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“Als wére so eine schwere Decke (iber einem”

"As if there’s a heavy blanket upon you”

(a study participant describing her fatigue experience)
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Abstract

This research endeavor continued along several stages. In a joint decision
between stakeholders from research (TU Dortmund University) and clinical practice
(Neurological Rehabilitation Center Godeshoehe (NRC)), and considering evidence
from the literature, fatigue was identified as a serious and common symptom in
persons with multiple sclerosis (pwMS), where exercise might be applied as an
efficacious intervention. Therefore, research efforts were directed at the development
of an exercise-based fatigue intervention.

Appraising the current evidence for fatigue reduction via exercise, aerobic
training was recognized as an exercise type frequently studied in the context of
multiple sclerosis (MS) fatigue, but recent meta-analysis had pointed towards limited
effects. Therefore, publication 1 reinvestigated the relationship between aerobic
capacity and fatigue in a secondary analysis of data from two randomized-controlled
trials (RCT), previously conducted at the Rehabilitation Center Valens (RCV),
Switzerland. The data showed that the aerobic capacity - fatigue relationship was not
reproducible in this relatively large sample of 131 pwMS - even when analyzing
subgroups that should benefit the most (e.g., those with severe fatigue).

Other types of exercise, namely, balance and motor control training, were
associated with larger effect sizes in some of the recently performed meta-analyses,
but less frequently studied. Different authors have hypothesized working mechanisms
for fatigue reduction regarding this type of exercise, including (I) balance training for
making “navigating the environment” less effortful (Moss-Morris et al., 2021, p. 14),
(I1) “coordination of eye, head, and whole-body movements” to “reduce the cognitive
load associated with conscious compensatory strategies in dynamic environments”
(Hebert et al., 2018, p. 2), and (lll) “improvement of sensory integration with a
subsequent reduction of the cognitive load associated with motor processing”
(Callesen et al., 2020, p. 2). As part of this thesis, these working mechanisms were
integrated into a new exercise framework in publication 2, centered on an existing
group-based framework for fall prevention in the elderly, which already included many
of the mentioned aspects (Donath et al.,, 2016). The new framework was termed

‘multimodal agility-based exercise training’ (MAT).



Next, a study was designed to compare MAT with ‘traditional’ strength and endurance
training (SET) regarding the effects on fatigue and related symptoms (study acronym:
ReFEx; Rehabilitation, Fatigue, and Exercise). The setting of the study was the NRC
in Bonn, Germany. In line with described stage models for the development of new
behavioral interventions, before comparing efficacy, evaluation of the study protocol
feasibility was the main objective of the remaining publications. This was based on
MAT not being previously studied in pwMS and the setting of the study being a clinical
inpatient rehabilitation center (i.e., a complex setting). The feasibility study protocol
was described in publication 3 and included a mixed-methods methodology, i.e., a
quantitative, and qualitative evaluation.

Quantitative feasibility results were reported in publication 4. These concluded
that an adaptation of eligibility criteria to increase recruitment will be necessary, and
that the primary outcome measure should be able to measure change in perceived
fatigue more robustly. A multicenter RCT focused only on gym-based MAT was
articulated as an option to assess the effect of MAT.

These results were supplemented by the qualitative evaluation of participants’
experiences during the trial in publication 5. Qualitative results concluded that MAT
content was appreciated by pwMS and that fatigued pwMS were able to adhere to
high frequency exercise, without an overall accumulation of fatigue. Nevertheless,
social comparison and negative self-evaluation should be monitored.

In summary, publication 1 supported that aerobic training is not the most
efficacious exercise type to reduce fatigue in pwMS. Publications 2-5 then developed
a new group-based exercise framework based on described working mechanisms
regarding exercise and fatigue, and quantitatively and qualitatively evaluated the
feasibility of conducting a randomized-controlled trial in a clinical inpatient
rehabilitation setting to compare the new framework with traditional strength and
endurance training. Results showed that several changes need to be applied before
the evaluation of the study protocol can be continued. Consequently, research can

build on these early stage, but important results in the future.



Zusammenfassung

Vielfach wurde in der Literatur beschrieben, dass Fatigue eine relevante und
fur von Multiple Sklerose betroffene Personen, stark beeintrachtigende Symptomatik
darstellt. Dies fuhrte zu Beginn dieser Forschungsarbeit zur gemeinsamen
Entscheidung von  Klinikerinnen und  Klinikkern des  Neurologischen
Rehabilitationszentrums Godeshdhe und Forschenden der TU Dortmund (den Autor
dieser Arbeit eingeschlossen), eine Trainingsintervention zu entwickeln und zu
evaluieren, mit der diese Situation verbessert werden konnte. Es wurde ein
schrittweises Vorgehen zur Entwicklung eines robusten Studiendesigns gewahlt.

Zunachst zeigte sich aerobes Ausdauertraining bei der Evaluierung der
Studienlage als haufig untersuchte Trainingsform. Allerdings wiesen aktuelle Meta-
Analysen darauf hin, dass diese Trainingsform nur einen geringen Effekt haben
konnte. Daher wurde in Publikation 1 eine sekundare Analyse aus gepoolten Daten
zweier randomisiert-kontrollierter Studien durchgeflhrt, welche beide in den
Rehabilitationskliniken Valens (Schweiz) durchgefihrt worden waren. Die
Datenanalyse zeigte, dass die Verbindung zwischen aerober Kapazitat und Fatigue in
dieser relativ groRen Stichprobe von 131 PmMS nicht reproduziert werden konnte -
selbst bei der Analyse von Subgruppen, welche nach bestehenden Hypothesen am
meisten profitieren sollten (z. B. Personen mit schwerer Fatigue).

Andere Formen korperlichen Trainings, insbesondere Gleichgewichtstraining
sowie Training der motorischen Kontrolle, wurden in einigen kurzlich durchgefuhrten
Meta-Analysen mit grofleren Effektstarken in Verbindung gebracht. Die geringe
Studienzahl schrankte jedoch deren Aussagekraft ein. Zudem hatten unterschiedliche
Autorinnen und Autoren Hypothesen dazu aufgestellt aufgrund welcher Mechanismen
diese  Trainingsformen auf Fatigue wirken  konnten, darunter:  (I)
Gleichgewichtstraining, um “navigating the environment” weniger anstrengend zu
gestalten (Moss-Morris et al., 2021, S. 14), (Il) “coordination of eye, head, and whole-
body movements”, um die kognitive Belastung durch ,conscious compensatory
strategies in dynamic environments” zu verringern (Hebert et al., 2018, S. 2), und (lll)
“improvement of sensory integration with a subsequent reduction of the cognitive load
associated with motor processing” (Callesen et al., 2020, S. 2). In Publikation 2 wurden
diese Mechanismen in ein neues Trainingskonzept integriert, das auf einem bereits

bestehenden Trainingskonzept zur Sturzpravention bei alteren Menschen basierte
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und bereits viele der genannten Aspekte enthielt (Donath et al., 2016). Das neue
Trainingskonzept wurde als 'multimodal agility-based exercise training' (MAT)
bezeichnet.

Anschlieend wurde ein Studienprotokoll entworfen, um MAT mit
traditionellem* Kraft- und Ausdauertraining hinsichtlich der Auswirkungen auf Fatigue
und verwandte Symptome zu vergleichen (Studienakronym: ReFEXx; Rehabilitation,
Fatigue, and Exercise). Ort der Studie war das Neurologische Rehabilitationszentrum
Godeshtéhe in Bonn (Deutschland). In Ubereinstimmung mit beschriebenen
Stufenmodellen flr die Entwicklung neuer verhaltensbasierter Interventionen, war die
Bewertung der Machbarkeit des Studienprotokolls das Hauptziel der verbleibenden
Publikationen, da MAT zuvor nicht bei PmMS untersucht worden war und der
Studienort als stationares Rehabilitationszentrum eine komplexe Umgebung
darstellte. Dieses Machbarkeitsstudienprotokoll wurde in Publikation 3 beschrieben
und beinhaltete einen Mixed-Methods-Ansatz, d. h. eine quantitative und qualitative
Bewertung.

Die quantitativen Machbarkeitsergebnisse wurden daraufhin in Publikation 4
berichtet. Diese kamen zum Schluss, dass eine Anpassung der Einschlusskriterien
zur Steigerung der Probandenrekrutierung notwendig sein wirde und dass der
primare Ergebnisparameter in der Lage sein sollte, Veranderungen in der
wahrgenommenen Fatigue robuster zu messen. Eine multizentrische, randomisiert-
kontrollierte Studie, die sich ausschlieRlich auf das MAT ,an Land‘ konzentriert, kdnnte
als zukunftige Option hinsichtlich der Bewertung des MAT Effekts angewandt werden.

Die qualitativen Ergebnisse in Publikation 5 zeigten, dass das MAT von PmMS
positiv bewertet wurde und dass PmMS und Fatigue in der Lage sind, ein Training in
hoher Frequenz durchzufuhren, ohne dass es zu einer Akkumulation von Fatigue
kommt. Dennoch mussen soziale Vergleiche und negative Selbstbewertung von
Therapeutinnen und Therapeuten im Blick behalten werden.

Somit stutzte Publikation 1 die These, dass aerobes Training nicht die
wirksamste Trainingsform zur Reduzierung von Fatigue bei PmMS ist. Die quantitative
und qualitative Evaluierung der Machbarkeitsstudie (Publikationen 3-5) zur
Untersuchung eines neuen Trainingskonzeptes (Publikation 2) in einem stationaren
Rehabilitationsumfeld fiel gleichwohl negativ aus, sodass Anderungen am
Studienprotokoll notwendig sind. Die Forschung kann nun auf diesen zwar frihen,

aber wichtigen Ergebnissen aufbauen.

VI



1 Introduction

In many countries, multiple sclerosis (MS) is the leading cause of non-
traumatic, neurological disorder among young adults. According to the Atlas of MS, in
Germany, the average age at diagnosis is 33 years and 72% of patients are women.
There are currently about 280,000 persons living with MS in Germany and every
month about 1,200 persons are diagnosed with the disease (Multiple Sclerosis
International Federation, 2020).

MS is characterized as a chronic inflammatory and degenerative disease of the
central nervous system (CNS), with heritable and environmental factors being
discussed as causes (Thompson et al., 2018). Among environmental factors, infection
with a virus has been investigated as a leading cause for MS, and recently an infection
with Epstein-Barr Virus (EBV) was established as a necessary factor to develop MS,
as MS risk increased 32-fold after EBV infection in formerly negative subjects
(Bjornevik et al., 2022). As more than 90% of the population worldwide experiences
EBV infection, usually during the first two decades of life, MS is currently
conceptualized as a rare complication of EBV infection, with other environmental
factors (e.g., low Vitamin D, smoking, obesity during childhood or adolescence)
possibly modulating the risk to develop MS (Bjornevik et al., 2023). All these
modulating factors are associated with inflammation. The pathways through which
EBYV infection might lead to MS include molecular mimicry (i.e., similarities between
foreign and self-peptides activating autoreactive immune cells) and an altered immune
response to EBV infection, eventually resulting in an inflammatory attack against the
myelin sheath that insulates axons in the brain and injury of neurons themselves, all
contributing to a loss of neurologic function (Bjornevik et al., 2023; Robinson &
Steinman, 2022).

A common symptom of diseases involving dysregulation of the immune system
such as autoimmune diseases, cancer, chronic infections, and MS is fatigue (Dantzer
et al., 2014; Rouault et al., 2023). However, debilitating fatigue can also be present in
neurologic conditions such as traumatic brain injury or stroke, which are less
associated with long-term inflammation (Kuppuswamy, 2022; Penner & Paul, 2017).
One definition of fatigue from the Patient-Reported Outcome Measurement
Information System (PROMIS) - among many that have been proposed - states that
fatigue includes “a range of self-reported symptoms, from mild subjective feelings of



tiredness to an overwhelming, debilitating, and sustained sense of exhaustion that
likely decreases one’s ability to execute daily activities and function normally in family
or social roles” (Riley et al., 2010, p. 1318).

While fatigue was reported as the most common symptom (58%) among 35,000
persons with MS (pwMS) from the German multiple sclerosis register (Rommer et al.,
2019), it is also reported as one of the most disabling symptoms (Barin et al., 2018)
with high socioeconomic relevance, as 25% of pwMS have impaired working capacity
because of ‘invisible symptoms’ such as fatigue or impaired cognition (Kobelt et al.,
2019).

Similar to other diseases, no clear pathomechanism currently exists for fatigue
in MS, but several guiding theories have been described (Dantzer et al., 2014;
Kuppuswamy, 2022; Manjaly et al., 2019; Penner & Paul, 2017). For example, one
pathway involves inflammation triggering a cascade of molecular and cellular events
in the brain and the periphery, resulting in so called ‘sickness behavior’ (i.e., a
syndrome of fatigue, social withdrawal and lowered mood), which usually resolves
when an illness subsides, but might turn chronic in cases with chronic inflammation
(Dantzer et al., 2014; Hanken et al., 2014; Kuppuswamy, 2022; Manjaly et al., 2019).
Another perspective is given by the theory of allostatic self-efficacy, emphasizing the
importance of interoception and metacognition (Manjaly et al., 2019; Rouault et al.,
2023; Stephan et al., 2016). Essentially, this theory proposes that "the subjective
experience of fatigue arises when, in a situation of persistent dyshomeostasis, the
brain arrives at the metacognitive diagnosis that its control over bodily states is failing”
(Rouault et al., 2023, p. 2).

Adding to the complexity of fatigue in MS, is the compartmentalization of fatigue
into several subcategories including (I) primary (i.e., resulting from the disease itself)
and secondary fatigue (i.e., resulting from other concomitant circumstances or
diseases such as anemia, thyroid dysfunction, or sleep disorders) (Penner & Paul,
2017), (1) state fatigue (i.e., a motor or cognitive task-induced “psychophysiological
condition characterized by a decrease in motor or cognitive performance and/or an
increased perception of fatigue” (Behrens et al., 2023, p. 8)) and trait fatigue (i.e.,
fatigue experienced by an individual over weeks to months, usually quantified via self-
report questionnaires) (Behrens et al., 2023), or (lll) fatigability (i.e., the objectively

measurable decrease in performance during a motor or cognitive task) and fatigue



(i.e., the perceptual dimension, which is inherently subjective) (Kluger et al., 2013;
Manjaly et al., 2019), among other dichotomies.

Exercise, “a subset of physical activity that is planned, structured, and repetitive
and has as a final or an intermediate objective the improvement or maintenance of
physical fitness” (Caspersen et al., 1985, p. 126), has been studied as a symptomatic,
and recently also as a preventive and disease-modifying treatment for pwMS (Dalgas
et al., 2019). Especially regarding symptomatic treatment, substantial evidence exists
concerning the effects of exercise on balance/falls, walking, or health-related quality
of life, among others (Dalgas et al., 2019; Motl et al., 2017).

Exercise has also attracted considerable interest as a treatment option for
fatigue in MS. While Langeskov-Christensen et al. (2017) provided a first scoping
review on potential pathophysiological pathways that could explain the effects of
exercise on fatigue, seven meta-analyses and network meta-analyses have now
summarized the evidence regarding different types of exercise (Andreu-Caravaca et
al., 2021; Chen et al., 2021; Harrison et al., 2021; Heine et al., 2015; Moss-Morris et
al., 2021; Taul-Madsen et al., 2021; Torres-Costoso et al., 2022). Even though these
meta-analyses have provided some indications of what the most beneficial type of
exercise might be - as will be shown later - several inconsistencies exist.

Consequently, the guiding question for this thesis centered on: what is the most
effective type of exercise for reducing fatigue in pwMS? Rather than giving a definitive
answer, the thesis focused on the initial phase of handling this question, i.e., scanning
the literature for pathways and types of exercise that had been described as beneficial
(in the meta-analyses already mentioned) to then develop a new exercise framework
and design and evaluate a feasibility study in a specific setting (a neurologic
rehabilitation center). Evaluating feasibility is important if research on behavioral
health interventions is conceptualized to occur within a stage model that includes the
scale up of interventions. For example, the UK Medical Research Council’s framework
for developing and evaluating complex interventions describes four phases:
development or identification of the intervention, feasibility, evaluation, and
implementation (Skivington et al., 2021). Consequently, the feasibility study had the
primary goal of making an informed decision about whether to progress to the next
stage of evaluation by answering whether the planned study “can be done, should be
done, and, if so, how” (Eldridge et al., 2016, p. 2).



2 Background

2.1 Getting the Language Right — Fatigue Definitions and Taxonomies

Lauren Krupp, one of the early investigators of fatigue in MS, wrote in 2004 that
the word ‘fatigue’ is “laden with ambiguity” (p. 6), which stems in part from the fact that
(at least in the English language) ‘fatigue’ is a lay term and “there can be a wide
variation in the way patients understand it, as well as in the way they understand
related terms such as depression, weakness, deconditioning, tiredness, pain, and
motivation” (p. 6). Around the same time, Chaudhuri and Behan (2004) also made
this point. They wrote that an “overlap between the lay notion of tiredness and the
clinically relevant symptom of fatigue® (p. 978) prevents an exact definition. This is a
hallmark of why studying treatments for fatigue in pwMS has been slow-going,
conflicting, and complex; if it is not exactly clear what is to be studied, this gets hard
to measure, and even more challenging to measure change resulting from any
intervention. Accordingly, Kluger et al. (2013) wrote that “current treatments are
nonspecifically targeted to a vaguely defined symptom with unsatisfactory outcomes*
(p. 409). Table 1 gives an overview on various currently existing definitions of fatigue,
related to MS or neurological conditions in general. Many include the subjective nature
of the symptom and make a distinction between motor and cognitive fatigue. The
definition by Mills and Young (2008) is especially comprehensive and has been
established based on interviews with pwMS.

Recently, there has even been an effort to abandon the term ‘fatigue’ and begin
a renaming discussion (some propositions were: ‘central neurophysiological dys-/de-
innervation’, or ‘transitory multi-focal CNS denervation® (Hubbard et al., 2021)). This
was based on the dissent, that the original meaning (in French and Latin) and current
usage of the word ‘fatigue’ refers to “tiredness which occurs after engaging in some
type of activity” (Hubbard et al. (2021, p. 984). The authors argued that this has led to
a wrongly established causal link between activity type and type of fatigue, i.e., motor
fatigue arising from physical activities. But this does not necessarily exist in pwMS.
For example, a patient might experience walking problems after cognitive work.
Instead, they emphasized five phenomena consistently described by clinicians and
patients, some of them similar to components of the definition by Mills and Young
(2008): (1) a transitory state of limited predictability, (II) a group of co-occurring
symptoms, (lll) undetermined by preceding activity, (IV) triggered by heat. Other



authors have also questioned the adequacy of the term fatigue (Krieger & Sumowski,
2020).

Table 1

Definitions of Fatigue Related to MS or Neurological Conditions

Reference Definition

Multiple Sclerosis Council (1998)  “A subjective lack of physical and/or mental energy
that is perceived by the individual or caregiver to

interfere with usual and desired activities” (p. 2)

Chaudhuri and Behan (2004) “difficulty in initiation of or sustaining voluntary
activities” (p. 978)

Mills and Young (2008) “reversible, motor and cognitive impairment with
reduced motivation and desire to rest, either
appearing spontaneously or brought on by mental or
physical activity, humidity, acute infection and food
ingestion. It is relieved by daytime sleep or rest
without sleep. It can occur at any time but is usually
worse in the afternoon. In MS, fatigue can be daily,
has usually been present for years and has greater

severity than any premorbid fatigue“ (p. 57)

Dantzer et al. (2014) “feeling that relates to the lack of motivation to deploy
resources and engage in high-effort performance to

cope with their situation” (p. 39)

Sander et al. (2017) “a subjective sensation of lack of energy and

exhaustion” (p. E79)

Marchesi et al. (2022) “the subjective feeling of physical, cognitive or
psychosocial exhaustion and tiredness, which can
occur and be perceived by patients also at rest” (p.
682)

Note. Definitions are in chronological order according to year of publication.



As mentioned in the introduction, several dichotomies have been established
in the literature regarding fatigue (Table 2). Overall, these have led to the existence of
many fatigue-related terms, which themselves have been variously defined. Some
have argued that the compartmentalization into different scientific fields, which study
fatigue (e.g., psychology, exercise science, neuroscience, medical fields) might be a
reason for this (Behrens et al., 2023). Several researchers have tried to provide a
unifying taxonomy to make studies comparable and speed up meaningful discoveries
(Behrens et al., 2021; Behrens et al., 2023; Enoka et al., 2021; Enoka & Duchateau,
2016; Kluger et al., 2013).

The following paragraphs provide an overview on existing taxonomies, which
have been relevant for the field of MS. It will be shown that these taxonomies have not
necessarily led to a more homogenous landscape of fatigue-related terms, and that
the respective field (e.g., medical vs. non-medical) still influences the aspects of

fatigue under study and terms in use.

Table 2

Fatigue Dichotomies

Terms

Fatigue - fatigability

Perceived - performance fatigability
Trait - state fatigue

Central - peripheral fatigue

Motor - cognitive fatigue

Primary - secondary fatigue

In the already mentioned taxonomy on fatigue in neurologic illnesses, Kluger et
al. (2013) start with a basic distinction between fatigue and fatigability (Figure 1).
According to the authors, fatigue refers to subjective sensations and fatigability refers
to objective changes in performance and these two constructs are not only distinct but
might also be independent (see Table 3 for an overview on terms and definitions used
in the respective taxonomy papers). To emphasize this distinction, they also use the



terms perceived fatigue and performance fatigability. They introduce several factors,
which modulate the amount of perceived fatigue (homeostatic and psychological
factors) and performance fatigability (peripheral and central factors). Regarding the
application of their taxonomy to measurement, Kluger et al. (2013) mention that
perceptions of fatigue are quantifiable via self-report scales, which either focus on
momentary state perceptions, or chronic characteristics (frait perceptions). Lastly, they
describe fatigability to be quantifiable in the motor, as well as in the cognitive domain.

In a following influential paper on the effect of fatigue on human performance,
Enoka and Duchateau (2016) (Roger Enoka, was also among the three authors of the
Kluger et al. (2013) taxonomy paper) proposed another taxonomy primarily
differentiating between perceived fatigability and performance fatigability, which in
combination lead to the symptom of fatigue (see Table 3 for the respective definitions).
Notably, this taxonomy was not confined to neurological ilinesses, but included
examples from older adults, and athletes, and was more geared towards fatigue
resulting from the performance of certain tasks. The term perceived fatigability
contradicted Kluger et al. (2013), who defined fatigability as objective changes in
performance, not related to perception. However, Enoka and Duchateau (2016)
similarly suggested several modulating factors for perceived fatigability (homeostasis
and psychological state) and performance fatigability (contractile function and muscle
activation). They also emphasized fatigue to be a symptom, which can only be
quantified via self-report, either as a trait characteristic or a state variable. Enoka and
Duchateau (2016) wrote that:

the trait level of fatigue represents the average amount of fatigue experienced

during the preceding several days and depends on the absolute values of the
modulating factors that contribute to perceived fatigability. In contrast, the state
level of fatigue reflects the rate of change in the modulating factors that
contribute to both performance and perceived fatigability during ongoing
activity. (p. 2234)

Despite some differences, both taxonomies had three levels: the lowest
describing modulating factors, affecting the second level, perceived fatigue/fatigability
or performance fatigability, which on the highest level determine trait or state

measures of fatigue (Figure 1). However, Kluger et al. (2013) emphasized that



perceptions of fatigue and performance fatigability are potentially independent, and
that it has proven difficult to find associations between the two in previous studies,
while Enoka and Duchateau (2016) explicitly stressed that perceived fatigability and
performance fatigability are two interdependent attributes. A reason for this might be,
that the first statement concerned the association between ftrait fatigue and
performance fatigability, the second concerned the association between (activity-
induced) state fatigue and performance fatigability. This illustrates the importance of
this distinction. Arguably, trait fatigue might play a more prominent role as a symptom
of diseases, while (activity-induced) state fatigue is a core interest in the exercise
sciences (Behrens et al., 2023; Venhorst et al., 2018).

Enoka et al. (2021) published a third taxonomy paper focused on pwMS. It
included several key differences to the past taxonomies. As cited, Enoka and
Duchateau (2016) proposed state fatigue to be connected to the rate of change in
modulating factors of perceived, as well as performance fatigability, but only
quantifiable via self-report. However, in Enoka et al. (2021), state fatigue is no longer
connected to performance, as the authors describe it to be the exclusive result of
interoceptive feedback and the psychological state (see figure 1 in their paper and
Table 3). Similarly, the term trait fatigue is defined differently from all other taxonomies:
“A characteristic that can be quantified with measures of either objective or perceived
fatigability” (p. 961), while all other taxonomies relate to trait fatigue as based on
experience or perception, not quantifiable with objective measures.

Lastly, the group of Behrens et al. (2023) published an update on the taxonomy
by Enoka and Duchateau (2016), which primarily considers fatigue that is task-related.
The authors also differentiate between ftrait and state fatigue. Additionally, they
specifically emphasize cognitive aspects of state fatigue, introducing the terms
cognitive performance fatigue and perceived cognitive fatigue, besides motor
performance fatigue and perceived motor fatigue. According to Enoka and Duchateau
(2016), state fatigue can only be quantified via self-report. However, according to
Behrens et al. (2023) this introduces the problem that state fatigue is essentially the
same as perceived fatigability. Furthermore, they argue that performance may
decrease without a corresponding increase in fatigue perception (and vice versa).
Consequentially, the authors state: “since we do not refer to state fatigue as a self-
reported disabling symptom, the term fatigability does not seem to be necessary as it

does not contribute any benefit compared to the term fatigue®.



This summary exemplifies how the terms fatigue and fatigability have been on
a journey for more than a decade. Starting with fatigue representing subjective
sensations, and fatigability objectively measurable changes, continuing with the
conflict in the term perceived fatigability, and then abandoning the term fatigability all
together.

For this thesis, the taxonomy by Kluger et al. (2013) will be applied, primarily
because of its ease of use and wide application in the MS literature, including recent
topical reviews and experimental studies (Bertoli & Tecchio, 2020; Marchesi et al.,
2022; Rouault et al., 2023). Accordingly, fatigue will refer to subjective perceptions,
quantified via self-report, and, in the current context, these usually relate to trait
aspects. Fatigability will refer to objectively quantified performance decrements during
motor or cognitive tasks. State fatigue will be considered as momentary fatigue

perceptions but was less relevant in the present research.

Figure 1

The Fatigue Taxonomy for Neurologic lllnesses

Fatigue
Perceptions Performance
of fatigue fatigability
Homeostatic Psychological Peripheral Central
factors factors factors factors

Note. Figure adapted from “Fatigue and Fatigability in Neurologic llinesses: Proposal
for a Unified Taxonomy”, by B. M. Kluger et al., 2013, Neurology, 80(4), p. 412
(https://doi.org/10.1212/WNL.0b013e31827f07be) Copyright 2013 by the American

Academy of Neurology.




Table 3

Definitions from Selected Fatigue Taxonomy Papers

Enoka and Duchateau

Term Kluger et al. (2013) (2016) Enoka et al. (2021) Behrens et al. (2023)
Perceived Perceived fatigue Perceived fatigability =~ Perceived fatigability Perceived (motor/cognitive) fatigue
fatigue / “subjective sensations of “changes in the “Subjective estimate of “motor and cognitive task-induced
fatigability weariness, increasing sense of sensations that past or future work modulation of the perception of

Performance /
objective
fatigability /
fatigue

State fatigue

Trait fatigue

effort, mismatch between effort
expended and actual performance,

or exhaustion” (p. 411)

Performance fatigability

“magnitude or rate of change in a
performance criterion relative to a
reference value over a given time
of task performance or measure of
mechanical output” (p. 411)

State fatigue

“‘momentary (state) perceptions”

(p. 413)

Trait fatigue

“chronic characteristics” (p. 413) of

perceptions of fatigue

regulate the integrity
of the performer” (p.
2229)

Performance
fatigability

“decline in an
objective measure of
performance over a
discrete period” (p.
2229)

State fatigue
“rate of change in key

adjustments during a
fatiguing task” (p.
2234)

Trait fatigue
“average amount of

fatigue experienced
during the preceding
several days” (p.
2236)

capacity” (p. 961)

Obijective fatigability

“Magnitude of change in a
performance metric after
completing a prescribed

task” (p.961)

State fatigue

“instantaneous estimate

of the level of fatigue
(feelings)” (p. 961)

Trait fatigue

“characteristic that can be
quantified with measures

of either objective or

perceived fatigability” (p.

961)

fatigue” (p. 9)

(Motor/cognitive) performance fatigue
“acute reduction in motor and
cognitive performance” (p. 9)

(Task-induced) state fatigue
“psychophysiological condition that is
characterized by a decrease in motor
or cognitive performance and/or an
increased perception of fatigue® (p. 9)

Trait fatigue
“fatigue experienced by an individual

over a longer period of time (weeks
and months)” (p. 8)
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2.2 Pathophysiological Framework of (Primary) Fatigue in MS

Fatigue resulting directly from MS disease processes has been termed primary
fatigue, while fatigue arising from other sources (e.g., sleep, depression, medication,
deconditioning) has been named secondary fatigue (Kos et al., 2008; Langeskov-
Christensen et al., 2017; Multiple Sclerosis Council, 1998). As mentioned in the
introduction, several theories have emerged to explain primary fatigue in MS and other
diseases (for a discussion of three recent theories, including post-stroke fatigue see
Kuppuswamy (2022)). Figure 2, taken from the article by Manjaly et al. (2019), depicts
pathophysiological mechanisms discussed for primary fatigue in pwMS. Its elements
will be reviewed and one fatigue theory — the metacognitive theory of allostatic self-

efficacy - will be shortly introduced.

Figure 2

Pathophysiological Pathways for Primary Fatigue in MS

disturbance of
DA transmission

{ orexin inferred lack of control
(hypothalamic lesions) over bodily states

self-monitoring of
performance

Metacognition Atyplcal_ nstwork
recruitment

disconnection/lesions of
neuromodulatory nuclei

lesions affecting interoception
and homeostatic control

chronic interoceptive { synthesis of mono- disturbance of
surprise aminergic transmitters DA transmission

[ |
Inflammation Inflammation
(peripheral) (CNS)

Note. Figure from “Pathophysiological and Cognitive Mechanisms of Fatigue in

WM and GM lesions
NAWM

Multiple Sclerosis”, by Z. M. Manjaly et al., 2019, Journal of Neurology, Neurosurgery
and Psychiatry, 90(6), p. 643 (https://doi.org/10.1136/jnnp-2018-320050) Copyright
2019 by the Authors. CNS = central nervous system; DA = dopamine; GM = grey

matter; NAWM = normally appearing white matter; WM = white matter.
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As MS results in damage to the brain and spinal cord, imaging studies have
tried to find an association between various pathological markers on brain scans and
the symptom of fatigue, starting with associations between structural parameters and
fatigue. These included lesional, volumetric and microstructural parameters assessed
in the white matter and/or grey matter of the CNS (displayed on the lower level in
Figure 2). As summarized by Paul (2023), these studies have predominantly been
inconclusive, as some studies found certain associations, while others did not.
Findings might depend on whether regional or whole brain aspects are studied
(regional aspects seem to find more consistent associations (Bertoli & Tecchio, 2020;
Manjaly et al., 2019; Marchesi et al., 2022)), the methods used to quantify lesions or
volume, patient selection, and use of questionnaire (Paul, 2023). Palotai et al. (2020)
showed that refinement of study methodology can increase correlation of fatigue
measures with structural imaging parameters and might improve study replicability.
For example, they included a temporal component by performing more than one
fatigue evaluation and a refined stratification of patients by establishing subgroups of
patients labeled as ‘sustained’, ‘reversible’, or ‘never fatigued’. Some consistent
findings, that did emerge regarding (regional) structural abnormalities and fatigue are
damage to the thalamus, striatum, and certain cerebral cortices (frontal, temporal, and
parietal), which has led several researchers to hypothesize that damage to the so-
called ‘cortico-striato-thalamo-cortical loop’ is involved in MS-related fatigue (Bertoli &
Tecchio, 2020; Marchesi et al., 2022; Palotai & Guttmann, 2020; Paul, 2023; Pinarello
et al., 2023). Furthermore, it has been suggested that structural damage to brain
regions, which are important for vigilance, arousal, motivation (e.g., hypothalamus), or
interoception (e.g., insular and anterior cerebral cortex) is associated with fatigue, and
that these brain regions are frequently affected by MS pathology (Manjaly et al., 2019).
On a larger scale, lesions in the CNS might disturb coordinated network activity
important for motor and cognitive processes, leading to compensatory activity, which
might be detected by metacognitive processes (see paragraph below on the
metacognitive theory and Figure 2) (Manjaly et al., 2019).

As studies on structural changes and fatigue have provided mixed results,
several authors argued, that the role of functional changes in the CNS is more
prominent regarding fatigue (Bertoli & Tecchio, 2020; Rocca et al., 2021). This aspect
is displayed as ‘atypical network recruitment’ in Figure 2. In studies investigating

structural and functional alterations in the same patients, according to Bertoli and
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Tecchio (2020), results strongly support the fact that functional alterations prevail over
structural alterations. Functional alterations can be studied with neuroimaging
techniques during motor or cognitive tasks, where pwMS frequently show an increase
of brain activity, which has been interpreted as a compensatory mechanism or an
increased effort to maintain normal function (Manjaly et al., 2019; Paul, 2023). This
increased effort might also be detected by metacognitive processes, explaining the
emergence of feelings of fatigue (see paragraph below on the metacognitive theory
and Figure 2).

Bertoli and Tecchio (2020) summarized several functional alterations related to
fatigue, which are of particular relevance for the present work as these concern
alterations in the sensorimotor network, which might, in principle, be responsive to
exercise. These include: hyperexcitability at rest and hyperactivation during motor
execution of the primary motor cortex, increased activation in brain areas that are
involved in motor planning and motor adaptation, as well as altered brain—body cortico-
muscular synchronization. The authors further noted that these findings were obtained
from pwMS with minimal disability, which indicates “early involvement of sensorimotor
communication impairment in the fatigue symptom* (Bertoli & Tecchio, 2020, p. 1813).

Peripheral immunological and inflammatory processes acting on the CNS
through immune-to-brain interfaces are additional pathophysiological pathways, which
are discussed in the context of fatigue (lower level in Figure 2) (Manjaly et al., 2019).
As stated in the introduction, during common infections, inflammation triggers a
cascade of molecular and cellular events in the brain and the periphery, resulting in
so called ‘sickness behavior’ (i.e., a syndrome of fatigue, social withdrawal and
lowered mood), which usually resolves when an illness subsides, but might turn
chronic in cases with chronic inflammation (Dantzer et al., 2014; Kuppuswamy, 2022).

Direct and indirect pathways of peripheral inflammation affecting the brain have
been investigated. Direct pathways include cytokines acting on brain endothelial cells,
trafficking of peripheral immune cells into the brain, or activation of vagal afferents by
pro-inflammatory mediators leading to insular responses (Manjaly et al., 2019).
Possible indirect pathways consist of a reduction in synthesis of monoaminergic
neurotransmitters, important for motivation, arousal, and mood, due to a dysregulation
of the kynurenine pathway and decreased availability of necessary enzymes, both
resulting from peripheral inflammation (Manjaly et al., 2019). Furthermore, inside the

brain, inflammation can trigger the activation of microglia, which also impacts
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dopaminergic transmission, possibly resulting in decreased motivation. However, the
question of how exactly inflammation in the brain leads to fatigue in MS has not yet
been answered and the association between fatigue and levels of inflammatory
markers has been equivocal (Kuppuswamy, 2022; Marchesi et al., 2022).

