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Abstract
Background A moderate to high level of physical activity, including regular exercise, represents an established behavioral 
and rehabilitative approach for persons with multiple sclerosis (pwMS). Although being increasingly proposed to limit 
disease activity and progression, high-quality evidence is lacking.
Objective The objective of the study is to provide valuable information for MS clinicians and researchers by systematically 
evaluating the current state of evidence (i) whether exercise interventions affect established clinical measures of disease 
activity and progression in pwMS (i.e., EDSS, relapse rate, lesion load, brain volume, MSFC) and (ii) how the physical 
activity and fitness level interact with these measures.
Methods Literature search was conducted in MEDLINE, EMBASE, CINAHL, and SPORTDiscus. Evaluation of evidence 
quality was done based on standards published by The American Academy of Neurology.
Results It is likely that exercise improves the MSFC score, whereas the EDSS score, lesion load, and brain volume are likely 
to remain unchanged over the intervention period. It is possible that exercise decreases the relapse rate. Results from cross-
sectional studies indicate beneficial effects of a high physical activity or fitness level on clinical measures which, however, 
is not corroborated by high evidence quality.
Conclusions A (supportive) disease-modifying effect of exercise in pwMS cannot be concluded. The rather low evidence 
quality of existing RCTs underlines the need to conduct more well-designed studies assessing different measures of disease 
activity or progression as primary end points. A major limitation is the short intervention duration of existing studies which 
limits meaningful exercise-induced effects on most disability measures. Findings from cross-sectional studies are difficult 
to contextualize regarding clinical importance due to their solely associative character and low evidence quality.
PROSPERO registration number CRD42020188774.

Keywords Physical exercise · Evidence based · Neurorehabilitation · Physical activity · Magnetic resonance imaging · 
Systematic review

Introduction

Multiple sclerosis (MS) is an early-onset immune-mediated 
neuroinflammatory disease that leads to progressive neuro-
degeneration and a wide spectrum of disorders in functional 
systems [1]. The prevalence has increased substantially in 
many regions since 1990, reaching approximately 2.8 mil-
lion persons with MS (pwMS) worldwide in 2020 [2]. Most 
disease-modifying therapies use medication strategies that 
downregulate immune activation to halt disease progression, 
prevent relapses, or to partly reverse disability [3]. However, 
these therapies comprise side effects such as an increased 
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risk of secondary immunosuppression, thereby increasing 
the likelihood to acquire mild to serious infections. Thera-
pies have been registered in monotherapy only, while other 
non-pharmaceutical interventions without known side 
effects might have added benefits.

For decades, physical exercise was not recommended 
by neurologists and leading MS institutions according to 
the general assumption that exercise increases the risk of 
exacerbations and symptoms of fatigue. Research over the 
past 25 years, however, revealed that well-structured exercise 
programs are feasible, safe and a useful (supportive) treat-
ment strategy to alleviate symptoms in pwMS [4]. Therefore, 
physical exercise gained extensive interest in MS rehabilita-
tion [5, 6]. Peripheral biomarkers such as the matrix met-
alloproteinase-2, a well-known marker for blood-barrier 
breakdown in neuroinflammatory diseases including MS [7], 
can be reduced after 3 weeks of high-intensity exercise [8], 
while other studies revealed an increase in serum levels of 
the brain-derived neurotrophic factor after different exercise 
regimens [9]. Of high clinical relevance are imaging-based 
measures of disease activity and progression such as changes 
in T2 hyperintense and gadolinium-enhancing T1 lesion load 
or brain volume, respectively [10]. During the recent years, 
these measures have been increasingly assessed in clinical 
exercise studies [11, 12]. Indeed, it was shown that gray and 
white matter volumes were increased in an aged population 
after 6 months of aerobic exercise [13]. Other established 
measures are the Expanded Disability Status Scale (EDSS), 
the annualized relapse rate, and the Multiple Sclerosis Func-
tional Composite (MSFC) [10]. Preclinical evidence from 
animal models of experimental MS supports the beneficial 
exercise-induced effects on disease-specific clinical meas-
ures such as the myelination status, axonal integrity, disease 
onset and disease progression [14–16].

Evidence-based guidelines have been developed to 
increase the level of physical activity in pwMS [17]. How-
ever, a recent meta-analysis showed that this population 
is still physically less active than the healthy population 
[18]. The importance of an active lifestyle on health ben-
efits in healthy and diseased populations has been exten-
sively reviewed [19, 20] and is underscored by results from 

cross-sectional studies that report negative associations 
between higher physical activity or fitness levels and clini-
cal measures of disease activity or progression in pwMS 
[21–23]. The concept of physical activity can be defined as 
any bodily movement initiated by skeletal muscle contrac-
tion that leads to energy expenditure and includes the two 
domains lifestyle physical activity (planned or unplanned 
leisure, occupational, or household activities) and exercise 
(performed repeatedly over an extended period of time with 
a specific external objective) [24]. From here on, the term 
exercise refers to bodily movements within a structured exer-
cise intervention of a study, whereas the term physical activ-
ity considers both domains which are assessed by actigraphy 
or questionnaire. The term fitness is used throughout the 
article to refer to the cardiorespiratory fitness (CRF) (i.e., 
 VO2peak and  VO2peak) or strength outcomes (i.e., maximum 
strength measures) [25]. A short summary of the respective 
terms can be found in Table 1.

Despite the good evidence of exercise-induced disease-
modifying effects observed in preclinical animal models and 
reviews that address the medical role of exercise in MS [6, 
26], focusing on aspects of tertiary, secondary, and primary 
prevention, this review aims to systematically summarize 
the current state and quality of evidence, based on standards 
published for therapeutic trials by The American Academy 
of Neurology (AAN), on whether (i) exercise interventions 
affect established clinical measures of disease activity and 
progression (i.e., EDSS, relapse rate, lesion load, brain vol-
ume, and MSFC) in pwMS and (ii) how the physical activity 
and fitness level interact with these measures. The results 
will be discussed in the context of methodological and con-
ceptual limitations, providing valuable information for MS 
clinicians as well as for researchers in this field.

Methods

This study was conducted in accordance with the Preferred 
Reporting Items for Systematic reviews and Meta-Analyses 
(PRISMA) [27]. The protocol was pre-registered on PROS-
PERO (registration number: CRD42020188774).

Table 1  Definitions of the terms physical activity, fitness, and exercise [24, 25]

Exercise
 A form of physical activity that is usually performed repeatedly over an extended time period and in a structured way to reach specific objec-

tives such as health or performance improvements
Physical activity
 Any bodily movement initiated by skeletal muscle contraction that leads to energy expenditure that is reached by either exercise or lifestyle 

physical activity (daily accumulation of at least 30 min of leisure, occupational, or household activities being at least moderate to vigorous in 
their intensity)

Fitness
 A set of attributes (i.e., cardiorespiratory fitness, muscular strength) relating to the ability to perform physical activity
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Search strategy

The databases MEDLINE (via PubMed), EMBASE, 
CINAHL, and SPORTDiscus were used for electronic lit-
erature search from inception until January 31, 2021. The 
search strategy included Medical Subject Headings (MeSH) 
and text words of the defined MS population, surrogate terms 
of exercise, physical activity, and fitness, as well as clinical 
measures of disease activity and progression. The catego-
ries were combined through Boolean operators (‘‘AND’’, 
‘‘OR’’) (Table S1 for complete search string). Titles and 
abstracts were screened by two independent reviewers (S.P., 
P.K.). Only peer-reviewed articles published in English lan-
guage were included. Covidence Review Software, recom-
mended by the Cochrane Collaboration, was used for the 
review process.

