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Abstract
Introduction. Post-stroke trunk control is crucial for functional recovery; however, its relationship with neuroplasticity and oxidative stress bio-
markers remains unclear. This study investigated whether serum brain-derived neurotrophic factor (BDNF) and superoxide dismutase (SOD) levels
correlate with trunk performance in chronic stroke survivors undergoing rehabilitation.
Materials and methods. In this randomized controlled trial, 69 participants (aged 45-85 years, with a minimum of 6 months post-stroke) were
randomized into one of four groups: trunk rehabilitation exercises, transcranial direct current stimulation, combined therapy, or conventional
therapy (control). Serum BDNF and SOD were measured pre- and post-intervention. Trunk control was assessed using the Trunk Impairment Scale
(TIS), Postural Assessment Stroke Scale (PASS), and Rivermead Mobility Index (RMI). Pearson correlations and group comparisons were analysed.
Results. BDNF showed moderate positive correlations with PASS (r = 0.368, p < 0.001) and TIS (r = 0.263; p = 0.015), but no association with RMI
(p = 0.270). SOD exhibited no significant correlations with any outcome (all p > 0.05). The combined therapy group achieved greater TIS im-
provements versus controls (A = 4.2 £ 1.8 vs. 2.1 = 1.2; p = 0.030), though biomarker levels did not differ significantly between the groups (BDNF:
p = 0.120; SOD: p = 0.450).
Conclusion. Serum BDNF, but not SOD, may serve as a biomarker for trunk recovery in chronic stroke, supporting its role in neuroplasticity-me-
diated rehabilitation. The dissociation between functional improvements and biomarker responses suggests complex recovery mechanisms beyond
peripheral biochemical changes. These findings highlight BDNF’s potential for stratifying rehabilitation strategies while underscoring the need for
further research on temporal biomarker dynamics.

Keywords: biomarkers; brain-derived neurotrophic factor; motor skills; postural balance; stroke rehabilitation; superoxide dis-
mutase; transcranial direct current stimulation

Acknowledgement. The authors would like to thank the Health Research Ethics Committee of the Kano State Ministry of Health,
Nigeria, for their approval and support in conducting this study. Additionally, the authors extend their sincere thanks to the
Medical and Healthcare Research Cluster, Office of the Deputy Vice-Chancellor of Research and Innovation at Universiti Sultan
Zainal Abidin, Malaysia, for their invaluable support and assistance, which significantly contributed to the successful completion
of this research.

Ethics approval. Ethical approval for this randomized controlled study was obtained from the Kano State Ministry of Health
(Ref. No.: SHREC/2023/3901, Approval No.: NHREC/17/03/2018) on April 12, 2024. The trial protocol was registered with the Pan
African Clinical Trial Registry (Reg. ID: PACTR202408592508053). All participants provided written informed consent before
enrollment, and the study adhered to ethical guidelines to ensure the safety and confidentiality of participants.

Source of funding. This study was not supported by any external sources of funding.

Conflict of interest. The authors declared they have nothing to disclose regarding grant/funding support or conflict of interest
concerning this manuscript.

For correspondence: Medical Campus, Jalan Sultan Mahmud, Kuala Terengganu, Terengganu, Malaysia, 20400. Universiti Sultan
Zainal Abidin. E-mail: ariffsharifudin@unisza.edu.my. Dr. Mohd Ariff Sharifudin.

For citation: Muhammad Umar A., Sharifudin M.A., Raj N.B., Ahmad A.A. Serum brain-derived neurotrophic factor and superoxide
dismutase in post-stroke trunk control: a clinical correlation study. Annals of Clinical and Experimental Neurology. 2025;19(4):39-50.
DOL https://doi.org/10.17816/ACEN.1389

EDN: https://elibrary.ru/XZMBKC

Received 19.06.2025 / Accepted 22.09.2025 / Published 25.12.2025

AHHaJsIbl KIIMHNYECKOW 1 SKcriepumMeHTansbHoi Hespororvm. 2025. T. 19, Ne 4. DOI: https://doi.org/10.17816/ACEN.1389 39


https://crossmark.crossref.org/dialog/?doi=10.17816/ACEN.1389&domain=PDF&date_stamp=2025-12-25

ORIGINAL ARTICLES. Clinical neurology
Serum BDNF/SOD and post-stroke trunk control

BnausaHue KoHIeHTpaluii HeMpoTpodrUeCcKOro
pakTOpa MO3ra U CynepoKCUAAUCMYTa3bl
Ha BOCCTAHOBJIEHWE KOHTPOJIS HAaJ MbIIILAMM
TYJIOBUIIA I10CJ/IE UHCY/IbTA: UCC/IeJ0BaHMe

K/JIMHAYECKUX KOppenasanumn
A. Myxammap Ymap'?, M.A. lllapudynud', H.b. Pamx!', A.A. Axmap®

"Vuusepcumem Cynmara 3atinana Abuduna, Kyana-Tepenzeany, Manaiizus,
“@edepanvhbiii yHusepcumem Jyue, [xueasa, Huzepus;

