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Featured Application: PAS and MI are easy-to-implement rehabilitation interventions whose
potential appears to be confirmed for hand motor recovery after stroke. However, there does not
seem to be a specific advantage in combining PAS and MI interventions, as designed in MIPAS.

Abstract: Paired associative stimulation (PAS) is an intervention that modulates cortical plasticity.
Motor imagery (MI) is used in the rehabilitation of stroke patients. We aimed to evaluate the possible
synergistic effect of associating both interventions for potentiating motor recovery poststroke. MIPAS
is a single-center, randomized controlled trial that enrolled 24 hemiparetic poststroke participants.
Three single-session interventions were tested in a crossover design: PAS/MI, PAS, and ShamPAS/MI
during which the affected Extensor Carpi Radialis (ECR) muscle was targeted. During MI, the
participants were instructed to imagine extending their paretic wrist. We used Sham, subthreshold
stimulation during ShamPAS. Changes in ECR Motor-Evoked Potential (MEP) areas and paretic wrist
Range of Motion (aROM) during active extension were compared between the interventions. We
observed no significant superior effect of any intervention, neither on MEP nor on wrist aROM. A time
of assessment effect was highlighted for both outcome measures, with MEP- and aROM-measured
post-interventions significantly higher than those measured pre-intervention. Despite the beneficial
effect of each intervention on participant paretic wrist motor function, not always associated with
MEP change, our results do not highlight a specific advantage in combining PAS and MI interventions
in post-stroke motor rehabilitation

Keywords: PAS; motor imagery; motor function; kinematics; corticospinal excitability;
wrist extension recovery

1. Introduction

Stroke remains a leading cause of impairment and functional disability, which affects
millions of people worldwide. Among patients who have severe motor deficits after a
stroke, approximately 80% have grip and hand extensor muscle deficits [1,2]. Therefore,
the motor recovery of wrist and finger extensions in poststroke patients remains a major
rehabilitation challenge [3].

Noninvasive brain stimulation (NIBS) interventions have been suggested to modulate
brain plasticity and improve upper extremity (UE) motor recovery. However, the results of
three decades of research using NIBS targeting UE motor cortex representations poststroke
remain inconclusive, although many meta-analyses are positive, their effect sizes remain
small and their results often conflicting [4,5].
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Facilitatory corticomuscular paired associative stimulation (PAS), targeting the motor
cortex and administered with an interstimulus interval (ISI) of 25 ms, is one of these NIBS in-
terventions that relies on long-term potentiation (LTP)-like mechanisms and reproduces the
process of associative motor learning by strengthening and modulating specifically the cor-
ticospinal excitability (CSE) of the targeted muscle [6]. Therefore, PAS can be considered as
a NIBS intervention that is “physiologically compatible” with the current knowledge about
the mechanisms underlying poststroke motor recovery and/or rehabilitation. Durable,
reversible, and topographically specific facilitatory effects of PAS protocols have been
demonstrated in healthy subjects on flexor and abductor intrinsic finger muscles [6,7]. In a
way to be more suitable for stroke rehabilitation, the possibility to elicit a PAS effect has
also been experimented on wrist extensor muscles in healthy subjects [8] and in subacute
subcortical ischemic [9] and in chronic [10] stroke patients. Although the number of ran-
domized controlled trials (RCTs) using PAS is very limited, the results obtained with PAS
trials seem similar to those obtained with other NIBS techniques. Mainly, the modulation
of CSE was observed after PAS intervention in healthy and stroke individuals, without
a significant effect on motor performance improvement or function recovery [10,11]. In
spinal cord injury (SCI), repeated PAS has demonstrated therapeutic efficacy, with ob-
served improvements in motor function [12–15]. Limited and mostly preclinical evidence
of efficacy exists in stroke patients [16,17]. In a previous double-blinded Sham-controlled
RCT, we tested and compared against Sham, a daily PAS protocol repeated over 5 days.
The PAS protocol targeted the Extensor Carpi Radialis (ECR) muscle in a heterogeneous
population of patients with cortical and/or subcortical strokes, mixing hemorrhagic or
ischemic etiologies. We observed no significant difference in terms of CSE or motor scores,
as assessed with the UE Fugl–Meyer Assessment scale (UEFMS) [18]. The absence of a
difference could have been explained by the weak and variable CSE and motor effects
induced by the repeated PAS intervention, also described previously [9,10,19], and the lack
of sensitivity of the clinical scale used for motor function assessment [18].

Motor imagery (MI) is an easy-to-use and easy-to-administer intervention suitable
for all stroke patients regardless of their motor deficit [20]. It is defined as the imagination
of movements without their concomitant execution. It has been shown that MI training
improves motor output by targeting cortical, subcortical, and cerebral networks similar
to those involved in motor execution, and thus facilitates brain plasticity and cortical
reorganization [21,22]. CSE facilitation occurs mainly during the imagination periods [23]
and is increased and more persistent in time when MI is combined with muscle functional
electrical stimulation (ES) [24] or with noninvasive brain stimulation protocols [25]. In the
later study, the effects were cancelled when both interventions were applied asynchronously,
showing the synergetic potential of combining MI with NIBS interventions.

