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ABSTR ACT

BACKGROUND: Fatigability, defined as the activity-induced decline in performance, is common in people with multiple sclerosis (PwMS),
particularly among those with progressive courses of the disease. There is a pressing need to focus on this population to identify the most ap-
propriate rehabilitation strategies, tailored to individual characteristics, including their susceptibility to fatigability. A key objective is to develop
new interventions that maximize therapeutic effectiveness while simultaneously reducing task-related fatigability.

AIM: This study investigated whether motor imagery training (MIT) could enhance motor learning and cortical plasticity without causing fati-
gability in progressive PwMS.

DESIGN: Randomized cross-over study.

SETTING: Outpatient clinics.

POPULATION: PwMS and healthy individuals.

METHODS: The study consisted of two experiments. Experiment 1 — Motor Training (MT): Both healthy individuals and people with multiple
sclerosis (PwMS) performed motor training involving thumb-to-index opposition movements. The primary outcome was pinch strength. Sec-
ondary outcomes included finger-opposition movement rate, motor evoked potential (MEP) amplitude, and motor and cognitive Visual
Analogue Scale (VAS) scores assessing fatigability. Experiment 2 investigated the effects of MIT, consisting of kinesthetically imagining
thumb-to-index opposition movements, and Active Control using a cross-over design. Both groups (PwMS and healthy individuals) underwent
these interven-tions in a controlled randomized order (using the RAND() function in Excel), with a one-week washout period between
sessions to minimize carryover effects. Pinch strength was the primary outcome, while finger-opposition movement rate, MEP amplitude, the
score of the trials mak-ing test, motor and cognitive VAS scores and the score evaluating MI ability were secondary outcome parameters. All
outcome measures were assessed before, immediately after and 60 minutes after the training in both experiments.

RESULTS: MT improved motor performance and increased cortical excitability in healthy individuals, but not in PwMS, where it instead
induced fatigability. Conversely, MIT enhanced motor learning and cortical plasticity in both groups without increasing fatigability. Notably,
PwMS with lower motor fatigability showed greater motor learning gains.

CONCLUSIONS: MIT effectively promoted motor skill improvements and cortical plasticity without causing fatigability in progressive
PwMS.

CLINICAL REHABILITATION IMPACT: These findings support MIT as a promising, 1 ow-fatigability strategy to c omplement traditional
rehabilitation, helping to enhance motor function in progressive PwMS while minimizing fatigue-related barriers.

(Cite this article as: Biggio M, Pedulla L, Albergoni A, Bellosta A, Tacchino A, Podda J, et al. Motor imagery training promotes motor learning and
brain plasticity without fatigability in people with progressive multiple sclerosis. Eur J Phys Rehabil Med 2025 Dec 18. DOI: 10.23736/
S1973-9087.25.09116-6)

KEey worDs: Multiple sclerosis; Fatigue; Upper extremity; Rehabilitation.
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Multiple sclerosis (MS) is a chronic disease character-
ized by motor and cognitive symptoms due to demy-
elination and axonal damage leading to loss of neuronal
synchronization and functional disconnection among brain
relays.! Moreover, fatigue is among the most commonly
reported symptoms, affecting over 80% of people with
MS (PwMS) and being perceived as highly disabling.2 Al-
though fatigue can be experienced throughout the course
of MS, it has a higher prevalence in people with progres-
sive courses of the disease,® which are characterized by
gradual worsening of neurologic function and accumula-
tion of disability over time.* To date, pharmacologic treat-
ments to contrast the neurodegenerative process of pro-
gressive MS courses are limited and the main approach
aiming at reducing the effects of disability relies on reha-
bilitation. For this reason, and in line with the International
Progressive MS Alliance priorities,’ research should focus
on progressive courses to identify tailored rehabilitation
treatments considering patient’s fatigue status. In fact,
while repetitive practice during a rehabilitation treatment
improves motor performance over time, there is a point at
which it also leads to fatigue and eventual deterioration in
task performance.¢

Fatigue has multiple dimensions, and the term is often
used as a synonym for many fatigue-related aspects. It is
important to distinguish between self-perceived fatigue,
which is reported as a subjective feeling of physical, cog-
nitive or psychosocial exhaustion and tiredness, and per-
formance fatigability, which refers to a use-dependent de-
cline in a demanding performance.” Another classification
concerns the functional domain affected by fatigue/fati-
gability: namely, cognitive or physical/motor dimension.8
Focusing on fatigability, the cognitive dimension consists
of reduced performance on a cognitively demanding task,
whereas physical/motor fatigability refers to the inability
to sustain a prolonged activity.? Since rehabilitation could
be particularly demanding, especially for progressive
PwMS, an important goal would be to find new interven-
tions that enhance the effectiveness of the rehabilitation
treatment and, at the same time, reduce the fatigability as-
sociated with the task execution. In such a context, mo-
tor imagery (MI) could find its way into the rehabilitation
journey of PWMS.

M]I, i.e., the mental rehearsal of movement without any
overt motor output,!? is a mental stimulation technique
that has been shown to activate the sensorimotor system
at cortical level without requiring the subject to move,
and to promote motor learning and plasticity in healthy
subjects.!!. 12 Based on this evidence, MI has been suc-
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cessfully used as an adjunct to motor practice during re-
habilitation treatments in neurological patients with the
aim to enhance re-learning.!3 Concerning the application
of MI in PwWMS, 4 recent studies have measured its effec-
tiveness and established that MI reduces symptoms!5-17
and exerts a priming effect on action execution.!® It
should be noted that MI may be particularly indicated
in patients suffering from fatigue and fatigability as it
may limit the fatigability induced by physical training
and boosts its effectiveness. In support of this, in healthy
participants, one session of strength training based on MI
alone or combined with physical practice was shown to
not induce neuromuscular fatigability.! Another recent
study provides a first hint concerning the beneficial ef-
fects of MI training in reducing the perceived fatigue as
measured by the Modified Fatigue Impact Scale (MFIS)
scale.!6¢ However, to date, studies on motor skill learning
have not thoroughly explored the potential consequences
of training in terms of fatigability in this population and it
is currently unknown whether Ml-based training induces
motor and/or cognitive fatigability in both healthy adults
and PwMS.

In the first experiment (Experiment 1), this study
tested the effects of a motor training (MT) paradigm in
progressive PwMS and healthy controls (HC). The aim
was to evaluate the effects of MT on the motor perfor-
mance (including strength and velocity), cortical excit-
ability and perceived fatigability. The rationale is that, in
progressive PwMS, interventions based on intensive MT
could be excessively fatiguing, potentially worsening
motor performance, inducing negative changes in corti-
cal excitability, and increasing both motor and cognitive
fatigability, thereby undermining the purpose of rehabili-
tation.

A second experiment (Experiment 2) evaluated the ef-
fects of motor imagery training (MIT), analyzing behav-
ioral, neurophysiological, and cognitive effects before and
after the intervention. The hypothesis was that, since MIT
activates cortical and subcortical brain regions partially
overlapping with those engaged during MT, but without
requiring actual movement, it could enhance motor per-
formance without increasing fatigability. Therefore, MIT
may represent a valuable addition to conventional reha-
bilitation, which, by leveraging MI’s effectiveness, could
allow for the implementation of less demanding treatment
protocols for patients. To test this, the effects of MIT were
compared to those of an active control condition in which
participants were engaged in a cognitive task, namely,
reading.
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Materials and methods
Study design

This study is composed by two experiments: Experiment
1 - Motor Training (MT) and Experiment 2 - MIT. The
timeline of the experiments is represented in Figure 1A.
Experiment 1 presents an experimental design with two
groups of participants (HC and PwMS) performing one
intervention (MT). Experiment 2 consists in a cross-over
design with two groups of participants (HC and PwMS)
performing two interventions (MIT and active control
condition) in a controlled randomized order (using the
RAND() function in Excel, which generated random
numbers that were then used to sort and allocate subjects
evenly), with a wash out period between them of 1 week.
Randomization was performed by a researcher involved
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in the project, and participants were assigned to an in-
tervention sequence during the initial visit, during which
clinical assessments were conducted by the clinical staff.
Participants were blinded to the intervention sequence;
however, the researchers administering the interventions
were not blinded to either the sequence or the group al-
location of the participants.

