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Abstract

Purpose of review This article highlights recent progress in research on treatment and
neurorehabilitation of cognitive impairment in multiple sclerosis (MS) including pharma-
cological interventions, physical exercise, and neuropsychological rehabilitation, both in
conventional and technology-assisted settings.

Recent findings The most consistent evidence in terms of improvement or preservation of
circumscribed cognitive scores in MS patients comes from moderately sampled randomized
clinical trials on multimodal approaches that combine conventional or computerized
neuropsychological training with psychoeducation or cognitive behavioral therapy.
Disease-modifying treatments also appear to have beneficial effects in preventing or
attenuating cognitive decline, whereas there is little evidence for agents such as donepezil
or stimulants. Finally, physical exercise may yield some cognitive improvement in MS
patients.

Summary Despite substantial and often promising research efforts, there is a lack of
validated and widely accepted clinical procedures for cognitive neurorehabilitation in
MS. Development of such approaches will require collaborative efforts towards the design
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of interventions that are fundamentally inspired by cognitive neuroscience, potentially
guided by neuroimaging, and composed of conventional neuropsychological training and
cognitive behavioral therapy as well as physical exercise and therapeutic video games.
Subsequently, large-scale validation will be needed with meaningful outcome measures
reflecting transfer to everyday cognitive function and maintenance of training effects.

Introduction

With the advent of high-efficacy pharmacological
disease-modifying treatments (DMTs), patients with re-
lapsing remitting multiple sclerosis (RRMS) can be treat-
ed in a more efficacious and often more convenient way
[1]. The higher efficacy DMTs have been shown to dra-
matically reduce the rate of relapses and associated im-
pairment, particularly in the motor domain.
Ocrelizumab, the first DMT approved for primary pro-
gressive multiple sclerosis (PPMS), may yield similar
beneficial effects on long-term disease evolution in this
patient group [2]. Clinical care and research can there-
fore begin to focus on prevention and management of
problems other than relapse frequency or impairments
in motor and ambulatory function.

Cognitive impairment represents one such problem
encountered by MS patients. Up to two thirds of people

with MS experience altered cognitive function, and this
represents a significant burden in everyday life [3]. Cog-
nitive impairment is related to disease progression and
higher age [4¢]. Efficient approaches to treating cogni-
tive deficits are still lacking, although numerous prom-
ising research efforts have been undertaken over the past
few years in this direction.

In this article, we review recent research on interven-
tions for cognitive deficits in MS, first highlighting the
primarily affected cognitive domains and commonly
used neuropsychological assessment tools, followed by
pharmacological studies, before turning to physical ex-
ercise and neuropsychological rehabilitation, both in
conventional and technology-assisted settings.

Cognitive impairment and outcome measures in MS patients

Processing speed, attention, and working and episodic memory are the
major cognitive domains affected by MS [3]. These functions rely on
interplay between distributed cortical areas in the fronto-parietal networks,
mediated by white-matter pathways connecting these regions. MS predom-
inantly affects these white-matter connections. Despite recent criticism [5],
diffusion magnetic resonance imaging (MRI) may provide some insights
on white matter integrity. Indeed, diffusion MRI shows reduced fiber tract
fractional anisotropy in white-matter networks considered relevant for
sustained attention, working memory, and processing speed—that is spe-
cifically related to cognitive deficits in these domains [6]. Importantly,
these abnormalities were also found in normal appearing white matter of
MS patients, underlining contribution of pathophysiological mechanisms
beyond clinically manifest demyelination. For instance, microstructural
measures in normal appearing white matter provided by advanced MRI
may predict cognitive fatigue, attention deficits, and overall disability [7].
Apart from this subcortical disconnection syndrome, gray matter abnor-
malities are increasingly detected in imaging of MS patients and are likely
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to contribute to cognitive dysfunction [8]. Cortical lesions in early RRMS
as revealed by Magnetization-Prepared 2 Rapid Acquisition Gradient Ech-
oes (MP2RAGE) MRI were found to predict long-term memory deficits [9].
Whole-brain, cortical, and putaminal atrophy was associated to Expanded
Disability Status Scale (EDSS) progression over 10 years [10].

Older age and male gender appear to be related to greater cognitive impair-
ment [3, 4¢]. Cognitive deficits are also found nearly twice as often in patients
with progressive forms of MS (PPMS and secondary progressive MS, SPMS)
than in RRMS [4e, 11]. A meta-analysis indicated not only quantitative but also
qualitative differences in cognitive profile, with a higher proportion and mag-
nitude of executive deficits in progressive MS but more frequent memory
dysfunction in RRMS due to altered retrieval [11]. As there is only one, recently
approved and partially effective therapy for progressive MS, ocrelizumab |[2],
the patients with progressive MS are in particular need for effective cognitive
interventions.