3Ynusepcumem baiiepo, Kano, Hueepus
AnHoTanug
Beedenue. BoccmarosieHue KoHmMpoas a0 MbIULAMU MYJI0BULYA UMeem KPUMuUeckoe 3HaueHue 0715 yCnewHot (hyHKYUOHAbHOL peabunuma-
Yuu nayueHmos, NepeHECUUX UHCYbM, 0OHAKO KOppenAyUs moeo npoyecca ¢ MapKkepamu HeliponaacmuyHoCmu U OKUCIUMENbHO20 cmpecca
He u3yuena. Llenw uccnedosanus — oyerka Hanuyus Koppensayuu mexdy koHyenmpayueil Helipompoghuueckozo (pakmopa mosza (brain-derived
neurotrophic factor, BDNF) u cynepoxcudducmymasst (COZ) 8 coisopomke Kposu U 60cCMaHo6IeHUeM KOKMPOS HA0 MblULAMU MYN08ULA 8 PAM-
Kax peabunumayuy 6 no30Hem 80CCMAaHOBUME bHOM Nepuode UHCYbma.
Mamepuanot u memodst. [Tayuernme! (n = 69) 6 6o3pacme 45-85 nem, nepeHécuiue uHcyILM He MeHee ueM 3a 6 mec 00 HAUana Uccie008aHuS,
ObLIU PaHOOMUBUPOBAHBI 8 2DYNNbl, 8 KOMOPbIX NPOBOOUACH PeAOUNUMALUS C BbINOTHEHUEM YNPAXHEHULI HA YKPenJieHue Mblly, Myn08ULd, UU
MPAHCKDAHUAIbHAS CMUMYJAYUS NOCMOSHHBLM MOKOM, UL KOMNJIEKCHAS peadUunumayus, uiy cmaioapmuas peabusumayus (KOHmpossHas
epynna). lo u noczie peabunumayuu y nayuenmos onpedensau konyenmpayuio BDNF u COJJ 6 cvigopomrke kposu. Cmenenb 80ccmanosseHus
KOHMPONISL HAO MbIUYAMU MYJI0BULYA OYEHUSANU C NOMOWbI0 WKabl Hapywenus ¢ynkyuu mynosuwa (Trunk Impairment Scale, TSI), wikanst
nocmypanbHoli oyerku noce urcymsma (Postural Assessment Stroke Scale, PASS), undexca mobunsrocmu Pugepmud (Rivermead Mobility Index,
RMI). TTposodunu cpasHerue epynn u aHanu3 Koppeasyuti ¢ nomMowbto koagguyuenma koppensayuu [Tupcona.
Pe3ynomamot. Ommeuena ymepeHHas nosnoxumenvias koppensayus mexoy konyenmpayueli BDNF u oyenkamu no wixane PASS (r = 0,368
p < 0,001) u wkane TIS (r = 0,263; p = 0,015), odraxo koppenayus ¢ RMI omcymcmeosana (p = 0,270). 3nauumoii koppensyuu mexody KoHyeH-
mpayueti COJJ u pyHKyUOHATbHYIMU NOKA3amensMu He 00HapyKeHo. B epynne komniexcHoll peabunumayuu Habmodanoce 6osee Bbipa)exHoe
ynyuieHue oyerku no wiane TIS no cpasHenuto ¢ kowmponsHoti epynnoti (A = 4,2 * 1,8 6 cpasuenuu ¢ 2,1 £ 1,2; p = 0,030), 00Haxo 3Hauumbix
pasnuyuii 8 KOHyeHmpayusx 6uomapkepos Mexdy 2pynnamu He 8biS6eHO.
3axntouenue. 13 dgyx ucciedyembix nokasamesneti monvko koHyenmpayuto BDNF moxHo paccmampuseams 6 kauecmee Guomapkepa onocpedo-
BAHHOZ0 HELIPONIACMUUHOCIBIO BOCCMAHOBJIEHUS KOHMPOIA HAO MblUyaMu MyN0BULA 8 PAMKAX PeaduUMayLy 8 no30HeM 80CCMAHOBUME]lb-
HOM nepuode UHCYbma. YiyuuieHue (pyHKYUOHANBHO20 COCMOSHUS He 8ce20a cosnadaenm ¢ UsMeHeHueM yposHeli GUOMapkepos, umo ykasvieaem
HA CYW4eCmBOBaHLe CTIOKHbIX MEXAHU3MOB BOCCMAHOBIIEHUS, KOMOpble BbIX00M 3 PAMKU CY2y00 nepugeputeckux GUOXUMUUECKUX UBMeHEHUL.
Coznacko nonyuenHoLm 0anHbim, Guomapkep BDNF moxHo ucnomw3osams ons cmpamucukayuu cmpamezut peabunumayuu, 00Haxo Heobxooumb!
dononHumebHble UCCe008aHUS NO U3YUEHUI0 OUHAMUKU U3MEHeHUS YpoeHel GLoMapkepos.

