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A B S T R A C T

People with multiple sclerosis (MS) exhibit pronounced changes in brain structure, activity, and connectivity.
While considerable work has begun to elucidate how these neural changes contribute to behavior, the hetero-
geneity of symptoms and diagnoses makes interpretation of findings and application to clinical practice chal-
lenging. In particular, whether MS related changes in brain activity or brain connectivity protect against or
contribute to worsening motor symptoms is unclear. With the recent emergence of neuromodulatory techniques
that can alter neural activity in specific brain regions, it is critical to establish whether localized brain activation
patterns are contributing to (i.e. maladaptive) or protecting against (i.e. adaptive) progression of motor symp-
toms. In this manuscript, we consolidate recent findings regarding changes in supraspinal structure and activity
in people with MS and how these changes may contribute to motor performance. Furthermore, we discuss a
hypothesis suggesting that increased neural activity during movement may be either adaptive or maladaptive
depending on where in the brain this increase is observed. Specifically, we outline preliminary evidence sug-
gesting sensorimotor cortex activity in the ipsilateral cortices may be maladaptive in people with MS. We also
discuss future work that could supply data to support or refute this hypothesis, thus improving our under-
standing of this important topic.

1. Introduction

Multiple sclerosis (MS) is an autoimmune pathology that leads to
numerous neurological (Nylander and Hafler, 2012) and behavioral
(Johansson et al., 2007) changes. In particular, people with MS (PwMS)
exhibit multifocal demyelinating lesions or ‘plaques’, that can occur in
both grey and white matter (Matthews et al., 2016). These changes are
accompanied by grey (Jacobsen and Farbu, 2014) and white (Sbardella
et al., 2013) matter atrophy and, perhaps unsurprisingly, numerous
changes in brain activity (Tomassini et al., 2012b) and connectivity
(Sbardella et al., 2015b). Neuroimaging techniques have furthered our
understanding of 1) how structure, activity, and connectivity of the
brain change with multiple sclerosis, and 2) how these changes may
relate to motor performance. However, Our understanding of which
neural changes protect against worsening of symptoms, and which are
the result of or contribute to worsening of symptoms remains limited.
For the purposes of this review, we operationally define these changes
in brain activity and connectivity as: 1) adaptive – a change in brain
activity or connectivity that results in fewer symptoms and/or better
motor performance or 2) maladaptive – a change in brain activity or

connectivity that results in worse symptoms and/or poorer motor per-
formance. There has been considerable interest in this topic, including
several reviews and commentaries debating whether neural changes in
PwMS are adaptive or maladaptive. However, these reports focus pri-
marily on changes to resting state functional connectivity and its re-
lationship to cognition (Penner and Aktas, 2017; Rocca and Filippi,
2017; Schoonheim, 2017). Whether MS-related changes in brain ac-
tivity are adaptive vs. maladaptive for motor performance has received
less attention.

During motor tasks, the amplitude of brain activity in PwMS is often
increased, and this increase is typically interpreted as adaptive, coun-
teracting changes in functional or structural connectivity (Lipp and
Tomassini, 2015). However, others (Lenzi et al., 2007; Manson et al.,
2006; Tomassini et al., 2012b) suggest an alternative interpretation-
that increased activity in some brain regions may be maladaptive; re-
lated to reduced transcallosal inhibition (TCI) and callosal degradation.
However, a current and comprehensive assessment of the data sur-
rounding this hypothesis is lacking. Neuromodulatory techniques such
as repetitive transcranial magnetic stimulation (Hulst et al., 2017),
transcranial direct current stimulation (Kasschau et al., 2015; Palm
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et al., 2014), and deep brain stimulation (Roy and Aziz, 2014) provide
the means to facilitate or depress activity in specific brain regions.
Understanding whether MS-related changes in brain activity are adap-
tive or maladaptive is crucial to inform the location and direction of
neural manipulation via these methods.

To provide clarity on this issue, we first review the effects of MS on
brain structure, activity, and connectivity, including how these neural
changes relate to motor performance. Then, we discuss our current
understanding of whether changes in neural activity are adaptive or
maladaptive for motor performance. In particular, we focus on recent
evidence suggesting that increased activity of specific motor regions
(e.g. ipsilateral motor areas), may be maladaptive, rather than adap-
tive, thus contributing to worsening motor symptoms. Finally, we dis-
cuss future directions regarding how the described brain changes may
contribute to motor performance, including the need for longitudinal
studies to clarify these relationships.

