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Abstract: Multiple sclerosis is a prevalent neurodegenerative disease that significantly
affects gait and exercise capacity. The core system is involved in providing sufficient spinal
stability for dealing with stability demands. People with multiple sclerosis exhibit reduced
trunk stability, which may affect stability during tasks such as reaching, stepping, and
unexpected perturbations. This systematic review aimed to evaluate the effects of core
training on gait and exercise capacity in people with multiple sclerosis. A systematic review
was conducted in the databases PubMed /Medline, Web of Science (WOS), ScienceDirect,
CINAHL, Scopus, and Physiotherapy Evidence Database (PEDro). Randomized controlled
trials up to January 2025 included the following PICO inclusion criteria: (Participants)
adults with a multiple sclerosis diagnosis; (Intervention) a core stability training program
(alone or combined with another intervention); (Comparison) compared to no intervention,
placebo or any other intervention; (Outcomes) and including at least one outcome related
to gait and/or exercise capacity. The search identified 781 records, and finally 12 studies
were included in this review. Methodological quality and risk of bias were assessed using
the PEDro scale (with 8 as the median score) and the Cochrane risk assessment tool (ROB2),
showing in most cases some concerns, particularly regarding outcome selection. Most of the
studies included reported significant improvements in gait assessed with the timed up and
go, timed 25-foot walk, and six spot step tests. Also, the results of exercise capacity assessed
with the 6 min and 2-min walk test significantly increased in most of the studies. The
reviewed articles suggest that a core-based exercise program may be effective in improving
gait and exercise capacity in people with multiple sclerosis. However, considering the
heterogeneity of the interventions, results, population, and the high risk of bias of some
trials, more research is needed to validate these preliminary results.

Keywords: core exercise training; exercise therapy; multiple sclerosis; neurorrehabilitation;
quality of life

1. Introduction

Multiple sclerosis (MS) is a prevalent neurodegenerative disease characterized by the
inflammation-mediated demyelination of axons throughout the central nervous system,
resulting in a decline in various neurological functions [1,2]. Four clinical courses of MS
have been identified: clinically isolated syndrome, relapsing-remitting MS, secondary
progressive MS, and primary progressive MS [3]. Conventional treatments involve pharma-
cological strategies aimed at downregulating immune activation to halt disease progression,
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prevent relapses, or partially reverse disability. However, non-pharmacological interven-
tions, such as physical exercise, have also proven beneficial in improving both physical
and mental functional capacities in people with MS [4,5]. Physical exercise may include
Pilates, yoga, aerobic training, resistance training, aquatic therapy, virtual reality training,
or whole-body vibration training [5].

MS presents considerable heterogeneity in both symptom manifestation and clinical
progression [6]. Fatigue, one of the most common symptoms, affects up to 80% of people
with MS. It is typically perceived as a lack of physical and/or mental energy that interferes
with daily activities and may be associated with reduced activity levels [4]. A recent
study has shown that the cerebellum is involved in MS-related fatigue, including physical
cognitive, and psychosocial domains, as well as in overall clinical disability [6]. Gait
impairment and exercise capacity are also common among individuals with MS [7]. Gait
is significantly affected at both self-selected and increased paces across all stages of the
disease, with more pronounced deficits in advanced stages [8]. Common gait abnormalities
include muscle weakness, spasticity, imbalance, and reduced walking speed [2,9]. Exercise
capacity, defined as the maximum amount of physical exertion a person can sustain, is
closely linked to cardiovascular and respiratory function [10]. A previous study reported
that individuals with MS exhibited significantly higher heart rates during exercise and
covered shorter distances compared to healthy controls. The reduced performance in the
Six-Minute Walk Test (6MWT) was attributed to limitations in ADL, elevated resting heart
rate, and fatigue [11].

Previous research has also shown a correlation with physical disability, as measured by
the Expanded Disability Status Scale (EDSS), which evaluates neurological impairments and
walking ability, even in individuals who are not severely disabled [12]. Preserving physical
functions such as walking and activities of daily living (ADLs) is essential for the overall
health and quality of life (QoL) of people with MS. Notably, postural instability during gait
significantly impacts QoL [8]. Most individuals with MS exhibit postural control and gait
abnormalities, even in the early stages of the disease [2,9]. It has been previously shown that
people with MS demonstrate reduced trunk stability during seated arm movements when
compared to healthy individuals, reinforcing the clinical observation that core stability
is often impaired in this population [13]. Specifically, this population performs worse on
tests assessing core muscle strength and endurance [14]. These deficits negatively impact
responses to both self-initiated and unexpected disturbances, as well as muscle activation
patterns, ultimately affecting the performance of daily activities. During reaching, stepping,
or unexpected perturbations, the transverse abdominis muscle is activated before other
trunk or limb muscles, highlighting its key role in core stabilization [15].

Ketelhut et al. [16] found that people with MS exhibit altered core muscle activation
during walking, which may contribute to increased fatigability. A range of rehabilitative
interventions has been proposed for core muscle training in individuals with neurological
disorders, including dynamic neuromuscular stabilization, respiratory training, Pilates, Ai
Chi, adapted sports, training on unstable surfaces, electrical stimulation, feedback-based
training, and robotic therapy.

