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Editorial on the Research Topic

Corticospinal Excitability in Patients With Multiple Sclerosis

A plethora of debilitating symptoms can be caused by multiple sclerosis (MS) such as sensory
and motor dysfunction, cognitive impairment, mood disorder, and fatigue (1–3). Such complaints
can drastically impact a patient’s quality of life, are mostly assessed in a clinical manner or with
the help of scales, questionnaires, or test batteries, and cannot be completely or partially relieved
using pharmacotherapeutics. Moreover, their underlying mechanisms are not fully elucidated.
Therefore, probing corticospinal excitability as a surrogate of the neuronal network function
by using transcranial magnetic stimulation (TMS) could help in further understanding the
underlying mechanisms of MS (4). TMS consists of applying a magnetic field over the scalp in
a single- or double-pulse paradigm so as to obtain variables which reflect the functioning of
the corticospinal system (4). These measures assess the excitability of the neuronal membrane
[e.g., motor threshold (MT) and motor evoked potentials (MEP) amplitude], and the function of
intracortical GABAergic and glutamatergic circuits [reflected by the intracortical inhibition (ICI)
and facilitation parameters, respectively] as well as other processes [e.g., corticospinal inhibition
(CSP) or interhemispheric transcallosal mechanisms; (4)]. This Research Topic focused on the
exploration and modulation of corticospinal excitability in MS.

First, applying TMS could help in identifying biomarkers of the disease itself. In their
perspective article, Bassi et al. reported an association between some underlying mechanisms of
MS (demyelination and axonal loss) and TMS measures [e.g., low amplitudes and high latencies
of MEP, high resting MT, and increased central motor conduction time (CMCT)]. In addition,
an inflammation-mediated synaptopathy seems to underlie a hyperexcitability state which could
appear, using TMS, as an imbalance between cortical excitatory and inhibitory processes. This
could occur early in the disease process, seems to characterize relapses, and can become marked
along the disease progression. Besides conventional TMS measures, new paradigms might give an
additional scope on the neurophysiology of MS. For instance, by applying dual-site TMS of the
ipsilateral dorsal premotor cortex (PMd) and primary motor cortex (M1), Ruiu et al. demonstrated
in their original article a preserved PMd-M1 connectivity in patients with relapsing-remitting MS.
Keeping this in mind, it would also be interesting to evaluate this outcome in patients with other
disease phenotypes.

Second, TMS could also help in monitoring the disease evolution, especially when facing
difficulties in documenting clinical progression. In their original article involving patients
with progressive MS, Hardmeier et al. validated TMS-derived quantitative scores (i.e., CMCT
and corticomuscular latency) that were obtained, along with clinical measures (disability and

4

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2020.635612
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2020.635612&domain=pdf&date_stamp=2021-01-12
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:samarayache@gmail.com
https://doi.org/10.3389/fneur.2020.635612
https://www.frontiersin.org/articles/10.3389/fneur.2020.635612/full
https://www.frontiersin.org/research-topics/10615/corticospinal-excitability-in-patients-with-multiple-sclerosis
https://doi.org/10.3389/fneur.2020.00566
https://doi.org/10.3389/fneur.2020.00193
https://doi.org/10.3389/fneur.2020.00735


Chalah et al. Editorial: Corticospinal Excitability and Multiple Sclerosis

ambulation scores) over a 2-year period. Only neurophysiological
measures were significantly deteriorated at 1 year, and higher
effect size was obtained for neurophysiological worsening
(mostly the mean corticomuscular latency) compared to clinical
worsening at 2 years. These findings support the ability of
neurophysiological measures to detect subtle changes before the
appearance of clinically palpable progression, highlighting their
potential add-on value to clinical assessment.

Third, besides the disease underlying mechanisms, MS
symptoms could be explored using TMS, as reviewed by Bassi
et al. For instance, anxiety was associated with interhemispheric
inhibition in one study. In another study, verbal memory deficits
were associated with defective short-latency afferent inhibition,
a variable reflecting motor cortex cholinergic activity. In a
few other works, fatigue was related to abnormal GABAergic
inhibition (short-interval ICI and CSP). The latter finding
was also highlighted in the review by Capone et al. who
provided insight on the application of TMS, as well as other
neurophysiological modalities [i.e., electroencephalography,
electromyography (EMG), event related potentials, autonomic
measures, and polysomnography], to explore fatigue. Capone
et al. suggested the main contribution of central mechanisms
to this symptom. In addition to the previous literature, Ruiu
et al. described a correlation between fatigue scores and
a decrease in functional connectivity during cued motor
inhibition, suggesting the latter as a promising marker of
MS fatigue.

Fourth, TMS measures could constitute potential outcomes
for rehabilitation interventions. In the original article by Chaves
et al. involving patients with progressive MS, 10 weeks of walking
training resulted in significant enhancement of corticospinal
excitability that was observed right after the intervention, but
not 3 months later (active MT, MEP amplitude, and recruitment
curve in both hemispheres; CSP in the hemisphere corresponding
to the less affected hand). Some corticospinal excitability changes
were significantly correlated with fatigue improvement.

Fifth, besides exploring corticospinal excitability, it is also
possible to modulate it using non-invasive brain stimulation
techniques such as TMS, as well as transcranial direct current
stimulation (tDCS) (4, 5). Relative to TMS, tDCS is portable,
easier to handle, and has a lower cost (5). As shown in
the review by Capone et al., most of the available studies
employed tDCS and focused on MS fatigue. Anodal tDCS
was applied over cortical areas that take part in the MS
fatigue loop [i.e., left dorsolateral prefrontal cortex (DLPFC),
right posterior parietal cortex, and bilateral somatosensory
and/or motor cortices], and predominantly yielded significant
antifatigue effects. This highlights the potential utility of this
technique inmanagingMS fatigue. In addition to fatigue, walking
and functional mobility impairments could be targeted with
tDCS. This was studied by Pilloni et al. who performed a
randomized, sham-controlled, proof-of-concept study in which
a 20-min session of anodal M1 tDCS coupled with aerobic

exercise did not result in clinical improvement (gait speed and

time). This lack of effects might be attributed to the number
of sessions, as the authors recently reported significant effects
when performing multiple sessions (6). A third domain to target
would be cognitive impairment. In their mini-review, Nasios et
al. reappraised the underlying mechanisms of cognitive deficits
in MS (regional tissue damage and atrophy, synaptopathy,
and cognitive network dysfunction) and emphasized the need
for further research to assess the effects of neuromodulation
in this context. In the original article by Grigorescu et al.,
five consecutive daily sessions of bifrontal tDCS applied in
a randomized sham-controlled manner did not ameliorate
general or social cognition (i.e., attention, information processing
speed, working memory, or theory of mind). Furthermore,
working memory improvement (1-back test accuracy) was
only observed after sham intervention, which might reflect a
potential impairment of working memory following bifrontal
tDCS that could be attributed to the cathode placement over the
right DLPFC.

Finally, besides central non-invasive brain stimulation
techniques, other approaches could be of help in harnessing
neuroplasticity processes. In their mini-review, Thompson and
Sinkjær presented a training method, the operant conditioning
of EMG-evoked responses, as a way to enhance corticospinal
excitability and consequently the motor function in MS. Via an
up-conditioning training of the corticospinal system behavior,
the rewarded excitability state could be learned and retained
in daily life by means of iterative training. Here, one should
note the relevance of assessing inflammation and cognitive
status when studying the effects of this learning technique,
since it relies on cognitive functions that could be halted
in MS and on synaptic plasticity that could be hampered
by inflammation.

Taken together, the available data suggest the promising
potential of exploring and modulating corticospinal excitability
for research, diagnostic, and therapeutic purposes. The current
limitations arise from the low number of studies, the small
sample sizes, and the interstudy variations in methods or
results. There is no doubt that this field is still in its early
stages of development. Therefore, future large-scale works
would help in overcoming the current challenges and providing
further insights on the clinical utility of this approach. A
greater understanding of the neurophysiological correlates
of disease characteristics and symptoms could allow for
designing of patient-tailored therapies. And, combining
several therapies depending on the clinical context (e.g., brain
stimulation, operant conditioning of EMG-evoked responses,
cognitive rehabilitation, exercise training, psychotherapies,
or medications) might result in synergistic effects on the
studies’ outcomes.
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Multiple sclerosis (MS) is a chronic, immune-mediated, inflammatory, and degenerative

disease of the central nervous system (CNS) that affects both white and gray matter.

Various mechanisms throughout its course, mainly regarding gray matter lesions and

brain atrophy, result in cognitive network dysfunction and can cause clinically significant

cognitive impairment in roughly half the persons living with MS. Altered cognition is

responsible for many negative aspects of patients’ lives, independently of physical

disability, such as higher unemployment and divorce rates, reduced social activities, and

an overall decrease in quality of life. Despite its devastating impact it is not included

in clinical ratings and decision making in the way it should be. It is interesting that

only half the persons with MS exhibit cognitive dysfunction, as this implies that the

other half remain cognitively intact. It appears that a dynamic balance between brain

destruction and brain reorganization is taking place. This balance acts in favor of keeping

brain systems functioning effectively, but this is not so in all cases, and the effect

does not last forever. When these systems collapse, functional brain reorganization is

not effective anymore, and clinically apparent impairments are evident. It is therefore

important to reveal which factors could make provision for the subpopulation of patients

in whom cognitive impairment occurs. Even if we manage to detect this subpopulation

earlier, effective pharmaceutical treatments will still be lacking. Nevertheless, recent

evidence shows that cognitive rehabilitation and neuromodulation, using non-invasive

techniques such as transcranial magnetic or direct current stimulation, could be effective

in cognitively impaired patients with MS. In this Mini Review, we discuss the mechanisms

underlying cognitive impairment in MS. We also focus on mechanisms of reorganization

of cognitive networks, which occur throughout the disease course. Finally, we review

theoretical and practical issues of neurorehabilitation and neuromodulation for cognition

in MS as well as factors that influence them and prevent them from being widely applied

in clinical settings.

Keywords: multiple sclerosis, cognitive impairment, brain reorganization, cognitive rehabilitation,

neuromodulation
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INTRODUCTION

People living with Multiple sclerosis (pwMS) commonly
exhibit cognitive deficits, which negatively affects them
multidimensionally (1). Daily functioning, decision making,
vocational activities, marital status, socialization, behavior,
mood, balance and mobility, and compliance with medications
can be affected. The medical community, due to their often
subtle nature and the difficulty that exists in detecting these
deficits during routine clinical practice, was initially slow to
appreciate them as a core clinical symptom of MS. We recently
proposed a practical algorithm for clinicians regarding “what,”
“why,” “how,” and “when” to measure (2). Today, most of the
evidence suggests that cognitive impairment in MS patients is
present during all disease stages and across all disease clinical
subtypes (3–5). CI can be detected even prior to diagnosis
(6) in radiologically isolated syndrome (RIS) (7), clinically
isolated syndrome (CIS) (8), “benign” MS (9), and the pediatric
MS population (10). Deficits appear to be more frequent and
widespread in the progressive rather than the relapsing form of
the disease (11–13). Even then, roughly half of the patients do
not exhibit prominent CI. CI is also linked to disease duration
(12, 14), tissue damage and atrophy (15–17), and cognitive
network efficiency (18, 19). Some cognitive domains appear
to be more commonly compromised than others: information
processing efficiency, episodic memory, attention, and executive
functioning are found predominantly to be detrimentally affected
in MS (20, 21). Among these domains the most common pattern
involves circumscribed deficits as a combination of one or two of
the abovementioned domains (e.g., attention/processing speed,
learning/ memory, and or executive functions).

On the other hand, social cognitive deficits are an
underestimated but important aspect of impairment in MS,
reflecting how people process, store, and apply information
in social interactions. Deficits in these domains have been
associated with reduced quality of life, even after controlling for
severity and duration of the disease, age, and neurocognitive
performance (22, 23). This type of impairment is not entirely
dependent on and parallel to general cognitive dysfunction—
some patients experience disorganization in their social life
before significant or detectable cognitive impairment is evident.
The decrease in performance of social cognition (SC) tasks
may reflect changes in brain activity and brain structure, either
general or regional (22, 24).

In order to answer the question of why half of pwMS do
not exhibit CI, approaching the disease within the context of its
trilateral interference of tissue damage, tissue repair, and brain

Abbreviations: CI, Cognitive impairment; CIS, clinically isolated syndrome; CNS,

Central nervous system; CR, cognitive rehabilitation; DMTs, disease modifying

therapies; FC, Functional connectivity; EAE, Experimental autoimmune

encephalomyelitis; GABA, gamma-Aminobutyric acid; GM, Gray matter;

LTD, long-term depression; LTP, long-term potentiation; MEP, Motor evoked

potentials; MS, Multiple sclerosis; NIBS, Non-invasive brain stimulation; PPMS,

Primary progressive MS; PwMS, people living with MS; RIS, radiologically isolated

syndrome; RRMS, Relapsing-remitting MS; Rs-FC, resting-state Functional

Connectivity; rs-fMRI, resting-state functional MRI; rTMS, repetitive transcranial

magnetic stimulation; SC, Social cognition; SPMS, Secondary progressive MS;

tDCS, transcranial direct current stimulation.

reorganization (25) may be helpful: tissue damage is indeed
a matter of time and disease type and severity, and it can
be partially influenced by the early introduction of efficacious
disease modifying therapies (DMTs). Tissue repair is served by
various mechanisms that are not yet well-illuminated, may vary
in affected individuals, is altered by factors such as co-morbidity,
stress, or lifestyle, and, unfortunately, was not targeted with
specific medications until now; functional brain reorganization,
in other words neuroplasticity, is the intrinsic force fighting
the consequences of disease progression and can hopefully be
managed through neurorehabilitation interventions.

In the following sections we have addressed issues concerning
CI and functional brain reorganization in MS; we focused
on cognitive network alterations, efficiency, and collapse, the
role of inflammation, and mechanisms underlying synaptopathy
and synaptogenesis. We further discussed the potential role of
cognitive rehabilitation and neuromodulation in retaining and
enhancing network efficiency in a clinically meaningful way.

Networks-Connectivity-Brain

Reorganization
Brain reorganization in MS is studied intensively by mainly
functional neuro-imagingmethods. Functional connectivity (FC)
at rest and during tasks can detect both hyperconnectivity and
hypoconnectivity in brain networks. This can compensate for
tissue damage, allowing pwMS to adequately cope with everyday
cognitive tasks despite continuing structural brain damage.
These alterations can be adaptive or maladaptive. We recently
summarized the basic concepts, and limitations, of functional
brain reorganization in MS (26). Even from early disease
phases—in patients with CIS—dynamic changes in functional
brain networks have been observed, resulting in the maintenance
of normal efficiency in the brain and consequently representing
a compensatory effect (27). A mixed pattern of hypoactivity
and hyperactivity was found, by means of rs-fMRI, in pwMS
at different stages of disease. Relapsing Remitting Multiple
Sclerosis (RRMS) individuals with short disease duration, and
RRMS with similar disabilities but longer disease duration, were
characterized by a clearly distinct pattern of FC that involved
predominantly sensory and cognitive networks, respectively
(28). In a longitudinal 1-year network connectivity study,
measures were compared between early RRMS patients and
healthy matched controls as well as between patients with
and without disease activity (29). The study reported that the
strengthening of local network properties was only detectable
in the cortex of patients and occurred independently of their
disease activity. Authors discuss these changes as an adaptive
mechanism that is important for maintaining brain function
in response to neuroinflammation. In another study, patients
who converted to MS exhibited significantly greater network
connectivity at baseline than non-converters (30). Cader et al.
concluded that both forms of adaptive functional change—
that is, the enhancement of interactions between brain regions
normally recruited, and the recruitment of alternative areas,
or the use of complementary cognitive strategies—could limit
clinical expression of the disease, particularly that of CI (31).

Frontiers in Neurology | www.frontiersin.org 2 March 2020 | Volume 11 | Article 1478

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Nasios et al. Functional Brain Reorganization in MS

As a rule, PwMS perform better in cognitive tasks if they have
preserved fMRI activity of their frontal lobes (32). Not only
functional but also structural connectivity matters. Llufriu et al.
investigating reorganization mechanisms at the structural level
that are related to attention and executive performance in pwMS,
and they found that the right pallidum and left insula within the
frame of the brain’s reorganization functioned as hubs in patients
(33). However, we must keep in mind that several limitations
exist that relate to the role of altered connectivity throughout
the disease; it is still questionable whether the observed changes
are relevant to cognitive performance and whether or not they
are adaptive (26). As the disease progresses, network efficiency
is challenged by tissue damage, restorative mechanisms become
inadequate, and, finally, the network collapses (18).

Regional Tissue Damage and Atrophy
Gray matter (GM) lesions (15) and GM atrophy (16) play an
important role in CI. Across the disease span, if left untreated,
the white matter atrophy rate remains rather stable at 3-fold
normal, but GM atrophy rate dramatically increases from 3.4-
fold normal in CIS to 14-fold normal in SPMS (17). This localized
GM atrophy has recently been found to be regionally selective,
mainly involving deep structures, such as the thalamus, putamen,
and caudate, and cortical regions, such as the sensorimotor
cortex, insula, superior temporal, and cingulate gyrus, while these
regions were functionally connected (34). In a 5-years follow-
up study, it was shown that structural damage and especially
cortical atrophy may predict cognitive decline in PwMS (35).
Among strategic GM structures, the thalamus, basal ganglia,
and hippocampus seem to play a central role. Thalamic volume
declines faster in pwMS throughout the disease, and it was
proposed to serve as a biomarker of degeneration (36). Its
volume, shape, and function are related to cognitive performance
in MS (37–39). In early RRMS patients (duration of disease <3
years), CI was detected in 28% over a 2-years follow up period,
and in this subgroup a significant reduction in the percentage of
thalamus volume was observed compared with the cognitively
intact group (40). In a large cohort of MS patients, with
various forms and stages of the disease, Rocca et al. investigated
rs-FC abnormalities within the principal brain networks in
PwMS (41). They found a complex pattern of decreased
and increased rs-FC at a regional level: reduced thalamic
rs-FC correlated with better neuropsychological performance,
whereas, for all the remaining networks, reduced FC correlated
with more severe clinical/cognitive impairment. This finding
was in line with the observation of Zhou et al. who
found that increased thalamic intrinsic oscillation amplitude
in RRMS patients was associated with slowed cognitive
processing, representing ineffective reorganization (42). Resting-
state magneto-encephalography recordings from pwMS and
healthy controls offered similar evidence, illustrating “the
relationship between thalamic atrophy, altered functional
connectivity and clinical and cognitive dysfunction in MS” (43).
The importance of thalamic involvement in disease progression
and CI is highlighted by Minagar et al. (44), who recommended
that thalamic volume should be utilized as a biomarker in MS
clinical trials. In a recent study where neuropsychological and

MRI data of 375 PwMS were analyzed, altered performance
on neuropsychological tests assessing attention and executive
function was associated with caudate volume and posterior
cingulate/precuneus atrophy, while tests primarily evaluating
memory strongly correlated with thalamic volume (45). In
untreated CIS patients, load-dependent dysfunction of the
putamen was related to impaired performance during attention
tasks (46). Amygdala atrophy was found to be the main predictor
of impairment of social cognition (SC) in PwMS (24). In
agreement with this, Pitteri at al. correlated bilateral amygdala
damage, as measured by cortical lesion volume (CLV), to affected
SC in PwMS, even in the absence of CI (47). In a multicenter
study of structural correlates of CI in MS, the best predictors
of CI were found to be atrophy of the hippocampus and deep
GM nuclei (48). The importance of structural and functional
integrity of the hippocampus was highlighted by Sumowski et al.
(49), who investigated the neural basis of reserve against memory
decline in PwMS, linking greater intellectual enrichment and
better memory to larger hippocampal volume and supporting the
argument that larger hippocampal volume is a key component
of reserve against memory decline in MS. The hippocampus of
PwMS usually has a high lesion load, demyelination, neuronal
damage, synaptic dysfunction, neurotransmitter level reduction,
and disconnection, linking hippocampus pathology not only to
CI but also to the reorganization capacity of broader networks
(48, 50–55). A biomarker indicating deep GM structures,
especially thalamus and hippocampus volume and status, could
ideally give provision of the cognitive status, insights for
reorganization dynamics, and cues for therapeutic decisions.

Synaptopathy in MS
We formerly recognize MS as a myelin-targeting autoimmune
disease of the CNS, causing inflammation, white (and gray)
matter tissue damage, and neurodegeneration, but the influence
of GM pathology was recognized later. Loss and malfunction
of synapses could offer an explanation for this role. Recent
clinical and experimental studies link inflammation to
neurodegeneration, illuminating the contribution not only
of visible structural damage but also of synaptic dysfunction
in the pathophysiology of both motor and cognitive functions
in MS. Many studies have provided robust evidence for diffuse
synaptic dysfunction being present in both MS and EAE
(experimental autoimmune encephalomyelitis, the animal model
of MS) throughout the disease course (56–59). Stampanoni
Bassi et al. and Mandolesi et al. have discussed thoroughly the
molecular and cellular mechanisms underlying alterations in
synaptic function and structure (58, 59). They emphasized the
role of inflammation in neurotransmitters’ imbalance; increased
glutamate-mediated and reduced GABA-mediated signaling
along with the excitotoxic effects of increased glutamate levels
in the synaptic cleft may lead to synaptic degeneration, which,
interestingly, may occur independently of GM demyelination
and neuronal loss. Of course, synaptopathy can also be the
consequence of axonal damage, but it is present from the initial
phase of the disease when one could not yet expect that much of
axonal damage. This supports the idea that synaptopathy, rather
than axonal loss, leads to accumulation of disability, at least early
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in the disease course. Focusing our attention to the synaptic
level, we must keep in mind the role of long-term potentiation
(LTP) and long-term depression (LTD) which represent core
underlying mechanisms of synaptic plasticity, i.e., maintaining
synaptic strengths, efficacy, and stability, adjusted dynamically
by neural activity. The ways structural and functional damage
result in synaptic failure, network dysfunction, and, therefore, CI
have recently been reviewed by Di Filippo et al. (60).

Fortunately, and unlike the loss of neurons, the loss of
synapses is reversible. New synapses can be generated, and
dysfunctional synapses can be repaired, resulting in restoration
of functions or even reversing the progression of the disease,
as has been shown both in EAE animals (61) and in pwMS
(62). Targeting synapses therapeutically can be achieved by
at least some of the DMTs, especially those that pass the
blood–brain barrier, by reducing inflammation and tissue
damage or even by exerting direct neuroprotective effects (59).
Since MS-related disability progression can be modulated by
plasticity, and plasticity can be enhanced by neurorehabilitation
and neuromodulation, these latter approaches could be
therapeutically used to delay progression; this promotes
brain reorganization, mainly at the synaptic level, since their
mechanisms of action include LTP/LTD.

Neurorehabilitation and Neuromodulation

for MS-Related Cognitive Impairment
Three decades have passed since the first published reports under
the search items “cognitive rehabilitation” and “MS” appeared in
Pubmed (1,086 research items in total, two in year 1990, 160 in
2019, page visited on 1.1.2020). In 1993, DeLuca and Johnson
stated that, since cognitive dysfunction negatively impacts the
lives of pwMS, it must be targeted by neurorehabilitation
(63). They described the complicated landscape of cognitive
rehabilitation (CR) in MS since, due to “the heterogeneous
nature of the CNS lesions, each person with MS brings a unique
pattern of cognitive difficulties,” and, furthermore, “effective CR
in MS goes beyond simple assessment and treatment of specific
deficits” (63). Since then, more questions than answers have
arisen. Questions regarding the evaluation of CI and the type
of CR should be investigated (64); evidence and methodological
restrictions of CR protocols (1, 65–68) as well as many practical
issues of CR, such as the mechanisms of action, duration,
intensity, frequency, repeatability, consistency and duration of
effects, ecological validity, and “the transportability of such
interventions under real-world conditions,” (69) should be fully
explored. There is another major practical restriction: in most
countries, there is lack of providers (clinical neuropsychologists
and trained speech language therapists) able to apply these
methods (64). These restrictions are reflected in the low rate
of pwMS exposed to CI, even in countries, such as Finland,
with high incidences of MS and advanced health services (70);
pharmacological treatments for MS-related CI are still lacking
(64, 69, 71). In order to move faster from the research fields
to clinical grounds and offer CR as standard-of-care treatment,
a roadmap was recently proposed by Sandroff and DeLuca
(69). One major point concerning CR for MS-related CI is its

mechanism of action, which seems to be the enhancement of
neuroplasticity. Prosperini et al. reviewed the literature, showing
that both motor and cognitive rehabilitation enhance functional
and structural brain plasticity in pwMS, and this enhancement
is specifically linked to the trained domain (72). Recently,
Prosperini and Di Filippo updated evidence from animal models
and pwMS on plasticity following rehabilitation (73).

Neuromodulation is technology acting directly upon the
nervous system. Non-invasive brain stimulation (NIBS) refers
to the application on the scalp of a changing magnetic field
[transcranial magnetic stimulation, TMS; (74)], or low-intensity
electrical current [transcranial direct current stimulation, tDCS;
(75)] over a short period of time, both of which are methods
capable of altering brain function since they have cumulative and
long lasting effects. The reader is referred to relevant, recently-
published reviews for the use of rTMS (26) and tDCS (76) in
the management of MS-related symptoms. Both techniques are
easily applicable, affordable, and rather safe, with tDCS being
much cheaper, able to be self-administered at home by remote
supervision (77) and, more importantly, while performing a task
(“on-line”), while rTMS must be carried out in the presence
of a skilled clinician and during rest (“off-line”). Changing
stimulus parameters and/or electrode polarity, excitation (high-
frequency rTMS or anodal tDCS), or inhibition protocols (low-
frequency rTMS or cathodal tDCS) can be designed, inducing
LTP-like and LTD-like plasticity, respectively; this also influences
brain plastic changes, acting therapeutically, either alone or in
combination with CR and/or exercise. The neurobiological basis
and the effectiveness of NIBS for MS-related symptoms have
been updated by Leocani et al. (78). Among the issues are
the differences from patient to patient in the electrical current
flow induced by NIBS techniques; these depend on the volume
and topography of the lesions, and different patients may need
different NIBS protocols. However, since the use of tDCS during
cognitive rehabilitation may improve outcomes and provide
beneficial results in a short time (79), newer large-scale studies
should further be performed in order to provide robust evidence
to support the implementation of NIBS in routine practice (80).

DISCUSSION

Here, we have discussed the mechanisms underlying cognitive
impairment and the reorganization of cognitive networks in
MS and issues for the implementation of neurorehabilitation
and neuromodulation in clinical settings. Recently, Harel et al.
presented “the bright side” of cognitive function in multiple
sclerosis (81). Indeed, nearly 20 years after the disease onset,
more than three out of 10 the pwMS of their large sample
were cognitively intact. But there is also a “dark side”: two
out of 10 were seriously cognitively handicapped, while one
of 10 were both severely affected cognitively and physically.
Furthermore, the disease does not last only 20 years, but it is
lifelong; the mean age of pwMS in this study was noted as 49.3
years, meaning that the majority of them will still be alive 10–
20 years later, the proportion of disabled will definitely increase,
as will co-morbidities (82), and their treatment opportunities
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will be narrowed. Unfortunately, as it has been shown in the
EAE model of MS, the loss of synapses can occur early in
the disease course, irrespectively of demeylination (83). Also,
neurodegeneration and resulted atrophy is proven to be evident,
subclinically, even from the radiologically isolated syndrome
(84). These two mechanisms could explain why CI can be
present even before the time of diagnosis. Additionally, what
we have undoubtedly learned is that CI at diagnosis predicts
worse future disease progression (85), impairment of specific
cognitive sub-domains might better predict progression (86),
and patients with pediatric onset MS are more likely to have
CI than patients with disease onset in adulthood, independent
of age, or disease duration (87). A patient with less severe
tissue damage, less atrophy, spared key brain loci, more effective
tissue repair mechanisms, and enhanced brain reorganization
capacities could remain cognitively intact, even decades after
disease onset, and vice versa. In the first instance, the patient
will probably constitute “the bright side” of the∼50% cognitively
intact pwMS. What about the other 50%? For them, more than
the others, “time is brain,” and delays in appropriate clinical
decisions will probably cost their transition to the “dark side” of
CI. In our opinion, early clinical detection of CI, coupled with
evidence of structural damage in key brain regions (thalamus,
hippocampus, amygdala, etc.) and altered network connectivity,
could serve toward this goal. Therefore, there is an urgent need to
identify this high-risk subpopulation of pwMS, and, since it is not
possible to be achieved early in the disease course through clinical
and conventional neuroimaging grounds only (88), we have to
find biomarkers (molecular, metabolic, imaging, and clinical) to
detect earlier CNS pathology “before structural tissue damage
has become definite” (89). Impaired cognition is associated with
early increases in FC, which then decreases due to the exhaustion
of compensating mechanisms, forming the “inverted U” rs-FC
curve (89). Indeed, patients who converted to MS exhibited
“significantly greater network connectivity at baseline than non-
converters” and a “subsequent connectivity loss over time, not
observed in the non-converters’ network” (30, 90). Therefore,
despite methodological difficulties (91), widely available imaging
markers could soon offermore (92). As we have previously stated,
a biomarker composed of deep GM structures, and especially the

thalamus and hippocampus volume and status, could “reflect”
the cognitive status and provide insight into reorganization
dynamics. Once recognized, this subpopulation should be treated
more aggressively with highly efficacious DMTs and, ideally,
neurorehabilitation and neuromodulation procedures.

We are not optimistic about the introduction of CR and NBIS
in routine clinical care, at least in the near future, and there
are reasons for this: neurorehabilitation is ultimately “treatment
of the whole person” (69) and should, in other words, be
tailored to every individual person. This means that it is almost
impossible to include parameters of every pwMS—as they all have
distinct disease characteristics, personalities, and life variables—
into clinical trials and then translate their results back to a
highly individualized procedure, maximizing the possibilities to
identify the right patient and carry out the appropriate treatment.
Moreover, as we discussed, there are many unsolved practical
issues for their implementation in clinical practice. For NIBS
techniques, additional issues arise, including identifying sites
for brain stimulation, depending on brain lesion topography of
every single pwMS, and simultaneously choosing excitatory or
inhibitory protocols, or combination of both. These sophisticated
individualized treatments must be carried out by a large number
of trained clinicians, who do not yet exist. Finally, the (large)
financial cost must be covered somehow.

What is feasible? Diagnose MS sooner, detect CI earlier
and include it in clinical decisions, start treatment early and
constantly follow through with more effective DMTs, find
medications for CNS tissue repair, adopt strategies for “reserve
and brain maintenance” (93), and, of course, do more research
on neurorehabilitation and neuromodulation since they seem to
be at least in part effective, even in advanced disease stages (94),
and may enhance the brain’s plasticity and alter disease course.
This is all with the ultimate goal of implementing these methods
in routine MS management.
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Fatigue is a very common symptom among people with multiple sclerosis (MS), but

its management in clinical practice is limited by the lack of clear evidence about the

pathogenic mechanisms, objective tools for diagnosis, and effective pharmacological

treatments. In this scenario, neurophysiology could play a decisive role, thanks to its

ability to provide objective measures and to explore the peripheral and the central

structures of the nervous system. We hereby review and discuss current evidence

about the potential role of neurophysiology in the management of MS-related fatigue.

In the first part, we describe the use of neurophysiological techniques for exploring the

pathogenicmechanisms of fatigue. In the second part, we review the potential application

of neurophysiology for monitoring the response to pharmacological therapies. Finally, we

show data about the therapeutic implications of neurophysiological techniques based on

non-invasive brain stimulation.
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INTRODUCTION

Fatigue is a very common symptom inmultiple sclerosis (MS) and produces significant detrimental
effects on the quality of life (1). Despite its prevalence and impact, the management of fatigue in
clinical practice is often challenging since the underlying pathophysiological mechanisms have
not been well-elucidated (2), pharmacological treatments have limited efficacy (3), and fatigue
assessment is commonly based exclusively on self-report questionnaires (4).

Although the advent of magnetic resonance imaging (MRI) significantly changed the overall
management of MS, the role of neurophysiology remains of great importance in the functional
evaluation of specific pathways such as visual, somatosensory, auditory, and motor systems
and in the study of the central and the peripheral mechanisms of sensorimotor integration.
Fatigue is a complex symptom including motor, cognitive, and psychological aspects, but through
neurophysiological techniques, it is possible to evaluate mainly motor fatigue, from both research
and clinical perspectives. Motor fatigue can be classified as central or peripheral. By definition,
peripheral fatigue is the inability to generate force at the muscle level, while central fatigue refers to
changes arising from the neural networks in the brain and the spinal cord, causing a lack of drive
to the muscles.

The alterations occurring at the neuromuscular level cannot fully explain the phenomenon
of fatigue (5), and in the last few years, different studies have speculated over the meaning and
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magnitude of the contribution of the central nervous system
(CNS). In particular, in MS, fatigue seems to arise from the
disruption of a complex neural network involving the cerebral
cortex, the thalamus, and the basal ganglia (6–8). Similarly also
in other neurological conditions such as Parkinson’s disease and
stroke, different supraspinal structures are considered to be key
players in fatigue generation (9).

In this scenario, neurophysiological techniques can play
a decisive role in the assessment of the pathophysiology
of MS-related fatigue, thanks to their ability to provide
objective measures and to explore the peripheral and the
central structures of the nervous system, with excellent time
resolution. Besides that, various studies have also demonstrated
good correlations between neurophysiological parameters
and disability measures (10), highlighting the usefulness of
neurophysiology in monitoring disease evolution and response
to therapy.

Finally, several studies have evaluated the therapeutic
implications of neurophysiological techniques based on non-
invasive brain stimulation (NIBS) in different neuropsychiatric
diseases such as stroke, depression, dementia, and movement
disorders (11–13). In particular, in MS, promising results have
been obtained in the treatment of disabling symptoms such as
spasticity (14) and fatigue (15).

In this review, we will provide an outline of the current
evidence about the potential role of neurophysiology in the
management of MS-related fatigue. In the first part, we
will describe the potential application of neurophysiological
techniques for exploring the pathogenic mechanisms of fatigue.
Then, we will report on the potential use of neurophysiology for
measuring fatigue and monitoring the response to symptomatic
therapies. In the third part, we will review the potential
application of neuromodulation as an innovative treatment for
fatigue. Eventually, we will discuss the limitations and the
shortcomings of available data, highlighting the key challenges in
the field and suggesting some directions for future research.

NEUROPHYSIOLOGY AS INVESTIGATING
TOOL FOR THE PATHOGENIC
MECHANISMS OF FATIGUE

During a physical effort, there is a progressive decline of firing
rate of spinal motoneurons (16), but the significance of such
phenomenon is not clear as it can be interpreted as exhaustion
or as fatigue adaptation.

Most studies reported that MS patients present lower strength
values of maximal voluntary contraction (MVC) in comparison
to healthy subjects (17–20), and the decrease of these values
is positively correlated with fatigue perception (21). The fall of
muscle force (andMVC as well) could be related to a submaximal
voluntary drive, which is known as central activation failure
(CAF) (9). CAF can be evaluated by the twitch-interpolated
technique, in which the subjects are asked to perform a MVC
in a given muscle and an electrical stimulus is subsequently
applied to the motor nerve supplying the tested muscle. If
there is a further increase of muscle force after electrical

stimulation, then the muscle’s voluntary central drive was not
at its maximum, thus demonstrating CAF. Using this technique,
Steens et al. (22) showed a decrease of voluntary activation during
fatiguing exercise in people with MS (PwMS) in comparison to
healthy subjects, probably due to insufficient CNS compensatory
mechanisms. The reduction of voluntary activation seems to be
particularly important in the pathogenesis of fatigue in patients
with secondary-progressive MS as compared to relapsing–
remitting MS (23).

Electromyography (EMG) allows quantifying the reduction
of amplitude or frequency of muscle action potentials (MAP)
during a fatiguing task. Surface EMG (sEMG) is a non-invasive
technique in which electrodes placed on the skin record electrical
muscle activity (24, 25). In particular, the amplitude of the
sEMG signal is considered as a measure of voluntary drive to
peripheral structures (9). Muscle contraction is characterized by
the progressive recruitment of different motor units, depending
on their size, biochemical features, and fatigability (26, 27). The
development of muscular fatigue produces specific changes in
EMG signal, consisting in an initial increase and then in the
decrease of MAP amplitude (28, 29), a reduction of median
frequency of discharge, and a reduction of motor conduction
velocity along fatigued muscle fibers (28, 30, 31).

These phenomena, also present in healthy subjects, are
more evident in PwMS. For instance, Eken et al. found that
prolonged walking produces a significant decrease of EMG
median frequency with a corresponding increase of the root
mean square of the EMG signal of the soleus muscle (32). Similar
changes of EMG parameters have also been found in the upper
limb by Severijns et al. (33) in a cohort of PwMS after a protocol
of repetitive shoulder anteflexionmovements. Interestingly, these
changes in EMG parameters are present even without a clear
performance decline and are not directly correlated with the
level of perceived fatigue. These findings suggest that peripheral
mechanisms cannot fully explain the development of fatigue and
that central mechanisms could also be involved. In this regard,
different neurophysiological methods can be used to study the
contribution of CNS.