Fatigue, which is highly debilitating in MS, may also confound results. While
the impact of fatigue on cognitive function and outcome measures remains
unclear [12], beneficial effects on fatigue have been shown for physical exercise
[13, 14] and some computerized neuropsychological interventions [15, 16].
Conversely, cognitive training may also increase fatigue levels [17].

The clinical assessment of cognitive function relies on a standardized neu-
ropsychological examination that is quite extensive, in order to pick up possibly
isolated early deficits arising from inter-individual variability in network archi-
tecture and pathological changes. On the other hand, research on cognitive
deficits and rehabilitation has relied on relatively short and easy-to-use tests and
batteries. In what follows, we will briefly outline the most important cognitive
outcome measures in MS to set the stage for discussing recent trials on cognitive
neurorehabilitation.

The currently most widely accepted tool is the Symbol Digit Modalities Test
(SDMT), where patients fill in the numbers associated to presented symbols,
according to a symbol-digit key [18]. The SDMT mainly assesses processing
speed but is also affected by working memory, attention, and thus learning, as
well as hand function. Nonetheless, it is a sensitive cognitive test without floor
or ceiling effects and is a recommended outcome measure for trials on cogni-
tion in MS [19e, 20]. The Paced Auditory Serial Attention Test (PASAT), where
participants add numbers presented verbally, assesses auditory processing
speed, working memory, and calculation abilities [21]. The PASAT was histor-
ically the standard cognitive outcome measure in MS trials and part of the
Multiple Sclerosis Functional Composite (MSFC). However, due to its lower
sensitivity and lower tolerance by patients and the higher occurrence of ceiling
and practice effects, it is being replaced by the SDMT in the MSFC [20].

The Selective Reminding Test (SRT) provides a useful assessment of verbal
long-term memory despite relative heterogeneity of the normative data. This
test evaluates recall of unrelated words, with subsequent presentation of words
that were not recalled on the current trial [22]. The California Verbal Learning
Test-II (CVLT-II) [23], that evaluates encoding, recall, and recognition of an
item list at immediate, short, and long delays and includes interference items, is
exquisitely well normalized.

Screening, longitudinal assessment, and measuring trial outcomes for visuo-
spatial memory can be reliably accomplished with the Brief Visuospatial
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Memory Test-Revised (BVMT-R). Here, the patient draws geometric shapes from
memory at short and long delays after their presentation, and then has to
recognize which geometric forms had been presented [24]. The BVMT-R out-
performs the 10/36 Spatial Recall Test (10/36 SPART) [25] in terms of sensitiv-
ity, reliability, and availability of normative data [26]. Yet, the 10/36 SPART,
where patients reproduce the spatial arrangement of ten pawns on a 6 x 6
checkerboard immediately after stimulus presentation, and after a delay, does
not depend as heavily on preserved upper limb function [19e].

Broad assessment of executive deficits in MS patients is most often accom-
plished with the Delis-Kaplan Executive Function System (D-KEFS) [27], that
provides encompassing measures of several verbal and spatial executive
functions.

Finally, in an effort to propose an international consensus battery of tests
sensitive for diagnosing cognitive deficits in MS while requiring short adminis-
tration times by non-specialist staff and maintaining validity across different
cultures and languages, an international board of specialists has proposed and
validated the Brief International Cognitive Assessment for Multiple Sclerosis
[28]. The BICAMS consists of the above-described SDMT, the CVLT-II, and the
immediate recall version of the BVMT-R tests [29ee], requires approximately
15 min to administer, and benefits from a growing effort to validate it in various
populations around the globe (Langdon 2012 no. 1).

Pharmacological effects on cognition

One primary approach to preventing cognitive impairment in MS is through
prevention of inflammatory activity. Data from several large-scale trials of
DMTs including interferons, fingolimod, and natalizumab have demonstrated
beneficial effects in terms of delaying and perhaps improving cognitive
function.

To provide a few examples, in the case of interferons, in the BENEFIT trial
that enrolled 464 patients with clinically isolated syndrome (CIS), PASAT-3
scores improved significantly more after 2 years of treatment with interferon
beta-1b relative to placebo [30]. Furthermore, the 5-year active treatment
follow-up [31], as well as the subsequent 3-year [32] and 6-year observational
follow-ups [33] confirmed that the group initially receiving interferon beta-1b
maintained higher PASAT scores throughout. A higher dose of interferon beta-
1a was found to be associated to lower incidence of neuropsychological test
performance at one standard deviation below normal in 201 RRMS patients in a
2-year extension study of the 3-year COGIMUS trial [34], yet a trend towards
greater cognitive impairment in the lower dose group had already been seen at
baseline of the COGIMUS trial [35].

