW�ZKHQ�
U306�RU�7(6�ZDV�DGPLQLVWHUHG� WR� WKH�DQWHULRU�VXUIDFH�RI�
WKH� GLVWDO� WKLJK�� U306�ZDV� VLJQL¿FDQWO\� OHVV� SDLQIXO� WKDQ�
7(6� DW� WKH� VDPH� DPRXQW� RI� NQHH� H[WHQVLRQ� WRUTXH���� ,WR�
HW� DO� FRPSDUHG� KLS� ÀH[LRQ� WRUTXH� ZKHQ� U306� DQG� 7(6�
ZHUH� DGPLQLVWHUHG� WR� WKH� DQWHULRU� VXUIDFH� RI� WKH� KLS��7KH�
VWLPXODWLRQ�LQWHQVLWLHV�ZHUH�DGMXVWHG�WR�WKH�PD[LPDO�WROHU�
DQFH� RI� HDFK� SDUWLFLSDQW�� 7KH\� IRXQG� WKDW� KLS� ÀH[LRQ�
WRUTXH�ZDV� VLJQL¿FDQWO\� JUHDWHU� IRU� U306� WKDQ� IRU�7(6���

7KXV��U306�SURGXFHG�OHVV�SDLQ�DW�D�JLYHQ�OHYHO�RI�VWLPX�
OXV�LQGXFHG�PXVFOH� FRQWUDFWLRQ� DQG� D�JUHDWHU� MRLQW� WRUTXH�
DW�WKH�LQWHQVLW\�RI�PD[LPXP�WROHUDQFH�

1R� VWXG\� KDV� FRPSDUHG� SDLQ� EHWZHHQ� PDJQHWLF� DQG�
HOHFWULFDO� VWLPXOL� RYHU� D�ZLGH� UDQJH� RI� VWLPXODWLRQ� LQWHQ�
VLWLHV� H[FHSW� 6]HFVL¶V� VWXG\�� 7KLV� VWXG\� GHPRQVWUDWHG� WKH�
UHODWLRQVKLS�EHWZHHQ�NQHH�H[WHQVLRQ�WRUTXH�DQG�SDLQ�ZKHQ�
DSSO\LQJ� PDJQHWLF� DQG� HOHFWULFDO� VWLPXODWLRQ� RYHU� WKH�
TXDGULFHSV�PXVFOH� LQ� VXEMHFWV�ZLWK� SDUHVLV� DQG�SUHVHUYHG�
VHQVDWLRQ��6]HFVL�HW� DO� HVWDEOLVKHG� WKDW�SDLQ� UHDFKHG�PD[�
LPXP� WROHUDQFH� HDUOLHU� IRU� HOHFWULFDO� VWLPXODWLRQ� WKDQ� IRU�
PDJQHWLF� VWLPXODWLRQ� XVLQJ� D� VDGGOH�VKDSHG� FRLO� ZLWK�

LQFUHDVLQJ� WRUTXH�� 6WLPXOXV� LQWHQVLWLHV� ZHUH� LQFUHDVHG�
IURP�]HUR�WR�WKH�PD[LPXP�WROHUDEOH�OHYHO���

3DLQ� LQGXFHG�E\�PDJQHWLF� VWLPXODWLRQ� FDQ�EH� DIIHFWHG�
E\� WKH� FRLO� VKDSH� DQG� WKH� VWLPXODWLRQ� VLWH�� 0RUL� HW� DO�
GHYHORSHG�D�FRPSDFW�8�VKDSHG�FRLO�IRU�FRQWUDFWLQJ�VXSUD�
K\RLG�PXVFOHV�LQ�RUGHU�WR�UHGXFH�VWLPXODWLRQ�RI�WKH�LQIHULRU�
DOYHRODU�QHUYH��ZKLFK�FDQ�EH�H[FLWHG�XVLQJ�WKH�XVXDO�URXQG�
FRLO���� .DJD\D� HW� DO� UHYHDOHG� WKLV� 8�VKDSHG� FRLO� FRXOG�
LQGXFH� K\RLG� ERQH� PRYHPHQW� ZLWK� PLQLPDO� SDLQ�� ,W� LV�
HVVHQWLDO� WR� H[DPLQH� WKH� SDLQ�VWLPXOXV� LQWHQVLW\� UHODWLRQ�
VKLS� IRU�ERWK� LQGLYLGXDO� WDUJHW� ERG\� VLWHV� DQG� WKH� W\SH�RI�
GHYLFH� XVHG� ZKHQ� DSSO\LQJ� U306���� 7KH� SXUSRVH� RI� WKH�
SUHVHQW� VWXG\�ZDV� WR� LQYHVWLJDWH� WKH� UHODWLRQVKLS� EHWZHHQ�
U306�LQGXFHG� PRYHPHQW� DQG� SDLQ� ZKHQ� VWLPXODWLQJ� WKH�
GRUVDO� IRUHDUP�XVLQJ� D� QHZO\� GHYHORSHG�PDJQHWLF� VWLPX�
ODWRU�DQG�D�FRQYHQWLRQDO�HOHFWULFDO� VWLPXODWRU�� ,Q�DGGLWLRQ��
ZH�HYDOXDWHG�GLVFRPIRUW�DV�VHFRQGDU\�RXWFRPH��2XU�ZRUN�
LQJ�K\SRWKHVLV�ZDV�WKDW�PDJQHWLF�VWLPXODWLRQ�PLJKW�H[FLWH�
PRWRU� D[RQV� ZLWK� ORZ� H[FLWDWLRQ� WKUHVKROGV� LQ� WKH� GHHS�
WLVVXH�ZKLOH�JHQHUDWLQJ�RQO\�OLPLWHG�H[FLWDWLRQ�RI�QRFLFHS�
WLYH�QHXURQV� LQ� WKH� VXSHU¿FLDO� OD\HUV��7KXV�� U306�VKRXOG�
UHVXOW� LQ� OHVV� SDLQ� DQG�GLVFRPIRUW� WKDQ�7(6� IRU� WKH� VDPH�
DPRXQW�RI�LQGXFHG�PRYHPHQW�
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PXOL� ZHUH� DGPLQLVWHUHG� XVLQJ� D� SHULSKHUDO� PDJQHWLF� VWL�
PXODWRU� �3DWKOHDGHU�� ,)*�� 6HQGDL�� -DSDQ��� 7KH� PDLQ� XQLW�
PHDVXUHV�����PP�ZLGH�î�����PP�GHHS�î�����PP�KLJK��LW�
ZHLJKV�DSSUR[LPDWHO\����NJ�� DQG� WKH�FRLO�ZHLJKV�����NJ��
7KH� FRLO� LV� D� FLUFXODU� FRLO� ZLWK� D� PDJQHWLF� FRUH� DQG� WKH�
RXWHU�GLDPHWHU� LV� ��� PP�� 7KLV� LV� GLIIHUHQW� IURP� WKH� RQH�
XVHG�LQ�SUHYLRXV�VWXGLHV��GLDPHWHU�����PP��URXQG�FRLO� LQ�
+DQ¶V�VWXG\����RXWHU�GLDPHWHU�����PP��DQQXODU�URXQG�FRLO�
LQ� 6]HFVL¶V� VWXG\���� GLDPHWHU� ���� PP�� URXQG� FRLO� LQ�
0DWVXPRWR¶V� VWXG\����� 7KH� VWLPXOXV� LQWHQVLW\� �ZLWK�PD[�
LPXP�VWLPXOXV�LQWHQVLW\�GH¿QHG�DV�������ZDV�DGMXVWHG�E\�
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FKDQJLQJ� WKH� FKDUJLQJ� YROWDJH� DSSOLHG� WR� WKH� FRQGHQVHU�
�)LJXUH���OHIW���2XU�SUHYLRXV�VWXG\�KDV�FRQ¿UPHG�WKH�OLQHDU�
UHODWLRQVKLS� EHWZHHQ� VWLPXOXV� LQWHQVLW\� DQG� SXOVHG� PDJ�
QHWLF� ¿HOG� LQWHQVLW\� DGMDFHQW� WR� WKH� FRLO�� ZKDW� VWLPXOXV�
IUHTXHQF\� FDQ� EH� DGMXVWHG� LQ� ���� +]� LQFUHPHQWV� WR� DQ\�
YDOXH�ZLWKLQ�WKH�UDQJH�RI���±���+]���±��

(OHFWULFDO� VWLPXODWLRQ� ZDV� GHOLYHUHG� XVLQJ�
D� WUDQVFXWDQHRXV� HOHFWULFDO� FXUUHQW� VWLPXODWRU� �(VSXUJH��
,WR�&2���/WG��6DLWDPD��-DSDQ��DQG�D����î����PP�HOHFWURGH�
EDQG� �3$/6� 3ODWLQXP�� $[HOJDDUG� 0DQXIDFWXULQJ��
)DOOEURRN�� &$�� 86$��� 7KH�PDLQ� XQLW� PHDVXUHG� ����PP�
KLJK�î����PP�ZLGH�î������PP�GHHS�DQG�ZHLJKHG�DSSUR[L�
PDWHO\�����J��7KH�PD[LPXP�RXWSXW�FXUUHQW�ZDV����P$���
���� �HIIHFWLYH� YDOXH��� PD[LPXP� RXWSXW� YROWDJH� ZDV� ���
9��������SHDN�YDOXH������ȍ�ORDG���DQG�PD[LPXP�RXWSXW�
IUHTXHQF\�ZDV�����+]��������)LJXUH���ULJKW��

3DUDPHWHUV�0HDVXUHG
7KH� PDLQ� SDUDPHWHUV� PHDVXUHG� ZHUH� WKH� DQJOH� RI� ZULVW�
PRYHPHQW�DQG�VXEMHFWLYH�SDLQ�DQG�GLVFRPIRUW��7KH�DQJOH�
RI� ZULVW� PRYHPHQW� ZDV� PHDVXUHG� XVLQJ� DQ� HOHFWURJRQL�
RPHWHU� �6*���� %LRPHWULFV� /WG�� 8.�� DW� D� VDPSOLQJ� IUH�
TXHQF\� RI� ���� +]�� 7KLV� ZDV� FRQYHUWHG� WR� GLJLWDO� GDWD�
XVLQJ� WKH� 3RZHU/DE� ������ �$'� ,QVWUXPHQWV�� ,QF���
&KDUORWWH��1&��86$���DQG�UHFRUGHG�RQ�D�SHUVRQDO�FRPSX�
WHU��/DE�&KDUW���VRIWZDUH��$'�,QVWUXPHQWV��,QF���ZDV�XVHG�
IRU�WKH�GDWD�FROOHFWLRQ�DQG�DQDO\VLV��7KH�HOHFWURJRQLRPHWHU�
ZDV�DWWDFKHG�DORQJ�WKH�OLQH�RI�WKH�VHFRQG�PHWDFDUSDO�ERQH�
IURP� WKH� GLVWDO� UDGLXV�� 7KH� RXWSXW� VLJQDOV� IURP� ERWK� VWL�
PXOXV�GHYLFHV�ZHUH�LPSRUWHG�LQWR�WKH�3RZHU/DE�DQG�V\Q�
FKURQL]HG� ZLWK� WKH� HOHFWURJRQLRPHWHU� WR� LGHQWLI\� WKH�
WULJJHU�RXWSXWV�

6XEMHFWLYH� SDLQ� DQG� GLVFRPIRUW� ZHUH� PHDVXUHG� E\�
XVLQJ�DQ����SRLQW�QXPHULFDO� UDWLQJ� VFDOH� �156���ZKLFK� LV�

D� VWDQGDUG� PHDVXULQJ� PHWKRG���� :H� VHOHFWHG� 156� DV� LW�
FRXOG� EH� DQVZHUHG� YHUEDOO\�� LQVWHDG� RI� D� YLVXDO� DQDORJ�
VFDOH� �9$6��� EHFDXVH� LW� ZDV� DVVXPHG� WKH� VXEMHFWV� FRXOG�
QRW�XVH�WKHLU�GRPLQDQW�KDQGV�ZKHQ�SHUIRUPLQJ�WKH�WHVW�

3DLQ� ZDV� VFRUHG� IURP� �� �QR� SDLQ�� WR� ��� �XQEHDUDEOH�
SDLQ���'LVFRPIRUW�ZDV�VFRUHG�IURP����QR�GLVFRPIRUW��WR����
�XQEHDUDEOH� GLVFRPIRUW��� 7KH� LQYHVWLJDWRU� DVNHG� WKH� VXE�
MHFWV� DERXW� WKHLU� SDLQ� DQG�GLVFRPIRUW� OHYHOV� DQG� UHFRUGHG�
WKHP�RQ�WKH�UHFRUG�VKHHW�

([SHULPHQWDO�&RQGLWLRQV
7KH�VWLPXOXV� LQWHQVLW\�ZDV� DGMXVWHG�XQGHU� WKH� H[SHULPHQWDO�
FRQGLWLRQV�VKRZQ�LQ�7DEOH����)RU�U306��WKH�VWLPXOXV�LQWHQVLW\�
ZDV�DGMXVWHG�RQ�WKH�3DWKOHDGHU�WR����GLIIHUHQW�OHYHOV��UDQJLQJ�
IURP� ���� WR� ����� LQ� ���� LQFUHPHQWV�� 7KH� (VSXUJH� ZDV�
XVHG� IRU� 7(6�� )ROORZLQJ� SUHOLPLQDU\� VFUHHQLQJ�� WKH� PD[L�
PXP�VWLPXOXV�LQWHQVLW\�ZDV�VHW�DW�HLWKHU�������P$�EHORZ�WKH�
LQWHQVLW\�UHSRUWHG�E\�WKH�SDUWLFLSDQW�WR�FDXVH�XQEHDUDEOH�SDLQ�
RU�GLVFRPIRUW��RU�������P$�KLJKHU�WKDQ�WKH�VWLPXOXV�LQWHQVLW\�
WKDW� WULJJHUHG� DQ� HOHFWULFDO� FXUUHQW�LQGXFHG�ZULVW�PRYHPHQW�
HTXLYDOHQW� WR� WKH� DQJOH�RI� WKH�PD[LPXP�SRVVLEOH�YROXQWDU\�
PRYHPHQW��7KH�VWLPXOXV�LQWHQVLW\�ZDV�WKHQ�DGMXVWHG�EHWZHHQ�
WKH�PLQLPXP�DQG�PD[LPXP�YDOXHV�LQ���P$�LQFUHPHQWV�

$V� IRU� WKH� VWLPXOXV�SODFHPHQW� RI�7(6�� WKH� DQRGH� DQG�
FDWKRGH� HOHFWURGHV� ZHUH� SODFHG� VLGH�E\�VLGH� LQ� SDUDOOHO�
ZLWK� WKH�H[WHQVRU�FDUSL� UDGLDOLV� �(&5��PXVFOH�¿EHUV�RYHU�
WKH�(&5�PXVFOH�EHOO\�

)RU�ERWK�GHYLFHV��WKH�VWLPXOXV�IUHTXHQF\�ZDV�VHW�DW����
+]�������7KH�VWLPXOL�ZHUH�DGPLQLVWHUHG�D�WRWDO�RI���WLPHV�DW�
HDFK�LQWHQVLW\�IRU�D�GXUDWLRQ�RI���V�HDFK��ZLWK�LQWHUYHQLQJ���
V�EUHDNV��$OWKRXJK�WKH�QDWXUH�RI�WKH�GHYLFHV�GLG�QRW�SHUPLW�
WKH�XVH�RI�DQ�LGHQWLFDO�SXOVH�ZLGWK��WKH�SXOVH�ZLGWKV�ZHUH�
VHW�DV�FORVH�WR�HTXLYDOHQW�DV�SRVVLEOH�������V�IRU�U306�DQG�
�����V�IRU�7(6�

)LJXUH���6WLPXOXV�LQVWUXPHQWV��
1RWHV��/HIW�LV�U306�DQG�ULJKW�LV�7(6��%RWK�LQVWUXPHQWV�ZHUH�SRUWDEOH�DQG�HDV\�WR�XVH��
$EEUHYLDWLRQV��U306��UHSHWLWLYH�SHULSKHUDO�PDJQHWLF�VWLPXODWLRQ��7(6��WUDQVFXWDQHRXV�HOHFWULFDO�FXUUHQW�VWLPXODWLRQ�
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6WLPXODWLRQ�6LWH
7KH� VWLPXOL�ZHUH� DGPLQLVWHUHG� WR� WKH�(&5�PXVFOH� LQ� WKH�
ULJKW� GRUVDO� IRUHDUP�� )RU� U306�� WKH� 3DWKOHDGHU� FRLO� ZDV�
SODFHG�RQ�WKH�ULJKW�GRUVDO�IRUHDUP�ZLWK�YLVXDO�PRQLWRULQJ�
RI� WKH� ZULVW� PRYHPHQWV� GXULQJ� VWLPXODWLRQ�� 7KH� FRLO¶V�
SRVLWLRQ�ZDV�DGMXVWHG�E\�PRYLQJ�LW�WR�D�VLWH�ZKHUH�D�ORZHU��
LQWHQVLW\� VWLPXOXV� LQGXFHG�D� ODUJHU�ZULVW� H[WHQVLRQ�PRYH�
PHQW��)RU�WKH�7(6��WKH�HOHFWURGH�EDQG�ZDV�DWWDFKHG�WR�WKH�
ULJKW�GRUVDO�IRUHDUP�DQG�LWV�SRVLWLRQ�ZDV�DGMXVWHG�XVLQJ�WKH�
VDPH�SURFHGXUH�DV�WKDW�XVHG�IRU�WKH�U306�

