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Abstract
Cerebellum is a key structure for functional motor recovery after stroke. Enhancing the cerebello-motor pathway by paired associa-
tive stimulation (PAS) might improve upper limb function. Here, we conducted a randomized, double-blind, sham-controlled pilot 
trial investigating the efficacy of a 5-day treatment of cerebello-motor PAS coupled with physiotherapy for promoting upper limb 
motor function compared to sham stimulation. The secondary objectives were to determine in the active treated group (i) whether 
improvement of upper limb motor function was associated with changes in corticospinal excitability or changes in functional activ-
ity in the primary motor cortex and (ii) whether improvements were correlated to the structural integrity of the input and output 
pathways. To that purpose, hand dexterity and maximal grip strength were assessed along with TMS recordings and multimodal 
magnetic resonance imaging, before the first treatment, immediately after the last one and a month later. Twenty-seven patients 
were analyzed. Cerebello-motor PAS was effective compared to sham in improving hand dexterity (p: 0.04) but not grip strength. 
This improvement was associated with increased activation in the ipsilesional primary motor cortex (p: 0.04). Moreover, the inter-
individual variability in clinical improvement was partly explained by the structural integrity of the afferent (p: 0.06) and efferent 
pathways (p: 0.02) engaged in this paired associative stimulation (i.e., cortico-spinal and dentato-thalamo-cortical tracts). In conclu-
sion, cerebello-motor-paired associative stimulation combined with physiotherapy might be a promising approach to enhance upper 
limb motor function after stroke.
Clinical Trial Registration URL: http://​www.​clini​caltr​ials.​gov. Unique identifier: NCT 02284087.

Keywords  Stroke · Cerebellum · Transcranial magnetic stimulation · Diffusion tensor imaging · Functional magnetic 
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Introduction

Non-invasive brain stimulation techniques are promising 
tools when combined with physical training to improve 
motor function after stroke [1, 2]. However, up to date, 

targeting the primary motor cortex (M1) has given con-
tradictory results, probably because (i) the heterogeneity 
of lesions and/or the small sample sizes [3] and (ii) the 
stimulation mainly focused on the damaged corticospi-
nal tract. Alternative targeted strategies may involve 
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undamaged pathways playing a key role in motor recovery 
[4]. Among these candidates, the cerebellum might be a 
target of choice [4, 5] given that it is involved in sensory 
motor integration and motor skill learning [6].

Although several studies have demonstrated decreased 
functional interaction between the cerebellum and the motor 
cortex after stroke [7–9], few have investigated the contribu-
tion of this dysfunction in motor deficits of the upper limb. 
A study combining diffusion imaging (DTI) and functional 
MRI (fMRI) found that reduced cerebello-cortical connec-
tivity was independently associated with greater deficits of 
the hand, even when considering the damage to the cor-
ticospinal tract [10]. Moreover, on a structural level, the 
integrity of the dentato-thalamo-cortical tract, which con-
nects the cerebellum to M1, has been associated with resid-
ual general motor output in chronic stroke [11]. Together, 
these findings suggest that cerebellum may be a promising 
target for clinical trials.

Paired associative stimulation (PAS) is a plasticity 
induction protocol thought to induce spike-time-dependent 
plasticity changes. Based on a classical conditioning-test 
TMS paradigm, PAS can strengthen or weaken the synap-
tic transmission between two nodes, for example, between 
an afferent and an efferent pathway [12–14]. Indeed, in 
healthy subjects, repetitive pairing of a conditioning 
stimulus applied over the cerebellum and a test stimulus 
over M1 can induce long-term potentiation/depression-like 
plastic changes [15] in M1 as described in [14]. So far, 
cerebello-motor (CER_M1) PAS has never been explored 
in stroke patients despite the promising role of the cerebel-
lum in motor stroke recovery.

Here, we conducted a randomized, sham-controlled, 
double-blind pilot study with parallel groups receiving 
either 5 consecutive days of active or sham CER_M1 PAS 
immediately followed by physical training in stroke with 
motor deficits of the upper limb.