Selection criteria

Population

Adult pwMS (≥ 18 years) were included regardless of the 
stage or clinical subtype of disease.

Intervention and comparison

Intervention studies that conducted endurance, resistance, 
balance, or mind–body exercise with (usual care/passive) 
and without controls were included. Interventions that are of 
a predominantly supportive character (i.e., functional elec-
trical stimulation cycling, robot-assisted gait exercises) or 
mainly consider task-oriented concise limb movements to 
improve activities of daily living (i.e., grasping, pinching) 
were not considered.

Further, non-interventional cross-sectional studies assess-
ing the physical activity (by actigraphy or questionnaire) 
and/or fitness level (i.e., CRF, strength) were included.

Outcomes

Studies reporting at least one clinical measure of disease 
activity or progression, i.e., EDSS score, relapse rate, lesion 
load, brain volume, or the MSFC score, were included. The 
EDSS is commonly used by neurologists and, according to 
an ordinal scale ranging from 0 (normal neurological exami-
nation) to 10 (death due to MS), describes symptoms and 
signs in eight functional systems [10]. The MSFC was devel-
oped by the MS Society’s Clinical Assessment Task Force 
as an additional clinical measure of disability progression 
and comprises two motor and one cognitive test [28]. Results 
correlate with several clinically relevant measures such as 
EDSS change, relapse rate, white matter lesion load, and 
various atrophy measures [10].

Studies investigating solely potential underlying cel-
lular or molecular mechanisms, e.g., changes in immune 
cell subsets, cytokines, and neurotrophic factors, were not 
considered.

Study design

Longitudinal (randomized) controlled trials ((R)CTs), non-
controlled cohort studies and cross-sectional studies were 
included. All other types of articles (e.g., case reports, 
reviews, opinion articles) were excluded. The process of 
study selection is shown in Fig. 1.

Quality assessment, rating of evidence 
and development of recommendations

Two independent reviewers (S.P., P.K.) screened the stud-
ies for eligibility and methodological quality. The Cochrane 
Risk of Bias (RoB) tool was used to assess the risk of vari-
ous bias domains (i.e., selection, reporting, performance, 
detection, and attrition) for included RCTs (Table S2) [29]. 
Each domain was judged as ‘high RoB’, ‘unclear RoB’, or 
‘low RoB’. Decisions on the studies´ evidence level clas-
sification (classification I to IV) were based on standards 
published for therapeutic trials by the AAN (Table 2) [30]. 
According to the strength of evidence for respective out-
comes in each research area (i.e., exercise, physical activity, 
fitness) based on the level of confidence in evidence (high 
confidence, moderate confidence, low confidence, very low 
confidence) [30], evidence-based recommendations will be 
provided, classified as highly likely to be effective, ineffec-
tive or harmful (level A), likely to be effective, ineffective or 
harmful (level B), possibly likely to be effective, ineffective 
or harmful (level C), or data is insufficient or too conflicting 
to conclude an effect (level U) (Table 2).

In cases of disagreement considering eligibility, meth-
odological quality, or classification of evidence level, con-
flicts were resolved by consensus. If no consensus could 
be achieved, a third reviewer (N.J.) was consulted who was 
blinded to the judgments of the first two reviewers. Inter-
rater correlation coefficients are 89.4% and 94.4% for AAN 
and Cochrane RoB, respectively.

All relevant study characteristics are synthesized and pre-
sented in Tables 3, 4 and 5.

Results

The search strategy led to 7017 identified articles. After 
deduplication, the titles and abstracts of 3790 articles were 
screened for eligibility. The remaining 127 studies were 
assessed for full-text screen. After applying the selection 
criteria, 84 articles were excluded (see Fig. 1 for detailed 
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exclusion reasons). A total of 43 studies were included. The 
PRISMA flow diagram is provided in Fig. 1.

Characteristics of included studies and quality 
assessment

A detailed description of study characteristics from all 
included studies can be found in Table  3 (RCTs, CTs), 
Table 4 (cross-sectional studies), and Table 5 (cohort stud-
ies, randomized parallel group trials). Due to the relatively 

short duration of existing exercise studies compared to clini-
cal phase III trials, ranging from 4 to 26 weeks (mean dura-
tion of 13.4 weeks), only short-term effects were assessed 
in the included studies.

In the following sections, the studies´ evidence level clas-
sification is summarized to conclude the strength of evidence 
(level of confidence) and to give evidence-based recom-
mendations (Table 2A and B) on (i) the effect of structured 
exercise interventions on clinical measures of disease activ-
ity and progression, and on (ii) interactions of the physical 

Fig. 1  PRISMA flow diagram of literature search and results. FES: functional electrical stimulation cycling, RAGT: robot-assisted gait exer-
cises, RCT: randomized controlled trial, CT: controlled trial
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activity and fitness level with clinical measures of disease 
activity and progression.

Exercise

In total, 19 clinical exercise studies (five of class II evi-
dence, ten of class III evidence, four of class IV evidence) 
investigated the effect of an exercise intervention on clini-
cal measures of disease activity and progression. Regarding 
RoB assessment, the five class II evidence RCTs achieved a 
mean score of 4.1/6 for ‘low RoB’, 0.57/6 for ‘unclear RoB’ 
and 0.72/6 for ‘high RoB’, whereas the remaining eight class 
III evidence RCTs achieved a mean score of 2.38/6 for ‘low 
RoB’, 2.75/6 for ‘unclear RoB’ and 0.87/6 for ‘high RoB’. 
Of the included (R)CTs, six studies applied aerobic exer-
cise [12, 31–35], three resistance exercises [11, 36, 37], five 
combined aerobic and resistance exercises [38–42], and one 
study applied a mind–body exercise [43]. Of the included 
longitudinal cohort and parallel group studies, one applied 
combined resistance and aerobic exercise [44], two com-
bined resistance and balance exercises [45, 46], and one both 
climbing and mind–body exercise [47].

Two class II, six class III, and three class IV studies [33, 
34, 36, 38, 40–46] report non-significant effects of exercise 
on EDSS, while two class III studies and one class IV study 
reported a decreased EDSS after exercise [35, 37, 47]. Two 
class II studies and one class III study reported exercise-
induced improvements in the MSFC score after resistance 
exercise, combined endurance and resistance exercise, 
and interactive exergaming [11, 31, 41]. Considering MRI 

measures, changes in the percentage of brain volume were 
not observed in two class II studies [11, 12], whereas another 
class III study reported an increase in the left pallidum vol-
ume after exercise [32]. Although one of the class II studies 
reported an increase in cortical thickness [11], no change 
was observed in the other study [12]. Of note, none of the 
two studies reported an exercise-induced change in lesion 
load. The annualized relapse rate was investigated only in 
one class II study by Langeskov-Christensen et al. [12] who 
revealed a lower rate in the exercise group.