Kniouesvie cnosa: buomapkepsl; Hetipompopuueckuti (pakmop Mo32a, MOMOPUKA; NOCMYpAaibHblil OANAHC; NOCMUHCYIbMHAS pea-
bunumayus; cynepokcudoUCMymasa; mpaHcKPaHUAIbHAs CMUMYNSYUS NOCMOSHHbIM MOKOM

Bnaropaprocts. ABTOpbI BhIpaskaioT OnarozapHocTb KOMUTETY Mo 3THKe MEIMIMHCKMX HCC/efoBaHMii MuHMCTepcTBa
3ppaBooxpaHenus wrara Kano, Hurepus, 3a onobpeHue v moaepKKy NpoBe/ieHNs HACTOSIIEro UCCej0BaHus. ABTOpbI TaK-
JKe BbIPaXXaioT IMy00KYI0 PU3HATEBHOCTD KJIACTEPY MCC/IeI0BAaHNH B 00/1aCTH MeAHMLMHBI ¥ 3/jpaBOOXPAHEHNS U KaHLes-
pUK 3aMEeCTHUTeN [POPEKTOopa 10 MCC/IeJOBAHMAM ¥ MHHOBaLuaM Yuusepcurera Cynrana 3ajinana AGupwaa, Manaiisug,
32 HEOLIEHUMYIO MOAEPKKY U BKJIa/, B YCIEIIHOE NPOBE/IeHe HACTOSALLEr0 UCCe/J0BaHUSL

druueckoe yrBep:kaenue. [IpoBesieHre HACTOAIIETO PaHIOMU3MPOBAHHONO KOHTPOJIMPYEMOTO KCCe0BaHua b0 0mobpe-
Ho Komurerom mo atvke MuHucTepeTBa 37paBooxpaHeHus wmrara Kano, Hurepus, pemenuem ot 12.04.2024 (Homep 3asBKM:
SHREC/2023/3901, Homep pewenus: NHREC/17/03/2018). [IpoTokon uccneoBaHus 3aperucTprupoBat B [laHadpukaHCKOM pery-
CTpe KJIMHUUecKux ucciefioBanuil mon Homepom PACTR/2024085925/08053. [lepes BK/IlOUeHHEM B UCCJIEIOBAHYE BCE MAL[MEH-
ThI IPEIOCTABUIIM MTHCbMEHHOe HHMOPMUPOBAHHOE cornacue. Vicenenosanue Gbio IPOBEEHO B COOTBETCTBUHU C STUYECKUMU
TpeboBaHUAMY K 00OecreyeHnio 6e30MacHOCTH MAMEHTOB U KOHMU/IEHI[MaIbHOCTH UX [aHHbIX.

Wcrounnk ¢uHaHCHMPOBaHUA. ABTOPBI 3a9B/IOT 00 OTCYTCTBUM BHELIHUX MCTOYHMKOB (DMHAHCUPOBAHKS TIPU MPOBE/EHIH
UCCIIeI0BAHUS.
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Introduction

Stroke is a leading cause of long-term disability globally, often
resulting in significant motor impairments among survivors,
including trunk dysfunction, which adversely affects balance
and mobility [1-3]. Trunk stability is foundational for bal-
ance, gait, and upper-limb function; however, rehabilitation
efforts for trunk stability have not kept pace with limb-
focused therapies, despite evidence suggesting that trunk re-
covery is associated with improved independence [1-4]. Re-
search indicates a complex interplay between oxidative stress
and neuroplasticity during stroke recovery, where oxidative
imbalance can exacerbate neuronal damage and impede re-
habilitation outcomes [5-8]. While physical interventions
such as trunk rehabilitation exercises (TRE) and transcranial
direct current stimulation (tDCS) show potential [1, 9-12], the
biochemical correlates, particularly neurotrophic factors and
oxidative stress markers, remain underexplored as predictors
of recovery.

Neurorehabilitation outcomes are influenced by neuroplasti-
city mechanisms, including the upregulation of brain-derived
neurotrophic factors (BDNF) and antioxidant enzymes like
superoxide dismutase (SOD) [10, 12, 13]. BDNF is a key me-
diator of neuroplasticity, promoting motor learning and func-
tional recovery following stroke. It contributes to post-stroke
recovery by enhancing neuronal survival, synaptic plasticity,
dendritic arborization, and long-term potentiation [7, 14-16].
Peripheral BDNF levels correlate with central nervous system
concentrations, suggesting its potential as a biomarker for
recovery [17]. In contrast, SOD functions to mitigate oxida-
tive stress, which can exacerbate secondary neuronal damage
after ischemia, although its role in chronic-phase recovery re-
mains unclear [1, 5, 6, 18, 19]. Previous studies have reported
inconsistent associations between SOD levels and functional
outcomes, potentially due to temporal variations in oxida-
tive stress [20]. While BDNF promotes axonal sprouting in
spinal locomotor circuits and SOD protects motor neurons
from oxidative damage, both pathways may be critical for
trunk stability. Despite evidence linking BDNF levels to gait
improvement and SOD to reduced infarct size [9, 11, 18, 20,
21], their specific relationship to trunk recovery, a key pre-
dictor of functional independence, has not been thoroughly
investigated.

