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Abstract.
Background: Repetitive transcranial magnetic stimulation (rTMS) is an advanced and noninvasive technology that uses
pulse stimulation to treat cognitive impairment. However, its specific effects have always been mixed with those of cognitive
training, and the optimal parameter for Alzheimer’s disease (AD) intervention is still ambiguous.
Objective: This study aimed to summarize the therapeutic effects of pure rTMS on AD, excluding the influence of cognitive
training, and to develop a preliminary rTMS treatment plan.
Methods: Between 1 January 2010 and 28 February 2023, we screened randomized controlled clinical trials from five
databases (PubMed, Web of Science, Embase, Cochrane, and ClinicalTrials. gov). We conducted a meta-analysis and
systematic review of treatment outcomes and rTMS treatment parameters.
Result: A total of 4,606 articles were retrieved. After applying the inclusion and exclusion criteria, 16 articles, comprising 655
participants (308 males and 337 females), were included in the final analysis. The findings revealed that rTMS significantly
enhances both global cognitive ability (p = 0.0002, SMD = 0.43, 95% CI = 0.20–0.66) and memory (p = 0.009, SMD = 0.37,
95% CI = 0.09–0.65). Based on follow-up periods of at least 6 weeks, the following stimulation protocols have demonstrated
efficacy for AD: stimulation sites (single or multiple targets), frequency (20 Hz), stimulation time (1–2 s), interval (20–30 s),
single pulses (≤2500), total pulses (>20000), duration (≥3 weeks), and sessions (≥20).
Conclusions: This study suggests that rTMS may be an effective treatment option for patients with AD, and its potential
therapeutic capabilities should be further developed in the future.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disease characterized by a gradual decline in cogni-
tive ability and deterioration of daily life skills. It is
the most common type of dementia, accounting for
50–70% of cases, and is primarily characterized by
severe memory impairment relative to age-matched
peers [1]. The global incidence of AD and its contin-
uum, encompassing prodromal AD and preclinical
AD, is estimated to affect 32, 69, and 315 million
individuals, respectively. Collectively, this accounts
for a significant population of 416 million individuals
within the AD spectrum, representing approximately
22% of the global population aged ≥ 50 years [2]. In
the geriatric cohort, AD accounts for 4.9% of the total
mortality and poses an additional 40% heightened
risk of mortality, specifically among female individ-
uals [3]. With advancing age, the susceptibility to AD
increases, accompanied by a parallel rise in disease
burden [4] and mortality risks [2, 5]. Consequently,
there is an imperative demand for an efficacious ther-
apeutic approach to combat AD.

However, the underlying mechanisms of AD
are not fully understood. Currently, drug thera-
pies for AD primarily focus on the inhibition of
acetylcholinesterase activity within the brain [6].
Pharmacological approaches primarily focus on vas-
cular prevention and symptomatic treatment utilizing
cholinesterase inhibitors and N-methyl-D-aspartic
acid antagonists [7, 8]. Although more than 20
compounds have completed large-scale phase III
double-blind randomized controlled trials in patients
with various stages of AD by 2019, none have
demonstrated efficacy in slowing cognitive decline
or improving overall functioning [9].

Repetitive transcranial magnetic stimulation
(rTMS) can be administered as a repetitive stimula-
tion sequence at different frequencies, with stimuli
delivered to the same or different brain regions at
varying intervals. A single pulse can depolarize
neurons and elicit measurable effects, whereas
rTMS can modulate the excitability of the cortex
at stimulated sites and in remote areas through
functional anatomical connections [10]. A pulsed
magnetic field can be employed to generate an
electric current in the brain, which can temporarily
stimulate or inhibit specific areas[11]. The mecha-
nisms underlying the after-effects of rTMS resemble
the phenomena of long-term potentiation (LTP) and
long-term depression observed in animals [12]. LTP
is induced when a presynaptic neuron is stimulated

before a postsynaptic neuron (pre-post) within a
time interval of tens of milliseconds. Conversely,
stimulation in the reverse order (post–pre) led to
long-term depression. No alterations in synaptic
strength were observed when the inter-stimulus
interval exceeded 100 ms [13]. In conclusion, TMS
is a potent tool for shaping cortical networks and
enhancing the performance of healthy individuals
[14]. Several studies have documented substantial
improvements in speed and accuracy across tasks
related to perception, motion, and executive process-
ing following TMS. This improvement primarily
stems from the direct modulation of cortical regions
or networks, facilitating more efficient processing
[14]. Additionally, this approach involves addition
and subtraction, which disrupt competitive or
distracting processes that may otherwise impede
task performance [14].

Therefore, rTMS has been widely used to treat
AD [15]. Research indicates that after rTMS treat-
ment, motor cortex excitability increases in AD
groups, while cholinergic function decreases, and
both GABAergic and glutamatergic functions in AD
patients diminish [16]. Furthermore, the majority of
studies suggest a general reduction in the resting
motor threshold in individuals with AD compared
to healthy age-matched subjects. This reduction is
often interpreted as a marker of heightened motor cor-
tex excitability [17–20]. Moreover, increased motor
excitability and cortical reorganization in AD may
explain the frontomedial shift in motor areas, which
is interpreted as a compensatory mechanism that
preserves motor programming despite AD progres-
sion [21]. Most studies have shown that rTMS can
effectively enhance the cognition [22, 23], emo-
tion [24], and language [25–27] in patients with
AD. However, other studies have provided differ-
ent perspectives. While improvements in cognition
can be observed using the Alzheimer’s Disease
Assessment Scale-Cognition Subscale (ADAS-cog),
significant enhancement in global cognition is not
evident when assessed by the Min-Mental State
Examination (MMSE) [28, 29]. One study revealed
a strong correlation between the MMSE total score
and ADAS-Cog, but a weaker correlation between
the change scores of MMSE and ADAS-Cog [30].
Additionally, another investigation indicated fluctua-
tions in ADAS-Cog scores corresponding to specific
MMSE scores, suggesting that ADAS-Cog is more
accurate than MMSE in assessing the extent of cog-
nitive impairment [31]. While some studies have
shown no significant changes in memory [32], emo-
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tion, or executive function [28, 33], others have
demonstrated improvements in these cognitive abil-
ities [34–36]. Consequently, there is considerable
controversy regarding the efficacy of rTMS for
the treatment of AD. Therefore, the present study
was essential to reassess the therapeutic efficacy of
rTMS.

