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Exercise may promote neuroprotection in multiple sclerosis (MS), but the relationships between 
exercise-induced brain changes, myokine release, and functional improvements are not fully 
understood. This pilot randomized controlled trial examined the effects of a 12-week progressive 
resistance training (PRT) program on brain structure, serum irisin levels, and functional performance, 
measured with the MS functional composite (MSFC), (PRT: *N*=11; control: *N*=10). The PRT group 
demonstrated increased serum irisin and enhanced motor and cognitive function, including faster 
walking speed, improved manual dexterity, and better processing speed. Neuroimaging revealed 
volumetric increases in gray matter, cerebellum, hippocampus, temporal lobe, and caudate nucleus 
following PRT. Compared to controls, the exercise group showed greater improvements in irisin levels, 
mobility, and regional brain volumes, particularly in gray matter, cerebellum, and temporal and 
hippocampal regions. Correlations were observed between cerebellar and frontal lobe volume changes 
and cognitive gains, while occipital lobe expansion was linked to fine motor improvements. However, 
no direct association was found between irisin elevation and brain structural changes. These results 
suggest that PRT induces concurrent neuroplastic adaptations and functional benefits in MS, though 
the role of irisin may involve mechanisms beyond volumetric effects. Resistance training represents a 
viable non-pharmacological strategy to support brain health and functional outcomes in MS.
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Multiple sclerosis (MS) is a progressive neurodegenerative disease characterized by white matter degeneration 
and grey matter atrophy1. However, exercise-based interventions have been shown to trigger neuroplasticity, 
offering potential for structural remodeling within the central nervous system2–4. Since there is no definitive 
cure for MS—a disease often diagnosed in early adulthood—patients require lifelong treatment to manage its 
detrimental impact on motor and cognitive functions5,6. While pharmacological therapies are widely used in 
long-term MS management, their accessibility may be limited by high costs, and their effectiveness can vary 
due to factors such as individual differences in disease phenotype, treatment response variability, adherence 
challenges, and potential adverse effects7,8. Consequently, growing scientific interest focuses on how lifestyle 
factors like physical activity modulate structural neuroplasticity, offering a complementary path to symptom 
management through understood molecular mechanisms9,10. A critical gap in the literature is the limited 
number of rigorous, multimodal studies that directly link exercise-induced brain structural changes with 
functional improvements and circulating biomarkers in people with MS. Establishing these links is important 
for three reasons: (1) demonstrating that structural neuroplasticity underlies measurable gains in mobility and 
cognition would strengthen the biological plausibility of exercise as a disease-modifying adjunct; (2) identifying 
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peripheral mediators (such as myokines) that correlate with brain changes could provide accessible biomarkers 
for monitoring and tailoring exercise prescriptions; and (3) understanding which brain regions respond 
to specific exercise modalities would inform targeted rehabilitation strategies to preserve function and slow 
disability progression.

The relationship between exercise-induced structural brain changes and subsequent symptom improvement 
in MS remains poorly understood.Indeed, although magnetic resonance imaging (MRI) is a widely used and 
established neuroimaging modality, its application to assess exercise-related neurological effects—defined as 
exercise-induced changes in brain structure, neural connectivity, structural neuroplasticity mechanisms, and 
neurotrophic or neurochemical pathways remains notably underrepresented in MS research11,12. Existing 
evidence suggests that exercise can positively affect grey matter volume—which is often subject to MS-specific 
brain atrophy—and vulnerable regions such as the hippocampus2,3,9,13. For instance, a 24-week supervised 
resistance training intervention was shown to significantly increase cortical thickness and gray matter volume 
in patients with relapsing-remitting MS (RRMS)9. A 16-week progressive resistance training (PRT) program 
was associated with a trend towards preserved cortical gray matter volume in progressive MS, suggesting 
potential delayed neuroprotective effects of the intervention15. Some studies have shown that higher levels of 
cardiovascular fitness are positively associated with greater thalamic, basal ganglia, and hippocampal volumes, 
suggesting that aerobic fitness may help preserve deep gray matter structures particularly susceptible to MS-
related neurodegeneration16,17. PRT may increase cortical thickness in MS patients9. The mediating mechanisms 
underlying exercise-induced volumetric changes remain incompletely understood, with the hormone irisin 
emerging as a potential biological mediator19.

Exercise can exert significant neuroprotective effects not only in the peripheral system but also within the 
central nervous system through myokines such as irisin, which is released from skeletal muscles and is suggested 
to cross the blood–brain barrier19,20. Irisin, cleaved from fibronectin type III domain-containing protein 
5 (FNDC5), enters the circulation and acts systemically while also reaching brain tissue, where it modulates 
various neurobiological pathways. In the brain, irisin has been shown to support synaptic plasticity, enhance 
neuronal survival, stimulate adult neurogenesis, and activate anti-inflammatory signaling cascades m 19–22. 
Moreover, evidence indicates that the extent of irisin release varies with exercise modality. Specifically, aerobic 
training, PRT, and high-intensity interval training can significantly elevate irisin levels, thereby enhancing this 
myokine’s central effects21–23. These effects are partly explained by irisin’s ability to upregulate brain-derived 
neurotrophic factor (BDNF) expression in regions such as the hippocampus, frontal cortex, and cerebellum19,20. 
Elevated irisin levels have also been linked to improvements in cognitive performance and reduced age-related 
brain atrophy20,24. Accordingly, exercise-induced increases in irisin are now recognized as a plausible biological 
mediator of the neuroprotective impact of physical activity on brain structure.