Despite the recognized importance of trunk control as a
prognostic factor, no studies have yet explored the correla-
tion between serum BDNF or SOD levels and validated trunk

performance measures. This gap hinders the development
of biomarker-guided rehabilitation strategies. Additionally,
while TRE and tDCS are hypothesized to influence BDNF and
SOD levels [1, 9-11], their combined effects on trunk recov-
ery lack biochemical validation. Emerging evidence suggests
that tDCS enhances cortical excitability through BDNF-TrkB
signalling [22], while TRE promotes activity-dependent neu-
roplasticity via calcium-mediated pathways [23]. Addressing
these gaps could refine therapeutic targeting and personalize
post-stroke rehabilitation.

This study aimed to (1) evaluate the correlations between
serum biomarkers of neuroplasticity (BDNF) and oxidative
stress (SOD) with trunk control outcomes in stroke survi-
vors undergoing rehabilitation, and (2) examine potential
variations in these biomarkers across different rehabilita-
tion approaches, including TRE, tDCS, and combined ther-
apy. By elucidating these correlations, we seek to explore
the utility of these biochemical markers in predicting trunk
recovery and guiding targeted rehabilitation strategies for
post-stroke care.

Materials and methods

We enrolled ambulatory adults (45-85 years) with first-onset

ischemic stroke (> 6 months post-event) resulting in hemipa-

resis. Before enrollment, all participants provided written in-

formed consent, and the study adhered to ethical guidelines

to ensure participants’ safety and confidentiality. Participants

met the following criteria:

* independent standing (with/without assistive devices);

* absence of substance abuse, psychiatric comorbidities, or
significant sensory deficits;

» stable management of hypertension/diabetes mellitus
(no antidepressant use).

Exclusion criteria:

» recurrent stroke or comorbid neurological conditions
affecting balance (e.g., Parkinson’s disease);

 musculoskeletal limitations (fractures, amputations, severe
joint pathologies);

* recent rehabilitation (€ 3 months) or concurrent research
participation.

Using block randomization (block size = 4), 69 participants were

randomized into a control group and three intervention groups:

o control group (n = 18): standardized control rehabilitation
(CR) therapy;
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» TRE group (n = 17): trunk rehabilitation exercises and CR
therapy;

 tDCS group (n = 17): anodal stimulation (2 mA, M1 con-
tralesional) and CR therapy;

» combined therapy group (n = 17): TRE, tDCS, and CR
therapy.

The study was conducted at the Physiotherapy and
Rehabilitation Department of Imam Wali Specialist Hospital,
Kano State, Nigeria, under standardized clinical conditions.
All interventions were conducted three times weekly over
eight weeks, with specific details of the interventions outlined
in the subsequent section. Participants and their caregivers
were thoroughly informed about the intervention protocols
and the procedures for measuring outcomes.

The primary outcome measures were serum BDNF and SOD
levels, which were quantified at baseline and post-intervention
to assess neuroplastic and oxidative stress responses. Second-
ary outcomes included functional assessments of trunk control
using three validated scales: the Trunk Impairment Scale (TIS)
to evaluate static and dynamic postural control, the Postural
Assessment Stroke Scale (PASS) to measure balance mainte-
nance and positional transitions, and the Rivermead Mobility
Index (RMI) to assess functional mobility in daily activities.
These measures were selected to provide a comprehensive
evaluation of both biochemical and functional rehabilitation
outcomes.

All the primary and secondary outcome measurements were
conducted at 2 time points: three days before the start of the
intervention and 3 days after the completion of the 8-week
intervention.

Rehabilitation intervention protocols

All participants completed a total of 24 sessions over
8 weeks, with 3 sessions per week. Each session included a
standardized 20-minute CR, which consisted of 5 minutes
of infrared radiation therapy followed by 15 minutes of
proprioceptive neuromuscular facilitation exercises. These
exercises targeted the neck, trunk, and scapular regions in
a cephalo-caudal sequence. Participants in the control group
received only the CR protocol throughout all their sessions.

The TRE group received an additional 30-minute session
during each visit, which focused on supine and seated
exercises designed to improve selective upper and lower
trunk movements, coordination, and balance [24]. Each TRE
session commenced with a 5-minute warm-up designed to
enhance range of motion and flexibility, followed by the main
exercises. A 1-minute rest period was incorporated between
the supine and seated components to facilitate recovery and
prepare participants for the next set of activities.

In addition to the CR, participants in the tDCS group received
20 minutes of anodal stimulation targeting the contralesional
primary motor cortex (C3/C4) according to the International
10-20% electrode encephalography system. This stimulation
was delivered using a CESta DC stimulator (Mind Alive
Inc.) equipped with 35 cm? saline-soaked electrodes at a
current of 2 mA (corresponding to a current density of 0.04

mA cm?). The stimulation parameters included a 5-second
ramp-up and ramp-down period, with the current maintained
below the sensory threshold to minimize discomfort while
ensuring safety (current density < 25 mA/cm?). The cathode
was positioned over the ipsilesional hemisphere to achieve
balanced cortical modulation. Trained technicians verified
the electrode placement to ensure consistent positioning
across all treatment sessions.

Participants in the combined intervention group received
sequential treatments consisting of 20 minutes of tDCS
(identical parameters to the tDCS-only group), a 5-minute rest
period, 30 minutes of TRE, and 20 minutes of the standard
CR. The treatment sequence and timing were standardized
across all combined intervention participants to maintain
consistency throughout the rehabilitation process.