([SHULPHQWDO�3URFHGXUH
6XEMHFWV�ZHUH�VHDWHG�LQ�D�FRPIRUWDEOH�FKDLU�ZLWK�WKH�IRUHDUP�
LQ�SURQDWLRQ�DQG�WKH�ZULVW�H[WHQGHG�IURP�WKH�HGJH�RI�WKH�WDEOH�
LQ� RUGHU� WR� DOORZ� IRU� D� ZLGH� UDQJH� RI� ZULVW� H[WHQVLRQ�� $OO�
VXEMHFWV� XQGHUZHQW� ERWK� W\SHV� RI� VWLPXODWLRQ� RQ� WKH�
VDPH�GD\��7KH\�VDW�VWDWLRQDU\�LQ�D�FKDLU�ZLWK�WKHLU�VKRXOGHUV�
DQG� HOERZV� VOLJKWO\� ÀH[HG� DQG� WKH� IRUHDUPV� SURQDWHG�� 7KH�
ULJKW�IRUHDUP�ZDV�SODFHG�RQ�D�WDEOH�VR�WKDW�WKH�KDQG�GLVWDO�WR�
WKH� ZULVW� SURMHFWHG� EH\RQG� WKH� HGJH� RI� WKH� WDEOH� DQG� ZDV�
DOORZHG� WR� GURS�� %HFDXVH� WKH� ZULVW� DQJOH� FKDQJHG�� LI� WKH�
IRUHDUP�ZDV�PRYHG�EDFNZDUG�RU�IRUZDUG��LQGLFDWRU�VWLFNHUV�
ZHUH� SODFHG� RQ� WKH� WDEOH�� 7KH� IRUHDUP� DQG�ZULVW� SRVLWLRQV�

ZHUH�PDWFKHG�EHIRUH�HDFK�VWLPXOXV�WR�HQVXUH�WKDW�WKH�IRUHDUP�
ZDV�FRQVLVWHQWO\�LQ�WKH�VDPH�SRVLWLRQ��$Q�HOHFWURJRQLRPHWHU�
ZDV�DWWDFKHG�WR�WKH�VXEMHFW¶V�ULJKW�ZULVW�EHIRUH�WKH�VWDUW�RI�WKH�
H[SHULPHQW��7KH�YROWDJHV�GXULQJ�PD[LPXP�YROXQWDU\�H[WHQ�
VLRQ� DQG� ÀH[LRQ� RI� WKH� ZULVW� ZHUH� UHFRUGHG�� 7KHVH� JRQL�
RPHWHU� YROWDJHV� ZHUH� FRQYHUWHG� WR� DQJOHV� EDVHG� RQ�
PHDVXUHPHQWV�XVLQJ�DQ�DQDORJ�JRQLRPHWHU�DQG�DQJOH�FRUUHF�
WLRQV� ZHUH� SHUIRUPHG�� 7KH� DQJOHV� RI� PD[LPXP� YROXQWDU\�
H[WHQVLRQ�DQG�ÀH[LRQ�RI�WKH�ZULVW�ZHUH�UHFRUGHG�

)RU� WKH� U306�� WKH� VWLPXOL� ZHUH� DGPLQLVWHUHG� DW�
��±����� RI� WKH� PD[LPXP� VWLPXOXV� LQWHQVLW\� DQG� ZULVW�
DQJOHV� ZHUH� PHDVXUHG�� 6XEMHFWV� ZHUH� DVNHG� DERXW� WKHLU�
SDLQ�DQG�GLVFRPIRUW�DIWHU�DGPLQLVWUDWLRQ�RI�WKH�VWLPXOXV�

)RU� WKH� 7(6�� DIWHU� D� SUHOLPLQDU\� LQYHVWLJDWLRQ� RI� WKH�
PD[LPXP� LQWHQVLW\�RI� HOHFWULFDO� VWLPXODWLRQ�� VWLPXOL�ZHUH�
DGPLQLVWHUHG�DW�OHYHOV�UDQJLQJ�IURP���P$�WR�WKH�PD[LPXP�
WROHUDEOH� VWLPXOXV� LQWHQVLW\� DQG� ZULVW� DQJOHV� ZHUH� PHD�
VXUHG��6XEMHFWV�ZHUH�DVNHG�DERXW�WKHLU�SDLQ�DQG�GLVFRPIRUW�
DIWHU�DGPLQLVWUDWLRQ�RI�WKH�VWLPXOL�

7R�SUHYHQW�DQ�RUGHU�HIIHFW��VWLPXOL�ZHUH�DGPLQLVWHUHG�LQ�WKH�
IROORZLQJ�RUGHU��U306�ĺ�7(6�LQ���VXEMHFWV�DQG�7(6�ĺ�U306�
LQ�WKH�RWKHU����6XEMHFWV�ZHUH�JLYHQ�D����PLQ�EUHDN�EHWZHHQ�WKH�
WZR�SURFHGXUHV�WR�UHFRYHU�IURP�IDWLJXH��7KH�RUGHU�RI�VWLPXOXV�
LQWHQVLWLHV� ZDV� UDQGRPL]HG� XVLQJ� D� UDQGRP� QXPEHU� WDEOH��
$�EUHDN�RI� DSSUR[LPDWHO\���PLQ�ZDV�SURYLGHG�EHWZHHQ� WKH�
GLIIHUHQW�VWLPXOXV�LQWHQVLWLHV�WR�DOORZ�WKH�VXEMHFWV�WR�UHOD[�WKHLU�
ZULVWV�DQG�HQVXUH�WKDW�WKH�VWDUWLQJ�DQJOHV�ZHUH�FRQVLVWHQW�

$QDO\VLV�0HWKRGV
%HFDXVH� U306� DQG� 7(6� DUH� EDVHG� RQ� GLIIHUHQW� GHVLJQ�
SULQFLSOHV�� LW�ZDV�QRW� SRVVLEOH� WR� HQVXUH� WKDW� WKH� VWLPXOXV�
FRQGLWLRQV� LQ� WKLV� VWXG\� ZHUH� FRPSOHWHO\� FRQVLVWHQW�� :H�
DWWHPSWHG�WR�FRPSDUH� WKH� WZR�W\SHV�RI�VWLPXOL�E\�DQDO\]�
LQJ� D� NLQHPDWLF� SDUDPHWHU� LQGXFHG� E\� ERWK� GHYLFHV�� 7KH�
SURFHGXUHV�XVHG�ZHUH�DV�IROORZV�

���'H¿QLWLRQV�RI�WKH�SDUDPHWHUV�DQDO\]HG�

)LJXUH���VKRZV�WKH�GH¿QLWLRQV�RI�WKH�SDUDPHWHUV�DQDO\]HG��
7KH�SHULRG�EHWZHHQ�WKH�VWDUW����VHF��DQG�HQG����VHF��RI�WKH�
VWLPXOXV� ZDV� GH¿QHG� DV� WKH� DQDO\VLV� VHFWLRQ� �$6��� 7KH�
LQWHJUDWHG� YDOXH� RI� WKH� DQJOH� GDWD� GXULQJ� WKH� $6� ZDV�
GH¿QHG�DV�WKH�LQWHJUDWHG�UDQJH�RI�PRYHPHQW��L520��

���1RQOLQHDU�UHJUHVVLRQ�DQDO\VLV�XVLQJ�D�VLJPRLG�IXQFWLRQ�

$� QRQOLQHDU� UHJUHVVLRQ� DQDO\VLV� RI� VWLPXOXV� LQWHQVLW\� DQG�
WKH�L520�ZDV�FDUULHG�RXW�XVLQJ�D�VLJPRLG�IXQFWLRQ��,Q�WKLV�

7DEOH���([SHULPHQWDO�&RQGLWLRQV

&RQGLWLRQV

7(6 U306

6WLPXODWLRQ�

LQWHQVLW\

)URP���P$�WR�HQGXUDEOH�

YDOXH�������P$�ORZHU�WKDQ�
WKH�LQWHQVLW\�DVVRFLDWHG�

ZLWK�D�SDLQ�RU�GLVFRPIRUW�

VFRUH�RI����RU������P$�
JUHDWHU�WKDQ�WKH�LQWHQVLW\�

UHDFKLQJ�WKH�DQJOH�RI�

PD[LPXP�YROXQWDU\�
PRYHPHQW�RI�WKH�ZULVW

���OHYHOV�IURP�����WR�

�����RI�WKH�PD[LPXP�
VWLPXOXV�LQWHQVLW\

6WLPXODWLRQ�
IUHTXHQF\

���+] ���+]

3XOVH�ZLGWK �����V �����V

6WLPXODWLRQ�

DQG�SDXVH�
WLPH

��VHF����VHF ��VHF����VHF

6WLPXOXV�
FRXQW

��WLPHV ��WLPHV

1RWHV��6WLPXOXV�SDUDPHWHUV� �IUHTXHQF\��SXOVH�ZLGWK�� VWLPXODWLRQ�DQG�SDXVH� WLPH��
VWLPXOXV�FRXQW��ZHUH�VHW�DV�VDPH�DV�SRVVLEOH��
$EEUHYLDWLRQV��U306��UHSHWLWLYH�SHULSKHUDO�PDJQHWLF�VWLPXODWLRQ��7(6��WUDQVFXWD�
QHRXV�HOHFWULFDO�FXUUHQW�VWLPXODWLRQ�
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VWXG\��ZH�XVHG� WKH�5RGEDUG� IXQFWLRQ� WR� H[SUHVV� WKH� IRXU��
SDUDPHWHU�JHQHUDO�IRUP�RI�D�ORJLVWLF�IXQFWLRQ�RU�VLJPRLGDO�
FXUYH���

< à Gá ÖD� GÜ=�á Ö;=FÜE�

,Q�WKLV�IRUPXOD��<�UHSUHVHQWV�WKH�L520�DQG�;�UHSUHVHQWV�
WKH� VWLPXOXV� LQWHQVLW\��5HJUHVVLRQ� IRUPXODH�ZHUH�SURGXFHG�
ZLWK�WKH�FRQVWDQWV�D��E��F��DQG�G�FDOFXODWHG�IRU�HDFK�LQGLYLGXDO�
VXEMHFW��7KH�FRHI¿FLHQW�RI�GHWHUPLQDWLRQ�IRU�HDFK�VXEMHFW�ZDV�
DOVR� FDOFXODWHG� WR� DVVHVV� WKH� DFFXUDF\� RI� ¿W� EHWZHHQ� WKH�
PHDVXUHG�DQG�SUHGLFWHG�YDOXHV�RI�L520�

7KH� UDQJH� RI� L520�YDOXHV� FROOHFWHG� IURP� DOO� VXEMHFWV�
ZHUH�H[DPLQHG�DQG�WKH�YDOXHV�ZHUH�GLYLGHG�LQWR�VHYHQ�FDWH�
JRULHV�LQ����V�LQFUHPHQWV�IURP����V�WR�����V��7KH�GLIIHUHQW�
FDWHJRULHV�RI�L520�����V�����V�����V�����V������V������V��DQG�
����V��ZHUH�WKHQ�VXEVWLWXWHG�LQWR�WKH�UHJUHVVLRQ�IRUPXOD�DQG�

WKH�VWLPXOXV�LQWHQVLW\�;�ZDV�LQYHUVHO\�HVWLPDWHG��7KHVH�QRQ�
OLQHDU� UHJUHVVLRQ� DQDO\VHV� ZHUH� FDUULHG� RXW� XVLQJ� ,PDJH�
-�YHU������VRIWZDUH��1,+��$WODQWD��*$��86$��

���6HOHFWLRQ�RI�VXEMHFWLYH�HYDOXDWLRQV

7KH� DFWXDO� PHDVXUHG� YDOXHV� WKDW� PRVW� FORVHO\� DSSUR[L�
PDWHG� VWLPXOXV� LQWHQVLW\� ;� �RQH� RI� ����� ����� ����� ������
����� IRU� PDJQHWLF� VWLPXOL�� DQG� RQH� RI� �� P$�� �� P$�� ��
P$�� ������ IRU� HOHFWULFDO� VWLPXOL�� ZHUH� H[DPLQHG�� 7KH� VXE�
MHFWLYH�DVVHVVPHQWV� �SDLQ�RU�GLVFRPIRUW��FRUUHVSRQGLQJ� WR�
WKHVH�YDOXHV�ZHUH�VHOHFWHG�

6WDWLVWLFDO�$QDO\VLV
,Q�WKH�VWDWLVWLFDO�DQDO\VHV��WKH�VXEMHFWLYH�HYDOXDWLRQV�RI�SDLQ�
DQG� GLVFRPIRUW� ZHUH� DQDO\]HG� LQ� D� WZR�IDFWRU� UHSHDWHG�

)LJXUH���'HÀQLWLRQV�RI�WKH�DQDO\WLFDO�SDUDPHWHUV��
$EEUHYLDWLRQV��$6��DQDO\VLV�VHFWLRQ�IURP���WR���VHFRQGV��ı��LQWHJUDO�YDOXH�RI�ZULVW�MRLQW�DQJOH�GXULQJ��GHJ��GHJUHH�
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PHDVXUHV�DQDO\VLV�RI�YDULDQFH��$129$��ZLWK�WKH�WZR�VWL�
PXOXV� GHYLFHV� �U306�� 7(6�� DQG� VHYHQ� OHYHOV� RI� L520�
����V�����V�����V�����V������V������V��DQG�����V��DV�IDFWRUV��
,I�D�PDLQ�HIIHFW�ZDV�IRXQG��%RQIHUURQL�FRUUHFWLRQ�ZDV�XVHG�
LQ�D�SRVW�KRF�WHVW��6WDWLVWLFDO�DQDO\VLV�ZDV�FDUULHG�RXW�XVLQJ�
6366� IRU� :LQGRZV� YHU�� ��� �,%0� &RUS��� $UPRQN�� 1<��
86$���ZLWK�S��������UHJDUGHG�DV�VLJQL¿FDQW�

(WKLFDO�&RQVLGHUDWLRQV
7KLV� VWXG\� ZDV� DSSURYHG� E\� WKH� 7RKRNX� 8QLYHUVLW\�
+RVSLWDO� &OLQLFDO� 5HVHDUFK� (WKLFV� &RPPLWWHH� �DSSURYDO�
QXPEHU����������������DQG�ZDV�FRQGXFWHG�LQ�FRPSOLDQFH�
ZLWK� WKH� HWKLFDO� VWDQGDUGV� RI� WKH� +HOVLQNL� 'HFODUDWLRQ��
:ULWWHQ� LQIRUPHG� FRQVHQW�ZDV� REWDLQHG� IURP� DOO� VXEMHFWV�
DIWHU�D�IXOO�ZULWWHQ�DQG�RUDO�H[SODQDWLRQ�RI�WKH�SXUSRVH�DQG�
PHWKRGV� RI� WKH� VWXG\� ZDV� SURYLGHG�� $OVR�� WKLV� WULDO� ZDV�
UHJLVWHUHG� DW� WKH� 80,1� &OLQLFDO� 7ULDOV� 5HJLVWU\� DV�
80,1����������>KWWS���ZZZ�XPLQ�DF�MS�FW�U�LQGH[�KWP@

5HVXOWV
6WLPXOXV�,QWHQVLW\�DQG�L520�LQ�U306�DQG�
7(6�0RGDOLWLHV
7KHUH� ZHUH� QR� DGYHUVH� HYHQWV� GXULQJ� RU� DIWHU� WKH� H[SHUL�
PHQWV��,Q�WKH�U306�H[SHULPHQWV��VWLPXOL�ZHUH�DGPLQLVWHUHG�
WR�DOO�VXEMHFWV�DW�DOO�VWLPXOXV�LQWHQVLWLHV��,Q�WKH�7(6�H[SHUL�
PHQWV��QRQH�RI�WKH�VXEMHFWV�GURSSHG�RXW�EHWZHHQ��±���P$��
EXW�WKHUH�ZHUH�GURSRXWV�DW�HDFK�RI�WKH�LQWHQVLWLHV�DV�IROORZV��
��DW����P$����DW����P$����DW����P$����DW����P$����DW����P$��
��DW����P$����DW����P$����DW����P$��DQG���DW����P$�

)LJXUH� �$� DQG� %� VKRZV� DQ� H[DPSOH� RI� D� VXEMHFW¶V�
UHJUHVVLRQ�FXUYH�XVLQJ� WKH�VLJPRLG� IXQFWLRQ� LQ� U306�DQG�
7(6�� UHVSHFWLYHO\�� 7KH� RWKHU� UHVXOWV� DUH� VKRZQ� LQ�
$SSHQGL[� )LJXUH� ��� $V� IRU� WKH� UHJUHVVLRQ� FXUYH� IRU� WKH�
VLJPRLG� IXQFWLRQ� UHODWHG� WR� VWLPXOXV� LQWHQVLW\� DQG� ZULVW�
L520�� WKH� PHDQ� YDOXHV� �UDQJHV�� RI� WKH� FRHI¿FLHQWV� RI�
GHWHUPLQDWLRQ� IRU� WKH� REVHUYHG� DQG� SUHGLFWHG� YDOXHV� RI�
L520�ZHUH� 5��  � ������ ������±������� IRU� U306� DQG� 5��

 �������������±�������IRU�7(6��7KH�DFWXDO�VWLPXOXV�LQWHQ�
VLWLHV�FORVHVW�WR�WKH�VWLPXOXV�LQWHQVLWLHV�WKDW�ZHUH�LQYHUVHO\�
HVWLPDWHG�IURP� WKH� L520�YDOXHV�DFFRUGLQJ� WR� WKH� UHJUHV�
VLRQ�IRUPXOD�DUH�VKRZQ�LQ�$SSHQGL[�7DEOH���

3DLQ
7KH� $129$� UHVXOWV� IRU� SDLQ� UHYHDOHG� VLJQL¿FDQW� PDLQ�
HIIHFWV�ZLWK� UHVSHFW� WR�ERWK� WKH� W\SHV�RI� VWLPXOXV�GHYLFHV�
DQG� WKH� L520� �VWLPXOXV� GHYLFH�� )� ��� ���  � ������� S�  �
�������L520��)������� ��������S�����������1R�LQWHUDFWLRQV�

ZHUH�REVHUYHG��)�������� ��������S� ���������3RVW�KRF�WHVW�
UHYHDOHG� VLJQL¿FDQW� GLIIHUHQFHV� EHWZHHQ� WKH� VWLPXOXV�
GHYLFHV� ZKHQ� WKH� L520� ZHUH� DW� ���V�� ����V�� ����V�� RU�
����V� ����V�� S�  � ������� ����V�� S�  � ������� ����V�� S�  �
������� ����V�� S�  � �������� 7KH� SDLQ� ZDV� VLJQL¿FDQWO\�
ORZHU� GXULQJ� U306� FRPSDUHG� WR� 7(6� DW� WKHVH� OHYHOV� RI�
L520��:KLOH� WKH� SDLQ� DW� ����V� ZDV� VLJQL¿FDQWO\� JUHDWHU�
WKDQ� LW� DW� ���V� �S�  � ������� LQ� WKH� 7(6�� WKH� SDLQ�ZDV� QRW�
VLJQL¿FDQWO\�GLIIHUHQW�EHWZHHQ�DQ\�SDLU�RI�L520�OHYHOV�LQ�
U306��)LJXUH����

'LVFRPIRUW
7KH�UHVXOWV�UHJDUGLQJ�GLVFRPIRUW�UHYHDOHG�VLJQL¿FDQW�PDLQ�
HIIHFWV� LQ� ERWK� WKH� W\SH� RI� VWLPXOXV� GHYLFH� DQG� L520�
�VWLPXOXV�GHYLFH��)������� ��������S� ��������L520��)����
��� ��������S� ���������1R�LQWHUDFWLRQV�ZHUH�REVHUYHG��)�
���� ����  � ������� S�  � �������� $� SRVW� KRF� WHVW� UHYHDOHG�
VLJQL¿FDQW� GLIIHUHQFHV� EHWZHHQ� U306� DQG� 7(6�ZKHQ� WKH�
L520�ZHUH� ���V�� ���V�� ����V�� ����V�� RU� ����V� ����V�� S�  �
����������V��S� ������������V��S� ������������V��S� ��������
����V�� S�  � �������� 7KH� GLVFRPIRUW�ZDV� ORZHU�ZLWK� U306�

)LJXUH���$Q�H[DPSOH�RI�D�VXEMHFW·V�UHJUHVVLRQ�FXUYH�XVLQJ�WKH�VLJPRLG�IXQFWLRQ��
1RWHV���$��LV�U306�DQG��%��LV�7(6��;�D[LV�VKRZV�VWLPXOXV�LQWHQVLW\��ZKLFK�WKH�XQLW�
RI�U306�LV�´�µ�DQG�LW�RI�7(6�LV�´P$µ��<�D[LV�VKRZV�L520��ZKLFK�WKH�XQLWV�DUH�´�Vµ��
%RWK�U306�DQG�7(6�FRQGLWLRQ�� VWLPXOXV� LQWHQVLW\� DQG� L520�ZHUH�VWURQJO\�FRUUH�
ODWHG�XVLQJ�E\�UHJUHVVLRQ�FXUYH�RI�VLJPRLG�IXQFWLRQ��
$EEUHYLDWLRQV��U306��UHSHWLWLYH�SHULSKHUDO�PDJQHWLF�VWLPXODWLRQ��7(6��WUDQVFXWD�
QHRXV� HOHFWULFDO� FXUUHQW� VWLPXODWLRQ�� L520� ��V��� LQWHJUDWHG� UDQJH� RI� PRYHPHQW�
�GHJUHH�PXOWLSOLHG�E\�VHFRQG��
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FRPSDUHG�WR�7(6�DW�WKHVH�OHYHOV�RI�L520��+RZHYHU��WKHUH�
ZDV� QR� VLJQL¿FDQW� GLIIHUHQFH� DPRQJ� GLIIHUHQW� OHYHOV� RI�
L520�IRU�WKH�WZR�VWLPXOXV�FRQGLWLRQV��)LJXUH����

'LVFXVVLRQ
,Q�WKLV�VWXG\��ZH�DSSOLHG�U306�DQG�7(6�XQGHU�D�ZLGH�UDQJH�
RI� VWLPXOXV� LQWHQVLWLHV� RQ� SHULSKHUDO� QHUYHV� LQ� WKH� GRUVDO�
IRUHDUP�� :H� LQYHVWLJDWHG� WKH� UHVXOWLQJ� FKDQJHV� LQ� ZULVW�
L520�DQG�WKH�UHVXOWLQJ�SDLQ�DQG�GLVFRPIRUW��:H�FRPSDUHG�
VXEMHFWLYH� SDLQ� DQG� GLVFRPIRUW� XVLQJ� DQ� 156� DW� WKH�

FRUUHVSRQGLQJ�L520�LQGXFHG�E\�WKH�LQGLYLGXDO�VWLPXODWLRQ�
PRGDOLWLHV�� $OWKRXJK� SUHYLRXV� VWXGLHV� FRPSDUHG� SDLQ�
EHWZHHQ� U306� DQG� 7(6� DW� D� JLYHQ� DPRXQW� RI� NQHH�
H[WHQVLRQ������ DQG�KLS�ÀH[LRQ�WRUTXH��� WKHUH�LV�QR�FRPSDUD�
WLYH�VWXG\�RI�SDLQ�LQGXFHG�E\�U306�DQG�7(6�XQGHU�D�ZLGH�
UDQJH� RI� VWLPXOXV� LQWHQVLW\� H[FHSW� IRU� 6]HFVL¶V� VWXG\��
)XUWKHUPRUH��WKHUH�LV�QR�SDSHU�FRPSDULQJ�SDLQ�RU�GLVFRPIRUW�
LQ�WKH�XSSHU�OLPEV�

3DLQ
7KH�SDLQ�ZDV�RYHUDOO�ORZ��������������LQ�U306��ZKLFK�ZDV�
QRW�VLJQL¿FDQWO\�GLIIHUHQW�EHWZHHQ�HDFK�OHYHO�RI�L520��7KH�
SDLQ�ZDV�VLJQL¿FDQWO\�ORZHU�LQ�U306�FRPSDUHG�WR�7(6�ZKHQ�
WKH�L520�ZDV�IURP����V�WR������V��7KLV�LV�D�VLPLODU�UHVXOW�WKDW�
ZDV� IRXQG� LQ� SUHYLRXV� VWXGLHV� WKDW� UHSRUWHG� OHVV� SDLQ�ZLWK�
U306��������� 2XU� UHVXOWV� GHPRQVWUDWHG� WKDW� U306� LQGXFHG�
OHVV� SDLQ� FRPSDUHG� WR�7(6�ZKHQ� WKH� YDOXH� RI� L520�ZDV�
UHODWLYHO\� ODUJH� ����V� WR� ����V��� ,Q� DGGLWLRQ� WR� WKH� UHDVRQV�
PHQWLRQHG� LQ� LQWURGXFWLRQ� VHFWLRQ�� WKLV�PD\� KDYH� UHÀHFWHG�
D�GLIIHUHQFH�LQ�WKH�PRWRU�XQLWV�UHFUXLWHG��ZKLFK�GHULYHV�IURP�
YDULDWLRQV�LQ�WKH�WZR�VWLPXODWLRQ�PRGDOLWLHV��LH��GLIIHUHQFHV�LQ�
WKH�FKDUDFWHULVWLFV�RI�LQGXFHG�HOHFWULFDO�FXUUHQW�E\�U306�DQG�
WKH�HOHFWULF�FXUUHQW�JHQHUDWHG�E\�7(6��)RU�7(6��ZULVW�GRUVL�
ÀH[LRQ� PRYHPHQWV� PD\� EH� JHQHUDWHG� E\� PRELOL]LQJ� WKH�
PRWRU� XQLWV� RI� WKH� (&5� RU� H[WHQVRU� FDUSL� XOQDULV� �(&8��
ZKLFK�DUH�VXSHU¿FLDOO\�ORFDWHG�RQ�WKH�VXUIDFH��,Q�DGGLWLRQ�WR�
PRELOL]LQJ� (&5� DQG� (&8� PXVFOHV�� PRUH� GHHSO\� ORFDWHG�
PXVFOHV� VXFK� DV� H[WHQVRU� LQGLFLV�ZRXOG� EH� DOVR�PRELOL]HG�
LQ�U306��7KXV��7(6�LQGXFHV�LQWHQVH�PXVFOH�FRQWUDFWLRQV�GXH�
WR� D� VXPPDWLRQ� RI� WKH� HOHFWULFDO� VWLPXOXV�� 7KLV� PD\� KDYH�
LQGXFHG�SDLQIXO�ZULVW�PRYHPHQWV�

'LVFRPIRUW
7KH�GLVFRPIRUW�ZDV�DOVR�ORZ�RYHUDOO��������������ZLWK�U306�
DQG� ZDV� QRW� VLJQL¿FDQWO\� GLIIHUHQW� EHWZHHQ� HDFK� OHYHO� RI�
L520��7KH�GLVFRPIRUW�ZDV�VLJQL¿FDQWO\�ORZHU�LQ�U306�FRP�
SDUHG� WR� 7(6� ZKHQ� WKH� L520� UDQJHG� IURP� ���V� WR� ����V��
7KHVH�UHVXOWV�VXJJHVW�WKDW�U306�FDQ�LQGXFH�D�UHODWLYHO\�ODUJH�
MRLQW�PRYHPHQW�ZKLOH�PLQLPL]LQJ�GLVFRPIRUW�

:H�PHDVXUHG� WKH� VXEMHFWLYH� GLVFRPIRUW� DQG� SDLQ� VHSD�
UDWHO\�� EHFDXVH� VXEMHFWLYH� VHQVDWLRQ�ZDV� HYDOXDWHG� E\� GLV�
FRPIRUW� DV� ZHOO� DV� SDLQ� LQ� +DQ¶V� VWXG\���� 0RUHRYHU��
7DNDKDVKL¶V� VWXG\� VXJJHVWHG� WKDW� WKH� GXOO� VHQVDWLRQ��ZKLFK�
LV�FKDUDFWHULVWLF�RI�PXVFXODU�SDLQ��LV�UHODWHG�WR�SURFHVVLQJ�RI�
HPRWLRQ�UHODWHG�EUDLQ�UHJLRQ�E\�I05,�VWXG\���� &RQVLGHULQJ�
SUHYLRXV�VWXGLHV�DQG�RXU�¿QGLQJV��GLVFRPIRUW�GRHV�QRW�UHSUH�
VHQW�WKH�VDPH�SHUFHSWLRQ�DV�SDLQ��KRZHYHU�PD\�EH�DQ�HPR�
WLRQDO�UHVSRQVH�UHODWHG�WR�PXVFXODU�SDLQ�

)LJXUH���3DLQ�FDXVHG�E\� WKH�GLIIHUHQFHV� LQ� WKH� LQWHJUDO�YDOXH�RI� WKH�ZULVW�PRYH�
PHQWV�DQG�WKH�VWLPXOXV�FRQGLWLRQV��
1RWHV��7KH�WZR�IDFWRU�UHSHDWHG�PHDVXUHV�DQDO\VLV�RI�YDULDQFH��$129$��UHYHDOHG�
VLJQLÀFDQW�PDLQ�HIIHFWV�ZLWK�UHVSHFW�WR�ERWK�WKH�W\SHV�RI�VWLPXOXV�GHYLFHV�DQG�WKH�
L520��ð��PHDQ�YDOXH�����PHGLDQ�YDOXH��S���������S���������
$EEUHYLDWLRQV��156��QXPHULFDO�UDWLQJ�VFDOH��L520���V���LQWHJUDWHG�UDQJH�RI�PRYH�
PHQW��GHJUHH�PXOWLSOLHG�E\�VHFRQG���U306��UHSHWLWLYH�SHULSKHUDO�PDJQHWLF�VWLPXOD�
WLRQ��7(6��WUDQVFXWDQHRXV�HOHFWULFDO�FXUUHQW�VWLPXODWLRQ�

)LJXUH���'LVFRPIRUW�FDXVHG�E\� WKH�GLIIHUHQFHV� LQ� WKH� LQWHJUDO�YDOXH�RI� WKH�ZULVW�
PRYHPHQWV�DQG�WKH�VWLPXOXV�FRQGLWLRQV��
1RWHV��7KH�WZR�IDFWRU�UHSHDWHG�PHDVXUHV�DQDO\VLV�RI�YDULDQFH��$129$��UHYHDOHG�
VLJQLÀFDQW�PDLQ�HIIHFWV�ZLWK�UHVSHFW�WR�ERWK�WKH�W\SHV�RI�VWLPXOXV�GHYLFHV�DQG�WKH�
L520��ð��PHDQ�YDOXH�����PHGLDQ�YDOXH��S���������S���������
$EEUHYLDWLRQV��156��QXPHULFDO�UDWLQJ�VFDOH��L520���V���LQWHJUDWHG�UDQJH�RI�PRYH�
PHQW��GHJUHH�PXOWLSOLHG�E\�VHFRQG���U306��UHSHWLWLYH�SHULSKHUDO�PDJQHWLF�VWLPXOD�
WLRQ��7(6��WUDQVFXWDQHRXV�HOHFWULFDO�FXUUHQW�VWLPXODWLRQ�
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7KH� SUHVHQW� ¿QGLQJV� VXSSRUW� WKH� ZRUNLQJ� K\SRWKHVLV�
WKDW� U306�ZRXOG� UHVXOW� LQ� OHVV� SDLQ� DQG� GLVFRPIRUW� WKDQ�
7(6�DW�WKH�VDPH�OHYHO�RI�LQGXFHG�PRYHPHQW�

/LPLWDWLRQ
7KLV�VWXG\�KDG�OLPLWDWLRQV��)LUVW��RXU�¿QGLQJV�DUH�OLPLWHG�WR�
H[SHULPHQWDO�FRQGLWLRQV��U306�PD\�LQGXFH�PRYHPHQWV�ZLWK�
SDLQ� DQG� GLVFRPIRUW� DW� VWURQJ� VWLPXOXV� LQWHQVLWLHV�� ZKHQ�
L520� LV� DERYH� ����V�� EHFDXVH� RI� QR� LQWHUDFWLRQ� EHWZHHQ�
WKH�VWLPXOXV�GHYLFH�DQG�L520��6HFRQG��ZH�ZHUH�XQDEOH�WR�
DGPLQLVWHU�U306�DQG�7(6�VWLPXOL�DW�H[DFWO\�WKH�VDPH�VLWH��
7KH� VWLPXODWLRQ� VLWH� ZDV� GHWHUPLQHG� WR� EH� WKH� VLWH� ZKHUH�
D�ZHDNHU�VWLPXOXV�LQGXFHG�D�ODUJHU�ZULVW�GRUVLÀH[LRQ�PRYH�
PHQW��+RZHYHU��WKLV�FRXOG�KDYH�EHHQ�D�UHVXOW�RI�WKH�LQYHVWL�
JDWRU¶V�REVHUYDWLRQV�DQG�WHFKQLTXH��,Q�SDUWLFXODU��WKH�VHWWLQJ�
RI� U306�PD\� KDYH� DIIHFWHG� WKH� LQGXFHG�PRYHPHQWV� ZLWK�
HYHQ�D�VOLJKW�UHSRVLWLRQLQJ�RI�WKH�FRLO�RU�D�VOLJKWO\�GLIIHUHQW�
WLOW� DQJOH�� )XUWKHUPRUH�� WKH� IRUHDUP� FRQWDLQV� VHYHUDO� ZULVW�
H[WHQVRU�PXVFOHV� WKDW�DUH� LQ�FORVH�SUR[LPLW\� WR�HDFK�RWKHU��
7KH�WKLFNQHVV�RI�IDW�DQG�RWKHU�VXEFXWDQHRXV�WLVVXH�LV�LQFRQ�
VLVWHQW��$V�VXFK��LW�LV�GHEDWDEOH�ZKHWKHU�WKH�VWLPXODWLRQ�VLWH�
XVHG� LQ� WKLV� VWXG\� ZDV� WKH� PRVW� DSSURSULDWH� ORFDWLRQ� IRU�
LQGXFLQJ�ZULVW�GRUVLÀH[LRQ�PRYHPHQWV��%HFDXVH�RI�WKH�GLI¿�
FXOW\�RI�GLUHFWO\�REVHUYLQJ�WKH�QDWXUH�RI�VXEFXWDQHRXV�WLVVXH�
DQG� LWV� UHVSRQVH� WR� VWLPXODWLRQ�� IXWXUH� PHDVXUHPHQWV� ZLOO�
UHTXLUH� RSWLPL]DWLRQ� RI� WKH� FRLO� SRVLWLRQ� DQG� LWV� DQJOH� RI�
LQFOLQDWLRQ� E\� XVLQJ� PDUNHUV� WR� LGHQWLI\� VWLPXODWLRQ� VLWH�
FDWHJRULHV��DQG�E\�XVLQJ�D�FOLQRPHWHU��7KLUG��VXEMHFWLYH�HYD�
OXDWLRQV�FRXOG�EH�DIIHFWHG�E\�WKH�VXEMHFW¶V�H[SHFWDWLRQV��7KH�
SK\VLRORJLFDO�PHFKDQLVP�RI�ERWK�VWLPXOXV�GHYLFHV�ZDV�QRW�
H[SODLQHG�WR�WKH�VXEMHFWV�LQ�DGYDQFH�WR�UHGXFH�SUHFRQFHSWLRQ��
+RZHYHU�� WKHUH� DUH� SRVVLELOLWLHV� WKDW� SUHSDUDWLRQV� DIIHFWHG�
VXEMHFWLYH� HYDOXDWLRQV�� VXFK� DV� DWWDFKLQJ� HOHFWURGH� SDGV�
EHIRUH�HOHFWULFDO�VWLPXODWLRQ�

&RQFOXVLRQ
U306�RI�SHULSKHUDO�QHUYHV� LQ� WKH� IRUHDUP�UHVXOWHG� LQ� OHVV�
SDLQ� DQG� GLVFRPIRUW� WKDQ� 7(6�� +RZHYHU�� WKH� GLIIHUHQFH�
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SHORT COMMUNICATION

Non-invasive electromagnetic field therapy produces rapid
and substantial pain reduction in early knee osteoarthritis:
a randomized double-blind pilot study
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Abstract This study examined whether a non-thermal,
non-invasive, pulsed electromagnetic field (PEMF), known

to modulate the calmodulin (CaM)-dependent nitric oxide

(NO)/cyclic guanosine monophosphate (cGMP) signaling
pathway, could reduce pain in early knee OA. This ran-

domized, placebo-controlled, double-blind pilot clinical

study enrolled 34 patients. Patient selection required initial
VAS C4, 2 h of standing activity per day, and no recent

interventions such as cortisone injections or surgery.