Recent studies increasingly support the idea that changes in functional performance may reflect not only 
clinical improvement but also underlying structural brain changes13,25–27. Functional tests linked to grey 
matter regions commonly affected in MS therefore serve as indirect indicators of exercise-related structural 
neuroplasticity. The Timed 25-Foot Walk Test (T25-FW) is associated with cerebellar and motor cortex volume, 
while the 9-Hole Peg Test (9-HPT) relates to cortical thickness in the corticospinal tract, basal ganglia, and 
occipital cortex—regions essential for motor planning and visuomotor coordination26,27. The Paced Auditory 
Serial Addition Test (PASAT-3) serves as a sensitive marker of neurocognitive function, reflecting not only 
processing speed but also its relation to the frontal lobe, limbic regions, and overall cerebral grey matter 
volume13,25,26. Together, these assessments provide compelling evidence for exercise-induced functional and 
morphological brain plasticity in people with MS. Exercise intervention studies in MS have typically focused 
on single-dimensional outcomes, and there is a lack of comprehensive evidence simultaneously examining 
brain volume, biomarker levels, and functional clinical measures4,9,18,21. In particular, studies that evaluate brain 
volumetric data together with serum irisin levels and functional clinical tests in an integrated design remain rare. 
Our pilot randomized controlled design directly addresses this gap by integrating these measures to provide 
a comprehensive view of exercise-induced structural neuroplasticity in RRMS. We aimed to systematically 
investigate the effects of a PRT program on brain volume, serum irisin concentrations, and functional outcomes 
in individuals with MS, and to explore potential relationships among these variables. We hypothesized that a 12-
week PRT program would induce significant increases in regional brain volumes and serum irisin, which would 
in turn be associated with functional improvements in mobility, dexterity, and cognition.

Methods
Participants
We screened 58 patients with confirmed RRMS according to the revised McDonald criteria28 at the Neurology 
Clinic of Fırat University Hospital. As this study was designed as a pilot randomized controlled trial, the sample 
size was determined based on comparable MRI-based exercise intervention studies, with consideration of 
institutional resources and MRI accessibility14,29,30. The sample size for this pilot randomized controlled trial 
was determined using the method proposed by Cocks and Torgerson for pilot studies31. A future definitive 
main trial was estimated to require 105 participants per group (total N = 210), based on a two-tailed test with 
an alpha of 0.05, power of 0.95, and a medium effect size (d = 0.50). In accordance with recommendations, the 
sample size for this pilot study was set at 9% of the main trial’s sample, resulting in 19 participants. To account 
for potential attrition, the sample size was increased by 10%, leading to a final target of 21 participants. Following 
eligibility assessment, 28 participants were enrolled in the study. The study was conducted in accordance with 
the Declaration of Helsinki and received approval from the Local Ethics Committee (Protocol No: 2024/13–
37, Date: 10.10.2024). This clinical trial was registered at ClinicalTrials.gov (Number: NCT07101653, Date: 
21/07/2025). All participants provided written informed consent before participation.
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Inclusion criteria comprised: (1) definitive RRMS diagnosis per McDonald criteria, (2) age range 19–65 years, 
(3) Expanded Disability Status Scale (EDSS) scores ranging from 1.0 to 5.5, and (4) no steroid treatment within 
the preceding 3 months. Exclusion criteria included: (1) acute MS relapse within the last 3 months, (2) current 
engagement in regular physical activity (> 3 h/week), (3) orthopedic, cardiopulmonary, or systemic conditions 
that could interfere with exercise participation, (4) any contraindications for MRI scanning, (5) presence of 
other neurological comorbidities, (6) initiation of immunomodulatory therapy within the past 6 months, and 
(7) severe spasticity (Modified Ashworth Scale score ≥ 3).

Participants were informed of their right to withdraw from the study at any time without consequence. Control 
group members were instructed to notify investigators if they initiated any exercise regimen during the study 
period, which would lead to their exclusion. All control participants were offered the exercise intervention upon 
study completion, with 7 ultimately participating. Three participants were excluded from the exercise group: one 
experienced a relapse at week 4, one failed to comply with time commitments, and one sustained an orthopedic 
injury. Four control participants were excluded: one initiated exercise therapy, one began immunomodulatory 
treatment, and two failed to complete final assessments (Fig. 1).

Study design
This single-blind, pilot randomized controlled trial employed a two-arm parallel design (exercise group vs. 
control group) with a 12-week intervention period. We implemented sex-stratified randomization using SPSS 

Fig. 1.  Participants flow through the study. Consolidated standards of reporting trials (CONSORT) flow chart.
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25.0 (IBM Corporation, Armonk, NY, USA) to ensure balanced group allocation. All outcome measures were 
assessed at baseline and post-intervention.

The exercise intervention consisted of supervised PRT sessions conducted three times weekly (minimum 
48-hour rest between sessions) at Firat University Hospital. Control participants maintained their usual daily 
activities without engaging in structured exercise programs.

A blinded neurologist performed all clinical assessments to eliminate measurement bias. To control for 
circadian variations, we scheduled all evaluations at consistent times of day for each participant. Environmental 
conditions were strictly maintained during testing sessions (ambient temperature: 21–22  °C; humidity: 55–
60%). To ensure this tight scheduling and prevent delays, all assessment sessions (including MRI, blood work, 
and functional testing) were meticulously planned and coordinated with each participant well in advance. 
Consequently, we can confirm that there were no significant delays in the scheduling or collection of any data 
for participants who completed the study.

