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A B S T R A C T   

Noninvasive stimulation of the nervous system is of growing interest in Parkinson’s disease (PD) 
to slow-down motor decline and decrease medication and its side-effects. Repetitive transcranial 
magnetic stimulation (rTMS) used in PD to modulate the excitability of the primary motor cortex 
(M1) provided controversial results, in part because of interactions with medication. This war-
rants to administer rTMS in drug-free patients. Repetitive peripheral magnetic stimulation (rPMS 
of muscles) has not yet been tested in PD. Its influence on M1 plasticity (as tested by TMS, 
transcranial magnetic stimulation) and sensorimotor disorders in other health conditions makes it 
worth be explored in PD. Thus, rTMS and rPMS were tested in a drug-free woman (52 years old, 
PD-diagnosed 10 years ago) in four different rTMS + rPMS combinations (one week apart): sham- 
sham, real-real, real-sham, sham-real. rTMS was applied over M1 contralateral to the most 
impaired bodyside, and rPMS on muscles of the legs, trunk, and arms, bilaterally. M1 plasticity 
(TMS measures) and motor symptoms and function (clinical outcomes) were measured at 
different timepoints. The real-real session induced the largest motor improvements, with possible 
summation of effects between sessions, and maintenance at follow-up (80 days later). This was 
paralleled by changes of M1 facilitation and inhibition. This sheds a new light on the link between 
TMS measures of M1 plasticity and motor changes in PD and informs on the remaining potential 
for neuroplasticity and functional improvement after 10 years of PD with no antiparkinsonian 
drug. De novo patients with PD (drug-free) should be motivated to participate in future ran-
domized clinical trials to further test the slow-down or delay of motor decline under noninvasive 
neurostimulation regimens, whatever the stage of the disease.   

1. Introduction 

Parkinson’s disease (PD) is the second progressive neurodegenerative disorder worldwide after Alzheimer’s disease and the 1.3 % 
PD-diagnosed people present with motor and nonmotor symptoms [1]. PD results from the progressive loss of nigrostriatal connections 
from the dopaminergic (DA) neurons of the substantia nigra pars compacta (SNc) to their target neurons in the striatum [2]. The lack of 
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incoming nigrostriatal DA imbalances the activity between direct and indirect striatal GABAergic outputs to the internal globus 
pallidus (GPi) and the substantia nigra pars reticulata (SNr), which results in an increase of thalamus inhibition by GPi and SNr and an 
hyperpolarization of the thalamo-cortical glutamatergic connections [3–5]. The by-product of the loss of nigrostriatal connections is 
thus the hypoactivation of the primary motor cortex (M1) and the impaired activation of the cortico-striato-thalamo-cortical loops; this 
impacts the control of movement, from sensorimotor integration to motor sequence planning, programming of actions and task 
execution [3] leading to tremor, rigidity, akinesia, postural instability [6] and slow acquisition of new motor skills with impaired 
consolidation and retention of these skills [7,8]. From this etiology, it is logically assumed that any intervention that increases M1 
excitability (such as drugs or noninvasive neurostimulation) could contribute to slow-down the progressive decline of motor control. 

The gold-standard drug treatment in PD is the L-3,4-dihydroxy-phenylalanine (L-Dopa) whose antiparkinsonian effects are better 
than with other drugs [9]. L-Dopa in-take aims at compensating for the missing striatal DA and reactivating M1. It can be com-
plemented by alternative therapies such as physical exercises and diet adaptation. Physical exercises such as yoga, Tai Chi, etc. have 
become of great clinical interest due to associated neuroprotective effects and improvement of motor and cognitive function [10]. 
Change of diet responds to the concept of the Brain Gut Microbiome system [11]: it was shown in 706 elders that the Mediterranean 
Intervention for Neurodegenerative Delay (MIND, Horn et al., 2022), i.e. the consumption of berries and green leafy vegetables in 
higher quantity than in the traditional Mediterranean diet, could reduce the risk of developing Parkinsonism and slow-down the 
progression of PD symptoms [12]. 

Given the large body of epidemiological evidence supporting the beneficial effects of these alternative therapies (physical exercises, 
diet adaptation), some patients can choose to adopt them without any L-Dopa treatment because they are reluctant to the drug in-take 
and its debilitating side-effects, such as nausea, visual hallucinations or the risk of developing long-term motor complications, i.e., L- 
Dopa-induced dyskinesias [13]. These drug-free people who have lived with PD for many years are of main interest to explore the 
influence of non-pharmacological and noninvasive interventions, such as stimulation of the nervous system, on M1 plasticity and 
motor symptoms: indeed, the common target between the antiparkinsonian drugs and other interventions to slow-down the functional 
decline is to up-regulate M1 excitability, via an action for instance on the glutamatergic NMDA-receptors. It is thus possible to test in 
drug-free people with PD the actual influence of other interventions (than drugs) on the disease itself, i.e., without any bias or 
contamination of results by drug interactions. 

Noninvasive magnetic stimulation of nervous system consists of a transient electromagnetic induction administered via a coil 
positioned on the scalp to activate the electrical tissues beneath: this influences the excitability of the stimulated area and its networks 
[14]. Magnetic stimulation is painless (no recruitment of nociceptors), and it can be used as an exploration tool (non-repetitive mode) 
or an intervention (repetitive mode). Exploration of M1 excitability and its plastic changes after an intervention uses transcranial 
magnetic stimulation (TMS testing) to depolarize corticospinal cells and study the motor evoked potentials (MEP) elicited in a 
contralateral muscle recorded by surface electromyography [15–20]. More precisely, single-pulse TMS (to collect test MEP) and 
paired-pulse TMS (to collect conditioned MEP) enable to test the excitability of different components of motor control, namely the 
corticospinal tract from M1 and the intrinsic inhibition and facilitation circuits surrounding the corticospinal cells in M1, respectively 
[16,20–23]. These TMS measures are useful biomarkers of practice-dependent plasticity in M1 circuits [24] and it was shown for 
example that M1 facilitation was abnormally increased in patients with PD, likely due to abnormal glutamatergic neurotransmission 
[25]. Repetitive magnetic stimulation is an intervention to influence neuroplasticity and it can be administered over the central 
nervous system, e.g., repetitive TMS or rTMS of brain [26,27] or over the peripheral nervous system, e.g., repetitive peripheral 
magnetic stimulation or rPMS of nerve, muscles or spinal roots [14,28–30]. rTMS of M1 is a top-down approach to influence directly 
brain plasticity (in occurrence, to up-regulate M1 hypoactivation in the drug-free participant) and improve the symptoms, as already 
shown in other motor disorders, in cognitive disorders or chronic pain [26,27,31–40]. rPMS of muscles is a bottom-up approach to 
generate specific movement-like activation of sensorimotor areas (influence of the proprioceptive systems, thalamo-cortico-thalamic 
loops, fronto-parietal networks) and improve motor disorders and pain [28–30,41–49]. It has never been tested in PD but worth be for 
its genuine influence on M1 and thalamo-cortical circuits (lemniscal flows of proprioceptive information) which are overinhibited by 
GPi and SNr. It is proposed that top-down rTMS of M1 and bottom-up rPMS of muscles, alone or in combination, could influence M1 
excitability and the reciprocal cortico-striato-cortical DA loops involved in motor planning, execution, and learning. Such influence 
could improve the motor function in PD [50,51], especially in a person whose central nervous system has not been altered by drugs. Of 
note, rTMS and rPMS methods are safe and rigorous following guidelines published [26,29]. 