Given the cited evidence, one can imagine that the concomitant MI of movements
specific to the muscle targeted by a PAS intervention might decrease the variability in
response to the latter and potentiate its effect. The potential beneficial synergistic effect
of combining the two interventions that modulate cerebral plasticity led us to design the
MIPAS (Motor Imagery and Paired Associative Stimulation) protocol. The objective was to study
the electrophysiological and motor effects of a single intervention wherein MI exercises of
paretic wrist extension movements were combined with a PAS protocol targeting the ECR,
as compared to controlled interventions, in a population of hemiparetic stroke participants,
with the hypothesis of greater changes after the combined intervention. The results would
therefore demonstrate the potential therapeutic interest of such a combination and the
usefulness of MI as an adjunct therapy to enhance the effects of PAS. The goal would be to
create a model-based intervention aiming at potentiating their synergistic effects and being
more readily transferrable in clinical sittings for effective motor rehabilitation after a stroke.
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2. Materials and Methods
2.1. Study Design

MIPAS is a prospective, randomized, controlled, crossover (3 interventions, 3 visits),
single-blind clinical trial that tests and compares the effect of 15 min single interventions
of ‘PAS’, ‘ShamPAS/MI’, and ‘PAS/MI’, targeting the affected ECR muscle in hemiparetic
stroke participants (Figure 1). All the stroke patients participated in all three interventional
sessions. The overall protocol lasted 3 weeks with 1-week wash-out periods between each
intervention. At the inclusion visit, UE motor deficits and MI ability were assessed (details,
see Section 2.4.2), and each participant had an MRI examination during which weighted
T1 images were acquired. The results associated with the participants’ neuroimaging data
were published previously [26]. Three interventional visits were then scheduled over
3 consecutive weeks during which 1 of the interventions was randomly administered to the
participants. The interventions were administrated the same day of the week, in the early
afternoon. Before and after each intervention, electrophysiological (transcranial magnetic
stimulation (TMS) motor evoked potential (MEP)) measurements and assessments of paretic
wrist motor function (active range of motion of the affected wrist—aROM) were performed.
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Figure 1. MIPAS experimental protocol design. Upper panel: picture of a participant comfortably
seated in the reclining chair during a stimulation session. The enlargements represent the TMS
coil placed on the ECR cortical hotspot and tracked using the Localite® neuronavigation system,
the electrical stimulator connected to the surface electrodes placed on the motor point of the ECR
muscle, and the acquisition system and software (CED1902/Signal6) to visualize and record the
electrophysiological signals. Lower panel: schematic representations of the stimulation interventions
(PAS, and PAS or ShamPAS/MI; see the ‘experimental interventions’ section for details).

2.2. Participants

Participants were recruited in the Physical Medicine and Rehabilitation department
of Toulouse University Hospital. The study was approved by the local Ethics Committee
(Comité de Protection des Personnes Sud-Ouest et Outre-Mer II) in January 2013 (RCB
2012-A 01419-34) and registered in the ClinicalTrials.gov database (NCT02779218). All
the participants gave their written informed consent in accordance with the Declaration
of Helsinki.

Inclusion criteria were a first stroke, a motor deficit of the contralateral UE with an
Upper-Extremity Fugl–Meyer subscore (UE-FMS) < 50/66, an ability to perform MI as
assessed with the Time-Dependent Motor Imagery (TDMI) screening test, and the presence
of an MEP for the ECR longus muscle. Participants were excluded if they had a history of

ClinicalTrials.gov
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epilepsy or contraindication to the use of TMS [27] and/or MRI, such as the presence of
metal in the body, claustrophobia, or pregnant and/or breastfeeding women.

2.3. Experimental Interventions (Figure 1)
2.3.1. TMS Stimulation

Participants were comfortably seated in a reclining chair in a quiet room. A neuronavi-
gation system (TMS navigator, Localite®, Bonn, Germany) with the anatomical wT1 of each
participant was used to precisely record the position of the stimulation site (i.e., the hotspot
(HS), see below) and to ensure the accurate repositioning of the TMS coil throughout and
between the visits.

Brain stimulation was produced using a figure-of-eight-shaped Cool-B70 coil con-
nected to a MagProX100 magnetic stimulator (MagVenture, Farum, Denmark). The coil
was held tangentially to the scalp, pointing backward and approximatively 45◦ away from
the midline over the lesioned primary motor cortex (M1), at the optimal position (HS) to
elicit MEPs in the contralateral ECR. To determine the HS, we first placed the TMS coil
over the theoretical cortical representation (TCR) of the ECR muscle and stimulated at
suprathreshold TMS intensity until a distinguishable ECR MEP was elicited. We then
moved the coil slightly around the TCR until reliable MEPs were consistently recorded.
The cortical position was then considered as the HS, and the corresponding coil position
was recorded using Localite®. The participant-specific suprathreshold TMS intensity used
to record the MEPs was defined as the reference stimulation intensity (rSI) and was used
during the PAS interventions as well as to evaluate MEP changes induced by the interven-
tions. The rSI was chosen to ensure the absence of MEP ceiling or floor effect in response to
the interventions.