Although core stability training programs have been suggested as an effective method
to improve postural balance in individuals with neurological conditions [15], no previous
review has specifically examined the effects of core exercise on gait and exercise capacity
in people with MS. Therefore, the objective of this study was to systematically review the
impact of core training on gait and exercise capacity in people with MS.
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2. Materials and Methods
2.1. Design

This systematic review was conducted following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [17] (https:/ /www.prisma-
statement.org/ accessed on 14 August 2024). The review protocol was prospectively
registered in the International Prospective Register of Systematic Reviews (PROSPERO)
with the reference number CRD42024589063.

2.2. Search Strategy

Six databases were systematically searched from their inception to January 2025:
CINAHL, PubMed, Scopus, Web of Science, ScienceDirect, and PEDro. The following
search terms were used: (“Multiple Sclerosis” [MeSH] OR “multiple sclerosis” OR “dissem-
inated sclerosis”) AND (“Core Stability” [MeSH] OR “core” OR “trunk” OR “lumbopelvic
hip complex” OR “Pelvic Floor” [MeSH] OR “pelvic floor” OR “diaphragm” OR “Abdomi-
nal Muscles” [MeSH] OR “abdomin*” OR “low back” OR “multifid*” OR “lumbar” OR
“quadratus lumborum” OR “erector spinae” OR “external oblique” OR “internal oblique”)
AND (“Resistance Training” [MeSH] OR “Endurance Training” [MeSH] OR “train*” OR
“Exercise” [MeSH] OR “Exercise Therapy” [Mesh] OR “Exercise Movement Techniques”
[MeSH] OR “exercis*” OR “Pilates” OR “strength*” OR “stabili*” OR “intervention” OR
“Rehabilitation” [MeSH] OR “rehabilitation”) AND (“gait” OR “exercise capacity” OR
“walking” OR “cardiorespiratory outcome” OR “locomotion”). The complete search strat-
egy is detailed in Appendix A.

The reference lists of all included and cited studies were manually searched to mini-
mize publication bias and include relevant gray literature. This strategy aimed to identify
those studies that were not captured by the database search.

2.3. Study Selection

The PICOS criteria (Participants, Interventions, Comparisons, Outcomes, and Study
design) were applied to define the research question and determine study eligibility:
(1) Participants: Adults with MS, aged 18 or older; (2) Interventions: Core training-based
interventions alone or combined with other interventions, being the core training the
primary focus; (3) Comparisons: No intervention, placebo, or other interventions that did
not include core training; (4) Outcomes: Measures of gait (e.g., timed up and go or 10-m
walk test) or exercise capacity (e.g., 6MWT); (5) Study design: Randomized controlled trials.
Studies published in English, Spanish, and French were included.

A total of 781 records were identified. After removing duplicates using EndNote
bibliographic management software (n = 136), 645 titles and abstracts were screened, and
614 were excluded for not meeting the inclusion criteria. Then, the full text of 31 articles
was reviewed, and 12 articles met all the eligibility criteria and were included in the final
analysis. Two reviewers (J.D.R.-M. and M.R.-M.) independently conducted the search and
study selection. Disagreements were resolved by consulting a third reviewer (I.C.-M.).

2.4. Data Extraction

The following data were extracted from each included study: author (year), participant
characteristics, MS phenotype, sample size, age (years), and gender distribution (F/M). In-
formation about the intervention was also collected, including duration, volume/intensity,
frequency (sessions/week), program length (weeks), measured outcomes, and main results.

Data extraction was carried out independently by two reviewers (J.D.R.-M. and M.R.-
M.). Any discrepancies were resolved with the assistance of a third reviewer (I.C.-M).
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2.5. Methodological Quality of Included Studies

The methodological quality of the included randomized controlled trials was assessed
using the PEDro scale, which includes the following items: 1. eligibility criteria specified,
2. Random allocation of participants, 3. Concealed allocation, 4. Baseline comparability
between groups, 5. Blinding of participants, 6. Blinding of therapists, 7. Blinding of asses-
sors, 8. Outcome measures obtained from at least 85% of participants, 9. Intention-to-treat
analysis, 10. Between-group statistical comparisons, 11. Reporting of point estimates and
variability for at least one key outcome. The suggested cut-off points for the PEDro scale
were as follows: excellent (9-11), good (6-8), fair (4-5), and poor (<3) [18]. Methodolog-
ical quality was assessed independently by two reviewers (J.D.R.-M. and M.R.-M.), and
disagreements were resolved through consultation with a third reviewer (L.C.-M.).

2.6. Risk of Bias of Included Studies

The Revised Cochrane risk of bias tool (RoB-2) was used to assess the risk of bias in the
randomized controlled trials included. This tool evaluates five domains: bias arising from
the randomization process, due to deviations from the intended interventions, to missing
outcome data, in the measurement of the outcome, and the selection of the reported result.
Each domain was rated as “high risk of bias”, “low risk of bias,” or “some concerns” [19].
Two reviewers (J.D.R.-M. and M.R.-M.) assessed the methodological quality and risk of
bias independently, and in case of disagreement, a third reviewer was consulted (I.C.-M).

3. Results
3.1. Search Selection

The search initially yielded a total of 781 records. After removing duplicates (n = 136),
645 records were analyzed. After screening by title and abstract, 614 manuscripts were
excluded. Finally, 19 full-text articles were excluded after further screening, resulting in
a total of 12 studies being included in this review. No additional studies were identified
through other sources. A summary of the literature selection process is presented in
Figure 1.
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Figure 1. Flow diagram.