In both experiments evaluations were performed in the
same day of the intervention, before, immediately after
and 60 minutes after the end of the intervention.

The recruitment was performed from January 2021 and
December 2022.

The study was not registered because it did not involve
a clinical trial or long-term rehabilitative interventions. In-
stead, it focused on the immediate behavioral and neuro-
physiological effects of brief, acute sessions, each lasting
approximately 10 minutes.
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Figure 1.—Experimental paradigm. A) In both experiments assessments were made at baseline (PRE), immediately after (POST 0), and 60 minutes
after (POST 60) the training. The timeline of the training conditions including movement phases, interval and pause is represented. B) During Ex-
periment 1 participants performed a Motor Training (MT) paradigm in which they were required to perform a thumb-to-index opposition movement
in synchrony with the sound of a metronome set to 75%, 100%, 125% and 150% of the previously determined maximum rate (100%). Motor assess-
ments consisted of a thumb-to-index opposition movement at maximum rate and pinch strength. Neurophysiological assessments were performed
using transcranial magnetic stimulation (TMS), which measured motor evoked potential and cortical silent period. People with multiple sclerosis
were required to judge both motor and cognitive fatigability on a visual analogue scale (VAS). C) Experiment 2 consisted of two types of interven-
tion: Motor Imagery Training (MIT) and Active Control Condition (CONTR). During MIT, participants were asked to kinesthetically imagine their
hand performing a thumb-to-index opposition movement to a metronome-marked rhythm at 75%, 100%, 125%, and 150% of the previously deter-
mined maximum rate. During CONTR, participants had to read a short story. The assessments were the same as in Experiment 1 with the addition
of the Trials Making Test (TMT A TMT and B).
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Participants

All PwMS were followed as outpatients at the Italian MS
Society (AISM) Rehabilitation Service Ligure in Genoa
(Italy). The study was approved by the local ethical com-
mittee (Comitato Etico Regionale Liguria N. 338/2020,
21/01/2021) and was performed in accordance with the
ethical standards as laid down in the 1964 Declaration of
Helsinki. Before starting the experiment, all participants
gave their written informed consent.

Sample size calculation

Sample size was calculated using the pinch strength score as
primary outcome considering data from a previous study?2°
suggesting a difference of 1.9 +1.2 kg in pinch strength score
following a paradigm inducing fatigue in PwMS. Assuming
similar levels of variability in our study, to have 90% power
to detect a 1.9 kg difference in pinch strength as significant
at the 1% (two-sided) level would require a minimum of 11
subjects per group. Given that the evaluation involved neu-
rophysiological measurements using transcranial magnetic
stimulation (TMS), which can yield particularly variable
data, especially in the PwMS population, a larger number
of participants than that required by the sample size calcula-
tion were recruited. Specifically, the target was at least 16
participants per group in both experiments.

Inclusion criteria and clinical evaluation

Clinical inclusion criteria were: 1) a diagnosis of (primary
or secondary) progressive MS; 2) Mini Mental State Ex-
amination >24 to exclude people with severe cognitive
dysfunction;2! 3) lack of significant anxiety or depression
levels as assessed by the Hospital Anxiety and Depression
Scale (score <8 in each sub-scale); 4) a negative history
for psychotropic drug use or significant co-morbidities in-
cluding: non-MS neurological conditions and psychiatric
disorders; and 5) MFIS score below 38.22 All the included
patients were evaluated with the following clinical scales:
Expanded Disability Status Scale;23 Nine Hole Peg Test;24
MFIS to assess perceived fatigue;2> Symbol Digit Modal-
ity Test to evaluate cognitive function.2¢ Inclusion criteria
for HC were: 1) Mini Mental State Examination > 24 to
exclude people with severe cognitive dysfunction;2! and
2) a negative history for psychotropic drug use, absence
of neurological conditions and psychiatric disorders. For
both groups, functional inclusion criteria were: 1) normal
or corrected-to-normal vision; 2) preserved ability to cor-
rectly perform a finger-opposition movement task; 3) no
major contraindication to TMS.
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Experiment 1 - MT

The aim of this experiment was to evaluate the efficacy of
a motor training paradigm in improving the motor perfor-
mance and inducing motor cortical plasticity, and to test
the fatigability associated to the task (Figure 1B).

Assessments
ASSESSMENT TIMEPOINTS

Motor and neurophysiological assessments were conduct-
ed at baseline (PRE, before the intervention), immediately
after (POSTO), and 60 minutes post-training (POST60) in
both groups (Figure 1A). Given that PwWMS experience fa-
tigability, they were also asked to self-report their percep-
tion of it.

BEHAVIORAL OUTCOME MEASURES — MOTOR ASSESSMENT

The most affected side was chosen a priori for assessment
and training, as it would be the primary focus of rehabili-
tation. In case of bilateral impairment and in HC the non-
dominant side was selected. In the following, we will refer
to this hand as the test hand.

The tri-pod pinch strength was the primary outcome of
this experiment, and it has been assessed with an analog
dynamometer (Baseline® Hand Evaluation Set, Fabrica-
tion Enterprises Inc., USA). A decrease in pinch strength
is taken as an index of fatigability.

Moreover, finger-opposition movements kinematic pa-
rameters have been assessed. Participants were seated on
a chair wearing a sensor-engineered glove (GAS, ETT
S.r.l., Genoa, Italy) on their test hand.2” An eye-close
paradigm was adopted to avoid confounding effects due
to visual input. A brief familiarization phase, consisting
of two 30-second tasks involving thumb-to-index oppo-
sition movement at spontaneous rate, was performed by
participants. To assess motor performance at baseline,
participants executed a thumb-to-index opposition move-
ment task at their maximal speed for two trials, 30 sec-
onds each, with 1-minute rest. The average rate obtained
from the two repetitions was considered as the individual
maximum (100%) and used to set the training parameters.
The same task was repeated in POST evaluation epochs
to evaluate changes in motor performance. The rate (Hz)
of thumb-to-index opposition movements was considered
as outcome variable. Increased movement rate is inter-
preted as a result of motor learning,?8. 29 whilst decreased
movement rate suggests that performance fatigability oc-
curred.30. 31

Mese 2025



MOTOR IMAGERY IN PROGRESSIVE MULTIPLE SCLEROSIS

NEUROPHYSIOLOGICAL OUTCOME MEASURES — PRIMARY MOTOR COR-
TEX EXCITABILITY

TMS was performed with a single Magstim 2002 magnetic
stimulator (Magstim® Company) connected with a figure-
of-eight coil with wing diameters of 70 mm. The coil was
placed tangentially to the scalp with the handle pointing
backward and laterally at a 45° angle to the sagittal plane
inducing a postero-anterior current in the brain. The opti-
mal position for the activation of the abductor pollicis bre-
vis (APB) muscle was determined by moving the coil in
0.5 cm steps around the presumed hand motor area of the
contralateral hand. Prior to the experimental procedure,
the intensity of stimulation was individually defined to re-
liably elicit a peak-to-peak motor evoked potential (MEP)
amplitude of approximately 0.8 mV in the APB muscle at
rest. MEPs were recorded from the APB muscle using sil-
ver disc surface electrodes taped to the belly and tendon of
the muscle. The ground electrode was placed at the elbow.
Electromyographic signals (EMG) were digitalized, am-
plified, and filtered (20 Hz to 1 kHz) with a 1902 isolated
pre-amplifier controlled by the Power 1401 acquisition
interface (Cambridge Electronic Design Limited, Cam-
bridge, UK), and stored on a personal computer for display
and later offline data analysis. Each recording epoch lasted
400 ms, of which 100 ms preceded the TMS. Participants
were constantly reminded to keep their hands relaxed dur-
ing the whole experiment. The EMG signal was monitored
visually by the experimenter and trials with background
EMG activity were excluded from the analysis.

