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Effect of intermittent theta burst
stimulation of the left DLPFC
on cognitive function and
inflammatory markers in post-
stroke cognitive impairment:
a randomized controlled trial
Jiayi Xia1*†, Yeping Chen1†, Xiaoyan Jiang1* and Song Pei2*

1Clinical Research Center, The Second Rehabilitation Hospital of Shanghai, Shanghai, China,
2Department of Rehabilitation Medicine, Renhe Hospital, Baoshan District, Shanghai, China
Objective: To evaluate the efficacy of intermittent theta-burst stimulation (iTBS)

targeting the left dorsolateral prefrontal cortex (DLPFC) combined with cognitive

training in patients with post-stroke cognitive impairment (PSCI), and to

investigate its effects on systemic inflammatory biomarkers: homocysteine

(Hcy), C-reactive protein (CRP), and lactate dehydrogenase (LDH).

Methods: In this single-center, randomized, sham-controlled trial, 69 PSCI

patients received 4 weeks of daily cognitive training combined with either real

iTBS (target: left DLPFC; 1200 pulses per session at 80 % of resting motor

threshold, total 20 sessions) or sham stimulation. Assessments were conducted

at baseline (week 0) and week 4, including measures of global cognition (Mini-

Mental State Examination [MMSE], Montreal Cognitive Assessment [MoCA]),

executive function (Frontal Assessment Battery [FAB]), activities of daily living

(Barthel Index [BI]), domain-specific cognitive subscores (forward/backward digit

span [FDS/BDS], delayed recall, attention), and inflammatory biomarkers (Hcy,

CRP, LDH). Data were analyzed using two-way mixed General Linear Models

(GLM) to assess main and interaction effects of Time and Group.

Results: Significant Time effects were observed for all cognitive and biochemical

measures (p < 0.001), indicating overall improvement after intervention.

Significant Time × Group interactions favored the iTBS group for MMSE, MoCA,

BI, FDS, BDS (p < 0.05), suggesting enhanced gains in global cognition, executive

function, and working memory. Serum LDH showed a greater reduction in the

iTBS group (p < 0.05), while decreases in Hcy and CRPwere comparable between

groups. Correlation analysis revealed that reductions in LDH and Hcy were

significantly associated with improvements in MMSE, MoCA, FAB, and working-

memory subscores in the iTBS group (r = −0.334 to −0.525, p < 0.05), supporting

a metabolic-cognitive coupling effect.

Conclusions: iTBS applied to the left DLPFC, combined with cognitive training,

produces superior improvements in global cognition, executive function, and

daily living ability compared with cognitive training alone in PSCI patients. The
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concomitant reduction in LDH suggests potential anti-inflammatory or

neuroprotective mechanisms underlying these cognitive benefits. LDH may

thus serve as a sensitive peripheral biomarker for neuromodulation-induced

recovery in PSCI rehabilitation.

Clinical trial registration: https://www.chictr.org.cn/, identifier ChiCTR2300076109.
KEYWORDS

post-stroke cognitive impairment (PSCI), intermittent theta- burst stimulation(iTBS),
dorsolateral prefrontal cortex (DLPFC), cognitive rehabilitation, inflammatorybiomarker
1 Introduction

Post-stroke cognitive impairment (PSCI) is one of the most

debilitating sequelae of stroke, affecting up to 60% of survivors

within the first year and persisting in roughly one-third long-term

(1). Contemporary epidemiological syntheses suggest an overall

prevalence as high as 70%, making PSCI a leading contributor to

post-stroke disability, dependency and rehospitalisation (2). In

addition to lowering quality of life, PSCI markedly increases

health-care costs and hampers the recovery of motor, language

and psychosocial functions, thereby amplifying the overall burden

on families and society (3).

Despite three decades of research, the mechanisms underlying

PSCI remain incompletely understood. Growing evidence points to a

pivotal contribution of systemic and cerebral inflammation. Large

prospective cohorts have shown that elevated circulating C-reactive

protein (CRP), homocysteine (Hcy) and lactate dehydrogenase

(LDH) soon after stroke predict early-onset cognitive decline (4).

Meta-analytic work further implicates CRP, Hcy, total cholesterol and

LDL-C as independent biomarkers of PSCI risk (5). Inflammatory

panels derived from high-throughput proteomics now explain up to

35% of variance in cognitive outcomes at 12 months (6), highlighting

neuro-immune interactions as a therapeutic target.

Pharmacological options for PSCI are limited and largely off-

label, underscoring the need for disease-modifying strategies.

Repetitive transcranial magnetic stimulation (rTMS) is a non-

invasive brain-stimulation technique that modulates cortical

excitability and has demonstrated moderate efficacy in multiple

systematic reviews (7). A 2024 network meta-analysis comparing

rTMS protocols ranked theta-burst paradigms among the most

promising but highlighted heterogeneity and small sample sizes (8).

iTBS delivers bursts of 50 Hz pulses repeated at the endogenous

5 Hz theta rhythm, requiring fewer pulses, lower intensities and < 5

min per session while producing longer-lasting neuroplastic effects

than conventional high-frequency rTMS. A single-blind

randomized controlled trial in 2023 showed that iTBS over the
02
left dorsolateral prefrontal cortex (DLPFC) combined with

cognitive training significantly improved MoCA and executive

scores versus sham in PSCI (9). High-dose, individualized iTBS

protocols further enhanced global cognition without compromising

safety (10), and adjunctive approaches such as scalp-acupuncture-

primed iTBS yielded additive benefits (11). Bibliometric analyses

confirm iTBS as a rapidly expanding research hotspot in

neuromodulation (12). Beyond cognition, iTBS accelerates motor

recovery and network re-organization in early stroke (13), promotes

neurovascular unit remodeling (14), and mitigates ferroptotic and

apoptotic cascades after ischaemia-reperfusion injury (15),

underscoring its pleiotropic potential.

While mechanistic reviews suggest that theta-burst stimulation

down-regulates oxidative stress, glial activation and pro-

inflammatory cytokine release (16), direct clinical evidence

linking iTBS-induced cognitive gains to changes in peripheral or

central inflammatory markers is scarce. Pre-clinical studies

demonstrate that iTBS shifts microglia toward an M2 reparative

phenotype via Cry1 signaling (17) and enhances PI3K/Akt-

mediated synaptic plasticity while dampening neuro-

inflammation (18). Meta-analytic data on theta-burst stimulation

for motor recovery likewise imply anti-inflammatory actions (19),

yet clinical correlation with biomarkers such as LDH or CRP in

PSCI is virtually unexplored. Continuous-TBS paradigms can even

exert opposite dopaminergic and excitability effects, highlighting

the need for protocol-specific biomarker mapping (20).

Given (i) the high prevalence and societal impact of PSCI, (ii)

compelling but inconclusive evidence for iTBS-mediated cognitive

restoration, and (iii) the putative role of systemic inflammation in

cognitive decline, we designed a randomized controlled trial to

determine whether intermittent theta-burst stimulation of the left

DLPFC enhances cognitive recovery in PSCI and whether such

effects are accompanied by favorable shifts in inflammatory

biomarkers (Hcy, CRP, LDH). Clarifying these relationships will

help refine precision-neuromodulation strategies and provide

mechanistic insight into non-pharmacological treatment of PSCI.
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2 Methods

2.1 Subjects

This single-center, parallel-group, assessor-blinded,

randomized, sham-controlled trial was conducted in the Second

Rehabilitation Hospital of Shanghai between 1 January 2023 and 31

December 2024. Trial reporting follows the CONSORT-2010

extension for non-pharmacological interventions (21) and adopts

the updated IFCN safety recommendations for transcranial

magnetic stimulation (TMS) (22). A total of 72 eligible patients

were enrolled in the study. During the intervention period, 3

patients withdrew due to early discharge from the hospital—1

from the iTBS group and 2 from the sham group. Ultimately, 69

participants completed the study, including 36 in the iTBS group

and 33 in the sham group (see Figure 1).