2. Structural changes in PwMS

2.1. Grey matter atrophy

PwMS exhibit grey matter atrophy in virtually all brain regions,
including the basal ganglia, cortex (frontal, parietal, temporal lobes),
cerebellum, and brainstem (for reviews, see: Horakova et al., 2012;
Jacobsen and Farbu, 2014; Messina and Patti, 2014; Pirko et al., 2007).
This atrophy typically progresses slowly (approximately 0.5–1% per
year globally (Filippi, 2015)), and varies by diagnosis, such that pro-
gressive forms of MS exhibit faster degradation of brain volume (par-
ticularly grey matter) than relapsing forms (Roosendaal et al., 2011).
However, atrophy is evident in numerous cortical and subcortical re-
gions even early in the disease (Battaglini et al., 2009). The location of
atrophy can also differ across disease types, with RMSS exhibiting
predominantly ventricular enlargement, and secondary forms of MS
exhibiting more cortical atrophy (Pagani et al., 2005).

Regional grey matter atrophy is related to worse motor performance
(see Table 1). For example, brainstem volume was specifically corre-
lated to clinical gait outcomes including the 25 foot walk (Edwards
et al., 1999; Jasperse et al., 2007; Shiee et al., 2012), and the ambu-
lation index (Liptak et al., 2008; Liu et al., 1999). Perhaps unsurpris-
ingly, general clinical assessments, such as the EDSS, are related to
atrophy of many cortical and subcortical regions (see Table 1). Cere-
bellar grey matter is also affected in PwMS (Kutzelnigg et al., 2007),
with cerebellar atrophy and pathology relating to poorer scores on the
EDSS (Damasceno et al., 2014; Tjoa et al., 2005), upper extremity as-
sessments (e.g. nine-hole peg test (Anderson et al., 2009; Henry et al.,
2008), and gait (Damasceno et al., 2014; Tjoa et al., 2005). Together,
these findings suggest that grey matter volume plays an important role
in disability in PwMS, and brainstem and cerebellar atrophy may be
specifically related to declines in lower limb performance and loco-
motion.

2.2. White matter integrity

In addition to alterations in grey matter, white matter dysfunction
remains a hallmark of MS. Diffusion tensor and diffusion weighted
imaging (DTI and DWI, respectively) measure the diffusion or move-
ment of water molecules within the brain to characterize the structural
integrity of white matter and degree of myelination. Investigations
measuring DTI and DWI have demonstrated widespread changes in
myelination and white matter microstructural integrity in PwMS com-
pared to people without MS.

White matter lesions (Werring et al., 1999) and changes to “nor-
mally appearing white matter” (for review, see Sbardella et al., 2013) in
PwMS can be found throughout the brain of PwMS, and damage be-
comes more pronounced as pathology progresses (Braley et al., 2012;
Castriota Scanderbeg et al., 2000; Horsfield et al., 1996). Although

there is considerable variability across patients, damage is commonly
observed in corticospinal, superior longitudinal fasciculus, periven-
tricular, and corpus callosum tracts (Sbardella et al., 2013). Of these
structures, damage is often most pronounced in the corpus callosum,
the largest white matter fiber tract in the brain (Bonzano et al., 2008;
Warlop et al., 2008).

Although results are somewhat mixed (Fink et al., 2010; Griffin
et al., 2001), clinical disability in PwMS (e.g. EDSS) is generally related
to lower structural connectivity (i.e. DTI), with corticospinal and pro-
prioceptive tracts being particularly well correlated to EDSS (for re-
view, see: Sbardella et al., 2013). Balance has specifically been related
to changes in the corticospinal (Hubbard et al., 2016; Tovar-Moll et al.,
2015), brainstem (Peterson et al., 2016) and cerebellar (Anderson et al.,
2011; Prosperini et al., 2014) white matter tracts. Finally, integrity of
white matter within the corpus callosum has been associated with
motor performance and motor learning of the upper extremities
(Bonzano et al., 2008; Bonzano et al., 2011; Kern et al., 2011; Peterson
et al., 2017; Rimkus et al., 2013). Taken together, these results un-
derscore the widespread and heterogeneous structural dysfunction in
the brain directly relating to poorer motor performance in PwMS.

