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Abstract 

Background The impact of noninvasive brain stimulation (NIBS) on cognitive and mental outcomes in Alzheimer’s disease 
(AD) and mild cognitive impairment (MCI) remains under debate due to contradictory findings from systematic reviews 
and meta-analyses (SRMAs). To synthesize evidence from SRMAs assessing the effectiveness of NIBS techniques on cognitive 
and mental outcomes in AD and MCI populations. By comparing our findings to recent reviews and clinical guidelines, we 
highlight how this study addresses current limitations in the literature, provides a more holistic perspective on NIBS interven-
tions, and guides future research and clinical practice.

Methods We searched four databases from inception to May 15, 2024, reviewing SRMAs that analyzed the effects 
of NIBS. Effect sizes, 95% confidence intervals (CIs), and prediction intervals were computed for each meta-analysis. 
The methodological quality of the SRMAs was evaluated using the Measurement Tool to Assess Systematic Reviews 
2, and the quality of evidence was assessed through the Grading of Recommendations, Assessment, Development, 
and Evaluation criteria.

Findings Ten SRMAs detailing 22 associations were analyzed, focusing on two NIBS techniques across 12 unique outcomes. 
Significant improvements were observed in global cognition, language, executive function, and memory. Repetitive tran-
scranial magnetic stimulation (rTMS) significantly enhanced short-term global cognition (standardized mean difference 
[SMD], 0.44; 95% CI 0.02–0.86), language (SMD, 1.64; 95% CI 1.22–2.06), executive function (SMD, 1.64; 95% CI 0.18–0.83), 
and long-term global cognition (SMD, 0.29; 95% CI 0.07–0.50). Transcranial direct current stimulation (tDCS) was effective 
in improving memory (SMD, 0.60; 95% CI 0.32–0.89) and executive function (SMD, 0.39; 95% CI 0.08–0.71). NIBS interventions 
showed no significant correlation with neuropsychiatric symptoms but demonstrated good tolerability in terms of safety 
and acceptability.

Interpretation This umbrella review indicates that NIBS techniques, particularly rTMS and tDCS, can significantly 
improve cognitive functions such as global cognition, language, executive functions, and memory in patients with AD 
and MCI. Despite potential benefits, results should be interpreted cautiously due to study heterogeneity and method-
ological limitations. Future studies should investigate their long-term effects and applicability across dementia types.
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Introduction
With an increasing aging population, dementia has 
become an urgent global public health challenge. Accord-
ing to the World Health Organization, approximately 55 
million people worldwide are diagnosed with dementia 
annually, and this number is expected to rise to 82 mil-
lion by 2030, with 60–70% of cases attributed to Alz-
heimer’s disease (AD) [1]. AD is a chronic progressive 
neurodegenerative disease characterized by persistent 
cognitive decline [2] and neuropsychiatric symptoms 
(NPS) [3] that severely affect quality of life. Mild cogni-
tive impairment (MCI) represents the transitional state 
from normal aging to AD, affecting 10–15% of the pop-
ulation aged > 65  years [4]. Approximately 30–40% of 
people with MCI, especially with memory difficulties, 
progress to AD and other forms of dementia within five 
years of diagnosis [5]. The Alzheimer’s Association esti-
mates that by 2023, the total expenditure for treating AD 
and other types of dementia will reach $345 billion [6]. 
The gradual functional impairment of patients with AD 
imposes significant costs on society and healthcare sys-
tems. Therefore, managing, preventing, and treating MCI 
and AD to reduce their incidence and healthcare costs 
represent current challenges.

Standard interventions for AD currently involve phar-
macological treatments, specifically acetylcholinester-
ase inhibitors and N-methyl-D-aspartate antagonists 
[7]. However, these medications are associated with 
strong side effects and poor compliance, and therapeu-
tic outcomes often fail to deliver satisfactory results. 
Non-invasive brain stimulation (NIBS) is a cost-effective 
supplementary and alternative therapeutic approach 
frequently used to treat MCI and age-related neurode-
generative diseases [8, 9]. The most widely used NIBS 
techniques for AD and MCI treatment include repetitive 
transcranial magnetic stimulation (rTMS) and transcra-
nial direct current stimulation (tDCS). Mechanistically, 
rTMS uses strong magnetic fields to generate focal cur-
rents through a coil to stimulate the brain, which can 
activate or inhibit neural activity in specific brain areas 
through high- or low-frequency stimulation, respec-
tively [10, 11]. Conversely, tDCS delivers low-intensity 
electrical currents via electrodes on the scalp, modulat-
ing synaptic transmission by altering the polarization of 
the neuronal membrane, thereby promoting or inhibiting 
the generation of neural signals. It is worth noting that 
other TMS protocols (e.g., theta-burst stimulation) and 
transcranial electrical stimulation modalities (e.g., tran-
scranial alternating current stimulation and transcranial 
random noise stimulation) are less frequently employed 
in clinical trials or routine care, possibly due to their less 
well-defined mechanisms and the absence of standard-
ized treatment guidelines.