2.1.1 Eligibility criteria
Inclusion criteria were:
Fron
a. Diagnosis of PSCI according to the 2019 Chinese Expert

Consensus on post-stroke cognitive impairment (23) and
tiers in Psychiatry 03
harmonized with the NINDS-CSN vascular cognitive

impairment standards (24).

b. First-ever ischaemic or haemorrhagic stroke confirmed by

CT or MRI within 6 months (25).

c. Age 45–80 years.

d. Mini-Mental State Examination (MMSE) ≤ 24 at screening,

indicating at least mild cognitive deficit.

e. Stable medical condition and ability to participate in

cognitive testing and rehabilitation.

f. Provision of written informed consent by the patient or

legally authorized representative in accordance with the

Declaration of Helsinki.
Exclusion criteria were:
a. Contra-indications to TMS (metallic cranial implants,

cardiac pacemaker, active epilepsy, skull defects) per

IFCN guidelines (26).

b. Pre-existing neurodegenerative or severe psychiatric

disorders.

c. Severe aphasia, visual or auditory deficits precluding valid

cognitive assessment.
FIGURE 1

The flow-chart of the study.
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Fron
d. Uncontrolled systemic disease (eg, de-compensated heart

failure, severe renal/hepatic insufficiency).

e. Current participation in another interventional trial.
2.1.2 Sample-size determination
A priori power analysis was performed with G*Power 3.1.9

using the difference in Montreal Cognitive Assessment (MoCA)

improvement reported in a recent iTBS-PSCI pilot (mean ± SD

change 3.2 ± 4.0 vs 0.6 ± 3.5) (9). Assuming a two-tailed a = 0.05,

80% power and an effect size d = 0.7, we required 33 participants per

arm. Anticipating a 15% attrition rate, we set the target enrolment at

78 subjects (39 each group), consistent with recommendations for

pragmatic clinical trials (5).

During the recruitment period, 72 eligible patients meeting all

inclusion criteria were successfully enrolled, and 69 participants

completed the full intervention and assessment schedule (iTBS = 36,

Sham = 33). The actual attrition rate of ≈ 8% was lower than

anticipated, and post hoc power analysis confirmed that the

achieved statistical power remained above 0.80 for detecting the

observed group × time interaction effects in the General Linear

Model (GLM) analysis.

2.1.3 Randomization and masking
Participants were randomly assigned (1: 1) to either

intermittent theta-burst stimulation (iTBS) or sham stimulation

using a computer-generated sequence with random block sizes of 4–

6 prepared by an independent statistician. Allocation was concealed

in sequentially numbered, opaque, sealed envelopes opened by the

TMS operator immediately before the first session. Outcome

assessors, data analysts and participants were blinded to group

allocation. Sham stimulation was delivered with the figure-of-”8”

coil rotated 90° away from the scalp, reproducing acoustic artefacts

without effective cortical stimulation (6).

2.1.4 Baseline assessment
Demographic data (age, sex, education), stroke characteristics

(type) and cognitive/functional status (Mini-Mental State

Examination (MMSE), Montreal Cognitive Assessment (MoCA),
tiers in Psychiatry 04
Barthel Index (BI)) were collected at enrolment. Resting motor

threshold was measured over the contralesional “motor hotspot”

according to standardized procedures (27). Peripheral blood was

drawn for inflammatory biomarkers (homocysteine (Hcy), C-

reactive protein (CRP), Lactate dehydrogenase (LDH)) before

randomization, aligning with emerging evidence linking these

markers to PSCI severity (28). The demographic characteristics

and baseline MMSE scores did not differ significantly between the

two groups (P > 0.05; see Table 1).

2.1.5 Ethics and registration
The study protocol was approved by the Shanghai Second

Rehabilitation Hospital Ethics Committee (approval No. 2022-10-

01) and registered at the Chinese Clinical Trial Registry

(ChiCTR2300076109). All procedures complied with the

Declaration of Helsinki and local regulatory requirements.
2.2 Evaluation indicators

We adopted a multimodal evaluation battery that captures global

cognition, frontal-executive control, functional independence,

working-memory span and systemic inflammation. All tools have

been validated in stroke cohorts during the past five years and align

with contemporary PSCI-assessment recommendations.

2.2.1 Global cognition
MMSE (0–30) and MoCA (0–30; +1 point if ≤12 y education)

were administered. A 2024 multicenter analysis confirmed

comparable discrimination of MMSE and MoCA for PSCI

detection, supporting continued use of both screeners (29).

However, an updated diagnostic-accuracy study recommends a

stroke-specific MoCA cut-off of 21/22 to optimize sensitivity and

specificity in Asian populations (30).

2.2.2 Frontal-executive function
FAB (0–18) probes abstract reasoning, mental set-shifting and

inhibitory control at the DLPFC level. A 2024 Japanese validation

showed high internal consistency (a = 0.89) and limits of agreement
TABLE 1 Baseline demographic and clinical characteristics of participants in the iTBS and sham-stimulation groups.

Variable iTBS group (n=36) Sham group (n=33) Test statistic (c2/t/Z) P-value

Male/Female (n/n) 21/15 25/8 2.352 0.125

Stroke type 0.643 0.423

ischaemic 31 26

haemorrhagic 5 7

Age (mean ± SD, years) 64.39 ± 5.52 66.79 ± 6.74 -1.624 0.109

Duration since stroke (months); median (Q1, Q3) 3.00(2.00,4.00) 2.00(2.00,4.00) -1.179 0.238

Years of education (years); median (Q1, Q3) 9.00(6.00,12.00) 6.00(6.00,9.00) -1.902 0.057

MMSE score; median (Q1, Q3) 16.00(6.25,23.00) 15.00(9.00,20.50) -0.548 0.584
Itbs, intermittent theta-burst stimulation; MMSE, Mini-Mental State Examination.
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of −1.7 to +2.9 points in stroke survivors (31); similar reliability was

reported for the telephone FAB variant in 2022 (32).

2.2.3 Activities of daily living
Functional independence was quantified with the BI (0–100).

Machine-learning prognostic modelling (2024) demonstrated that

baseline BI scores accurately predict discharge self-care status after

intensive stroke rehabilitation (33), while item-level analyses in a

2023 registry identified grooming and transfers as the strongest

early predictors of global BI at discharge (34).

2.2.4 Working-memory span
Forward Digit-Span (FDS) and Backward Digit-Span (BDS)

were delivered according to WAIS-IV procedures. A decade-long

longitudinal study revealed that BDS trajectories closely mirror

functional-connectivity changes and long-term cognitive recovery

post-stroke (35). Complementary evidence from a 2023

cardiovascular-risk cohort linked BDS decline to vascular-

cognitive trajectories in 137 stroke survivors (36).

2.2.5 Delayed recall
We assessed delayed recall using the MoCA’s memory subscore

(range 0–5). This subitem—a 5-word recall following a 5-minute

delay—is sensitive to hippocampal-dependent consolidation deficits

common in post-stroke cognitive impairment. Domain-specific

analyses have demonstrated that delayed recall declines

significantly between discharge and 3-month follow-up post-

stroke, highlighting its longitudinal sensitivity and prognostic

value for functional outcomes (37).

2.2.6 Attention
The attention domain of MoCA (range 0–6) includes tasks

assessing sustained attention, working memory (digit span), and

serial subtraction. Recent studies emphasize its robust association

with executive control network dysfunction and daily activity

performance post-stroke. Prognostic modeling studies have

confirmed that attention subscores contribute valuable specificity

in detecting PSCI, particularly when combined with other domain

scores (38, 39).

2.2.7 Inflammatory & metabolic biomarkers
Fasting venous samples (07:00–08:00 h) were collected for:

Hcy (mmol/L); CRP (mg/L); LDH (U/L). A 2023 meta-analysis

involving > 3–000 patients confirmed that elevated Hcy and CRP

independently predict early cognitive decline after acute stroke (40,

41). Two large observational studies reported that high LDH or an

elevated LDH-to-albumin ratio is associated with poor 3-month

neurological outcome and larger infarct burden (42, 43).