This study was designed and reported in accordance with CONSORT guidelines for randomized trials, 
incorporating all essential elements for transparent randomized controlled reporting including allocation 
concealment, blinding procedures, and intention-to-treat principles (Fig. 1).

Data collection
Serum irisin hormone measurement
Blood samples were collected in the morning following the overnight (12 h) fasting before and after the study 
from all patients. Blood samples were centrifuged at 4000 × g for 5 min to obtain the serum samples. Serum 
samples were stored at − 80  °C until they were assayed with enzyme-linked immunosorbent assay (ELISA) 
analysis. Serum level was assayed using commercial irisin human ELISA kits (Aviscera Bioscience [Santa 
Clara, CA, USA]). The sensitivity of the ELISA kit was 75–100 pg/ml for irisin. The intra-assay and inter-assay 
coefficient of variation for the parameter were 4–6 and 8.0–10.0%, respectively.

MRI acquisition and volumetric analysis
High-resolution anatomical imaging for volumetric analysis was performed prospectively for all study 
participants at the Fırat University Hospital Radiology Department using a 3T scanner (Philips Medical Systems, 
Netherlands). All scans were conducted by certified radiographers. T1-weighted 3D Magnetization Prepared 
Rapid Gradient Echo (MPRAGE) sequences were acquired using a standardized protocol optimized for high-
contrast gray/white matter segmentation with the following parameters: repetition time = 1900 ms; echo 
time = 2.67 ms; flip angle = 15°; field of view = 256 mm²; matrix = 256 × 256; slice thickness = 1 mm with 160 slices; 
and isotropic spatial resolution = 1 × 1 × 1 mm³32,33. All participants underwent MRI scanning at the beginning 
of the study (baseline, within one week prior to the study) and after the 12-week study period (final assessment, 
within one week following the period), as outlined in Fig. 1. All volumetric measurements are reported in cm³.

Volumetric brain analysis was conducted using VolBrain (https://volbrain.net/), an open-access automated 
segmentation platform for brain MRI. The processed T1-weighted MPRAGE images were first converted into a 
compressed NIfTI format (.gz) using ‘mricron’ and a DICOM viewer, beginning with the DICOMDIR directory. 
The .gz files were then uploaded to the VolBrain interface for segmentation and volumetric quantification. 
The volumetric processing, which typically required 5–10 min per subject, generated standardized portable 
document format reports containing regional brain volume data34.

For the present study, the AssemblyNet segmentation pipeline was selected. AssemblyNet is a robust ensemble 
of convolutional neural networks developed for 3D whole-brain segmentation. Volumetric measures were 
extracted for both global and regional brain structures. These included white matter, grey matter, Cerebellum 
white matter, and Cerebellum grey matter. Additionally, subcortical nuclei (Amygdala, Caudate, Hippocampus, 
Pallidum, Putamen, and Thalamus), limbic cortex and cortical lobes (Frontal, Temporal, Parietal, and Occipital) 
were quantified (Fig. 2)33.

Volumetric data were additionally cross-validated using the MRICloud platform, developed by Johns Hopkins 
University, which incorporates advanced brain parcellation techniques to enhance the methodological rigor of 
volumetric analyses35. This dual-software approach provided comprehensive and reliable brain morphometry 
metrics for subsequent statistical evaluations. An experienced anatomist, who had received formal training in 
the application of this software, conducted all measurements33,34,36,37.

Multiple sclerosis functional composite
Functional performance was assessed using the Multiple Sclerosis Functional Composite (MSFC), a standardized 
and validated three-part quantitative tool that serves as a primary outcome measure in MS clinical studies. The 
MSFC provides a multidimensional assessment by evaluating lower limb function (ambulation), upper limb 
function (manual dexterity), and cognitive function (processing speed). The composite score is derived from the 
normalized results of its three components, but for the purpose of this study, we present and analyze the results 
of each subtest individually to better understand domain-specific effects of the intervention38.

The T25-FW provides a quantitative measure of lower extremity function. Participants are instructed to start 
at one end of a marked 25-foot (7.62 m) path and walk the distance as quickly and safely as possible. They then 
repeat the task immediately by walking back the same distance. Assistive devices are permitted if needed, and 
the time limit for each attempt is three minutes38.

The 9-HPT quantitatively assesses upper extremity performance, focusing on hand and arm dexterity. Both 
the dominant and non-dominant hands are tested in two consecutive trials each, starting with the dominant 
hand. The total time allowed for each hand is five minutes38.

The PASAT-3 evaluates cognitive function, specifically auditory information processing speed and working 
memory. The test is delivered using an audio recording to standardize stimulus presentation. Single digits are 
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played at three-second intervals, and participants must add each new number to the one immediately before it. 
The total score is the number of correct sums out of 60 possible38.

The training program
Based on current recommendations for individuals with MS, the PRT program lasted 12 weeks and included 
three sessions per week, each lasting 60–90 min at 60–80% of one-repetition maximum39. The training sessions 
were conducted three times per week over the 12-week period and were supervised by a qualified physiotherapist.