However, systematic reviews and meta-analyses 
(SRMAs) on the effect of NIBS interventions on cog-
nitive function and neuropsychiatric symptoms in 
patients with MCI or AD have yielded varying results 
[12]. The reliability of study outcomes, which may be 
affected by reporting biases and inadequate statistical 
power due to small sample sizes, remains a key issue 
in NIBS research. Additionally, variations in inclusion 
and exclusion criteria, analytical methods, and risk 
of bias in SRMAs can lead to inconsistent results and 
conclusions. These factors may have contributed to the 
over-representation of significant findings in SRMAs. 
Furthermore, most SRMAs focus solely on one type 
of intervention (either rTMS or tDCS) and on specific 
domains (cognitive function or apathy) [2], which ham-
pers a comprehensive understanding of the subject. 
Moreover, recent guidelines and reviews often do not 
integrate findings across different NIBS modalities and 
a range of cognitive and mental health outcomes, leav-
ing gaps in the literature and unanswered questions 
regarding the comparative and collective value of these 
interventions.

Umbrella reviews are valuable tools for synthesizing 
evidence; identifying, integrating, and evaluating evi-
dence from published SRMAs; and assessing the strength 
and validity of the evidence based on sample size, effect 
size, and biases [13, 14]. In this umbrella review, we sys-
tematically and comprehensively assessed the relation-
ship between NIBS and cognitive and mental outcomes 
to provide evidence-based decision-making support to 
clinicians and rehabilitation specialists.

Method
We strictly adhered to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines and the standardized methods and principles for 
umbrella reviews (Supplementary Table S1) [15, 16]. The 
study is registered in PROSPERO under the registration 
number CRD42024537045.

Literature search
We searched PubMed, Embase, Web of Science, and the 
Cochrane Library from their inception to May 2024. Our 
search strategy used a combination of terms related to 
NIBS (e.g., rTMS and tDCS), disorders (e.g., AD, MCI, 
and dementia), and meta-analyses. No restrictions were 
placed on publication status, or study design during the 
search, and references from relevant systematic reviews 
were manually screened. Detailed information regard-
ing the search strategy is provided in Supplementary 
Table S2.
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Eligibility criteria
Studies were included based on the Population, Inter-
vention, Comparator, Outcome, and Study design 
(PICOS) criteria, as described below.

1 Population: Participants diagnosed with AD or MCI 
according to recognized standardized criteria, such 
as the Diagnostic and Statistical Manual of Mental 
Disorders (DSM), National Institute of Neurologi-
cal and Communicative Diseases and Stroke/Alz-
heimer’s Disease and Related Disorders Association 
(NINCDS-ADRDA), National Institute on Aging 
and Alzheimer’s Association (NIA-AA), or Petersen’s 
MCI [17]. 

Diagnoses confirmed by medical experts (i.e., neurol-
ogists and psychiatrists) and supported by laboratory 
results (i.e., computed tomography scans, magnetic res-
onance imaging, positron emission tomography scans, 
or lumbar punctures) were also considered. No restric-
tions were placed on race or geographic location.

2  Intervention: The NIBS interventions included TMS, 
tDCS, theta burst stimulation, transcranial pulse 
stimulation (TPS), and transcranial alternating cur-
rent stimulation (tACS). These interventions can be 
administered alone or in combination with pharma-
cological or psychotherapeutic interventions.

3  Comparator: The control group received a combina-
tion of standard treatments, such as sham stimula-
tion, rehabilitation, usual care, or pharmacotherapy. 
In contrast, the intervention group received only the 
addition of NIBS modalities to the same standard 
treatments as those in the control group.

4 Outcome: Cognitive function was assessed using 
global cognitive function tests, such as the Mini-
Mental State Examination (MMSE), Montreal Cog-
nitive Assessment (MoCA), and Alzheimer’s Disease 
Assessment Scale-Cognitive Subscale (ADAS-cog). 
Performances in specific cognitive domains, such 
as executive function, attention, memory, language, 
processing speed, visuospatial skills, and visual per-
ception, were also evaluated. The NPS was measured 
using the Neuropsychiatric Inventory (NPI), Geriat-
ric Depression Scale (GDS), Apathy Evaluation Scale 
(AES), Cornell Depression Scale (CDS), and Behavio-
ral Pathology in Alzheimer’s Disease (BEHAVE-AD). 
Acceptability and safety were evaluated by the pro-
portion of participants who discontinued or dropped 
out owing to adverse events, the proportion of par-
ticipants experiencing adverse reactions, and the 
severity of these reactions during the study period.