The predefined primary objective was to assess the effi-
cacy of CER_M1 PAS to promote upper limb recovery. 
We hypothesized that active CER_M1 PAS would improve 
upper limb motor function and particularly hand dexterity, 
to a greater extent than sham CER_M1 PAS. The first sec-
ondary objective was to determine whether improvement 
in upper limb motor function was associated with changes 
in corticospinal excitability or changes in functional M1 
activity, with the assumption that the proportion of acti-
vation in the ipsilesional M1 will be increased in patients 
who benefited the most from the intervention. Finally, the 
last secondary objective was to determine whether CER_
M1 PAS-induced changes correlated to the integrity of 
the afferent (i.e., dentato-thalamo-cortical tract) and the 
efferent (i.e., corticospinal tract) pathways as assessed 
before the intervention. We hypothesized that clinical 

effects observed in the active CER_M1 PAS group would 
depend on the structural integrity of the cerebello-motor 
network as assessed by diffusion MRI.

Methods

Study Design

The study consisted of a prospective, randomized, sham-
controlled, parallel groups design, double-blinded trial in 
stroke patients. Eligible patients who met the inclusion cri-
teria were prospectively and consecutively screened in the 
stroke unit of the Pitié-Salpêtrière Hospital. Patients were 
then referred to the Brain Institute of the Pitié-Salpêtrière 
Hospital where the protocol took place.

The trial investigated whether 5 days of CER_M1 PAS 
was effective in improving upper limb motor function after 
stroke. Patients were fully assessed with clinical scores, 
electrophysiological TMS recordings, and MRI examina-
tions before, immediately after the last treatment and a 
month later (Supplemental Material Fig. 1).

For recruitment reasons, the study initially scheduled for 
2 years was extended to 3 years. There were no changes in the 
selection criteria or study design during the recruitment period. 
The trial was terminated when the recruitment period was over.

Population

Inclusion criteria were (1) ischemic stroke as confirmed by 
MRI, (2) stroke onset > 30 days prior to inclusion, (3) Fugl-
Meyer score < 60 for the motor upper limb domain after the 
removal of the reflex evaluation item as in [16], and (4) a 
spared precentral “hand knob” area as confirmed by MRI to 
ensure that M1, which was the node between afferent and 
efferent pathways engaged in the CER_M1 PAS protocol, 
was not damaged.

Exclusion criteria consisted of (1) homonymous hemia-
nopia, given that an alteration of the visual field could have 
impacted the visuo-motor task used for the fMRI para-
digm, (2) complete paralysis of the hand muscles (Medical 
Research Council muscle power scale ≤ 1, i.e., no voluntary 
active movement), (3) age < 18 or > 85 years, (4) contraindi-
cations to MRI or TMS [17], and (5) severe cognitive defi-
cits that hampered the ability of the patients to understand 
and follow the protocol according to the physician in charge 
of the patient.

This study was conducted according to established good 
clinical practice guidelines and was approved by the local 
ethical committee (CPP Ile de France VI #85–14). Writ-
ten informed consent from each participant or from a legal 
proxy/family member was obtained.
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Randomization and Treatment Protocol

Randomization and Masking

Each participant was randomly assigned in a 1:1 ratio to active 
or sham CER_M1 PAS. A computer-generated randomization 
was achieved using a secure website (http://​rando​web.​aphp.​
fr), which is based on an algorithm that used a minimal suf-
ficient balancing method to prevent imbalances in the three 
predefined following variables: age, initial Fugl-Meyer score, 
and side of the lesion. Double blinding was ensured by the 
intervention of three investigators: (i) one unblinded inves-
tigator performed the randomization and applied treatment 
sessions; (ii) two other blinded investigators were responsible 
for clinical, electrophysiological, and neuroimaging assess-
ments. Patients were also blinded to the treatment allocation.

The estimation of the sample size was calculated using a 
F-test (repeated measures ANOVA, 3 measurements, with 
within-between interaction) with the G*power software 
(http://​www.​gpower.​hhu.​de/​en.​html). Type I error was set 
at 5% and power at 80%. To demonstrate an effect size of 
0.25, 14 patients per group were needed.

Treatment Protocol

CER_M1 PAS interventions were delivered each day of 
the week for a total of 5 sessions, immediately followed by 
45 min of physical training by a physiotherapist focusing on 
upper limb functions.