Results showed VAS pain score decreased in the active
cohort by 50 ± 11 % versus baseline starting at day 1 and

persisting to day 42 (P \ 0.001). There was no significant

decrease in VAS versus baseline at any time point in the
sham cohort (P = 0.227). The overall decrease in mean

VAS score for the active cohort was nearly threefold that of

the sham cohort (P \ 0.001). The results suggest that non-
thermal, non-invasive PEMF therapy can have a significant

and rapid impact on pain from early knee OA and that

larger clinical trials are warranted.

Keywords Knee OA ! PEMF ! Calmodulin !
NO signaling

Introduction

PEMF have been employed for the conservative treatment of

knee OA with varied success [1]. A recent meta-analysis
concluded PEMF improved clinical scores and function in

patients with osteoarthritis of the knee and should be con-

sidered as adjuvant therapies in their management [2]. It has
recently been suggested that PEMF signals can act as first

messengers in the CaM-dependent signaling pathways that

orchestrate the release of cytokines and growth factors in
cellular responses to injury [3]. This has enabled PEMF

signals to be successfully configured a priori to modulate

such tissue repair pathways [4–13]. A therapeutic target for
the relief of knee OA pain is the CaM-dependent nitric oxide

(NO)/cyclic guanosine monophosphate (cGMP) cascade

[14], which can modulate blood, as well as lymph flow [15].
This same pathway also modulates the release of inflam-

matory cytokines, such as interleukin-1beta (IL-1b) [16] and

growth factors such as basic fibroblast growth factor (FGF-2)
and vascular endothelial growth factor (VEGF) [17].

PEMF signals have been shown to modulate the CaM-
dependent NO signaling cascades in articular chondrocytes

[9] and other cells [3] using CaM antagonists, and NO and

downstream inhibitors. These signals have also been
reported to accelerate cutaneous wound repair by 59 % and

Achilles’ tendon repair by 69 % at 21 days in rat models;

angiogenesis as quickly as 7 days in a thermal myocardial
necrosis rat model, wherein L-NAME, a nitric oxide syn-

thase inhibitor, blocked the PEMF effect [5]; and rapidly

decrease post-operative pain concomitant with an equally
rapid reduction of IL-1b in the wound bed in a double-

blind, randomized, human clinical trial [10]. This study

was, thus, designed to determine whether PEMF, config-
ured to modulate the CaM/NO/cGMP signaling pathway,

would reduce pain in early knee osteoarthritis.
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Materials and methods

This double-blind, placebo-controlled, randomized pilot

study was approved by the Institutional Review Board at

Henry Ford Hospital and all enrolled patients gave
informed consent. The primary outcome measure was VAS

pain score on a 0–10 cm scale with respect to baseline in

each cohort. Although consensus guidelines suggest a
20 % decrease in VAS as the minimum clinically relevant

difference in knee OA pain [18], a 40 % difference was

chosen as the clinically desirable outcome. Thus, prior to
the start of this study, a sample size analysis, assuming a

40 % (±35 % SD) decrease in pain scores from PEMF

treatment, suggested a minimum of 14 patients per group
were needed. Patient selection required that subjects have

knee pain for at least 3 months with an imaging study that

confirmed articular cartilage loss, an initial VAS score C4,
and at least 2 h of daily standing activity in a physical

occupation. Patients with rheumatoid arthritis, gout, and

pregnancy were excluded. Patients with cortisone injec-
tions, surgery, or an effective viscosupplementation series

within the past 6 months were excluded. Patients with

implanted electronic devices were excluded. Patients on
disability or with third party claims were excluded. Since

all patients were actively employed, NSAID use was

unrestricted. PEMF therapy was the only addition to the
current standard of care.

A PEMF signal consisting of a 7 ms burst of 6.8 MHz
sinusoidal waves repeating at 1 burst/s delivering a peak

induced electric field of 34 ± 8 V/m in the knee from the

portable battery operated device shown in Fig. 1 (Palermo,
Ivivi Health Sciences, LLC, San Francisco, CA), was used

for 15 min twice daily. Each device had an inaccessible

counter which recorded the total number of treatments for
each patient. The device was light weight and patients

could easily position the coil directly over the knee, even

over clothing. Once manually activated, treatment was
automatically applied for 15 min. Manual activation was

required for each treatment.

Randomization was performed by the blinded assign-
ment of devices according to their serial numbers. Device

randomization was performed by the manufacturer (Ivivi

Health Sciences, LLC) and all devices with the randomi-
zation code were sent to the Epidemiology Dept at Henry

Ford Hospital, from which assignment to patients was

controlled. Sham devices were activated with a switch, just
as active devices, and both sham and active units had

blinking indicator lights. The PEMF signal from these

devices does not produce heat or cause any other sensation
in tissue. The average in situ magnetic field induced by the

PEMF signal employed in this study is at least 1,000-

fold below the ambient magnetic field and cannot be
detected using standard Gauss meters. Therefore, only

measurements with specialized laboratory equipment, not
readily available to the patient or health care practitioner,

could determine whether a device was active. General

unblinding occurred after all data were collected.
PEMF signal parameters were verified for each device

by a third party, who had no contact with patients, at the

beginning and end of treatment, with a calibrated field
probe (model FCC-301-1-MR1, Fischer Custom Commu-

nications, Torrance, CA) connected to a calibrated

100-MHz oscilloscope (model 2358, Tektronix, Beaverton,
OR).

Patients were required to self-report maximum daily

VAS pain scores on an unmarked horizontal 10 cm line (0
is no pain and 10 is worst possible pain) at baseline (day

0), daily for the first 14 days, then daily from day 29 to

day 42. The 2-week gap in VAS data collection was
designed to assess for possible accommodation to PEMF

therapy. By not reporting VAS scores for 2 weeks,

patients would be more likely not to remember their last
score. Results were analyzed using the Student’s t test or

one-way repeated measures ANOVA with Holm–Sidek

post hoc analysis, as appropriate (Sigmastat 3.0, SPSS).
Intent-to-treat analysis using last data carried forward [19]

was employed for patients who did not complete the

study. Significance was accepted at P B 0.05. Data are
displayed ± SEM.

Fig. 1 The non-thermal pulsed radio frequency PEMF device used in
this randomized, double-blind clinical study on knee OA pain. The
device consists of a single loop wire coil with integrated amplifier
(Palermo, Ivivi Health Sciences, San Francisco, CA) that delivers a
PRF signal configured to modulate the CaM/NO/cGMP signaling
pathway, which consisted of a 7-ms burst of a 6.8 MHz sinusoidal
carrier repeating at 2 bursts/s, delivering a peak induced electric field
amplitude of 34 ± 8 V/m in the knee. The device is portable and
easily positioned by the patient over the knee with the VelcroTM strap.
The number displayed is the number of PEMF treatments
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Results

The portable PEMF devices were well tolerated. No

adverse events were reported. Device verification for each

patient at the end of treatment revealed all devices to be
functioning as randomized. No signal variations or deteri-

orations were noted in the active devices. The mean ± SD

of the total number of treatments delivered by all devices in
this study was 80 ± 9 compared with the expected 84,

suggesting that devices were used as prescribed by all

patients. There were no significant baseline differences in
mean age, body mass index (BMI), or Kellgren–Lawrence

(K-L) radiographic scores, between active and sham

cohorts, as shown in Table 1.
Thirty four patients started treatment. Of these, 19 (14F,

5M) were shams, and 15 (10F, 5M) were actives. The

imbalance in treatment groups was due to initial drop outs

(entered patients not starting treatment), the total number

of available randomized devices, and the sequential dis-
tribution of devices over time. Given there were no sig-

nificant differences in baseline parameters between the

cohorts, the imbalance was not a factor. All enrolled
patients received PEMF treatment to day 14. Thereafter, 3

active and 7 sham patients dropped out of the study by day

42, citing lack of perceived benefit as the reason, confirmed
by VAS scores. Patient flow is outlined in Fig. 2.

The results for all enrolled patients show the PEMF
signal caused 50 ± 11 % decrease in mean maximum VAS

versus mean baseline VAS for the treated group starting on

day 1, persisting to day 42 (P \ 0.001). There was no
significant decrease in mean maximum VAS compared

with mean start VAS at any time point in the sham group

(P = 0.227). The overall decrease in VAS scores from
baseline was 2.7 ± 0.57 (P \ 0.001) for the active group

versus 1.5 ± 0.41 (P = 0.168) for the sham group. There

was no significant difference in mean start VAS between
the active and sham groups (Active = 6.8 ± 0.31,

Sham = 7.1 ± 0.34, P = 0.430). A summary of mean

intra-cohort VAS scores from baseline to day 42 for all
patients is shown in Fig. 3. Inter-cohort VAS scores are

compared in Table 2. As may be seen, the overall pain

decrease in the active cohort was approximately 60 % by

Table 1 Baseline patient demographics

Index Active Sham P value

Age 55.5 ± 2.5 58.4 ± 2.5 0.434

BMI 33.5 ± 1.9 34.7 ± 1.7 0.644

K-L 2.7 ± 0.33 2.9 ± 0.25 0.532

Assessed for eligibility 
(n = 59) 

Did not meet inclusion 
criteria or did not start 

(n = 25)

Randomized (n = 34) 

Active (n = 15) Sham (n = 19) 

Patient withdrew 
during trial (perceived 

no benefit) (n = 3) 

Patient withdrew 
during trial (perceived 

no benefit) (n = 7)  

Analyzed 
Day 1-14 (n=15) 

Day 29-42 (n=15-12)  

Analyzed 
Day 1-14 (n=19) 

Day 29–42 (n = 19-12) 

Analyzed 
Intent to Treat 

Day 29-42 
(n=15)  

Analyzed 
Intent to Treat 

Day 29-42 
(n=19) 

Fig. 2 Randomized pilot
clinical trial on PEMF effect on
knee OA pain: patient flow chart
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day 42 (P \ 0.001), whereas in the sham cohort pain
decrease was only 18 % (P = 0.206). Thus, even assuming

a placebo effect, pain decrease was approximately three-

fold greater in the active cohort, within the first 3 days of
PEMF treatment.

Discussion

The results from this randomized, double-blind, placebo-
controlled study demonstrate that non-thermal, non-inva-

sive PEMF, when configured to dose CaM-dependent NO/

cGMP signaling, has a significant and rapid impact on pain
from early knee OA. The intervention is novel since the

patient population treated did not have end stage disease

and were required to be on their feet at least 2 h a day. The
PEMF treatment time is short (15 min), and use of the

device did not interfere with work or off-work activities.

Review of patient notes reveals that the majority of patients
in the active group were convinced the PEMF treatment

had a functionally significant impact on their pain. It is

noted that more than twice as many sham versus active
patients opted out of the study after the initial 14-day

phase.

In persons with knee OA, bone attrition, bone marrow
lesions, synovitis/effusion, and meniscal tears are all cau-

ses of knee pain [20]. Effusion (edema) is one manifesta-
tion of the inflammatory response to bone injury

attributable to knee OA. The rapid onset response in the

active group is remarkably similar to that reported for a
similarly configured PEMF signal, which produced

approximately 2.5-fold reduction in pain from breast

reduction surgery within 5 h post-op [10]. That study also
showed IL-1b, a master inflammatory cytokine, was con-

comitantly reduced by approximately 2.5-fold in the wound

bed. Certainly, there are no data from this study, which
directly support a PEMF effect on CaM-dependent NO

signaling. However, it is reasonable to speculate that the

effect of PEMF on knee OA pain reported here could
involve modulation of CaM-dependent NO signaling which

is known to rapidly reduce edema (effusion) [15]. This is

consistent with the rapid effects of similar PEMF signals
reported on edema from ankle sprains in randomized

studies [21, 22] and could explain the rapidity of the PEMF

effect in this patient population.
The persistence of pain reduction in active patients to

day 42 suggests daily use of PEMF produced a sustained

anti-inflammatory effect, perhaps via down-regulation of
IL-1b, which may slow the progression of knee OA.

Obviously, this pilot study was not designed to assess the

effect of this PEMF treatment on OA per se in this patient
population. However, it is useful to consider evidence

suggesting that PEMF could attenuate the effects of the

prolonged inflammation caused by IL-1b. Thus, weak
electric fields partially reversed the decrease in the pro-

duction of extracellular matrix caused by exogenous IL-1b
in full-thickness articular cartilage explants from osteoar-
thritic adult human knee joints [23]. Similar studies showed

the decreased production of proteoglycans caused by

exogenous IL-1b was reversed by PEMF in bovine artic-
ular cartilage explants [24]. There are also reports that

PEMF can increase proliferation in chondrocyte cultures

[9, 25]. Finally, there are reports which suggest that PEMF
can affect the progression of OA [26] and heal cartilage

defects in animal models [27, 28].

The rapid and substantial effect of non-thermal, non-
invasive PEMF therapy on knee OA pain in this double-

blind, randomized, placebo-controlled pilot clinical study

are promising enough to warrant further larger studies
designed to confirm the PEMF effect on pain, in which
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Fig. 3 Effect of a radio frequency PEMF signal, configured, a priori,
to target the CaM/NO/cGMP signaling pathway, on pain from early
stage knee OA. This is a repeated measures intra-cohort comparison
which shows this signal caused a nearly 60 % reduction in mean VAS
pain scores within the first 3 days for the active cohort, which
persisted to day 42 for all enrolled active patients. There was no
significant difference in mean VAS scores for the sham cohort at any
time point, or in mean baseline VAS scores for the active and sham
cohorts

Table 2 Mean VAS pain scores: inter-cohort comparisons

Day Mean VAS active Mean VAS sham P value

Baseline 6.85 ± 0.33 7.18 ± 0.31 0.481

3 4.13 ± 0.48 6.84 ± 0.43 0.008*

14 4.08 ± 0.60 6.21 ± 0.50 0.011*

29 4.22 ± 0.66 6.11 ± 0.52 0.041*,a

42 4.19 ± 0.71 6.11 ± 0.54 0.036*,a

* Significantly different
a Intent-to-treat
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standard clinical measures of function, as well as effusion

and inflammatory markers are included. Once confirmed,
use of this PEMF therapy may provide an important simple

and economical adjunct for the non-invasive, non-phar-

macological treatment of OA.
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Abstract To investigate the role of repetitive peripheral
magnetic stimulation (RPMS) on the postural component
of motor performances, the long-lasting modulatory effect
of RPMS on the stabilization of the elbow joint was
examined in 13 healthy subjects. The resistance against
very slow passive movements in the relaxed state was
recorded simultaneously with the electromyogram (EMG)
of the forearm extensor and flexor muscles. The experi-
ments show that RPMS performed on the forearm flexor
muscles increased the degree of stabilization of the elbow
joint, whereas RPMS on the forearm extensor muscles
caused a decrease in stabilization. This leads to the
assumption that the postural component of motor tasks
depends on the motor task itself: motor tasks like
manipulation, pointing or grasping which are fine skilled
movements require an increase in stabilization while goal-
directed movements require a decrease in stabilization.
Therefore RPMS is involved in sensorimotor integration
and may modulate the motor program at the cortical level.

Keywords Sensorimotor control . Repetitive peripheral
magnetic stimulation . Neuromodulation . Postural
component of motor tasks . Joint stabilization . Muscle
spindle

Introduction

Recent studies in healthy subjects have demonstrated that
somatosensory input in the form of peripheral nerve
stimulation or muscle stretching results in functional
changes in corticomotor excitability: 300 passively in-
duced wrist extension and flexion movements elicited by a
torque motor showed a higher activation (fMRI) of
contralateral primary motor cortex (cM1), even though

this effect of motor performance improvement is sig-
nificantly lower than the improvement caused by volun-
tary (active) movements (Lotze et al. 2003).

Ridding et al. (2000) showed that a prolonged period of
peripheral nerve stimulation can induce a lasting increase
in corticomotoneuronal excitability to stimulated body
parts. The importance of the conjoint activity of somato-
sensory afferents and intrinsic cortical motor circuits was
shown by Stefan et al. (2000) by using low frequency
median nerve stimulation paired with transcranial mag-
netic stimulation (TMS). The motor evoked potentials
(MEP) were increased if the somatosensory input of these
stimulations was synchronous at the level of the motor
cortex. Kaelin-Lang et al. (2002) concluded that electrical
ulnar nerve stimulation elicited a focal increase in
corticomotoneuronal excitability which outlasted the stim-
ulation period and probably occurred at cortical sites.