5  Study design: SRMAs of randomized controlled tri-
als (RCTs) were conducted.

Studies with the following features were excluded: (1) 
other research designs (e.g., narrative reviews, network 
meta-analyses, observational studies, and animal stud-
ies); (2) participants with Parkinson’s disease, stroke, 
or multiple sclerosis; (3) meta-analyses or systematic 
reviews that provided insufficient data (e.g., mean and 
standard deviation [SD]) for quantitative analysis; and (4) 
meta-analyses published in languages other than English.

Data extraction and quality assessment
Two reviewers (MW and WS) independently extracted 
the data, and any disagreements were resolved by con-
sulting a third reviewer (JZ). Subsequently, two other 
reviewers (LT and JL) used the updated A Measurement 
Tool to Assess Systematic Reviews (AMSTAR) 2 to assess 
the methodological quality of the included meta-analyses 
[18]. SRMAs were rated as “no,” “partial yes,” or “yes.” 
Nine non-critical items and seven critical items that 
influence the validity of the assessment were included. 
These items cover protocol registration, comprehensive-
ness of search strategies, reasons for excluding studies, 
assessment of risk of bias in studies, appropriateness of 
statistical methods in meta-analyses, use of risk of bias 
in the interpretation/discussion process, and evaluation 
of publication bias [18]. Although these scoring criteria 
could be adjusted based on the context of the umbrella 
review, no changes were made in this study. Our meth-
odology was rigorous, and the credibility of our umbrella 
review was rated as high (no critical flaws and at most 
one non-critical flaw), moderate (more than one non-
critical flaw), low (one critical flaw, regardless of non-
critical flaws), or very low (more than one critical flaw, 
regardless of non-critical flaws) [19].

For each eligible article, we recorded the following data: 
characteristics of the study, namely the first author, year 
of publication, study population, study design, subject 
characteristics (age, sex, and number), number of studies 
included, total sample size, interventions, control groups, 
and outcomes; results of the studies, namely effect size 
(weighted mean difference [WMD], standardized mean 
difference [SMD], relative risk [RR], odds ratio [OR]) and 
their 95% confidence intervals (CIs) and/or P values; het-
erogeneity  (I2); publication bias; source of funding; and 
conflicts of interest.

If multiple meta-analyses assessed the same interven-
tion and outcomes, we selected the one with the greatest 
number of primary studies to ensure a broader and more 
robust evidence base, thereby enhancing the statistical 
stability and representativeness of the pooled results. If 
the numbers of studies were equal, we chose the most 
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recently published meta-analysis, as it is more likely to 
reflect the latest evidence and current clinical practice. 
This is consistent with the umbrella review method [15, 
16, 20].

Data synthesis
For each association, owing to the anticipated high het-
erogeneity, the pooled effect sizes and their 95% CIs were 
recalculated using a generic inverse variance method and 
random effects model (DerSimonian and Laird) [21]. Sta-
tistical significance was defined as a two-sided P value 
of < 0.05. Heterogeneity was assessed using the  I2 statis-
tic [22]. Small-study effects were evaluated using Egger’s 
regression test for asymmetry, where a P value of < 0.10 
was considered statistically significant [23]. Addition-
ally, the 95% prediction interval (PI) for the pooled ran-
dom effects was calculated, providing an estimate of the 
potential range of effect sizes for future studies.

A sensitivity analysis of the identified associations was 
conducted by excluding small studies (25th percentile) 
and those with high risks of bias.

The quality of evidence for each study was assessed 
using the Grading of Recommendations Assessment, 
Development and Evaluation (GRADE) tool, which 
involves the following five domains: (1) risk of bias in 
individual studies, (2) inconsistency, (3) indirectness, (4) 

imprecision, and (5) publication bias [24]. The GRADE 
classifies the strength of evidence into the following four 
categories: high, moderate, low, and very low.

All analyses were performed using R software version 
4.3.2 (R Foundation for Statistical Computing, Vienna, 
Austria) using the packages meta and metafor.

Result
Study selection
A total of 1018 records were identified through the lit-
erature search, and 348 duplicate records were removed. 
Based on title/abstract screening, 582 records were 
excluded, resulting in 89. After reading the full texts, 79 
records were excluded for reasons listed in Supplemen-
tary Table S3. Finally, 10 meta-analyses that met the eli-
gibility criteria were included [12, 17, 25–32]. Figure  1 
shows a flowchart of the study selection.