In the SENTINEL trial in which 500 patients received natalizumab com-
bined with interferon beta 1-a vs 245 patients who received placebo and
interferon beta 1-a for 2 years [36], no difference was seen in evolution of
PASAT performance [37]. However, in the AFFIRM trial [38], natalizumab alone
reduced the rate of PASAT score decline in 574 patients when compared with
282 patients on placebo [37]. Natalizumab treatment has also been suggested
to significantly diminish fatigue scores and cognitive impairment in observa-
tional studies that included cohorts of 153 [39] and 41 [40] patients,
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respectively. More recently, in a post-hoc pooled analysis of the fingolimod
pivotal clinical trials (FREEDOMS [41] and FREEDOMS 11 [42]), which includ-
ed 1556 patients overall, treatment with fingolimod for 6 months yielded
improved sustained attention as reflected by the PASAT, whereas treatment
with placebo did not [43].

It is likely that the beneficial effects of DMTs on cognition arise from the
prevention of inflammatory activity and secondary neurodegeneration. Evalu-
ation of cognitive effects beyond reduction of inflammatory activity would
require differently designed trials specifically aimed at cognitive assessment,
controlling for potential practice effects and adjusting for overall degree of
alterations in structural and functional connectivity.

To date, assessment of substances known to improve cognition in other
neurological or psychiatric domains has remained rather limited. No significant
differences in verbal memory as assessed by the SRT were found in 61 patients
with RRMS, SPMS, and PPMS on donepezil, a cholinesterase inhibitor used in
Alzheimer’s disease, 10 mg daily over 24 weeks as compared to 59 patients on
placebo [44]. Stimulating agents have also been tested: 30 mg of 1-
amphetamine daily over 4 weeks in 99 patients vs placebo in 37 patients
significantly improved visuospatial memory assessed by BVMT-R and verbal
memory assessed by the CVLT-II, but the latter only in patients with impaired
memory at baseline [45]. No effects on learning or self-reported fatigue were
found in a small (n=16) crossover trial for 200 mg modafinil daily during
2 weeks [46].

On the other hand, a commonly prescribed potassium channel blocker,
fampridine, has been shown to not only improve walking in MS patients, but
also physical and cognitive fatigue [47, 48], as well as alertness, psychomotor
speed, and verbal fluency [47].

Conventional neuropsychological rehabilitation

Several RCTs have evaluated the utility of conventional neuropsychological
approaches for cognitive neurorehabilitation in MS, primarily in the domains
of verbal learning and memory. Strong positive evidence comes from the
MEMREHARB study, a double-blind RCT on the modified Story Memory Tech-
nique (mSMT) that employs imagery and context over 10 sessions to facilitate
verbal learning [49ee]. Eighty-six patients with MS and impaired learning as
measured by the Open Trial SRT were included and randomly assigned to
mSMT or a placebo intervention. The placebo condition featured the same
number of sessions but lacked mSMT content. The CVLT learning slope was
significantly higher in the mSMT than the placebo group, and everyday memory
function evaluated by the Rivermead Behavioral Memory Test also showed a
significant specific improvement for the mSMT group. Follow-up at 6 months
demonstrated some CVLT performance decline in both groups. However, the
mSMT group retained a higher CVLT learning slope. In a preliminary study
using the same technique and including functional MRI as outcome measure,
similar CVLT benefits were shown in 16 MS patients, with activation of the right
medial frontal gyrus being associated with CVLT improvement [50]. Other
studies have also indicated that mental visual imagery techniques may be
efficient to alleviate autobiographic memory deficits [51, 52] and to promote
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episodic future thinking [52] in MS patients. In an elegant design including an
active control condition, 11 patients undergoing textbook executive function
exercises during half an hour four times weekly over 6 weeks exhibited signif-
icant improvement in verbal learning, whereas 14 patients assigned to comput-
erized reaction capacity training and 15 patients without any intervention did
not [53]. Crudially, the beneficial effects in the cognitive intervention group
were still present at follow-up after 1 year.

Promising outcomes were found for an integrative cognitive rehabilitation
approach, REHACOP, initially developed for schizophrenia. REHACOP repre-
sents a 3-month group program starting with remediation of low-level cogni-
tion, before addressing higher-order cognitive processes and, eventually, daily
life functions that require integration across cognitive domains. The cognitive
domains range from processing speed and attention over language to executive
function and social cognition. Processing speed, working memory, verbal
memory, and executive functioning outcomes of 21 MS patients after 3 months
of REHACOP training were significantly better than in 21 patients on a waiting
list [54]. However, between-group differences were already present at baseline
in most cognitive scores.