Regarding pathophysiological mechanisms for fatigue in MS, one question
persists: how does the subjective experience of fatigue arise? This question is
addressed by the metacognitive theory of allostatic self-efficacy, described by Stephan
et al. (2016) and applied to fatigue in pwMS by Manjaly et al. (2019). The theory
emphasizes the two cognitive constructs of interoception and metacognition (Rouault
et al., 2023). Interoception indicates the perception of bodily states such as blood
oxygenation, or heart rate, while metacognition concerns cognition about cognition,
e.g., reflecting on singular perceptual decisions, but also global beliefs about abilities
and skills (Seow et al., 2021). In this way, it builds a crucial bridge between
pathological findings and the subjective feeling of fatigue in MS. In brief, the theory
postulates that:

fatigue reflects the metacognitive diagnosis that the brain is failing to exert

control over bodily states and does not have any action at its disposal to
overcome a state of dyshomeostasis. Given this inferred helplessness or low
‘allostatic self-efficacy’, fatigue would correspond to a feeling state that signals
the futility of any further actions. (Manjaly et al., 2019, p. 5)

The only other option at the brain’s disposal would be rest (Manjaly et al., 2019;
Rouault et al., 2023; Stephan et al., 2016). As briefly described above, there is initial
evidence that interoception is altered in pwMS and might be associated with fatigue
(Gonzalez Campo et al., 2019; Manjaly et al., 2019). For example, Gonzalez Campo
et al. (2019) showed that behavioral, structural, and functional interoceptive alterations
are signs of fatigued pwMS. Specifically, a cardiac interoceptive pathway (following
one’s own heartbeat) was associated with (trait) fatigue (Gonzalez Campo et al.,
2019). However, a first experimental study was not able to verify an association of
fatigue with metacognition (Rouault et al., 2023).

As stated by Kuppuswamy (2022) in her review on fatigue theories, there

currently only exists fragmented evidence for proposed fatigue theories including the
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just mentioned metacognitive theory, across diseases, and future studies will have to

further test their hypotheses.

2.3 Assessment

Based on the taxonomy by Kluger et al. (2013) the following section provides
details on how perceptions of fatigue and performance fatigability can be measured in
pwMS.

2.3.1 Fatigue

Trait fatigue is usually quantified via self-report questionnaires (also described
as patient-reported outcomes (PRO)), which assess the amount of fatigue
experienced in the preceding weeks (the exact timespan varies between 1 to 4 weeks,
but can also be unspecified) (Block et al., 2022). Frequently, these PROs were
designed to capture fatigue in the motor domain as well as in the cognitive domain
(even though it has been questioned whether this is truly the case (Patejdl & Zettl,
2022; Pust et al., 2019)). State fatigue is typically quantified with questions regarding
momentary perceptions including visual analog scales (Block et al., 2022). Studies
evaluating the effect of pharmacologic and non-pharmacologic treatments have
predominantly relied on questionnaires assessing trait fatigue, therefore assessment
of state fatigue will not be discussed in this section.

Close et al. (2023) recently identified 87 different PROs (until October 2021,
available in English) to measure fatigue, of which 18 were MS-specific or non-disease-
specific questionnaires. Notably, only three of the 18 PROs have been highly used in
clinical trials, while the others were only seldomly or never adopted. The most highly
adopted fatigue PROs in pwMS were the Fatigue Severity Scale (FSS) (Krupp et al.,
1989), Fatigue Impact Scale (FIS) (Fisk et al., 1994), and Modified Fatigue Impact
Scale (MFIS) (Ritvo et al., 1997).

Another systematic review performed by the MS Outcome Measures Task
Force of the Academy of Neurologic Physical Therapy, located in the USA, has
recently summarized the evidence and clinical utility of 17 fatigue PROs (until January
2020) (Cohen et al., 2023). Specifically, they performed a methodologic quality
assessment of PROs focusing on test-retest reliability, responsiveness, content

validity, interpretability, and generalizability. According to their assessment, only two
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PROs (MFIS and FSS) had high reliability, no notable ceiling/floor effects, and high
clinical utility. Furthermore, responsiveness data was present for these two measures.
Other measures had either weak or missing data for certain psychometric properties.
Missing responsiveness data of fatigue measures has been a problem for researchers
studying fatigue interventions, as it indicates a measure’s ability to detect change
(Sander et al., 2017). This problem is especially pressing when short-term fluctuations
are to be studied (Krieger & Sumowski, 2020; Sander et al., 2017). In the review by
Cohen et al. (2023), only three measures had excellent reliability and provided
responsiveness data (MFIS, FSS, and MFIS-5 (shortened MFIS)). Based on the
review, the MS Outcome Measures Task Force suggested to use the MFIS as a
comprehensive (the questionnaire assesses the dimensions of physical, cognitive,
and psychosocial fatigue) measure for research and practice purposes, and the FSS
as a quick screening tool for physical fatigue only.

As a recent, but probably important development, remote monitoring of fatigue
in MS should be briefly mentioned (Block et al., 2022; Pinarello et al., 2023). First,
PROs can be administered online in any setting, as applied in Publications 3-5.
Second, smartphone-based assessment enables frequent, momentary
measurements of fatigue in daily life, which might reduce the recall bias inherent in
traditional PROs and allows to quantify day-to-day and time-of-day fluctuations (Block
et al.,, 2022). Indeed, fatigue fluctuations during the day have been described in
healthy persons and pwMS (Powell et al., 2017).

Despite improved quality and availability of psychometric data for fatigue PROs,
Close et al. (2023) have highlighted the issue of insufficient content validity. Content
validity of PROs depends on the developer's conceptualization of fatigue and the
respondent’s interpretation of the questions (Block et al., 2022), as it pertains to “the
extent to which PROs adequately reflect a defined measurement content” (Close et
al., 2023, pp. 1650-1651). It can be viewed as the most important PRO quality, and a
prerequisite for psychometric evaluation (Close et al., 2023). However, the
comprehensive analysis of content validity performed by Close et al. (2023) showed
that none of the existing questionnaires fulfilled all criteria of the Consensus Standards
for Measurement Instruments (COSMIN) (Terwee et al., 2018). Notably, the MFIS and
FSS, suggested for use by Cohen et al. (2023), were not among the five most highly
rated measures (although part of their review, content analysis was much less

comprehensively investigated in Cohen et al. (2023)). Indeed, particularly the FSS
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received one of the lowest ratings. This is especially concerning as the MFIS and FSS
are among the most highly used PROs in fatigue studies, which let Close et al. (2023)
to conclude that, so far, PRO quality may not have driven use in studies nor selection
for clinical trials. Overall, consistent weaknesses of existing questionnaires were
“construct definitions, qualitative work, use of development samples representative of
the target population, and use of literature reviews” (Close et al., 2023, p. 1661). Of
note, one of the two highest scoring PROs regarding content validity was the
Neurological Fatigue Index — Multiple Sclerosis (Mills et al., 2010), which is based on
the interview study by Mills and Young (2008), mentioned in the definitions section
(2.1).

In summary, most existing studies, which have investigated a pharmacologic or
non-pharmacologic treatment for MS-fatigue, have used a PRO measurement for
which it is unclear (I) how much change in its score is necessary to be deemed
important, (Il) whether the tool is ‘granular enough to detect an effect of the
intervention (i.e., missing responsiveness), and (lll) what kind of construct is assessed
and whether the questionnaire resembles the symptom of fatigue as experienced by
pwMS (i.e., missing content validity). Close et al. (2023) highlighted the importance of
these aspects: “This means that studies influencing the care of PLwMS [people living
with MS] and our research directions have almost certainly been misleading, with
potentially damaging implications for the quality of life for PLWMS* (p. 1662).

2.3.2 Fatigability

Fatigability is usually quantified via performance decrements in motor or
cognitive tasks (Block et al., 2022; Kluger et al., 2013). In the motor domain, these
include declines in peak force, power, speed, or accuracy, while in the cognitive
domain declines in reaction time, or accuracy over time can be investigated (Kluger et
al., 2013). As described in chapter 2.1, the increase in fatigue perception in response
to a motor or cognitive task can be measured as well. This was defined by some
authors as perceived fatigability (Broscheid et al., 2023). Table 4 gives an overview
on different study designs for the assessment of fatigue and fatigability.

Regarding motor fatigability, several studies investigated repeated voluntary

contractions of hand or leg muscles over defined periods, but this was criticized as “at
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best fragments of meaningful, intention-guided motor sequences” (Patejdl & Zettl,
2022, p. 3) and correlation with PRO scores was weak.

Other studies tried to use more ecologically valid tasks - most frequently, tasks
of walking endurance (Abasiyanik et al., 2022; Patejdl & Zettl, 2022). For example, a
simple metric of functional walking fatigability is the decline of meters walked in the
first and the last minute of a 6-minute walk test (6MWT) (Van Geel, Veldkamp, et al.,
2020). Several studies also combined tests of walking endurance with simultaneous
measurements of gait kinematics and kinetics, as well as oxygen consumption to
quantify the underlying factors of walking fatigability (Broscheid et al., 2022; Ibrahim
et al., 2020; Rooney et al., 2022; Theunissen et al., 2023). The 6MWT can also be
applied as a fatiguing task to study its effects on muscle strength, gait, balance, or
reaction time after finishing the test (Abasiyanik et al., 2022) (see Table 2).
Interestingly, in a systematic review on these two strategies, changes in gait
kinematics (i.e., walking speed, step length, step time, step width, and double support
phase) were more prominent when gait was assessed prior to and immediately after
the 6MWT compared with studies assessing gait during the 6MWT (Abasiyanik et al.,
2022). Increased oxygen consumption during walking tests is hypothesized to be a
consequence of the aforementioned alterations in biomechanical variables, as these
lead to reduced efficiency of movement (Rooney et al., 2022). Indeed, evidence from
a recent meta-analysis pointed towards oxygen cost of walking being significantly
higher in individuals with MS compared to healthy controls (Rooney et al., 2022).

An increasing number of studies have tried to find associations between various
measures of motor performance fatigability and (state and trait) fatigue. While there
were a number of interesting results (Drebinger et al., 2020; Ibrahim et al., 2022;
Ibrahim et al., 2020), such as the level of state fatigue during a 6MWT being
predictable from kinematic gait parameters obtained from an inertial measurement unit
system on the subject’s feet (Ilbrahim et al., 2020), a recent study reported no
associations between changes in state fatigue (during a 6MWT) and changes in cost
of walking, gait characteristics, or electromyography of the lower leg muscles
(Theunissen et al., 2023). Moreover, technologies for gait analysis allow for a vast
number of parameters to be collected and analyzed, and walking protocols can differ
between studies, which could introduce a high amount of heterogeneity (Abasiyanik
et al., 2022).
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Table 4

Study Designs for the Assessment of Fatigue and Fatigability

Study design Related taxonomy term
A person (at rest) is asked to rate their fatigue over the last Trait fatigue
days to weeks.
A person (at rest) is asked to rate their fatigue in the moment. State fatigue

A person performs a motor or cognitive task and performance  Performance fatigability

decrements are analyzed over time.

Before and after performing a motor or cognitive task, a person  Performance fatigability
performs a motor or cognitive test, and alterations between the

two tests are analyzed.

While performing a motor or cognitive task, a person is asked Perceived fatigability /

to rate their fatigue in the moment. state fatigue

Before and after performing a motor or cognitive task, a person Perceived fatigability /

is asked to rate their fatigue in the moment. state fatigue

Cognitive fatigability has been studied less extensively, but the general study
designs are similar to the assessment of motor fatigability (Table 4). Measures of
attention have been central to the study of cognitive fatigability (Harrison et al., 2017,
Kuppuswamy, 2023; Penner et al., 2023), as attention is a basic function involved in
almost any task and relatively independent of control strategies that might be used to
compensate for fatigue (Penner et al., 2023). Moreover, attention can be categorized
into separate dimensions and domains, and according to Penner et al. (2023)
especially domains of attention intensity (i.e., alertness, sustained attention, vigilance)
can be used to study cognitive fatigability. Some studies found an association between
measures of cognitive fatigability (alertness) and trait (cognitive) fatigue (Penner et al.,
2023). Circadian changes in alertness measures have been used to study cognitive
fatigability and it was hypothesized that these might be able to objectively detect the
subjectively reported worsening of fatigue symptoms during the day. This assessment

procedure has especially been applied in the context of inpatient rehabilitation in
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Germany (Claros-Salinas et al., 2010; Dettmers et al., 2021; Neumann et al., 2014;
Penner et al.,, 2023) and a similar design was applied in Publications 3 and 4.
Emphasizing the importance of the function of attention for fatigue in neurological
cohorts, in her review, Kuppuswamy (2023) concluded that in MS, stroke, traumatic
brain injury, and Parkinson’s disease, there was evidence of poor selective attention

that explained levels of chronic fatigue.

2.4 Evidence for the Effects of Exercise on Fatigue

Several publications have discouraged the use of medications to treat MS-
related fatigue (Marchesi et al., 2022; Nourbakhsh, 2021; Nourbakhsh et al., 2021).
Instead, non-pharmacological interventions have been recommended, especially
exercise interventions (Marchesi et al., 2022).

Current meta-analyses have identified more than 50 RCTs, that investigated an
exercise intervention and a fatigue outcome (Harrison et al., 2021) (for a complete
overview on meta-analyses providing results for specific exercise categories see Table
5). However, many of these were ‘non-targeted’ interventions, meaning that fatigue
was one outcome among several, and that the intervention was not specifically
designed to target fatigue. Typically, in this case, studies will not prescreen
participants for the presence of fatigue symptoms, resulting in a higher probability of
detecting no effects of the intervention (Moss-Morris et al., 2021). This is also
connected to the fact, that only very rarely have exercise studies considered the effect
on a potential pathophysiological pathway of fatigue (Langeskov-Christensen et al.,
2017; Moss-Morris et al., 2021) (Figure 3). The following two sections will present pre-
existing evidence regarding the two main types of exercise that were investigated in
this thesis (endurance training and balance and motor control training or multimodal
exercise), while also trying to give some perspective on pathophysiological pathways
(Figure 3).
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Table 5

Overview of Meta-Analytic Reviews on Exercise and Fatigue in MS

Reference Reviewed until Exercise categories Homogenous? (/%) Inclusion SMD
(n studies) criteria
Heine et al. (2015) October 2014 1. Mixed training? (6) 1. No (82%) RCTs, 1. -0.73
2. Other® (9) 2. Yes (45%) targeted” & 2. -0.54
3. Endurance training 3. Yes (28%) non-targeted 3. -0.43
(11) 4. Yes (0%) 4. -0.34
4. Task-oriented 5. No (70%) 5. 0.03
training® (2)
5. Muscle power
training (4)
Moss-Morris et al. August 2018 1. Balance® (2) 1. Yes (0%) RCTs, only 1. -1.26
(2021) 2. General exercise® 2. No (74%) targeted 2. -1.02
(aquatic) (5) 3. No (91%) 3. -1.22
3. General exercise® 4. N.a. 4. -0.49
(2) 5. Yes (26%) 5. -0.29
4. Combined exercise’
(1)
5. Aerobic (3)
Harrison et al. August 2018 1. Balance! (5) 1. Yes (0%) RCTs, NMA
(2021) 2. General exercise® 2. Yes (33%) targeted & 1. -0.84
(16) 3. Yes (0%) non-targeted 2. -0.52
3. Resistive exercise 4. No (68%) 3. -0.42
(5) 5. Yes (19%) 4. -0.39
4. Combined exercisef 5. -0.38
(15) Pairwise
5. Aerobic (22) 1. -0.87
2. -0.47
3. -0.46
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4. -0.35

5. -0.41
Andreu-Caravaca et March 2020 1. Aerobic training (11) 1. Yes (6%) 11 RCTs & 1. -0.17
al. (2021) uncontrolled
trials, targeted
& non-
targeted, only
AT, only FSS
Taul-Madsen et al. April 2020 1. Aerobic training (9) 1. No (58%) 12 RCTs, only AT 1. -0.61
(2021) 2. Resistance training 2. Yes (0%) and RT, 2. -0.41
(3) Targeted &
non-targeted
Torres-Costoso et February 2021 1. Resistance (4) 1. No (87%) 58 RCTs, NMA
al. (2022) 2. Combined exercise® 2. No (82%) targeted & 1. -1.15
(25) 3. No (74%) non-targeted 2. -1.00
3. Mind-body exercise" 4. Yes 3. -0.83
(15) 5. Yes 4. -0.62
4. Aerobic (14) 6. Yes 5. -0.72
5. Balance' (2) 6. -0.47
6. Aerobic with Pairwise
resistance (6) 1. -1.09
2. -0.74
3. -0.70
4. -0.32
5. -0.48
6. -0.18
Chen et al. (2021) April 2021* 1. Aquatic (2) 1. Yes (19%) 27 RCTs, NMA
2. Aerobic (13) 2. No (62%) targeted and 1. 1.73
3. Dance (1) 3. N.a. non-targeted 2. 049
4. Resistance (4) 4. Yes (0%) 3. -0.54
5. Yoga (5) 5. No (59%) 4. -0.35
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6. Endurance (5) 6. Yes (45%) 5. -0.33
7. Resistance and 7. N.a. 6. -0.23
endurance (1) 8. Yes (0%) 7. -0.21
8. Aerobic and 9. N.a. 8. -0.13
resistance (2) 9. 0.54

9. Climbing (1)
Note. The order of the table follows the column ‘Reviewed until’. All data refer to comparisons versus a control condition. /? values

above 50% are interpreted as designating homogeneity. If provided in the respective papers, definitions of, or examples for exercise
categories other than aerobic or resistance training are given in the specific notes below. AT = aerobic training; FSS = Fatigue
Severity Scale; N.a. = not applicable; NMA = network meta-analysis; RCT = randomized-controlled trial; RT = resistance training;
SMD = standardized mean difference.

* Last article included was published in 2019. @ “exercise interventions that incorporated both endurance and muscle power
components” (p. 17), three of those were (in part) aquatic. ® hippotherapy, balance training, yoga, inspiratory muscle training, motor
learning, sports climbing, robot-assisted gait training. ¢ “aim of the intervention [...] to improve performance at a certain task such as
walking“ (p. 7) ¢“main fitness component in static and dynamic exercises that are designed to improve individuals' ability to withstand
challenges from postural sway or destabilizing stimuli caused by self-motion, the environment, or other objects” (p. 9). € “exercise
involving combination of two or more” of exercise components (aerobic, resistive, flexibility, and balance) “no dominant fitness
component focus provided” (p. 9). f “exercise explicitly aimed at more than one of the exercise components [...], often using a
progressive overload principle” (p. 9). 9”interventions that involved 2 or more components of exercise during the same session, often
using coordination, balance, and strength exercise” (p. 3). ""balance-bases [sic] exercises focused on breathing and postural control,
such as Pilates or yoga; this intervention could add strength exercises” (p. 3). ' “static or dynamic exercises aimed to improve postural
and neuro-muscular control“ (p. 3) # primary focus of the intervention explicitly stated as reducing fatigue.

Bold = significant SMD
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Figure 3

Hypothetical Effects of Exercise on Mechanisms Underlying MS Fatigue

/ Reduced primary MS fatigue \
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metabolic hypotheses histaminergic, and angiogenesis and vascular Improved motor function
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pro-inflammatory cytokines \L
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Note. Figure from “Potential Pathophysiological Pathways That Can Explain the

Positive Effects of Exercise on Fatigue in Multiple Sclerosis: A Scoping Review”, by
M. Langeskov-Christensen et al., 2017, Journal of the Neurological Sciences, 373, p.
314 (https://doi.org/10.1016/j.jns.2017.01.002) Copyright 2017 by Elsevier B.V. ADL

= activities of daily living; BDNF = brain-derived neurotrophic factor; CNS = central

nervous system; HPA = hypothalamic-pituitary-adrenal axis; MS = multiple sclerosis.

2.4.1 Evidence for the Aerobic Capacity - Fatigue Relationship

Deconditioning, described as reduced cardiorespiratory fithess and reduced
tolerance to exercise, is regarded as a pathway leading to secondary fatigue in pwMS
(Langeskov-Christensen et al., 2017) (Figure 3). For example, peak oxygen uptake
(VOzpeak) relative to bodyweight, a main indicator of aerobic capacity, is significantly
lower in ambulatory pwMS, compared to matched healthy controls (Klaren et al.,

2016). Furthermore, it was hypothesized, that increasing aerobic capacity may
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contribute to expending energy at a lower percentage of maximal energy expenditure
during functional tasks, which would subsequently attenuate fatigue (Rooney et al.,
2022; Rooney et al., 2019).

Consequentially, the improvement of aerobic capacity, mainly via endurance
training, was among the first exercise-based approaches to target fatigue - already
investigated in the late nineties (Mostert & Kesselring, 2002; Petajan et al., 1996).
Today, the ‘aerobic capacity — fatigue hypothesis‘ is still prominent in the literature
(Langeskov-Christensen et al., 2017; Rooney et al., 2019; Taul-Madsen et al., 2021).
However, one recent review and meta-analysis, which analyzed interventions
specifically designed to improve fatigue, quantified only small effects of endurance
training on fatigue and high drop-out rates (Moss-Morris et al., 2021). Additionally, in
a RCT powered and designed to study the effectiveness of aerobic training on fatigue
in severely fatigued pwMS, even one year of aerobic training did not lead to a clinically
meaningful fatigue reduction when compared to a low-intensity control intervention
(Heine et al., 2017). Furthermore, these authors questioned the trainability of pwMS
as the training response after one year of endurance training was marginal. The
amount of improvement in aerobic capacity was discussed as a relevant factor for
fatigue reduction and a prerequisite for a translational effect (Heine et al., 2017; Taul-
Madsen et al., 2021). Yet, a VOzpeak-responder analysis has not been performed in the
existing literature regarding fatigue reduction.

The meta-analysis by Harrison et al. (2021) included fatigue-targeted as well
as non-targeted exercise interventions and was performed by the same working group
as Moss-Morris et al. (2021), for the same timeframe (Table 5). It additionally applied
a network meta-analysis approach. Despite the highest number of studies (n=22),
aerobic training was least effective among the five exercise subtypes studied in the
network meta-analysis.

Andreu-Caravaca et al. (2021) focused their meta-analysis solely on aerobic
training studies (targeted- and non-targeted regarding fatigue), and only the ones that
applied the FSS as an outcome measure, thereby acquiring a homogenous sample of
11 studies. This resulted in an even smaller effect size (Table 5).

Contrary to these results showing that the effect of aerobic training on fatigue
is small or inferior to other types of exercise, other research has also shown the
opposite. Taul-Madsen et al. (2021) performed a meta-analysis on studies applying

only aerobic or resistance training (targeted and non-targeted regarding fatigue) and
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reported a large, significant effect size, which was superior to resistance training.
However, the effect of the 12 aerobic training studies was quantified to be
heterogeneous (Table 5).

Rooney et al. (2019) performed a cross-sectional (therefore not listed in Table
5) meta-analytic review showing that cardiorespiratory fitness and fatigue were
moderately associated with each other in the five studies analyzed. They concluded

that higher levels of aerobic capacity are associated with lower fatigue.

2.4.2 Evidence for Balance and Multimodal Exercise

In the context of reducing energy expenditure to reduce fatigue, it might not
only be necessary to improve aerobic capacity, but also to improve motor function
(e.g., muscle strength, gait kinematics) (Langeskov-Christensen et al., 2017) (Figure
3). This notion would also imply other training modalities than endurance training, e.qg.,
specific balance and motor control training to reduce energy cost and consequentially
reduce fatigue. Apart from improving energy expenditure, recent work has introduced
other pathways for fatigue reduction, emphasizing cognitive and sensory elements
present in motor control (Prosperini & Castelli, 2018). These included (l) balance
training for making “navigating the environment” (Moss-Morris et al., 2021, p. 14) less
effortful, (ll) “coordination of eye, head, and whole-body movements” to “reduce the
cognitive load associated with conscious compensatory strategies in dynamic
environments” (Hebert et al., 2018, p. 2), and (lll) “improvement of sensory integration
with a subsequent reduction of the cognitive load associated with motor processing”
(Callesen et al., 2020, p. 2).

The study of interventions specifically incorporating the abovementioned
elements for fatigue reduction is more recent than the study of aerobic training, with
the first studies emerging in the 2010s (Hebert & Corboy, 2013; Hebert et al., 2011).
As there potentially exist multiple pathways for fatigue reduction via exercise and
different exercise subtypes are more geared towards certain pathways than others
(Harrison et al., 2021), a case can be made for multimodal exercise. Indeed,
multimodal exercise has been studied frequently in pwMS and has also been regularly
considered as an exercise category on its own in several of the mentioned meta-

analyses (although termed inconsistently). As the framework that was described in
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Publication 2 is based on multimodal exercise as well as balance and motor control
training, evidence for both types will be briefly summarized.

In contrast to aerobic training, the characterization of balance and motor control
training, or multimodal training is extremely heterogeneous in the currently existing
meta-analyses. For example, the first meta-analysis that provided effect estimates for
exercise subtypes regarding fatigue (Heine et al., 2015), introduced the category of
‘task-oriented training’, which included two studies with a small effect size. One was a
home-walking program (Geddes et al., 2009), the other a task-oriented circuit training,
complemented with training of walking endurance (Straudi et al., 2014). Notably, both
studies were small pilot/feasibility studies, not designed to study the effectiveness of
the interventions. Despite being in the same category, both studies differed
substantially in training content (i.e., one intervention included no specific balance and
motor control training, while the other one did). The same meta-analysis also defined
the exercise categories of ‘mixed training’ and ‘other training’. While ‘mixed training’
focused on interventions incorporating only strength and endurance training, ‘other
training’ included a vast array of interventions, among them ‘balance training’ and
‘motor learning’, but also hippotherapy, yoga, or robot-assisted gait training. ‘Mixed
training’ attained the highest effect size in this meta-analysis (but was highly
heterogeneous).

Subsequently, the meta-analysis of Moss-Morris et al. (2021), defined a sole
category for ‘balance’ training, incorporating two studies specifically targeted at
fatigue, showing a very large, homogenous, and significant effect size (Table 5).
However, both studies were performed by the same group (Hebert et al., 2011; Hebert
et al., 2018). ‘General exercise (aquatic)’, defined in the meta-analysis as “exercise
involving a combination of two or more” (Moss-Morris et al., 2021, p. 9) exercise
components (aerobic, resistive, flexibility, and balance) performed in the water,
exhibited a moderate to large effect, but again, was heterogeneous. This was also the
case for general exercise performed on land, with just two studies included, and
therefore a non-significant result.

In the ensuing network meta-analysis (Harrison et al., 2021), ‘balance’ training
remained as the top exercise subcategory with a large, homogenous, and significant
effect size, now incorporating five studies performing vestibular rehabilitation, training
on a Wii balance board, personalized balance rehabilitation, sensory integration

balance training, robotic-assisted gait training, and hippotherapy. A recent RCT (n =
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71), published after the meta-analyses, performed balance and motor control training
in pwMS with impaired mobility for 10 weeks (including cognitive tasks) and quantified
significant fatigue reductions (although staying below a clinically relevant threshold on
group-level) (Callesen et al., 2020). This study design profoundly influenced the
framework described in Publication 2 and the feasibility study described in Publications
3-5.

2.5 Development and Feasibility Testing of Rehabilitation Interventions

As the present work describes the results of a feasibility study, background on
the importance of feasibility studies in the continuum of intervention development will
be given in this section.

Scaling of interventions can be defined as “processes occurring during
intervention development where initial early-stage pilot/feasibility studies are
conducted to inform a subsequent larger trial of a behavioral intervention“ (Beets et
al., 2021, p. 2). Several stage models for behavioral interventions currently exist
(Czajkowski et al., 2015). One stage model is included in the UK Medical Research
Council’s framework for developing and evaluating complex interventions, which
describes four phases: () development or identification of the intervention, (ll)
feasibility, (I11) evaluation, and (IV) implementation (Skivington et al., 2021). The stage
of research has implications for hypothesis generation, interpretation, and
contextualization of study results (Motl et al., 2022) and feasibility studies are
specifically designed to generate sufficient evidence to make informed decisions
whether a larger, more well-powered trial “can be done, should be done, and, if so,
how” (Eldridge et al., 2016, p. 2). At best, a feasibility study enhances the probability
for success of a subsequent large-scale, resource-intensive RCT (Leon et al., 2011).
Despite often being used interchangeably, a distinction between pilot and feasibility
studies can be made, in that pilot studies have the same aforementioned goals, but
are a subset of feasibility studies, which conduct a future definitive RCT, or part of it,
on a smaller scale (Eldridge et al., 2016). According to Thabane et al. (2010) reasons
to conduct a pilot study exist in several domains. For example, studying the feasibility
of trial ‘processes’ includes determining recruitment, and retention rates, while in the
‘resources’ domain, time and budget problems are evaluated. In the ‘management’

domain, data management can be scrutinized, and the ‘scientific’ domain deals with
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safety issues, among others. As a result of feasibility testing, researchers might adapt
the study intervention and evaluation procedures, or refrain from conducting a large-
scale study altogether, thereby avoiding the waste of resources. Besides quantitative
feasibility measures, qualitative methods have been increasingly adopted in feasibility
studies on interventions for a complex patient group or situated in a complex
environment (O'Cathain et al., 2015). Qualitative research might answer how to make
an intervention more acceptable to the target group or more relevant and useful in
specific contexts (among many other potential research questions).

The need to follow stages of development and methods of feasibility testing in
the specific field of exercise and rehabilitation for pwMS is profound. Learmonth and
Motl (2018) have argued, that a reason for ongoing debate about the strength of
evidence for exercise in pwMS is related to limitations of previous RCTs. For example,
they mentioned high attrition rates in exercise intervention studies, a decrease of
effects after an exercise program is terminated, and a generally poor degree of
physical activity in pwMS. They stated: “We believe that one major limitation of
previous research that ultimately undermines efficacy, effectiveness and translation is
that the majority of studies on physical activity and its benefits have not undergone
initial and systematic feasibility testing“ (Learmonth & Motl, 2018, p. 2). In this context,
it is important to note that the issue is not necessarily that feasibility studies do not
exist in the field. Quite contrary, other authors have criticized that most MS
rehabilitation trials belong to the lower stages of the UK Medical Research Council’s
framework and large-scale effectiveness and implementation research is lacking
(Dalgas et al., 2020; das Nair et al., 2019). The issues with pilot and feasibility trials
rather pertain to a wrongly placed emphasis on assessing statistical significance - in
a sample that is too small (Leon et al., 2011; Sim, 2019) - instead of feasibility
measures, and that many feasibility studies “tend to exist in isolation” (Thabane et al.,
2010, p. 11), meaning that promising interventions are not developed further on the
continuum (Sandroff & DelLuca, 2020). In a separate publication Learmonth et al.
(2019) further described how patient and public involvement in feasibility research, i.e.
qualitative methods, might help to explain why pwMS are not physically active despite
the existing evidence for exercise, and how it might identify ways to increase
recruitment and retention. Most recently, Motl et al. (2022) have shared their guidance
on improving the quality of research in the exercise and MS field, advising researchers

to clearly identify the stage of research, as they judged many studies to “straddle the
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stages of research” (p. 5). They advocated feasibility studies as learning lessons for a

subsequent larger trial. These ideas were incorporated into the present work.
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3 Research Questions

RQ1

RQ2

RQ3

Can previously described associations between aerobic capacity and
fatigue be reproduced on a cross-sectional and interventional level?

Is it feasible to conduct a randomized controlled trial including a newly
developed multimodal agility-based exercise training framework to improve
fatigue and fatigability in an inpatient rehabilitation setting?

How do pwMS experience the multimodal agility-based exercise training

and what are the demands of the study protocol from a patient perspective?
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4 Methods and Results (Abstracts)

Publication 1

Wolf, F.*, Rademacher, A.*, Joisten, N., Proschinger, S., Schlagheck, M. L., Bloch,
W., Gonzenbach, R., Kool, J., Bansi, J., & Zimmer, P. (2022). The aerobic capacity —
fatigue relationship in persons with Multiple Sclerosis is not reproducible in a pooled
analysis of two randomized controlled trials. Multiple Sclerosis and Related Disorders,
58, 103476. https://doi.org/https://doi.org/10.1016/j.msard.2021.103476

*shared first authorship

Background: Fatigue is one of the most frequent symptoms of pwMS but has limited
treatment options. Aerobic capacity and endurance training have been discussed as
relevant factors to improve fatigue. However, over the last decades, results have been
equivocal. This secondary analysis of two pooled parallel group RCTs of three weeks
of endurance training (high intensity interval training (HIIT) and moderate continuous
training (MCT)) for pwMS aimed to (I) reproduce reported associations between
aerobic capacity and fatigue on a cross-sectional and interventional level. The analysis
further aimed to (ll) investigate intervention effects on fatigue in a severely fatigued
subgroup and (lll) analyze differences in changes of fatigue between VOzpeak-

responders and non-responders.

Methods: Both RCTs were conducted in the same inpatient rehabilitation clinic in
Valens, Switzerland. Original primary outcomes were cognitive function (RCT1) and
change in proportion of circulating regulatory T-cells (RCT2). PWMS (n = 131) with a
relapsing-remitting or secondary progressive MS phenotype and Expanded Disability
Status Scale (EDSS) score between 1 - 6.5 were eligible. Over the two studies
participants exercised 3 - 5 times per week on cycle ergometers at intensities of 65 -
70% of maximum heart rate (HRmax) for 30 min (MCT groups) or three times per week
with five 90 — 180 s intervals at intensities of 85% — 100% of HRmax and 90 s rest
intervals (HIIT groups). Main outcome measures for the present secondary analysis
were VO2zpeak measured during a cardiopulmonary exercise test and the Fatigue Scale
for Motor and Cognitive Functions (FSMC), both assessed at the start and end of
inpatient rehabilitation.
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Results: Baseline correlations did not reveal a significant association between VOzpeak
and FSMC. There were no significant improvements in fatigue after the HIIT and MCT
in the overall sample or the subsample of severely fatigued pwMS and no significant
differences in fatigue changes between VO2peak-responders and non-responders.

Conclusions: Our analysis did not confirm the aerobic capacity - fatigue relationship
on a cross-sectional and experimental level, even when analyzing subgroups that

should benefit the most according to proposed hypotheses.

Figure 4

Baseline-Adjusted Analysis of Covariance Results for Patient-Reported Fatigue
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Note. (A) HIIT versus MCT within the total sample (n = 130); (B) severely fatigued
subgroup (n = 76); (C) VOzpeak responders vs. non-responders (n = 130). Figure from

“The Aerobic Capacity — Fatigue Relationship in Persons With Multiple Sclerosis is not
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Reproducible in a Pooled Analysis of two Randomized Controlled Trials”, by F. Wolf,
A. Rademacher, et al., 2022, Multiple Sclerosis and Related Disorders, 58, p. 4
(https://doi.org/10.1016/j.msard.2021.103476) Copyright 2021 by Elsevier B.V. T0O =
baseline; T1 = post exercise intervention; FSMC = Fatigue Scale for Motor and

Cognitive Functions; HIIT = High-Intensity Interval Training; MCT = Moderate

Continuous Training.
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Publication 2

Wolf, F., Eschweiler, M., Rademacher, A., & Zimmer, P. (2022). Multimodal Agility-
Based Exercise Training for Persons with Multiple Sclerosis: A New Framework.
Neurorehabilitation and Neural Repair, 36(12), 777-787.
https://doi.org/10.1177/15459683221131789

Introduction: Multimodal agility-based exercise training (MAT) has been described
as a framework for fall prevention in the elderly but might also be a valuable concept

for exercise training in pwMS.

The problem: Current recommendations advise pwMS to perform a multitude of
different exercise training activities, as each of these has its separate evidence.
However, pwMS struggle even more than the general population to be physically
active. Additionally, MS often leads to co-occurring mobility and cognitive
dysfunctions, for which simultaneous, time-efficient, and engaging training
approaches are still limited in clinical practice and healthcare.