Therefore, this open-label case study aimed at exploring the acute effects of rTMS and rPMS and their combination, on the motor 
symptoms, function and M1 plasticity in a drug-free participant whose 10-year PD progression and associated symptoms had been 
treated only by alternative therapies (physical exercises, diet adaptation), and no drug. Four stimulation sessions (rTMS + rPMS 
combination) were conducted one week apart to test separately rTMSsham + rPMSsham (placebo effect), rTMSreal + rPMSreal (M1 and 
muscles stimulated), rTMSreal + rPMSsham (M1 only stimulated), rTMSsham + rPMSreal (muscles only stimulated). M1 plasticity was 
probed per session by single- and paired-pulse TMS of M1 at pre- and post-stimulation. Motor symptoms, function and quality of 
movement were examined at baseline and one week after each session by the Unified Parkinson Disease Rating Scale part III (UPDRS- 
III) [52–54] and the Patient Specific Functional Scale (PSFS) [55–57]. PSFS is clinically useful in PD to self-report the evolution of 
chosen activities that patients personally find difficult and would like to improve [58]. We hypothesized and showed that the rTMSreal 
+ rPMSreal session would have the largest influence on M1 and the symptoms. The results are discussed owing to the placebo 
after-effects (sham-sham), the progressive clinical changes until potential ceiling effects, M1 plasticity likely underlying the clinical 
changes, and the specific after-effects of the original combination of rPMS with rTMS. It is noteworthy to the results were obtained in a 
drug-free patient where no antiparkinsonian drug could have interacted with the after-effects of each stimulation suit. 
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2. Materials and methods 

2.1. Case description and study design 

A 52-years-old woman who had been diagnosed with Parkinson’s disease 10 years ago (stage 3 on the Hoehn & Yahr scale) [59] was 
recruited in the present study under the written informed consent approved by the research ethics boards of the CHU de Québec - 
Université Laval. Tremor and bilateral rigidity in the limbs (scores of 12/28 and 7/20, see Table 1, clinical characteristics at baseline) 
and movement slowness (score of 19/68 for bradykinesia) impaired postural stability and confidence (score of 7/40). After having 
received the PD diagnosis, she declined medication in-take and rather chose an alternative natural approach to counter the effects of 
the disease, such as and adapted Mediterranean-like diet, naturopathy, meditation, and daily physical exercises (e.g., muscles 
stretching, squat and small distance walking 2–3 times per day). She worked from home (due to PD) to promote health-enhancing 
natural products and tried to maintain most of her daily activities in her new routine established after the onset of the disease. 

The inclusion criteria for this study were to be 18 years of age or older, capable of an informed decision making, and to have a PD 
diagnosis stage 1–4 on the Hoehn & Yahr scale [59]. The exclusion criteria included dementia diagnosed by the attending physician, 
cervical facet denervation, thermocoagulation, spinal surgery or rhizotomy, nonconsolidated fracture, neurological or psychiatric 
disorders (other than PD), Parkinson’s syndrome due to chronic use of neuroleptics or other degenerative disorders, delirium within 
the last 6 months, alcohol, or drug abuse, and significant uncorrected visual and/or hearing impairment. Additional exclusion criteria 
were related to TMS and included metal plate at skull or jaw, history or presence of brain tumor or infection, cerebrospinal fluid bypass 
system, visceral or cardiac pump, implanted pacemaker, pregnancy, epilepsy not controlled by medication, one or more episodes of 
convulsions in the last 6 months, recurrent syncope, intracranial surgery or presence of intracranial clips, or presence of head implants 
including cochlear implants [60,61]. Exclusion criteria related to rPMS were metal, wound or history of cancer at the stimulation zones 
[29]. 

Fig. 1 presents the study design in five sessions, i.e., four stimulation sessions at one week apart and a follow-up 80 days later. The 
rTMS + rPMS suit sessions were in the following order week after week: sham-sham (placebo testing), real-real (combined effect), real- 
sham (rTMS effects), sham-real (rPMS effects). The clinical outcomes (symptoms and function) were collected at the onset of each 
session, immediately before the stimulation suit (at pre-stimulation per session) and the TMS measures (M1 excitability) were collected 
at pre- and post-stimulation per session. At pre-intervention, the TMS measures were always collected after the clinical outcomes (to 
avoid fatigue or lassitude during clinical testing). This study was thus designed to test the after-effects of each session one week after 
the session (at pre-stimulation of the next session). Of note, for the sham-sham session (first session), the pre-stimulation measurements 
tested the baseline clinical scores and baseline M1 excitability. TMS measures replicated at pre- and post-stimulation per session 
allowed to probe the acute after-effects per session (i.e., per stimulation suit). Due to COVID-19 issues, the participant could not come 

Table 1 
Clinical outcomes.  

Effect of → Baseline rTMSSHAM rTMSREAL rTMSREAL rTMSSHAM 

rPMSSHAM rPMSREAL rPMSSHAM rPMSREAL 

UPDRS III (improve = decrease) 
Global/156 45 42 33 30 29 
CID (with previous)   Moderate Moderate ns 
CID (with baseline)  Small Large Large Large 
UPDRS III Symptoms category (improve = decrease) 
Bradykinesia/68 19 17 16 14 14 
Rigidity/20 7 6 2 2 3 
Tremor/28 12 12 9 8 8 
Body & postural instability/40 7 7 6 6 4 
ANOVA (Dunnett’s) with baseline  p = 0.61 p=0.002 p=0.0003 p=0.0002 
PSFS (improve = increase)/10 per item 
Arm swing in gait 2 2 2 4 4 
CID (with baseline)  ns ns Small Small 
Balance control 2 2 2 3 5 
CID (with baseline)  ns ns ns Large 
Fine motor control 2 2 2 2 3 
CID (with baseline)  ns ns ns ns 
Cut with a knife 3 3 3 3 3 
CID (with baseline)  ns ns ns ns 
TOTAL/40 9 9 9 12 15 
CID (with baseline)  ns ns Large Large 
ANOVA (Dunnett’s) with baseline  p > 0.99 p > 0.99 p = 0.35 p=0.02 

Protocols of stimulation were conducted at one week apart. The baseline measure outcomes were collected immediately before the first stimulation 
session. Per protocol, the post-stimulation measure outcomes were collected one week after the stimulation, just before the next stimulation session, 
except for the sham-real combo (80 days later). The CID for UPDRS-III (clinical important difference) was small for a score reduction of [2.5; 5.2[, 
moderate at [5.2; 10.8] and large for a reduction greater than 10.8 points (Shulman et al., 2010). The CID for PSFS was small for a point increase of 
[1.3; 2.3[, medium at [2.3; 2.7[ and large for an increase from 2.7 points (Abbott and Schmitt 2014). UPDRS III: Unified Parkinson Disease Rating 
Scale (motor examination); ns: not significant; CID: clinically important difference. 
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to the laboratory one week after the sham-real session (last session), but 80 days later: no TMS data were collected at that time and this 
was rather considered as a clinical follow-up. The participant was blind to the type of stimulation she received per session over brain 
and over muscles (sham or real). The stimulation suits were administered by an experimenter not involved in data collection and 
analyses. The latter were conducted by the first author (EG) who was out of the room during the intervention and remained blind to 
stimulation and timepoint until completion of analyses (data codified for stimulation and timepoint). 

2.2. Clinical testing 

The scores of the UPDRS-III and PSFS scales were used to characterize the participant at baseline and to delineate motor and 
functional changes over the experiment. 

The UPDRS-III is mostly used to assess people with PD [52,54]. Four main categories of symptoms were assessed by a trained 
experimenter: bradykinesia (68 points/156 points of UPDRS-III score), rigidity (20/156), tremor (28/156), and body affectation and 
postural instability (40/156). The clinical important difference (CID) for UPDRS-III was originally described as “the smallest difference 
in score in the area of interest, which patients perceive as beneficial and which would lead, in the absence of annoying side effects and 
excessive costs, to a change in patient management”: CID is considered “small” when the reduction of UPDRS-III score is greater than or 
equal to 2.5 points, “moderate” when the reduction is greater than 5.2 points, and “large” when the reduction is greater than 10.8 
points [62]. 