Electroencephalography (EEG) allows evaluating the
role of cortico-cortical connections. Using this technique,
Leocani et al. (34) investigated the correlation between fatigue
severity [measured through the Fatigue Severity Scale (FSS)
questionnaire] and EEG parameters consisting of event-related
desynchronization (ERD) and event-related synchronization
(ERS). They found that, in PwMS compared to healthy controls,
FSS correlated positively with ERD over midline frontal
structures during movement and inversely with contralateral
sensorimotor ERS after movement. These findings suggest
an overactivation of the frontal regions in fatigued patients,
a possible expression of a compensatory mechanism for the
subcortical dysfunction causing fatigue.

Transcranial magnetic stimulation (TMS) is a non-invasive
brain stimulation technique that can be used to explore
the contribution of the different structures of the CNS to
fatigue generation. Indeed single-pulse TMS allows evaluating
the functionality of the corticospinal tract by recording the
amplitude and the latency of motor-evoked potentials (MEP),
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while paired-pulse TMS provides insight into the cortico-cortical
connections. Moreover, repetitive TMS (rTMS) protocols are
known to induce short- and long-term modifications of cortical
excitability, thus reflecting plasticity changes at the cortical level.

In healthy subjects, MEP amplitude increases during a
fatiguing exercise and reduces after its end (35). In MS patients,
results are more variable because some studies reported a
decrease of MEP amplitude similar to healthy subjects (36,
37), while others reported an increase (19, 38) or no changes
(39). Also, in the premovement phase, a significant lack of
MEP facilitation after a sustained motor task was shown in
fatigued PwMS compared to controls and not-fatigued patients
(40, 41), suggesting a disruption of the brain networks involved
in motor preparation which has been correlated to structural and
functional changes in frontal-thalamic pathways (41).

Different paired-pulse TMS studies have demonstrated,
in healthy subjects, physiological modifications of cortical
excitability as a result of fatigue development. Paired-pulse
TMS protocols are used to test different cortical circuits
(42) and include short-interval cortical inhibition (SICI) (43),
a protocol related to inhibitory gamma-aminobutyric acid
(GABA)-A interneurons, in which a subthreshold conditioning
first pulse inhibits the response to a suprathreshold second
pulse delivered 1–5ms later (44); intracortical facilitation (ICF)
(45), linked to glutamatergic intracortical circuits in which a
subthreshold conditioning first pulse enhances the response to
a suprathreshold second pulse delivered 7–20ms later (46); and
late intracortical inhibition (LICI) (47), mediated by GABA-
B receptors in which two suprathreshold pulses at long-
interstimulus intervals of 50–200ms are delivered (48). Benwell
et al. (49) showed that SICI initially increases and then decreases
as force declines during a fatiguing exercise involving the first
dorsal interosseous (FDI) muscle. Similarly, Maruyama et al.
(50) found a transient reduction of SICI in FDI muscle after
isometric contractions, while there was no change in ICF. By
contrast, Hunter et al. (51) likewise found a reduction of SICI,
while ICF decreased during a sustained submaximal voluntary
muscle contraction. Besides that, changes of ICF or SICI seem
to depend also on the type of fatiguing motor task used in
the experimental protocol—for instance, being different during
handwriting compared to isometric finger abduction (52).

In PwMS, different alterations in cortical excitability
parameters have been described. Liepert et al. (37) found that,
compared to healthy controls and to PwMS without fatigue, SICI
was reduced in PwMS with fatigue, already at baseline, before the
fatiguing exercise. In contrast, Morgante et al. (40) found similar
values of SICI and ICF in PwMS with and without fatigue and in
healthy controls, while Chalah et al. found a significant reduction
of SICI in non-fatigued compared to fatigued PwMS and no
significant difference in ICF and other TMS measures (53).

Another neurophysiological measure which can be assessed
through TMS is the cortical silent period (CSP) that is an
interruption of the voluntary muscle contraction after a TMS
pulse over the contralateral motor cortex and is thought to be
mediated by GABA-B inhibitory neurotransmission, (54). CSP
duration in PwMS predicted fatigue and was associated with poor
cardiovascular fitness (55).

Several studies have investigated the changes of cortical
plasticity of PwMS through rTMS protocols (56, 57), but only a
few of them have explored their role in fatigue pathogenesis.

Morgante et al. (40) found that PwMS have reduced plasticity
demonstrated by the lack of MEP increase after the 5-Hz
rTMS protocol, without any difference between fatigued and
not-fatigued patients. Conte et al. (58) found instead that,
during an attention-demanding task, the response to 5-Hz rTMS
and paired associative stimulation (PAS)—a neuromodulatory
protocol consisting of repetitive peripheral nerve stimulation
combined with TMS over the contralateral motor cortex (59)—
significantly differs between PwMS with or without fatigue.
Indeed in fatigued patients both PAS and 5-Hz stimulation did
not produce the expected changes in cortical excitability, while
in not-fatigued patients they both increased the MEP response,
although less efficiently than in healthy subjects.

TMS techniques do not allow a complete evaluation of
brain subcortical structures, the role of which seems to be
crucial in fatigue generation. In a recent study, Capone et al.
(60) evaluated how high-frequency oscillations (HFOs)—a
burst of fast oscillations that overlies the cortical response
of median nerve somatosensory-evoked potentials—are
influenced by a fatiguing exercise in a cohort of 15 PwMS
and 15 healthy controls. They showed a significant change
of the early component of HFOs, reflecting the possible
primary role played by the thalamus in the pathogenesis of
MS-related fatigue, while the latter component reflects that the
cortico-cortical network activity in the somatosensory cortex
was not modified significantly. Furthermore, increasing
evidence from neuroimaging studies is supporting the
hypothesis that the thalamus is a key player in fatigue
generation (6).

Fatigue is a complex symptom involving both cognitive
and motor domains and multiple factors, in addition to
sensorimotor dysfunction as assessed by EEG and EPs,
which can contribute to its pathogenesis and/or exacerbate
its manifestations (demographics, comorbidity, genetics, diet,
exercise, depression, cognitive impairment, pain, and sleep
disorders) (6). Neurophysiology can also play an important role
in defining and quantifying some of these factors. For instance,
event-related potentials (ERP) could be a useful tool to investigate
themechanisms involved in the pathogenesis of cognitive fatigue.

Pokryszko-Dragan et al. found that fatigued PwMS have
worse cognitive performances and delayed latency in the P300
component of the auditory ERP and also in the early stage of the
disease. These results were confirmed by Chinnadurai et al. (61)
in a sample of 50 PwMS using a modified version of auditory
ERP. However, a recent study by Lazarevic et al. (62) did not
find any effect of depression and fatigue on the ERP parameters.
Thus, further research is needed to clarify the role of ERP in the
assessment of cognitive impairment in PwMS.

It has been demonstrated that sleep disorders such as
obstructive sleep apnea (63), restless leg syndrome (64, 65),
periodic limbmovements (66), and rapid eyemovement behavior
disorders (67) are more frequent in PwMS than in the general
population and can contribute to the development of motor
(2) and cognitive fatigue (68). In all these disorders, overnight
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polysomnography is essential to make a diagnosis and to quantify
the consequent reduction of sleep efficiency (69).

Moreover, the disease itself can produce pathological and
functional modifications in the CNS that alter the restorative
sleep capacity and thus exacerbate fatigue perception. This
phenomenon was investigated by Bridoux et al. using TMS
for assessing the reduction of MEP amplitude induced by an
exercise (post-exercise corticomotor depression or PECD). They
demonstrated that, in healthy subjects, sleep enhances recovery
from PECD, while in PwMS, the restorative effect of sleep is
reduced or lost (70).

Autonomic dysfunction is very common among PwMS and
can occur since the earliest stages of the disease. It is mainly
caused by demyelinating lesions located in the periventricular
region of the fourth ventricle, in the brainstem, and in the
spinal cord (69). Autonomic dysfunction can produce different
symptoms affecting the bowel, the bladder, the heart, and the
blood vessels.

The functionality of the autonomic nervous system can
be tested by the Quantitative Sudomotor Axon Reflex testing
(71) and the study of cardiovascular parameters such as blood
pressure and heart rate response to Valsalva maneuver, heart rate
variability during deep breathing, and blood pressure and heart
rate changes during tilt test (72).

In particular, cardiac autonomic dysfunction has been
associated to fatigue in PwMS (73), but the mechanisms and
significance of this association remain unclear.

Some authors have hypothesized that MS-related fatigue is
caused by a sympathetic vasomotor dysfunction with a normal
parasympathetic activity (74–76).

On the contrary, other studies found that fatigued PwMS have
a reduction in vagal activity compared to controls (77–79).

Recent evidence suggests that pupillometry could be an
alternative method to evaluate the involvement of the autonomic
nervous system in PwMS. Indeed the pupil size depends
on the balance between the sympathetic and parasympathetic
components of the autonomic nervous system. For instance, de
Rodez Benavent et al. (80) investigated the changes in pupil
size during problem-solving in MS patients (with and without
fatigue) vs. controls. They found that MS-related changes in
cognition and fatigue could be associated with changes in the
autonomic regulation of task-related pupillary responses.

Taken together, the neurophysiologic data demonstrated that
MS-related fatigue seems to have a central origin. The changes in
EMG parameters, described in MS patients (32, 33), are thought
to be more a consequence of alterations in CNS structures
rather than a primary determinant of fatigue. However, it
cannot completely be ruled out that such changes could be
the epiphenomenon of peripheral alterations occurring at the
neuromuscular level.

Neuroimaging studies (60, 81, 82) demonstrated that the
main pathogenic substrate of MS-related fatigue could be a
dysfunction of the circuits between the thalamus, the basal
ganglia, and the cortex, and neurophysiological findings support
this hypothesis. Indeed single-pulse TMS studies demonstrated
that in MS patients the pathogenesis of fatigue is not driven by
mechanisms directly related to corticospinal functioning but is

due to alterations in structures located upstream to the primary
motor cortex (39). In particular, both EEG (34) and TMS studies
(37, 40, 58) pointed out the role of cortical areas involved in
movement preparation and attention. For instance, Sandroni
et al. (83) found that, in PwMS, fatiguing tasks are associated
with a change in ERP without significant modifications in MEP
parameters, thus suggesting that fatigue affects neural processes
acting after stimulus evaluation and before the activation of the
primary motor cortex.

More recently, Capone et al. (60) explored the contribution of
the thalamus by means of HFOs obtained from the median nerve
SEP, demonstrating that a dysfunction of the thalamo-cortical
axons contributes to fatigability in MS patients.

Although CNS functional alterations are consistently
reported by neurophysiological studies, their significance
remains largely unknown because they were considered by
some authors as pathogenic factors (40) and by others as the
epiphenomena of adaptive processes (60). According to the
first hypothesis, neurophysiologic techniques measure the
change in the activity of CNS networks caused by the MS-
related damage of gray and white matter. On the other side,
according to the alternative hypothesis, this damage produces
compensatory/adaptive mechanisms that can be recorded by
means of neurophysiological techniques.

More broadly, several structural and functional abnormalities
in various cortico-subcortical neural networks (e.g., fronto-
striatal network, cortico-striato-thalamo-cortical loop) occur
during MS as a result of inflammation, neurodegeneration, and
compensatory neuroplasticity processes. From this perspective,
the development of fatigue could depend on the dynamic balance
between damage and restorative processes during the disease’s
course (8). Indeed the latter can be predominant in the initial
phase of the disease, thus masking the clinical occurrence
of fatigue, while, later on, the damage could prevail so that
patients experience clinically relevant fatigue. Accordingly, the
heterogeneity in the results of neurophysiological studies can
depend on the stage of the disease in which the recording has
been done.

Interestingly, the neurophysiological markers of fatigue at
different levels, such as changes in EMG parameters (33), in
HFO features (60), or in cortical plasticity (40), can also be
observed in MS patients without fatigue. This finding could
suggest that an impairment in fatigability mechanisms (expressed
by neurophysiological alterations) does exist in MS since the
earliest phases of the disease, independently from the level of
fatigue in everyday life measured through questionnaires. This
is not surprising because fatigue is a multifactorial and complex
symptom, and different factors, in addition to thalamo-cortical
dysfunction, could be necessary to make it clinically relevant.

MS can cause extensive damage of the CNS, so it is not
surprising that autonomic nervous system involvement or subtle
alterations of cognitive functioning may occur at any stage of the
disease. Thus, these are other factors that need to be considered
as potential players in fatigue generation, but evidences are not
unambiguous. Sleep disorders should also be taken into account
since the impairment of a restorative process can exacerbate—or
even be one of the main generators— fatigue (2, 68, 70).
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Longitudinal studies involving patients at different
stages of the disease (from clinically isolated syndrome
to advanced progressive MS) and investigating possible
factors involved in fatigue perception (such as genetics,
comorbidity, cognitive impairment, depression, and sleep
disorders) could contribute to corroborate such hypothesis.
In Table 1, we have summarized the studies that have
used neurophysiological techniques for investigating
fatigue pathogenesis.

NEUROPHYSIOLOGY FOR MONITORING
THE RESPONSE TO THERAPIES FOR
FATIGUE

The most frequently used pharmacological treatments for
fatigue are amantadine, 4-aminopyridine, and modafinil. The
non-pharmacological interventions include physical (e.g.,
aerobic exercises, resistance training, yoga, and tai-chi) and
psychological/cognitive approaches (e.g., cognitive behavioral
therapy, education programs, and mindfulness interventions).
However, evidence supporting the efficacy of these interventions
is still preliminary and, sometimes, conflicting (87).

Amantadine is an antiviral agent firstly introduced to
prevent and treat flu viruses. Animal models have shown
that amantadine induces the release of dopamine from nerve
endings (88). Moreover, one clinical trial has shown an
increased level of beta-endorphin and beta-lipoprotein after
amantadine assumption, with clear clinical improvement (89).
The real mechanism of action of amantadine as fatigue therapy
is not yet clear, but the fact that amantadine acts as a
dopaminergic factor supports the dopamine imbalance theory
for fatigue generation (90). One relevant study, addressing the
neurophysiological effects of amantadine in MS-related fatigue,
was conducted by Santarnecchi et al. (91). They found that
chronic treatment with this drug improves clinical fatigue
(assessed through questionnaires) and restores GABAergic
inhibitory mechanisms in the motor cortex of PwMS, as
indicated by the normalization of CSP in basal condition
and by the reduction of CSP duration after a fatiguing task.
Reis et al. (92) evaluated the effect of a single dose of
amantadine on human motor cortex excitability in healthy
subjects. They showed that a single dose of amantadine
significantly decreases ICF and increases LICI in the motor
cortex. MEP recruitment curves, motor thresholds, and duration
of CSP remained unchanged after treatment. These data
suggested that a single dose of amantadine is able to modulate
motor cortex excitability, possibly involving GABAergic and
glutamatergic neurotransmission.

Another drug, tested for MS-related fatigue, was modafinil,
a central alpha-adrenergic agonist approved for the treatment
of attention-deficit hyperactivity disorder and narcolepsy. Lange
et al. (93) reported a significant improvement of fatigue
questionnaire scores and in the nine-hole peg test, after modafinil
administration, in a group of 21 PwMS. Furthermore, they tested
different TMS protocols before and after 8 weeks of treatment,

showing an increase of MEP size by paired pulse TMS, in the
modafinil group.

Nagels et al. (94) evaluated visual- and auditory-evoked
potentials (EP) for predicting the response tomodafinil treatment
(100mg, once daily, for 4 weeks), in 33 PwMS with fatigue. They
found that the latency of auditory P300 predicted the treatment
response with a good specificity and sensitivity. In particular, a
shorter latency at baseline was associated with a better response
to modafinil treatment.

In order to better clarify the mechanisms of action of
modafinil in fatigue relief, Niepel et al. (76) investigated the
effect of a single dose (200mg) of modafinil on measures of
alertness and autonomic function in fatigued PwMS compared
to not-fatigued PwMS and healthy controls.

They found that fatigued patients had a reduced level of
alertness and cardiovascular sympathetic activation compared to
the other two groups, and modafinil was able to reverse these
deficiencies. On the basis of these findings, they hypothesized that
the anti-fatigue effect of modafinil was related to the activation of
the noradrenergic locus coeruleus (76).

Despite these interesting data, at present, there is no
indication, in clinical practice, for the use of modafinil for
fatigue relief.

Potassium channel blockers—e.g., 4-aminopyridine (4-AP)—
belong to a group of drugs able to restore conduction propriety in
demyelinating axons as shown in animal models (95). Different
trials have also explored the central effect of 4-AP, speculating
on a potential role in optimizing neurotransmitter release at
the synaptic level (dopamine, acetylcholine, noradrenaline, and
serotonin). This latter hypothesis is supported by the observation
of an increase BOLD signal during a motor task following a 3,4-
diaminopyridine administration compared with a placebo dose
assumption (96).

Sheean et al. (97) evaluated changes in TMS-evoked
corticospinal excitability parameters in eight PwMS with fatigue
before and after treatment with 3,4-diaminopyridine. The motor
performance of adductor pollicis muscle was evaluated by
TMS, rapid voluntary movements, and a fatiguing exercise
test consisting of a sustained isometric contraction. After 3
weeks, fatigue was significantly reduced but neurophysiological
parameters (central motor conduction time andMEP amplitude)
did not change in the treated patients compared to the
untreated ones. These findings suggest that the effect of 3,4-
diaminopyridine on fatigue could be linked with mechanisms
and structures other than corticospinal tract functionality.
Moreover, methodological factors should be considered in the
interpretation of these results. Indeed only upper limbs spared
from the disease were evaluated, thus representing a major
limitation of the study.

More recently, Marion et al. designed a randomized double-
blind placebo-controlled trial to investigate the effect of
modified-release 4-aminopyridine (fampridine) on upper limb
function, fatigue, and several neurophysiological parameters
such as visual-evoked potentials (latency and amplitude),
somatosensory-evoked potentials (latency and amplitude),
motor-evoked potentials (latency), central motor conduction
time, resting motor threshold, MEP recruitment curves, and
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TABLE 1 | Neurophysiological studies exploring the pathogenic mechanisms of fatigue in PwMS.

References Neurophysiologic

technique

Sample

size

Sample composition Main findings

Steens et al. (22) EMG 20 PwMS

+ 20 HCs

20 patients (RR); age range: 20–58 years;

EDSS <5.5

Positive correlation between fatigue perception and the

decline of MCV during a sustained contraction

Rice et al. (17) EMG 4 PwMS +

16 HCs

4 patients (SP, RR); age range: 28–53 years;

mean EDSS 4.6

PwMS present lower values of MVC

Sheean et al. (18) EMG 21 PwMS

+ 19 HCs

21 patients (RR; SP, PP); age range: 26–55

years; mean EDSS: 2–8

PwMS present lower values of MVC

Perretti et al. (19) MEP 41 PwMS 41 patients (RR), on IFN b1a treatment; age

range: 30.7 ± 8.8; EDSS: 3.2 ± 0.5; divided

into fatigued and not-fatigued

MS patients do not have TMS MEP depression following

fatiguing exercise, while post-exercise MEP facilitation

was similar to that seen in normal subjects

Steens et al. (22) EMG 20 PwMS

+ 20 HCs

20 patients; age range: 21–58 years; EDSS ≤ 5 Decrease of voluntary activation during fatiguing exercise

in PwMS in comparison to HC

Wolkorte et al. (23) EMG 45 PwMS

+ 25 HCs

45 patients (RR, SP); age range: 20–65 years;

EDSS: 0–7

Compared to controls, the SPMS patients had reduced

voluntary activation during brief and sustained

contractions.

Eken et al. (32) EMG 8 PwMS +

10 HCs

8 patients (RR, SP, PP); age range: 49±9

years; EDSS: 1–6

Prolonged walking produces a significant decrease of

EMG median frequency and an increase of root mean

square EMG signal of the soleus muscle

Severijns et al. (33) EMG 16 PwMS

+ 16 HCs

16 patients (RR, SP, PP); age range: 55 ± 8

years; mean EDSS: 6; divided into fatigued and

not-fatigued

PwMS with hand grip weakness, experience a larger

increase in fatigue compared to PwMS with normal hand

grip strength

Leocani et al. (34) EEG 33 PwMS

+ 14 HCs

33 patients; EDSS < 1.5; divided into fatigued

(age: 33 ± 8 years) and not-fatigued (age: 32 ±

6 years)

In PwMS, FSS correlated positively with ERD over

midline frontal structures during movement and inversely

with contralateral sensorimotor ERD after movement

Petajan and White

(36)

MEP 32 PwMS

+ 10 HCs

32 patients; divided into 2 subgroups: patients

without weakness of upper limbs (age: 44 ±

10.3 years) and patients with weakness of

upper limbs (age: 42.9 ± 9.9 years)

Decrease of MEP amplitude similar to HCs

Liepert et al. (37) MEP 16 PwMS

RR + 6

HCs

16 patients, divided in 2 subgroups: fatigued

(FSS > 4, mean EDSS: 3.1); not-fatigued (FSS

< 4, mean EDSS: 2.9)

Decrease of MEP amplitude similar to HC; in fatigued

patients, SICI was reduced at baseline

Thickbroom et al.

(38)

MEP 10 PwMS

+ 13 HCs

10 patients (RR); age range: 33–64 years;

EDSS ≤ 4; MRC grade ≥ 4/5

Increase of MEP amplitude in PwMS compared to HC

Mordillo-Mateos

et al. (39)

MEP 17 PwMS

+ 16 HCs

17 patients (RR; SP); mean age: 36.3 ± 9.5

years; mean EDSS: 5

No changes in MEP amplitude in the two groups

Morgante et al.

(40)

MEP 33 PwMS 33 patients (RR), divided into 2 subgroups:

fatigued (mean age 38 ± 9.4 years; mean

EDSS 1.6 ± 0.6) and not-fatigued (mean age

41.1 ± 10.9 years; mean EDSS 1.8 ± 0.6)

PwMS with fatigue lacked pre-movement facilitation

compared to PwMS without fatigue and HC

Conte et al. (58) 5Hz rTMS, PAS 25 PwMS

+ 18 HCs

25 patients (RR); EDSS < 3.5; divided into 2

subgroups, fatigued (mean age 41.3 ± 7.7

years; mean EDSS 1) and not-fatigued (mean

age 38.3 ± 8.4 years; mean EDSS 1.1)

In non-fatigued patients, PAS and rTMS increased the

MEP response; in fatigued patients, they did not produce

changes in cortical excitability

Capone et al. (60) SEP, HFO 15 PwMS

+ 15 HCs

15 patients (RR); mean age: 42.1 years; mean

EDSS 1

Fatiguing task induces a change in the early component

of HFOs in PwMS

Russo et al. (41) MEP 24 PwMS

+ 10 HCs

24 patients (RR), age range: 18–65 years;

EDSS ≤ 2.5

Premovement facilitation is reduced in fatigued PwMS

Russo et al. (84) MEP 30 PwMS 30 patients (RR); mean age: 24–63 years;

EDSS < 3.5; divided into 2 subgroups,

fatigued and not-fatigued

Fatigue is associated with a disruption of brain networks

involved in motor preparation processes, depending on

frontal-thalamic pathways

Chalah et al. (53) MEP 38 PwMS 38 patients (RR, PP, SP); age range: 34–67

years; EDSS: 3–6.5; divided into 2 subgroups,

fatigued and not-fatigued

Fatigued patients had higher depression, anxiety,

alexithymia scores, higher SICI, larger caudate nuclei,

and smaller left parietal cortex.

Chaves et al. (55) MEP 82 PwMS 92 patients (RR; PP, SP); mean age: 47.40 ±

10.2 years; EDSS 2.04 ± 1.

Longer CSP predicted worsened fatigue in PwMS

Pokryszko-Dragan

et al. (85)

ERP 86 PwMS

+ 40 HCs

86 patients (CIS; RR; SP); age range: 19–60

years; EDSS: 1–6.5; divided into 3 groups: not

fatigued, moderately fatigued, severely fatigued

Fatigued PwMS have worse cognitive performances and

delayed latency in P300 component of auditory ERP

(Continued)
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TABLE 1 | Continued

References Neurophysiologic

technique

Sample

size

Sample composition Main findings

Pokryszko-Dragan

et al. (86)

ERP 44 CIS +

45 HCs

44 patients (CIS); age range: 21 – 48 years;

EDSS: 1–2

N200 latency was correlated with fatigue.

Chinnadurai et al.

(61)

ERP 50 PwMS

+ 50 HCs

50 patients (RR; PP; SP); age range: 13–66

years; EDSS: 1–9

Clinical measures of cognitive fatigue were correlated

with the neurophysiological measures (ERP)

Lazarevic et al.

(62)

ERP 81 PwMS

+ 32 HCs

81 patients (RR); age: 41.09 ± 8.72 years;

EDSS: 0–7; divided in two groups: fatigued and

not fatigued

Depression and fatigue have no effect on ERP amplitude

and latency

Bridoux et al. (70) MEP 30 PwMS

+ 15 HCs

12 fatigued patients (RR; SP); mean age: 44 ±

3 years; EDSS: 1–3.5

In PwMS, sleep does not enhance motor recovery from

PECD following a fatiguing exercise

Lebre et al. (74) ANS testing 50 PwMS 50 patients (RR); mean age 37 years; EDSS <

3.5; divided in two subgroups: fatigued and

not-fatigued

Loss in the capacity to increase the blood pressure in

patients with fatigue, suggesting a sympathetic

dysfunction

Flachenecker et al.

(75)

ANS testing 60 PwMS

+ 36 HCs

60 patients (RR); mean age 41.5 ± 9.9 years;

mean EDSS 3.0; divided in two subgroups:

fatigued and not-fatigued

The median HR response to standing (HR-Post30/15)

was significantly reduced, and BP-Grip tended to be

lower in pwMS compared to HCs.

Niepel et al. (76) Sleep study 26 PwMS

+ 9 HCs

26 patients (RR; SP; PP); divided in 2

subgroups, fatigued (FSS > 5; age range 49.4

± 9.2 years) and not-fatigued patients (FSS <

4.0; age range 41.8 ± 13.1 years)

Fatigue patients showed evidence of reduced level of

alertness on a number of subjective and objective

measures of alertness, in contrast to non-fatigued MS

patients and HCs

Keselbrener et al.

(77)

ANS testing 10 PwMS

+ 10 HCs

10 patients; age: 22–58 years; FSS > 3.5 Fatigued PwMS showed a reduction in vagal activity

which was more marked than in the control subjects

Heesen et al. (78) ANS testing 23 PwMS

+ 25 HCs

23 patients (RR; SP); mean age: 40.13 ± 2.23

years; mean EDSS 2.36 ± 0.36. 14 patients on

DMD (8 interferon, 5 glatiramer acetate, 1

azathioprine)

Cognitive stress induces IFNγ production in HC but not

in MS patients with fatigue. Reduced cardiac response

might indicate an autonomic dysfunction in PwMS.

Sander et al. (79) ANS testing 53 PwMS 53 patients (RR, SP, PP); mean age: 50.1 ± 8.7

years; mean EDSS 3.3 ± 1.7

Reduced responsiveness and high- and

very-low-frequency components of HR variability,

indicating an increased parasympathetic activity

de Rodez

Benavent et al.

(80)

ANS (pupillary

response)

49 PwMS

+ 46 HCs

49 patients (RR); age range: 18–50 years;

mean EDSS 1.9 ± 0.8

MS-related changes in cognition and fatigue could be

associated with changes in the autonomic regulation of

task-related pupillary responses

EMG, electromyography; PwMS, people with multiple sclerosis; HCs, healthy controls; RR, relapsing–remitting; PP, primary progressive; SP, secondary progressive; EDSS, expanded

disability status scale; MVC, maximum voluntary contraction; MEP, motor-evoked potentials; IFN, interferon; TMS, transcranial magnetic stimulation; EEG, electroencephalography;

ERD, event-related desynchronization; FSS, fatigue severity scale; SICI, short-interval intracortical inhibition; PAS, paired associative stimulation; rTMS, repetitive transcranial magnetic

stimulation; SEP, somatosensory-evoked potentials; HFO, high-frequency oscillations; CSP, cortical silent period; CIS, clinically isolated syndrome; PECD, post-exercise cortical

depression; ERP, event-related potentials; ANS, autonomic nervous system; HR, heart rate; BP, blood pressure; MS, multiple sclerosis.

paired-pulse TMS protocols. They found that fampridine (10mg
bd, for eight consecutive weeks) did not produce significant
changes in upper limb function, fatigue, and neurophysiological
parameters (98).

Over the last years, various studies have demonstrated
that neurophysiology can be helpful in measuring and
predicting response to treatment. However, the results
are not definitive since data are scarce and sometimes not
conclusive. Studies greatly differ from each other in variables
such as outcome measures, treatment and follow-up duration,
neurophysiological techniques, and clinical features of patients.
Moreover, to the best of our knowledge, no study has evaluated,
through neurophysiological tools, the effectiveness of non-
pharmacological interventions such as physical, psychological,
and cognitive approaches. Anyway, it still seems reasonable to
assume that neurophysiology can have a role in monitoring the
response to fatigue treatment, and more studies on the matter
are warranted.

In Table 2, we have summarized the studies that have used
neurophysiological techniques for monitoring the treatment for
fatigue in PwMS.

NEUROPHYSIOLOGY AS INNOVATIVE
TREATMENT FOR FATIGUE IN MS
PATIENTS

Neurophysiological studies are being carried out not only
to identify objective and measurable markers of fatigue, as
previously illustrated, but also to find neuromodulation protocols
able to reduce this disabling symptom.

NIBS approaches are playing a major role in this research
setting, following a large neurophysiological evidence of central
abnormalities in PwMS with fatigue (34, 39, 56, 99).

In Table 1, the results of a MEDLINE research on sham-
controlled NIBS studies for the treatment of fatigue in PwMS
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TABLE 2 | Neurophysiological studies for monitoring response to therapies for fatigue in PwMS.

References Therapy Neurophysiologic

technique

Sample

size

Sample composition Main findings

Santarnecchi

et al. (91)

Amantadine MEP, EMG for

CSP study

10

PwMS +

10 HCs

10 patients (RR; SP); age range:

24–44 years; mean EDSS: 2.1 ± 1.4

Normalization of CSP in basal

condition and a reduction of CSP

duration after the fatiguing task

Reis et al. (92) Amantadine, single dose MEP, EMG for

CSP, SICI, LICI

14 HCs 14 healthy volunteers; mean age: 25

± 2.8 years

A single dose of amantadine was able

to modulate motor cortex excitability

(decreases ICF and increases LICI in

M1)

Lange et al.

(93)

Modafinil, 100 mg/day for

the first week and 200

mg/day for subsequent 7

weeks vs. placebo

MEP 21

PwMS

21 patients, FSS ≥ 36, EDSS < 7.0;

divided into 2 subgroups: treated

(mean age: 42.6 ± 9.7 years; mean

EDSS; 3.1 ± 0.6) and placebo (mean

age: 44.1 ± 12.1 years; mean EDSS:

3.2 ± 1.1)

Increase MEP size by paired pulse

TMS in the modafinil group

Nagels et al.

(94)

Modafinil, 100mg, once

daily, for 4 weeks

ERP 33

PwMS

33 fatigued patients (RR; SP; PP);

mean age: 43 ± 2 years; mean

EDSS: 5

A shorter P300 latency at baseline

was associated with a better

response to modafinil treatment

Sheean et al.

(97)

3,4- diaminopyridine MEP 8 PwMS 8 patients (RR; SP; PP); mean age:

39 years; mean EDSS: 6

After treatment, fatigue was

significantly reduced but the

neurophysiological parameters

(central motor conduction tip and

MEP amplitude) did not change

4-AP vs. fluoxetine SEP, MEP 60

PwMS

60 patients (RR); age range: 18–50

years; mean EDSS: 5.5; divided into 2

subgroups: fatigued (mean EDSS: 3.3

± 2.5) and not-fatigued (mean EDSS:

3.1 ± 2.3)

Significant reduction of the fatigue

questionnaire scores, with a greater

reduction for the 4-AP subgroup

Marion et al.

(98)

4-aminopyridine, 10mg bd,

for 8 consecutive weeks vs.

placebo

VEP, SEP, MEP 40

PwMS

40 patients (RR; SP; PP); mean age:

52 years; mean EDSS: 6.0

Fampridine did not produce

significant changes in upper limb

function, fatigue, and

neurophysiological parameters

MEP, motor evoked potentials; EMG, electromyography; CSP, cortical silent period; PwMS, people with multiple sclerosis; HCs, healthy controls; RR, relapsing–remitting; PP, primary

progressive; SP, secondary progressive; EDSS, expanded disability status scale; SICI, short interval intracortical inhibition; LICI, long-interval intracortical inhibition; TMS, transcranial

magnetic stimulation; ERP, event-related potentials; SEP, somatosensory-evoked potentials; VEP, visual-evoked potentials.

is presented, and the stimulation parameters are described for
each study.

Transcranial direct current stimulation (tDCS) is the NIBS
technique mostly used so far (cf. Table 1). It is classically
assumed that tDCS can modulate human brain activity with
effects that could outlast the period of stimulation by inducing
a subthreshold shift of the resting membrane potential toward
depolarization (anodal tDCS) or hyperpolarization (cathodal
tDCS) (15). Beyond local effects, connectional (axonal) and
non-neuronal effects have also been described (15). The tDCS
mechanisms of action are still incompletely understood; an
effect on calcium-dependent synaptic plasticity of glutamatergic
neurons and a local reduction in GABA neurotransmission have
been hypothesized (15).

Anodal tDCS applied to the motor cortical areas reduced
motor fatigue in healthy subjects (100, 101). In patients with MS-
related fatigue, anodal tDCS has been used with variable effects,
depending on the parameters of stimulation and the clinical
characteristics of the patients included in the studies.

As shown in Table 1, different targets have been stimulated by
anodal tDCS. The evidence of functional alterations in the frontal
areas in PwMS with fatigue (8) focused the attention of some

researchers on the stimulation of the left dorsolateral prefrontal
cortex (DLPFC).

Among these studies, negative results were reported by Saiote
et al. (102) and Ayache et al. (103). Some methodological factors
such as the wash-out duration and the stimulation intensity
(102), the stimulation duration, and the heterogeneity of the
population included (103) could have played a role in these
results. Other three studies reported positive results on fatigue
after anodal tDCS was applied over the left DLPFC (104–106).
Among these, worthy of note are the use of a remotely supervised
tDCS system in combination with a computer-based cognitive
training (105) and the use of objective outcome measures, such
as the P300 evoked potential and the reaction time (106). The
application of anodal tDCS to the motor cortex bilaterally (107)
and to the right parietal cortex (108) also gave a preliminary
evidence of efficacy.

The group of Tecchio et al. focused on a personalized anodal
tDCS approach targeting the whole-body primary somatosensory
areas (S1) bilaterally, following the evidence of S1 reduced
excitability and M1 hyperexcitability in PwMS with fatigue (109–
112). They used a tailored procedure with personalized electrodes
based on the patients’ brain MRI located in place through an
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TABLE 3 | Sham-controlled NIBS studies for the treatment of MS-related fatigue.

References Anode:

location

dimensions

Cathode:

location

dimensions

Stim

duration

stim

intensity

Efficacy Fatigue

evaluation

methods

Study

design

Sample

size and

MS

subtype

Sample

composition

(values

expressed as

mean ± SD,

when available)

Adverse

effects

1) Anodal Tdcs

Saiote

et al.

(102)

Left DLPFC

5 × 7 cm

Right

forehead

6 × 15 cm

20

min/day,

5 days

1mA

No - FSS

- MSFSS

- MFIS

Crossover,

sham-

controlled

(2-week

wash-out)

13

RR

Clinically definite

MS (121)

Age: 46.9 ± 6.8

EDSS: 3.5 ± 4.0

FSS: 5.67 ± 2.47

MFIS: 47 ± 31

Tingling, light

headache

Ayache

et al.

(103)

Left DLPFC

25 cm2

Right

supraorbital

region 25 cm2

20

min/day,

3 days

2mA

No MFIS

(secondary

outcome)

Crossover,

sham-

controlled

(3-week

wash-out)

16

(11RR,

4SP,

1PP)

Clinically definite

MS (121) and

history of

neuropathic pain

with VAS >40

Age: 48.9 ± 10

EDSS: 4.25 ± 1.4

MFIS: 52.6 ± 12.2

Insomnia,

nausea,

severe

headache,

phosphenes

Chalah

et al.

(104)

a) Left DLPFC

25 cm2

b) Right PPC

25 cm2 in

different

blocks

a) Right

supraorbital

region 25

cm2 b) Cz

(EEG 10-20

system) 25

cm2

20

min/day,

5 days

2mA

a) Yes (on

FSS and on

MFIS physical

and

psychosocial

subscales)

b) No

- FSS

- MFIS

- VAS

Crossover.

sham-

controlled

(3-week

wash-out)

10 (9 RR,

1 SP)

Clinically definite

MS (121)

Age: 40.50 ±

11.18

EDSS: 2.3 ± 2.5

FSS: 6.5 ± 3.8

a) None b)

Insomnia,

headache

Charvet

et al.