During the three evaluation epochs, 20 MEPs were re-
corded from the APB muscle at rest to assess changes in
primary motor cortex excitability. To avoid participants’
discomfort, TMS was not performed when the stimulation
intensity to evoke a MEP amplitude at baseline of approxi-
mately 0.8 mV was greater than 80%. Increased MEP am-
plitude would suggest the occurrence of motor learning,
whilst its decrease would be considered as a sign of central
motor fatigability (i.e., post-exercise depression).30

FATIGABILITY OUTCOME MEASURES — PERCEPTION OF FATIGABILITY

Motor and cognitive fatigability associated to the training
procedures were assessed in PwMS through a visual ana-
logue scale (VAS) where 0 indicated “not at all fatigued”
and 10 indicated “extremely fatigued”.

Intervention — Motor training protocol

MT consisted in performing thumb-to-index opposition
movements and was chosen on the basis of a previous
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study showing that the proposed protocol induced motor
learning and motor cortical plasticity in healthy subjects.28

From each participant’s individual maximal finger
movements rate obtained during PRE (see Behavioral out-
come measures — Motor assessment), hereafter referred to
as 100%, three further target speeds were calculated, as a
percentage of individual maximal finger movements rate:
75%, 125% and 150%. During training, participants sat on
a chair and executed the thumb-to-index opposition move-
ment tasks following the rhythm marked by a metronome,
adjusted on the four percentages calculated before. At each
target speed, participants completed two 20-second tasks,
separated by a 10-second rest interval. The procedure
began with two tasks at 75%, followed by two at 100%,
two at 125%, and finally two at 150% of the individual
maximal rate. After completing the two tasks at each target
speed, a 1-minute pause was provided before proceeding
to the next target speed. Starting at 75% of each partici-
pant’s maximal speed also served to familiarize them with
the task (Figure 1A).

Experiment 2 - MIT

The aim of this experiment was to test the efficacy of a
training based on MI in improving the motor performance
and inducing motor cortical plasticity without causing mo-
tor and/or cognitive fatigability. Results of MIT were com-
pared with those of an active control condition (CONTR)
(Figure 1C).

Assessments
ASSESSMENT OF MI ABILITY

The short version of the Kinesthetic and Visual Imagery
Questionnaire (KVIQ-10) was administered to assess MI
ability of PwMS and HC.32 The short KVIQ is a question-
naire that assesses MI ability in relation to actions per-
formed with both upper and lower limbs in healthy par-
ticipants and individuals with sensorimotor impairments.
It is a five-point ordinal scale that measures the clarity
of the image (visual: V subscale) and the intensity of the
sensations (kinesthetic: K subscale) that the subjects can
imagine from the first-person perspective. Higher values
correspond to a clearer motor image; lower values corre-
spond to a weak mental image/sensation.

MOTOR AND NEUROPHYSIOLOGICAL OUTCOME MEASURES

The same procedure described in Experiment 1 was adopt-
ed in Experiment 2 to perform the motor and neurophysi-
ological assessments.
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COGNITIVE OUTCOME MEASURES — EXECUTIVE FUNCTIONS

Since MI relies on cognitive abilities, such as working
memory,33 MIT could negatively impact on cognitive per-
formance due to the occurrence of cognitive fatigability.
For this reason, executive function components such as
working memory, inhibition control, and set-switching
abilities were evaluated using the Trail Making Test A and
B (TMT-A and TMT-B).34 Both parts of the TMT consist
of 25 circles distributed over a sheet of paper. In Part A,
the circles are numbered 1 — 25, and the participant should
draw lines to connect the numbers in ascending order. In
Part B, the circles include both numbers (1 — 13) and let-
ters (A — L); as in Part A, the participant draws lines to
connect the circles in an ascending pattern, but with the
added task of alternating between the numbers and letters
(i.e., 1-A-2-B-3-C, etc.). The participant was instructed to
connect the circles as quickly as possible, without lifting
the pen or pencil from the paper. The time to complete
the test was recorded. The difference between the time
to complete part A and B was calculated (TMT B-A, sec-
onds), and data were corrected for age and education. An
increase in TMT B—A after training suggests an increase in
cognitive fatigability (excluding the influence of the mo-
tor output), whilst a decrease may be here interpreted as
an effect of task learning than might occur in absence of
cognitive fatigability.3

FATIGABILITY OUTCOME MEASURES — PERCEPTION OF FATIGABILITY

Motor and cognitive fatigability related to MIT and CON-
TR was assessed in PWMS in the same way as in Experi-
ment 1, using VAS.

Interventions — MIT and active control condition
MIT

The training procedure was identical to that used in Ex-
periment 1 (see Figure 1A) except that, during MIT, par-
ticipants were instructed to kinesthetically imagine their
test hand while executing a thumb-to-index opposition
movement following the rhythm marked by a metronome.
Kinesthetic MI involved the sensation of how it feels to
perform the action, including the force and effort involved
in movement, and spatial location.

ACTIVE CONTROL CONDITION (CONTR)

During this condition, participants had to read a short story
(the paragraph “Concerning Hobbits”, prologue of “The
lord of the rings” for about 8 minutes, which corresponds
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to the total duration of MIT. This represented the active
control condition (Figure 1).

Statistical analysis

Shapiro-Wilk Test was applied to evaluate data distribu-
tion and Levene’s test was used to evaluate the equality of
variances. In the text, normally distributed data are report-
ed as mean valuetstandard error (SE), while not-normally
distributed data are given as median (interquartile range
[IQRY]). Significance level was set at 0.05 unless otherwise
specified. Statistical analyses were performed with IBM
SPSS Statistics 26 software.

Experiment 1

Pinch strength (kg) was considered as primary outcome,
while finger-opposition movement rate (Hz), MEP am-
plitude (mV), motor and cognitive VAS scores were con-
sidered as secondary outcome parameters. Finger-oppo-
sition movement rate and MEP amplitude were normally
distributed, whilst pinch strength and VAS scores were
not. Normally distributed data were analyzed by means
of repeated measure ANOVA with TIME (PRE, POSTO,
POST60) as within subject factor, and GROUP (PwMS,
HC) as between subject factor. Significant main effects
and interactions were interpreted with Bonferroni post
hoc tests. Mann-Whitney Tests were applied to compare
pinch strength between groups. Friedman tests, followed
by post hoc, were applied to assess the effect of TIME
within group on pinch strength, for both groups, and on
VAS scores only in PwMS.

Experiment 2

Pinch strength (kg) was considered as primary outcome,
while finger-opposition movement rate (Hz), MEP ampli-
tude (mV), corrected TMT B-A scores, motor and cogni-
tive VAS scores and KVIQ-10 score were considered as
secondary outcome parameters. Finger-opposition move-
ment rate and MEP amplitude were normally distributed,
whilst pinch strength, TMT B-A, VAS scores and KVIQ-
10 score were not. Normally distributed data were ana-
lyzed by repeated measures ANOVA with TIME (PRE,
POSTO, POST60) and TRAINING (2 levels: MIT and
CONTR) as within subject factor, and GROUP (PwMS,
HC) as between subject factor. Significant main effects
and interactions were interpreted with Bonferroni post hoc
tests.