The protocol consisted of a warm-up phase followed by six resistance exercises: three for the lower limbs 
(squat, lateral lunges, and calf plus leg flexion) and three for the upper limbs (biceps curl plus arm extension, 
and triceps push). The training began with a 5-minute warm-up on a cycle ergometer, followed by the main PRT 
exercises. Intensity was set at 60–80% of one-repetition maximum for each participant. The load, repetitions, sets, 
and rest intervals were adjusted progressively over time40,41 (Table S1). The session concluded with stretching 
exercises and breathing techniques targeting major muscle groups.

Statistical analyses
All statistical analyses were performed using SPSS version 25.0 (IBM Corp., Armonk, NY, USA). Descriptive 
statistics were presented as mean ± standard deviation (SD) for continuous variables and as median (interquartile 
range) for ordinal data (e.g., EDSS scores). Formal assessment of data normality using the Shapiro-Wilk test, 
supplemented by an evaluation of skewness and kurtosis, confirmed a non-normal distribution. Therefore, all 
subsequent analyses were conducted using non-parametric tests. Independent-samples Mann-Whitney U tests 
were used for all between-group comparisons of change scores due to the non-normal distribution of the data, 
as confirmed by Shapiro-Wilk tests (all p < 0.05). Correlation analyses were conducted using Spearman’s rank 
correlation coefficient (ρ). The strength of correlations was interpreted as follows: 0.00-0.20 negligible, 0.21–
0.40 weak, 0.41–0.60 moderate, and > 0.61 strong42. Confidence intervals were not calculated for correlation 
coefficients, and no correction for multiple comparisons was applied, consistent with the exploratory nature of 
these analyses in our pilot study. A p-value of < 0.05 was considered statistically significant for all analyses. No 
missing data were encountered in the final dataset. The assumption of normality was formally assessed using 
the Shapiro-Wilk test, in addition to the evaluation of skewness and kurtosis. Potential outliers were inspected 
visually using boxplots; no data points were excluded as they were considered biologically plausible.

Fig. 2.  Representative axial T1-weighted MR images illustrating automated segmentation of subcortical 
structures using the VolBrain: caudate, putamen, thalamus, pallidum, hippocampus, and amygdala.
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Results
The demographic and clinical characteristics of the 21 participants (exercise group: N = 11; control group: N = 10) 
are presented in Table 1. No statistically significant differences of demographic and clinical characteristics were 
observed between the groups in terms of demographic and clinical characteristics.

Within-group changes revealed significant improvements in the exercise group, including increased irisin 
levels (p = 0.016), faster T25-FW performance (p = 0.021), improved 9-HPT scores (p = 0.008), and enhanced 
PASAT-3 performance (p = 0.032). Significant volumetric increases were observed in grey matter (p = 0.033), 
cerebellum (p = 0.013), temporal lobe (p = 0.008), hippocampus (p = 0.041), and caudate nucleus (p = 0.013) in 
the exercise group. The control group showed only improvement in 9-HPT scores (p = 0.022) with no other 
significant changes (Table 2).

Volumetric measures obtained from MRICloud were consistent with those derived from VolBrain, and no 
differences affecting the statistical results were observed.

The between-group analysis of change scores (Δ) showed statistically significant differences favoring the 
exercise group over the control group for the following measures: serum irisin levels (p = 0.029; Fig. 3a), walking 
speed on the T25-FW (p = 0.024; Fig.  3b), gray matter volume (p = 0.020; Fig.  3c), total cerebellar volume 
(p = 0.035; Fig. 3d), temporal lobe volume (p = 0.024; Fig. 3e) and hippocampus (p = 0.041; Fig. 3f) (Table 2). In 

Exercise group Control group Between 
group 
change, 
Δ (pre 
to post)Pre Post %Δ Pre Post %Δ

M ± SD M ± SD M ± SD p M ± SD M ± SD M ± SD p p

Irisin (pg/ml) 19.71 ± 1.83 22.33 ± 2.74 13.64 ± 13.22 0.016* 20.51 ± 1.69 20.30 ± 2.69 − 1.02 ± 9.89 0.646 0.029*

T25-FW (sec) 14.21 ± 1.49 12.93 ± 1.60 − 8.66 ± 8.78 0.021* 14.15 ± 1.51 13.69 ± 1.36 − 3.16 ± 5.26 0.575 0.024*

9-HPT (sec) 24.80 ± 4.19 22.66 ± 3.32 − 8.03 ± 7.60 0.008* 24.42 ± 2.84 23.39 ± 3.18 − 4.31 ± 4.13 0.022* 0.181

PASAT3′ (CN) 48.00 ± 8.34 51.18 ± 8.26 7.48 ± 10.55 0.032* 47.90 ± 5.71 48.60 ± 4.09 2.10 ± 8.39 0.440 0.197

WM volume (cm3) 601.92 ± 65.09 603.58 ± 66.62 0.25 ± 0.49 0.091 599.87 ± 52.17 600.24 ± 52.57 0.055 ± 0.23 0.444 0.197

GM volume (cm3) 731.75 ± 75.88 732.82 ± 74.87 0.16 ± 0.17 0.033* 728.25 ± 82.91 727.71 ± 81.96 − 0.06 ± 0.19 0.308 0.020*

Cerebellum (cm3) 121.67 ± 11.20 124.23 ± 10.46 2.20 ± 3.00 0.013* 120.55 ± 16.29 120.77 ± 16.73 0.15 ± 1.44 0.959 0.035*