3. Brain activity and connectivity in PwMS

3.1. Brain activity during motor tasks

Task-based functional magnetic resonance imaging (fMRI) is a
technique that characterizes brain activity during behavioral tasks.
Numerous task-based fMRI analyses have been carried out on PwMS,
demonstrating considerable alterations in supraspinal activity during
simple and complex motor tasks (for reviews, see: Filippi, 2015; Filippi
and Agosta, 2009; Sacco et al., 2013; Sbardella et al., 2013; Tomassini
et al., 2012b).

Most imaging studies have investigated brain activity during uni-
lateral upper extremity motor tasks. These studies show that, compared
to healthy controls, PwMS exhibit increased activity in typically re-
cruited regions (e.g. contralateral motor areas) as well as brain regions
not typically active during unilateral motor tasks in healthy adults (e.g.
non-motor cortical and subcortical structures, ipsilateral motor areas,
etc.) (Pantano et al., 2005). For example, patients with mild MS
(EDSS ≤ 1.5; Colorado et al., 2012), and benign MS (EDSS ≤ 3 at least
15 years after diagnosis) (Giorgio et al., 2010; Rocca et al., 2010b)
exhibited increased brain activity in motor and non-motor regions
compared to healthy controls. Increases in sensorimotor brain activity
during movement were also observed in people with RMSS compared to
healthy controls (Rocca et al., 2002). Later in the course of disease (e.g.
in people with SPMS) the elevated neural activity spreads to other re-
gions not typically active during simple motor tasks, including sec-
ondary sensorimotor regions, and subcortical structures (Rocca et al.,
2005). Importantly, the spread of activation is directly related to lesion
load in the brain and spinal cord (De Stefano et al., 2006; Lee et al.,
2000; Lenzi et al., 2007; Reddy et al., 2000a; Rocca et al., 2006).

Taken together, this work suggests that PwMS exhibit elevated brain
activity during motor tasks with respect to people without MS. These
results prompted the hypothesis that increased activity in asymptomatic
patients may be adaptive or protective, warding off symptoms (Rocca
et al., 2005). However, as will be described in detail in Section 4, recent
work provides preliminary evidence that region specific increases in
brain activity may be, in part, maladaptive. In particular, increased
activity in motor regions ipsilateral to the side of the body completing
the motor task may be maladaptive, mediated by poorer corpus cal-
losum integrity and reduced TCI.

3.2. Functional connectivity

Functional connectivity MRI (fcMRI) analyses assess the degree to
which activity of different parts of the brain oscillate together. This low-
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frequency activity coherence (typically at frequencies < 1 Hz) can be
assessed both at rest and during motor or cognitive tasks, and is thought
to represent functional connectivity between structures. As such, it can
be, and often is, distinct from changes in the magnitude of brain acti-
vation. For example, activity of two brain regions can be elevated, but if
their fluctuations are not in synchrony over time, they will not be
considered “functionally connected”. Furthermore, when collected at
rest, these analyses can reduce the confound of across group differences
regarding relative task difficulty and removing attentional demands.
Common networks include the default mode, executive function, sal-
ience, visual, auditory, sensorimotor, and others (Buckner et al., 2013).
For the purpose of this review, we will focus on the effect of MS on the
sensorimotor network.

Numerous investigations of resting state-fcMRI (rs-fcMRI) have been
conducted in PwMS, and have been reviewed previously (Filippi et al.,
2013; Leocani et al., 2016; Sacco et al., 2013; Sbardella et al., 2015a).
Although findings are somewhat mixed, studies generally show PwMS
exhibit reduced strength of connectivity in motor regions compared to
individuals without MS (Table 2). For example, Sbardella and collea-
gues showed PwMS to exhibit less connectivity in 5 of 11 resting-state
networks, including cerebellar, basal ganglia, and sensorimotor net-
works compared to healthy controls (Sbardella et al., 2015c). Notably, a
minority of investigations show PwMS to exhibit no difference in rs-
fcMRI (Dogonowski et al., 2013a; Liu et al., 2011; Roosendaal et al.,
2010), or even increased functional connectivity strength in motor
networks compared to controls (Dogonowski et al., 2013b; Faivre et al.,
2012; Roosendaal et al., 2010). While the rationale for this discrepancy
remains unclear, of the three studies showing increased connectivity in
PwMS, two included patients with mild or transient symptoms. Speci-
fically the cohort in Faivre et al. included individuals with mild MS
(EDSS < 1; Faivre et al., 2012) and Roosendaal and colleagues studied
people with clinically isolated syndrome (an inflammation or

demyelination event in the CNS which leads to transient MS symptoms;
Roosendaal et al., 2010).