Distinguishing the therapeutic effect of rTMS in
patients with AD from those of cognitive train-
ing (CT) presents a challenge. To date, CT has
been demonstrated to independently enhance cog-
nitive abilities [37], slow cognitive decline for up
to five years [38], and yield moderate effects with
significant overall improvements in the behavioral
and functional aspects of mild-to-moderate AD [39,
40]. However, most meta-analyses of the effects of
rTMS on AD have not excluded articles on rTMS
combined with CT [22, 23, 41]. Consequently, the
potential benefits of CT have not been excluded
from these meta-analyses. This inclusion compli-
cates the differentiation between the effects of rTMS
and CT, making it challenging to isolate the indi-
vidual effects of rTMS alone. Determining whether
improvements in cognitive ability arise from rTMS or
CT becomes challenging. Therefore, this study aimed
to investigate the specific role of rTMS in patients
with AD, excluding the influence of CT, to gain
a clearer understanding of the individual impact of
rTMS.

Additionally, the therapeutic efficacy of rTMS is
influenced by various factors such as the location of
stimulation, frequency, and pulse count. For instance,
some studies have suggested that high-frequency
rTMS is more effective compared to low-frequency
rTMS in enhancing the cognitive abilities of patients
with AD [42, 43]. The use of multiple targets can
result in a more pronounced improvement than using
a single target [24, 44]. Low-frequency rTMS has
also been suggested to improve memory function
in patients with AD [45]. Therefore, further studies
are required to clarify rTMS parameters. In addi-
tion, most studies determined the rTMS stimulation
plan based on guidelines [46–48] and their expertise.
Thus, establishing an optimal TMS stimulation plan
in practice remains challenging for most studies and
treatments. The third objective was to comprehen-
sively summarize the parameters employed in rTMS
intervention based on existing randomized controlled
trials (RCT), meta-analyze the impact of these param-
eters on final intervention outcomes, and ultimately
derive the optimal parameters for rTMS intervention
in cognitive impairment.

MATERIALS AND METHODS

The study was designed in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines outlined by
Liberati [49]. Moreover, the study was prospectively
registered at PROSPERO (ID: CRD42023421243)
to ensure transparency and adherence to rigorous
research standards.

Searching strategy for literature

The systematic literature search was conducted
rigorously using five major databases (PubMed,
Web of Science, Embase, Cochrane, and Clinical
Trails.gov) and was independently performed by
two experienced researchers (LXY and LYM). The
search period spanned from 1 January 2010 to 28
February 2023 and specific keywords were used to
ensure the inclusion of only relevant articles: (“Cog-
nitive Dysfunction” OR “Cognitive Impairment”
OR “AD” OR “Alzheimer”) AND (“Transcranial
Magnetic Stimulation” OR “TMS” OR “Repetitive
Transcranial Magnetic Stimulation” OR “rTMS”)
AND (“Randomized Controlled Trial” OR “Ran-
domized” OR “Placebo”). The keywords for the
randomized controlled trials were obtained from
the McMaster Health Knowledge Refinery (HKR,
https://hiruweb.mcmaster.ca/hkr/hedges/medline), a
trusted source that provides a balance between sen-
sitivity and specificity. In cases of discrepancies
between the two researchers, a senior investigator
was consulted to determine the inclusion or exclu-
sion of articles based on pre-defined criteria, thereby
ensuring that the final list of articles was thoroughly
screened and reviewed.

Inclusion and exclusion criteria

Specific inclusion and exclusion criteria were
formulated to ensure the homogeneity of studies
included in this review. The specific inclusion crite-
ria were formulated as follows: 1) participants must
be human; 2) studies must be randomized controlled
trials focused on AD; 3) research must solely involve
rTMS treatment without combing it with other inter-
ventions; 4) the mode of stimulation was rTMS; 5)
studies must include an intervention group receiving
real rTMS treatment and a control group that received
sham rTMS treatment; 6) sufficient pre- and post-
original data (including available mean and standard
deviation); 7) outcomes should be measured using

https://hiruweb.mcmaster.ca/hkr/hedges/medline
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neuropsychological scales, E-Prime trails, or other
objective measures.

Conversely, studies were excluded if they: 1)
focused on cognitive impairment resulting from
other diseases (such as Parkinson’s disease, cere-
bral trauma, stroke, etc.); 2) utilized stimulation
modes other than rTMS (such as intermittent theta
burst stimulation or other TMS technologies); 3)
were based on animal research; 4) did not evaluate
cognition or only included EEG, MRI, or other physi-
ological indices; 5) were published in languages other
than English; 6) were in the form of case reports,
comments, letters, or review.

Information of included studies

A total of 4,606 articles were identified from five
databases (Web of Science, 704; Cochrane, 3713;
PubMed, 57; Embase, 129; and CT.gov, 3). A total of
293 duplicate records were excluded. Subsequently,
4,270 articles were excluded for various reasons,
including not meeting the inclusion and exclusion
criteria, involving alternative treatment methods,
focusing solely only on healthy individuals, etc. This
left only 43 articles on the topic. Upon full-text
review, 13 were excluded due to the absence of a sham
group, seven were excluded for not employing a sin-
gle rTMS method, six were excluded for presenting
incomplete data, and one was excluded for using the
intermittent theta burst stimulation method. Finally,
16 studies were included in this meta-analysis. The
filtering process is illustrated in Fig. 1.

