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Abstract

Non-invasive brain stimulation (NIBS) and physical exercise (PE) intervention are currently the main and promising non-
pharmacologic therapies for Alzheimer’s Disease (AD) or Mild cognitive impairment (MCI), but it is not clear which one is
the most effective. Therefore, the aim was to compare the effectiveness of NIBS and PE interventions on cognitive function in
MCI/AD, which can further elucidate their advantages and disadvantages in cognitive efficacy and facilitate the optimization
of treatment strategies based on the specific cognitive status of patients. Randomized controlled trials (RCTs) were searched
from online databases until December 2023. Standardized Mean Changes pre- and post-treatment were calculated for cogni-
tive outcomes measures. 79 RCTs met the inclusion criteria. For the global cognitive scale, PE significantly affected AD and
MCI. Both NIBS and PE had a sustained and significant impact on AD/MCI based on the follow-up. In sub-category func-
tions, NIBS had a significant effect on memory for both AD and MCI. However, PE only had a significant effect on AD, not
on MCI. For executive function, only NIBS had a significant effect on AD. For language, NIBS and PE both had a significant
impact only on AD. For attention, the only significant effect was NIBS on AD. NIBS significantly affects more cognitive
domains of AD than PE, and significantly improves the memory function of MCI. Given the current evidence, NIBS appears
to be a more promising intervention approach for delaying cognitive decline in patients with MCI or AD compared to PE.
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Highlights

o The current study is the first meta-analysis to compare the comparative efficacy of NIBS and PE interventions on various

cognitive domains, for MCI or AD patients.

o NIBS intervention has clear positive effect on various cognitive domains for patients with AD, and significant effect on

the memory function for MCL.

e NIBS is promising to be a better intervention approach to delay cognitive decline in MCI and AD than PE.

Keywords Alzheimer’s disease - Mild cognitive impairment - Non-invasive brain stimulation - Physical exercise

Introduction

Alzheimer’s Disease (AD), the foremost manifestation of
dementia, is an age-dependent neurodegenerative disorder,
affecting 50 million people globally and by 2050, up to 150
million people would be affected (Alzheimer’s Disease
International, 2015) [1]. Prior to AD onset, Mild cogni-
tive impairment (MCI) is an intermediate status between
normal aging, prodromal memory decline, and senile
dementia [2]. Individuals with MCI exhibit normal global
cognitive function and activities of daily living, but with
impaired memory compared to healthy counterparts of the
same age. Treating cognitive decline as early as possible
is the key to delay the progression from MCI to AD [3].
Current first-line treatments include pharmacological and
nonpharmacological treatments. Pharmacological treatments
include cholinesterase inhibitors, glutamate antagonists, and
memantine hydrochloride. Despite limited success, a num-
ber of patients do not benefit sufficiently, either suboptimal
benefits for individuals with AD or no effects on MCI. Cura-
tive or substantial disease-modifying therapies are still rare
[4]. Thus, nonpharmacological, safe, relatively cost-effec-
tively, and measurable interventional options have attracted
widespread attention in the research efforts to maintain the
cognitive functions in patients with MCI or AD. Among
various alternatives, non-invasive brain stimulation (NIBS)
and physical exercise (PE) have been proposed as two effec-
tive nonpharmacological intervention strategies for patients
with MCI or AD [5, 6].