The PSFS is self-administered and it results in scores on one’s ability to perform chosen tasks of daily life, i.e. functional limitations 
that one would like to improve [63]. The participant was required to choose four daily life activities whose performance challenged her 
and that she wanted to improve. The functional limitation, session per session, was scored by a 0–10 numerical scale [64], 0 corre-
sponding to “unable to perform the activity” and 10 to “No problem” or “it’s like before Parkinson’s disease”. PSFS is acknowledged as 
feasible, valid, and reliable in participants with Parkinson’s disease [58]. The CID for PSFS, also referred to as “minimal important 
difference or change”, is used to better understand the magnitude of motor improvements in clinical practice and in research: for the 
average score or each task score, a CID is small for an increase of 1.3 points, medium for an increase of 2.3 points, and large for an 
increase of 2.7 points [57]. 

2.3. TMS testing of M1 hand area 

The TMS procedures were strictly replicated at all timepoints (pre- and post-intervention per session). The participant was 
comfortably seated in a reclining-adjustable chair with limb supports, forearms in pronation and the tested hand resting on the arm 
support. The instructions were to remain as relaxed as possible. Surface EMG electrodes (1-cm diameter) with adhesive skin interfaces 
(16-channel Bagnoli EMG System, Delsys Inc., Boston, MA) were installed on the first dorsal interosseus (FDI) muscle (index finger 
abductor) of the side the most affected by the disease (right, dominant side, in occurrence) after skin resistance reduction by slight 
friction with alcohol. A common ground electrode was positioned on the ulnar head of the hand tested. EMG signals were bandpass- 

Fig. 1. Design of the study. The protocol was conducted over four sessions of rTMS + rPMS suits (sham-sham, real-real, real-sham, sham-real) and 
a follow-up (80 days after the last session). Clinical assessment (UPDRS-III and the PSFS scales) was conducted one week after each session (i.e. at 
the onset of next session, at pre-stimulation), except for the follow-up. M1 excitability was tested by TMS at pre- and post-stimulation per session. 
M1: primary motor cortex (hand area); PSFS: patient specific functional scale; rPMS: repetitive peripheral magnetic stimulation; rTMS: repetitive 
transcranial magnetic stimulation; Stim: stimulation; TBS: theta burst stimulation; TMS: transcranial magnetic stimulation; UPDRS-III: Unified 
Parkinson’s Disease Rating Scale (motor examination). 
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filtered (10–450 Hz), amplified (x1500) before digitization (2 kHz), and stored for offline analysis (PowerLab acquisition system; 
LabChart-ADInstruments, Colorado Springs, CO). Magnetic stimuli were applied over FDI M1 area (left hemisphere) with a figure-of- 
eight coil (7-cm outer diameter each wing; Magstim Company Limited; Whitland, UK) which was held tangentially to the scalp and its 
midline being 45-deg switched from the nasion-inion line so that M1 cells were recruited by TMS in a postero-anterior direction current 
within brain [65]. The “hotspot” was first determined as the coil’s location eliciting the largest amplitude of FDI MEP at the lowest TMS 
intensity [19]. The interactive frameless stereotaxic neuronavigation system (Brainsight, Rogue Industries, Montreal, Canada) was 
then used in real-time (TMS coil guidance and recordings of scalp coordinates) for reliability of the TMS coil position between 
timepoints. The resting motor threshold (RMT, informing on M1 basic excitability) was defined as the TMS intensity eliciting at least 
five MEP >50 μV out of 10 trials in the relaxed contralateral FDI [19,65]. The corticospinal excitability was assessed by the mean 
peak-to-peak amplitude of 15 test MEP generated in FDI by single-pulse TMS at an intensity of 120 % RMT [19,65]. The mean test MEP 
amplitude informs on the volume of M1 cells activated by TMS and the synchronicity of the corticospinal volleys to depolarize the 
spinal alpha-motoneurons innervating the FDI muscle [65,66]. The paired-pulse TMS paradigm (coil connected to two Magstim 2002 

stimulators synchronized with a BiStim2 module; Magstim Company Limited; Whitland, UK) was used to test the excitability of the 
inhibition and facilitation circuits surrounding M1 cells. Precisely, the short-interval intracortical inhibition (SICI) informs on the 
excitability of the GABAA circuits of M1 [19,22]. SICI reduction favors the induction of mechanisms of plasticity in M1 circuits [24]. 
SICI was tested by the pairing of a subthreshold conditioning TMS (intensity of 80 % RMT) and a test TMS (120 % RMT) at an 
inter-stimulus interval (ISI) of 3 ms [67]. The intracortical facilitation (ICF) informs on the combined facilitation and inhibition of 
glutamate and GABAA circuits of M1 [68]. For ICF, the same conditioning and test TMS were paired (than for SICI) but at an ISI of 15 
ms [67]. The short-interval intracortical facilitation (SICF) informs on the excitability of facilitation NMDA circuits of M1 acting at the 
corticospinal axon hillock [69] and may interact with SICI circuits [70]. SICF was tested by the pairing of a test TMS at 100 % RMT and 
a conditioning TMS at 90 % RMT at an ISI of 1 ms [25,70,71]. The conditioned MEP (mean of 15 trials for each of the three paired-pulse 
testing above) are usually of smaller amplitude than the test MEP in SICI, higher in ICF at rest, and higher in SICF; they are expressed in 
percentage of the mean test MEP amplitude. Any trial with FDI EMG background activity over 10 μV (electrical noise) was discarded 
and recollected. 

2.4. rTMS & rPMS intervention and sham stimulation 

The rTMS + rPMS suit procedures (either sham or real stimulation) were strictly replicated in the four sessions (sham-sham, real- 
real, real-sham, sham-real). The participant was comfortably seated on the reclining-adjustable chair for rTMS of M1 and she was 
supine on a therapeutic table for rPMS. Instructions were to remain as relaxed as possible, on the chair or on the table, and to avoid 
talking during the intervention. The rTMS (of M1) and rPMS (of muscles) were successively applied by means of the same air film 
cooled figure-of-eight coil (7-cm outer diameter each wing) connected to two rapid-rate magnetic stimulators (Rapid2; The Magstim 
Company Limited; Whitland, UK). The stimulation paradigm was excitatory for both rTMS and rPMS and consisted of the patterned 
theta-burst stimulation (TBS), i.e. 5-Hz trains of three 50-Hz TMS pulses [72] applied at an intermittent mode (iTBS), i.e. 2sec ON, 8sec 
OFF for 100 to 200 sec, corresponding to a total of 300 to 600 pulses, respectively [73] (200 sec for rTMS; 100sec for rPMS per muscle). 
Precisely, iTBS was shown to induce larger and longer increase of corticospinal excitability (outlasting the period of stimulation) than 
standard excitatory rTMS (>1Hz), for a shorter period of application and at a lower intensity [72,73]. Hence, iTBS appears as a 
relevant option to slow-down the functional decline in PD [38,72]: iTBS of M1 could normalize M1 hypoactivation (a by-product of 
nigrostriatal DA loss) [39] via its influence on NMDA-dependent plasticity [74]; iTBS of muscles could indirectly reactivate M1 by 
mimicking muscle contraction/relaxation and eliciting massive flows of proprioceptive information coherent with motor control and 
learning, as already shown in other conditions [28,30,42,43,45,48,49,75–79]. 

