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ABSTRACT

Objective: This meta-analysis of randomized controlled trials (RCTs) examines
the effects of repetitive transcranial magnetic stimulation (rTMS) on cognitive
function in elderly patients (aged 55 or older) and identifies potential influencing
factors.

Methods: Searches of Embase, Web of Science, Cochrane Library, PubMed,
CNKI, and Wanfangidentified RCT studies evaluating the Impact of rTMS on cognition
in older adults. The search spanned the period from the database’s inception to
15 December 2024. Following the study identification and data extraction by two
independent reviewers, the risk of bias was assessed with the Cochrane RoB tool.
Data synthesis and subgroup analysis were performed via SMD, WMD, and 95% Cls
to evaluate the effects of rTMS and its influencing factors. The review protocol was
prospectively registered in PROSPERO (CRD42020187336)

Results: A total of 13 studies, including 14 trials with 655 patients, were analyzed.
Compared to the control group, real rTMS significantly improved cognition in
elderly patients (Global Cognitive Function: SMD, 0.56;95% Cl 0.33,0.79; p<0.0001;
MMSE: WMD,2.04;95% Cl 1.54,2.53; p<0.0001; ADAS-Cog: WMD, -2.59;95% ClI
-3.63, -1.54; p<0.0001; MoCA: WMD,2.46; 95% Cl 1.47, 3.45; p<0.0001). Subgroup
analysis revealed that participants receiving rTMS combined with cognitive
training demonstrated more significant improvements than those receiving rTMS
alone (WMD: 0.51; 95% Cl: 0.26,0.76; p < 0.0001). Additionally, other subgroup
analyses—including rTMS stimulating sites (multiple vs. single sites), education
years (=10 vs. <10 years), and rTMS frequency (5/10/20 Hz vs. iTBS (intermittent
theta-burst stimulation)—showed no significant differences (p > 0.05).

Conclusion: Both standalone rTMS and rTMS combined with cognitive training—
which varied across studies and included both computerized paradigms (face-name
associative memory training, mirror neuron system therapy, VR interactions) and
individualized one-on-one training—demonstrated significant efficacy in improving
global cognitive function in elderly patients with mild to moderate symptoms. As a
safe and well-tolerated intervention, rTMS demonstrates considerable potential for
reliable clinical application.

Introduction

With a rapidly ageing global population, globally, over 60
million people aged 50 years and above are living with cognitive
impairment(Primary neurodegenerative cognitive disorders—such as
Alzheimer’s disease (AD), frontotemporal dementia (FTD), dementia
with Lewy bodies (DLB), and Parkinson’s disease dementia (PDD)), and
the projection indicates a doubling every five years'. The global economic
burden of dementia is estimated at approximately US $1.3 trillion
annually, with unpaid caregiving constituting the largest component of
these costs?2. Common cognitive impairment risk factors include both
non-modifiable and modifiable elements, such as advanced age, lifestyle
choices (sedentary behaviours and poor diet), physical inactivity, and
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lower educational level attainment®. Among these, ageing is
a major contributor. Specifically, as age increases, the brain
undergoes progressive structural and functional changes,
including decreased synaptic plasticity in memory-related
neural circuits and volumetric atrophy of the hippocampus*.
Additionally, long-term epidemiological evidence shows
that age-related cerebrovascular and cardiovascular
diseases, such as stroke and ischemic heart disease, are
closely connected to a higher risk of cognitive decline®.
Cognitive impairment has effects that extend beyond
individual patients, resulting in significant socioeconomic
impacts and burdens®. In elderly populations, impaired
cognition signals a critical shift from normal age-
related decline to dementia. Without intervention, this
condition often progresses to dementia, characterized
by worsening memory, deficits in executive function, and
a decline in language and problem-solving skills’. Early
detection, diagnosis, and treatment are the most cost-
effective cognitive impairment management methods®.
Pharmacological interventions remain the cornerstone
of clinical management for cognitive impairment.
Current therapeutic approaches predominantly feature
cholinesterase blockers (e.g, donepezil) and NMDA
receptor inhibitors (memantine), calcium channel blockers
(nilvadipine), and (-secretase inhibitors, which are used
to reduce cognitive decline®. However, current evidence
shows limited or negligible therapeutic efficacy of these
agents, and their long-term safety profiles during extended
treatment regimens remain poorly understood and
defined®™.

As an emerging non-invasive neuromodulation
modality, TMS holds significant promise in managing age-
related cognitive disorders, especially for cases refractory
to conventional drug therapies. Its targeted approach and
excellent safety margin offer a new direction for addressing
this growing clinical challenge!’. Cognition depends on
the dynamic interplay of large-scale networks—default-
mode, salience, and central-executive systems—that show
aberrant connectivity in cognitive impairment. rTMS
can be precisely delivered to key network nodes, such as
the dorsolateral prefrontal cortex. The induced effects
then propagate along white-matter tracts to distal hubs
(e.g., the hippocampus and parietal cortex), normalizing
network  excitability, strengthening inter-network
coupling, and increasing information transfer efficiency'2.
At the neurochemical level, rTMS acutely modulates
glutamate release and N-methyl-D-aspartate receptor
function, while attenuating y-aminobutyric acid-mediated
inhibition, thereby restoring the excitatory-inhibitory
balance required for accurate encoding and filtering of
information®. Rodent studies further suggest that rTMS
may accelerate (-amyloid clearance and reduce tau
hyperphosphorylation, presumably by enhancing activity-
dependent glymphatic flow and microglial phagocytosis'*.

TMS works through Faraday’s Law of Electromagnetic
Induction. Specifically, a high-intensity electric current
(around 8000 A) of short duration (100-300 ps) flows
through a stimulation coil, generating a magnetic pulse
field (ranging from 1 to 5 Tesla) in the vicinity. This time-
varying magnetic field induces currents within conductive
biological tissues, such as neuronal membranes, through
electromagnetic processes coupling?®. The interventions
trigger synaptic activation, producing excitatory or
inhibitory effects in the cerebral cortex. This localized
neuromodulation then spreads to neighboring cortical
and subcortical areas through long-range connections,
thereby enhancing the efficacy of network-wide neural
activity'®!’. rTMS enables the modification of large brain
networks, thereby improving their function in patients
with specific network alterations or certain conditions.
Therefore, applying rTMS to modulate neural activity
in targeted brain regions of older adults with cognitive
impairment may reorganize dysfunctional network
interactions and restore impaired functional connectivity,
thereby enhancing cognitive function performance!®!2,
Numerous published studies have shown that rTMS
treatment has positive effects on cognitive function in
elderly patients with cognitive impairment, including
clinical behavioral aspects, functional connectivity, and
cortical activity excitability?'#212, Despite accumulating
evidence supporting the therapeutic potential of rTMS in
cognitive impairment, recent studies have raised concerns
about its clinical effectiveness and the significance of
translational efforts, including the non-persistent efficacy,
heterogeneous responses among disease subtypes (AD,
MCI) and individuals, non-standardized stimulation
parameters, and a lack of personalized protocols for
distinct etiologies and disease progression stages. These
uncertainties mainly arise from methodological limitations
in RCTs, such as inadequate sample sizes, incomplete
behavioural assessments, and a lack of neuroimaging or
biomarker-based outcome measures?*?2,

Notable limitations of current research include: existing
studies on cognitive impairment mainly focus on specific
cognitive functions (episodic memory, executive function),
with little attention given to comprehensive assessments
of overall cognitive outcomes. For example, Marra et al.
(2015) solely examined the Impact of rTMS on the daily
memory abilities of seniors with mild cognitive decline,
while Wang et al. (2021) limited their analysis to rTMS-
induced improvements in executive functions?*?’. This
narrow focus highlights the importance of standardized,
multi-faceted cognitive assessments to measure the
widespread impacts of neuromodulatory interventions.
Building on the mechanism by which rTMS modulates
large-scale brain network connectivity, future clinical trials
should prioritize the following directions: First, elucidate
the specificity of network modulation. The effects of rTMS
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are target-dependent. Stimulation of the left DLPFC may
preferentially improve executive functions and working
memory?, whereas modulation of the precuneus (a
key DMN node) might enhance episodic memory'l. A
comprehensive cognitive assessment is required to map
these specific brain-behavior relationships. Second,
assess translational value and ecological validity. Since
the goal is to improve daily life, outcomes must extend
beyond laboratory tests. Integrating patient and caregiver
reports on functional abilities, along with performance-
based measures that simulate real-world tasks, is crucial
for demonstrating clinically meaningful benefits. Third,
discover biomarkers for treatment individualization.
multidimensional data (behavioral, neuroimaging, EEG,
and genetic). This will help answer the critical question:
which baseline characteristics predict optimal response
to a given rTMS protocol? The answer is key to developing
precision rTMS therapies. The high variability in study
populations, which often includes different diagnostic
groups. For example, Pagali et al. (2023) included patients
with AD, MCI, schizophrenia, depression, bipolar disorder,
and other neurological conditions in their rTMS trials.
This broad inclusion criterion introduces confounding
variability, thereby reducing the clinical specificity and
translational relevance of reported therapeutic effects®.
Furthermore, the effectiveness of rTMS greatly relies on
protocol parameters such as stimulation frequency, target
sites, and treatment duration. Conducting systematic
studies of these parameter-dependent effects is essential
for optimizing rTMS protocols and advancing personalized
treatment approaches®’.