Repetitive peripheral magnetic stimulation (RPMS) in
the area of the muscle supplying terminal branches
represents an alternative method to transcutaneous elec-
trical stimulation (TES). In contrast to TES, the biologi-
cally effective electrical field is considerably lower. This
avoids activation of cutaneous receptors like nociceptors
as well as the activation of mechanoreceptor afferents from
the skin and fiber groups III and IV. The spatial field
distributions are also different in terms of spreading. The
magnetic field depends upon the ion environment and
penetrates deeper regions of the muscle, whereas the
current caused by the electrical field will take the path of
lowest resistance, thus being fairly limited spatially on the
surface.

RPMS in the area of the muscle supplying terminal
branches elicits a proprioceptive input to the central
nervous system (CNS) in two different ways:

– Adequate activation (indirectly due to stimulation) of
mechanoreceptors (fiber groups Ia, Ib, II) during the
rhythmic contraction and relaxation as well as vibration
of the muscles.
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Sensorimotor Integration Research Group, Psychiatrische
Klinik (7/0), Klinikum rechts der Isar der TUM,
Ismaningerstr. 22,
81675 München, Germany
e-mail: struppler@lrz.tum.de



– Inadequate activation (directly due to stimulation) of
sensorimotor nerve fibers with orthodromic and anti-
dromic conduction.

This afferent input leads to sensations such as move-
ment and vibration and is conveyed simultaneously at
higher CNS levels. Earlier studies have shown that RPMS
elicits improving effects at various levels of the sensori-
motor and the cognitive systems (Struppler et al. 2003;
Struppler and Havel 2001).

RPMS caused a dramatic decrease in spasticity in a
clinical experimental investigation of spastic paresis of
finger and hand extensors as well as spastic paraplegia
(Struppler et al. 2003). In a PET study investigating the
different cerebral activation during a simple motor task,
after RPMS the activation was focused on a frontoparietal
circuit (Spiegel et al. 2000).

To investigate the influence of RPMS on a pure
cognition ability, the effect of RPMS on local tactile
extinction in patients after right-sided brain lesions was
examined in a study of cognitive functions showing a
significant reduction of cognition errors after RPMS
(Heldmann et al. 2000). To consider the modifying effect
of RPMS on spatial cognition, the position sense under
static as well as the position sense during goal-directed
pointing tasks with the index finger has been investigated.
This also shows a remarkable improvement following
RPMS.

Clinical observations show that the regularity of
disturbed goal-directed motor performances such as
reaching and grasping can be improved. These findings
strongly indicate that not only transient spinal mechanisms
are responsible for the improvement of voluntary move-
ments but also cortical neuroplasticity.

The aim of the experimental investigations presented in
this paper was to give a greater insight into the underlying
modulatory mechanisms of RPMS. We attempted to
clarify whether RPMS modifies muscle intrinsic factors
such as viscoelasticity or if it works at a central, i.e.,
cortical level.

Materials and methods

Subjects

The investigations were performed on 13 healthy subjects
aged from 25 to 80 years with an average age of 35 years.

Methods

To evaluate the resistance against very slow alternating
movements, a torque motor (TM) was used. This TM was
controlled by a closed-loop position control to impose the
movements on the subject’s forearm. The schematic
mechanical arrangement for this purpose is depicted in
Fig. 1. The reference of the TM is equivalent to an almost
relaxed position, which is around 115° at the elbow joint.

The alternating movements applied to the subject’s
elbow joint can be seen in Fig. 2, where the desired angle
of the TM is depicted over time. The velocity of the
movements is shown to be really slow (2.5°/s); hence the
inertia of the forearm and the lever of the TM can be
neglected.

In order to exclude the role of the preceding move-
ments, two different movement schemes were used: “cycle
a” and “cycle b.”

Cycle a

From the starting position at 0° the lever was moved to 25°
(flexion) at a velocity of 2.5°/s. After a break of 8 s in this

Fig. 1 Mechanical arrangement and definition of the reference for
the position α of the TM; the figure shows the subject in a
comfortable and relaxed sitting position; the forearm is fixed at the
lever of the TM

Fig. 2 Desired angle α of the TM over time for the different
movement schemes cycles a and b
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position, an extension of 50° at the same velocity
followed. After another break of 8 s, the system returned
to the starting position by a flexion of 25°.

Cycle b

The movement pattern described by cycle b is the inverse
pattern of cycle a as depicted in Fig. 2 (dotted line). For
evaluation purposes the angle α of the TM as well as the
torque T of the forearm against the lever were measured
(Given et al. 1995; Struppler and Jakob 1995). The
resistance against slow alternating movements (measured
torque) is based on the simultaneous lengthening and
shortening reactions of the involved synergistic and
antagonistic muscle groups, respectively.

Hence the EMG of the agonistic and antagonistic
muscles was recorded simultaneously with the mechanical
parameters. The muscles recorded were m. biceps brachii
(caput longum), m. biceps brachii (caput breve) and m.
triceps brachii. To measure the EMG, skin-surface
electrodes and a sample rate of 2,080 samples/s were
used. The angle α of the TM and the torque T were
sampled with 20804=4=520 samples/s.

RPMS was transcutaneously performed on the area of
muscle supplying the terminal branches by a conventional
stimulation coil (Magstim double 70-mm coil). For every
application of RPMS, 5,000 single magnetic field
impulses at an average amplitude of 1.2 T1 were applied.
The field impulses were generated by a self-built stimu-
lator (Schmid 1992) and repeated at a physiologically
orientated frequency of 20 Hz.

After every 30 impulses a break of 3 s was left to induce
repetitive contractions and relaxations to the target mus-
cles. This stimulation elicited mainly a proprioceptive
inflow to the CNS together with the sensation of
movement and vibration.

Experimental protocol

To investigate the influence of RPMS on the stabilization
of the elbow joint, the mechanical and EMG parameters
from the synergistic and antagonistic muscles were
measured before and after the conditioning RPMS.

To obtain more accurate results during one recording
sequence, the movement cycles a and b were applied four
times to each subject. With these 2×4 cycles one average
cycle a and one average cycle b was calculated for the
evaluation process.

During the measurement session the subject was
advised to relax the shoulder (clinically controlled) and
the forearm (no burst activity in the raw EMG data). This
sequence was followed by the RPMS conditioning either
of the biceps or of the triceps. Approximately 30 min after
the RPMS, the mechanical and EMG parameters were
measured again. This was done although it could be shown
that the maximum effects of RPMS developed after 2–4 h
(Struppler et al. 1996, 2003).

Subject group definition

To investigate whether the RPMS of forearm flexor
muscles causes effects other than the RPMS of forearm
extensor muscles, different subject groups were defined
(see Table 1):

A. RPMS of the forearm extensor muscles
B. RPMS of the forearm flexor muscles

Each subject was assigned to one of these groups.
However, it was possible to stimulate and examine the
same person, after an adequate period of time (at least
4 weeks), under the conditions of the other group.To
exclude any time-dependent factor during the experiment
(e.g. fatigue-induced effects), a third group was defined. In
this group the mechanical and EMG parameters were also
measured twice. In contrast to groups A and B, instead of
the conditioning RPMS a break of approximately 15 min
was left between the two recording sequences. This led to
a reference subject group:

C. Pause of 15 min (control group)

Results

For the evaluation of the conditioning effect of RPMS on
the stabilization of the elbow joint (resistance against
extension and flexion), the average results for the different
subject groups had to be compared. For this purpose the
measured torque TC of group C was taken as the baseline
to evaluate the changes in the measured torque TA and TB.

Table 1 Definition of the three different subject groups including the reference group

Pre-registration sequence Conditioning RPMS Postregistration sequence

Group A
(seven subjects)

Measurement of the mechanical
and EMG parameters (pre-RPMS)

Stimulation of the
m. triceps brachii

Measurement of the mechanical
and EMG parameters (post-RPMS)

Group B
(nine subjects)

Measurement of the mechanical
and EMG parameters (pre-RPMS)

Stimulation of the
m. biceps brachii

Measurement of the mechanical
and EMG parameters (post-RPMS)

Group C
(seven subjects)

Measurement of the mechanical
and EMG parameters

No stimulation Measurement of the mechanical
and EMG parameters

1 1.2 T=12,000 G
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This is represented by the following equation:

!TA=B ¼ TA=B " TC (1)

In order to analyze the change of the measured torque
ΔTA,B related to the conditioning RPMS, the difference in
the measured torque before and after the RPMS has to be
considered. This leads to the equation:

!tA=B ¼ !TA=B;post "!TA=B;pre ¼
¼ TA=B:post " TC:post

! "
"

¼ TA=B:pre " TC:pre
! "

¼
¼ TA=B:post " TA=B:pre

! "
"

¼ TC:post " TC:pre
! "

(2)

This equation is used for statistical evaluation. Howev-
er, Figs. 3 and 4 show the absolute values TA/B,pre,post.

The data presented in Figs. 3 and 4 are the average of all
subjects in the corresponding group. Hence significant
changes can only be seen in some areas of the applied
movements, which are marked by thick lines. Due to
measurement noise the significant areas are additionally
reduced.

Results for group A

In group A RPMS applied on the triceps muscle tended to
result in a decrease (p<0.1) of the stabilization of the
elbow joint, as can be seen in Fig. 3.

Results for group B

In group B RPMS applied on the biceps muscle tended to
result in an increase (p<0.1) of the stabilization of the
elbow joint, as can be seen in Fig. 4. Concerning the only

Fig. 4 Increase (p<0.1) in the stabilization of the elbow joint for
group B vs group C (biceps RPMS vs no RPMS; left cycle a, right
cycle b); the dashed line represents the torque before the RPMS
application whereas the medium solid line represents the torque

30 min after RPMS; the thick line depicts the area of statistically
relevant increase in comparison to the reference group; the fine solid
line describes the position of the forearm

Fig. 3 Decrease (p<0.1) in the stabilization of the elbow joint for
group A vs group C (triceps RPMS vs no RPMS; left cycle a, right
cycle b); the dashed line represents the torque before the RPMS
application whereas the medium solid line represents the torque

30 min after RPMS; the thick line depicts the area of statistically
relevant decrease in comparison to the reference group; the fine solid
line describes the position of the forearm
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obvious small difference between the control group and
the conditioned group, the different muscle masses and the
completely different representation in motor tasks between
biceps and triceps have to be considered.

Comparison of groups A and B

However, if the conditioned groups are directly compared,
the difference between biceps and triceps results in a broad
area of a significant (p<0.05) decrease of resistance against
slow movements, which is depicted in Fig. 5. This means
that the stabilization of the elbow joint is significantly

lower after the conditioning RPMS is applied to the triceps
than to the biceps. All statistical proofs were done by the
Institute of Statistics in Medicine and Epidemiology
(TUM). The analysis was performed using a general
linear model with repeated measurements and a between-
subjects factor. An interaction term was included.

Electromyogram

In Fig. 6 the ratio of the mean EMG before and after the
conditioning stimulation can be seen together with the
standard deviation. For an assessment of this figure it

Fig. 6 Ratio of the EMG between pre-RPMS and post-RPMS (1 no
change, >1 increase, <1 decrease); together with the standard
deviation; the significant (p<0.05) changes between groups A and B
in comparison to the reference group are marked with an asterisk,

whereas tendencies (p<0.1) are marked with a triangle; the
comparison between groups A and B always shows a significant
(p<0.05) decrease in the EMG after RPMS applied to the triceps in
contrast to RPMS applied to the biceps

Fig. 5 Significant decrease (p<0.05) in the stabilization of the
elbow joint after RPMS performed on the triceps in comparison to
the stabilization of the elbow joint after RPMS performed to the
biceps; left cycle a, right cycle b; the dashed line represents the
torque 30 min after RPMS on the biceps whereas the medium solid

line represents the torque 30 min after RPMS on the triceps; the
thick line depicts the area of significant decrease; the fine solid line
describes the position of the forearm; the dashed-dotted line
corresponds to the reference group with no RPMS intervention
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needs to be considered that the EMG under relaxation is
really low, since only a few small motor units are activated
and only the superficial ones are recorded. To obtain more
accurate results, the movement schemes cycle a and b are
put together and the EMG activity is averaged over the
complete movement cycle. Hence the results of the EMG
are only complementary to the torque and should satisfy
that the changes in the torque are based on neuronal
activity.

The results of the EMG correspond with the measured
torque since an increase in the stiffness after RPMS
performed on the biceps (group B) shows a higher activity
in the biceps and triceps muscles in comparison to the
control group (group C). This means that the balance in
the elbow joint is raised to a higher level on stiffness,
which increases the torque against extension and flexion
but leaves the relaxed position unchanged. On the other
hand, RPMS performed on the triceps (group A) shows a
lower activity in the biceps and triceps together with a
decrease in stiffness around the elbow joint.

Discussion

The role of RPMS on skeletal muscle tone regarding
stiffness and tonic activity around the elbow joint has been
investigated during slow alternating passive movements
under relaxed state conditions in 13 healthy subjects.
RPMS performed on the biceps (flexor muscles) increased
the stiffness and EMG in comparison to the control group,
whereas RPMS applied to the triceps (extensor muscles)
caused a decrease in comparison to the control group.
Depending on the location of the conditioning RPMS, the
muscle tone changed in the same way in the agonists and
the antagonists. This influence of the conditioning RPMS
outlasted the displacement at least 8 s. These 8 s
correspond to the break during the movement cycles as
can be seen in Fig. 2. This means that there is no reciprocal
effect as under dynamic passive or active movements.

To interpret these results it has to be considered that the
imposed passive alternating movements around the elbow
joint were performed very slowly (2.5°/s) and in an almost
relaxed state. To gain a more detailed insight into the
modulatory mechanism of RPMS, different effects depen-
dent on RPMS need to be distinguished: Skeletal muscle
intrinsic factors (like viscosity and elasticity) can be
modified directly via induced repetitive contraction and
relaxation of the underlying skeletal muscle fibers. Due to
the opposite conditioning effect, muscle intrinsic factors
are not capable of explaining such behavior since muscle
intrinsic factors for the biceps and the triceps are
influenced in the same way by RPMS. Therefore the
stiffness can be excluded from the stabilization of the
elbow joint (resistance against very slow movements)
while the effects which depend on neuronal activity
(skeletal muscle tone) must be taken into account. This is
also shown by the EMG since the changes in activity of
the biceps and triceps muscles are in the same direction.

It is assumed that under optimal voluntary relaxation
there is just a small tonic activity of S-units (Petit et al.
1990). However, the EMG recordings cannot be distin-
guished between the three basic types of muscle units in
mammalian limb muscles. The basic types are fast twitch
fatigable (FF) units, fast twitch fatigue resistant (FR) units
and slow (S) units which are resistant to fatigue (Burke
1999).

On a receptor level the repetitive induced movements
might modify the thixotropic behavior of receptor-bearing
intrafusal muscle fibers due to aftereffects of repetitive
stretch and/or contractions (Hagbarth et al. 1995; Jahnke et
al. 1989). Since the conditioning effect is long lasting and
independent of intermediate movements, it seems that
neuromodulation on a CNS (intraneuronal) level must be
involved.

Since direct effects on the underlying muscle seem to be
excluded by the data, effects on neural commands should
be considered: The proprioceptive inflow has modifying
effects on spinal, supraspinal and cortical level as
described in the “Introduction.” Due to the mechanism
of action of the RPMS, it is assumed that the propriocep-
tive inflow originates in the fiber groups Ia, Ib and II and
not in the receptors lying in the skin.

The group Ia fibers with their dynamic and static
components take the well-known reciprocal facilitatory
and inhibitory effect in antagonistic muscles on a spinal
level. Hence the Ia fibers are not capable of explaining the
non-reciprocal modulatory effect in the antagonistic
muscles.

It seems unlikely that the Ib afferents play a role with
their negative feedback (control of muscle tension via the
homonymous and synergistic motoneurons due to inhib-
itory Ib interneurons). Their activation via descending
tracts follows a greater development of muscle tension.
Furthermore, the inhibitory effect of group Ib afferents
will be activated by a descending drive when the muscle
tension increases (Ib: Interneuronal System; Jankowska
and Lundberg 1981). In addition, the antidrome activation
of the Renshaw feedback under relaxation is not likely,
because this negative feedback is only effective under the
activation via descending tracts, as in group Ib.

Recently there has been increasing attention on the
function of the group II afferents in sensorimotor integra-
tion. Prochazka has shown that group II afferents follow
muscle length changes even more clearly than Ia afferents
especially during imposed movements (Prochazka and
Gorassini 1998; Prochazka et al. 2002).

Furthermore muscle spindle secondaries provide strong
input to γ-motoneurons (γ-MN) in the lower extremity.
Gladden and Jankowska (1998) show that group II
afferents of one muscle can excite γ-MN of the same
muscle, which means a positive feedback loop. Experi-
ments using natural stimuli (muscle stretch and vibration)
to excite γ-MN indicate that secondary afferents are the
main source of input for these neurons. The positive
feedback between muscle spindle secondaries and γ-MN
can be modulated directly and indirectly via intermediate
zone interneurons (Jankowska and Gladden 1999).
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Supposing that these findings in the lower extremity are
also valid for the upper extremity, it can be assumed that
the positive feedback between group II muscle spindle
afferents and γ-MN could act as an enhancement of effects
of the RPMS at the spinal level.

The positive feedback between secondary endings and
homonymous γ-MN would increase muscle tone by
increasing the feedback from primary and secondary
endings directly to α-motoneurons, and indirectly through
group II interneurons.

However, the modulatory effect need not be confined to
the spinal pathways—the conditioning RPMS may have
changed the descending control of the interneurons from
supraspinal and/or cortical level. The presented data
suggest that agonistic and antagonistic muscular afferent
inputs may evoke facilitation of both muscles or inhibition
of both muscles at the cortical level.