rTMS was applied over the left FDI M1 area (contralateral to the more affected side). In line, M1 had already been identified as an 
optimal site of stimulation to induce motor improvements in PD [39] and this stimulation could result in variations of extracellular DA 
concentration in the striatum, meaning a possible striatal release of DA following frontal stimulation [80,81]. The reliability of the 
rTMS coil positioning was insured by real-time neuronavigation (Brainsight, Rogue Industries, Montreal, Canada) using FDI M1 area 
coordinates of TMS testing. The 200-sec rTMS intensity was set at 90 % RMT. In rPMS, the intensity was set to produce a muscle 
contraction which had to be comfortable for the participant, but sufficient to generate massive flows of proprioceptive inputs able to 
influence M1 [28,29,43]. This intensity was set at 35–42 % of the maximal output of the stimulator, depending on the muscle. Pre-
cisely, rPMS was applied bilaterally during 100 sec per muscle, first on the most affected side, then on the other side, in the following 
order: tibialis anterior (ankle dorsiflexors), rectus femoris (hip flexors), transversus abdominis (deep abdominal muscles, spine sta-
bilisators), multifidi (paravertebral muscles, spine stabilisators), triceps brachialis (elbow flexors) and extensor carpi radialis (wrist 
extensors), i.e. six couples of muscles (see Fig. 1) and a total rPMS intervention time of 20 minutes. The rTMS + rPMS intervention thus 
lasted 23min20sec per session. The sham stimulation (placebo) of rTMS and rPMS was administrated with the coil upside down, i.e., 
with the same parameters as for real stimulation (iTBS, same intensity, same duration, same M1 area, same muscles) but the stimu-
lation was in the air and inactive for M1 (rTMSsham) or the muscles (rPMSsham). Maintenance of the participant’s blinding (sham/real) 
throughout the different sessions was easy for rTMS (coil positioned on the head) and body parts stimulated were hidden during rPMS. 
The patient was naïve to neurostimulation and could not a priori discriminate between real or sham stimulation, but a questionnaire 
was administrated at the end of her participation to ask if she had guessed what she was receiving per session. 
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2.5. Data reduction and statistical analysis 

Two clinical outcomes were collected: the UPDRS-III score (motor examination of different symptoms) and the PSFS score 
(different activities of daily living, self-administrated). Four TMS variables were analyzed: the peak-to-peak amplitude of the test MEP 
(in mV or in % pre-stimulation) and the peak-to-peak amplitudes of the conditioned MEP (in % test MEP or in % pre-stimulation) 
related to SICI, ICF and SICF. Statistical analyses were performed using Prism 10.1.0 software (GraphPad, CA, USA) with signifi-
cance level set at p ≤ 0.05. 

2.5.1. Clinical outcomes: changes over the sessions 
Scores (UPDRS-III, PSFS) were used. The CID was used to detect clinically significant changes of UPDRS-III and PSFS scores, i.e. the 

absolute change at each timepoint compared with baseline. In addition, for UPDRS-III, the CID was used to detect the relative 

Fig. 2. Clinical outcomes. Motor function was assessed by UPDRS-III and PSFS scales one week after each stimulation suit (except for the last 
session, followed-up at 80 days later). A. Improvement (decrease) of the total UPDRS-III score per timepoint. The asterisks (*) inform on the 
clinically important difference (CID) between the timepoint and the baseline (i.e., *small, **moderate or ***large CID) and the sharps (#) on the CID 
between two successive stimulation suits (i.e., #small, ##moderate or ###large CID; see Clinical testing or Table 1 for CID values). B. Changes of 
UPDRS-III subscores, i.e. results per symptom category per timepoint. C. Pie visualization of the proportion of the participant’s outcomes per 
symptom category per timepoint, i.e., score obtained by the participant for each UPDRS-III symptom superimposed on the maximal score per 
category (decrease of proportion was an improvement of the participant’s function per category). D. PSFS scores per timepoint for each task chosen 
by the participant. The asterisks (*) inform on the CID between the timepoint and the baseline (i.e., *small, **moderate or ***large CID, see Clinical 
testing or Table 1). UPDRS-III: Unified Parkinson’s Disease Rating Scale (motor examination); PSFS: patient-specific functional scale; rPMS: re-
petitive peripheral magnetic stimulation; rTMS: repetitive transcranial magnetic stimulation; wk: week. 
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additional change (from one timepoint to the next). One-way repeated-measure analyses of variance (ANOVARM) using the factor Time 
(n = 5: at baseline and after each of the four stimulation suits, the last being the follow-up) were applied on the datasets of the UPDRS- 
III symptom categories and of the PSFS tasks with the Dunnett’s multiple comparison test (adjusted p-values). The Shapiro-Wilk 
normality test on residuals verified the Gaussian distribution of the two datasets. 

2.5.2. TMS measures: acute changes per session 
Descriptive statistics were used (mean, SD) to present each TMS variable at pre- and post-stimulation in each of the four stimulation 

suits. The 5 % ROUT methods (Prism software) was used to detect outliers (further than ± 2 SD from the mean), i.e. values different 
than the 95 % following the Gaussian distribution [82]. Each TMS variable at post-stimulation was expressed in % pre-stimulation per 
suit and one-way ANOVA using the factor Suit (n = 4) was applied to detect if the immediate after-effects on M1 excitability were 
different between stimulation suits. The Tukey’s multiple comparisons tests determined where differences lay between suits. 
Log-transformation was applied on a variable when one or more pre- or post-stimulation data did not respect the distribution normality 
(Shapiro-Wilk test on residuals). If this reestablished normality, then ANOVA was applied on the log-transformed data (other statistical 
rules for non-reestablishment of normality by log-transformation were not required). A two-way ANOVA with factors Suit (n = 4) and 
Time (pre-stimulation vs. post-stimulation) was then applied on the test and conditioned MEP with Sídák’s multiple comparisons test, 
to detect if post-stimulation changes were significant per suit. 

2.5.3. Correlations 
Pearson’s correlation matrices were produced to examine the relationships between changes of different clinical outcomes (global 

scores or components) between stimulation suits and test the the link between clinical and TMS changes. This was done for the longer- 
term changes of TMS data, i.e. data at pre-stimulation of the next session (thus at timepoints of clinical outcomes) and expressed in % of 
their values at pre-stimulation of the previous session. Long-term TMS changes of sham-real suit were not measured due to COVID-19 
and the last session (80 days after sham-real) was considered as a follow-up. 

3. Results 

All procedures were well tolerated by the participant and no adverse effect was reported. She did not guess which type of stim-
ulation (real/sham) she received per session on brain and muscles. 

3.1. Clinical outcomes 

Table 1 and Fig. 2 present the clinical data collected per timepoint one week after each rTMS + rPMS suit. In Fig. 2, stars (*) and 
pads (#) were used to indicate a clinically significant effect owing to the scale CID used. 

3.1.1. UPDRS-III scores 
Table 1 and Fig. 2A present that the UPDRS-III score was 3-point lower than baseline (45 points) after sham-sham suit (42 points, 

small effect with respect to CID), 12-point lower after real-real (33 points, large effect), 15-point lower after real-sham (30 points, large 
effect) and still 16-point lower at follow-up (29 points, large effect). This corresponded to a progressive decrease of the score after 
sham-sham until follow-up, with additional moderate effects after real-real (9 points less) and real-sham (3 points less) and changes 
maintained at follow-up (1 point less). 

Table 1, Fig. 2B (symptom categories) and Fig. 2C (proportion per maximum score of each category) present that the UPDRS-III 
global score reduction was explained by a decrease of rigidity and tremor after real-real and by a decrease of body affectation and 
postural instability at follow-up. Data distribution for symptoms passed the normality test. The ANOVA applied on the symptoms 
detected a main effect of Time (F4,12 = 15.65, p = 0.0001) with a statistically significant reduction as compared to baseline after real- 
real (p = 0.002), real-sham (p = 0.0003) and at follow-up (p = 0.0002, see Table 1). Precisely (not reported on the figures), these 
symptoms were improved on both sides for movement and resting posture, with more velocity of the left hand, faster alternate 
movements and more postural stability after real-real, then lesser resting tremor of the right hand and a better hand motricity on both 
sides after real-sham and finally, further reduction of the left-hand tremor (movement, resting posture) at follow-up. Overall, Table 1 
shows that, at follow-up compared to baseline, bradykinesia was 5-point decreased (14/68 vs. 19/68 at baseline), rigidity was 4-point 
decreased (3/20 vs. 7/20), so was tremor (8/28 vs. 12/28), and body affectation and postural instability was 3-point decreased (4/40 
vs. 7/40). 