Although recent meta-analyses have examined the
therapeutic effectiveness of rTMS for cognitive disorders,
these studies mainly focus on AD, MCI, and post-stroke
cognitive impairment (PSCI)31%2%, The review by Calvin Pak
Wing Cheng and colleagues (2017) identified the cognitive
benefits of rTMS in cognitively impaired elderly populations
but also highlighted critical methodological shortcomings:
(DLimited Quantity and Quality of Included Studies: The
analysis relied on a relatively small pool of RCTs, resulting in
compromised statistical power and increased vulnerability
to the influence of any single study’s results. (2)Significant
Clinical and Methodological Heterogeneity: The inclusion
of patients with different etiologies (AD, MCI, vascular) and
disease severities, alongside substantial variations in rTMS
protocols (frequency, target), obscured the identification of
optimal patient populations and stimulation parameters.
(®Incomplete Outcome Assessment and Potential for
Publication Bias: The scope of assessed cognitive outcomes
may have been narrow, and the analysis was potentially
susceptible to publication bias, thereby limiting the
comprehensiveness and reliability of the findings. This
study systematically evaluates the efficacy of rTMS for
cognitive impairment in adults aged 55 and older by

synthesizing data from recent, large-scale RCTs3*353636,
We employed rigorous inclusion criteria to define a
specific patient population, thereby enabling a targeted
analysis. The incorporation of a substantial number of
high-quality RCTs has established a robust evidence base,
enhancing the reliability of the overall treatment effect
estimate. Our analysis aims to optimize rTMS treatment
protocols for this demographic. Furthermore, pre-specified
subgroup analyses are designed to clarify the impact of
key variables—including stimulation parameters, cortical
targets, patient education, and cognitive training. The
interaction between rTMS and cognitive training appears
to be influenced by the complex dynamics of brain network
organization, which involve fundamental properties such as
topological configuration and oscillatory synchronization.
These insights aim to inform personalized rTMS strategies
and advance precision medicine®. Finally, we will explore
the clinical mechanisms of rTMS and contrast them
with established pharmacological pathways to guide
standardized clinical practice.

Methods
Eligibility Criteria

Inclusion criteria were met if the studies involved: (1)
individuals aged 55 or older patients with a diagnosis of
MCI, AD, or PD-related cognitive impairment®?°; (2) The
group receiving rTMS; (3) The control group received
sham rTMS (inactive or weak stimulation); (4) The results
of cognitive outcome measures from the Mini-Mental State
Examination (MMSE), the Alzheimer’s Disease Assessment
Scale-Cognitive Subscale (ADAS-cog), and other cognitive
function assessment methods (such as mood and behavior)

were reported or provided upon request; (5) Publications
in English or Chinese.

Exclusion Criteria

Studies will be excluded for these reasons: (1) not
randomized controlled trials (RCTs), (2) not reporting
cognitive outcomes, (3) original data is unavailable, (4)
conference abstracts, editorials, reviews, meta-analyses,
theses/dissertations, case reports/series, or presenting
duplicate data.

Search Strategy

Our meta-analysis followed PRISMA standards for
systematic reviews* (Figure 1) and is registered with
PROSPERO (registration number CRD42020187336),
ensuring transparency and research compliance. We
conducted a comprehensive search for clinical RCTs on
rTMS treatment for cognitive defects across six databases:
Embase, Web of Science, Cochrane Library, PubMed, China
National Knowledge Infrastructure (CNKI), and Wanfang
Database from their inception to 15 December 2024. The
search criteria included MeSH terms, free-text keywords,
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and their equivalents, such as transcranial magnetic
stimulation, cognitive dysfunction, and randomized
controlled trial. Supplementary Material 1 outlines the
search terms and the search strategies. EndNote X9 is used
to manage the retrieved literature.

Data Extraction

EndNote (version X9) was used to manage the retrieved
literature, and two reviewers removed irrelevant articles
and selected articles of interest by reading titles and
abstracts. Two reviewers, FJ] and YM, carefully evaluated
the studies against the predetermined inclusion criteria
and then selected those that met the criteria. After
thoroughly reviewing the full texts, the chosen articles
were compiled and examined to reach a final conclusion.
Disagreements were resolved through discussion or
by seeking input from a third reviewer, CZG. The data
extracted from all included studies were independently
organized into a pre-designed spreadsheet. Extracted
data included (1) sample size; (2) study characteristics
(such as study design, population, intervention duration,
group configuration, TMS parameters); (3) outcome
measures; (4) adverse effects. When available, the MMSE
or ADAS-cog was selected as the cognitive outcome
measure; otherwise, the primary outcome measure
was used. Where accessible data proved insufficient,
primary researchers were consulted for supplemental
information. We included RCTs with parallel group or
cross-over designs, analyzing only data from the first
period of cross-over trials to prevent carry-over effects.
The studies included compared sham treatments with
active controls and assessed changes in overall cognitive
function or specific cognitive areas.

Quality Assessment

The two reviewers assessed the methodological rigor of
the trials included in the meta-analysis, drawing on the
six key areas outlined in version 5.1.0 of the Cochrane
Handbook for Systematic Reviews of Interventions’ risk of
bias tool. In cases of disagreement, we actively involved a
third investigator (C-ZG) to secure a clear consensus. The
assessment of bias risk and evidence quality is categorized
as low, unclear, or high, following the standards outlined
in the Cochrane Handbook. The evaluation screened
for (1) selection bias, which was assessed based on the
adequacy of randomization and allocation concealment
methods; (2) execution bias, including blinding of
participants, investigators, and assessors, evaluated by
the quality of the blinding method. (3) Follow-up bias:
assessed by outcome data completeness and missing
data handling; (4) Publication bias: evaluated by selective
outcome reporting, and (5) any other bias. The level of
bias risk for each category was classified as high, low, or
indeterminate.

Evidence Quality Assessment

Two reviewers independently used the GRADE
(Grading of Recommendations Assessment, Development,
and Evaluation) tool to assess the quality of evidence*.
It considers five aspects: study limitations, result
inconsistency, evidence indirectness, imprecision, and
report bias. We classify the quality of evidence into four
levels: “High,” “Moderate,” “Low,” and “Very low.”

Statistical Analysis

Data synthesis and analysis

The procedures for meta-analysis were conducted using
Review Manager 5.3 software (Cochrane Collaboration,
Oxford, UK). The effect of TMS on cognitive performance
was assessed by comparing the average change in
cognitive metrics—specifically, the mean difference
(MD) between pre- and post-treatment scores—across
both the experimental and control groups. Considering
that a study reported multiple effect sizes from the same
patient group, such as the MMSE, ADAS cog, MoCA, and
CDR (Clinical Dementia Rating), the aggregated Impact of
pertinent studies was assessed using SMD, presented with
95% CI. SMD facilitates comparison of inter-group mean
variations across diverse measurement scales in meta-
analytic studies. Data from multimodal biomarkers such
as EEG and functional connectivity were excluded from
the quantitative synthesis. This decision was based on
the scarce data availability and the fact that the reported
results were presented solely in graphical form, which was
deemed inappropriate for robust statistical analysis due
to the absence of standardized numerical metrics. For the
studies in which the original data were displayed as mean
+ SEs, SD could be calculated using the following formula:
SEs = SD/Vn (n indicated the number of participants),
Then, input these data in Review Manager 5.3 for the
subsequent meta-analysis. To assess the Impact of different
grouping methods on outcome changes and result stability,
we analyzed outcomes for individual scales. We used
Weighted Mean Difference (WMD) to calculate effect
sizes and estimate treatment effects, applying 95% CI. We
assessed heterogeneity using Cochran’s Q statistic and the
I% test. Employed a fixed-effects analysis for I* < 50%, and a
random-effects model for I? = 50%.