Recommendations: Based on results from two class II and 
six class III studies, there is moderate confidence (level B) 
that the EDSS score remains unchanged over the exercise 
intervention period. Moderate confidence (level B) from 
two class II studies indicates that exercise does not decrease 
disease activity indicated by the change in lesion load. Due 
to results from two class II and one class III study, there is 
moderate confidence (level B) that exercise improves the 
MSFC in pwMS. Moreover, there is low confidence (level 
C) from one class II study that exercise decreases the annu-
alized relapse rate. While results from two class II studies 
show moderate confidence (level B) that exercise has no 
effect on brain volume in pwMS, there is very low confi-
dence (level U) for the effect of exercise to increase cortical 
thickness.

Therefore, it is likely that exercise neither decreases nor 
stabilizes the EDSS and lesion load, whereas the MSFC 
score is likely to be improved. The brain volume is not likely 
to be changed by exercise, meaning that exercise neither 
increases nor maintains brain volume. Further, it is possible 

Table 2  The American Academy of Neurology´s Classification of Evidence (I, II, III, IV) and level of confidence/classification of recommenda-
tions (A, B, C, U)

A Classification of evidence
 I Triple-masked RCT in a representative population. Relevant baseline characteristics are presented, substan-

tially equivalent or there is appropriate statistical adjustment. Additional criteria: A) concealed allocation, 
B) no more than two primary outcomes specified, C) exclusion/inclusion criteria clearly defined, D) at least 
80% of participants completing the study

II RCT that lacks one or two Class I criteria A–D or prospective matched cohort study with masked/objective 
outcome assessment that meets B–D. Randomized crossover trials reporting either period and carryover 
effects or baseline characteristics of treatment order groups. Relevant baseline characteristics are presented, 
substantially equivalent or there is appropriate statistical adjustment

III Controlled studies (including studies with external controls) or crossover trial missing both period/carryover 
effects and presentation of baseline characteristics. Outcome is independently assessed, or independently 
derived by objective outcome measurement

IV Studies not meeting Class I, II, or III criteria
B Level of confidence/classification of recommendations

A High confidence: highly likely to be effective, ineffective or harmful (or [not] useful/predictive) for the given 
condition in the specified population. Requires at least two Class I studies

B Moderate confidence: likely to be effective, ineffective or harmful (or [not] useful/predictive) for the given 
condition in the specified population. Requires one Class I study or at least two Class II studies

C Low confidence: possibly likely to be effective, ineffective or harmful (or [not] useful/predictive) for the given 
condition in the specified population. Requires one Class II study or at least two Class III studies

U Very low confidence: data insufficient or conflicting, given current knowledge, treatment is unproven
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that exercise decreases the annualized relapse rate. Due to 
inconsistency, current data is insufficient to determine the 
effect of exercise on cortical thickness.

Physical activity

In total, eight cross-sectional studies (two of class III evi-
dence, six of class IV evidence) and four cohort studies with 
follow-up measurement time points (all of class IV evi-
dence) investigated the effect of the physical activity level 
on clinical measures of disease activity and progression. 
Physical activity was assessed subjectively by a question-
naire (GLTEQ or IPAQ) in three studies [48–50], while the 
remaining studies used devices (i.e.,  Fitbit®,  ActiGraph®, 
Axivity  AX3®,  Actiwatch®) to report daily or weekly step 
counts in most of the cases.

Two class III studies [51, 52] and eight class IV stud-
ies [48–50, 53–57] report significant negative associations 
between the physical activity and the EDSS. With respect to 
MRI outcomes, Kalron et al. (class IV) reported an increased 
hippocampal volume in active compared to inactive pwMS, 
whereas all other brain regions were not affected [48]. Posi-
tive associations between the level of physical activity and 
volume of whole brain gray and white matter as well as 
deep gray matter structures such as the thalamus, caudatus, 
putamen, and hippocampus were observed by Klaren et al. 
[23] (class IV).

Recommendations: Due to the low evidence classifica-
tion of ten studies (two class III, eight class IV) reporting 
negative associations between the physical activity level and 
the EDSS, there is very low confidence (level U) that a high 
level of physical activity slows down disease progression 
quantified by EDSS. Again, due to the low evidence classifi-
cation of two studies (class IV), there is very low confidence 
(level U) that a high level of physical activity increases or 
maintains (region-specific) brain volume in pwMS.

Therefore, current data is insufficient to determine the 
effect of physical activity on EDSS and (region-specific) 
brain volume in pwMS.

Fitness

In total, 12 cross-sectional studies (three of class III evi-
dence, nine of class IV evidence) investigated the effect 
of the fitness level on clinical measures of disease activity 
and progression. CRF was quantified as  VO2peak across all 
studies, except for two studies that quantified the  VO2max 
[58, 59]. Strength was assessed in four studies as maximal 
strength with isokinetics [60], dynamometer [61, 62], or the 
one-repetition maximum [63].

One class III study [60] and six class IV studies [21, 
62–66] report a negative association between the EDSS and 
 VO2peak or strength measures, respectively, while the two 

class IV studies that assessed  VO2max do not report an asso-
ciation [58, 59]. Considering MRI measures, increased gray 
matter volume in midline cortical structures (class III) and 
deep gray matter structures (class IV) was found in pwMS 
with a higher CRF [22, 67]. Fritz et al. [61] revealed a posi-
tive association between a summed strength score and the 
corticospinal area. Only one class III study assessed lesion 
load volume and reported a negative association with the 
CRF of pwMS [67].

Recommendations: Due to the low evidence classifica-
tion of seven studies (one class III, six class IV) reporting 
negative associations between the fitness level and EDSS, 
there is very low confidence (level U) that a high fitness level 
slows down disease progression assessed by EDSS. Due to 
the low number and low evidence classification of studies 
investigating the association between the fitness level and 
MRI-based outcomes, there is very low confidence (level 
U) that the (region-specific) brain volume and the lesion 
load are increased (brain volume), decreased (lesion load), 
or maintained by a high fitness level.

Therefore, current data are insufficient to determine the 
effect of a high fitness level on the EDSS, (region-specific) 
brain volume and lesion load in pwMS.