Data extraction

Data extraction from each included study was con-
ducted independently by two researchers who met
the predefined inclusion and exclusion criteria. The
extracted information was comprehensive and cov-
ered a variety of aspects, such as the study’s basic
characteristics, including the first author, publication
year, group size, sex ratio, age, education level, diag-
nostic criteria, baseline cognitive scores, and dropout
rate. Additionally, the study design, duration, pre-
and post-outcome measures (mean [M] and stan-
dard deviation [SD]), adverse events, and treatment
interventions were meticulously recorded, including
the mode of TMS, type of coil, stimulus inten-
sity, stimulating position and number, frequency,
duration per trial, interval time per trial, total time
per treatment, single pulses per treatment, total
pulses for all treatments, treatment frequency, treat-

ment period, sessions, and the sham stimulation
method.

During cross-design studies, data were consol-
idated when the participants received identical
stimulations during the same stage. Conversely, in
parallel studies, the data were aggregated across dif-
ferent groups during both the pre-and post-stages. If
data from the same study were available in multi-
ple databases, the database with the most extensive
information and the highest number of participants
was selected. In instances where outcomes were
reported at distinct time points, data were promptly
obtained following the selection of the interven-
tions. In cases where the studies lacked adequate or
ambiguous information, the corresponding authors
were approached for clarification. If the informa-
tion was still not clear, the WebPlot Digitiser tool
(https://apps.automeris.io/wpd/) was used to measure
the graph or article. Based on the original axis, line
chart, or bar chart, this tool can measure approximate
raw data for subsequent analysis. Any disparities
in the data retrieved by the two researchers were
resolved through active discussions with a third pro-
fessional researcher to ensure consensus.

Study quality

The quality of the included studies was assessed
using the evaluation criteria of the Cochrane risk
of bias tool, which is widely accepted in the field
[50]. The evaluations were conducted independently
by two researchers, and any discrepancies were
resolved by inviting a third researcher to review the
studies. Quality assessment focused on seven key
aspects: random sequence generation, allocation con-
cealment, blinding of participants and implementers,
blinding of outcome assessment, integrity of results,
selective reporting, and other biases. For each aspect,
the risk of bias was categorized into three levels:
low, high, and unclear. This approach ensured a com-
prehensive and rigorous evaluation of the quality of
included studies.

Data analysis

The Cochrane Review Manager (RevMan) 5.4 sta-
tistical software (Cochrane Collaboration Network
Review Manager, Oxford, UK) was employed for
data analysis. The effect size was calculated using
the Standard Mean Difference (SMD), and 95% con-
fidence intervals (CIs) were assessed using the Z-test.
The heterogeneity of a study was calculated using the

https://apps.automeris.io/wpd/
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Fig. 1. Flow chart depicting the inclusion and exclusion process for the meta-analysis.

I2 test: If the I2 < 50%, indicating low heterogene-
ity, a fixed-effect model was employed; conversely, if
I2 ≥ 50%, suggesting high heterogeneity, a random-
effects model was used to analyze the treatment effect
size. According to the Cochrane Manual for Sys-
tematic Evaluation of Inventions, STATA software
(version 17.0; STATA Corp., College Station, TX,
USA) was used to perform Begg’s and Egger’s tests
to create funnel plots and analyze the size of the
publication bias of each article.

The change in treatment was determined as the
difference between the baseline mean value before
treatment and that immediately after treatment. The
maintenance effect of treatment is reflected by the
difference between the baseline mean value and the
follow-up. The formula used in this study is as fol-
lows:

Mean change = Mean final − Mean baseline

(1)

SD change =
√

SD baseline2 + SD final2 − (2 × coefficent × SD baseline × SD final) (2)
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In all analyses, p < 0.05 was considered statistically
significant.

RESULTS

Basic characteristics

This meta-analysis included 16 studies involving
655 patients with AD. Of the participants, 308 were
male and 337 were female, with a mean age of 71.53
years. The average disease duration was 3.57 years,
and the average length of education was 8.29 years.
Most studies used diagnostic criteria such as the
National Institute of Neurological and Communica-
tive Disease and Stroke and Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA),
the National Institute on Aging and Alzheimer Asso-
ciation (NIA-AA), and the Diagnostic and Statistical
Manual of Mental Disorders (DSM). The details are
presented in Table 1.

In this study, the treatment methods were com-
prehensively analyzed, and all relevant details
potentially influencing outcomes were extracted from
each study. The intensities in most studies were
90%, 100%, and 120% of the motor threshold.
Among the various stimulation sites explored, the
dorsolateral prefrontal cortex (DLPFC) emerged as
a frequently targeted region across multiple studies
[25, 43, 51–57]. Additionally, other targets included
the hippocampus [36, 58], angular gyrus [59], pre-
cuneus [60], cerebellum [61], and regions adjacent to
the temporal lobe [34, 62]. While the majority of stud-
ies utilized one or two stimulation sites with treatment
frequency of 10 Hz and 20 Hz, two studies utilized
low-frequency stimulation at 1 Hz [43] and 5 Hz [61].
Most of the included studies utilized a stimulation
time of 2–5 s, interval of 20–30 s, stimulation duration
of 20–30 min, single pulses of 1000–1500, and total
pulses of 20000–40000. The treatment frequency was
typically five times per week, with a total treatment
duration of 2–4 weeks and 30 sessions. Global cogni-
tion was measured in almost every study using tools
such as the MMSE, Montreal Cognitive Assessment
(MoCA), and ADAS-Cog, with the exception of four
studies. Further details are provided in Table 2.

Quality of included studies

The quality of the included studies was evaluated
independently by two researchers using the RevMan
5.4. As illustrated in Figs. 2 and 3, with the exception
of one study [54], most included studies were ran-

domized controlled. A few studies did not report their
allocation concealment methods or outcome indica-
tors. Overall, the quality of all the included studies
was relatively good.

Effects of RTMS on global cognition

All scales across the studies that assessed global
cognition, primarily the MMSE, MoCA, and ADAS-
cog, were combined. Given an I2 value of 50%,
indicating moderate heterogeneity, a random-effects
model was employed. A total of 350 experimen-
tal and 310 sham participants were included in the
study. Results indicated that participants with cogni-
tive impairment exhibited a significant improvement
in cognition with rTMS treatment compared to
sham stimulation (p = 0.0002, SMD = 0.43, 95%
CI = 0.20–0.66) (Fig. 4).