Publication bias and sensitivity analysis

We checked for publication bias by creating funnel plots
and using Egger’s regression tests with Stata 17.0 version
(Stata Corp, College Station, TX, USA) for outcomes that
included 10 or more studies. We considered a p-value of
less than 0.05 significant when comparing the outcome
variables. The robustness of the meta-analysis findings
was assessed through sensitivity analyses. This involved
sequentially excluding each study (the ‘leave-one-out’
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method) and conducting an analysis excluding studies
deemed to have a high risk of bias.

Subgroup analyses

To explore other possible factors affecting the recovery
of cognitive function, we conducted four main subgroup
analyses of rTMS frequency (5-20 Hz vs. iTBS), rTMS
stimulation sites (single site vs. multiple sites), education,
years (10 or fewer vs. more than 10), and rTMS combined
with cognitive training versus rTMS alone. The subgroup
analysis for education used a 10-year cutoff, chosen because
it aligns with epidemiological classifications, marks the
completion of secondary education as a cognitive reserve
indicator, and offers a balanced distribution for reliable
analysis.

Results

Study Selection

The search across six databases revealed 1495 studies.
After eliminating 520 duplicates, 975 distinct studies
were retained for analysis. After reviewing the titles and
abstracts, we excluded 804 studies for various reasons,

including those not related to the topic (n = 712), reviews,
case reports, meta-analyses (n = 33), studies not written
in English or Chinese (n = 2), and conference abstracts (n
= 57). After thoroughly reviewing the full texts, 13 studies,
numbered 1 through 13, were ultimately selected for
inclusion in the meta-analysis and review. Figure 1 displays
the study selection methodology.

Study Characteristics

The 13 RCT studies included 14 trials involving a
total of 655 patients with cognitive impairments, with an
average age of 70.84 years, and 56% of the participants
were women. Among these studies, 12 studies involved
patients with AD, while only one involved patient with
MCI. Among the included studies, the longest rTMS
intervention duration was 24 weeks, while the shortest
was 2 weeks. Of these 13 studies, six studies (1, 3, 4, 7, 8,
10) used a frequency of 20 Hz, two studies (11, 13) used
10 Hz, two studies (5, 9) used 5 Hz, and three studies (2, 6,
12) used iTBS. Eight studies used single-site rTMS (DLPFC,
left temporoparietal, precuneus, left lateral parietal) (1, 3,
4,5,7,8, 11, 12), while the other five used multi-site rTMS

| Identification of studies via databases and registers |

(o
= Records identified through
= database searching (n =1495)
3 PubMed=276; EMBASE=259;
£ Web of Science=287;
5 Cochrane=211;
= Wan fang=445; CNKI=17;
|
*| Duplicates removed (n =520)
Records excluded after review of titles and/or
E‘ Reco(rr{‘is_;;gpiened || abstracts with reasons (n =804)
= =
g 1. Mot related to the topic (n =712)
& 2. Reviews, case reports, meta-analyses (n =33)
_J 3. Not written in English or Chinese (n =2)
4. Conference abstract (n =57)
v
) Full-text articles excluded, with reasons (n =158)
Full-text articles assessed for
= cligibifiy > | 1. Nofulltext(n=12)
= (n=171) 2. Not report cognitive outcomes (n =57)
= 3. No sham control {n =8)
- 4. No ADVPDICI population or <60 years (n =76)
— 5 Mot rTMS intervene (n =6)
A
3 Studies included in qualitative
= synthesis (meta-analysis)
3 (n=13)
=

Figure 1: PRISMA

Flow diagram showing the search and selection procedure that was used for this meta-analysis. Diagram adapted from PAGE M J et al.
(2021). Abbreviations: AD = Alzheimer’s disease; PD = Parkinson’s disease; Cl = mild cognitive impairment; rTMS = repetition transcranial

magnetic stimulation
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(cerebellum, parietal/temporal, and left DLPFC). In four
studies, no concomitant psychotropic medication was used
(4, 5, 7, 8). In nine studies, participants took cognition-
enhancing drugs, including Donepezil hydrochloride,
dementia medications, Memantine, and cholinesterase
inhibitors. Overall cognitive function was evaluated using
scales such as MoCA, MMSE, ADAS-Cog, and CDR. The
individual study characteristics are shown in Table 1.

Adverse Events

Ofthe 13 included studies, five patients in the six project
studies (3, 5, 6, 11, 12, 13) found adverse effects related
to rTMS, including headache, head discomfort, and slight
tingling, while seven studies reported no adverse effects.

One had tinnitus that disappeared after withdrawing from
the trial, and one had transient fatigue symptoms, with no
reports of seizures or epilepsy. The side effects caused by
TMS were brief and resolved quickly after the procedure,
TMS is considered safe and effective®.

Risk of Bias Assessment

Bias potential in the incorporated Research was
evaluated according to the standards detailed in the
Cochrane Handbook. Figure 2 summarizes the quality
assessment. Of the 13 studies reviewed, 8 were rated as
low risk, 4 were unclear, and 1 was categorized as high
risk. All 13 studies used a random allocation design and
specified the randomization method, including proper

Table 1: Characteristics of the 13 included studies, which encompassed 14 trials

Sample Mean age . Education Main
| Disease . .. -
Study Name Size (years) Gender tvpe (years) Basic features | Treatment Cognitive Drug. intervention Adverse cognitive
v (Real/ (Real/ (M/F) YP (Real / of rTMS duration Train €/ effects outcome
Sham) |Sham) Sham) measure
1. Dong et al. . 20Hz, Left ) . MMSE;
(2023) (38/38) |(79.8/81.2) (28/48) AD (mild) (11.3/10.7) DLPEC 6weeks Yes  Donepezil hydrochloride No ADAS-COG;
2. Jiang et al. AD (mild; 50Hz(iTBS), . ) MMSE;
(2022) (26/26) (68.1/70.3) (29/23) moderate) (5.3/4.6) Bilateral DLPEC 4weeks Yes  Donepezil hydrochloride No MoCA
Headache;
3.Xiaetal. | (49/51)(70.4/70.9)(37/63) AD (mild; (101/103) DZI(:)FI’-‘FZ(E\LIif:t Donepezil; Olanzapine Head MMSE;
(2023) ' " aweeks | Yes pezll PIN® " discomfort; ADAS-COG
moderate) temporoparietal tinnitus
(49/50) | (69.3/70.9) (39/61) (10.2/10.3)
MMSE;
4. Chiara et AD (mild; 20Hz, Left )
al. (2020) (27/23) |(73.5/73.3) (29/21) moderate) (8.8/7.9) DLPEC 4weeks Yes No No Associative
memory
5.Roque GY MMSE;
etal. (2021) (12/12) (66.1/67.2) (10/14) MCI (15.2/14.7) 5Hz, Left DLPFC 10weeks Yes No Headache MoCA
6.Hov et al AD (mild; 50Hz(iTBS), Headache; | ADAS-COG;
oy ©1(29/27) (75/75.8) (38/18) ' | (12.7/13) Bilateral DLPFC/| 6weeks Yes | Donepezil; Memantine Head Resting
(2023) moderate) .
PPC discomfort | State-EEG
. MMSE;
7Kochetal - 5c5) (75/72.3) (24/26) AP (MI% (16.5/8.6) 20Hz, 24weeks  No No No ADAS-COG;
(2022) moderate) Precuneus CDR
) . MMSE;
8Mencarelll (/) (68.5/706) (10/6) “° ™Y (1247101) 2B aaweeks Mo No No  ADAS-COG;
et al. (2024) moderate) Precuneus CDR
MMSE;
ADAS-COG;
9Yao et al. AD (mild; 5Hz, Bilateral . -
(2022) (15/12) (63.8/67.6) (14/13) moderate) (10.5/9.4) cerebellum 4weeks NR Memantine No MoFa,
Functional
connectivity
. 20Hz, Bilateral . MMSE;
10zhaoet (1;/13) (69.3/71.4) (14/26) A0 MY | (48/49)  parietal/ | 6weeks  No Cholinesterase No  ADAS-COG;
al. (2017) moderate) Donepezil
Temporal MoCA;
11.Wei et al. 10Hz, Left . Transient .
(2022) (29/27) | (70/71.6) (16/40) AD (7.3/6.6) lateral parietal 2weeks No cholinesterase fatigue MMSE; CDR
12.Wu et al. 50Hz(iTBS), Left cholinesterase uncomfortable MMSE;
(2024) (20/22) (66.8/65.3) (13/29)  AD  (10.2/10) DLPFC Bweeks | NR inhibitors scalp | MoCA; CDR
13. Zhang et AD (mild; 10Hz, Left ) . slight tingling| MMSE;
al. (2019) (15/13) (69/68.5) | (6/22) moderate) (12.4/11.5) DLPFC/LTL 4weeks Yes | Sertraline Memantine in the scalp | ADAS-COG

AD, Alzheimer’s disease, MCl, mild cognitive impairment, rTMS, repetitive transcranial magnetic stimulation, iTBS, intermittent theta-burst
stimulation, Real rTMS group, Sham sham group, MMSE Mini-Mental State Examination, ADAS-cog Alzheimer Disease Assessment Scale-
cognitive subsection, CDR Clinical Dementia Rating, L left, R right, DLPFC dorsolateral prefrontal cortex, LTL lateral temporal lobe, NR Not

Reported, M, man, F, female
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sequence randomization with a random number generator
or table. Nine studies described sufficiently concealed
allocation methods. Nine papers were blinded to the study
subjects or the interventionists and also blinded to the
outcome measures, while other studies had unclear risk
assessments. Zhang et al. (2019) were judged to have a
high risk due to incomplete outcome data and selective
reporting, while other risks of bias were considered low.
Additionally, 12 studies reported full results without
selective outcome reporting and had minimal risk of bias.