The NIBS techniques, such as transcranial electrical stim-
ulation (tES), transcranial magnetic stimulation (TMS), tran-
scranial random noise stimulation (tRNS), and transcranial
focused ultrasound (tFUS), are painless and non-invasive
neuromodulation techniques, which could modulate brain
function by changing cortical excitability, increasing synap-
tic plasticity, affecting cortical excitation/inhibition balance,
changing localcerebral blood flow, and regulating the con-
nections among different brain regions, i.e., changes in brain
network [7—10]. These effects make it a promising candidate
for mitigating cognitive decline and neuropsychiatric symp-
toms [11]. Among them, rTMS and Transcranial direct cur-
rent stimulation (tDCS) are the two most common technolo-
gies. Although limited adverse effects of NIBS have been
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reported in previous literature [12], it has been widely used
to improve cognition in participants with various diseases,
including Parkinson’s disease, schizophrenia, and depres-
sion [13—15]. In animal studies, the potential effectiveness of
NIBS on hippocampal spatial learning and memory deficits
was reported in rats [16]. For cognitive function interven-
tion in AD/MCI, previous studies have suggested that r-TMS
[17-21] and tDCS [22-27] have beneficial effects in patients
with AD or MCI. However, NIBS was not always effective.
For example, a trend toward aggravating the severity of AD
assessed by Alzheimer’s disease assessment scale (ADAS-
cog) at the end of treatment was observed in AD patients
treated with real rTMS, compared to sham-treated coun-
terparts [28]. In addition, a two-week tDCS protocol was
administered to AD patients, but no measurable difference
in the face-name association task performance was found
between the treatment group and the control group three
months after the intervention [24]. Several meta-analyses
have analyzed the validity of NIBS application in AD or
MCI, and they indicated inconsistent results caused by the
non-homogeneity in quality and methods of the included
studies [11, 29-31]. The research community would be ben-
efited from a comprehensive and systematic overview of the
research results to date.

PE, as another nonpharmacologic therapy, plays an
increasingly important role in preventing cognitive decline
and improving the quality of life for patients with cogni-
tive impairment [32]. However, the underlying mechanisms
of the effect of PE on cognitive improvement are not well
understood, similar to that of NIBS. Recent research results
indicated that exercise could increase the level of brain-
derived neurotrophic factor (BDNF), which is an important
component of neuronal growth and neuronal plasticity [33].
Animal model studies have also shown that exercising can
exert protective effects on cognitive function by increasing
the level of growth factors, such as BDNF and insulin-like
growth factor 1 (IGF-1), regulating inflammatory cytokines,
alleviating oxidative stress, increasing cerebral blood flow,
and inhibiting T Phosphorylation [33]. A large amount of
research evidence indicated that different types of exercise,
such as aerobic exercise, resistance exercise, moderate-
intensity and high-intensity exercise could delay the pro-
gression of neuropsychological defects in patients with AD
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or MCI [34-38]. However, some negative results were also
reported. A Dementia And Physical Activity (DAPA) ran-
domized controlled trial (RCT) of 494 dementia patients
observed that exercise intervention decreased ADAS-cog
score more than that of control group after 12 months [39].
In addition, a RCT of a 24-week physical activity showed
that after 18 months of intervention, the intervention group
did change significantly in digit symbol coding, but verbal
fluency did not change [40]. Several meta-analyses have also
made relevant analyses on the current controversy about the
effectiveness of PE on AD/MCI, but still obtained inconsist-
ent results [6, 41-44].

Given the limitations of previous meta-analyses on the
cognitive efficacy of NIBS and PE, such as the lack of
comprehensive analysis of the duration of post-treatment
effects and the differences in therapeutic effects of dif-
ferent cognitive domains, particularly in core cognitive
domains related to disease progression. In addition, no
review and systematic analysis has compared the two
main nonpharmacologic interventions for AD/MCI. To the
best knowledge of the authors, no study in the literature
answered the critical question—how to choose an optimal
therapy from these interventions to treat older adults with
AD or MCI. Comparing different intervention measures
can illuminate their respective advantages and disadvan-
tages, enabling the optimization of treatment strategies.
On the one hand, such comparisons empower patients and
their families with a deeper understanding of the pros and
cons associated with various treatment plans. This, in turn,
fosters greater satisfaction and confidence in the chosen
treatment approach. On the other hand, clinical practition-
ers can tailor personalized treatment plans for patients,
taking into account their unique conditions and the proven
effectiveness of different intervention measures. There-
fore, we investigated the published RCTs to perform a
meta-analysis comparing the relative efficacy of the two
intervention methods based on all accessible evidence. We
also aimed to understand if the two approaches have dif-
ferent effects on different cognitive domains in patients
with MCI or AD, and to examine the sustained effect or
subsequent effect of different interventions on cognitive
impairment.

Method

For identification of randomized controlled trials on NIBS
and PE, our research was based on the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA)
declaration and Cochrane intervention system evaluation
manual [45, 46]. All analyses were from previously pub-
lished articles, so no ethical approval and patient consent
were required.