Cerebellum WM (cm3) 24.21 ± 4.17 25.89 ± 2.76 8.25 ± 9.45 0.003* 24.17 ± 4.41 24.78 ± 4.91 2.51 ± 8.32 0.284 0.438

Cerebellum GM (cm3) 97.46 ± 8.52 98.34 ± 8.59 0.92 ± 2.24 0.130 96.38 ± 12.13 95.99 ± 12.21 − 0.41 ± 1.62 0.646 0.231

Frontal Lobe (cm3) 185.05 ± 7.32 185.82 ± 8.66 0.39 ± 0.81 0.075 182.46 ± 10.39 182.51 ± 11.42 0.01 ± 0.59 0.878 0.181

Temporal Lobe (cm3) 118.80 ± 7.13 120.04 ± 6.86 1.06 ± 0.81 0.008* 115.64 ± 7.95 115.84 ± 7.72 0.19 ± 0.77 0.721 0.024*

Parietal Lobe (cm3) 98.58 ± 7.82 98.79 ± 7.93 0.21 ± 0.73 0.286 96.82 ± 7.95 96.53 ± 8.25 − 0.32 ± 1.17 0.333 0.181

Occipital Lobe (cm3) 74.33 ± 5.09 74.68 ± 4.80 0.49 ± 0.86 0.130 74.08 ± 7.80 74.06 ± 7.75 − 0.01 ± 0.90 0.721 0.291

Thalamus (cm3) 11.64 ± 0.90 11.83 ± 0.92 1.76 ± 4.09 0.131 11.18 ± 1.78 11.18 ± 1.94 − 0.12 ± 4.58 0.386 0.121

Hippocampus (cm3) 6.58 ± 0.56 6.74 ± 0.62 2.58 ± 4.51 0.041* 6.67 ± 0.88 6.65 ± 0.91 − 0.33 ± 2.26 0.889 0.041*

Caudate (cm3) 7.35 ± 0.95 7.50 ± 0.95 2.27 ± 2.96 0.013* 7.19 ± 0.44 7.28 ± 0.45 1.21 ± 2.55 0.152 0.216

Putamen (cm3) 7.67 ± 0.94 7.72 ± 0.84 0.85 ± 1.88 0.266 7.41 ± 1.37 7.43 ± 1.42 0.13 ± 1.60 0.474 0.245

Pallidum (cm3) 2.83 ± 0.23 2.85 ± 0.18 0.90 ± 2.61 0.325 2.81 ± 0.44 2.80 ± 0.49 − 0.57 ± 4.01 0.721 0.395

Amygdala (cm3) 1.97 ± 0.15 1.98 ± 0.14 0.56 ± 2.68 0.504 1.95 ± 0.20 1.97 ± 0.20 1.04 ± 2.11 0.152 0.620

Limbic Cortex (cm3) 43.76 ± 7.37 43.96 ± 7.47 0.47 ± 0.96 0.026 44.31 ± 6.03 44.30 ± 5.82 0.44 ± 0.58 0.799 0.149

Table 2.  Irisin hormone, clinical and brain volume measurements at weeks 0 and 12 for both exercise and 
control groups. M, mean; SD, standard deviation; T25-FW, timed 25-foot walk; 9-HPT, 9-hole peg test; 
PASAT-3, paced auditory serial addition test with 3-s stimulus, CN, correct number, WM, white matter; GM, 
gray matter; p, confidence interval; *: p < 0.05. Note: Statistical significance is indicated by bold type in the 
p-value column (p < 0.05).

 

Characteristic

Exercise group Control group

Z pM ± SD M ± SD

Age (years) 31.45 ± 6.89 33.90 ± 8.74 − 0.995 0.320

Disease duration (years) 5.64 ± 3.61 8.40 ± 4.67 − 0.970 0.332

BMI (kg/m2) 25.06 ± 4.96 23.62 ± 2.37 − 0.336 0.737

EDSS 0–10 (Median-IQR) 1–1 2–1.5 − 0.780 0.436

Sex (F/M) 10/1 8/2 − 0.696 0.486

Table 1.  Baseline demographic and clinical characteristics of participants. EDSS, expanded disability status 
scale, M, mean; SD, standard deviation; BMI, body mass index; p: confidence interval *: p < 0.05.
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contrast, the between-group comparison of change scores for cerebellar white matter volume was not significant 
(p = 0.438), despite a significant within-group increase in the exercise group (p = 0.003). No other statistically 
significant between-group differences were observed for the remaining measures, including the 9-HPT, 
PASAT-3, and most subcortical structures (Table 2).

Our correlation analyses revealed no association between exercise-induced changes in serum irisin levels 
and brain volumetric changes in either group (all p > 0.05) (Table  3). Correlation analyses revealed distinct 
patterns between groups. In the control group, changes in cerebellar white matter volume showed strong positive 
correlations with improvement in the T25-FW (p = 0.010), and total cerebellar volume change was correlated 
with T25-FW improvement (p = 0.001). In contrast, the exercise group showed no significant correlation 
between cerebellar white matter changes and T25-FW performance (p = 0.200). Instead, in the exercise group, 
changes in cerebellar grey matter volume were correlated with PASAT-3 performance (p = 0.008). Furthermore, 
in the exercise group, frontal lobe volume changes were correlated with PASAT-3 scores (p = 0.046), occipital 
lobe volume changes were correlated with 9-HPT performance (p = 0.042), and pallidal volume changes showed 
a correlation with PASAT-3 scores (p = 0.001) (Table 3).