Evidence quality evaluation results

The quality of evidence was assessed using the GRADE
approach for five outcomes across the 13 included studies
(Table 2). The GRADE assessment results demonstrated
that among the outcomes, one (11.11%) was rated as
high-quality evidence, five (55.56%) as moderate, two
(22.22%) as low, and one (11.11%) as very low. Overall
quality of evidence was predominantly moderate. Several
limitations may contribute to the low-quality evidence
rating for some outcomes. First, the risk of bias introduced
by methodological shortcomings (e.g., in randomization or
blinding) is a key concern. Second, the findings are limited

by the imprecision of the estimates, which stems from small
sample sizes and inconsistencies across studies. Third, the
significant statistical heterogeneity observed compromises
the reliability of the pooled results.

Effects of rTMS on Cognitive Impairment

Global Cognitive Function

A total of 13 studies and 14 trials involving 655 patients
were selected to assess the combined effects of rTMS on
patients’ cognitive function. The pooled results showed that
rTMS could significantly enhance cognitive functions (SMD,
0.56; 95% CI 0.33, 0.79; p < 0.0001) in the random-effects
model analysis (P=0.01,1?=53.0%) In terms of the absolute
difference, this corresponds to a mean improvement
of 2.04 points (95% CI: 1.54 - 2.53) on the MMSE (Figure
3A). The funnel plot’s visual inspection suggested a minor
inclination toward publication bias (Figure 4A). However,
Egger’s regression showed no significant asymmetry (p =
0.131), indicating that our results are robust and reliable.

MMSE

Thirteen trials involving 599 participants evaluated
the Impact of rTMS on overall cognition using the MMSE.

Table 2: Results of evidence quality

Certainty assessment Ne of patients Effect
. . . . . . . Other Relative Absolute Certainty
Ne of studies| Study design | Risk of bias | Inconsistency | Indirectness Imprecision considerations [Real] [Sham] (95% Cl) (95% Cl)
Global Cognitive Function
) ) ) ) ) - SMD 0.56 SD higher <10
13 randomised trials  not serious | not serious | not serious serious’ none 359 347 - (0.33 higher to 0.79 higher) | Moderate’
MMSE
. . . . ) N MD 2.04 SD higher [0
13 randomised trials not serious | not serious | not serious serious’ none 330 320 (154 higher to 2.53 higher)  Moderate®
ADAS-COG
. . . . . N MD 2.59 lower (211210
8 randomised trials not serious | not serious | not serious serious’ none 231 225 (3.63 lower to 1.54 lower) Moderate?
MoCA
. . . ) ) ) MD 2.46 higher [1:]0]0)
a,b -
5 randomised trials not serious | not serious | not serious |very serious none 89 84 (1.47 higher to 3.45 higher) Lows®
CDR
. ) ) ) . ) MD 0.41 lower o000
C a,b -
4 randomised trials  not serious serious' not serious |very serious none 82 82 (0.94 lower to 0.12 higher) | Very lows*<
rTMS frequency (MMSE,ADAS-COG)
. . . . . A SMD 0.52 SD higher <1110
13 randomised trials  not serious | not serious | not serious serious’ none 359 347 (0.27 higher to 0.78 higher) | Moderate’
rTMS sites (MMSE,ADAS-COG)
. . . . . . SMD 0.55 SD higher [S1eTT4)
13 randomised trials  not serious | not serious | notserious = not serious none 257 256 (0.4 higher to 0.71 higher) High
Coghnitive train (MMSE,ADAS-COG)
. . . N ) N SMD 0.51 SD higher [21:]0]0)
13 randomised trials  not serious serious' not serious serious’ none 324 | 313 (0.26 higher to 0.76 higher) Low™¢
Education (MMSE,ADAS-COG)
. . . ) ) ) SMD 0.56 SD higher [21110)
a -
13 randomised trials | not serious | not serious | not serious serious’ none 359 347 (0.33 higher to 0.79 higher)  Moderate®

Cl: confidence interval; MD: mean difference; SMD: standardised mean difference

Explanations

a. The research analysis has a relatively wide confidence interval
b. The sample size included in the study was less than 400

c. The heterogeneity of the research is greater than 50%

Page 7 of 21



Cao ZG, Yang M. Repetitive Transcranial Magnetic Stimulation for Elderly Patients with Cognitive

Impairment: A Meta Analysis of Randomized Controlled Trials. J Neurol Neuromedicine (2025)

9(4): 1-21

Journal of Neurology & Neuromedicine

Blinding of participants and personnel {performance bias)
Blinding of outcome assessment (detection bias)

k

Random sequence generation (selection bias) _
Alication conceaiment (selection bizs) ERMMMEEINNN |
Incomplete outcome data (atiton bias) [ RRNEEEEEEEE
Selective reporting (reporting bias) [ NRREEEEEE
Other bias I

0%

25% 50% % 100%

B Low risk of bias [ Junclear risk of bias

75%
B High risk of bias

Risk of bias graph according to the Cochrane risk of bias too

gaiéééﬂiiﬁé‘gg

2 & & & 3 &8 3 & & & 7 @& 3§

B B B B B B B E B BE B B B

8 B

SEREEREERREBERE

PDOOO DO DO ® ® ®| ®| ® |Randomsequencegeneration (selecton bias)
~ D9 S - S S S| < |®| = |® Alocaton concealment (selection bias)

~ DO S S ~|® @S @ ~|®|~ | @ sindngof participants and personnel (perfarmance bias)
-~ DO S S ~|® S @ ~|®|~|® |Bsinding of outcome assessment (detection bias)
0O OO S S S S S O ®|®|incompletecutcome data (attrition bias)
PO OSSO O O O ® @ ®| ®seictvereporting (reporting bias)
POOOOO O OO O O @ ® ot

Risk of bias summary according to the Cochrane risk of bias tool: “+”, “-”, and “?” respectively indicate low, high, and unclear risk of bias

Figure 2: The risk of bias of included studies based on the Cochrane’s handbook

’

A significant difference was observed between the real
rTMS and the sham rTMS groups. Combined data showed
notably improved MMSE results within the active rTMS
cohort (WMD: 2.04; 95% CI: 1.54, 2.53; p < 0.0001), and
no significant heterogeneity was observed (1> = 42%, p =
0.06) (Figure 3B). A funnel plot inspection indicated minor
reporting bias (Figure 4B). Nevertheless, Egger’s findings
failed to demonstrate statistical significance. (p = 0.686),
indicating that our results are robust and reliable.

ADAS-COG

Compared to the Sham rTMS group, eight studies (1,
3,6,7,8,9, 10, 13) with 405 participants (n = 231 in the
real rTMS group and n = 174 in the sham rTMS group)
assessed the effects of rTMS using the ADAS-COG. The real
rTMS group showed a statistically significant effect (WMD:
-2.59;95% CI: -3.63, -1.54; p<0.0001), and heterogeneity

was negligible (12=0%, p=0.53) (Figure 3C). The funnel plot
showed no significant asymmetry (Figure 4C).

MoCA

Using data from five studies (2,5,9,10,12) with 173
participants (n=89 in the real rTMS group and n=84 in the sham
rTMS group), Real rTMS significantly enhanced the MoCA score
over sham rTMS (WMD: 2.46, 95% CI: 1.47,3.45, p<0.0001);
heterogeneity was non-significant (Figure 3D). The funnel plot
displayed no substantial asymmetry (Figure 4D).