Characteristics of meta‑analyses
The 10 included SRMAs were published between 2021 
and 2024 and involved 12 unique associations. Specifi-
cally, 4 SRMAs exclusively reviewed rTMS [25–27, 32], 5 
focused solely on tDCS [12, 17, 28, 29, 31], and 1 SRMA 
encompassed both techniques [30] (Table 1). Among all 
the studies, two types of NIBS were used, rTMS (n = 84; 
53%) and tDCS (n = 76; 47%). Although we planned to 

Fig. 1 Flowchart of the selection process
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consider other NIBS techniques, such as theta-burst 
stimulation, transcranial alternating current and tran-
scranial random noise, no SRMAs related to these treat-
ments were retrieved.

Primary studies in the included SRMAs were pre-
dominantly from the United States, Europe, and Asia, 
with a few from African countries. The number of stud-
ies included in the SRMAs was 3–24, with total number 
of participants of 49–931 and average age of the partici-
pants of 53.12–81.6 years. The duration of the interven-
tions was 1–32  weeks, and the number of intervention 
sessions was 3–180.

Table 2 and Supplementary Table S4 list all 22 associ-
ated summaries. According to the random effects model, 
10 of the 22 associations (45.5%) were statistically signifi-
cant at p < 0.05. Among these, 3 associations (30%) exhib-
ited high heterogeneity  (I2 > 75%), 5 (50%) included null 
values within their 95% PIs, and 3 (30%) showed evidence 
of small study effects.

Methodological quality and quality of the evidence
According to the overall assessment by AMSTAR 2, the 
methodological qualities of the seven and three included 
publications were rated as low and very low, respectively. 
None of the publications were rated as high or moderate 
quality. The detailed results of the AMSTAR 2 analysis 
are presented in Supplementary Table S5.

Using the GRADE assessment system, 63.6% (n = 14), 
22.7% (n = 5), and 13.6% (n = 3) of the meta-analyses were 
rated as moderate, low, and very low quality, respectively. 
None of the meta-analyses were rated as high-quality. 
Among the associations with moderate evidence qual-
ity, seven were statistically significant. The details of 
the GRADE assessments are listed in Supplementary 
Table S6.

Therapeutic effect of NIBS on AD and MCI
rTMS in AD and MCI
Six SRMAs were used to evaluate the effects of rTMS 
on patients with AD or MCI. rTMS had statistically sig-
nificant effects on improving cognitive functions, includ-
ing global cognition, memory, language, and executive 
function. One SRMA of moderate quality found that, 
compared with sham stimulation, treatment with 5–42 
sessions of rTMS improved global cognition in patients 
with AD/MCI (SMD, 0.44; 95% CI 0.02–0.86) [25]. Addi-
tionally, in SRMAs studying the long-term effects of 
rTMS (lasting ≥ 6  weeks), only one association (global 
cognition) reported moderate-quality evidence and was 
statistically significant (SMD, 0.29; 95% CI 0.07–0.50) 
[26]. An SRMA reported two statistically significant asso-
ciations supported by moderate-quality evidence [30]. In 
elderly individuals with AD/MCI (aged 65.1–77.6 years), 

compared with those following sham stimulation, the 
scores for language and executive function significantly 
increased after 2–4  weeks with 10–20 rTMS sessions. 
Specifically, language and executive function scores 
increased by 1.64 (95% CI 1.22–2.06; p < 0.0001) and 0.51 
(95% CI 0.18–0.83; p = 0.0024), respectively.

Moreover, two SRMAs involving 353 participants with 
AD or MCI that compared rTMS with sham stimula-
tion reported no significant effects on neuropsychiatric 
symptoms (NPI, GDS, apathy, and instrumental activities 
of daily living [IADL]), with associations based on low- 
and very low-quality evidence [26, 27]. This suggests that 
while rTMS may improve certain cognitive metrics, its 
effects on NPS may not be significant and should be con-
sidered when implementing rTMS interventions. Nota-
bly, dropout rates and side effects had moderate-quality 
support in the associations. No significant difference was 
observed in dropout rates during rTMS treatment (OR 
1.08; 95% CI 0.02–0.86; p = 0.9090), potentially indicating 
high acceptance among patients with AD and MCI [32]. 
Two SRMAs with different primary studies each reported 
an association of side effects (OR 2.14; 95% CI 1.12–4.10; 
p = 0.0220, and OR 2.26; 95% CI 1.00–5.08; p = 0.0492, 
respectively) [26, 32]. These side effects were minor 
and included headaches, scalp tingling, and dizziness. 
Although the side effects were significant, they did not 
lead to significant treatment dropouts, suggesting that, in 
most cases, the side effects were manageable.

tDCS in AD and MCI
Only one SRMA showed a significant effect of tDCS on 
the association between memory and executive func-
tion, with moderate-quality evidence supporting these 
findings [30]. Specifically, the scores for memory and 
executive function improved by 0.60 (95% CI 0.32–0.89; 
p < 0.0001) and 0.39 (95% CI 0.08–0.71; p = 0.0151), 
respectively.