(105)

Left DLPFC

5 × 5 cm

Right DLPFC

5 × 5 cm

Remotely

supervised

tDCS

combined

with

computer-

based

cognitive

training

20

min/day,

20 days

over 4

weeks

From 1.5

to 2mA

YES - FSS

- PROMIS-

fatigue

short form

- VAS

Randomized,

sham-

controlled

27 (15

active of

which

40% RR,

12 sham

of which

58% RR)

Clinically definite

MS Active group

(n = 15):

- age: 44.8 ±

16.2

- EDSS: 6.0

(range 0.0–7.0)

- FSS (%clinical

fatigue): 50

Sham group (n =

12):

- age: 43.4 ±

16.2

- EDSS: 3.5

(range 0.0–8.5)

- FSS (%clinical

fatigue): 76

Tingling,

itching,

burning, head

pain, difficulty

concentrating

Fiene

et al.

(106)

Left DLPFC

5 × 5 cm

Right

shoulder

5 × 7 cm

Single

session

of 27.29

±

1.15min

(10min

tDCS

only,

20min

tDCS

during

testing)

1.5mA

Yes

(on P300

amplitude

and RT, not

on subjective

fatigue)

- P300

amplitude

and latency

during an

auditory

oddball task

- simple RT in

an alertness

test

Crossover,

sham-

controlled

(1-week

wash-out)

15 (14

RR, 1

SP)

Clinically definite

MS (121) with a

minimum of 9

points on the

cognitive subscale

of the WEIMuS

age: 43.20 ±

14.97

EDSS: 3.54 ±

1.94

WEIMuS physical:

19.73 ± 5.70

itching

(Continued)
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TABLE 3 | Continued

References Anode:

location

dimensions

Cathode:

location

dimensions

Stim

duration

stim

intensity

Efficacy Fatigue

evaluation

methods

Study

design

Sample

size and

MS

subtype

Sample

composition

(values

expressed as

mean ± SD,

when available)

Adverse

effects

- subjective

fatigue via a

10-point

numerical

rating scale

and

objective

fatigue

(e.g.,

WEIMuS

physical)

Ferrucci

et al.

(107)

Bilateral

motor cortex

5 × 7 cm

Right deltoid

5 × 7 cm

15

min/day,

5 days

1.5mA

Yes (n23, 15

responders)

FIS Crossover,

sham

controlled

(1-month

wash-out)

25 (22

RR, 3

SP)

Clinically definite

MS (121)

Responders (n =

15):

- age: 40.3 ± 2.3

- EDSS: 3 ± 0.4

- FIS anodal: 59.5

± 7.1

- FIS sham: 49.8

± 7

Non-responders (n

= 8):

- age: 52.5 ± 4.1

- EDSS: 3.8 ± 0.7

- FIS anodal: 58.5

± 10.7

- FISsham: 61

± 11.4

Skin reaction

Tecchio

et al.

(112)

Whole-body

bilateral

somatosensory

cortex

Custom-sized

S1 electrode

using

individual

brain MRI

data 35 cm2

Oz (EEG

10–20

system)

7 × 10 cm

15

min/day,

5 days

1.5mA

Yes MFIS Crossover,

sham-

controlled

(washout

individually

calculated by

MFIS

compared to

baseline)

10 (7 RR,

1 SP, 2

PP)

MS in a mild state

(EDSS < 3.5) with

MFIS > 38

age: 45.8 ± 7.6

EDSS: 1.5 (range

0–3.5)

MFIS: 41.6 ± 6.4

None

reported

Tecchio

et al.

(111)

Oz (EEG

10–20

system)

6 × 14 cm

15

min/day,

5 days

1.5mA

Yes MFIS Crossover,

sham-

controlled

(washout

individually

calculated by

MFIS

compared to

baseline

13 RR MS patients with

physical items

mFIS score > 15

age: 45.8 ± 7.6

EDSS: 1.5 (range

0–3.5)

MFIS: 41.6 ± 7.5

None

reported

Cancelli

et al.

(109)

Oz (EEG

10–20

system)

7 × 10 cm

15

min/day,

5 days

1.5mA

Yes MFIS Crossover,

sham-

controlled

10 RR MS patients (121)

with physical items

mFIS score > 35

Age: 43.2 ± 13.1

None

(Continued)
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TABLE 3 | Continued

References Anode:

location

dimensions

Cathode:

location

dimensions

Stim

duration

stim

intensity

Efficacy Fatigue

evaluation

methods

Study

design

Sample

size and

MS

subtype

Sample

composition

(values

expressed as

mean ± SD,

when available)

Adverse

effects

EDSS: 0.9 (range

0–3.5)

MFIS: 46.6 ± 15.9

Porcaro

et al.

(110)

Oz (EEG

10–20

system)

7 × 10 cm

15

min/day,

5 days

1.5mA

Yes MFIS Crossover,

sham

controlled

(washout

individually

calculated by

MFIS

compared to

baseline

18

RR

MS patients with

EDSS < 3.5 and

mFIS score > 30

Age: 44.5 ± 10.4

EDSS: 1.1 (range

0–3.5)

MFIS pre-real:

45.6 ± 31.66

MFIS pre sham:

44.9 ± 30.67

None

reported

Tecchio

et al.

(111)

Bilateral

sensorimotor

hand area 70

m2

Under the

chin

84 cm2

15

min/day,

5 days

1.5mA

No MFIS Crossover,

sham-

controlled

(washout

individually

calculated by

MFIS

compared to

baseline)

8

RR

MS patients with

physical items

mFIS score > 15

age: 38.1 ± 9.8

EDSS: 2 (range

1–2.5)

MFIS: 57.1 ± 19.9

None

reported

Hanken

et al.

(108)

Right parietal

cortex (P4)

5 × 7 cm

Right

forehead

6 × 15 cm

Single

session

20min

Yes (RT)

No (subjective

fatigue)

Only in

subgroup

with mild to

moderate

cognitive fatigue

- RT during a

vigilance

task

- subjective

fatigue (VAS)

Randomized,

sham-

controlled

46 (18

RR, 28

SP)

analyzed

20 for

each

arm,

divided in

subgroups

according

to

cognitive

fatigue

assessed

by FSMC

MS patients (121)

Mild/moderate CF

active:

- age: 51.8 ± 9.9

- EDSS: 4.0 ± 1.5

Severe CF

active:

- age: 50.9 ± 8.8

- EDSS: 4.8 ± 1.2

Mild/moderate CF

sham:

- age: 47.1 ±

10.3

- EDSS: 3.4 ± 2.1

Severe CF

sham:

- age: 46.5 ± 9.1

- EDSS: 4.5 ± 1.0

None

reported

References Stimulation

location

TMS

protocol

TMS coil

Stimulation

parameters

Efficacy Fatigue

evaluation

methods

Study

design

Sample

size and

MS

subtype

Sample

composition

(values

expressed as

mean ± SD,

when available)

Adverse

effects

2) TMS

Mori

et al.

(119)

M1 leg area

contralateral

to the

affected limb

iTBS +

individualized

ET (2 h/day

for 2 weeks)

1

session/day

for 10

sessions

over 2

weeks

Yes

(real iTBS +

exercise

therapy

group)

FSS

Seconday

outcome

Randomized,

sham-

controlled

20

RR

Definite RR MS

(121) patients with

spasticity affecting

predominantly one

lower limb Active

Treatment

was generally

well-tolerated.

(Continued)
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TABLE 3 | Continued

References Stimulation

location

TMS

protocol

TMS coil

Stimulation

parameters

Efficacy Fatigue

evaluation

methods

Study

design

Sample

size and

MS

subtype

Sample

composition

(values

expressed as

mean ± SD,

when available)

Adverse

effects

10 bursts

of 3

stimuli at

50Hz,

repeated

at 5Hz

every

10 s, for

a total of

600

stimuli;

biphasic

waveform

80%

AMT

iTBS + ET (n =

10):

- age: 38.1 ±

10.7

- EDSS: 3.6 ± 1.2

- FSS: 39.5 ± 4.2

Sham iTBS + ET

(n = 10):

- age: 37.7 ±

12.3

- EDSS: 3.8 ± 1.6

Active iTBS only (n

= 10):

- age: 38.3 ±

11.9

- EDSS: 3.5 ± 1.0

Gaede

et al.

(117)

a) left PFC

(sham-

controlled)

b) bilateral M1

Deep TMS

a) H6-coil

b) H10-coil

(bihemispherical

stimulation)

18

sessions

(3/week)

over 6

weeks a)

50 bursts

of 36

stimuli,

18Hz,

120%

RMT, ITI

20 s,18min

b) 40

bursts of

20

stimuli,

5Hz, ITI

20 s,

90%

RMT,

16min

Yes (more

pronounced

for bilateral

M1)

FSS Randomized,

sham-

controlled

9 PCF

real, 10

PFC

sham, 9

M1

MS diagnosis

(121), with FSS >

4 or BDI-IA > 12

PFC real:

- age: 47 (32–51)

- EDSS:

2.5 (2.0–3.0)

PFC sham:

- age: 41 (39–45)

- EDSS:

3.0 (2.5–3.0)

M1 real:

- age: 46 (42–48)

- EDSS:

2.5 (2.5–3.5)

None serious:

headache

(30%),

paresthesia or

pain, gait

disturbance,

dizziness,

tiredness,

legs/bladder

spasticity,

discomfort

Korzhova

et al.

(118)

Bilateral M1 a) 20Hz rTMS

f8 coil b) iTBS

+ physical

therapy

(45–55

min/session)

1/day for

5

consecutive

days, for

2 weeks

a) 2 s on,

28 s off,

1,600

stimuli,

80%

RMT,

30min

b) 10

bursts of

3 stimuli

at 35Hz,

ITI 5Hz,

1,200

stimuli/session,

80%

RMT,

10min

Yes (20Hz

rTMS group

only)

MFIS

Secondary

outcome

Randomized,

sham-

controlled

34

SP

(12 in the

20

Hz-rTMS

group,

12 in the

iTBS

group,

10 in the

sham

group)

SP MS diagnosis

according to

McDonald criteria

2010 and lower

spastic

paraparesis with

MAS > 2

measured in the

knee

- age: 45 (mean)

- EDSS: 6.5

(mean)

None

reported

(Continued)
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TABLE 3 | Continued

References Anode:

location

dimensions

Cathode:

location

dimensions

Stim

duration

stim

intensity

Efficacy Fatigue

evaluation

methods

Study

design

Sample

size and

MS

subtype

Sample

composition

(values

expressed as

mean ± SD,

when available)

Adverse

effects

3) tRNS

Palm

et al.

(113)

F3 (EEG

10–20

system)

25 cm2

AF8 (EEG

10–20

system)

25 cm2

20

min/day

for 3

days

Peak to

peak

amplitude

of 2mA,

full-band

white

noise

from 0 to

500Hz,

variance

650/2

µA

No MFIS Crossover,

sham-

controlled

(3-weeks

wash-out)

16 (11

RR, 4

SP, 1 PP)

Clinically definite

MS (121) and

history of

neuropathic pain

with VAS > 40

age: 47.4 ± 8.9

EDSS: 4.2 ± 1.3

MFIS: 52.6 ± 12.3

Phosphenes,

insomnia,

nausea,

severe

headache (1,

after sham)

DLPFC, dorsolateral prefrontal cortex; EEG, electroencephalography; FSS, Fatigue Severity Scale; iTBS, intermittent theta burst stimulation; ITI, inter-train interval; MFIS, Modified Fatigue

Impact Scale; MSFSS, MS-specific FSS; MRI, magnetic resonance imaging; PFC, prefrontal cortex; PP, primary progressive; PPC, posterior parietal cortex; PROMIS, Patient-Reported

Outcomes Measurement Information System; RMT, resting motor threshold; RR, relapsing–remitting; RT,reaction time; SP, secondary progressive; rTMS, repetitive transcranial magnetic

stimulation; tDCS, transcranial direct current stimulation; tRNS, transcranial random noise stimulation; VAS, visual analog scale for fatigue.

MRI-guided neuronavigation system. In a more recent study
of this group, the importance of the individual baseline neural
networks activity has been outlined as a further parameter
for individualized treatment (110). The results of their studies
support the efficacy of personalized tDCS approaches.

Only one sham-controlled study has explored the effects on
MS-related fatigue of another NIBS technique called transcranial
random-noise stimulation (tRNS). This stimulation was applied
on frontal regions but produced negative results (113).

The other NIBS technique introduced in the research setting
for the treatment of fatigue in PwMS is TMS. (114). Repetitive
protocols of TMS showed long-lasting effects on cortical
excitability in patients with stroke (115), MS-related spasticity
(116) and major depression (13).

Regarding MS-related fatigue, three sham-controlled studies
using TMS showed promising results (117–119). Two of these
studies used TMS in combination with physical therapy and
enrolled patients affected by spasticity (118, 119). Different TMS
protocols were used: intermittent theta-burst stimulation (iTBS)
applied to the M1 leg area (119), deep TMS, delivered with
specific H-coils to the left prefrontal cortex and to bilateral M1
(117), and 20-Hz repetitive TMS and iTBS applied to bilateral
M1 (118). Preliminary evidence of efficacy was described for all
the protocols excepted for iTBS on bilateral M1 (118).

In a recent systematic meta-analysis, Liu et al. reviewed the
efficacy and safety of NIBS specifically for the treatment of MS-
related fatigue (120). They performed a literature search for
sham-controlled brain stimulation studies based on tDCS, rTMS,
tRNS, and transcranial alternating current stimulation (tACS).

A total of 14 eligible studies published from 2011 to 2018, for
a total of 207MS patients, were found: 11 tDCS studies, one
rTMS study, one iTBS (combined with exercise therapy) study,
and one tRNS study. A significant improvement in fatigue scores
compared to sham was found after tDCS treatment. A subgroup
analysis demonstrated significance for the intensity of 1.5mA
and for bilateral S1 stimulation location. The two TMS studies
and the tRNS study did not reach statistical significance.

Several data are available about the therapeutic use of NIBS
for reducing MS-related fatigue (Table 3). These techniques—
and in particular tDCS and some TMS protocols—have shown
to be effective as add-on therapy for fatigue management, and
more studies are needed to explore their further implementation.
The mechanisms by which NIBS could improve fatigue are still
unclear (8, 15, 104). Different hypothesis have been proposed
such as presynaptic increase of spinal drive from motor cortex,
modulation of premotor areas, increase in motivation, decrease
in muscle pain, increase in muscle coupling, promotion of
changes in cortical resting state activity and cortico-cortical
connectivity, and induction of long-term potentiation-like and
long-term depression-like neuroplastic changes at a local and/or
network level. The potential role of altered oscillatory activity in
the pathogenesis ofMS-related cognitive fatigue and the potential
advantage of tACS application have also been outlined (122).
A better comprehension of the pathogenesis could be useful
to develop therapies that specifically target the mechanisms of
fatigue generation in MS.

The studies published so far are greatly heterogeneous,
differing in many variables such as the NIBS technique used, the
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cortical targets, the stimulation intensity, and the characteristics
of the populations included. Indeed although most of the studies
enrolled patients with EDSS≤ 6, other population characteristics
were more heterogeneous among studies, such as the MS
subtype, the presence of comorbidities, the measured outcome
in addition to spasticity (e.g., neuropathic pain), and the baseline
fatigue scores.

Other important limitations to the use of NIBS for therapeutic
purpose remain the still heterogeneous definition of fatigue,
the limited comprehension of its complex and multifactorial
pathophysiology, and the limited use of objective measures other
than self-report questionnaires.

Because of this methodological heterogeneity and the low
sample sizes, the level of evidence for NIBS efficacy resulted
too low to draw any robust conclusion to support its use in
clinical practice (15) but encourages further studies on NIBS as
a treatment for fatigue (120).

CONCLUSIONS

Several studies have used neurophysiological tools to evaluate
MS-related fatigue. Until now, this possibility has been mainly
exploited for investigating the pathogenic mechanisms of fatigue
and for modulating brain circuits for therapeutic purposes. The
potential role of neurophysiology for quantifying fatigue and
predicting and/or monitoring response to treatment has been
evaluated in only a few studies.

From a methodological perspective, the most used
techniques are TMS and tDCS. TMS is a very versatile
method that allows both to assess, non-invasively, the
functionality of corticospinal tract and cortico-cortical
connections and, when delivered in repetitive protocols, to
modulate brain activity (114). On the other side, tDCS is

the most investigated technique as a potential treatment
for fatigue because it is safe, well-tolerated, low-cost, and
portable (13, 15).

Other neurophysiological techniques have been used,
although in a relatively small number of studies. In particular,
EEG has been used for exploring the role of cortico-cortical
connections (34), EMG for evaluating the contribution of
peripheral structures (9), evoked potentials for investigating
the pathogenetic mechanisms (60) and predicting response to
pharmacological treatment (94) and autonomic nervous system
testing and polysomnography for assessing additional factors
that can produce or exacerbate fatigue in PwMS.

Most part of the studies have been conducted in small
samples by comparing the findings obtained in fatigued MS
patients with those obtained in healthy controls or not-
fatigued MS patients. Usually, each study used a single
neurophysiological technique, while few studies combined
different neurophysiological techniques (83) or neurophysiology
with MRI (58).

Overall the literature data presented in this review
demonstrate that neurophysiology could play a role in the
management and evaluation of MS-related fatigue. Despite of
heterogeneity in results and methodological limitations, current
evidence supports further studies on the role of neurophysiology
in the management of fatigue. In particular, for therapeutic
purpose, tailored approaches based on individual network
dysfunctions, individual plasticity impairment, and other
neurophysiological variables should be explored.
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Lauren B. Krupp 1, Massimiliano Pau 2 and Leigh E. Charvet 1

1NYU Langone Health, Department of Neurology, New York, NY, United States, 2Department of Mechanical, Chemical and

Materials Engineering, University of Cagliari, Cagliari, Italy, 3 SUNY Downstate, Department of Medicine, New York, NY,

United States, 4Department of Medical Sciences and Public Health, University of Cagliari, Cagliari, Italy

Walking impairments are a debilitating feature of multiple sclerosis (MS) because of the

direct interference with daily activity. The management of motor symptoms in those with

MS remains a therapeutic challenge. Transcranial direct current stimulation (tDCS) is

a type of non-invasive brain stimulation that is emerging as a promising rehabilitative

tool but requires further characterization to determine its optimal therapeutic use. In

this randomized, sham-controlled proof-of-concept study, we tested the immediate

effects of a single tDCS session on walking and functional mobility in those with MS.

Seventeen participants with MS completed one 20-min session of aerobic exercise,

randomly assigned to be paired with either active (2.5mA, n = 9) or sham (n = 8)

tDCS over the primary motor cortex (M1). The groups (active vs. sham) were matched

according to gender (50% vs. 60% F), age (52.1 ± 12.85 vs. 54.2 ± 8.5 years), and

level of neurological disability (median Expanded Disability Status Scale score 5.5 vs. 5).

Gait speed on the 10-m walk test and the Timed Up and Go (TUG) time were measured

by a wearable inertial sensor immediately before and following the 20-min session, with

changes compared between conditions and time. There were no significant differences

in gait speed or TUG time changes following the session in the full sample or between

the active vs. sham groups. These findings suggest that a single session of anodal

tDCS over M1 is not sufficient to affect walking and functional mobility in those with MS.

Instead, behavioral motor response of tDCS is likely to be cumulative, and the effects of

multiple tDCS sessions require further study.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier: NCT03658668.

Keywords: transcranial direct current stimulation, tDCS, non-invasive brain stimulation, multiple sclerosis, motor

rehabilitation, gait, functional mobility, aerobic exercise
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INTRODUCTION

Multiple sclerosis (MS) is the leading cause of progressive
functional impairments in younger adults of working age (1).
Multiple sclerosis symptoms are often variable across individuals
and can affect motor, sensory, and cognitive functions (2).
Loss of mobility is a key concern due to the interference with
independence and the ability to complete activities of daily
living (3, 4). Multiple factors contribute to the degeneration
of MS ambulatory ability, such as muscle weakness, abnormal
walking mechanisms, balance problems, spasticity, and fatigue
(3, 5). While there is no typical pattern of MS gait disturbance,
impairments often include reductions in gait velocity and step
length (6, 7). Symptomatic treatment is an important topic for
the management of MS (8, 9), with a strong unmet need for non-
pharmacologic options to preserve and recover from MS-related
walking impairments (10).

Non-invasive brain stimulation techniques, such as
transcranial direct current stimulation (tDCS), are being
studied for a range of applications in MS symptom management,
including fatigue, cognitive deficits, neuropathic pain, and
motor impairments (11). tDCS delivers weak electrical
currents (1.0–2.5mA) passed through electrodes (anode
and cathode) placed on the scalp targeting brain regions
of interest. This technique has been used to modulate the
resting membrane potential in cortical and subcortical tissue
promoting cell plasticity (12, 13). The neurophysiological
response seems to be achieved through mechanisms of long-term
potentiation or long-term depression of synapses (14, 15).
tDCS can influence neural activity in a polarity-dependent
manner: cortical excitability can be increased (under the
anode) or reduced (under the cathode) in the underlying
cortex (16).

Despite intense recent investigation of tDCS, parameters for
dosing in terms of timing of application in relation to a paired
training activity, current intensity, duration, and number of
sessions remain largely undefined (17, 18). A growing number
of studies, albeit with mixed results, have overall demonstrated
the efficacy of a single anodal tDCS session over the primary
motor cortex (M1) to improve motor performance in both
healthy controls and patients with motor disorders (19–22).
The probability to detect either neurophysiological or clinical
responses still remains unclear, since treatment responses may be
achieved by both single or repeated tDCS applications (23–26).

Previous findings have reported mixed effects after the
application of tDCS over M1 on motor outcome variables (e.g.,
mobility and functionality of lower limbs, muscle strength,
functional ambulation) in MS patients (27, 28). Given the
current intensity delivered by tDCS is too low to generate de
novo neuronal action potentials (29), the working mechanism
is based on the “functional targeting” principle (30), where
tDCS facilitates neuronal activation of specific pathways
involved during the execution of a paired training activity.
Therefore, potential interactions and synergies between tDCS
and aerobic exercise have been recently studied to improve the
recovery process within neurological conditions or to increase
performance (31).

Aerobic exercise has demonstrated benefit in MS, with
aerobic training shown to improve gait speed, stride length, and
walking distance (32). Transcranial direct current stimulation
may interact with exercise training enhancing the acute
effect on motor functions and promote long-lasting benefits
(31, 33). Thus, the use of tDCS during aerobic exercise
may enhance the therapeutic effects via greater activation of
neuroplastic mechanisms.

Specific electrode montages have varied across studies aimed
at improving motor performance and symptoms to date, but
most of them applied the anode over M1 area (34–36). Some
studies conceptualized alternative motor electrode montages,
varying electrode dimensions, and the position of the cathode,
in order to optimize the stimulation of the lower limb motor
cortex (37, 38). However, evidence is mixed as to whether these
variations can improve effects compared to the standard motor
montage (anode over M1 and cathode over the contralateral
supraorbital area) [(37, 39)].

The current intensity has also varied across the studies, but
2.5mA is the higher amperage of current clinical convention
across trials (40, 41). Preliminary evidence and theoretical
models (42, 43) provide support for the utilization of a relative
higher stimulation amperage to increase cortical excitability.
Moreover, previous studies have found good tolerability with
higher amperage as the improved promotion of optimal and
measurable response (44, 45).

The aim of this study was to test the motor response following
a single session of tDCS over M1, clarifying its efficacy in
enhancing the effect of aerobic exercise onwalking and functional
mobility performance in MS patients.

METHODS

Participants
Seventeen participants with either relapsing-remitting MS
(RRMS) or secondary progressive MS (SPMS) were recruited.
Eligibility criteria included ages 18–70 years, level of neurologic
disability as measured by the Expanded Disability Status Scale
(EDSS) (46) score from 1.0 to 6.5, and the ability to independently
walk (with or without an assistive device) for at least 20m.
Potential participants were excluded if they had any history of
brain trauma or seizures, any skin disorder or skin sensitive area
near the stimulation locations, or were unable to understand the
informed consent process and/or study procedures.

All participants provided written informed consent, and the
study was conducted at the MS Comprehensive Care Center,
NYU Langone Health. Ethical approval was obtained from
the Institutional Review Board Committee of the New York
University School of Medicine and followed the Ethical
Principles for Medical Research Involving Human Subjects
outlined in the Declaration of Helsinki.

Study Design and Experimental Protocol
This proof-of-concept study is part of a larger and ongoing
clinical trial that employs a double-blind, sham-controlled,
randomized design of tDCS paired with aerobic exercise. During
the baseline visit, participants were screened for eligibility,
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TABLE 1 | Post-hoc pairwise comparison of gait speed and TUG time pre-intervention and post-intervention for active and sham group.

Active group (n = 9) Sham group (n = 8)

Pre-intervention Post-intervention Comparison pre

vs. post p-value

Pre-intervention Post-intervention Comparison pre

vs. post p-value

Gait speed (m/s) 0.92 ± 0.31 0.95 ± 0.32 0.456 0.96 ± 0.35 0.96 ± 0.34 0.558

TUG time (s) 14.48 ± 4.11 14.34 ± 4.02 0.195 15.19 ± 4.56 14.58 ± 4.33 0.103

Values are reported as mean ± SD.

consented, and randomized to the active or sham arm within
strata defined by EDSS level [EDSS “low” (0–3.5) vs. “high”
(4.0–6.5) score] and age (18–45 years vs. 46–65 years). To
ensure the double-blind nature of the study (both patient
and the technician involved in treatment and assessment), an
independent technician completed the randomization and pre-
programmed the tDCS device in advance to deliver active or
sham stimulation accordingly.

Intervention: tDCS Paired With Aerobic
Exercise
For the current analyses, we analyzed gait and functional mobility
measures before and after the first tDCS + exercise session.
Both the active and sham participants completed 20min of
stimulation during exercise using a recumbent combination
arm/leg elliptical ergometer (PhysioStep LTX-700). The exercise
period included heart rate (HR) monitoring via Fitbit wristband
(Fitbit Inc., California, USA) to ensure that each participant
met the recommended target HR for the physical exercise for
MS, training at moderate intensity corresponding to 60–80% of
age-predicted maximum HR (47).

Transcranial direct current stimulation was applied to the
M1 cortex with the goal of enhancing the activation of the
cortical pathways involved and activated during pedaling/cycling
(48, 49). Active and sham tDCS was delivered using the 1
× 1 tDCS mini-clinical trial device (mini-CT; Soterix Medical
Inc., New York, NY, USA) using an optimized motor montage
targeting the M1 area with supraorbital exit (C3 anode/Fp2
cathode according to 10/20 EEG), with two pre-saturated sponge
surface electrodes (square shape, 5 × 5 cm2). The current
intensity was set at 2.5mA, with the goal of increasing cortical
excitability to promote optimal and measurable clinical response
(42, 43, 45).

All study procedures were the same for active and sham
conditions. For the active participants, the current intensity was
set at 2.5mA for the entire session. For the sham participants,
and following the current blinding recommendations, the device
delivered a 60-s ramp up/down to the 2.5-mA target at the
beginning and end of the 20-min period, with no other
current delivery. In this way, the sham procedure produces
similar sensory experiences to mask the stimulation condition
administered (50, 51).

Motor Assessment, Blinding Assessment,
and Motor Outcomes
To measure changes in gait and functional mobility, the
instrumented 10-m walking test and the instrumented Timed
Up and Go (TUG) test were measured using a single wearable

inertial sensor (G-Sensor R©; BTS Bioengineering S.p.A., Milan,
Italy). Both tests were performed twice consecutively, the first
time for familiarization, and the second time for data capture.
The inertial sensor was positioned to the participant’s waist
using a semielastic belt (covering the L4–L5 intervertebral disc
for walking assessment and L1-L2 for TUG test providing
acceleration values along three orthogonal axes and transmitted
via Bluetooth to a PC, where the raw accelerations were
processed. For the 10-mwalking test, participants were instructed
to walk along a 10-m path at their typical speed. For the TUG,
participants were instructed to sit on a standard armless chair
with back support. At start, they stood up, walked for 3m at self-
selected speed, performed a 180◦ turn around at a cone, and then
walked back to the chair, and then performed a second 180◦ turn
to sit down.

Post-processing of the acceleration signals using dedicated
software (BTS G-Studio; BTS Bioengineering S.p.A.) allowed
computing the following parameters:

• 10-m walking test:

- the mean velocity of progression (m/s);

• TUG test:

- TUG time: the time needed to complete the test (s).

Both the 10-m walk test and the TUG are validated as standard
clinical tests with high test–retest reliability for measuring
walking function and functional mobility in patients with
MS (52, 53).

At the end of the study, blinding integrity was assessed by
asking the participants to guess the received treatment.

Statistical Analysis
The collected data were analyzed using the statistical package
SPSS version 25 (SPSS, Inc., Chicago, IL, USA). Descriptive
analyses were generated for demographic and clinical variables
of the two arms. The normal distribution of the dependent
variables (gait velocity and TUG time) was assessed by the
Kolmogorov–Smirnov test. The dependent variables of the study
met the criteria of normality. Because of the normal distribution,
a general mixed-model analysis of variance (ANOVA) 2 × 2
(intervention× time) was performed to examine the effect of the
between-subjects factor treatment (active, sham) and the within-
subjects factor time (pre-assessment and post-assessment). The
type I error (α) was set at 0.05, and the effect sizes were
assessed using the η

2 coefficient. When a significant main
effect was reached, post-hoc tests with Sidak correction for
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FIGURE 1 | Individual results from 10-m walk test and TUG test for all participants. Individual results of each participant of the active (red) and sham group (blue)

before and immediately after tDCS paired with aerobic exercise for gait speed (A) and TUG time (B).

FIGURE 2 | Bar graphs show result of gait speed (A) and TUG time (B) for the active and sham group, pre-intervention (light blue) and post-intervention (blue). Error

bars in both graphs indicate ± SD.

multiple comparisons were conducted to assess treatment or time
point differences.

RESULTS

The groups were matched in terms of demographic and clinical
features (50 vs. 60% F; median EDSS: 5.5 vs. 5; 2 RRMS, 7 SPMS
vs. 3 RRMS, 5 SPMS; age 52.1± 12.85 vs. 54.2± 8.5 years, active
vs. sham respectively, all p > 0.05).

Stimulation was well-tolerated across participants and with
side effects of itching, tingling, and head pain. No side effect
reached an intensity level of >7 (rated on a 0- to 10-point scale)
for any participant, and all side effects resolved at the end of the
stimulation period.

Overall, the tDCS condition assignment (active, sham) was
identified correctly by 28% of participants (specifically, the 33%
of the participants in the sham group). The result of the blinding
integrity is in agreement with the standards suggested in previous
studies (51, 54).

All participants completed the 20-min aerobic exercise
maintaining the targeted moderate level. The average HR during
the session was 110.9± 4.0 beats/min.

Table 1 reports data of gait velocity and TUG time as mean
± SD. The ANOVA test indicated no significant changes in
gait speed and TUG time after one single session in either the
whole group or active vs. sham tDCS (Figures 1, 2). There were
no significant main effects of the intervention [F(1,15) = 0.074,
p= 0.861, η

2
= 0.006; F(1,15) = 0.087, p = 0.883, η

2
= 0.002],

as well as of the time [F(1, 15) = 2.346, p = 0.070, η
2
= 0.101;

F(1,15) = 1.784, p = 0.239, η2
= 0.088] and time × intervention

interactions [F(1, 15) = 1.946, p = 0.115, η
2
= 0.093; F(1,15) =

1.381, p = 0.446, η
2
= 0.038] for gait speed and TUG time,

respectively. These findings indicate no immediate effect on
walking and functional mobility performance with either tDCS
paired with aerobic exercise or aerobic exercise alone.

DISCUSSION

The aim of this study was to investigate the immediate effects
of a single tDCS session over M1 on the behavioral motor
responses of patients with MS. We did not find any significant
treatment effect in walking speed and TUG time following the
application of a single session of tDCS paired with aerobic
exercise. While changes have been reported following a single
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session in prior studies (19, 25), our findings are consistent with
the growing literature across neurological disorders indicating
that a single session of tDCS is not enough to lead to meaningful
or measurable behavioral outcomes (24, 55) or to enhance the
benefits of physical training onmotor functions in those withMS.

Previously, the effects of a single tDCS application over M1
on gait in MS (56) during the 6-min walk test (2mA, 6min) did
not report any improvement in distance walked, gait velocity,
and stride length. However, this study was limited by the use
of a short duration of the stimulation (6min) (56), while the
present study adopted a longer duration of stimulation equal
to 20min according to recommendations based on evidence to
date (40, 41).

Our findings are consistent with another previous report of
tDCS and hand functioning (23) in MS, where they explored
the effect of a single session of anodal tDCS applied to the
M1 contralateral to the affected hand. The authors reported an
increase in the corticospinal output and projection strengthening
evaluated by using transcranial magnetic stimulation, but no
behavioral motor effects were measured (23).

The current results do not necessarily imply the absence
of an increase activation of the underlying brain region. An
enhancement of MEP amplitudes, corticospinal output, and
projection strength has been reported with a single application,
even in the absence of measurable behavioral or clinical
outcomes (23, 57).

When targeting behavioral outcomes, dosing dimensions such
as the specific current intensity, duration of the stimulation, and
number of sessions, or response variability remain unknown. It
is important to consider pairing tDCS with behavioral training
or rehabilitative activity as a critical dimension of dosing (31,
35, 58, 59) to improve motor outcomes. This multimodal
approach is likely to have stronger effects on promoting synaptic
changes and increasing the likelihood of detecting behavioral
motor responses.

Specific to stimulation intensity and duration, findings are
mixed (45, 60). We chose the conventional 20min of stimulation
at the higher 2.5mA current intensity under the hypothesis that
these parameters would lead to higher brain activation (42);
however, tDCS dosing may not necessarily be linear. In fact,
either increasing the current intensity >4mA or prolonging
the stimulation more than 30-min duration is not always
accompanied by an increase of its efficacy, with either change in
the direction potentially leading to different patterns of neuronal
activation (61, 62). It may be that alternative M1 (or other)
montages as well as stimulation intensity could have resulted in
different findings.

Nonetheless, the absence of effect of one tDCS application
in MS for motor outcomes is an important finding as many
studies continue to evaluate the clinical responses of a single
session of tDCS. Recent work in MS (28) indicates that, in MS,
multiple stimulation sessions can lead to benefit. In a sample of
n = 13, those who received anodal tDCS stimulation over the
M1 walked faster during the Timed 25-Foot Walk after seven
sessions (28). The number of overall applications may be key in
evaluating its rehabilitative and restorative potential according to
the consolidation effects (63–65).

Limitations of the current study include its relatively small
sample size. With a larger sample or greater range of MS
participants, it is possible that more subtle effects of an initial
tDCS application could be detected. In addition, while one
strength of our study is the use of an advance technology to
detect and characterize motor outcomes, we were not able to
correspond findings to actual neurophysiological measures (e.g.,
structural and metabolic analysis of brain functions in response
to the stimulation). The study would also have been strengthened
by including a condition with tDCS only (without exercise) as an
additional comparison.

Future studies need to more clearly define the effectiveness
of tDCS as treatment option or as therapeutic adjuvant in
motor rehabilitation. Clinical studies need to be designed to
clarify the dimensions of dosing, not only including number
of sessions, current intensity, and electrode montage, but
also exploring other dosing dimensions represented by the
combination of the practice of motor task or physical training
and its timing of application (before/during/after stimulation).
It would also be important to integrate the acquisition of
functional neuroimaging (e.g., functional magnetic resonance
imaging, positron emission tomography) with tDCS, to better
understand how the stimulation modulates ongoing brain
activity and connectivity.

CONCLUSION

Taken together, these findings indicate that a single session
of anodal tDCS over M1 is not sufficient to improve walking
and functional mobility in MS. Instead, behavioral effects of
tDCS are likely to be cumulative, with a single session of tDCS
able to provoke neurophysiological changes. Future studies with
multiple and repeated sessions and paired with motor training
are warranted in order to test the cumulative response in
neural excitability outlasting the stimulation period to determine
optimal clinical utilization.
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Objective: We employed dual-site TMS to test whether ipsilateral functional

premotor-motor connectivity is altered in relapsing-remitting Multiple Sclerosis (RR-MS)

and is related to central fatigue.

Methods: Twelve patients with RR-MS and 12 healthy controls performed a visually

cued Pinch-NoPinch task with their right hand. During the reaction time (RT) period

of Pinch and No-Pinch trials, single-site TMS was applied to the left primary motor

cortex (M1) or dual-site TMS was applied to the ipsilateral dorsal premotor cortex (PMd)

and to M1. We traced context-dependent changes of corticospinal excitability and

premotor–motor connectivity by measuring Motor-Evoked Potentials (MEPs) in the right

first dorsal interosseus muscle. Central fatigue was evaluated with the Fatigue Scale for

Motor and Cognitive Functions (FSMS).

Results: In both groups, single-pulse TMS revealed a consistent increase in mean

MEP amplitude during the Reaction Time (RT) period relative to a resting condition.