The solution: The MAT framework has been developed to integratively improve
cardiovascular, neuromuscular, and cognitive function by combining aspects of
perception and orientation, change of direction, as well as stop-and-go patterns (i.e.,
agility), in a group-training format. For pwMS, the MAT framework is conceptualized
to include three Components: standing balance, dynamic balance (including functional
leg strength), and agility-based exercises. Within these Components sensory,
cognitive, and cardiovascular challenges can be adapted to individual needs.

Recommendations: We recommend investigating multimodal exercise interventions
that go beyond easily standardized, unimodal types of exercise (e.g., aerobic or
resistance exercise), which could allow for time-efficient training, targeting multiple
frequent symptoms of persons with mild disability at once. MAT should be compared
to unimodal approaches, regarding sensor-based gait outcomes, fatigue-related
outcomes, cognition, as well as neuroprotective, and (supportive) disease-modifying

effects.
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Figure 5

Structure of the MAT Framework for pwMS

Component | Component I Component Il
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Note. Figure from “Multimodal Agility-Based Exercise Training for Persons with

Multiple Sclerosis: A New Framework”, by F. Wolf, M. Eschweiler, et al., 2022,

Neurorehabilitation and Neural Repair,

36(12),

p.
(https://doi.org/10.1177/15459683221131789) Copyright 2022 by the Authors.
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Publication 3

Wolf, F.*, Nielsen, J.*, Saliger, J., Hennecken, E., Eschweiler, M., Folkerts, A.-K.,
Karbe, H., & Zimmer, P. (2022). Randomised controlled pilot and feasibility study of
multimodal agility-based exercise training (MAT) versus strength and endurance
training (SET) to improve multiple sclerosis-related fatigue and fatigability during
inpatient  rehabilitation  (ReFEx): study protocol. BMJ Open, 12(9).
https://doi.org/10.1136/bmjopen-2022-062160

*shared first authorship

Introduction: Subjective fatigue and objectively assessed fatigability are common
symptoms in pwMS. Recent work has suggested a positive effect of balance and motor
control training (BMCT) in reducing fatigue. It is unclear whether this effect can also
be attained during inpatient rehabilitation. MAT has been developed as a framework
that incorporates BMCT with added agility components but has not been applied to
pwMS. Therefore, this study will evaluate the feasibility of a RCT comparing MAT
against SET for the improvement of MS-related fatigue and fatigability in a German

neurological rehabilitation center.

Methods and analysis: A total of 24 pwMS (EDSS <5.0, FSMC 253) will be randomly
assigned to either SET or land and water-based MAT for 4—-6 weeks during inpatient
rehabilitation. Assessments of subjective fatigue, motor and cognitive fatigability,
cognitive and cardiorespiratory performance, and balance confidence will be
performed at admission and discharge. Subjective fatigue will also be assessed at 1,
4 and 12 weeks after discharge. Feasibility outcomes will include patients’ acceptance
of study procedures and interventions, recruitment rate, retention rate, time needed to
complete baseline assessments, intervention adherence and fidelity. All quantitative
outcomes will be reported descriptively. A total of 12 pwMS (six per group) will be

interviewed to gain insights into participants’ experiences during study participation.
Ethics and dissemination: Ethical approval has been obtained from the Ethics

Committee of the University of Bonn (reference number: 543/20). Dissemination of

findings is planned via peer-reviewed journals, conferences, and media releases.
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Publication 4

Wolf, F., Nielsen, J., Saliger, J., Hennecken, E., Kréber, P., Eschweiler, M., Folkerts,
A.-K., Karbe, H., & Zimmer, P. (2023). Multimodal agility-based exercise training
(MAT) versus strength and endurance training (SET) to improve multiple sclerosis-
related fatigue and fatigability during inpatient rehabilitation: a randomized controlled
pilot and feasibilty study [ReFEx]. BMC Neurology, 23(1), 388.
https://doi.org/10.1186/s12883-023-03436-8

Background: MAT is a group-based exercise training framework for pwMS with a
potential to impact fatigue and fatigability. In a mixed-methods design, this study
evaluated the feasibility of implementing MAT in an inpatient rehabilitation setting and
the feasibility of a RCT study protocol with ‘traditional’ SET as an active control

condition. Secondarily, preliminary outcome data was acquired.

Methods: PwWMS with low to moderate disability and self-reported fatigue were
randomly allocated to either MAT or SET when starting inpatient rehabilitation (4—6
weeks). The MAT-participants exercised in a group following a MAT-manual (sessions
were gym- (5x/week) and pool-based (3x/week)). SET-participants exercised
individually 5x/week on a cycle ergometer, and 3x/week on strength training machines.
Feasibility assessments focused on processes, resources, management, time, and
scientific domains. Assessed clinical outcomes at admission and discharge included
perceived fatigue, motor and cognitive fatigability, cognitive performance, motor
function, and balance confidence. Perceived fatigue was reassessed 1, 4, and 12
weeks after discharge. Feasibility was determined regarding predetermined

progression criteria.

Results: Twenty-two participants were randomized. Both groups performed the
minimum number of sessions (>18), and retention was adequate (73-91%). SET-
participants performed more sessions than MAT-participants (30.8 vs. 22.7) and
stayed longer in the facility (34.2 vs. 31.6 days). Non-eligibility of admitted pwMS was
high (74% non-eligible), mainly due to high EDSS and inability to attend pool-based
sessions. Consequently, recruitment (1.8/month) was

slower than the predetermined progression criterium. Baseline assessments took

longer than required (only 50% completed within 3 days). Short-term fatigue reduction
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was similar for both groups. Motor fatigability also improved in both groups, whereas
cognitive fatigability deteriorated. In MAT, average improvement in walking endurance

(43.9m) exceeded minimal important change values for individuals (>26.9m).

Conclusions: Progressing to a definitive RCT necessitates adaptation of eligibility
criteria. In the present design it will also be difficult to attain similar dosing of
interventions. A multicenter RCT focused only on gym-based MAT might be another
option to assess the effect of MAT. The primary outcome measure should be able to

measure change in perceived fatigue more robustly.
Table 6

Predefined Quantitative Progression Categories and Results

Requirement Results

quantitative
1. Adherence

Average of at least 18 therapy sessions com- + MAT: 22.7 (12-33)

pleted during the stay per group + SET: 30.8 (18-38)

2. Recruitment

4 participants/month —1.8/month

< 25% non-eligible pwMS —74% non-eligible

< 10% eligible but unwilling to participate - 12%

3. Retention

T, >90% per group +91% (both groups)

T,>80% per group +82% (MAT)
—73% (SET)

4.Time

>80% able to complete all baseline assessments  —50%
within the first 3 days of therapy

Note. Adherence data is presented as mean (minimum-maximum). Table from
“Multimodal Agility-Based Exercise Training (MAT) Versus Strength and Endurance
Training (SET) to Improve Multiple Sclerosis-Related Fatigue and Fatigability During
Inpatient Rehabilitation: A Randomized Controlled Pilot and Feasibility Study
[ReFEx]’, by F. Wolf, J. Nielsen, et al., 2023, BMC Neurology, 23(1), p.388
(https://doi.org/10.1186/s12883-023-03436-8) Copyright 2023 by the Authors. + =

requirement fulfilled; - = requirement not fulfilled; MAT = multimodal agility-based
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exercise training; pwMS = persons with multiple sclerosis; SET = strength and

endurance training; T1= discharge; T2= 1 week post-discharge.

Figure 6

WEIMuS Scores for Both Groups Across all Measurement Timepoints
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Note. Scores refer to the total score on the WEIMuS. Lower scores indicate less
fatigue. Box plot: line = median, whiskers = minimum and maximum; upper dotted line
= maximum WEIMuS total score (=68); lower dotted line = cut-off for fatigue (=32);
Figure from “Multimodal Agility-Based Exercise Training (MAT) Versus Strength and
Endurance Training (SET) to Improve Multiple Sclerosis-Related Fatigue and
Fatigability During Inpatient Rehabilitation: A Randomized Controlled Pilot and
Feasibility Study [ReFEX]”, by F. Wolf, J. Nielsen, et al., 2023, BMC Neurology, 23(1),
p.388 (https://doi.org/10.1186/s12883-023-03436-8) Copyright 2023 by the Authors.

MAT = multimodal agility-based exercise training; SET = strength and endurance

training; To = admission; T1 = discharge; T2 = 1 week post-discharge; Ts = 4 weeks
post-discharge; T4= 12 weeks post-discharge; WEIMuS = Wlrzburg Fatigue Inventory
for Multiple Sclerosis.
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Figure 7

Individual WEIMuS Score Trajectories for Participants with a Full Data Set

Individual WEIMusS trajectories
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Note. Numbers on the right denote the participant ID. A decrease in score indicates
less fatigue. Red = multimodal agility-based exercise training; green = strength and
endurance training; upper dotted line = maximum WEIMuS total score (=68); lower
dotted line = cut-off for fatigue (=32). Figure from “Multimodal Agility-Based Exercise
Training (MAT) Versus Strength and Endurance Training (SET) to Improve Multiple
Sclerosis-Related Fatigue and Fatigability During Inpatient Rehabilitation: A
Randomized Controlled Pilot and Feasibility Study [ReFEX]”, by F. Wolf, J. Nielsen, et
al., 2023, BMC Neurology, 23(1), p.388 (https://doi.org/10.1186/s12883-023-03436-8)
Copyright 2023 by the Authors. To = admission; T1 = discharge; T2 = 1 week post-
discharge; T3 = 4 weeks post-discharge; T4 = 12 weeks post-discharge.
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Publication 5

Wolf, F., Folkerts, A. K., Zimmer, P., & Nielsen, J. (2024). Experiences of fatigued
persons with multiple sclerosis with multimodal agility-based exercise training and the
ReFEx study protocol: a qualitative extension of a feasibility study. BMJ Open, 14(2),
e076333. https://doi.org/10.1136/bmjopen-2023-076333

Objectives: (i) to explore experiences of fatigued pwMS with a new MAT framework
and (ii) to investigate the demands of the ReFEXx study protocol, which compares high-
frequency MAT and ‘traditional’ SET to identify possible adaptations for a powered
RCT.

Design: A qualitative interview study nested within a feasibility RCT, comparing MAT
and SET.

Setting: Neurological inpatient rehabilitation center in Germany.

Participants: Twenty-two pwMS were recruited for the feasibility study. Six were
selected from MAT and SET, respectively, for semi-structured face-to-face interviews
prior to discharge, following a purposive sampling strategy. Participants had low
physical disability but were at least moderately fatigued.

Interventions: During inpatient rehabilitation (4-6 weeks) MAT-participants attended
group- and manual-based MAT sessions in the gym (5x/week, 30 min) and the pool
(3x/week, 30 min). SET-participants exercised individually on a cycle ergometer

(5x/week, 22 min) and on strength training machines (3x/week, 30 min).

Results: Three key categories emerged from the interviews. (i) Facilitators regarding
MAT were variety and playfulness, group setting, and challenging exercises. Barriers
regarding MAT were feeling overburdened, feeling pressured in the group setting, and
the wish to perform ‘traditional’ strength training (not part of MAT). (ii) MAT benefits
were of physical and psychological nature, with improved balance stated the most. (iii)
Demands described the perceived exertion during MAT and SET, reflecting that there

is no accumulation of fatigue during the intervention.
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Conclusions: MAT is appreciated by pwMS and includes facilitators less attainable
with ‘traditional’ SET. Evaluation of MAT in a powered RCT is indicated, if rest breaks
post-session, and screening for negative self-evaluation and social comparison are
considered. Future (qualitative) research should investigate the important factors of

inpatient rehabilitation contributing to fatigue reduction in pwMS.
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5 Discussion

5.1 Discussion of Results
RQ1 Can previously described associations between aerobic capacity and

fatigue be reproduced on a cross-sectional and interventional level?

In Publication 1, the secondary analysis of pooled data from two similar RCTs
conducted at the Rehabilitation Center Valens, Switzerland, revealed no association
between aerobic capacity and fatigue for pwMS entering the trial, and thus could not
reproduce the considerably stronger association reported in the cross-sectional meta-
analysis of Rooney et al. (2019). PWMS also did not report a statistically significant
change in fatigue from start to end of the inpatient rehabilitation period and the two
endurance training programs did not differ in their effects, despite differences in
intensity. These results did not change when analyzing only participants which should
benefit the most, i.e., those who were severely fatigued at baseline, or those who
substantially improved their cardiorespiratory fitness. Looking at Figure 4(B), a
stronger effect of HIIT compared to MCT might be detectable in a fully powered trial
(also supported by the effect sizes reported in the paper), but the absolute changes in
FSMC score stayed below a clinically relevant change of 10 points (this value was
communicated by the FSMC developer, Dr. Penner, to be clinically relevant (D'Hooghe
et al., 2018)). Thus, the analysis “could not establish a translational effect of VO2peak
improvement on fatigue” (Wolf, Rademacher, et al., 2022, p. 4).

When integrating these results into the existing literature, a first option could be
that functional status might moderate the association between fatigue and aerobic
capacity. That is, correlation between the two measures might be stronger in pwMS
with higher disability (i.e., with a higher EDSS). The two studies that reported the
strongest correlations (r = —0.58 (Koseoglu et al., 2006) and r = -0.70 (Pilutti et al.,
2015)) in the meta-analysis by Rooney et al. (2019) used arm or recumbent ergometry
in patients with higher mobility limitations (who might be unable to perform leg cycle
ergometry). This might explain why Rooney et al. (2019) also quantified significant
heterogeneity among the five studies included in the meta-analysis, as the other
samples had lower disability values and applied leg cycle ergometry - similar to the
present design. Post-publication of Publication 1, the network meta-analysis by

Torres-Costoso et al. (2022) became available (Table 5). These authors performed
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subgroup analyses regarding the effect of aerobic exercise on fatigue in mild,
moderate, and severe disability subgroups. Even though effect sizes were highest in
the severe subgroup, data were lacking for aerobic training interventions in patients
with higher disability, and all reported effect sizes were non-significant for the
subgroup analyses. The authors suggested that existing studies on aerobic exercise
might “be penalized for not being long enough to result in improvements in
cardiovascular function and reduced fatigue® (Torres-Costoso et al., 2022, p. 14).

Langeskov-Christensen et al. (2022) compared 6 months of twice weekly
supervised progressive aerobic exercise against a waitlist control in 86 pwMS with
mild disability and reported a significant and clinically relevant decrease in fatigue
impact (measured using the MFIS), but not in fatigue severity (measured using the
FSS). The authors similarly quantified a significant moderate correlation of aerobic
capacity and MFIS scores at baseline, contrary to the present results. Interestingly,
this was not verified with the FSS. Positive results of the aerobic training intervention
might be explained by the considerably longer training duration compared to the
present inpatient rehabilitation setting, while the differing results on correlation at
baseline might be explained by different questionnaires in use, or better validity of the
cardiopulmonary exercise test in the slightly less disabled sample of Langeskov-
Christensen et al. (2022).

In another recent high-quality study by the same group, including 84 pwMS, no
difference in effect between high-intensity aerobic exercise, progressed within and
between four cycles of 12 weeks (i.e., one year of training) and a health education
control group was observed (Riemenschneider et al., 2023). The comprehensive
exercise program included two weekly sessions, and a mixture of continuous and
interval training sessions. All sessions were supervised. The differing results of the
two studies with similar training content executed by the same group might suggest
that placebo effects from a health education control group are large enough to match
the effects by the aerobic exercise, or a lack of granularity and placebo
responsiveness of the applied fatigue measures (Block et al., 2022; Nourbakhsh et al.,
2021). Missing effects are also supported by evidence from the mentioned meta-
analysis (Moss-Morris et al., 2021). In pwMS, a change in secondary fatigue (i.e., less
deconditioned) might not have a meaningful impact “on a subject’s overall fatigue
experience, if primary fatigue [e.g., inflammation-based disruption of neural

connectivity] remains unchanged” (Wolf, Rademacher, et al., 2022, p. 4).
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Together, these findings contradict the large effect size reported for aerobic
training in the meta-analysis of Taul-Madsen et al. (2021). Furthermore, despite these
results, aerobic training continues to be highlighted as a primary exercise strategy, for
example by Marchesi et al. (2022): “and performing sports, particularly aquatic
exercise and aerobic training, is a good suggestion for fatigued MS patients” (p. 686).
This seems to be questionable regarding the evidence for other exercise modalities
being (more) promising.

A similar connection between fatigue and physical fithess (including aerobic
capacity as one component) is hypothesized to exist in stroke survivors (Larsson et
al., 2023). Interestingly, a recent meta-analysis found only two studies quantifying the
association between post-stroke fatigue and VOzpeak, Which were combined with
studies assessing other aspects of physical fithess (e.g., gait speed, lower extremity
strength) in the meta-analysis (Larsson et al., 2023). Both studies did not find a
significant relationship between fatigue and VO2peak (Oyake et al., 2021; Tang et al.,
2010). However, Oyake et al. (2021) did quantify a significant association with a
submaximal oxygen uptake measure. Taken together, results from the stroke literature
do not provide compelling evidence transferable to pwMS.

Nevertheless, there are several aspects that can be investigated, which might
still find associations in specific areas of the aerobic capacity — fatigue relationship in
pwMS. Specifying the components of the relationship and potential moderators seems
to be critical for future research. The association between aerobic capacity and fatigue
might substantially depend on whether fatigue is being studied as a trait characteristic
or a state variable, i.e., is aerobic training conceptualized to decrease retrospective
fatigue ratings for everyday life or to decrease fatigue ratings while performing certain
physical activities? A study assessing the associations with both aspects would be
beneficial. Similarly, different aspects of aerobic capacity can be assessed. As will be
further examined in the discussion of methods, measures of VOzpeak might be
suboptimal in pwMS (Schlagheck et al., 2023). Studies using submaximal measures
of aerobic capacity (Valet et al., 2020) might be more appropriate to find associations
with fatigue. Addressing flaws in the assessment of fatigue as well as aerobic capacity
might lead to more robust associations between both constructs. Studies should apply
one of the recently developed fatigue questionnaires with better psychometric
properties to see whether results differ compared to the usually applied questionnaires

with limited quality (Close et al., 2023). Lastly, future studies should design direct
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comparisons of different types of exercise, which have different targets regarding

fatigue. One example for this is the ReFEXx protocol (Wolf, Nielsen, et al., 2022).

47



RQ2 Is it feasible to conduct a randomized controlled trial including a
newly developed multimodal agility-based exercise training
framework to improve fatigue and fatigability in an inpatient
rehabilitation setting?

After Publication 1, a MAT framework for pwMS was developed with all
rationales being described in Publication 2. This was followed by Publication 3,
outlining the ReFEx study protocol for comparing the new framework with ‘traditional’
SET in an inpatient rehabilitation setting. As Publications 2 and 3 do not contain
results, discussion of results proceeds with Publication 4, which emphasized feasibility
measures of the ReFEx protocol. The following part will only discuss feasibility
aspects, which were set as progression requirements, as these were the main markers
to answer the research question. Details on other aspects of feasibility, including
fidelity, data management, perceived exertion, and adverse events, are reported in
Publication 4.

Results were summarized in Publication 4 as follows: “one category was fulfilled
(adherence), one was mixed, but approached a positive value (retention), and two
were negative (recruitment, time)” (Wolf et al., 2023, p. 3) (Table 6). Therefore, it is
not feasible to conduct a RCT with the present study protocol.

The most important negative category was recruitment, as only about 1.8
participants were randomized each month (four were intended). “A preliminary sample
size calculation for a clinically relevant difference between the two groups regarding
the Wirzburg Fatigue Inventory for Multiple Sclerosis (WEIMuS) retrieved a sample
size of n = 66” (Wolf et al., 2023, p. 9), which would take almost 4 years to recruit with
the present study protocol, making it unfeasible to continue in the present form. The
primary reason for the low recruitment rate was the very high rate of non-eligibility for
trial participation (74%), which was attributable to high EDSS scores and the inability
to attend pool-based sessions among pwMS admitted to the NRC.

The second negative category (time) showed that only one in two participants
completed all baseline assessments within the first 3 days, with an average of 4.1 days
needed. Reasons for this were manifold, including (I) delays in the screening process
(e.g., clarification of participants’ actual ability to attend aquatic therapy, delays in
physician’s assessment of EDSS) affecting when baseline assessments could be

initiated, (Il) scheduling issues (issues with the scheduling process itself, or limited
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time slots where assessments could be carried out), (lll) participants not showing up
for the appointment due to personal reasons or conflicts with other appointments.

The category of retention showed that more than 90% in both groups completed
the assessments pre-discharge, as intended. One-week post-discharge (i.e., at
home), the MAT-group fulfilled the criterion of at least 80% completing the online
questionnaires, while the SET-group reached 73%. This reflects three of 11
participants not returning the questionnaires post-discharge in the SET-group, which
includes one participant dropping out of the study due to acute Lyme disease.
Therefore, despite the mixed result, it can be expected that once participants are
enrolled in the study, there is an adequate probability for them to complete the post-
intervention and post-discharge assessments.

Lastly, the results on adherence “indicated that a high frequency of sessions
was possible on an organizational level” (Wolf et al., 2023, p. 8) and regarding the
fatigued patient collective, as both groups performed more than the intended 18
sessions during the intervention period (90% adherence overall). An exception was
the pool session (76% adherence), which was attributed to scheduling issues (the
session was scheduled after the lunch break).

Only few other studies have reported adherence rates of exercise interventions
conducted in inpatient rehabilitation settings. Some of the existing ones have reported
even higher adherence rates. For example, Zimmer et al. (2018) reported 100%
adherence in an endurance training study (RCT1 pooled for Publication 1), but this
trial also included less study-related sessions per week (3-5x/week for 3 weeks vs.
8x/week for >4 weeks in the present study). Similarly, Smedal et al. (2011) performed
a study in a Norwegian as well as a Spanish inpatient rehabilitation center and reported
99.3% adherence to 17 physiotherapy sessions conducted during a period of 4 weeks
— again showing higher adherence, but also only about four sessions/week. In a study
on persons with moderate to severe MS, 100% adherence was also attained for 4
weeks of active-passive cycling with five sessions/week (Barclay et al., 2019). The
scarcity of adherence assessments in this setting potentially shows weaknesses in
overall feasibility assessment and, consequentially, compromised interpretability of
training results. Moreover, compromised interpretability of training results is not only a
problem confined to the setting of inpatient rehabilitation, but a general problem of
exercise studies conducted in pwMS (Dennett et al., 2020; Motl et al., 2023;
Schlagheck et al., 2021).
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Regarding retention, post-intervention, Smedal et al. (2011) and Zimmer et al.
(2018) reported 85% and 95% retention, respectively. For other exercise intervention
studies conducted in inpatient rehabilitation settings, similar values of 85% (Claerbout
et al., 2012) or even 97% (Dettmers et al., 2009) can be calculated from the data
provided. A systematic review conducted on exercise training RCTs - irrespective of
setting - reported an average of just under 85% retention for the exercise and control
arms (Pilutti et al., 2014), emphasizing a high level of retention for the present study
and for studies in inpatient settings in general.

The author is not aware of any other studies reporting the time (i.e., days) it
took to complete baseline assessments. Three days were the minimum expected
number for the physical and cognitive testing, and the research team was aware that
this number was challenging. From a trial design perspective, to capture a true
baseline score, participants should only start training after finishing all baseline
assessments. Therefore, the longer it takes to complete baseline assessments, the
less training time will be available, and this is especially relevant in rehabilitation
settings with a fixed rehabilitation duration (e.g., 4 weeks).

There are examples of other inpatient rehabilitation trials conducted in similar
settings, recording similarly low eligibility. In the study by Zimmer et al. (2018), 106
persons fulfilled the MS phenotype (relapsing-remitting, or secondary-progressive MS,
identical to the present study) and EDSS criteria (1.0 — 6.5). Despite the wider EDSS
range, only 60 persons were eligible to participate in the trial, resulting in a non-
eligibility rate of 43%. Notably, the eligibility rate of all pwMS admitted to the clinic was
not reported, potentially explaining why the present rate of non-eligibility was even
higher. Additionally, no aquatic training was performed, excluding an eligibility
criterion, which increased non-eligibility in the present study. In a trial on walking
exercise conducted in a German rehabilitation facility, Dettmers et al. (2009) described
a rate of 70% of admitted persons being excluded from study participation, equaling
the present rate of 74%, but focusing on patients with even lower functional disability
(i.e., EDSS <4.5). Yet, the paper did not make a precise distinction between the
eligibility and recruitment rate, making interpretation difficult. In a recent study on
combined energy management education and endurance training, also conducted in
the RCV, 182 admitted pwMS fulfilled the EDSS criterion (<6.5) (Patt et al., 2023). Of

those, only 18% were non-eligible to participate in the trial. However, the same
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constrains apply, as the eligibility rate of all pwMS admitted to the clinic was not
reported, but only for those, who fulfilled the EDSS criterion. In this study, a higher
refusal rate (24%) than in the present study (12%) was identified.

With these results, the primary target of protocol adaptions should be the
enhancement of the recruitment rate. To recruit the targeted four participants per
month (resulting in a recruitment period of about 17 months to reach the calculated
sample size) - with the current refusal rate (12%) - a maximum of 35% of admitted
pwMS should be evaluated as non-eligible. This research has shown that the main
mechanism for decreasing non-eligibility, would be the criteria of (I) EDSS and (ll) the
ability to attend aquatic therapy. Adaptation of the EDSS criterion, however, is
constrained. From the experience gained during the intervention and the feedback
from participant interviews (see RQ3, below), MAT requires a rather homogenous
group from a motor performance perspective. Therefore, increasing the EDSS limit
does not seem to be viable. The other option would be to increase the pool of persons
with an adequate EDSS. This might be accomplished by expanding to a multicenter
trial, which would increase external validity of the findings, but also influences
resources needed. If the trial would be restricted to evaluate gym-based MAT only,
that is, abandoning the ‘aquatic therapy’ criterion, non-eligibility would have decreased
by only five persons (6%) in the current sample, as many persons with high EDSS are
also not able to attend group-therapy in the pool. Regarding other criteria that could
be changed, the criterion of MS phenotype could be expanded to include primary-
progressive MS forms as well. However, in the current sample, this would only lead to
a negligible decrease of the non-eligibility rate to about 65% (when changing the
criteria of aquatic therapy and MS phenotype together).

Furthermore, cutting the aquatic part has other consequences to be considered.
The main reason to introduce pool-based MAT to the study design was to increase the
amount of standardized therapy content for the MAT-group. The same is true for
introducing strength training in the SET-group. This is based on the issue that, if these
sessions would not have been part of the study, the available time would have been
filled with ‘unstandardized’ therapy sessions, as the amount of therapy received by
patients during rehabilitation is regulated, for example, by the German pension
insurance company. Increasing the amount of ‘unstandardized’ therapy would make
the two study groups less comparable and would further dilute the effects of the study

interventions. Thus, for the current mono-center setting, there seems to be no viable
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option to attain the desired recruitment rate, leaving a multicenter trial as the only
option.

Overall, the results on adherence have confirmed the advantages of inpatient
rehabilitation settings, including the possibility of high frequency exercise and high
retention rates, as patients are on-site, out of their everyday life. However, pwMS are
also embedded in a multidisciplinary setting, with study-unrelated appointments
possibly interfering with study-related sessions. Therefore, MAT should also be

evaluated in outpatient settings with a longer intervention duration.
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RQ3 How do pwMS experience the multimodal agility-based exercise
training and what are the demands of the study protocol from a patient

perspective?

Publication 5 followed the quantitative feasibility evaluation in Publication 4 with
a qualitative analysis of pwMS’ experiences. The qualitative analysis was designed to
acquire information on factors influencing future adherence and uptake of MAT as well
as feasibility of the ReFEx protocol from the participant’s perspective. Face-to-face
interviews with a purposive sample of 12 ReFEx participants were performed.
Questions in the interview guide were based on relevant topics from the qualitative
MS literature (Learmonth & Motl, 2016) and guidance on qualitative research in the
context of feasibility studies (O'Cathain et al., 2015; Skivington et al., 2021). Results
of the qualitative evaluation were summarized in Publication 5 as follows:

facilitators regarding MAT were variety and playfulness, the group setting and
the feeling of being challenged by the exercises, whereas pre-existing
expectations on the benefit of ‘traditional’ strength training, feeling
overburdened and feeling pressured in the group were barriers. . . . As
expected, some participants from MAT and SET acutely experienced fatigue
after the sessions, while occasionally being unable to recover for the next
appointment. However, this did not result in being unable to attend the second
study-related session of the day or sessions on the following day. None stated
experiencing an accumulation of fatigue, instead, improved fatigue was
reported prior to discharge (ie, the time of the interview). (Wolf et al., 2024, p.
8)

These results can be interpreted as pwMS appreciating several aspects of MAT, which
are not part of ‘traditional’ training approaches (i.e., SET) such as the companionship
and motivation gained by training in a group, the variety of the training content, and
the playfulness. All these factors facilitate exercise adherence, a critical aspect for the

positive impact of exercise (Motl et al., 2023). Furthermore, considering minor
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adjustments such as rest breaks after exercise sessions, the protocol was feasible to
conduct from the participant perspective.

As mentioned in the discussion of RQ2, a high degree of adherence and
retention can be expected in inpatient rehabilitation settings. However, if MAT would
be applied in an outpatient setting, the mentioned facilitators of MAT might have an
even more profound impact, fostering adherence in less supervised conditions. Other
researchers evaluating a similar balance and core stability intervention suggested the
combination of supervised and unsupervised (home-based) training to achieve a
sustainable routine, as the unsupervised part had considerably lower adherence
(Carling et al., 2017). The same group also highlighted the importance of a mixed-
methods approach for the evaluation of new interventions (Carling et al., 2018).

Besides the characteristic of supervised exercise, several authors suggested
group exercise to be a main driver of exercise adherence, also reflected in qualitative
evaluations (Aubrey & Demain, 2012; Carling et al., 2018; Learmonth & Motl, 2016)
and the present results. Interestingly, positive attitudes towards training in a group
emerged despite of the current group setting not being as permanent compared to
other settings, as there was a continuous flow of participants entering and leaving the
group when they were admitted or discharged from the clinic. On the other hand, being
part of a group and having regular opportunities to socialize might be even more
important in an inpatient setting, as pwMS are away from their usual social
environment for several weeks.

Being challenged by the exercises was a theme that similarly emerged in the
qualitative evaluation by Carling et al. (2018) despite of their sample having higher
mobility disability. The authors also described that performing challenging exercises
was connected to experiencing a boost in self-confidence, mirroring experiences from
the MAT-participants.

Regarding the barriers for MAT mentioned in the citation above, other research
has shown that pwMS tend to avoid exercising amongst ‘healthy’ people (Learmonth
et al., 2012). Notwithstanding that the current participants exercised together with
other pwMS (or persons with other neurologic illnesses), the group setting still posed
a challenge for some regarding negative effects of social comparison. Upward and
downward social comparison was also described by Russell et al. (2022) who
examined experiences of pwMS participating in a social cognitive behavior change

physical activity intervention. The authors described how social comparison can have
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positive and negative consequences, which was also observable in the current group.
To hone positive aspects of the group environment - such as improved learning and
encouragement (Horton et al., 2015) — a similar level of motor performance of
participating pwMS seems to be important, as is a group leader/therapist carefully
selecting exercise content. That some participants felt overburdened at times, might
likewise be connected to upward social comparison coupled with low self-esteem.

Prior beliefs about the benefits of ‘traditional’ strength training emerged as
another barrier for the new MAT, a factor less relevant in other qualitative research.
Strength training is a common form of exercise and part of MS exercise guidelines
(Kalb et al., 2020). Accordingly, many pwMS have experiences with this form of
exercise. Studies evaluating new exercise approaches may need to invest more
energy in explaining its specific benefits to participants during exercise sessions, but
also in the study information sheet — especially, if a traditional exercise approach is
evaluated against a new form of exercise.

In the present qualitative investigation participants reported that they were able
to recover for the second study-related session of the day or sessions on the next day.
This contrasts statements from more disabled participants in the study by Carling et
al. (2018), who were sometimes not able to recover between separate days,
demonstrating differences between these MS samples. Nevertheless, the present
participants did advocate for consistent rest breaks of 30 min to 60 min after the
exercise sessions to recover for the subsequent study-unrelated appointments. Rest
breaks to alleviate fatigue were also a facilitator for exercise participation in the studies
reviewed by Learmonth and Motl (2016). Following the considerations of Ware et al.
(2022), the expected fatigue after exercise participation is an important predictor for
future exercise engagement and might be based on the interpretation of bodily signals
(i.e., interoception). Indeed, in the present study, pwMS frequently commented on
bodily sensations after exercise cessation. Accordingly, during inpatient rehabilitation,
pwMS might experience reduced worry regarding the negative effects of exercise on
their energy levels as they do not have to work, care, or adhere to household duties.
In that way, the inpatient environment might enable them to experience the positive
effects of exercise. Several participants commented that just being in the rehabilitation
facility and being freed from their usual obligations, had a profound impact on their
fatigue. This was summarized under the term ‘vacation from daily grind’ in the

qualitative analysis. Interestingly, a recent qualitative study (Ghaidar et al., 2022)
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reported that factors for the decision of pwMS to attend inpatient rehabilitation in
Germany were: “the escape from everyday life, finding time to relax, and to fully
concentrate on one’s health” (Wolf et al., 2024, p. 9). This finding matches very well
with the experiences of the current participants.

Overall, qualitative investigations can be seen as a valuable methodology in the
field of MS and fatigue, especially regarding the mentioned issues of existing fatigue
questionnaires. Future studies should embark on similar mixed-methods study
designs. Additionally, patient representatives should be included in the construction of
the interview guide and the analysis process to increase patient involvement in the

research.
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5.2 Discussion of Methods

The following chapter will discuss strengths and weaknesses of the performed
studies regarding the study Populations, Interventions, Comparators, Outcomes,
Timing, and Settings (i.e., based on the PICOTS framework). This approach was
partially influenced by a recent publication of the Moving Exercise Research Forward

initiative on study designs in MS exercise studies (Dalgas et al., 2023).

Study Populations

The current research focused on pwMS reporting fatigue, which is an
advantage compared to many previous studies, reporting results on patient
populations, that were not prescreened for the presence of fatigue (Moss-Morris et al.,
2021). Furthermore, pooling samples from two RCTs for Publication 1 enabled a large
sample size and sub-group analysis. Notably, using sub-group analysis, the
hypothesis that fatigued pwMS benefit the most from endurance exercise was not
supported. Distinguishing fatigued from non-fatigued pwMS was attained by using the
same questionnaire (FSMC) in both study settings (i.e., RCV and NRC), which had
been specifically suggested for this purpose (Sander et al., 2017).

Another strength of the acquired samples is the reduced ‘risk of selection bias’
(Dalgas et al., 2023), as it might be more probable for ‘non-exercisers’ to take part in
an exercise study in the setting of inpatient rehabilitation, as they are not restrained
by their usual environment (e.g., time problems, social obligations, etc.), compared to
outpatient settings. Therefore, one can be confident that results apply to persons with
average motivation for exercise.

Weaknesses of the study populations mainly pertain to the EDSS. For the
studies at the RCV, functional disability might have been too high for some persons to
be adequately assessed for aerobic capacity using a cycle ergometer (see Outcomes
section below). For the ReFEx study, EDSS criteria were lower but hard to recruit, as
described. It can be argued that the target population of MAT might be even lower
than the current limit of EDSS 5.0. From a motor performance perspective, the gap
between EDSS 1.0 and 5.0, for example, might be too large in a group-training setting.
Another way to construct inclusion criteria might be to screen for the targeted fatigue
pathway. In theory, if an intervention like MAT focuses on “improvement of sensory

integration with a subsequent reduction of the cognitive load associated with motor
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processing” (Callesen et al., 2020, p. 2), a test of sensory integration might be used to
screen for persons with decreased sensory integration and fatigue.