To investigate whether the long-latency component of
the human stretch reflex (LLSR) corresponds to the
increase in motor cortical activity, the time course of the
cortical excitability state following muscle stretch during
isometric activity (deep finger flexor muscles) was tested
using TMS. When the magnetic cortical stimulus was
timed to produce an EMG response in the period of the
later part of the long-latency stretch reflex, the response
was larger than if it was timed to produce a response in the
period of the short-latency spinal reflex or when super-
imposed on the tonic muscle activity used to resist the
standing torque of the motor. When the intensity of
magnetic cortical stimulation was reduced so that it was
just below threshold to produce an EMG response in the
short-latency reflex period or in the background tonic
EMG activity, it was still capable of producing a response
when superimposed on the long-latency stretch reflex.
This suggests that inputs from muscle receptors of the
stretched muscle contribute to the effect since neuronal
afferents from skin, joint and muscle receptors of the hand
could be excluded by nerve block (Day et al. 1988).
However, if transcortical electrical stimulation (TES) is
used, no significant facilitatory effect on the long-latency
stretch reflex can be found (Day et al. 1991).

Cheney and Fetz (1984) observe in the monkey that
corticospinal cell couples are activated by stretching of the
wrist muscles in both the extension and flexion direction
and that (transcortical) reflex bursts were seen in both
agonistic and antagonistic muscles. They suggested that
this could be of importance for the regulation of the
stiffness across the ankle joint by eliciting co-contraction
of the antagonistic muscles.

To clarify whether muscle afferents influence the
excitability of corticospinal projections to antagonist
muscles, the excitability of the right forearm muscles at
rest was tested by TMS and electrical brain stimulation by
Bertolasi et al. (1998). After nerve stimulation (median
and radial nerve) the corticomotoneuronal connections to
the right forearm at rest were tested. These authors
propose that activation of median nerve muscle afferents
can suppress the excitability of cortical areas controlling
the antagonist forearm extensor muscles acting on the

hand (Bertolasi et al. 1998). The inhibitory effect occurs at
short latency and might assist spinal pathways mediating
reciprocal inhibition by contrasting the coactivation of
antagonistic pools of corticospinal cells.

The aim of the study by Lewis and Byblow (2001) was
to investigate modulations in corticomotor excitability
during passive rhythmic movement, in order to elaborate
the level of the neuroaxis at which such changes are
mediated. TMS is delivered to cortical areas representing
the flexor carpi radialis muscle during different phases of
passive rhythmic flexion/extension movements of the
contralateral wrist joint. The results of the static trials
provide evidence that corticomotoneuronal excitability of
the flexor carpi radialis muscle is altered by changes in the
wrist joint angle. When the wrist is in a flexioned posture,
the response amplitude is higher than if the wrist joint is in
extended postures. This may reflect a reduction in static
spindle receptor output at the shortened muscle lengths
(Carson et al. 2000).

The aim of the experiments presented by Stinear and
Byblow (2002) was to examine the regulation of inhibitory
mechanism in human primary motor cortex during
different patterns of rhythmical bimanual movements.
Flexor carpi radialis and extensor carpi radialis cortico-
motor pathway as well as spinal pathway excitability were
examined during synchronous and asynchronous bimanual
wrist flexion/extension under active and passive condi-
tions. The results of these experiments indicate that
modulation of inhibitory activity takes place at the cortical
level.

Aimonetti and Nielsen (2001) investigated how the
transcortical reflexes are integrated into the central motor
commands at a cortical level during contraction of either
the wrist extensor or flexor muscles. The effects of
homonymous and antagonist nerve stimulation on the
intracortical inhibition and facilitation in the cortical areas
that control the wrist extensor and flexor radialis muscles
were tested by double pulse TMS.

It is suggested that the observed effects do not reflect
activation of a simple reflex system, where the sensory
input is relatively closely linked to the output. In both
flexor and extensor muscles, antagonist nerve stimulation
40 ms before the test double pulse TMS decreased
intracortical inhibition and increased intracortical facilita-
tion. In contrast, homonymous nerve stimulation has no
effect on intracortical inhibition and increased intracortical
facilitation.

Conclusion

Concerning the functional relevance of the elbow joint
stabilization, it has to be considered that forearm flexor
and extensor muscles are facilitated or inhibited con-
comitantly depending on the location of the conditioning
RPMS. This means that RPMS modulates the stabilization
of the elbow joint most likely at a cortical level,
corresponding adequately to the planned motor tasks:
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– Preceding motor tasks such as manipulation, pointing,
grasping (postural component in forearm and shoulder),
a stabilization of the elbow joint is necessary.

– Preceding goal-directed movements (kinetic compo-
nent), the stabilization of the joint has to be decreased
in order to facilitate the movements.

Increased stabilization may also ameliorate the spatial
cognition of the limb due to increased proprioceptive
afferent inflow especially from the group II afferents,
which are responsible for the tonic component.

Future work

To investigate whether the modulatory effect (facilitation
or inhibition respectively) takes place at a cortical level,
the conditioning influence of RPMS on the MEP elicited
by double pulse TMS needs to be examined.

Acknowledgements. This work is supported by the Deutsche
Forschungsgemeinschaft (DFG) Str 11/33-1 and Ko 2111/2-1. The
authors are grateful to Robert Burke, Stan Gielen, Margaret
Gladden, Richard Nichols, Arthur Prochazka and Ulf Ziemann for
many valuable discussions, to Renate Gobitz-Pfeifer for technical
assistance and to Raymonde Busch for statistical analysis.

References

Aimonetti J, Nielsen B (2001) Changes in intracortical excitability
induced by stimulation of wrist afferents in man. J Physiol
534:891–902

Bertolasi L, Priori A, Tinazzi M, Bertasi V, Rothwell JC (1998)
Inhibitory action of forearm flexor muscle afferents on
corticospinal outputs to antagonist muscles in humans. J
Physiol 511:947–956

Burke RE (1999) Peripheral and spinal mechanisms in the neural
control of movement, vol. 123, Progress in brain research, chap
15: Revisiting the notion of ‘motor unit types’. Elsevier
Science, Amsterdam

Carson RG, Byblow WD, Riek S, Lewis GN, Stinear JW (2000)
Passive movement alters the transmission of corticospinal input
to upper limb motoneurons. Abstracts for the 30th Annual
Meeting, Society for Neuroscience

Cheney PD, Fetz EE (1984) Corticomotoneural cells contribute to
long-latency stretch reflexes in the rhesus monkey. J Physiol
349:249–272

Day BL, Riescher H, Struppler A (1988) Changes in motor cortex
excitability by muscle stretch in man. Pflugers Arch 411 (Suppl
1, R135)

Day BL, Riescher H, Struppler A, Rothwell J, Marsden C (1991)
Changes in the response to magnetic and electrical stimulation
of the motor cortex following muscle stretch in man. J Physiol
433:41–57

Given JD, Dewald JPA, Rymer WZ (1995) Joint dependent passive
stiffness in paretic and contralateral limbs of spastic patients
with hemiparetic stroke. J Neurol Neurosurg Psychiatry
59:271–279

Gladden MH, Jankowska E (1998) New observations on coupling
between group II muscle afferents and feline γ-motoneurons. J
Physiol 512:507–520

Hagbarth KE, Nordin M, Bongiovanni LG (1995) Aftereffects on
stiffness and stretch reflexes of human finger flexor muscles
attributed to muscle thixotropy. J Physiol 482:215–223

Heldmann B, Kerkhoff G, Struppler A, Havel P, Jahn T (2000)
Repetitive peripheral magnetic stimulation alleviates tactile
extinction. Neuroreport 11:3193–3198

Jahnke MT, Proske U, Struppler A (1989) Measurements of muscle
stiffness, the electromyogram and activity in single muscle
spindles of human flexor muscles following conditioning by
passive stretch or contraction. Brain Res 493:103–112

Jankowska E, Gladden MH (1999) Peripheral and spinal mechanism
in the neural control of movement, vol. 123, Progress in brain
research, chap 13: A positive feedback circuit involving muscle
spindle secondaries and γ-motoneurons in the cat. Elsevier
Science, Amsterdam, pp 149–156

Jankowska E, Lundberg A (1981) Interneurons in the spinal cord.
Trends Neurosci 4:230–233

Kaelin-Lang A, Luft AR, Sawaki L, Burstein AH, Sohn YH, Cohen
LG (2002) Modulation of human corticomotor excitability by
somatosensory input. J Physiol 540:623–633

Lewis GL, Byblow WD (2001) Phasic modulation of corticomotor
excitability during passive movement of the upper limb: effects
of movement frequency and muscle. Brain Res 900:282–294

Lotze M, Braun C, Birbaumer N, Anders S, Cohen LG (2003)
Motor learning elicited by voluntary drive. Brain 126:866–872

Petit J, Filippi GM, Emonet-Denand F, Hunt CC, Laporte Y (1990)
Changes in muscle stiffness produced by motor units of
different types in peroneus longus muscle of cat. J Neurophy-
siol 63:190–197

Prochazka A, Gorassini M (1998) Models of ensemble firing of
muscle spindle afferents recorded during normal locomotion in
cats. J Physiol 507:277–291

Prochazka A, Gritsenko V, Yakovenko S (2002) Sensorimotor
control of movement and posture, vol. 508. Advances in
experimental medicine and biology, chap 41: Sensory control of
locomotion: reflexes versus higher-level control. Kluwer Aca-
demic/Plenum, London, pp 357–367

Ridding MC, Brouwer B, Miles TS, Pitcher JB, Thompson PD
(2000) Changes in muscle responses to stimulation of the motor
cortex induced by peripheral nerve stimulation in human
subjects. Exp Brain Res 131:135–143

Schmid M (1992) Entwicklung und Bau einer Speisequelle mit
verstärkter Leistung zur Nervenstimulation mittels zeitlich
veränderlicher Magnetfelder. Diplomarbeit, Lst. für elektrische
Maschinen und Geräte, Technische Universität München,
Munich

Spiegel S, Bartenstein P, Struppler A, Havel P, Drzezga A,
Schwaiger M (2000) Zentrale Bewegungsverarbeitung bei
spastisch-paretischen Patienten nach repetitiver peripherer
Magnetstimulation (RPMS): eine PET-Studie mit H2O–15.
Nuklearmedizin 39:37–55

Stefan K, Kunesch E, Cohen LG, Benecke R, Classen J (2000)
Induction of plasticity in the human motor cortex by paired
associative stimulation. Brain 123:572–584

Stinear JW, Byblow WD (2002) Disinhibition in the human motor
cortex is enhanced by synchronous upper limb movements. J
Physiol 543:307–316

Struppler A, Havel P (2001) Sensorimotor control, vol 326 of NATO
Science Series I: life and behavioural sciences, chap II, Motor
behavior: facilitation of sensorimotor performances of skilled
finger movements by repetitive peripheral magnetic stimulation
(RPMS)—cognitive aspects. IOS Press, Amsterdam, pp 57–64

Struppler A, Jakob C (1995) Instrumental methods and scoring in
extrapyramidal disorders. Measurement of muscle tone—
demarcation between spasticity and rigidity, chap 2. Springer,
Berlin Heidelberg New York, pp 56–70

Struppler A, Jakob C, Müller-Barna P, Schmid M, Lorenzen H,
Prosiegel M, Paulig M (1996) Eine neue Methode zur
Frührehabilitation zentralbedingter Lähmungen von Arm und
Hand mittels Magnetstimulation. Z EEG EMG 27:151–157

Struppler A, Havel P, Müller-Barna P (2003) Facilitation of skilled
finger movements by repetitive peripheral magnetic stimulation
(RPMS)—a new approach in central paresis. Neurorehabilita-
tion 18:69–82

66



A fronto-parietal network is mediating improvement of motor
function related to repetitive peripheral magnetic stimulation:
A PET-H2O

15 study

Albrecht Struppler,a,⁎ Ferdinand Binkofski,b Bernhard Angerer,c Michael Bernhardt,a

Sabine Spiegel,d Alexander Drzezga,d and Peter Bartensteine

aSensorimotor Integration Research Group, Klinikum Rechts der Isar der TUM, Psychiatrische Klinik (7/0), Ismaningerstr. 22, 81675 München, Germany
bDepartment of Neurology, Universitätsklinikum Schleswig-Holstein, Campus Lübeck, Germany
cInstitute for Electrical Drive Systems, Technische Universität München, Germany
dDepartment of Nuclear Medicine, Klinikum Rechts der Isar der TUM, München, Germany
eDepartment of Nuclear Medicine, University of Mainz, Germany

Received 11 August 2006; accepted 20 March 2007
Available online 31 March 2007

Repetitive peripheral magnetic stimulation (RPMS) is a focused and
painless stimulationmethod, inwhichmuscle contractions are elicited by
depolarization of the terminal motor branches. Clinical–experimental
investigations on different disorders of sensorimotor integration in the
last decade have shown that RPMS can be used for the rehabilitation of
motor functions after stroke. It is supposed that this therapeutic effect is
based on the RPMS-induced proprioceptive inflow to the CNS. To
analyze the conditioning effects of RPMS on reorganization of the motor
system on cortical level positron emission tomography (PET) is used.
Regional cerebral blood flow (rCBF) has been measured using H2O

15-
PET in eight patients with arm paresis following focal cerebral ischemic
infarction before and after treatment using RPMS on upper arm flexor
muscles. Behavioral measures showed a significant improvement of
kinematics of finger movements and a reduction of spasticity in the
affected arm following RPMS treatment. The recovery was associated
with significant increase of neural activation within the superior
posterior parietal lobe and the premotor cortex (PM) areas. The
increase of activation of the parieto-premotor network following RPMS
treatment indicates a significant conditioning effect of RPMS on the
cortical level. These results emphasize the positive therapeutic effect of
RPMS and describe the physiological bases of its function on the central
level.
© 2007 Elsevier Inc. All rights reserved.

Introduction

In central paresis morphological and functional investigations
revealed that even in adults the sensorimotor cortex retains a great

capability to adapt to altered afferent input (Merzenich et al., 1983;
Sanes et al., 1990; Brasil-Neto et al., 1992; Sadato et al., 1995;
Ziemann et al., 1998a,b). The cortical representations of the limbs
are not static or fixed in structure, but are subject to a permanent,
dynamic balance in an extended, redundant and overlapping
network of neuronal circuits (Liepert and Weiller, 1999; Cramer
and Basting, 2000). Even the mature brain is capable of
considerable, partly also structural modifications (Bütefisch et
al., 2003; Johansen-Berg et al., 2002; Pineiro et al., 2002; Carey et
al., 2002; Stefan et al., 2000; Weiller and Rijntjes, 1999; Dettmers
et al., 1996).

Cortical reorganization probably forms one of the bases for
relearning lost motor functions after brain injury. The deficit in
proprioceptive input has a negative effect on the motor recovery
after stroke (Fries et al., 1993; Binkofski et al., 1996). Therefore
one of the crucial mechanisms for the induction of a beneficial
reorganization seems to be the compensation of the lost (reduced)
proprioceptive input (Binkofski et al., 1996). There is increasing
evidence for the importance of the afferent especially the
proprioceptive somatosensory inflow for the somatosensory
control. Peripheral afferents due to passive movements or
electrostimulation elicit a conditioning effect on the excitability
of the primary motor cortex (tested by MEP evaluation). This is
shown for single stimuli (Chen et al., 1999) and for continuous
stimulation over 2 h (Ridding et al., 2000, 2001; Conforto et al.,
2002; Kaelin-Lang et al., 2002; Khaslavskaia et al., 2002).

Apart from these electrophysiological results the regional
cerebral blood flow (rCBF) has also been investigated during long
lasting passive wrist movements which elicit a higher activation of
the contralateral primary motor cortex, although the increase in
activation was significantly higher when the movements were
performed voluntarily (active) (Lotze et al., 2003). Also, the
cortical representation of the activated proprioceptive afferents was
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analyzed by neuroimaging methods. For example, the different
cortical representation of active and passive finger movements
(Mima et al., 1999), the activation of different subareas of the
primary sensory cortex (S1) by different sensory stimuli
(Bodegård et al., 2000), central effect of vibratory stimulation
(Cordo et al., 1995; Naito et al., 1999) and the different central
representation of proprioceptive and cutaneous cortical inflow
(Narici et al., 1989; Rausch et al., 1998) have been demonstrated.
All these studies show that the activation of the primary
somatosensory cortex can be substantially activated by proprio-
ceptive afferents. In the recent years a new focused and painless
method of repetitive peripheral magnetic stimulation (RPMS) has
been developed for treatment of motor deficits after stroke
(Struppler et al., 1996). Hereby the muscle contractions are
elicited by depolarization of the terminal motor branches. Since
RPMS is activating mostly proprioceptive afferents, the primary
effects of RPMS at the central level should be caused by the
representation of this proprioceptive inflow to the CNS. We
hypothesize that one major effect of RPMS in the treatment of
motor deficits is the reorganization of central motor representa-
tions of movements that is brought about by the massive
proprioceptive input provided by this new technique.