3.1.2. PSFS scores 
Table 1 and Fig. 2D detail the evolution of the four tasks chosen by the participant for the PSFS self-administration (total score/40, 

0–10 score per task). No change was noted as compared to baseline until the large effect perceived two weeks after real-real (i.e., one 
week after real-sham) with a 9-pt to 12-pt increase of the total score (see Table 1). This was due to improvement of arm swing during 
gait (+2 points, small effect with respect to CID) and balance control (+1 point, nonsignificant). This large effect was maintained at 
follow-up (up to 15 points total) with the same improvement of arm swing during gait, improvement of balance control (+3 points, 
large effect) and increase of fine motor control (+1 point, nonsignificant). Data distribution for tasks passed the normality test. The 
ANOVA applied on the tasks scores detected a main effect of Time (F4,12 = 4.15, p = 0.024) with a statistically significant increase at 
follow-up as compared to baseline (p = 0.02, see Table 1). 
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3.2. TMS measures 

Table 2 presents the TMS data collected at pre- and post-stimulation per suit, the expression of post-stimulation in % pre- 
stimulation per suit (acute changes per suit) and the expression of pre-stimulation at the next suit in % pre-stimulation of previous 
suit (i.e., changes after a week, see section 3.3). Fig. 3 presents the box-and-whiskers graphs of the acute changes per suit per TMS 
variable (% pre-stimulation). 

Test MEP. Data passed normality test and no outlier was detected. The ANOVA detected a Suit effect (F3,56 = 3.24, p = 0.029; 
Fig. 3A) with the increase of test MEP amplitude higher after sham-real (136.1 ± 77.3 % pre-stimulation) than after sham-sham (73.74 
± 33.5 %, p = 0.034) and close to be significantly higher than after real-sham (80.7 ± 61.5 %, p = 0.073). The two-way ANOVA 
applied on the pre- and post-stimulation data confirmed a Suit effect (F3,112 = 10.38, p < 0.0001) but the Sídák’s multiple comparisons 
test did not detect any significant change at post-stimulation as compared to pre-stimulation in any session (see data in Table 2). 

Table 2 
TMS measures.  

Effect of rTMSSHAM rTMSREAL rTMSREAL rTMSSHAM 

rPMSSHAM rPMSREAL rPMSSHAM rPMSREAL 

Pre Post Pre Post Pre Post Pre Post 

Baseline sham-sham real-real real-sham 

Test MEP 
mV 

Mean 
2.48 1.83 4.84 5.15 2.87 2.31 3.91 5.32 

SD 1.78 0.83 2.91 3.05 2.33 1.76 2.76 3.02 
Post in % pre-stimulation (same session) 
Mean – 73.8 – 106.4 – 80.7 – 136.1 
SD – 33.5 – 62.9 – 61.5 – 77.3 
Pre in % pre-stimulation of previous session 
Mean – – 195.1 – 59.3 – 136.2 – 
SD – – 117.3  48.1  96.2 – 
SICI-conditioned MEP and log-transformed data 
% test MEP 

Mean 
26.6 80.3 60.4 56.4 78.4 61.8 6.4 74.8 

SD 28.4 32.7 46.5 51.9 71 58.8 3.9 57.6 
Log-data 

Mean 
1.23 1.87 1.62 1.50 1.69 1.56 0.73 1.73 

SD 0.41 0.17 0.42 0.57 0.49 0.50 0.26 0.38 
Post in % pre-stimulation (same session, log-data) 
Mean – 152.3 – 92.4 – 92.5 – 237.6 
SD – 13.9 – 35.1 – 29.4 – 52.5 
Pre in % pre-stimulation of previous session 
Mean – – 131.7 – 104.3 – 43.2 – 
SD – – 34.1  30  15.4 – 
ICF-conditioned MEP 

% test MEP 
Mean 141 110.6 92.2 115.3 161.2 121 78.1 126 
SD 122.4 45.2 53.8 48.1 86.9 73.3 66.7 49.6 
Post in % pre-stimulation (same session) 
Mean – 78.5 – 125.1  75  161.1 
SD – 32 – 52.2  45.5  63.5 
Pre in % pre-stimulation of previous session 
Mean – – 65.4 – 174.8 – 48.5 – 
SD – – 38.2  94.3  41.2 – 
SICF conditioned MEP 

% test MEP 
Mean 1531 472 4980 8211 4480 1316 2122 3337 
SD 1561 202.1 4623 7482 4155 1042 1494 1822 
Post in % pre-stimulation (same session) 
Mean – 30.8 – 164.9 – 29.4 – 157.3 
SD – 13.2 – 150 – 23.3 – 85.8 
Pre in % pre-stimulation of previous session 
Mean – – 325.3 – 89.96 – 47.37 – 
SD – – 302  83.4  33.3 – 

Test MEP was elicited at 120 % RMT for SICI and ICF (paired-pulse TMS at 80/120 % RMT, ISI at 3 and 15 ms, respectively) and at 100 % RMT for SICF 
(paired-pulse TMS at 100/90 % RMT, ISI at 1 ms). SICI data were log-transformed (non-respect of Gaussian distribution) and % pre-stimulation was 
calculated on log-data. N: number of measures per timepoint; ISI: inter-stimulus interval; MEP: Motor evoked potential; pre: before stimulation at 
each session; post: after stimulation at each session; RMT: resting motor threshold; SD: Standard deviation; ICF: intracortical facilitation; SICF: short- 
interval intracortical facilitation; SICI: short-interval intracortical inhibition. Significant differences for pre/post-stimulation changes (% pre- 
stimulation) are denoted in Fig. 3. 
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However, the medians (central lines of the boxes) show that the test MEP amplitude tended to be similarly increased after real-real and 
sham-real sessions, and not increased in sham-sham and real-sham (Fig. 3A). 

SICI. Two outliers were removed at pre-stimulation in sham-sham and sham-real sessions. Data did not pass normality test thus 
were first log-transformed at pre and post-stimulation (see Table 2) before expressing the post-stimulation data in % pre-stimulation. 
These data (% pre-stimulation from SICI log-transformed data) passed normality test. The ANOVA applied on these data detected a Suit 
effect (F3,56 = 29.9, p < 0.0001) with the increase of log-transformed conditioned MEP (i.e., decrease of SICI) the greatest after sham- 

Fig. 3. Acute changes of TMS measures per stimulation suit (% pre-stimulation per session). In the box-and-whisker representation, the line at 
the center of the box gives the median value, the lower and upper limits of the box give the 25 % and 75 % percentiles and the whiskers delineate the 
extreme values. The individual trials are superimposed (empty circles). A. Corticospinal excitability assessed by the peak-to-peak amplitude of the 
test MEP amplitude elicited by single-pulse TMS at 120 % RMT. B. Short-interval intracortical inhibition (SICI) assessed by the peak-to-peak 
amplitude of the conditioned MEP (log-transformed) elicited by paired-pulse TMS at 80/120 % RMT (ISI of 3 msec). The asterisks under the 
sham-sham and sham-real histograms denote a significant increase of the conditioned MEP at post-stimulation as compared to pre-stimulation. C. 
Intracortical facilitation (ICF) assessed by the peak-to-peak amplitude of the conditioned MEP elicited by paired-pulse TMS at 80/120 % RMT (ISI of 
15 msec). D. Short-interval intracortical facilitation assessed by the amplitude of the peak-to-peak conditioned MEP elicited by paired-pulse TMS at 
100/90 % RMT (ISI of 1 msec). Note the overall tendency to get larger changes at post-stimulation when the suit included real rPMS. ISI: inter- 
stimulus interval; MEP: motor evoked potential; rPMS: repetitive peripheral magnetic stimulation; rTMS: repetitive transcranial magnetic stimu-
lation. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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real (237.6 ± 52.5 % pre-stimulation, Fig. 3B) than after all other suits, i.e., than after sham-sham (152.3 ± 13.9 %, p < 0.0001), real- 
real (92.4 ± 29.4 %, p < 0.0001), and real-sham (92.5 ± 29.4 %, p < 0.0001). SICI reduction was also greater after sham-sham than 
after real-real and real-sham (p = 0.0001 each). The two-way ANOVA applied on the pre- and post-stimulation log-transformed data 
detected the Suit × Time interaction (F3,108 = 12.98, p < 0.0001) with log-conditioned MEP significantly higher (SICI reduced) at post- 
stimulation than at pre-stimulation in sham-sham suit (p = 0.0004) and in sham-real (p < 0.0001) and not in real-real (p = 0.90) or 
real-sham (p = 0.87, see data in Table 2). The medians illustrate the SICI decrease (conditioned MEP increase) only after sham-real and 
sham-sham, and to a larger extent after sham-real. 