Subgroup analysis of RTMS on global cognition

To evaluate the effects of various rTMS treatment
protocols on cognitive impairment, a comprehensive
assessment of various parameters was conducted.
These parameters included participant characteris-
tics, stimulation position and number, frequency,
trial duration, trial interval, total treatment time,
single pulses administered per treatment, total
pulses across all treatments, treatment frequency,
treatment period, sessions, and sham stimulation
method employed. Interestingly, both single-target
(p = 0.008, SMD = 0.43, 95% CI = 0.12–0.75)
and multi-target (p = 0.02, SMD = 0.43, 95%
CI = 0.08–0.78) stimulation exhibited improvements
in cognitive ability (see Fig. 5). Furthermore,
owing to limited studies on the frequencies of
1 Hz and 5 Hz, the analysis focused on 10 Hz and
20 Hz. Notably, higher frequency (20 Hz) rTMS
demonstrated a significant enhancement in cognition
(p = 0.002, SMD = 0.65, 95% CI = 0.23–0.1.06),
whereas lower frequency (10 Hz) rTMS did not yield
significant improvements (p = 0.18, SMD = 0.17,
95% CI = –0.08–0.41) (see Fig. 6).

Of the 12 studies reviewed, those with a stimula-
tion duration of 1–2 s had a statistically significant
effect (p = 0.01, SMD = 0.54, 95%CI = 0.12–0.95)
compared to those with a 4–5 s duration (p = 0.19,
SMD = 0.22, 95%CI = –0.11–0.54) (Fig. 7). Regard-
ing interval times reported in a trial, a statistical
effect was observed. Specifically, only inter-
vals ranging from 20–30 s (p = 0.04, SMD = 0.28,
95%CI = 0.02–0.54) exhibited significant cognitive
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Table 1
Basic characteristics of included studies

Study Design Group Participants
(total)

Gender
(M/F)

Age (y) Disease
Duration

Education (y) Diagnosis Criteria

Ahmed (2012) [43] parallel rTMS-20
HZ rTMS -1 HZ
Sham

45 5/10
6/9
5/10

65.9 (5.9)
68.6 (6.7)
68.3 (4.9)

3.9 (2.3)
4.1 (2.3)
4.4 (2.5)

NA NINCDS-ADRDA

Cotelli (2010) [25] parallel rTMS
Sham

10 NA 71.2 (6.1)
74.4 (3.8)

NA 6.4 (1.3)
4.8 (0.4)

NINCDS-ADRDA

Hu (2022) [59] parallel rTMS
Sham

42 8/13
10/11

76.86 (6.07)
75.33 (5.73)

3.52 (1.67)
3.88 (2.01)

13.05 (3.67)
11.24 (4.39)

NIA-AA

Jia (2021) [58] parallel rTMS
Sham

69 10/25
11/23

71.41 (8.85)
73.41 (7.73)

NA 7.70 (5.26)
7.50 (5.19)

DSM-V

Koch (2022) [60] parallel rTMS
Sham

50 11/14
13/12

75.0 (5.6)
72.3 (7.2)

1.4 (0.33)
1.2 (0.33)

10.2 (4.4)
8.6 (4.1)

IWG-2

Li (2021) [51] parallel rTMS
Sham

75 20/17
24/14

65.97 (8.47)
64.58 (7.88)

3.7 (1.75)
3.97 (1.62)

5.65 (3.21)
6.75 (4.51)

DSM-V

Lu (2022) [52] parallel rTMS
Sham

55 19/8
19/9

69.2 (7.1)
73.7 (7.2)

NA 7.3 (4.4)
7.5 (5.2)

DSM-V

Padala (2020) [53] parallel rTMS
Sham

20 8/1
10/1

74.3 (5.7)
79.6 (7.7)

NA NA UBACC > 15, age > 55,
AES-C > 30, MMSE > 18

Rutherford (2015) [54] cross-over rTMS/Sham 10 4/6 57–87 NA NA Clinical/neuropsychological
criteria for AD

Saitoh (2022) [55] parallel rTMS-120%RMT
rTMS-90%RMT
Sham

40 8/7
3/10
4/8

76.2
77.2
75.8

3.5
4.8
4.6

13.7
12.2
13.2

NINCDS-ADRDA

Wei (2022) [36] parallel rTMS
Sham

56 9/20
7/20

70.00 (8.63)
71.67 (7.16)

NA 7.34 (5.54)
6.63 (4.99)

DSM-V

Wu (2015) [56] parallel rTMS
Sham

52 16/10
15/11

71.4 (4.9)
71.9 (4.8)

5.1 (1.5)
5.1 (1.5)

11.4 (2.7)
11.5 (2.1)

NINCDS-ADRDA

Yao (2022) [61] parallel rTMS
Sham

27 8/7
6/6

63.87 (6.85)
67.60 (7.88)

1.97 (1.29)
2.02 (1.26)

10.53 (3.80)
9.40 (3.63)

NIA-AA

Zhao (2017) [34] parallel rTMS
Sham

30 7/10
6/7

69.3 (5.8)
71.4 (5.2)

NA 4.8 (1.9)
4.9 (3.5)

DSM-VI

Leocani (2021) [62] parallel rTMS
Sham

28 9/7
6/6

69.6(7.9)
72.6 (8.3)

4.2 (2.0)
4.2 (1.1)

9.2 (4.5)
7.8 (3.4)

NINCDS-ADRDA

Tao (2022) [57] parallel rTMS
Sham

46 11/12
10/13

67.8(5.4)
68.9(4.9)

NA 4.7 (2.1)
4.6 (3.4)