All evaluation indicators—MOCA total, MMSE, FAB, BI, FDS/

BDS, delayed recall, attention subscores, and inflammatory

biomarkers—were measured at baseline (week 0) and repeated at

end of week 4, ensuring consistency in pre- and post-

treatment comparisons.
Frontiers in Psychiatry 05
2.3 Intervention protocol

2.3.1 Overview of intervention
Both study arms received standard-of-care baseline treatment—

comprising conventional pharmacotherapy (e.g. antiplatelets,

statins, antihypertensives) and individualized rehabilitation

(physiotherapy, occupational therapy, physical modalities)—

alongside structured one-on-one cognitive training lasting 30

minutes daily. Cognitive tasks focused on everyday functional

relevance and engagement, including object recognition/use,

memory card tasks, numeracy tasks, and computer-assisted

training, with graduated difficulty tailored to patient ability. After

cognitive training, participants proceeded to group-specific

experimental treatments. Sessions occurred once daily, five times

per week for four consecutive weeks (total 20 sessions). Outcomes

were assessed at week 0 and week 4 endpoints.

2.3.2 iTBS treatment (experimental group)
The experimental group received intermittent theta-burst

stimulation (iTBS) delivered with a OSF-5/T TMS device

(Aosaifu, Wuhan, China) using a figure-of-“8” coil. The iTBS

protocol consisted of bursts of three pulses at 50 Hz, repeated at

5 Hz (theta rhythm). Specifically, a 2 s stimulation train was

followed by an 8 s pause, repeated until a total of 1200 pulses

over approximately 383.7 s (~6.4 min) per session. Stimulation

intensity was set at 80 % of the resting motor threshold (RMT)

measured at the contralesional M1 “motor hotspot” in sitting

subjects with relaxed upper limb muscles, defined as the minimal

intensity producing ≥50 μV MEP in 5 of 10 trials. The coil was

placed tangentially over the left dorsolateral prefrontal cortex

(DLPFC)—identified with standard anatomical landmarks and

the international 10—20 System—consistent with recent clinical

protocols for PSCI rehabilitation (see Figure 2A).

2.3.3 Sham stimulation (control group)
Sham treatment used an identical schedule and device settings,

but with the coil rotated 90°, producing similar acoustic and sensory

artifacts without effective cortical stimulation. All other parameters

(intensity, duration, coil type, session frequency) were matched to

the active iTBS group. Participants were instructed to remain

relaxed and stable throughout treatment, and the coil position

was consistently marked to ensure precision over the four-week

course (see Figure 2B).

2.3.4 Safety monitoring and stimulation precision
RMT was re-assessed weekly to accommodate potential

fluctuations in cortical excitability and to adjust stimulation

dosage accordingly. To promote safety, operators monitored for

adverse events (e.g. headache, scalp discomfort, syncope) after each

session, in line with updated NIBS safety guidelines (no serious

adverse effects were reported in prior iTBS-PSCI trials) (44, 45).

Coil positioning and patient head stability were verified before each

session to maintain consistent targeting across treatment days.
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2.4 Statistical analysis

All statistical analyses were performed using IBM SPSS

Statistics 26.0 (IBM Corp., Armonk, NY, USA). Data distribution

was examined using the Shapiro–Wilk test. Continuous variables

conforming to a normal distribution are presented as the mean ±

standard deviation (SD), while non-normally distributed data are

expressed as the median (interquartile range, IQR). Categorical

variables are summarized as counts and percentages.

Between-group differences in baseline demographic and clinical

characteristics (Table 1) were analyzed using the independent-
Frontiers in Psychiatry 06
samples t test for normally distributed variables, the Mann–

Whitney U test for non-normal variables, and the chi-square (c²)
test for categorical data.

To evaluate treatment effects, cognitive, subdomain, and

biochemical outcomes were analyzed using a two-way mixed-

design General Linear Model (GLM) with Group (iTBS vs. Sham)

as the between-subjects factor and Time (Pre vs. Post) as the within-

subjects factor (Table 2). The interaction term (Time × Group)

reflected the differential effect of iTBS relative to sham stimulation.

Where significant main or interaction effects were detected,

Bonferroni-corrected post hoc tests were performed. Partial h²
TABLE 2 General Linear Model (GLM) results for cognitive, subdomain, and biochemical outcomes in the iTBS and Sham groups.

Outcome
measure

Source of
variation

F df P-value
Partial
h² Interpretation

MMSE Time (Pre vs. Post) 39.001 1,67 <0.001 0.368
Significant Time effect; overall cognition improved after
treatment.

Group (iTBS vs. Sham) 3.318 1,67 0.073 0.047 Trend toward higher overall scores in iTBS.

Time × Group 9.26 1,67 0.003 0.121 iTBS group showed greater MMSE improvement than Sham.

MoCA Time (Pre vs. Post) 97.569 1,67 <0.001 0.593 Strong Time effect; marked global cognitive improvement.

Group (iTBS vs. Sham) 4.458 1,67 0.038 0.062 Overall higher MoCA scores in iTBS group.

Time × Group 4.503 1,67 0.038 0.063 Greater cognitive gain in iTBS vs. Sham.

FAB Time (Pre vs. Post) 74.914 1,67 <0.001 0.528 Executive function improved significantly in both groups.

Group (iTBS vs. Sham) 7.207 1,67 0.009 0.097 Higher overall FAB scores in iTBS.

Time × Group 2.3 1,67 0.134 0.033 No significant interaction; both groups improved similarly.

BI Time (Pre vs. Post) 74.63 1,67 <0.001 0.527 Activities of daily living improved after therapy.

Group (iTBS vs. Sham) 3.493 1,67 0.066 0.05 Trend toward higher overall BI in iTBS.

Time × Group 7.801 1,67 0.007 0.104 iTBS yielded greater functional gains than Sham.

FDS Time (Pre vs. Post) 45.103 1,67 <0.001 0.402 Working-memory span increased after treatment.

(Continued)
FIGURE 2

Stimulation Protocols for the iTBS and Sham Groups. (A) Real intermittent theta burst stimulation (iTBS) in the iTBS group: the figure-of-”8” coil
was positioned tangentially to the scalp over the left dorsolateral prefrontal cortex (DLPFC) at an angle that ensured effective cortical stimulation.
(B) Sham stimulation in the control group: the coil was rotated 90° perpendicular to the scalp surface, minimizing magnetic field penetration and
producing only auditory and somatosensory sensations without real cortical activation.
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values were calculated to estimate effect size and interpreted as small

(≥ 0.01), medium (≥ 0.06), and large (≥ 0.14).

For descriptive reference, paired-samples t-tests were used

within each group to identify significant pre-to-post changes, and

independent-samples t-tests were used to compare post-treatment

values between the iTBS and sham groups (Table 3).

Correlations between changes in cognitive performance and

biochemical parameters (Table 4; Figure 3) were examined using

Pearson’s correlation analysis within each group. D values were

computed as the difference between post- and pre-treatment scores

(D = Post – Pre).

All statistical tests were two-tailed, and a p value < 0.05 was

considered statistically significant.
3 Results

3.1 Baseline characteristics

As shown in Table 1, no significant differences were found

between the iTBS and sham groups in sex distribution, stroke type,
Frontiers in Psychiatry 07
age, time since stroke onset, years of education, or baseline MMSE

scores (all p > 0.05). These results indicate good baseline

comparability between the two groups prior to intervention.
3.2 Changes in global cognition and daily
function

After the 4-week intervention, both groups demonstrated

significant within-group improvements in MMSE, MoCA, FAB,

and BI scores compared with baseline (all p < 0.001). However,

post-treatment comparisons revealed that the iTBS group achieved

significantly greater gains than the sham group across all four scales

(Table 3, Figure 4A).

The two-way mixed General Linear Model (GLM) confirmed

significant main effects of Time for all cognitive and functional

measures (all p < 0.001), indicating overall improvement after

treatment. Moreover, significant Time × Group interactions for

MMSE (F = 9.26, p = 0.003, partial h² = 0.121), MoCA (F = 4.503,

p = 0.038, partial h² = 0.063), and BI (F = 7.801, p = 0.007, partial h²
= 0.104) suggest that iTBS combined with cognitive training led to
TABLE 2 Continued

Outcome
measure

Source of
variation

F df P-value
Partial
h² Interpretation

Group (iTBS vs. Sham) 3.476 1,67 0.067 0.049 Trend favoring iTBS overall.