Lastly, none of the reported results were based on a priori sample size
calculations, as Publication 1 was a secondary data analysis and the ReFEx study

was a feasibility study.

Interventions

The MAT intervention was fatigue-targeted with a profound theoretical
background. Furthermore, fatigue is the primary outcome of the ReFEXx protocol. Both
were points of critique in previous exercise studies (Moss-Morris et al., 2021).
Considering these aspects helps to study the ‘active ingredients’ of a rehabilitation
treatment and to understand mechanisms of action (Van Stan et al., 2021). Fatigue as
the primary outcome also enables an appropriate sample size calculation. The MAT
framework itself was thoroughly described and defined in a ‘point-of-view’ paper (i.e.,
Publication 2), offering far more information regarding the exercise content than usual
for exercise studies. By publishing a feasibility protocol paper and adhering to the
Consensus on Exercise Reporting Template for Therapeutic Exercise Interventions
(Page et al., 2017), detailed descriptions of intervention components are available to
other researchers.

As described in the previous section, the influence of concurrent treatments
during inpatient rehabilitation was reflected in the study design and monitored during
the study.

Furthermore, the principles of exercise training (Dalgas et al., 2023; Schlagheck
et al., 2021) were thoroughly considered when constructing the exercise programs:
the principle of specificity is essentially under investigation in the ReFEx protocol, as
it asks whether MAT or SET is more specific to alleviate fatigue in fatigued pwMS. All
MAT modules included modifications and progressions in exercise complexity. The
strength training also included predetermined progressions in training load. The
endurance training was progressed based on individual’s perceived exertion (but not
predetermined). The principle of initial values was considered by only including
persons with fatigue. However, the more proximal training targets were less
considered, e.g., persons in the MAT were not screened for sensory integration
deficits, as described above. Hence, another adaptation for the ReFEXx protocol could

be a test of high-level mobility functions, such as the High Level Mobility Assessment
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Tool (Smith et al., 2020; Williams et al., 2012) to acquire initial values of high-level
mobility/agility. Finally, the achievement of sufficient overload was mostly subjective
(apart from the strength training). Nevertheless, ‘session-rating of perceived exertion’
was used, which is a valid method to measure training load and frequently applied
even in athletic populations (Haddad et al., 2017).

Comparators

Control groups are of substantial importance in exercise training studies
(Hecksteden et al.,, 2018). In inpatient rehabilitation settings, only active control
conditions are feasible from an ethical point of view. Therefore, the studies at the RCV
and the NRC included active comparators. However, actually, these designs must be
described as ‘intervention + usual care’ versus ‘active comparator + usual care’, with
usual care incorporating all the processes of a patient-tailored multidisciplinary
rehabilitation program. In both study settings, the problem of high variability in what
constitutes usual care for individual patients has not been solved and continues to be
an intrinsic challenge of the rehabilitation environment (Arienti et al., 2022; Dalgas et
al., 2023).

Outcomes

Fatigue is the primary outcome in the ReFEx protocol. However, it was only a
secondary outcome in the RCTs analyzed for Publication 1. Both RCTs applied the
FSMC, which might have unsatisfactory responsiveness in the inpatient rehabilitation
setting due to problems with its timeframe. As described in a conference paper (Wolf
& Nielsen, 2022), the unspecified reference timeframe of the FSMC might lead to
fewer ‘fatigue-responders’ compared to the WEIMuS (reference timeframe: last week),
for example. Accordingly, Publication 1 showed that in the overall sample as well as
in the subgroup analyses, all changes in the FSMC were non-significant. Therefore,
and in light of the issues of fatigue assessment described in section 2.3.1, choosing
and developing better ways to assess change in fatigue will be critical for future
studies.

Likewise, no gold standard exists to quantify walking fatigability (Van Geel,
Moumdijian, et al., 2020). Assessment of the Distance Walked Index (Van Geel,
Veldkamp, et al., 2020) is one option and was easily implementable in the inpatient

rehabilitation setting. Instrumented walking fatigability assessment has been
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advocated recently as another option and might be selected for a future RCT
(Broscheid et al., 2022; Santinelli et al., 2024; Van Geel, Moumdijian, et al., 2020).

Regarding the aerobic capacity — fatigue relationship, assessment of VOzpeak in
pwMS has been challenging (Schlagheck et al., 2023). Specifically, the measured
VOzpeak should only be regarded as valid, when established criteria are met (e.g., heart
rate within 90% of calculated HRmax, plateau in oxygen consumption while the
workload is still increasing) (Heine et al., 2014). PWMS may be prevented from
meeting these criteria for a variety of reasons (e.g., spasticity, reduced muscle
strength). These limiting factors might prevent the assessment of the ‘true‘ aerobic
capacity in these persons, especially via leg cycle ergometry. Measurement variability
also complicates the analysis of relevant changes in aerobic capacity when derived
from a cardiopulmonary exercise test in pwMS. Heine et al. (2014) showed that
variability of results increases as measurement procedures become less
standardized. This might also be the case for patients with higher EDSS.
Consequently, the results of Publication 1 have to be examined in light of the relatively
high proportion of participants with higher disability in this sample.

Timing

This aspect concerns the timing of assessment time points. Problems with the
FSMC reference timeframe were already mentioned. It can be added that few studies
have considered the reference timeframes of the fatigue questionnaire in use
regarding the post-intervention assessment. Usually, an intervention study compares
symptom severity pre-intervention versus post-intervention, which usually is the time
point of the highest effect, followed by a decrease during a follow up period. Fatigue
questionnaires are based on internal averaging of fatigue experienced during 1 to 4
weeks (Sander et al., 2017). If the participants receive a questionnaire right at the end
of an intervention — or, post-discharge, as in the inpatient rehabilitation examples
provided here - the participants will essentially rate their fatigue during the process of
the intervention and not post-intervention. This might be solved by using
questionnaires with shorter reference timeframes (such as the WEIMuS), and by using
more appropriate assessment time points after the intervention, as was the case for
the ReFEx protocol, where the primary time point of interest was 1 week after

discharge.
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Setting

Strengths of the inpatient rehabilitation setting include the high frequency of
exercise sessions that can be scheduled, the high degree of supervised exercise, and
with that, the possibility of performing more complex forms of exercise training (e.g.,
MAT). Supervised exercise has been shown to have superior effects compared to
unsupervised exercise (Dalgas et al., 2023; Snook & Motl, 2009).

Nevertheless, the setting also includes specific challenges. Regarding the
patient sample, the ReFEx feasibility study showed that disability among pwMS
admitted to inpatient rehabilitation is rather high, and high-functioning pwMS might not
express the need to attend inpatient rehabilitation (which are a target group for MAT).
Frequently, the evaluation of working capacity is a focus of the inpatient stay, and
pwMS might arrive at the clinic with pivotal life decisions to be made. This might
challenge the readiness to take part in an exercise training study.

Lastly, a multitude of professions are involved in the rehabilitation clinic
(physician, neuropsychologists, etc.). All professions are working in clinical routines,
and study-related tasks usually means extra work. Therefore, it is always important to
check whether the necessary study-related resources can be provided, and to keep in
mind that procedures from an academic setting might not be attainable in a clinical

environment.
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6 Conclusions and Future Directions

This thesis conveys several ‘negative’ results. The secondary analysis of two
pooled RCTs did not confirm the aerobic capacity - fatigue relationship on a
correlational and experimental level, even when analyzing subgroups that should
benefit the most according to proposed hypotheses (RQ1). Furthermore, the feasibility
analysis of a study protocol investigating a new exercise framework targeting fatigue
was deemed unfeasible in the present form and the inpatient rehabilitation setting
(RQ2), even though pwMS appreciated the new MAT framework (RQ3).

Regarding RQ1 and the aerobic capacity — fatigue relationship, future studies
should specify whether perceived fatigue is being studied as a trait characteristic or a
state variable, i.e., is aerobic training conceptualized to decrease retrospective fatigue
ratings for everyday life or to decrease fatigue ratings while performing certain physical
activities? Assessment of both, aerobic capacity, and fatigue should be improved by
using submaximal measures of aerobic capacity, and fatigue questionnaires with
better psychometric properties. Furthermore, reference timeframes of fatigue
questionnaires should be considered, and assessment time points should reflect the
reference timeframes.

The importance of evaluating feasibility aspects in MS exercise studies has
been increasingly highlighted (Learmonth et al., 2019; Learmonth & Motl, 2018; Motl
et al., 2022). The current feasibility results regarding RQ2 suggest that future studies
might engage in efforts to expand the ReFEx protocol to a multi-center trial or transfer
to a different setting. Furthermore, Publication 2 provided directions for research
regarding MAT in pwMS apart from the symptom of fatigue. For example, future
studies might determine the efficacy of MAT to provide multi-systemic benefits, going
from proximal (motor outcomes) to more distal targets (cognitive outcomes,
imaging/biomarkers), and compare it with unimodal/traditional approaches.

From a clinical standpoint, results regarding RQ3 suggest that fatigued pwMS
can be involved in high-frequency exercise, and that the MAT framework includes
several aspects appreciated by pwMS, therefore encouraging the uptake of MAT in
clinical practice.

Methodologically, future studies evaluating an exercise intervention to treat
fatigue should consider the following points:

e Include pwMS prescreened for fatigue
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e Choose a fatigue pathomechanism that has been described in the literature

e Provide a rational how this mechanism can be targeted with the type of exercise
under investigation

e Chose a fatigue questionnaire suitable for the study design with high
psychometric qualities

e Chose a secondary biomarker outcome that connects to the fatigue

pathomechanism/mechanism of action

Some RCTs have been published after the most recent fatigue meta-analyses.
Unfortunately, few were designed with the primary objective to target fatigue. One
notable study, which considered the points mentioned above, was performed by
Englund et al. (2022), and evaluated the effects of 12 weeks of high-intensity
resistance training on self-reported fatigue in 71 fatigued pwMS. Analogous to the
ReFEx protocol, the authors chose a FSMC score above 53 as a cut-off value for
inclusion. In the manner of a dose-finding study (Dalgas et al., 2023) participants were
randomized to either twice or once weekly resistance training, while the authors
elegantly compared these against a non-randomized FSMC score-matched group (n
= 69) as a non-active control. As a mechanism of action, resistance training was
hypothesized to aid in the release of anti-inflammatory mediators, which were also
assessed as secondary outcomes. They reported a clinically relevant and significant
decrease in FSMC scores in the combined resistance training groups, while the control
group retained their scores. There was no difference between the once or twice weekly
training groups. These results are very encouraging and were achieved despite the
discussed problems of the FSMC. Of note, participants had an EDSS <2.5. The
authors advocated the comparison of high-intensity resistance training with other types
of exercise.

Moreover, a comprehensive, high-quality study was published on the effects of
exercise on cognition in pwMS (Feinstein et al., 2023). Despite a negative outcome,
in many regards this trial could act as a role model for fatigue trials, as many issues in
the study of cognitive function are similar to fatigue (e.g., previous studies not
prescreening for the presence of the symptom, divergence between objective
cognitive performance and subjective cognitive impairments (Rademacher et al.,
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2020)). Unfortunately, a similar, focused, multi-center effort does not seem to currently
exist regarding fatigue.

Results in other areas of MS research will likely impact how exercise studies
for fatigue will be designed in the future. Several authors have highlighted the fact that
fatigue probably arises from different sources which can also differ between pwMS.
Manjaly et al. (2019) provided this vision:

In order to select treatments in a rational and predictive manner, novel clinical
tests are needed. Importantly, these need to go beyond detecting fatigue;
instead, they should inform the choice of patient-specific treatment - by enabling
differential diagnosis of alternative mechanisms and/or predicting individual
therapeutic response. (p.7)

Similarly, Krieger and Sumowski (2020) wrote that “Clinical trials for fatigue agents will
need to be designed to include and address specific biologically distinct fatigue
phenotypes, lest the impact of a therapeutic agent be washed out by overly broad
inclusion criteria® (p.621). Therefore, future exercise-based fatigue treatment will
probably determine the most likely contributors to fatigue in an individual person and
evaluate whether a specific form of exercise could be helpful, i.e., following a treatment
algorithm (some fatigue algorithms have already been proposed (Cohen et al., 2020;
Veauthier et al., 2016)). Consistently, Harrison et al. (2021) noted that there likely is
not one most beneficial type of exercise. This emphasizes the importance for studies
to target a certain fatigue pathway, at best, recruiting a sample with a homogenous
fatigue phenotype (Sparasci et al., 2022).

Another interesting route might come from research showing that exercise
might have more effects on ‘energy’ than on fatigue (Filippi et al., 2022; Wender et al.,
2022). This approach has not received attention in pwMS, showing the vast range of

possibilities to improve research regarding fatigue.
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Abstract

Introduction. Multimodal agility-based exercise training (MAT) has been described as a framework for fall prevention in the
elderly but might also be a valuable concept for exercise training in persons with Multiple Sclerosis (pwMS). The Problem.
Current recommendations advise pwMS to perform a multitude of different exercise training activities, as each of these has
its separate evidence. However, pwMS struggle even more than the general population to be physically active. Additionally,
Multiple Sclerosis often leads to co-occurring mobility and cognitive dysfunctions, for which simultaneous, time-efficient,
and engaging training approaches are still limited in clinical practice and healthcare. The solution. The MAT framework has
been developed to integratively improve cardiovascular, neuromuscular, and cognitive function by combining aspects of
perception and orientation, change of direction, as well as stop-and-go patterns (ie, agility), in a group-training format.
For pwMS, the MAT framework is conceptualized to include 3 Components: standing balance, dynamic balance (including
functional leg strength), and agility-based exercises. Within these Components sensory, cognitive, and cardiovascular
challenges can be adapted to individual needs. Recommendations. We recommend investigating multimodal exercise
interventions that go beyond easily standardized, unimodal types of exercise (eg, aerobic or resistance exercise), which
could allow for time-efficient training, targeting multiple frequent symptoms of persons with mild disability at once. MAT
should be compared to unimodal approaches, regarding sensor-based gait outcomes, fatigue-related outcomes, cognition,
as well as neuroprotective, and (supportive) disease-modifying effects.

Keywords
multiple sclerosis, agility, exercise, gait, balance
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frequency. Developing fear of falling can lead to decreased
social participation and problems in the work environment,
considering that many pwMS are in a working age.

Preceding falls, disease processes in MS lead to gait and
balance deficits, along with muscle weakness, spasticity,
impaired sensation, vestibular function, oculomotor, and
visual impairments. This can also lead to limited walking
distance, further aggravated by motor fatigability.’

However, there is also a high number of pwMS with only
mild disability, demonstrating only subtle gait and balance
deficits. According to the Reserve framework,® the best
treatment for MS might be prevention of functional and
structural decline. Aging plays a major role in a declining
reserve and the development of a secondary progressive
disease course, which entails marked increases in functional
disability.” Thus, as described by others for drug treatments’
and exercise,® actions should be taken early, that is, in
patients that are typically younger, and with only mild func-
tional disability. This “open window of opportunity” might
be especially sensitive for the MAT framework that is dis-
cussed in this paper. As argued below, the MAT framework
could provide multi-sensory challenges (eg, agility-like
exercises, sensory, and cognitive challenges), resulting in
central nervous system adaptations, that go beyond those
elicited by “unimodal” approaches or traditional recom-
mendations. Improving gait and balance as well as reestab-
lishing high-level mobility functions (eg, running, jumping,
agility-like functions)’ could be regarded as the most proxi-
mal targets of MAT for pwMS, whereas improvement of
central nervous system reserve would be the distal target.

By providing this conceptual basis of MAT for rehabili-
tation therapists working with pwMS, we want to facilitate
the uptake of integrative exercise programs in clinical
practice.

Problem

Prevalence of Subtle Gait and Balance
Impairments in MS

Prevalence of gait and balance impairments in pwMS is
high.'® Gait impairments can be quantified via spatiotempo-
ral gait characteristics (eg, gait speed, step length, cadence,
stance phase etc.) measured using instrumented walkways,
wireless inertial sensors, or 3D motion capture. A recent
systematic review reported a positive linear relationship
between spatiotemporal gait characteristics and disability
(measured using the Expanded Disability Status Scale
[EDSS]), as expected.!" For example, according to the
meta-regression, increasing from 2.0 to 3.0 on the 0 to 10
EDSS results in a reduction in comfortable or self-selected
gait speed from 1.17m/s (4.22km/h) to 1.06 m/s (3.8 km/h).
The meta-analysis also showed that being classified as a
“faller” was significantly associated with slower gait speed.

The authors further reported that individuals with low lev-
els of disability had spatiotemporal gait characteristics very
similar to the general population when walking in their
comfortable gait speed. However, when instructed to walk
as fast as possible for 6 minutes, persons with low EDSS
(1.5-2.0) differed significantly from healthy controls in
their mean gait speed, stride length, and stance phase time. '
The use of technology has substantiated other subtle gait
impairments. When looking at gait kinematics, pwMS with
very mild disability (EDSS=0.0-2.5) walk with less hip
extension at toe-off and more hip flexion during swing than
healthy controls.”* Electromyography has also shown a
decrease in gastrocnemius activity during walking over a
1-year period in pwMS with EDSS = 3.0.'* Taken together,
technology-based measures have shown ample evidence of
subtle gait impairments in persons with mild disability,
which are not well quantified in routinely applied clinical
tests.!3

Similarly, several studies have detected subtle balance
impairments using different devices, which are often
neglected in clinical assessments, such as the EDSS.!® For
example, static posturography performed using a force plate
showed significant differences between healthy controls
and pwMS with EDSS 2.0 to 2.5 as well as EDSS 0.0 to 1.5
(which would be rated as no clinical disability with or with-
out minimal signs of the disease).!” Importantly, clinical
assessments using more challenging tasks than conven-
tional tests seem to better determine balance impairments in
persons with low disability. In persons with a median EDSS
of 1.0 dynamic balance during tandem walking on balance
boards was worse compared to healthy controls.'®

Several authors have also noted the influence of balance
on gait performance.*!""!*!8 Recently, Carpinella et al'®
showed that sensor-based outcomes recorded while walking
with horizontal head turns (a task particularly challenging
to maintain balance during walking) discriminated between
healthy controls and “normal walking” pwMS (EDSS =2.5).
This again draws a picture of subtle balance impairments in
persons with low disability that can be “unmasked” by tech-
nology or more challenging tasks.?

There also is considerable evidence that cognition plays
a primary role in balance, gait, and falls. A well described
phenomenon is cognitive-motor interference, where a cog-
nitive and a motor task interfere with each other when per-
formed simultaneously.?! Similarly, these types of dual-tasks
have been reported to uncover deficits in balance via
increased challenge in persons with clinically minimal bal-
ance and cognitive deficits.?!

However, a recent study on cognitive-motor interference
during gait did not find a dual-task condition (eg, subtract-
ing sevens while stepping over obstacles) that was able to
discriminate between healthy controls and pwMS, even
though pwMS reported having more problems in dual-task
situations in daily life.?> Reasons for this might have been
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the relatively short task duration of 60 seconds, potentially
reducing the effects of fatigue, a small sample size, or type
and difficulty of cognitive tasks.

Cognitive functions also play an important role in the
construct of walking adaptability, which is necessary, when
the complexity of the task exceeds the demands of basic
stepping, such as uneven terrain, obstacles, turning, or
negotiating a narrow path.?® It also includes cognitive-
motor dual-tasking while walking (eg, having a conversa-
tion while walking, scanning for an object while walking
through a grocery store), but also motor-motor dual-tasking
(eg, walking while throwing and catching). The concept of
walking adaptability might comprise more aspects of real-
life situations (including ambient demands, physical load,
and time constrains) than highly standardized tasks mostly
performed in MS trials on dual-task costs (of course, the
downside of heightened ecological validity can be compro-
mised reliability of assessments®®). Unfortunately, the con-
cept has been largely restricted to stroke research, so there
is no data on differences in walking adaptability between
healthy controls and pwMS.

As observable in this section, studies have applied differ-
ent ranges of EDSS, when evaluating persons with “mild”
disability. Currently, there is no clear definition of what
constitutes mild disability in terms of EDSS, and the
reported studies might have included persons with very dif-
ferent levels of “high-level mobility” (ie, mobility more
advanced than independent level walking, such as running
and jumping).” However, all ranges reported here have in
common, that patients do not need an assistive device to
ambulate and are mostly able to work full time.

Current Recommendations for Exercise
Training in pwMS

Currently, authoritative recommendations for exercise
training in pwMS with mild impairments (classified here as
EDSS 0.0-4.5) include aerobic, resistance, flexibility (not
discussed here), and neuromotor exercise.>* In the follow-
ing, we will determine aspects of these recommendations
and current clinical practice that might benefit from a MAT
framework.

First, some aspects could be improved with the integra-
tion of sensory (ie, visual, somatosensory, vestibular), and
cognitive challenges. Aerobic exercise has been increas-
ingly studied as a form of disease-modifying therapy for
pwMS, investigating outcomes such as annual relapse rate,
or global brain atrophy, with the treatment ingredient of
interest being cardiovascular challenge.”> However, these
types of studies have often relied on stationary ergometer
exercise, even in pwMS with mild disability, potentially
providing low challenge to the sensory and cognitive sys-
tem.? Greater specificity to mobility tasks, with a simulta-
neous cardiovascular stimulus could yield added benefits,

even though this might challenge standardization in inter-
ventional trials.?®

Regarding resistance exercise, we advocate targeting
modes, positions, and muscles that are “functional” for gait,
challenge balance, and do not solely focus on improving
force production as noted by Mafiago et al.?’ This, again,
could mean reducing the amount of seated exercises (primar-
ily in weight training machines) as their review showed that
out of the 6 resistance exercise studies that improved gait, 4
implemented exercises in a standing position, and 2 used
modes other than machines. The question of exactly how
increased strength acquired from resistance training can be
incorporated to gait kinetics seems to be very important.?®

Besides this potential for increasing sensory challenge,
there might be an equivalent potential for including cogni-
tive challenges as stated before.>?

Neuromotor training is a third type of exercise recom-
mended for pwMS, specifically targeting fall prevention,
postural stability, coordination, and, importantly in the pres-
ent context, agility.>* Referred modalities include a diverse
range of pilates, dance, yoga, Tai chi, hippotherapy, virtual
reality, and balance and motor control training. Even though
there have been beneficial results on gait and balance
improvement in these separate modalities, the range of
modalities is so diverse, that it is hard to identify which
treatment ingredients are specifically responsible for these
improvements (eg, do pilates and virtual reality training
decrease falls and improve postural stability via a common
pathway?; what kind of ingredients are essential in a given
pilates session to be successful?).3? Studies on the modality
of'balance and motor control training have provided detailed
treatment manuals and the challenges provided to pwMS
can be regarded as quite specific.?®332 However, the extent
to which studies also included cognitive challenges dif-
fered. Even though agility has been named as a target for
neuromotor training it has to be noted that studies on agility
in pwMS are basically non-existent (a PubMed search with
the search string “agility AND multiple sclerosis” per-
formed in March 2022 retrieved only 6 hits). It is unclear
what concept of agility is studied in the MS literature. As
described in more detail in the later sections, we do not
think that current trials on neuromotor training adequately
target agility, as these trials do not specifically include start-
stop, acceleration, and deceleration, turns etc., or respond-
ing to a stimulus. This is also the case for the core exercises
of a recent complex multicomponent fall-prevention inter-
vention that has been systematically developed and includes
many of the other aspects already mentioned, but lacks any
kind of agility exercises.> Interestingly, this high diversity
of modalities in the neuromotor training section is similar to
the gerontology literature. Nonetheless, within the field of
gerontology, the agility framework has provided some com-
mon ground for a meta-analysis.** Thus, a framework for
pwWMS could provide some commonality as well.
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Lastly, the most substantial benefits of a multimodal
framework might lie in the lack of time-efficiency of cur-
rent exercise recommendation for pwMS. The recommen-
dations include 3 to 6 sessions of neuromotor, 2 to 3 aerobic,
daily flexibility, and 2 to 3 resistance exercise sessions per
week. Comparable to recommendations for older adults it
seems time-consuming for pwMS to follow all these sepa-
rate recommendations.!** Especially, when considering the
evidence for even lower physical activity in pwMS than in
the general population, and the efforts being undertaken to
get pwMS moving at all.*

There have been some interventions applying a combi-
nation of exercise approaches in pwMS.3¢ However, com-
ponents are often still split to different sessions or parts (ie,
sessions target 1 component at each time). Studies mostly
focus on the “classic” components of exercise training (eg,
endurance, strength, balance). Aspects such as agility or the
incorporation of cognitive challenges have been studied
less frequently.

Taken together, there is evidence of subtle gait, and bal-
ance impairment in pwMS with clinically mild disability,
but exercise interventions frequently lack sensory and cog-
nitive challenge even though the impairment of central sen-
sory integration has been described several times.>!'>’
Agility has not been studied as a relevant component of fall-
prevention in pwMS and is seldomly included in exercise
intervention studies. A framework for time-efficient exer-
cise training is lacking.

Solution

What is MAT for pwMS?

The MAT framework has been developed by Donath et al'
to combine aspects of perception and orientation, change of
direction and stop-and-go patterns (ie, agility), including
reactive muscle work, with cardiovascular stimuli while at
the same time adapting intensity, complexity, and cognitive
challenge to individual needs in a group-training format.>*
As such, it could provide a valuable framework for multi-
modal exercise training in pwMS aiming to improve gait,
balance, endurance, and strength. As many pwMS also
exhibit problems with processing speed or attention and
MAT also includes cognitive challenges, it could further
provide a practical framework for combined motor and cog-
nitive rehabilitation in pwMS.? This could lead to down-
stream positive effects on subjective fatigue via reduced
effort perception. A recent network-level meta-analysis
reported that balance exercises had the largest effect on
fatigue compared to usual care among all other types of
exercise and behavioral interventions.*® Another recent
study on vestibular function in pwMS postulated that cor-
relations between posturography measures and processing
speed might represent a shared utilization of central sensory
processing by balance and cognitive pathways.*’

Component | Component Il Component il
Standing balance Dynamic balance Agility-like
I I I
Module IA Module lI1A Module IIIA
Module IB Module I1B Module IIIA
Progression and modifcation )

+ Complexity ~ Visual

* Sensory ————  _ Somatosensory

+ Cognitive ©——— Vestibular

Figure I. Structure of the MAT framework for pwMS.
Abbreviations: MAT, multimodal agility-based exercise training; pwMS,
persons with Multiple Sclerosis.

In MAT for pwMS, agility-based exercises are |
Component of 3: (I) standing balance, (IT) dynamic balance
(including functional leg strength), (I1I) agility-based exer-
cises (see Figure 1 and Table 1). Components can be tar-
geted in different modules, that describe the basic setting of
a drill. Each drill can then be progressed via the complexity
of the drill itself and via specific sensory (visual, somato-
sensory, vestibular) and cognitive (dual-tasks related to
memory, attention, etc.) modifications. Whereas cognitive
modifications target cognitive-motor dual-tasking, motor-
motor dual-tasking is included in the progressions on task
complexity. In every module, various options for progres-
sion exist by combining different aspects of complexity,
sensory, or cognitive modifications. Components I and II
mainly include content similar to other balance and motor
control training studies,?®*? whereas Component I1I is based
on agility. As there have been reports on difficulties in rep-
licating rehabilitation interventions, and translating research
to clinical practice, besides describing theoretical aspects of
the 3 Components, example Modules will be described for
each Component (see Tables 2—4).303°

Component I: Standing Balance

As described, pwMS exhibit deficits in the control of their
center of mass during quiet stance. Furthermore, pwMS
exhibit deficits in central sensory integration, that is, pwMS
have problems integrating incoming sensory information
through the visual, somatosensory, and vestibular channels.*’
Exercising in different sensory contexts (eg, eyes-closed,
standing on a compliant surface, performing head turns) and
different standing positions (eg, normal stance, feet together,
tandem stance etc.) can provide a useful and clinically feasi-
ble way to improve standing balance and sensory integra-
tion."** Standing balance exercises can furthermore be easily
progressed with secondary tasks such as catching an object,
alone or with a partner, to provide external perturbations, and
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Table I. Definitions.

Standing balance represents all tasks where the base of support is not (or should not be) changing, even though there can be

considerable movement of the center of mass.

Dynamic balance represents all tasks with changing base of support, such as in stepping, and locomotion.
Agility-based describes tasks, that require changes of direction, stop-and-go patterns, turns, and changing footwork strategies, with or

without responding to a stimulus.

Table 2. Example Module Targeting Component | (Standing Balance).

Module
(basic setting)
Component
(main target)
Progression .
(task complexity)

“Standing balance”
Participants perform various exercises while standing.
| (standing balance)

Base of support (eg, feet together, semi-tandem stance, tandem stance,
one-leg stance, half kneeling)

Catching and throwing (alone, with a partner)
Tools (number of objects for throwing, kind of objects)

Sensory modification .

Visual: eyes-closed

e Somatosensory: various unstable support surfaces
e Vestibular: head turns

Cognitive modification e None

Concrete description of a sample task: “Stand with your feet together on the foam pad and exchange the ball with your partner.’

)

Table 3. Example Module Targeting Component Il (Dynamic Balance).

Module
(basic setting)

Component
(main target)

Progression
(task complexity)

Sensory modification

Cognitive modification

“Balancing on lines”
Participants try to balance on lines on the gym floor

(eg, basketball, volleyball lines)

Il (dynamic balance)

Base of support (eg, narrow gait, tandem gait)

Direction of movement (forward, backward)

Speed of movement (eg, slow swing phase, 3s)

Type of movement (high knees, lunges)

Visual: perform several steps with eyes-closed
Somatosensory: none

Vestibular: head turns

Double-task: pairs of two, while balancing, trailing partner
gives commands for stops or turns for leading partner

Concrete description of a sample task: “Balance on the lines on the gym floor in tandem gait backward with high knees, counting
till 3s for each swing phase. After you put down your right foot, slowly look to the right, after you put down your left foot, slowly

look to the left.”

even cognitive-motor dual-tasking. As such, these exercises
give the executing therapist good options for individualiza-
tion to the needs of the participating individuals. Standing
balance exercises should always be performed with sufficient
challenge.!1¢212641 Providing the right amount of challenge
can be regarded the primary objective of the therapist, espe-
cially if participants are inexperienced with this type of train-
ing, and if they have to perform movements, they normally
tend to avoid.?®3? Fear of falling and general deconditioning
can result in reduced self-efficacy regarding balance.?!
Therefore, pwMS should be encouraged to exercise to their

limits of stability,'® while the therapist is responsible to moni-
tor safety.

Component Il: Dynamic Balance
(Including Functional Leg Strength)

There is evidence for high task-specificity related to bal-
ance training in healthy individuals.*? The capacity to bal-
ance is based more on the sum of specifically learned
balance tasks, rather than on a general capacity that can be
improved irrespective of the balance tasks that were trained
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in the past.*> Recent systematic reviews have advocated the
adoption of ecologically relevant balance tasks.'¢ Therefore,
dynamic balance tasks, including stepping, and locomotion,
play an important role in MAT besides standing balance.
Importantly, depending on the configuration of the drill,
challenges for reactive balance can and should also be
incorporated (eg, when reacting to commands of the partner
or the therapist, see Table 3). Reactive balance can be char-
acterized by motor control strategies applied in response to
postural perturbations such as trips. Impairment in reactive
balance might be a major cause for falls. A recent meta-
analysis has shown that pwMS have worse reactive balance
compared to healthy controls across a range of measures
(eg, shorter reactive step, more recovery steps needed),
which might be caused by a considerably longer response
time to initiate balance recovery.*® Critically, the meta-anal-
ysis also indicated that adaptability of reactive balance is
still intact in pwMS, mainly via improved “feedforward”
mechanisms (ie, using prior knowledge to predict and fine
tune motor commands).

Lastly, Component II can also include tasks that involve
a higher demand for functional (eccentric) leg strength (eg,
variations of lunging, that also provide reduced base of sup-
port), with a more conventional way of prescribing exercise
such as repetitions and sets. For reasons already mentioned,
no seated exercises or weight training machines are part of
MAT.

Component Ill: Agility-Based Exercises

In the exercise sciences, agility has been defined as “a rapid
whole-body movement with change of velocity or direction
in response to a stimulus” by Sheppard and Young* (eg, an
attacker evading a defender in football). This whole-body
movement is connected to diverse footwork strategies at
various speeds. It has received the most interest from the
field of team-sports. Although there have been some

Table 4. Example Module Targeting Component Ill (Agility).

inconsistencies, it is generally accepted that “agility has
both movement and reactive elements.”® Agility is differ-
ent from “simple” change of direction tasks, as the move-
ment is not executed pre-planned, but in response to a
stimulus. On a playing field, it includes a high degree of
complexity, variability, and unpredictability. Regarding fall
prevention, agility seems to be critical, as situations predis-
posing a fall never occur pre-planned. In this context “per-
ception-action coupling,” (ie, feedback mechanisms*)
might be as important to evade a fall, as it is to evade a
defender in football. It has been shown that kinematic and
kinetic variables differ when comparing planned versus
unplanned side-stepping, suggesting different motor control
strategies when reacting to a stimulus.*® A key difference of
conventional dual-task training and agility is, that dual-task
training frequently involves performing predetermined
tasks, like subtracting sevens while walking on a treadmill.
Hence, the participant has prior knowledge of the task he is
supposed to perform, and when to perform.

In the first meta-analysis related to MAT in older adults,
studies were required to include at least 2 “traditional” train-
ing domains (strength, balance, endurance) plus mandatory
agility-like exercises.** Agility-like exercises were described
as comprising coordination or change of direction and veloc-
ity tasks. Thus, the authors did not require the agility-related
tasks to include responding to a stimulus. Hence, to date it is
still unclear to what extent agility-related exercises for older
adults and pwMS should focus on responding to a stimulus,
or whether “mere” change of direction training (including
cutting maneuvers, turns, stop, and go patterns) can already
be beneficial for these target groups.

In MAT for pwMS a clear separation of Component I1I
from the first 2 Components exists in the speed of move-
ment. Component III specifically includes fast locomotion,
including fast gait, and running, if possible. Tasks here also
involve the highest amount of reactive balance with
demands for feedback control mechanisms (ie, exposure to

Module
(basic setting)

“Cone tipping”
Pairs of two: one participant starts surrounded by an assemble of cones.

The partner outside of the cones says which cones must be touched by
the participant.

Component
(main target)
Progression
(task complexity)

Il (agility-based)

Speed, duration (eg, walking, jogging, | round=30s)
Direction of movement (only forward, forward and backward)

Number of cones (eg, 4-8)

Sensory modification .

Visual: none

Somatosensory: none
e Vestibular: none

Cognitive modification °

Spatial orientation and memory: directions are given by numbers,

colors, or alphabet
Concrete description of a sample task: “Within 30s try to touch as many cones as possible. Cones will be labeled clockwise
according to the alphabet. The order of cones will be given to you by your partner. Try to change directions as fast as possible.”
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perturbations that remain highly unpredictable),* such as in
passing and stopping a soccer ball with a moving partner.
Further, the Modules also provide the highest cardiovascu-
lar challenge with an interval training-like stimulus, which
can be regulated via the duration of a drill.