Mann-Whitney Tests were applied to compare pinch
strength, TMT B-A and KVIQ-10 scores between groups.
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In order to avoid unwanted statistical comparisons that
could affect the results of the analysis, the effect of TIME
on TMT B-A was analyzed in each group using Wilcoxon
tests, considering the following comparisons: MIT PRE
vs. POST0/60, MIT POSTO vs. POST60, CONTR PRE
vs. POST0/60, CONTR POSTO vs. POST60, MIT PRE
vs. CONTR PRE, MIT POST0/60 vs. CONTR POST0/60.
As there were 3 multiple comparisons for each data set,
the Bonferroni correction was applied, and the new level
of significant difference was P=0.05/3=0.017. The same
method of analysis was adopted for VAS scores to evaluate
the effect of TIME (PRE, POSTO, POST60) and TRAIN-
ING (MIT and CONTR) on PwMS data.

In PWMS, anindex of motor learning was computed using
finger-opposition movement rate values as [(POST-PRE)/
PRE*100] at both POSTs epochs, and changes in motor
and cognitive fatigability were calculated as the difference
between the POST and PRE VAS (deltaVAS=VAS,ngt —
VASpgg) in both POSTO0 and POST60. To assess the role of
fatigability on motor learning in PwMS, Spearman correla-
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tions were calculated between the index of motor learning
and deltaVAS at both POSTs epochs. Lastly, to evaluate
the impact of imagery ability on motor learning, Spear-
man correlations between the index of motor learning and
KVIQ score were performed in both POSTO and POST60.

Results

Demographic characteristics, handedness and MI ability
of both groups, and clinical details of PWMS are provided
in Table I.

Experiment 1

Twenty PwMS and twenty HC were screened for Experi-
ment 1. Eighteen PwMS and seventeen HC met the inclu-
sion criteria and accepted to take part to the experiment.
They completed all parts of Experiment 1, except for the
neurophysiological evaluation, which was completed by
eleven PwMS and seventeen HC. There was no significant
difference in age between groups (Table I).

TABLE .—Demographic characteristics, handedness and motor imagery ability (only in Experiment 2) of people with multiple sclerosis
(PwMS) and healthy control participants (HC), together with clinical details of PwMS who participated in Experiment 1 — Motor learn-

ing (MT) and Experiment 2 — Motor imagery learning (MIT).

Experiment 1 - MT

Experiment 2 - MIT

PwMS HC PwMS HC
(N.=18) (N=17) (N.=21) (N.=20)
Sex (W/M, %) 50.0/50.0 68.4/31.6 52.4/47.6 68.8/31.25
Age (years, mean, SD) 55.06£7.21 54.81£12.25 55.76+6.88 56.11+11.77
MS phenotype (PP or SP, N.) PP: 4 --- PP: 4 -
SP: 14 SP: 17
EDSS (median, range) 6(4.5-6.5) - 6(4.5-6.5) -
Disease duration (years, mean+SD) 16.24+9.74 - 16.32+10.22 -
Handedness R=17 R=17 R=20 R=20
L=1 L=1
Affected limb R=5 -—- R=7 -
=9 L=9
Bilateral=4 Bilateral=5
MEFIS total score (mean+SD) 30.71+3.85 - 36.19+3.53 -
KVIQ-10 score (median, IQR) --- - 57 [44, 66] 76.5 [58.5, 85.5]

W: women; M: men; SD: standard deviation; IQR: interquartile range; PP: primary progressive course; SP: secondary progressive course; EDSS - Expanded Disability
Status Scale; NHPT: nine-hole peg test; SDMT: symbol digit modality test; MFIS: modified fatigue impact scale; KVIQ - kinesthetic and Visual Imagery Questionnaire.

TABLE Il.—Experiment 1 — Motor training: numerical values of the outcome parameters of people with multiple sclerosis (PwMS) and
healthy control participants (HC) evaluate before (PRE), immediately after (POST0) and 60 minutes after the end of the motor training.
According to data distribution, data a given as mean valuexstandard error (SE), or median [interquartile range].

PwMS HC
PRE POSTO POST60 PRE POSTO POST60
Movement rate (Hz) 3.46+0.18 3.42+0.18 3.44+0.2 4.26+0.19 4.6+0.18 4.64+0.2
Pinch strength (kg) 3.5[2.68, 5.03] 3.25[2.50, 4.81] 3[2.49, 4.56] 3.30 [2.65, 3.87] 3.35[2.77,3.92] 3.35[2.40, 3.85]
MEP amplitude (mV) 0.63+0.05 0.60+0.07 0.71£0.06 0.81+0.03 0.9940.07 0.89+0.06
Motor VAS score 21[1,5] 512.5,7] 5[2.35,6.5] - - ---
Cognitive VAS score 21, 4] 3[2,4] 3.5[1,5] - -—- -

VAS: Visual Analog Scale.
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Numerical values of the primary and secondary out-
come parameters are reported in Table II.

Behavioral outcome measures — Motor assessment

Results are represented in Figure 2A, B. Results of ANOVA
on movement rate showed significant main effect of TIME
(F(2,66)=3.81, P=0.027) and post hoc revealed a signifi-
cant increase from PRE to POSTO and to POST60. Further-
more, a significant main effect of GROUP (F(1,33)=17.25,
P=0.0002) was obtained indicating that PwWMS’ rate was
significantly lower than those of HC. At last, a signifi-
cant TIME*GROUP interaction (F(2,66)=4.84, P=0.001)
emerged and the post hoc tests showed that, in HC, move-
ment rate in POSTO and POST60 increased significantly

MOTOR IMAGERY IN PROGRESSIVE MULTIPLE SCLEROSIS

with respect to PRE (always P=0.001). Such an increase
was not observed in the PWMS group.

Mann-Whitney Tests comparing the pinch strength of
PwMS and HC showed no significant difference between
the groups. In PWMS, Friedman tests showed a significant
effect of TIME (32(2,18)=9.18, P=0.01) and post hoc un-
covered a significant reduction of pinch strength from PRE
to POST60 (P=0.014). No changes in pinch strength were
observed in HC.

Neurophysiological assessment — Primary motor cortical ex-
citability

A significantly lower MEP amplitude was observed in
PwMS with respect to HC (GROUP: F(1,26)=13.81,

Movement rate (Hz)
S

Pinch strength (kg)
T
-1
e
T oy
o TR DU

Figure 2.—Experiment 1: motor 2.0

training. Results of the motor evalu-
ations (A, B), neurophysiological
assessments (C) and self-reported
fatigability (D) before (PRE), im-
mediately (POST 0) and 60 minutes
(POST 60) after the end of the train-
ing. The box shows the interquartile
range, with the horizontal line indi-
cating the median values, the bars
showing the maximum and the mini-
mum values and the dots represent-
ing each participants’ data. ¥*P<0.05;
**P<0.01 (A-C) The color codes
the group: data from healthy control
participants (HC) are shown in blue

MEP amplitude (mV)

VAS
$

0.0
and data from people with multiple
sclerosis (PwMS) are shown in red.
(d) Visual analogue scale (VAS) T d
score reported for motor (light red)
and cognitive (dark red) fatigability C
by PwMS.
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P=0.001). Furthermore, the significant interaction
TIME*GROUP (F(2,52)=4.12, P=0.02) indicated that, in
HC, MEP amplitude significantly increased from PRE to
POSTO (P=0.013), whilst no changes occurred in PwMS.
Data are shown in Figure 2C.

Fatigability outcome measures — Perception of fatigability

The statistical analysis on motor VAS scores report-
ed by PwMS showed a significant effect of TIME
(¥2(2,18)=20.77, P=0.0003) and indicated a significant in-
crease in motor fatigability from PRE to POSTO (P=0.001)
and POST60 (P=0.003). No significant effect of MT was
observed in cognitive fatigability (cognitive VAS score).
The motor and cognitive VAS scores obtained in the
PwMS group are represented in Figure 2D.