ICF. Data passed normality test and no outlier was detected. The ANOVA detected a Suit effect (F3,56 = 10.27, p < 0.0001) with the 
conditioned MEP amplitudes higher after sham-real (161.1 ± 63.5 % pre-stimulation, Fig. 3C) than after sham-sham (78.5 ± 32 %, p 
= 0.0002) and real-sham (75 ± 45.5 %, p < 0.0001), and higher after real-real (125.1 ± 52.2 %) than after real-sham (p = 0.04) and 
almost than sham-sham (p = 0.06). The two-way ANOVA applied on the pre- and post-stimulation data was close to detect a Suit ×
Time interaction (F3,112 = 2.55, p = 0.06, see data in Table 2). The medians confirm the ICF increase only after sham-real and real-real, 
with a tendency to a larger extent after sham-real, and no increase after sham-sham and real-sham. 

SICF. Data passed normality test. Four outliers were removed at pre-stimulation in sham-sham, real-real and sham-real sessions and 
two in real-sham session; one outlier was removed at post-stimulation in sham-real session. The ANOVA detected a Suit effect (F3,55 =

10.83, p < 0.0001) with the conditioned MEP amplitudes higher after sham-real (157.3 ± 85.8 % pre-stimulation, Fig. 3D) than after 
sham-sham (30.8 ± 13.2 %, p = 0.001) and real-sham (29.4 ± 23.3 %, p = 0.002), and higher after real-real (164.9 ± 150 %) than 
after sham-sham (p = 0.0006) and real-sham (p = 0.0007). The two-way ANOVA applied on the pre- and post-stimulation data 
confirmed a Suit × Time interaction (F3,97 = 3.7, p = 0.014) but the Sídák’s multiple comparisons test did not detect any significant 
change at post-stimulation as compared to pre-stimulation in any session (see data in Table 2). The medians show the SICF increase 
only after sham-real and real-real, and not after sham-sham and real-sham. 

No other effect was detected for the variables of interest. 

3.3. Correlations 

Fig. 4A shows the links between the global score of UPDRS-III and each of its symptom categories, i.e., stronger relationships with 
tremor (r = 0.99, p = 0.002), bradykinesia (r = 0.95, p = 0.01) and rigidity (r = 0.94, p = 0.02) than with body affectation and postural 
stability (r = 0.82, p = 0.09). Fig. 4B shows the relationships between the changes of scores of UPDRS-III and of the auto-administered 
PSFS. This graph denotes that an improvement in the activities chosen by the participant (score increase) was perceived only when the 
UPDRS-III score was below 33 points/156 which was obtained after real-real stimulation suit: the PSFS score was 3-point increased 
after the real-sham suit (third session: improvement of arm swing during gait and of balance control) when the UPDRS-III score was 3- 
point decreased to 30 points (see the greyed area, Fig. 4B). Also, at follow-up (F–U), the PSFS score was further 3-point increased 
(improvement of arm swing during gait, balance control and fine motor control) together with 1-point decrease of UPDRS-III score. No 
relationship was detected between the acute TMS changes (measured immediately after each stimulation suit) and these clinical 
changes (tested one week after each stimulation suit). 

Fig. 4C–F present however the links detected between the clinical changes and the long-term changes of SICF, SICI, ICF after sham- 
sham, real-real, and real-sham stimulation suits. These long-term changes were the data measured just before the next stimulation 
session, i.e. concurrently to clinical assessment, and expressed in % of their values at pre-stimulation of the previous session. Of note, 
the long-term changes of sham-real suit session could not be measured given that this session was the last of TMS measurements. 
Fig. 4C–D show that the more SICF was decreased from one session to the other, the better (decrease) were the UDPRS-III and the 
tremor scores (r = 0.99, p = 0.05). Fig. 4E shows that the more SICI was increased from one session to the other, the better (decrease) 
was the bradykinesia score (r = − 0.99, p = 0.017). In these Fig. 4C–E, the relationships detected followed the order of the sessions (1. 
sham-sham, 2. real-real, 3. real-sham), sham-sham being with the lesser score and real-sham with the better. Fig. 4F presents that the 
more the ICF was increased from one session to the other, the better was the decrease of rigidity from one session to the other (r =
− 0.99, p = 0.049). In this case, real-real stimulation suit induced the highest relative improvement. 

4. Discussion 

This case study tested whether four different rTMS + rPMS suits could each improve the condition of a drug-free woman (no 
antiparkinsonian medication) who had been living with PD’s diagnosis for 10 years: sham + sham, then real + real, real + sham, and 
sham + real. UPDRS-III score improved more after real-real and this was maintained at follow-up. PSFS score improved once the 
UPDRS-III score was below 33 points. These effects were concomitant to changes of M1 excitability, thus denoting a link with M1 
plasticity induced by rTMS + rPMS. Results are discussed owing to the existence of small placebo after-effects (sham-sham session), the 
clinical changes over the four suits likely due to summative effects and potential ceiling mechanisms, the underlying M1 plasticity 
concomitant to the clinical improvements and the specific rPMS after-effects. Of note, our drug-free participant could be considered as 
a de novo patient because no antiparkinsonian drug could have interacted with the stimulation after-effects. That said, studies in drug- 
free patients are scarce and our findings could be compared with results from studies in OFF-medication patients, i.e. during wash-out 
of L-Dopa action. However, caution must be taken because OFF-periods cannot completely free patients from residual effects of 
medication and some chronic benefits of L-Dopa treatment have been reported during OFF-periods [83]. 
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4.1. Placebo effects 

A 3-point improvement of the UPDRS-III motor examination score was obtained one week after sham-sham stimulation session 
(placebo). One question could be whether this was related to intra-rater variability, but the UPDRS-III intra-rater reliability was re-
ported as good to very good [84]. However, a 3-point improvement is a small clinical effect owing to CID of the UPDRS-III score, i.e. in 
the [2.5; 5.2] points range [62]. And such small effects (but true effects) after placebo are expected in PD clinical trials because patients 
expect a clinical benefit, especially if they are optimistic persons, with a somatic focus or empathic resonance [85]. These placebo 
effects due to expectation could be due to the increase of striatal and mesoaccumbens dopamine release, triggered by the perception on 
skull of the magnetic brain stimulation coil, even during placebo stimulation [86] and by the informed possibility to receive a real 
treatment, as compared to uninformed [87]. Of note, dopamine is mainly contained in three main pathways [88] and the nigrostriatal 
and mesolimbic pathways involved in placebo effects may be different than the corticostriatal networks mediating local dopamine 
release in response to actual magnetic stimulation [86]. 