A Symbiosis? The MAT, PRIMERS, and
Reserve Frameworks

Why is a skill originally developed in the context of team
sports and the exercise sciences important for exercise train-
ing in pwMS? Are complex, variable, and unpredictable
movements important at all for patients, never on a playing
field? One answer could lie in the “Prevention Model of
Reserve and Brain Maintenance in Multiple Sclerosis.”® One
premise of this model is, that the best treatment for MS
might be prevention of decline. The concept of reserve was
based on the observation that pwMS can have similar burden
of disease but very different functional impairments.*’ Thus,
there must be factors that protect one person against func-
tional decline more than others. A patient will “enter” the
disease with a certain amount of reserve in different catego-
ries. Besides cognitive reserve, as stated by Brandstadter
et al,® there might be something like physical or motor
reserve as well, protecting somebody with good premorbid
balance from gait impairments for a longer time. Interestingly,
like the concept of agility, the concept of brain maintenance
has been taken from the aging literature to characterize the
modulation of reserve over time through protective and risk
factors. MAT might be a way for persons with mild disease
to improve their functional reserve via processing and inte-
grating multisensory exercise-related stimuli, which builds a
bridge to another recently proposed exercise framework for
pwMS: PRIMERS (PRocessing, Integration of Multisensory
Exercise-Related Stimuli).? In 2018, Sandroff et al published
this framework to answer the question “what is it about exer-
cise, in particular, that might induce brain changes and sec-
ondary behavioral/performance improvements?” in pwMS.
They framed exercise as a highly complex behavior involv-
ing the coordinated activation of nearly every physiological
system in the human body. Among the implications of their
framework, they state that exercise training interventions
that involve a greater degree of neurophysiological senso-
rimotor demands should result in more robust brain and
behavioral adaptations. MAT for pwMS could offer just that.
The group-training format could further act as an enriched
environment compared to exercising in isolation.?

Recommendations

Providing the MAT framework to the field of MS could act
as a reference for future multimodal group-training studies
and clinical practice. Especially, as standardized research
methodology and innovative training programs directed

toward meeting the demands of “real-life” situations are
lacking for pwMS.*® It might also serve to introduce the
concept of agility to the field of MS, as it has been confined
to the fields of athletic performance and aging. It could fur-
ther provide a framework that is testable in clinical research
and has a theoretical basis, potentially improving consis-
tency of interventions in research studies.*

With respect to recommendations for practice, establish-
ing MAT in routine care will necessitate the use of imple-
mentation methodology.* The group-training format
requires the establishment of sound in- and exclusion crite-
ria. At this point, we propose pwMS should be able to per-
form several steps in a jogging motion, be relatively
pain-free, and without serious cognitive impairments, that
interfere with understanding of the instructions. We would
also consider age above 70years for pwMS to be a barrier
for participation, as the aging process on top of MS could be
too much of a security risk when performing certain aspects
of MAT and severe cognitive problems are more common.
In our experience, the inclusion criteria mostly apply to
pwMS still in a working age, who walk without an assistive
device. However, there might occasionally be persons using
a cane or walker in daily life, who are still able to participate
when managed with close attention from the therapist. Due
to the many possibilities of progression, there is no “upper
limit” for inclusion. Regarding patient characteristics, that
might be favorable for responding to MAT participation, in
our experience, motivation and prior experience with exer-
cise play an important role. If a patient has the goal to
improve his or her balance or get back to high-level mobil-
ity tasks (“I want to run again”) this psychological level
could impact physical outcomes in MAT.

MAT might also be suitable as a framework for interven-
tions in a group-setting with mixed neurological diagnoses.
To maximize the use of resources, combining pwMS, stroke,
and Parkinson’s Disease in group-settings has recently been
proposed as a promising approach for falls prevention
research.®® This might be equally useful when establishing
MAT group-training in inpatient and outpatient neurological
settings. Regarding equipment and staff, we recommend a
group with a maximum of 8 participants in a room equiva-
lent to 1 basketball court, to provide enough space for accel-
erating and decelerating etc. A skilled clinical exercise
professional, that can progress and modify Modules accord-
ing to participating individuals is a cornerstone of MAT.
Again, we refer to the cautious gait pattern, low balance self-
efficacy, and the avoidance of certain movements in many
pwMS 212632 Targeting these aspects might require directly
supervised training. While one goal of MAT is to challenge
pwMS in multiple areas, inactive pwMS might be at risk of
heightened fatigue, when starting MAT. Participants should
be advised to take brakes and monitor their fatigue.
Considering the higher risk for falls in the described popula-
tion, especially for Component III an individualized dose is
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Table 5. Research Milestones.

|. Determine feasibility of MAT in pwMS; acquire patient feedback and conduct assessments to questions such as:

Does MAT induce an adequate amount of perceived exertion?
What are the benefits of MAT as perceived by pwMS?

Do pwMS adhere to a MAT program?

Is MAT safe to perform in pwMS?

N e o o o o

Are there specific aspects of MAT that pwMS tend to like or dislike?

. Determine efficacy of MAT to provide multi-systemic benefits, going from proximal (motor outcomes), to more distal (cognitive

outcomes, imaging/biomarkers). Compare with unimodal/traditional approaches.
3. Determine a health care setting where MAT could be delivered on a regular basis and study effectiveness on larger scale. Acquire

perspectives of therapists.

Abbreviations: MAT, multimodal agility-based exercise training; pwMS, persons with Multiple Sclerosis.

required to minimize falls but still achieve measurable ben-
efits. If a participant has a high risk of falling, it is likely that
he or she will experience benefits even if the complexity of
agility-based tasks is reduced. Conversely, improvements
will be less likely if individuals with higher gait stability do
not receive the challenge they need.

With respect to recommendations for research, impact of
MAT on several outcome measures will be worthwhile
studying. Below, we will discuss some outcomes from prox-
imal to more distal targets. As noted, sensor-based outcomes
are appropriate to quantify spatiotemporal gait changes in
milder disability.'"'> Besides spatiotemporal measures,
other sensor-based outcomes might be useful to quantify
whether MAT improves the efficiency and economy of
motor control. These include measures of complexity’'? or
movement smoothness.”> Another worthwhile measure
would be the energetic cost of walking, which is based on
oxygen consumption during walking.>* Several studies have
recently described associations of sensor-based outcomes
during gait trials with perceived state fatigability (ratings of
fatigue while performing a task),>® objective motor fatigabil-
ity (deterioration of objective performance during a motor
task),? and trait fatigue (self-report of fatigue experienced
over a longer time-period (eg, several weeks)).!>*? Sensor-
based and fatigue-related outcomes of intervention studies
applying MAT should be compared to more traditional, uni-
modal types of exercise (ie, aerobic, or resistance exercise)
to confirm that incorporating more sensory and cognitive
stimuli is superior in affecting these outcomes, and poten-
tially superior as a reserve-building activity. On the other
hand, it will be important to study whether MAT for pwMS
can provide similar neuroprotective stimuli as has been
shown for endurance-type training with high cardiovascular
demands.*® Exercise has also been proposed has a (support-
ive) disease-modifying therapy.””-*® Thus, MAT should also
be compared to unimodal exercise programs that have been
designed to study annual relapse rate and global brain atro-
phy derived from neuroimaging.*

Lastly, it will be important to show how MAT is able to
improve “classic” fitness parameters, such as maximal
strength, or cardiorespiratory fitness in comparison to uni-
modal approaches. Not providing adequate benefits would

result in MAT having only compromised value for general
health. Table 5 provides an overview on research milestones
for MAT in pwMS.

Interestingly, multimodal agility-based exercise has also
been conceptualized® and already performed in patients
with Parkinson’s Disease.®*%2 In several papers, Tollar
et al®>% and Hortobagyi et al® applied similar aspects of
training (eg, gait training, coordination training, balance
exercises, including change of direction, and sensory inte-
gration) to the ones described here, while also incorporating
exergaming (Xbox Kinect). They were able to show, that
“supervised, high-intensity sensorimotor agility exercise”
was able to improve motor outcomes, and quality of life,
while also contributing to the least increase in levodopa
intake with continued training over 6 years.®* This also sup-
ports motor outcomes to be the most proximal targets of
MAT for pwMS.

Regarding the concept of agility itself, debate of what
constitutes agility in general is still ongoing. Thus, the
aspects of agility, that are important for pwMS must be fur-
ther elucidated (eg, change of direction, reacting to a stimu-
lus, speed of movement, etc.). Similarly, the transferability
of training effects to everyday function must be examined.*?
When considering MAT as a reserve-building activity,
ongoing training may be needed to drive lasting neuroplas-
ticity in pwMS.% Existing, evidence-based group-exercise
programs such as FAME for stroke survivors can serve as a
good example to develop MAT for pwMS.5¢

In conclusion, when considering the gait and balance
deficits with several underlying causes of pwMS, and the
difficulties of pwMS to be physically active, an approach of
exercise training that (I) addresses these multifaceted motor
control problems, (II) is fun, social, relevant to daily life,
and (ITI) is time-efficient, seems to be promising.

As already stated by Motl et al,” several things can be
learned from the gerontology literature and applied to
pwMS. The MAT framework might be one of them.
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ABSTRACT

Introduction Subjective fatigue and objectively assessed
fatigability are common symptoms in persons with
multiple sclerosis (pwMS). Recent work has suggested

a positive effect of balance and motor control training
(BMCT) in reducing fatigue. It is unclear whether this
effect can also be attained during inpatient rehabilitation.
Multimodal agility-based exercise training (MAT) has been
developed as a framework that incorporates BMCT with
added agility components but has not been applied to
pwMS. Therefore, this study will evaluate the feasibility

of a randomised controlled trial comparing MAT against
strength and endurance training (SET) for the improvement
of MS-related fatigue and fatigability in a German
neurological rehabilitation centre.

Methods and analysis A total of 24 pwMS (Expanded
Disability Status Scale <5.0, Fatigue Scale for Motor and
Cognitive Functions >53) will be randomly assigned to
either SET or land and water-based MAT for 4—6 weeks
during inpatient rehabilitation. Assessments of subjective
fatigue, motor and cognitive fatigability, cognitive and
cardiorespiratory performance, and balance confidence
will be performed at admission and discharge. Subjective
fatigue will also be assessed at 1, 4 and 12 weeks after
discharge. Feasibility outcomes will include patients’
acceptance of study procedures and interventions,
recruitment rate, retention rate, time needed to complete
baseline assessments, intervention adherence and fidelity.
All quantitative outcomes will be reported descriptively.

A total of 12 pwMS (6 per group) will be interviewed to
gain insights into participants’ experiences during study
participation.

Ethics and dissemination Ethical approval has been
obtained from the Ethics Committee of the University

of Bonn (reference number: 543/20). Dissemination

of findings is planned via peer-reviewed journals,
conferences and media releases.

Trial registration number DRKS00023943.

STRENGTHS AND LIMITATIONS OF THIS STUDY

= Comprehensive assessment of subjective fatigue,
as well as objective cognitive and motor fatigability.

= First application of agility-based exercise training to
persons with multiple sclerosis.

= Mixed-methods approach to acquire patient per-
spective and acceptance.

= Clinical inpatient setting will challenge standardisa-
tion of study procedures.

INTRODUCTION

Fatigue, described as ‘a subjective sensation
of lack of energy and exhaustion’ (p. E79)’,
was reported as the most common symptom
(58%) among 35000 patients from the
German multiple sclerosis (MS) register.” It
is also reported as one of the most disabling
symptoms” with high socioeconomic rele-
vance as 25% of persons with MS (pwMS)
have impaired working capacity because
of ‘invisible symptoms’ such as fatigue and
impaired cognition.*”

Data from the MS register also show that
only 35% of fatigued pwMS receive any kind
of treatment and among them only 15%
receive pharmacological treatment to specif-
ically handle fatigue symptoms.”> No clear
pathomechanisms for fatigue have been
defined yet leading to the consequence of
still limited pharmacotherapy options for the
treatment of fatigue.6

According to the established taxonomy by
Kluger et al’ two concepts must be separated
when considering fatigue: (1) the subjec-
tive experience of fatigue and (2) objective
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performance fatigability during motor or cognitive tasks.
Whether improvements in fatigability also transfer to
subjective fatigue is still unclear. Interestingly, the asso-
ciation between the two constructs seems to be relatively
weak.®*

Next to distinguishing between ‘fatigue’ and ‘fatiga-
bility’, a further dichotomy exists with ‘primary fatigue’
resulting from pathophysiological processes of the
disease itself (eg, central nervous system, immunological
or endocrine changes) and ‘secondary fatigue’ resulting
from mechanisms not directly related to the disease (eg,
sleep, depression, medication)."’

To reduce subjective fatigue, exercise interventions
have been studied as a non-pharmacological treatment
option. However, several methodological issues exist. As
fatigue is frequently assessed as a secondary outcome vari-
able, subjects are often not prescreened for fatigue symp-
toms at baseline and the intervention is not primarily
designed to reduce fatigue.11 12 Consequently, to date,
there are few studies investigating the specific pathophys-
iological pathways of primary or secondary fatigue that
are altered by exercise.'’

In a recent meta-analysis, Moss-Morris et al'! performed
a detailed review of exercise intervention studies, that
specifically aimed at fatigue reduction. Here, the authors
reported variance in the effects of different types of exer-
cise. For example, endurance exercise has been frequently
investigated, as it can be easily standardised, but was
reported to have only small effects on fatigue outcomes
measured with self-report questionnaires."” If combined
with other modalities such as resistance exercise, effects
might be greater (eg, strength and endurance training
(SET)). Lastly, types of exercise consisting primarily of
stimuli targeting motor control (eg, balance and motor
control training (BMCT)) were described as promising,
due to their relatively large effect sizes and specification
of a mechanistic pathway.

In the special setting of inpatient rehabilitation, the
number of exercise studies for subjective fatigue reduc-
tion is very limited. In their review, Moss-Morris et al'
identified only one study conducted in an inpatient reha-
bilitation setting. However, this trial was restricted from
the meta-analysis because of methodological limitations,
indicating the need for future systematic research on
fatigue-specific therapy. This is also evident in the first
German practice guideline for exercise therapy in pwMS,
which highlights mobility rehabilitation but does not
consider symptoms of fatigue or fatigability.14

Therefore, the ReFEx (Rehabilitation, Fatigue and
Exercise) project aims to transfer the promising results
of interventions focused on balance and motor control
to inpatient rehabilitation and compare it with SET,
which is considered the control group or ‘usual care’.
Importantly, we will adapt the existing approaches on
BMCT to be based on the agility framework described by
Donath et al.’® Therefore, besides exercises focused on
balance and sensory integration, the treatment manual
will also include functional leg strength and agility-based

exercises. This approach can be characterised as ‘multi-
modal agility-based exercise training’ (MAT)'® and the
ReFEx project will be the first to apply it to pwMS. In
doing so, we not only expect to target subjective fatigue,
but also other frequent MS-specific symptoms including
performance fatigability as well as disturbed gait and
balance. Applying the agility framework could further
provide an opportunity for combined motor and cogni-
tive rehabilitation,'” that is fun, enjoyable and social.””

Referring to the pathophysiological framework by
Langeskov-Christensen ¢ al,'’ we hypothesise that the
SET will improve secondary fatigue via improved aerobic
capacity and motor function, while the MAT intervention
will improve secondary fatigue via improved motor func-
tion and reduced cognitive effort in daily life (as hypoth-
esised by Moss-Morris et al'' and Callesen et al®™"). Based
on the existing evidence, we expect greater benefits on
secondary fatigue parameters from MAT than for SET.
Regarding performance fatigability, we hypothesise, that
MAT will be superior to SET in improving motor and
cognitive fatigability.

In a first step, the pilot and feasibility study (PAFS)
described in this protocol will be used to determine
whether the adapted MAT and SET are feasible in the
inpatient rehabilitation setting with a special emphasis on
patients’ acceptance. This will include both, a quantita-
tive and qualitative evaluation.

METHODS AND ANALYSIS

Study design

The PAFS will be conducted at the Neurological Reha-
bilitation Centre (NRC) ‘Godeshoehe’ (Bonn; certified
MS Rehabilitation Centre). It will have a two-armed,
parallel-group, randomised-controlled design with 12
weeks follow-up, following a mixed-methods approach.
Measurement time points are provided in the Standard

Protocol Items: Recommendations for Interventional
Trials (SPIRIT) figure (table 1).

Patient and public involvement

In our therapeutic work of several years in a specialised
rehabilitation clinic for MS, the majority of pwMS report
that fatigue is difficult to cope with and limits quality
of life. These patient reports were the impetus for the
conception of this study, especially as there are few evalu-
ated therapy approaches. In the conception of this PAFS,
it was important for us to appreciate the patient perspec-
tive and to include the affected persons as ‘experts of
their disease’. In particular, this takes the form of qual-
itative interviews, which we base on a constructivist para-
digm that allows for the co-creation of knowledge by the
participants and the researcher.*

Screening and recruitment

Individuals admitted to the NRC will be screened for
pwMS. All pwMS will then be scheduled for neuropsycho-
logical examination the day after admission, according to
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Table 1 SPIRIT figure depicting the schedule of enrolment, interventions and assessments for the pilot and feasibility study
Study period
Enrolment Allocation Post-allocation
Timepoint =g T, T, T, T, T,
Enrolment:
Eligibility screen X
Informed consent X
Stratified randomisation
Interventions
MAT ety
SET [ S—
Assessments:
Fatigue (WEIMuS) X X X X X
Fatigue (FSMC) X X X X X
Cognitive fatigability (TAP-Alert) X X
Motor fatigability (6MWT) X X
Cognitive performance (CVLT, SDMT) X X
Cardiorespiratory fitness (GXT) X X
Motor function (T25FW, SSST, FGA) X X
Balance confidence (ABC) X X
Depression (CES-D) X X
Feasibility outcomes & 4
Interview 1 (feasibility) X
Interview 2 (fatigue responder) X

0, after written informed consent; ABC, Activities-Specific Balance Confidence Scale; CES-D, Centre for Epidemiological Studies Depression
Scale (German version); CVLT, California Verbal Learning Test; FGA, Functional Gait Assessment; FSMC, Fatigue Scale for Motor and Cognitive

Functions; GXT, Graded Exercise Test; MAT, Multimodal Agility-based exercise Training; BMWT, 6 min Walk Test; SDMT, Symbol Digit Modalities Test;
SET, Strengthand Endurance Training; SPIRIT, Standard Protocol ltems: Recommendations for Interventional Trials; SSST, Six Spot Step Test; —TD,
admission; TO, postrandomisation; va priorto discharge; T2, 1-2 weeks after discharge; TS, 4 weeks after discharge; T4, 12 weeks after discharge;

TAP-Alert, Test Battery of Attention Performance — Alertness; T25FW, Timed 25-foot Walk Test; WEIMuS, Wirzburg Fatigue Inventory for Multiple

Sclerosis.

usual practice. Here, patients will be asked to complete
the Fatigue Scale for Motor and Cognitive Functions
(FSMC). If a patient is classified as, at least, ‘moderately
fatigued’ and the patient fulfils all other eligibility criteria
(table 2), he or she will be informed about the study by
his or her neuropsychologist (JN, JS and EH), verbally
and in written form.

Randomisation

If patients provide the written informed consent to one of
the study staff members within a maximum of 3 days, they
will be randomly allocated (1:1) to the intervention or
control group according to the minimisation procedure®
and stratified by Expanded Disability Status Scale (EDSS,
<3or 23.5), Wurzburg Fatigue Inventory for Multiple
Sclerosis (WEIMuS, <38or >38), age (<45or >45) and
MS disease course (relapsing-remitting or secondary-
progressive). Randomisation will be provided by an inde-
pendent researcher from the German Sport University
Cologne using ‘Randomisation-In-Treatment-Arms’,
Evident, Germany.

Sample size and duration

Data from the PAFS is planned to be pooled with data
from the full trial in case no major changes of the study
protocol will be necessary (see progression requirements).
Acceptability of pooling will be evaluated according to
components listed in the ‘Acceptance checklist for clin-
ical effectiveness pilot trials*.** As the primary aim of this
trial is to evaluate the feasibility, no sample size calcula-
tion based on statistical assumptions will be performed.
However, we consider a minimum of twelve recruited
patients per study arm to be a reasonable sample size for
this setting.”

The NRC treats about 100-120 pwMS per year.
According to previous data collections for the German
MS register no more than 25% of patients will have to
be excluded, based on EDSS and FSMC screening (see
eligibility criteria). We further predict no more than
10% of eligible patients to be unwilling to participate,
based on previously conducted studies. Comparable
studies have had high retention rates (95%)*° but did
not choose a primary endpoint after patients returned
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Table 2 Eligibility criteria

Inclusion Exclusion

1.MS disease course 1. Unable to attend water therapy
RR or SP

2.Age 2. Comorbidities

18-67 That prevent attending study
therapies, chronic neurological
conditions other than MS

3.EDSS 3. German language skills

<5.0 That interfere with understanding of
testing and instructions

4.FSMC total score 4. Current fatigue medication

>53 Amantadine, Modafinil started <3
months

5.Written informed

consent

EDSS, Expanded Disability Status Scale; FSMC, Fatigue
Scale for Motor and Cognitive Functions; MS, multiple
sclerosis; RR, relapsing-remitting; SP, secondary-
progressive.

home. Consequently, we plan with 80% retention from
T, to T,. This will result in a feasibility period of about six
to 8months. Retention rates will be used to inform the
sample size calculation for the full randomised controlled
trial (RCT).

Participants
PwMS will be eligible to participate in this trial according
to the inclusion and exclusion criteria stated in table 2.

Interventions

The intervention period includes the time from admis-

sion to discharge, which usually comprises 4-6weeks for

this group of patients. Multidisciplinary inpatient rehabil-

itation can consist of various diagnostic and therapeutic

components such as exercise training, occupational and

physical therapy, health education, neuropsychological

assessment, or assessment of working capacity. Thus,

interactions between treatments as well as flexibility in

the treatment schedule are common.?”’ For this reason,

we designed the schedules of the two study groups to

ensure the following:

» Distinct differences in the amount of therapy targeting
cognitive and sensory integration.

» Standardisation of treatment as strictly as possible
within this specific clinical setting.

» Approximately equivalent amount of total therapy
time.

See table 3 for an overview of intervention components.
Reporting of the interventions will follow the modified
Consensus on Exercise Reporting Template for Thera-
peutic Exercise Interventions.

Standard treatment for both groups
Both groups will attend the ‘MS group’, a specific group
for all pwMS, focusing on body awareness and relaxation

Table 3 Frequency, time and type of intervention
components

MAT (intervention) SET (control)

5x/wk, 30min, ‘MS group’

5x/wk, 30min, land-based 5x/wk, 22 min, endurance
MAT training

3x/wk, 30 min, water-based 3x/wk, 30 min, strength training
MAT

MAT, multimodal agility-based exercise training; SET, strength
and endurance training.

techniques. It consists of maximum eight pwMS, lasts
30min and is led by an exercise therapist. Both groups
will also attend MS-specific lectures once a week. All other
available therapies, which are not part of standard treat-
ment, will be included only after individual consideration
to maximise standardisation.

Strength and endurance training

The combined SET programme will be considered the
control condition. All endurance training sessions will be
supervised by exercise therapists from the NRC. Strength
training sessions will be supervised by exercise science
students or therapists in one-on-one sessions. Students
and therapists conducting the strength training will be
instructed by FW and will follow a training protocol (see
online supplemental file (Strength Protocol)).

Endurance training will be performed according
to the standard protocol in this clinic, with 22min per
session (3min of gradual increase, 17min steady and
2min cool-down) on a cycle ergometer (ergoselect 5,
ergoline, Bitz, Germany) with continuous monitoring
of power output and heart rate (ers.2 software, ergoline,
Bitz, Germany). Endurance training will be performed in
groups of maximum eight patients. In the first session,
participants will start their training at an intensity that was
rated ‘light’ to ‘somewhat hard’ by themselves during the
baseline graded exercise test (GXT) (equivalent to 11-13
on the 6-20 Rated Perceived Exertion (RPE)—scale). In
the following sessions, therapists will regulate the power
output so that participants stay between 11 and 13 on the
RPE-scale. If a pwMS is unable to complete the total dura-
tion, the session duration can be initially reduced and
then progressed in the following sessions. The range of
11-13 was chosen based on recent evidence-based recom-
mendations for pwMS with similar EDSS.*

Resistance training will be adapted from Callesen
et al'® to fit the inpatient setting. Each session will start
with a 5min warm-up on an elliptical trainer, treadmill
or recumbent stepper, followed by 3—4 exercises targeting
hip, knee, and ankle flexion and extension, as well as hip
abduction. Exercises will be progressed as follows:

» Session 1-5: 3x10 repetitions with the 15 repetitions
maximum (RM).

» Session 6-T, (T, will be around session 10-16): 3x12
repetitions with 12RM.

4

Wolf F, et al. BMJ Open 2022;12:6062160. doi:10.1136/bmjopen-2022-062160

"ybuAdoo Aq pejosiold 1senb Aq gzog ‘21 Jequisides uo /woo [wqg uedolwq//:dny woiy pepeojumoq "Zz0g lequieldas g9 uo 091290-220z-uedofwa/gg L L0l se paysignd 1suy :uadQ NG



In detail, for every new exercise, therapists will initially
determine the respective weight the participant is able to
move no more than the intended RM. Therapists will be
given the necessary room for individualisation but will
be instructed to follow prespecified exercises (see online
supplemental file (Strength Protocol)).

Multimodal agility-based exercise training

For the treatment manual see online supplemental file
(MAT-Manual). All sessions will be guided by maximum
three different exercise therapists (including FW) from
the NRC, experienced with providing balance exercises
on land and in the water in group settings. However, as
MAT also comprises other/new elements, exercise ther-
apists will be specifically trained by FW and instructed to
follow the treatment manual.

Both parts (ie, water and land) will be installed within
existing group therapies. Each group will consist of
maximum eight participants. Empty spots will be filled
with other patients from the NRC. The intervention
programme will consist of three main components: (1)
standing balance exercises, (2) dynamic balance exercises
including functional leg strength, (3) agility-like exercises
including change of direction and change of velocity."®
Each main component will be represented in several
modules. Each module is constructed as a basic setup,
that can be progressed in terms of difficulty. Additionally,
modifications on a cognitive (eg, memory, attention, inhi-
bition) and sensory (ie, visual, somatosensory, vestibular)
level are described. As stated by Callesen et al,'® there is
no consensus yet on how to define intensity or progres-
sion in balance and motor control exercises. Thus, for
this intervention, therapists will be instructed to aim for
a level of difficulty and complexity that keeps exercises
manageable and safe for participants, but also provokes
motor or cognitive errors. This is in line with recommen-
dations for neurorehabilitation from basic science.”

For load management in the land-based therapy,
there will be three sessions with higher physical strain
(ie, agility-like components and functional leg strength)
interspersed with two sessions with lower physical strain
(ie, standing balance and exercises with a cognitive
focus). Due to water immersion, physical strain in the
water-based therapy should be lower in general.

Participants will be instructed to take individual breaks
whenever they need to. They will also be advised to
monitor their fatigue during their stay and skip a session
when they need more time to recuperate.

Blinding

The neuropsychological staff conducting the cognitive
tests will be blinded to the study groups. However, for
organisational reasons and specifics of the study setting,
blinding of participants, therapists conducting the inter-
ventions as well as personnel conducting the motor and
cardiorespiratory fitness (CRF) tests and analysing the
questionnaires will not be possible.

Outcomes

As depicted in table 1, assessments will be carried out at
admission (ie, preintervention, T|) and discharge (e,
postintervention, T)), as well as after participants have
returned home (ie, follow-up, T,-T)).

Baseline sample characteristics

Demographic data on age and sex will be taken from elec-
tronic records. Height will be self-reported from partic-
ipants. Bodyweight at T will be assessed with normal
clothing, but without shoes, prior to GXT using a digital
scale. The corresponding body mass index will then be
calculated (kg/mQ).

Clinical data will include the following: MS disease
course and time since diagnosis (years) will be taken
from available medical records in the screening process.
In case of an unspecified MS disease course, the partic-
ipant and the treating physician will be contacted for
any further information. EDSS, disease-modifying drugs,
fatigue-specific drugs (amantadine, modafinil), and
drugs decreasing heart rate will be assessed by the treating
physician on the day of arrival and made available for the
study staff in the electronic health record. Use of assis-
tive devices for walking will be ascertained in conjunction
with motor function testing.

Feasibility (quantitative)
To generate the quantitative feasibility outcomes, we
adopted the categories described by Thabane et al’' and
promoted for exercise studies in MS by Learmonth and
Motl*? (see table 4).

Feasibility (qualitative)

The qualitative evaluation aims to (1) capture patients’
views on acceptance, benefits, and satisfaction with study
participation, (2) assess their experiences with the inter-
vention methods and (3) identify necessary adaptions.
For this purpose, we designed a semistructured interview.
Six participants from each study arm will be interviewed
face-to-face at T,. The selection of participants will reflect
the greatest possible diversity in terms of gender, age and
EDSS.” The interview will include a total of 14 questions
and will last approximately 20 min. Key topics of the inter-
view are the concept of fatigue, experiences and demands
of the interventions, personal relevance, and goal achieve-
ment. All interviews will be recorded digitally and tran-
scribed verbatim by an independent transcription service.

Both interviewers (JN and FW) have several years of
clinical experience with pwMS. A first draft of this inter-
view was piloted with three pwMS prior to the start of the
feasibility study to ensure that the questions allow valid
insights into participants’ experiences.

The interview will be supplemented by a customised
questionnaire asking for prior knowledge of fatigue, prior
experiences with MAT and SET, and comprehensibility of
the study instructions and questionnaires. The question-
naire also asks about fun and relevance of training for
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Table 4 Description of quantitative feasibility outcomes (adapted from Hubbard et al*’)

Classification Outcome

Operationalisation

Importance for future RCT

No/rate of patients being eligible

» No/rate of negative cases for each eligibility criterium

Process 1. Eligibility rate  »
2. Recruitment P>
rate
3. Refusal rate P>
4. Retention rate P

>
5. Adherence >
6. Fidelity >
>
»
Resources Time »
»
Management Data
| 2
Scientific 1. Adverse »

events
2. Acceptability P>

No of patients successfully randomised per month

No/rate of patients eligible but unwilling to participate (with
reasons)

No/rate of patients completing the intervention period
No/rate of patients returning the WEIMuS at T,

No of therapy sessions conducted relative to sessions scheduled

SET: training protocols will be reviewed to ensure that
communicated principles were followed: (1) no of exercises
performed each session, (2) total training load prescribed

relative to actual training load per exercise (eg, target: 3 (sets)

x 10 (repetitions) x 20 (weight)=600, moved: 3x10x15 = 450,
percentage: 75%). The ers.2 software will document all endurance
training sessions, which will provide measures of training duration
and intensity (average heart rate, average power, 6-20 RPE)
relative to the prescribed values.

MAT: To quantify the degree of aerobic challenge, in the land-
based sessions, patients will be wearing heart rate sensors (Verity
Sense, Polar, Kempele, Finland). Average and maximum heart rate
values for each session and patient will be tracked using software
(Polar Team App).

MAT: Components of each session will be coded by the operating
therapist according to the MAT manual (standing balance,
dynamic balance and functional leg strength, agility like) to get an
approximate distribution.

No of days needed to complete baseline assessments

Time requirements for (1) the first (T25FW, SSST, FGA, 6MWT) and
second (GXT) physical testing blocks at T and T,, (2) preparation
of MAT sessions

» No of missing items for FSMC and WEIMuS for all measurement

time points
No of missing outcomes for T and T,

No and kind of adverse events related to study interventions

Perceived exertion: Session-RPE after each endurance, strength,
and MAT session (Category Ratio (CR-10) RPE scale as developed
by Foster et al.>®° After each session patients will be asked: ‘How
strenuous was the session as a whole?’. Patients will be instructed
to provide a global rating of the complete session and not to focus
on specific aspects.

Fun during training and relevance of training for daily life: assessed
at T, by using customised questions with a four-point Likert-type
scale ranging from ‘not at all’ to ‘very much’.*°

Determines criteria that might produce too many
non-eligible patients for the trial to be conducted in a
reasonable timeframe

Evaluates whether the no of participants randomised
is high enough to allow for a time-efficient execution

Provides insights on possible barriers for
participation, which might be counteracted by better
study information and addressing these barriers.

Provides information on the risk of subjects dropping
out during the intervention period, which might
necessitate adaptations to the interventions or the
organisation of the study.

Gives information on the feasibility of the primary
outcome being assessed postdischarge and via an
online platform.

Gives information on how many sessions would
normally be feasible to conduct during the inpatient
stay

Gives detailed information on whether subjects were
able to perform the SET as planned. In the MAT,
therapist’s usage of the manual will be observable.
This will allow for guided adaptations of the
intervention protocols, if necessary.

Evaluates whether baseline assessments can be
scheduled in a timely manner before the start of
the intervention period. Precise time requirements
will allow for better scheduling of study-related
appointments.

Provides information on actions to take to ensure
questionnaires will be fully completed and all
assessments taken.

Establishes the safety of all interventions.

Perceived exertion in both groups will determine
whether the interventions are perceived to be

too strenuous or too easy. Fun and relevance are
important measures of motivation. In case of low
values, additional actions will be necessary to ensure
sufficient motivation.

FGA, Functional Gait Assessment; FSMC, Fatigue Scale for Motor and Cognitive Functions; GXT, Graded Exercise Test; MAT, Multimodal Agility-based exercise Training; 6MWT, 6
min Walk Test; RCT, randomised controlled trial; RPE, Rated Perceived Exertion; SET, Strengthand Endurance Training; SSST, SixSpot Step Test; T, postrandomisation; T,, prior to
discharge; T,, 1-2 weeks after discharge; T25FW, Timed 25-foot Walk Test; WEIMuS, Wirzburg Fatigue Inventory for Multiple Sclerosis.

daily life (see table 4), and the motivation to continue a
comparable training at home.

Primary outcome for the full RCT

Fatigue questionnaires presuppose internal averaging
of the amount of fatigue experienced during a certain
time frame.' This has been a problem for studies eval-
uating short-term interventions, as in some question-
naires patients are asked to evaluate their fatigue in

timeframes of up to 4weeks. As we are interested in
the change in fatigue experienced in daily life from
before the inpatient stay to afterwards, we (I) chose the
WEIMuS®** as the primary outcome measure to assess
the fatigue experienced during the past week and (II)
established the primary endpoint to be 1-2weeks after
participants have returned home (T,). The WEIMuS
has 17 items (scored 0-4) with higher total scores
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indicating higher fatigue (range 0-68, cut-off for classi-
fication as fatigued: 32).

For fatigue screening (that is necessary for study eligi-
bility), we will apply the FSMC. It is a 20-item Likert-type
scale (1-5) with a total score (0-100) and two subscales
relating to motor and cognitive fatigue.35 The FSMC
provides cut-off scores to classify cases of no (total score
<43), mild (243), moderate (=53) and severe (=63)
fatigue, which makes it especially suitable as a tool for
classification of fatigue severity.1 %

Paper versions of both questionnaires will be handed out
to participants. When at home, participants will be followed
up via e-mail to fill out questionnaires on an online plat-
form (Qualtrics) at timepoints T,~T,. Participants will be
able to respond to the email request within 7 days.

Secondary outcomes for the full RCT

MS-fatigue is a multifactorial construct that requires
assessment of other interrelated constructs.” This will
include measures of cognitive (Test Battery of Attention
Performance -Alertness’®) and motor fatigability (6 min
Walk Test, Distance Walked Index37), cognitive perfor-
mance (California Verbal Learning Test, Symbol Digit
Modalities Test*® *®) and CRF (GXT on a cycle ergometer,
protocol: start 25W, progression 10W/min). Dynamic
balance and motor function (Timed 25-Foot Walk Test,*
Six Spot Step Test (SSST),*” Functional Gait Assessment
(FGA)*") will also be assessed as well as self-reported
balance confidence (Activities-specific Balance Confi-
dence scale®?). Depression (Centre for Epidemiological
Studies Depression Scale (German version)®) will be
assessed as a confounder variable.

The subsequent full trial will also include qualitative
data to explore the subjective experiences in participants
showing a WEIMuS change of 6 or more points from T
to T, (positive or negative). These ‘responders’ will be
contacted for a short telephone interview. Previous data
has shown large differences in fatigue questionnaire
change scores."”” However, the scores do not provide
any detail on individual circumstances, including, for
example, social or work-related influences, that might
be independent of intervention effects. Therefore, we
decided to specifically ask participants:

The analysis of your questionnaires shows a relevant
positive/negative change of your fatigue symptoms,
when comparing your scores from pre-rehab to the
online questionnaire. What do you personally think
is the reason for this?.