The remaining six SRMAs covering six independent 
associations (global cognition, attention, NPS, language, 
dropout, and adverse effects) did not reach statistical sig-
nificance, with evidence quality ranging from very low to 
moderate. Four of these SRMAs, involving independent 
associations between global cognition, attention, lan-
guage, and dropout, reported moderate-quality evidence. 
In addition, one SRMA reported that tDCS was safe and 
acceptable [31]. However, the study cautioned that the 
wide CI for adverse reactions (i.e., 95% CI 0.69–24.59) 
should be interpreted with caution.

Sensitivity analyses
Multiple sensitivity analyses were conducted to assess 
whether the quality of evidence changed when using the 
GRADE system. After excluding RCTs with small sample 
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sizes (25th percentile), the two associations experienced 
a downgrade from moderate to low quality [26, 32]. Spe-
cifically, mild adverse reactions were observed in patients 
with AD and MCI after 2–8  weeks and 2–24  weeks of 
rTMS intervention, respectively, compared with those 
following sham stimulation. Another association was 
downgraded from low to very low quality, concerning the 
impact of rTMS intervention on memory improvement 
in patients with AD or MCI [30], compared with sham 
stimulation (Supplementary Table S7). Additionally, after 
excluding RCTs with high risks of bias, one of the asso-
ciations was downgraded from low to very low quality 
[32]. Compared with sham stimulation, 10–48 sessions 
of rTMS intervention over 2–8  weeks preserved global 
cognitive function (SMD, 3.94; 95% CI −  0.97–8.86) in 
patients with MCI (Supplementary Table S8).

Discussion
Principal findings and possible explanations
To the best of our knowledge, this study is the first 
umbrella review to assess the cognitive and mental out-
comes of different types of NIBS (rTMS and tDCS) in 
patients with AD and MCI, encompassing numerous 
published RCT meta-analyses. We employed standard-
ized random effects analysis methods to replicate each 
meta-analysis for a better comparison of the different 
outcomes. We assessed the methodological quality of the 
meta-analyses using standard methods and conducted 
sensitivity analyses to provide additional evidence from 
high-quality RCTs to further enhance the reliability of the 
results. Additionally, we evaluated the evidence using the 
recognized GRADE criteria, with most associations rated 
as moderate. Some associations were rated as low or very 
low evidence owing to significant imprecision and heter-
ogeneity. Our findings contribute to a better understand-
ing of the current research in this field.

Our study results indicate that rTMS intervention is 
significantly associated with the six independent factors 
global cognition, follow-up global cognition (≥ 6 weeks), 
memory, language, executive function, and adverse 
effects. Among these, moderate-quality evidence sup-
ports associations with global cognition, follow-up global 
cognition, adverse effects, language, and executive func-
tion. These findings were consistent with those of previ-
ous studies [11]. A component network meta-analysis 
comprising 27 RCTs and 1070 participants demonstrated 
that compared with sham stimulation, rTMS had short-
term (mean difference [MD], 1.08; 95% CI 0.35–2.40) and 
long-term (MD 1.65; 95% CI 0.77–2.54) positive impacts 
on global cognition in patients with AD and MCI, respec-
tively (followed up after 1  month). In addition, rTMS 
significantly improved memory function (MD 0.72; 95% 
CI 0.05–1.39). Other associations, such as NPS, apathy, 

IADL, and dropout rates, showed no statistically signifi-
cant differences, with moderate-quality evidence for NPS 
and dropout rates. Associations between low and very 
low evidence quality may be attributed to small sample 
sizes in the imprecision domain of the studies, which 
could impact the statistical power and precision of the 
results, thereby being rated as serious or very serious. 
As the FDA expert panel has not yet supported the use 
of rTMS interventions for NPS aspects (depression and 
apathy) in patients with AD or MCI in real clinical set-
tings (NCT03665831, NCT04562506), fewer patients 
may receive rTMS interventions as clinicians and thera-
pists implement the protocols.