3.2. Characteristics of the Included Studies and Participants

The characteristics of the studies included in this review are shown in Table 1. The
studies are organized chronologically, from the earliest (2016) to the most recent (2023).
Three studies were conducted in Turkey [20-22], four in Iran [23-26], and one each in
Sweden [27], Denmark [28], Norway [29], Canada [30], and the United Kingdom [31]. In
total, the studies included 639 participants, with a mean age of 42.08 years. The most
common MS phenotypes were relapsing-remitting and primary progressive MS. The mean
time since disease onset varied across studies, ranging from 1 year to over 20 years.



Appl. Sci. 2025, 15, 5054

60f 18

Table 1. Characteristics of included studies.

Number of Mean Time (SD)
First Author, Year, Nl{mber of Participants Mean Age (SD) Sex (% Female) Total . - . o Type of Multiple Since Onset (Years)
Number of Groups Participants Total Analyzed Total (Years) Inclusion Criteria Exclusion Criteria R o .
Country X (EG/CG) Sclerosis n (%) of Multiple
(EG/CG) (Post-Intervention) Total (EG/CG) .
Sclerosis (EG/CG)
(EG/CG)
MS diagnosis, ability
to walk 100 m
independently,
bility to rise from No MS, or cognitive
73 73 Total = NS Total = NS abLuty : 2 OF COg RR =33 (45) Total = NS
hen s ke £ 320 R Dememdwih o diliebe 3 610
CG=38 CG=38 CG =56.6(11) CG=82 | assis P g PP=9(12) CG=16(11)
balance impairment tests
(inability to perform
heel-to-toe walking
for30s)
100 84 Total = 54.13(10,14) Total =74 Contraindications for RR=38(38) Total = 13.11(10.50)
Fox, 2016, United 3:G1.G2.CG G1=33 G1=29 G1=>53.97(9.19) G1=84.9 MS diagnosis, >18 Pilates, relapse in the SP =30 (30) G1=13.18(10.06)
Kingdom [31] et G2=35 G2=30 G2=54.60 (11.54) G2=714 years old, 4-6.5 EDSS last3 mgmh s PP =31 (31) G2=13.91(10.97)
CcG=32 CG=25 CG=53.78(9.72) CG=656 Benign=1(1) CG =12.14(10.68)
Participationin a
. physiotherapy
18 0 Total = NS Total: NS g earsold 32 - program within 6 RR =34 81) Total = NS
Salci, 2017, Turkey 3.G1.G2.G3 Gl=16 Gl=14 G1=237.29(9.75) G1=43 thel ;tS m n}t)hs no months, existence of PP_— 2 (5) G1=8.54(8.44)
[20] :G1,G2, G2=16 G2=14 G2 =35.36(8.14) G2=64 Cofﬁiostem‘i’ L tho orthopedic and SP=6 (14) G2=6.18 (4.08)
G3=16 G3=14 G3 =34.36(7.90) G3=71 systemic problems, B G3=5.82(4.5)
last 3 months . . :
using walking aids
and orthoses
59 38 NS >18 years old, no BMI of 30 or higher; Total: NS
Bulguroglu, 2017, 3.G1.G2.CC G1:NS Gl1: 12 G1:45(39.3,49.5) NS relapses or surgeryin ~ no perceptual issues NS GI1:NS
Turkey [21] T G2: NS G2:13 G2: 37 (29.5, 40) 6 months, less than that may affect the G2: NS
CG:NS CG:13 CG:40(26,43) 4.5 EDSS results CG:NS
MS diagnosis, being
Duff, 2018, Canad. 30 30 Total =NE Total = NE able to move to the Exercise RR =25 (83)
utt, 301 anada 2: EG,CG GE=15 GE=15 GE=45.7(9.4) GE=80 evaluationsite,and  contraindications, no SP=2(7) NS
g CG=15 CG=15 CG=451(74) CG=73 notbeingina MS PP =3(10)
wheelchair
Performed exercises
. 30 . 33(8.08) in the last 3 months,
E“ekhar[lz'f]ol& [ran 2 EG,CG EG: NS gg g EG: 34.46 (7.29) 100% Women, EDDS 2-6 back problems, RR=25 NS
N CG:NS ’ CG:31.41(8.89) pregnancy, epilepsy,
or cancer
71 53 52(30.75) 77 >18 years old, EDSS RR: 70 Total =12 (1.40)
Callesen 2020, 3.G1.G2.CC G1:23 G1:17 G1: 52 (38.64) G1: 70 2-6.5,SSST >8s or Unable to undergo SP:17 G1:15(2.40)
Denmark [28] T G2: 28 G2:24 G2: 51 (31.75) G2: 82 T25FW >5s, no crisis the treatment PP: 13 G2:10(2.33)
CG:20 CG:12 CG: 56 (30.73) CG: 80 in the last 8 weeks ’ CG:11(1.32)
Diagnosis of MS,
residing in the Pregnancy,
80 79 34.09(10.52) . selected exacerbation 2 weeks RR: 68 .
"?\Trzzl";‘ %%? 2:EG,CG EG: 40 EG:39 EG: 36.36(12.13) %%,6792'259 municipalities,>18  prior to recruitment, PP:7 gg 18'23 gg?;
y CG: 40 CG:40 CG: 31.81(8.61) e years old, able to other acute issues SP:4 T ’
provide written affecting balance

consent, EDSS 1-6.5
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Table 1. Cont.