The active group received 120 pairs of stimuli at 0.2 Hz 
delivered by two MAGSTIM 2002 stimulator units (Mag-
stim, Dyfed, UK). The conditioning stimulus was delivered 
through a 110-mm double-cone coil over the contralesional 
cerebellum. The center of the coil was moved right- or left-
wards off the midpoint by 3 cm along a line between the 
inion and the mastoid process [14]. The test stimulus was 
delivered using a 70 mm figure-of-eight-shaped coil centered 
over the ipsilesional M1. The coil was first held tangential 
to the scalp over the presumed hand knob area as deter-
mined by the anatomical 3D reconstruction of each partici-
pant’s brain (Brainsight2, Rogue Research, Inc., Montreal, 
Canada). The optimal coil position (“hotspot”) was then 
determined as the site where TMS consistently produced the 
largest motor-evoked potentials (MEPs) in the contralateral 
first dorsal interosseus muscle at a suprathreshold intensity. 
When MEPs could not be elicited in the ipsilesional hemi-
sphere, the hotspot was defined anatomically in the hand 
knob area. Resting Motor Threshold was measured using 
the relative frequency method. Surface EMG was recorded 
from the first dorsal interosseus muscle of both hands at rest.

The intensity of the conditioning stimulus was set at 
90% of the resting motor threshold (rMT) and at 140% rMT 
for the test stimulus. The low intensity of the conditioning 

stimulus was chosen to minimize confounding effects due to 
direct brainstem stimulation [18] and maintained under 50% 
of the maximal stimulator output to avoid pain. For patients 
in whom MEP could not be elicited, the intensity was set 
at 100% for the ipsilesional M1 and 50% of the maximal 
stimulator output for the contralesional cerebellar target. 
The interstimulus interval was set at 2 ms [14]. In the sham 
group, the test stimulus was similar and delivered by the 
same coil as described above (70 mm figure-of-eight-shaped 
coil). A sham coil was applied over the cerebellum. This 
sham coil produces a sound mimicking the one produced 
by the active coil.

After each session, discomfort was rated with a Likert-
like scale from − 3 (very uncomfortable) to 3 (very positive 
sensations).

Physical therapy sessions lasted around 45 min and were 
delivered immediately after the intervention. All patients 
were able to activate some muscles voluntarily in the affected 
upper limb, but only some of them demonstrated functional 
finger and wrist movements. Different types of exercises were 
delivered according to the patients’ potential: active-assisted 
range of motion exercises combined with motor imagery, 
strength training against gravity, and task specific training 
(manipulating spoon, glass of water, bottle, buttoning).

Multimodal Assessments

All assessments were performed before the first CER_M1 
PAS intervention (baseline, D0), immediately after the last 
intervention (D5) and a month later (D30).

Clinical Assessments

Upper limb motor performance was evaluated with the Fugl-
Meyer score at inclusion. This score allows us to counterbal-
ance the clinical severity of the two groups (see randomiza-
tion). As the cerebellum plays a major role in motor function 
and coordination, we chose to evaluate the Jebsen-Taylor 
hand function test (JTT). As in [19], we included only six 
of the seven JTT subtests: turning cards, picking up small 
objects, picking up beans with a teaspoon, stacking checkers, 
and lifting light and heavy cans. For both hands, each subtest 
was performed three times and averaged. The total JTT time 
was computed by adding the average duration of all subtests. 
It is important to note that no learning or fatigue effect was 
detected using a repeated measure ANOVA (F(2.228): 0.16, 
p: 0.85).

In addition, we measured the grip strength (GS) of the 
affected and unaffected hands three times for both hands 
and averaged the trials (MIE, Medical Research Ltd., (http://​
www.​mie-​uk.​com/​pgrip​myo/​index.​html)).

This allowed us to assess the specificity of the CER_M1 
PAS as we expected an improvement in goal-directed tasks 
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more than grip force because of the implication of cerebel-
lum in motor coordination and motor control.

TMS Assessment

The TMS evaluation was performed to provide MEPs ampli-
tude in the first dorsal interosseus muscles. Detailed descrip-
tion of the procedure is provided in Supplemental Material. 
The peak-to-peak MEP amplitude was recorded at 140% 
rMT from both hemispheres. For patients in whom a MEP 
cannot be elicited in the ipsilesional side, MEP amplitude 
was imputed at 0 mV as in [20].