Time × Group 5.281 1,67 0.025 0.073 Stronger FDS improvement in iTBS.

BDS Time (Pre vs. Post) 35.413 1,67 <0.001 0.346 Backward-digit memory improved across time.

Group (iTBS vs. Sham) 8.724 1,67 0.004 0.115 Higher overall BDS in iTBS group.

Time × Group 14.827 1,67 <0.001 0.181 Marked interaction: iTBS produced greater improvement.

Delayed Recall Time (Pre vs. Post) 49.644 1,67 <0.001 0.426 Memory recall improved after treatment.

Group (iTBS vs. Sham) 0.847 1,67 0.361 0.012 No group difference.

Time × Group 0.209 1,67 0.649 0.003 No differential effect between groups.

Attention Time (Pre vs. Post) 34.135 1,67 <0.001 0.338 Attention enhanced over time.

Group (iTBS vs. Sham) 3.521 1,67 0.065 0.05 Trend toward better performance in iTBS.

Time × Group 2.953 1,67 0.09 0.042 No significant interaction; both groups improved.

Hcy (mmol/L) Time (Pre vs. Post) 26.653 1,67 <0.001 0.285 Homocysteine decreased post-treatment in both groups.

Group (iTBS vs. Sham) 0.086 1,67 0.770 0.001 No group difference.

Time × Group 0.429 1,67 0.515 0.006 No interaction effect.

CRP (mg/L) Time (Pre vs. Post) 15.354 1,67 <0.001 0.186 Inflammatory marker decreased after treatment.

Group (iTBS vs. Sham) 0.029 1,67 0.865 <0.001 No difference between groups.

Time × Group 0.178 1,67 0.675 0.003 No interaction effect.

LDH (U/L) Time (Pre vs. Post) 33.603 1,67 <0.001 0.334 LDH decreased significantly after intervention.

Group (iTBS vs. Sham) 3.172 1,67 0.079 0.045 Trend toward lower LDH in iTBS.

Time × Group 2.899 1,67 0.093 0.041 Slight trend for stronger LDH reduction in iTBS.
Results are derived from a two-way mixed General Linear Model (GLM) with factors Time (Pre vs Post) and Group (iTBS vs Sham). F values, degrees of freedom (df), p-values, and partial h²
(effect sizes) are reported. Partial h² values are interpreted as small (≥ 0.01), medium (≥ 0.06), and large (≥ 0.14). p < 0.05 was considered statistically significant.
iTBS, intermittent theta-burst stimulation; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; FAB, Frontal Assessment Battery; BI, Barthel Index; FDS, forward
digit span; BDS, backward digit span; Hcy, homocysteine; CRP, C-reactive protein; LDH, lactate dehydrogenase.
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greater cognitive and functional improvements than sham

stimulation (Table 2).
3.3 Changes in memory and attention
subdomains

Baseline performance on the FDS, BDS, delayed recall, and

attention subscores did not differ significantly between groups (all p

> 0.05). Following intervention, both groups exhibited significant

within-group improvements in all subdomains (all p < 0.05).

Between-group comparisons indicated that the iTBS group

showed significantly greater improvements in FDS, BDS, and

attention scores compared with sham (all p < 0.05), whereas

differences in delayed recall did not reach significance

(Table 3, Figure 4B).

GLM analysis demonstrated significant Time effects for all

subdomains (all p < 0.001) and significant Time × Group
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interactions for FDS (F = 5.281, p = 0.025, partial h² = 0.073) and

BDS (F = 14.827, p < 0.001, partial h² = 0.181), confirming that

working-memory was more pronounced following iTBS

treatment (Table 2).
3.4 Changes in serum biochemical markers

At baseline, serum concentrations of Hcy, CRP, and LDH were

comparable between the two groups (all p > 0.05). After 4 weeks of

intervention, both groups exhibited significant within-group

reductions in these inflammatory biomarkers (all p < 0.05).

Notably, LDH levels decreased significantly more in the iTBS

group than in the sham group (p < 0.05), while intergroup

differences for Hcy and CRP were not statistically significant

(Table 3, Figure 4C).

GLM results further supported a significant main effect of Time

for all three markers (all p < 0.001), reflecting overall reduction after
TABLE 3 Descriptive statistics for cognitive, subdomain, and biochemical outcomes (Mean ± SD).

Outcome
measure

Group n Pre Post D Change T-value P-value

MMSE iTBS 36 15.08 ± 8.28 21.50 ± 6.93** 6.42 ± 6.95 5.543 <0.001*

Sham 33 14.30 ± 6.89 16.52 ± 6.32 2.21 ± 4.01 3.172 0.003*

MoCA iTBS 36 11.44 ± 6.73 18.81 ± 6.46** 7.36 ± 5.93 7.443 <0.001*

Sham 33 9.73 ± 6.00 14.48 ± 6.59 4.76 ± 3.97 6.886 <0.001*

FAB iTBS 36 8.25 ± 4.49 12.61 ± 4.28** 4.36 ± 4.27 6.127 <0.001*

Sham 33 6.48 ± 3.73 9.55 ± 3.95 3.06 ± 2.56 6.865 <0.001*

BI iTBS 36 45.56 ± 24.95 67.78 ± 22.85** 22.22 ± 17.58 7.583 <0.001*

Sham 33 41.97 ± 19.92 53.33 ± 17.35 11.36 ± 14.38 4.541 <0.001*

FDS iTBS 36 4.61 ± 2.36 6.53 ± 2.46** 1.92 ± 2.29 5.033 <0.001*

Sham 33 4.21 ± 1.82 5.15 ± 1.91 0.94 ± 0.90 6.001 <0.001*

BDS iTBS 36 1.97 ± 1.23 3.53 ± 1.50** 1.56 ± 1.61 5.792 <0.001*

Sham 33 1.70 ± 1.49 2.03 ± 1.40 0.33 ± 0.89 2.152 0.039*

Delayed Recall iTBS 36 0.78 ± 0.99 1.92 ± 1.42 1.14 ± 1.44 4.754 <0.001*

Sham 33 0.64 ± 0.90 1.64 ± 1.17 1.00 ± 1.03 5.573 <0.001*

Attention iTBS 36 2.67 ± 2.07 4.11 ± 1.92** 1.44 ± 1.80 4.826 <0.001*

Sham 33 2.18 ± 1.90 2.97 ± 1.96 0.79 ± 1.32 3.436 0.002*

Hcy (mmol/L) iTBS 36 13.542 ± 4.08 10.22 ± 3.42 -3.32 ± 4.65 4.285 <0.001*

Sham 33 13.382 ± 4.91 10.81 ± 2.61 -2.57 ± 4.83 3.060 0.004*

CRP (mg/L) iTBS 36 7.15 ± 11.19 3.77 ± 8.10 -3.37 ± 6.49 3.116 0.004*

Sham 33 6.45 ± 11.20 3.73 ± 6.51 -2.72 ± 6.40 2.440 0.020*

LDH (U/L) iTBS 36 158.69 ± 37.01 126.28 ± 18.01** -32.42 ± 34.96 5.563 <0.001*

Sham 33 164.39 ± 42.95 146.70 ± 39.06 -17.70 ± 36.84 2.760 0.009*
*Indicates a statistically significant difference within the same group (before vs. after treatment) (P<0.05). **Indicates a statistically significant difference between groups (iTBS vs. sham) after
treatment (P<0.05). Values are expressed as mean ± standard deviation (SD). D Change = Post – Pre. p < 0.05 was considered statistically significant. iTBS, intermittent theta-burst stimulation;
MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; FAB, Frontal Assessment Battery; BI, Barthel Index; FDS, forward digit span; BDS, backward digit span;
Hcy, homocysteine; CRP, C-reactive protein; LDH, lactate dehydrogenase.
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treatment, and a trend toward greater LDH reduction in the iTBS

group (F = 2.899, p = 0.093, partial h² = 0.041; Table 2).
3.5 Correlations between cognitive and
biochemical changes

To explore potential mechanistic relationships, Pearson

correlation analyses were conducted between D scores in cognitive

and biochemical measures (Table 4, Figure 3).