Multidisciplinary and cognitive-behavioral interventions

Interdisciplinary approaches inspired by models from cognitive neuroscience and
including psychoeducation or cognitive-behavioral therapy are also increasingly
considered. Comprehensive group cognitive rehabilitation combining
psychoeducation with memory, self-regulation, and compensatory training in
17 female MS patients yielded substantial improvement of memory and execu-
tive function but not attention [55]. This trial included a placebo group of 17
female patients undergoing the same number of sessions without therapeutic
content. When compared to standard 4-week inpatient rehabilitation, a multi-
disciplinary intervention of the same duration that targeted coping with cognitive
deficits resulted in better scores for quality of life, anxiety, and depression in 60
patients with subjective executive deficits [56]. In both groups, similar improve-
ments were seen in self-reported executive function. The intervention consisted of
comprehensive neuropsychological assessment with feedback and diverse infor-
mation on cognitive deficits in MS. A 5-week program on self-awareness and
cognitive monitoring increased knowledge of the cognitive profile associated
with MS and efficacy when managing cognitive problems in 35 patients [57].
In 11 patients with MS, similar approaches combined with training of compen-
satory strategies and home-based computer-assisted cognitive training improved
phasic and selective alertness as assessed by the Test Battery of Attentional
Performance (TAP), with a trend for SDMT improvement [58].

Neurotechnology for cognitive neurorehabilitation

Over the past decade, technological approaches, in particular computerized
neuropsychological training and serious video games, have been evaluated as
complementary or optimized procedures for cognitive neurorehabilitation (Ta-
ble 1). To cite some examples that have reported improvements primarily in the
verbal learning and memory domain, 12 weeks of the home-based
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Table 1. Cognitive rehabilitation in multiple sclerosis using neurotechnological approaches

Author and
year

Amato et al.
2014 [59]

Bonavita
etal. 2015
[60°]

Brissart et al.

2013 [61]

Campbell
etal. 2016
[62]

Cerasa et al.
2013 [63]

Charvet et al.
2017 [64]

Cognitive
domain(s) trained
Attention

Attention, information
processing and
executive functions

Multicognitive
domains

Working memory,
visuospatial
memory, divided
attention

Attention

Attention, speed,
working memory,
executive functions

Intervention group,
duration

Specific Attention
Processing Training
(APT), 1-h session twice
weekly for 3 months
(N=55)

RehaCom: attention and
concentration, plan a
day, divided attention,
reaction behavior and
logical thinking
sessions, 50 min twice
weekly for 8 weeks
(N=18)

ProCogSEP program: 13
bimonthly 2-h sessions
(N=10)

RehaCom: three specific
modules involving
working memory,
visuo-spatial memory,
and divided attention,
45-min session three

times a week for 6 weeks

(N=19)

RehaCom (divided
attention, attention and
concentration,
vigilance), 1 h sessions
twice weekly for 6 weeks
(N=11)

Online adaptive, cognitive
training program
(developed by Posit
Science Corporation,

Control group

Unspecific

training
(N=33)

Aspecific

newspaper
reading
(N=14)

Discussion

program
(N=10)

Watching natural

history DVD
series (N=19)

In-house

computerized
training on
visuomotor
coordination
(placebo) task
(N=9)

Waiting list

(N=61)

Main cognitive

outcomes

Intervention vs control:
greater PASAT
improvement (p < 0.002)

Intervention vs control:
greater improvement in
SDMT (p=0.01), PASAT
(2" p<0.01; 3" p=
0.03), SRT-D (p =0.02)
and SPART-D 10/36 (p =
0.04)

Intervention vs control:
greater improvement in
visual episodic memory
(10//36 task, delayed
recall: p=0.03) and in
verbal fluency (Verbal
Fluencies and Semantic
Fluencies, p=0.01), and
trends in verbal memory
(Selective Reminding
Test, immediate free
recall: p=0.08, learning:
p=0.07)

Intervention vs control:
significant SDMT
improvement (p =0.005)

fMRI visual n-back task:

increase in activity in
temporo-parietal junction
and medial frontal gyrus

Improvement in Stroop
Word-Color Task
(p<0.007), associated
with increased activity in
the posterior cerebellar
lobule and in the
superior parietal lobule
in the intervention group

Intervention vs control:
greater improvement for
a broad composite score
of cognitive function
(p=0.003)
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Table 1. (Continued)

Author and
year

De Giglio
etal. 2015
[65]

Hancock
etal. 2015
[66]

Janssen et al.
2015 [67]

Mantynen
etal. 2014
[68]

Mattioli et al.
2010 [69]

Mattioli et al.
2014 [16]

Perez-Martin
etal. 2017
[70]