Experiment 2

Since Experiment 2 required two sessions, we initially
screened a higher number of participants than in Experi-
ment 1, namely twenty-two PwMS and twenty-two HC to
account for potential dropouts between sessions. Twenty-
one PwMS and twenty-one HC met the inclusion criteria.
Ultimately, twenty-one PWMS and twenty HC completed
all parts of Experiment 2, except for the neurophysiological
evaluation, which was completed by fourteen PwMS and

BIGGIO

Behavioral outcome measures — Motor assessment

Pinch strength changed neither after MIT nor after CON-
TR in both groups.

The results of the statistical analysis on move-
ment rate showed a significant main effect of GROUP
(F(1,39)=30.13, P<0.0001), indicating that movement rate
was significantly lower in the PWMS than in the HC. A
significant GROUP*TIME*TRAINING interaction was
found (F(2,78)=3.75, P=0.028). In PwMS, after MIT, a sig-
nificant increase of movement rate was observed (P=0.027).
However, at POST60, the movement rate of PwMS re-
turned to its initial values (POSTO vs POST60: P=0.004).
In HC, after MIT, movement rate significantly increased
from PRE to POSTO (P=0.04) and POST60 (P=0.02). No
changes in the movement of both groups were observed
after CONTR. Results are shown in Figure 3A.

Cognitive outcome measures — Executive functions

Mann-Whitney test evaluating TMT B-A did not find any
significant effect of the factor GROUP. In PwMS, Wilcox-
on tests found a significant decrease in TMT B-A from PRE
to POST60 in MIT (P=0.013). In HC, a significant decrease
in TMT B-A from PRE to POST60 was observed after both
MIT (P=0.006) and CONTR (P=0.001) (Figure 3B).

Neurophysiological assessment — Primary motor cortex ex-

twenty HC. curor
There was no significant difference in age between ¢ ity
groups (Table I). ANOVA on MEP amplitude showed a significant main

The results of the statistical analysis on KVIQ-10 scores
showed that HC had significantly higher scores than
PwMS (Z=2.86, P=0.004). Numerical values of the out-
come parameter are reported in Table III.

effect of TIME (F(2,62)=6.78, P=0.002), indicating a
significant increase in MEP amplitude values (PRE vs.
POSTO: P=0.0006; PRE vs. POST60: P=0.03). No main
effect of GROUP was found. Furthermore, the significant

TABLE IIl.—Experiment 2: Motor imagery training: numerical values of the outcome parameters of people with multiple sclerosis
(PwMS) and healthy control participants (HC) evaluate before (PRE), immediately after (POST0) and 60 minutes after the end of the
motor imagery training (MIT) and active control condition (CONT). According to data distribution, data a given as mean value+standard
error (SE), or median [interquartile range].

PwMS HC
MIT CONTR MIT CONTR
Pre Post0 Post60 Pre Post0 Post60 Pre Post0 Post60 Pre Post0 Post60
Movement rate 3.44+0.14 3.63+0.14 3.33+£0.16 3.40+0.19 3.32+0.20 3.39+0.17 4.53+£0.14 4.75+0.15 4.78+0.16 4.48+0.19 4.59+0.20 4.55+0.17
(Hz)
Pinch strength (kg) 3.00 3.25 3.25 3.09 3.20 3.06 3.37 3.41 3.25 3.05 3.12 3
[2.50, [2.47, [2.32, [2.22, [2.40, [2.37, [2.77, [2.64,3.97] [2.51,4.09] [2.56,4.47] [2.77, [2.50,3.60]
4.62] 4.42] 4.70] 4.87] 4.62] 4.50] 4.50] 3.94]
TMT B-A duration 15.76 8.91 7.88 21.59 13.41 7.78 9.68 5.39 5.53 15.47 12.88 7.71
(s) [7.1,37.9] [-6.02, [0.25, [2.27, [5.76, [-5.35, [-13.11, [-7.25, [-14.92, [-9.93, [1.73, [-13.1,
26.79] 20.67] 45.31] 36.70] 40.47] 38.34] 27.83] 25.48] 38.89] 27.17] 27.27]
MEP amplitude (mV) 0.70+0.05 0.83+£0.10 0.82+0.09 0.81£0.09 0.79+0.09 0.81+0.10 0.76+0.05 1.02+0.09 0.92+0.06 0.81+0.03 0.85+0.05 0.80+0.06
Motor VAS score 511, 6] 513, 7] 513, 6] 2[1,5] 3[2,6] 412,6] - - - - - -
Cognitive VAS 2[1,5] 312, 6] 3[2,6] 31[1,5] 312,51 312,5]

score
TMT: Trial Making Test, VAS: Visual Analog Scale.
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Figure 3.—Experiment 2: motor
imagery training. A) The move-
ment rate and (B) the difference
between the time to complete the
trial-making test B and A, before
(PRE), immediately (POST 0) and
60 minutes (POST 60) after the
end of the training conditions (mo-
tor imagery training: MIT, control
condition: CONTR), are shown
with different colors that code the
group: data from healthy control
participants (HC) are shown in

CJHC

Movement rate (Hz)

I PWMS

CJHC
100

50 1

TMT B-A duration (s)
o

blue and data from people with
multiple sclerosis (PwMS) are
shown in red. The box shows the
interquartile range, with the hori-
zontal line indicating the median
values, the bars showing the maxi-
mum and the minimum values and
the dots representing each partici-
pants’ data. C) Motor evoked po-
tential amplitude (meantstandard
error value) in the training condi-
tion (light blue: MIT, green: CON-
TR) resulting from the significant
TIME*TRAINING interaction.
Panel (d) displays the relationship
between the index of motor learn-
ing and the changes in the percep-
tion of fatigability from PRE to

>

1.29

oMt

1.04

0.8 1

0.6 1

MEP amplitude (mV)

0.0

-50

P=0.037

Index of motor learning

POST 0 assessed with motor VAS.
*P<0.05; **P<0.01.

-20 -
delta motorVAS

D

TIME*TRAINING interaction (F(2,62)=6.87, P=0.002)
indicated that the significant MEP amplitude increment
pertained only MIT and not CONTR. Indeed, only in MIT,
post hoc tests showed a significant increase of MEP am-
plitude from PRE (0.73£0.03 mV) to POSTO (0.94+0.07
mV, P=0.0001) and to POST60 (0.85+0.05 mV, P=0.008).
Results are represented in Figure 3C.

Fatigability outcome measures — Perception of fatigability

No changes in motor and cognitive VAS scores were ob-
served after both MIT and CONTR in PwMS self-reported
evaluations.

In PwMS, Spearman analysis revealed a significant
negative correlation between the index of motor learning
and the changes in motor VAS score at POSTO (p(21)=-
0.46, P=0.037), suggesting that patients who benefited
from MIT were those who reported less motor fatigability
immediately after the training (Figure 3D).

Discussion

The results of Experiment 1 showed that MT was not ef-
fective in increasing movement rate in the PWMS group,

EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE

whereas the increase was observed in HC. In PwMS, mo-
tor learning failure was associated with a decline in pinch
strength from PRE to POST60, an increase in self-reported
motor fatigability (reflected by higher motor VAS scores
from PRE to POST), and an absence of enhanced excit-
ability in the primary motor cortex. In Experiment 2, dif-
ferent findings were observed following MIT. Both groups
showed a significant increase in movement rate after
MIT, but not after CONTR. Additionally, MEP amplitude
was significantly higher, while motor and cognitive VAS
scores remained unchanged. Finally, in PwMS, the motor
learning index significantly correlated with motor VAS
scores: higher indexes of motor learning were associated
with lower increases in the motor VAS score.