Number of Mean Time (SD)
First Author, Year, Nl{mber of Participants Mean Age (SD) Sex (% Female) Total . I . . Type of Multiple Since Onset (Years)
C Number of Groups Participants Total Analyzed Total (Years) Inclusion Criteria Exclusion Criteria R o .
ountry . (EG/CG) Sclerosis n (%) of Multiple
(EG/CG) (Post-Intervention) Total (EG/CG) Sdl is (EG/CG
(EG/CG) clerosis ( )
Diagnosis of MS, >18 ﬂgi\fi; }iiil;}sozilsd'
42 33 Total: 45.45 (9.98) Total: 69.7 years old, able to - 4 . Total =11.84 (6.88)
Abf‘ylf“‘l[(égfzo’ 2:EG,CG EG=21 EG=16 EG = 42.50 (6.76) EG=75 walk 100 m cardiac o "“ht‘;lpidlc RSI}, E%(fl‘gf) EG = 12.59 (6.23)
urkey CG=21 CG=17 CG =48.24 (11.79) CG=657 independently, desire et TOMS 18 = CG=9.83(87)
h ticimat interfere with the
o participate results
25-40 years old, no
history of heart Unable to undergo
I 30 30 31.35(5.7) disease, epilepsy, the intervention, no X
Gheltag‘['zi(]’zl’ [ran 2:EG,CG EG: 15 EG: 15 EG:30.6 (5.27) 0% metabolic or neurological NS ESGE’ 'Z 8')5)
CG:15 CG:15 CG:32.10(6.3) orthopedic problems; symptoms in the '
no crisis in the past 2 previous 3 weeks
months
29 29 NS l\a/lcscg;gig;gozs Head trauma, new NS
Mohammadkhanbeigi, . G1: 10 G1:10 G1:40.2 (2.43) R neurological episode G1:4.35(1.12)
2023, Iran [25] 3G G2,.CG G2:9 G2:9 G2:37.44 (7.89) NS McDonald eriterio; i he last month, NS G2:3.33 (1.75)
CG:10 CG:10 CG:37.70 (7.78) SR ALANY drug or alcohol use CG:3.85(1.08)
Relapse 2 months
before or during
study, orthopedic or
47 47 NS Diagnosis of rheumatic disorders
. Gl: 16 Gl: 16 G1: 36.87(6.31) NS relapsing-remitting in the last 6 months, .
Far, 2023, Tran [26] 3:G1,62,CG G2: 18 G2: 18 G2: 35.55 (3.74) MS, EDDS score of musculoskeletal RR: 100 NS
CG:13 CG:13 CG:37.34 (4.82) 2-6.5, able to walk injury within +
weeks, pregnancy or
changes to
medication

CG: Control Group, EG: Experimental Group, NS: Not Specified, RR: Relapsing-Remitting, SP: Secondary Progressive, PP: Primary Progressive, EDSS: Expanded Disability Status Scale,
SSST: Six Spot Step Test, T25FW: Timed 25-Foot Walk.
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3.3. Characteristics of Interventions

The main results and characteristics of the interventions are shown in Table 2.

All interventions focused on teaching the proper activation of the transverse abdo-
minis [20-31]. Once achieved, participants progressed to more complex tasks requiring
greater postural stability. Most studies incorporated resistance bands, exercise balls, or
other equipment to facilitate progression. One study used the CoreAlign device [30], while
another utilized the suspension system such as TRX [26]. Participants in the control groups
were generally instructed to maintain their usual physical activity levels. Session duration
ranged from 30 to 90 min, with frequencies varying from one to three times per week. The
total intervention periods ranged from 4 to 12 weeks.

All studies conducted both pre- and post-intervention assessments, while two stud-
ies also included follow-up measurements. Follow-up assessments were conducted at
16 weeks in one study [31], and at 18 and 30 weeks in another [29].

Five studies used the Timed Up and Go (TUG) Test [21,24,25,27,30]; of these,
two [24,30] reported significant between-group improvements, two [21,25] showed signifi-
cant within-group improvements [21,25], and one [27] found no differences. Five studies
used the Multiple Sclerosis Walking Scale (MSWS) [22,27-29,31]; three [27-29] reported a
significant between-group decrease, while two [22,31] found no significant changes. The
6MWT was used in five studies [22,23,25,28,30]; four [22,23,25,30] reported significant
between-group improvements, and one [28] found no differences. Three studies used the
10-Meter Walk Test (10MWT) [23,29,31]; two [23,29] showed significant between-group
improvements, and one [31] found no differences. Two studies utilized the 2-Minute Walk
Test 2MWT) [20,29]; both showed significant between-group improvements. The Timed
25-Foot Walk Test (T25FWT) [22,26,28] was employed in three studies; one [28] showed sig-
nificant between-group improvements, one [26] reported significant within-group changes,
and one [22] found no changes. Finally, one study [28] used the Six-Spot Step Test (SS5T),
reporting significant between-group improvement. Overall, the included studies show
improvements in gait performance and exercise capacity.
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Table 2. Characteristics of interventions.