In the iTBS group, improvements in global and executive

cognitive functions (DMMSE, DMoCA, DFAB, DFDS, DBDS) were
significantly correlated with decreases in serum LDH (all r = –0.33

to –0.53, p < 0.05), while DFAB also correlated with reductions in

Hcy (r = –0.486, p = 0.003). These associations suggest that

cognitive gains were accompanied by biochemical modulation,

particularly LDH reduction.

In contrast, in the sham group, DMMSE, DMoCA, DFDS, and
DAttention were positively correlated with DHcy (r = 0.38–0.69, all

p < 0.05), indicating that lesser Hcy reduction was associated with

poorer cognitive improvement.
4 Discussion

4.1 Clinical significance and rationale

Early intervention in PSCI is crucial to prevent progression to

vascular dementia or mixed-type Alzheimer’s disease. While rTMS

has shown general benefits for cognitive deficits, evidence for iTBS in

PSCI remains scarce. This study demonstrates that both groups

experienced significant improvements in global cognition, with the

iTBS group showing superior gains compared to sham stimulation.
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These findings suggest that iTBS may exert more potent

neuromodulatory effects on cognitive recovery in PSCI, supporting

its potential as an adjunctive non-pharmacological approach.
4.2 Neurophysiological mechanisms: left
DLPFC, theta entrainment, and precision
targeting

Our hypo the s i s— t ha t r e s t o r ing the t a - f r equency

synchronization within the left DLPFC facilitates cognitive

recovery—was supported by the present findings and aligns with

emerging neurophysiological evidence. Consistent with previous

meta-analyses, excitatory TMS targeting the left DLPFC has been

shown to produce stronger improvements in global cognition,

memory, attention, and executive control in PSCI patients

compared with right-hemisphere or non-frontal stimulation sites

(46). In line with this, recent randomized controlled trials reported

that iTBS applied over the left DLPFC, when combined with

structured cognitive training, enhanced global and executive

functions and increased P300 amplitudes while shortening

latency, suggesting improved neural efficiency and cognitive

processing speed (47). A high-dose, individualized iTBS protocol

guided by functional connectivity mapping of the fronto-cognitive

network further yielded robust cognitive benefits without adverse

effects (10).

Mechanistically, theta-patterned stimulation delivered

intermittently is thought to entrain endogenous oscillations

within the theta band (4–7 Hz) and promote long-term

potentiation (LTP)-like plasticity in prefrontal–limbic circuits.

This network-level modulation extends beyond local cortical

excitability and may underlie the observed behavioral

improvements in executive and working-memory domains.

Functional near-infrared spectroscopy (fNIRS) and EEG studies

have demonstrated that iTBS induces increased activation in

frontopolar, orbitofrontal, and anterior cingulate regions,

correlating with improvements on functional scales such as BI

and LOTCA (48, 49). These findings underscore the distributed

neuroplastic response of the DLPFC-centered control network

following theta-burst entrainment.

Our study adds further evidence by showing that iTBS-induced

cognitive gains were accompanied by significant reductions in

serum lactate dehydrogenase (LDH) and homocysteine (Hcy),

both of which have been linked to oxidative stress and neural

injury. The significant negative correlations between DLDH and

Dcognitive scores in the iTBS group suggest that cortical

neuroplastic recovery may be associated with systemic metabolic

normalization and anti-inflammatory modulation. This observation

complements prior reports indicating that prefrontal stimulation

enhances mitochondrial efficiency and downregulates peripheral

stress markers (50, 51).

Taken together, these results support the notion that precision-

targeted iTBS over the left DLPFC can recalibrate disrupted

frontoparietal and limbic circuits through theta-band entrainment

and metabolic modulation, leading to functional and biochemical
TABLE 4 Correlations between Changes in Cognitive and Biochemical
Parameters after Treatment in the iTBS and Sham Groups.

Variable pair Group r P-value

DMMSE – DLDH iTBS -0.488 0.003

DMoCA – DLDH iTBS -0.384 0.021

DFAB – DHcy iTBS -0.486 0.003

DFAB – DLDH iTBS -0.525 0.001

DFDS – DLDH iTBS -0.334 0.046

DBDS – DLDH iTBS -0.351 0.036

DMMSE – DHcy Sham 0.687 <0.001

DMoCA – DHcy Sham 0.469 0.006

DFDS – DHcy Sham 0.382 0.028

DAttention – DHcy Sham 0.607 <0.001
Values represent Pearson correlation coefficients (r) and corresponding two-tailed p-values.
D indicates change from post- to pre-treatment (D = Post – Pre). p < 0.05 was considered
statistically significant. iTBS, intermittent theta-burst stimulation; MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; FAB, Frontal Assessment Battery; BI,
Barthel Index; FDS, forward digit span; BDS, backward digit span; Hcy, homocysteine;
CRP, C-reactive protein; LDH, lactate dehydrogenase.
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recovery in PSCI patients. The clinically practical protocol adopted

in this study (1200 pulses at 80% RMT over the left DLPFC) further

demonstrates real-world feasibility for integrating neuromodulation

into cognitive rehabilitation frameworks.
4.3 Domain-specific cognitive recovery:
working memory, executive function, and
everyday function

Our trial demonstrated that iTBS significantly enhanced

working memory (FDS, BDS), executive processing (FAB), and

activities of daily living (BI) more than sham stimulation. These

findings are consistent with the growing literature demonstrating

that iTBS targeted to the left DLPFC can selectively improve higher-

order cognitive domains in PSCI and related populations (46, 52).

A recent three-arm RCT at Peking University directly

compared high-dose (3600 pulses/day) iTBS, standard-dose (1200

pulses/day) iTBS, and sham controls in PSCI patients. Both active

groups improved on MoCA, but the high-dose strategy produced

significantly greater gains versus control and the standard-dose arm

(10). Improvements extended across secondary outcomes including

Wechsler Memory Scale and WAIS working-memory indices,

showing a dose-dependent effect on memory and executive

domains. Meanwhile, a network meta-analysis synthesizing data

from 12 RCTs (n ≈ 506) concluded that iTBS and conventional

rTMS both significantly improve global cognition and daily
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functioning in PSCI, but with stronger effect sizes for executive

and working-memory components in iTBS-treated patients,

although heterogeneous methodology limits conclusions (53, 54).

Moreover, an iTBS-plus-cognitive-training study in

NeuroRehabilitation (2023–2024) using fNIRS demonstrated that

combined treatment enhanced visuomotor organization and

thinking operations (LOTCA domains), accompanied by

activation changes in left DLPFC, prefrontal polar cortex and

Broca’s region — brain areas implicated in executive and

working-memory control (9). In parallel, a meta-analysis of post-

stroke iTBS for upper limb motor recovery reported concomitant

improvements in BI, reinforcing the link between enhanced

executive-motor integration and daily function recovery (55).

Lastly, broader reviews in stroke rehabilitation confirm that

domain-focused cognitive interventions, whether behavioral or

neurostimulatory, yield selective enhancements in memory and

executive subdomains and daily functioning — with iTBS

showing particular promise for working-memory transfer and

functional independence (48).