Motor training did not result in motor learning in PwMS
with progressive course

In this study, participants were asked to perform a thumb-
opposition movement at maximal velocity before and af-
ter an auditory-guided motor training, which consisting of
moving faster and faster. In healthy participants, behav-
ioral data revealed an improvement in motor performance,
as indicated by an increase in movement rate. These find-
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ings align with those previously described by Bonassi et
al.,28 whose study inspired the current training protocol,
confirming its effectiveness in enhancing the motor per-
formance of healthy adults. No changes in pinch strength
were observed, suggesting that motor fatigability did not
occur in this population.3¢ Looking at the neurophysiologi-
cal data, a significant increase of MEP amplitude was ob-
served immediately after the end of the training (POSTO)
in agreement with Bonassi ef al.28 and also with other re-
searches showing a task-induced MEP facilitation after a
short period of motor practice.37

Motor performance in PwMS did not improve after
motor training as evidenced by the unchanged thumb-to-
index opposition movement rate. The scientific literature
has shown conflicting results regarding the efficacy of mo-
tor training paradigms in promoting motor learning in this
population.38-40 This variability might be partly explained
by the varying methodology used to test motor learning. In
the present study, PWMS were required to perform a man-
ual dexterity task pushing themselves to the limit of their
motor skills. Thus, this task might have been perceived as
extremely difficult and fatiguing. The occurrence of motor
fatigability was demonstrated both by the quantitative as-
sessment of pinch strength, which was significantly lower
at POST60 than at PRE, and by the self-reported evalua-
tion of motor fatigability (i.e., motor VAS scores), which
increased significantly after motor training. Furthermore,
no significant changes were observed in MEP amplitude.
Although looking at the present results it is difficult to un-
derstand whether the origin of the fatigability is mainly
due to central or peripheral mechanisms, it is presumable
that fatigability referred by PwMS impairs motor learning.
This aspect needs to be carefully considered when plan-
ning rehabilitative intervention.

MIT promoted motor learning in PwMS with progressive
courses

Although with differences from physical practice, MIT
has been shown to activate a neural network superimposed
on that activated during movement execution, to improve
motor performance, and to induce use-dependent plastic-
ity in healthy individuals (for a review on this topic, see?!).
A further potential advantage of MIT is its ability to induce
performance changes similar to actual movement execu-
tion, but without requiring repeated movement execution,
thus potentially minimizing fatigability. In healthy adults
this issue has been tackled by two studies which came up
with opposing results. Rozand et al. compared one session
of MIT with physical practice or physical practice com-
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bined with MIT, finding that MIT did not cause post-exer-
cise depression and reduce force production.!® In contrast,
Nakashima et al. reported increased muscle and mental
fatigability, along with decreased cortical excitability af-
ter MIT, similar to the effects observed following physical
training.4? The differences in the results of these studies
might relay in the different features of the training proto-
cols.

Based on the promising evidence on MIT effectiveness
in promoting motor learning in healthy adults, several
studies explored the efficacy of MIT as add-on therapy to
conventional rehabilitation procedures in neurologic pa-
tients such as stroke** and Parkinson’s disease patients,*
showing encouraging results. The scientific literature on
the effectiveness of MIT in the rehabilitation of people
with MS is sparse compared to the aforementioned pa-
thologies.!* A quite recent mini-review suggested MIT
as promising rehabilitation tool for reducing fatigue in
PwMS.45 MIT combined with rhythmic cues was shown
to have a greater beneficial effect on walking, fatigue, and
quality of life than MIT alone. However, some research-
ers pointed out limitations in using MIT in PwMS mainly
related to disease severity, cognitive impairment and cog-
nitive fatigue.46. 47

The present study has made a step forward in under-
standing the possibility of using MIT to improve motor
performance and evoke cortical plasticity without caus-
ing motor and cognitive fatigability in progressive PwMS.
The present results confirmed the effectiveness of MIT in
improving the motor performance in both groups of partic-
ipants, despite the reduced imagery ability of PwMS com-
pared to HC. Indeed, a significant increase of movement
rate was found immediately after MIT in both HC and
PwMS, but not after the active control condition. A plau-
sible explanation for the efficacy of MIT over MT is that
MIT did not induce either cognitive or motor fatigability in
PwMS, as suggested by the unchanged cognitive and mo-
tor VAS scores, whereas MT in Experiment 1 was shown
to cause motor fatigability. The role of the self-reported
motor fatigability in motor skill improvement is supported
by the significant negative relationship between the index
of motor learning and changes from PRE to POSTO in the
motor VAS score; participants who improved their perfor-
mance more were those who showed no increase, or even
a decrease, in motor fatigability. Interestingly, cognitive
fatigability also did not increase after MIT. In PwWMS, this
can be explicitly evinced from the cognitive VAS scores,
which remained unchanged after MIT. Furthermore, the
significant reduction in the difference between the time
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taken to complete the TMT B and A in both groups may in-
dicate the absence of cognitive fatigability. This test is one
of the most widely used instruments measuring cognitive
processing speed and cognitive control and a recent study
showed a positive relationship with perceived fatigue in
PwMS .48 Thus, an increase in the TMT B-A score would
be expected if cognitive fatigability were present. Howev-
er, this was not observed in the present study, as the TMT
B-A score significantly decreased from PRE to POST. This
may reflect a learning effect, that would be unlikely in the
presence of fatigability, therefore suggesting that cognitive
fatigability did not occur.

Another element that may help explain the efficacy of
MIT is the observation that pinch strength did not signifi-
cantly change after either MIT or CONTR. In this con-
text, pinch strength was used as a quantitative indicator of
motor fatigability. We hypothesized that, in the presence
of motor fatigability, pinch strength would decrease fol-
lowing the training. The absence of differences between
PRE and POST 0 evaluations in Experiment 2 suggests
that MIT did not induce motor fatigability, in contrast to
what was observed after MT. This absence of motor fa-
tigability may represent an additional factor supporting
the efficacy of MIT in enhancing PwMS’ kinematic motor
performance.

In HC, the gain in movement rate was maintained at
POST60, whereas in PwMS, it returned to baseline levels.
This effect may be attributed to an impaired consolidation
mechanism of the newly acquired temporal movement fea-
tures in PwMS. Studies investigating consolidation after
motor learning in PwMS have yielded mixed results.49: 50
Future studies specifically focused on the different phases
of motor learning and involving different kinds of para-
digms are needed to unveil this issue.

Looking at the neurophysiological data, results showed
a significant increase in MEP amplitude after MIT that
lasted up to 60 minutes after the end of the training, and
that was not observed in the active control condition. Sta-
tistical analysis showed no difference between groups,
suggesting that MIT was successful in stimulating plastic-
ity in the primary motor cortex even in PWMS, a result that
may be due to the absence of motor fatigability.

The results in healthy adults are consistent with those
of Rozand and colleagues,!® while differing from those of
Nakashima et al.42 Nevertheless, it is quite difficult to com-
pare the present training protocol with those used in both
studies, as they proposed a strength training, whereas here
the training focused on manual dexterity. Further research
is therefore needed to understand how different types of
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training affect the results of MIT in terms of fatigability.

A final observation is that, although PwWMS exhibited
significantly lower MI ability compared to healthy partici-
pants, their performance still benefited from MIT. Several
factors, such as cognitive impairment, cognitive fatigue,
and disability, have been identified as potential contribu-
tors to the reduced MI ability observed in patients relative
to controls.5! Furthermore, it is worth noting that a previ-
ous study of our group on healthy individuals has shown
that those with higher MI ability tend to experience greater
performance improvements from MIT compared to those
with lower MI ability.37 Furthermore, studies involving
athletes and PwWMS have shown that imagery ability can
improve following MIT.52-54 Taken together, the present
and previous findings suggest that, even when MI ability
is not optimal, as in individuals with progressive PWMS,
MIT can still lead to significant improvements in motor
performance. Moreover, MIT may contribute to enhancing
individuals’ own MI ability, but further studies are needed
to confirm this latter effect.