We searched PubMed, Web of Science, Embase, and the
Cochrane Library databases for RCTs until December 2023.
To identify RCTs that examined the effects of NIBS, the
search terms were used: (“Alzheimer’s disease” OR “demen-
tia” OR “AD” OR “mild cognitive impairment” OR “MCI”
OR “neurocognitive disorder” OR “cognitive dysfunction”
OR “cognitive deficit”) AND (“repetitive transcranial
magnetic stimulation” OR “transcranial magnetic stimula-
tion” OR “non-invasive brain stimulation” OR “TMS” OR
“rTMS” OR “NIBS” OR “transcranial direct current stimu-
lation” OR “transcranial electric stimulation” OR “tDCS”
OR “tACS”OR “tES” OR “Transcranial random noise stimu-
lation” OR “tRNS” OR “transcranial focused ultrasound”
OR “tFUS”). To identify RCTs that examined the effects of
PE, the following search terms were used: (“Alzheimer’s dis-
ease” OR “dementia” OR “AD” OR “mild cognitive impair-
ment” OR “MCT’ OR “neurocognitive disorder” OR “cogni-
tive dysfunction” OR “cognitive deficit”) AND (“physical
activity” OR “physical exercise” OR “exercise” OR “aerobic
fitness” OR “strength training” OR “training”).

Inclusion and exclusion criteria

Given that systematic reviews and meta-analyses already
embody extensive analyses and evaluations of existing
research, they fundamentally do not meet the criteria of
only including original studies for comprehensive analysis.
Additionally, incorporating articles derived from system-
atic reviews and meta-analyses into a subsequent analysis
could lead to duplication and redundancy of information,
thereby potentially introducing extraneous biases and errors
into the analytical process. Case reports, case—control stud-
ies, and non-randomized controlled trials may demonstrate
considerable variability in their results, stemming from
inherent design constraints and bias factors. This variability
can present substantial challenges in synthesizing research
findings within a systematic evaluation, ultimately result-
ing in unreliable or ambiguous outcomes. Therefore, To
ensure the quality of the studies, case report, case—control
studies, systematic reviews, meta-analyses, and non-RCTs
were excluded. Among non-RCTs included non randomized
concurrent controlled studies, self controlled studies before
and after, historical controlled studies, and cohort studies.
All included studies must meet the following inclusion
criteria: (1) patients previously were diagnosed with AD or
MCI, according to eligible criteria. Diagnostic criteria for
AD/MCI, included the Petersen criteria, the International
Classification of Diseases (ICD-10) by the World Health
Organization, the Diagnostic and Statistical Manual of
Mental Disorders-IV (DSM-1V) Diagnostic and Statisti-
cal Manual for Mental Disorders, the National Institute on
Aging-Alzheimer's Association (NIA/AA 2011) diagnostic
criteria for AD in the United States, National Institute of
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Neurological and Communicative Disorders and Stroke-
Alzheimer's Disease and Related Disorders Association
(NINCDS-ADR), and European Consortium on AD criteria;
(2) article was written in English; (3) clinical assessments
of cognitive functions were performed; (4) original data of
studies were displayed as mean =+ standard deviation (SD),
or other data types if they could be converted to mean + SD.

For NIBS studies, a study is included if it compared the
treatment to a patient control group receiving sham stimula-
tion. In case of combined interventions, the control group
must receive the same NIBS component of the intervention
(e.g., brain stimulation + medication vs. sham + medication).

PE is defined according to the American College of sports
medicine (ACSM) [42, 47]. A PE study is included if it com-
pared the treatment to a control group with patients who
did not participate in any exercise intervention. In case of
combined interventions, the control group must receive the
same PE component of the intervention (e.g., PE interven-
tion + medication vs. none-PE + medication).

Studies were excluded if any of the following criteria is
met: (1) sample overlap; (2) multimodal interventions; (3)
studies without available data for analysis.