While most of the above-mentioned investigations have investigated
changes in the strength of network connectivity in PwMS, a smaller
number of studies investigated the size, or breadth, of the functionally
connected network (Fling et al., 2015; Roosendaal et al., 2010). This
work suggests that in PwMS, the size of the area that is functionally
connected is larger (or more “diffuse”; Fig. 1). Notably, older adults also
exhibit a similar dedifferentiation of activity, likely related to corpus
callosum degradation and reduced TCI (for reviews, see Cabeza, 2001;
Seidler et al., 2010). Specifically, older adults exhibit less lateralized
brain activity during movements and connectivity during rest, and this
reduced lateralization is related to worse upper extremity motor per-
formance (Langan et al., 2010). Although more research is necessary, it
is plausible that reduced TCI observed in PwMS (mediated by poorer
corpus callosum integrity) may result in more diffuse brain activity as
has been suggested in healthy adults.

A number of studies have correlated resting state connectivity and
motor behavior. Generally, results show that increased functional con-
nectivity predicts better motor performance. For example, Janssen and
colleagues showed that people with stronger connectivity within the
right hemisphere motor network exhibited better scores on the EDSS
(Janssen et al., 2013). Similarly, Fling and colleagues recently showed
that stronger connectivity within cortico-cerebellar circuitry predicted
better postural control (Fling et al., 2015). Finally, Roosendaal et al.
(2010) showed that people with clinically isolated syndrome had in-
creased functional connectivity in numerous networks (including the
sensorimotor network) compared to those with relapsing remitting MS.
Although authors did not correlate motor performance with functional
connectivity within groups, the increased connectivity in patients with
less or no motor dysfunction supports the hypothesis that increased
functional connectivity strength may result in better motor outcomes.

Table 1
Studies describing regional grey matter changes in PwMS, and how these changes correlate to disability.

Brain region Study Cohort EDSS Disability scale Disability related to

HC CIS RR SP PP

Basal ganglia (Jacobsen et al.,
2014)

0 0 62 11 8 3.5 (0–6.0) EDSS Cortical & putamen volume

(Audoin et al., 2006) 10 0 21 0 0 1 (0–3) EDSS Bilateral thalamic volume
(Hagemeier et al.,
2013)

0 0 149 61 0 3.5 (2.1) EDSS Caudate, red nucleus, amygdala volume

(Harrison et al.,
2015a)

15 0 28 6 3.0 (1.0–6.5) EDSS Thalamic lesion burden

Cortex (Gorgoraptis et al.,
2010)

12 0 10 1 0 4.5 (2–6) 25 ft. walk test Primary motor cortex volume

(Harrison et al.,
2015b)

15 0 30 6 3 (1–6.5) EDSS Cortical lesion volume

(Hofstetter et al.,
2014)

0 0 68 0 0 1.75–3.25 EDSS Precuneus, postcentral gyrus volume

(Khaleeli et al., 2007) 23 0 0 0 46 4.5 (1.5–7.0) EDSS Right primary motor cortex volume
(Charil et al., 2007) 0 0 425 0 0 2 (0–8.0) EDSS Anterior cingulate; insula; associative cortices volume
(Chen et al., 2004) 0 0 24 6 0 (1.5–5) EDSS Parietal, precentral volume
(Ramasamy et al.,
2009)

38 17 40 14 17 3.0 (0–7.5) EDSS Right parahippocampal, left lateral occipital and postcentral
thicknesses; left accumbens and caudate

Brainstem (Jasperse et al., 2007) 0 0 79 0 0 2.0 (2.0–2.5) EDSS, 25 ft. walk test,
9HPT

Brainstem, cerebellum, peripheral & central cortical atrophy

(Edwards et al., 1999) 0 0 21 20 0 3.6 (0–6.5) Spinal EDSS; SNRS;
disease duration

Spinal cord volume - EDSS, disease duration;
brainstem & cerebellum volume - SNRS

(Liu et al., 1999) 10 0 20 20 0 3.5 (1–6) EDSS; ambulation index Brainstem volume
(Liptak et al., 2008) 29 0 32 8 5 Not reported EDSS; ambulation index Medulla, upper cervical cord volume
(Shiee et al., 2012) 37 0 43 9 8 2.7 (0–6.5) EDSS; 25 ft. walk test Thalamus volume; brainstem volume

Cerebellum (Anderson et al.,
2009)