MRI Assessment

Whole brain MRI was performed at 3 T (Magnetom VERIO, 
Siemens, Erlangen, Germany) with a 32-channel head coil. 
The MRI protocol included (i) 3D T1-weighted MPRAGE 
images, (ii) a fluid-attenuated inverse recovery (FLAIR) 
sequence, (iii) a multiband spin-echo echo-planar high-
angular resolution diffusion imaging sequence, and (iv) a 
fMRI acquired during a motor task. Infarct volumes were 
delineated on the FLAIR images by a trained neurologist in 
order to calculate the lesion volume (FSLview). Acquisition 
parameters can be found in the Supplemental Material.

Functional MRI was performed to record activations 
in the primary motor cortices during a visuomotor task 
described in Supplemental Material [21].

The functional images were processed using SPM12 (http://​
www.​fil.​ion.​ucl.​ac.​uk/​spm). Briefly, before pre-processing, 
images of patients with right-sided lesions were flipped so 
the lesion was in the left hemisphere. A general linear model 
analysis was performed at the subject level using box-car con-
ditions convoluted with the canonical hemodynamic response 
function in order to model average activation during all trials. 
Head movement parameters were included as nuisance vari-
ables. Activity in the motor cortex was determined by contrast-
ing hand movement blocks vs. rest using a statistical threshold 
of T = 2.34 (p < 0.01, uncorrected) within the precentral gyrus 
regions of interest from the AAL atlas (Montreal Neurological 
Institute space).

Diffusion MRI with probabilistic tractography in a com-
mon space (see Supplemental Material) was performed to 
reconstruct bilateral corticospinal and the dentato-thalamo-
cortical tracts. Mean weighted fractional anisotropy (FA) 
values were obtained for the whole ipsilesional and con-
tralesional corticospinal and dentato-thalamo-cortical tracts.

Data and Statistical Analysis

Because of the inter-individual variability due to the sever-
ity of the motor impairment at inclusion (D0), for clinical, 

electrophysiological and DTI data, we computed a ratio (r) 
by dividing the respective value obtained on the affected 
hemisphere/hand by the one of the unaffected hemisphere/
hand (JTTr, GSr, MEPr, and FAratio) [20]. Before this step, 
we verified the stability of the clinical data of the non-
affected side by a mixed model ANOVA.

Statistical analysis was performed with per-protocol analy-
sis approach. The analysis was performed by a blinded inves-
tigator using MedCalc software (version 12.5.0, Belgium, 
2013). Kolmogorov-Smirnoff tests were used to assess nor-
mality of the data. Descriptive statistics consisted of mean 
and standard deviations (SD). Comparisons of proportions 
were determined by a chi-squared test and the quantitative 
variables were compared by t-tests.

Primary Objective

A mixed model ANOVA was used to test the effects of 
CER_PAS M1 on the JTTr and GSr. The within subject 
effect was TIME (D0, D5, D30), and the between-subject 
effect was GROUP (active or sham CER_M1 PAS). Post-
hoc comparisons were performed using independent t-tests 
between groups corrected for multiple comparisons by a 
Bonferroni. Sphericity was checked with Mauchly’s test, 
using the Greenhouse–Geisser correction when necessary.

Secondary Objectives

The secondary objectives were to determine which changes 
occurred in the motor network in patients who benefited 
the most from the active CER_M1 PAS treatment. Pear-
sons’ correlation coefficients were used with 95% con-
fidence interval (95%CI) between clinical improvement 
after CER_M1 PAS and changes in the motor network. 
Clinical improvement was measured by the difference 
between JTTr (or GSr) after CER_M1 PAS vs. JTTr (or 
GSr) at D0 (ΔJTTr, ΔGSr). Changes in the motor network 
were defined as the difference in corticospinal excitability 
measured by MEPr at D5/D30 vs. MEPr at D0 (ΔMEPr_
D5, ΔMEPr_D30) or the changes in the ipsilesional M1 
activation during a motor task fMRI paradigm between D5 
or D30 and D0 (ΔM1_D5, ΔM1_D30). Thus, a negative 
difference value of ΔJTTr means that the patient clinically 
improved and vice versa. By contrast, a positive Δ value 
of GSr, MEPr, or M1 activity means that hand strength 
or corticospinal excitability or functional activations 
improved, respectively, parameters.