No minimal clinically relevant change scores have been
established yet.44 Thus, the relevant change score (=6or
<-6) was chosen as a pragmatic value of 0.5 SD from the
validation study.45 A'similar procedure has been described
by Sander et al.'

Data analysis

Quantitative data analysis

Descriptive statistics will be used to summarise quantita-
tive feasibility outcomes (table 4), and baseline sample

characteristics. Retention, adherence, fidelity, adverse
events and acceptability measures will be calculated per
group. The results will be given as mean and SD for contin-
uous data, median and IQR, or frequencies (number, %)
for categorical data. The same will be applied to baseline
and follow-up data for primary and secondary outcomes
of the potential full trial. Change scores from baseline will
be reported for these outcomes for each of the measure-
ment timepoints. The frequency of participants in each
group with a relevant change related to the WEIMuS total
score (26or <-6, as described above) will be calculated.
However, hypothesis testing of within-group or between-
group treatment effects will not be performed due to the
inherent problems of hypothesis testing based on (small)
pilot study data.”®*” For the same reasons, no effect sizes
will be presented, as they will have a high risk of under- or
overestimating the ‘true effect’ of the interventions.*®

All analyses will be performed using IBM SPSS Statistics
in the most up-to-date version.

Qualitative data analysis

Coding of the interviews will be performed according to
qualitative content analysis, using a combined model of
deductive (a priori) and inductive coding (on the text
material) to identify themes and subthemes.”” Deduc-
tive coding will be based on preliminary considerations
and hypotheses in the study planning and on reviews of
relevant literature.” > Coding will be carried out by at
least two individuals (JN and FW) to ensure intercoder
reliability.”* The analysis will be supported by MAXQDA
software in the most up-to-date version.” JN and FW will
compile the themes emerging from the interview data
and discuss these with the wider research team.

Progression requirements to full RCT

Falling short of the following feasibility values will necessi-

tate changes to the protocol of the full RCT:

» Adherence: Average of at least 18 therapy sessions
during the stay per group (equals 6x30min sessions
per week for 3 weeks (28 days admission to discharge
minus 5days for pretesting and post-testing)).

» Recruitment rate: 4 participants/month, <25%
non-eligible pwMS, <10% eligible but unwilling to
participate.

» Retention at T,: >90% per group.

» Retention at T,: >80% per group.

» Time requirements for baseline assessments:
>80% able to complete all assessments within the first
3days of therapy.

» Interview statements indicating that the interven-
tions are perceived as relevant, comprehensible and
pleasant.

Data management

The principal investigator (FW) will be responsible for
data management. Demographic and clinical character-
istics will be taken from the electronic health record. All
other data will be collected on forms during the inpatient
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stay and via an online tool for follow-up. Data will be
entered into a secure internal network database by study
personnel in the NRC. Entered data will be checked for
plausibility and compared with the collection forms if
necessary. Data will be collected and stored in accordance
with the General Data Protection Regulation.

ETHICS AND DISSEMINATION

Written informed consent will be obtained from each
participant. Ethical approval was obtained from the
Ethics Committee at the Medical Faculty, University of
Bonn (reference number: 543/20).

The results of this feasibility study will be disseminated
regardless of the magnitude or direction of effect in
peerreviewed journals, conferences and the website and
magazines of the German Sport University Cologne.

DISCUSSION

This PAFS will give relevant insights for conducting
a future RCT in this special setting of inpatient reha-
bilitation for pwMS. Content-wise, it will (1) translate
existing evidence on BMCT in pwMS to this setting, (2)
add to this BMCT by introducing the framework of MAT
and (3) apply a clear focus on fatigue as the primary
outcome. Specifically, we see the potential of a relatively
large training volume (eg, about eight therapy sessions
per week) compared with studies in outpatient settings,
and a high amount of supervised exercise, which should
provide good adherence and fidelity. Having a therapist as
a supervisor is especially important for a rather complex
type of exercise as is MAT. For example, there are no
simple ‘numbers’ like sets or repetitions one can follow.
Quicker movements relating to agility, like changes of
direction, acceleration and deceleration, frequently lie
outside the ‘comfort zone’ of pwMS, which necessitates
guidance of a therapist. Lastly, in the group format, a
therapist is mandatory to provide modifications for pwMS
with higher disability or very low disability.

We also anticipate certain issues in conducting this
study. For example, scheduling of appointments for
testing will be challenging, as there will be several testing
blocks (ie, motor function, GXT, cognitive tests, inter-
view), conducted in different departments of the NRC,
which must be fitted into certain timeslots around admis-
sion and discharge. These appointments will compete
against other study unrelated appointments (eg, ward
rounds, urology assessments). Regarding the eligibility
and randomisation criteria, it will be challenging to have
all the correct data within the first 2days as there can be
delays in the admission process. Intervention duration
can be regarded as a general limitation of this project,
as it is restricted to the usual inpatient stay for this group
of patients in the German national healthcare system (ie,
4-6weeks). Land-based and water-based MAT might have
different mechanisms of action, especially when consid-
ering the effect of body temperature on demyelinated

axons, and the cooling effect present in water.”® Still,
water-based MAT was developed to allow for a greater
amount of standardised MAT therapy time. As inpatients
must receive a certain amount of therapy time during
their stay, not including water-based MAT would have
resulted in a greater amount of uncontrolled therapy in
the intervention group. In a main trial, this would only
permit conclusions to be drawn on the treatment effect of
concomitant land-based and water-based MAT.

Lastly, analysis of blood-based biomarkers is planned
to be part of the ReFEx study project. However, as these
outcomes are connected to comparably high costs for
materials and analysis, addition of blood sampling is post-
poned to the start of a full RCT. Nevertheless, informa-
tion gathered during the feasibility study will be used to
allow for smooth integration of blood draws and storage
during assessments at admission and discharge. As the
blood draws can be regarded as the most unpleasant part
of the assessments for patients, feasibility of the interven-
tions and patient acceptance should be established first.
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ReFEx Strength Protocol

Principles:

Intensity:

e Frequency: 3x/week

e Focus on leg strength/no
balance training

e 5min warm-up, 3-4
exercises/session

e Session 1-5: 3x10 repetitions at 15 RPM
e Session 6 to T1: 3x12 repetitions at 12 RPM

e Break between sets: 1min

Session-RPE:

At the end of every training the participant is requested to provide a rating on perceived exertion (i.e.,
session-RPE) for the complete session

Warm-up (5min):

e Participants can choose between treadmill, cross trainer, stepper, and recumbent stepper

Exercise pool:

Always determine 15RPM before starting a new exercise!

1 hip

a) Extension
Leg press (upper body upright)
e Start: hip angle as small as
possible

b) Flexion
Standing knee raises (cable)
e With balance support
(chair)

c) Abduction
Standing abduction (cable)
e  With balance
support

2 knee

a) Extension
Leg press (supine)

b) Flexion
Prone leg curls (cable)
e End: >90° flexion

3 foot

a) Plantar flexion
Calf raises on leg press
e Large ankle ROM

RPM = Repetition maximum; RPE = Rated perceived exertion; ROM = Range of motion

WOolf F, et al. BMJ Open 2022; 12:e062160. doi: 10.1136/bmjopen-2022-062160
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Manual for the land-based and water-based MAT (adapted from?)

1. Land-based MAT

Progression: BOS Progression: Catching & Throwing Progression: Tools

Narrow BOS Alone Number of objects for throwing
Semi-tandem stance With partner Kind of objects (small sacks, balls, ...)
Tandem stance

One leg stance (+movements of opposite leg)

Halfkneeling

Progression: Number of sequences/objects
1 sequence (= 1 object)

Switching: 2 sequences (=2 objects)
Simultaneously: 2 sequences (= 2 objects)
Simultaneously: 3 sequences (=3 objects)

Progression: BOS, DOM Progression: Movement Progression: Speed of movement
Narrow gait High knees Slow swing phase (e.g., 3s)

Tandem gait Lunges

Forwards, backwards

Progression: DOM Progression: Movement Progression: Tools
Forwards, backwards, sidewards High knees Stepping out of hoop
Combination of directions Lunges

Floor "touches"

Progression: BOS, DOM Progression: Movement Progression: Tools

Narrow gait High knees Number of tools to be thrown
Tandem gait Lunges Kind of objects (small sacks, balls, ...)
forwards, backwards

Progression: Movement Progression: Starting position Progression: Number of commands
Tasks for one side of body On thefloor 2to8
Tasks for both sides of body (e.g. step left, catch right) On thefloor but inside a hoop

On unstable support surface

180° turn before step and catch

WOolf F, et al. BMJ Open 2022; 12:¢062160. doi: 10.1136/bmjopen-2022-062160
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Progression: Movement
Tasks for one side of body

Progression: Number of pairs
4t08

Tasks for both sides of body (e.g. left knee up & right hand to left shoulder)

Similarity of movements

Progression: number of cues
3to6

Progression: DOM, speed
Forwards, backwards, sidewards
walking, jogging

Progression: DOM, speed
Forwards, backwards, sidewards

Progression: speed, duration
Walking, jogging
1round =30s

Progression: speed, duration
Walking, jogging
1 round =60-90s

Progression: speed, duration
Walking, jogging
1 round =60-90s

Progression: movement
Tandem walk, high knees

Progression: movement
Tasks for one side of body
Tasks for both sides of body (e.g. left knee, right hand)

Progression: complexity
Easier sequences (2 / 3 touches)

Progression: tools
Kind of objects (small sacks, balls, ...)

Progression: tools
Kind of objects (small sacks, balls, ...)

Harder sequences (1,2,3,2,1 /2 forwards 1 back /2 in 1 out)

Progression: number of cones
4t08

Progression: number of obstacles
4t08

Progression: number of players
1to4

Progression: competition
Hit a target with an object at the end of slalom

Progression: change of direction
Front - back

Front - back and sideways

Random

WOolf F, et al. BMJ Open 2022; 12:¢062160. doi: 10.1136/bmjopen-2022-062160
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Progression: speed, duration Progression: Stops at end of section Progression: competition
Walking, jogging touch acone Hit atarget with an object at the end
1 round =45-90s circleacone

stop - 2 steps back - accelerate forwards

2. Water-based MAT

Progression: BOS Progression: free leg Progression: hands
Narrow BOS Floor "touches" Inside water
Semi-tandem stance Leg swings Outside water
Tandem stance Number, amplitude, direction of swings

One leg stance (+movements of free leg)

Progression: BOS, DOM Progression: movement Progression: hands
Narrow gait High knees Inside water
Tandem gait Lunges Outside water
Forwards, backwards, sidewards Hot steps, skipping gait

Single-leg, two-legged jumps, hold landing position 3s
jumping jack

Progression: movement Progression: number of pairs
Only legs/only arms 4to8

Combination of arms +legs, one-side of body

Combination of arms +legs, both sides of body

Similarity of movements

Progression: movement Progression: starting position Progression: number of commands
Catch/step = same side of body Floor 2t08

Catch/step = diagonal standing on kickboard
180° turns before catching

Progression: duration, speed
45-60s per exercise, 2-3 rounds, 3-4 exercises per round
Exercises include: running, swimming, jumping, step-ups

WOolf F, et al. BMJ Open 2022; 12:¢062160. doi: 10.1136/bmjopen-2022-062160
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Progression: number of orders / objects
1 order (= 1 object)

Change: 2 orders ( = 2 objects)
Simultaneously: 2 orders ( = 2 objects)
Simultaneously: 3 orders ( = 3 objects)

Progression: DOM, speed Progression: movement
Walk, jog Balance ball, throw & catch ball
Forwards, backwards, turns Change hands on kickboard

Throw & catch ball while changing hands

Progression: speed, duration Progression: number of directions
Walking, jogging 4 to 8 (front, back, side, diagonal)
1 round = 45-60s

Progression: speed, duration Progression: fakes
Walking, jogging, competition (shake off) Leader fakes change of direction
45-60sec. Leader changes speeds

Progression: number of players
2 to whole group

MAT = multimodal agility-based exercise training; BOS = Base of support; DOM = Direction of movement

Components
e SB = Standing balance
e DB = Dynamic balance & functional leg strength
o AG = Agility

Each bracket represents a module. Each module targets one of the three components.

WOolf F, et al. BMJ Open 2022; 12:¢062160. doi: 10.1136/bmjopen-2022-062160
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Abstract

Background Multimodal agility-based exercise training (MAT) is a group-based exercise training framework for
persons with multiple sclerosis (pwMS) with a potential to impact fatigue and fatigability. In a mixed-methods design,
this study evaluated the feasibility of implementing MAT in an inpatient rehabilitation setting and the feasibility of a
randomized controlled trial (RCT) study protocol with ‘traditional’ strength and endurance training (SET) as an active
control condition. Secondarily, preliminary outcome data was acquired.

Methods PwMS with low to moderate disability and self-reported fatigue were randomly allocated to either MAT or
SET when starting inpatient rehabilitation (4-6 weeks). The MAT-participants exercised in a group following a MAT-
manual (sessions were gym- (5x/week) and pool-based (3x/week)). SET-participants exercised individually 5x/week
on a cycle ergometer, and 3x/week on strength training machines. Feasibility assessments focused on processes,
resources, management, time, and scientific domains. Assessed clinical outcomes at admission and discharge
included perceived fatigue, motor and cognitive fatigability, cognitive performance, motor function, and balance
confidence. Perceived fatigue was reassessed 1, 4, and 12 weeks after discharge. Feasibility was determined regarding
predetermined progression criteria.

Results Twenty-two participants were randomized. Both groups performed the minimum number of sessions (> 18),
and retention was adequate (73-91%). SET-participants performed more sessions than MAT-participants (30.8 vs. 22.7)
and stayed longer in the facility (34.2 vs. 31.6 days). Non-eligibility of admitted pwMS was high (74% non-eligible),
mainly due to high EDSS and inability to attend pool-based sessions. Consequently, recruitment (1.8/month) was
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perceived fatigue more robustly.

slower than the predetermined progression criterium. Baseline assessments took longer than required (only 50%
completed within 3 days). Short-term fatigue reduction was similar for both groups. Motor fatigability also improved
in both groups, whereas cognitive fatigability deteriorated. In MAT, average improvement in walking endurance
(43.9 m) exceeded minimal important change values for individuals (> 26.9 m).

Conclusions Progressing to a definitive RCT necessitates adaptation of eligibility criteria. In the present design it will
also be difficult to attain similar dosing of interventions. A multicenter RCT focused only on gym-based MAT might
be another option to assess the effect of MAT. The primary outcome measure should be able to measure change in

Trial registration German Clinical Trials Register: DRKS00023943, date of registration: 23 September 2021.
Keywords Agility, Exercise, Fatigue, Multiple sclerosis, Rehabilitation

Background

Multiple Sclerosis (MS) is the most common, non-trau-
matic, neurological disorder among middle aged adults.
Initially characterized as an inflammatory demyelinating
disease of the central nervous system, neurodegenerative
processes lead to progressive disability during later stages
[1]. In Germany, persons with MS (pwMS) frequently
attend inpatient rehabilitation facilities for several weeks
to improve their ability to work in a multidisciplinary set-
ting [2]. “Visible’ symptoms such as mobility impairments
play an obvious role in pwMS’s ability to participate in
the job market. However, 25% of pwMS are limited in
their professional participation due to ‘invisible’ symp-
toms such as fatigue [3, 4].

The definition and conceptualization of fatigue has
been changing and expanding for years, including recent
updates [5, 6]. For the purpose of this study the term
‘fatigue’ refers to the ‘subjective sensation of lack of
energy and exhaustion’ (p. E79) [7], retrospectively self-
reported for a period of at least one week by a pwMS (i.e.,
the trait component of fatigue). The term ‘fatigability’
refers to objectively measured performance decrements
on motor or cognitive tasks, corresponding to the taxon-
omy of Kluger et al. [8].

Contrary to its impact, pharmacological treatment
options for fatigue are limited [9]. Consequently, many
exercise and behavioral interventions have been evalu-
ated [10]. One of the results concerning exercise is that
endurance exercise, although frequently investigated,
seems to have only a small effect on fatigue [11, 12]. Inter-
ventions broadly focused on ‘balance’ are less prevalent,
but potentially with a more pronounced effect [10, 11].
Among exercise studies that explicitly addressed fatigue,
almost none were conducted in an inpatient rehabilita-
tion setting [11], which is characterized by a multidisci-
plinary environment, including various diagnostic and
therapeutic components such as exercise, occupational
therapy, health education, or neuropsychological assess-
ment and training. Additionally, interactions between
treatments as well as flexibility in the treatment schedule

are common [13, 14]. This leaves clinical practice with
few results that could be applied directly to this setting.

We have recently described a group-based exercise
training framework for pwMS (multimodal agility-based
exercise training [MAT] [15]), which might comprise
several aspects that have been proposed to be beneficial
for fatigue reduction, e.g., (I) balance training for mak-
ing ‘navigating the environment’ less effortful [11], (II)
‘coordination of eye, head, and whole-body movements’
to ‘reduce the cognitive load associated with conscious
compensatory strategies in dynamic environments’ [16],
and (III) ‘improvement of sensory integration with a
subsequent reduction of the cognitive load associated
with motor processing’ [17]. As the MAT approach also
includes other aspects suitable for inpatient rehabilita-
tion (i.e., group-based, applicable to other neurologi-
cal conditions [18]) and is proposed to be beneficial for
several symptoms, including fatigability [15], the ReFEx
(Rehabilitation, Fatigue, and Exercise) project aims to
compare MAT with a ‘traditional’ exercise approach,
namely, strength and endurance training (SET) [19] dur-
ing inpatient rehabilitation. Both, strength and endur-
ance training can be considered standard elements in
neurorehabilitation facilities in Germany (and for the
current clinic) and are part of national-level MS exercise
guidelines [20].

In a first step, the present feasibility study was con-
ducted to determine whether all aspects of the trial were
implementable in the clinical setting, and to inform the
potential progression to a powered randomized con-
trolled trial (RCT). Secondarily, preliminary clinical out-
come data was acquired.

Methods

Design and setting

The study was located at the Neurological Rehabilitation
Center (NRC) Godeshoehe GmbH in Bonn, Germany,
which provides neurorehabilitation for all levels of dis-
ability. It is certified by the German MS Society as one
of three MS rehabilitation centers in the state of North
Rhine-Westphalia and treats around 120 pwMS each
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year, 75% coming from within-state. All study-related
sessions were implemented within existing therapy ser-
vices of the NRC.

The study had a two-armed, parallel-group, random-
ized-controlled design with 12 weeks follow-up (Fig. 1),
pursuing a mixed-methods approach. The qualitative
part will be reported elsewhere. We intended to recruit
12 participants per group [14], but no sample size calcu-
lation was performed as the feasibility evaluation was the
primary aim.

Ethical approval was obtained from the Ethics Com-
mittee of the University of Bonn (reference number:
543/20). The study was prospectively registered in the
German Clinical Trials Register (ID: DRKS00023943) on
23rd September 2021. For more details we refer to the
published feasibility protocol [14].

Screening and recruitment

New admissions were screened for MS and eligibility
criteria were evaluated in a joint effort by the treating
neuropsychologists (JN, JS, EH) and the principal investi-
gator (FW). Inclusion criteria were a relapsing-remitting
or secondary-progressive disease course (2017 McDon-
ald criteria [21, 22]), age between 18 and 67 years (age
for retirement in Germany), Expanded Disability Sta-
tus Scale (EDSS)<5.0 [23], Fatigue Scale for Motor and
Cognitive Functions (FSMC)=>53 (cut-off for ‘moderate
fatigue’) [24], and written informed consent. Exclusion
criteria included the inability to attend aquatic therapy;,
comorbidities, that prevented attending study sessions,
chronic neurologic conditions other than MS, insufficient
German language skills, and specific fatigue medication
(Amantadine, Modafinil) started less than 3 months ago.
If deemed eligible, pwMS were informed about the study
verbally and in written form.

Randomization and blinding

After written informed consent, pwMS were randomly
allocated (1:1) to MAT or SET, according to the mini-
mization procedure [25], stratified by EDSS (<3 or >3),
Wiirzburg Fatigue Inventory for Multiple Sclerosis (WEI-
MusS, <38 or >38) [26], age (<45 or >45), and MS disease
course (relapsing-remitting or secondary-progressive).
The WEIMuS acted as a stratification factor, as it was the
potential primary outcome for a future RCT. Random-
ization was provided by an independent researcher from
the German Sport University Cologne using RITA (‘Ran-
domization-In-Treatment-Arms, Evident, Germany).

The neuropsychological staff conducting the cognitive
tests were blinded to the study groups. Participants, ther-
apists, and staff conducting the physical tests and analyz-
ing the questionnaires were not blinded regarding group
allocation. However, participants were blinded regarding
which of the groups was the experimental condition.

Page 3 of 12

Interventions

The intervention period lasted from admission (T,)
to discharge (T,), comprising 4 to 6 weeks (based on
medical indications, determined by the treating physi-
cian). MAT-participants performed five 30 min ses-
sions of gym-based MAT, and three 30 min sessions of
pool-based MAT per week in a group setting (including
other neurological patients). SET comprised five 22 min
sessions of endurance training on cycle ergometers, and
three 30 min sessions of individual strength training.
Endurance training was provided on cycle ergometers
and not on a treadmill to enable more pronounced dif-
ferences regarding the demand for sensory integra-
tion between MAT and SET [27]. Furthermore, it is the
standard modality for endurance training in this clinic.
Importantly, participants from both groups also attended
a group on body awareness and relaxation techniques,
which is part of usual care for pwMS in this clinic and
which provided some social contact in the SET-group as
well [14].

MAT consisted of three components: (I) standing bal-
ance exercises, (II) dynamic balance exercises including
functional leg strength, and (III) agility-like exercises.
Agility-like exercises have been defined as ‘[...] tasks,
that require changes of direction, stop-and-go patterns,
turns, and changing footwork strategies, with or with-
out responding to a stimulus’ [15]. For load management
in the gym-setting, three sessions with higher physical
demands (i.e., agility-like components and functional leg
strength) were interspersed with two sessions of lower
physical strain (i.e., standing balance and exercises with a
cognitive focus).

In SET, endurance training was performed with 3 min
of gradual increase, 17 min steady and 2 min cool-down
on a cycle ergometer (ergoselect 5, ergoline GmbH, Bitz,
Germany) with continuous monitoring of power out-
put (W) and heart rate (ers.2 software, ergoline GmbH,
Bitz, Germany). The first session started with a power
output participants had rated ‘light’ (=11) to ‘somewhat
hard’ (=13) (6-20 Rating of Perceived Exertion [RPE] —
scale) during the baseline graded exercise test (GXT, see
Sect. 2.5.2 and Supplement) and then continued within
this range. In detail, in each of the cycling sessions, ther-
apists asked participants to rate their perceived exer-
tion on the 6-20 RPE scale after 8 min and/or 15 min of
cycling. Two timepoints were chosen in case perceived
exertion changed during the session. If pwMS gave two
different RPE ratings for each timepoint, the average
score was documented. Therapists regulated the power
output so that participants stayed between 11 and 13 on
the RPE-scale. The new session always continued with
the training load from the previous session. The range of
11-13 was chosen based on recent evidence-based rec-
ommendations for pwMS with similar EDSS [19].
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Assessed for eligibility (n=101) Excluded (n=79)
Screened + Not meeting inclusion criteria (n=72)
Admission + MS type (n=18)
+ Age (n=7)

+ EDSS too high (n=41)
+ No/low fatigue (n=12)
+ Started fatigue medication (n=7)
+ Unable to attend aquatic therapy (n=39)
+ Comorbidities (n=27)
+ Insufficient German language (n=9)
+ Declined to participate (n=3)
+ Other reasons (n=4)
+ Rehab period too short (n=1)
+ Study staff unavailable (n=1)
+ Discharged before full screening (n=1)

A 4

[ Enrollment } Randomized (n=22) SAGIS ARSI
A
¥ ( Allocation ) v
Allocated to MAT (n=11) L Allocated to SET (n=11)
+ Received allocated intervention (n=11) + Received allocated intervention (n=11)
+ Did not receive allocated intervention (n=0) + Did not receive allocated intervention (n=0)
Follow-Up
Discharge
A 4
Lost to follow-up T1 (discharge) (n=1) Lost to follow-up T1 (discharge) (acute lyme disease) (n=1)
Discontinued intervention (water too cold) (n=1) Discontinued intervention (n=0)
Assessed for fatigue (n=9, WEIMuS; n=10, FSMC) Assessed for fatigue (n=9, WEIMuS; n=8, FSMC)
Assessed for fatigability (n=10, cognitive; n=9, motor) Assessed for fatigability (n=10, cognitive; n=9, motor)
Assessed for cognitive function (n=10) Assessed for cognitive function (n=10)
Assessed for exercise tolerance (n=9) Assessed for exercise tolerance (n=7)
Assessed for motor function (n=9) Assessed for motor function (n=9)
Follow-Up
At home
A J
Lost to follow-up T2 (1wk post-rehab) (n=2) Lost to follow-up T2 (1wk post-rehab) (n=2)
Assessed for fatigue (n=9) Assessed for fatigue (n=8, WEIMuS; n=9, FSMC)
Lost to follow-up T3 (4wks post-rehab) (n=2) Lost to follow-up T3 (4wks post-rehab) (n=3)
Assessed for fatigue (n=9) Assessed for fatigue (n=8)
Lost to follow-up T4 (12wks post-rehab) (n=3) Lost to follow-up Ta (12wks post-rehab) (n=4)
Assessed for fatigue (n=8) Assessed for fatigue (n=7)

Fig. 1 CONSORT diagram. EDSS=Expanded Disability Status Scale; FSMC=Fatigue Scale for Motor and Cognitive Functions; MAT=multimodal agility-
based exercise training; MS=multiple sclerosis; SET=strength and endurance training; WEIMuS= Wiirzburg Fatigue Inventory for Multiple Sclerosis
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Strength training was adapted from published proto-
cols [17]: each session started with a 5 min warm-up, fol-
lowed by three to four lower extremity exercises. Sessions
1 through 5 included 3x10 repetitions (intensity: 15
repetitions maximum [RM]) and Session 6 through dis-
charge included 3x12 repetitions (12RM). More details
and treatment manuals are displayed in the protocol [14].

Outcomes
Feasibility
Feasibility domains were based on Thabane et al. [28] and
evaluated according to prespecified progression criteria
(Table 3). Evaluation of processes included the eligibil-
ity, recruitment, refusal, and retention rates, interven-
tion adherence and fidelity. Resources-related outcomes
focused on the number of days needed to complete
baseline assessments, time requirements for the physi-
cal testing blocks at T, and T, and for the preparation of
MAT sessions. Data management feasibility determined
missing items from the WEIMuS and FSMC and missing
assessments at T, and T. The scientific domain evaluated
adverse events and perceived exertion. Adverse events
were defined as events related to the interventions that
led to early termination of a session. Perceived exertion
was based on the session-RPE scale (0—-10 scale, where
0 indicates ‘rest, 10 indicates ‘maximum’ intensity) [29,
30]. See Table 4 in the protocol for details and rationales
[14] and the Supplement for specifics of session-RPE
application.

Six participants from each study arm were interviewed
face-to-face at T, regarding feasibility objectives (will be
reported elsewhere).

Potential clinical outcomes

Perceived fatigue was assessed with the WEIMuS [26]
and FSMC [24] questionnaires at T and T;. Participants
were followed up via e-mail to fill out online versions 1,
4, and 12 weeks after discharge (T,-T,, Fig. 1). Change in
WEIMuS total score from T to T, was evaluated as the
potential primary endpoint for a future RCT [14].

Other potential clinical outcomes for a definitive RCT
were assessed only at admission and discharge and
included cognitive fatigability (circadian changes in tonic
alertness measures, assessed with the Test Battery of
Attention Performance — Alertness [TAP-Alert] [31, 32]
before 11 a.m. and after 3 p.m.), motor fatigability (Dis-
tance Walked Index [DWI] [33]), cognitive performance
(California Verbal Learning Test [CVLT], Symbol Digit
Modalities Test [SDMT] [34]), exercise tolerance (GXT
on a cycle ergometer, protocol: start 25 W, progression
10 W/min, for details, see [35] and Supplement), motor
function (6-Minute Walk Test [6MWT] [36], Timed
25-Foot Walk Test [T25FW] [37], Six Spot Step Test
[SSST] [38], Functional Gait Assessment [FGA] [39]),
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and balance confidence (Activities-specific Balance Con-
fidence scale [ABC] [40]).

Data analysis

Descriptive statistics were used to summarize base-
line sample characteristics, feasibility, and clinical out-
comes, using IBM SPSS Statistics 29. Baseline differences
between groups were examined using independent
samples t-tests for normally distributed continuous vari-
ables or Mann-Whitney U tests for non-normally dis-
tributed and ordinal variables, and Fisher’s Exact test for
categorical variables, with p<0.05 indicating significant
differences.

Change scores from baseline were calculated for clini-
cal outcomes for each of the measurement timepoints,
as was the frequency of participants in each group with a
relevant improvement related to the WEIMuS (<£-6) [14]
and FSMC (=-10) [41] total scores at T,. Since this was a
small-scale feasibility study, hypothesis testing of within-
or between-group treatment effects was not performed
[42, 43]. For the same reasons, no effect sizes were esti-
mated [44]. However, we compared the feasibility data to
the prespecified progression criteria (Table 3).

Results

Participants

Flow of participants is depicted in the CONSORT dia-
gram (Fig. 1). Due to maintenance work of the pool start-
ing in October 2022 we had to reduce the sample size
from 24 to 22 participants. Baseline sociodemographic
and clinical characteristics are described in Table 1.

Feasibility
Results regarding the a priori defined progression
requirements are shown in Table 3.

Processes

Twenty-five of 101 (26%) patients screened were eligible
and three of 25 (12%) declined to participate. Two were
interested but overwhelmed with their current situa-
tion or wanted to focus on their own primary goals. One
declined because not wanting to be restrained to one
intervention. ‘EDSS’ and ‘able to attend aquatic therapy’
produced the most negative cases regarding eligibil-
ity, followed by comorbidities and disease course (Fig. 1,
Table S1). It took 12 months (11/2021 to 11/2022) to
randomize 22 participants, equaling 1.8 randomizations
per month, which is below the progression requirement
(Table 3).

Retention between T, and T, was 91% for each group.
One MAT-participant dropped out during the interven-
tion period, because of the pool being too cold. One SET-
participant was excluded from the follow-up analysis as
he developed acute lyme disease and was unable to attend
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Table 1 Baseline sociodemographic and clinical characteristics

MAT (n=11) SET(n=11) p-value
Age mean (SD, min-max) 456 (10.1, 26-56) 53.3(9.3,31-64) 0.019°
Sex f:m 10:1 83 0.586°
BMI mean (SD, min-max) 25.0(5.0,20.0-36.9) 289 (7.6,21.6-48.0) 0.116°
Work status (n) - Unfit for work (1) - Unfit for work (1) 0.921°

- Retired (3) - Retired (5)

+3-6h/d (3) +3-6h/d (3)

->6h/d (4) ->6h/d(2)
MS type RR:SP 92 92 1.000°
TSD mean (SD, min-max) 9.5(7.0,2-28) 9.7 (8.6,0-27) 0.699°
EDSS median (min-max) 3.0 (1.5-4.5) 2.5(2.0-4.5) 0.748°
Walking device (n) 0 0 1.000°
CES-D mean (SD, min-max) 24.7 (11.7,4-40) 25.7 (8.1,13-39) 0.818°
DMT (n) - None (4) -None (2) 0.929°

- Glatiramer acetate (1) - Glatiramer acetate (2)

- Natalizumab (1) - Natalizumab (1)

- Ofatumumab (1) - Ofatumumab (1)

- Teriflunomide (1) - Teriflunomide (2)

- Cladribine (1) « Dimethyl fumarate (1)

- Fingolimod (1) - Interferone beta-1b (1)

« Siponimod (1) -« Ocrelizumab (1)
Fatigue medication (n) - Amantadine (1) - None (11) 1.000P

- None (10)

2Mann-Whitney U test, °Fisher’s Exact test, ‘Independent samples t-test, bold=significant difference between groups. BMI=Body Mass Index; CES-D=Centre for
Epidemiological Studies Depression Scale (German version); DMT=disease-modifying treatment; EDSS=Expanded Disability Status Scale; f=female; m=male;
MAT=multimodal agility-based exercise training; max=maximum value; min=minimum value; MS=multiple sclerosis; n=number of patients; RR=relapsing-
remitting multiple sclerosis; SD=standard deviation; SET=strength and endurance training; SP=secondary progressive multiple sclerosis; TSD=time since diagnosis

inyears

“this patient had started taking Amantadine more than three months ago and therefore, was not excluded

Table 2 Adherence results are shown for MAT, SET and both groups combined (‘total’). Results are also given separately for gym/pool

sessions and strength/endurance sessions

Total MAT Gym Pool SET Strength  Endurance
n=20 n=10 n=10 n=10 n=10 n=10 n=10
No. appointments (completed/scheduled (rate attended)) 535/596  228/270 148/165  80/105  308/327 117/123 191/204
(90%) (84%) (90%) (76%) (94%) (95%) (94%)
Average completed sessions/participant (min-max) 26.8 22.7 14.8 8.0 308 1.7 19.1
(12-38) (12-33) (9-20) (3-14) (18-38) (8-14) (10-25)

MAT=multimodal agility-based exercise training; SET=strength and endurance training

most of the sessions and follow-up assessments. At T,,
nine (82%, MAT-group) and eight (73%, SET-group) par-
ticipants completed the WEIMuS, respectively. Thus,
retention-related progression requirements were mostly
fulfilled (Table 3).

Average length of stay in the rehabilitation facility were
31.6 (SD=5.2, min-max=25-41, n=10) full days for the
MAT-group and 34.2 (SD=6.2, min-max=22-41, n=10)
full days for the SET-group and both groups managed
to attain the required minimum number of sessions
(Table 3). However, on average, the SET-group per-
formed more sessions than the MAT-group and adher-
ence for the pool-based training was lower (76%) than for
all other sessions (90-95%) (Table 2).

Regarding fidelity, a total of 122 gym-based and 76
pool-based MAT-sessions were logged and analyzed for
MAT-components, as noted by the respective therapists.

In an average week, 18.5%/17.9% (gym/pool) of training
content targeted standing balance, 46.2%/50.1% dynamic
balance/functional leg strength, and 35.3%/30.2% tar-
geted agility-like exercises, showing that therapists pro-
vided all three MAT components. Average heart rate
during all tracked gym-based sessions was 93.7 bpm
(SD=11.3, min-max=78.8-114.1, n=11), average
maximum heart rate was 116.9 bpm (SD=11.8, min-
max=99.1-132.3, n=11).

In SET, strength sessions included an average 2.8 exer-
cises (goal: three), and participants performed an aver-
age 99.5% of the prescribed load. Endurance sessions
lasted for an average 21min26s (goal: 22 min) and average
heart rate corresponded to 107.1 bpm (SD=14.4, min-
max=90.5-127.9, n=10). The average prescribed train-
ing intensity for cycling sessions was 57.5 W (SD=24.2,
min-max=35-120, n=10), while average actual load was
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Table 3 A priori progression requirements [14] and results
Requirement

Results

quantitative
1. Adherence

Average of at least 18 therapy sessions com-
pleted during the stay per group
2. Recruitment

+ MAT: 22.7 (12-33)
+ SET: 30.8 (18-38)

4 participants/month —1.8/month
<25% non-eligible pwMS —74% non-eligible
< 10% eligible but unwilling to participate -12%
3. Retention
T,>90% per group +91% (both groups)
T,>80% per group +82% (MAT)
—73% (SET)
4.Time
>80% able to complete all baseline assessments  —50%

within the first 3 days of therapy

qualitative
5. Interviews
There were no
major acceptability
issues. Still, some
adaptations to the
study protocol were
identified and will be
reported separately.
Adherence data is presented as mean (min-max); + =requirement fulfilled;
- =requirement not fulfilled; MAT=multimodal agility-based exercise training;

pwMS=persons with multiple sclerosis; SET=strength and endurance training;
T,=discharge; T,=one-week post-discharge

Statements indicate that the interventions and
study processes are acceptable

53.5 W (SD=34.2, min-max=24.5-139.6, n=10), corre-
sponding to an average 88% completion of the prescribed
load (SD=20, min-max=54-116, n=10). Average RPE
(6-20) during cycling was 12.8 (SD=0.5, min-max=11.7-
13.2, n=10) (goal: 11-13).