First Author, Year, Country

EG Intervention

Other Interventions/CG

Session
Duration/Frequency
(Times Per Week)

Intervention Duration

Outcomes

Time Point of Assessment

Main Results

Forsberg, 2016, Sweden [27]

Fox, 2016, United Kingdom
[31]

Salci, 2017, Tur-key [20]

Bulguroglu, 2017, Turkey
[21]

Duff, 2018, Canada [30]

Eftekhari, 2018, Iran [23]

Callesen 2020, Denmark
[28]

Arntzen, 2020, Norway [29]

Core stability exercises

Pilates sessions maintaining
transverse activation

Balance exercises
maintaining transverse
activation. Lumbar
stabilization exercises with
transverse activation.

Pilates sessions maintaining
transverse muscle
activation

Pilates sessions maintaining
transverse muscle
activation

Pilates sessions based on
core stability

Motor control and
proprioception exercises

Exercise protocol, all based
on core activation;
progressive difficulty

Recommended to maintain
usual physical activity level

G2 = standard exercise:
mobility and strength
exercises in supine,
standing, quadruped, and
prone positions
CG =relaxation
G2: balance exercises.
Sensory and motor
facilitation strategies.
G3: transfers and tasks
(sit-to-stand from different
chair heights, reaching
objects from the maximum
possible range, walking
around obstacles)

G1: mat Pilates
G2: reformer Pilates
CG: relaxation and
breathing exercises.

Manual therapy (massage)

CG: normal activity

G2: progressive resistance
exercises;
CG: usual care

CG: usual care

60 min/2 sessions per week

1 session per week + 15 min
of daily home exercises

45 min balance + 45 min
lumbar stabilization/
3 sessions

60-90 min /2 sessions

50 min/2 sessions

60 min/3 sessions

1h/2sessions

60 min/3 sessions

7 weeks

12 weeks

6 weeks

8 weeks

12 weeks

8 weeks

10 weeks

6 weeks

TUG, MSWS

MSWS, 10MWT

2MWT

TUG

6MWT, TUG

10MWT, 6MWT

T25FW, SSST, MSWS,
6MWT

2MWT, I0MWT MSWS

Baseline, post-intervention

Baseline, post-intervention,
16 weeks after the start

Baseline, post-intervention

Baseline, post-intervention

Baseline, post-intervention

Baseline, post-intervention

Baseline, post-intervention

Baseline, 7 weeks, 18 weeks,
30 weeks

EG: significant decrease (p = 0.0026)

in MSWS (—3.4 + 5) compared to CG

(0.1 £ 5.2); no significant differences
for TUG test

No significant differences

EG: significant increase (p < 0.02) in
2MWT (25.55 + 16.90 m) compared to
CG (10.75 £ 9.97 m); no significant
differences for other outcomes

EG: significant within-group decrease
inG1 (p=0.06) and G2 (p = 0.011) in
TUG (—-0.8s Gl and —1s G2)
compared to CG (—0.3 s)

EG: significant increase (p = 0.03) in
TUG (-1.5 + 1.1 s) compared to CG
(+0.3 &+ 1.1s). EG: significant increase
(p=0.01)in 6 MWT (52.4 4 19.7 m)
compared to CG (15 + 19.7 m)
EG: significant increase (p = 0.00) in
10MWT (+0.38 m/s) compared to CG
(—0.18 m/s); EG: significant increase
(p =0.004) in 6MWT (+3.5 m)
compared to CG (—1.21 m)

EG: significant increase (p = 0.04) in
T25FW (0.14 m/s) compared to CG
(0.04 m/s); significant decrease
(p <0.01) in SSST (—2.6 5) compared
to CG (—0.4 s); significant decrease
(p=0.01) in MSWS (—9.3) compared
to CG (—1.3)

EG: significant increase (p < 0.001) in
2MWT (186 m) compared to CG (169
m); significant decrease (p = 0.01) in
10MWT-fast speed (—0.83 s)
compared to CG (+0.09 s); significant
decrease (p = 0.04) in MSWS (—5.5)
compared to CG (+1.1)
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Table 2. Cont.

First Author, Year, Country

EG Intervention

Other Interventions/CG

Session
Duration/Frequency
(Times Per Week)

Intervention Duration

Outcomes

Time Point of Assessment

Main Results

Abasiyanik, 2020, Turkey
[22]

Gheitasi, 2021, Iran [24]

Mohammad-khanbeigi,
2023, Iran [25]

Far, 2023, Iran [26]

Pilates sessions with
transverse contraction;
resistance exercises: squats,
sit-to-stand, bridge, curl-up;
balance exercises: tiptoeing,
heel-to-toe, single-leg
balance, feet together
Pilates sessions with core
stability exercises

Exercise protocol with 2-3
difficulty levels

Swing suspension exercise
protocol with core
stabilization exercises with
4 levels of difficulty for
every exercise

CG: home exercises not
focused on core contraction

CG: usual care

G2: transcranial direct
current stimulation PG:
placebo

CG: relaxation exercises
G2: same protocol as G1

55-60 min/3 sessions

60 min/3 sessions

30 min/3 sessions + 15 min
daily at home

55-60 min/3 sessions

8 weeks

12 weeks

6 weeks

8 weeks

6MWT, T25FW, MSWS

TUG

TUG, 6MWT

T25FW

Baseline, post-intervention

Baseline, post-intervention

Baseline, post-intervention

Baseline, 4 weeks, 6 weeks,
8 weeks

EG: significant increase (p = 0.001) in
6MWT (75.06 & 46.17 m) compared to
CG (26.35 + 28.17 m); no significant
differences for other outcomes