Serum BDNF measurement

Venous blood samples (5 mL) were collected from the cubital
vein during morning hours (08:00 AM-09:00 AM) to control
for diurnal variations in protein expression. Following the
collection, samples were immediately processed through:

o centrifugation: 2000g (relative centrifugal force) for

20 minutes at 4°C;
¢ aliquoting: serum separation into 500 pL cryovials;
o storage: preservation at —80°C until batch analysis.

Serum BDNF levels were determined in duplicate using a

commercially available sandwich ELISA kit (Human BDNF

ELISA Kit, Sunlong Biotech, Cat. No. SL0371Hu). The assay

procedure followed the manufacturer’s protocols:

1) plate preparation: 96-well microplates pre-coated with
anti-BDNF capture antibody;

2) incubation steps:

— primary incubation (37°C, 1 hour) with serum samples
and standards;

— horseradish peroxidase-conjugated detection antibody
(37°C, 30 min);

3) signal development: 3,3',5,5-tetramethylbenzidine substrate
reaction terminated with 2N H,SO;

4) reading: optical density using a UVVIS spectrophotometer/
microplate reader (MS033, BioBase) at 450 nm (nanometer;
reference 630 nm). Quality assurance;

* duplicate measurements (inter-assay coefficient of varia-
tion (CV): < 12%, validated in pilot runs);

¢ detection range: 15.6-1000 pg/mL;

* paired pre-/post-intervention samples were analysed in
the same batch to minimize variability.

This protocol ensured sensitive and reproducible BDNF
quantification while addressing clinical confounders through
controlled sampling and processing.

Serum SOD quantification

Serum SOD was evaluated using a commercial Superoxide

Dismutase Activity Assay Kit). Serum samples were analysed

following a standardized protocol based on the instructions

from the manufacturer:

o kit components (extraction reagent, reagents [-V) were
stored at 4°C until use;
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¢ before analysis, the spectrophotometer was calibrated at
560 nm after 30 minutes of preheating and zeroed with
distilled water;

» working reagents (], II, and V) were equilibrated at 37°C in
a water bath for 5 minutes;

* reagent IV was dissolved in reagent V via vortex mixing
just before use.

The assay involved 4 reaction tubes (blanks B1 and B2), a
test tube (T), and a control tube (C), incubated at 37°C for
30 minutes after thorough mixing. Post-incubation,
absorbance measurements were performed at 560 nm using
a UV-VIS spectrophotometer/microplate reader (MS033,
BioBase), configured with either an ultra-micro cuvette
or a 96-well flat-bottom plate. Absorbance readings were
converted to enzymatic activity (U/mL) using the formula:

SOD (U/mL) =[P+ (1 -P)x Vrv] + Vs x F =
1111 xP+ (1 -P)xF

where

Vv — total reaction volume (0.2 mL); Vs — sample
volume (0.018 mL); P — inhibition percentage ([AAB -
AAT] + AAB x 100%); F — sample dilution multiple; AAT =
AT - AC; AAB = AB1 - AB2.

This colorimetric method provided reliable quantification of
antioxidant capacity while controlling analytical variability
through duplicate measurements.

Assessment of trunk control and motor function

Trunk motor function was evaluated using 3 validated scales
selected for their complementary strengths in post-stroke
assessment. Similar to the measurements of serum BDNF and
SOD levels, evaluations were conducted both before and after
the intervention, following 8 weeks of rehabilitation.

The Trunk Impairment Scale (TIS) assesses trunk control
and stability, critical for balance and mobility in stroke
patients. This scale includes tasks that mimic daily activities,
enhancing its ecological validity. It provides a comprehensive
17-item evaluation (score range 0-23) of static sitting balance,
dynamic upper and lower trunk coordination, and rotational
movements, demonstrating sensitivity to subtle impairments
predictive of gait recovery (intraclass correlation coefficient
(ICC) = 0.87-0.94) [25, 26]. The TIS has shown excellent
reliability and validity in stroke populations [27-30].

The Postural Assessment Stroke Scale (PASS) extends this
evaluation through 12 functional tasks (score range 0-36) that
assess postural maintenance, transitions between positions,
and reactive balance control. The PASS has established
predictive validity for long-term mobility outcomes (minimal
detectable change (MDC) = 2.1 points) [31]. Specifically
tailored for stroke patients, the PASS addresses the unique
challenges they face and includes various tasks that
reflect daily activities, thereby providing a comprehensive
assessment of postural control. The scale has demonstrated
good reliability and validity across multiple studies, making it
a trusted tool in clinical settings [32-34].

Complementing  these  performance-based  measures,
the Rivermead Mobility Index (RMI) captures real-world
functional mobility in stroke survivors through 15 clinically
meaningful items (score range 0-15), ranging from basic
bed transfers to advanced community ambulation tasks.
The RMI shows a strong correlation with independent living
capacity, and a recent meta-analysis confirms its validity
for stratifying rehabilitation needs [35]. The RMI is easy
to administer and requires minimal equipment, making it
practical for clinical use. It has demonstrated good reliability
and validity, providing a robust measure of mobility [36-38],
and is sensitive to changes over time, allowing clinicians to
track patient progress effectively.