CDR

Four trials (7, 8, 11, 12) with 164 participants (n =
82 in the real rTMS group and n = 82 in the Sham rTMS
group) evaluated the Impact of rTMS on global cognitive
function via the CDR. The findings revealed no notable
distinction between active rTMS and sham stimulation.
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Figure 3: Forest plot: Meta-analysis of rTMS on different cognitive outcomes (a-e)
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Figure 4: Funnel plot: rTMS on different cognitive outcomes (a-e)

(WMD: -0.41,95% CI: -0.94,0.12, p=0.13) (Figure 3E). The
heterogeneity of the included studies exceeds what was
anticipated. (1=67%, p=0.03), suggesting that the results
of the included studies showed significant heterogeneity.
The sensitivity analysis of the trials indicated that after
removing the highly weighted study (Koch et al., 2022),
the I? statistics among the studies was 0% (p = 0.90).
Furthermore, the distinction between the two groups
remained statistically insignificant (WMD: -0.14, 95% CI:

-0.37, 0.09, p = 0.22). The funnel plot showed symmetry
across the three studies (Figure 4E).

Publication Bias and Sensitivity Analysis

All eligible studies were assessed for publication
bias. Figure 3 shows a visually symmetrical funnel plot,
indicating a balanced distribution of studies. Additionally,
the effectiveness of rTMS on Global Cognitive Function and
MMSE, as shown by Egger’s tests, indicated no significant
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Figure 5: Sensitivity analysis of rTMS on Global cognition and MMSE

publication bias with p-values of 0.13 and 0.68 for each
test. We then performed a sensitivity analysis using a one-
by-one exclusion method; removing one study at a time did
not significantly change the pooled results, supporting the
reliability of our findings Figure 5.

Subgroup Analyses

Table 3 outlines our subgroup analyses, which investigated
how different related factors influence clinical outcomes.

rTMS frequency

Among the included studies, the stimulation frequency
of TMS was divided into 5, 10, 20, and 50 Hz(iTBS).
Subgroup analysis of rTMS frequency indicated that 5, 10,
20 Hz rTMS and iTBS were (SMD, 0.49; 95% CI 0.24,0.75;
P=0.0002) and (SMD, 0.61; 95% CI -0.24,1.45; P=0.16),
respectively. The results revealed that rTMS at 5, 10, and

20 Hz had a positive effect on patients’ global cognitive
function (Figure 6A).

rTMS sites

The analysis indicated that stimulating multiple sites
(SMD, 0.77; 95% CI 0.45,1.08; P<0.001) and single-site
stimulation did produce similar benefits (SMD, 0.49;
95% CI 0.31,0.66; P<0.001). Both significantly improved
cognitive outcomes (Figure 6B).

Cognitive train

In the subgroup analysis of cognitive training, trials
without cognitive training failed to demonstrate any
meaningful enhancement in cognition post-real rTMS
(SMD, 0.25; 95% CI -0.07,0.57; P=0.12). rTMS yielded
notable results within the cognitive training group. (SMD,
0.64; 95% CI 0.30, 0.98; P=0.003) (Figure 6C).
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Figure 6: Forest plot: Subgroup Analyses of rTMS on different cognitive outcomes (a-d)
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Table 3: Results for subgroup analysis
Subgroup No. trials Sample Size (Real /Sham) SMD (95% Cl) Heterogeneity (1?) (%) P value
rTMS frequency
5,10, 20 Hz 11 (284/272) 0.49[0.24,0.75] 51 0.0002
iTBS 3 (75/75) 0.61[-0.24,1.45] 84 0.16
rTMS sites
multiple sites 5 (86/91) 0.77[0.45,1.08] 63 <0.001
single-site 9 (257/256) 0.49[0.31,0.66] 13 <0.001
Cognitive train
Yes 8 (245/240) 0.64[0.30,0.98] 68 0.003
No 4 (79/73) 0.25[-0.07,0.57] 0 0.12
Education(years)
>10 10 (260/258) 0.58[0.29,0.87] 57 0.0001
<10 4 (99/89) 0.53[0.09,0.97] 54 0.02

SMD, standardized mean difference, iTBS, intermittent theta-burst stimulation

Education

Patients’ education levels ranged from 4 to 15 years,
with 10 years identified as a key cutoff. Notably, patients
with education of = 10 years (SMD, 0.58; 95% CI 0.29,
0.87; P<0.0001) and those with < 10 years of education
(SMD, 0.53; 95% CI 0.09, 0.97; P=0.02) showed significant
improvements in cognitive scores in both groups (Figure
6D).

Discussion

We have thoroughly and systematically searched for
studies related to rTMS treatment and cognitive impairment
in elderly patients. This search resulted in 13 studies with a
total of 655 participants, and A comprehensive meta-analysis
was performed on these studies to assess the therapeutic
effect of rTMS on cognitive impairment. After completing our
analysis, we identified the following key primary outcomes:
1) The rTMS group demonstrated significantly greater
improvement in overall cognitive function compared to the
sham-stimulation group, as measured by the MMSE, MoCA,
and ADAS-Cog. In subgroup analyses: 2) HF-rTMS showed
consistent cognitive benefits in elderly patients, while iTBS
shortened treatment duration with similar effectiveness,
supporting its clinical use utility; 3) rTMS combined with
cognitive training yielded significantly greater therapeutic
effects than rTMS alone; 4) four studies employed multi-
site stimulation, while nine used single-site rTMS. The
most common target was the left DLPFC, featured in eight
studies. Other targeted areas included the precuneus,
parietal, temporal, and cerebellum. Despite comparable
cognitive gains, single- and multi-site stimulation showed no
statistically significant difference; the latter showed a clear
advantage, indicating that further Research is warranted in
this area. No serious adverse effects were observed in any
study, suggesting that rTMS is a safe treatment option for
elderly patients with cognitive impairment. These results
not only support but also reinforce previous meta-analyses
in the field.

Our meta-analysis reveals that rTMS provides both
short-term and long-term benefits for older adults with
cognitive impairment, consistent with the findings of
Chen et al. (2018)*2 Our findings collectively advocate
for a paradigm shift in rTMS therapy, transitioning from a
broadly effective approach to a more refined and stratified
treatment method. This approach recommends prioritizing
the left DLPFC with either HF-rTMS or the more time-
efficient iTBS protocol, integrated with cognitive training,
for most elderly patients with cognitive impairment.
Additionally, the choice of protocol can be tailored based on
individual factors, such as time availability and treatment
response. For complex cases resistant to standard therapy,
exploring sequential multi-target stimulation—such as
targeting the precuneus for memory or the cerebellum for
executive function—offers a promising and personalized
direction for future research and clinical practice.

Current pharmacological strategies for cognitive
impairment target various mechanisms, including
neurotransmitter regulation, core pathology, and metabolic
modulation. This is exemplified by acetylcholinesterase
inhibitors, which enhance cholinergic transmission;
NMDA receptor antagonists like memantine, which protect
neurons from excitotoxicity; anti-Af monoclonal antibodies
(lecanemab, donanemab) that clear amyloid plaques to
modify disease progression; and GLP-1 receptor agonists
(tirzepatide), which reduce Af production and improve
cerebral metabolis*®. However, these approaches face
significant limitations. The complex, multifactorial nature
of cognitive disorders means single-target drugs often
fail to address the entire disease network. Furthermore,
many agents cannot repair neuronal damage or halt the
progression of pathology, are associated with side effects
(dizziness, confusion, microhemorrhages), and have a
narrow therapeutic window, often showing efficacy only in
early-stage patients at a high financial cost. Finally, several
promising drug candidates remain in preclinical or clinical
trials, with their safety and efficacy in humans yet to be fully
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established. Compared to pharmacotherapy, rTMS appears
to offer a more comprehensive therapeutic profile for
various conditions, including cognitive impairment, major
depressive disorder, pain syndromes, and schizophrenia.
Its efficacy is attributed to multiple neurophysiological
effects: 1) Regulation of neural circuitry: rTMS modulates
cortical excitability and functional connectivity. For
instance, HF-rTMS can induce long-term potentiation
(LTP)-like effects, enhance ipsilateral cortical activity,
improve cerebrovascular function, and suppress neuronal
apoptosis**. 2) Enhancement of cerebral metabolism:
rTMS stimulates cerebral cells, leading to increased
phosphorylation levels, which play a critical role in
mediating cell function, proliferation, survival, and neural
signal transduction®. 3) Neuroprotective and plasticity-
enhancing effects: These include preserving dopaminergic
neuron function, reducing glutamate-induced excitotoxicity,
upregulating neurotrophic factors, diminishing oxidative
stress and neuroinflammation, and inhibiting astrocyte
proliferation*®. Enhances local functional integration in
the brain through synaptic plasticity modulation, improves
neural information processing efficiency by rebalancing
interhemispheric inhibition, and reduces grey matter
volume loss in prodromal AD cohorts?’. In rat models
of cerebral ischemia, HF-rTMS was shown to activate
calcium influx via the p-Akt/GSK3B/B-catenin signalling
pathway, promoting the release of neurotrophic factors
and enhancing the proliferation of neural stem cells in the
peri-infarct region*s.