2.3.2. Peripheral Electrical Stimulation (ES)

The surface electrodes used for the electrical stimulation were placed on the motor
point of the ECR muscle of the participant’s paretic limb. We employed motor point
stimulation instead of nerve stimulation [6], in an attempt to focus the induced changes
on the targeted ECR [8,9,18]. The electrodes were connected to a DS7A constant-current
stimulator (Digitimer, Welwyn Garden City, UK) that delivered 1 ms square-wave pulse
trains at 5 Hz for 500 ms. The intensity of the ES was set at 1.5× the ECR motor threshold,
specific to each participant, a tolerable intensity that caused only visible muscle twitches
without overt movement.

2.3.3. PAS Intervention

During this intervention, participants received peripheral ES to the ECR motor point,
as described above, followed 25 ms later by a TMS cortical pulse over the ECR HS at the
rSI, specific to each participant [8] (see details, Section 2.3.1). A PAS with an interstimulus
interval (ISI) set at 25 ms is believed to produce facilitatory LTP-like effects [6]. The pairing
of the electrical and magnetic stimuli was applied every 5 s (frequency of 0.2 Hz) for 15 min.
Therefore, 180 pairs of stimuli were delivered during a PAS intervention.

2.3.4. PAS/MI Intervention

During MI, participants were asked to have their eyes closed and to imagine extending
their paretic wrist from a first-person perspective using visual and kinesthetic represen-
tations, as they were familiarized and trained to do so during the TDMI test, between
each pair of PAS stimuli. The imagined movement had to be as large as possible and
last 4 s (imagined movement initiation (1 s), maximum voluntary contraction (2 s), and
imagined relaxation (1 s)). The participants were thus required to imagine performing a
wrist extension movement every 5 s. Therefore, 180 extension movements were imagined
by the participant during a 15 min intervention. The absence of muscle contraction dur-
ing MI exercises was controlled by visual feedback. Additional questions were asked at
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the end of the intervention to review MI ability and performance and potential fatigue
during stimulation.

2.3.5. ShamPAS/MI Intervention

ShamPAS stimulation was administered at a subthreshold and minimal cortical SI,
only sufficient for producing a sound by the TMS coil (≈20% of the Maximum Stimulator
Output, MSO). Indeed, given the overall low CSE observed with the participants included,
the ShamPAS intervention design is believed to be not sufficient to produce CSE changes.
The peripheral ES was the same as used during PAS. The participants had to perform
MI between each pair of ShamPAS stimuli, i.e., every 5 s for 15 min, so that peripheral
stimulation and MI were interleaved.

In these conditions, the assessment operator was blinded to the type of intervention
being delivered during a specific session, and the participants were unable to distinguish
PAS from ShamPAS but knew if they had to perform MI exercises and were thus considered
partially blinded to the study.

2.4. Study Outcomes

The participants’ arms were comfortably positioned on the chair armrests. CSE (MEPs)
was evaluated using the EMG activity recorded from the pairs of silver Ag–AgCl surface
electrodes, placed on the paretic ECR muscle belly. The EMG signals were amplified
(×3000), filtered (bandpass filter of 10–1000 Hz) with a CED 1902, and digitized at a
sampling frequency of 4 kHz for 70 ms. The data were recorded using the CED1401
interface (Cambridge Electronic Design, Cambridge, UK) controlled by Signal6 software
and stored offline for subsequent analysis.

2.4.1. Motor Imagery Outcomes

At the inclusion visit, MI ability was evaluated with the TDMI screening test [28], a
chronometric test in which the number of imagined movements is recorded over 3 time
periods (15, 25, and 45 s). The kinesthetic and visual imagery questionnaire (KVIQ) [29]
was also administered to assess MI ability and performance. It scores the clarity of images
and the intensity of sensations during MI. The maximal total KVIQ score is 170.

2.4.2. Electrophysiological Outcomes

At the rSI, MEP was measured before (MEPPre) and at 4 time points (i.e., 5, 15, 25,
and 35 min, respectively, corresponding to MEP5, MEP15, MEP25, and MEP35) after each
intervention. For each measure, 10 consecutive MEPs were recorded. Given the polyphasic
nature of the ECR muscle [30], the areas (mV.ms) of the redressed and centered MEP
were calculated and averaged across the ten measurements. For each intervention, CSE
change was expressed as the difference (∆MEPx) between Post MEP values (MEPx) and the
corresponding Pre MEP values (MEPPre) measured before the intervention:

∆MEPx (mV·ms) = MEPx − MEPPre

The calculation of the difference between post- and prestimulation values was pre-
ferred to the calculation of a percentage change from baseline, which is less recommended
for the statistical analyses used [31].

2.4.3. Hand Motor Function Outcomes

We assessed each participant’s UE motor function using instrumental measurements
of the active wrist extension amplitudes (in degrees) obtained with electronical goniometers
(Biometrics®, Ltd., Newport, UK). Goniometric measurements of active wrist extension
amplitudes (active range of motion—aROM) of the paretic wrist were obtained before
(aROMPre) and at 0, 15, and 30 min after each intervention (aROM0, aROM15, and aROM30).
The maximum aROM from three consecutive trials was considered. For each intervention,
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motor function changes (∆aROMx) were expressed as differences between the aROM mea-
surement of interest, at a specific time point after the intervention, and the aROM prevalue:

∆aROMx (◦) = aROMx − aROMPre

2.5. Randomization

The random allocation sequence was generated using the “Williams” SAS macro pro-
gram, for Williams crossover designs [32]. The Williams is a type of crossover design useful
for randomly assigning treatment sequences to the participants in a case of “3 treatments,
3 periods” protocol. The participants are randomized in equal numbers to six possible
“treatment” sequences of the interventions to be studied [32]. The physician in charge of
the protocol was responsible for enrolling the participants and assigning them to a specific
treatment sequence.