Regarding tDCS, multiple previous SRMAs have con-
firmed that the improvements of cognitive abilities in 
MCI and AD through tDCS show considerable variabil-
ity [12, 17]. Our findings identified significant effects of 
tDCS only on memory. However, no statistically signifi-
cant differences were observed in other cognitive sub-
domains, such as global cognition, executive function, 
language, and attention. The reproducibility of tDCS 
studies and variability in stimulation effects were high 
[33, 34]. These differences were partly attributed to vari-
ations in study design, such as changes in stimulation 
intensities, number of treatments, durations, and stimu-
lation sites. Notably, even when similar parameters, such 
as stimulation protocols and outcome measures, have 
been used, studies have reported inconsistent results 
[34, 35]. Additionally, the individual characteristics of 
participants, including variations in brain anatomy and 
pathology, may significantly affect how currents influence 
cortical neurons. Given that tDCS may act through corti-
cal excitability and neuroplasticity, the integrity of neural 
networks is crucial in determining its beneficial effects. 
Therefore, future studies should consider assessing indi-
vidual brain structures and resting-state functional con-
nectivity using magnetic resonance imaging to predict 
favorable outcomes of tDCS. These assessments can help 
researchers understand the varying effects of tDCS on 
different individuals and enhance the personalization and 
precision of treatment. To further validate the impact 
of tDCS on cognitive function and reduce variability in 
research outcomes, more studies with larger sample sizes 
and longer follow-up periods are needed to provide more 
conclusive evidence and better understand its positive 
impacts and mechanisms.

Currently, clinical practice guidelines for dementia 
suggest that pharmacological treatments should only 
be recommended for NPS that is resistant to treatment 
and when non-pharmacological interventions have 
failed to produce positive results with close monitor-
ing of risk factors and adverse effects [36, 37]. The lack 
of clinical evidence may impede the beneficial effects of 
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non-pharmacological treatments, such as NIBS tech-
niques, on non-cognitive symptoms in patients with 
dementia. An SRMA involving six RCTs with 185 partici-
pants showed that rTMS improved NPS (SMD 0.78; 95% 
CI 0.03–1.53; p = 0.40;  I2 = 80.4), compared with a control 
group [29]. An SRMA conducted by Wang et al. in 2021 
based on four RCTs published between 2012 and 2019 
showed that rTMS intervention was more effective than 
sham stimulation [30]. These inconsistent results regard-
ing the effect of rTMS on NPS symptoms in patients 
with AD may be attributed to several factors, includ-
ing variations in sample size and duration. Wang et  al.’s 
SRMA had a total sample size of 166 with a duration of 
1–6 weeks, Teselink et al.’s SRMA had a total sample size 
of 185 with a duration of 1–6 weeks, and our study had 
a total sample size of 298 with a duration of 1–24 weeks. 
Smaller sample sizes may lead to higher heterogeneity, 
which in turn may lead to reporting bias and insufficient 
statistical power. Shorter durations may not adequately 
capture the durability of the treatment effects and poten-
tial long-term impacts. In this study, we aimed to mini-
mize the potential effects of time by extracting data at the 
final follow-up; however, the relatively short follow-up 
duration (average of 12  weeks) may still be confounded 
by time. Therefore, we encourage future randomized 
controlled trials to employ longer follow-up periods (i.e., 
at least 6–12 months). Furthermore, two SRMAs study-
ing tDCS reported no evidence of effective NPS, which 
is consistent with our findings [38, 39]. Notably, evidence 
for certain NPS factors (agitation, psychosis, anxiety, and 
aggression) remains insufficient to determine whether 
NIBS has an actual impact on patients with AD and MCI. 
This may be attributed to our study design, which did 
not identify other types of dementia, such as anxiety in 
Lewy body dementia or agitation and aggression in fron-
totemporal dementia [40]. We recommend that future 
researchers conduct high-quality RCTs on patients with 
other types of dementia.

As NIBS techniques are increasingly integrated into 
routine medical care, it is crucial to thoroughly assess 
their safety and treatment adherence. Studies have shown 
that, among 18,000 NIBS sessions conducted on 8,000 
healthy subjects and patients with neurological and 
psychiatric disorders, no serious adverse events were 
reported [41]. Consistent with our findings, we observed 
that adverse events during NIBS treatment were gener-
ally mild and manageable, such as headaches, dizziness, 
and fatigue. Notably, the elderly population frequently 
presents with comorbid conditions—such as cardio-
vascular disease, diabetes, or other chronic illnesses—
that may heighten their sensitivity to treatment-related 
adverse effects [42]. Although current evidence suggests 
that rTMS and tDCS can be applied safely in older adults, 

further data are needed to clarify how these comorbidi-
ties influence overall tolerability and whether certain 
patient subgroups may require more cautious monitoring 
or individualized treatment protocols [43].