Overall, rTMS is a well-tolerated intervention for elderly
patients with cognitive impairment, with a very low rate of
serious adverse events reported in the literature. Its proven
ability to enhance cognitive function highlights its safety
and reinforces its therapeutic value**'>>°. These findings
support the hypothesis that rTMS therapy may improve
cognitive function in older adults, offering a more objective
overview of its possible mechanisms and influencing
factors.

In the Subgroup Analysis

Education

Advanced education correlates with decreased AD
susceptibility. This protective effect is connected to
enhanced neural plasticity and compensatory capacity,
which can delay the progression of neuropathological
changes such as amyloid-beta deposition®!. Research
indicates that greater educational attainment could
significantly influence rTMS treatment outcomes, possibly
because of a stronger underlying neurophysiological
mechanism®. The study revealed no notable cognitive
outcome disparities between patients with 10 or more
years of schooling and those with less than 10 years, the
possible explanations are as follows: first this discrepancy

with previous findings may be due to an uneven sample
size across subgroups, especially a much larger number
in the 210 years group (n = 260) compared to the <10
years group (n = 99); Secondly the influence of education
extends beyond early formal schooling to include lifelong
participation in cognitively demanding activities (reading,
social engagement, skill acquisition), these activities help
sustain cognitive reserve by continuously stimulating
neural circuits, which is essential for optimal brain
function®.

rTMS frequency

All studies in our meta-analysis employed TMS
techniques with high frequency. The treatment protocols
consisted of conventional rTMS in ten studies and iTBS in
three studies. Initial subgroup analyses suggested a potential
superiority of rTMS over iTBS, accompanied by significant
heterogeneity among iTBS studies. This variability likely
stems from unequal sample sizes (rTMS: n = 556; iTBS: n =
150) and differences in cognitive assessment tools, as seen
in Hoy et al. (2023). When the latter study was removed in
sensitivity analysis, heterogeneity decreased markedly, and
both intervention modalities then demonstrated significant
cognitive benefits. This finding supports earlier Research
by demonstrating that selecting the appropriate treatment
protocol is crucial for obtaining consistent therapeutic
outcomes. iTBS simulates the brain’s natural firing patterns
and produces strong synaptic plasticity through its high-
frequency, short-burst approach. Additionally, its clinical
use is very efficient, with each session lasting about 3
minutes. Large-scale randomized controlled trials, such as
the THREE-D study published in The Lancet, have shown
that iTBS is not inferior to traditional rTMS for treatment-
resistant depression, with similar remission (32%)
and response (49%) rates®. A key benefit of iTBS is the
significant reduction—about 90%—in session duration.
Although side effects like headaches occur at similar rates
between protocols, iTBS is generally better tolerated due
to its shorter treatment times. Ivan J. Torres and colleagues
(2023) found that memory enhancement after iTBS was
linked to a simultaneous increase in hippocampal volume,
supporting evidence for iTBS-induced neuroplastic
changes within the prefrontal-temporal circuits®®. Despite
its promise as an efficient neuromodulation method,
the current evidence supporting iTBS remains limited,
requiring more rigorous RCTs to definitively confirm its
effectiveness and mechanisms.

rTMS sites

Subgroup analysis based on stimulation sites showed
no significant advantage of multi-site rTMS over single-
site stimulation (Hedges’ g = 0.47, 95% CI [0.14, 0.79]
vs. 0.24, 95% CI [-0.45, 0.92]), which is contrary to our
initial hypothesis. Meta-analytic evidence (Hu et al., 2024;
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Wang et al, 2019) suggests that multi-site rTMS, which
targets multiple functional brain networks, provides
significantly greater cognitive benefits than single-site
stimulation, thereby demonstrating superior efficacy®*.
However, the meta-analysis by Wing Cheng et al. (2017)
did not find a significant extra cognitive benefit from
multi-site rTMS stimulation compared to more focused
protocols*’. Our findings align with these results. Several
possible explanations may explain these observations:
(Din our meta-analysis, the selected protocols varied:
eight trials used single-site rTMS (usually to the DLPFC),
while five trials explored multi-site stimulation paradigms.
Additionally, several newly targeted brain regions—
including the temporoparietal junction (TPJ]), posterior
parietal cortex (PPC), cerebellum, lateral parietal cortex,
and lateral temporal lobe (LTL)—are currently under
investigation. While some studies report that TMS applied
to different brain regions can increase precuneus activity
and modulate the effective connectivity of the DLPFC,
enhancing functional connectivity between the anterior
cingulate cortex and medial prefrontal regions within the
default mode network (DMN), other studies show that
stimulation at different sites may have opposite effects
on the same outcome measure. For example, Alexander
et al. demonstrated that TMS applied to depression-
related targets (F3 and 5 cm anterior to M1) caused heart
rate deceleration via the frontal-vagal network, while
stimulation at other sites led to heart rate acceleration®”%%%°,
Therefore, multi-site rTMS should be used cautiously in
clinical settings. (2)the heterogeneity in the single-site
rTMS group, caused by differences in assessment tools and
a small sample size (n=73), was confirmed by a sensitivity
analysis. Removing the study by Hoy et al. (2023) resulted
in a significant reduction in heterogeneity.

Cognitive train

In our systematic review, seven studies used a combined
protocol of rTMS plus cognitive training, while six studies
administered rTMS alone. Comparative analysis showed
that the combined intervention provided significantly
greater clinical benefits. These findings support our
hypothesis that cognitive training improves cognitive
function by reactivating memory traces through guided
rehearsal and recall, including emotional stimulation to
strengthen consolidation, and encouraging bottom-up
modulation of neural excitability?!. TMS delivers induced
currents that top-down modulate cortical neurons, altering
their action potentials and excitability. This modulation
enhances synaptic plasticity and connectivity, resulting
in electrophysiological changes that boost metabolic and
hemodynamic processes, collectively leading to symptomatic
improvement®. The meta-analysis by Eleni-Nefeli et al.
(2024) showed that combined rTMS and cognitive training
enhances overall cognition, specific neurocognitive areas,

and quality of life in patients with AD®. Sabbagh et al. (2019)
found that using neuronavigated rTMS, along with cognitive
training, is not only safe and well-tolerated by patients with
mild Alzheimer’s disease but also appears to be effective
in managing the condition®!. Despite strong evidence from
meta-analyses and RCTs supporting the advantages of
combining rTMS with cognitive training, some studies—
such as the network meta-analysis by Chu et al. (2021) (n =
1,070)—did not show a significant overall cognitive benefit
of the combined approach over individual therapies®. These
conflicting findings should be approached with caution,
especially since the mechanisms behind how combined
rTMS and cognitive training enhance cognition are still
not well understood. We therefore propose the following
hypotheses to explain these observations: Primarily, the
interaction between rTMS and CT on overall cognition
can be affected by the complexity of the brain’s functional
networks. This complexity encompasses key dynamic
features like topological structure and synchrony, which
are greatly shaped by structural connectivity metrics®.
Heterogeneous neuroanatomical damage and different
patterns of functional connectivity among patients may
explain why some do notrespond to both rTMS and cognitive
training interventions. Additionally, the neuroprotective
effects of non-invasive brain stimulation on cognition may
vary depending on participant characteristics, target region
choice, the use of standardized versus personalized cognitive
training protocols, and potential antagonistic interactions
between different therapeutic approaches. For example, De
Mareco et al. reported that cognitive training increases DMN
connectivity in individuals with MCI. In contrast, recent
evidence suggests that rTMS can temporarily deactivate
DMN functional connectivity, thereby helping to reduce
cognitive deficits in patients with amnestic MCI®*%,