Discussion

This review is the first that used a systematic approach to 
summarize and rate the evidence of existing studies assess-
ing the effect of exercise interventions on established clini-
cal measures of disease progression and activity in pwMS, 
as well as the relationship between these measures and the 
patient´s physical activity and fitness level. Despite the pre-
dominantly negative associations between the physical activ-
ity/fitness levels and clinical measures, the overall very low 
confidence in the evidence of existing studies does not con-
firm the promotion of those parameters to beneficially affect 
clinical measures. Results from exercise studies are more 
conclusive, pointing to improvements of the MSFC score, 
while the EDSS score, lesion load, and (region specific) brain 
volume are (likely) to remain unchanged. A major issue in 
this context, which hampers the significance of results, is the 
studies´ power. The majority of studies either did not report 
on the a priori specification of primary/secondary outcomes 
(10 (R)CTs, 8 NCTs, 19 crosssectional studies) or only ana-
lyzed the assessed clinical measures as secondary outcomes 
(4 RCTs). Only two (1 RCTs, 1 cross-sectional study) [12, 
51] out of the 43 included studies specified them as a pri-
mary outcome. The fact that five RCTs did not include more 
than ten participants per group [37–40, 43] further substan-
tiates the small power of existing RCTs. Of note, outcomes 
that are commonly used in phase III trials to determine dis-
ease activity (i.e., annualized relapse rate and changes in 
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ný

, 2
00

7
35

 (2
8/

7)
, R

/S
/P

, 4
9.

1 
y 

(1
0)

, E
D

SS
 

3.
0 

(1
.2

), 
D

D
 1

5.
4 

y 
(1

2.
5)

IV
ED

SS
 (N

R
)

A
er

ob
ic

 c
ap

ac
ity

 (C
PE

T 
on

 a
 b

ic
y-

cl
e 

er
go

m
et

er
)

ED
SS

 a
ss

oc
ia

te
d 

w
ith

  V
O

2p
ea

k (
r =

 −
 0

.4
7)

M
ad

se
n,

 2
01

9
24

2 
(1

47
/9

5)
, R

/S
/P

, 4
6.

9 
y 

(1
1.

4)
, 

ED
SS

 4
.4

 (1
.3

), 
D

D
 1

0.
7 

y 
(8

.6
)

IV
ED

SS
 (N

R
)

A
er

ob
ic

 c
ap

ac
ity

 (C
PE

T 
on

 a
 b

ic
y-

cl
e 

er
go

m
et

er
)

ED
SS

 a
ss

oc
ia

te
d 

w
ith

  V
O

2p
ea

k (
r =

 −
 0

.4
65

)

M
er

ke
lb

ac
h,

 
20

11
80

 (5
7/

23
), 

R
/S

, 4
3.

2 
y 

(9
.8

), 
ED

SS
 

3.
1 

(1
.6

), 
D

D
 8

.0
 y

 (6
.8

)
IV

ED
SS

 (N
R

)
PA

 le
ve

l  (
A

ct
iw

at
ch

®
)

ED
SS

 a
ss

oc
ia

te
d 

w
ith

 m
ea

n 
24

 h
 P

A
 (r

 =
 −

 .4
71

)

M
ot

l, 
20

15
35

 (7
1%

/2
9%

), 
R

/S
/P

, 5
0.

8 
y 

(9
.8

), 
ED

SS
 5

.0
 (3

.5
)b , D

D
 1

1.
4 

y 
(7

.5
)

IV
Vo

lu
m

es
 o

f v
ar

io
us

 d
ee

p 
gr

ay
 m

at
te

r s
tru

ct
ur

es
 

(N
R

)

A
er

ob
ic

 c
ap

ac
ity

 (C
PE

T 
on

 a
 re

cu
m

-
be

nt
 se

at
ed

 st
ep

pe
r)

V
O

2p
ea

k a
ss

oc
ia

te
d 

w
ith

 v
ol

um
es

 o
f c

au
da

te
 (r

 =
 0.

47
), 

pu
ta

m
en

 (r
 =

 0.
44

), 
pa

lli
du

m
 (r

 =
 0.

40
), 

hi
pp

oc
am

pu
s 

(r
 =

 0.
42

)



2931Journal of Neurology (2022) 269:2922–2940 

1 3

Ta
bl

e 
4 

 (c
on

tin
ue

d)

A
ut

ho
r, 

ye
ar

St
ud

y 
po

pu
la

tio
n 

N
 (f

/m
), 

M
S 

ph
en

ot
yp

e 
(R

/S
/P

/p
ro

g.
), 

A
ge

 (y
), 

ED
SS

, D
D

 (y
)

A
A

N
 

C
la

ss
M

S-
sp

ec
ifi

c 
ou

tc
om

e 
(p

rim
ar

y/
se

co
nd

ar
y)

Fi
tn

es
s/a

ct
iv

ity
 o

ut
co

m
e

(a
ss

es
sm

en
t)

R
es

ul
ts

Pi
lu

tti
, 2

01
5

64
 (7

1.
9%

/2
8.

1%
), 

R
, 5

2.
0 

y 
(7

.8
), 

ED
SS

 4
.2

5 
(2

.5
), 

D
D

 1
3.

2 
y 

(8
.8

)
IV

ED
SS

 (N
R

)
A

er
ob

ic
 c

ap
ac

ity
 (C

PE
T 

on
 a

n 
ar

m
 

er
go

m
et

er
 &

 re
cu

m
be

nt
 st

ep
pe

r)
, 

m
ax

im
al

 st
re

ng
th

 (P
ea

k 
to

rq
ue

 
of

 k
ne

e 
ex

te
ns

or
s &

 fl
ex

or
s w

ith
 

dy
na

m
om

et
er

)

ED
SS

 a
ss

oc
ia

te
d 

w
ith

  V
O

2p
ea

k (
ηρ

2  =
 0.

32
), 

kn
ee

 e
xt

en
-

so
r s

tre
ng

th
 (η

ρ2  =
 0.

39
) a

nd
 k

ne
e 

fle
xo

r s
tre

ng
th

 
(η

ρ2  =
 0.

38
)

Pr
ak

as
h,

 2
01

0
21

 (2
1/

0)
, R

, 4
4.

2 
y 

(1
.9

), 
ED

SS
 2

.2
 

(0
–6

)d , D
D

 7
.3

 y
 (0

.1
)

II
I

Le
si

on
 lo

ad
 v

ol
um

e,
 b

ra
in

 
gr

ay
 m

at
te

r a
tro

ph
y 

(N
R

)

A
er

ob
ic

 c
ap

ac
ity

 (C
PE

T 
on

 a
 b

ic
y-

cl
e 

er
go

m
et

er
)

V
O

2p
ea

k a
ss

oc
ia

te
d 

w
ith

 le
si

on
 lo

ad
 v

ol
um

e 
(r

 =
 −

 0
.4

4)
, 

an
d 

gr
ay

 m
at

te
r v

ol
um

e/
w

hi
te

 m
at

te
r F

A
 in

 v
ar

io
us

 
br

ai
n 

re
gi

on
s

R
as

ov
a,

 2
00

5
11

2 
(8

3/
29

), 
R

/S
/P

, 3
6.

44
 y

 (9
.5

2)
, 

ED
SS

 3
.0

7 
(1

.6
8)

, D
D

 8
.7

9 
y 

(6
.4

6)
IV

ED
SS

 (N
R

)
A

er
ob

ic
 c

ap
ac

ity
 (C

PE
T 

on
 a

 b
ic

y-
cl

e 
er

go
m

et
er

)
ED

SS
 a

ss
oc

ia
te

d 
w

ith
 v

ar
io

us
 c

ar
di

or
es

pi
ra

to
ry

 fi
tn

es
s 

ou
tc

om
es

 (i
.e

. r
el

at
iv

e 
 V

O
2 r

 =
 −

 0
.4

6)
Ro

m
be

rg
, 2

00
4

96
 (6

1/
34

), 
R

/S
/P

, ♀
: 4

3.
5 

y 
(6

.6
), 

♂
: 4

4.
4 

y 
(6

.8
), 

ED
SS

 ♀
: 2

.2
 (0

.9
), 

♂
:3

.0
 (1

.2
), 

D
D

 ♀
: 5

.8
 y

 (6
.6

), 
♂

: 
5.