25 29 33 0 11 3.25 (1–8) 9HPT Cerebellar white matter volume

(Henry et al., 2008) 49 41 0 0 0 1.1 (0.8) 9HPT Cerebellar volume
(Damasceno et al.,
2014)

30 42 0 0 0 2.5 (0–4) 25 ft. walk test; 9HPT;
EDSS

Cerebellar intracortical lesions

(Tjoa et al., 2005) 15 0 41 6 0 3.3 (1–7) 25 ft. walk test; EDSS Dentate T2 hypointensity

EDSS: Expanded Disability Status Scale; SNRS: Scripts Neurological Rating Scale; 9HPT: 9 hole peg test.
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Finally, several studies have investigated task-based functional
connectivity, defined as the degree to which areas of the brain oscillate
together (i.e. are functionally connected) during motor tasks, rather than
at rest. These studies have also provided mixed results, showing PwMS
to exhibit either similar (Lowe et al., 2008; Lowe et al., 2002), or
stronger (Rocca et al., 2009a; Valsasina et al., 2011) functional con-
nectivity during motor tasks compared to healthy controls. For ex-
ample, two studies utilizing different functional connectivity analyses
on the same dataset of 61 PwMS demonstrated an increase in functional
connectivity in MS compared to controls across a number of motor and
non-motor regions during hand flexion (Rocca et al., 2009a; Valsasina
et al., 2011). Valsasina and colleagues further showed that there was an
increase in bilateral motor cortex connectivity compared to controls.
This is in partial contrast to resting state functional connectivity find-
ings, which often show reduced connectivity in PwMS compared to
people without MS. Although the rational for this discrepancy is not
fully understood, opposing findings between resting state and task-
based functional connectivity analyses in PwMS have been observed
before. For example, PwMS have been shown to exhibit increased
functional connectivity during cognitive behaviors (Mainero et al.,
2006; Rocca et al., 2009b) and decreased activity during rest (Rocca
et al., 2010a) in the same frontal and parietal brain regions. Unlike
resting state connectivity analyses, only one study has correlated task-
based functional connectivity outcomes to motor symptoms (Valsasina
et al., 2011), showing no significant relationship between task-based
connectivity and EDSS. Therefore, it is currently unclear whether
changes in task-based functional connectivity are adaptive or mala-
daptive. Clearly, additional work is necessary to understand 1) the re-
lationship between task-based and resting state functional connectivity
in PwMS, and 2) how task-based connectivity is related to motor per-
formance.

Taken together, these data underscore the complex and hetero-
geneous effects of MS on functional connectivity. Although exceptions
are noted (Dogonowski et al., 2013a; Faivre et al., 2012; Roosendaal
et al., 2010), data generally indicate that, at rest, PwMS exhibit a
weaker and broader sensorimotor network connectivity map compared
to healthy adults. Furthermore, the relationship between increased
strength of resting state connectivity and improved motor performance
suggests that greater resting state connectivity strength may be, in part,
adaptive. However, these investigations are predominantly cross-sec-
tional, making conclusions regarding the adaptive or maladaptive
nature of these changes difficult. As noted below, to fully understand
the maladaptive or adaptive nature of neural changes, longitudinal
studies are necessary (Schoonheim, 2017).

4. Adaptive and maladaptive brain activity in PwMS

4.1. Relating brain activity during motor tasks to motor performance in
PwMS

As noted above, PwMS exhibit robust increases in brain activity
during motor tasks. However, determining whether these neurophy-
siological changes are “adaptive” (i.e. protecting against or limiting
behavioral dysfunction) or “maladaptive” (i.e. contributing to beha-
vioral dysfunction) remains a challenge. This section will outline cur-
rent and emerging literature regarding the nature of brain activity
during movement in PwMS, and how it relates to motor performance. In
particular, we highlight evidence for and against the notion that in-
creased brain activity of some regions, including ipsilateral motor
areas, may be maladaptive.