Due to the limited number of available studies, a
formal comparison of stimulation sites was not possible.
However, the DLPFC was the main target and served as the
primary site in eight of the included trials, consistent with
both current and past Research findings!'¢¢, Information
processing in the brain is organized into large-scale
interconnected networks that dynamically reconfigure
in response to environmental stimuli and cognitive
demands. By leveraging the regulatory role of cross-
network interactions, rTMS targeting the dorsolateral
prefrontal cortex enhances resting-state functional
connectivity across distributed networks, as indicated by
fMRI?’. Our meta-analysis also identified the cerebellum,
left temporoparietal junction, and precuneus as new
therapeutic targets; rTMS applied to these areas showed
significant improvements in cognitive function. This
phenomenon may reflect the synergistic interactions within
functional brain networks described earlier. As Tong et al.
(2024) demonstrated, rTMS remakes network architecture
in Alzheimer’s disease by boosting functional connectivity
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between gray and white matter, with the corona radiata and
superior longitudinal fasciculus playing crucial roles®. The
combined effects and interactions among stimulation sites
require further research for a thorough understanding. The
studies incorporated into this meta-analysis employed HF-
rTMS (=5 Hz), and three of them applied the iTBS protocol.
This selection may, at least in part, explain the observed
superiority of high-frequency rTMS in enhancing cognitive
function. Although Turriziani et al. (2019) demonstrated
that two weeks of LF-rTMS (1 Hz) applied to the right
DLPFC improved recognition memory in patients with AD
compared to sham stimulation, the lack of similar studies
calls for independent Research replication®. Research
examined in this meta-analysis (1, 2, 3, 6,9, 10, 11, 12, 13)
explicitly documented concurrent pharmacotherapy in
patients with AD—most commonly donepezil, memantine,
or other cholinesterase inhibitors—indicating that
medication status may influence rTMS effectiveness. In
line with this, Li et al. (2023) demonstrated that combining
rTMS with neurotransmitter-modulating agents enhances
functional connectivity within the frontoparietal and
default-mode networks more effectively than rTMS
alone’®. Future Research should aim to evaluate potential
interactions among these clinical factors.

Limitations and Future Research

The research has several limitations. First, the meta-
analysis included only 13 studies (14 trials), leading
to a modest sample size. Second, the cognitive tools
examined were the MMSE, ADAS-Cog, MoCA, and CDR.
Except for the CDR, all measures showed significant
effect sizes for cognitive improvement. However,
evidence for other clinically relevant outcomes remains
limited, as only four studies have reported multimodal
indicators, including functional connectivity, resting-state
electroencephalography, serum inflammatory markers, and
grey-matter volume. These initial findings still highlight
promising biomarker candidates. Third, aside from the
study by Roque GY et al. 2021, which enrolled patients
with MCI, all RCTs enrolled exclusively mild-to-moderate
AD patients. Fourth, the current analysis only compared
outcomes at the initial post-treatment assessment. Strong
recommendations for future research include: (1)Large-
scale multicenter RCTs are needed to strengthen these
findings; (2)the standardized stimulation protocol for the
clinical treatment of rTMS still requires further exploration;
(3)Additional studies are necessary to understand the
mechanism linking multimodal assessment parameters
and the therapeutic effect of cognitive impairment; (4)the
long-term effectiveness of rTMS must be confirmed
through longitudinal studies. (5)Further investigation
should encompass additional cognitive deficit variations
and individuals suffering from advanced Alzheimer’s, with
dedicated subgroup analyses for each group.

Conclusion

This meta-analysis provides strong evidence that
rTMS significantly improves overall cognitive function in
individuals with mild-to-moderate AD. Combining cognitive
training with rTMS offers additional cognitive benefits
compared to rTMS alone. Among the limited studies using
iTBS, its effectiveness was comparable to traditional rTMS,
but the treatment duration was notably shorter. In summary,
this meta-analysis includes the largest and most recent
cohort (n = 655) studying rTMS for age-related cognitive
impairment. Beyond the pooled effect size analysis, we
conducted four targeted subgroup analyses and explored
their potential moderators and underlying mechanisms,
supporting rTMS as a safe and effective treatment for
elderly patients with mild-to-moderate AD. A typical course
involves HF-rTMS over the left DLPFC, with iTBS protocols
serving as a time-efficient alternative. While the safety
profile is favorable, these recommendations should be
considered within the context of the need for larger and
longer-term RCTs. These findings provide valuable guidance
for developing future therapeutic strategies.
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Supplementary Material 1: Search strategy

Database Date Terms Results
#1: Transcranial Magnetic Stimulation

"Transcranial Magnetic Stimulation"[MeSH Terms] OR ("Transcranial Magnetic Stimulation"[MeSH Terms] OR ("transcranial"[All
Fields] AND "magnetic"[All Fields] AND "stimulation"[All Fields]) OR "Transcranial Magnetic Stimulation"[All Fields] OR ("mag-
netic"[All Fields] AND "stimulations"[All Fields] AND "transcranial"[All Fields]) OR ("Transcranial Magnetic Stimulation"[MeSH
Terms] OR ("transcranial"[All Fields] AND "magnetic"[All Fields] AND "stimulation"[All Fields]) OR "Transcranial Magnetic
Stimulation"[All Fields] OR ("magnetic"[All Fields] AND "stimulation"[All Fields] AND "transcranial"[All Fields]) OR "magnetic
stimulation transcranial"[All Fields]) OR ("Transcranial Magnetic Stimulation"[MeSH Terms] OR ("transcranial"[All Fields] AND
"magnetic"[All Fields] AND "stimulation"[All Fields]) OR "Transcranial Magnetic Stimulation"[All Fields] OR ("stimulations"[All
Fields] AND "transcranial"[All Fields] AND "magnetic"[All Fields])) OR ("Transcranial Magnetic Stimulation"[MeSH Terms] OR
("transcranial"[All Fields] AND "magnetic"[All Fields] AND "stimulation"[All Fields]) OR "Transcranial Magnetic Stimulation"[All
Fields] OR ("stimulation"[All Fields] AND "transcranial"[All Fields] AND "magnetic"[All Fields]) OR "stimulation transcranial
magnetic"[All Fields]) OR ("Transcranial Magnetic Stimulation"[MeSH Terms] OR ("transcranial"[All Fields] AND "magnetic"[All
Fields] AND "stimulation"[All Fields]) OR "Transcranial Magnetic Stimulation"[All Fields] OR ("transcranial"[All Fields] AND "mag-
netic"[All Fields] AND "stimulations"[All Fields]) OR "transcranial magnetic stimulations"[All Fields]) OR ("Transcranial Magnetic
Stimulation"[MeSH Terms] OR ("transcranial"[All Fields] AND "magnetic"[All Fields] AND "stimulation"[All Fields]) OR "Transcra-
nial Magnetic Stimulation"[All Fields] OR ("transcranial"[All Fields] AND "magnetic"[All Fields] AND "stimulation"[All Fields] AND
"paired"[All Fields] AND "pulse"[All Fields]) OR "transcranial magnetic stimulation paired pulse"[All Fields]) OR ("Transcranial
Magnetic Stimulation"[MeSH Terms] OR ("transcranial"[All Fields] AND "magnetic"[All Fields] AND "stimulation"[All Fields]) OR
"Transcranial Magnetic Stimulation"[All Fields] OR ("transcranial"[All Fields] AND "magnetic"[All Fields] AND "stimulation"[All
Fields] AND "repetitive"[All Fields]) OR "transcranial magnetic stimulation repetitive"[All Fields]) OR ("Transcranial Magnetic
Stimulation"[MeSH Terms] OR ("transcranial"[All Fields] AND "magnetic"[All Fields] AND "stimulation"[All Fields]) OR "Transcra-
nial Magnetic Stimulation"[All Fields] OR ("transcranial"[All Fields] AND "magnetic"[All Fields] AND "stimulation"[All Fields] AND
"single"[All Fields] AND "pulse"[All Fields]) OR "transcranial magnetic stimulation single pulse"[All Fields]))