Dropout rates are a key indicator when assessing treat-
ment acceptability and tolerance, as higher rates may 
suggest severe adverse events or general patient dissatis-
faction with the treatment. Therefore, we closely exam-
ined the relationship between dropout rates and adverse 
events to better understand how these minor side effects 
may affect patient adherence. Our data indicate that, 
despite minor adverse events, the dropout rate observed 
during rTMS treatment did not significantly differ (OR 
1.08; 95% CI 0.02–0.86), suggesting these events were 
insufficient to cause treatment discontinuation in AD/
MCI patients. However, given that only two SRMAs eval-
uated adverse events and one evaluated dropout rates, 
the relative lack of data poses challenges for a compre-
hensive assessment of the clinical risks and benefits of 
NIBS across diverse patient populations. Future research 
should focus on developing and implementing stand-
ardized guidelines for reporting adverse events, with 
an emphasis on stratifying data by patient subgroups, 
including those with common comorbidities. Such guide-
lines are essential to ensure consistent and reliable data 
collection, guide clinical practice, ensure patient safety, 
and maximize therapeutic outcomes.

The quality assessment of the included SRMAs 
revealed varying degrees of bias. We conducted a thor-
ough search of authoritative databases, with two authors 
systematically and independently performing rigorous 
screening, data extraction, effect size recalculations, 
methodological quality assessment, and certainty of evi-
dence evaluations. However, according to AMSTAR 2, 
all included systematic reviews and meta-analyses were 
rated as low or very low quality. Specifically, of the 10 
SRMAs included, 9 received low ratings for critical items 
such as providing a list of excluded SRMAs and justify-
ing their exclusion, and 8 failed to report funding sources 
for the included SRMAs (Supplementary Table S5). Addi-
tionally, another SRMA did not adequately address pub-
lication bias assessment [30], resulting in an overall low 
quality for these SRMAs [22]. Moreover, the SRMAs by 
Teselink et al. [29], Majdi et al. [17], and Saxena et al. [31] 
received particularly low ratings due to the absence of a 
registered study protocol or a failure to retrieve one [13, 
23, 34]. Beyond the methodological flaws highlighted 
here, existing SRMAs have not sufficiently explained the 
rationale behind the inclusion of specific study designs. 
Furthermore, comprehensive literature search strate-
gies are often overlooked, such as whether researchers 
searched the reference lists of included studies, clinical 
trials, research registration platforms, consulted experts, 
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or searched grey literature. This variability in study qual-
ity underscores the need for transparent reporting and 
robust methodology in future evaluations to optimize 
NIBS treatment protocols.

While our umbrella review has demonstrated the 
potential benefits of NIBS on various outcomes, ensur-
ing the reliability and clinical applicability of these results 
may be complicated by differences in sample character-
istics (age, sex, disease duration, ethnicity, and region), 
specifics of stimulation protocols (electrode placement 
and stimulation intensity), and variations in outcome 
measurement methods (use of different scales or assess-
ment time points). This complexity may explain why 
previous SRMAs have reported inconsistent findings on 
the effects of NIBS on cognitive functions and NPS in 
MCI or AD patients. Although we focused on SRMAs 
of RCTs to ensure evidence quality, we observed signifi-
cant diversity in NIBS parameters within the original 
RCTs, including inconsistencies in electrode placement, 
polarity, intensity, session duration, and total treatment 
course (Table  1), reflecting a clear lack of standardized 
protocols. This variability in parameters may indicate 
a placebo effect of neuromodulation therapies, thereby 
complicating the estimation of NIBS’s true effect size 
and hindering the development of standardized treat-
ment protocols [44, 45]. Our analysis found that 8 of 
the 22 reported associations exhibited moderate to high 
heterogeneity. Despite our efforts to explore the impact 
of potential moderating variables, such as NIBS param-
eters, demographic data, and baseline disease character-
istics, the control and testing of these variables remained 
limited due to the data constraints of the original stud-
ies. We recommend that future studies strengthen the 
integration and reporting of these potential moderating 
variables, particularly in meta-analyses, to gain a deeper 
understanding of which patient groups may benefit most 
from specific types of NIBS. This approach would sup-
port the advancement of personalized medicine and 
provide a foundation for developing more precise treat-
ment protocols and clinical guidelines, ensuring patients 
receive the most appropriate treatment based on their 
specific needs and conditions.