Several approaches have been used to characterize changes in ac-
tivity as adaptive or maladaptive. First, a number of investigations have

Fig. 1. Reprinted from Fling et al. (2015) (NeuroImage: Clinical) - Motor connectivity maps identified from seed regions within the leg region of the left primary motor cortex (M1).
Representation of the seed region placed in the left hemisphere's leg region ofM1 (A & B). Panels C–F reflect group connectivity maps from healthy controls (C & D) and PwMS (E & F),
respectively.
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related changes in the magnitude of brain activity to structural brain
changes (e.g. white matter lesions, grey matter volume, structural in-
tegrity, etc.), noting that a correlation between lesion load and brain
activity may imply the increased activity compensates for structural
changes. Indeed, numerous investigations have shown that lesion load
is directly correlated to the increase in activity measured via task-based
MRI (e.g. Lee et al., 2000; Pantano et al., 2006; Rocca et al., 2004).
Authors hypothesized that increased brain activity may compensate for
increases in lesion load, thereby “limiting the functional consequences
of tissue injury” (Rocca et al., 2004). However, it is also possible that
increased activity could be a downstream maladaptive outcome of le-
sions rather than compensation for these lesions. In particular, the
often-observed increase in ipsilateral motor activity (Lenzi et al., 2007;
Reddy et al., 2002) may be a maladaptive outcome of reduced integrity
of the corpus callosum (see text below for further details). Therefore,
the correlation between lesion load and brain activity, in isolation,
provides only partial insight into whether increases in brain activity are
adaptive or maladaptive for motor performance.

Another method of determining whether increased brain activity is
adaptive or maladaptive is by contrasting the brain activity of PwMS
who exhibit more or less pronounced motor dysfunction (Giorgio et al.,
2010; Reddy et al., 2002; Rocca et al., 2010a; Rocca et al., 2005). In
other words, if patients with fewer symptoms have higher brain activity,
this would provide support of an adaptive mechanism of increased
brain activity. Alternatively, if people with more pronounced motor
symptoms have higher brain activity, activity of this region is mala-
daptive. Several studies have taken this approach. For example, two
investigations by Rocca and colleagues showed that PwMS and less
pronounced motor symptoms exhibited more activity in contralateral
motor cortices than PwMS and more motor symptoms (Rocca et al.,
2010a; Rocca et al., 2005). Specifically, Rocca et al. showed that people
with RMSS, compared to SPMS, exhibited more activity in contralateral
SMA and putamen, and ipsilateral cerebellum (Rocca et al., 2010a).
Rocca et al. (2005) observed that people with RRMS and few motor
symptoms (EDSS = 0) exhibited increased activity in motor cortices
compared to those with more pronounced symptoms (EDSS ≥ 1). Al-
though increases were seen bilaterally, the most prominent increases
were seen in the contralateral sensorimotor cortices (Rocca et al.,
2005). Giorgio and colleagues also showed increased brain activity in
people with fewer motor symptoms (benign MS compared to RMSS);
however in this study, increased activity was observed in non-motor
regions (inferior temporal gyrus, central opercular cortex, and lingual
gyrus; Giorgio et al., 2010). Interestingly, Reddy and colleagues ob-
served PwMS and fewer motor symptoms to exhibit reduced activity in
the ipsilateral motor cortex. Specifically, increasing global disability
(assessed via finger tapping) was related to increased ipsilateral pre and
primary motor cortex activity. In addition, authors analyzed patients
with similar levels of brain lesions but worse motor symptoms. Results
again showed higher motor cortex activity in people with worse motor
symptoms, although in this case increased activity was more bilateral in
nature (Reddy et al., 2002).

Drawing conclusions from this relatively limited dataset is chal-
lenging, and additional longitudinal studies are necessary to support or
contradict these findings. However, these results provide preliminary
evidence that increased activity in contralateral sensorimotor (Rocca
et al., 2010a; Rocca et al., 2005) and non-motor regions (Giorgio et al.,
2010) may be adaptive, while activity in ipsilateral motor regions may
be maladaptive (Reddy et al., 2002). A number of reports support the
hypothesis that contralateral motor and non-motor regions may be
adaptive (Rocca et al., 2010a; Rocca et al., 2005). The notion that ip-
silateral motor activity may be maladaptive has also gained footing in
recent years. As discussed below, this idea comes from converging
evidence linking the corpus callosum, TCI, increased ipsilateral activity,
and poorer motor performance (Fig. 2; Pantano et al., 2015; Tomassini
et al., 2012b).

4.2. Longitudinal assessments and the brain activity–motor performance
relationship

Another important approach to assess whether changes in motor or
non-motor brain activity are maladaptive or adaptive is to track
changes in behavior and brain activity over time (e.g. over the course of
disease progression or relapse/remit phases). Specifically, detection of
covariance between motor performance and imaging outcomes (struc-
tural or functional) over time may provide insight into the nature of
their relationship.