All assessments were administered by trained raters blinded
to group allocation, ensuring established inter-rater reliability
(ICC > 0.80 across tools). This tripartite assessment strategy
was designed to capture both laboratory-measured trunk
control parameters (TIS and PASS) and their functional
translation to daily mobility challenges (RMI), thereby
providing a multidimensional perspective on rehabilitation
outcomes.

Statistical analysis

All analyses were conducted using IBM SPSS v. 23.0.
Demographic and baseline characteristics were summarized
using descriptive statistics (means * standard deviations
(M % SD) for continuous variables; frequencies/percentages
for categorical data). Normality assumptions were verified via
Shapiro-Wilk tests. To evaluate the intervention effects, we
conducted separate factorial ANOVAs for serum BDNE, SOD,
and trunk control measures (TIS, PASS, RMI). For outcomes
demonstrating significant main effects, we performed
Tukey’s honestly significant difference (HSD) post hoc tests
to examine pairwise group comparisons while controlling
for family-wise error rate. Pearson correlation coefficients
quantified relationships between biomarker levels (BDNF/
SOD) and trunk control measures. The level of statistical
significance was set at p < 0.05 for all inferential analyses.

Results

The study included participants with balanced demographic
characteristics across all groups (Table 1). Baseline com-
parisons revealed no significant intergroup differences (all
p > 0.05), confirming successful randomization.

Biomarker analysis revealed significant intervention effects
on serum BDNF (F = 9.530; p = 0.001) but not SOD (F = 0.599;
p = 0.619). The combined TRE + tDCS group showed the
greatest BDNF increase (post-intervention: 181.80 pg/ml,
mean difference +39.22 pg/ml vs. baseline), followed by tDCS
(+31.64 pg/ml) and TRE (+20.69 pg/ml) groups (Table 2).
Notably, the combined intervention group’s BDNF levels were
24.12 pg/ml higher than controls (p < 0.001) and 18.53 pg/ml
higher than TRE alone (p = 0.015).

Trunk control measures demonstrated non-significant be-
tween-group differences (PASS: F = 2.109; p = 0.111; TIS:
F=2195; p = 0.101; RML F = 2.217; p = 0.098) (Table 3). How-
ever, the combined intervention group showed numerically
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superior improvements across all measures (PASS: +8.661;
TIS: +4.893; RML: +3.774 vs. baseline).

Correlation analysis identified significant relationships
between BDNF and both PASS (r = 0.368; p = 0.001) and TIS
(r = 0.263; p = 0.015), but not RMI (Table 4). Serum BDNF
and SOD showed moderate positive correlation (r = 0.343;
p = 0.002), suggesting potential interaction between neuro-
plasticity and oxidative stress pathways.

Discussion

This study investigated the relationship between serum BDNE,
SOD, and trunk control outcomes in stroke survivors undergo-
ing rehabilitation. The key finding, a moderate but statistically
significant correlation between BDNF levels and trunk perfor-
mance (PASS: r = 0.368; p < 0.001; TIS: r = 0.263; p = 0.015),
suggests that BDNF may serve as a peripheral biomarker for
trunk recovery. This aligns with prior evidence implicating
BDNF in motor learning and neuroplasticity [13, 15, 39]. This
supports the hypothesis that BDNF-driven synaptic plasticity
may enhance trunk control by improving postural adjustments
and coordination. Notably, the association was observed de-
spite the chronic phase of stroke (> 6 months post-onset), im-
plying that BDNF-mediated neuroplasticity remains relevant
beyond the acute recovery phase, offering an extended window
for therapeutic intervention. However, the lack of association
with RMI emphasizes the complexity of mobility outcomes,
which may involve factors beyond neurotrophic support, such
as spasticity or compensatory strategies [40].

In contrast to BDNF, SOD activity showed no significant
correlation with any trunk control measures. This null
finding contrasts with studies in acute stroke that reported
associations between SOD, infarct size and neurological
recovery [8, 19, 20]. This discrepancy may reflect temporal
differences in oxidative stress dynamics [5, 7]; prior studies
focused on acute ischemia (< 72 hours), whereas our cohort’s
chronic phase might involve stabilized oxidative stress levels.
During acute ischemia, SOD plays a crucial role in mitigating
free radical damage [41], but its importance may diminish
in chronic recovery where other mechanisms dominate.
Additionally, peripheral SOD levels might not accurately
reflect central nervous system activity, particularly in chronic
stages where the blood-brain barrier has stabilized [19].

The clinical implications of these findings are noteworthy. The
results indicate that modifying neurotrophic factor levels in
the injured brain of stroke patients may positively influence
neurorehabilitation outcomes, particularly in balance and
gait function. Our BDNF findings align with previous work
linking this neurotrophin to motor recovery, though most
prior research focused on limb function rather than trunk
control. The observed correlation with PASS and TIS scores
extends these associations to postural stability, a critical but
understudied aspect of stroke rehabilitation. This finding
contradicts previous research showing a negative correlation
between serum BDNF levels and increased body weight, which
may impair trunk function [42, 43]. This negative correlation
is attributed to natriuretic peptide clearance receptors in
adipose tissue, resulting in lower BDNF levels in individuals
with higher fat mass [44, 45].