2.6. Sample Size

According to Stefan et al. [6] and Talelli et al. [33], a PAS protocol could increase the
MEP amplitude from 1.1 (0.3) mV to 1.7 (0.8) mV. To detect differences of 0.6 mV among the
3 interventions, assuming a standard deviation of 0.8 mV, the calculated sample size was
22 for paired comparisons with an 80% power and a 1.7% significance level (Bonferroni
correction for 3 comparisons). The Williams designs require sample sizes that are multiples
of 6. Therefore, the chosen sample size was set at 24 participants.

2.7. Statistical Analysis

The statistical analyses were performed with SPSS (IBM, Chicago, IL, USA. ver. 10)
and Stata SE (StataCorp LLC, College Station, TX, USA. ver. 14.2). Normal distributions
were checked for each variable with the Shapiro–Wilk test and by visual inspection using
scattered plots. For repeated measures comparison, the Mauchly test was used to test the
sphericity of the data and the Greenhouse–Geisser correction was used, when appropriate,
to correct for nonsphericity. The corrected statistical parameters were then reported.

Concerning MI ability assessment with the TDMI and KVIQ, a 2-way repeated mea-
sures analysis of variance, rmANOVA (2 × 2: TDMI: “time allocated for imagination”
and “hand assessed”; KVIQ: “MI strategy: visual vs. kinesthetic” and “hand assessed”)
and paired t-tests, respectively, were performed. Pearson correlation analysis was used to
investigate the relation between the two outcomes.

To ensure baseline outcome stability between visits and interventional sessions, re-
peated measures analysis of variance (rmANOVA) with the factors visit (S1, S2, and S3) or
intervention (PAS/MI, PAS, and ShamPAS/MI) was applied on the outcome measured pre-
intervention (MEPPre, aROMPre). Repeated measures analysis of covariance (rmANCOVA)
analysis was applied on the repeated outcome measures (∆MEPx) to estimate and compare
the effects of the three interventions (PAS/MI, PAS, and ShamPAS/MI) on CSE at different
times of assessment (TOA: Pre, Post5,15,25,35), while including the baseline measure (MEP
measured pre-intervention at the first visit: MEPPre_S1) as covariate. rmANOVA analysis
was applied on the repeated outcome measures (∆aROMx) to estimate and compare the
effects of the three interventions (PAS/MI, PAS, and ShamPAS/MI) on hand motor function
at different TOA (Pre, Post0,15,30).

Models considered intervention, TOA, and intervention × TOA interaction terms to
obtain the point estimates at the different TOA. We also report partial eta-squared ηp

2 to
judge the size of the effect observed. Additionally, the impact of each single intervention
is indicated in the Supplementary Tables according to the 95% Confidence Interval (CI95)
and p-values. For all the statistical analyses, a threshold of p = 0.05 was set. In the case of a
significant result, a Fisher’s LSD correction post hoc test was performed.
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3. Results
3.1. Participants

Between December 2013 and December 2017, twenty-five participants were included
in the study. Patients #20 dropped out because of the occurrence of an epileptic seizure
not imputable to the TMS protocol. Here, we report the results from 24 patients (mean age
(SD) = 53 (13.2) years old, 8 women, 1 left-handed, and 12 lesioned in the right hemisphere)
with a mean poststroke time of 9.7 months (1–105 months) were included. The mean UE-
FMS was 27.4 (13.3)/66, and the mean KVIQ was 118.8 (22.7)/170. A detailed description of
the group characteristics is provided in Table 1, and a lesion overlap map of the population
included was shown and described in Brihmat et al. 2020 [26]. The available data from the
inclusion visit were, however, included in the appropriate analyses.

Table 1. Participants’ clinical data.

Characteristics Mean SD (Range)

Age (years) 53.1 13.2 [27–74]

Time since stroke (months) 9.7 20.9 [1–105]

UEFMS
UEFMSA (/36) 17 6.9 [4–28]
UEFMSB (/10) 3 2.8 [0–7]

Total (/66) 27.4 13.3 [7–49]

KVIQ
VIQ (/85) 65.1 12 [40–85]
KIQ (/85) 53.6 14.1 [23–85]

Total (/170) 118.8 22.7 [80–170]

Paretic wrist aROM (◦) 42.8 22.1 [0–78]

Number (n) Percentage (%)

Lesion Locations
Cortical 11 45.8

Subcortical 10 41.7
Brainstem 3 12.5

Stroke Types
Ischemic 19 79.2

Hemorrhagic 5 20.8
Abbreviations: UEFMS (Upper Extremity Fugl–Meyer Subscore, total score); UEFMSA (part A of the FM scale spe-
cific to the assessment of the shoulder/elbow function); UEFMSB (part B of the FM scale specific to the assessment
of the wrist); KVIQ (kinesthetic and visual imagery questionnaire score, total); VIQ (visual imagery questionnaire
score); KIQ (kinesthetic imagery questionnaire score); aROM (active range of motion for wrist extension).