Thus, our results align with and extend the existing body of

evidence, indicating that left DLPFC-applied iTBS facilitates not

only global cognition but selectively bolsters working memory and

executive control, translating into meaningful gains in everyday

function. These cognitive-domain level improvements support the

mechanistic rationale of hemispheric excitation balance re-

establishment and network-level synchronization integration

in rehabilitation.
FIGURE 3

Correlations between changes in cognitive performance and biochemical markers following iTBS treatment. (A) Correlation between changes in
Mini-Mental State Examination (DMMSE) and lactate dehydrogenase (DLDH) levels (r = –0.488, p = 0.003). (B) Correlation between changes in
Montreal Cognitive Assessment (DMoCA) and DLDH levels (r = –0.384, p = 0.021). (C) Correlation between changes in Frontal Assessment Battery
(DFAB) and homocysteine (DHcy) levels (r = –0.486, p = 0.003). (D) Correlation between changes in DFAB and DLDH levels (r = –0.525, p = 0.001).
(E) Correlation between changes in forward digit span (DFDS) and DLDH levels (r = –0.334, p = 0.046). (F) Correlation between changes in backward
digit span (DBDS) and DLDH levels (r = –0.351, p = 0.036). Each panel illustrates a significant or near-significant relationship between cognitive
improvement and biochemical modulation after intermittent theta-burst stimulation (iTBS). Pearson’s correlation analysis revealed that greater
reductions in serum LDH and Hcy were associated with larger gains in global cognition, executive function, and working memory. Solid lines
represent the best-fit linear regression. r and p values are based on Pearson’s correlation analysis; mean ± SD values are used for descriptive
reference. iTBS, intermittent theta-burst stimulation; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; FAB, Frontal
Assessment Battery; FDS, forward digit span; BDS, backward digit span; Hcy, homocysteine; LDH, lactatedehydrogenase.
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4.4 Anti-inflammatory and neuroprotective
mechanisms of iTBS: biochemical
modulation and cognitive coupling in PSCI

Our findings indicate that iTBS significantly reduced serum

LDH levels compared with sham stimulation, while Hcy and CRP

decreased in both groups without statistically significant intergroup

differences. Importantly, correlation analyses revealed that
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reductions in LDH and Hcy were significantly associated with

improvements in global cognition (DMMSE, DMoCA) and

executive-working-memory performance (DFAB, DFDS, DBDS),
suggesting a biochemical–behavioral coupling mechanism

(Table 4, Figure 3).

A 2024 meta-analysis of repetitive TMS (rTMS) across various

neurological and psychiatric disorders reported consistent

improvements in peripheral inflammatory markers alongside
FIGURE 4

Comparison of cognitive, memory, and biochemical outcomes before and after treatment in the iTBS and sham groups. (A) Comparison of cognitive
function and activities of daily living scores before and after treatment in the two groups. (B) Comparison of memory and attention scores before
and after treatment in the two groups. (C) Comparison of serum biochemical indicators before and after treatment in the two groups. Values are
presented as mean ± SD. **Indicates a statistically significant difference between groups (P < 0.05). iTBS, intermittent theta-burst stimulation;
MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; FAB, Frontal Assessment Battery; BI, Barthel Index; FDS, forward
digit span; BDS, backward digit span; Hcy, homocysteine; CRP, C-reactive protein; LDH, lactatedehydrogenase.
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cognitive gains, underscoring the potential of inflammation

modulation to mediate clinical recovery (18, 56). In patients with

PSCI, a prospective South Korean trial applying high-frequency

rTMS over the ipsilesional DLPFC documented significant

reductions in blood IL-6 and IL-1b immediately after treatment,

which remained lower at three months and correlated strongly with

improvements in verbal memory and visuospatial functioning (57).

Although cytokine studies have dominated the literature, large-

scale cohort investigations demonstrate that elevated CRP and Hcy

are independent predictors of early cognitive decline after stroke.

For example, the Nor-COAST study (2023–2024) found that higher

CRP-to-lymphocyte and globulin-to-lymphocyte ratios were

associated with increased PSCI risk (4). Our results extend this

evidence by showing that iTBS-induced reductions in LDH may

reflect enhanced neuronal integrity and reduced oxidative injury.

LDH serves as a metabolic stress marker reflecting both astrocytic

glycolytic activity and tissue hypoxia; its decline may indicate

improved cerebral energy metabolism and reduced cell-damage

load following neuromodulation.

While LDH has been less extensively studied, its elevation is

widely recognized as a marker of neuronal injury and tissue

hypoxia, and reductions may reflect improved cellular integrity.

Recent neurophysiological evidence shows that rTMS applied to

cortical motor and prefrontal regions can modulate oxidative stress

and decrease serum LDH activity, paralleling behavioral recovery

(58). This aligns with our observation that greater LDH reductions

corresponded to stronger cognitive improvements, implying that

metabolic restoration is an integral component of the neuroplastic

response. Animal data further confirm that low-frequency rTMS

can suppress LDH release and improve memory and learning after

ischemia-hypoxia (56, 59).

In summary, this study is among the first to quantitatively

evaluate Hcy, CRP, and LDH as systemic biomarkers of iTBS

treatment in PSCI. The pronounced LDH reduction and its

strong correlation with cognitive recovery support the hypothesis

that iTBS ameliorates neuronal injury and metabolic dysregulation

through both central (neuroplasticity, theta entrainment) and

systemic (anti-oxidative, anti-inflammatory) pathways. These

findings provide mechanistic insight into how iTBS facilitates

cognitive rehabilitation and identify LDH as a promising

candidate biomarker for monitoring neuromodulation efficacy

in PSCI.
5 Advantages, tolerance and
limitations

The iTBS paradigm features shorter duration, focused rhythmic

pulses and higher patient tolerability compared to conventional

rTMS, as reflected by lower dropout rates and better subjective

acceptability in this trial. Its theta-rhythm alignment may improve
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precision targeting and cortical entrainment efficiency. However,

the study limitations include: lack (1) Although the original power

analysis estimated 78 participants to achieve sufficient statistical

power, only 72 were enrolled and 69 completed the study. This

modest shortfall may have slightly reduced the power to detect

smaller between-group effects. To address this limitation, the

analysis was strengthened using a two-way mixed General Linear

Model (GLM), which accounts for both within- and between-

subject variance and enhances the robustness of inference; (2) of

neuroimaging validation to objectively confirm cortical activation

changes; (3) absence of individualized stimulation parameter

optimization (e.g., target site, intensity, frequency); and (4)

enrollment solely of general cognitive impairment without

subtype stratification (e.g., visuospatial deficits or calculation

impairment), and limited assessment tools.
6 Future directions

Future research should incorporate neuroimaging (e.g., EEG or

fMRI) to map iTBS-induced network changes and confirm

engagement in cognitive circuits. Stratified RCTs comparing

customized stimulation parameters across cognitive subtypes

would enhance precision rehabilitation. Additionally, larger and

longer-term studies are needed to establish optimal frequency

selection (e.g., comparing 2, 5, 6 Hz), dose-response relationships,

and durability of effects.
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et al. Association between rTMS-induced changes in inflammatory markers and
improvement in psychiatric diseases: a systematic review. Ann Gen Psychiatry.
(2024) 23:31. doi: 10.1186/s12991-024-00514-0

19. Fu Y, Wang C, Zhang L, Ji D, Xiang A, Qi J, et al. The effectiveness of theta burst
stimulation for motor recovery after stroke: a systematic review. Eur J Med Res. (2024)
29:568. doi: 10.1186/s40001-024-02170-2

20. Aceves-Serrano L, Neva JL, Munro J, Vavasour IM, Parent M, Boyd LA, et al.
Evaluation of microglia activation related markers following a clinical course of TBS: A non-
human primate study. PloS One. (2024) 19:e0301118. doi: 10.1371/journal.pone.0301118
frontiersin.org

https://doi.org/10.1161/jaha.123.033807
https://doi.org/10.1161/circresaha.122.319951
https://doi.org/10.1161/circresaha.122.319951
https://doi.org/10.1161/strokeaha.122.041965
https://doi.org/10.3389/fneur.2025.1565613
https://doi.org/10.3389/fneur.2025.1565613
https://doi.org/10.3390/ijms23020602
https://doi.org/10.3389/fnagi.2024.1359792
https://doi.org/10.1016/j.bbr.2022.114229
https://doi.org/10.1016/j.bbr.2022.114229
https://doi.org/10.1002/gps.6117
https://doi.org/10.1097/phm.0000000000002344
https://doi.org/10.1016/j.brs.2025.02.009
https://doi.org/10.1177/10538135241303348
https://doi.org/10.3389/fneur.2024.1469877
https://doi.org/10.3389/fneur.2025.1542827
https://doi.org/10.4103/nrr.Nrr-d-24-01189
https://doi.org/10.1007/s11033-024-09241-x
https://doi.org/10.3390/biomedicines12071560
https://doi.org/10.3390/biomedicines12071560
https://doi.org/10.1016/j.expneurol.2025.115255
https://doi.org/10.1186/s12991-024-00514-0
https://doi.org/10.1186/s40001-024-02170-2
https://doi.org/10.1371/journal.pone.0301118
https://doi.org/10.3389/fpsyt.2025.1686265
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Xia et al. 10.3389/fpsyt.2025.1686265
21. Boutron I, Altman DG, Moher D, Schulz KF, Ravaud P. CONSORT statement
for randomized trials of nonpharmacologic treatments: A 2017 update and a
CONSORT extension for nonpharmacologic trial abstracts. Ann Intern Med. (2017)
167:40–7. doi: 10.7326/m17-0046