Several investigations have utilized this approach, with results
generally supporting the hypothesis that ipsilateral motor activity is
maladaptive. Pantano et al. (2002) investigated brain activity during
unilateral finger tapping tasks before and during a relapse. Results
showed a large increase in ipsilateral motor and premotor activity
during a relapse, when motor symptoms were worst. Furthermore, time
since patients' first relapse was directly correlated to both contra- and
ipsilateral motor activity, likely reflective of increasing callosal de-
generation over the course of disease progression. Reddy et al. (2000b)
showed similar results while reporting brain activity of a single patient
during the course of recovery from a relapse. Serial fMRI scans showed
that over the course of 6 weeks, whole brain axonal damage (measured
by MR spectroscopic imaging) was reduced, and hand function im-
proved. In concert with reduced axonal damage and improved motor
performance, ipsilateral motor activity (measured via lateralization of
activity) was also reduced. Mezzapesa and colleagues reported a similar
finding by following 6 individuals with MS after a relapse, showing that
persistent activity of the ipsilateral motor cortex was associated with
poorer functional recovery (Mezzapesa et al., 2008).

Although additional longer term studies investigating how brain
activity and motor performance change over time will provide addi-
tional insight on this topic, these results demonstrate a within patient
co-variance between motor performance and brain activity specifically
in the ipsilateral motor cortex. Though not causal, the finding that
across time improvements in motor performance co-varied with re-
duced ipsilateral activity provides additional evidence supporting the
notion that ipsilateral motor cortex activity may be maladaptive.

4.3. Corpus callosum degeneration - a potential link between increased
ipsilateral neural activity and poorer motor performance

PwMS exhibit profound degeneration of the corpus callosum, a
structure that connects bilateral cortical areas (Bonzano et al., 2008;
Warlop et al., 2008). While each primary motor cortex has dense pro-
jections to the contralateral muscles controlling movement, the two
cortices are also highly interconnected via the corpus callosum. Thus,
this structure allows for interhemispheric transfer of information, and
plays a key role in the production of coordinated motor responses. For
motor behaviors that require precise temporal and spatial coordination
between the two sides of the body (e.g. walking, postural control of
balance, typing), movement of one limb has an overall inhibitory effect
on the ipsilateral motor cortex (Liepert et al., 1998; Sohn et al., 2003;
Stinear and Byblow, 2003). This inhibition, termed TCI, is beneficial for
motor tasks and is facilitated via the corpus callosum.

PwMS exhibit reduced TCI between both primary motor (Boroojerdi
et al., 1998; Hoppner et al., 1999; Schmierer et al., 2002) and pre-motor
(Codeca et al., 2010) cortical regions. This reduction in TCI (and sub-
sequent increase in ipsilateral activity) is directly related to corpus
callosum degeneration in both MS and non-MS populations (Lenzi et al.,
2007; Reddy et al., 2000b; Wahl et al., 2011; Zito et al., 2014). For
example, Lenzi et al. (2007) noted that increased ipsilateral motor
cortex activity was correlated to both poorer callosal integrity and re-
duced TCI. This relationship persisted even after correcting for lesion
load (Lenzi et al., 2007). Further, a multicenter imaging effort by
Manson & colleagues showed that PwMS exhibit more ipsilateral motor
cortex activity during finger tapping compared to people without MS,
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drawing a link between ipsilateral motor activity and reduced TCI in
those with MS (Manson et al., 2008).

If corpus callosum degradation does play a role in poorer motor
performance via TCI, one would expect TCI to be directly correlated to
performance outcomes. Indeed, several investigations show a relation-
ship between reduced TCI and poorer motor outcomes. In a large
sample (N = 118) of PwMS, Schmierer et al. (2002) showed that poorer
TCI was directly related to worse symptoms as measured by EDSS. Neva
et al. (2016) also showed that in 26 PwMS, TCI was directly correlated
to symptom severity (EDSS).

Together, these results provide evidence linking poor callosal
integrity and TCI to ipsilateral motor cortex activity and poorer
motor outcomes. Further, these data provide a framework through
which ipsilateral motor cortex activity may be maladaptive, rather
than adaptive (Fig. 2). However, as noted above, relatively few stu-
dies have been conducted specifically investigating the relationship
between activity in ipsilateral motor regions and motor performance.
Therefore, additional work will be necessary to support or refute this
hypothesis.