Study quality estimate

The two independent reviewers used the Cochrane Col-
laboration tool of Revman 5.3 (London, UK) (https://train
ing.cochrane.org/online-learning/core-software/revman) to
assess the risk of bias. When there was any disagreement,
a third reviewer was consulted. The following criteria were
used to evaluate the quality of each included trial: (1) ran-
dom sequence generation; (2) allocation concealment; (3)
blindness of participants and operators; (4) blindness of
result evaluation; (5) integrity of result data; (6) selective
reporting; (7) other prejudices.

Data extraction

Sample characteristics (e.g., gender, age, diagnosis), inter-
vention types and intervention parameters (e.g., stimulation
frequency, intensity, treatment time), control conditions
and outcome measures were extracted from each study. The
mean value and SD of all neurocognitive scales of before,
after the intervention and long-term follow up assessments
were extracted from the intervention group and the control
group in each study. If a confidence interval or standard
error is provided, it is converted to SD. Data extraction was
independently conducted by two individuals to minimize
errors. During the extraction process, the data extractor

@ Springer

meticulously recorded the source of the data, the extraction
method employed, and any potential deviations, and care-
fully examined the logical consistency and rationality of the
data. To ensure the integrity and authenticity of the dataset,
missing values were addressed by reaching out to the authors
of the original study to inquire about any unpublished data
or more detailed results. Additionally, statistical methods
such as boxplots and Z-scores were utilized to identify outli-
ers within the data.

Whenever the data of the scale was displayed graphically,
the software GetData graphics digitizer was used to extract
the data (http://getdata-graph-digitizer.com).

Based on the classification of cognitive function summa-
rized in the literature [48], five categories involving memory
function, executive function, attention, language function, as
well as global cognitive function were analyzed in this meta-
analysis. The global cognitive function could be assessed by
the mini mental state examination (MMSE), the cognitive
part of ADAS-cog, Mini Examination Cognition (MEC),
Montreal Cognitive Scale (MoCA), and Neurobehavioral
cognitive status examination (NCSE). The following cog-
nitive scales were included to detect the memory function:
Cambridge Neuropsychological Test Automated Battery
(CANTAB)-delayed matching to sample, Visual recogni-
tion memory task (VRM), Visual recognition task (VRT),
California speech learning test version 2 (CVLT-II), Face
name association task (fant), Auditory speech learning test
(AVLT), Rivermead behavioral memory test (RBMT), Ray
auditory speech learning test (RAVLT), Cambridge Cogni-
tive Test (CAMCOG)-memory recall, Associative memory
task, Spatial working memory (SWM), Wechsler Memory
Scale, 2-back task accuracy, Story memory, Modified ver-
sions of the logical memory subtest, Fuld Object Memory
Evaluation. The following cognitive scales were included to
detect the executive function: Trail Making Test (TMT)-A,
Trail Making Test (TMT)-B, Stroop Colour Word Test (ST),
Clock-drawing test (CDT), Digit Symbol Substitution Test
(DSST), Symbol Digit Modalities Test (SDMT), Execution
of function comparison program, Digit symbol-coding, CAM-
COG-executive function, Rey Complex Figure Test (RCFT),
Frontal Assessment Battery (FAB). To detect the attention:
Digit span, Complex visual scene encoding task, Barrage test,
Visual Attention Task (VAT), Digit Detection, and Rapid vis-
ual information processing were adapted. In addition, Correct
actions and object answers, Sentence understanding, Picture
naming tasks, Word fluency (WFT), Language graphic nam-
ing, Boston Naming Test (BNT), Wechsler Adult Intelligence
Scale (WAIS)-vocabulary, CAMCOG -Verbal fluency, Lan-
guage fluency, Semantic word fluency, Verbal Fluency test
(VFT), and Letter/Phonemic Fluency Test were included for
the language function. As shown in Table 1.
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Table 1 Neurocognitive scales in different cognitive domains

Global cognitive function

Memory function

Executive function Attention

Language function

Mini Mental State Exami-
nation

ADAS-cog

Mini Examination Cogni-
tion

Montreal Cognitive Scale

Neurobehavioral cognitive
status examination

CANTAB-delayed match-
ing to sample

Visual recognition memory
task

Visual recognition task
California speech learning
test-II

Face name association task

Auditory speech learning

Trail Making Test-A Digit span

Trail Making Test-B Complex visual scene
encoding task
Stroop Colour Word Test ~ Barrage test