22. Rossi S, Antal A, Bestmann S, Bikson M, Brewer C, Brockmöller J, et al. Safety
and recommendations for TMS use in healthy subjects and patient populations, with
updates on training, ethical and regulatory issues: Expert Guidelines. Clin Neurophysiol.
(2021) 132:269–306. doi: 10.1016/j.clinph.2020.10.003

23. Shen W, Fan X, Wang L, Zhang Y. Traditional chinese medicine for post-stroke
cognitive impairment: A systematic review and meta-analysis. Front Pharmacol. (2022)
13:816333. doi: 10.3389/fphar.2022.816333

24. Hachinski V, Iadecola C, Petersen RC, Breteler MM, Nyenhuis DL, Black SE,
et al. National Institute of Neurological Disorders and Stroke-Canadian Stroke
Network vascular cognitive impairment harmonization standards. Stroke. (2006)
37:2220–41. doi: 10.1161/01.Str.0000237236.88823.47

25. Whitehead AL, Julious SA, Cooper CL, Campbell MJ. Estimating the sample size
for a pilot randomized trial to minimise the overall trial sample size for the external
pilot and main trial for a continuous outcome variable. Stat Methods Med Res. (2016)
25:1057–73. doi: 10.1177/0962280215588241

26. Groppa S, Oliviero A, Eisen A, Quartarone A, Cohen LG, Mall V, et al. A
practical guide to diagnostic transcranial magnetic stimulation: report of an IFCN
committee. Clin Neurophysiol. (2012) 123:858–82. doi: 10.1016/j.clinph.2012.01.010

27. Silbert BI, Patterson HI, Pevcic DD, Windnagel KA, Thickbroom GW. A
comparison of relative-frequency and threshold-hunting methods to determine
stimulus intensity in transcranial magnetic stimulation. Clin Neurophysiol. (2013)
124:708–12. doi: 10.1016/j.clinph.2012.09.018

28. Rossini PM, Burke D, Chen R, Cohen LG, Daskalakis Z, Di Iorio R, et al. Non-
invasive electrical and magnetic stimulation of the brain, spinal cord, roots and
peripheral nerves: Basic principles and procedures for routine clinical and research
application. An updated report from an I.F.C.N. Committee. Clin Neurophysiol. (2015)
126:1071–107. doi: 10.1016/j.clinph.2015.02.001

29. Wei X, Liu Y, Li J, Zhu Y, Li W, Zhu Y, et al. MoCA and MMSE for the
detection of post-stroke cognitive impairment: a comparative diagnostic test accuracy
systematic review and meta−analysis. J Neurol. (2025) 272:407. doi: 10.1007/s00415-
025-13146-5

30. Wei X, Ma Y, Wu T, Yang Y, Yuan Y, Qin J, et al. Which cutoff value of the
Montreal Cognitive Assessment should be used for post-stroke cognitive impairment?
A systematic review and meta-analysis on diagnostic test accuracy. Int J Stroke. (2023)
18:908–16. doi: 10.1177/17474930231178660

31. Sakai K, Hosoi Y, Harada Y, Morikawa K, Kato Y. Validity and reliability of the
Japanese version of the frontal assessment battery in patients with stroke. Neurol Int.
(2024) 16:1086–93. doi: 10.3390/neurolint16050081

32. Aiello EN, Pucci V, Diana L, Niang A, Preti AN, Delli Ponti A, et al. Telephone-
based Frontal Assessment Battery (t-FAB): standardization for the Italian population
and clinical usability in neurological diseases. Aging Clin Exp Res. (2022) 34:1635–44.
doi: 10.1007/s40520-022-02155-3

33. Campagnini S, Sodero A, BacciniM, Hakiki B, GrippoA,Macchi C, et al. Prediction
of the functional outcome of intensive inpatient rehabilitation after stroke using machine
learning methods. Sci Rep. (2025) 15:16083. doi: 10.1038/s41598-025-00781-1

34. Pournajaf S, Pellicciari L, Proietti S, Agostini F, Gabbani D, Goffredo M, et al.
Which items of the modified Barthel Index can predict functional independence at
discharge from inpatient rehabilitation? A secondary analysis retrospective cohort
study. Int J Rehabil Res. (2023) 46:230–7. doi: 10.1097/mrr.0000000000000584

35. Eriksson J, Nyberg L, Elgh E, Hu X. Improvement of cognition across a decade
after stroke correlates with the integrity of functional brain networks. NeuroImage Clin.
(2023) 37:103356. doi: 10.1016/j.nicl.2023.103356

36. Oestreich LK, Wright P, O’Sullivan MJ. Cardiovascular risk factors are
associated with cognitive trajectory in the first year after stroke. Cereb Circ Cognit
Behav. (2024) 7:100230. doi: 10.1016/j.cccb.2024.100230

37. Saa JP, Tse T, Koh GC, Yap P, Baum CM, Uribe-Rivera DE, et al.
Characterization and individual-level prediction of cognitive state in the first year
after ‘mild’ stroke. PloS One. (2024) 19:e0308103. doi: 10.1371/journal.pone.0308103

38. Zhang M, Wang K, Xie L, Pan X. Short-term Montreal Cognitive Assessment
predicts functional outcome after endovascular therapy. Front Aging Neurosci. (2022)
14:808415. doi: 10.3389/fnagi.2022.808415

39. Gallucci L, Sperber C, Monsch AU, Klöppel S, ArnoldM, Umarova RM. Improving
diagnostic accuracy of the Montreal Cognitive Assessment to identify post-stroke
cognitive impairment. Sci Rep. (2024) 14:20125. doi: 10.1038/s41598-024-71184-x
Frontiers in Psychiatry 14
40. Wang L, Yang L, Liu H, Pu J, Li Y, Tang L, et al. C-reactive protein levels and
cognitive decline following acute ischemic stroke: A systematic review and meta-
analysis. Brain Sci. (2023) 13(7):1082. doi: 10.3390/brainsci13071082

41. Ma Y, Chen Y, Yang T, He X, Yang Y, Chen J, et al. Blood biomarkers for post-
stroke cognitive impairment: A systematic review and meta-analysis. J Stroke
Cerebrovasc Dis. (2024) 33:107632. doi: 10.1016/j.jstrokecerebrovasdis.2024.107632

42. Chu M, Niu H, Yang N, Wang D, Liu Y, Mao X, et al. High serum lactate
dehydrogenase to albumin ratio is associated with increased risk of poor prognosis after
ischemic stroke. Clin Neurol Neurosurg. (2024) 237:108120. doi: 10.1016/
j.clineuro.2024.108120

43. Dong F, Wang X, Li J, Zhao D, Li J. Causal relationship between lactate
dehydrogenase and risk of developing ischemic stroke: A Mendelian randomized
study. Brain Behav. (2024) 14:e3352. doi: 10.1002/brb3.3352

44. Jiang T, Wang M, Hao X, Xu J, Zhang Q, Wei X, et al. Intermittent theta burst
stimulation for poststroke non-spatial attention deficit: a protocol of prospective,
double-blinded, single-center, randomized controlled trial in China. BMJ Open. (2023)
13:e075131. doi: 10.1136/bmjopen-2023-075131

45. Daoud A, Elsayed M, Alnajjar AZ, Krayim A, AbdelMeseh M, Alsalloum T, et al.
Efficacy of intermittent theta burst stimulation (iTBS) on post-stroke cognitive
impairment (PSCI): a systematic review and meta-analysis. Neurol Sci. (2024)
45:2107–18. doi: 10.1007/s10072-023-07267-w