Task-related corticospinal facilitation increased toward the end of the RT period in Pinch

trials, while it decreased in No-Pinch trials. Again, this modulation of MEP facilitation by

trial type was comparable in patients and controls. Dual-site TMS showed no significant

effect of a conditioning PMd pulse on ipsilateral corticospinal excitability during the RT

period in either group. However, patients showed a trend toward a relative attenuation

in functional PMd-M1 connectivity at the end of the RT period in No-Pinch trials,

which correlated positively with the severity of motor fatigue (r = 0.69; p = 0.007).
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Ruiu et al. Ipsilateral Premotor-Motor Connectivity in Multiple Sclerosis

Conclusions: Dynamic regulation of corticospinal excitability and ipsilateral PMd-M1

connectivity is preserved in patients with RR-MS.MS-related fatigue scales positively with

an attenuation of premotor-to-motor functional connectivity during cued motor inhibition.

Significance: The temporal, context-dependent modulation of ipsilateral premotor-

motor connectivity, as revealed by dual-site TMS of ipsilateral PMd and M1, constitutes

a promising neurophysiological marker of fatigue in MS.

Keywords: multiple sclerosis, dual-site TMS, fatigue, movement preparation, dorsal premotor cortex, primary

motor cortex

HIGHLIGHTS

- Dynamic modulation of ipsilateral premotor-to-motor
cortical drive was probed with TMS.

- Patients with relapsing-remitting multiple sclerosis showed
normal modulation during a cued Pinch-NoPinch task.

- Attenuation of premotor-to-motor drive in a NoPinch context
scaled positively with motor fatigue in patients.

- Context-dependent attenuation of premotor-to-motor drive
may contribute to motor fatigue in multiple sclerosis.

INTRODUCTION

Multiple Sclerosis (MS) is the most common autoimmune
disorder of the central nervous system (CNS) (1), and its
pathology includes both axonal damage and demyelination (2).
A majority of MS patients initially exhibit a relapsing-remitting
disease course (RR-MS), characterized by attacks with acutely
emerging focal neurological deficits that totally or partially
recover over the following weeks. Relapses can cause a large
variety of classic neurological deficits, affecting motor and
sensory function, but also “less quantifiable” symptoms such as
excessive motor or cognitive fatigue (3).

Transcranial magnetic stimulation (TMS) allows
corticomotor excitability to be quantified by recording motor
evoked potentials (MEP) and is widely used to characterize
cortico-motor dysfunction in MS (4, 5). Single-pulse TMS
studies have demonstrated abnormal corticospinal excitability
and connectivity in patients with RR-MS even during relapse-free
periods (6). Single-pulse studies also found that basic MEP-based
excitability measures scale with individual motor function
or disability scores (7, 8). Paired-pulse TMS, which applies a

Abbreviations:CNS, Central Nervous System; CS, Conditioning Stimulus; DMSC,

Danish Multiple Sclerosis Centre; dsTMS, dual-site TMS; EDSS, Expanded

Disability Status Scale; EMG, Electromyography; FDI, First Dorsal Interosseous;

FSMC, Fatigue Scale for Motor and Cognitive Functions; HC, Healthy Controls;

ISI, Interstimulus Interval; M1, Primary Motor Cortex; M1HAND, Primary Motor

Hand Area; MCV, Maximum Voluntary Contraction; MEP, Motor Evoked

Potential; MS, Multiple Sclerosis; PASAT, Paced Auditory Serial Addition Test;

PEST, Parameter Estimation in Sequential Test; PMd, dorsal Premotor Cortex;

PMd-M1, Premotor-Motor; RMT, Resting Motor Threshold; RR, Relapsing-

Remitting; RT, Response Time; SD, Standard Error; SDMT, Symbol Digit

Modalities Test; SEM, Standard Error of the Mean; SICF, Short Intra Cortical
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conditioning and test pulse with the same coil, has been used
to probe intracortical excitability in RR-MS and has revealed a
link between individual disability and measures of intracortical
inhibition and intracortical facilitation (8, 9). These correlations
between intracortical excitability and disability score at the
single-patient level may be obscured when pooling patients (10),
highlighting the importance of taking inter-individual variations
into account when investigating a heterogeneous disease like
multiple sclerosis (11).

TMS can also be used to investigate the neurobiological
mechanisms underlying specific motor symptoms like motor
fatigue, which represents one of the most common symptoms
in MS (12). One study linked motor fatigue to alterations
of intracortical excitability in patients with RR-MS while the
patients were at rest (13). Other TMS studies used single-pulse
TMS to probe corticospinal excitability during the performance
of a simple, visually cued reaction time task. These studies
revealed a reduction of pre-movement facilitation that correlated
with individual fatigue scores (14, 15), pointing to an impaired
initialization of movements. Complementing these task-related
TMS studies, task-related functional brain imaging studies found
excessive recruitment of higher-order premotor areas, such as
the dorsal premotor cortex (16–18). The premotor activity may
reflect excessive volitional drive in the context of inefficient
movement initiation.

Dual-site TMS (dsTMS) has been successfully used to probe
the effective connectivity of pathways projecting from cortical
or cerebellar brain regions to the precentral primary motor
cortex (19–22). These dsTMS paradigms apply a conditioning
stimulus (CS) over the remote motor area and give a test
stimulus (TS) over the primary motor hand area (M1-
HAND) to probe the effect of the conditioning stimulus on
corticospinal excitability. Ipsilateral premotor-to-primary motor
connectivity can be probed with optimized small TMS coils,
which apply the CS over the dorsal premotor cortex (PMd)
and the test stimulus (TS) over ipsilateral M1-HAND (23,
24). Groppa et al. introduced a dsTMS paradigm in which
the TS is applied over M1-HAND 0.8–2.0ms before a CS
over ipsilateral PMd (23, 24). The premotor CS facilitates
corticospinal excitability in ipsilateral M1-HAND via an
ultra-fast premotor-to-motor pathway. Functional premotor-
to-motor interaction, as probed by this dsTMS paradigm,
dynamically changed depending on the motor context (23, 24).
When healthy individuals performed a two-choice Go-NoGo
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TABLE 1 | Group data.

MSP n = 12 HC n = 12

Mean ± SD Range Mean ± SD Range

Age (years) 39 ± 9 (26–52) 35 ± 10 (23–52)

Gender (male:female) 6:6 5:7

EDSS score (median) 2.3 NA

Disease duration (years) 6 ± 4 1–14 NA

FSMC total score 41 ± 16 (11–62) 27 ± 8 (20–46) <0.01

FSMC motor score 27 ± 12 (10–45) 12 (10–23) <0.01

FSMC cognitive score 31 ± 12 (10–46) 14 (10–24) <0.01

PASAT score 59 ± 2.4 (51–60) 60 (60) n.s

SDMT score 0.98 ± 0.1 (0.98–1) (0.99 ± 0.005) (0.98–1) n.s

RMT (Resting Motor Threshold) 68 ± 9 (47–83) 66 ± 12 (44–90)

The group characteristics of both groups (MS, Multiple Sclerosis; HC, Healthy Controls), displaying the mean and standard derivation (SD) as well as the range of basic demographic

and clinical measures, where appropriate. NA, not applicable.

task, premotor-motor connectivity showed a trial-dependent
divergence during the late RT period: Go trials led to a
dynamic increase, while No Go trails resulted in a dynamic
decrease (23).

Building on the work by Groppa et al. (23, 24), we used a
slightly modified dsTMS paradigm to examine how movement
preparation and movement inhibition dynamically modulate
corticospinal excitability and ipsilateral PMd-to-M1 connectivity
during the RT period in patients with RR-MS and healthy
participants. We also explored whether dynamic changes in
functional PMd-to-M1 connectivity during movement initiation
or inhibition would scale with subjectively experienced fatigue in
MS patients. Since we were interested in the control of dexterous
movements, we selected a visually cued pinching task rather
than a cued two-choice movement task. We hypothesized that
multiple sclerosis would reduce the dynamic modulation of
premotor-to-motor facilitation during the RT period and that
deficient modulation of premotor-to-motor facilitation in the
pre-movement phase would scale with the individual experience
of motor fatigue in MS patients.

MATERIALS AND METHODS

Subjects
Fourteen healthy controls (HC) (six men, aged 37.5 ± 10.8
years, mean ± SD) and 14 patients with relapsing-remitting
MS (RR-MS) (seven men, aged 37.6 ± 8.5 years, mean ± SD)
were enrolled in the TMS study. All subjects were right-handed
according to the Edinburgh Handedness Inventory (25) and
gave informed consent before participation. Exclusion criteria for
participation were (1) drug or alcohol addiction, (2) tiredness
as a pharmaceutical side effect, (3) diagnosis of a comorbid
neuropsychiatric disorder, and (4) any contraindication to
receiving TMS as listed in the guidelines of the International
Federation of Clinical Neurophysiology (26). Four participants
(two patients and two healthy subjects) had to be excluded
because their motor threshold was too high to be stimulated
using the small coils; hence, the data of 12 patients with RR-
MS and 12 healthy controls were analyzed. The group data of

the patients are listed in Table 1. The study was approved by the
Regional Committee on Health Research Ethics of the Capital
Region in Denmark.

All MS patients were recruited from the Danish Multiple
Sclerosis Centre (DMSC) at Rigshospitalet in Copenhagen.
Patients with a relapsing-remitting disease course, without
clinical or radiological relapses for at least 3 months and
Expanded Disability Status Scale (EDSS) scores of ≤3.5 were
selected for the study. Fatigue was assessed with the Fatigue
Scale for Motor and Cognitive Functions (FSMC) (27). Cognitive
functioning was assessed using the symbol digit modality test
(SDMT) and the Paced Auditory Serial Addition Task (PASAT)
(28, 29). Participants included in this study were part of a
largermultimodal neuroimaging project conducted at the Danish
Research Centre for Magnetic Resonance (DRCMR). While all
MS patients who participated in the neuroimaging project were
offered the opportunity to take part in the additional TMS
testing day, only 14 consented to taking part in this TMS sub-
study. This low number was likely due to the extensive test
protocol that all participants had already undergone prior to the
TMS experiment. All participants had completed three testing
days, including clinical assessments, structural and functional
magnetic resonance imaging, and electroencephalography. These
data are reported elsewhere (16).

Experimental Procedure
The experimental procedures are illustrated in Figure 1. At
the beginning of the experiment, short-interval intracortical
facilitation (SICF) at ISIs between 1.0 and 2.0ms was used to
probe the intracortical facilitatory circuits that generate indirect
waves (I-waves). This was primarily done to determine the
optimal inter-stimulus interval (ISI) for the subsequent main
experiment (dsTMS) (23, 24). The individual interval that elicited
the strongest SICF was chosen as individual ISI and ensured
that the timing between the CS and the TS was set so that
that the first I-wave elicited by the TS over M1 coincided with
the CS over the PMd [(see (23, 24)]. The intervals that elicit
the strongest ipsilateral PMd-M1 facilitation suggest that the
ipsilateral PMd-M1-HAND paradigm targets I-wave circuits:
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FIGURE 1 | Experimental procedure. (A) Description of the experimental TMS procedure. (B) Placement of the mini-coils used during the experiment. (C) Plot of the

Pinch-NoPinch experiment: subjects were instructed by a visual cue to either perform a pinch movement (green circle) or to refrain from preforming the movement (red

circle). Single-site TMS over M1 and dual-site TMS over PMd-M1 were given 125, 100, or 75ms before movement onset. (D) The pinch grip device used during

the experiment.

Pmd-M1facilitation peaks at around 1.2, 2.4, and 4.0ms and
thereby closely mirrors the three I-wave peaks observed during
short intracortical facilitation (SICF).

We also determined the individual mean reaction time during
the Pinch-No Pinch task to adjust the timing of the TS during
the main experiment. In the main experiment, corticospinal
excitability and PMd-to-M1 connectivity were assessed during
a visually cued Pinch-NoPinch task. The task was performed
with the tips of the thumb and index finger of the right hand.
Single- and dual-site TMS trials were intermixed, allowing the
influence of action context on both corticomotor excitability and
PMd-to-M1 connectivity to be tested in the same experiment.
It is important to stress that the Pinch-NoPinch task used
in this experiment is different from a classical Go-NoGo task
since the pinch task requires a slight isometric force even in
the NoPinch condition to keep the sensor in place. Hence the
NoPinch condition may not reflect a complete inhibition but
instead “downscaling” of pinch force while maintaining the
current pinch position.

Experimental Setup
During the experiment, the participants sat in a comfortable
chair with an arm- and headrest. While determining the SICF,
the arms were placed on the armrest, entirely at rest. During
the main experiment, the participants also had their arm on the
armrest but held a force device between their right index finger

and thumb. The Pinch-NoPinch task required the participants to
react to a green or red circle. The color of the circle indicated a
pinch (green) or NoPinch (red) trial. Participants had to react to
the visual cue by either increasing pinch force or by keeping the
force sensor in their hand without increasing pinch force. Before
the task, participants were instructed to press the device quickly
andwithmaximal force every time the green circle appeared. This
was done to determine the individual reaction time and force
level. Throughout the experiment, visual feedback reflecting the
applied force was given.

To quantifyMEPs both during SICF and themain experiment,
the electromyographic (EMG) activity of the right first dorsal
interosseus (FDI) muscle was recorded using surface Ag/AgCl
electrodes in a bipolar montage. The signal was amplified by
the factor 1,000 (D360, Digitimer, Hertfordshire, UK), band-pass
filtered between 2 and 2,000Hz and digitized at a frequency
of 5,000Hz (CED Micro 1401, Cambridge Electronic Design,
Cambridge, UK). Signal 4 was used for data acquisition and
further analysis (Signal Version 4 for Windows, Cambridge
Electronic Design, Cambridge, UK).

Determination of Individual I-Wave Peak
and Pinch Reaction Time
SICF
Since I-wave latencies and I-wave facilitation display considerable
inter-individual variability (23), we chose to probe PMd-to-M1
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connectivity at the inter-pulse interval reflecting the individual
I1-wave peak in each participant. The individual I1-wave peak
was determined using a SICF protocol. The intensity of the TS
was set to induce MEPs of about 1mV in the relaxed right FDI
muscle, while the intensity of the CS was set at 90% of Resting
Motor Threshold (RMT). Six different inter-stimulus intervals
(ISIs) ranging from 1.0 to 2.0ms (steps of 0.2ms) were repeated
10 times in pseudorandom order. Trials were averaged for each
ISI, and the ISI with the greatest facilitation was used in the
subsequent main experiment as ISI between M1-HAND and
PMd stimulation. The SICF-curve was measured using an MC-
B70 coil connected to aMagPro stimulator (MagVenture, Farum,
Denmark). Note that we used a different coil from the ones used
for the dual site-TMS session since the small Mag&More coils
required for ipsilateral PMD-M1 stimulation did not allow two
consecutive pulses to be fired through the same coil at the short
inter-pulse intervals required by the SICF. The RMT for both
coil types was determined in the relaxed FDI muscle using the
Parameter Estimation in Sequential Test (PEST) method (30, 31).

Pinch-Task Reaction Times
To ensure that stimulation in the ds-TMS experiment was given
at comparable time points during movement preparation, the
individual Reaction Time (RT) for the Pinch trials of the Pinch-
NoPinch task was measured before the main experiment. RT was
defined as the time point at which participants started to increase
the force of their contraction 10% above baseline toward the
target. TMS during the main experiment was timed 125, 100, or
75ms before the individual averaged response time.

The Maximum Voluntary Contraction (MVC) was also
calculated for each participant in order to set the individual force
level required during the Pinch-NoPinch task. RT andMVCwere
calculated from averaging 25 Pinch-NoPinch trials without TMS.

Main Experiment
During the main experiment, two mini-coils (56 × 104 mm²)
connected to a PowerMAG Research 100 stimulator (Mag&More
GmbH, Munich, Germany) were used. The M1-HAND pulse
was set to produce an MEP of 0.5mV amplitude. This intensity
was chosen because the small coils were not strong enough to
reliably elicit an MEP of 1mV. The intensity was determined
using the PEST method (30, 31) while the hand was already in
position for the pinch task. The M1 coil was placed tangentially
to the scalp at a 45◦ angle over the functional hotspot for the
right FDI. The intensity for the PMd coil was set to 90% of
the RMT, and the location of the PMd coil was determined by
physically attaching it to the M1 coil (24). The TS to M1 was
given 125, 100, or 75ms prior to individual movement onset (24).
In half of all trials, a conditioning pulse to PMd followed the
test pulse. The ISI between both pulses was set to the individual
I1-wave peak determined by the SICF. Hence, the experiment
tested corticospinal excitability (TS-only trials) and PMd-M1
connectivity (PMd-M1 pairs) in six different conditions (Action
Context: Pinch/NoPinch; Action Timing: 125, 100, 75ms prior
to movement onset). Trials were pseudo-randomly intermixed,
and, for each condition, 12 MEPs were recorded, leading to 144
trials per subject. Neuronavigation (TMS Navigator, LOCALITE,

St. Augustine, Germany) of the M1 coil (and, by proxy, of the
physically attached PMd coil) allowed precise monitoring of the
coil position throughout the experiment.

Statistical Analysis
All statistical analyses were conducted using IBM SPSS Statistics
(version 22 for Windows) with the significance threshold set
at P < 0.05. The Kolmogorov–Smirnov test and Mauchly test
were performed to verify the assumptions of normality and
sphericity in the distribution of all the data. The Greenhouse-
Geisser correctionmethodwas used to correct for non-sphericity.
Group matching regarding age, gender, and RMT were tested
with independent sample t-test and χ

2 depending on the data
type. Bonferroni correction was applied to correct for multiple
comparisons. Data are given as mean ± standard error of the
mean (SEM).

Short Latency Intracortical Facilitation
All individuals showed their peak facilitation between 1.2 and
1.6ms. While the SICF was primarily done to individualize the
ISI in the main experiment, intracortical facilitation was also
tested for group differences, focusing on the ISI at which the SICF
peaked in each subject. MEP amplitudes (normalized to the test
stimulus) at the peak ISIs were tested for group differences using
an independent sample t-test.

Behavioral Data
To evaluate the difference in Reaction Time (RT) during the
Pinch-NoPinch task, we used a mixed-effects model ANOVA
withGroup (two levels: MS andHC) as the between-subject factor
and TMS (two levels: TS-only/TS-CS) and Time (three levels:
75/100/125ms prior to average RT) as within-subject factors.

Corticospinal Excitability During Pinch-NoPinch Task
To investigate corticospinal excitability during a Pinch-NoPinch
task, all TS-only trials were analyzed in a mixed-effects ANOVA
using the normalized MEPs as the dependent variable, with
Group (two levels: RR-MS and HC) as the between-subject factor
and Task (two levels: Pinch/NoPinch) and Time (three levels:
75/100/125ms prior to average RT) as within-subject factors.
Post-hoc tests following significant main effects or interaction
effects were Bonferroni-corrected.

PMd-M1 Connectivity During Pinch-NoPinch Task
To investigate ipsilateral PMd-M1 connectivity, all TS-CS trials
were analyzed using a mixed-effects ANOVA with Group (two
levels: MSP/HC) as the between-subject factor and Task (two
levels: Pinch-NoPinch) and Time (three levels: 75/100/125ms
prior to average RT) as within-subject factors. MEPs were
normalized to the single pulses given at the same Time and Task.

Correlations
To test whether abnormal PMd-M1 connectivity in patients
correlates with fatigue severity (motor score), we performed
Pearson correlation analysis. Since we expected task-dependent
modulation of PMd-M1 connectivity to increase closer to
movement initiation or inhibition, we calculated the change
in normalized PMd-conditioned MEP-size when approaching
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TABLE 2 | TMS group data.

MSP n = 12 HC n = 12

Mean SD Range Mean SD Range

SICF

ISI 1.2 1.2

RMT 34.67 4.60 28–43 34.42 6.27 (24–47)

dsTMS

RT (ms) 359.60 41.50 (274.4–433.2) 397.94 77.48 (301.2–526.3)

Basic neurophysiologic measures of both groups (MS =Multiple Sclerosis; HC= Healthy

Controls), displaying the mean and standard derivation (SD) as well as the range of basic

demographic and clinical measures, where appropriate. ISI (interstimulus interval) denotes

the most effective inter-stimulus interval during the SICF (Short Intracortical Facilitation)

protocol and RMT the average Resting Motor Threshold. RT denotes the reaction time to

initiate a pinch force during the Go condition of the PinchNoPinch task.

Pinch and NoPinch execution (1 100–75ms) and correlated
these values with individual FCMS severity scores. To test for the
timing specificity of our results, we also calculated correlations
between PMd-conditioned MEPs at a different delta interval (1
125–100ms). Bonferroni correction was used to obtain family-
wise error-corrected p-values where appropriate.

RESULTS

Basic Group Characteristics
Age and sex were not significantly different between healthy
controls and patients (age: t(22) = −0.854, p = 0.402; sex: χ(1)

= 0.168, p = 0.682). Neither were cognitive test scores (PASAT
& SDMT), basic neurophysiological parameters like RMT, or the
stimulator output used to achieve 1mV during SICF or 0.5mv
during the main experiment (all p > 0.40).

Short Latency Intracortical Facilitation
Test stimulus size during the SICF was not significantly different
between groups (t(21) = −1.616; p= 0.12). All participants
did show SICF in at least one interval, and all participants
had their most responsive interval (e.g., the interval with the
highest facilitation) between 1.2 and 1.6ms (Table 2). To test for
differences in intracortical facilitation between groups, the MEP
amplitude for the most effective SICF interval was normalized to
the test pulse in each participant. A t-test comparing the optimal
SICF between groups showed that RR-MS patients showed
significantly less facilitation than healthy volunteers (t(22)=2.39;
p= 0.026) (Figure 2).

Behavioral Data
We tested whether either group membership (RR-MS vs. HC),
TMS condition (TS vs. TS-CS), or TMS timing (75/100/125ms)
influenced the performance during the Pinch-NoPinch task. A
mixed-effects ANOVAwith RT as the dependent variable showed
that none of the factors had a significant influence on RT (Time:
F(1.073, 23.597) = 1.458, p = 0.242; Group (F(1, 22) = 1.454, p =

0.241; Condition: F(1, 22) = 0.499, p = 0.487). Also, none of the
interactions were significant (p > 0.2).

FIGURE 2 | Short Intracortical Facilitation (SICF). Individual most effective ISIs

normalized with respect to the TS. Multiple sclerosis patients show a

significantly lower amplitude of the I1-wave peak facilitation with respect to the

HC (t(22) = 2.396; p = 0.026); *p < 0.05.

Single-Pulse TMS Data
To test for action context-dependent modulations of
corticospinal excitability, a mixed-effects ANOVAwas calculated,
with the MEPs elicited by the TS during the Pinch-NoPinch task
as the dependent variable. The ANOVA indicated that the action
context modulated corticospinal excitability in both groups,
with higher MEPs during the Pinch-trials (main effect of Task:
F(1, 22) =7.068, p = 0.014). Mean MEP amplitude evoked by TS
in the Pinch and NoPinch conditions was consistently larger
than the 0.5mV MEP amplitude evoked by the TS at rest, as
determined before the start of the experiment. A significant
Time × Task interaction further indicated that corticospinal
facilitation increased when the TS was given closer to Pinch
onset and dropped (though not under baseline) when the TS
was given closer to the (imaginary) in the No-Pinch condition
(Figure 3A). (F(2, 44) = 4.123, p= 0.023). The lack of a significant
Group effect indicated that there was no significant difference in
time-dependent modulation of corticospinal excitability between
the groups (Figures 3B,C). This indicated that MS patients
modulated corticospinal excitability in a task-dependent fashion
and, to a degree, were comparable to healthy controls (F(1, 22) =
0.320, p= 0.578) (Figure 3C).

Dual-Site TMS Data: Modulations of Premotor-M1

Connectivity
A mixed-effects ANOVA calculated on the normalized MEPs
elicited by dual-site TMS did not reveal a significant effect
of Group, Task, or Time on PMd-M1 connectivity. However,
there was a trend toward a Time × Group interaction (F(2, 44)
= 2.760, p = 0.074; Figure 4A). Post-hoc tests did not find
significant group differences but indicated that the difference
between groups was largest closest to movement onset (75ms, p
= 0.1) (Figures 4A–C).
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FIGURE 3 | Pinch-NoPinch task. (A) Pre-movement facilitation of the MEP amplitude during the Pinch/NoPinch task, averaged over all participants. The dotted,

horizontal line indicates the mean value of the baseline MEP (0.63mV) with standard error as a gray shadow (0.06). Error bars indicate standard error. (B) Mean MEP

amplitudes of the HC group during the task. The dotted horizontal line indicates the mean value of the baseline MEP for HC (0.65 mV± 0.09). Error bars indicate

standard error. (C) Mean MEP amplitudes of the MS group during the task. The dotted horizontal line indicates the mean value of the baseline MEP for MS patients

(0.61mV ± 0.09). Error bars indicate standard error. *p < 0.05.

FIGURE 4 | Dual-site TMS (dsTMS) protocol during the Pinch-NoPinch Task. Pre-movement MEP amplitude modulation during the Pinch-NoPinch task. Each line

represents the mean amplitude of the MEPs elicited by dsTMS, normalized to the mean MEP amplitude elicited by the single pulse at the same time interval. Error

bars indicate standard error. (A) Modulation of MEP amplitude between HC and MS patients over time. (B) Change in PMd-M1 modulation when getting closer to

(potential) movement onset for the HC-group, normalized to the mean MEP at 125ms. (C) Change in PMd-M1 modulation when getting closer to (potential)

movement onset for the MS-group normalized to the mean MEP at 125ms.

Dynamic Modulation of PMd-M1 Connectivity as a

Marker of Motor Fatigue
In patients, we found a significant positive correlation between
increasing PMd-M1 inhibition, indicated by1MEP (100–75ms),
and the FSMC motor score for the NoPinch trials but not for
the Pinch task (NoPinch: r = 0.69, p = 0.007; Bonferroni-
corrected p = 0.028; Pinch: r = 0.21, p = 0.50; Figure 5). While
a similar trend could be observed for 1MEP (125–100ms),
NoPinch correlations for this interval were weaker and did not
survive Bonferroni correction (NoPinch: r = 0.587; p = 0.022;
Bonferroni-corrected p = 0.08; Pinch r = −0.175; p = 0.293).
In healthy subjects, no significant correlations could be observed
(p > 0.2). There was also no correlation between the dynamic
modulation of corticospinal excitability as revealed by single-
pulse TMS and individual FSMC scores.

DISCUSSION

Using single-pulse and paired-pulse TMS, we studied the
dynamic modulation of motor cortical excitability during a cued
Pinch-NoPinch task in patients with RR-MS. Our measurements
yielded two main findings: First, patients showed a normal
modulation of corticospinal excitability as well as ipsilateral
premotor-to-motor cortical drive during the RT period of

Pinch and NoPinch trials. Second, patients showed a tendency
toward attenuation of the premotor-to-motor drive toward the
end of the RT period in NoPinch trials. This attenuation in
functional premotor-to-motor connectivity scaled positively with
the amount of motor fatigue in patients. Mean response times did
not differ between groups or TMS conditions, indicating that our
TMS measurements during the RT period were not confounded
by relative differences in the timing of TMS with respect to the
appearance of the cue. The comparable RTs also exclude the
possibility that TMS prolonged the RT period in patients with
MS relative to healthy controls (32). Importantly, measures of
cognitive functioning did not differ between groups indicating
that executive control processes like information processing
efficiency and speed were not affected in the tested patients (33).

Modulation of Corticospinal Excitability
During the RT Period
Single-pulse TMS applied to the left M1-HAND revealed a
comparable modulation of corticospinal excitability in patients
with RR-MS and healthy controls. Both groups showed a
substantial increase in corticospinal excitability across all ISIs and
experimental conditions. This indicates that the RT period was
characterized by “global” corticospinal facilitation. It also implies
that the decision to refrain from further action in NoPinch trials
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FIGURE 5 | Correlation analysis. Correlation between FSMC motor score and the normalized modulation of MEP from 100 to 75ms (1 score) during the Pinch (A)

and NoPinch (B) tasks in the MS group. M1, primary motor cortex; PMd, dorsal premotor cortex.

did not require global inhibition but rather a gradual downscaling
of facilitation.

In addition to global MEP facilitation, there was a time-
dependent modulation of corticospinal excitability during the
RT period, caused by a divergence of corticospinal excitability
in Pinch and NoPinch trials toward the end of the RT
period. Corticospinal excitability increased further if the visual
cue instructed participants to pinch. Conversely, corticospinal
excitability showed a relative decrease during the RT period if
the visual cue required participants to refrain from pinching.
This finding agrees with previous studies demonstrating context-
dependent regulation of excitability using a classical Go-NoGo
task (34, 35), even though the classical NoGo condition leads
to active suppression of corticospinal excitability rather than
the relative downscaling of facilitation observed during NoPinch
trials in our study.

The differential effect of action context on the dynamic
regulation of corticospinal excitability was similar in patients
with MS and healthy controls. This observation is in contrast
with previous single-pulse TMS studies, which found attenuated
pre-movement facilitation of MEP amplitude in simple cued RT
tasks (14, 15). The discrepant findings highlight that the specific
movement context may be pivotal in detecting disease-dependent
changes in pre-movement excitability. Indeed, differences in the
motor context can reconcile the apparently diverging findings.
The simple, cued RT-task used in previous studies required a
rapid initiation and release of the same action across all trials
based on a very simple cue-response mapping rule. In contrast,
cue-response mapping was more complex in the Pinch-NoPinch
RT task used in the present study and required fine control of
grip force levels during pinching. We argue, therefore, that a
disease-dependent reduction of pre-movement facilitation does
not generalize acrossmotor tasks. Rapid boosting of corticospinal
excitability during simple externally cued motor actions appears
to be impaired in MS and associated with motor fatigue (14, 15).

In contrast, more finely tuned and bi-directional regulation of
corticospinal excitability during deliberate choices to act (to
pinch) or not to act (not to pinch) may be unaffected—at least
in moderately affected patients with RR-MS. Another factor
that may have helped patients to reach standard pre-movement
modulation was the overall corticomotor facilitation induced
by the task: the substantial increase in corticospinal excitability
throughout all ISIs and experimental conditions indicates a
“global” corticospinal facilitation and suggests that the decision
to refrain from further action in NoPinch trials did not require
global inhibition but rather a downscaling of facilitation.

Ipsilateral Premotor-to-Motor Drive
Our dsTMS measurements revealed no differences in the
ipsilateral premotor-to-motor drive between patients with RR-
MS and healthy controls. In both groups, the CS given to the left
PMd elicited no extra facilitation of the MEPs evoked with a TS
over ipsilateral M1-Hand. This was the case when participants
were about to initialize a pinch or refrained from executing a
pinch. The results suggest that ipsilateral premotor-motor drive
may have already been saturated during the RT period, which
may have prevented the premotor CS from further increasing
premotor-to-motor facilitation.

The dsTMS results show that the relative strength of
effective ipsilateral PMd-to-M1-HAND facilitation was constant
throughout the task and was not consistently altered by MS.
However, subtle alterations in premotor-to-motor connectivity
were observed in patients with RR-MS at the last ISI, which
was closest to the end of the RT period. While healthy controls
displayed a non-significant faciliatory premotor-motor effect in
both trial conditions, MS patients showed a slightly inhibitory
influence of the ipsilateral premotor CS on corticospinal
excitability during NoPinch trials. Correlation analysis
demonstrated that the individual magnitude of premotor-
to-motor inhibition scaled linearly with the severity of motor
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fatigue in MS patients. The more severe the motor fatigue, the
stronger the inhibitory drive from ipsilateral PMd to M1-HAND
was approaching a NoPinch event. This relationship was not
present in the Pinch trials and was not found in the healthy
control group. This finding indicates that patients who are
more affected by motor fatigue show stronger downregulation
of effective PMd-to-M1 connectivity in a context of movement
inhibition and this may indicate a less effective mode of fine
tuning the PMd-to-M1 drive.

Short-Latency Intracortical Facilitation
Using paired-pulse TMS applied to the precentral gyrus, we
replicated a previous paired-pulse TMS study showing a relative
reduction in SICF in MS patients relative to healthy controls (9).
However, unlike the previous study, we were not able to observe
a correlation between individual reduction in SICF and disease
severity (9).

Caveats
The presented study was subsidiary to a larger project (16),
and hence the number of participants was determined by the
retention rate at which participants agreed to participate in the
additional testing day. While previous studies on the action
context-dependent modulation of premotor-motor connectivity
(24) have used comparable sample sizes, it is possible that the
sample of 12 participants per group reduced the chance of
detecting subtle between-group differences. Future studies are
needed to determine whether the reported trend for a general
Time × Group interaction in premotor-M1 connectivity would
become significant in a better-powered study.

CONCLUSIONS

Our data suggest that pre-movement facilitation in M1 is not
impaired in MS patients if probed in a complex context of
action preparation and action inhibition. However, we were
able to demonstrate subtle abnormalities in premotor-motor
connectivity, where decreasing PMd-M1HAND facilitation
during movement inhibition predicted the severity of fatigue
scores in MS patients. This may indicate that patients suffering
from motor fatigue require stronger modulation of their

PMd-M1 drive to implement movement inhibition. Our findings
challenge disease-dependent modulation of corticospinal
excitability and indicate that functional premotor-motor
connectivity may be important in understanding the pathology
of fatigue in MS.
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Background: Inflammatory lesions and neurodegeneration lead to motor, cognitive, and

sensory impairments in people with multiple sclerosis (MS). Accumulation of disability

is at least partially due to diminished capacity for neuroplasticity within the central

nervous system. Aerobic exercise is a potentially important intervention to enhance

neuroplasticity since it causes upregulation of neurotrophins and enhances corticospinal

excitability, which can be probed using single-pulse transcranial magnetic stimulation

(TMS). Whether people with progressive MS who have accumulated substantial disability

could benefit from walking rehabilitative training to enhance neuroplasticity is not known.

Objective: We aimed to determine whether 10 weeks of task-specific walking training

would affect corticospinal excitability over time (pre, post, and 3-month follow-up) among

people with progressive MS who required walking aids.

Results: Eight people with progressive MS (seven female; 29–74 years old) with

an Expanded Disability Status Scale of 6–6.5 underwent harness-supported treadmill

walking training in a temperature controlled room at 16◦C (10 weeks; three times/week;

40min at 40–65% heart rate reserve). After training, there was significantly higher

corticospinal excitability in both brain hemispheres, reductions in TMS active motor

thresholds, and increases in motor-evoked potential amplitudes and slope of the

recruitment curve (REC). Decreased intracortical inhibition (shorter cortical silent period)

after training was noted in the hemisphere corresponding to the stronger hand only.

These effects were not sustained at follow-up. There was a significant relationship

between increases in corticospinal excitability (REC, area under the curve) in the

hemisphere corresponding to the stronger hand and lessening of both intensity and

impact of fatigue on activities of daily living (Fatigue Severity Scale and Modified Fatigue

Impact Scale, respectively).

Conclusion: Our pilot results support that vigorous treadmill training can potentially

improve neuroplastic potential andmitigate symptoms of the disease even among people

who have accumulated substantial disability due to MS.

Keywords: transcranial magnetic stimulation, neuroplasticity, rehabilitation, exercise, progressive multiple

sclerosis, corticospinal excitability, fatigue
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INTRODUCTION

Multiple sclerosis (MS) is a chronic neurodegenerative disease
that causes structural (i.e., brain lesions and atrophy) and
functional (i.e., neuronal connectivity and conduction
alterations) central nervous system dysfunction (1). Most
people with MS are initially diagnosed with the relapsing–
remitting form of the disease (RRMS). RRMS is considered to be
the inflammatory phase of MS with unpredictable development
of central nervous system lesions that result in physical,
sensory, and/or cognitive symptoms (i.e., relapses) (2). About
80% of people diagnosed with RRMS will eventually develop
secondary progressive MS (SPMS), which is considered to be
less inflammatory and more neurodegenerative (2, 3). As well,
∼10% of people with MS present with primary progressive MS
(PPMS), in which there is a steady disease progression from
initial diagnosis of MS (2, 3). Several lines of evidence suggest
that accumulation of disability in progressive MS is related to
diminished capacity for neuroplasticity (2–4). Because most
disease-modifying drugs act by reducing neuroinflammation,
these same treatments do not seem to be as effective during
progressive stages (5). Treatments that provide neuroprotection
and enhancement of neuroplasticity to recover function and halt
MS progression are highly warranted (6–10).

Animal and human research has shown that exercise
enhances neuroplasticity by upregulating neurotrophins that
facilitate cerebral gliogenesis, neurogenesis, synaptogenesis, and
angiogenesis [for reviews see (11, 12)]. In some neurological
conditions, such as Alzheimer’s disease (13), stroke (12, 14),
and spinal cord injury (15), exercise has also been shown
to promote neuroplasticity. In MS, studies have shown that
engagement in physical exercise training improves aerobic
capacity (16, 17), physical function (e.g., walking capacity) (18),
and mitigates physical symptoms (e.g., reduce fatigue, muscle
weakness) (17, 19, 20). Recent studies support that a high degree
of task practice (e.g., constraint-induced movement therapy)
can enhance neuroplasticity in people with progressive MS (21),
suggesting that there is continued capacity for plasticity even in
later stages of the disease.