These findings may have important clinical implica-
tions. Incorporating MIT into standard rehabilitation
protocols may be particularly beneficial for progressive
PwMS, potentially due to its reduced physical demands
and its ability to leverage neuroplasticity. Furthermore,
since MI does not require physical movement, it could be
seamlessly integrated into digital or remote rehabilitation
programs. As highlighted by a recent review?S a significant
portion of MI-based interventions has been conducted as
self-training at home with successful results, making it a
cost-effective approach that could reduce healthcare ex-
penses.

Limitations of the study

Nonetheless, this study has some limitations. First, al-
though the sample size meets the required threshold, the
number of participants remains relatively small. There-
fore, further research is needed to confirm these findings
in a larger cohort. Additionally, the movement used in this
study does not reflect typical daily activities. It would thus
be valuable to replicate these results using more ecological
tasks, as this would better demonstrate the effectiveness of
MIT in real-world contexts.

Conclusions

This study is the first to show improved motor skills and
induction of cortical plasticity through MIT without induc-
ing motor or cognitive fatigability in progressive PWMS.
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However, its effectiveness varied with self-reported motor
fatigability. Therefore, these results are promising for the
use of MI as an effective adjunct to rehabilitation for pro-
gressive PWMS who do not report fatigability associated
with it. A preliminary assessment of MIT’s impact on fa-
tigability is recommended before starting a rehabilitation
program that includes it.

References

1. Compston A, Coles A. Multiple sclerosis. Lancet 2008;372:1502—17.

2. Rooney S, Wood L, Moffat F, Paul L. Prevalence of fatigue and its as-
sociation with clinical features in progressive and non-progressive forms
of Multiple Sclerosis. Mult Scler Relat Disord 2019;28:276-82.

3. Mills RJ, Young CA. The relationship between fatigue and other clini-
cal features of multiple sclerosis. Mult Scler 2011;17:604—-12.

4. Lublin FD, Reingold SC, Cohen JA, Cutter GR, Serensen PS, Thomp-
son AJ, et al. Defining the clinical course of multiple sclerosis: the 2013
revisions. Neurology 2014;83:278-86.

5. Thompson AlJ, Carroll W, Ciccarelli O, Comi G, Cross A, Donnelly
A, et al. Charting a global research strategy for progressive MS-An in-
ternational progressive MS Alliance proposal. Mult Scler 2022;28:16-28.

6. Gandevia SC, Enoka RM, McComas AJ, Stuart DG, Thomas CK.
Neurobiology of muscle fatigue. Advances and issues. Adv Exp Med Biol
1995;384:515-25.

7. Zijdewind I, Prak RF, Wolkorte R. Fatigue and Fatigability in Persons
With Multiple Sclerosis. Exerc Sport Sci Rev 2016;44:123-8.

8. Mills RJ, Young CA. A medical definition of fatigue in multiple sclero-
sis. QIM 2008;101:49-60.

9. Marchesi O, Vizzino C, Filippi M, Rocca MA. Current perspectives on
the diagnosis and management of fatigue in multiple sclerosis. Expert Rev
Neurother 2022;22:681-93.

10. Jeannerod M. Neural Simulation of Action: A Unifying Mechanism
for Motor Cognition. Neuroimage 2022;109:103-9.

11. Avanzino L, Giannini A, Tacchino A, Pelosin E, Ruggeri P, Bove M.
Motor imagery influences the execution of repetitive finger opposition
movements. Neurosci Lett 2009;466:11-5.

12. Pascual-Leone A, Grafman J, Hallett M. Procedural learning and pre-
frontal cortex. Ann N'Y Acad Sci 1995;769:61-70.

13. Malouin F, Jackson PL, Richards CL. Towards the integration of
mental practice in rehabilitation programs. A critical review. Front Hum
Neurosci 2013;7:576.

14. Hanson M, Concialdi M. Motor imagery in multiple sclerosis: explor-
ing applications in therapeutic treatment. J Neurophysiol 2019;121:347-9.
15. Heremans E, D’hooge AM, De Bondt S, Helsen W, Feys P. The rela-
tion between cognitive and motor dysfunction and motor imagery ability
in patients with multiple sclerosis. Mult Scler 2012;18:1303-9.

16. Karakas H, Kahraman T, Ozdogar AT, Baba C, Ozakbas S. Effect of
Telerehabilitation-Based Motor Imagery Training on Pain and Related
Factors in People With Multiple Sclerosis: Randomized Controlled Pilot
Trial. Arch Phys Med Rehabil 2025;106:562-72.

17. Tacchino A, Bove M, Pedulla L, Battaglia MA, Papaxanthis C,
Brichetto G. Imagined actions in multiple sclerosis patients: evidence of
decline in motor cognitive prediction. Exp Brain Res 2013;229:561-70.

18. Tacchino A, Pedulla L, Podda J, Monti Bragadin M, Battaglia MA,
Bisio A, et al. Motor imagery has a priming effect on motor execution
in people with multiple sclerosis. Front Hum Neurosci 2023;17:1179789.
19. Rozand V, Lebon F, Papaxanthis C, Lepers R. Does a mental train-
ing session induce neuromuscular fatigue? Med Sci Sports Exerc
2014;46:1981-9.

Vol. 61 - No. ??

BIGGIO

20. Sheean GL, Murray NM, Rothwell JC, Miller DH, Thompson AJ. An
electrophysiological study of the mechanism of fatigue in multiple sclero-
sis. Brain 1997;120:299-315.

21. Amato MP, Ponziani G, Rossi F, Liedl CL, Stefanile C, Rossi L. Qual-
ity of life in multiple sclerosis: the impact of depression, fatigue and dis-
ability. Mult Scler 2001;7:340-4.

22. Flachenecker P, Kimpfel T, Kallmann B, Gottschalk M, Grauer O,
Rieckmann P, et al. Fatigue in multiple sclerosis: a comparison of dif-
ferent rating scales and correlation to clinical parameters. Mult Scler
2002;8:523-6.

23. Bohannon RW, Smith MB. Interrater reliability of a modified Ash-
worth scale of muscle spasticity. Phys Ther 1987;67:206—7.

24. Fischer JS, Rudick RA, Cutter GR, Reingold SC; National MS So-
ciety Clinical Outcomes Assessment Task Force. The Multiple Sclerosis
Functional Composite Measure (MSFC): an integrated approach to MS
clinical outcome assessment. Mult Scler 1999;5:244-50.

25. Kos D, Kerckhofs E, Carrea I, Verza R, Ramos M, Jansa J. Evaluation
of the Modified Fatigue Impact Scale in four different European countries.
Mult Scler 2005;11:76-80.

26. Parmenter BA, Weinstock-Guttman B, Garg N, Munschauer F, Bene-
dict RH. Screening for cognitive impairment in multiple sclerosis using
the Symbol digit Modalities Test. Mult Scler 2007;13:52-7.

27. Bonzano L, Sormani MP, Tacchino A, Abate L, Lapucci C, Mancardi
GL, et al. Quantitative assessment of finger motor impairment in multiple
sclerosis. PLoS One 2013;8:¢65225.

28. Bonassi G, Biggio M, Bisio A, Ruggeri P, Bove M, Avanzino L. Pro-
vision of somatosensory inputs during motor imagery enhances learning-
induced plasticity in human motor cortex. Sci Rep 2017;7:9300.

29. Lagravinese G, Bisio A, Ruggeri P, Bove M, Avanzino L. Learning by
observing: the effect of multiple sessions of action-observation training on
the spontaneous movement tempo and motor resonance. Neuropsycholo-
gia 2017;96:89-95.

30. Avanzino L, Tacchino A, Abbruzzese G, Quartarone A, Ghilardi MF,
Bonzano L, et al. Recovery of motor performance deterioration induced
by a demanding finger motor task does not follow cortical excitability
dynamics. Neuroscience 2011;174:84-90.