46. Han K, Liu J, Tang Z, Su W, Liu Y, Lu H, et al. Effects of excitatory transcranial
magnetic stimulation over the different cerebral hemispheres dorsolateral prefrontal
cortex for post-stroke cognitive impairment: a systematic review and meta-analysis.
Front Neurosci. (2023) 17:1102311. doi: 10.3389/fnins.2023.1102311

47. Xu M, Nikolin S, Moffa AM, Xu XM, Su Y, Li R, et al. Prolonged intermittent
theta burst stimulation targeting the left prefrontal cortex and cerebellum does not
affect executive functions in healthy individuals. Sci Rep. (2024) 14:11847. doi: 10.1038/
s41598-024-61404-9

48. Yu H, Zheng B, Zhang Y, Chu M, Shu X, Wang X, et al. Activation changes in
patients with post-stroke cognitive impairment receiving intermittent theta burst
stimulation: A functional near-infrared spectroscopy study. NeuroRehabilitation.
(2024) 54:677–90. doi: 10.3233/nre-240068

49. Chen WT, Yeh YW, Kuo SC, Shiao YC, Huang CC, Wang YG, et al. Therapeutic
effects of theta burst stimulation on cognition following brain injury. Clin
Psychopharmacol Neurosci. (2025) 23:161–5. doi: 10.9758/cpn.24.1193

50. Bashir S, Uzair M, Abualait T, Arshad M, Khallaf RA, Niaz A, et al. Effects of
transcranial magnetic stimulation on neurobiological changes in Alzheimer’s disease
(Review). Mol Med Rep. (2022) 25(4):109. doi: 10.3892/mmr.2022.12625

51. Liu G, Xue B, Guan Y, Luo X. Effects of repetitive transcranial magnetic
stimulation combined with cognitive training on cognitive function in patients with
Alzheimer’s disease: a systematic review and meta-analysis. Front Aging Neurosci.
(2023) 15:1254523. doi: 10.3389/fnagi.2023.1254523

52. Sun Y, Wang H, Ku Y. Intermittent theta-burst stimulation increases the
working memory capacity of methamphetamine addicts. Brain Sci. (2022) 12
(9):1212. doi: 10.3390/brainsci12091212

53. Zheng B, Chen J, Cao M, Zhang Y, Chen S, Yu H, et al. The effect of intermittent
theta burst stimulation for cognitive dysfunction: a meta-analysis. Brain Inj. (2024)
38:675–86. doi: 10.1080/02699052.2024.2344087

54. Zhu M, Huang S, Chen W, Pan G, Zhou Y. The effect of transcranial magnetic
stimulation on cognitive function in post-stroke patients: a systematic review and meta-
analysis. BMC Neurol. (2024) 24:234. doi: 10.1186/s12883-024-03726-9

55. Lu J, Huang J, Ye A, Xie C, Bu P, Kang J, et al. Effect of intermittent theta burst
stimulation on upper limb function in stroke patients: a systematic review and meta-
analysis. Front Neurol. (2024) 15:1450435. doi: 10.3389/fneur.2024.1450435

56. Wang Y, Wang L, Ni X, Jiang M, Zhao L. Efficacy of repetitive transcranial
magnetic stimulation with different application parameters for post-stroke cognitive
impairment: a systematic review. Front Neurosci. (2024) 18:1309736. doi: 10.3389/
fnins.2024.1309736

57. Cha B, Kim J, Kim JM, Choi JW, Choi J, Kim K, et al. Therapeutic effect of repetitive
transcranial magnetic stimulation for post-stroke vascular cognitive impairment: A
prospective pilot study. Front Neurol. (2022) 13:813597. doi: 10.3389/fneur.2022.813597

58. Jin H, Bi R, Hu J, Xu D, Su Y, Huang M, et al. Elevated serum lactate
dehydrogenase predicts unfavorable outcomes after rt-PA thrombolysis in ischemic
stroke patients. Front Neurol. (2022) 13:816216. doi: 10.3389/fneur.2022.816216

59. Wu T, Tang C, Fan J, Tao J. Administration of rTMS Alleviates Stroke-Induced
Cognitive Deficits by Modulating miR-409-3p/CTRP3/AMPK/Sirt1 Axis. J Mol
Neurosci. (2022) 72:507–15. doi: 10.1007/s12031-021-01924-5
frontiersin.org

https://doi.org/10.7326/m17-0046
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.3389/fphar.2022.816333
https://doi.org/10.1161/01.Str.0000237236.88823.47
https://doi.org/10.1177/0962280215588241
https://doi.org/10.1016/j.clinph.2012.01.010
https://doi.org/10.1016/j.clinph.2012.09.018
https://doi.org/10.1016/j.clinph.2015.02.001
https://doi.org/10.1007/s00415-025-13146-5
https://doi.org/10.1007/s00415-025-13146-5
https://doi.org/10.1177/17474930231178660
https://doi.org/10.3390/neurolint16050081
https://doi.org/10.1007/s40520-022-02155-3
https://doi.org/10.1038/s41598-025-00781-1
https://doi.org/10.1097/mrr.0000000000000584
https://doi.org/10.1016/j.nicl.2023.103356
https://doi.org/10.1016/j.cccb.2024.100230
https://doi.org/10.1371/journal.pone.0308103
https://doi.org/10.3389/fnagi.2022.808415
https://doi.org/10.1038/s41598-024-71184-x
https://doi.org/10.3390/brainsci13071082
https://doi.org/10.1016/j.jstrokecerebrovasdis.2024.107632
https://doi.org/10.1016/j.clineuro.2024.108120
https://doi.org/10.1016/j.clineuro.2024.108120
https://doi.org/10.1002/brb3.3352
https://doi.org/10.1136/bmjopen-2023-075131
https://doi.org/10.1007/s10072-023-07267-w
https://doi.org/10.3389/fnins.2023.1102311
https://doi.org/10.1038/s41598-024-61404-9
https://doi.org/10.1038/s41598-024-61404-9
https://doi.org/10.3233/nre-240068
https://doi.org/10.9758/cpn.24.1193
https://doi.org/10.3892/mmr.2022.12625
https://doi.org/10.3389/fnagi.2023.1254523
https://doi.org/10.3390/brainsci12091212
https://doi.org/10.1080/02699052.2024.2344087
https://doi.org/10.1186/s12883-024-03726-9
https://doi.org/10.3389/fneur.2024.1450435
https://doi.org/10.3389/fnins.2024.1309736
https://doi.org/10.3389/fnins.2024.1309736
https://doi.org/10.3389/fneur.2022.813597
https://doi.org/10.3389/fneur.2022.816216
https://doi.org/10.1007/s12031-021-01924-5
https://doi.org/10.3389/fpsyt.2025.1686265
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Effect of intermittent theta burst stimulation of the left DLPFC on cognitive function and inflammatory markers in post-stroke cognitive impairment: a randomized controlled trial
	1 Introduction
	2 Methods
	2.1 Subjects
	2.1.1 Eligibility criteria
	2.1.2 Sample-size determination
	2.1.3 Randomization and masking
	2.1.4 Baseline assessment
	2.1.5 Ethics and registration

	2.2 Evaluation indicators
	2.2.1 Global cognition
	2.2.2 Frontal-executive function
	2.2.3 Activities of daily living
	2.2.4 Working-memory span
	2.2.5 Delayed recall
	2.2.6 Attention
	2.2.7 Inflammatory &amp; metabolic biomarkers

	2.3 Intervention protocol
	2.3.1 Overview of intervention
	2.3.2 iTBS treatment (experimental group)
	2.3.3 Sham stimulation (control group)
	2.3.4 Safety monitoring and stimulation precision

	2.4 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Changes in global cognition and daily function
	3.3 Changes in memory and attention subdomains
	3.4 Changes in serum biochemical markers
	3.5 Correlations between cognitive and biochemical changes

	4 Discussion
	4.1 Clinical significance and rationale
	4.2 Neurophysiological mechanisms: left DLPFC, theta entrainment, and precision targeting
	4.3 Domain-specific cognitive recovery: working memory, executive function, and everyday function
	4.4 Anti-inflammatory and neuroprotective mechanisms of iTBS: biochemical modulation and cognitive coupling in PSCI

	5 Advantages, tolerance and limitations
	6 Future directions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