In humans, rehabilitation-induced neuroplasticity is
typically measured using functional brain imaging (22, 23)
and transcranial magnetic stimulation (TMS) (24). TMS
generates a brief magnetic field through an insulated coil placed
on the participant’s scalp that induces neuronal activation
of the primary motor cortex resulting in a motor-evoked
potential (MEP) traveling through the corticospinal tract (24).
Studies using TMS in healthy individuals have shown that
exercise training promotes corticospinal excitability changes
that are related to enhanced neuroplasticity (25–28). Typical
TMS biomarkers that demonstrate exercise training-induced
changes in corticospinal excitability include lower motor
thresholds (29) and higher input-to-output MEP amplitudes
responses (28), which are biomarkers mediated by increased
glutamatergic (excitatory) neurotransmission (30). As well,
in healthy individuals, exercise training has shown to reduce
cortical silent period (CSP) duration (27, 31), an interruption of
the electromyographic activity of a sustained muscle contraction

after TMS-elicited MEP, suggestive of less activity of the
inhibitory neurotransmitter gamma-aminobutyric acid (GABA)
(24, 32).

Excessive GABAergic-mediated intracortical inhibition
and lower corticospinal excitability measured with longer
CSP and higher motor thresholds and lower input-to-output
MEP amplitudes, respectively, are biomarkers of neurological
impairment (e.g., stroke and MS) (10, 33–38) and reduced
neuroplastic potential (39, 40). In MS, demyelination causes
delay of the onset latency of the TMS-elicited MEP (41).
Since MEP latency shortening is associated with recovery of
physical function after stroke (42) and is faster in physically
active individuals (29), in addition to excitatory and inhibitory
TMS variables, MEP latency could also be altered by exercise
(43). Although evidence from cross-sectional studies suggest
a possible link between greater physical fitness and enhanced
neuroplasticity in MS (44), no study has investigated the
long-term effects of exercise training on neuroplasticity-like
mechanisms using TMS, particularly in progressive stages of MS.

The primary aim of the present study was to investigate
whether a rehabilitative walking training program induced
corticospinal excitability changes related to enhanced
neuroplasticity in people with progressive MS with severe
MS-related walking disabilities. Since excessive fatigue is
among the most disabling symptoms in progressive MS (18)
and previous research has demonstrated the link between
corticospinal excitability, fatigue (44–46), and fitness levels
(44, 47), our secondary aim was to investigate whether exercise
training-induced corticospinal excitability changes were
associated with changes in physical fitness (cardiorespiratory
fitness, body fat) (48) and subjective levels of fatigue (49, 50).

MATERIALS AND METHODS

Experimental Design
This study was part of a feasibility and proof-of-principle
interventional study aiming at restoring walking function
among patients with MS-related walking disability (51). The
data on feasibility and restoration of walking have been
reported elsewhere (51). This interventional study (10 weeks,
3×/week exercise training) with TMS assessment pre, post,
and 3-month follow-up was approved by the local health
ethics board prior to initiation (Health Research Ethics Board,
#2019.0225, NCT04066972).

Participants
Ten participants were recruited via referral from neurologists
and physiotherapists in the local MS clinic, as well as from
an outpatient rehabilitation service discharge database. All
participants signed informed consent prior to study inclusion.
Recruitment and screening details have been described elsewhere
(51). Participants were included if they (1) were diagnosed
with progressive MS (SPMS or PPMS), (2) reported no relapses
3 months prior to inclusion, (3) presented with walking
impairments (e.g., use of bilateral or unilateral gait aids),
(4) had disability level ≥6.0 on the Expanded Disease Status
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TABLE 1 | Participants’ demographics, body composition, and fitness.

ID MS Type MS Severity Walking Aid Age Range DD Lean mass (Kg) VO2peak (mL.min−1kg−1
LM) Body Fat %

(EDSS 0–10) (years) (years)
Pre Post 3-mo Pre Post 3-mo Pre Post 3-mo

1 PPMS 6.5 Walker 55–60 10 57.22 58.47 59.88 20.05 21.71 19.48 45.6 46.6 46.5

2 SPMS 6.5 Walker 55–60 33 43.26 44.64 – 22.61 20.75 – 44.8 44.5 –

3 PPMS 6.5 Walker 40–45 19 54.99 57.06 57.63 24.79 34.28 29.74 35.1 35.4 34.6

4 SPMS 6.0 Cane 45–50 28 29.47 31.18 33.56 41.84 36.98 36.50 39.1 39.6 36.9

5 SPMS 6.5 Cane 35–40 19 54.31 56.05 54.52 33.31 37.87 41.17 39.1 40.0 37.8

6 SPMS 6.0 Cane 70–75 18 32.87 32.32 33.12 31.61 37.69 41.28 34.4 37.4 33.1

7 PPMS 6.5 Walker 70–75 10 – – – 27.31# 21.69# 18.09# – – –

8 SPMS 6.0 Cane 25–30 2 41.74 43.56 42.62 48.28 48.66 48.13 44.7 40.8 39.9

DD, disease duration; EDSS, Expanded Disability Status Scale; MS, Multiple Sclerosis; PPMS, primary progressive MS; SPMS, secondary progressive MS; 3-mo, 3-month follow-up.
#Participant 7 declined to undergo Dual Energy X-ray Absorptiometry, and the maximal (peak) volume of oxygen uptake (VO2peak [mL.min

−1Kg−1
LeanMass(LM) ] was calculated by diving this

participant’s VO2peak (mL.min
−1 ) by the LM (kg) of total sample mean. 3-mo, 3-month follow-up.

Scale (EDSS), (5) were capable of participating in physical
exercise [as per Physical Activity Readiness Questionnaire
(PAR-Q) screening form (52)], and (6) were eligible to
undergo TMS (53) and dual energy X-ray absorptiometry
(DEXA) (54) as per screening procedures. Written informed
consent was obtained from participants for the publication
of any potentially identifiable images or data included in
this article.

Two participants dropped out during the intervention (51),
reporting not being able to commit to the proposed frequency
of exercise sessions (3×/week). Eight participants (seven female)
completed the intended exercise training, and pre–post data
were collected. One participant (number 2) could not be
reached during follow-up assessment. Participant demographics
are presented in Table 1.

Exercise Intervention
Participants underwent 10 weeks (3×/week) of vigorous
treadmill walking exercise training in a temperature-controlled
room (16◦C) (51). The treadmill was equipped with a harness
to prevent falls and to support ≤10% of participants’ body
weight. The dosage target of the exercise was 40min (5min
warm-up and cool down) at a moderate-high intensity (40–65%
heart rate reserve), which was adjusted throughout the training
by increasing the speed and incline of the treadmill and/or
reducing body weight support. Manual assistance to advance
legs and resting breaks of ≤2min were provided whenever
necessary (51).

Outcome Measures
All outcomemeasures were assessed before the intervention (n=
8), after the 10-week period intervention (n= 8) and at 3-month
follow-up after the exercise intervention had ended (n= 7).

Cardiorespiratory Fitness
Levels of cardiorespiratory fitness were assessed as the peak rate
of oxygen uptake (VO2peak expressed in ml O2 min) during a
graded maximal exercise test performed on a recumbent stepper
(NuStep, Ann Arbor, MI, USA) as described elsewhere (14, 43,
44, 51, 55). Briefly, participants exercised at a cadence of 80

strides per minute while the equipment resistance level (1–10,
beginning at level 3) was increased by one level every 2min.
If exhaustion was not reached at resistance level 10 (maximal
NuStep resistance), the cadence was increased by 10 strides per
minute every 2min. Heart rate was continuously monitored
during the test (H10, Polar Electro Inc., Kempele, Finland).
The maximal and resting heart rate were used to calculate the
proposed intensities of the exercise sessions [e.g., intensity target
= 60%× (heart rateMax – heart rateRest)+ heart rateRest]. Fitness
levels were calculated as the absolute VO2peak (ml O2 min)

relative to the total lean body mass (kg) (VO2peak =ml O2 min−1

kg−1
leanmass). The latter has been shown to be a more accurate

measure of cardiorespiratory fitness in populations with a high
body fat percentage (56).

Body Composition
Participants’ total body weight (kg), body fat percentage (%), and
lean body mass (kg) were assessed using whole-body dual energy
X-ray absorptiometry (Discovery-A Densitometer, Hologic Inc.,
Bedford, MA, USA). Trained technicians calibrated the system
prior to each assessment, and built-in software was used to
analyze the data (v.12.6.1:3, Hologic Inc., Bedford, MA, USA).

Total Amount of Workload Performed During the

Exercise Sessions
Total amount of workload performed was estimated using
standardized equations (48). First, the VO2 (ml O2 min−1 kg−1)
uptake during the exercise was calculated using the equation VO2

(ml O2 min−1 kg−1) = {resting component (3.5ml O2 min−1

kg−1) + horizontal component [speed (m/min) × 0.1ml O2

kg−1 m–1] + vertical component [1.8ml O2 kg
−1 m–1 × speed

(m min−1) × inclineFractionalGrade]}; adjustments for treadmill
changes in speed and incline throughout the exercise were taken
into consideration. The averaged VO2 (ml O2 min−1 kg−1)
was transformed into metabolic equivalents. The kilocalorie
(kcal)/minute was calculated using the equation kcal/min =

(metabolic equivalents × 3.5 × total body weight in kg)/200.
Finally, the total amount of workload performed was calculated
by multiplying the kcal/minute by the total time in minutes that
the participants exercised. These data were calculated from the
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first and the last exercise session participants performed during
the exercise training and from the exercise session performed
during the follow-up visit.

Levels of Fatigue
The intensity of fatigue perceived by the patients was assessed
by the Fatigue Severity Scale (FSS) (49), whereas the impact of
fatigue on activities of daily living was measured by the Modified
Fatigue Impact Scale (MFIS) (50, 57) [for more details, see (51)].

Transcranial Magnetic Stimulation
Monophasic magnetic pulses were delivered to the right and
left brain hemispheres using a BiStim 2002 stimulator (Magstim
Co., Whitland, UK). With participants seated, a coil (70mm
figure-of-eight coil; Magstim Co. Whitland, UK) was positioned
tangentially to the scalp with the handle pointing backwards
and laterally at an 45◦ angle from the midline perpendicular to
the central sulcus to deliver posterior–anterior directed pulses in
the area of the primary motor cortex (58). Electromyographic
(EMG) activity and MEPs were collected by surface electrodes
(Kendall 200 Coviden, Mansfield, MA, USA) placed on the
contralateral first dorsal interosseous hand muscle. Assessing
corticospinal excitability on a non-exercised muscle (i.e., FDI
rather than leg muscles) was considered important in order
to more accurately investigate widespread effects on central
nervous system mechanisms involved in brain plasticity (59, 60).
A neuronavigation system (Brainsight, Rogue Research Inc.,
Montreal, QC, Canada) was used to ensure consistency of the coil
position (i.e., angle and orientation) on participants’ scalp during
the TMS assessment. The Montreal Neurological Institute brain
template was rendered in the BrainSight software and used as a 3-
D stereotaxic template (61). The same system was used to collect
EMG muscle activity and record MEPs with its built-in EMG
system. The system collects at a sample rate of 3 kHz and uses a
2,500 V/V amplification and a gain of 600 V/V with a bandwidth
of 16–550Hz. Stronger and weaker hands were determined
during baseline assessment (pre) by EMG recorded in the FDI
muscle while participants performed a pinch grip maximal
voluntary contraction (MVC) {mean EMG activity during MVC
[stronger vs. weaker hand (mean ± SD)]: 106.07 ± 79.3 µV
vs. 51.49 ± 45.12 µV; Z = −2.34, p = 0.018}. In order to be
more precise when differentiating between stronger and weaker
sides’ brain-to-muscle connectivity (potentially less and more
affected sides, respectively), EMG signal was prioritized over
force production, since EMG represents the electrical activity
frommotor units firing action potentials generated by the central
nervous system.

Motor thresholds and MEP latency
Suprathreshold TMS stimulations were delivered at different
locations around the hand primary motor area. The location with
the highest average peak-to-peak MEP amplitude was chosen as
the hotspot. The hotspot was reassessed at pre, post, and follow-
up, since it can show variability (62) and changes following
interventions [e.g., exercise (63)]. The relative frequency method
was used to determine resting motor thresholds (RMTs) and
active motor thresholds (AMTs) (24, 64) and were determined
as the minimum TMS intensity (maximal stimulator output

percentage, MSO%) required to elicit peak-to-peak MEP
amplitudes of ≥50 µV at rest (RMT) and ≥200 µV with
participant performing 10% of pinch grip MVC (AMT) in at least
5 out of 10 trials. RMT and AMT are reported as MSO% (0–100).
MEP latencies were determined from the valid MEPs collected
during the RMT experiment and were calculated as the time [in
milliseconds (ms)] between the TMS artifact and the MEP onset;
the timepoint where the MEP amplitude surpassed ±2 standard
deviation from the mean EMG background activity (100ms prior
to the TMS stimulation).

Excitatory and inhibitory recruitment curves
To create recruitment curves, TMS stimulation intensities of
105–155% of AMT (increments of 10%) were employed in
randomized order with participants performing a pinch grip
at 10% of MVC (47). Three to six stimulations (28, 65, 66)
were delivered at each intensity, and the averaged peak-to-peak
MEP amplitude (µV) and CSP time (ms) were recorded. CSP
was defined as the time between the MEP onset to the return
of EMG activity (≥±2 standard deviation from background
EMG activity) (24). MEP amplitudes were normalized to the
largest peak-to-peak amplitude (25) collected during baseline
assessment (i.e., first TMS session; prior to beginning of the
exercise training). A linear relationship between the normalized
MEP amplitudes against the used TMS intensities (105–155% of
AMT) determined the excitatory recruitment gain and accuracy
(slope and R2 of the linear relationship, respectively) of the
corticospinal tract in recruiting neurons (25, 34), both previously
reported potential biomarkers of corticospinal tract integrity
(67). Similarly, the inhibitory recruitment curve slope and R2

was calculated by plotting the CSP time against the TMS
intensities. As an estimate of overall corticospinal excitation
(MEP amplitudes) and inhibition (CSP time), the area under the
curve was calculated using the trapezoid rule1X × (Y1+ Y2)/2,
with X being the TMS intensity used (105–155% of AMT) and
Y being the normalized MEP amplitudes (% of largest baseline
MEP) or the recorded CSP time.

Statistical Analysis
A priori, we planned to use a one-way repeated measures
analysis of variance and Friedman test when testing normal
and non-normally distributed data, respectively. Because tests
of normality (e.g., Shapiro–Wilk) typically require samples
sizes of n ≥ 10 to generate reliable results (68), the more
robust non-parametric alternative (i.e., Friedman test) (69) was
preferred (70) to determine changes in TMS variables [RMT,
AMT, and excitatory and inhibitory recruitment curves (MEP
amplitudes105−155%AMT, CSP time105−155%AMT, slope, R

2, and
area under the curve)], fitness (ml min−1 kg−1

LM, body fat %),
and workload performed (kcal/session), at the different time
points (pre, post, and follow-up). Analysis between time points
(pre vs. post vs. follow-up) is reported as χ

2
(degreesoffreedom)

=

test statistic, p-value. When statistically significant (p < 0.05),
Bonferroni-corrected pairwise comparisons were performed to
identify the difference across time points, and the adjusted
p-value for multiple comparisons is reported. All data in the text
are presented as median (Mdn).
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FIGURE 1 | Effects of 10-week treadmill walking exercise training on active and resting motor thresholds. (A,B) Increased corticospinal excitability (CSE) was noted

during active motor threshold (AMT) assessment in both brain hemispheres (i.e., corresponding to the weaker and stronger hands) as lower values of the maximal

stimulator output (MSO%) were needed to elicit motor-evoked potentials (MEPs) in the contralateral first dorsal interosseous muscle (200 µV amplitude MEPs

collected during 10% of pincer grip maximal voluntary contraction). AMT returned to baseline during the 3-month follow-up period assessment (3 mo). (C,D) There

was no difference in MSO% between time points (pre, post, 3-month follow-up) for resting motor threshold (RMT) (i.e., MEPs collected during resting) measured in the

hemisphere corresponding to the weaker hand. Because the absence of MEPs is an outcome that represents too low CSE (i.e., 100% of MSO not eliciting MEPs)

(71), participants in this condition are represented as open circles. Preintervention, too low CSE (i.e., no MEPs) was noted in participant 2’s stronger and weaker

hands during RMT assessment. This participant’s weaker hand demonstrated some recovery of CSE post-intervention as RMT’s MEPs could be elicited at 92% of

MSO. Lowered CSE (no MEPs) at 3-month follow-up was noted in participant 8’s weaker hand as AMT and RMT could not be recorded.

Relationships between changes in cardiorespiratory fitness
(ml min−1 kg−1

leanmass), lean mass (kg), body fat (%), levels
of fatigue (FSS, MFIS), workload performed (kcal/session), and
TMS changes were investigated with Spearman’s coefficient (rho)
at the unadjusted significance level of p < 0.05. Change scores
were calculated as % changes= post – pre/pre.

Differences between TMS values of the stronger and weaker
hand were investigated separately for each time point (pre, post,
follow-up) with Wilcoxon non-parametric paired t-tests.

RESULTS

Exercise Training Increased Corticospinal
Excitability in Both Hemispheres
Friedman’s test showed a significant difference for AMT between
time points (pre, post, follow-up) in both stronger and weaker

hands [χ2
(2) ≥ 8.27, p≤ 0.016]. Pairwise analysis revealed higher

corticospinal excitability (i.e., lower AMT) in participants post-
compared to pre-intervention in both stronger [MSO%; Mdn
(pre vs. post) = 33 vs. 27, p = 0.033] and weaker hands [MSO%;
Mdn (pre vs. post) = 41 vs. 37, p = 0.013), which returned
to baseline at follow-up (Figures 1A,B). Higher variability was
found for RMT; no change, increases, and decreases of RMT
were noted across participants in both hemispheres (stronger
and weaker hands), and no statistically significant changes were
observed in either hemisphere (Figures 1C,D).

Corticospinal gain (excitatory recruitment curve slope) was
statistically different between time points in both stronger and
weaker hands [χ2

(2) ≥ 8.40, p≤ 0.015]. Pairwise analysis revealed
increased capacity to recruit excitatory neurons with increased
TMS stimulation intensities (i.e., higher slope) post- compared
to pre-intervention [Mdn = (pre vs. post) = stronger: 1.33 vs.
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FIGURE 2 | Effects of 10-week treadmill walking exercise training on corticospinal gain. After 10 weeks of exercise training, availability to recruit corticospinal tract

neurons with increased transcranial magnetic stimulation intensities was increased (i.e., higher slope) in both brain hemispheres corresponding to the stronger and

weaker hands and returned to baseline at 3-month follow-up (3-mo), although, two participants (numbers 6 and 8) continued to increase corticospinal gain in the

hemisphere corresponding to the weaker hand during follow-up. The recruitment curve as collected using transcranial magnetic stimulation intensities of 105–155% of

the active motor threshold (AMT) (increments of 10%) and the slope was determined from a linear regression between the normalized MEP amplitudes [% of the

largest baseline motor-evoked potential (MEP)] against the TMS intensities performed (105–155% of AMT).

2.20, p= 0.013; weaker: 0.67 vs. 2.08, p= 0.028], which returned
to baseline at follow-up (Figure 2). Recruitment curve accuracy
(R2) did not change in neither stronger or weaker hand [χ2

(2) ≤

4.00), p ≥ 0.135].
For MEP amplitudes, statistical significance between time

points were noted at the intensities of 135% [χ2
(2) = 7.00, p

= 0.030] and 145% [χ2
(2) = 9.33, p = 0.009] of AMT in the

weaker hand and at 145% of AMT in the stronger hand [χ2
(2) =

6.00, p= 0.050]. In all cases, pairwise analysis revealed increased
corticospinal excitability (higher normalized MEP amplitudes)
post- compared to pre-intervention with return to baseline at
follow-up [% of largest baseline MEP; Mdn (pre vs. post): weaker
hand: 135% of AMT: 85.49 vs. 111.39, p = 0.028; 145% of AMT:
85.78 vs. 151.66, p = 0.012; stronger hand: 145% of AMT: 88.73
vs. 127.05, p= 0.048; Figure 3].

Exercise Training Reduced Intracortical
Inhibition in the Hemisphere
Corresponding to the Stronger Hand
In the stronger hand, differences between time points were noted
for CSP investigated in all TMS intensities [105–155% of AMT;
χ
2
(2) ≥ 6.00, p < 0.050]. Pairwise analysis revealed reductions

in CSP time post- compared to pre-intervention across all
intensities used (p ≤ 0.048), which returned to baseline level at
follow-up (Figure 4A). In the hemisphere corresponding to the
weaker hand, there was a statistically significant difference for
CSP time at the different time points at lower TMS intensities
{105–125% of AMT [χ2

(2) = 6.33, p = 0.042]}; however,

statistical significance was not reached during pairwise analysis
(p ≥ 0.063; Figure 4B).

Changes in Body Composition, Fitness,
and Exercise Performance
Lean body mass of the participants increased from pre- to post-
intervention and from post-intervention to follow-up; however,
only the change from pre to follow-up was statistically significant
[χ2

(2) = 7.00, p= 0.030; Mdn, lean mass (kg) (pre vs. follow-up):
41.74 vs. 48.57, p = 0.028] (Figure 5A). Body fat also decreased
during follow-up, and a statistical significance was noted from
post to follow-up [χ2

(2) = 8.33, p= 0.016; Mdn, body fat % (post
vs. follow-up): 40.00 vs. 37.35, p= 0.012; Figure 5B].

Although four out of eight participants improved their
cardiorespiratory fitness (ml min−1 kg−1

leanmass), no overall
statistical change was reached (p ≥ 0.368; Figure 5D). However,
an increased capacity to perform exercise were noted as
participants were able to perform a higher exercise workload
(kcal/session) in the last compared to the first exercise session
[χ2

(2) = 7.14, p = 0.028; Mdn, kcal/session (pre vs. post) =

121.39 vs. 70.24, p = 0.023], and this capacity was maintained
during follow-up (Figure 5C).

Overall Corticospinal Excitation Increased
Post-intervention in the Stronger Hand and
Was Associated With Reductions in
Fatigue
In the stronger hand, overall corticospinal excitation [area under
the curve (AUC), normalized MEP amplitudes] differed between
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FIGURE 3 | Effects of 10-week treadmill walking exercise training on motor-evoked potential (MEP) amplitudes. (A) Higher normalized MEP amplitudes (% of largest

baseline MEP) demonstrate higher corticospinal excitability after the exercise training (ET) with return to baseline at 3-month follow-up (3-mo) in the hemisphere

corresponding to the stronger hand at a transcranial magnetic stimulation (TMS) intensity of 145% of the active motor threshold (AMT) and (B) in the hemisphere

corresponding to the weaker hand at the TMS intensities of 135 and 145% of the AMT.

time points [χ2
(2) = 11.14, p= 0.004]. Pairwise analysis revealed

increased overall corticospinal excitation (higher AUC) post-
compared to pre-intervention [Mdn, AUC105−155%ofAMT (pre vs.
post)= 3,237 vs. 3,947, p≤ 0.016) with returned to baseline level
at follow-up (Figure 6A). Relationship analysis demonstrated
that greater increases in overall corticospinal excitation in the
stronger hand were associated with greater reduction in fatigue
severity levels measured with the FSS (rho = 0.762, p = 0.028;
Figure 6B) and fatigue impact measured with the MFIS (rho =

0.962, p= 0.001; Figure 6C).
Nerve conduction speed (MEP latency) did not change in

either side [χ2
(2) ≤ 1.14, p ≥ 0.565; Mdn, milliseconds (pre

vs. post vs. follow-up): stronger hand, 24.17 vs. 24.51 vs. 22.12;
weaker hand, 26.26 vs. 25.94 vs. 25.97].

All the TMS values (median and range), differences between
stronger and weaker hands across time points, and reasons for
missing values across time points are reported in Table 2.

DISCUSSION

We undertook this study to determine whether a 10-week,
3× /week walking exercise training program would alter
corticospinal excitability among people with walking disability

due to progressive MS. We report four main findings.
First, exercise training resulted in short-term enhancement of
corticospinal excitability in both brain hemispheres, which was
lost when reassessed during follow-up 3 months later. Second,
participants’ intracortical inhibition was decreased after training;
however, this effect was also short term (lost at follow-up) and
was restricted to the hemisphere corresponding to the stronger
hand. Third, the training augmented lean mass and reduced
body fat, and although there was no change in cardiorespiratory
fitness measured as peak of oxygen consumption, capacity
to perform exercise (workload) was increased after training
and sustained at follow-up (51). Finally, enhancement in
corticospinal excitability in the hemisphere corresponding to
the stronger hand was correlated with reductions in both
severity and impact of fatigue on everyday life (FSS and
MFIS, respectively).

Physical Exercise Training to Enhance
Corticospinal Excitation in Progressive MS
Motor thresholds and MEP amplitudes are considered indicators
of corticospinal excitation, mediated by glutamate and its activity
on N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors (24, 30). In
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FIGURE 4 | Effects of 10-week treadmill walking exercise training on cortical silent period (CSP) time. (A) In the hemisphere corresponding to the stronger hand,

shorter CSP time (ms) at all transcranial magnetic stimulation intensities used [105–155% of active motor threshold (AMT)] suggested less GABAergic-mediated

intracortical inhibition post-exercise training (ET), with return to baseline at 3-month follow-up (3-mo). (B) In the hemisphere corresponding to the weaker hand,

although statistical significance was reached for the TMS intensities of 105, 115, and 125% of AMT between the different time points [Friedman’s test: pre vs. post vs.

3-mo; χ
2
(2) = 6.33, p = 0.042], there was no statistical significance during pairwise analysis.

FIGURE 5 | Effects of 10-week treadmill walking exercise training on body composition and physical fitness. (A) Amount of lean body mass (kg) measured using dual

energy X-ray absorptiometry (DEXA) was higher at 3-month follow-up (3-mo) compared to pre-exercise training. (B) Body fat percentage (%) measured using DEXA

was lower at 3-month follow-up compared to post-exercise training. (C) Participants were able to perform a higher exercise workload (kcal/session) at their last

exercise session compared to the first. Total amount of workload performed was estimated using standardized equations (49). (D) No change was noted for

cardiorespiratory fitness measured as peak rate of oxygen uptake during a graded maximal exercise test [VO2peak = ml min−1 kg−1
ofleanmass(LM)].

fact, higher glutamatergic receptor activity is associated with
greater capacity for synaptic plasticity (72, 73), and disruption
of this excitatory circuitry is responsible for diminished

neuroplasticity and lower capacity to learn new tasks and recover
from neurological damage (e.g., aging, stroke, MS) (4, 7, 71).
Therefore, there are important initiatives underway to develop
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FIGURE 6 | Ten weeks of treadmill walking exercise training induced increased overall corticospinal excitation that was associated with reductions in subjective

fatigue. (A) In the hemisphere corresponding to the stronger hand, higher overall corticospinal excitation was noted post-exercise training, with complete return to

baseline during 3-month follow-up (3-mo). Overall excitation was calculated as the area under the curve (AUC) using the trapezoid rule 1X × (Y1 + Y2)/2, with X

being the transcranial magnetic intensities used (105–155% of AMT; increments of 10%) and Y being the normalized motor-evoked potential (MEP) amplitudes (% of

largest baseline MEP). (B) Increases in overall excitation (AUC) in the hemisphere corresponding to the stronger hand were associated to reductions in subjective

levels of fatigue measured using the fatigue severity scale (FSS) and (C) the modified impact scale (MFIS).

new treatments (e.g., exercise, pharmacological, non-invasive
brain stimulation) aimed at increasing glutamatergic-mediated
brain excitation in the injured brain to enhance neuroplasticity
and recover function (9, 45, 71, 74–76). For instance, studies
using TMS have confirmed that, in comparison to those
who are less physically active, individuals with higher fitness
have lower motor thresholds and higher MEP amplitudes
(29) (i.e., higher corticospinal excitability) and demonstrate
superior increases in MEP amplitudes (i.e., greater neuroplastic
response) following paired associative stimulation to induce
neuroplasticity (28, 77).

We have previously shown that acute exercise increases
corticospinal excitation (i.e., higher MEP amplitude) and reduces

intracortical inhibition (i.e., shorter CSP) among people with
walking disability due to progressive MS (47). Importantly, this
effect was noted only in the stronger hand (47), likely due
to a more intact (i.e., less affected) contralateral corticospinal
representation (33). Here, we showed bilateral reductions in
AMT, increases inMEP amplitudes, and superiormotor neuronal
recruitment (higher recruitment curve slope) after 10 weeks
of aerobic exercise training. This suggests that the stimulus
from regular exercise training may have led to the chronic
enhancements in excitatory synaptic transmission noted in
these participants. Moreover, even though the hemisphere
corresponding to the weaker hand, whichwas likelymore affected
by MS (33, 78), was unresponsive after one exercise session
(47), in this longer term exercise training, it demonstrated
capacity to improve in synaptic excitatory transmission. It is
interesting to observe that Nicoletti et al. (9) recently reported
enhanced corticospinal excitation in people with progressive MS
after 4 weeks of D-aspartate treatment, which aimed to enhance
NMDA receptor activity (9). They also showed increases in MEP
amplitudes following intermittent theta burst stimulation (i.e.,

enhanced neuroplasticity) (9). It appears that exercise training
has comparable benefits in terms of enhancing capacity for
neuroplasticity in progressive MS. It is important to note that the
corticospinal excitability enhancements reported here and those
by Nicoletti et al. (9) were short term and disappeared 3 months
after cessation of the intervention. Therefore, we suggest that
treatments that enhance neuroplasticity, such as physical exercise
training, should be prescribed continuously in progressive MS to
protect the brain, improve brain function, and likely to potentiate
the effects of treatments (e.g., drugs) and other neuroplasticity-
inducing protocols (e.g., non-invasive brain stimulation).

Physical Exercise Training to Reduce
Intracortical Inhibition in Progressive MS
When applying suprathreshold TMS stimulations to the primary
motor cortex with participants performing a tonic muscle
contraction of the contralateral target muscle, the length of the
period of cessation of muscle activity (CSP) is an indicator of
intracortical inhibition mediated by the activity of the inhibitory
neurotransmitter GABA on its ionotropic and metabotropic
receptors (GABAA and GABAB, respectively) (24, 32). Although
the cortical and spinal contribution to the CSP length is still
unclear (24, 79), it is generally accepted that the cortex is themain
modulator of CSP change (32). Because excessive GABAergic-
mediated intracortical inhibition is considered pathological (80,
81), detrimental to neuroplasticity (39, 40, 81, 82), and is
associated with disease progression in MS (36) and stroke (83),
decreasing its activity is an attractive treatment strategy to boost
neuroplasticity (40, 81).

In healthy people and people with stroke, studies have
confirmed that even a single bout of aerobic exercise is
able to acutely reduce short intracortical inhibition (59, 83–
86) assessed with TMS paired pulse, a TMS biomarker of
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TABLE 2 | Transcranial magnetic stimulation values between stronger and weaker sides.

Median (range) Pre training Post training 3-month follow up

TMS variable Stronger Weaker Sig. Stronger Weaker Sig. Stronger Weaker Sig.

RMT (MSO%) 40 (28–68)a 45 (30–73)a 0.618 37 (22–76) 48 (26–92) 0.205 43 (24–56)d 40 (29–81)f 0.138

AMT (MSO%) 33 (20–64) 42 (27–100) 0.058 27 (17–45) 37 (18.76) 0.042* 30 (20–60)e 31 (21–64)f 0.307

MEP105%AMT 231.13 (186.67–331.17) 415.5 (181.5–464.25)b 0.046* 477.18 (243.50–1097.17) 222.50 (124.17–1072.20) 0.012 374.60 (91.50–634.40)e 295.88 (165.33–358.67)f 0.116

MEP115%AMT 310.00 (96.75–1398.00) 593.05

(174.00–1130.00)b
0.463 621.21 (319.00–1422.75) 320.75 (172.75–1720.80) 0.050 430.75

(146.25–1360.50)e
370.42 (153.00–860.33)f 0.600

MEP125%AMT 344.92 (199.50–2640.00) 818.47

(161.00–1365.77)b
0.753 740.50 (209.47–1592.00) 510–13

(226.60–3030.33)

0.779 597.40

(213.20–2100.00)e
772.17

(228.67–1453.75)f
0.753

MEP135%AMT 672.58 (248.00–3546.00) 550.23

(206.00–1483.67)b
0.345 1348.75

(353.33–1722.25)

665.50

(237.75–3587.33)c
0.237 724.20

(117.00–4664.40)e
994.67

(232.67–2159.67)f
0.463

MEP145%AMT 568.00 (334.50–3727.80) 564.63

(248.00–1812.67)b
0.345 1784.88

(430.33–4608.00)

765.67

(310.50–3998.00)c
0.128 1065.67

(272.00–4634.00)e
1165.08

(260.33–2814.80)f
0.345

MEP155%AMT 1037.55

(357.00–3771.33)

870.67

(468.50–1933.00)b
0.686 2047.85

(373.75–4031.20)

892.50

(232.33–4268.00)c
0.091 1346.17

(98.00–4669.00)e
1252.75

(257.20–2798.00)f
0.249

eREC slope

(gain)

14.80 (3.53–77.38) 3.14 (−1.83–30.00)b 0.075 28.41 (3.22–82.06) 10.18 (1.70–66.77)c 0.091 15.51 (0.90–49.28)e 19.11 (2.24–59.03)f 0.686

eREC R2

(accuracy)

0.77 (0.51–0.97) 0.35 (0.00–0.97)b 0.173 0.76 (.042–0.96) 0.82 (0.66–0.99)c 0.499 0.78 (0.05–0.87)e 0.91 (0.82–0.95)f 0.043*

eREC AUC

(overall excitation)

25852 (13182–126385) 30498 (7558–65129)b 0.463 58744.17

(16940.42–108246.00)

30189.83

(11258.50–150065.17)c
0.176 34050.50

(8432.00–154112.00)e
40965.42

(10859.33–83448.00)f
0.463

CSP105%AMT 89.56 (34.65–177.40) 72.47 (50.61–249.76)b 0.249 33.35 (16.17–91.63) 82.77 (31.92–279.04) 0.012* 49.66 (32.80–269.32)e 75.26 (37.17–229.93)f 0.249

CSP115%AMT 118.31 (45.06–181.49) 102.27 (84.86–266.75)b 0.345 62.34 (19.35–219.98) 112.16 (40.96–271.27) 0.036* 98.03 (18.88–279.07)e 108.28 (55.22–229.40)f 0.046*

CSP125%AMT 138.49 (58.90–233.98) 128.85 (101.84–255.44)b 0.116 71.41 (44.46–190.77) 148.58 (52.44–307.23) 0.017* 124.91 (45.60–186.06)e 169.13 (87.86–259.93)f 0.046*

CSP135%AMT 151.60 (67.87–237.88) 150.01 (121.46–272.03)b 0.345 83.57 (40.51–201.44) 140.24 (73.29–292.23)c 0.018* 142.76 (47.85–304.16)e 170.69 (77.56–225.96)f 0.173

CSP145%AMT 157.33 (82.26–282.32) 151.81 (139.38–325.93)b 0.173 137.96 (67.22–238.43) 159.61 (94.94–347.51)c 0.018* 167.32 (123.66–316.11)e 175.15 (83.65–252.69)f 0.345

CSP155%AMT 174.75 (101.28–294.92) 158.33 (146.92–187.09)b 0.893 143.82 (66.13–257.88) 156.08 (129.73–233.08)c 0.028* 156.71 (121.33–179.94)e 169.94 (149.51–293.69)f 0.046*

iREC slope

(Gain)

1.88 (0.91–3.68) 1.84 (0.83–2.19)b 0.893 2.04 (0.89–2.56) 1.97 (0.29–2.88)c 0.866 2.17 (0.75–2.73)e 1.76 (1.03–2.27)f 0.345

iREC R2

(accuracy)

0.94 (0.75–0.99) 0.88 (0.84–0.99)b 0.893 0.88 (0.67–0.97) 0.87 (0.01–0.95)c 0.237 0.90 (0.73–0.93)e 0.70 (0.54–0.79)f 0.028*

iREC AUC

(overall Inhibition)

6975.5 (3262.0–11718.0) 6531.5

(5823.00–12450.30)b
0.249 4369.13

(2271.20–10254.75)

6666.25

(3601.05–13043.85)c
0.018* 5857.20

(3397.85–7825.15)e
7482.20

(3976.30–12292.90)f
0.116

MEP latency (ms) 24.17 (21.38–43.15)a 26.26 (20.45–35.52)a 0.866 24.51 (19.48–43.78) 25.95 (20.36–38.02) 1.000 22.12 (21.88–29.69)e 25.97 (20.26–28.20)f 0.686

AMT, active motor threshold; CSP, cortical silent period; eREC, excitatory recruitment curve; iREC, inhibitory recruitment curve; MEP, motor evoked potential; MSO%, maximal stimulator output percentage; RMT, resting motor threshold;

eREC Slope = MEP Amplitude (µV) by TMS intensity105−155%AMT ; iREC Slope = CSP time (ms) by TMS intensity105−155%AMT ; Area under the curve (AUC) was calculated for both excitatory and inhibitory RECs using the trapezoid

rule ∆X x (Y1+Y2)/2, whereby X were the MSO% used (i.e., X axis values, 105–155% of AMT) and Y are the recorded CSP lengths (ms) or the MEP amplitudes (µV).