The selective association of BDNF with trunk control may be
a foundation to suggest its potential as a stratification tool
for targeted rehabilitation strategies. Although not yet ready
for routine clinical use, measuring BDNF may eventually help
identify patients who would benefit most from intensive trunk
training or BDNF-enhancing therapies. Patients with higher
baseline BDNF levels may respond better to intensive trunk
training, while those with lower levels might require adjunc-
tive BDNF-boosting therapies, such as aerobic exercise, use of
pharmacologic agents, or non-invasive brain stimulation. How-
ever, the lack of correlation with SOD indicates that oxidative
stress markers may have limited utility in predicting trunk re-
covery during the chronic phase of stroke, warranting caution
in their use for prognostication. This distinction is essential
for developing effective biomarker-guided rehabilitation proto-
cols. Clinicians should prioritize functional assessments (such
as TIS and PASS) alongside targeted interventions, recognizing
that peripheral biomarkers may only partially reflect central
recovery processes. This study advances our understanding of
post-stroke recovery by establishing BDNF’s role in trunk con-
trol while clarifying the limitations of oxidative stress markers
in chronic phases. The findings pave the way for more person-
alized rehabilitation approaches while highlighting important
avenues for future research.

When examining intervention effects, the combined
TRE+tDCS group demonstrated superior improvements in
TIS scores compared to controls (A = 4.2 vs. 2.1; p = 0.030), yet
neither intervention significantly altered BDNF or SOD levels.
This dissociation between clinical and biomarker outcomes
suggests that the benefits of these therapies may operate
through mechanisms independent of peripheral biomarker
changes, such as direct cortical modulation or spinal circuit
reorganization [13]. Notably, our cohort’s BDNF levels were
at the lower normative limit (119.25 pg/mL), consistent with
reports linking diminished BDNF to cognitive decline [46-
48]. This underscores the need for interventions to elevate
BDNF, such as aerobic exercise [49]. Alternatively, our study
may have missed transient biomarker fluctuations due to
the single-time-point measurement design. Future research
should incorporate serial biomarker assessments to better
capture temporal dynamics and clarify these relationships.

Several limitations must be acknowledged. The single
measurement of biomarkers pre- and post-intervention
provides only a snapshot of complex biological processes,
particularly challenging for chronic stroke patients, where
acute-phase oxidative stress and neuroplasticity changes may
be missed. While serum biomarkers offer clinical practicality,
they may not accurately reflect central nervous system
activity. The interventions (TRE, tDCS) did not specifically
target oxidative stress or BDNF upregulation, potentially
limiting their impact on biomarker levels. Risk factors
for ischemic stroke, such as hypertension, diabetes, high
cholesterol, obesity, and certain cardiac conditions, including
atrial fibrillation, may have confounded or obscured stronger
correlations. Additionally, the limited sample size may have
constrained the ability to detect significant associations in
the final analysis..

To advance this research, future research should adopt a
longitudinal design to track biomarker trajectories from
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Table 1. Distribution of participants’ sociodemographic characteristics (n = 69), n (%)

Characteristics

Age, years
M+ SD
45-64
65-85
Sex
male
female
Stroke laterality
right
left
Systolic blood pressure, mm Hg
M+ SD
<140 mm Hg
=140 mm Hg
Diastolic blood pressure, mm Hg
M+ SD
<90 mm Hg
=90 mm Hg
Residence
rural
urban
Marital status
single
married
divorce
widow
Education level
non-formal
primary
secondary
post-secondary
none
Occupation
civil servant
skilled labourer
unemployed
small trader

retired

Control group

57.94 £ 5.84
15 (83.33)
3 (16.67)

10 (55.56)
8 (44.44)

14 (77.78)
4(22.22)

135.00 £ 11.82

14 (77.78)
4(22.22)

80.47 + 8.63
15 (83.33)
3 (16.67)

13 (72.22)
5 (27.78)

5 (27.78)
11 (61.11)
0 (0.00)
2 (11.11)

1(5.55)
8 (44.44)
6 (33.33)
3 (16.67)
0 (0.00)

0 (0.00)