Resources

Days needed to complete the baseline assessments were
4.1 (SD=1.5, min-max=3-9, n=22) and 50% of partici-
pants completed all assessments within the first 3 days of
therapy, which is below the required 80% (Table 3).

At T and T}, average time requirements for the physi-
cal assessments were 45 min (T;) and 43 min (T,) for
motor function, and 30 min (T,) and 33 min (T,) for the
GXT. To prepare MAT-sessions, therapists needed an
average 3.7 min (gym-based, min-max=1-12, n=102
sessions) and 2.6 min (pool-based, min-max=1-12,
n=62 sessions).

Data management
Data management revealed no missing items for WEI-
MuS and FSMC questionnaires and no missing assess-
ments at T,. At T,, 7/22 (32%) participants had at least
one missing assessment, with the GXT missing the most
(six participants).

Page 7 of 12

WEIMuS

70
60
50
40
30
20
10

Fig. 2 WEIMuS total scores for both groups. Lower scores indicate
less fatigue. Box plot: line=median, whiskers=min-max. Upper dot-
ted line=maximum WEIMuS total score (=68); lower dotted line=cut-
off for fatigue (=32); MAT = multimodal agility-based exercise training;
SET = strength and endurance training; Ty=admission; T,=discharge;
T,=1 week post-discharge; T;=4 weeks post-discharge; T,=12 weeks
post-discharge

Scientific

No adverse events occurred in the MAT-group. During
the cycling sessions, therapists noted six minor adverse
events occurring in three participants (knee pain, severe
fatigue, dizziness, low blood pressure).

Average session-RPE was 4.7 (gym-based, min-
max=2.3-6.8, n=11, 141 sessions), 3.6 (pool-based,
min-max=2.3-5.4, n=11, 61 sessions), 4.0 (strength,
min-max=1.7-5.4, n=10, 105 sessions), and 3.8 (endur-
ance, min-max=2.1-5.8, n=9, 136 sessions), respectively.
According to the session-RPE scale a score of 3 indicates
‘moderate’ intensity, 4 is ‘somewhat hard; and 5 is ‘hard’
[30].

Clinical outcomes

Fatigue

Both groups showed a comparable median reduction
in WEIMuS total scores at T, and T, (Fig. 2, scores are
reported in Table S2 as Supplement), with the MAT
group having a higher percentage of participants with a
relevant improvement at T, (7/9, 78% [MAT] vs. 5/8, 63%
[SET]). At T,, the MAT group displayed a sharp rise in
scores, which dropped again at T,. From T, to T,, indi-
vidual WEIMuS trajectories showed an increasing vari-
ability for participants with a full data set (Fig. 3).

ESMC total scores are reported in the Supplement (Fig-
ure S1, Table S2). The proportion of participants with a
relevant improvement at T, was considerably lower than
for the WEIMuS (0/9, 0% [MAT] vs. 3/9, 33% [SET]).

Fatigability

Of the whole sample, three MAT- and two SET-par-
ticipants revealed clinically relevant (i.e., at least —10%
decrease in meters walked between the first minute of
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Individual WEIMuS trajectories
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Fig. 3 Individual WEIMuUS total score trajectories for participants with a full
data set from T, to T, (n=12). A decrease in scores indicates less fatigue.
Red=multimodal agility-based exercise training; green=strength and
endurance training; upper dotted line=maximum WEIMuS total score
(68); lower dotted line=indicates cut-off for fatigue [32]; T,=admission;
T,=discharge; T,=1 week post-discharge; T;=4 weeks post-discharge;
T,=12 weeks post-discharge

the 6MWT and the last minute) [33] walking fatigabil-
ity at T and T}, respectively. Both groups improved their
DWI (i.e., less drop-off in meters walked between minute
1 and 6, Table 4) with several participants showing sub-
stantial improvements (e.g., +14.6%). However, as most
participants also walked further at T;, some also showed
aworse DWTatT,.

Cognitively, tonic alertness reaction times increased
in both groups between morning and afternoon assess-
ments at T, and T, reflecting cognitive fatigability [45].
Unexpectedly, in both groups, afternoon alertness mea-
sures deteriorated between admission and discharge,
as did the difference between morning and afternoon
assessments. Only in the SET reaction times in the morn-
ing were faster at T,. Overall, variability was high.

Other clinical outcomes
Peak power output in the GXT increased in both groups,
with higher change scores in SET. Validity criteria [46] for
cardiorespiratory fitness testing were mostly not attained,
except for perceived exertion (Supplement). Therefore,
we changed our terminology to ‘exercise tolerance’ [47].
All motor function measures also increased in both
groups. For the 6MW T, improvements (43.9 m [MAT],
26.3 m [SET]) exceeded measurement error on group-
level (211.1 m) and in the MAT also substantially
exceeded minimal important change values for patients
with mild disability (>26.9 m) [48].
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Discussion

This study examined the feasibility of a trial comparing a
‘new’ group-based exercise framework for pwMS (MAT)
[15] with ‘traditional” exercise (SET) in an inpatient reha-
bilitation setting. Main clinical outcomes of interest for a
definitive RCT were fatigue and fatigability [8].

Among the four predefined quantitative progression
categories, one category was fulfilled (adherence), one
was mixed, but approached a positive value (retention),
and two were negative (recruitment, time). Therefore,
changes to the study design are necessary.

Descriptively, favorable changes in fatigue were observ-
able in both groups at the end of rehabilitation. Mobility
related outcomes also improved in both groups, with the
most pronounced changes in walking endurance, where
MAT elicited clinically relevant changes.

Feasibility

Advantages of inpatient rehabilitation include the high
frequency of exercise sessions and high retentions rates,
as patients are on-site. However, pwMS are also embed-
ded in a multidisciplinary setting, with study-unrelated
appointments possibly interfering with study-related
sessions. Adherence rates were lower than the ones
described by Zimmer et al. [49] (100%, n=57) in a simi-
lar setting, but this trial also included fewer study-related
sessions/week (3—5/week for 3 weeks vs. 8/week for >4
weeks). Thus, the present results on adherence still indi-
cate that a high frequency of sessions was possible on an
organizational level and regarding the capacities of this
(fatigued) patient collective. One exception was the pool
session (only 76% adherence), which should be moved
to a spot with a longer break from lunch, as indicated by
pwMS in the interviews.

Another option would be to cut the pool-based ses-
sions to (I) allow for more time to recover, (II) increase
recruitment (as eligibility for pool-based sessions was
low), (III) avoid the mix-up of effects from gym- and
pool-based MAT, and (IV) lower the barrier for replica-
tion, without the need for a pool.

Even though both groups performed the minimum
number of sessions, the SET-group attended substan-
tially more sessions (228 [MAT] vs. 308 [SET]), as
appointments were much more flexible due to individ-
ual scheduling. Consequently, MAT had considerably
lower ‘dosing’ This is interesting, as one hypothesis of the
MAT framework is that it might be more time-efficient
[15]. Still, to evaluate differences in treatment effects it
is important to ensure similar amounts of sessions per-
formed, first [50].

Only about 1.8 participants were randomized per
month instead of the intended four. There are examples
of other trials conducted in similar settings, reporting
equally low eligibility [49, 51]. If ‘able to attend aquatic
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Table 4 Descriptive data on clinical outcomes at admission, discharge, and change scores (T,-T).
Domain Outcome MAT SET
Mean (SD) Min-max Mean (SD) Min-max
Fatigability DWI (%)
T -7.8(6.5) -17.6-0.0 -7.6(5.8) -20.0-33
T° -6.5(5.2),n=9 -15.5-0.0 -54(5.3),n=9 -11.6-3.1
T,-T, (change) 1 1.7 (8.5) -9.8-14.6 34 (43) -2.0-96
TAP-Alertness (afternoon-
morning difference, ms)
TOb 12.2 (60.2) -108-119 8.2 (79.7) -62-240
wa 36.2(136.3),n=10 -97-364 10.6 (50.7),n=10 -26-148
T,-T, (change) | 22.6(130.9) -154-332 25.6 (56.2) -19-167
Cognitive CVLT (n words)
performance To" 56.9 (10.7) 37-71 53.0(10.0) 28-65
T,¢ 53.0(125),n=10 38-74 53.7(11.3),n=10 36-70
T,-Ty (change) 1 -3.9(7.5) -18-3 0.8(114) -20-22
SDMT(n pairs)
T8 49.7 (9.1) 30-62 49.2(9.3) 35-63
T, 529(106),n=10 36-67 52 0(88),n=10 38-69
T,-T, (change) 1 1.2 (5.8) -10-9 6(6.1) -5-13
Exercise tolerance GXT (Wpeai)
T 106.8 (37.1) 55-175 110.5 (42.7) 55-225
T,° 101.7 (32.8),n=9 65-165 130.7 (51.6),n=7 95-245
T,-T, (change) 1 22(6.7) -10-10 143 (16.1) 0-40
Motor function & 6MWT (m)
confidence To" 499.0 (90.1) 366-631 511.5(89.6) 315-648
T 5448(101.9),n=9 399-700 537.1(87.0),n=9 365-660
T,-Ty (change) 1 43,9 (30.0) -25-77 263 (32.8) -14-81
T25FW (s)
T 5.20(0.99) 4.05-7.10 4.98(0.98) 3.90-7.05
de 5.01(0.79),n=9 3.95-6.5 4.80(0.55),n=9 4.35-6.10
T,-Ty (change) | -0.10 (0.40) -0.61-0.65 -0.30(0.61) -1.10-0.50
SSST (s)
TOd 8.19 (2.42) 495-11.37 748 (1.80) 552-11.62
7,4 7.55(2.21),n=9 491-10.72 6.58 (1.33),n=9 4.90-8.85
T,-Ty (change) | -0.51(1.12) -245-1.52 -0.92 (1.07) -2.77-043
FGA(total score)
oS 230(18.0-26.0) 14-28 24.0(23.0-27.0)" 12-28
T,° 24.0(19.0-26.5),n=9 14-30 25.0(23.0-28.0),n=9 15-29
T,-T, (change) 1 2.0(-1.5-4.5) -4-6 2.0 (0.0-2.0) -1-3
ABC (total score)
T 70.5 (21.3) 24.1-99.1 75.8 (14.9) 55.0-95.6
T,° 67.8(194),n=10 334-97.2 72.1(13.2),n=8 57.5-96.3
T,-T, (change) 1 02(72) -12.5-10.3 -2.6 (6.8) -164-56

Alloutcomes had n=11 at T, sample size for each outcome at T, is reported in the table. All scores are presented as mean (SD, min-max), except for the FGA, presented
as median (interquartile range). Arrows indicate direction for improvement. ®=scores closer to zero indicate less fatigability; °=lower scores indicate smaller increase
in fatigability from morning to afternoon; “=higher scores are favorable; =lower scores are favorable; ‘FGA scores are presented as median (interquartile range);
6MWT=6-Minute Walk Test; ABC=Activities-specific Balance Confidence scale; CVLT =California Verbal Learning Test; DWI=distance walked index; FGA=Functional
Gait Assessment; GXT=graded exercise test; MAT=multimodal agility-based exercise training; SDMT=Symbol Digit Modalities Test; SET=strength and endurance
training; SSST=Six Spot Step Test; T25FW=Timed 25-Foot Walk Test; TAP=Test Battery of Attention Performance; T,=admission; T, =discharge; W, =peak power

output

therapy’ and ‘relapsing-remitting/secondary-progressive
disease course’ would be excluded as criteria, eligibility
could be increased from 26 to 35%. Still, this would not
be sufficient. A preliminary sample size calculation for
a clinically relevant difference regarding the WEIMuS
retrieved a sample size of n=66, which would take about
46 months to recruit with the present results, or about 32
months with the adapted inclusion criteria. A multicenter

trial might be an option to progress in a more efficient
amount of time. A limitation of the eligibility assess-
ment could have been the COVID-19 pandemic, which
might have resulted in fewer applications for rehabilita-
tion from pwMS with lower EDSS, because of COVID-19
restrictions.

Interestingly, gym-based MAT elicited the highest
ratings of session-based perceived exertion, which on
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average approached the rating of ‘hard’ - despite the fact,
that average heart rate values were low. This warrants
several considerations. First, the present heart rate values
only give a very broad impression regarding intensity as
they do not take maximum heart rate into account. As
age differed between groups, heart rates indicating rela-
tive intensity would also be different. Furthermore, it is
important to consider that even ‘high physical strain’
gym-based MAT sessions have many standing breaks,
e.g., while the therapist gives demonstration and instruc-
tions, which profoundly reduces average heart rate for a
complete session and leads to a more interval-like train-
ing stimulus. Values of average maximum heart rate
might also be misleading, as ‘low physical strain” MAT
sessions blunted maximum values from the ‘high physical
strain’ sessions. For example, four MAT-participants had
individual gym-sessions with maximum heart rates above
150 bpm. Lastly, what we can only describe anecdotally
is that MAT-participants repeatedly differentiated their
session-based perceived exertion between physical and
cognitive exertion (but were then prompted to give an
overall score). Supposedly, this could reflect the unique
content of MAT, and cognitive elements might increase
session-RPE scores.

Clinical outcomes

Regarding the performed assessments, this study is
among the first which broadly focused on balance/motor
control and conducted several follow-up measurements
for fatigue [10]. Retention from end-of-treatment to 3
months follow-up was acceptable in both groups (78—
89%), suggesting the online fatigue assessment to be a
viable option for future follow-up assessments.

Observed (descriptive) changes in fatigue (i.e., WEI-
MuS) from admission to discharge/1 week after discharge
were higher than for short-term treatment with fampri-
dine, for example [52]. The reason for the rise in scores
at T for MAT is unclear, but could be attributed to the
small sample size, as scores dropped again at T,.

Proper assessment of fatigue seems to be one of the
biggest challenges regarding the development of treat-
ment strategies. The WEIMuS and FSMC differed in
their classification of responders 1 week after discharge
and clinically relevant change values have not been rig-
orously determined for these measures [7]. Therefore,
switching to one of the ‘new generation’ questionnaires
(e.g., PROMIS Fatigue (MS) 8a [53]) might be considered
for a future trial [53, 54].

Similarly, no gold standard exists to quantify walk-
ing fatigability in pwMS [55]. Assessment of DWI is
one option and was easily implementable in the present
setting. Nevertheless, instrumented walking fatigabil-
ity assessment has been advocated recently as another
option and might be selected for a future RCT [55, 56].
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Unexpectedly, cognitive fatigability tended to be worse
at T;. A reason for this might be that the cognitive load
between the morning/afternoon assessments was not rig-
orously standardized. In addition, it has been shown that
a number of other disease-specific factors (e.g., daytime
sleepiness, hand motor impairment), personality-related
behavioral factors in dealing with performance situations
(e.g., energy management, test anxiety), or psychometric
aspects of test use (e.g., practice effects) could contribute
directly or indirectly to this relationship, complicating
interpretation [57].

Limitations

As mentioned, advantages of inpatient rehabilitation are
the high volume and frequency of exercise sessions and
high retentions rates. However, some general disadvan-
tages of the inpatient rehabilitation setting should be
reconsidered. First, the intervention duration is restricted
and, as MAT is a group-based, therapist-led intervention
(i.e., no home-based or digital training) [15], the setting
precludes the possibility of evaluating long-term MAT
effects. If MAT is framed as a reserve-building activ-
ity long-term studies are needed [15, 58], which would
favor an outpatient setting. Second, the multidisciplinary
setting might affect some of the outcome measures. As
it would be unethical to withhold a certain kind of ther-
apy, patients can receive, for example, varying degrees of
complementary computerized cognitive training, mak-
ing it challenging to distill the effect of the study-related
training. This feeds into the wider discussion on the
‘black box’ of usual care and treatment components in
rehabilitation [59]. Third, the length of stay in a neurore-
habilitation facility in Germany is not fixed but is deter-
mined during the stay by the treating physician based on
medical indications and can vary between 4 and 6 weeks.
Therefore, intervention duration was not matched. How-
ever, this allows the design to reflect the actual clinical
setting and the same follow-up periods post-discharge.
Lastly, all results from the present feasibility study, must
be seen in light of the small sample size, and potentially
‘delivery agent bias’ [60], i.e., the newly evaluated inter-
vention (MAT) was partially provided by a developer
(FW) [14], which might have increased its effects and
compromised blinding.

Conclusions

Substantial changes to the study design are needed,
especially to increase recruitment. Going forward, a
multicenter trial focused on gym-based MAT might be
another option. ‘New generation’ fatigue questionnaires,
instrumented motor fatigability, and alertness assess-
ments with a standardized cognitive load are candidates
for improved outcome assessments.
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Detailed description of the graded exercise test (GXT)

Due to the clinical setting, measuring cardiorespiratory fitness with the gold standard of
spirometry was not possible for this pilot study. Nevertheless, we applied the formula
described by Valet, Stoquart (1) to predict the peak oxygen consumption, using the peak
power attained in the GXT on a cycle ergometer (ERGO-FIT Cycle 4000 med; ERGO-FIT
GmbH & Co. KG, Pirmasens, Germany) (see Table S3). According to Valet, Stoquart (1)
validity and reliability of this method was very good in pwMS (intraclass correlation
coefficient = 0.75)(1). The protocol of the GXT was based on previous protocols, as
currently, standard disease specific protocols do not exist(2). Specifically, it was based on a
protocol, used for several other studies performed in a similar inpatient rehabilitation
setting(2), with some slight differences due to the present participant sample: (a) workload
always started at 25W, (b) it was increased by 10W/min for all participants until volitional
exhaustion. The cool-down period consisted of 3min of light pedaling at 0-25W. Heart rate
was continuously monitored using a Polar Verity Sense (Polar, Kempele, Finland) connected
to an iPad (Apple, Cupertino, USA) with the Polar Team App. At the end of each minute,
participants were asked to rate their perceived exertion using the 6-20 Rating of Perceived
Exertion (RPE) — scale. Before starting the GXT, instructions regarding the RPE-scale were
read to the participants according to Borg (3). Right after volitional exhaustion, participants

were asked to pick a reason for test termination (Table S4).

Detailed description of assessing the session-RPE
The session-RPE gives a rating of perceived exertion for a complete session. Specifically, the
modified Category Ratio (CR-10) RPE scale as developed by Foster, Florhaug (4) was used

to quantify session-RPE.



Endurance training (cycling): Before the first session, participants received a ‘diary’, and
were instructed to note their session-RPE right after finishing each of the cycling sessions.
The diary also included: (I) the question participants were supposed to answer: “Overall, how
strenuous was the cycling session today?”, (II) written instructions (“please do not rate how
you feel overall today, or how much fun you had during cycling. Instead, only rate how
strenuous the cycling was. There is no right or wrong. This is only about your personal
impression”), (II) the session-RPE scale (in German). The diary form was chosen for the
endurance training to reduce study-related obligations for the therapists.

All other sessions (strength, gym, pool): session-RPE was directly ascertained and
documented by the respective therapist after finishing a session. Participants were specifically

instructed to rate the complete session and not specific exercises.



Table S1 Eligibility criteria, positive and negative cases.

Criteria n/total Percentage
Disease course (RR/SP)

Info missing 1/101 1%
Eligible 82/100 82%
Non-eligible 18/100 18%
Age (18-67)

Info missing 0/101 0%
Eligible 94/101 93%
Non-eligible 7/101 7%
EDSS (up to 5.0)

Info missing 3/101 3%
Eligible 57/98 58%
Non-eligible 41/98 42%
FSMC (53 and up)

Info missing 25/101 25%
Eligible 41/76 84%
Non-eligible 12/76 16%
Fatigue medication (not started less than 3 months ago)

Info missing 1/101 1%
Eligible 93/100 93%
Non-eligible 7/100 7%
Water therapy

Info missing 0/101 0%
Eligible 62/101 61%
Non-eligible 39/101 39%
Comorbidities

Info missing 1/101 1%
Eligible 73/100 73%
Non-eligible 27/100 27%
Language

Info missing 0/101 0%
Eligible 92/101 91%
Non-eligible 9/101 9%

EDSS=Expanded Disability Status Scale; FSMC=Fatigue Scale for Motor and Cognitive

Functions; RR=relapsing-remitting; SP=secondary-progressive.



Table S2 WEIMuS and FSMC total scores.

WEIMuS
To T1 T> T3 Ty

MAT n=11 n=9 n=9 n=9 n==8

Median 52 (40-61) 41 (22-53) 46 (34 - 56) 57 (27 - 62) 47.5 (24 - 62)
Change from T -14 (24 -2) -12 (-17-198) -2 (-18-6) -7.5(-21-9)
SET n=11 n=9 n=8 n=8 n=7

Median 50(14-62) 41(13-57) 43.5 (26 — 63) 39.5 (16 — 65) 47 (17 - 68)
Change from Ty -12(-30--1)  -13(-15-1) -10.5 (-27-3) -5 (-44 - 6)

FSMC

MAT n=11 n=10 n=9 n=9 n=8

Median 83(61-93) 77.5(74-89) 80(74-91) 82 (68 — 92) 80 (68 — 98)
Change from T -4 (-18 - 6) -3(-8-4) -4 (-16-9) 1(-16-10)
SET n=11 n=8 n=9 n=8 n=7

Median 78 (65—-100) 82 (65-91) 72 (55-94) 78 (56 —92) 75 (68 — 99)
Change from T 3.5(-9-7) -7 (-15-4) -5.5(-14-06) -1 (-18-5)

Values present median (min-max). Decrease in scores indicates less fatigue. FSMC=Fatigue

Scale for Motor and Cognitive Functions; MAT=multimodal agility-based exercise training;

SET=strength and endurance training; To=admission; Ti=discharge; T>=1 week post-

discharge; T3=4 weeks post-discharge; T4=12 weeks post-discharge; WEIMuS=Wiirzburg

Fatigue Inventory for Multiple Sclerosis;



Table S3 Morning and afternoon data of the alertness assessment and supplementary data

from the graded exercise test.

MAT

SET

TAP-Alertness (ms)
Morning

To?

T:?

Ti-To (change) ¥
Afternoon

To?

T:?

Ti-To (change) ¥
Wpeak/kg

To®

Ti®

Ti-To (change) T
pVOZpeak (ml/ min)
To®

Ti®

Ti-To (change) T

306.8 (97.2, 230 — 572)
365.8 (193.8, 247 — 872), n=10
53.9 (95.8, -13 — 300)

319.0 (109.3, 216 — 590)
402.0 (193.8, 247 - 872), n=10
76.5 (126.4, -69 — 341)

1.50 (0.57, 0.74 — 2.41)
1.45 (0.48, 0.83 — 2.22), n=9
0.04 (0.09, -0.14 — 0.16)

1422.0 (370.3, 875.1-2040.4)
1369.3 (336.8,971.3 — 1947.3), n=9
15.1 (68.0,-93.1 —98.5)

299.7 (84.6, 194 — 463)
278.7 (46.4, 216 — 373), n=10
-23.0 (56.5, -143 — 32)

307.9 (113.6, 195 — 520)
289.3 (71.6, 198 — 453), n=10
2.6 (82.6, -155 — 158)

1.39 (0.59, 0.70 — 2.76)
1.60 (0.71, 0.93 — 3.09), n=7
0.17 (0.18, -0.03 — 0.47)

1496.8 (409.2, 1079.2 — 2572.0)
1718.0 (497.5, 1319.2 — 2742.9), n=7
129.0 (158.4,-31.6 —394.1)

All scores had n=11 at To, sample size for each outcome at T is reported in the table. All

scores are presented as mean (SD, min-max). Arrows indicate direction for improvement.

a=lower scores are favorable; "=higher scores are favorable; MAT=multimodal agility-based

exercise training; pVOazpeak=predicted” peak oxygen uptake; SET=strength and endurance

training; To=admission; Ti=discharge; TAP=Test Battery of Attention Performance;

Wheakikg=peak power output relative to bodyweight.

# 5V O2peak=9.39*Wpeak + 7.70*weight (kg) — 5.88*age (years) + 136.7 ml/min, according to

Valet, Stoquart (1).



Results of GXT validity criteria(5)

1. Heart rate at Wpeak within 90% of predicted maximum heart rate (208 — 0.7*age)?
o ToYes=3/22 (13.6%)
e TiYes=2/16 (9.1%)

2. Rating of perceived exertion (RPE 6-20) at Wpeak >17?
o To Yes=22/22 (100%), mean (SD): 19.18 (0.73)

e Ti Yes=16/16 (100%), mean (SD): 19.44 (0.52)

Table S4 Reasons for termination of the graded exercise test.

Reason To T

Breathing 3/22 (17.6%) 2/16 (12.5%)
Leg weakness 17/22 (77.3%) 14/16 (87.5%)
Pain 1/22 (4.5%) 0/16 (0.0%)
Sensory issues 0/22 (0.0%) 0/16 (0.0%)
Dizziness 1/22 (4.5%) 0/16 (0.0%)

Data are presented as n/total (percentage). To=admission; Ti=discharge.
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Figure S1 FSMC total scores for both groups. Box plot: line=median, whiskers=min-max.
Upper dotted line=maximum FSMC total score (=100); lower dotted line=cut-off for fatigue
(=43); FSMC=Fatigue Scale for Motor and Cognitive Functions; To=admission;
Ti=discharge; T2>=1 week post-discharge; T3=4 weeks post-discharge; T4=12 weeks post-

discharge.
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ABSTRACT

Objectives (1) To explore experiences of fatigued persons
with multiple sclerosis (pwMS) with a new multimodal
agility-based exercise training (MAT) framework and (2) to
investigate the demands of the Rehabilitation, Fatigue, and
Exercise (ReFEx) study protocol, which compares high-
frequency MAT and ‘traditional’ strength and endurance
training (SET) to identify possible adaptations for a
powered randomised controlled trial (RCT).

Design A qualitative interview study nested within a
feasibility RCT, comparing MAT and SET.

Setting Neurological inpatient rehabilitation centre in
Germany.

Participants Twenty-two pwMS were recruited for the
feasibility study. Six were selected from MAT and SET,
respectively, for semistructured face-to-face interviews
prior to discharge, following a purposive sampling strategy.
Participants had low physical disability but were at least
moderately fatigued.

Interventions During inpatient rehabilitation (4-6 weeks)
MAT participants attended group-based and manual-based
MAT sessions in the gym (5x/week, 30 min) and the pool
(3x/week, 30 min). SET participants exercised individually
on a cycle ergometer (5x/week, 22 min) and on strength
training machines (3x/week, 30 min).

Results Three key categories emerged from the
interviews: (1) facilitators regarding MAT were variety

and playfulness, group setting and challenging exercises.
Barriers regarding MAT were feeling overburdened, feeling
pressured in the group setting and the wish to perform
‘traditional’ strength training (not part of MAT). (2) MAT
benefits were of physical and psychological nature, with
improved balance stated the most. (3) Demands described
the perceived exertion during MAT and SET, reflecting that
there is no accumulation of fatigue during the intervention.
Conclusions MAT is appreciated by pwMS and includes
facilitators less attainable with ‘traditional’ SET. Evaluation
of MAT in a powered RCT is indicated, if rest breaks
postsession, and screening for negative self-evaluation
and social comparison are considered. Future (qualitative)
research should investigate the important factors of
inpatient rehabilitation contributing to fatigue reduction in
pwMS.

Trial registration number DRKS00023943; German
Clinical Trials Register.

% Philipp Zimmer,? J6rn Nielsen'*

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This was a qualitative extension of a randomised
controlled feasibility study, including persons with
multiple sclerosis who were at least moderately
fatigued.

= The real-world inpatient rehabilitation environment
in Germany makes it applicable to clinical practice.

= Coding of the interviews was based on relevant
topics from the literature and emerging data from
the transcripts, following an integrated deductive—
inductive approach.

= Due to the feasibility stage, the sample size was
small, no participant validation was performed, and
no independent coders were used.

INTRODUCTION

In many countries, multiple sclerosis (MS) is
the leading cause of non-traumatic, neuro-
logical disorder among young adults.' In
Germany, persons with MS (pwMS) frequently
attend inpatient rehabilitation facilities, for
example, to improve their working capacity.”
Notably, 25% of pwMS have impaired working
capacity because of ‘invisible’ symptoms such
as fatigue.g *

Fatigue can be defined as ‘a subjective
sensation of lack of energy and exhaus-
tion’,” while the term fatigability refers to
objectively measurable performance decre-
ments (eg, during walking).®” Contrary to its
impact, pharmacological treatment options
for fatigue are limited.” Consequently, many
exercise interventions have been evaluated,
including aerobic, resistance, flexibility,
balance, general (ie, no primary fitness
target, such as yoga) and combined exercise,
with some being conducted in an aquatic
environment.” Most interventions had a dura-
tion of 12 weeks or less, but some lasted for
up to 26 weeks.” '’ A meta-analysis found 13
exercise studies that were explicitly targeted
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at fatigue,11 but only one small study was based in an inpa-
tient rehabilitation setting.12 In general, interventions
broadly focused on ‘balance’ have shown large effects'*"”
but the number of existing studies is small.” "

Recently, a group-based exercise training framework
for pwMS (multimodal agility-based exercise training
(MAT) '®) was described, which might comprise several
aspects proposed to be beneficial for fatigue reduc-
tion, for example, (1) balance training for making
‘navigating the environment’ less effortful,'’ (2) ‘coor-
dination of eye, head and whole-body movements’ to
‘reduce the cognitive load associated with conscious
compensatory strategies in dynamic environments’'?
and (3) ‘improvement of sensory integration with a
subsequent reduction of the cognitive load associ-
ated with motor processing’."” These aspects are not
the focus of ‘traditional’ exercise approaches, such as
strength and endurance training (SET), which might
be a reason why balance training had stronger effects
in meta-analysis.'" '* '° Still, SET is clearly beneficial
to improve other aspects of functioning and is part of
established guidelines.'” As there have been few head-
to-head comparisons of different types of exercise,” the
Rehabilitation, Fatigue, and Exercise (ReFEx) protocol
compares MAT and SET in an inpatient rehabilitation
setting, regarding fatigue reduction.

As afirst step, a pilot and feasibility study was conducted
to identify problems that might undermine the accept-
ability of MAT and SET or the conduct of the evaluation.
The feasibility study included MAT performed in a gym as
well as in an aquatic setting and it applied a quantitative
and qualitative assessment. This kind of mixed-methods
design is part of established guidelines for evaluating
complex interventions.'® "

For the qualitative feasibility assessment, several relevant
topics were identified from the existing literature. First,
the present study was one of few exercise studies, which
required participants to report at least moderate fatigue
at baseline (using an established cut-off score'"). Tt is well
described that a ‘cyclical relationship’ exists between exer-
cise and fatigue® and fatigue is seen as an adverse short-
term consequence of and a barrier to exercise by prS.20
Therefore, it was important to ascertain from participants
how the high-frequency training (8 sessions/week), and
overall rehabilitation schedule affected their fatigue and
ability to recover. As MAT has not been applied to pwMS
and is designed to challenge motor as well as cognitive
aspects'°—which both are domains of fatigue experi-
ence’—it was particularly important to ensure that MAT
was not perceived as too fatiguing. Second, the type of
exercise has been reported as one of the most common
facilitators for exercise adherence/participation, and it
should match the persons’ capabilities and preferences.%
As the study compared two types of exercise, of which
one was based on a framework not previously applied
in pwMS (ie, MAT), we were especially interested in the
participants’ experiences with this new framework. Third,
perceived consequences are central to pwMS regarding

exercise participation.”’ Thus, perceived consequences of
MAT were planned to be ascertained.

This resulted in the overall objectives of (1) exploring
experiences of fatigued pwMS with MAT and (2) inves-
tigating the demands of the ReFEx study protocol to
identify possible adaptations for a powered randomised
controlled trial (RCT).

METHODS

Context of the qualitative study

The qualitative study focused on semistructured face-to-
face interviews, conducted prior to discharge from the
Neurological Rehabilitation Centre ‘Godeshoehe’ (NRC,
Bonn, Germany) and was an extension of a randomised
controlled feasibility study with 22 pwMS, described
in detail in the protocol,”’ and the quantitative results
paper.” In brief, eligible pwMS were informed about the
study, and after consent, were randomised to perform
either MAT or SET during their inpatient stay (4-6
weeks, individually determined by the treating physician
based on medical indications). Participants were assessed
for perceived fatigue, fatigability and further secondary
outcomes at admission and discharge (ie, preinterven-
tion and postintervention). A 12-week follow-up period
consisted of online fatigue questionnaires.

Interventions (MAT and SET)

The MAT group exercised 5x/week for 30min in the
gym and 3x/week for 30min in the pool, both in a
group setting of maximum eight participants. The group
followed a MAT-manual (see protocol),”’ based on the
three components of MAT'®: (1) standing balance exer-
cises, (2) dynamic balance exercises including functional
leg strength and (3) agility-like exercises (eg, change of
direction, change of velocity); each with defined sensory
modifications and cognitive challenges. For load manage-
ment in the gym-setting, three sessions with higher
physical demands (ie, agility-like components and func-
tional leg strength) were interspersed with two sessions
on standing balance or exercises with a cognitive focus.
The group was open to patients with other neurological
conditions (mostly stroke), but similar mobility capacity.
Group leaders were author FW, and two female exercise
therapists, trained by FW.

In the SET, individuals performed moderate intensity
(ie, ‘light’ to ‘somewhat hard’ on the 6-20 Rated Perceived
Exertion (RPE) scale) endurance training, 5x/week
for 22min on a cycle ergometer, and strength training,
3x/week for 30 min on machines (predetermined lower
extremity exercises with progression).21 Cycle ergometer
sessions were running all day in the clinic. Thus, the SET
participants had flexible schedules and trained together
with around five other patients from the NRC, who did not
participate in the study. Due to the flexible scheduling,
participants in the cycling sessions were changing from
day-to-day, and therefore, the cycling sessions for the SET
participants did not occur in a closed group. During the
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Table 1 Daily schedules for MAT and SET
MAT SET

10.30 gym-based MAT (5 x/week)

*flexible* cycle
ergometer (5x/
week)

12.00 lunch break

*flexible* strength
training (3 x/week)
14.15 ‘MS-group’
(5x/week)

12.00 lunch break
13.30 pool-based MAT (3 x/week)

14.15 ‘MS-group’ (5 x/week)

MAT, multimodal agility-based exercise training; SET, strength and
endurance training.

endurance training, a therapist monitored RPE. Strength
training was provided 1:1, with a trained exercise science
student or therapist (FW).

All participants also attended the ‘MS group’ bx/week
for 30 min—a group for pwMS focusing on relaxation and
body awareness, which is ‘usual care’ in this clinic. Daily
schedules of MAT and SET are depicted in table 1.

Other rehabilitation-related appointments (eg, neuro-
psychology, occupational therapy) are not displayed but
could be scheduled anywhere between 7.15 and 16.30.

Selection of interview participants

Six of 11 participants per group were selected face-to-
face for the interviews in a joint decision by authors FW
and JN, reflecting the greatest possible diversity in terms
of gender, age and Expanded Disability Status Scale
(EDSS), relying on a purposive sampling strategy, similar
to previous studies.” ** The number of cases was based
on reported sample sizes for qualitative research in feasi-
bility studies.'” None of the approached pwMS refused to
participate in the interviews.