Currently, some physiotherapy schemes aim to achieve
positive therapeutic effects through externally applied passive
movements (Bobath, 1990). When the lost movements are
induced by muscle stimulation, the associated proprioceptive
input is much higher and corresponds closer to the lost voluntary
action patterns. In this context the functional electrical stimulation
(fES) is a well-known method to induce movements by muscle
stimulation (e.g. Crago et al., 1991; Gollee et al., 2001). However,
the fES not only activates somatosensory nerve fibers, also
cutaneous receptors are activated. The generalized activation of
the fiber spectrum caused by fES is an essential drawback of this
approach. This is reflected in a critical discussion of the fES in
context with the rehabilitation of skilled hand and finger
movements (see e.g. Barreca et al., 2003; Platz, 2003; Hesse et
al., 2004). In contrast to transcutaneous electrical stimulation, the
biologically effective electrical field in RPMS is considerably
lower. This avoids activation of cutaneous receptors, like
nociceptors. The spatial field distributions are also different in
terms of spreading. Since the magnetic field is marginally
influenced by human tissue and the induced current depends
upon the ion environment deeper regions of the muscle are
penetrated. In contrast, the current caused by electrical stimulation
will take the way of lowest resistance, thus being largely limited
to the surface (Angerer, 2006). RPMS in the area of the muscle

supplying terminal branches elicits a proprioceptive input to the
CNS in two different ways:

• Adequate (indirect) activation of mechanoreceptors (fiber groups
Ia, Ib, II) during the rhythmic contraction and relaxation as well
as vibration of the muscles.

• Inadequate (direct) activation of sensorimotor nerve fibers with
an orthodromic and antidromic conduction.

Clinically, this afferent input leads to sensations like movement
and vibration, while fibers of the groups III and IV, like
nociceptors, as well as mechanoreceptor afferents from the skin
may not be activated by RPMS. Our studies performed under
normal and pathological conditions showed that the proprioceptive
inflow induced by RPMS elicits conditioning effects on various
levels of the sensorimotor and cognitive systems: RPMS can
effectively SUPPRESS SPASTICITY (Struppler et al., 1996,
2003), has a modulatory effect on POSTURAL COMPONENT
OF MOTOR PERFORMANCES like stabilization of the elbow
joint under relaxed state (Struppler et al., 2004) and can improve
HIGHER SENSORY (INTEGRATIVE) FUNCTIONS like spatial
cognition in patients (Kerkhoff et al., 2001; Kerkhoff, 2003). Also,
recognition errors of different tactile stimuli could be clearly
reduced after RPMS (Heldmann et al., 2000).

The aim of the present study is the investigation of the central
reorganization mechanisms involved in the improvement of
repetitive finger movements under the treatment with RPMS using
positron emission tomography (PET). According to our hypothesis,
we expected an increase of activation in the higher motor areas
related to reorganization of the central representations of move-
ments following RPMS treatment.

Patients and methods

Patients

Eight right-handed patients (3 women, 5 men; age range 38–
70 years; mean 55 years; see Table 1) with spastic paresis
(Ashworth scale 3–4) of the upper extremity as a result of cerebral
ischemic infarction were chosen for detailed investigation.
Additionally, the patients' state allowed for a 4 h lasting PET
investigation. All patients had no other antecedent neurological or
significant general medical history. Four patients had lesion on the
left side and four patients on the right side of the brain (see
Table 1).

Table 1
Patient list of the experimental investigation and PET study—demographic data of the eight patients; LS= left side; RS=right side

No. Patient sex/
age in years

Lesion and time since lesion in month Symptom Ashworth scale Somatosensory
deficit

1 f/70 Traumatic brain stem lesion (LS) 54 Spastic tetra paresis dominant in RS 4 Yes
2 m/58 Striolenticular ischemic lesion (LS) 6 Hemiparesis (RS) dom. on brachio facial 3 No
3 m/75 Ischemic brain stem lesion pontomedular (LS) 4 Spastic hemiparesis (RS), dom. on lower extremity 4 Yes
4 m/64 Lacunar pons infarction (LS) 3 Spastic hemiparesis (RS), dom. on lower extremity 3 None
5 m/59 Striolenticular ischemic lesion (RS) 5 Spastic hemiparesis (LS) 3 None
6 f/60 Striolenticular ischemic lesion (RS) 12 Spastic hemiparesis (LS) dom. on upper extremity 3 None
7 m/75 Ischemic lesion of dorsal capsula interna (RS) 3 Incomplete hemiparesis (LS), dom. on upper extremity 3 None
8 m/55 Multilacunar (RS) 12 Progradient spastic tetra paresis, dom. on LS 3 Yes
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In accordance with the declaration of Helsinki all patients gave
their informed written consent to participate in the study after the
experimental procedure and radiation effects had been explained.
The experiment had the approval of the Ethics Committee of the
Faculty of Medicine of the University of Technology Munich and
the radiation protection authorities.

Conditioning stimulation—RPMS

In between the PET scanning sessions RPMS was transcuta-
neously applied to the area of muscle supplying terminal nerve
branches of the finger and hand extensor muscles by a
conventional stimulation coil (magstim double 70 mm coil) and
a self built stimulation device (Schmid et al., 1993). In Fig. 1 the
principal stimulation coil position and orientation for the stimula-
tion of the finger and hand extensor muscles are depicted. The best
position and orientation of the stimulation coil are adjusted
clinically for each patient.

For every conditioning RPMS 5000 single magnetic field
impulses at an amplitude of 1.2 T (=12,000 G) and a repetition
frequency of 20 Hz were applied (Struppler et al., 2003). After
every 30 impulses a break of 4 s was made to induce repetitive
contractions and relaxations simultaneously with the sensation of
movement and vibration.

Experimental task

To investigate the conditioning effect of the RPMS a simple and
reproducible motor task is used. This task consisted of an
acoustically triggered goal directed selective index finger exten-
sion. Patients are asked to extend the index finger as quickly and as
extensively as possible and to hold the index finger in a constant
length for a given time (3 s). Because the degree of spasticity (see
Table 1) the voluntary intended extension is relatively small
although the patients are asked for maximum voluntary extension.
After this extension the patients are asked to relax for
approximately 3 s. Since the eyes are closed, the finger position
is only under proprioceptive control. Hence the motor task includes
motivation, attention, planning, programming, intention, execution
and proprioceptive control. This paradigm is a modification of a
motor task described in previous studies (Bartenstein et al., 1997;
Colebatch et al., 1991). This experimental task and the condition-

ing RPMS are used in a physiological evaluation study and in the
presented PET study. The participants (see Table 1) and the basic
conditions on both studies are identical. The subdivision is done to
keep the duration for each study in a reasonable dimension.

Physiological evaluation

Before and 45 min after the conditioning RPMS each patient
executes the experimental task three times with a break of 3 s
between the repetitions. During each experimental task the
displacement and the velocity of the finger extension are measured
with a goniometer. The motor activity is electromyographically
recorded. Each three measurements are averaged to get more
accurate results. These experiments are described in detail by
Struppler et al. (2003).

PET paradigm design

In order to compare the results of the physiological evaluation
with the results of the PET study, almost the same experimental
protocol is used for the PET study. Therefore twelve PET scans
were performed in each patient: six before and six 45 min after the
RPMS. During the active scans subjects were asked to perform the
experimental task, triggered by a metronome at a pace of 0.3 Hz
(B). Each active condition was preceded by a rest condition (A).
The sequence of scans in each subject was ABABAB–RPMS–
ABABAB. The sound of the metronome could be heard equally
during the active and the baseline conditions. Scans were
performed with the subjects eyes open in dimmed ambient light.

Three repetitions of each condition (A+B) are necessary in
order to achieve robust activation levels. However, because the
safety limit of applied radioisotopes was reached by those twelve
scans, we could only measure the main effect of stimulation and
had no space for a control group (no stimulation or shammed
stimulation). This could be done since the preceding clinical
evaluation shows no significant changes of kinematics in the
control group (Struppler et al., 2003).

PET scanning and image reconstruction

PET measurements were performed using a Siemens 951 R/31
PET scanner (CTI Knoxville/TN, USA) with an axial field of view

Fig. 1. Principal scheme for the application of the conditioning RPMS (finger and hand extensor muscles).

T176 A. Struppler et al. / NeuroImage 36 (2007) T174–T186



of 1.5 cm and no interplane dead space under standard resting
conditions (eyes open in dimmed ambient light). Attenuation was
corrected using a transmission scan with an external 68Ge/68Ga
ring source obtained prior to the tracer injection.

A semibolus injection of 7.5 mCi H2O
15 was administered

intravenously over 35 s using an infusion pump. A dynamic
acquisition protocol was performed starting with the infusion
followed by a sequence of 8 short-duration frames: first one 15 s
frame and second seven 10 s frames, covering a total scan time of
85 s. The motor task started with the beginning of the scan.
Following corrections for random, dead time and scatter, images
were reconstructed by filtered back-projection with a Hanning
filter (cut-off frequency 0.4 cycles/projection element), resulting in
31 slices with a 128×128 pixel matrix (pixel size 2.0 mm) and
interplane separation of 3.375 mm. Since time–activity curves of
the whole brain showed initial tracer appearance during scan 4
and its maximum between scans 4 and 8 in all subjects, frames
4–8 were added to a single frame consisting of 50 s for further
analysis.

Statistical analysis

Determination of areas showing rCBF increase during activa-
tion before and after application of RPMS: In the first step a group
analysis summarizing the data of all patients in one group was
performed (Spiegel et al., 2000). For statistical reasons all lesions
of our patients were assigned to the left side. Therefore, scans of
patients with lesions on the right side were flipped from right to
left. After this procedure all contralesional hemispheres were
scattered on the left side (Weiller et al., 1992). Tracer counts were
proportionally normalized to the global cerebral activity, which
was arbitrarily set to 1000, in order to perform analysis on relative
tissue rCBF activity (Fox and Raichle, 1984). An automated
program (NEUROSTAT; University of Michigan; SPM-Mich.) was
used to coregister, reslice and transform the image arrays into the
stereotactic space of Talariach and Tournoux (1988), as described
in Minoshima et al. (1993, 1994). To eliminate individual
differences in gyral anatomy, these images were further smoothed
with a three-dimensional Gaussian filter to give an effective
resolution of 18 mm (full width half maximum). Repeated control
and activation images were averaged within each subject.
Differences between control and activation images were then
averaged across subjects and were expressed as voxel-by-voxel t-
statistic values using a pooled variance estimated from the whole
brain gray matter (Worsley et al., 1992). Since the resulting t-
statistic map, by the method described above, is known to be a
good approximation for a standard Gaussian distribution, we
described those values as Z-scores. In order to determine a
threshold for significant activation on resulting Z-map, we
calculated the image smoothness (Friston et al., 1991) and
estimated a statistical threshold at a one-tail (positive) probability
of p=0.05 using a statistical model which adjusts multiple
comparisons and the inherent correlation of neighboring voxels
(Montreal threshold). This subtraction analysis between rest and
activation condition was performed independently for the scans
before and after application of RPMS.

Comparison of rCBF changes before and after RPMS

Additionally, neural activity after and before application of
RPMS was compared in order to identify increases or decreases of

activation related to RPMS treatment. The comparison of rCBF
changes between task and rest after and before RPMSwas calculated
as follows: the differences of the adjusted error variance were
estimated for each group and its mean value was used to compute the
t-statistics. A one-tailed t-test was used and a significance level of
0.01 without correction for multiple comparisons was allowed (Kew
et al., 1993). To exclude the detection of small differences in areas
where no relevant or only inconsistent activation had occurred, this
analysis was restricted to voxels where rCBF increases during
activation either before or after application of RPMS achieved a Z-
score above 1.64 (p=0.05, one tail) (Wenzel et al., 1996). To
estimate the change in normalized rCBF, the voxel showing
maximally different motor task activation was used.

Analysis of rCBF in the single patients

Visual analysis
In order to reduce confounds resulting from the lesion size on

the general rCBF an individual analysis of patients scans was
performed without stereotactic normalization. For this analysis
again tracer counts were proportionally normalized to the global
cerebral activity. Coregistration was done using an automated
program (NEUROSTAT), but no stereotactic normalization or
inversion about the midsagittal plane was performed. Repeated rest
and activation images were averaged within each subject.
Differences between control and activation images were calculated
by a voxel-by-voxel subtraction analysis. The results were
visualized creating an MR-overlay for each patient using the
individual MRIs.

Quantification of rCBF increases/decreases in the single subjects
To quantify the differences of activation in the single subjects

we made an additional region of interest (ROI) analysis using the
stereotactically normalized images of each subject. For this
automated analysis three-dimensional templates were derived from
the significantly activated areas in the first step of the study. So the
templates covered those areas where either before or after
application of RPMS significant activation occurred. Significance
level of 0.001 (not corrected) was used as a cut-off threshold. To
estimate the change in normalized rCBF of a single subject, the
average of counts within a predetermined area was calculated and
the rCBF increase respectively decrease between rest and
activation condition was expressed in percent. For statistical
analysis we inverted the data of the four patients with the lesion on
the right side again and performed a paired t-test using data of all
patients.

Results

Results of the physiological evaluation

Initially the voluntary finger extension is very disturbed by
flexor spasticity and extensor paresis. After one stimulation session
the movement amplitude (displacement) and velocity are highly
improved, spastic activity (EMG) of the flexors is significantly
reduced (Wilcoxon test: p>0.026) and the motor task could be
performed with less activity in the extensors as can be seen in Fig.
2. These results are described an discussed in detail by Struppler et
al. (2003). Because of these physiological results it seems possible
that despite the spasticity also the central drive may be modulated
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by the RPMS. To clarify the conditioning effect of the RPMS on
cortical level the same patients and the same experimental task are
investigated in the presented PET study (see Fig. 2).

PET results

Neural activity due to the specific motor task
The neural activation during the voluntary extension move-

ments of the spastic-paretic index finger (specific motor task)
before the application of RPMS was compared to the activation at

rest. This comparison shows significant increases of rCBF
(p≤0.05, corrected for multiple comparisons) correlated to the
experimental task bilaterally in the primary sensorimotor cortex, in
the premotor cortex, in the supplementary motor area (SMA) with
adjacent parts of the cingulate gyrus, in the neostriatum, in the
cerebellum and in the contralateral parietal cortex, as can be seen in
Fig. 3. The areas where the increases reached a Z-score above the
estimated threshold of 4.64 for p≤0.05 considering multiple
comparisons and the inherent correlation of neighboring voxels are
summarized in Table 2.

Fig. 3. Neural activation compared to rest before the application of RPMS.

Fig. 2. Conditioning effect measured by means of active finger extensions: mean values and standard deviation of standardized parameter values of 8 patients
before (pre) and after (post) conditioning using RPMS (mod. from Struppler et al., 2003).
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When the patients performed the motor task after the application
of RPMS (again compared to rest) the primary sensorimotor cortex
was activated to the same extent as before RPMS. Also a significant
activation of the PM, of the contralateral parietal cortex and of the
supplementary motor area with adjacent parts of the cingulate gyrus
could be found (see Fig. 4). Table 2 summarizes the areas where the
increases reached a Z-score above the estimated threshold of 4.62 for
p≤0.05 considering multiple comparisons and the inherent
correlation of neighboring voxels. The difference between the
activation patterns before and after RPMS is the lack of significant
activation in the neostriatum and in the cerebellum.

Differences in neural activation due to RPMS
As described above there are various areas where an increase of

activation due to the performed motor task can be seen independent
of the RPMS. Therefore it has to be considered that there is always
an increase of activation in the examined areas. To analyze the
impact of the conditioning RPMS the difference of the increase
before and the increase after the RPMS is evaluated. Hence the
general rCBF increase caused by the experimental task can be
higher or lower correlated to the conditioning RPMS. This means
that in combination with the RPMS only the change of the increase
before and after the RPMS can be discussed. This change can be a
higher or a lower increase. The comparison of the neural activation
before and after the application of RPMS shows a significant
higher increase of rCBF in the contralateral premotor cortex, in the
contralateral parietal cortex and in the posterior part of the anterior
cingulate (motor cingulate). These results are shown in Fig. 5 and
summarized in Table 3 together with the corresponding statistical
data. A significant lower increase related to RPMS could be found
in the contralateral neostriatum, in the thalamus and in the
ipsilateral insula as shown in Fig. 6 and described together with the
statistical data in Table 3.

Single subject analysis

Visual analysis
The analysis of the individual activation patterns after the

coregistration with the individual high resolution structural MRIs
showed that after application of RPMS a general shift of activation
from subcortical to cortical structures could be found in all eight
patients as described in Tables 4 and 5.

For illustrative purposes two examples of single patients are
shown in Fig. 7 where the first row shows the neural activation due
to the motor task before and after RPMS of a patient with the lesion

Fig. 4. Neural activation compared to rest after the application of RPMS.

Table 2
Areas with significant rCBF increases during the motor task before (upper
part) and after (lower part) RPMS

Area (Brodmann area) Talairach
coordinates

Z-score

x y z

Increase
before
RPMS

Left motor cortex (BA 4) 33 −22 54 11.5
Vermis 1 −62 −7 6.8
SMA (BA 6) 3 −1 50 6.0
Right neostriatum/insula −37 8 2 5.6
Left premotor cortex (BA 6) 12 −10 63 5.2
Left neostriatum (insula) 35 5 9 5.2
Right premotor cortex (BA 6) −37 8 52 5.1
Right primary sensorimotor cortex −53 26 34 3.75

Increase
after
RPMS

Left motor cortex (BA 4) 30 −22 56 12.5
Left SMA (BA 6) 6 −8 50 7.3
Right premotor cortex (BA 6) −30 −15 54 5.8
Left primary sensorimotor cortex 44 −24 29 4.2

A Z-score above the estimated threshold of 4.64 for p≤0.05 considering
multiple comparisons and the inherent correlation of neighboring voxels is
reached.
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on the right side. The second row shows the shift of neural
activation due to RPMS of a patient with the lesion on the left side.

Semiquantitative analysis of the activation pattern within a single
subject

Using the additional ROI analysis (region of interest) higher
increases of rCBF related to the RPMS could be found in all
patients. Significant higher increases could be found in the
ipsilateral sensorimotor cortex and in the cingulum in almost all
patients. These results are described in detail in Tables 4 and 5.