Discussion
This pilot randomized controlled trial provides multi-level evidence for the potential of exercise to support 
structural neuroplasticityin individuals with MS by demonstrating its integrated effects at the central nervous 
system level (brain volume), peripheral level (serum irisin), and functional level (physical and cognitive 
outcomes). In the current literature, studies that simultaneously address these three dimensions—tructural, 
physiological, and functional—are rare. Our findings can be summarized along three main axes: (1) significant 
increases were observed in grey matter, cerebellum, temporal lobe, hippocampus, and caudate nucleus volumes 

Fig. 3.  Between-group differences in changes of serum irisin, functional performance, and brain volumes. 
Rank plots illustrate significant differences (p < 0.05) between the exercise group (EG) and control group (CG) 
in (a) serum irisin levels, (b) Timed 25-Foot Walk Test (T25-FW), (c) gray matter (GM) volume, (d) cerebellar 
volume, (e) temporal lobe volume, and (f) hippocampal volume. All comparisons were conducted using 
Mann–Whitney U tests.
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in the exercise group; (2) although serum irisin levels increased significantly within the exercise group 
post-intervention, no clear association was found between this increase and brain volume changes; and (3) 
exercise-specific improvements were detected in functional tests (T25-FW, 9-HPT, and PASAT-3), with distinct 
correlation patterns emerging between these gains and changes in brain volume.

Our findings indicate that PRT led to volumetric increases in specific brain regions, including grey matter, 
cerebellum, temporal lobe, hippocampus, caudate nucleus, and limbic cortex, supporting growing evidence that 
exercise may slow neurodegeneration and promote structural neuroplasticity3,9,30. For example, Leavitt et al. 
observed significant hippocampal volume gains and improved memory performance after a 12-week cycling 
intervention14. Similarly, Feys et al. reported increased pallidum and basal ganglia volumes following a “start-to-
run” cardiovascular program4. Sandroff et al. also found that a walking-based pilot study preserved hippocampal 
volume30. Importantly, these effects are not limited to aerobic training, as resistance-based exercise like PRT can 
also trigger neuroanatomical changes9.

Preclinical evidence demonstrates that PRT elevates key neurotrophic factors (BDNF, Insulin-like Growth 
Factor 1, Vascular Endothelial Growth Factor) while concurrently increasing irisin secretion - a myokine 
that crosses the blood-brain barrier to potentiate neurogenesis and gray matter expansion through BDNF 
upregulation and anti-inflammatory actions20,43,44. Overall, these results suggest that PRT supports structural 
brain adaptations beyond muscle strength, especially in cortical and deep grey matter regions. Volume increases 
in the caudate nucleus, hippocampus, and limbic cortex indicate that exercise may induce broader neuroplastic 
effects within subcortical gray matter. Given that these regions are tied to cognitive function, PRT appears 