3.2. Checking for Preliminary Assumptions

To compare the electrophysiological and motor results among the three randomized
interventions, the stability of the baseline measurements from one visit to another had
to be ensured. We found no significant differences between the prestimulation MEP val-
ues (MEPPre) measured at the beginning of each of the three visits (MEPPre_S1 = 3.4 (4.4),
MEPPre_S2 = 3.3 (5.5), and MEPPre_S3 = 3.0 (4.0), unit = ×10−3 mV·ms, p = 0.92) and the three
interventions (MEPPre_PAS/MI = 3.5 (4.5), MEPPre_PAS = 2.6 (3.7), and MEPPre_ShamPAS/MI = 3.5
(5.6), unit = ×10−3 mV·ms, p = 0.51). Similarly, for the aROMPre of the paretic wrist, we
found no significant differences between the baseline measurements obtained during the
three visits (aROMPre_S1 = 42.8 (22.4)◦, aROMPre_S2 = 44,1 (22.9)◦, and aROMPre_S3 = 44.6 (23.2)◦,
p = 0.26) and those of the three interventions (aROMPre_PAS/MI = 43 (22.6)◦, aROMPre_PAS = 44
(23.7)◦, and aROMPreShamPAS/MI = 45.0 (22.2)◦, p = 0.10).

3.3. Motor Imagery Outcomes

For MI ability as assessed with the TDMI screening test, the individual and the
rmANOVA group analyses (Supplementary Figure S1) reveal a significant increase in the
number of imagined movements with the time allowed (F2,42 = 95.4, p < 0.001, partial
η2 = 0.82) with a side effect (F1,21 = 5.0, p = 0.04, partial η2 = 0.19) and a side × time
interaction (F2,42 = 3.4, p = 0.04, partial η2 = 0.14). Tukey’s post hoc analysis revealed that
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the increase in imagined movement between 15 and 45 s was lower for the affected, paretic
hand than for the unaffected hand (F2,42 = 3.3, p = 0.04).

Regarding the KVIQ results, all the patients had relatively good scores on the ques-
tionnaire (Table 1, min–max: 80–170). We observed significantly higher visual subscores
compared to kinesthetic subscores (t. test, t = 4.1, df = 22, p < 0.001).

A significant positive correlation was observed between the kinesthetic subscores
(KIQ) obtained by the participants and the number of imagined movements with the
paretic hand during the 25 and 45 s time periods of the TDMI (Supplementary Figure S2,
Pearson correlation, 25 s period: r = 0.48, r2 = 0.23; p = 0.03; 45 s period: r = 0.54, p = 0.02,
r2 = 0.54).

3.4. Corticospinal Excitability Outcomes

Regarding CSE changes (Figure 2, Supplementary Table S1), the rmANCOVA re-
sults revealed no intervention effect (intervention × MEPPre_S1: F1.24,13.66 = 1.64, p = 0.226,
ηp = 0.13) and no intervention × TOA effect (intervention × TOA × MEPPre_S1:F2.17,23.87 = 0.54,
p = 0.0.603, ηp = 0.05). The results, however, reveal a significant TOA effect (TOA ×
MEPPre_S1: F1.63, 17.95 = 4.33, p = 0.036, ηp = 0.28), with the MEP measured at Post5 and
Post35 being higher than that measured at the pre-intervention (p = 0.032 and p = 0.05,
respectively). Figure 2 shows the absolute values of the mean ∆MEP areas adjusted to the
pre-intervention values at the different TOA. The ShamPAS/MI intervention appears to
induce less variable, gradual, and larger MEP area increases postintervention (significant
at 35 min postintervention, mean change: +1.813 × 10−3 mV·ms; CI95 not including the
null value: 0.296–3.331 × 10−3 mV·ms; p = 0.02, Supplementary Table S1).
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Figure 2. Mean MEP area changes (∆MEP) over time for the three interventions. ∆MEP area values,
in microvolt × milliseconds (mV·ms), adjusted to the prestimulation values and across different
time points of assessment (TOA at 5, 15, 25, and 35 min postintervention) for the three interventions
(PAS/MI (green squares), PAS (blue squares), and ShamPAS/MI (orange squares). * Only the
ShamPAS/MI intervention induced a significant change in the MEP area at 35 min poststimulation
compared to the prestimulation value (mean change: +1.813 × 10−3 mV·ms; CI95 not including the
null value: 0.296–3.331 × 10−3 mV·ms; p = 0.02).
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3.5. Hand Motor Function Outcomes

Like paretic hand motor function (Figure 3, Supplementary Table S2), the rmANOVA
revealed no significant intervention (F2,34 = 0.49, p = 0.619, ηp

2 = 0.03) and no intervention
× TOA effect (F3.49,59.28 = 1.26, p = 0.297, ηp

2 = 0.07) but a TOA effect on the aROM measure
changes (F1.43,24.3 = 4.65, p = 0.029, ηp