DSM-IV, NINCDS-ADRDA

M, male; F, female; AD, Alzheimer’s Disease; NINCDS-ADRDA, National Institute of Neurological and Communicative Disease and Stroke and Alzheimer’s Disease and Related Disorders
Association; NIA-AA, National Institute on Aging and Alzheimer’s Association; DSM, Diagnostic and Statistical Manual of Mental Disorders; IWG, International Working Group; UBACC,
UCSD Brief Assessment of Capacity to Consent; AES-C, Apathy Evaluation Scale-clinician version; MMSE, Mini-Mental State Examination.
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Table 2
Treatment methods of included studies

Study Intensity
(%MT)

Stimulation
sites

Site
numbers

Frequency Stimulation
time

Interval Stimulation
duration

Single
pulses

Total
pulses

Treatment
frequency

Duration Sessions Main results

Ahmed
(2012) [43]

90 B-DLPFC 2 20 HZ 5 s 25 s 20 min 4,000 20,000 5/per week 5 days 5 MMSE, GDS, IADL
100 1 HZ 5 s 30 s 33 min

Cotelli
(2010) [25]

100 L-DLPFC 1 20 HZ 2 s 28 s 25 min 2,000 20,000 5/per week 2 weeks 10 MMSE, ADL, IADL

Hu (2022)
[59]

90 B-AG 2 40 HZ 2 s 58 s 30 min 2,400 28,800 3/per week 4 weeks 12 MMSE, ADAS-cog

Jia (2021)
[58]

100-110 Hippocampus1 1 10 HZ 2 s 28 s 20 min 800 8,000 5/per week 2 weeks 10 MMSE, CDR, PVLT

Koch (2022)
[60]

100 Precuneus 1 20 HZ 2 s 28 s 20 min 1,600 51,200 first 2 weeks,
5/per week; last
22 weeks, 1/per
week

24 weeks 32 MMSE, CDR,
ADAS-cog,
ADCS-ADL, FAB, NPI

Li (2021)
[51]

100 L-DLPFC 1 20 HZ 1 s 10 s 20 min 2,000 60,000 5/per week 6 weeks 30 MMSE, ADAS-cog

Lu (2022)
[52]

120 L-DLPFC 1 10 HZ 5 s 25 s 15 min 1,500 22,500 5/per week 3 weeks 15 MoCA, CSDD, CES-D

Padala
(2020) [53]

120 L-DLPFC 1 10 HZ 4 s 26 s 37.5 min 3,000 60,000 5/per week 4 weeks 20 MMSE, AES, IADL,
ADL, 3MS, TMT-A,
TMT-B, CGI-S, ZBS

Rutherford
(2015) [54]

90–100 B-DLPFC 2 20 HZ 2 s 5 s 5.83 min 2,000 26,000 first 2 weeks:
5/per week; last
2 weeks: total 3
times

4 weeks 13 ADAS-cog, RMBC,
Associative memory,
Word-image Associate

Saitoh
(2022) [55]

120 90 B-DLPFC 2 10 HZ 4 s 26 s 20 min 1,200 ≥6,000 first 2 weeks:≥8
times; last 2
weeks:≥1 time
/per week

4 weeks ≥10 MMSE, ADAS-cog,
MOCA, NPI, CDR,
EQ-5D-5L

Wei (2022)
[36]

100–110 Parietal-
hippocampal2

1 10 HZ 2 s 28 s 20 min 800 8,000 5/per week 2 weeks 10 MMSE, PVLT, CDR,
ADL, PHQ-9

Wu (2015)
[56]

80 L-DLPFC 1 20 HZ NA NA NA 1,200 24,000 5/per week 4 weeks 20 ADAS-cog,
BEHAVE-AD
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Yao (2022)
[61]

90 Bilateral
cerebellum

2 5 HZ NA NA 20 min 2,000 40,000 5/per week 4 weeks 20 MMSE, MOCA,
ADAS-cog, RAVLT,
CDT, BNT, VFT, TMT,
SDMT, DST

Zhao (2017)
[34]

NA Parietal P3/P4,
posterior
temporal
T5/T6

4 (3/per
day)

20 HZ 10 s 20 s 30 min 12,000 360,000 5/per week 6 weeks 30 ADAS-cog, MMSE,
MOCA, WHO-UCLA
AVLT

Leocani
(2021) [62]

120 Bilateral
frontal
parietal-
temporal
regions

NA 10 HZ NA 22 s NA 840 13,440 first 4 weeks:
3/per week; last
4 weeks: 1/per
week

8 weeks 16 ADAS-cog

Tao (2022)
[57]