EG: significant decrease (p = 0.003) in
TUG (—1.9 s) compared to CG (+0.3 s)
EG: within-group significant
improvement in TUG (0.04) and
6MWT (p < 0.001); significant
differences (p =0.01) in 6MWT in
comparison to PG
G1 and G2: significant within-group
differences (p < 0.001) in T25FW
between baseline and
post-intervention; significant change
between the time and groups,
(p=0.001,F=13.81)

CG: Control Group, EG: Experimental Group, TUG: Timed Up and Go, MSWS: Multiple Sclerosis Walking Scale, I0MTW: 10-Meter Walk Test, 2MWT: 2-Minute Walk Test, (MWT:
6-Minute Walking Test, T25FW: Timed 25-Foot Walk, SSST: Six-Spot Step Test.
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3.4. Methodological Quality and Risk of Bias

Methodological and risk of bias assessments are included in Table 3 and Figure 2. The
included studies scored between 7 and 9 on the PEDro scale, with four studies scoring 9,
six scoring 8, and two studies scoring 7. None of the studies met the criterion for therapist
blinding. According to the Cochrane risk of bias assessment, most studies raised some
concerns, particularly regarding outcome selection, since many did not predefine which
variables would be evaluated. Three studies [21,22,26] showed a high risk of bias related
to the randomization process, as they did not provide any information suggesting that
allocation was concealed. Another study [23] was considered to have a high risk of bias due
to missing outcome data, as no information was provided regarding the extent or handling
of the missing data.

Table 3. PEDro scale.

First Author, Year, Country 1 2 3 4 5 6 7 8 9 10 11 Final Score
Forsberg, 2016, Sweden [27] v v v v v X X v v v v 9/11
Fox, 2016, United Kingdom [31] v v v v X X v v v v v 9/11
Salci, 2017, Turkey [20] v v v v X X X v v v v 8/11
Bulguroglu, 2017, Turkey [21] v v X X X X v v v v v 7/11
Duff, 2018, Canada [30] v v v v X X v v v v v 9/11
Eftekhari, 2018, Iran [23] v v v v X X X X v v v 7/11
Callesen 2020, Denmark [28] v v v v v X X X v v v 8/11
Arntzen, 2020, Norway [29] v v v v X X v v v v v 9/11
Abastyanik, 2020, Turkey [22] v v X v X X v v v v v 8/11
Gheitasi, 2021, Iran [24] v v v v X X X v 4 v v 8/11
Mohammad-khanbeigi, 2023, Iran [25] v v v v X X X v v v v 8/11
Far, 2023, Iran [26] v v X v X X v v v v v 8/11
D1 D2 D3 D4 D5 Overall
Forsberg,2016,5weden + ! 3y £ ! "\. '.‘\‘\ + Low risk
Fox, 2016, United Kingdom + H + + H _'\‘ 1 Some concerns
Saldi, 2017, Turkey + ! + ! ! @ . High risk
Bulguroglu, 2017, Turkey . d + + :
Duiff, 2018, Canada + H + + H D1 Randomisation process
Eftekhari, 2018, Iran ! ! . ! ! D2 Deviations from the intended interventions
Callesen 2020, Denmark + ! 1 o ! D3 Missing outcome data
Arntzen, 2020, Norway + ! + + ! D4 Measurement of the outcome
Abasiyanik, 2020, Turkey . H + + H D5 Selection of the reported result
Cheitasi, 2021, Iran + 1 + ! 1
Mohammadkhanbeigi, 2023, Iran + ! + ! !

Far, 2023, Iran

] ! + ! !
Figure 2. Cochrane risk assessment tool [20-31].

4. Discussion

This systematic review aimed to evaluate the effects of core-focused interventions on
gait and exercise capacity in people with MS. Most of the studies reported significant im-
provements in gait, assessed with the TUG, T25FW, and SSST. Exercise capacity, measured
using the SMWT and 2MWT, also significantly improved in the majority of the studies.

4.1. Multiple Sclerosis and Gait

This systematic review shows that gait improved in most studies following a core
training program. People with MS commonly exhibit impaired gait patterns compared
to healthy controls. Walking is considered one of the highest priorities for people with



Appl. Sci. 2025, 15, 5054

12 0f 18

MS, as approximately 90% experience gait disturbances, which negatively impact their
QoL [32,33]. One of the prerequisites for normal gait is adequate postural control [33].

The transverse abdominis plays a fundamental role in functional performance, partic-
ularly in trunk stabilization, which is essential for postural control [34]. Trunk instability is
a significant contributor to motor control impairment and is a common symptom in people
with MS [35]. Therefore, a rehabilitation program focused on core training could be benefi-
cial for this population. Furthermore, previous studies have also shown the positive effects
of core training on trunk stability and gait in other neurological populations, including
post-stroke people [36,37] and individuals with cerebral palsy [38].