2 = 0.22). Fisher’s LSD revealed that aROM values
measured at 15 min (p = 0.016) and 30 min (p = 0.03) postintervention were higher than the
pre-intervention aROM values. Figure 3 shows different aROM change profiles across TOA
and interventions. The values are indicated in Supplementary Table S2. All three interven-
tions seem to have induced paretic wrist extension aROM increases. ShamPAS/MI induced
aROM increases, significant at 15 min poststimulation (∆aROM15: p = 0.04); PAS induced
a continuous increase in aROM that became significant at 15 min (∆aROM15: p = 0.005;
∆aROM30: p < 0.001); and PAS/MI induced a significant gradual increase in aROM from 0
to 30 min poststimulation (∆aROM0: p = 0.008; ∆aROM15: p = 0.003; ∆aROM30: p = 0.04).
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Figure 3. Mean active range of motion changes (∆aROM) over time for the three interventions.
∆aROM values, in degrees (◦), adjusted to prestimulation values across different times of assessment
(TOA at 5, 15, and 30 min postintervention) for the three types of interventions PAS/MI (green
squares), PAS (blue squares), and ShamPAS/MI (orange squares). The three interventions induced
increases in participants’ active paretic wrist extension amplitudes at different TOA. Intraintervention
significance is indicated by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).

4. Discussion

MIPAS investigated the relation between PAS and MI in a sample of poststroke partici-
pants. Corticomuscular PAS is a model of associative plasticity. It associates a peripheral
muscle electrical stimulation to a cortical TMS stimulation administered repetitively at
a constant interval of time. In its initial description [6], PAS was designed as a single
ES to the median nerve followed by a TMS pulse over the abductor pollicis brevis (APB)
muscle cortical representation. Long-term potentiation or depression phenomenon (LTP
or LTD, depending on the ISI used) in relation to a mechanism of spatial summation has
been proposed to explain the PAS mechanism of action [34]. To optimize its efficiency,
some authors have associated a temporal facilitation component to PAS, by additionally
administering a train of stimulation to the median nerve [7]. However, the functional
prognostic of poststroke UE is mainly determined by the recovery of wrist and finger active
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extension movements [35]. In an effort to be more suitable for stroke rehabilitation, we thus
developed and tested a PAS intervention targeting the ECR muscle [8,9]. Despite encourag-
ing results obtained with single PAS intervention [8,9], the result of an RCT trial published
by our group [18], using daily PAS stimulation over five consecutive days during stroke
rehabilitation against Sham, was negative. The MIPAS protocol was therefore designed
to investigate the potential of combining PAS and MI interventions to increase the effect
size of each intervention administered separately. Indeed, more recently, it was shown that
a short training combining overt movements, MI, and TMS increased post-training MEP
amplitude in healthy individuals [36]. The observed results and the associated limitations
are discussed in the appropriate sections below.

4.1. Preliminary Assumptions about MI Ability and Performance

At the beginning of MIPAS, each participant was assessed for MI ability and perfor-
mance with the TDMI screening test and the KVIQ. These tests provided complementary
information and showed that all the participants were able to imagine the movement re-
gardless of their lesion location or type, poststroke time, and level of motor deficit. Indeed,
this ability seems to be recovered during the first weeks after a stroke [37]. As suggested
by [28], TDMI also helped the patients to become familiarized with the movement they had
to imagine during the MI-related interventions. The participants’ ability to perform MI was
also supported by the observation of characteristic cerebral activation patterns during the
fMRI examination performed at the inclusion in MIPAS, where they were asked to imagine
wrist extension movements, similar to those performed during MI interventions (results
published previously in Brihmat et al. 2020 [26]). This confirms the relevance of using a
multidimensional approach for MI ability assessment [38] and supports the preliminary
assumption that all the stroke participants included in MIPAS were able to perform MI
when asked to do so during the interventions. Additional questions were asked at the end
of the stimulation intervention to ensure participant ability to perform MI when asked to
during the appropriate sessions.

4.2. General Results

No significant superior electrophysiological and/or motor effect was observed after a
15 min single intervention in which PAS was combined with MI exercises as compared to
sessions where each intervention was administered separately in the stroke participants
tested. Although attractive, the idea of a synergistic effect of different interventions with
initially limited size effects, such as PAS and MI, might be inconsistent with the model
of homeostatic plasticity proposed by Siebner and collaborators [39]. M1 plasticity could
have been modulated differentially according to the first administered intervention, there-
fore not demonstrating the expected higher plasticity in response to the second applied
intervention [40]. This might be due to the processes underlying the interaction between
both interventions. For example, in healthy subjects, the PAS effect was reversed from
LTP- to LTD-like plasticity following MI practice [41], and the ability of PAS to induce
associative plasticity was abolished after a dynamic motor training [40]. Additionally, the
CSE facilitation observed after a combined MI/paired-pulse rTMS intervention was can-
celled when functional ES was added [25]. The expected synergistic effects on excitability
facilitation, as observed in few publications in healthy subjects [24], do not seem to be
transferable to our stroke population. The observed results suggest more complicated
processes underlying this combination of interventions in stroke. In fact, in addition to
these general negative results, a dissociation of the electrophysiological and motor results
of each single intervention could be observed; the very weak effects of each intervention on
MEP changes contrast with their systematic effects on paretic wrist aROM.