*Difference between stronger and weaker hand is statistically significant at α < 0.05.
aMissing data from participant 2 due to too low corticospinal excitability (i.e., no resting MEPs).
bMissing data from participant 2 and 7 due to too high AMT (AMT = 100 and 82%, respectively), thus the required increases in MSO% based on AMT to assess the REC could not be performed).
cMissing data from participant 7 due to high AMT (AMT = 76%), thus the required intensities of 135–155% of AMT could not be performed, and the slope, R2 and AUC could not be calculated).
dTime point with n = 5 (participant 2 could not be reached during follow-up assessment, missing data from participant 7 and 6 due to too low corticospinal excitability (i.e., no resting MEPs) and overheating of equipment (i.e., stimulator).
eMissing data from participant 2 (could not be reached during follow-up).
fMissing data from participant 2 (could not be reached during follow-up) and 7 [too low corticospinal excitability (i.e., no resting or contracting MEPs (RMT and AMT)].
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GABAA-receptor activity (24). We recently reported a similar
effect after acute aerobic exercise in people with progressive MS
(47). Interestingly, here, we showed that after 10 weeks of exercise
training, CSP duration was reduced at all TMS intensities,
indicating reductions in both GABAA and GABAB-mediated
intracortical inhibition. This result aligns with findings in healthy
individuals demonstrating that 4–12 weeks of strength exercise
training reduced both GABAA- and GABAB-receptor activity,
as decreasing in short-intracortical inhibition and duration
of the CSP elicited at higher TMS intensities, respectively
(26). We have previously shown that among people with
MS, superior cardiorespiratory fitness was related to shorter
CSP (44). In our present findings, although there were no
significant improvements in cardiorespiratory fitness measured
as the peak of oxygen consumption (VO2peak), there were other
indicators of improved physical health (48) such as higher
capacity to perform exercise (i.e., kcal/session), greater lean
mass, and lower body fat percentage, and increases in other
parameters of cardiorespiratory fitness such as the oxygen uptake
efficiency slope [for details, see (51)]. The fact that the beneficial
reduction (acute and long term) in intracortical inhibition was
only observed in the brain hemisphere corresponding to the
stronger hand may suggest a greater neuroplastic potential of
inhibitory mechanisms in the hemisphere thought to be less
affected by MS. Furthermore, our walking training provided
a high degree of task-specific training (18, 87, 88). Ziemann
et al. has shown that less GABAergic-mediated intracortical
inhibition, assessed with TMS, was essential for motor learning
processes from task-specific training to occur (89). Decreasing
GABAergic-mediated intracortical inhibition has also been
proposed to be an important factor initiating increases in
muscular strength (26, 27, 31). Although we did not measure
muscular strength (e.g., MVC pre–posttraining), we did note
increases in lean mass at post and follow-up as well as
improvements in walking function [e.g., walking speed; see (51)].
Altogether, this indicates that long-term physical exercise that
utilizes task-specific training in highly disabled people with
progressive MS reduces intracortical inhibition and possibly
improves and restores physical function through enhanced
neuroplasticity. Although, because no correlation between
changes in intracortical inhibition, body composition, and
walking function was noted, it remains to be answered whether
decreasing intracortical inhibition would lead to improvements
in learning and restoration of function in people with MS.
Future research should examine whether such effects would take
place in a larger sample with different walking abilities using
a randomized controlled design. As well, because we measured
overall gains in walking function (51) and body composition,
future research should examine whether the enhanced plasticity
(reduced inhibition) measured in the hemisphere corresponding
to the stronger side of the body indeed translates into global
brain function improvement (60) (e.g., bilateral and cognitive
function) or whether it is restricted to the contralateral
representation. This would be an important discovery for
interventions aiming at improving function of the most
affected side.

It is interesting that, when compared to healthy controls, some
studies have shown reduced intracortical inhibition (shorter
CSP) in MS patients (90, 91). Nantes et al. reported that shorter
CSP correlated with lower whole brain cortical volume (MRI,
magnetic transfer ratio) in progressive MS and that, interestingly,
longer CSP was a predictor of upper extremity motor dysfunction
(92). Therefore, when compared to the healthy central nervous
system (CNS), the CNS affected by MS may display decreased
activity of inhibitory mechanisms that, curiously, may work as
a compensatory mechanism during brain disease. The concept
that there are compensatory mechanisms that increase brain
excitation and decrease brain inhibition in order to preserve
brain function in CNS disease has been recently proposed by
other authors (7, 33, 44, 93–95). However, these processes are
certainly not uniform across CNS disorders. For instance, in
Parkinson’s disease, Fisher et al. (96) showed that high-intensity
treadmill exercise program improved walking performance and
lengthened CSP time (96), which is typically shortened in people
with Parkinson’s disease (97). Thomas et al. (98) also showed
lengthening of CSP in people with incomplete spinal cord injury
after a regimen of treadmill training. Although the mechanisms
are not entirely clear, our work and the work of others suggests
that rehabilitation and exercise prime the CNS as measured by
shifting of the CSP.

Corticospinal Excitability and Fatigue in
MS
Fatigue is one of the most disabling symptoms in MS (44–46).
Although the etiology of MS-related fatigue is not completely
understood, neuroimaging studies [e.g., MRI, functional MRI
(fMRI)] have proposed that its development and progression is
due to structural and functional abnormalities in both cortical
and subcortical areas (45). Previous studies have shown that
10–12 weeks of physical exercise training can lessen subjective
fatigue in people with MS (99), including progressive MS
(51, 100). Based on previous findings showing an association
between shorter CSP and lowered levels of subjective fatigue in
a cohort of people with MS (44), we proposed that improving
fitness through exercise training could mitigate fatigue by
decreasing GABAergic-mediated intracortical inhibition (i.e.,
shortening CSP). In this current pilot study, we reported a
strong association between increases in corticospinal excitation
(recruitment curve; AUC) and reductions in subjective fatigue
(FSS and MFIS). Nicoletti et al. (9) also demonstrated reductions
in subjective fatigue (FSS) and increases in corticospinal
excitation (intracortical facilitation) after D-aspartate treatment
in people with progressive MS (9). Furthermore, Créange et al.
(101) have also shown increases in corticospinal excitation
(e.g., RMT reduction) and reduction in levels of fatigue after
erythropoietin treatment to improve walking in people with
progressive MS. Our results and the results of others support
that there is a link between corticospinal excitation/inhibition
and fatigue, which should be examined in larger trials. In
fact, non-invasive brain stimulation methods (repetitive TMS,
transcranial direct current stimulation), which aim to increase
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cortical excitation and treat MS fatigue, have been recently
proposed (45). It is important to note that the abovementioned
experiments, and the present study, measured perceived (i.e.,
subjective) fatigue and not fatigability (i.e., muscle/performance
fatigability measured during contraction). Nonetheless, because
perceived fatigue and fatigability closely associate (102), our
results showing reduced levels of perceived fatigue and improved
fitness suggests that following training, subjects required less
physical effort to perform activities of daily living, suggesting
superior energy availability and reduced fatigability (102).
Therefore, we propose that exercise training might be able
to mitigate symptoms of fatigue possibly by acting through
increases in excitatory circuitry.

Limitations
There are some important limitations to consider when
interpreting the results of the present study. First, this was a
small pilot study, and no statistical sample size calculation was
conducted for the outcomes presented in this manuscript, which
limits the statistical power to obtain conclusive results. Second,
no control group was included, which limits the conclusion on
the true effect of the intervention. Third, as only patients with
progressiveMS and severeMS-related walking disabilities (EDSS,
6.0–6.5) were included, the findings may not be applicable for
relapsing–remitting and/or less disabled MS patients. Despite
these limitations, the novel insights from this study may serve
as a rationale for larger studies and continued efforts in
investigating the effects of exercise and physical rehabilitation on
neuroplasticity and functional recovery in MS.

As for considerations for future studies, although the aim
of this study was to investigate changes in corticospinal
excitability in a non-exercised hand muscle to demonstrate
widespread effects of exercise training on global brain plasticity
(59, 60), investigating muscles that were more involved in
the walking training (e.g., lower limb muscles) could provide
more insight regarding the link between the trained muscle
and cortical function (TMS) (27). Moreover, having participants’
neuroimaging data (e.g., magnetic resonance imaging) could
help to better understand the role of lesion volume and
location on exercise-induced corticospinal excitability changes.
We determined averaged MEP amplitudes and CSP times from a
small number of trials (three to six) as done previously by others
(28, 65, 66), and with participants performing tonic contraction,
in order to reduce intrasubject variability (27). Future studies
should examine the optimal number of stimulation trials (103)
in order to produce reliable MEP/CSP data. With respect to the
TMS recruitment curve parameters, we used linear regression
(TMS intensities by MEP amplitudes), as done by others (25, 34),
in an attempt to assess the corticospinal tract recruitment gain
(slope) and accuracy (R2); biomarkers were previously proposed
by Potter-Baker et al. (67) to reflect morpho-physiological
integrity of the corticospinal tract in stroke. However, more
studies are necessary in order to understand what the best model
is [e.g., sigmoidal (67) or linear (25, 34)] when calculating these
parameters while taking into consideration the different TMS

methodologies (e.g., range of TMS intensities employed), the
clinical population (e.g., stroke, MS), and lesion profile (e.g.,
lesion volume, location).

CONCLUSION

To our knowledge, this is the first study to investigate longer
term effects of exercise on corticospinal function using TMS
in patients with progressive MS. This exploratory pilot study
provides evidence that a neuroplastic potential still exists in
patients with progressive MS and severe MS-related walking
disability. Specifically, we found that 10 weeks of vigorous
treadmill training reduced intracortical inhibition and increased
corticospinal excitability. These corticospinal adaptations were
predominately found in the brain hemisphere corresponding to
the stronger hand, suggesting a greater neuroplastic potential
in the hemisphere that may be less affected by MS. Moreover,
the exercise-induced enhancement in cortical excitation was
associated with reductions in fatigue, suggesting this as a
potential mechanism involved in the effects of exercise on fatigue.
The novel findings from this pilot study highlight the importance
of long-term exercise efforts—even in patients with progressive
MS—and can serve as a rationale for future studies and continued
efforts in investigating the effects of exercise on the brain.
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Transcranial magnetic stimulation (TMS) has been employed in multiple sclerosis (MS)

to assess the integrity of the corticospinal tract and the corpus callosum and to explore

some physiological properties of the motor cortex. Specific alterations of TMS measures

have been strongly associated to different pathophysiological mechanisms, particularly

to demyelination and neuronal loss. Moreover, TMS has contributed to investigate

the neurophysiological basis of MS symptoms, particularly those not completely

explained by conventional structural damage, such as fatigue. However, variability

existing between studies suggests that alternative mechanisms should be involved.

Knowledge of MS pathophysiology has been enriched by experimental studies in

animal models (i.e., experimental autoimmune encephalomyelitis) demonstrating that

inflammation alters synaptic transmission, promoting hyperexcitability and neuronal

damage. Accordingly, TMS studies have demonstrated an imbalance between cortical

excitation and inhibition in MS. In particular, cerebrospinal fluid concentrations of different

proinflammatory and anti-inflammatory molecules have been associated to corticospinal

hyperexcitability, highlighting that inflammatory synaptopathy may represent a key

pathophysiological mechanism in MS. In this perspective article, we discuss whether

corticospinal excitability alterations assessed with TMS in MS patients could be useful

to explain the pathophysiological correlates and their relationships with specific MS

clinical characteristics and symptoms. Furthermore, we discuss evidence indicating that,

in MS patients, inflammatory synaptopathy could be present since the early phases,

could specifically characterize relapses, and could progressively increase during the

disease course.

Keywords: Transcranial magnetic stimulation (TMS), multiple sclerosis (MS), inflammation, synaptic transmission,

cytokines

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory immune-mediated disease of the central nervous system
(CNS) with white matter demyelinating lesions and chronic diffuse neuronal degeneration, causing
variable and unpredictable clinical manifestations and disease course.

Transcranial magnetic stimulation (TMS) is a neurophysiological technique that exploits the
principles of electromagnetic induction. A coil of wire, connected to an electric pulse generator
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and placed over the scalp, produces a strong magnetic pulse
of very short duration able to penetrate through the intact
skull, inducing an electric current in the underlying neural
tissue noninvasively and almost painlessly (1). The induced
electric current mainly flows tangentially to the brain surface,
preferentially activating cortical fibers oriented in parallel to the
electric field (2). When applied over the primary motor cortex
(M1), TMS excites the corticospinal system, eliciting multiple
descending volleys, which reflect both the direct activation
of cortical motor axons (D-waves) and the indirect, trans-
synaptic activation of motor cortical neurons (I-waves) (3, 4).
The recruitment of different combinations of D- and I-waves
depends on the stimulus intensity, pulse configuration, coil
shape, and orientation (5–9). In particular, with a posterior-to-
anterior induced current flow, TMS at lower intensities evokes
I-waves, whereas at higher intensities also D-waves occur (10).
These descending activities can be recorded in contralateral
target muscles as motor-evoked potentials (MEPs).

TMS is used in the clinical context of MS together with
multimodal evoked potentials (i.e., visual and somatosensory)
as a useful tool to detect subclinical involvement of the
corresponding functional system with the aim to help early
diagnosis (11). TMS alterations have also been correlated to
demyelinating damage and neuronal degeneration in different
MS phenotypes. For example, slowed central motor conduction
time (CMTC) and reduced MEP amplitude can indicate axonal
depletion or even extreme asynchrony of the multiple descending
volleys to spinal motoneurons due to conduction blocks in the
myelinated fibers along the corticospinal tracts (12, 13).

Experimental evidence from studies in animal models and
in patients with MS suggests that inflammation critically affects
synaptic functioning (14). Accordingly, neurophysiological
alterations have been detected even in the absence ofmacroscopic
damage, suggesting a role of additional pathological mechanisms
(15). In particular, different proinflammatory and anti-
inflammatory molecules can influence cortical excitability
in MS (16) representing an additional cause of impaired
synaptic functioning.

In this perspective article, we provide an overview of the main
TMS studies exploring corticospinal excitability and connectivity
alterations in MS, their pathophysiological correlates, and
their relationship to clinical characteristics and symptoms. In
addition, evidence from preclinical data and TMS studies, which
highlight the role of inflammatory synaptopathy as a relevant
pathophysiological mechanism that acts since the early phases of
MS, is discussed.

TMS as a Tool to Investigate Cortical
Excitability in MS
TMS can be used to assess the functionality of the corticospinal
tract and the corpus callosum (CC) and to explore some
physiological properties of M1. Various TMS paradigms have
been designed to investigate corticospinal excitability to test
excitatory and inhibitory interactions in M1 and to probe M1
connectivity (Table 1). Single-pulse TMS can be used to assess
simple cortical excitability measures, such as motor thresholds,

to study MEP characteristics, to estimate CMCT, and to test
cortical inhibition. With paired-pulse TMS, it is possible to
explore specific inhibitory and excitatory circuits in M1. During
paired-pulse TMS, two stimulators are connected to the same
coil that delivers two consecutive pulses at variable interstimulus
intervals (ISIs). In addition, TMS has been used to investigate
interhemispheric effective connectivity of M1 by exploring
transcallosal connections with either single or double-coil (d-c)
approaches. In d-c TMS, two stimulation units, each connected
to a corresponding coil, are used to target different motor cortical
regions at various ISIs.

TMS as a Tool to Investigate Different

Pathophysiological Mechanisms in MS
Considering the clinical impact of corticospinal system lesions,
different TMS studies have shown several alterations of M1
excitability and corticospinal tract conduction in MS patients.
In particular, reduced MEP amplitude (54–56), increased MEP
latency (57), and duration (58) have been reported in MS
patients compared with control subjects. In addition, increased
RMT (55, 59) and prolonged CMCT (54, 59–62) have been
frequently evidenced in patients with MS. Overall, these
findings have been interpreted in the light of demyelinating
conduction block and axonal damage. In fact, demyelination and
conduction blocks could lead to a greater temporal dispersion
of the corticospinal volleys, resulting in reduced amplitude and
increased MEP duration, prolonged MEP latency, and increased
CMCT. Conversely, axonal loss could be more relevant in
progressive MS, being associated with higher RMT, reducedMEP
amplitude, and longer CMCT (55).

Cortical inhibition tested with single-pulse TMS has
documented prolonged CSP duration in RR-MS patients
(57, 63). One study has shown that, in remitting patients, CSP
prolongation was correlated with white matter lesion volume
but not with cortical thickness (57). In progressive MS patients,
reduced CSP duration correlated with lower whole-brain cortical
magnetization transfer ratio (MTR), suggesting a role of cortical
damage (56). Altered GABA transmission could explain the CSP
alteration although alternative mechanisms have been suggested,
including changes in spinal motoneuron excitability (23, 24),
attentional processes (64, 65), and altered voluntary motor drive
(66). In addition, reduced CSP duration after a fatiguing motor
task has been reported in MS patients compared to controls (67),
suggesting that additional mechanisms could also be involved.

Various studies have explored SICI in MS patients (55, 56,
68). Although some authors reported comparable SICI between
RR-MS and controls (55, 57, 69), in one study it has been
found that lower SICI in patients with RR-MS was correlated
with reduced MTR in the hand motor cortex (56). In addition,
reduced SICI and increased ICF have been reported in SP-
MS patients compared with RR-MS and controls (55, 69). It
has been proposed that the clinical course of progressive MS
phenotypes could be characterized by a deterioration of SICI
over time (70). These alterationsmay reflect hyperexcitability due
to enhanced glutamatergic transmission and reduced inhibition,
which could be particularly noticeable in progressive patients,
being associated with higher disability and cortical atrophy (55).
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TABLE 1 | Main TMS protocols used to explore motor cortex pathophysiology in MS patients.

SINGLE-

PULSE

TMS

Motor thresholds Resting and active motor thresholds (RMT and AMT), tested with single-pulse TMS in resting

and contracted muscles respectively, represent simple measures of the excitability of the whole

corticospinal system, including the fluctuating excitability of both M1 pyramidal cells and spinal

motoneurons (9) MTs are defined as the minimum intensity of M1 stimulation able to elicit MEPs

in the target muscles (9) and MTs likely depend on the axonal excitability regulated by

voltage-gated sodium channels and on the activity of AMPA receptors (17).

MEP amplitude Commonly used for testing the excitability of the whole corticospinal system. TMS activates

along the corticospinal tracts a series of descending volleys with different thresholds, different

conduction velocities, and intrinsic asynchrony of propagation (8, 10). Temporal dispersion is

further enhanced by peripheral nerve conduction, leading to phase cancellation of motor unit

action potentials (18, 19). MEP amplitude can be influenced by excitability changes occurring

at cortical level, representing an important marker of synaptic activity in the motor cortex (20).

Spinal motoneurons excitability also contributes to MEP amplitude. (8, 21).

Central motor

conduction time

(CMCT)

Represents the time interval elapsing between the cortical stimulus and the arrival of the

excitatory input to the spinal motoneurons, being a useful tool to assess the integrity of

fast-conducting motor pathways in the corticospinal tract (9). CMCT evaluated with TMS

includes the trans-synaptic activation of cortical motoneurons through the chain of cortical

interneurons responsible for the I-waves generation. CMCT is commonly calculated by

subtracting the peripheral motor conduction time from the MEPs latency (9).

Cortical silent period

(CSP)

Inhibitory phenomenon measured in contracting muscles as an interruption of the ongoing

voluntary electromyographic activity. Spinal inhibitory mechanisms contribute to the first part of

CSP, whereas the late part originates at cortical level (22–24) and expresses GABA-B mediated

inhibition in M1 (25–27). The role of GABA-A receptors has also been suggested. In particular,

GABA-A receptors could be activated by low stimulus intensity, whereas GABA-B receptors

are engaged with stronger pulses (28).

PAIRED-

PULSE

TMS

Short-interval

intracortical inhibition

(SICI)

SICI is tested with a subthreshold conditioning stimulus followed by a suprathreshold test

stimulus at an ISI of 2-5ms (29). The conditioning stimulus suppresses the excitatory response

to the subsequent suprathreshold stimulus (29, 30) depending on GABA-A receptor activity

(30–32).

Intracortical facilitation

(ICF)

ICF is evaluated with a similar protocol used for SICI with longer interstimulus intervals at

7–20ms (29, 33). ICF engages M1 circuits different from those involved in SICI with a resulting

excitatory effect that combines a weak GABA-A-mediated inhibition and a predominant

NMDA-mediated facilitation (33, 34).

Short-interval

intracortical facilitation

(SICF)

SICF is measured with a particular paired-pulse TMS protocol that uses at very short ISIs either

a conditioning suprathreshold stimulus followed by a test subthreshold stimulus (34, 35) or two

near threshold pulses (36, 37) and reflects facilitatory I-wave interaction within M1 (35).

Pharmacological studies have suggested that SICF is modulated by a number of

neurotransmitter systems, including GABA, dopamine, noradrenaline [for reviews, see (35, 38)].

TRANSCALLOSAL

CONNECTIVITY

Ipsilateral silent period

(iSP)

Tests the inhibitory influences existing between the two M1s and is mediated by fibers passing

across the corpus callosum (39–41). Refers to the suppression of ongoing voluntary

electromyographic activity in hand muscles in response to a single suprathreshold pulse over

the ipsilateral M1 likely mediated by GABAergic transcallosal projections (42–44).

Interhemispheric

connectivity

Interhemispheric inhibition (IHI) studied with d-c TMS, refers to the suppression of MEPs

following suprathreshold conditioning stimuli given over the contralateral M1 (43, 45). IHI is

mediated by excitatory inputs coming from the conditioned M1, traveling across the corpus

callosum, and reaching local inhibitory synapses in the contralateral target M1 (43, 46, 47) are

mediated by GABA-B (48–50). Facilitatory interhemispheric connections have also been

studied between dorsal premotor cortex and contralateral M1 (51–53).

As the CC involvement represents a hallmark of MS, TMS
has been specifically used to test interhemispheric connectivity
in these patients. Increased iSP latency and duration have been
reported in MS patients compared to controls (60–62, 71). In
particular, iSP alterations found in MS have been associated
to CC volume (62). One study in MS patients, combining
TMS and fMRI, has demonstrated that increased ipsilateral M1
activation during the execution of a motor task was correlated
with reduced iSP duration and with ultrastructural damage
of the CC (61). However, prolonged iSP duration has also
been associated with CMCT prolongation without significant

correlations with CC abnormalities, suggesting that transcallosal
inhibition could be affected by demyelination of the contralateral
corticospinal tract (72). Notably, reduced IHI has also been
observed in early RR-MS patients in the absence of macroscopic
damage of the CC or CMCT alterations (73). Finally, one TMS
study has shown that excitatory interhemispheric connectivity
between premotor cortex and contralateral M1 could be reduced,
irrespective of CC lesion load and in the absence of disability (53).
Although the pathophysiological mechanisms underlying altered
interhemispheric connectivity in MS are not fully understood,
it is likely that, alternatively to CC structural damage, other
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mechanisms could be involved, including reduced excitatory
projections from the conditioning cortex or defective GABAergic
signaling in target M1 inhibitory interneurons (48, 74).

TMS Alterations Could Be Associated With Specific

MS Clinical Characteristics
Alterations of various TMS measures have been related to MS
clinical characteristics. Expanded disability status scale (EDSS)
score has been associated with increased RMT, altered MEPs,
and prolonged CMCT and iSP duration (55, 58, 60). A positive
correlation between these TMS measures and clinical scores
could reflect the prevalent role of white matter lesions in the
pathogenesis of these alterations, particularly of the corticospinal
tract and the CC. The role of whitematter disconnection has been
specifically involved in cerebellar symptoms. Cerebellar tremor
in MS has been associated with lacking cerebellar-M1 inhibitory
connectivity tested with d-c TMS (75). In addition, cerebellar
dysfunction in MS has also been associated with increased CSP
duration, likely resulting from impaired cerebellar projections to
M1 (63).

Altered balance between cortical excitation and inhibition
in MS has been correlated with clinical severity. One study
showed that prolonged CSP duration was correlated with clinical
disability and predicted greater motor impairment, suggesting
that increased inhibition could lessen clinical compensation,
possibly interfering with plasticity (57). Moreover, one study
has demonstrated that defective SICF was correlated with
increased EDSS in MS patients (76). Alterations involving both
inhibitory and excitatory circuits would suggest a specific role
of synaptic dysfunction in addition to demyelination of white
matter tracts. The finding that steroid administration in relapsing
RR-MS led to motor improvement, along with reduced SICI
and enhanced ICF (77), supports this hypothesis, suggesting a
restored synaptic functioning within M1. Finally, it has been
proposed that corticospinal excitability asymmetry between the
two hemispheres could represent a marker of clinical disability,
whose mechanisms are not completely elucidated and possibly
involving neurodegenerative and inflammatory processes (78).

Fatigue represents a frequent and severely disabling symptom
in MS patients (79). Different mechanisms have been postulated,
including whitematter and cortical lesions, endocrine alterations,
and the influence of neuroinflammation on brain functioning
(80, 81). Enhanced GABAergic activity tested with SICI and
CSP has been specifically implicated in MS fatigue (82, 83). In
line with the hypothesis of increased M1 inhibition in fatigued
MS patients, one study has demonstrated that a fatiguing motor
task was associated with increased CSP duration. Notably, unlike
healthy controls, CSP alteration also involved untrained adjacent
muscles, suggesting that mechanisms of cortical spreading could
intervene in generating fatigue in MS (67).

Cognitive dysfunction represents an important symptom
frequently underestimated inMS patients, which involves various
domains, including executive functions, processing speed, and
working memory. In addition to demyelination and gray matter
atrophy, different pathophysiological mechanisms, including the
presence of cortical lesions, impaired brain network organization,

and altered synaptic functioning, have been proposed (84). Short-
latency afferent inhibition (SAI), a TMS protocol exploring the
efficiency of cortical cholinergic inhibitory activity mediated by
peripheral somatosensory afferent inputs to M1 (85), has been
used to investigate cognitive dysfunction in MS. In particular,
verbal memory impairment was associated with reduced SAI
that could be partly reversed by rivastigmine administration (86).
Notably, these results are in line with studies demonstrating
altered SAI in patients with Alzheimer’s disease (87). Although
mood disturbances are frequently observed in MS, correlations
with TMS alterations have been scarcely investigated. One study
showed that anxiety in MS patients was associated with altered
inhibitory interhemispheric connectivity, highlighting the role of
increased transcallosal transfer (88).

INFLAMMATORY SYNAPTOPATHY AS A
LINK BETWEEN AUTOIMMUNITY AND
DISEASE MANIFESTATIONS IN MS

In MS, auto-reactive T lymphocyte infiltration into the CNS
and activation of resident immune cells lead to demyelinating
lesions and axonal damage. Inflammatory cytokines released by
immune cells play a crucial role in inducing and maintaining
the inflammatory response in MS. Proinflammatory molecules
promote T-helper 1 (Th1) and Th17 differentiation and
lymphocyte activation and migration across the blood brain
barrier (89). Accordingly, enhanced expression of various
cytokines, including interleukin (IL)-1β, tumor necrosis
factor (TNF), IL-6, IL-17, and interferon (IFN)-γ has been
reported in animal models (i.e., experimental autoimmune
encephalomyelitis, EAE) and in the perivascular infiltrates and
cerebrospinal fluid (CSF) of MS patients (90–94).

In addition to their immunomodulatory activity, cytokines
modulate the function of oligodendrocytes, astrocytes,
and neurons (95, 96). Experimental studies have shown
that inflammatory molecules specifically influence synaptic
functioning, suggesting that chemokines and cytokines may
represent an important communicating system in the CNS.
In turn, astrocytes, endothelial cells, and neurons participate
in cytokine production (97, 98), generating a neuro-immune
crosstalk with crucial roles in physiological and pathological
conditions (99, 100).

Preclinical Studies and Translational Models
Experimental studies have contributed to demonstrate that
inflammation alters synaptic functioning (14, 101). In
the striatum of EAE mice, electrophysiological recordings
revealed enhanced glutamatergic transmission and excitotoxic
neurodegeneration occurring since the early phases, before
the onset of symptoms, and independently of demyelinating
damage (14). These excitotoxic alterations were mainly caused by
increased activity and expression of the a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionicacid (AMPA) receptor; accordingly,
the administration of inhibitors of glutamate AMPA receptors
ameliorated the course of EAE and reduced loss of dendritic
spines (14). In the same study, TNF released by activated
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microglial cells was identified as mainly responsible for
these alterations as incubation of this molecule reproduced
in vitro both altered AMPA activity and neuronal damage.
Other inflammatory cytokines have been associated with
synaptic hyperexcitability in EAE. The proinflammatory
cytokine IL-1β induced pathologically enhanced glutamatergic
transmission in the cerebellum of EAE mice, reducing
glutamate reuptake by altering the expression of the glutamate-
aspartate transporter/excitatory amino acid transporter 1
(GLAST/EAAT1) (102). Notably, the administration of the
GLAST/EAAT1 inhibitor reproduced the synaptic modifications
observed in symptomatic EAE mice (103). In addition,
administration of the IL-1 receptor antagonist, a physiological
inhibitor of IL-1β (104), ameliorated the course of EAE by
reducing astroglia activation and restoring GLAST/EAAT1
expression (102, 105). Proinflammatory cytokines have also
been consistently associated with altered inhibitory transmission
in EAE mice. It has been evidenced that incubating IL-1β and
TNF in mice brain slices impaired GABAergic transmission and
promoted excitotoxic neuronal damage (106, 107). Accordingly,
enhancing GABA signaling significantly improved the clinical
symptoms of EAE, likely as a result of a direct neuroprotective
effect and inhibition of inflammatory response (108).

Translational experiments confirmed that a similar subset
of proinflammatory molecules mediates synaptic alterations
in human MS. One study has demonstrated that the CSF
collected from patients with active MRI lesions pathologically
enhanced excitatory postsynaptic currents when incubated on
mice brain slices, inducing glutamate-mediated neuronal damage
(109). IL-1β has been identified as mainly responsible for these
alterations by increasing AMPA receptor activity. Inflammation-
induced synaptic alterations in MS have also been investigated
using a heterologous chimeric model. T-lymphocytes isolated
from the peripheral blood of RR-MS patients exacerbated
the glutamatergic transmission when incubated on mice brain
slices (110). In particular, only lymphocytes from patients
with acute inflammation, as evidenced by the presence of
gadolinium-enhancing lesions at MRI, were able to induce
synaptic alterations. Notably, co-incubation with etanercept, a
TNF antagonist, prevented these alterations, confirming that
TNF was mainly responsible for these findings (110).

Inflammation and Corticospinal Excitability in MS
The role of inflammation on synaptic dysfunction in MS has
been specifically addressed by some TMS studies. In relapsing
MS patients, it has been shown to both reduce CSP duration and
impair SICI compared to remitting patients (111). These results
demonstrate that the relapsing phases could be characterized
by cortical hyperexcitability, suggesting reduced GABAergic
transmission similarly to as evidenced in animal models (106,
107). To explore the role of CSF inflammation on cortical
excitability, different TMS measures have been correlated with
the levels of specific proinflammatory molecules. In relapsing
MS patients, elevated IL-1β signaling has been associated with
increased ICF without effect on SICI (109). This finding has
confirmed the main role of this molecule in altering synaptic
functioning also in human MS by enhancing glutamatergic

transmission (109). The involvement of this molecule in the
excitotoxic degeneration has also been suggested by clinical
studies, showing that CSF IL-1β detectability during remissions
predicted greater prospective disability and neurodegeneration
(112). Other inflammatory mediators have also been associated
to altered synaptic transmission in relapsing MS patients.
Regulated upon activation, normal T-cell expressed and secreted
(RANTES) is a proinflammatory molecule regulating the
leukocyte chemotaxis (113). Increased RANTES concentrations
have been found in the CSF of MS patients with acute
inflammation and correlated with both reduced SICI and
increased ICF (114). Finally, incubating this molecule on mice
hippocampal slices promoted hyperexcitability and excitotoxicity
(114), confirming the role of RANTES as a central regulator of
glutamatergic transmission (113).

Overall, these results indicate that exacerbated CSF
inflammation negatively influences the disease course of
MS, promoting synaptic hyperexcitability and neuronal damage.
It has been proposed that neurodegeneration in progressive MS
phenotypes could also result from inflammation-driven synaptic
alterations. In fact, reduced SICI and enhanced ICF have been
reported in SP-MS patients and have been related to enhanced
disability (55). These findings suggest that glutamatergic
excitotoxic damage could characterize the progressive MS
phenotypes as demonstrated by in vitro studies showing
hyperexcitability and enhanced neuronal damage induced by
CSF collected from progressive MS patients, mediated by TNF
(115). Conversely, anti-inflammatory cytokines, including IL-10
and IL-13, and neurotrophic factors may exert protective effects,
reducing neurodegeneration and promoting a better disease
course in EAE and MS (116–119). TMS studies have confirmed
that anti-inflammatory molecules could reduce the synaptic
alterations in MS. Accordingly, in RR-MS patients, the CSF levels
of the anti-inflammatory molecule IL-13 have been associated
with increased SICI, possibly contributing to restored inhibitory
synaptic activity and limiting the impact of excitotoxicity.
Notably, IL-13 CSF levels were also associated with reduced
measures of neuronal and axonal damage and with increased
amyloid-beta CSF concentrations, suggesting a protective role of
this cytokine in MS (120).

CONCLUSIONS AND
FUTURE PERSPECTIVES

Various TMS protocols have been used to characterize the
neurophysiological correlates of specific pathophysiological
mechanisms, such as demyelination and neuronal loss, in
different disease phases and phenotypes. These studies have
contributed to better defining the neurophysiological basis
of specific MS symptoms, particularly those not completely
explained by conventional structural damage measures, such
as fatigue and cognitive deficits. Alterations of corticospinal
excitability and corticospinal tract conduction have been clearly
linked to both demyelinating blocks and axonal damage.
MEP latency and amplitude are the most frequently altered
TMS measures in MS and have been consistently associated
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with disability, representing useful tools in clinical settings.
Although TMS studies investigating intracortical excitability
and effective connectivity have shown some association with
specific pathophysiological mechanisms or disease phenotypes,
some discrepancies suggest that alternative mechanisms should
be involved.

Evidence from experimental studies suggests that
inflammatory synaptopathy could represent an independent
cause of synaptic dysfunction with important implications
on disease course and prognosis. Inflammation, altering
corticospinal excitability and connectivity in MS patients, could
contribute to better explain the variability of TMS findings.
Experimental models have clearly shown that inflammation
exacerbates synaptic hyperexcitability, and TMS studies have
confirmed an imbalance between excitatory and inhibitory
transmission in MS patients. Hence, inflammation-driven
synaptic hyperexcitability could be present since the early
phases, could specifically characterize MS relapses, and could
progressively increase during the disease course.

Having in mind that TMS measures represent the resulting
effect of different anatomic and physiological factors, it is
difficult to identify the contribution of specific mechanisms to
TMS alterations seen in MS patients. Therefore, when cortical
excitability measures are used to investigate MS pathophysiology,
the role of specific confounding factors, including disease

activity and phenotypes, ongoing therapies, and symptoms,
such as fatigue, should be carefully considered. Further studies
conducted in specific populations, such as patients with clinically
isolated syndrome or with progressive MS, or combining TMS
with structural and/or functional imaging data, could help
to shed light on the specific role of demyelination, atrophy,
and inflammation.
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Corticospinal pathway and its function are essential in motor control and motor

rehabilitation. Multiple sclerosis (MS) causes damage to the brain and descending

connections, and often diminishes corticospinal function. In people with MS, neural

plasticity is available, although it does not necessarily remain stable over the course of

disease progress. Thus, inducing plasticity to the corticospinal pathway so as to improve

its function may lead to motor control improvements, which impact one’s mobility, health,

and wellness. In order to harness plasticity in people with MS, over the past two decades,

non-invasive brain stimulation techniques have been examined for addressing common

symptoms, such as cognitive deficits, fatigue, and spasticity. While these methods

appear promising, when it comes to motor rehabilitation, just inducing plasticity or having

a capacity for it does not guarantee generation of better motor functions. Targeting

plasticity to a key pathway, such as the corticospinal pathway, could change what

limits one’s motor control and improve function. One of such neural training methods is

operant conditioning of the motor-evoked potential that aims to train the behavior of the

corticospinal-motoneuron pathway. Through up-conditioning training, the person learns

to produce the rewarded neuronal behavior/state of increased corticospinal excitability,

and through iterative training, the rewarded behavior/state becomes one’s habitual, daily

motor behavior. This minireview introduces operant conditioning approach for people

with MS. Guiding beneficial CNS plasticity on top of continuous disease progress may

help to prolong the duration of maintained motor function and quality of life in people

living with MS.