Finally, to determine which characteristics at baseline (D0) 
could explain changes in the JTTr (i.e., the patients who are 
more likely to benefit from the active intervention), we com-
puted correlations with pre-specified candidates, selected to 
reflect structural integrity of the cerebello-motor pathway, i.e., 
FAratio in the corticospinal and dentate-thalamo-cortical tracts.
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Results

Population

Between October 2015 and October 2018, 28 patients were 
included and randomized in the study. Twenty-seven patients 
were analyzed (Fig. 1). There was no drop-out during the 
study. Figure 2 displays the location of the infarct lesions. 
The patient characteristics are presented in Table 1. There 
was no significant difference between the two groups (active 
or sham) for the three variables minimized in the algorithm 
(age, UL-Fugl-Meyer, and side of the lesion). There was 
no TIME*GROUP interaction in the JTT (F(2, 50): 1.2, p: 
0.28) nor the GS performances (F(2, 50): 0.7, p: 0.48) of the 
unaffected hand confirming that the change in JTT/GS for 
the unaffected hand between the sham and active groups was 

similar. The subsequent analyses were performed with the 
ratios of the affected/unaffected hands (JTTr and GSr).

The other baseline clinical characteristics (Table  1) 
including the JTTr and GSr (p: 0.37 and 0.20), the elec-
trophysiological data (MEPr p: 0.48) (Table 2), and MRI 
data (FAratio for the dentato-thalamo-cortical tract p: 0.70; 
FAratio for the corticospinal tract: p: 0.69; ipsilesional M1 
activity p: 0.06) were similar between the two groups. Five 
individuals were MEP negative. MEP negativity was stable 
for all course of treatment.

Clinical Efficacy of CER_M1 PAS

The time course of the JTTr showed a significant 
GROUP*TIME interaction (Fig. 3, F(1, 26): 3.27, p: 
0.04). There was no effect of TIME (F(2, 50): 0.6, p: 

Fig. 1   Flowchart of the study. 
Twenty-eight patients were 
included in the study and 
randomized and twenty-seven 
patients were analyzed (one 
exclusion after MRI since the 
hand knob area was infarcted)

Fig. 2   Lesion probability maps 
for the active (top) and sham 
(bottom) cohorts overlaid on 
a normalized T1. The color 
map reflects the percentage of 
lesioned voxels. For the two 
groups, all lesions are fixed to 
the left hemisphere. Left is left. 
Numbers indicate the coordi-
nates in the MNI space

Cerebello‑Motor Paired Associative Stimulation and Motor Recovery in Stroke: a Randomized,… 495
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0.55) and GROUP (F(1, 25): 1.1, p: 0.29). The change in 
JTTr score between the active and the sham group was 
not significant at D5 (p: 0.16), but was at D30 (p: 0.01). 
In other words, there was a clinical improvement in the 
JTTr in the active vs. the sham group at D30 (Table 3). 
The magnitude of change at D30 in the active group was 
an improvement of 10.3% and in the sham group a wors-
ening of 12.5%.

Clinical improvement in the CER_M1 PAS active group 
(ΔJTTr_D30) was associated with changes in functional ipsile-
sional M1 activity measured by fMRI (Fig. 4). The larger the 
clinical improvement at D30, the larger the increase in ipsile-
sional M1 activity at D30 (correlation coefficient: − 0.535, 
95%CI: − 0.829; − 0.007, p: 0.04). The same relationship 
between changes in M1 activity between D0 and D5, and clinical 
improvement at D30 was found (correlation coefficient: − 0.554, 
95%CI: − 0.838; − 0.033, p: 0.04), suggesting that the changes in 
M1 activity preceded the clinical improvement. This correlation 
was not found in the sham group (p: 0.68 at D5, p: 0.74 at D30).

However, clinical improvement in the CER_M1 PAS 
active group (ΔJTTr_D30) was not explained by changes 
in corticospinal excitability as assessed by TMS-induced 
MEP amplitude ratio (p: 0.49 at D5, p: 0.87 at D30).