4.2. Core-Focused Training

The included studies implemented motor control exercises focusing on core activation.
These exercises aimed to improve the coordination and timing of deep trunk muscles, such
as the transverse abdominis. Progression in the programs usually began once the voluntary
contraction of the transverse abdominis was achieved. Then, more demanding positions,
such as seated, standing, or suspended, were used. A lack of coordination during muscle
contraction may lead to reduced movement efficiency and compensatory patterns. There-
fore, the literature recommends starting to teach the neutral pelvic position and the isolated
activation of the transverse abdominis [39]. Once this initial goal is achieved, the difficulty
of the exercises is progressively increased by incorporating more complex movements and
combining them with other types of training [39]. Additional progression strategies, such
as using elastic bands and exercise balls, were also employed to increase difficulty. In later
stages, dual task exercises (e.g., carrying trays while maintaining transverse abdominis
activation) were introduced. This final stage aligns with recent research highlighting the
importance of incorporating cognitive-motor tasks into conventional training to reduce
interference and enhance overall rehabilitation outcomes [40].

4.3. Core Training for Gait and Exercise Capacity

Gait and exercise capacity were assessed using various tools. Compared to the control
group, most studies reported significant improvements in the experimental group for
both outcomes.

Gait was assessed using different tests. The T25FW test reported improvements in two
out of three studies, although only one reported a difference between groups. This test is
considered the gold standard for assessing ambulation in people with MS [41]. The most
frequently used test was the TUG, which reported improvements in four out of five studies;
however, only two reported significant differences between groups. The TUG test is a
reliable and widely used tool for assessing gait in people with MS [41,42]. The MSWS was
the second most commonly used tool for evaluating gait, showing improvements in three
out of five studies. As a patient-reported outcome, the MSWS is a highly recommended
scale because it shows the patient’s perspective, does not require clinical resources, and
has been shown to correlate the distance walked in the 6MWT [43]. The 1I0MTW showed
improvements in two of the three articles in which it was used. It is widely used to assess
gait speed in MS [44], as well as in other pathologies, such as stroke [45]. Additionally, the
SSST was used in one study, which reported significant improvement. This test has shown
reliability in the stroke [46,47] and MS populations [48].

The differences observed in the SSST, 6MWT, and 2MWT were clinically significant,
exceeding the minimal clinically important difference (MCID) [49-51]. For the 25FWT
and 10MWT, clinical significance varied, as not all the studies surpassed the MCID
threshold [52,53]. Although statistically significant differences were observed for the TUG
and MSWS, these did not meet the MCID, thus limiting clinical relevance [54,55].
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There is a consensus that exercise-based interventions are beneficial in people with
MS [55-61]. Despite the well-established benefits of physical exercise on functional per-
formance in this population, it remains unclear whether one type of exercise is superior
to others. One study attempted to determine whether differences exist among various
exercise modalities but found no significant differences [62]. A recent systematic review
and meta-analysis assessing the effects of core stability training on balance in people
with MS concluded that six to ten weeks of training is an effective therapeutic strategy
for balance improvement [15]. However, to our knowledge, this is the first systematic
review to specifically evaluate the effects of core-focused interventions on gait and exer-
cise capacity in people with MS. Previous systematic reviews [57-62] highlighted similar
concerns, including the need for high-quality randomized controlled trials, standardized
measurement tools to enhance research quality, and detailed descriptions of interventions to
ensure replicability.

The studies included in this review consistently emphasize the need for further re-
search with larger sample sizes and well-defined parameters for intensity, duration, and
frequency to facilitate the development of clinical practice guidelines and validate the
efficacy of interventions.

4.4. Limitations

This systematic review presents several limitations. It only included studies published
in English, Spanish, and French, potentially excluding relevant articles in other languages.
Our systematic review includes studies focused on core training alone or in combination
with other therapies. This may have introduced bias or confounding factors. While the
methodological quality of the studies included was generally good, some limitations were
observed. A primary limitation was the lack of blinding among professionals conducting
the interventions. However, blinding therapists is impractical, as they must guide and in-
struct the people throughout the intervention. Another methodological limitation observed
was that people could potentially guess if they were not assigned to the intervention group.
The high risk of bias observed in some trials makes it necessary to interpret the results
with caution.

Future research should consider assessing gait in three categories: short-distance, long-
distance, and self-reported. Exercise capacity should be widely explored in further studies
to increase the evidence regarding the effects of this type of intervention on exercise capacity
in people with MS. In addition, given the existing heterogeneity, future studies should
implement standardized intervention protocols and develop more rigorous, high-quality
designs to validate these preliminary findings.

5. Conclusions

The studies reviewed suggest that core-based exercise programs may effectively im-
prove gait and exercise capacity in people with MS. However, we should be cautious
considering heterogeneity in the assessment tools, the characteristics of the population,
and intervention designs, and the high risk of bias of some trials. Core training programs
for this population should focus on motor control and core stability, with an emphasis on
the activation of the transverse abdominis and individualized progression. More research,
including large-scale multicenter randomized controlled trials with pre-registered proto-
cols, is needed to fully investigate the effectiveness of this intervention in people with MS.
Additionally, applying consistent intervention models across multiple studies would allow
for more rigorous evaluation and a comparison of the results.
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Abbreviations

The following abbreviations are used in this manuscript:

MS Multiple Sclerosis

TUG Timed Up and Go

MSWS Multiple Sclerosis Walking Scale
6MWT 6-Minute Walking Test

10MWT  10-Meter Walk Test

2MWT 2-Minute Walk Test

T25FWT  Timed 25-Foot Walk Test

SSST Six-Spot Step Test
QoL Quality of Life
Appendix A

Table Al. Search strategy studies.