5. Future directions

Additional research is necessary to understand the impact of MS
related neural changes on motor performance, and to identify neural
changes as adaptive or maladaptive. This endeavor is particularly im-
portant to characterize disease progression and intervene most effec-
tively. Several approaches, some of which have begun to be applied,
will provide insight into this topic.

First, correlating brain structure and function to multiple behaviors
(e.g. upper extremity motor performance, postural control, cognitive
ability, etc.) will improve our understanding of the relationship be-
tween brain activity, connectivity, and motor performance. Although
several investigations, noted in Table 2, have examined the relationship
between functional connectivity strength and motor outcomes, rela-
tively few studies have correlated task-based activity to motor behavior
in PwMS. To our knowledge, no investigations have investigated whe-
ther dedifferentiation of connectivity is related to better or worse motor
outcomes.

Second, longitudinal assessments of TCI, brain activation and con-
nectivity, and motor performance will be critical to understand the link
between neural dysfunction and motor performance. In particular,
capturing covariance of changes in these variables in the same parti-
cipant over time will shed light on this relationship. Similarly, long-
itudinal assessments of before and after interventions aimed at altering
motor function and/or brain function allow investigation of co-variance
of these measures. Such investigations have begun to be carried out,
demonstrating that motor rehabilitation which improves motor per-
formance also leads to reduced motor cortex activity (Mancini et al.,
2009; Tomassini et al., 2012a), and improved corpus callosum struc-
tural connectivity (Bonzano et al., 2014; Ibrahim et al., 2011), for

review, see Prosperini et al. (2015). However, additional investigations
will be necessary to better understand this relationship.

Finally, neuromodulatory tools, such as repetitive TMS, can be used
to directly alter neuronal activity through long term potentiation and
depression. Thus, manipulation of motor regions along with measure-
ment of activity and motor function may provide insight into the re-
lationship between cortical reorganization and motor function. Several
recent investigations have begun to explore these effects, showing that
the degree of plasticity of contralateral M1 is directly related to the
degree of improvement after relapse (Mori et al., 2014). However,
plasticity or heightened activity of ipsilateral M1 and its effect on
performance has not been evaluated.

In addition to the experiments noted above, further discussion and
consensus is necessary to solidify what types of evidence could con-
stitute adaptive vs. maladaptive neural changes. Similarly, consistency
of language regarding adaptive (also described as “compensatory”,
“functional reorganization”, etc.) and maladaptive (also described as
“pathological”) could reduce confusion in this literature. A series of
commentaries have begun to broach this topic (Penner and Aktas, 2017;
Rocca and Filippi, 2017; Schoonheim, 2017), however additional dis-
cussion will be necessary to create a foundation for continued in-
vestigation.

6. Conclusions

Considerable work has demonstrated that PwMS exhibit dysfunction
in brain structure (grey matter and white matter), brain activity, and
brain connectivity (at rest and during motor tasks), and these changes
have direct effects on motor performance. Given the emerging tech-
nology that can facilitate local changes in brain activity, it is important
to understand whether changes, particularly those in brain activity,
contribute to or protect against deficits in motor performance. Evidence
to date suggests that increased activity in contralateral motor regions
and non-motor regions may be adaptive in nature, thus improving
motor performance. Interestingly, recent work provides preliminary
data suggesting increased ipsilateral motor activity may be maladaptive
(i.e. related to worse motor performance). This relationship may be
mediated by poorer structural connectivity of the corpus callosum and
reduced TCI. With respect to functional connectivity, increases in the
strength of connectivity seem to be adaptive in nature. Although less
understood, increases in the breadth or size of functional networks may
be maladaptive in those with MS. Additional work is necessary to un-
derstand whether changes in brain activity are adaptive or maladaptive.
In particular, 1) longitudinal analyses, 2) multimodal neuroimaging
assessments, and 3) use of neuromodulatory tools will provide data to
support or refute the abovementioned hypotheses. Further, continued
discussion regarding the type of evidence that supports adaptive vs.
maladaptive activity changes will provide additional clarity on this
topic.

Fig. 2. Schematic depicting a proposed cascade of events underlying changes in motor performance in PwMS. Converging evidence suggests that the primary physiological insult of
reduced callosal structural integrity (left) may contribute to poorer motor performance reduced interhemispheric inhibition and maladaptive increased ipsilateral activity (dashed arrows,
top). Increases in contralateral motor and non-motor areas (middle) and increased functional connectivity strength (bottom) may act as adaptive processes, attenuating decreases in
performance (solid arrows).
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