Considering the GSr, there was no effect of treat-
ment (GROUP*TIME interaction: F(1.25): 0.60; p: 0.54) 
(Fig. 3). There were no correlations between ΔGSr and 
changes in M1 ipsilesional activation or corticospinal 
excitability at any time point.

Figure 5 displays the individual scatter plots of JTTr 
and GSr in the active group.

Supplemental Material Table 1 summarizes the values 
of the neuroimaging data.

Biomarkers of Treatment Response

The factor at D0 that correlated to JTTr improvement at D30 
in the active treated group was the integrity of the CST (FAra-
tio; correlation coefficient: − 0.602; 95%CI: − 0.858; − 0.106, 
p: 0.02). There was only a trend for the integrity of the 
dentato-thalamo-cortical tract to correlate with JTTr 
improvement (FAratio: correlation coefficient =  − 0.505, 
95%CI: − 0.816; 0.034, p: 0.06). In other words, the more 
preserved the pathways, the more effective the treatment.

For the sham group, there were no correlation between 
improvements in JTTr and the integrity of the two tracts 
(p > 0.05).

Safety Outcome

None of the subjects experienced noticeable adverse effects 
during or after the study except transient cephalalgia (n = 1) 
in each group and one reflex syncope right after the end of the 
stimulation at D5 in the sham group. Nevertheless, five patients 
reported discomfort in the active group following the interven-
tion, while two patients reported discomfort in the sham group. 
Indeed, the cerebellar coil was placed laterally (3 cm right or 
left from the inion), and one wing of the coil was closed to the 
masseter muscle leading to masseter contractions every pulse.

Discussion

This randomized, sham-controlled, double-blind pilot 
trial suggested that active CER_M1 PAS might be associ-
ated with better hand function in stroke patients. This also 

Table 1   Characteristics at 
inclusion

Data are presented as mean and standard deviation
C cortical, SC subcortical, and CSC cortico-subcortical

Active group N = 14 Sham group N = 13 p-value

Age (years) 63 +  − 14 60 +  − 11 0.48
Gender (male, n%) 11 (78%) 10 (77%) 0.68
Handedness 100% right handed 100% right handed 0.52
Time post stroke (months) 202 ± 355 374 ± 481 0.29
Side of the lesion 8 left (57%) 7 left (54%) 0.81
Location 2 C, 9 SC, 3 CSC 10 SC, 3 CSC 0.36
UL-Fugl-Meyer score 43 ± 14 38 ± 19 0.39

Table 2   Mean and SD amplitude of MEP ratio before the intervention (B – D0), immediately at the end of the treatment (D5), and a 1 month 
later (D30) in both the active and the sham groups

Active group Sham group

Baseline (D0) D5 D30 Baseline (D0) D5 D30

MEP ratio 0.44 (0.62) 0.45 (0.65) 0.55 (1.09) 0.27 (0.51) 0.33 (0.59) 0.27 (0.44)

C. Rosso et al.496
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suggested that stimulation of the cerebellum pathway is 
relatively specific since improvement was only seen in a 
score involving coordination and dexterity (JTT), but not 
the grip strength (GS). Moreover, the task-related increase 
of ipsilesional M1 activation between before and after the 
PAS treatment was associated with the extent of the clinical 
score improvement (JTTr) for patients in the active treated 
group. The inter-individual variability in clinical improve-
ment was partly explained by the structural integrity of the 
efferent (corticospinal tract) pathway engaged in the PAS 
stimulation with a trend for the structural integrity of the 
(dentato-thalamo-cortical tract) afferent pathway.

How to Explain the Efficacy of the CER_M1 PAS?

The efficacy of CER_M1 PAS was concordant with previ-
ous preclinical studies [22]. Machado et al. [23] delivered 
a 20 Hz electrical stimulation of the contralesional lateral 

cerebellar nucleus in rats and demonstrated an improve-
ment in the Montoya staircase task that assessed skilled 
paw reaching. Moreover, in another study, repeated lateral 
cerebellar nucleus stimulation using optogenetics resulted 
in a robust and persistent recovery on the rotating beam 
test. Indeed, the stimulated rats showed increased expres-
sion of the GAP42 protein, responsible for axonal growth 
in the ipsilesional sensorimotor cortex [24]. This suggests 
that the cerebello-motor loop stimulation drives morpho-
logic changes of the efferent pathway. Our study is also 
in line with human studies such as the promising results 
obtained by Koch et al. [25] that showed improved gait 
and balance recovery following repetitive TMS over the 
cerebellum in stroke patients. Additionally, the first-in-
human trial (EDEN study, NCT #02,835,443), aimed at 
assessing the safety and feasibility of invasive deep brain 
stimulation of the dentate nucleus for improving upper 
limb motor function, started in 2016 [26].