25253

#2: Cognitive Dysfunction

"Cognitive Dysfunction"[MeSH Terms] OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunc-
tion"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("cognitive"[All Fields] AND "dysfunctions"[All Fields]) OR "cognitive
dysfunctions"[All Fields] OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields])
OR "Cognitive Dysfunction"[All Fields] OR ("dysfunction"[All Fields] AND "cognitive"[All Fields]) OR "dysfunction cognitive"[All
Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dys-
function"[All Fields] OR ("dysfunctions"[All Fields] AND "cognitive"[All Fields]) OR "dysfunctions cognitive"[All Fields]) OR ("Cog-
nitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields]
OR ("cognitive"[All Fields] AND "disorder"[All Fields]) OR "cognitive disorder"[All Fields]) OR ("Cognitive Dysfunction"[MeSH
Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("cognitive"[All Fields]
AND "disorders"[All Fields]) OR "cognitive disorders"[All Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All
Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("disorder"[All Fields] AND "cognitive"[All Fields])
MEDLINE OR "disorder cognitive"[All Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All
PubMed 2024-12-15 Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("disorders"[All Fields] AND "cognitive"[All Fields]) OR "disorders cognitive"[All
Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive
Dysfunction"[All Fields] OR ("cognitive"[All Fields] AND "impairments"[All Fields]) OR "cognitive impairments"[All Fields])
OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunc-
tion"[All Fields] OR ("cognitive"[All Fields] AND "impairment"[All Fields]) OR "cognitive impairment"[All Fields]) OR ("Cognitive
Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR
("impairment"[All Fields] AND "cognitive"[All Fields]) OR "impairment cognitive"[All Fields]) OR ("Cognitive Dysfunction"[MeSH
Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("impairments"[All
Fields] AND "cognitive"[All Fields]) OR "impairments cognitive"[All Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cog-
nitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("mild"[All Fields] AND "cognitive"[All
Fields] AND "impairment"[All Fields]) OR "mild cognitive impairment"[All Fields]) OR ("Cognitive Dysfunction"[MeSH Terms]
OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("cognitive"[All Fields] AND
"impairment"[All Fields] AND "mild"[All Fields]) OR "cognitive impairment mild"[All Fields]) OR ("Cognitive Dysfunction"[MeSH
Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("cognitive"[All Fields]
AND "impairments"[All Fields] AND "mild"[All Fields]) OR "cognitive impairments mild"[All Fields]) OR ("Cognitive Dysfunc-
tion"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("impair-
ment"[All Fields] AND "mild"[All Fields] AND "cognitive"[All Fields]) OR "impairment mild cognitive"[All Fields]) OR ("Cognitive
Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR
("impairments"[All Fields] AND "mild"[All Fields] AND "cognitive"[All Fields]) OR "impairments mild cognitive"[All Fields]) OR
("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All
Fields] OR ("mild"[All Fields] AND "cognitive"[All Fields] AND "impairments"[All Fields]) OR "mild cognitive impairments"[All
Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive
Dysfunction"[All Fields] OR ("cognitive"[All Fields] AND "decline"[All Fields]) OR "cognitive decline"[All Fields]) OR ("Cognitive
Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR
("cognitive"[All Fields] AND "declines"[All Fields]) OR "cognitive declines"[All Fields]) OR ("Cognitive Dysfunction"[MeSH Terms]
OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("decline"[All Fields] AND
"cognitive"[All Fields]) OR "decline cognitive"[All Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields]
AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("declines"[All Fields] AND "cognitive"[All Fields]) OR
"declines cognitive"[All Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All
Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("mental"[All Fields] AND "deterioration"[All Fields]) OR "mental deteriora-
tion"[All Fields]) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cogni-
tive Dysfunction"[All Fields] OR ("deterioration"[All Fields] AND "mental"[All Fields]) OR "deterioration mental"[All Fields]) OR
("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All
Fields] OR ("deteriorations"[All Fields] AND "mental"[All Fields])) OR ("Cognitive Dysfunction"[MeSH Terms] OR ("cognitive"[All
Fields] AND "dysfunction"[All Fields]) OR "Cognitive Dysfunction"[All Fields] OR ("mental"[All Fields] AND "deteriorations"[All
Fields]) OR "mental deteriorations"[All Fields]))

#1 AND#2 2386
Filters applied: Randomized Controlled Trial. 276

345092
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Transcranial Magnetic Stimulation
#1:MeSH descriptor: [Transcranial Magnetic Stimulation] explode all trees
#2:(Transcranial Magnetic Stimulation):ti,ab,kw OR (Magnetic Stimulations, Transcranial):ti,ab,kw OR (Magnetic Stimulation,
Transcranial):ti,ab,kw OR (Stimulations, Transcranial Magnetic):ti,ab,kw OR (Stimulation, Transcranial Magnetic):ti,ab,kw 8775
#3:(Transcranial Magnetic Stimulations):ti,ab,kw OR (Transcranial Magnetic Stimulation, Paired Pulse):ti,ab,kw OR (Transcranial
Magnetic Stimulation, Repetitive):ti,ab,kw OR (Transcranial Magnetic Stimulation, Single Pulse):ti,ab,kw
#4:#1 OR #2 OR #3
Cognitive Dysfunction
#5:MeSH descriptor: [Cognitive Dysfunction] explode all trees
#6:(Cognitive Dysfunctions):ti,ab,kw OR (Mild Cognitive Impairment):ti,ab,kw OR (Impairments, Mild Cognitive):ti,ab,kw OR
(Impairment, Mild Cognitive):ti,ab,kw OR (Mild Cognitive Impairments):ti,ab,kw
The #7:(Cognitive Impairments, Mild):ti,ab,kw OR (Cognitive Impairment, Mild):ti,ab,kw OR (Mental Deteriorations):ti,ab,kw OR
Cochrane 2024-12-15 | (Deteriorations, Mental):ti,ab,kw OR (Cognitive Decline):ti,ab,kw
librar #8:(Decline, Cognitive):ti,ab,kw OR (Mental Deterioration):ti,ab,kw OR (Cognitive Declines):ti,ab,kw OR (Declines, Cogni-

Y tive):ti,ab,kw OR (Deterioration, Mental):ti,ab,kw 59721
#9:(Disorders, Cognitive):ti,ab,kw OR (Dysfunction, Cognitive):ti,ab,kw OR (Cognitive Disorder):ti,ab,kw OR (Impairments, Cogni-
tive):ti,ab,kw OR (Cognitive Impairments):ti,ab,kw
#10:(Impairment, Cognitive):ti,ab,kw OR (Disorder, Cognitive):ti,ab,kw OR (Cognitive Dysfunctions):ti,ab,kw OR (Cognitive Disor-
ders):ti,ab,kw OR (Cognitive Impairment):ti,ab,kw
#11:(Dysfunctions, Cognitive):ti,ab,kw
#12:#5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11
#13:MeSH descriptor: [Randomized Controlled Trial] explode all trees
#14:(Randomized Controlled Trial):ti,ab,kw OR (Randomized Controlled Trials as Topic):ti,ab,kw
#15:#13 OR #14
#16::#4 AND #12 AND # 15 211
Filters applied: Randomized Controlled Trial. 211
Transcranial Magnetic Stimulation
#1:'transcranial magnetic stimulation'/exp' OR repetitive transcranial magnetic stimulation':ab,ti OR 'magnetic stimulations,
transcranial':ab,ti OR 'magnetic stimulation, transcranial':ab,ti OR 'stimulations, transcranial magnetic':ab,ti OR 'transcranial 37289
magnetic stimulation':ab,ti OR 'transcranial magnetic stimulations':ab,ti OR 'transcranial magnetic stimulation, paired pulse':ab,ti
OR 'transcranial magnetic stimulation, repetitive':ab,ti OR 'transcranial magnetic stimulation, single pulse':ab,ti
cognitive defect

Embase 2024-12-15 . — - - — - - — - - —
#2: 'cognitive defect'/exp OR 'cognition disorders':ab,ti OR 'cognitive complaints':ab,ti OR 'cognitive decline':ab,ti OR 'cognitive
deficiency':ab,ti OR 'cognitive deficit':ab,ti OR 'cognitive disability':ab,ti OR 'cognitive disorder':ab,ti OR 'cognitive disorders':ab,ti 710584
OR 'cognitive disturbance':ab,ti OR 'cognitive dysfunction':ab,ti OR 'cognitive impairment':ab,ti OR 'delirium, dementia, amnes-
tic, cognitive disorders':ab,ti OR overinclusion:ab,ti OR 'response interference':ab,ti OR 'cognitive defect":ab,ti
#1 and #2 2890
Filters applied: Randomized Controlled Trial. 259
Transcranial Magnetic Stimulation
#1: (TS=(repetitive transcranial magnetic stimulation) OR TS=(transcranial magnetic stimulation) OR TS=(magnetic stimula-
tions, transcranial) OR TS=(magnetic stimulation, transcranial) OR TS=(stimulations, transcranial magnetic) OR TS=(stimulation, 47480
transcranial magnetic) OR TS=(transcranial magnetic stimulations) OR TS=(transcranial magnetic stimulation, paired pulse) OR
TS=(transcranial magnetic stimulation, repetitive) OR TS=(transcranial magnetic stimulation, single pulse))
\SAzfeTc)cfe 2024-12-15 cognitive defect
#2: (TS=(cognitive defect) OR TS=(cognition disorders) OR TS=(cognitive complaints) OR TS=(cognitive decline) OR TS=(cognitive
deficiency) OR TS=(cognitive deficit) OR TS=(cognitive disability) OR TS=(cognitive disorder) OR TS=(cognitive disorders) OR 961512
TS=(cognitive disturbance) AND TS=(cognitive dysfunction) OR TS=(cognitive impairment) OR TS=(delirium, dementia, amnestic,
cognitive disorders) OR TS=(overinclusion) OR TS=(response interference) OR TS=(cognitive defect))
#1 AND #2 Filters applied: Filters applied: Randomized Controlled Trial AND Clinical Trial 287
China B 5 RIS
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