100 L-DLPFC 1 20 HZ 2 s 25 s 20 min 1,760 52,800 5/per week 6 weeks 30 MMSE, ADAS-cog,
MoCA, MBI

1Actually, the hippocampus was taken as the seed, and the left lateral parietal showed high functional connectivity with the left hippocampus seed was chosen as the stimulation site. 2Actually,
the hippocampus was taken as the seed, and the left lateral parietal showed high functional connectivity with the left hippocampus seed was chosen as the stimulation site. B-DLPFC, Bilateral
Dorsolateral Prefrontal Cortex; L-DLPFC, Left Dorsolateral Prefrontal Cortex; R-DLPFC, Right Dorsolateral Prefrontal Cortex; B-AG, Bilateral Angular Gyrus; MMSE, Mini Mental State
Examination; IADL, Instrumental Daily Living Activity; GDS, Geriatric Depression Scale; DST, Digit Span Test; WMS, Wechsler Memory Scale; VMPT, Oktem Verbal Memory Process Test;
BNT, Boston Naming Test; BFRT, Benton Facial Recognition Test; Stroop; CDT, Clock Drawing Test; NPI, Neuropsychiatric Inventory Questionnaire; FBI, Frontal Behavioral Inventory; BBT,
Berg Balance Test; TUG, Timed Up and Go Test; QoL-AD, Quality of Life in Alzheimer’s Disease; ADL, Activities of Daily Living; MoCA, Montreal Cognitive Assessment; ROCF, Rey-Osterrieth
Complex Figure task; ST-TIME, Stroop time; DIG-DET, Digit Detection; IWI, Interview With Informant; ADAS-cog, Alzheimer’s Disease Assessment Scale-cognitive subscale; CDR, Clinical
Dementia Rating; PVLT, 12-Word Philadelphia Verbal Learning Test; RAVLT, Ray Auditory Verbal Learning Test; DSST, Digit Symbol Substitution Test; FAB, Frontal Assessment Battery;
ADCS-ADL, Alzheimer’s Disease Cooperative Study–Activities of Daily Living; CES-D, Centre for Epidemiologic Studies Depression Scale; CSDD, Cornell Scale for Depression in Dementia;
3MS, Modified Mini Mental State Exam; AES, Apathy Evaluation Scale; TMT-A, Trails Making Test A; TMT-B, Trails Making Test B; CGI-S, Cognitive Global Impression – Severity; ZBS,
Zarit Burden Scale; EXIT-25, Executive Function – 25; RMBC, Revised Memory and Behavior Checklist; EQ-5D-5 L, EuroQOL 5 dimensions 5-level; PHQ-9, Patient Health Questionnaire-9;
BEHAVE-AD, Behavioral Pathology in Alzheimer’s Disease Rating Scale; VFT, Verbal Fluency Test; SDMT, Symbol Digit Modalities Test; WHO-UCLA AVLT, The Chinese version of World
Health Organization University of California-Los Angeles, Auditory Verbal Learning Test; RMBT, Rivermead Behavioural Memory Test; MBI, Modified Barthel Index.
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Fig. 2. Risk of bias based on Cochrane’s Handbook.

improvement, whereas intervals of ≤ 10 s did not
(p = 0.07, SMD = 1.18, 95%CI = – 0.09-2.46) (refer
to Fig. 8).

The pulse plays a crucial role in the success of
rTMS treatment in improving cognition. Significant
differences were observed among different groups
of single pulses (≤1500: p = 0.05, SMD = 0.23,
95%CI = –0.00–0.46; 1500 < n ≤ 2500: p = 0.004,
SMD = 0.69, 95%CI = 0.22–1.16), while no signifi-
cant difference was noted in the group with >2500
pulses (p = 0.10, SMD = 0.35, 95%CI = –0.07–0.77)
(refer to Fig. 9). Furthermore, the total number of
pulses emerged as a critical factor. The findings
indicated that a pulse count exceeding 20000 was
essential for significant improvement (20000–30000:
p = 0.02, SMD = 0.71, 95%CI = 0.14–1.29; ≥40000:
p = 0.009, SMD = 0.52, 95%CI = 0.13–0.92). Con-
versely, counts below 20000 did not demon-
strate a significant impact (≤10000: p = 0.49,
SMD = 0.12, 95%CI = –0.23–0.47; 10000–20000:
p = 0.52, SMD = 0.15, 95%CI = –0.30–0.59) (refer to
Fig. 10).

Furthermore, the treatment duration was also
significant in producing therapeutic effects. Specif-
ically, treatments lasting more than three weeks
demonstrated significant improvements in cognitive
ability (3–4 weeks: p = 0.007, SMD = 0.56, 95%CI =
0.15–0.97; ≥6 weeks: p = 0.02, SMD = 0.65,
95%CI = 0.10–1.19) (refer to Fig. 11). Similarly,
more than 20 treatment sessions were found to be
necessary for significant improvement (≥20 ses-
sions: p = 0.003, SMD = 0.60, 95%CI = 0.20–1.01)
(refer to Fig. 12).

Determining whether rTMS therapy should be con-
tinued is challenging. Addressing this issue can assist
in determining effective treatment plans, including

the duration and frequency of consolidation. There-
fore, we conducted further analysis of the follow-up
effect of rTMS on cognitive impairment. Our findings
indicated that the effect lasted for a minimum of 6
weeks (p = 0.009, SMD = 0.29, 95%CI = 0.07–0.50)
(see Fig. 13).

Effects of RTMS on memory

Memory impairment serves as a key indicator of
AD. Four studies analyzed the effects of rTMS on
memory by combining all the scales that measure
memory. A slight heterogeneity was observed in this
meta-analysis (p = 0.30, I2 = 18%). The results indi-
cate that the application of rTMS led to statistically
significant improvements compared to sham stimu-
lation (p = 0.009, SMD = 0.37, 95%CI = 0.09–0.65)
(see Fig. 14).

Effects of RTMS on executive function

Three studies reported the outcomes of execu-
tive function. Scales measuring executive function
include the Trail Making Test, Clock Drawing Test,
and Frontal Assessment Battery. The results show
that no significant change was found due to rTMS
(p = 0.46, SMD = 0.15, 95%CI = –0.26–0.57) (see
Fig. 15).

Effects of RTMS on emotion

Four studies included in the analysis reported
results on emotional outcomes using scales such
as the Geriatric Depression Scale, Patient Health
Questionnaire-9, and Cornell Scale for Depression
in Dementia [36, 43, 52]. The findings suggest that
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Fig. 3. Risk of bias in every study evaluated by researchers.

there was no statistically significant effect on emotion
compared to sham stimulation (p = 0.78, SMD = 0.07,
95%CI = –0.40–0.53) (see Fig. 16).

Effects of rTMS on daily living

Six studies considered daily living as effective
for participants in basic living abilities, such as liv-
ing alone, dressing correctly, and eating timely, and
complex living abilities, such as shopping, taking
medicine, and taking part in social activities. The
result suggested that rTMS had no significant effect
on the activities of daily living (p = 0.23, SMD = 0.40,
95%CI = –0.25–1.04) (see Fig. 17).

Effects of RTMS on neuropsychiatric symptoms

Koch et al. [60], Saitoh et al. [55], and Wu et al. [56]
investigated changes in neuropsychiatric using the
Neuropsychiatric Inventory Questionnaire. The out-
comes showed moderate heterogeneity (I2 = 53%).
Thus, the random effect mode was adopted, and
there was no significant difference in neuropsychi-
atric symptoms between rTMS treatment and sham
groups (p = 0.40, SMD = 0.21, 95%CI = –0.29–0.72)
(see Fig. 18).