Keywords: operant conditioning, motor-evoked potential, corticospinal excitability, foot drop, plasticity

INTRODUCTION

Over the past 15 years, the awareness of the importance of physical rehabilitation and exercise
has been steadily growing in the field of multiple sclerosis (MS)-related research (1–3). This trend
should continue, with ongoing development and testing of disease-modifying drugs (4), which
will lead to prolonging disease stability and creating greater opportunities for reducing motor
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impairments, improving mobility, and improving quality of
life in people with MS, as pointed out by Ploughman (3).
Although underlying mechanisms may not be fully understood
(5), mounting evidence indicates positive effects of exercise
on physical fitness, balance and mobility, cognitive function,
participation, and other outcomes (1, 6). A challenge is that a
person with MS may not be able to appreciate the greatness
of exercise, when reduced movement efficiency and impaired
mobility make it difficult for him/her to be engaged in physical
activity. Without changing what is available to execute essential
daily motor function such as gait, and without changing what is
limiting one’s function, movement dysfunction would continue
to limit mobility and quality of life in people with MS. While
disease progress continuously alters one’s physiology, it is
essential to guide the central nervous system (CNS) plasticity that
can help to prolong the duration of maintained motor function
and quality of life in people living with MS.

In this brief review, we will discuss the corticospinal plasticity
in people with MS and introduce operant conditioning approach
as a method to target plasticity in the corticospinal pathway for
improving motor function in people with MS.

CNS PLASTICITY IN PEOPLE WITH MS

MS is a chronic inflammatory, autoimmune disease of the
CNS. In persons with MS, neurological deficits are commonly
attributed to inflammatory demyelination in the CNS and
damage to the gray matter in cortical and subcortical structures,
with lesion patterns, locations, volumes, and their rates of
changes differing among subtypes of MS (7–10). In addition to
accumulating structural damage, the process of inflammation
itself affects synaptic transmission and plasticity (11). Elevation
in the level of inflammatory cytokines not only changes
glutamatergic and GABAergic transmissions, which lead to
synaptic hyperexcitability and excitotoxicity, but also affects
synaptic plasticity (11–14), which is essential for clinical and
functional recovery. Thus, from damage to the brain and the
descending pathways and from alteration in synaptic plasticity,
disruption of corticospinal function is a hard-to-avoid problem
in people with MS (15–17).

Transcranial magnetic stimulation (TMS), its motor-evoked
potential (MEP), and their associated measures, such as short-
and long-interval cortical inhibition (SICI and LICI), short-
interval cortical facilitation (SICF), and intracortical facilitation
(ICF), are useful tools for investigating cortical and corticospinal
plasticity (18–22). They are also useful in detecting and
predicting the progression of disability and recovery (15, 16, 23–
27). For instance, small MEPs with long latencies, high motor
thresholds, and prolonged cortical silent periods tend to correlate
with the Expanded Disability Status Scale (EDSS) scores (15–
17, 28–30). Silent period (SP) after MEP, known to reflect cortical
inhibition at least partly (31–37), is reduced in the relapsing or
progressive phases of MS (38, 39), whereas the SP is prolonged
in the remitting phase (38). In the stable phase of relapsing–
remitting MS individuals, SICI and ICF could be similar to those
of the control group (17). A common observation is that cortical

inhibition is reduced during the relapsing or progressive phase,
whereas the inhibition is clearly present during the stable or
remitting phase (11); the phase or state of disease appears to be
reflected in the measured cortical inhibition. In addition, how
these measures respond to plasticity-inducing neuromodulation
can suggest the availability of plasticity at the time of assessment
and help to predict recovery from relapse (11–13, 23, 40).

The availability of synaptic plasticity, also known as “plasticity
reserve” (11), can be measured in persons with MS by
applying plasticity-inducing neuromodulation techniques, such
as repetitive TMS (rTMS) at high (e.g., 20Hz) or low (e.g.,
1Hz) frequency, rTMS with intermittent or continuous theta
burst stimulation patterns (iTBS and cTBS) (11, 13, 14, 41, 42),
paired associative stimulation (PAS) with TMS, and peripheral
nerve stimulation (PNS) (12, 23, 43, 44). They can be used
to assess long-term potentiation (with high-frequency rTMS
and iTBS), long-term depression (with low-frequency rTMS
and cTBS), and spike-timing-dependent Hebbian-type plasticity
(with PAS) (11, 13, 42). For example, in individuals with primary
progressive MS, neither iTBS nor cTBS exert the expected
plasticity effects; in individuals in the relapsing phase of MS, iTBS
produces expected LTP effects, but cTBS fails to produce expected
LTD effects (42). This plasticity reserve may be an essential
mechanism of clinical symptom and disability progression in
MS; when plasticity reserve is exhausted and synaptic plasticity is
unavailable, surviving neurons would not be able to compensate
for neuronal loss (11).

Importantly, while people with MS can display plasticity
(43, 45–48), there is no guarantee that their plasticity adaptive
to progressive neuronal damage is beneficial; it may exaggerate
or lessen clinical symptoms (42). Thus, to guide the plasticity
in beneficial directions, a neurobehavioral training should be
incorporated into MS rehabilitation. For improving impaired
motor function in people with MS, it would be critically
important to induce and maintain beneficial plasticity in the
corticospinal pathway, as its function is the foundation of
voluntary and involuntary motor behaviors.

NEUROMODULATION FOR

REHABILITATION IN PEOPLE WITH MS

There are a wide variety of neurorehabilitation interventions
currently available or being tested for individuals with CNS
disorders, includingMS (https://clinicaltrials.gov). Many of those
expect to induce cortical and/or subcortical plasticity and may
improve sensorimotor function [e.g., (49–52)]. Of different
neuromodulation approaches, there have been growing interests
in non-invasive brain stimulation (NIBS); in particular, rTMS
and transcranial direct current stimulation (tDCS) have been
increasingly utilized for treating various MS symptoms (41,
53–59). Other neuromodulation methods, such as deep brain
stimulation and spinal cord stimulation, have been reviewed in
(60). As effects and mechanisms of rTMS and tDCS have been
thoroughly covered in recent reviews (54–56, 58), these methods
will not be further discussed in this minireview. However,
it is worth reiterating that studies of LTP or LTD-inducing

Frontiers in Neurology | www.frontiersin.org 2 July 2020 | Volume 11 | Article 55274

https://clinicaltrials.gov
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Thompson and Sinkjær Operant Conditioning and Corticospinal Plasticity

rTMS (e.g., iTBS, low-frequency rTMS) and tDCS that affects
polarization of the stimulated cortical network have shown some
promising results; common MS symptoms, such as fatigue,
cognitive functions, pain, and spasticity, can be alleviated by these
methods (40, 41, 53, 54, 56–58, 61, 62).

When applying NIBS for improving impaired motor function,
consideration on how to guide the stimulation-induced plasticity
is critically important. Because NIBS-induced plasticity is rather
widespread and not pathway specific, without an additional
strategy to shape such plasticity into functionally beneficial
changes, many changes at many different sites could compensate
for each other, toward maintaining the state of neural network
at net change of zero [i.e., homeostatic plasticity (63–69)].
Thus, pairing two interventions, e.g., iTBS + exercise (70),
could be a logical NIBS application strategy for motor
rehabilitation. Task-specific PNS, such as FES for foot drop
(71–73), with which functional movement and phase-specific
PNS occur concurrently, uniquely emulates a neuromodulation
combination strategy, increases MEP amplitude, and improves
motor function in people with MS and other neuromuscular
disorders (49, 74).

Another class of neuromodulation methods include
PAS (23, 43, 75–79) and operant conditioning of muscle
[electromyographic (EMG)]-evoked potentials (80–82), which
target plasticity in a specific pathway. Detailed mechanisms
of PAS approaches have been discussed in (75, 76, 78, 83, 84).
Briefly, with PAS protocols that induces spike-timing-dependent
plasticity (76–78), synaptic transmission can be potentiated
or depressed depending on the relative timing between the
presynaptic and postsynaptic spiking (77, 85, 86), and repeated
application of TMS-PNS PAS can potentiate corticospinal-
motoneuronal transmission and excitability in people with MS
(43, 45). A similar PAS concept can also be applied to cortical
neurons (79, 87, 88). Therapeutic potency of PAS in people with
MS is yet to be determined.

OPERANT CONDITIONING OF

EMG-EVOKED POTENTIALS

Operant conditioning is a method for modifying a behavior
based on the consequence of that behavior (89). Usually, when
a person acquires a new behavior through operant conditioning,
s/he does not need to discover the operant contingency through
trial and error. However, when this approach is applied to a
behavior of a neural pathway (e.g., a reflex), an individual must
go through a trial-and-error discovery phase, as s/he would
not have prior knowledge on how to control volitionally a
behavior or the excitability of that specific pathway. Thus, with
operant conditioning of an EMG-evoked potential that reflects
the behavior and/or excitability of a certain neural pathway, a
subject learns to produce a neuronal behavior that is rewarded
through trial and error, similarly between humans and animals
(89). Through repetition, the rewarded behavior can become a
habitual behavior (90). With operant conditioning of an EMG-
evoked potential, such as a reflex and an MEP, a subject is
rewarded only for increasing or decreasing a target pathway’s

excitability (81, 82). Thus, over time, it changes the pathway that
produces that response (82).

By changing the transmission of a key pathway with a
directional aim (up/down), operant conditioning of an EMG-
evoked potential seeks to improve the targeted pathway’s
function and enable more effective movements in which the
targeted pathway contributes (91, 92). An emerging theory is that
changing a key pathway leads to a cascade of wider beneficial
changes in the activity of other spinal and supraspinal pathways
(81, 93), impacting motor function recovery.

Much of the physiological and theoretical knowledge of
operant conditioning approach is based on a large number
of reflex conditioning studies (68, 82, 94). The most essential
includes the following. An operantly conditioned reflex behavior
rests on a hierarchy of plasticity from the brain to the spinal cord
(68, 82, 95, 96). The reward contingency produces plasticity in the
brain that induces and maintains the spinal cord plasticity that is
directly responsible for the conditioned reflex behavior (68, 82,
94). Among the major descending pathways, the corticospinal
tract is the only pathway essential for conditioning-induced
plasticity (97). Thus, when the corticospinal tract and its plasticity
are preserved at least partially, the targeted change can be induced
through conditioning (98), which then changes how that reflex
pathway functions in complex motion such as locomotion (80,
92, 99). These provide the foundation for currently emerging
clinical applications of MEP operant conditioning.

OPERANT CONDITIONING OF THE

MOTOR-EVOKED POTENTIALS

As in reflex operant conditioning (68, 81, 82, 100–102), operantly
up-conditioning the MEP can increase the corticospinal
excitability for the targeted muscle in people (91, 103). In the
first 100–1,000 up-conditioning trials, a person learns through
trial and error how to increase MEP size, and MEP size gradually
increases over the subsequent conditioning sessions (Figure 1).
Motivation is critical in operant conditioning (89, 90, 106, 107);
the person must value the positive feedback that s/he receives
from producing a larger MEP. Our studies suggest that in
individuals with CNS disorders, who take the conditioning trials
more seriously than those without CNS injury, MEP size is highly
likely to increase, and their MEP increase can persist at least a few
months after conditioning ends (103, 104).

Two key factors underline the therapeutic potency of MEP
conditioning. First, it targets plasticity to the corticospinal
pathway that produces an MEP in the targeted muscle. The
protocol prohibits change in the background EMG activity;
the individual is rewarded only for increasing the target
muscle’s MEP (i.e., for increasing corticospinal excitability
for the target muscle). This pathway specificity differentiates
MEP conditioning from EMG biofeedback training (108–112)
or muscle strength training (113–119), both of which are
not tailored for modulating or controlling the excitability or
behavior a specific pathway. While practice is essential in
improving motor performance, movement practice alone could
let an individual easily default to relying on what is readily
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FIGURE 1 | Operant conditioning of the tibialis anterior (TA) motor-evoked potential (MEP) in individuals with multiple sclerosis (MS) [modified from (104)]. (A) Visual

feedback screens for MEP control and MEP operant conditioning trials. In all trials, the number of the current trial within its block is displayed, and the background

(Continued)
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FIGURE 1 | electromyographic (EMG) panel shows the correct range (shaded) and the current value (green vertical bar, updated every 200ms). If TA EMG activity

stays in the correct range for at least 2 s and at least 5.5 s has passed since the last trial, an MEP is elicited. In control trials (left), the MEP panel is not shown. In

conditioning trials (right), the shading in the MEP panel indicates the rewarded MEP range for up-conditioning. The dark horizontal line is the average MEP size of the

baseline sessions, and the vertical bar is the MEP size, calculated in the MEP interval of that specific individual [e.g., 45–70ms after transcranial magnetic stimulation

(TMS)], for the most recent trial. The vertical bar appears 200ms after TMS. If that MEP size reaches into the shaded area, the bar is green, and the trial is a success.

If it falls below the shaded area, the bar is red, and the trial is a not a success. The running success rate for the current block is shown at the bottom. (B) Examples of

TA MEP in a 56-year-old woman with MS (Expanded Disability Status Scale 4.0* at baseline). Peristimulus EMG sweeps from the fourth baseline session (top) and the

24th conditioning session (bottom). For each part, 75 sweeps are superimposed. A green shaded band indicates the time window for her MEP size calculation.

Arrowheads indicate the time of TMS. (C) Mean MEP size (i.e., the mean of 225 control MEP trials in baseline sessions or 225 conditioned MEP trials in conditioning

sessions) in 6 baseline and 24 conditioning sessions that occurred at a rate of 3 sessions/week. Over the course of conditioning, her MEP size increased

progressively; the final MEP size was 175% of the baseline value. (D) Rectified locomotor EMG activity in soleus and TA bilaterally before (dashed black) and after

(solid red) conditioning. The step cycle, from foot contact to the end of swing phase, is divided into 12 equal bins. After TA MEP up-conditioning, swing phase TA

burst increased in the conditioned leg, which helped this individual regain ankle dorsiflexion and eliminated foot drop. The swing phase burst was also increased in the

contralateral TA. All panels have been adapted from (104) with permission. *EDSS 4.0 (105): Fully ambulatory without aid, self-sufficient, up and about some 12h a

day despite relatively severe disability consisting of one FS grade 4 (others 0 or 1), or combination of lesser grades exceeding limits of previous steps; able to walk

without aid or rest some 500m.

available (e.g., trying to rely on the hip flexors, instead of
improving corticospinal drive to the impaired ankle dorsiflexors),
leaving a key pathway unchanged. BecauseMEP up-conditioning
increases the excitability of the corticospinal pathway for the
target muscle, it affects motor skills, such as locomotion, to which
the pathway contributes. Thus, with the ankle dorsiflexor tibialis
anterior (TA) MEP up-conditioning (Figure 1), locomotion can
be improved in people suffering from foot drop (weak ankle
dorsiflexion) (91, 104).

Second, by improving the function of a key pathway,
corticospinal pathway, MEP conditioning can trigger further
beneficial changes in the activity of other CNS pathways (80, 81,
93, 120), changing what is possible/available in one’s recovery
path. By targeting the weakened corticospinal drive to the TA and
ameliorating the locomotor impediment of foot drop, TA MEP
conditioning can enable more effective execution of locomotion;
this would then induce wider beneficial plasticity. Increased
corticospinal drive to the conditioned TA (49) can explain
increases in TA MEP and TA burst amplitude during the swing
phase of locomotion observed in people with MS and SCI (91,
104) but cannot explain widespread bilateral improvements in
locomotor EMG activity (91, 104) (Figure 1). These wider effects
of MEP conditioning are similar to those of the soleus H-reflex
down-conditioning, with which proximal and distal leg muscles’
locomotor EMG improved bilaterally in people with SCI (92).
How an operant-conditioning acquired new skill of changing
a specific pathway’s excitability would trigger a widespread
adaptive plasticity in many spinal/supraspinal pathways has been
addressed in a theory of system function known as the negotiated
equilibrium model (68, 93).

EFFECTS OF MEP CONDITIONING AND

CORTICOSPINAL PLASTICITY IN PEOPLE

WITH MS

Among people with foot drop due to MS or SCI, locomotor
TA activity improved and walking speed increased while MEP
increased (91, 103, 104). Conditioning-induced MEP increase
was often accompanied by systematic decrease in SP duration
(103, 104). SP is known to reflect cortical inhibition at least

partly (31–37), and different neural circuits underlie MEP and SP
(121–123). If MEP up-conditioning simply increased the general
excitability of the cortex, both MEP and SP would have increased
[e.g., (124)]. This was not the case. Instead, there were some
selective effects on excitatory and inhibitory neurons in the cortex
(125, 126). Since reduction in intracortical inhibition occurs
through modulation of GABAergic inhibitory interneurons
(127–131), it is highly likely that GABAergic inhibitory
mechanisms are involved in conditioning-induced SP changes.
SPs are often prolonged in people with stable or secondary
progressiveMS (28, 29, 132), which likely reflects alteredGABAB-
mediated intracortical inhibition (33, 131, 133, 134). Despite
an altered state of cortical inhibition in preconditioning, MEP
up-conditioning could reduce SP in individuals with stable MS
(104). Further investigation is clearly needed to understand the
mechanisms and effects of MEP up-conditioning on cortical
inhibition in MS.

OPERANT CONDITIONING OF SPINAL

REFLEXES

In addition to MEP conditioning protocols, several reflex
conditioning protocols are currently being developed. To date,
two protocols have been systematically tested in people with
or without CNS damage: the soleus short-latency stretch reflex
(known as M1 response) conditioning, using mechanical joint
perturbation (135), and the soleus H-reflex conditioning, which
uses electrical stimulation of the tibial nerve (92, 99, 102,
136). With both stretch and H-reflex conditioning protocols,
the person learns to increase or decrease the target reflex
size over 24–30 conditioning sessions. The protocols are
designed to induce sustaining changes in descending influence
over the reflex pathway, which in turn, produce targeted
plasticity in that pathway (101). Because these protocols can
change the transmission of targeted pathways, they can be
designed to address the specific functional deficits of an
individual. For example, in people with spastic hyperreflexia
due to incomplete SCI, down-conditioning of the soleus H-
reflex pathway, whose hyperactivity impaired locomotion, could
improve their locomotion (80, 92). Down-conditioning of the
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stretch or H-reflex might also improve spasticity and spastic
movement disorders in people with MS (137). It should also
be possible to condition other important pathways, such as
pathways of spinal reciprocal and presynaptic inhibition (138–
140), for further improving their motor functions.

OPERANT CONDITIONING IN MS:

CHALLENGES AND POSSIBILITIES

Up until now, the majority of evoked potential operant
conditioning studies have been done in SCI (68, 80, 82,
92, 99, 141–145), and its investigation in MS is still in an
early stage. Unique challenges in the MS population that do
not necessarily apply to the SCI population include impaired
cognitive function, fatigue, and ongoing and/or recurring
inflammation (14, 56, 59, 146). Since operant conditioning is
a behavioral learning approach (81, 82, 89), impairments in
learning, memory, and attention that are frequently found in
MS may affect the effectiveness of this approach in people with
MS. The fact that recurring inflammation influences synaptic
plasticity and plasticity reserve (11, 13), which are physiological
mechanism of learning, memory, and function recovery, could
well interfere with induction and maintenance of conditioning-
induced beneficial plasticity. Furthermore, extents of these
challenges could vary among MS subtypes and across different
individuals (11, 17, 38, 42). Clearly, more studies are needed to
determine the applicability of operant conditioning approach in
people with MS, and an investigation needs to include persons
with all MS subtypes. Long-term follow-up should also be part
of such investigations, although often unpredictable disease
progress may mask or reduce the induction of plasticity and
function improvements temporally or permanently (23, 44, 49,
74). Over 3.5 years of follow-up with a woman with secondary
progressive MS supports a possibility of long-term maintenance
of corticospinal transmission and function improvements with
MEP operant conditioning (104).

A possible strategy to overcome the above-mentioned
MS-related challenges is coadministration of conditioning
training with NIBS or pharmacological treatment. Reflex
or MEP conditioning that aims to change behaviors of
the targeted pathway is fundamentally different from rTMS
and tDCS, or pharmacological treatments, such as baclofen
(147, 148). Because the mechanisms of action differ so

vastly from each other, with careful consideration of dosing
schedules and individual or combined effects, it may be
possible to enhance functional outcomes by coadministering a
conditioning protocol with another intervention. Drugs such as
dalfampridine and D-aspartate (149–153) may further enhance
the corticospinal plasticity and transmission improvement
produced by MEP conditioning.

CONCLUSION

A growing number of neurophysiological studies indicate
the importance of neuroplasticity and its management for
neurorehabilitation in people with MS (11, 13, 54, 56–60,
154). While the benefit of exercise in health and wellness has
become recognized (1, 6), investigation on how to improve
impaired motor function and mobility, which can limit one’s
ability to exercise, has been left behind (3). Applying neural
training methods, such as operant conditioning of EMG-evoked
potentials, to guide beneficial plasticity in the corticospinal or
other important CNS pathways may minimize the factors that
limit function improvement in people withMS. As CNS plasticity
remains available over many years of disease progress (43, 46,
47), guiding it appropriately to gain function improvements on
top of changing physiology may help to prolong the duration
of maintained motor function and quality of life in people
with MS.
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Objective: To evaluate the sensitivity to change of differently calculated quantitative

scores from motor evoked potentials (MEP) in patients with primary progressive multiple

sclerosis (PPMS).

Methods: Twenty patients with PPMS had MEP to upper and lower limbs at baseline,

years 1 and 2 measured in addition to clinical assessment [Expanded Disability

Status Scale (EDSS), ambulation score]; a subsample (n = 9) had a nine-hole peg

test (NHPT) and a timed 25-foot walk (T25FW). Quantitative MEP scores for upper

limbs (qMEP-UL), lower limbs (qMEP-LL), and all limbs (qMEP) were calculated in

three different ways, based on z-transformed central motor conduction time (CMCT),

shortest corticomuscular latency (CxM-sh), andmeanCxM (CxM-mn). Changes in clinical

measures and qMEP metrics were analyzed by repeated-measures analysis of variance

(rANOVA), and a factor analysis was performed on change in qMEP metrics.

Results: Expanded Disability Status Scale and ambulation score progressed in the

rANOVA model (p < 0.05; post-hoc comparison baseline–year 2, p < 0.1). Lower

limb and combined qMEP scores showed significant deterioration of latency (p < 0.01,

MEP-LL_CxM-sh: p < 0.05) and in post-hoc comparisons (baseline–year 2, p < 0.05),

qMEP_CxM-mn even over 1 year (p < 0.05). Effect sizes were higher for qMEP

scores than for clinical measures, and slightly but consistently higher when based on

CxM-mn compared to CxM-sh or CMCT. Subgroup analysis yielded no indication of

higher sensitivity of timed clinical measures over qMEP scores. Two independent factors

were detected, the first mainly associated with qMEP-LL, the second with qMEP-UL,

explaining 65 and 29% of total variability, respectively.

Conclusions: Deterioration in qMEP scores occurs earlier than EDSS progression

in patients with PPMS. Upper and lower limb qMEP scores contribute independently

to measuring change, and qMEP scores based on mean CxM are advantageous.

The capability to detect subclinical changes longitudinally is a unique property of EP

and complementary to clinical assessment. These features underline the role of EP as

candidate biomarkers to measure effects of therapeutic interventions in PPMS.

Keywords: motor evoked potentials (MEP), primary progressive multiple sclerosis (PPMS), quantitative EP score,

biomarker, longitudinal study
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INTRODUCTION

Development of therapies in primary progressive multiple
sclerosis (PPMS) is hampered by the fact that detecting disease
progression by clinical assessment needs considerable sample
sizes and follow-up time to be meaningful (1, 2). Biomarkers
allowing shorter multicenter clinical trials in small patient groups
are not well-established (3, 4), and several candidate biomarkers
have been proposed, including evoked potentials (EPs) (5).

Evoked potentials yield complementary information to
clinical assessment as they are closely related to demyelination
and measure subclinical changes, which may transform only
later into clinical disability. Animal models have not only
shown close correlations between demyelination and latency
delay (6), but also between the recovery of delayed latencies
with remyelination, bidirectionally paralleled by clinical function
(7, 8). Several clinical studies have reported that scores
from multimodal EP are predictive of disease course in
relapsing and progressive multiple sclerosis (MS) [review
in (9)], and short-term test–retest variability is reasonably
low for quantitative EP scores (qEPS) (10). Longitudinal EP
studies, which evaluate sensitivity to change of EP scores,
are scarce in PPMS. In one small study, a multimodal qEPS
deteriorated after 6 months, whereas the Expanded Disability
Status Scale (EDSS) became significantly worse only after 12
months (11).

Motor evoked potentials (MEPs) to upper and lower limbs
are an essential part of a multimodal EP assessment. Out of
several measures derived from MEPs, latency is most closely
linked to abnormal signal conduction in the corticospinal tract
and a robust and easily registered MEP component (12). For
diagnostic purposes, it is recommended to use the central motor
conduction time (CMCT), which is specific for abnormalities in
central signal conduction (13). However, test–retest reliability
of CMCT is lower as compared to corticomuscular latency
(CxM) (10), making CxM probably better suited to monitor
disease course, provided that peripheral nerve disease has been
excluded beforehand.

From a pathophysiological point of view, both latency delay
and variability of MEP onset are features of disturbed signal
propagation (14). In MS, onset latencies have been shown to
be significantly more variable than in healthy controls and
independent of latency delay (15). Moreover, the dispersion
of MEP responses has been included in a semiquantitative EP
scoring system (16). To account for onset variability and latency
in one number, we currently calculated the mean CxM (CxM-
mn), which is close to the shortest CxM (CxM-sh) in case of low
variability and markedly longer in the case of high variability.

In the current study, we aim to scrutinize theMEP component
of the multimodal qEPS regarding sensitivity to change in an
independent sample of patients with PPMS and to determine the
optimal way of its calculation.

For this purpose, we calculated qMEP scores based on CMCT,
CxM-sh, and CxM-mn for upper limbs (qMEP-UL), lower limbs
(qMEP-LL), and the combination of both (qMEP); evaluated
longitudinal change of these nine qMEP metrics, as well as of
clinical measures; and performed a factor analysis to determine

the contribution of the different qMEP metrics to measuring
change in latencies.

METHODS

Subjects
Twenty subjects with PPMS had MEP and clinical assessment at
baseline years 1 and 2. Inclusion criteria were aged between 18
and 65 years and a primary progressive disease course as defined
in the 2017 revisions of the McDonald criteria (17). Exclusion
criteria comprised contraindications toMEP recording (epilepsy,
moveable metal implants, pacemaker, pregnancy), inability to
provide informed consent, and the presence of other diseases
than MS interfering with MEP recording. All patients gave
written informed consent in accordance with the Declaration
of Helsinki.

Clinical Assessment
Patients were examined at least annually at our MS center by
certified physicians using the EDSS (18) as defined inNeurostatus
(19). Neurostatus includes an ambulation score ranging from 0
(unrestricted) to 12 (restricted to bed or chair, EDSS 8.0), which
differs from the EDSS in a more granular representation of EDSS
steps 6.0 and 6.5, where the ambulation scores are 5 to 7 and 8 to
9, respectively, taking walking distance and kind of walking aid
used into account (see Supplemental Material). However, EDSS
steps 0 to 4.0 are only represented as ambulation scores 0 to
1. All EDSS scores were checked for congruency with rating of
functional systems and ambulation.

In a subsample, a nine-hole peg test (NHPT) as a timed
measure of dexterity and a timed 25-foot walk (T25FW) as
a timed measure of ambulation were available. They were
performed according to the standards described in the Multiple
Sclerosis Functional Composite [z-transformed relative to the
NMSS sample (20)].

MEP Assessment
All MEPs to upper and lower limbs were recorded in our
laboratory (Department of Neurology Hospital of the University
of Basel) according to internal standards closely following the
recommendations of the International Federation of Clinical
Neurophysiology (IFCN) (13). Our clinical protocol is optimized
for reproducibility and time efficiency using parasagittal
stimulation with a round coil (MagProCompact, C-100, coil
diameter 12.5 cm; Magventure Farum, Denmark; or Magstim
200, coil diameter 14 cm; The Magstim Company; Whitland,
Wales, Great Britain) for upper and lower limbs at 80 to 100%
stimulator output. Facilitation is achieved by slight contraction
of the target muscles (m. abductor digiti minimi for upper
limbs, m. tibialis anterior for lower limbs); for the spinomuscular
latency, magnetic stimulation over the spine (cervical vertebra
7; lumbar vertebra 5) is applied. Cortical stimulation comprises
eight stimuli (four coil side A, four coil side B), spinal stimulation
four stimuli (two with coil side A, two with coil side B), recorded
bilaterally resulting in eight cortical and four spinal responses
per side.
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All MEP curves were exported from the recording machine
and uploaded to EPMark, a software tool for standardized EP
reading. All curves were rated by a single rater (M.H.); follow-
up curves were rated in comparison to baseline examinations to
reduce inconsistencies due to curve rating.

Motor evoked potentials were analyzed for each side and
limb and calculated in three ways based on the shortest CxM
(CxM-sh), the mean CxM (CxM-mn), and the CMCT (difference
between the CxM-sh and shortest spinomuscular latency). Mean
CxM was calculated only if at least three of eight responses were
available. In one patient, the unrecordable year 1 values of lower
limb MEP were replaced by the baseline values. All CxM and
CMCT values were z-transformed and corrected for height in
lower limbs (see Supplemental Material), z-values from left and
right sides were averaged to yield a one number score for upper
limbs (qMEP-UL), lower limbs (qMEP-LL), and all limbs (qMEP)
for each mode of calculation.

Statistical Analysis
Statistical analyses were conducted using SPSS Version 22 (IBM
Corporation, Armonk, NY, USA). Repeated-measures analysis of
variance (ANOVA) was used to compare means of qMEPmetrics
and clinical assessments longitudinally expressing the degree of
temporal variation by partial η

2. Post-hoc comparisons between
pairs of time points were conducted using Bonferroni correction.
For each MEP index and each patient, the three consecutive
measurements were summarized by an average linear slope [slope
= (x(year 2) – x(year 0))/2] and a non-linear trend [trend =

(x(year 2) – 2∗x(year 1) + x(year 0))]. A factor analysis using
principal component analysis followed by Varimax rotation was
run on the two parameters across the nine qMEP metrics. For
a sensitivity analysis of the NHPT, a paired t-test was run on
all subjects with at least two assessments of the NHPT (see
Supplemental Material).

RESULTS

Subjects had a mean age of 51.3 years (SD = 7.9) and a disease
duration of 8.2 (SD= 6.7) years. Themean time between baseline
and year 1 as well as year 2 assessments was 0.99 (SD= 0.12) and
2.1 (SD = 0.14) years, respectively. Median EDSS at baseline was
3.75 (range = 2.0–6.5), and median ambulation score 1 (0–9).
Mean and standard deviation (SD) of qMEP metrics are given in
the fifth column of Table 1.

At baseline, a subsample of patients had assessments of NHPT
(n = 13) and T25FW (n = 9), of whom nine subjects had NHPT
and T25FW at all three time points.

The results of the repeated-measures ANOVA are given
in Table 1; p-values relate to the linear contrasts. EDSS and
ambulation score progressed over time (p < 0.05), with a
non-significant change over the 2 year period (p < 0.1
after Bonferroni correction). Latency increased significantly in
qMEP-LL (p < 0.01 for CxM-mn and CMCT, p < 0.05 for
CxM-sh) and combined qMEP scores (all p < 0.01), and
the increase in the qMEP-CxM_mn score being statistically
significant even in the first year (p < 0.05), as depicted in
Figure 1. Effect sizes were higher in qMEP-LL and combined
qMEP scores than in clinical assessments, and highest in scores
based on CxM_mn. QMEP-UL did not significantly change
over time.

Subgroup analysis (Table 2) in subjects (n = 9) with
complete assessments of the NHPT and the T25FW showed
a similar pattern. Whereas, changes in clinical measures were
not significant (ambulation: p < 0.1; others p > 0.1), qMEP-
LL_CxM-mn, qMEP_CxM-mn, and qMEP_CxM-sh showed
statistically significant deterioration with highest effect sizes for
measures calculated from CxM-mn. The sensitivity analysis of
the NHPT (Supplemental Material) based on subjects with a
baseline and a year 2 examination (n= 12) yielded a comparable
non-significant change for the NHPT (p = 0.06) and the qMEP-
UL_CxM-mn (p= 0.1).

TABLE 1 | Analysis of longitudinal change in EDSS, ambulation and qMEP scores.

F(2,38) p-value Effect size Mean y0 Change y1-y0 Change y2-y1 Change y2-y0

Clinical EDSS 3.278 <0.05 0.147 3.9 (1.2) 0.18 (−0.23 to 0.58) 0.33 (−0.25 to 0.90) 0.50 (−0.06 to 1.06) ∧

Ambulation 4.499 <0.05 0.191 1.9 (2.2) 0.70 (−0.11 to 1.51) 0.55 (−0.55 to 1.65) 1.25 (−0.07 to 2.57) ∧

qMEPUL CMCT 1.773 n.s. 0.085 3.62 (2.85) 0.05 (−1.04 to 1.13) 0.75 (−0.57 to 2.07) 0.80 (−0.53 to 2.13)

CxM_sh 1.575 n.s. 0.077 5.13 (2.95) 0.04 (−071 to 0.79) 0.49 (−0.43 to 1.40) 0.52 (−0.39 to 1.43)

CxM_mn 2.178 n.s. 0.103 4.33 (3.87) 0.15 (−0.57 to 0.86) 0.51 (−0.35 to 1.37) 0.66 (−0.35 to 1.67)

qMEPLL CMCT 5.468 <0.01 0.223 5.24 (5.04) 0.98 (−0.42 to 2.38) 0.86 (−0.56 to 2.29) 1.84 (0.29 to 3.40) *

CxM_sh 4.588 <0.05 0.195 7.04 (5.23) 0.74 (−0.25 to 1.74) 0.54 (−0.55 to 1.62) 1.28 (0.03 to 2.54) *

CxM_mn 5.832 <0.01 0.235 7.67 (7.05) 0.75 (−0.13 to 1.62) 0.61 (−0.38 to 1.60) 1.36 (0.12 to 2.60) *

qMEP CMCT 6.285 <0.01 0.249 4.43 (3.61) 0.51 (−0.37 to 1.40) 0.81 (−0.23 to 1.84) 1.32 (0.29 to 2.36) *

CxM_sh 5.422 <0.01 0.222 5.92 (3.64) 0.39 (−0.22 to 1.00) 0.51 (−0.24 to 1.27) 0.90 (0.12 to 1.69) *

CxM_mn 7.530 <0.01 0.284 6.00 (5.09) 0.61 (0.07 to 1.15) * 0.56 (−0.20 to 1.33) 1.17 (0.17 to 2.17) *

Univariate repeated measures ANOVA (n = 20) and post-hoc paired comparisons for EDSS and ambulation score as well as qMEP scores calculated from upper limbs (qMEP-UL),

lower limbs (qMEP-LL), and the combination of both (qMEP) based on central motor conduction time (CMCT), shortest cortico-muscular latency (CxM_sh), and mean CxM (CxM_mn).

QMEP-scores are given as the sum of z-transformed latencies divided by the number of limbs examined. For all variables, F-values, p-values (linear contrast), and effect sizes are given

along with their mean values and standard deviations (SD) at baseline (y0), and their mean changes between different years, with 95% confidence intervals (95%CI). ∧p < 0.1; *p <

0.05, with Bonferroni correction for multiple comparisons. Significant values are given in bold.
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Factor analysis (Table 3) showed that qMEP-UL and qMEP-
LL provide complementary information for the detection
of longitudinal change in MEP onset latency, regardless
whether the parameter of change was the linear slope or
a non-linear trend (Figure 2). The first factor was mainly
determined by qMEP-LL, and the second factor mainly
by qMEP-UL explaining 65 and 29% of total variability.
The combined qMEP scores load on both factors in a
balanced way.

FIGURE 1 | Boxplot diagram showing the distribution of the combined

quantitative MEP score based on the mean corticomuscular latency

(qMEP_CxM-mn) at baseline, years 1 and 2. P-values are given for pairwise

post-hoc comparison after Bonferroni correction.

DISCUSSION

In the current study, we examined 20 patients with primary
progressive MS longitudinally over 2 years to scrutinize qMEP
scores regarding sensitivity to change and to determine the
optimal way of calculating the qMEP. In parallel to clinical
progression as measured by EDSS and ambulation score over
2 years, lower limbs and combined qMEP scores indicated
significant deterioration of latency delays with higher effect
sizes than the EDSS and ambulation score. Differences between
differently calculated qMEP scores were small, albeit scores
based on mean CxM had highest effect sizes throughout, and
only the combined qMEP score based on mean CxM showed
a significant deterioration already in the first year. Moreover,
in a subgroup analysis, timed clinical assessments did not show
higher sensitivity than qMEP scores. Two independent factors
were detected, the first mainly associated with qMEP-LL, the
second one with qMEP-UL, explaining 65 and 29% of total
variability, respectively. Upper and lower limb qMEPs contribute
to the combined qMEP score in a balanced way.