4.3. Corticospinal Excitability Effects

We did not observe significant CSE changes among the three interventions at any time
of the assessment. However, a time of assessment effect was highlighted, and changes were
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observed when individual interventions were then considered. Indeed, higher MEP values
were measured postintervention, revealing the potential of a single 15 min stimulation
intervention to induce significant CSE changes poststroke. Additionally, larger, gradual,
and less variable CSE increases were observed after ShamPAS/MI (Figure 2). Only few
studies have investigated CSE changes related to mental training [42]. A CSE increase has
been described in the literature after MI training, alone or in combination with other reha-
bilitation interventions, in healthy [25,36] and in stroke participants [43]. Better recovery
of hand function and higher amplitude of the APB MEP were observed in stroke patients
who underwent mental training associated with traditional rehabilitation compared to
patient groups with traditional rehabilitation alone [43]. In a recent study, CSE changes
persisted beyond the imagination period and were still measurable 30 min postinterven-
tion [44], which is in keeping with our findings in a stroke population. The observed CSE
increase (in ≈ 60% of the participants) might be due to the progressive decrease in the
corticospinal threshold and/or the increase in motor neuron recruitment during the course
of MI training [45]. This CSE modulation induced by the ShamPAS/MI seems less subject
to variability, as compared to the sessions where real PAS was also administered. The
observed effects might, however, not be due to the effects of MI alone, given the design of
the ShamPAS intervention in MIPAS and the presence of the muscle ES.

The absence of a significant effect of PAS alone on CSE may be explained by several
factors. Firstly, a recent paper [46] showed that the ability to induce plastic changes in motor
cortical output after stimulation requires the integration of sensory input, as in the PAS
paradigm, which follows a certain gradient in the human brain. Potentially, the participants
included in MIPAS had additional sensory impairments, preventing the PAS-induced LTP-
like plasticity. Additionally, intrinsic hand flexor muscles seem to have a higher potential to
show plasticity than extensor muscles in response to PAS, and the induced plastic changes
in extensors are among the most difficult to highlight [46]. Moreover, the observed results
confirm once again that the intra- and interindividual variability in response to PAS is
significant and is extensively described in the literature [47]. This variability is thought to
be due to numerous factors among which are age, gender, level of attention, baseline CSE,
and stimulation frequency [9,10,18,19,48]. Even though we tried to control most of these
factors, we observed a variability in CSE changes in our population ranging from −57.1 to
+258.8%. Only 45% of the patients could be considered as responders, and only 4% had
facilitation greater than 30%, which is a low rate compared to similar studies [10]. This
might be due to the stimulation frequency used during PAS, which was higher in MIPAS
(0.2 Hz vs. 0.1 Hz in other protocols [40,49]) in an effort to reduce the experimental time
and participants’ mental fatigue.

4.4. Hand Motor Function Effects

In MIPAS, we highlight the fact that all three interventions induced improvements
in paretic wrist aROM. PAS/MI induced an immediate and large increase in paretic
wrist aROM that lasted 30 min postintervention. Similar motor effects were observed
in healthy subjects when MI was combined with anodal transcranial direct current stim-
ulation (tDCS) [50]. However, the effect in MIPAS has neither a higher effect size nor a
longer-lasting effect than PAS alone. This result again supports the idea that both inter-
ventions are not synergistic, presumably through a mechanism of regulatory homeostatic
plasticity [39–41].

PAS induced a gradual and significant increase in active paretic wrist aROM, lasting
from 15 to 30 min postintervention, compared to pre-intervention values. To our knowledge,
this is the first evidence of a beneficial effect of PAS on the UE motor function in stroke
participants. As compared to MI, PAS is supposed to induce a more specific strengthening
of the corticospinal connections of the targeted muscle [6,9]. A beneficial effect of PAS
on motor performance has been observed in SCI individuals [12,13,51] but not in stroke
patients [10,18]. These differences might be explained by the difference in the lesion
location/size between SCI and stroke and is in line with the fact that PAS might not be
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suitable for individuals with large cortical lesions. Additionally, the assessment method
is critical and especially in single-session designs. Indeed, the use of kinematic aROM
measurements is more specific to the tested muscle and more sensitive to single-intervention
effects than the standardized clinical scales, such as the FMA [18].

ShamPAS/MI induced less clear improvement of paretic aROM compared to PAS and
PAS/MI, although still significant at 15 min postintervention. This effect is of interest given
the easy use and implementation of MI-based exercise in stroke neurorehabilitation [15].
The repetition of MI-based exercises over a greater number of sessions could induce greater
functional improvements.