Side effect of RTMS

Eleven studies reported the side effects of rTMS.
The proportion of adverse effects during rTMS
treatment was 21.43%. Compared to the sham
group, individuals receiving true rTMS stimula-
tion experienced significantly more adverse effects
(p = 0.009, SMD = 2.29, 95%CI = 1.23–4.27). These
symptoms include headache, scalp tingling, neck pain
or stiffness, insomnia, and fatigue. However, most
adverse effects disappeared following rTMS treat-
ment (Fig. 19).

Publication bias analysis

A funnel plot was employed to evaluate publication
bias and sensitivity, given that more than 10 stud-
ies were included in this meta-analysis. The result
indicates that the funnel plot exhibits complete sym-
metry (Fig. 20). In addition, quantitative analysis was
conducted using the Begg and Egger tests, and the
results showed no significant publication bias (Begg:
p = 0.2604; Egger: p = 0.2578).
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Fig. 4. Investigating the global cognitive effects of rTMS.

Fig. 5. Differential treatment effects based on the number of stimulation sites in rTMS.

DISCUSSION

This meta-analysis included 16 randomized con-
trolled trial articles published between 1 January
2010 and 28 February 2023 encompassing a cohort
of 655 participants. The findings of our study demon-
strate that rTMS yields a significant and moderate

effect on improving global cognitive function, with
an effect size of 0.43; the therapeutic benefits were
sustained for at least 6 weeks. Interestingly, the results
indicate that stimulation sites (single target and mul-
tiple targets), frequency (20 Hz), stimulation time
(1–2 s), interval (20–30 s), single pulses (≤2500),
total pulses (>20000), duration (≥3 weeks), and ses-
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Fig. 6. Treatment effects across various frequencies in rTMS.

Fig. 7. Impact of stimulated time on treatment effects in rTMS.

sions (≥20) effectively enhance the overall cognitive
ability of individuals with AD.

Our findings are consistent with and reinforce the
results of contemporary rigorously controlled trials
investigating the efficacy of rTMS in individuals

diagnosed with AD [16, 28, 63]. These studies indi-
cate that rTMS can effectively enhance the overall
cognitive ability of patients with AD, potentially
benefiting approximately 80% [64]. However, this
meta-analysis excluded RCTs assessing the influence
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Fig. 8. Differential treatment effects based on interval time in rTMS.

Fig. 9. Analyzing the impact of single pulses.
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Fig. 10. Investigating the influence of total pulses.

of CT in improving global cognition and memory
in patients with AD. Some studies have reported no
significant differences when comparing rTMS com-
bined with medication or CT [22], whereas other
studies have suggested that rTMS combined with CT
is more effective compared to sham treatment with
CT [65, 66]. A meta-analysis by Menardi et al. [67]
compared the effects of cognitive training on the cog-
nitive ability of patients with AD and found that only
rTMS + CT produced significant results, while stan-
dalone rTMS showed no effectiveness. Although the
latter result contradicts our current conclusions, at the
same time, it also highlights the influence of the lit-
erature containing CT on the results. While our study
primarily focused on the effects of rTMS alone, it
is important to note that we did not directly com-
pare the cognitive improvements induced by rTMS
and CT alone. Therefore, caution should be exer-
cised when making definitive statements regarding
the superiority of rTMS over CT. CT is an important

factor that affects cognitive ability and should not be
included when considering the impact of rTMS alone.
However, this finding contradicts several studies sug-
gesting that significant enhancements in cognitive
abilities are observed only when rTMS is combined
with CT, as rTMS alone does not yield substantial
improvements [68–71]. Based on this understanding,
it is crucial to emphasize that a single CT scan can
indeed have a positive effect on cognitive ability. In
the future, a more detailed evaluation of the effects
of rTMS alone, considering the influence of CT, is
warranted.

Additionally, based on the current literature, most
studies in this meta-analysis targeted the DLPFC.
However, we did not compare the treatment effects
at different rTMS stimulation sites. Post-TMS treat-
ment, there was an observed increase in neural
activity within the precuneus, accompanied by
changes in effective DLPFC connectivity. Moreover,
an inverse correlation between prefrontal-to-parietal
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Fig. 11. Differential treatment effects of treatment duration in rTMS.

connectivity and cognitive impairment was observed
[72]. TMS stimulation led to pronounced excitabil-
ity in the DLPFC [73], a crucial element in cortical
plasticity and cognitive function [74]. The findings
suggest that rTMS holds promise as an effica-
cious intervention for AD by augmenting cortical
excitability [19, 75–77] and enduring neuroplasticity
alterations [51, 78, 79]. Furthermore, some studies
indicated that post-TMS treatment, neural activity
in the anterior cingulate cortex was enhanced, brain
oscillations in the beta band intensified, and func-
tional connections between the anterior cingulate
cortex and medial frontal lobe region of the default
mode network (DMN) were transformed [80]. Hence,
the dynamic modulation of intra- and inter-DMN
connectivity at the baseline level holds promise as
a prospective indicator for predicting a positive treat-
ment response to rTMS in individuals with cognitive
impairment [81]. Stimulating the DLPFC is a viable
option to effectively boost cortical excitability in indi-
viduals with AD.

Furthermore, the therapeutic effects of rTMS are
largely influenced by different treatment parame-
ters. To determine the optimal parameters for the

rTMS treatment of cognitive impairment, researchers
conducted a subgroup analysis of rTMS treatment
on patients with cognitive impairment. The results
showed that stimulation sites (single target and mul-
tiple targets), frequency (20 Hz), stimulation time
(1–2 s), interval (20–30 s), single pulses(≤2500),
total pulses (>20000), duration (≥3 weeks), and
sessions (≥20) can effectively improve the overall
cognitive ability of patients with AD. Similar to the
results of this study, numerous studies have high-
lighted that high-frequency rTMS can effectively
enhance patients’ cognitive abilities [41, 42, 68, 80].
High-frequency rTMS is postulated to be involved
in modifications akin to LTP of synaptic efficacy,
the impairment of which is widely regarded as the
fundamental pathophysiological correlate underlying
cognitive deterioration in AD [82]. The therapeu-
tic parameters of TMS are important parameters
that affect its therapeutic effects. Currently, when a
parameter subgroup analysis is conducted, the clas-
sification criteria may be unilateral. Different criteria
may have led to different conclusions. For example,
Menardi et al. [67] pointed out that there was no sig-
nificant difference between 5 HZ and 10 HZ in the
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Fig. 12. Different treatment effects in sessions.