4.2. Neurostimulation influence: cumulative then ceiling effects? 

iTBS of motor areas has already been tested in PD but results remain controversial between improvement [38,89,90] and no change 
of symptoms [91–95]. These discrepancies could be partly related to the interplay of anti-glutamatergic drugs (e.g., L-Dopa) with M1 
responsiveness to iTBS acting via glutamatergic plasticity [74] but also to the variety of stimulation parameters and protocols inducing 
different metaplasticity phenomena between studies [96]. This motivated the present testing of responsiveness to neurostimulation in 
a drug-free people living with PD, which had never been tested before. Our results can only be compared to studies in patients with OFF 
medication status, which is not quite the same status as in our participant considered as de novo with no influence ever of L-Dopa in her 
metabolism. These studies in OFF-medication patients used rTMS and applied iTBS (as in our study) or its counterpart, the inhibitory 
continuous TBS (40-sec cTBS, not used here). One study applied cTBS over the left supplementary motor area (SMA) and reported 
UPDRS-III score improvement [90]. Other studies reported no change of UPDRS-III score after one session of iTBS over M1 [97] but 
rather improvement of dexterity [89], or gait improvement with iTBS of SMA [98] or no change with cTBS of the cerebellum [99]. 
Thus, our study is the first to have combined iTBS of M1 with rPMS of muscles and shown improvement of UPDRS-III score. These 
changes were significant statistically and clinically (CID over a 10.8-point change) [62]. This large effect was mainly due to real-real 
stimulation suit (9-point decrease in addition to the 3-point of placebo effect thus 12 points total) and the maintenance at follow-up of a 
16-point decrease. One could question whether the effects cumulated between sessions (with larger effects induced by real-real), i.e. 
the benefits of a previous session being added to the benefits of the next session, as already reported in other studies involving rPMS of 
muscles [28,48]. The existence of ceiling effects throughout different sessions is also questioned given the stabilization of UPDRS III 
score decrease (see the time-course on Fig. 2A). Indeed, based on PD’s stage equivalences with MDS-UPDRS scores [100], the reduction 
of UPDRS-III scores obtained in the present study changed the participant’s PD stage from moderate to mild: this is a significant 
improvement that could have reached a plateau, thus limiting additional changes. Cumulative effects and ceiling limitations could be 
explained by the different time-course of symptoms improvement. Indeed, the symptom categories more affected at baseline, i.e. with a 
higher impact on the function (rigidity and tremor: 35 % and 43 % of maximal impact, see Fig. 2C) were more improved by real-real 
suit than the less affected (bradykinesia and postural instability: 28 % and 18 % of maximal impact). The latter, and especially the 
postural instability, were however improved at follow-up. It is questioned whether several sessions of the real-real intervention could 
have led to more improvement of these less affected symptom categories (bradykinesia, postural instability). That said, the persistence 
of the after-effects 80 days later at least is promising. Future studies should test whether a treatment regimen with the repetition of the 
real-real stimulation suit once per week during four weeks for instance enhances the clinical benefits obtained here and with 
longer-term persistence. 

The PSFS scored how the participant perceived her performance at daily functional tasks that were meaningful in her life. This score 
was also improved and denoted a clinically large effect owing to CID (>2.7 points) [57]. This large effect was maintained at follow-up 
where the perceived changes were statistically different as compared to baseline. Of note, the main changes concerned the balance 
control and the arm swing during gait (see Fig. 2D), which can be related to the changes of tremor, bradykinesia and rigidity measured 
with the UPDRS-III (see Fig. 4A). However, the time-course of improvement was different between the two clinical outcomes. Indeed, 
PSFS score began to increase once UPDRS-III score was decreased to 33 points at least (see Fig. 4B). This reflects that moving from 

Fig. 4. Correlations of clinical outcomes and TMS measures. A. Link between the global score of UPDRS-III and each of its symptom categories 
after baseline and after each stimulation suit. The timeline is from right (Baseline) to left (last session: sham-real). B. Relationship between the 
changes of UPDRS-III and of PSFS scores (four activities chosen by the participant, PSFS auto-administrated for perception of change). Note that the 
PSFS was improved only for an UPDRS-III score below 33 points (within the greyed area). C–F. Links between the changes of clinical outcomes 
between sessions and the long-term changes of SICF, SICI and ICF. These long-term changes of TMS measures were the data collected at pre- 
stimulation of a session (at same timepoint of clinical testing) and expressed in % of their values at pre-stimulation of the previous session. The 
long-term changes of sham-real could not be measured given that the sham-real suit was the last session of TMS measurements. C–D: Decrease of the 
UDPRS-III and the tremor scores against the long-term decrease of SICF. E: Decrease of the bradykinesia score against the long-term increase of SICI. 
F: Relative decrease of rigidity from one session to the other against the long-term increase of ICF. Sham-sham, real-real, real-sham: brain-muscle 
stimulation suit; UPDRS-III: Unified Parkinson’s Disease Rating Scale (motor examination); BPI: body affectation and postural instability; PSFS: 
patient-specific functional scale; F–U: follow-up (80 days after the sham-real suit); SICF, SICI: short-interval intracortical facilitation, inhibition; ICF: 
intracortical facilitation (different circuits than the SICF ones); MEP: motor evoked potential (corticospinal excitability). 
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moderate to mild stage of PD could have been a prerequisite to favor the practice of the more ecological daily activities chosen by the 
participant. Also, changes in daily activities can be time-lagged, as compared to lab outcome measures (such as UPDRS III), owing to 
the time it can take for the participant to be aware of changes or for actual changes denoted in lab to be transferred in daily life. This is 
obvious in PD where abnormalities of the nigrostriatal system in PD can slow-down motor learning and alter consolidation and 
retention [8]. One recent neural marker of motor symptoms identified in PD, and especially in relation to the pervasive deficits of 
cognitive-motor control of obstacles avoidance while walking, was the reduced modulation of the theta frequency band [101]. It is 
proposed that iTBS used for rTMS of M1 and for rPMS of muscles could have positively influenced this impaired brain resonance in PD. 

4.3. Potential M1 plastic changes underlying clinical changes 

Our original data showed that the clinical improvements were related to the long-term changes of TMS measures (from one session 
to the other). Precisely, the improvement of UPDRS-III and tremor scores were related to SICF decrease, the improvement of the 
bradykinesia score to SICI increase (conditioned MEP decrease) and the improvement of rigidity to ICF increase. Given TMS measures 
are markers of M1 plasticity [24,96], these correlations highlight for the first time the potential mechanisms of M1 plasticity at the 
origin of the clinical improvements following noninvasive neurostimulation in PD. No link was however detected with test MEP 
amplitude and this may be related to its high variability that could have limited acute after-effects (see Fig. 3A). MEP variability is 
related to the random fluctuations of corticomotoneuronal synaptic transmission and motoneuron membrane potentials [102] and in 
PD, this phenomenon could be larger and could mask any influence of rTMS, as already observed in most PD studies [83,90,103]. The 
subsections that follow discuss the potential of SICF, SICI and ICF as biomarkers of clinical improvement in PD. 