4.5. Dissociation of Electrophysiological and Motor Effects

Surprisingly, the beneficial effects of PAS and PAS/MI interventions on motor function
were not associated with significant CSE changes. Furthermore, ShamPAS/MI induced a
CSE increase later than the observed motor facilitation. A dissociation of the mechanisms
underlying such effects, which could rely on different cerebral substrates, seems to exist
and has already been suggested [52]. In the Pascual-Leone study [52], greater improvement
in motor performance in the ‘physical training’ group compared to the ‘MI training’ group
was not found to be associated with a greater difference in CSE. This dissociation could be
explained by the limitations of TMS in identifying subtle neural changes that may cause
differences in motor performance [52], the variability of the MEP responses and that of the
responses to NIBS [53,54], and/or by the fact that CSE inferred from MEP measurements
could primarily reflect fast monosynaptic CSE changes. In humans, the fast monosynaptic
pathways of the corticospinal tract (CST) are the most-developed fiber pathways [55].
Phylogenetically, these pathways are fundamental for fine and fast independent finger
movements [56]. Numerous studies have pointed out that motor recovery after stroke was
only possible with sufficient preservation of the CST [57], especially for fine independent
finger movements [58]. However, it represents a limited portion of all the corticospinal
motor tract fibers [55], and some recent studies have suggested that other tracts might have a
role in poststroke motor recovery although their role remains limited compared to that of the
CST [59–61]. Moreover, the degree of preservation of the corticospinal pathways required
for good motor recovery also depends on the residual possible interactions between M1,
connected to motoneurons through fast corticospinal pathways, and the premotor cortex,
which is not connected monosynaptically to the motoneurons. This interaction indirectly
suggests an action on motoneurons through alternate motor tracts [62]. Therefore, the
dissociation that we observed between the improvement of motor abilities and unchanged
MEPs at the group level is in favor of the idea that MEP could be a tool to assess fast
monosynaptic corticospinal projections but does not allow the identification of specific
changes in relation to nonmonosynaptic pathways. On the contrary, the improvement in
active extension movements observed particularly with the PAS intervention indirectly
suggests that the mechanism of PAS might also involve alternate motor tracts, at least in
poststroke patients. The absence of synergistic effects between PAS and MI emphasizes
the fact that the combination of different rehabilitation interventions cannot be reduced to
a simple summation of their effects, and further work is necessary to effectively combine
interventions in neurorehabilitation [63].

4.6. Limitations and Future Perspectives

The main limitation of the study was the very large data variability potentially due to
different factors. The heterogeneity of the patient population, in terms of the time since
stroke, stroke location, stroke etiology, MI ability, and UE motor impairment, is a factor
to consider in the variability observed with the PAS interventions [47,64]. Even if MI can
be applied regardless of these characteristics [37], PAS may be more suitable for patients
with small, subcortical lesions [8,9] and with better motor performance [10]. Furthermore,
functional benefits were observed when PAS was repeated over multiple sessions [17] and
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mainly when the ISI was individually defined, as performed in SCI individuals [12,13,15].
This needs to be further investigated in stroke participants.

In addition, the lesions to the corticospinal tract (CST) due to the stroke make the
MEP measurements difficult and unreliable. Many of the patients included in MIPAS had a
high motor threshold near or sometimes higher than the maximum TMS stimulator output,
making it impossible to measure input–output (I/O) curves. Additionally, even if we
verified the ability for MEP to increase, it was sometimes difficult to ensure that the selected
intensity was in the linear portion of the I/O curve, which introduces greater variability in
the sensitivity of MEP response.

Significant CSE facilitation was observed 30 min after ShamPAS/MI, but not after
the other two interventions. Even if we previously demonstrated that muscle ES alone for
30 min did not significantly affect CSE in stroke [8], we cannot rule out that it is the ES,
present in ShamPAS, combined with MI that led to the significant and less variable CSE
facilitation observed.

All three interventions demonstrated beneficial effects on paretic hand motor function,
but the results might not be related to the only effect of the interventions. The repetition of
active wrist extension induces a generic learning effect and/or an increase in unspecific
neurovegetative excitation. However, given that ShamPAS/MI induced the least important
and lasting changes in aROM suggests that other mechanisms may be involved in the motor
changes observed. Unlike the CSE results, the motor behavioral results are not in favor of
MI size effects overshadowing the influence of PAS, but suggest different mechanisms of
action between PAS and MI.

Finally, the large variability of the data, associated also with the small sample size is
responsible for the low study power, which limits the generalization of the results. After
a second negative trial, we can say that even if the PAS mechanism is attractive, it might
not be suitable for all stroke individuals and is not ready to be implemented in poststroke
rehabilitation. Similarly, the difficulties in ensuring the methodological expectations of
MEP measures in poststroke participants and the different results observed between the
CSE and motor behavioral outcomes emphasize the need to not directly associate both
outcomes. All the motor behavioral outcome changes in poststroke participants cannot be
explained by changes in CSE alone.

5. Conclusions

In this study, we were unable to demonstrate a superior electrophysiological and/or
motor effect of a single intervention where PAS was combined with MI exercises compared
to interventions where each intervention was administered separately in hemiparetic
stroke patients. However, each intervention demonstrated a beneficial effect on stroke
participants’ hand motor function as shown with the increases in paretic wrist aROM.
The MIPAS results also suggest a dissociation between MEP area measurements and
wrist motor function, which once again calls into question the relevance of using MEP
measurements to explain poststroke motor recovery and the mechanisms underlying
improvements in motor performance in poststroke patients. The results of MIPAS need
to be confirmed in less heterogeneous subgroups of stroke patients to further investigate
questions related to the stratification of patients for PAS interventions, based on individual
and specific characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13106063/s1, Table S1: Mean MEP changes relative to pres-
timulation values across time for each intervention session (PAS/MI, PAS, and ShamPAS/MI).;
Table S2: Mean paretic wrist active extension range of motion changes (∆aROM, in degrees ◦) relative
to prestimulation values across time for each session (PAS/MI, PAS, and ShamPAS/MI); Figure S1:
Number (mean ± SD) of imagined movements with the affected and unaffected hands during the
three time periods of the TDMI screening test. Figure S2: Pearson correlation results between the
number of movements imagined with the paretic hand during the 25 and 45 s periods of the TDMI
screening test and the kinesthetic scores obtained during the KVIQ test.

https://www.mdpi.com/article/10.3390/app13106063/s1
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