Cognitive
domain(s) trained

Attention, working
memory and
processing speed

Processing speed and
working memory

Problem-solving,
attention

Attention, processing
speed

Memory, attention,
planning and verbal
performance

Attention and
information
processing speed
and memory

Attention, processing
speed, memory, and
executive functions

Intervention group,
duration

BrainHQ program), 60 h
over 12 weeks (N =74)

Dr. Kawashima'’s brain
training: home based
video games, 30-min
session, 5 days per week
for eight consecutive
weeks (N=18)

Posit Science InSight and
Brain Twister n-back,
30-min session,

6 days/week (3 days
processing speed and

3 days working memory)
for 6 weeks (N =15)

Video game (Space
Fortress):
hybrid-variable priority
training, 20 1 h sessions
over 8 weeks (N =14)

Computer-based
strategy-oriented
attention and working
memory rehabilitation,
60-min weekly sessions
during 13 weeks (N =58)

RehaCom: plan a day and
divided attention, 1-h
session, 3 times a week,
3 consecutive months
(N=10)

Sclerosi Multipla Intensive
Cognitive Training,
training focused on
impaired domains, 15
consecutive weeks with a
frequency of two 60-min
session/week (N=22)

In-house computerized
neuropsychological
training program
coupled with paper and
pensil sessions and
homework, 60-75 min

Control group

Waiting list
(N=17)

Sham training
using adapted
equivalent
tasks with low
difficulty
(N=15)

Waiting list
(N=14)

Waiting list
(N=38)

Waiting list
(N=10)

Unspecific
training
(N=19)

Waiting list
(N=32)

Main cognitive
outcomes

Intervention vs control:
greater benefit on Stroop
test (p=0.034) and
SDMT (p = 0.049)

Intervention vs control:
trends for greater PASAT
(p<0.07) and controlled
Oral Word Association
Test (p=0.10)
improvements

Improvements in game
skills but no transfer to
cognitive function

Intervention vs control: no
significant SDMT
improvement (p =0.31)
but positive effect on
subjective cognitive
deficits (p <0.001)

Intervention vs control:
greater improvement in
the PASAT-3 (p =0.023),
PASAT-2 (p = 0.004),
Wisconsin Card Sorting
Test (total errors: p =
0.037, perseverative
errors: p=0.051)

Intervention vs control:
greater effect on SRT DR
(p=0.008) and SPART
10/36 (p =0.040) scores

Intervention vs control:
greater improvement for
all verbal memory
measures (LTS: p <0.05;
CLTR: p<0.001; DR:

p <0.001), visuo-spatial
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Table 1. (Continued)
Authorand  Cognitive

year domain(s) trained
Pusswald Attention
etal. 2014
[15]
Shatil et al. Focused attention,
2010 [17] visuospatial

learning and
short-term memory

Stuifbergen Memory,

et al. 2012 attention and
[71] problem-solving
skills

Intervention group,
duration

weekly sessions for
12 weeks (N=30)

Freshminder and
psychological counseling
30-min session, 3 times
a week, and weekly
90 min group therapy
sessions for 5 weeks
(N=20)

Computerized CogniFit
Personal Coach
(home-based), 3 times a
week for 12 weeks
(N=59)

Group sessions to
learn to use
compensatory
strategies (8
weekly 2-h
group sessions)
combined with
home-based computer
training (min 45 min,
3x/week)
(N=34)

Control group

Waiting list
(N=20)

Waiting list
(N=48)

Waiting list
(N=27)

Main cognitive
outcomes
delayed recall (SPART:
p <0.05), attention
(PASAT: p<0.001),
processing speed (SDMT:
p <0.05) and phonetic
fluency (COWAT:
p <0.05)

Intervention vs control:
greater improvement in
TAP alertness (RT simple:
p=0.036, RT cued: p=
0.017) and TAP divided
attention (RT acoustic:
p=0.049)

Intervention vs control:
greater improvement in
composite scores for
general memory (p=
0.002), visual working
memory (p=0.003) and
verbal-auditory working
memory (p=0.003),
evaluated with a specific
CogniFit battery

Intervention vs control:
significant
group-by-time
interaction for verbal
memory (CVLT-Total,

p <0.05) and
self-reported
compensatory strategies
(MMQ, p<0.01)