The SICF decrease in the left M1 was related to UPDRS-III and tremor improvements (Fig. 4C–D). This result is supported at least by 
three previous studies, the first with the use of cTBS (inhibition of left SMA) [90], the second with iTBS of the right M1 (interhemi-
spheric inhibition of the left) [38] and the third with short-term and long-term treatments with safinamide, a monoamine oxidase 
type-B inhibitor with anti-glutamatergic properties [25]. These studies indirectly or directly targeted the decrease of the NMDA 
receptor-dependent SICF in the left M1 and reported improvement of UPDRS-III [90], of metaphor comprehension [38], and of M1 
responsiveness to neurostimulation (iTBS-induced plasticity) [25]. In the latter, it was shown that SICF was too much enhanced in PD 
and hindered iTBS-induced plasticity, likely in relation to the abnormal glutamatergic neurotransmission in M1; the safinamide 
treatment over 14 days reduced SICF and improved iTBS-induced plasticity of M1 [25]. Changes of SICF may have partly influenced 
SICI which acts via GABAA receptors [69]. Indeed, SICF up-regulation in patients with PD or with neurological or psychiatric disorders 
has been associated with the reduction of normal levels of SICI [70,104]. A corollary proposal is that the SICF decrease over time in our 
study should have been concomitant to SICI increase. In line, we obtained a correlation between the long-term SICI increase and 
bradykinesia improvement (see Fig. 4E). This result is further supported by the fact that SICI increase is involved in motor planning, 
learning and motor gains [23,24] and that higher levels of SICI in OFF-medication patients could be more likely related to better motor 
improvement under dopaminergic medication [105]. The long-term changes of ICF were related to the decrease of rigidity between 
sessions (Fig. 4F). ICF reflects the combined activity of NMDA and GABAA circuits within M1, thus it is enhanced by glutamatergic 
facilitation and GABAergic inhibition [69]. ICF was reported as normal or abnormally reduced in PD but patients with higher ICF were 
more likely to get better therapeutic effects with lower doses of dopaminergic medication [105]. In line, our results showed that the 
higher the ICF from one session to the next, the greater the rigidity decrease (Fig. 4F). Thus, in our study, SICF decrease, SICI increase 
and ICF increase from one session to another may have promoted M1 responsiveness to neurostimulation, as already shown for SICF 
[25] and maintained the improvement of motor symptoms, tremor, bradykinesia and rigidity, respectively, via the regulation of NMDA 
receptors [74,106,107] and GABAergic inhibition [69]. Of note, the influence of rPMS and rTMS + rPMS on these markers of M1 
plasticity and in relation to motor improvement in PD are reported here for the first time whereas the non-effect of rTMS on ICF 
(real-sham session, Fig. 4F) had already been reported [97]. 

4.4. After-effects of rPMS conditioned by rTMS 

Conversely to the top-down rTMS, rPMS of muscles is a bottom-up approach that generates specific movement-like activation of 
sensorimotor areas: it mimics the mechanisms of muscle contraction-relaxation with sensorimotor coherence in brain, i.e. it generates 
massive flows of proprioceptive information that influence the lemniscal and spinocerebellar pathways, the thalamo-cortico-thalamic 
and cerebellar loops, and fronto-parietal areas, all involved in motor planning and execution, thus improving sensorimotor disorders in 
various conditions [28–30,41–43,45,47–49,75–77,108–118]. rPMS was used here for the first time in PD and the bilateral motor 
symptoms required to stimulate the legs, trunk and arms muscles bilaterally. This may have induced proprioceptive information 
meaningful for the sensorimotor control of the whole body, as supported by the self-perception of a better balance control (PSFS item) 
and the improvement of tremor and rigidity (UPDRS-III item). 

rTMS was applied only over the FDI M1 area contralateral to the most affected side. Thus, an acceptable assumption is that, in our 
case study, the whole-body sensorimotor improvements was induced more by bilateral rPMS than rTMS of M1. rPMS may have 
increased the excitability of the thalamo-cortical connections (overinhibited by GPi and SNr) and its combination with rTMS of M1 
influenced the cortico-striato-cortical DA loops, the basal ganglia plasticity and the endogenous DA release [80,81]. DA release could 
have been at the origin of the acute increase of facilitation (SICF, ICF), as already suggested in PD [97]. In accordance, an immediate 
increase of ICF and SICF was obtained in the two sessions with real rPMS of muscles, i.e. real-real and sham-real, and not with rTMS 
alone (real-sham) (see Fig. 3C–D). Also, an immediate decrease of SICI was obtained after rPMS alone session (sham-real, Fig. 3B), as in 
chronic stroke [75], and it is acknowledged that M1 disinhibition favors task-dependent plastic changes at the origin of functional 
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improvement [24]. There was thus an indirect link, that future studies will have to elucidate, between the acute changes of M1 
facilitation following rPMS of muscles and the large motor and functional improvement. Furthermore, it was suggested that in PD the 
functional segregation of M1 information to the striatum was lost and that rTMS of M1 alone induced the release of DA (of smaller 
quantity than in normal conditions) in an enlarged aspecific area [80]. The addition of muscle-specific activation of sensorimotor areas 
by rPMS could have improved the corticostriatal segregation, thus enhancing plausible DA release and the motor and functional 
after-effects. 

The SICI variable was not influenced after real-real session like the ICF and SICF were. One explanation is that iTBS of M1 might not 
influence SICI circuits [97,119]. This is supported by the absence of SICI after real-sham too (rTMS alone, Fig. 3B). However, as 
previously explained for the long-term changes, the SICF increase after real-real (Fig. 3D) should have been associated with SICI 
reduction after real-real (Fig. 3B) [70,104]. Thus, another explanation could be related to the stimulation suit itself: the combination of 
real rTMS and real rPMS, two interventions that likely influenced M1 plasticity, could have cancelled the neuroplastic influence that 
rPMS could have had on SICI circuits [75]; this could be related to the mechanisms of immediate homeostatic metaplasticity when the 
increase of M1 excitability by iTBS acting on NMDA glutamatergic receptors could have reversed or cancelled the influence of rPMS on 
the same NMDA receptors [120,121]. Nevertheless, SICI longer term changes could have been related to bradykinesia (Fig. 4E) and 
future studies should test the long-term changes of TMS variables after sham-real session (rPMS alone). In this session, the concom-
itance of SICI decrease and SICF increase (Fig. 3B and D) suggests that our drug-free participant, still 10 years after PD’s diagnosis, 
presented with SICF–SICI interactions similar to those reported in healthy subjects [70]. SICI acute decrease after sham-sham suit was 
not accompanied by SICF changes and was likely related to placebo-induced neurotransmitters release [86]. 

Our original and promising results must be replicated in larger samples of people with PD, drug-free or not, to test for example the 
effects between ON- and OFF-medication periods, gender and different stages of the disease. 

4.5. Methodological considerations and limitations of the study 

This study tends to support more effects of rPMS (bottom-up intervention) than rTMS (top-down) in a drug-free person with effects 
lasting 2 months and half at least. However, this should be discussed with caution given that only one session was administered per 
protocol in one person. Such a case study raised new hypotheses and its promising results, rather than be generalizable, warrant the 
conduction of prospective larger-sampled experimental studies with drug-free patients, tested in more than one session per stimulation 
suit and with sufficient washout periods between conditions to avoid cumulative changes. Results on the rPMS after-effects have been 
mitigated by the fact that it was not possible to test the rTMSsham + rPMSreal suit at one week later, but rather 80 days later, due to 
COVID-19 issues. The new version of UPDRS-III, the MDS-UPRDS-III (MDS for movement disorder revised) should be used in future 
studies to assess motor symptoms: the guidelines are more detailed for the experimenter and the patients, and the version appears to be 
more suitable for clinical research [122,123]. Testing a drug-free patient living for 10 years with PD was a rare opportunity to better 
understand M1 plasticity and motor and functional changes associated with the disease itself and not influenced by exogenous 
dopamine intake, chronic dopamine receptor stimulation or other complications related to PD pharmacological treatment. However, 
comparison with other neurostimulation PD studies remains challenging, even during OFF periods which could not completely free 
patients from years of chronic medication and its interplay with M1 plastic phenomena [83]. 

5. Conclusion 

This study in a drug-free woman living with PD for 10 years showed that combining rPMS of muscles and rTMS of M1 significantly 
improved motor symptoms (UPDRS-III scores) and daily function (PSFS scores) and changed the disease stage from moderate to mild 
for at least 80 days. Concomitant changes of M1 plasticity shed a new light on the link between TMS measures and the changes of motor 
symptoms in PD. This informs on the potential for plastic and functional changes still 10 years after PD diagnosis and in the absence of 
antiparkinsonian drugs. De novo patients with PD (drug-free) should participate in future clinical trials on noninvasive neuro-
stimulation aiming at slowing-down motor decline or delaying its progression whatever the stage of the disease. 
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