Our main finding is that increases in latency delays over 2
years, as measured by lower limb and combined qMEP scores,
were stronger in terms of effect size than increases in disability
as measured by EDSS. Moreover, significant deterioration in
the first year was observed in the combined qMEP based on
mean CxM, but not in any of the clinical parameters. This
result replicates the principal findings of a previous study in
PPMS (11) in an independent sample of patients and is in
line with several EP studies showing deterioration of EP scores
over time in samples with relapsing remitting MS, as well as
samples with relapsing and progressive MS [review in (9)]. In the
former PPMS study, a multimodal qEPS changed already after
6 months, whereas the EDSS deteriorated only after 1 year (11).
The higher temporal dynamics are most likely due to the faster

TABLE 2 | Subgroup analysis of longitudinal change in T25FW and NHPT.

F(2,16) p-value Effect size Mean y0 Change y1-y0 Change y2-y1 Change y2-y0

Clinical EDSS 2.266 n.s. 0.147 3.94 (1.13) −0.28 (−0.85 to 0.29) 0.78 (−0.53 to 2.09) 0.50 (−0.81 to 1.81)

Ambulation 3.653 <0.1 0.191 1.89 (1.83) 0.44 (−0.58 to 1.46) 1.44 (−0.87 to 3.75) 1.89 (−0.97 to 4.75)

zT25FW 2.048 n.s. 0.204 9.18 (8.12) −0.05 (−0.45 to 0.34) −1.27 (−3.82 to 1.23) −1.32 (−4.18 to 1.55)

zNHPT 1.065 n.s. 0.118 −0.74 (1.05) 0.07 (−0.24 to 0.38) −0.26 (−0.99 to 0.47) −0.19 (−0.76 to 0.37)

qMEPUL CMCT 1.727 n.s. 0.178 4.00 (5.21) 0.32 (−1.43 to 2.06) 1.11 (−1.44 to 3.66) 1.43 (−1.45 to 4.31)

CxM_sh 1.726 n.s. 0.177 3.43 (3.52) 0.22 (−0.99 to 1.43) 0.77 (−0.99 to 2.53) 0.99 (−1.00 to 2.99)

CxM_mn 2.056 n.s. 0.204 4.83 (3.49) 0.44 (−0.74 to 1.61) 0.66 (−0.91 to 2.22) 1.10 (−0.96 to 3.14)

qMEPLL CMCT 2.474 n.s. 0.236 7.00 (6.5) 0.11 (−2.34 to 2.55) 1.52 (−1.15 to 4.19) 1.63 (−0.66 to 3.92)

CxM_sh 2.668 n.s. 0.250 4.65 (4.71) 0.14 (−1.54 to 1.83) 1.11 (−0.84 to 3.06) 1.26 (−0.48 to 3.00)

CxM_mn 4.123 <0.05 0.340 6.43 (5.04) 0.34 (−1.17 to 1.85) 1.27 (−0.46 to 2.99) 1.61 (−0.45 to 3.66)

qMEP CMCT 3.558 <0.1 0.308 5.63 (5.46) 1.47 (−0.48 to 3.43) −0.06 (−1.71 to 1.60) 1.42 (−0.62 to 3.45)

CxM_sh 4.489 <0.05 0.359 4.07 (3.61) −0.01 (−1.02 to 1.00) 1.06 (−0.12 to 2.23) 1.05 (−0.40 to 2.49)

CxM_mn 5.629 <0.05 0.413 5.25 (3.49) 0.60 (−0.28 to 1.49) 1.03 (−0.25 to 2.31) 1.63 (−0.42 to 3.68)

Univariate repeated measures ANOVA and post-hoc paired comparisons on all patients with complete T25FW and NHPT (n = 9) for EDSS, ambulation score, z-transformed timed 25

foot walk (zT25FW) and z-transformed nine hole peg test (zNHPT) as well as qMEP scores calculated from upper limbs (qMEP-UL), lower limbs (qMEP-LL), and the combination of both

(qMEP) based on central motor conduction time (CMCT), shortest cortico-muscular latency (CxM_sh), and mean CxM (CxM_mn). For all variables, F-values, p-values (linear contrast),

and effect sizes are given along with their mean values and standard deviations (SD) at baseline (y0), and their mean changes between different years with 95% confidence intervals

(95%CI). Significant values are given in bold. All post-hoc comparisons were non-significant.
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TABLE 3 | Factor analysis of longitudinal change in qMEP metrics.

Linear contrasts Non-linear contrasts

Factor 1 Factor 2 Factor 1 Factor 2

Model Eigenvalue 5.876 2.610 5.945 2.608

Explained variance % 65.3 29.0 66.1 29.0

Factor loadings

qMEPUL CMCT 0.065 0.986 0.089 0.983

CxM_sh 0.196 0.920 0.081 0.986

CxM_mn 0.019 0.988 0.035 0.969

qMEPLL CMCT 0.980 0.001 0.965 0.166

CxM_sh 0.991 −0.031 0.994 −0.008

CxM_mn 0.965 0.029 0.991 −0.010

qMEP CMCT 0.797 0.433 0.777 0.605

CxM_sh 0.829 0.545 0.782 0.607

CxM_mn 0.749 0.634 0.529 0.709

Factor analysis of linear and quadratic contrasts of temporal change in qMEP metrics defined at the individual patient level using principal component and Varimax rotation. Eigenvalues,

explained variance and factor loadings are given. Both individual contrasts revealed two independent dimensions (factors). The loading matrices show that the two factors of each

contrast are largely determined by the lower and upper limb measurements, respectively.

clinical progression in the previous sample. Additionally, the
applied multimodal qEPS includes motor, somatosensory, and
visual EP, which probably increases the sensitivity to change. As
individual patients are likely to deteriorate in different functional
systems at different pace, a multimodal EP score is more likely
to capture changes than a single modality. However, it remains
to be determined whether the different EP modalities are equally
sensitive to change.

In a recent cross-sectional study, MEPs from upper limbs only
have been proposed as an outcome measure in clinical trials in
patients with progressive forms of MS (21). The authors argue
that lower limbMEPs are frequently absent and do not contribute
to measuring deterioration. However, patients had considerable
disability with a mean EDSS of 5.8, and the majority had a
secondary progressive MS. In contrast, the current longitudinal
analysis in less disabled patients with primary progressive MS
clearly shows the high contribution of lower limb involvement
to disease progression. Furthermore, upper and lower limb
qMEP scores contribute independently to measuring disease
progression. These results favor the use of a combined qMEP
score, at least in patients with comparable disease characteristics
and disability.

Variability of onset latencies is a physiological phenomenon
and most likely due to short-term fluctuations in cortical
and spinal excitability (13, 22). In MS, reliability of signal
conduction is reduced in demyelinated tracts (14) due to
less accurate temporal summation at the convergence of
corticospinal axons in the spinal motoneuron. Significantly
increased variability of MEP onset as quantified by the
mean consecutive difference between several stimuli has been
found in patients with MS independent of latency delay (15).
However, in the current factor analysis, we could not detect
an independent contribution of mean CxM, indicating that
onset variability may not add to detection of change. Our
approach may have been less sensitive than the mean consecutive
difference, which, on the downside, poses other problems
when used in a score, as it is an additional metric and a
relative measure.

The slightly but consistently better performance of mean CxM
over shortest CxM and CMCT may be related to its statistical
properties with higher test–retest reliability (10) because an
averaged response is a more robust estimate than a maximal
response. However, the closer relationship to pathophysiology by
inclusion of the variability of the onset latencies may also play
a role.

To increase the sensitivity of clinical assessment for detecting
progression, a combination of the EDSS with timed examinations
as the NHPT and T25FW has been proposed in progressive
MS (23, 24). There are only a few studies that compared EP
with timed clinical assessment. Upper limb MEP correlated with
the NHPT (21) and lower limb MEP with T25FW (25) cross-
sectionally. Balance problems were more closely related to tibial
somatosensory EP than to lower limb MEP (26). In the current
study, we had only a small subsample to compare timed clinical
measures to qMEP scores longitudinally. In these patients, we
found no evidence indicating that NHPT or T25FWwas superior
to qMEP scores. However, the present sample size is too small
to draw firm conclusions. Larger scaled studies are needed to
better characterize the comparative sensitivity to change of timed
clinical assessments and EP scores from different modalities.

Generally, clinical assessment and EP differ in their content
validity. Expanded Disability Status Scale, NHPT, and T25FW
measure global clinical function, dexterity, and walking
capability, respectively (18, 27, 28). They are influenced by
day-to-day fluctuations in performance, as well as imprecision
of the clinical rating. Moreover, compensatory mechanisms may
allow patients still to function, although marked damage has
already occurred (29). In contrast, EPs are closely linked
to the pathophysiology of disturbed signal conduction
(7, 8, 14), regardless of whether delayed responses are clinically
symptomatic or remain subclinical. The transformation of
such subclinical pathology into clinical disability is the most
likely explanation for the prognostic power of multimodal EP
assessment [review in (9)].

The stimulation protocol used in the current and in previous
studies of our group (11, 30) differs from the recommendations
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FIGURE 2 | Diagrams show the separation of quantitative MEP scores for

upper (qMEP-UL) and lower limbs (qMEP-LL), as well as the combination of

both (qMEP) along two independent dimensions obtained by factor analysis

after Varimax rotation using (A) individual slopes (linear trends) (B) individual

deviations from linearity (non-linear trends). The x- and y-coordinates of the

variables are defined by their loadings on the first and second factors. Colors

represent the different ways of calculating the scores from central motor

conduction time (CMCT; red), shortest corticomuscular latency (CxM-sh;

black), and mean CxM (CxM-mn; green).

of the IFCN regarding the determination of the resting motor
threshold (RMT) (13). The standard method (31) is time
consuming and requires the application of up to 75 stimuli.
A proposed optimization of the method needs handling of
additional software (32). The use of a standard stimulation
intensity of 80 to 100% of stimulator output with a non-focal
round coil is a pragmatic approach, which is time-efficient
and easy to standardize. It induces a supramaximal cortical
stimulation in nearly all subjects with a small overall number
of stimuli. Moreover, it is probably near the recommended
stimulation intensity of 140 to 170% RMT taking into account
that RMT is higher in MS (33), and on average at 70% of

stimulator output according to one study with progressive
MS (34).

The main limitation of the current study is its small
sample size, which greatly reduces the generalizability of the
current findings. Furthermore, NHPT and T25FW were only
available in a subgroup, rendering the comparison between these
timed assessments and qMEP scores preliminary. However, our
main results replicate the findings of a previous study in an
independent sample (11), corroborating the validity of the use of
EP for measuring change.

CONCLUSIONS

The current study confirms a finding of our previous study
demonstrating that deterioration in a qEPS occurs earlier than
clinical progression as measured by the EDSS in patients with
primary progressiveMS. Both upper and lower limb qMEP scores
contribute independently to measuring change, and qMEP scores
calculated from mean CxM showed slightly higher effect sizes
than scores calculated from shortest CxM or CMCT. In most
target populations, a combined qMEP score based on upper
and lower limbs mean CxM is therefore a reasonable choice.
The previously used multimodal qEPS may even increase the
sensitivity to change.

The capability to detect subclinical change is a unique
property of EP and complementary to clinical examination.
Evoked potential assessment may even open a window within
which therapeutic effects can be quantified, before a clinical effect
is detectable. These features and the current results underline
the role of EP as a candidate biomarker to measure effects of
therapeutic interventions in PPMS.
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Multiple Sclerosis (MS) is a chronic inflammatory disease of the central nervous system.

Cognitive impairment occurs in 40–65% of patients and could drastically affect their

quality of life. Deficits could involve general cognition (e.g., attention andworkingmemory)

as well as social cognition. Transcranial direct current stimulation (tDCS), is a novel brain

stimulation technique that has been assessed in the context of several neuropsychiatric

symptoms, including those described in the context of MS. However, very rare trials

have assessed tDCS effects on general cognition in MS, and none has tackled social

cognition. The aim of this work was to assess tDCS effects on general and social

cognition in MS. Eleven right-handed patients with MS received two blocks (bifrontal

tDCS and sham, 2mA, 20min, anode/cathode over left/right prefrontal cortex) of 5 daily

stimulations separated by a 3-week washout interval. Working memory and attention

were, respectively, measured using N-Back Test (0-Back, 1-Back, and 2-Back) and

Symbol Digit Modalities Test (SDMT) at the first and fifth day of each block and 1 week

later. Social cognition was evaluated using Faux Pas Test and Eyes Test at baseline and 1

week after each block. Interestingly, accuracy of 1-Back test improved following shambut

not active bifrontal tDCS. Therefore, active bifrontal tDCS could have impaired working

memory via cathodal stimulation of the right prefrontal cortex. No significant tDCS effects

were observed on social cognitive measures and SDMT. Admitting the small sample size

and the learning (practice) effect that might arise from the repetitive administration of each

task, the current results should be considered as preliminary and further investigations

in larger patient samples are needed to gain a closer understanding of tDCS effects on

cognition in MS.

Keywords: tDCS, social cognition, theory of mind, faux pas test, N-back test, attention, working memory,

information processing speed
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory autoimmune
disease of the central nervous system, characterized by
demyelination, neurodegeneration and synaptopathy (1, 2). It
occurs in around 2.3–2.5million around the globe and is themost
common reason of non-traumatic disability in young people (3).
Patients with MS (PwMS) could suffer from several symptoms
including sensorimotor deficits, cerebellar symptoms, fatigue,
as well as emotional, cognitive, and behavioral manifestations
(4). Cognitive impairment occurs in 40–65% of patients at
one point in their lifetime, could appear in early stages of
MS (5, 6) and has a drastic impact on patients’ quality of life
as well as their daily activities. Cognitive impairment could
affect general cognition, such as learning and memory, attention
(i.e., information processing speed (IPS), complex, divided and
selection attention), language, perceptual-motor and executive
functions, as well as social cognition (7–10).

Memory and IPS are among the most deficient cognitive
domains in MS (11). Memory impairment occurs in up to
40–65% of patients, with working and long-term memory
being importantly affected in the context of MS (12, 13).
IPS deficit could be observed in 20–30% of PwMS (9, 13,
14). It is related to decreased neuronal conduction speed
secondary to demyelination, and can halt the individual’s ability
to complete tasks and cope with demanding everyday life
requirements (13, 15).

Besides general cognition, there was a recent growing interest
to assess the involvement of social cognition in the process
of MS [for reviews see (10)]. Social cognition can be seen as
mental operations put into action during social interactions,
including perception, interpretation, and generating responses to
the intentions, dispositions, and behaviors of others (16). Social
cognition entails the individual’s ability to (a) recognize emotions
from social stimuli cues, (b) infer others’ mental state based
on their intentions, thoughts and beliefs [i.e., cognitive theory
of mind (ToM)], and their emotions and desires (i.e., affective
ToM), and (c) empathize with others (10, 17, 18). Social cognition
influences the relationship with friends, family, colleagues, and
strangers. Thus, it has a high impact on peer support which
is a relevant factor for good quality of life and coping with
everyday life difficulties, a coping that is particularly important in
patients suffering from a chronic and debilitating disease such as
MS (19). There is evidence that PwMS show considerable social
cognitive deficits that are at the origin of additional burden in this
population (10, 20, 21).

From a neurobiological perspective, neuroimaging studies
have explored the structural and functional correlates of cognitive
impairment in MS. Some studies linked cognitive impairment
to pathologies involving the frontal, parietal, temporal and
thalamic regions [For reviews see (22)]. It is noteworthy that
the frontal lobe constitutes a carrefour for several cognitive
tracts, and many studies have linked cognitive impairment in MS
with abnormalities involving the (pre)-frontal cortex and/or its
connectivity [For reviews see (23)].

From a therapeutic perspective, despite the serious impact of
cognitive deficits on this population, efficacy of pharmacological

and cognitive interventions has not been supported by
enough evidence [For reviews see (11)]. Therefore, alternative
interventions might have their place in this context, and
their effects merit to be explored. Recently, non-invasive
brain stimulation (NIBS), notably transcranial direct current
stimulation (tDCS), has shown promising results in the treatment
of MS-related symptoms, with most of studies focusing on MS
fatigue (4, 24). However, tDCS effects on MS-related cognitive
deficits have been rarely addressed. Positive effects have been
suggested by few trials that have combined this technique with
cognitive training (25, 26), or by some case reports [(10, 27–29),
for a review see: 4].

The present report is part of a randomized double-blind
sham-controlled cross-over study designed to assess the effects of
anodal bifrontal tDCS onMS fatigue as well as other components
of the symptoms cluster (i.e., anxiety and depression) (30). Five
consecutive daily tDCS sessions led to acute antifatigue effects
and delayed anxiolytic effects that emerged 1 week later (30).

Here, we aimed to study the effect of anodal bifrontal tDCS
on general cognition (i.e., attention, working memory and IPS)
and social cognition in PwMS. Neuroimaging studies (functional
MRI and [11C]-raclopride Positron emission tomography
performed in healthy individuals) and computational model
analysis suggest that bifrontal tDCS could modulate the function
of cortico-subcortical circuits [i.e., (31–33)]. In MS, despite
the lack of studies assessing tDCS mechanisms of action
on cognitive functions, the application of high frequency
repetitive transcranial magnetic stimulation (another NIBS
technique which is supposed to activate the cortical area
in question) over the left prefrontal cortex resulted in a
cognitive improvement that was paralleled by an increase in
prefrontal functional connectivity (34). Therefore, following
the same logic, we hypothesized that enhancing the activity
of frontal regions and their connectivity, by applying tDCS,
could improve general and social cognitive performance in this
clinical population.

MATERIALS AND METHODS

Participants
The study took place at the Department of Psychiatry and
Psychotherapy of University of Munich Hospital. Recruitment
occurred at the Institute of Clinical Neuroimmunology and
Cooperating Neurological Practices. Right-handed patients (age:
18–75 years), with a definite MS diagnosis [according to
2017 revised McDonald criteria; (35)] and low disability
[Expanded Disability Status Scale score (EDSS) < 6.5; (36)]
took part of the study. They had stable treatments (≥
1 month) and did not suffer from relapses (During the
last 2 months), or other relevant neuropsychiatric diseases
[inclusion/exclusion criteria details are reported in Chalah
et al. (30)]. The local ethics committee approved the study
which was conducted in conformity with the declaration of
Helsinki. All patients gave written informed consent prior
to inclusion. Eleven patients (8 females) participated in the
study protocol.
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Evaluation
Attention, Working Memory, and Information

Processing Speed
The N-Back task is commonly used to assess working memory
in MS studies (37, 38). In addition, this task has been widely
adopted in tDCS studies that documented working memory
improvement in healthy and some neuropsychiatric populations
[for review and meta-analysis, please refer to Brunoni
and Vanderhasselt (39)]. Among these studies, some have
documented improvement in N-Back outcomes following the
application of a single session of bifrontal tDCS (anode/cathode
over F3/F4) in healthy individuals [n = 10, (40)] or depressed
patients [n= 28, (41)].

N-Back v5 was used in this study. Presentation of visual
stimuli and recording of responses were controlled using
Presentation Software (Neurobehavioral Systems, Inc., Albany,
CA, USA). In this experiment, working memory was evaluated
using three difficulty levels, the latter differ in the number of
items to memorize (i.e., 0, 1, or 2 items) and refer to as 0-
Back, 1-Back, and 2-Back. The 0-Back condition is the easiest
one in which the target consisted of any item that matches a
pre-specified item, and hence this condition requires sustained
attention but no working memory demand (42). The two other
conditions are of increasing difficulties and evaluate working
memory. The targets of the 1-Back and 2-Back conditions
correspond to any item identical to the item presented one trial
and two trials back, respectively. For each condition, results are
displayed as accuracy and reaction time.

Symbol Digit Modalities Test (SDMT) was used to assess IPS
and visuospatial attention (43). This task was adopted because it
is easy to use, fast to administer, does not cause any significant
amount of stress for patients, and is considered a sentinel test to
assess cognitive status in PwMS (44). In addition, this test was
previously employed in the only two available studies assessing
tDCS effects on cognition in PwMS (25, 26). A key that pairs
single digits with nine symbols is presented, and the individual is
asked to fill rows containing only symbols bymatching themwith
the correct numbers according to the key. The score corresponds
to the total number of correct answers that the individual obtains
in 90 s. The same versions of SDMT and N-Back were used
during all the evaluations.

Social Cognition
Social cognition was assessed by means of Reading the Mind in
the Eyes Test (Eyes Test) and Faux Pas Test, which, respectively,
assess the affective and cognitive components of ToM (45–
47). Eyes Test is a non-verbal test that assesses the affective
component of ToM and consists of 36 eye pictures of actors
and actresses expressing several emotional states and the patient
is asked to interpret the social sign hidden in the pair of eyes.
Initially developed for autism disorders, other psychiatric and
neurological patients were found to poorly perform on this test
(10, 45, 47, 48). Eyes Test score is calculated by summing up all
individual items, with higher scores indicating better skills.

Faux Pas Test is a verbal test that measures cognitive ToM
(46). The test assesses the ability of an individual to detect a “faux
pas” which could occur “when a speaker says something without

considering if it is something that the listener might not want
to hear or know, and which typically has negative consequences
that the speaker never intended” (46). The test consists of reading
faux pas stories and control stories for individuals. Afterwards,
the individual is assessed for their capacity to understand
inappropriateness, intentions, and false beliefs. For the Faux Pas
Test, individual scores given for short stories are summed up.
The higher the score the better the performance is. The same
versions of Eyes Test and Faux Pas Test were used during all
the evaluations.

Transcranial Direct Current Stimulation
A weak electric current (i.e., 2mA) is applied via a CE-certified
battery driven stimulator (Eldith DC stimulator, NeuroConn,
Ilmenau, Germany) and two saline-soaked sponge electrodes
(5 cm x 7 cm) fixed by rubber bands with the anode and cathode
over the left and right dorsolateral prefrontal cortices (DLPFC)
(F3 and F4 according to the EEG 10–20 system) (49). tDCS
setup is presented in Figure 1A. Patients were randomly assigned
to receive active and sham tDCS blocks in a cross-over design.
Each block consisted of five consecutive daily sessions, with
20min per session (Figure 1B). Blocks were separated by a 3-
week washout interval. For the active condition, current ramping
up and down was done over 15 s at the beginning and end of
each session, respectively, separated by 20min stimulation. For
sham, the same pattern of ramping was performed with only
30 s of stimulation aiming to simulate the cutaneous sensations
obtained with active tDCS (50). tDCS parameters (i.e., current
intensity, polarity, sessions number and duration) were chosen
according to previous works performed in MS and other clinical
populations [for reviews see (4, 24)].

Study Protocol
Patients were evaluated for eligibility. In case of eligibility
and agreement to participate in the study, patients gave their
informed written consent, underwent a baseline evaluation (T0),
and were randomized to receive tDCS blocks. Allocation to
start with an active or sham treatment was performed by a
computerized random generator.

In each block, tDCS was applied from the first day (T1) to the
5th day (T2) while patients were at rest, sitting in a comfortable
chair in a quiet room.

N-Back Test and SDMT were performed at T1 and T2, and 1
week after each block (T3). Given the potential susceptibility of
social cognitive measures to practice effects (51), as well as the
absence of learning effect and the acceptable test-retest reliability
that are reported when repeating these measures few weeks after
a first evaluation [i.e., (52, 53)], Eyes Test and Faux Pas Test
were assessed at T0 and T3 of each block. Figure 1C provides a
schematic presentation of the study design.

Statistical Analysis
Statistical analyses were performed using SPSS software (Version
24.0, Armonk, NY: IBM Corp.) and all measures were compared
between active and sham conditions. Since not all data followed
normal distribution according to Kolmogorov-Smirnov test,
a non-parametric analysis of variance was run for group
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FIGURE 1 | (A) schematic presentation of the transcranial direct stimulation setup showing the anode (in red) and the cathode (in blue) over F3 and F4, respectively,

according to the 10–20 international electroencephalographic system for electrode positioning; the electrodes are connected to a battery-driver direct current

stimulator. (B) schematic presentation of a stimulation block (sham or active) showing the stimulation and evaluation sessions between the 1st day of stimulation and

1 week after the last stimulation. (C) schematic presentation of the study protocol showing the chronological order of experimentation. SDMT: Symbol Digit Modalities

Test.

comparison using Friedman’s test and post-hoc Dunn’s test, and
took into consideration the groups (active vs. sham) and the time
points (T1, T2, and T3 for N-back Test and SDMT; T0 and T3
in the case of Eyes Test and Faux Pas Test). For Friedman’s test,
estimation of effect size was based on Kendall’s W coefficient of
concordance (54), with effect size being considered small (<0.3),
moderate (0.3–0.5) and large (≥ 0.5). To test for a possible carry-
over effect (i.e., effects from the first block that could persist in
the second block), Wilcoxon’s test was run on data obtained prior
to each stimulation block (pre-active vs. pre-sham). In addition,
to test for possible learning that could result from repeated
exposure to the same tests (i.e., practice effect), the patients’
scores on each test were grouped according to the chronological
order of evaluations (regardless which stimulation condition was
administered first), and were compared using Friedman’s test and
post-hocDunn’s test. For all tests, significance was set at 0.05. Data
are presented as mean± SD.

RESULTS

Sociodemographic and Clinical Data
The mean patients’ age was 43.91 ± 9.69 years (age range 26–57
years). Mean disease duration was 75.64 ± 45.97 months. Mean
EDSS was 3.14 ± 1.31. Ten patients had a relapsing-remitting
MS and 1 patient had a secondary-progressive MS. Nine patients

were receiving immunomodulatory treatments. tDCS was well-
tolerated and there were no serious adverse effects at any time.
tDCS safety and patients’ clinical discomfort did not significantly
differ according to the stimulation condition (30).

Cognitive Data
No significant differences were observed in cognitive
scores obtained prior to the active and sham interventions
(Wilcoxon’s test).

Attention, Working Memory and Information

Processing Speed
Concerning the outcomes obtained with N-Back test, Friedman’s
test of differences among repeated measures rendered a X2 value
of 13.14 which was only significant in the case of 1-Back accuracy
(df = 5; p = 0.022). Post-hoc analysis revealed significant effects
obtained, not right after sham intervention (T1: 0.83 ± 0.16 vs.
T2: 0.76 ± 0.38; p>0.05), but rather 1 week later (T3: 0.94 ±

0.09, p < 0.05) (Figure 2). Effects of active intervention did not
reach statistical significance right after the intervention (T1: 0.91
± 0.10 vs. T2: 0.99 ± 0.03; p > 0.05) or 1 week later (T3: 0.78
± 0.31, p > 0.05) (Table 1). 1-Back accuracy at T1 did not differ
between active and sham conditions (p>0.05). Results of N-Back
outcomes are summarized in Table 1.
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FIGURE 2 | The effects of sham and active stimulation on 1-Back test accuracy. T1, T2, and T3: day 1, day 5, and 1 week after each stimulation block, respectively.

*p < 0.05.

Concerning SDMT scores, Friedman’s test rendered aX2 value
of 10.48 which was non-significant (df = 5; p= 0.063) (Table 1).
Kendall’s W coefficient of concordance was < 0.3 (small effect
size) for all outcomes (details are mentioned in Table 1).

When studying the learning effect, a significant learning effect
was observed regarding SDMT scores (Friedman’s test p< 0.001).
Post-hoc analysis revealed significant increases in SDMT scores
starting the 4th evaluation (p < 0.05).

No significant learning effect was observed regarding 0-Back
accuracy (Friedman’s Test p = 0.069), 0-Back reaction time
(Friedman’s Test p = 0.391), 1-Back accuracy (Friedman’s Test
p=0.191), 1-Back reaction time (Friedman’s Test p=0.582), 2-
Back accuracy (Friedman’s Test p = 0.169) or 2-Back reaction
time (Friedman’s Test p= 0.652).

Social Cognition
Friedman’s test showed a X² value of 1.81 for the Eyes Test which
was non-significant (df = 2, p = 0.406). The same applies to
the Faux Pas Test where no significant difference was observed
following sham and active conditions (Friedman’s Test X2

= 2.61;
df = 2; p= 0.272). Table 2 presents the different scores obtained
at each time point. Kendall’s W coefficient of concordance was
< 0.3 (small effect size) for both tests (details are mentioned in
Table 1). No significant learning effect was observed for the Eyes
Test (Friedman’s Test p = 0.803) or Faux Pas Test (Friedman’s
Test p= 0.307).

DISCUSSION

This study evaluated tDCS effects on general cognition
(particularly attention, working memory, and IPS), as assessed by
N-Back Test and SDMT, and social cognition, according to Faux
Pas and Eyes Tests, in patients with MS. The main finding of this

work consisted of a significant delayed improvement in 1-Back
accuracy obtained 1 week after sham intervention. This outcome
was not found with active stimulation. Neither intervention had
significant effects on the remaining outcomes.

tDCS and Attention, Working Memory, and
Information Processing Speed
Cognitive performance (accuracy in 1-Back Test) interestingly
improved after sham, but not after tDCS condition. A systematic
review reports mixed effects of anodal tDCS on working memory
performance (55). Our results are in line with previous findings
on this matter (56–58). For instance, in studies involving healthy
participants, anodal bifrontal tDCS hampered the accuracy (58).
In addition, in a study involving patients with major depressive
disorder, the accuracy on procedural or implicit learning task
improved following sham but not active stimulation as seen in
our present work (57). The authors concluded that bifrontal
tDCS prevented implicit learning in their cohort.

Here, it is worth noting that the negative findings of the
current study could be partly attributed to the low statistical
power of our sample, although in some studies using similar
sample size (n = 10), a single 10min session of bifrontal tDCS
was able to improve N-Back outcomes in healthy volunteers
(40). In this context, it is important to mention that tDCS
response might differ between the healthy and diseased brain, as
well as across clinical populations. In fact, Hill and colleagues
have reported a significant improvement in offline working
memory tasks in healthy but not in neuropsychiatric cohorts
(55). Relative to healthy individuals, MS patients might suffer
from baseline cortico-subcortical abnormalities and changes
in regional connectivity, which might have compromised the
emergence of robust changes.
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Another possible explanation of our negative findings could
be the placement of the reference electrodes. In fact, in bifrontal
montage, the reference electrode is over the right DLPFC. It
seems that this have resulted in cathodal stimulation of this
area, and hence an inhibition of cognitive processes to which
it contributes. Here, it is worth noting that the right DLPFC is
an important carrefour that gets activated during visual working
memory tasks (59–62), and a damage of this area could impair
working memory as demonstrated in lesion studies (61, 63, 64).
Therefore, in our work, the relative improvement of working
memory obtained following sham intervention would indirectly
hint toward an impairment of this cognitive ability following
active condition. An impairment that is probably due to the
inhibition of right DLPFC by cathodal stimulation.

Several works have highlighted the role of the right DLPFC in
working memory (65–67), among which some consisted of tDCS
works that documented an improvement of working memory
when placing the anode over this area in healthy populations
[cathode: over left cheek in Wu et al. (68); over the contralateral
supraorbital area in Giglia et al. (69); over Cz in Bogdanov and
Schwabe (70); and over F3 in Nissim et al. (33)]. Therefore,
it would be interesting in future works to set the anode over
this area (F4) and determine the optimal return electrode to
ameliorate working memory.

Besides working memory, attention and IPS do not seem to
be affected by tDCS in this study, although the observed learning
effect might have prohibited observing such changes. The current
findings are consistent with previous works that reported lack
of tDCS effects on attention or IPS when applied over 3–
5 consecutive days in MS (10, 71, 72). Conversely, few trials
suggested the add-on benefits of 10 sessions of anodal prefontal
tDCS stimulation when combined with cognitive training (25,
26). Moreover, positive effects were reported in few case reports
that applied 14–40 anodal tDCS sessions over the left prefrontal
cortex (10, 27, 28). Therefore, longer stimulation duration and
combination with cognitive training might improve cognition.

tDCS and Social Cognition
Social cognition did not significantly improve following tDCS.
To the best of our knowledge, this is the first study to address
the effects of tDCS on social cognition in MS. The idea of
modulating social cognition by tDCS targeting the prefrontal
cortex stems from studies showing the involvement of this
region in social cognition (73), and its relationship with social
cognitive deficits in MS (10). Unlike our study, 12 sessions of
bifrontal tDCS improved social cognition in depressed patients
(74). Moreover, a single session of anodal tDCS ameliorated
social cognitive measures in healthy individuals [left prefrontal
anodal stimulation, right frontopolar cathode; (75)], as in
patients with neurodegenerative diseases [medial prefrontal
anodal stimulation; in frontotemporal dementia (76) and in
Parkinson’s disease (77)]. It is noteworthy that, with regards to
social cognition, a hemispheric asymmetry seems to exist for
some processes, and the right cerebral hemisphere appears to
be important for social cognitive processes (78, 79). Therefore,
as suggested for working memory, it would be of interest when
targeting social cognition to test the application of anodal tDCS
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TABLE 2 | The effects of sham and active stimulation on Eyes Test and Faux Pas Test scores.

Time points

Studied outcomes Friedman’s test p-value Kendall’s W Baseline Post-active stimulation Post-sham stimulation Dunn’s test p-value

Eyes test 0.406 0.082 24.09 ± 4.97 23.27 ± 3.64 – >0.05

24.09 ± 4.97 – 24.73 ± 4.52 >0.05

Faux pas test 0.272 0.118 22.18 ± 3.71 20.55 ± 3.91 – >0.05

22.18 ± 3.71 – 19.45 ± 4.01 >0.05

All differences were not significant at 0.05.

over the right DLPFC. However, an attention should be paid
when selecting the other electrode (the reference electrode) since
an anodal F4/cathodal F3 setup was found in few works to
negatively affect some social cognitive aspects such as adopting
others’ perspective (80) or empathy for pain (81).

Future studies would also benefit from increasing the number
of stimulation sessions and investigating the utility of targeting
other cortical areas, such as the right temporoparietal junction
and the ventromedial prefrontal cortex (82–85).

Limitations and Perspectives
This study has several limitations. First, admitting the small
sample size and the small effect size estimates (all below
<0.3), this work should be considered a pilot study with non-
definite preliminary results. Larger studies are needed to further
explore these findings. Second, the cross-over design could have
provoked overlapping effects. The wash-out interval of 3 weeks
may be too short to prevent the effects from the first block to
interfere with the second stimulation block.

Third, a limitation might arise from the employed tools
to evaluate cognition. Although this study included cognitive
measures that are widely used in MS research, the use of the
same tests several times across the study is a key point to
consider since it may imply a potential practice effect (86, 87),
as was observed with SDMT scores in this work. Future studies
would benefit from employing alternate forms of the cognitive
tasks at each evaluation. In that context, alternate forms of
SDMT have been proposed in MS studies; they are reliable
and equivalent in difficulty which could help overcoming the
practice effect when considering cognitive outcomes in future
tDCS trials (88, 89). Similarly, alternate forms of memory tests
(including N-Back test) using the same set of stimuli with
different order or composition have also been suggested (90, 91).
Moreover, retesting in social cognition may be problematic.
Although the tests employed in this work stand among the
most adopted in the literature (i.e., Eyes Test and Faux Pas
Test), no alternate forms seem to exist for these tests. Thus,
employing social cognitive tasks that are available in multiple
forms (e.g., The Assessment of Social Inference Test, the Hinting
Task) could help avoiding the practice effect [for reviews see
(92)]. However, when choosing to employ the same vs. alternate
forms of a task, it is also important to consider the possibility
of statistically accounting for the practice effect related to the
repeated administration of the same task as well as the challenges
related to the use of alternate forms, namely the number

of required forms that increases with the number of testing
points and the differences in task difficulty across the different
forms (87).

Fourth, although the evaluation of IPS and sustained
attention included tasks that are considered simple, insight
from neuroimaging studies suggest that some of these tasks
are complex and recruit cortico-subcortical networks [(93–95).
Therefore, including a simpler task might have been more
sensitive to detect subtle tDCS effects; this could have been
done using a simple reaction time task which for example
requires the individual to press a button as soon as a single
stimulus appears in the center of a computer screen (96).
Besides the tasks’ complexity, another drawback is related to the
choice of social cognition tools. Social cognition is a complex
construct of multiple components that was assessed by static
tasks. Dynamic tasks (i.e., videotapes featuring social scenes)
might have better ecological validity (10), and merits to be
adopted in tDCS studies on MS. Future studies could also benefit
from assessing tDCS effects on other general (i.e., perceptual-
motor and executive functions, language) or social cognitive
domains (i.e., emotion recognition from facial, vocal or bodily
cues, empathic ability).

Finally, as stated above, it would be interesting to test
different tDCS variables (i.e., polarity, electrode locations and
montage, sessions number and duration, current intensity)
in order to determine the optimal parameters to improve
cognitive functions in MS. For instance, applying greater tDCS
doses (i.e., intensity and duration) and/or combining them
with other interventions might lead to synergistic effects.
However, repeating the sessions and including patients in a
protocol lasting several weeks might be difficult; a home-
based and remotely supervised treatment could fill this
gap (97).

CONCLUSIONS

This study assessed the effects of five consecutive daily 20min
sessions of bifrontal tDCS on cognition in MS. 1-Back accuracy
improved after sham but not after active tDCS. Bifrontal
tDCS seems to impair working memory in PwMS. No other
significant effects were observed on attention, IPS, or social
cognition. A larger patient sample and potentially a longer
stimulation interval and follow up could help confirming the
current results.
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