In line with the aforementioned studies, the first explana-
tion of our results is that CER_M1 PAS could strengthen 
the synaptic transmission between the cerebellum and the 
primary motor cortex. This view is supported by the fact that 
the integrity of the CST tract, which provides the anatomical 
support of this loop, is associated with clinical improvement. 
Even if how PAS modulates cortical synaptic plasticity is 
not exactly known, PAS induces both rapid and long-term 
effects in the primary motor cortex [27]. PAS modulates 
rapidly the cortical excitability of the primary motor cortex, 
which could be the explanation why activity in the primary 
motor cortex increased in treated patients who benefited the 
most. On the other hand, PAS effects can be blocked by 
NMDA receptor antagonist, suggesting long-term poten-
tiation like phenomenon at play [28]. In this context, it is 

Fig. 3   Clinical effects of active vs. sham CER_M1 PAS for the dif-
ference in JTT ratio (A) and the difference in GSr (B). Values corre-
spond to mean and standard error of the mean. D5 represents follow-
up at day 5 and D30 at one month. *p < 0.05 corresponded to the 
comparison between ΔJTTr at D30 between the active and the sham 

groups. Between D0 and D5, JTTr did not improve in both active 
(p:0.70) and sham (p:0.18) groups. Between D0 and D30, JTTr 
improved in the active group (mean ΔJTTr: − 0.6 ± 1.2, p: 0.04), 
while it tended to worsen in the sham group (mean ΔJTTr: 1.1 ± 2.0, 
p: 0.07)

Table 3   Mean and SD JTT ratio and GS ratio before the interven-
tion (B – D0), immediately at the end of the treatment (D5), and a 
1 month later (D30) in both the active and the sham groups

JTT ratio GS ratio

Mean SD Mean SD

Active group
Baseline (D0) 5.92 6.95 0.37 0.27
D5 6.00 7.28 0.48 0.24
D30 5.31 6.66 0.53 0.27
Sham group
Baseline (D0) 9.03 11.7 0.37 0.26
D5 9.71 10.59 0.38 0.26
D30 10.14 12.38 0.41 0.29

Cerebello‑Motor Paired Associative Stimulation and Motor Recovery in Stroke: a Randomized,… 497



1 3

possible that delayed effects of CER_M1 PAS are related to 
synaptic plasticity processes and consolidate over time [29].

The second possibility is that CER_M1 PAS treatment 
involves proprioceptive and/or somato-sensory afferences 
for two reasons [30]. First, the cerebellum is indirectly con-
nected to these systems in the brainstem in such a way that 
the stimulation could indirectly lead to the activation of this 
system. Second, the double-cone coil, when placed laterally 
on the cerebellum, has one of its wings on the upper part of 
the neck. However, this possibility is unlikely given that (i) 
we kept the conditioned stimulus intensity relatively low 
(below 50% of the maximum stimulator output) and (ii) the 
inter-stimulus interval used was very short (2 ms) which is 
not compatible with the involvement of a proprioceptive or 
sensitive component.

Finally, the third explanation is that the effect is medi-
ated by the direct stimulation of M1 and not the cerebellum. 
However, the sham stimulation, which consists of the same 
M1 stimulation than the active CER_M1 PAS but without 
the cerebellum activation, was not associated with M1 activ-
ity changes. Though, it is unlikely that the changes in M1 
relied on the M1 stimulation only but was specific to the 
cerebello-motor loop activation.

CER_M1 PAS‑Induced Changes in the Brain

Patients who benefited the most from the CER_M1 PAS, 
as assessed by JTTr, were those who exhibited increased 
activation of the ipsilesional M1 at the end of treatment 
(D5) and later (D30) with respect to pre-treatment levels. 