Fig. 13. Follow-up effect of rTMS on cognitive impairment.

Fig. 14. Forest plot revealing the impact of rTMS on memory.
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Fig. 15. Forest plot demonstrating the effect of rTMS on executive function.

Fig. 16. Forest plot demonstrating the impact of rTMS on emotion.

Fig. 17. Forest plot displaying the effect of rTMS on daily living.

Fig. 18. Forest plot demonstrating the effect of rTMS on neuropsychiatric symptoms.

treatment of cognitive ability in AD. However, Zhang
et al. [83] pointed out that compared to 1 HZ, 10
HZ can effectively improve cognitive performance.
Therefore, when comparing the parameters, the par-
titioning criteria are very important. Moving forward,
further studies need to explore the parameters of TMS
for treating various neurological conditions.

In the analysis of the therapeutic effect of rTMS on
memory in this study, it was found that rTMS could
effectively improve the memory ability of patients
with AD (SMD = 0.37). Sandrini et al. [84] also
reported that rTMS could effectively improve long-
term episodic memory function of patients with AD.
Regarding the effect of rTMS on other cognitive

behaviors, we determined that it had no significant
therapeutic effect on executive function, daily life
ability, or neuropsychiatric symptoms. Consistent
with previous studies, Xie et al. [85] examined the
effects of rTMS on memory and executive function
and found no substantial disparities compared with
the control group. Similarly, Wei et al. [23] discov-
ered that while rTMS did not effectively ameliorate
patients’ memory, executive function, or emotions,
it was capable of enhancing their daily life abilities.
Iimori et al. [86] emphasized that, when compared
to patients with depression, there was no evidence
supporting the effectiveness of rTMS in improv-
ing the executive function of patients with AD and
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Fig. 19. Side effects caused by rTMS.

Fig. 20. Funnel plot of publication bias.

schizophrenia. Most meta-analyses have shown that
there is no significant improvement in executive func-
tion, language, etc.; the results should be explained
more prudently because of the limited samples and
different measurement tools with high heterogeneity.
Moreover, it is crucial not to overlook the advance-
ments in executive function [87], daily living [88],
and neuropsychiatric symptoms [56] as reported in
some RCTs. Further research must be undertaken to
explore the multifarious therapeutic effects of rTMS
in individuals with AD.

TMS employs pulsed magnetic fields to stimu-
late the central nervous system, causing changes
in brain cell activity and inducing physiological
changes. Consequently, it is necessary to further
investigate whether these pulsed magnetic fields have
negative effects. Our meta-analysis revealed that the
rTMS group experienced significantly more negative
events compared to the sham group, with a rate of
approximately 21.43%. Adverse reactions to TMS
therapy vary with age and disease status. Maizey et

al. [89] pointed out that mild adverse reactions to
TMS in healthy populations are around 5% but may
be exacerbated by initial expectations or anxiety of
the participants. The incidence of adverse reactions
among elderly patients with depression was 12.4%
[90]. This indicates that it is necessary to further mon-
itor adverse reactions produced during TMS therapy,
understand their origins, and explore interventions to
potentially mitigate their incidence.

This study had several limitations. First, the num-
ber of included studies was relatively small, falling
within the scope of small-sample studies and exhibit-
ing a moderate degree of heterogeneity, including
both randomized controlled trials and crossover
designs. Second, owing to the wide heterogeneity of
the stimulation sites used in each study, it was chal-
lenging to effectively compare the therapeutic effects
produced by the different stimulation sites. Third, the
sub-analysis of stimulation parameters was limited by
the small number of studies reporting specific condi-
tions and parameters, leading to the cautious adoption
of TMS treatment plans. Finally, relatively few sam-
ples were available for sub-analysis of the effects on
other cognitive and behavioral functions, leading to
high heterogeneity and controversial results. There-
fore, a more rational view of the therapeutic effects
of TMS on attention, language, behavior, and other
domains should be considered, and further research
is needed to explore these effects more comprehen-
sively.

Overall, this meta-analysis provides evidence sup-
porting the significant and moderate effects of rTMS
in improving global cognitive function in indi-
viduals with AD. This study suggests that rTMS
may be an efficacious intervention that augments
cortical excitability, induces enduring neuroplastic
alterations, and potentially modulates cholinergic



500 S. Li et al. / Unlocking the Potential of Repetitive Transcranial Magnetic Stimulation in Alzheimer’s Disease

neurons, synaptic dysfunction, and BDNF expres-
sion. However, it is important to consider the
limitations of this study and the need for further
research to explore the optimal parameters, potential
negative effects, and effects on other cognitive and
behavioral functions.

Conclusion

rTMS has been shown to improve global cognitive
function and memory significantly and effectively in
patients with AD. However, there were no significant
differences between the rTMS and sham groups in
terms of executive function, emotions, daily living
skills, or neuropsychiatric symptoms. Additionally,
for AD, such a stimulation treatment plan may be an
effective choice to improve cognitive ability: stimula-
tion sites (single target or multiple targets), frequency
(20 Hz), stimulation time (1–2 s), interval (20–30 s),
single pulses (≤2500), total pulses (>20000), dura-
tion (≥3 weeks), and sessions (≥20). Finally, rTMS
was associated with significantly milder adverse
events than the sham treatment, and its effect lasted
for at least 6 weeks. In the future, it will be impor-
tant to pay more attention to the selection of rTMS
parameters.
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