Notable inclusion criteria from the overall feasibility
study were a relapsing—remitting or secondary-progressive
disease course, age between 18 and 67 (age for retire-
ment in Germany), EDSS <5.0, Fatigue Scale for Motor
and Cognitive Functions (FSMC)>53 (total score 20-100,
cut-off scores classify no (<43), mild (=43), moderate
(>53) and severe (>63) fatigue%), and written informed
consent.

Data collection

Development of the interview guide and complementary survey
Based on prior knowledge (see the Introduction section),
and existing guidance on qualitative research for feasi-
bility studies,” ' FW and JN separately drafted initial
interview questions and thematic blocks. Thematic
blocks were used to structure the questions in the inter-
view guide, regarding different overall topics.”® After
discussion, this resulted in 32 questions and six thematic
blocks. After each author had piloted the questions with
one pwMS, respectively, questions were revised. A guide
containing 24 questions and five thematic blocks was then
discussed with an independent third researcher (USS, see

the Acknowledgments section). This resulted in several
questions being transferred to a survey format, reducing
the number of final interview questions to 14 in three
thematic blocks (l-fatigue concept, 2-experiences and
demands, 3-personal relevance and goal achievement;
interview guide in online supplemental file 1). Block 1
(fatigue concept) was unrelated to the feasibility objec-
tives and, therefore, was not analysed in this paper. The
complementary survey had 4-point Likert type, or binary
scale questions and was distributed to all participants
in the study at one of the physical assessments prior to
discharge.

Interviews

Because participants were consecutively discharged from
the clinic, individual, face-to-face interviews, conducted
1-2days prior to discharge, were considered most appro-
priate. JN conducted all interviews in an office at the
NRC (see Consolidated criteria for reporting qualitative
research (COREQ)?’ in online supplemental file 2. Inter-
views were scheduled for maximum 30 min. All interviews
were audio-recorded.

Analysis

After completion of all interviews, audio files were tran-
scribed verbatim (in German) by an independent tran-
scription service and imported into MAXQDA2022.
The qualitative analysis used a constructivist paradigm,
described as an approach that allows for the cocreation of
knowledge by the participants and the researchers.” The
respondents are considered experts in their lifeworld,
that is, experts in their experience, but not necessarily
experts in understanding that experience, which is why
the researcher brings in his or her prior theoretical knowl-
edge.” Coding of the interviews was based on focused anal-
ysis as described by Ridiker and Kuckartz,?® and entailed
a combined model of deductive (a priori) and inductive
coding (on the text material). Initial codes were deduc-
tively developed from the questions in the interview guide
(online supplemental file 1) and, therefore, reflected the
preliminary considerations from relevant literature. With
these initial codes, all interviews were coded once by FW,
while adapting and adding codes emerging from the text
material. Next, one interview was coded by FW and JN
together to ensure mutual understanding. This contrib-
uted to improved code definitions, which FW applied in
a second round of coding all transcripts. Subsequently,
in a joint discussion between authors FW, JN and AKF,
a decision was made to focus on statements from the
MAT group, only adding content from the SET group
regarding the demands of the protocol, as there was more
uncertainty regarding the MAT, and SET participants’
feedback was less rich in content. The further process of
analysis was critically accompanied by discussions among
the investigators, about how to group the findings, where-
upon a final coding system was agreed on (ie, investigator
triangulation). This resulted in three final key categories.
Coded segments per category were compiled to establish
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subcategories. These steps were completed while contin-
uously rereading the transcripts to stay close to the data.
Finally, FW translated quotes for the manuscript from
German to English.

Researcher characteristics and reflexivity

Most, but not all participants met the interviewer (JN) in
his role as a neuropsychologist and part of the research
team, prior to the interviews. However, JN was not
involved in the exercise sessions or assessments, except
for handing out questionnaires at baseline. This was
important, as it facilitated that the participants were able
to speak freely about their experiences. JN is a certified
systemic therapist and counsellor with many years of
experience in patient-centred communication. Partici-
pants were informed that MS and the topic of the study
were one of the researchers’ preferred research areas and
that the study was designed by the research team to gain
a better understanding of fatigue and to find therapeutic
ways to improve fatigue.

Patient and public involvement

We acquired perspectives of the participants in the trial,
but we did not include patient representatives while
constructing the interview guide, or in the analysis
process. This was due to limited staff and time resources.
However, results of the interview study will be used to
guide the design of a future RCT.

RESULTS

Participant characteristics are shown in table 2. None
of the participants used a mobility aid. Median FSMC
total scores were 82.5 and 76 for the MAT and SET inter-
viewees, respectively (ie, both indicating severe fatigue).
Median interview length per group was 15:42min (MAT)
and 09:31 min (SET).

Three key categories emerged from the analysis (box 1).
The first two encapsulate Facilitators and barriers as well as
Benefits for participating in MAT. Demands reflects MAT
participants', and SET participants’ perceived exertion
during, and perceived fatigue after the sessions, recovery
as well as overall impact on fatigue. As mentioned in the
Methods section, analysis of the SET group was restricted
to the last theme (Demands). Participants are identified
via their ID (table 2) in the supporting quotes.

Facilitators for MAT
Overall, variety and playfulness of the training
content, the group setting, and the feeling of being
challenged by the exercises emerged as facilitators.
Three participants mentioned appreciating the
variety of the training content, which changed from
day to day. As described, MAT was based on three exer-
cise components and each had various modules, which
were prespecified in the MAT manual. PwWMS enjoyed
the alterations between these different components, as
exemplified in this statement by MAT3:

I thought this was very good, very diversified, so we
partially had therapies, which were exclusively chal-
lenging endurance and sometimes strength, which
means, you were able to also push yourself a little,
and I liked that. And sometimes it was also coordi-
nation or balance and sometimes also leg strength
(MAT3).

All three participants mentioning the variety of the
training schedule noted in conjunction, that they thought
training was often playful, which made it feel more fun,
or even led to training ‘unconsciously’, as described here
by MATG6:

On the one hand it was sometimes very playful. This
was fun, because you did not notice at all that you
were training and still you were really getting bene-
fits. I executed the first running steps, because I want-
ed to win at a game, and I did not notice, it was not
like: ‘Oh, it’s working now!’—instead, it just worked
(MAT6)

Fun of training is supported by the results of the
complementary survey, and six of nine MAT participants
indicated an interest in continuing a training like MAT in
their community (table 3).

Two participants (among those who also appreci-
ated variety and playfulness) expressed feeling posi-
tive about being challenged by some of the exercises,
particularly in areas where they knew they had some
deficits. The following statement is especially inter-
esting, as MAT3 describes the challenge she experi-
enced when having to perform motor-cognitive dual
tasks, which she recognised as a task she usually strug-
gles with:

The connection between movement and cognitive
performance, like where you had to do both, move
in a coordinated way, but also think because this is
especially challenging for me. There were these vari-
ations with the lunges left, right and the catching,
catch both balls and so on, and this felt good to me,
because I see my biggest deficits there (MAT3).

MAT?2 and MAT4 were more ambivalent about being
challenged by the level of difficulty in the exercises,
making statements such as feeling proud after finishing
a session or liking the experience of boundaries, but at
the same time, sometimes felt disappointed about their
own performance, when they were unable to match
their expectations (see the Barriers section).

All six participants also had positive reflections regarding
the group setting, including it being motivating, pleasant,
and stimulating:

A great group. You were motivating each other. You
were also happy for each other, if there was some-
body performing better, and who enjoyed that, so
this collective joy. Yes, and noticing that everybody
was improving, not only you (MAT®6).
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Table 2 Individual and group characteristics of the interview participants

ID Sex Age range(years) Working capacityt EDSS MS type TSD range(years)
MAT1 f 46-50 3-6hour/d 2.0 RR 6-10
MAT2 f 46-50 Retired 3.5 RR 26-30
MAT3 f 26-30 3-6hour/d 4.0 RR 11-15
MAT4 f 51-55 Retired 2.0 SP 0-5
MATS m 26-30 >6hour/d 2.0 RR 6-10
MAT6 f 51-55 3-6hour/d 3.0 RR 6-10
MAT f:im 48% 2.5% RR:SP 7.5%
Group 5:1 5:1

SET1 f 61-65 >6 hour/d 25 RR 21-25
SET2 f 31-35 Retired 3.5 RR 6-10
SET3 f 61-65 3-6hour/d 2.0 RR 11-15
SET4 m 51-55 On disability 2.0 RR 26-30
SET5 f 51-55 3-6hour/d 3.0 SP 6-10
SET6 m 56-60 On disability 2.0 RR 6-10
SET f:m 54% 2.25% RR:SP 10.5%
Group 4:2 5:1

*Higher scores indicate more fatigue.

TDescribes the capacity to work as determined during inpatient rehabilitation.

FValues present the group median.

EDSS, Expanded Disability Status Scale; f, female; FSMC, Fatigue Scale for Motor and Cognitive Functions; m, male; MAT, multimodal agility-
based exercise training; RR, relapsing-remitting; SET, strength and endurance training; SP, secondary-progressive; TSD, time since diagnosis.

However, two participants also noted barriers regarding
the group setting (see below).

Barriers against MAT
Barriers regarding MAT were pre-existing expectations
on the benefit of ‘traditional’ strength training, feeling
overburdened, and feeling pressured in the group setting.
A barrier for MAT adherence in the context of the
present trial (ie, comparing MAT with SET) might occur
in persons wanting to perform ‘traditional’ strength
training, as they have specific expectations regarding
this kind of training. For example, despite being posi-
tive about several aspects of the MAT group (see above),
MAT3 explicitly stated that she would have liked to
perform more strength training:

Sure, I enjoyed both therapy sessions, but I also don’t
have any comparisons. But I said right away, that I also
have deficits with my strength, especially on the left,

BOX1 FINAL CATEGORY SYSTEM.

Facilitators and barriers (MAT)

= Facilitators for MAT.

= Barriers against MAT.

Benefits of MAT

Perceived demands of MAT and SET
= Exertion.

= Fatigue.

so, frequently while walking I bend on my left, espe-
cially if I'm not feeling well, or I have severe problems
with arm strength, hand strength and so on. [...] And
I didn’t have that, I could say this over the whole pro-
cess, that I was really missing that (MAT3).

Supporting stronger prior expectations regarding SET
were the survey results showing that only 22% of SET
participants did not have any prior experience with SET,
but 67% of MAT participants stated not having any prior
experience with exercise similar to MAT (table 3).

Two MAT participants (MAT2 and MAT4) reported
being dissatisfied with their own performance. MAT4
even stated feeling overburdened. This occurred espe-
cially in situations where the MAT demanded cognitive
performance:

But the feeling of sadness, this occurred very fast
for me, because you are confronted with it, that you
are not concentrated, even though you have already
done it once or twice before (MAT4).

The same two MAT participants sometimes felt pres-
sured in the group, as they compared their own with
the others performance, even though they mentioned
feeling motivated by the group setting at the same time,
as recorded here from MAT?2:

Yes, because there just is more stimulation, because
you do have to adapt to the other. This is a demand
on yourself, instead of just doing it alone, even
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Table 3 Results of the customised complementary survey, distributed to all study participants

MAT SET
(n=9) (n=9)
Question (translated) Answer (n) (n)
Did you have any previous experience with strength and endurance Both n.a. 6
training? Only strength n.a. 0
Only endurance n.a. 1
None n.a. 2
Did you have any previous experience with exercise/therapy similar Yes 3 n.a.
to MAT? No 6 n.a.
How much fun did you have during both of the study therapies? A lot of fun 4 1
Fun most of the time 5 7
Little fun 0 1
No fun 0 0
If you had the opportunity to continue with a group similar to MAT  Yes, more than 1 x/week 1 n.a.
close to your home, would you take up this offer? Yes, 1x/week 5 n.a.
Maybe 3 n.a.
No 0 n.a.
Would you participate in this study again? Yes 9 8
No 0 1

A total of 18 study participants completed the survey (nine from each group). Of the remaining four participants, two had dropped out, while

another two did not complete the survey.

MAT, multimodal agility-based exercise training; n.a., not applicable; SET, strength and endurance training.

though this is ... Well, to see that others are able to
do it is sometimes sad. Well, that’s how it is (MATZ2).

Benefits of MAT
Five of the six MAT participants stated that they had
experienced improvements in balance. Some used
certain situations occurring during the day to verify this
improvement.

I'actually notice that when I'walk through the hallway.
In the beginning I always had to be careful and keep
contact to the wall and always monitor whether there
was somebody approaching. This has very much im-
proved. So, my walking has become more secure and
also when taking the stairs, in the beginning, I always
had to use the handrail, but now I don’t need it this
often (MATZ2)

Besides balance, which was directly ascertained, partici-
pants in the MAT group mentioned improvements in the
following physical domains: endurance, leg strength and
gait function (mostly in context with the functional leg
training). Several also described improvements related to
the unique content of MAT, for example, improvement of
complex movements:

I also do have this problem with coordinating move-
ment: Once I've started to run, I run, then it’s fine,
but if I really do slow movements and especially if I
turn my head, then sometimes I really look like I'm
drunk. And I think, I was able to do this a little better.
It’s not gone, but it has definitely helped (MAT3).

Psychologically, participants described a sense of accom-
plishment after finishing a session, and effects related to
self-efficacy to continue exercising at home (see MAT1
below). Two also mentioned that experiencing bounda-
ries while being challenged helped them to increase their
body awareness.

But I have to say, in my case it’s like, that movement-
wise it has improved. Which I am also very happy for,
that I am out of this fatigue loop and that I can really
do something. I did do something before, but prob-
ably too much or too little. Here it’s exactly the right
dose. That’s it, or also the combination. So, I do have
a good base now to carry on. Now I also have more
self-confidence and so on (MAT1).

Participants did not describe any worsening of symp-
toms at the end of the training period.

Perceived demands of MAT and SET

Exertion

Overall, four participants indicated that exertion in the
gym-based MAT can be high, and all MAT participants
agreed that perceived exertion was higher in the gym than
in the pool, as intended by the training schedule design.
MATG6 makes this comparison in the following statement,
while highlighting the importance of the session sched-
uling through the course of the day:

And the order is good as well because the gym-session
really is with your whole bodyweight. And some are
fighting right there because they don’t have the re-
serve in strength. And following that they were able

Wolf F, et al. BMJ Open 2024;14:6076333. doi:10.1136/bmjopen-2023-076333

"ybuAdoo Aq peyosioid 1senb Aq 20z ‘2 yotep uo /wod fwq uedofwaqy:duy wouy pepeojumoq 20z Areniged g1 uo £££9/0-c20g-uadolwa/9g L 1'0t Se paysiignd 1sy :uadQ NG



to participate in the pool-session because the body is
lighter. So, the other way round it would definitely
not be a good idea (MAT6).

Despite the high perceived exertion in the gym, partic-
ipants, such as MAT1, were able to turn this into a feeling
of accomplishment after the session:

Actually, very strenuous, like today, so this was actual-
ly strenuous, but in a way that you were feeling good
afterwards. So, sometimes you were like: ‘Oh, no, not
today again.” But it actually is paradoxical, because it
does feel good then, even in a way that makes you go
out with a feeling of: ‘Oh yes, today I accomplished
that’. And this is really awesome, and I'm feeling
good (MAT1)

MAT3, among the two youngest participants (age 27),
was the only participant, who did not rate exertion to
be high in the gym. Instead, she emphasised in several
statements, that mostly after the session was finished,
she noticed the demands of the session (ie, fatigue), and
this especially happened after she had been cognitively
challenged (one of her self-described deficits, as already
mentioned).

In the SET, participants stated overall that their exer-
tion during the sessions was rather moderate, and none
reported that it felt hard or too hard. Three of the six SET
participants stated that their day-by-day condition and the
time of day influenced how strenuous the sessions felt,
as described here by SET) for the training on the cycle
ergometer:

[...] I noticed that the time of day played a role in
how strenuous it felt. There certainly were days where
I thought they could easily add another fifty watts,
and there were days where actually fifty watts were al-
ready too much (SET5).

Fatigue

Regarding the acute impact on fatigue after a session,
three MAT participants experienced reduced motor func-
tion, primarily confined to the lower extremities. The
following quote is an example of this experience after
participating in a gym-based MAT session:

Most of the time it’s like I can’t get my legs up, so
I kind of sluggishly climb up the stairs and I really
think: ‘Oh god, this is too much!” [...] I don’t even
take the stairs, but the elevator, actually very uncom-
mon for me, but it is too much right then (MAT1).

One participant from each group also described
sensory symptoms in terms of tingling in the legs postex-
ercise. Training in the gym (MAT) and strength training
(SET) seemed to elicit more fatigue postexercise for most
participants, opposed to aquatic MAT and endurance
training. Interestingly, acutely after training, in total, four
participants from both groups felt more energised while
or directly after training:

This very intense feeling of tiredness was getting bet-
ter while training on the ergometer. Just because of
the movement I had the feeling the tiredness was de-
creasing as well (SET5)

MAT3 even used this energy to go for a walk outside
after the exercise session:

But if I had reached a higher heart rate (in the ses-
sion), I was full of energy and I directly used this and
went to the forest, or I walked up and down the hill,
and that was good (MAT?3).

To recover after and in between study-related
training sessions, pwMS reported timespans from
5min up to 60 min. Resting in bed in their room after
the sessions was one of the measures participants
described to refuel. However, they also reported that
sometimes there were so many other appointments
that they were unable to recover. Subsequently, one
issue expressed frequently in the MAT group was
that training in the pool always occurred after lunch
time, when many were low on energy. Still, none of
the participants indicated that they had been unable
to attend the second training session or the sessions
on the next day. Yet, it did occur that a participant
skipped a study-unrelated appointment, because
of fatigue. MAT1 commented on this situation and
noted, importantly, that this possibility of ‘skipping’
was not an option when being at home:

So, yesterday it occurred again, I can reconstruct
that regarding yesterday, that I was really tired af-
terwards (the MAT session), I also did not go to
another therapy session. This was really exhaust-
ing for me. But other than that I would say, be-
cause you are not doing anything else, it did feel
good to me, so that I was not that fatigued, as if I
would do additional stuff at home (MATI)

In total, five participants from both groups reported
reduced fatigue at the end of their stay in the inter-
views and attributed this reduction to being out of
their home environment and not related it to effects
arising from the exercise sessions. SET4 and MATbH
gave examples on this phenomenon here:

Yes, well, now I've calmed down in general, this has
had a positive influence. It is hard to determine how
this is going if you return to your normal environ-
ment (SET4).

But other than that I would say, as you are not doing
anything else, it did feel good to me, that I wasn’t that
fatigued, than when I do other stuff at home as well
(MAT1)

DISCUSSION
Key objectives of the qualitative extension were to
explore experiences with MAT, and to ascertain perceived
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demands of participating in the trial from fatigued pwMS.
This should inform adaptations to a future RCT. To our
knowledge, this is the first qualitative study assessing
barriers and facilitators regarding MAT in pwMS, and
regarding the demands of high-frequency exercise during
inpatient rehabilitation.

Our results showed that facilitators regarding MAT were
variety and playfulness, the group setting and the feeling
of being challenged by the exercises, whereas pre-existing
expectations on the benefit of ‘traditional’ strength
training, feeling overburdened and feeling pressured in
the group were barriers. A physical benefit highlighted by
the participants was improved balance, while psychologi-
cally experiencing a sense of accomplishment was empha-
sised. As expected, some participants from MAT and SET
acutely experienced fatigue after the sessions, while occa-
sionally being unable to recover for the next appointment.
However, this did not result in being unable to attend the
second study-related session of the day or sessions on the
following day. None stated experiencing an accumulation
of fatigue, instead, improved fatigue was reported prior to
discharge (ie, the time of the interview).

Barriers of MAT

It is known that pwMS tends to avoid exercising among
‘healthy’ people.” Despite our patient collective having
low physical disability and exercising among other pwMS
(or persons with other neurological diseases), feelings
of underperformance did occur in the MAT group. This
is in line with another group-based exercise interven-
tion, describing upward and downward social compar-
isons in pwMS” and points to a deliberate selection of
exercise content by the leading therapists, with current
group characteristics in mind. More similar levels of
motor performance of participating individuals might be
warranted, as PWMS have stated that exercising with indi-
viduals who have similar difficulties can improve learning
and encouragement.” For a future study, an additional
postsession self-rating will be helpful to match pwMS’
individual performance levels and needs (eg, ‘I felt not
challenged enough/overburdened/just right’; in case of
feeling overburdened, the therapist should seek further
discussion with the participant and might adapt future
sessions and re-evaluate the training fit). However, as part
of the benefits category, some participants also described
a sense of accomplishment after finishing a session, and
effects related to self-efficacy to continue exercising at
home. As we did not perform interviews preintervention,
we do not have a detailed understanding on how partic-
ipants’ issues with self-esteem or self-efficacy regarding
exercise changed during the intervention. Russell et af’'
reported improvements in these domains after a 10-week
social cognitive behaviour change physical activity inter-
vention, indicating that incorporating workshops on
principles of social cognitive theory in the programme
might be beneficial. Nevertheless, the current psycho-
logical benefits already support that the exercise content

felt relevant to pwMS, which will assist compliance in the
future.

Like previous research,”’ %% exercising in a group also
felt motivating and stimulating to pwMS. These percep-
tions emerged despite of the group not being as ‘closed’
as in research performed in community or academic
settings. The rehabilitation centre puts patients in a new
environment and the MAT-programme probably provided
a regular opportunity for patients to socialise with other
patients and might have played an even more important
role. Finally, as differing expectations regarding MAT and
SET could influence exercise effects,” a better descrip-
tion of MAT in the study information sheet might be a
possibility to reduce this effect, as SET might be more
familiar to pwMS.

Fatigue and the study protocol

The possibility of high-frequency exercise in this fatigued
MS-collective is complemented by acquired quantitative
data, showing an average adherence of 90% for both
groups (596 sessions analysed).* Still, participants’ state-
ments indicated the importance of installing rest breaks
for 30 min to 60 min, especially after the gym-sessions, as
study-unrelated appointments might influence partici-
pants’ ability to recover. Indeed, rest period allowing for
fatigue was a common exercise facilitator in the studies
reviewed by Motl and Learmonth.”” Male pwMS in the
study by Smith et aP® mentioned how heat could influ-
ence their fatigue levels and limit their ability to exercise.
As only one of our interviewees was present during the
summer, this did not show up in our data, but should be
kept in mind, especially regarding accelerated climate
change in Europe and Germany.”” Similarly, a positive
cooling effect of aquatic training has been reported recur-
ringly,” which was not detected in the present study. Heat
might not only heighten fatigue levels but also negatively
impact balance control, as reported by pwMS.* There-
fore, future studies should monitor in advance, whether
the training locations are susceptible to heat, whether
there are options for cooler environments or time of
training during the day (eg, morning hours) and how
exercise will be adapted in case of heightened fatigue and
lowered balance control due to heat.

Several participants from both groups described
being energised right after the exercise sessions. This is
in contrast to previously described negative short-term
consequences of exercise on fatigue,zo but in accordance
with a more recent thematic synthesis, which summarised
three studies where pwMS reported the need to exercise
when they felt tired to increase their energy levels.*’

Overall, inpatient rehabilitation could be an environ-
ment that allows pwMS to break through a vicious circle
as it frees up capacities otherwise occupied by work,
caring and other duties, and facilitates experiencing the
positive effects of exercise. Appropriately, in a recent
comprehensive qualitative study, Ghaidar et al*' reported
factors contributing to the decision of pwMS to attend
inpatient rehabilitation in Germany. These included the
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escape from everyday life, finding time to relax and to
fully concentrate on one’s health. Our results showed that
this ‘vacation from daily grind’ can be regarded to be a
reason for reduced fatigue by pwMS.

This has implications for future studies trying to eval-
uate the effect of an exercise intervention, or any other
intervention regarding fatigue, during inpatient reha-
bilitation. Namely, the effect of an intervention might
not be separable from that exerted of just being in the
rehabilitation facility, as this seems to have an important
effect, described and experienced by pwMS, as supported
by the present results and the ones of Ghaidar et alt!
Furthermore, in the present setting, participants might
have complied with the exercise schedules and tolerated
the high frequency of sessions per week, because they
knew there were no competing activities (eg, housework,
job, family), as otherwise, pwMS have described a need
to avoid the experience of fatigue, to continue with their
desired activities in daily life.*” Appropriately, pwMS have
also described inpatient rehabilitation with the image of
being under a ‘belljar’."’ Two recent RCTs conducted
in similar inpatient settings have not yet elaborated on
this aspect, but it is noteworthy that in both studies, the
control groups tended to also show reductions in fatigue
experience, that is, potentially displaying ‘vacation from
daily grind’.** * Moreover, it has to be noted that quan-
tifying change in fatigue with established questionnaires,
including the ones used in the two recent RCTs and the
present feasibility study, proves to be difficult,” **** which
is why qualitative investigations can be seen as a valuable
methodology in these instances.

Limitations

The small sample size for this qualitative feasibility study,
the lack of validating the results by the study partici-
pants, lack of cross-validation beyond investigator trian-
gulation (eg, data triangulation), and that coders were
non-independent must be considered when interpreting
our findings. However, this is not uncommon for quali-
tative research conducted during the feasibility phase.'?
Overall, we only acquired a small glance at the diversity
of fatigue experiences, while it is unclear whether satura-
tion can be achieved at all for this complex phenomenon.
Unfortunately, data from the SET group were less rich
in content, and relatively short. Therefore, we did not
analyse facilitators and barriers regarding SET. However,
this was in line with one of our objectives being the explo-
ration of the new MAT framework. Furthermore, we did
not include patient representatives while constructing the
interview guide, or in the analysis process, and no profes-
sional translation service for pwMS’ quotes was used. It
is possible that participants’ responses at the time of the
interview were influenced by other processes of their
stay in the NRC (eg, overall satisfaction with their stay,
perceived overall success, satisfaction with the recommen-
dation regarding their future work situation), and by the
fact that participants knew they were part of an interven-
tion study.

Strengths of the study were its setting in a typical inpa-
tient rehabilitation environment frequently encountered
in Germany, evaluation of the new MAT approach, the
inclusion of pwMS who were at least moderately fatigued,
and the mixed-methods design.

CONCLUSION

MAT content was largely appreciated by pwMS and the
fatigued patient collective was able to adhere to high-
frequency exercise training, without an overall accumu-
lation of fatigue during the intervention. However, social
comparison and negative self-evaluation must be moni-
tored closely and, if necessary, moderated by the group
leader.

Future group-based exercise studies should include
participants with similar levels of motor performance and
include additional self-ratings of exercise demands, post-
session. The present results, supplemented by our quanti-
tative results,22 further show that future studies conducted
in an inpatient rehabilitation setting can involve fatigued
pwMS in high-frequency exercise schedules if this includes
adequate rest breaks. Furthermore, new forms of exer-
cise interventions should be well described in the study
information sheet to minimise participants favouring
traditional exercise approaches. It will also be beneficial
to include patient representatives in similar projects like
this to construct the interview guide and aid in the anal-
ysis process. Finally, qualitative methods should be used
alongside quantitative measures in the study of fatigue in
the future, with one field of application being the inves-
tigation of the important factors of the inpatient rehabil-
itation environment contributing to fatigue reduction in
pwMS.
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No.

Questions

Initial Codes

What does fatigue mean to you?
Was bedeutet Fatigue fiir Sie ?#

Add-on: How do you experience your fatigue in your everyday life?

Zusatz: Wie erleben Sie die Fatigue in lhrem Alltag?

Only MAT: How did you feel about training in a group?
Nur MAT: Wie empfanden Sie das Training in der Gruppe?

Fatigue
concept

Facilitators &
barriers

How did you like the

gym-based MAT/pool-based MAT/training on the cycle
ergometer/strength training?

Wie fanden Sie die
Gangschule/Bewegungsbad/Ergometertraining/Trainingstherapie?

Add-on: Was there something you particularly enjoyed?
Zusatz: Gab es etwas, was lhnen besonders gut gefallen hat?

Add-on: Was there something that you particularly disliked?
Zusatz: Gab es etwas, was lhnen gar nicht gefallen hat?

Facilitators &
barriers

To what extent was participation in the respective therapies demanding
or strenuous for you?
Inwiefern haben Sie die Therapien angestrengt oder gefordert?

Exertion

If you had the opportunity to change something about the respective
therapies, what would it be?

Wenn Sie die Mdglichkeit hétten, an den beiden Therapien etwas zu
dndern, was wdre das?

Add-on: Why do you wish to change this?
Zusatz: Was sind die Griinde fiir Ihre Verdnderungswiinsche?

Facilitators &
barriers

How did the therapies influence your fatigue? Could you please describe
in detail, how you felt during and after the therapies?

Welche Wirkung hatte die Therapie auf lhren Erschépfungs-
/Miidigkeitszustand? Kénnen Sie bitte genau beschreiben, wie es lhnen
wdhrend und nach der Therapie ergangen ist?

Add-on: How long did it take for you to recover after the therapies?
Zusatz: Wie lange haben Sie nach der Therapie gebraucht, um sich zu
erholen?

Add-on: How or where did your fatigue manifest itself?
Zusatz: Wie oder wo hat sich lhre Erschépfung gedufsert?

Fatigue

Did you experience any discomfort during training? If yes, what kind of
discomfort and where?

Facilitators &
barriers
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Tauchten wdhrend des Trainings generell Beschwerden auf? Wenn ja,
welche und wann?

To what extent were you able to recover in between the therapy
sessions?
Inwiefern konnten Sie sich zwischen den einzelnen Therapien erholen?

Do you feel like you were able to improve your balance?
Haben Sie das Gefiihl, dass Sie Ihr Gleichgewicht verbessern konnten?

Fatigue

Benefits

10.

Did you experience improvements in other areas? If yes, what do you
think is the reason for this?

Haben Sie Verbesserungen in anderen Bereichen bemerkt? Falls ja,
worauf fiihren Sie dies zuriick?

Benefits

11.

Are there any symptoms, that got worse, because of the therapies? If
yes, what do you think is the reason for this?

Gab es Symptome, die sich durch die Therapien verschlechtert haben?
Falls ja, worauf fiihren Sie dies zuriick?

Facilitators &
barriers

12.

You were allocated to therapy program MAT/SET. There was also the
program MAT/SET. How satisfied have you been with your allocation?
Sie wurden im Rahmen der Studie einem Therapieprogramm MAT/SET
zugeteilt, es gab noch das Therapieprogramm MAT/SET. Wie zufrieden
waren Sie mit der Zuteilung?

Satisfaction
with allocation

13.

How well did participating in the study fit into your overall rehabilitation
schedule?

Wie fligte sich die Studienteilnahme zeitlich-organisatorisch insgesamt in
Ihren Behandlungsplan ein?

Organizational
conditions

14,

How relevant was participating in the study for your personal rehab
goals?

Welche Relevanz hatte die Teilnahme an dem Studienprojekt fiir lhre
persénlichen Rehaziele?

Relevance for
rehab-goals

MAT=multimodal agility-based exercise training; SET=strength and endurance training

*Block 1 (fatigue concept) was excluded from this analysis but will be analyzed and published

elsewhere.

#The original German language questions are presented alongside the translations provided

by the authors.
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Supplement 2 — COREQ 32 checklist

training

training did the
researcher have?

No ltem Guide Response
questions/description
Domain 1: Research team and reflexivity
Personal Characteristics
1. Interviewer/facilitator | Which author/s JN (p.10)
conducted the
interview or focus
group?
2. Credentials What were the PhD
researcher’s
credentials
3. Occupation What was their Clinical neuropsychologist at the
occupation at the NRC, researcher and lecturer at the
time of the study? University Hospital Cologne
4, Gender Was the researcher Male
male or female
5. Experience and What experience or Systemic therapist and counselor

with many years of experience in
clinical patient-centered
communication. (p.11)

Relationship with participants

characteristics

were reported about
the
interviewer/facilitato
r? e.g., bias,
assumptions,
reasons, and interests
in the research topic

6. Relationship Was a relationship Most, but not all the participants
established established prior to met the interviewer in his role as a
study neuropsychologist prior to the

commencement? interviews. (p.11)

7. Participant What did the As part of the research team, the
knowledge of the participants know interviewer explained the ideas,
interviewer about the design, and goals of the study to

researcher? e.g., potential participants. Participants
personal goals knew about the interviewer’s
reasons for doing the | clinical role. (p.11)
research

8. Interviewer What characteristics | Participants were informed that

multiple sclerosis and the topic of
the study was one of the
researchers' preferred research
areas. They were informed that the
study was designed by the research
team to gain a better understanding
of fatigue and to find possible
therapeutic ways to improve fatigue
in the NRC. (p.11)

Domain 2: study design

Theoretical framework
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Methodological
orientation and
Theory

What methodological
orientation was
stated to underpin
the study? e.qg.,
grounded theory,
discourse analysis,
ethnography,
phenomenology,
content analysis

Coding of the interviews was based
on the approach of focused
analysis for qualitative interviews,
as described by Radiker & Kuckartz
(2020). (p.10)

Participant selection

10.

Sampling

How were
participants
selected? e.qg., face-
to-face, telephone,
mail, email

Face-to-face (p.8)

11.

Method of approach

How were
participants
approached? e.g.,
face-to-face,
telephone, mail,
email

Face-to-face (p.8)

12.

Sample size

How many
participants were in
the study?

12 (p.8)

13.

Non-participation

How many people
refused to participate
or dropped out?
Reasons?

Zero (p.8)

Setting

14.

Setting of data
collection

Where was the data
collected? e.qg.,
home, clinic,
workplace

Office in a rehab clinic. (p.10)

15.

Presence of non-
participants

Was anyone else
present besides the
participants and
researchers?

No

16.

Description of sample

What are the
important
characteristics of the
sample? e.g.
demographic data,
date

Important characteristics are sex,
age, working capacity, functional
disability, multiple sclerosis type,
time since diagnosis, and fatigue,
as reported in Table 2. (p.12)

Data collection

17.

Interview guide

Were questions,
prompts, guides
provided by the

A guide was provided by the
authors. It was pilot tested with
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authors? Was it pilot
tested?

two persons with multiple sclerosis
prior to the start of the study. (p.9)

18. Repeat interviews Were repeat No repeat interviews were carried
interviews carried out.
out? If yes, how
many?

19. | Audio/visual Did the research use | We used audio recordings. (p.10)

recording audio or visual
recording to collect
the data?

20. Duration What was the Interviews had a median length of
duration of the 11:55min, median length per group
interviews or focus was 15:42min for MAT and
group? 09:31min for SET. (p.12)

22. Data saturation Was data saturation Data saturation was discussed
discussed? briefly in the limitations section.

(p.26)

23. Transcripts returned Were transcripts No (p.26)
returned to
participants for
comment and/or
correction

Domain 3: analysis and findings

Data analysis

24. Number of data How many data FW coded all interviews, while one
coders coders coded the Interview was coded together by
data? FW and JN. (p.10)
25. Description of the Did authors provide a | The coding tree is provided in table
coding tree description of the 1. (p.13)
coding tree?

26. Derivation of themes | Were themes Initial codes were derived in
identified in advance | advance from the interview guide.
or derived from the These were then adapted and
data? expanded by data derived from the

interviews. (p.10-11)

27. | Software What software, if MAXQDA2022 (p.10)
applicable, was used
to manage the data?

28. Participant checking Did participants No (p.26)
provide feedback on
the findings?

Reporting

29. Quotations presented | Were participant Yes (Results section)

guotations presented
to illustrate the
themes/findings?

WOolf F, et al. BMJ Open 2024; 14:e076333. doi: 10.1136/bmjopen-2023-076333



BMIJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

Was each quotation
identified? e.g.,

participant number
30. Data and findings Was there Yes
consistent consistency between

the data presented
and the findings?

31. | Clarity of major Were major themes | Yes
themes clearly presented in
the findings?
32. | Clarity of minor Is there a description | Yes
themes of diverse cases or
discussion of minor
themes?
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