Database Cinahl
Date 3 September 2024
Strategy #1 AND #2 AND #3 AND #4
#1 AB (“Multiple Sclerosis” [MeSH] OR “multiple sclerosis” OR “disseminated sclerosis”)
#2 AB (“Core Stability” [MeSH] OR “core” OR “trunk” OR

“lumbopelvic hip complex” OR “Pelvic Floor” [MeSH] OR “pelvic floor” OR
“diaphragm” OR “Abdominal Muscles” [MeSH] OR “abdomin*” OR “low back” OR “multifid*” OR “lumbar” OR
“quadratus lumborum” OR “erector spinae” OR
“external oblique” OR “internal oblique”)
#3 AB (“Resistance Training” [MeSH] OR “Endurance Training” [MeSH] OR “train*” OR “Exercise” [MeSH] OR
“Exercise Therapy” [Mesh] OR “Exercise Movement
Techniques” [MeSH] OR “exercis*” OR “Pilates” OR “strength*” OR “stabili*” OR “intervention” OR
“Rehabilitation” [MeSH] OR “rehabilitation”)

#4 AB (“gait” OR “exercise capacity” OR “walking” OR “cardiorespiratory outcome” OR “locomotion”)
Database Medline (via Pubmed)
Date 3 September 2024
Strategy #1 AND #2 AND #3 AND #4
#1 AB (“Multiple Sclerosis” [MeSH] OR “multiple sclerosis” OR “disseminated sclerosis”)
#2 AB (“Core Stability” [MeSH] OR “core” OR “trunk” OR

“lumbopelvic hip complex” OR “Pelvic Floor” [MeSH] OR “pelvic floor” OR
“diaphragm” OR “Abdominal Muscles” [MeSH] OR “abdomin*” OR “low back” OR “multifid*” OR “lumbar” OR
“quadratus lumborum” OR “erector spinae” OR
“external oblique” OR “internal oblique”)
#3 AB (“Resistance Training” [MeSH] OR “Endurance Training” [MeSH] OR “train*” OR “Exercise” [MeSH] OR
“Exercise Therapy” [Mesh] OR “Exercise Movement
Techniques” [MeSH] OR “exercis*” OR “Pilates” OR “strength*” OR “stabili*” OR “intervention” OR
“Rehabilitation” [MeSH] OR “rehabilitation”)

#4 AB (“gait” OR “exercise capacity” OR “walking” OR “cardiorespiratory outcome” OR “locomotion”)
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Table Al. Cont.

Database Scopus
Date 3 September 2024
Strategy #1 AND #2 AND #3 AND #4
#1 AB (“Multiple Sclerosis” [MeSH] OR “multiple sclerosis” OR “disseminated sclerosis”)
#2 AB (“Core Stability” OR “core” OR “trunk” OR “lumbopelvic hip complex” OR “Pelvic Floor” OR “pelvic floor”

OR “diaphragm” OR “Abdominal Muscles” OR “abdominal” OR “low back” OR “multifidos” OR “lumbar” OR
“quadratus lumborum” OR “erector spinae” OR “external oblique” OR “internal oblique”)
#3 AB “Resistance Training” OR “Endurance Training” OR “training” OR “Exercise” OR “Exercise Therapy” OR
“Exercise Movement Techniques” OR “exercise” OR “Pilates” OR “strength” OR “stability” OR “intervention” OR
“Rehabilitation” OR “rehabilitation”)

#4 AB (“gait” OR “exercise capacity” OR “walking” OR “cardiorespiratory outcome” OR “locomotion”)
Database Web of Science
Date 3 September 2024
Strategy #1 AND #2 AND #3 AND #4
#1 AB (“Multiple Sclerosis” [MeSH] OR “multiple sclerosis” OR “disseminated sclerosis”)
#2 AB (“Core Stability” [MeSH] OR “core” OR “trunk” OR

“lumbopelvic hip complex” OR “Pelvic Floor” [MeSH] OR “pelvic floor” OR
“diaphragm” OR “Abdominal Muscles” [MeSH] OR “abdomin*” OR “low back” OR
“multifid*” OR “lumbar” OR “quadratus lumborum” OR “erector spinae” OR
“external oblique” OR “internal oblique”)
#3 AB (“Resistance Training” [MeSH] OR “Endurance Training” [MeSH] OR “train*” OR “Exercise” [MeSH] OR
“Exercise Therapy” [Mesh] OR “Exercise Movement
Techniques” [MeSH] OR “exercis*” OR “Pilates” OR “strength*” OR “stabili*” OR “intervention” OR
“Rehabilitation” [MeSH] OR “rehabilitation”)

#4 AB (“gait” OR “exercise capacity” OR “walking” OR “cardiorespiratory outcome” OR “locomotion”)
Database ScienceDirect
Date 3 September 2024
Strategy #1 AND #2 AND #3 AND #4
#1 AB (“Multiple Sclerosis” [mesh])
#2 AB (“core” OR “trunk”)
#3 AB (“Resistance Training” [mesh] OR “Endurance Training” [mesh] “Exercise” [mesh])
#4 AB (“gait” OR “exercise capacity” OR “walking)
Database PEDro
Date 3 September 2024
Strategy #1 AND #2 + #3 AND #4
#1 (“Multiple Sclerosis”)
#2 (“core”
#3 (“Multiple Sclerosis”)
#4 (“trunk”)
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