Δ Irisin Δ T25-FW Δ 9-HPT Δ PASAT-3

r p r p r p r p

Δ WM
EG 0.300 0.370 0.509 0.110 -0.146 0.670 -0.129 0.707

CG − 0.439 0.204 0.420 0.228 0.488 0.153 0.264 0.461

Δ GM
EG − 0.155 0.650 0.027 0.937 0.273 0.417 − 0.367 0.267

CG − 0.626 0.053 − 0.527 0.117 0.237 0.510 0.190 0.600

Δ Cerebellum
EG − 0.055 0.873 − 0.182 0.592 0.337 0.311 − 0.639 0.034*

CG 0.280 0.434 0.867 0.001* − 0.268 0.455 0.300 0.400

Δ Cerebellum WM
EG − 0.292 0.384 0.419 0.200 0.237 0.483 − 0.069 0.840

CG 0.361 0.306 0.762 0.010* − 0.098 0.788 − 0.259 0.471

Δ Cerebellum GM
EG 0.064 0.852 − 0.410 0.210 0.128 0.709 − 0.750 0.008*

CG − 0.176 0.626 − 0.236 0.511 − 0.219 0.544 0.453 0.189

Δ Frontal Lobe
EG 0.055 0.873 − 0.091 0.790 0.055 0.873 − 0.612 0.046*

CG 0.462 0.179 0.200 0.580 − 0.073 0.841 − 0.037 0.920

Δ Temporal Lobe
EG 0.418 0.201 0.127 0.709 0.336 0.312 − 0.413 0.207

CG − 0.067 0.854 0.127 0.726 − 0.043 0.907 − 0.343 0.333

Δ Parietal Lobe
EG 0.109 0.749 0.137 0.689 0.337 0.311 − 0.207 0.542

CG − 0.027 0.940 0.274 0.444 − 0.049 0.894 0.006 0.987

Δ Occipital Lobe
EG 0.392 0.233 − 0.082 0.811 0.620 0.042* − 0.235 0.488

CG 0.512 0.130 0.444 0.199 − 0.372 0.290 − 0.178 0.623

Δ Thalamus
EG − 0.373 0.259 − 0.127 0.709 − 0.491 0.125 − 0.009 0.979

CG − 0.444 0.199 0.212 0.556 0.517 0.126 − 0.080 0.827

Δ Hippocampus
EG − 0.246 0.467 0.536 0.089 − 0.218 0.519 0.101 0.768

CG − 0.391 0.263 0.159 0.662 0.391 0.263 − 0.422 0.225

Δ Caudate
EG − 0.474 0.141 − 0.201 0.555 − 0.556 0.076 − 0.529 0.095

CG 0.055 0.879 0.018 0.960 − 0.099 0.787 0.458 0.183

Δ Putamen
EG − 0.091 0.790 − 0.519 0.102 − 0.173 0.611 − 0.584 0.060

CG 0.638 0.051 0.382 0.276 − 0.614 0.059 0.416 0.232

Δ Pallidum
EG 0.206 0.544 − 0.224 0.507 − 0.126 0.712 − 0.878 0.001*

CG 0.449 0.193 0.423 0.223 − 0.302 0.397 0.316 0.374

Δ Amygdala
EG − 0.305 0.361 − 0.251 0.457 0.032 0.926 0.018 0.957

CG 0.560 0.093 0.098 0.789 − 0.569 0.086 − 0.385 0.273

Δ Limbic Cortex
EG 0.445 0.170 − 0.418 0.201 0.191 0.574 − 0.248 0.463

CG 0.578 0.080 − 0.430 0.215 − 0.462 0.179 − 0.233 0.518

Table 3.  Correlations between exercise-induced changes in serum Irisin and clinical performance outcomes 
versus brain volumetric changes. EG, exercise group; CG, control group; T25− FW, timed 25-foot walk test; 
9-HPT, 9-hole peg test; PASAT-3: paced auditory serial addition test with 3-s stimulus, WM, white matter; 
GM, gray matter; p: confidence interval; *: p < 0.05. Note: Statistical significance is indicated by bold type in the 
p-value column (p < 0.05).
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promising as an integrated strategy to help maintain and improve cognitive capacity in MS. Beyond these 
observed structural adaptations in gray matter and subcortical regions, our study also investigated a potential 
molecular mediator of exercise-induced benefits: the myokine irisin.

One of the most noteworthy biological findings of this study is the significant increase in serum irisin 
levels observed in the exercise group following PRT. Exercise-induced irisin elevation in RRMS shows positive 
cognitive correlations and inverse relationships with fatigue and depression21. These findings reinforce the 
notion that irisin is not merely a peripheral biomarker but may exert functional effects in neuroinflammatory 
and cognitive regulatory processes. Because irisin is cleaved from its precursor protein FNDC5 in skeletal muscle 
and enters the circulation, it may cross the blood–brain barrier and exert neuroprotective effects by regulating 
the production of neurotrophic factors in the brain19,23. Additionally, in both MS and experimental autoimmune 
encephalomyelitis models, fluctuations in serum and cerebrospinal fluid irisin levels have been reported 
across disease progression. Specifically, while FNDC5/irisin mRNA expression is reduced in central nervous 
system tissue, protein levels appear to increase—a finding that implies a dynamic, possibly compensatory role 
for irisin during neurodegeneration45. In Alzheimer’s disease and other neurodegenerative models, exercise-
induced increases in irisin have been shown to upregulate BDNF expression, maintain cognitive performance, 
enhance neuronal connectivity, and suppress neuroinflammatory processes20,22,43. A review incorporating both 
animal and human studies found that regular physical activity promotes synaptic function, reduces amyloid-
beta deposition, and provides structural protection in fronto-hippocampal networks through irisin-mediated 
mechanisms20. Studies in knockout mouse models further confirm that FNDC5/irisin deficiency is linked to 
cognitive decline and impaired neuronal healing, possibly through disrupted activation of BDNF and Signal 
Transducer and Activator of Transcription 3 signaling pathways44. When considered alongside these findings, 
the observed rise in irisin levels in the present study suggests that physical activity may amplify systemic 
neurotrophic responses in neurodegenerative diseases like MS.

Although our results showed a statistically significant increase in serum irisin levels post-intervention, no 
robust or statistically significant correlations were found between this biomarker and brain volume outcomes. 
This suggests that the effects of irisin on the central nervous system may operate through indirect and multilevel 
mechanisms—such as the suppression of neuroinflammation, modulation of glial cell activity, and upregulation 
of neurotrophic pathways, particularly BDNF—rather than via direct morphological changes19,20,22,43. Indeed, 
both clinical and experimental studies have shown that irisin elevations following exercise enhance synaptic 
plasticity, support neuronal survival, and regulate inflammatory signaling19,20,44. The lack of a correlation between 
irisin elevation and brain volume in this study strengthens the hypothesis that irisin exerts its neuroprotective 
actions via indirect routes—such as BDNF upregulation, modulation of microglial activation, or suppression of 
proinflammatory cytokines19,43. However, the pilot-level sample size in this study may have limited the statistical 
power needed to establish significant associations between biomarker levels and neuroimaging outcomes14,30. 
Thus, future studies should aim to confirm these interactions using larger sample sizes, advanced neuroimaging 
modalities, and longer follow-up periods. While the rise in irisin did not directly correlate with volumetric 
changes, the functional improvements observed following PRT were strongly linked to the structural brain 
adaptations.

This study showed that PRT led to significant improvements not only in motor function but also in cognitive 
performance. The observed enhancements in T25-FW, 9-HPT, and PASAT-3 scores among exercisers are 
consistent with earlier intervention trials4,9,21. What distinguishes this study is its integrative evaluation of how 
these functional gains relate to structural brain changes.