7 
y 

(6
.2

)

IV
ED

SS
 (N

R
)

A
er

ob
ic

 c
ap

ac
ity

 (C
PE

T 
on

 a
 b

ic
y-

cl
e 

er
go

m
et

er
)

ED
SS

 a
ss

oc
ia

te
d 

w
ith

 re
la

tiv
e 

 V
O

2p
ea

k (
♀

: r
 =

 −
 0

.2
5;

 ♂
: 

r =
 −

 0
.5

0)

Sh
em

a-
Sh

ira
tz

ky
, 

20
20

44
 (♀

: 7
3%

), 
R

, 4
9.

2 
y 

(1
0.

7)
, E

D
SS

 
3.

5 
(2

.5
–5

.0
)b , D

D
 1

3.
3 

y 
(9

.3
)

II
I

ED
SS

 (N
R

)
PA

 le
ve

l (
A

xi
vi

ty
  A

X
3®

)
ED

SS
 a

ss
oc

ia
te

d 
w

ith
 st

ep
 c

ou
nt

 (r
 =

 −
 0

.5
30

) a
nd

 to
ta

l 
da

ily
 a

ct
iv

ity
 (r

 =
  −

0.
33

7)

D
at

a 
pr

es
en

te
d 

as
 m

ea
n 

(S
D

) u
nl

es
s o

th
er

w
is

e 
no

te
d

χ2  c
hi

 sq
ua

re
d,

 η
ρ2  p

ar
tia

l e
ta

 sq
ua

re
d,

 A
AN

 A
m

er
ic

an
 A

ca
de

m
y 

of
 N

eu
ro

lo
gy

, C
PE

T 
ca

rd
io

pu
lm

on
ar

y 
ex

er
ci

se
 te

sti
ng

, D
D

 d
is

ea
se

 d
ur

at
io

n,
 E

D
SS

 E
xp

an
de

d 
D

is
ab

ili
ty

 S
ta

tu
s S

ca
le

, f
 F

em
al

e,
 

FA
 fr

ac
tio

na
l a

ni
so

tro
py

, G
LT

EQ
 G

od
in

 le
is

ur
e-

tim
e 

ex
er

ci
se

 q
ue

sti
on

na
ire

, m
 m

al
e,

 M
S 

m
ul

tip
le

 sc
le

ro
si

s, 
M

SF
C

 m
ul

tip
le

 sc
le

ro
si

s f
un

ct
io

na
l c

om
po

si
te

, M
VP

A 
m

od
er

at
e 

to
 v

ig
or

ou
s p

hy
si

ca
l 

ac
tiv

ity
, n

.s.
 n

ot
 si

gn
ifi

ca
nt

, N
R 

no
t r

ep
or

te
d,

 P
 p

rim
ar

y 
pr

og
re

ss
iv

e 
M

S,
 P

A 
ph

ys
ic

al
 a

ct
iv

ity
, R

 re
la

ps
in

g–
re

m
itt

in
g 

M
S,

 r 
co

rr
el

at
io

n 
co

effi
ci

en
t, 

S 
se

co
nd

ar
y 

pr
og

re
ss

iv
e 

M
S,

 T
BR

S 
to

ta
l b

od
y 

re
cu

m
be

nt
 st

ep
pe

r, 
VO

2p
ea

k/
m

ax
 p

ea
k/

M
ax

im
um

 o
xy

ge
n 

co
ns

um
pt

io
n,

 y
 y

ea
rs

a  M
ed

ia
n 

(r
an

ge
)

b  M
ed

ia
n 

(I
Q

R
)

c  R
an

ge
d  M

ea
n 

(r
an

ge
)



2932 Journal of Neurology (2022) 269:2922–2940

1 3

Ta
bl

e 
5 

 S
tu

dy
 c

ha
ra

ct
er

ist
ic

s o
f i

nc
lu

de
d 

co
ho

rt 
stu

di
es

 a
nd

 ra
nd

om
iz

ed
 p

ar
al

le
l g

ro
up

 tr
ia

ls

D
at

a 
pr

es
en

te
d 

as
 m

ea
n 

(S
D

) u
nl

es
s o

th
er

w
is

e 
no

te
d

β:
 B

et
a 

re
gr

es
si

on
 c

oe
ffi

ci
en

t, 
↑:

 in
cr

ea
se

d,
 A

AN
 A

m
er

ic
an

 A
ca

de
m

y 
of

 N
eu

ro
lo

gy
, C

PE
T 

ca
rd

io
pu

lm
on

ar
y 

ex
er

ci
se

 te
sti

ng
, D

D
 d

is
ea

se
 d

ur
at

io
n,

 E
D

SS
 e

xp
an

de
d 

di
sa

bi
lit

y 
st

at
us

 s
ca

le
, f

 
fe

m
al

e,
 IP

AQ
 In

te
rn

at
io

na
l P

hy
si

ca
l A

ct
iv

ity
 Q

ue
sti

on
na

ire
, m

 m
al

e,
 M

S 
m

ul
tip

le
 s

cl
er

os
is

, n
.s.

 n
o 

si
gn

ifi
ca

nt
, N

R 
no

t r
ep

or
te

d,
 P

 p
rim

ar
y 

pr
og

re
ss

iv
e 

M
S,

 P
A 

ph
ys

ic
al

 a
ct

iv
ity

, R
 re

la
ps

in
g–

re
m

itt
in

g 
M

S,
 R

M
 re

pe
tit

io
n 

m
ax

im
um

, r
 c

or
re

la
tio

n 
co

effi
ci

en
t, 

S 
se

co
nd

ar
y 

pr
og

re
ss

iv
e 

M
S,

 y
 y

ea
rs

a  M
ed

ia
n 

(I
Q

R
)

b  R
an

ge

A
ut

ho
r, 

ye
ar

St
ud

y 
po

pu
la

tio
n

N
 (f

/m
), 

M
S 

ph
en

ot
yp

e 
(R

/S
/P

), 
A

ge
 (y

), 
ED

SS
, D

D
 (y

)
A

A
N

 C
la

ss
M

S-
sp

ec
ifi

c 
ou

tc
om

e
(p

rim
ar

y/
se

c-
on

da
ry

)

Fi
tn

es
s/a

ct
iv

ity
 o

ut
co

m
e 

(a
ss

es
sm

en
t)

In
te

rv
en

tio
n

R
es

ul
ts

C
oh

or
t s

tu
di

es
 B

ah
m

an
i, 

20
18

18
 (1

5/
3)

, R
, 3

4.
29

 y
 (3

.2
1)

, E
D

SS
 2

.0
5 

(1
.7

8)
,  

D
D

 n
ew

ly
 d

ia
gn

os
ed

IV
ED

SS
 (N

R
)

PA
 le

ve
l (

IP
A

Q
, s

ho
rt 

ve
rs

io
n)

Tw
o-

ye
ar

 fo
llo

w
-u

p 
ac

tiv
ity

 m
ea

su
re

m
en

t
ED

SS
 a

ss
oc

ia
te

d 
w

ith
 

w
al

ki
ng

 ti
m

e 
as

 su
b-

do
m

ai
n 

(r
 =

  −
 0.