computerized CogniFit Personal Coach intervention improved general memory
as well as visual and verbal working memory in 59 MS patients as compared to
48 patients without intervention [17]. In the Memory, Attention, and Problem
Solving Skills for Persons with Multiple Sclerosis (MAPSS-MS) RCT, an inter-
vention with eight weekly group sessions to learn compensatory strategies and
home-based computerized training, both 34 patients on treatment and 27
patients on a waiting list significantly improved between baseline and follow-
up. However, the intervention group outperformed the control group on verbal
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memory as measured by the CVLT-II and self-reported compensatory strategies
[71]. Benefits in verbal and visual episodic memory, and in verbal fluency were
found in ten MS patients with mild to moderate cognitive impairment after 13
bimonthly sessions of the ProCogSEP rehabilitation as compared to ten pa-
tients enrolled in a discussion program [61]. Weekly sessions of computerized
training during 3 months significantly improved verbal memory, visuo-spatial
delayed recall, working memory, processing speed, and phonetic fluency in 30
patients compared to 32 patients on a waiting list [70]. An RCT on the
computer-based Sclerosi Multipla Intensive Cognitive Training (SMICT) during
15 weeks indicated significant SRT delayed recall and SPART 10/36 memory test
improvements at 1-year follow-up in 22 MS patients specifically trained in their
impaired cognitive domains vs 19 patients trained in unimpaired domains [16].
Of note, a between-group SRT delayed recall difference was present at baseline.
In the domains of processing speed and executive function, 13 weekly
sessions of attention and working memory rehabilitation including
computer-based exercise, psychoeducation, and strategy learning did not
significantly change SDMT scores but improved subjective cognitive defi-
cits immediately and 6 months after training in the intervention group
consisting of 58 patients as compared to 40 patients in the control group
[68]. Twice weekly Attention Processing Training on a computer at home
over 3 months significantly improved PASAT scores in the treatment group
of 55 patients, although self-reports of cognitive function were similar to
33 patients on non-specific computerized training [59]. Home-based com-
puterized attention training, psychological counseling, and weekly group
therapy over 5 weeks yielded significant improvement in alertness and
divided attention assessed by the TAP in 20 MS patients compared to 20
patients on a waiting list [15]. A pilot study targeting attention and
working memory with the PositScience InSight® and Brain Twister showed
a trend towards better PASAT outcomes in 15 MS patients training 6 days
per week during 6 weeks as compared to 15 patients on sham training
[66]. A study aimed at problem-solving and attention using the videogame
Space Fortress developed by cognitive psychophysiologists reported specif-
ic game skills improvement in 14 patients with MS, but without transfer to
the targeted cognitive domains [67]. Five days a week of Nintendo DS®-
based Dr. Kawashima’s Brain Training during 8 weeks improved SDMT
and Stroop performance in 18 patients as compared to 17 patients on a
waiting list [65]. The Hasomed RehaCom® is a commercially available
home-based approach targeting attention, concentration, multi-tasking,
planning, and logical thinking. As compared to 14 cognitively impaired
RRMS patients in a newspaper reading control group, twice weekly home-
based RehaCom® sessions over 8 weeks significantly improved SDMT,
PASAT, SRT delayed recall, and SPART 10/36 scores in 18 patients. Fur-
thermore, RehaCom® training specifically increased resting-state functional
MRI coupling between the posterior cingulate and bilateral inferior parie-
tal cortex [60e]. RehaCom® also yielded significant SDMT improvement in
19 MS patients with cognitive deficits as compared to 19 patients watching
a series of natural history, but this effect did not persist at follow-up
12 weeks after training [62]. Ten patients with deficits on the PASAT and
Wisconsin Card Sorting Test exhibited significant improvement on these
measures after 3 months of RehaCom® training, as compared to ten
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patients without intervention [69]. After 6 weeks of twice weekly
RehaCom® training, 12 patients performed significantly better on a Stroop
task than 11 patients undergoing visuomotor coordination training for the
same period of time [63]. In perhaps the largest study to date, the 12-week
adaptive PositScience BrainHQ® training for MS patients with altered
SDMT resulted in a significant cognitive composite score improvement in
74 patients as compared to 61 patients playing non-specific video games
[64]. Overall, computerized and neurotechnological training yields prom-
ising results with the RehaCom® representing the currently most extensive-
ly studied approach, that is also used in clinical routine. As we will discuss
further below, inclusion criteria (existing cognitive deficits), personalized
training content (e.g., targeting the patient’s specifically impaired cognitive
domains), and adaptation, gamification, control conditions and study
design are methodological issues that need to be resolved, although some
of them have been tackled in the above studies.