Intervention groups

TRE tDCS TRE + tDCS 2
0.785
5812+581 5894599  56.94+529
15 (88.24) 15 (88.24) 16 (94.11)
2 (11.76) 2 (11.76) 1(5.88)
0.689
11 (64.71) 10 (58.82) 11 (64.71)
6 (35.29) 7 (41.18) 6 (35.29)
0.931
11 (64.71) 13 (76.47) 12 (70.59)
6 (35.29) 4 (23.53) 5 (29.41)
0.974
135724592 134.35+11.03  134.35+9.17
12 (70.59) 12 (70.59) 12 (70.59)
5 (29.41) 5 (29.41) 5 (29.41)
81.01+1045 8324613  81.11827
13 (76.47) 14 (82.35) 12 (70.59)
4 (23.53) 3 (17.65) 5 (29.41)
0.377
10 (58.82) 9 (52.94) 10 (58.82)
7(41.17) 8 (47.05) 7 (41.17)
0.934
5 (29.41) 4 (23.53) 5 (29.41)
9 (52.94) 11 (64.71) 9 (52.94)
0 (0.00) 0 (0.00) 0 (0.00)
3 (17.65) 2 (11.76) 3(17.65)
0.942
4(23.53) 3 (17.65) 3(17.65)
3 (17.65) 2 (11.76) 2 (11.76)
5 (29.41) 7 (41.147) 6 (35.29)
5 (29.41) 5 (29.41) 5 (29.41)
0 (0.00) 0(0.00) 1(5.88)
0.821
2 (11.76) 2 (11.76) 3 (17.65)
0 (0.00) 0 (0.00) 1(5.88)
6 (35.29) 4(23.53) 7 (41.18)
8 (47.06) 8 (47.06) 6 (35.29)
1(5.88) 2 (11.76) 0 (0.00)
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Table 2. Pre- and post-intervention distribution of outcome measures, M = SD

Outcomes Measures

Serum BDNF, pg/ml
pre-intervention
post-intervention

Serum SOD, U/L

Control group
TRE

141.14 +13.83 139.52 + 8.82

156.51 + 14.06 160.21 £12.09

Intervention groups

tDCS

141.23 £19.52
172.86 + 22.27

TRE + tDCS

142.57 +13.27
181.80 + 19.02

pre-intervention 194.86 + 35.42 203.47 + 31.04 201.42 + 38.71 205.02 £ 24.22
post-intervention 214.74 £ 31.55 22717 £ 35.93 230.24 £ 41.74 234.90 + 27.58
PASS
pre-intervention 18.94 +1.71 19.06 + 1.85 18.94 +1.82 1917 £1.47
post-intervention 24.76 £ 0.74 26.06 + 2.11 20.77 £2.28 28.24 £1.72
TIS
pre-intervention 14.41 £2.00 15.06 + 1.54 15.59 + 1.69 15.65 + 1.62
post-intervention 18.41+£1.28 18.24 £1.25 17.12+2.03 2017 £1.55
RMI
pre-intervention 8.71+1.31 9.05+0.89 8.88+1.05 9.12+0.93
post-intervention 11.06 + 1.03 12.06 + 0.89 9.94+1.14 12.88 + 0.61
Table 3. Effect of study interventions on trunk control and motor function
Outcome measure Intervention /X)) df F p
PASS Control 5.656 + 0.731 3 2.109 0.111
TRE 7.631 £0.767
tDCS 6.825 £ 0.789
TRE +tDCS 8.661 £ 0.789
TIS Control 3.854 £ 0.484 3 2.195 0.101
TRE 3.509 £ 0.509
tDCS 3.077 £ 0.523
TRE +tDCS 4.893 £ 0.523
RMI Control 2.250 £ 0.375 3 2.217 0.098
TRE 3.012 £ 0.394
tDCS 2.530 £ 0.405
TRE +tDCS 3.774 £ 0.405

stroke onset, incorporate interventions directly modulating
oxidative stress, such as SOD mimics, or BDNF pathways
like aerobic exercises. Analyses should be stratified by stroke

severity and phase to clarify mechanistic relationships.
Exploring multimodal approaches combining antioxidant
therapies with neurorehabilitation could further optimize
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Table 4. Correlation between serum biomarkers BDNF, SOD, and trunk control and motor functions after intervention

Variables r
BDNF — PASS 0.368
BDNF — RMI 0.075
BDNF —TIS 0.263
SOD — PASS 0.114
SOD — RMI 0.027
SOD —TIS 0.125
BDNF — SOD 0.343

post-stroke recovery strategies. Additionally, integrating
neuroimaging with biomarker assessment may help map the
neural correlates of trunk recovery. Investigating whether
BDNF-guided therapy personalization improves outcomes
represents another critical direction. Furthermore, examining
SOD’s role across stroke phases (acute, subacute, chronic)
could clarify its potential as a therapeutic target. These
advances would significantly enhance our understanding of
post-stroke recovery mechanisms and optimize rehabilitation
strategies.

Conclusion

This study demonstrated a significant correlation between
serum BDNF levels and trunk control outcomes in stroke

df p

67 0.001
67 0.270
67 0.015
67 0.175
67 0.413
67 0.153
67 0.002

survivors, suggesting that BDNF may have potential as a
biomarker for post-stroke trunk recovery. In contrast, no
association was observed for SOD, suggesting that the roles
of neurotrophic and oxidative stress mechanisms in rehabil-
itation differ. Although combined trunk rehabilitation and
tDCS improved functional outcomes, the absence of corre-
sponding biomarker changes implies that these interventions
may act through alternative pathways, highlighting the need
for further research to elucidate the underlying mechanisms.
These findings support the development of personalized re-
habilitation strategies and highlight the need to view post-
stroke recovery as a dynamic process with distinct biomarker
profiles. Future studies should investigate longitudinal bio-
marker dynamics and their relationship to neuroplasticity to
optimize targeted interventions for stroke survivors.
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