63
)

 B
lo

ck
, 2

01
9

79
 (3

0/
49

), 
R

/P
, 5

0.
3 

y 
(1

3.
7)

, 4
.0

, E
D

SS
 (2

.5
–6

.0
)a ,  

D
D

 1
3 

y 
(5

.5
–2

0.
5)

a
IV

ED
SS

 (N
R

)
D

ai
ly

 st
ep

 c
ou

nt
  (F

itb
it®

)
O

ne
-y

ea
r f

ol
lo

w
-u

p 
ac

tiv
ity

 m
ea

su
re

m
en

t
ED

SS
 a

ss
oc

ia
te

d 
w

ith
 

av
er

ag
e 

da
ily

 st
ep

 c
ou

nt
 

(β
 =

  −
 22

.3
5)

 E
rte

ki
n,

 2
01

2
31

 (1
6/

15
), 

R
/S

/P
, 4

3.
6 

y 
(8

.2
), 

ED
SS

 4
.6

2 
(1

.2
9)

,  
D

D
 1

–1
0 

y 
n =

 21
/ >

 10
 y

 n
 =

 10
IV

ED
SS

 (N
R

)
N

ot
 a

ss
es

se
d

12
 w

ee
ks

 5
x/

w
ee

k 
20

-2
5 

m
in

 p
ro

gr
es

si
ve

 
str

en
gt

h 
an

d 
ba

la
nc

e 
ex

er
ci

se
n.

s.

 E
rte

ki
n,

 2
01

3
17

 (1
3/

4)
, R

/S
/P

, 4
5.

2 
y 

(8
.6

), 
ED

SS
 4

.9
 (1

.7
), 

 
D

D
 1

–1
0 

y 
n =

 7/
 >

 10
 n

 =
 10

IV
ED

SS
 (N

R
)

N
ot

 a
ss

es
se

d
12

 w
ee

ks
 3

/w
ee

k 
35

-4
0 

m
in

 p
ro

gr
es

si
ve

 
str

en
gt

h,
 b

al
an

ce
, c

oo
rd

in
at

io
n 

&
 fu

nc
-

tio
na

l e
xe

rc
is

es

n.
s

 K
on

eč
ný
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T2-hyperintense or gadolinium-enhancing T1 lesion load) 
[10] are rarely assessed in the reviewed studies.

Since the implementation and promotion of therapeutic 
interventions are based on the level of evidence, these find-
ings support recently raised concerns about effective exer-
cise promotion for pwMS due to the relatively low quality 
of studies in the field [5, 6]. The results of this systematic 
review underline the need to improve quality of RCTs and 
to rethink frequently used study designs to build new and 
increase existing evidence which is necessary to prove the 
proposed effects of exercise interventions and physical activ-
ity as (supportive) disease-modifying therapy options out-
lined in recent expert and narrative reviews [5, 6].

Physical activity

The promotion of an active lifestyle is a major issue in the 
treatment of a broad range of diseases that are tightly linked 
to metabolic and immune-mediated disarrangement, includ-
ing autoimmune diseases such as MS [19, 20]. With regard 
to MS, a recent article highlights the importance of physi-
cal activity and its promotion [24], since current evidence 
confirms that pwMS are still physically less active than the 
healthy population, although guidelines have been devel-
oped [17, 18]. Despite many limitations that are associated 
with the EDSS, i.e., a high intra- and inter-rater variability, 
non-linearity, and a limited responsiveness [10], the EDSS 
still represents the most frequently used clinical measure for 
disease progression and was assessed in ten out of the twelve 
included studies. All of the studies show a negative associa-
tion between the physical activity level and the EDSS which 
means that pwMS with a higher EDSS are less physically 
active. However, this seems plausible in a way that neu-
romuscular functioning decreases with disease progression 
[68], leading to the need of a walking aid when the score 
is around six. Further, it should be considered that there 
is an increase in fatigue with a higher level of disability, 
which in turn may decrease the motivation to be physically 
active or to engage in exercise [69]. Positive associations 
have also been observed between the physical activity level 
and MRI-based outcomes. Physically more active pwMS 
showed increased volumes of gray matter including various 
subcortical brain regions of which the hippocampus region 
seems particularly sensitive [23, 48]. This is in line with 
evidence from preclinical animal models and human stud-
ies that support the beneficial effect of aerobic exercise on 
the hippocampus region [70, 71]. Although these findings 
are important and provide a clear rationale to determine 
effects of changes in physical activity on clinical measures 
of disease progression and activity longitudinally, it remains 
elusive why only a limited number of studies integrated 
follow-up measurements [49, 53, 57, 72]. A pilot study of 
Bahmani et al. [49] showed that vigorous physical activity, 

assessed by questionnaire, decreased during the first 2 years 
of disease, although not being associated with changes in 
the EDSS. Since this study covers a sensitive time frame of 
the disease which is proposed being a window of opportu-
nity in MS exercise therapy [26], these findings are of high 
importance. Another longitudinal study tracked the physical 
activity of pwMS with a median EDSS score of 4.0 for 1 
year [53]. Participants with a clinically meaningful increase 
in disability during this period showed a reduced daily step 
count and, more interestingly, those with a baseline daily 
step count below the cohort median had higher odds of clini-
cally meaningful disability worsening within this year. These 
results may be indicative of an important role of physical 
activity to prevent disease progression.

Taken together, the findings from cross-sectional stud-
ies are interesting and provide a rationale to investigate 
the effect of structured physical activity on clinical meas-
ures of disease activity and progression in well-designed 
randomized controlled studies. This is highly important, 
since only relying on cross-sectional studies does not move 
research in this field forward.

Fitness

An increase in physical activity or engagement in exercise 
programs results in higher fitness, usually quantified as CRF 
or strength. A recent study showed that CRF is positively 
associated with total brain volume and local gray matter vol-
umes such as the right hippocampal gyrus in healthy adults 
[73]. Another study revealed a positive association between 
an increased CRF and a reduced brain atrophy in early-
stage Alzheimer disease compared to healthy adults [74]. 
Therefore, an increase in CRF might be of high relevance 
for pwMS. Indeed, pwMS with higher levels of  VO2peak/max 
or higher muscle strength showed increased gray matter vol-
ume including various subcortical brain regions [22, 67]. 
Prakash et al. [67] further demonstrated a negative associa-
tion between CRF and lesion load volume. Interestingly, a 
recent RCT reported that increased CRF in pwMS following 
24 weeks of aerobic exercise was associated with an increase 
in the gray matter parenchymal fraction [12], thereby under-
scoring findings from cross-sectional studies that assume 
potential neuroprotective effects [22, 67]. Corresponding to 
findings from studies assessing physical activity, 9 out of the 
12 included studies used the EDSS for correlation analyses 
with the fitness level. As already discussed in the Physical 
activity section, the consistent negative associations between 
the EDSS score and the fitness level observed in existing 
cross-sectional studies may be reasonable, since a moderate 
to high fitness level is the result of an active lifestyle which 
in turn has been shown to be associated with decreased dis-
ease severity. So again, despite these consistent associations, 
well-designed studies assessing both changes in fitness and 
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disease progression/activity outcomes are necessary to pro-
vide evidence of higher quality.