Notably, increased cerebellar grey matter volume was positively correlated with PASAT-3 performance, 
supporting the growing literature suggesting that the cerebellum contributes to cognitive domains such as 
attention, working memory, and processing speed beyond its classical motor roles25,26,46. A prior subregional 
cerebellar analysis also linked grey matter volume with executive functioning and processing speed47, while 
other studies have demonstrated cerebellar connectivity correlates of cognitive status in MS48.

In the control group, T25-FW performance correlated positively with cerebellar white matter volume, 
reaffirming the cerebellum’s motor relevance. By contrast, this association was absent in the exercise group, 
which instead showed a significant correlation between cerebellar grey matter volume and cognitive function. 
This pattern suggests that PRT may be associated with a shift in the cerebellar role or engagement from motor 
to cognitive circuits. Regions like Crus I–II have known anatomical connections to the prefrontal cortex and are 
implicated in higher-order cognition49,50. These findings imply that exercise-induced cerebellar neuroplasticity 
may underlie both motor and cognitive restructuring, potentially mediated by myokines such as irisin and 
BDNF20,51.

The significant association between frontal lobe volume increases and PASAT-3 scores aligns with established 
evidence of the frontal cortex’s pivotal role in attention, executive function, and processing speed25,46. This 
association suggests that the plasticity potential of the frontal lobe in cognitive processes can be triggered by 
interventions such as exercise. Additionally, the observed correlation between pallidal volume and cognitive 
performance highlights the basal ganglia’s involvement in task switching, information processing, and cognitive 
flexibility13,16. A study by Motl et al. showed a positive link between cardiorespiratory fitness and basal ganglia 
volume, underscoring the connection between physical conditioning and neuroanatomical integrity17.

Furthermore, the association between occipital lobe volume and 9-HPT performance suggests that the 
occipital cortex plays an active role in visual–motor integration, rather than serving solely as a passive visual 
processor27. Structural integrity in occipital regions has been linked to successful fine motor performance by 
supporting visuomotor transformations6. Matias-Guiu et al. emphasized the role of this region in information 
processing speed and sensorimotor integration46, while Prakash et al. linked grey matter volume gains with 
improved motor and cognitive outcomes following exercise16. Together, these studies suggest the occipital cortex 
acts as a functional node within motor coordination circuits. The parallel increases in occipital volume and 
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fine motor performance in our study point to visual–motor plasticity as a likely substrate of exercise-induced 
adaptation6,16,27,46.

Several limitations of this study should be acknowledged. First, the small sample size, while acceptable for 
a pilot MRI study, provided insufficient statistical power to detect small-to-moderate effects. This particularly 
limits the interpretation of our null findings, such as the lack of a significant correlation between exercise-
induced changes in serum irisin levels and brain volumetric changes. Future studies with larger cohorts are 
needed to conclusively explore these relationships. Second, volumetric analyses were conducted across multiple 
brain regions without correction for multiple comparisons. While this exploratory approach is common in pilot 
neuroimaging studies, it increases the risk of Type I errors (false positives). Therefore, the reported neuroimaging 
findings, particularly those with borderline significance, should be interpreted with caution and require 
replication in larger, confirmatory trials. Third, the 12-week intervention period, while sufficient to detect gray 
matter changes, may have been too brief to observe measurable effects on white matter integrity. Fourthly, the 
observed improvement on the PASAT-3 may partially reflect practice effects due to task repetition, a common 
limitation in cognitive intervention studies. Although the use of a control group helps mitigate this concern, 
the potential influence of familiarity on performance cannot be fully discounted. Fifth, the generalizability of 
our findings may be influenced by selection bias. As shown in Fig.  1, of the 30 potentially eligible patients 
who were excluded, 22 did not meet the inclusion criteria (primarily related to physical activity levels and 
clinical stability) and 8 declined to participate. While the strict criteria were necessary for internal validity and 
participant safety, this process may limit the applicability of our results to the broader, more heterogeneous 
MS population. Sixth, the use of a passive control group, while common in initial exercise trials, introduces 
the possibility of contamination effects from participants’ expectations or changes in daily behavior outside 
the study. Furthermore, the lack of an active control condition (e.g., a stretching or balance program) means 
we cannot fully disentangle the specific effects of resistance training from the non-specific effects of attention, 
social interaction, or increased physical activity in general. Seventh, despite our efforts to control the testing 
environment and blind the neurologist performing clinical assessments, we cannot entirely rule out the potential 
for measurement bias, particularly for functional outcomes where participant effort or expectation might play a 
role. Lastly, despite rigorous environmental and temporal control during testing sessions, the lack of long-term 
follow-up data prevents conclusions regarding the durability of the observed exercise-induced effects.

Conclusion
This pilot randomized controlled trial demonstrates that a 12-week PRT program significantly enhances 
brain volume, serum irisin levels, and functional performance in RRMS patients. The observed volumetric 
increases in gray matter, cerebellum, hippocampus, and temporal lobe, alongside improvements in motor and 
cognitive functions, underscore the potential of exercise to promote structural neuroplasticity and mitigate 
neurodegenerative processes. While the rise in irisin levels suggests its role as a peripheral biomarker of exercise-
induced neuroprotection, the lack of direct correlations with brain structural changes highlights the complexity 
of underlying mechanisms. These findings advocate for resistance training as a viable, non-pharmacological 
intervention to preserve brain integrity and functionality in MS, calling for larger, long-term studies to validate 
and expand upon these promising results.

Data availability
Anonymized data not published within this article will be made available upon reasonable request from the 
corresponding author.
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