Cognitive effects of physical exercise in MS

Aerobic exercise is believed to improve brain function through physiolog-
ical adaptive processes including hemodynamics and oxygen metabolism
[72], and physical exercise in combination with cognitive training has
yielded greater beneficial effects than cognitive training alone [73]. The
effects of various forms of physical exercise on cognition have also been
evaluated in several small trials in MS patients. The largest randomized
controlled trial (RCT) compared 60 patients who underwent supervised
and home-based aerobic exercise during 3 months in addition to standard
clinical care to 60 patients on standard clinical care alone. Whereas several
measures including fatigue, social function, and quality of life were sub-
stantially improved in the aerobic exercise group; no significant benefit
was found on attention as measured by the PASAT [13]. A similar design
compared arm, bicycle, or rowing ergometry over 8-10 weeks in patients
with advanced progressive MS and found all aerobic exercise patients
performed better on the verbal memory and learning test (VLMT) as
compared to waiting list controls [74]. Alertness and attention shifts also
improved significantly, whereas the SDMT did not. An RCT of a home-
based step training with video games promoting physical exercise
(exergames) twice weekly over 12 weeks showed beneficial effects on the
time-up-and-go dual task and several balance scores in 23 MS patients (vs
no specific intervention in 21 patients), but only non-significant trends
towards improvements in SDMT and trail-making test [75]. In a pilot
randomized trial (n=10), progressive treadmill exercise training over
12 weeks showed a promising SDMT effect size in the intervention vs
waiting list group, but small sample size precluded assessment of signifi-
cance [76]. Ten weeks of yoga dramatically improved selective attention in
ten MS patients, whereas sports climbing over the same period did not
affect cognition but significantly reduced fatigue and pyramidal deficits
[14]. Combined aerobic, balance, and physical flexibility exercise over
8 weeks showed promising effects on SDMT, PASAT, and long-term mem-
ory in 17 MS patients, yet in the absence of a control group [77]. Taken
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together, the data on beneficial effects of physical exercise on cognition in
MS are still rather sparse but appear encouraging. The selection of type and
dose of exercise as well as sample sizes remain methodological issues that
need to be addressed in the future.

Conclusions: common challenges and possible solutions

In summary, our ability to prevent, slow, and eventually improve cognitive
impairment in people with MS is being bolstered by pharmacological, neuro-
psychological, and technological advances, as well as possibly physical activity.
Despite these promising data, there is still a lack of clearly validated, widely
accepted and accessible approaches for cognitive neurorehabilitation in MS.

Several factors may help explain this discrepancy between clinical re-
search and practice. Most of the reviewed studies assessed 20 to 80 patients
per treatment arm, representing rather moderate sample sizes. Major co-
variates such as different MS types, disease duration, age, and gender have
only rarely been controlled for, although they may significantly influence
the degree of cognitive impairment and training effects [4e, 11]. Future
cognitive neurorehabilitation trials would ideally need to enroll several
hundreds of patients in order to provide reliable conclusions on how
rehabilitation benefits may depend on these factors. Establishment of truly
efficient, evidence-based clinical procedures for cognitive
neurorehabilitation in MS requires further optimized, standardized, and
interdisciplinary development of targeted multimodal approaches inspired
by cognitive and neurobiological models [19¢], followed by large-scale
clinical trials.

In pharmacological trials, such multi-site international cooperation has
already become indispensable and enabled substantial development of
DMTs [36, 38, 41]. Despite promising reports on potential beneficial
DMT effects on cognition in MS patients, deeper insight would require
additional trials with cognitive effects as main hypotheses, reflected in
primary outcome measures and methodology. Indeed, some of the trials
appear to have been confounded by practice effects, which can be reduced
by repetitive test administration at baseline. The advent of new, more
efficient DMTs for MS also offers the perspective for higher sustainability
of cognitive neurorehabilitation once disease progression has been signif-
icantly reduced or even nearly halted.

Furthermore, the content of cognitive neurorehabilitation trials remains
a crucial issue and would benefit from high quality standardization. This
article reviews a multitude of interventions that have been developed and
assessed so far. Although some studies have tested the same approaches,
there is no consensus as to the most efficient strategy for cognitive
neurorehabilitation in MS and, to the best of our knowledge, no interven-
tion has been evaluated in terms of clinical implementation. The lack of
translation into clinical practice underlines the need for designing an
optimal, efficient, and accessible training program. The outcomes present-
ed above suggest stepwise (from lower to higher order cognition) neuro-
psychological intervention assisted by state-of-the-art neurotechnology
such as adaptive video games along with psychoeducation and physical
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exercise may represent a promising strategy. Clinically relevant cognitive
neurorehabilitation in MS would require cutting edge, multi-component
procedures developed in collaborative effort.

For instance, in order to obtain more homogeneous group responses,
restricting inclusion to patients with cognitive deficits that can be quanti-
fied using standard tests and questionnaires may be helpful. Indeed,
higher training benefits have been shown for cognitively impaired patients
as compared to healthy controls [78], and the studies reviewed here tend
to indicate more significant effects for patients with objective cognitive
deficits than for patients without or only self-reported deficits. Further-
more, personalized training, such as mainly focusing on impaired domains
[16], may produce better individual outcomes than one-fits-all ap-
proaches. Finding the training dose and duration allowing an optimal
balance between efficacy and efficiency represents another challenge for
cognitive neurorehabilitation. Yet, this challenge is even overshadowed by
the need for appropriate control conditions for cognitive training. Obvi-
ously, waiting list or no-contact conditions result in different expectations
than some kind of intervention and may thus yield lower placebo effects
[79]. However, designing or selecting an optimal placebo condition that
does not reproduce some beneficial effects of the specific cognitive training
is not straightforward [80].