Exercise

In contrast to the results from cross-sectional studies, exer-
cise studies predominantly showed non-significant effects 
on the EDSS, even when studies lasted 24 weeks or longer 
[40, 41, 43]. Studies that reported improvements suffer from 
methodological issues such as no randomization or matching 
of groups [35], no inclusion of a passive control group and 
focus on EDSS sub-domains [47], or a rather low sample 
size [37, 47]. However, low sample sizes are also observed 
in studies that report no changes in the EDSS [38, 40, 43]. 
Of note, only 8 of the included 13 RCTs tested 15 or more 
pwMS per group (the other 5 RCTs did not include more 
than 10 participants per group [37–40, 43]) which underlines 
the small power of existing RCTs. The relatively short inter-
vention period, ranging from 5 to 26 weeks, may hamper the 
interpretation of significant results. Dalgas et al. recommend 
conducting clinical exercise studies lasting more than 1 year 
[6]. A recent study revealed that assessing short-term dis-
ability progression over 3–6 months to estimate treatment 
effects may overestimate the accumulation of permanent 
disability by 24–30% [75]. In this regard, most of the out-
come measures assessed in the reviewed studies (i.e., EDSS, 
relapse rate, percentage brain volume change) may not be 
sensitive enough to quantify changes over a relatively short 
time period of up to 6 months. Therefore, longer intervention 
periods with follow-up measurements at regular intervals are 
reasonable to elucidate (long-term) exercise-induced effects 
on clinical measures in pwMS. This would enable research-
ers to quantify other important outcome parameters which 
may be affected by exercise, e.g., the time and magnitude 
of recovery after relapses in relapsing–remitting MS. Since 
RCTs usually aim to determine significant improvements 
in the intervention group compared to the control group, it 
should be considered that this is not always reasonable for 
measures such as the EDSS, brain volume or lesion load. 
Especially in the context of progressive disease, it would 
be a therapeutic success if these clinical parameters would 
remain stable over the exercise intervention period which 
optimally lasts for two or more years.

It is worth mentioning that only one study considered 
objectively assessed relapses to calculate the relapse rate 
which represents an important outcome in phase III trials 
[12]. According to a survey that collected data on the annu-
alized relapse frequency in an American population, 44.1% 
of the participants reported less than one relapse in the pre-
ceeding 2 years, whereas 35.5% reported 1–2 and 20.2% 
more than two relapses, respectively [76]. A time frame of 
6 months or shorter might therefore be insufficient to assess 
a meaningful exercise-induced effect on the (medically 

confirmed) relapse frequency. Compared to clinically evi-
dent relapses, T2-hyperintense and gadolinium-enhancing 
T1 lesion formation can occur subclinically, thereby repre-
senting markers that could be identified in shorter periods 
of time [10]. That makes the assessment of lesion formation 
potentially more suitable to detect disease activity in exer-
cise studies that last 6 months or shorter. However, following 
24 weeks of progressive resistance or aerobic exercise, no 
changes in lesion load were observed [11, 12]. These studies 
did also not reveal changes in brain volume, and the relative 
cortical thickness was increased after exercise in only one of 
the two studies [11]. Brain atrophy accumulates very slowly 
and when assessed in clinical trials to determine treatment 
efficiency of drugs, follow-up time points of brain atrophy 
quantification are usually several years [77, 78]. Although 
6 months of aerobic exercise has been shown to increase 
gray and white matter volumes in an aged population [13], 
this time frame still might be too short to determine mean-
ingful effects in pwMS. In this regard, confounding vari-
ables such as age and disease duration need to be considered 
when investigating short-term effects of exercise on brain 
atrophy measures in pwMS. No study observed an exercise-
induced positive modulation of the hippocampal structures 
[12, 32], although evidence from preclinical animal mod-
els and human studies support a beneficial effect of aerobic 
exercise on the hippocampus region [70, 71]. Again, exer-
cise studies lasting more than 1 year might reveal larger and 
clinically meaningful effect sizes. But rather than aiming 
to increase (region-specific) brain volume, maintaining the 
exisiting brain volume by counteracting neurodegeneration 
represents another meaningful outcome to consider. In this 
regard, Kjølhede et al. [11] revealed a trend in whole brain 
volume preservation following progressive resistance exer-
cise for 24 weeks.

After 12 weeks of interactive step training and 24 weeks 
of progressive resistance exercise, respectively, the MSFC 
was improved [11, 31]. Only Romberg et al. [41] conducted 
a study which lasted longer (26 weeks), resulting in an 
improvement of the MSFC as well. When looking more into 
the different dimensions of the MSFC, both Romberg et al. 
[41] and Kjølhede et al. [11] observed improvements in the 
timed 25-foot walk test and the nine-hole peg test (9-HPT) in 
the exercise compared to the passive control group, whereas 
no changes were observed in the paced auditory serial addi-
tion test (PASAT). Hoang et al. [31] included the symbol 
digit modalities test (SDMT) and the 10-meter walk test 
instead of the PASAT and the 25-foot walk test. Despite 
the selection of different tools to assess the same clinical 
dimensions, the results are consistent with those of the afore-
mentioned studies. Here, only the 9-HPT and 10-meter walk 
test improved in the exercise group compared to the control 
group, with results from the SDMT remaining unchanged. 
These results indicate that the cognitive dimension of the 
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MSFC, assessed by the PASAT or SDMT, is less responsive 
to exercise over three to 6 months than the functioning of 
upper and lower extremities. This is in line with a recent 
meta-analysis that does not support the efficacy of exercise 
training on global or domain-specific cognitive performance 
in pwMS [79].

An early exercise approach

Since almost all drug-based disease-modifying therapies 
have been shown to be effective primarily in the early relaps-
ing–remitting disease course [3], theoretical considerations 
came up addressing a potential window of opportunity for 
exercise as a supportive disease-modifying treatment early 
in the disease course [26]. In this regard, it is important to 
note that the mean disease duration of MS populations from 
included studies is 9.27 years for (R)CTs, 10.52 years for 
cross-sectional studies, and 13.27 years for cohort studies. 
Only Bahmani et al. [49] included newly diagnosed pwMS 
to record changes in the physical activity behavior over 2 
years. Therefore, it may be reasonable to focus more on the 
disease duration of participants rather than discussing solely 
intensity, frequency, and duration of exercise regimens. 
Documentation of the medication at study onset as well as 
changes of medication during the study period is important 
to control for disease-modifying effects that are not attribut-
able to exercise. From the included studies, however, only 
five RCTs and one cohort study report on the participants´ 
medication status [11, 12, 31, 37, 38, 49].