In modern medical practice, the potential of NIBS in 
AD and MCI treatment remains uncertain. Although 
traditional meta-analysis results and CIs provide some 
quantification of treatment effects, these statistical 
methods often fail to capture variability in treatment 
effects across different patient groups. In contrast, PI 
offers a broader perspective, depicting not only the 
possible range of treatment effects, but also the poten-
tial for ineffectiveness or adverse outcomes under cer-
tain circumstances. Based on our results, the PIs of 
the reanalyzed meta-analyses indicated that half of 

the patients with AD and MCI experienced clinical 
improvement. However, the wide span of the PI indi-
cates a high level of uncertainty, reminding clinicians 
to interpret these findings with caution in practice. To 
more robustly integrate NIBS into clinical decision-
making, it is essential to consider individual patient dif-
ferences, comorbidities, economic factors, and patient 
preferences. In summary, NIBS showed potential thera-
peutic promise; however, a deeper investigation into its 
long-term effects and individual differences in patient 
responses is necessary before it can be widely imple-
mented in clinical practice. Such efforts will ultimately 
facilitate the development of more rational and tailored 
interventions for patients.

Policy implication
Our umbrella review highlights the potential of NIBS 
as an emerging treatment modality for AD and MCI, 
underscoring the need for policy adjustments to 
accommodate these technological advancements. The 
positive effects of NIBS on cognitive function suggest 
that health policymakers should consider incorporating 
NIBS into standard treatment protocols, particularly 
when traditional therapeutic approaches are ineffec-
tive or unsuitable [46]. Given the portability and ease of 
operation of NIBS devices, there is significant potential 
for developing NIBS as a home-based treatment option 
[47], which would expand accessibility and provide 
patients with more convenient therapeutic choices.

However, to ensure that NIBS becomes a safe and 
effective component of routine care, several key steps 
must be taken. First, establishing standardized inter-
vention protocols, including parameters such as 
stimulation intensity, frequency, and duration. Sec-
ond, identifying biomarkers that predict individual 
responses to NIBS may guide personalized treatment 
strategies, ensuring that patients with specific disease 
characteristics or levels of cognitive decline receive the 
most benefit. Third, rigorous long-term monitoring 
frameworks, including regular follow-up assessments 
and detailed adverse event reporting, will be essen-
tial to confirm sustained efficacy and safety over time. 
Furthermore, as patient-specific factors (e.g., brain 
structure, age, gender, disease duration) may influ-
ence treatment response, comprehensive individual-
ized assessments prior to initiating NIBS are advisable. 
Utilizing advanced imaging techniques (e.g., MRI) and 
predictive modeling can inform personalized parame-
ter adjustments and optimize outcomes [47]. Therefore, 
policy development should not only promote the adop-
tion of these promising technologies but also ensure 
stringent regulation of their clinical application.
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Limitations
This study had several limitations that must be consid-
ered when interpreting the results. First, most studies did 
not follow a priori methods, lacked a list of specific rea-
sons for excluding articles, and lacked information about 
fundings, resulting in low or very low methodological 
quality according to AMSTAR 2. Second, our umbrella 
review relied on primary studies within the published 
SRMAs and did not consider the latest high-quality 
RCTs. Moreover, to avoid high overlap, we selected the 
largest SRMAs, which might have excluded relevant indi-
vidual RCTs or earlier high-quality SRMAs. Third, from 
the existing SRMAs, the long-term effects of NIBS on 
memory, attention, executive function, and other asso-
ciated outcomes for patients with AD and MCI remain 
unclear. Therefore, we encourage future RCTs with 
longer follow-up periods (at least 2–6  months). Fourth, 
we combined patients with AD and MCI as our study 
sample, which may have enhanced the statistical power 
and generalizability of our study results. Finally, we have 
not yet fully understood the potential mechanisms and 
appropriate parameters of NIBS for improving cognitive 
and mental outcomes in patients with AD and MCI. To 
assess its efficacy more accurately, the evaluation of vital 
parameters, such as intensity, frequency, duration, and 
location of stimulation, must be standardized. Addition-
ally, increasing the number of participants and utilizing 
multimodal brain imaging techniques will help explore 
the pathophysiological mechanisms underlying these 
interventions in greater depth.

Conclusion
Our umbrella review systematically included numerous 
published clinical trials using SRMAs to examine the evi-
dence hierarchy for the efficacy of NIBS interventions on 
cognitive and mental outcomes in patients with AD and 
MCI. Although these associations are supported by mod-
erate-quality evidence, the presence of heterogeneity and 
low methodological quality necessitates a cautious inter-
pretation of these findings. Due to variations in NIBS 
parameters, participant characteristics, and treatment 
duration, the variability in effects highlights the need for 
further research to standardize and optimize treatment 
protocols. Future studies should focus on larger-scale, 
longer-term (> 6 months) RCTs to confirm the sustained 
effects of NIBS and explore its broader applicability 
across different types of dementia.
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