31. Bonzano L, Tacchino A, Saitta L, Roccatagliata L, Avanzino L, Man-
cardi GL, et al. Basal ganglia are active during motor performance recov-
ery after a demanding motor task. Neuroimage 2013;65:257-66.

32. Malouin F, Richards CL, Jackson PL, Lafleur MF, Durand A, Doyon
J. The Kinesthetic and Visual Imagery Questionnaire (KVIQ) for assess-
ing motor imagery in persons with physical disabilities: a reliability and
construct validity study. J Neurol Phys Ther 2007;31:20-9.

33. Kotegawa K, Kuroda N, Sakata J, Teramoto W. Association between
visuo-spatial working memory and gait motor imagery. Hum Mov Sci
2024;94:103185.

34. Llinas-Regla J, Vilalta-Franch J, Lopez-Pousa S, Calvo-Perxas L,
Torrents Rodas D, Garre-Olmo J. The Trail Making Test. Assessment
2017;24:183-96.

35. Mizuno K, Watanabe Y. Utility of an advanced trail making test as
a neuropsychological tool for an objective evaluation of work efficiency
during mental fatigue. Science for Human Health 2008;47-54.

36. Abizanda P, Navarro JL, Garcia-Tomas MI, Lopez-Jiménez E, Mar-
tinez-Sanchez E, Paterna G. Validity and usefulness of hand-held dyna-
mometry for measuring muscle strength in community-dwelling older
persons. Arch Gerontol Geriatr 2012;54:21-7.

37. Avanzino L, Gueugneau N, Bisio A, Ruggeri P, Papaxanthis C, Bove
M. Motor cortical plasticity induced by motor learning through mental
practice. Front Behav Neurosci 2015;9:105.

38. Bonzano L, Tacchino A, Roccatagliata L, Sormani MP, Mancardi
GL, Bove M. Impairment in explicit visuomotor sequence learning
is related to loss of microstructural integrity of the corpus callosum
in multiple sclerosis patients with minimal disability. Neuroimage
2011;57:495-501.

EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE 13



BIGGIO

39. Tacchino A, Bove M, Roccatagliata L, Luigi Mancardi G, Uc-
celli A, Bonzano L. Selective impairments of motor sequence learn-
ing in multiple sclerosis patients with minimal disability. Brain Res
2014;1585:91-8.

40. Tomassini V, Johansen-Berg H, Leonardi L, Paixdo L, Jbabdi S, Pal-
ace J, et al. Preservation of motor skill learning in patients with multiple
sclerosis. Mult Scler 2011;17:103—15.

41. Ladda AM, Lebon F, Lotze M. Using motor imagery practice for im-
proving motor performance - A review. Brain Cogn 2021;150:105705.

42. Nakashima A, Moriuchi T, Matsuda D, Nakamura J, Fujiwara K, Ikio
Y, et al. Continuous Repetition Motor Imagery Training and Physical
Practice Training Exert the Growth of Fatigue and Its Effect on Perfor-
mance. Brain Sci 2022;12:1.

43. Sen EI. Is motor imagery effective for gait rehabilitation after stroke?
A Cochrane Review summary with commentary. NeuroRehabilitation
2021;49:329-31.

44. Mezzarobba S, Bonassi G, Avanzino L, Pelosin E. Action Observa-
tion and Motor Imagery as a Treatment in Patients with Parkinson’s Dis-
ease. J Parkinsons Dis 2024;14(s1):S53-64.

45. Agostini F, Pezzi L, Paoloni M, Insabella R, Attanasi C, Bernetti A, et
al. Motor Imagery: A Resource in the Fatigue Rehabilitation for Return-
to-Work in Multiple Sclerosis Patients-A Mini Systematic Review. Front
Neurol 2021;12:696276.

46. Podda J, Pedulla L, Monti Bragadin M, Piccardo E, Battaglia MA,
Brichetto G, et al. Spatial constraints and cognitive fatigue affect mo-
tor imagery of walking in people with multiple sclerosis. Sci Rep
2020;10:21938.

47. Tacchino A, Saiote C, Brichetto G, Bommarito G, Roccatagliata L,

MOTOR IMAGERY IN PROGRESSIVE MULTIPLE SCLEROSIS

Cordano C, et al. Motor imagery as a function of disease severity in mul-
tiple sclerosis: an fMRI study. Front Hum Neurosci 2018;11:628.

48. Erani F, McKeever J, Medaglia JD, Schultheis MT. The Relation-
ship between Fatigue and a Clinically Accessible Measure of Switch-
ing in Individuals with Multiple Sclerosis. Arch Clin Neuropsychol
2022;37:1208-13.

49. Nguemeni C, Nakchbandi L, Homola G, Zeller D. Impaired consoli-
dation of visuomotor adaptation in patients with multiple sclerosis. Eur J
Neurol 2021;28:884-92.

50. Seelmann-Eggebert H, Stoppe M, Then Bergh F, Classen J, RumpfJJ.
Motor Sequence Learning across Multiple Sessions Is Not Facilitated by
Targeting Consolidation with Posttraining tDCS in Patients with Progres-
sive Multiple Sclerosis. Neural Plast 2021;2021:6696341.

51. Seebacher B, Reindl M, Kahraman T. Factors and strategies affect-
ing motor imagery ability in people with multiple sclerosis: a systematic
review. Physiotherapy 2023;118:64-78.

52. Rhodes J, Nedza K, May J, Clements L. Imagery training for athletes
with low imagery abilities. J Appl Sport Psychol 2024;36:831-44.

53. Volgemute K, Vazne Z, Malinauskas R. The benefits of guided imag-
ery on athletic performance: a mixed-methods approach. Front Psychol
2025;16:1500194.

54. Seebacher B, Kuisma R, Glynn A, Berger T. Effects and mechanisms
of differently cued and non-cued motor imagery in people with multiple
sclerosis: A randomised controlled trial. Mult Scler 2019;25:1593-604.

55. Hu Y, Li Y, Leung AY, Li J, Mei X, Montayre J, et al. A scoping
review on motor imagery-based rehabilitation: potential working mecha-

nisms and clinical application for cognitive function and depression. Clin
Rehabil 2025;39:504-23.

Conflicts of interest

The authors certify that there is no conflict of interest with any financial organization regarding the material discussed in the manuscript.

Funding

This study was supported by the Italian Multiple Sclerosis Foundation (FISM) (grant n°® 2019/R-Multi/007).

Authors’ contributions

Ambra Bisio, Ludovico Pedulla, and Marco Bove: conceptualization; Monica Biggio, Ludovico Pedulla, Andrea Albergoni, Alice Bellosta: data acquisition;
Monica Biggio, Andrea Albergoni, Ludovico Pedulla, Alice Bellosta, Ambra Bisio: data curation; Ludovico Pedulla, Ambra Bisio, Monica Biggio: Formal
analysis; Ambra Bisio: funding acquisition; Andrea Tacchino, Jessica Podda, Laura Bonzano, Laura Avanzino, Giampaolo Brichetto, Marco Bove, Ambra
Bisio: methodology; Monica Biggio, Ludovico Pedulla, Laura Bonzano, Marco Bove: visualization; Monica Biggio, Ludovico Pedulla, Ambra Bisio: writing
— original draft; Andrea Albergoni, Andrea Tacchino, Jessica Podda, Giampaolo Brichetto, Laura Avanzino, Laura Bonzano, Marco Bove: writing — review
and editing. All authors have seen and approved the final version of the manuscript being submitted. All authors read and approved the final version of the
manuscript.

Congresses

Preliminary results of this study were presented at the 28t Annual RIMS Conference in the poster express session. The Conference that was held in Genoa,
May 4-6, 2023.

History

Article first published online: December 18, 2025. - Manuscript accepted: November 17, 2025. - Manuscript revised: August 7, 2025. - Manuscript re-
ceived: June 1, 2025.

14 EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE Mese 2025