Outcome measures focusing on transfer of specific cognitive training
effects to positive, measurable impact on everyday cognitive function, and
their long-term persistence represent further principal challenges for cog-
nitive neurorehabilitation. Only few of the above studies evaluated for or
achieved such effects [16, 49ee, 53, 56, 68]. However, in order to justify
cognitive interventions over several weeks or months, such interventions
have to yield measurable everyday life benefits.

Recent neurotechnological progress may significantly contribute to
overcoming these limitations and to designing well-controlled, personal-
ized, and adaptive cognitive interventions, as well as standardized tools
to better test real-life cognitive function (such as virtual reality). Com-
puterized procedures may afford home-based or even mobile cognitive
training and thus help to improve accessibility, such as for patients
having to commute between their residence and the neurorehabilitation
clinic or for patients in societies with different levels of expectations,
challenges, and clinical care across the world. Some promising data on
home-based computerized training has been discussed above [17, 60e].
Furthermore, neurotechnological paradigms offer a high level of stan-
dardization across training sessions and centers, as compared to training
that principally depends on the administering therapist. Gamified train-
ing is also known to harness participation and outcomes, mainly
through motivational aspects [81]. Real-time performance assessment
and adaptation of the difficulty level have been shown to represent
key points for efficient cognitive interventions [82ee, 83, 84]. Such
online closed-loop adaptation minimizes both frustration and ceiling
effects and affords personalized training [80]. Inclusion of physical
exercise and interaction with other training participants may afford
higher cognitive improvement, as shown for active vs sedentary versions
of casual exergames [85] and a specifically developed exergame [86].
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Whether a combination of cognitive with physical exercise would yield
better effects than cognitive intervention alone has not yet been ad-
dressed in MS patients. Some data in elderly patients with and without
cognitive decline suggest that combined exercise may outperform
unimodal training [73]. Other research in healthy older adults suggests
cognitive and particularly dual-task training alone drives cognitive ben-
efits [87]. Implementation of fundamental multidisciplinary knowledge
from cognitive and clinical neuroscience in designing such interventions
[80] will pave the way towards personalized or precision neurorehabilitation.

Brain imaging represents another promising tool for stratification of
patients according to their potential for recovery and plasticity, and to
plan or adapt training [88]. Measures of brain atrophy may contribute
to patient stratification with respect to potential treatment outcomes
[53], yet the state-of-the-art remains currently limited in terms of indi-
vidual predictions [89]. Substantial progress would be required in pro-
cedures and understanding of brain plasticity and its neuroimaging
markers on an individual level. Clinical implementation of advanced
MRI techniques may provide additional insights into individual white
but also gray matter affection [7, 90], and the same holds true for
computational integration of measures of white-matter connectivity and
functional communication between gray matter areas [91].

Understanding brain plasticity and functional recovery may also ben-
efit from longitudinal functional MRI [92]. Some preliminary efforts
have been undertaken towards linking recovery and brain activation on
an individual level [93]. Furthermore, functional MRI shows higher
cerebellar activation after cognitive interventions in MS patients that is
associated to improvement in attention [63]. This is little surprising
given increasing evidence on cerebellar involvement in various cognitive
processes, through closed loops with the respective regions in the cere-
bral cortex [94]. The cerebellum is also a predominant site of affection
in MS—imaging may thus help to assess early cerebellar damage and to
reveal potentially limited compensatory potential [95]. On the other
hand, given its remote position and connections to various areas rele-
vant for cognition, the cerebellum may also represent a promising
candidate for neuromodulation through brain stimulation [96].

Finally, electronic health records [97], online research platforms [98],
and wearable device data on everyday activity and cognitive well-being
[99] will contribute to enriched and more ecological patient data and
outcome measures. Integration of unconventional albeit long-standing
rehabilitation gears, such as rhythm and music may also be useful. Sung
words were better recalled by MS patients than spoken ones, with
stronger bilateral frontal engagement as evidenced by electroencephalog-
raphy [100].

In conclusion, the reviewed data and state-of-the-art speak towards
collaborative efforts in the development of cutting-edge multimodal
training that optimally harnesses the current potential of different inter-
ventional components, such as conventional neuropsychological inter-
vention, cognitive behavioral therapy, physical exercise, and serious vid-
eo games, followed by large-scale clinical trials looking into ecological
outcome measures.
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