A lower increase of the motor task specific rCBF due to RPMS
is found in the contralateral striatum and thalamus, ipsilateral in the
insula and in the uppermost part of the cerebellum in almost all
patients. This means a negative difference of differences which can
be seen in Tables 4 and 5.

In the statistical analysis the significance level of p≤0.05 was
reached in the ipsilateral sensorimotor cortex (higher increase), in
the motor cingulum (higher increase) and in the vermis (lower
increase). Using a threshold of p≤0.01 a significant higher increase
of rCBF related to RPMS could be found in the contralateral
premotor and parietal cortex. These results are summarized in
Table 6.

Discussion

The aim of the current PET study was to test if the improvement
of motor functions after repetitive peripheral magnetic stimulation
(RPMS) is caused (at least in part) by plastic changes at the central
level, due to proprioceptive inflow from the stimulated finger and
hand muscles. The positive and lasting effect of RPMS of arm

Table 3
Areas with significant higher increases (upper part) and significant lower increase (lower part) of the rCBF due to RPMS (see Table 2; difference to differences)

Area (Brodmann area) Talairach coordinates Z-score Level of
significance (p)x y z

Higher increase due to RPMS Left premotor cortex (BA 6) 30 −4 43 3.6 0.003
Right premotor cortex −24 −17 52 2.3 0.03
Left sup. post. Parietal lobe (sPPL) (BA 7) 21 −46 50 3.2 0.008
Left sup. post. Parietal lobe (sPPL) (BA 7) 30 −51 61 2.6 0.02
Left sup. post. Parietal lobe (sPPL) (BA 7) 26 −51 63 2.3 0.04
Left anterior cingulate (BA 24) 6 −10 45 3.1 0.009
Right cingulum (BA 24/31) −15 −4 36 2.9 0.001

Lower increase due to RPMS Right cerebellum −3 −44 −4 3.8 0.002
Left neostriatum 26 3 0 3.6 0.004
Left thalamus 15 −19 0 3.4 0.006
Right putamen −24 10 11 2.3 0.04
Right insula −39 17 4 3.1 0.009
Right ant. Cingulum (BA 24) −1 14 27 2.4 0.03

Fig. 5. Significant higher increase of the task induced rCBF before (see Fig. 3) and after (see Fig. 4) RPMS. This means a positive difference of differences.
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muscles on reduction of spasticity and improvement of hand and
finger movements in patients with hemiparesis after stroke has
been demonstrated already in previous studies (see Introduction
and Struppler et al., 1996).

In confirmation of our hypothesis, the patients' improvement in
the motor task (finger extension) was related to an increase of
neural activation in the contralateral premotor cortex and the
posterior parietal cortex, areas that are known to be functionally
tightly interconnected in the higher control of arm and hand
movements. An additional increase of activation was also observed
in the SMA/CMA complex. Other studies have shown increased

activation of the parietal and premotor cortex during different kind
of hemiparesis treatments (Seitz et al., 1998; Nelles et al., 1999,
2001; Johansen-Berg et al., 2002), which was correlated with
behavior improvement. This is suggesting that RPMS, along with
other treatment strategies, is causing adaptive changes in these
cortical areas that mediate recovery.

The mechanisms behind the central effects of RPMS

Repetitive peripheral magnetic stimulation (RPMS) applied for
rehabilitation of paretic hand and finger muscles stimulates the

Table 4
Changes in % of the motor task depending rCBF increase in four patients with the lesion on the left side: before (pre) and after (post) RPMS of the left side

Lesion
left

SM 1 PM
left

Parietal
left

Cingulate Striatum
left

Insula
right

Thalamus
left

Vermis

Left Right

Pre RPMS Pat. 1 36.6 5.7 16.2 9.9 17.9 7.8 10.6 4.8 19.7
Pat. 2 47.6 8.4 18.9 17.3 2.0 11.1 4.8 4.3 24.3
Pat. 3 56.7 1.7 15.2 20.8 24.7 17.0 8.2 8.6 7.9
Pat. 4 37.0 4.4 8.9 3.6 − .20 11.2 19.4 3.5 21.0
Mean 44.48 5.05 14.80 12.90 10.65 11.78 10.75 5.30 18.23

Post RPMS Pat. 1 36.3 2.5 25.4 12.3 15.9 2.6 8.2 3.1 3.4
Pat. 2 42.8 12.7 32.9 27.5 13.4 −8.4 3.1 5.5 6.5
Pat. 3 54.7 9.1 20.7 39.8 26.5 21.6 8.9 −0.8 8.3
Pat. 4 40.1 13.0 11.8 21.6 14.5 0.4 3.2 −4.8 11.4
Mean 43.48 9.33 22.70 25.30 17.58 4.05 5.85 0.75 7.40

Dif. of dif. Pat. 1 −0.3 −3.2 9.2 2.4 −2.0 −5.2 −2.4 −1.7 −16.3
Pat. 2 −4.8 4.3 14.0 10.2 11.4 −19.5 −1.7 1.2 −17.8
Pat. 3 −2.0 7.4 5.5 19.0 1.8 4.6 0.7 −9.4 0.4
Pat. 4 3.1 8.6 2.9 18.0 16.5 −10.8 −16.2 −8.3 −9.6
Mean −1.00 4.28 7.90 12.40 6.93 −7.73 −4.90 −4.55 −10.83

The comparison of these increases is called dif. of dif.

Fig. 6. Significant lower increase of the task induced rCBF before (see Fig. 3) and after (see Fig. 4) RPMS. This means a negative difference of differences.
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sensorimotor terminal branches of muscle supplying fibers and
causes controlled muscle contractions. Hereby the proprioceptive
inflow to the CNS is generated in two ways: activation of
mechanoreceptors of the stimulated muscles during the induced
contraction (adequate, indirect) and via the direct activation of the
underlying sensorimotor afferents (inadequate). The afferent inflow
to the CNS projects via the fast conducting myelinated nerve fibers
primarily to the lemniscal and extra lemniscal systems related to
movements of finger and hand. Via thalamus the impulses reach
the primary and secondary somatosensory cortex and are processed

further in higher associative areas (premotor and parietal areas).
Simultaneously to the induced movement, the proprioceptive
inflow leads to concomitant perception of movement and vibration.
Accordingly, Seitz and Roland (1992) demonstrated that stimula-
tion of the proprioceptive system by application of vibratory
stimuli to the right palm of healthy volunteers was associated with
increased rCBF in the left primary (S1) and secondary (S2)
somatosensory areas, the left anterior posterior parietal cortex, the
left primary motor cortex (M1) and the left supplementary motor
area (SMA). Further confirmation for the involvement of the

Fig. 7. Example for individual overlay to illustrate the general shift of activation from subcortical to cortical structures due to RPMS (see also Tables 4 and 5).

Table 5
Changes in % of the motor task depending rCBF increase in four patients with the lesion on the right side: before (pre) and after (post) RPMS of the right side

Lesion
right

SM 1 PM
right

Parietal
right

Cingulate Striatum
right

Insula
left

Thalamus
right

Vermis

Right Left

Pre RPMS Pat. 5 3.4 4.5 5.8 −2.5 4.3 10.3 7.6 5.2 19.8
Pat. 6 56.7 8.7 30.2 19.1 26.7 5.8 10.6 −2.5 17.1
Pat. 7 40.4 −4.1 −3.6 12.8 1.4 2.5 9.6 9.3 1.4
Pat. 8 13.6 7.7 5.0 6.7 12.4 6.0 2.9 9.4 2.0
Mean 28.53 4.20 9.35 9.03 11.20 6.15 7.68 5.35 10.08

Post RPMS Pat. 5 16.4 17.4 21.8 3.1 9.2 1.2 7.2 1.9 −1.5
Pat. 6 44.9 9.6 34.0 24.6 40.4 0.3 7.9 2.3 15.2
Pat. 7 38.6 4.0 0.6 21.6 12.5 2.7 2.4 −3.8 4.9
Pat. 8 16.5 6.5 14.1 25.5 16.2 3.1 −6.1 −19.6 −27.4
Mean 29.10 9.38 17.63 18.70 19.58 1.83 2.85 −4.80 −2.20

Dif. of dif. Pat. 5 13.0 12.9 16.0 5.6 4.9 −9.1 −0.4 −3.3 −21.3
Pat. 6 −11.8 0.9 3.8 5.5 13.7 −5.5 −2.7 4.8 −1.9
Pat. 7 −1.8 8.1 4.2 8.8 11.1 0.2 −7.2 −13.1 3.5
Pat. 8 2.9 −1.2 9.1 18.8 3.8 −2.9 −9.0 −29.0 −29.4
Mean 0.57 5.18 8.28 9.68 8.38 −4.33 −4.83 −10.15 −12.28

The comparison of these increases is called dif. of dif.
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sensorimotor areas in the processing of proprioceptive information
comes from the study by Radovanovic et al. (2002), who used PET
to investigate central structures involved in the perception of
passive limb movement and illusory movement generated by
muscle tendon vibration. These authors suggested that S2 is
involved in stimulus perception generation and that S1/M1 and
SMA areas are indeed processing the proprioceptive input. By
using a passive and an active index finger movement task to
distinguish the involved cortical areas in normal subjects, Mima et
al. (1999) could show that performance of active movements was
associated with an activation of the contralateral primary
sensorimotor cortex, the premotor cortex, the SMA, the bilateral
S2, the basal ganglia and the ipsilateral cerebellum. Passive
movements activated only the contralateral areas S1 and S2.

The possible mechanisms of reorganization induced by RPMS

Rapid changes in excitability of the motor network representing
the thumb could be found after half an hour practice of repetitive
thumb movements, as tested by TMS (Classen et al., 1998). Such
changes in excitability could also be demonstrated from direct
magnetic stimulation of the motor cortex by single stimuli (Chen
et al., 1999) and by continuous stimulation over 2 h (Ridding et
al., 2000, 2001; Conforto et al., 2002; Kaelin-Lang et al., 2002;
Khaslavskaia et al., 2002). Especially, simultaneous paired
stimulation of the peripheral nerve and the motor cortex has
proven to induce longer lasting plastic changes in the sensorimotor
networks (Stefan et al., 2001). Evidence that Hebbian type
learning could underlie the phenomena is wide ranging, including
the application of in vivo-aminobutyrate (GABA) affecting this
“use dependent plasticity” (Ziemann et al., 2001). Also, using
TMS in humans, cortical plasticity can be blocked by an N-
methyl-D-aspartate (NMDA) antagonist, indicating that a kind of
long-term potentiation plays a role in human M1 motor learning
(Stefan et al., 2002). For pure sensory stimuli, such Hebbian
learning phenomena at the central level have been demonstrated
by Pleger et al. (2003), who showed plastic changes due to
perceptual learning in human primary and secondary somatosen-
sory cortex. Thus, there is growing evidence that the propriocep-
tive input can induce reorganization and plasticity in the cortical
sensorimotor system. There is also evidence from neuroimaging
that this reorganization at the central level takes place not only in
the primary sensorimotor areas, but also at a higher level of
processing.

The nature of the increased activation of the ventral premotor and
parietal cortex after RPMS treatment

The task used in our PET study contained acoustically triggered
selective index finger extensions with the goal to extend the index

finger as quickly and as extensively as possible, to hold at constant
length and to relax during a given time. The performance of this
task required some higher order proprioceptive control and
constant motor attention. Accordingly, an increased activation of
not only primary sensorimotor areas, but also of a parieto-premotor
circuit and of the SMA/CMA complex could be observed.

In the following section we will discuss the increased activation
in more detail. As suggested by Rizzolatti et al. (1998) motor and
parietal areas are reciprocally connected and form a series of
specialized circuits working in parallel. These circuits transform
sensory information into action. Each motor area receives afferents
from a specific set of parietal areas. The input from one parietal
area is rich (“predominant” input), while that from the other areas
is moderate or weak (“additional” inputs). In turn, each parietal
area is connected with several motor areas, but has privileged
contacts with one only. Parietal and frontal areas linked by a
“predominant” connection have similar functional properties,
whereas this similarity is not so obvious if one compares the
functional properties of areas linked by “additional” connections
(Rizzolatti et al., 1998). Such parieto-premotor circuits like the
PEc–F2 circuit interact closely with each other during the
translation of sensory information in suitable movement patterns
this circuit is proposed to process of somatosensory guided
movements (Battaglia-Mayer et al., 2003; Rizzolatti et al., 1998;
Rizzolatti and Luppino, 2001). In monkey area PEc, which is
localized in the caudal part of the superior parietal lobule,
somatosensory neurons have been found which were activated
by active reaching (Breveglieri et al., 2006). An activation of both
areas has been found during performance and imagery of
somatosensory guided finger movements in man (Binkofski et
al., 2000). A common activity of the dorsal premotor cortex and
superior parietal cortex have been described by several authors for
functions like pointing and grasping, but also for coding of
attention and motion direction (Grafton et al., 1996; Astafiev et al.,
2003).

The activation of SMA/CMA complex can be explained by the
repetitive manner of the task used in our study (Stephan et al.,
1999). The lower SMA and the adjacent CMA share a great
anatomical similarity and are supposed to work tightly together
since motor cingulate is tightly connected with the SMA proper
(Rizzolatti and Luppino, 2001). Both structures seem to constitute
a functional unit (Stephan et al., 1999), therefore the description
SMA/CAM complex is used throughout this paper. SMA proper
has significant anatomical connections with the parietal area PEc
(Rizzolatti and Luppino, 2001), which was described above and
has significant connections with the premotor area F2 (Rizzolatti et
al., 1998; Rizzolatti and Luppino, 2001). Increased activation in all
three areas due to successful RPMS treatment of motor deficits
after stroke is therefore based on improved activation in a
physiological network. This network is also involved in processing

Table 6
Average changes in % of the motor task depending rCBF increases in all eight patients before (pre) and after (post) RPMS

8 patients
lesion left

SM 1 PM
left

Parietal
left

Cingulate Striatum
left

Insula
right

Thalamus
left

Vermis

Left Right

Pre RPMS 36.50 4.63 12.08 10.96 10.93 8.96 9.21 5.33 14.15
Post RPMS 36.29 9.35 20.16 20.75 18.58 2.94 4.35 −2.03 2.60
Dif. of dif. −0.21 4.72* 8.08** 9.79** 7.65* −6.02 −4.86 −7.36 −11.55*

The data of the four patients with the infarct on the right side were inverted about the midsagittal plane. Thus in all patients the plegic hand is on the right side.
The comparison of the increases before and after RPMS is called dif. of dif. Significance level: *p≤0.05; **p≤0.01.
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parameters of successful sensorimotor control of the task under
normal circumstances. The increase of activity in higher order
premotor and parietal areas in the course of treatment of
hemiparesis seems not to be specific for RPMS. It could be
demonstrated that improvement of hemiparesis after arm training,
based on task oriented passive arm movements, was also associated
with an increase in rCBF in the parieto-premotor network (Nelles
et al., 2001). In a group of seven chronic stroke patients receiving
constraint induced therapy for hand function (Johansen-Berg et al.,
2002) quantified neural changes associated with behavioral
improvement have been demonstrated by using fMRI. The results
showed that the extent of improvements in hand function
correlated with increases in fMRI activity in the premotor cortex,
the S2 contralateral to the affected hand and in the superior
posterior regions of the cerebellar hemisphere bilaterally.

Also SMA and cingulate play a crucial role in the early phase of
good motor recovery after stroke (Carey et al., 2006). The
influence of these areas is decreasing in the later course of
recovery. Further good motor recovery is reported to correlate with
decrease in activity over time in the primary motor cortex,
PMC, SMA and cingulate (Ward et al., 2003) consistent with
the reduction in SMA (and PMC) activation described in the
study of Carey et al. (2006) in patients with initial moderate
impairment.

Thus, the behavioral improvement induced by our therapy does
not seem to be related to the brain activity changes which occur
with spontaneous functional recovery. This increased activity
rather suggests adaptive reorganization mediating recovery. The
massive proprioceptive input to the sensorimotor cortical system
that is provided by different kinds of therapeutic interventions
(among others RPMS) obviously seems to trigger such a
reorganization. In summary, we could demonstrate that the
improvement of motor functions after RPMS is associated with a
reorganization process at a cortical level. We suggest therefore
that the massive proprioceptive inflow caused by RPMS is re-
establishing activity in areas physiologically responsible for
coordination of the motor task, which work together in a
network.

Interestingly, a concomitant decrease of activation in subcor-
tical structures (contralateral in the thalamus and in the basal
ganglia) could be observed after RPMS treatment. It is therefore
possible that before treatment the task involved alternative
structures, which allowed for some level of suboptimal processing,
and that RPMS treatment was able to “shift” the mode of
processing from the subcortical to the more effective cortical level.
An alternative explanation for this finding could be that before
treatment a kind of unselective over-activity was present, which
vanished after good improvement of function.

According to a study on goal directed motor tasks (proprio-
ceptive and visual controlled tracking movements) there is
evidence that RPMS also improves the efficiency in course control
of such movements (asynergy, dysmetry). In this context not only
cortical circuits but also cerebro-cerebellar systems have to be
taken into account since cerebro-cerebellar systems are involved in
maintenance and optimization of a motor program. Therefore the
input to the cerebro-cerebellar systems includes proprioceptive
afferents as well as a copy of the motor related cortical efferents,
while the processed results are projected to the motor related
cortical areas. Together, this builds the well known cortico-
cerebello-thalamo-cortical loop. In conjunction with the RPMS, we
conclude that the induced proprioceptive afferents also improves

the function of the motor related cortico-subcortial circuits, which
means that RPMS might be able to restore deranged motor
programs. Therefore the aim of a further PET study would be to
investigate the representation of the RPMS-induced afferents on
cerebellar level.
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