Potential exercise‑induced mechanisms of action

From an evolutionary perspective, the human physiology 
is inherently associated with a moderate to high level of 
physical activity which affects many interconnected or rather 
soluble cellular systems such as central nervous system 
(CNS) structures and the immune system [19, 80]. Since 
MS is a neuroinflammatory disease, mitigation of both 
peripheral/central inflammation and neurodegeneration is 
of high importance. In this context, exercise represents a 
proposed therapy approach without side effects [5, 6]. Three 
weeks of exercise during an inpatient rehabilitation have 
been shown to decrease the systematic inflammatory index 
and the neutrophil-to-lymphocyte ratio in pwMS [81], the 
latter being associated with disease-specific symptoms, the 
EDSS, and disease activity [82, 83]. Interestingly, only high-
intensity interval training reached significant results com-
pared to moderate exercise. The same dose-dependent effect 
was shown for the reduction of matrix metalloproteinase-2 
in another study with a similar study design [8], assuming 
that a higher cardiorespiratory stimulus over 3 weeks benefi-
cially modulates blood–brain barrier integrity and decreases 
translocation of inflammatory immune cells into the CNS. 

Corresponding to these findings, results from a mouse model 
of experimental MS revealed exercise-induced inhibition of 
a decreased tight junction protein expression in the CNS 
observed in non-exercising mice [16]. Another animal study 
revealed significantly reduced demyelination and infiltration 
of proinflammatory Th17 cells into the CNS, whereas anti-
inflammatory regulatory  CD4+ T cells were enriched [15]. 
Again, high-intensity exercise was superior to moderate 
exercise, thereby adding evidence that a high cardiovascular 
stimulus over a certain time period may be superior to reach 
anti-inflammatory and neuroprotective effects. The exercise-
induced intermittent metabolic stress is proposed to enhance 
neuronal survival, resilience, and plasticity through ketone 
body-mediated signaling [71]. The increased expression of 
the brain-derived neurotrophic factor plays an important 
role in this context. Indeed, increases in serum levels of 
brain-derived neurotrophic factor, also observed in pwMS 
in response to exercise [9], may be the result of epigenetic 
alterations induced by ketone bodies [84].

Another potential mechanism that may underlie exercise-
mediated benefits in pwMS is the elevated metabolic flux 
of tryptophan degradation toward the immunosuppressive 
and neuroprotective end product kynurenic acid. Animal 
[85] and human [86] studies have demonstrated that exer-
cise increases the flux along the metabolic kynurenine path-
way to kynurenic acid, thereby preventing a pathological 
accumulation of kynurenine and quinolinic acid as well as 
increasing the availability of anti-inflammatory mediators. 
However, a better understanding of exercise-induced kynure-
nine pathway alterations in pwMS is needed to conclude on 
its contribution to improvements in symptoms or possibly 
also in disease progression.

Despite the increasing number of publications in the field, 
this review identified a lack of high quality evidence that 
exercise exerts consistent beneficial effects on several clini-
cal measures of disease progression and activity. This could 
be due to the low sample size, heterogeneity of the included 
study population, and short duration of existing studies. 
Indeed, due to the short duration (averageing 13.4 weeks) 
compared to clinical phase III trials, only short-term effects 
were assessed. This raises the question if the available stud-
ies are appropriate to address the research question whether 
exercise affects established clinical measures of disease 
activity and progression in pwMS, since longer observa-
tions periods are needed to validly evaluate exercise-induced 
effects the relapse frequency, brain volume changes, or the 
EDSS score as discussed above. Further, only one exercise 
study assessed clinical measures of disease progression and 
activity as a primary outcome [12] which substantiates the 
underpowering of existing RCTs. In addition, the outcomes 
mainly do not correspond to outcomes used in phase III clin-
ical trials to quantify disease progression or activity such as 
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the relapse rate, changes in Gadolinium-enhancing T1- or 
T2-hyperintense lesion load, or brain atrophy [10]. Surpris-
ingly, the MSFC was not considered in any cross-sectional 
or cohort study despite the fact that this clinical measure 
is commonly used in clinical trials and shows profound 
correlation with other clinically relevant measures such as 
the EDSS, relapse rate, white matter lesion load, and brain 
volumetric measures [10]. Despite the abundance of cross-
sectional studies indicating beneficial effects of a high level 
of physical activity or fitness level on clinical measures of 
MS, it needs be considered that there is no causality within 
these associations and that negative associations between the 
EDSS and the physical activity or fitness level are somehow 
reasonable as discussed respectively in the “Physical activ-
ity” and “Fitness” sections within the discussion.

Limitations

There are several limitations to this systematic review. First, 
we did not assess the risk of bias for included non-rand-
omized controlled, non-controlled, and cross-sectional stud-
ies. Second, studies that examined the effect of a predomi-
nantly supportive exercise intervention or mainly consider 
task-oriented concise limb movements to improve activities 
of daily living were not included. Third, according to the 
criteria for rating therapeutic studies in the AAN Guideline 
Manual, it is not possible to rate a clinical exercise study to 
be of class I evidence, since a triple-masked study design 
is not applicable for randomized controlled exercise trials. 
This may hamper interpretation of results. Further, since 
the study duration does not represent a quality criterium for 
evidence classification in the standards published by the 
AAN, the relatively short duration of existing clinical exer-
cise studies compared to phase III clinical trials needs to be 
considered. Fourth, the study population of included studies 
is not uniform regarding the disease subtype, meaning that 
most studies included pwMS of both the relapsing–remit-
ting and a progressive form. Some studies did not report on 
the disease subtype of included participants. That makes 
it difficult to attribute exercise-induced effects on clinical 
measures of disease activity and progression to the different 
disease subtypes.

Conclusion

The role of exercise interventions and physical activity to limit 
disease progression and activity is increasingly discussed. By 
systematically reviewing and rating the literature according 
to the AAN guidelines to draw evidence-based conclusions, 
this review indicates that exercise positively affects the MSFC 
score, while the EDSS score, lesion load, and (region-specific) 

brain volume are likely not affected. Despite consistent nega-
tive associations between the physical activity/fitness levels 
and clinical measures of disease progression and activity in 
pwMS, the overall very low evidence quality of existing stud-
ies makes it necessary to validate the results by conducting 
well-designed RCTs to advance research in this field. Meth-
odological limitations such as missing a priori outcome speci-
fication, low sample size, and a predominantly “late timing” of 
exercise should be overcome in future studies. Since clinical 
phase III trials normally last 2 years or longer, the relatively 
short study duration of exisiting exercise studies represents a 
major limitation. Although well-designed clinical trials that 
last up to 12 months and assess important clinical measures 
are on the way (NCT03322761, NCT04762342), more RCTs 
assessing different primary end points of diseases activity or 
progression with long-term follow-up time points are needed 
to prove if engagement in regular exercise as well as increased 
physical activity is capable of exerting disease-modifying 
effects in pwMS.
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