Fig. 4   Scatter plots of the clinical 
improvement (x-axis) as assessed 
by changes in the JTTr between D30  
and baseline (D0) and changes in 
ipsilesional M1 activity (y-axis) 
between D5 and baseline (A, C) 
and, as well as between D30 and 
baseline (B, D). A and B refer to 
the active group and C and D to the 
sham group. The equations are: A  
y =  − 0.68x − 0.77, p: 0.04; B 
y =  − 0.56x − 0.57, p: 0.04; C 
y =  − 0.08x + 0.27, p: 0.24; D 
y =  − 0.07x + 0.48, p: 0.30

Fig. 5   Individual scatter plots of the JTT r and GSr in the active group before (D0) and after (D5 and D30) the stimulation. JTTr (A) and the GSr 
(B) are normalized to the baseline score
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This suggests a better integration and processing of informa-
tion within this area. In addition, given that this association 
occurred as soon as D5, the improvement related to M1 reor-
ganization might begin at the end of the intervention (and 
before the clinical improvement), a hypothesis compatible 
with the well-documented mechanisms of PAS protocols on 
synaptic transmission.

At first glance, clinical improvement without change in 
MEP amplitude may be surprising, but has been previously 
described in stroke patients [31]. In healthy subjects, anodal 
tDCS has been found to increase the inhibitory influence 
exerted by the cerebellum over the primary motor cortex 
without effect on MEP [32]. In addition, Daskalakis et al. 
[33] have suggested, in a study investigating the interaction 
between the cerebello-motor loop and parameters assessing 
M1 excitability, that the cerebellar output activated by the 
TMS stimulation terminates mainly on M1 interneurons, 
which are not immediately contributing to the MEP. This 
hypothesis is consistent with our fMRI results and the lack 
of change in MEP amplitude.

Limitations

Our main limitation is the small sample size of the study. 
Our findings need to be confirmed in future trials, including 
a larger sample size, to draw up compelling conclusions. 
Our sample size did not allow reliable subgroups analysis for 
example between MEP positive (n = 22) vs. negative indi-
viduals (n = 5) or between patients enrolled at the subacute 
(≤ 3 months, n = 11) vs. chronic phase (> 3 months, n = 16).

The TMS intensity we used to stimulate the cerebellum 
is a second shortcoming. Indeed, it is well-known that cer-
ebellar-brain inhibition intensity depends on the intensity 
of both conditioning and test pulses [34]. The higher the 
intensity of the stimuli, the larger the cerebellar-brain inhi-
bition. In stroke patients, the resting motor threshold on the 
affected hemisphere is higher than that observed on the unaf-
fected one or on the healthy population. But the discomfort 
induced by higher cerebellar stimulation intensity using a 
similar double cone-coil prevented from going to 60–70% 
of the maximal stimulator output [35]. We chose to main-
tain the TMS intensity applied over the cerebellum to 50% 
of the maximal stimulator output because higher intensity 
leads to masseter contractions and clenched teeth that can 
be painful for patients. In line with this, Kassavetis et al. 
[36] reported that seven out of 16 participants could not 
complete their study, as they found cerebellar stimulation to 
be too uncomfortable. Third, we found a correlation between 
changes in M1 activity and treatment-related improvement, 
but this needs to be confirmed in larger sample sizes, as the 
correlation might be driven by the patients who benefited the 
most from the intervention. Finally, caution must be taken by 
interpreting our results given that the magnitude of change 

of the dexterity task was small (10.3% of improvement in the 
active group and 12.5% of worsening in the sham group) so 
that their clinical relevance might be questioned.

In conclusion, CER_M1 PAS combined with physical train-
ing might be a promising approach to enhance hand function 
in stroke patients. Increased ipsilesional M1 activation preceded 
functional improvements as assessed by the Jebsen-Taylor test in 
patients who benefited the most from the CER_M1 PAS protocol 
suggesting that this might be one of the neural substrate mediat-
ing the PAS-induced after-effects. The results of this study also 
confirm the role of the structural integrity of input and output 
pathways to mediate the CER_M1 PAS effect. However, this 
is a pilot study looking to explore a novel PAS cerebello-motor 
protocol, which may help plan a larger clinical efficacy study.
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