Clock-drawing test Visual Attention Task

Digit Symbol Substitution
Test

Symbol Digit Modalities

Digit Detection

Rapid visual information

Correct actions and object
answers

Sentence understanding

Picture naming tasks

Word fluency

Language graphic naming

Boston Naming Test

test Test

Rivermead behavioral
memory test

Ray auditory speech learn-
ing test

CAMCOG-memory recall

functio

Associative memory task

Spatial working memory

Wechsler Memory Scale

2-back task accuracy

Story memory

Modified versions of the
logical memory subtest

Fuid Object Memory
Evaluation

Execution of function
comparison program

Digit symbol-coding,

CAMCOG-executive

Rey Complex Figure Test
Frontal Assessment Battery

processing
WAIS-vocabulary

CAMCOG-Verbal fluency
Language fluency

Semantic word fluency
Verbal Fluency test

Letter/Phonemic Fluency
Test

ADAS-cog Alzheimer’s disease assessment scale, CANTAB Cambridge Neuropsychological Test Automated Battery, CAMCOG Ambridge Cog-

nitive Test, WAIS Wechsler Adult Intelligence Scale

Quantitative analysis

Revman 5.3 (https://training.cochrane.org/online-learning/
core-software/revman) was used for meta-analysis Cochrane
Collaboration (London, UK). Standardized mean difference
(SMD) and its application selected 95% confidence inter-
val to display the comprehensive results. The effect model
was determined by the heterogeneity which was assessed
by using the Cochran’s Q statistic and I? test. If the I? value
was greater than 50%, the random effect model was used for
analysis. Otherwise, a fixed model was used.

Funnel charts were used to test potential publication bias.
The statistically significant p value was set as 0.05. Sub-
group analysis was carried out to determine the efficacy of
different interventions in different cognitive areas for AD/
MCI. A sensitivity analysis was performed to check whether
our results included some secondary or exploratory cogni-
tive measures in our study.

Result
Characteristics of the included studies

We followed the PRISMA guidelines for literature retrieval,
and the detailed description was shown in Fig. 1. A total of
79 studies, involving 43 NIBS studies [17, 21, 28, 49-53]
[20, 23, 24, 54-79], and 36 PE studies [34, 37, 80—113]. met
the inclusion criteria. Figure 2 and (Supplementary file 1,
Figure S1) showed the degree of bias risk of the included
studies. The risks in randomness, outcome data integrity
and the results were low in most studies. In contrast, alloca-
tion of concealment patterns and blindness of patients and
researchers were often unclear. The overall quality included
in our study was moderate.

The protocol for the present review was registered to
PROSPERO (registration number: CRD42022380500).

NIBS: A total of 43 studies with 1298 patients were identi-
fied, including 23 TMS studies, 19 tES studies, and one tRNS
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studies. A total of 30 studies were parallel designs and others
used crossover design. A total of 25 RCTs included patients
with AD, 16 RCTs included patients with MCI, and two stud-
ies included patients with MCI and early-stage AD. Demo-
graphic information (e.g., age, gender etc.), intervention
parameters, evaluation results, adverse reports, and follow-
up information of these studies were described in Table 2.

PE: A total of 36 studies with 3002 patients were iden-
tified, including 35 studies were parallel design and one
crossover design. A total of 10 RCTs included patients with
AD, 24 RCT included patients with MCI, and two studies
included patients with MCI and mild AD. Demographic
information (e.g., age, gender), intervention parameters,
evaluation results, adverse reports, and follow-up informa-
tion of these studies were described in Table 3.

Global cognition

NIBS: A total of 19 studies with 735 AD patients and six
studies with 155 MCI patients reported the effect on the
global cognition. The results showed that NIBS had no sig-
nificant effect on the global cognition in AD (SMD=0.11
p=0.53) or MCI (SMD =0.56, p=0.08) (see Table 4 and
Supplementary filel, Figure S2). The corresponding funnel
plot was approximately symmetrical, indicating limited pub-
lication bias (see Supplementary filel, Figure S3).

PE: A total of 11 studies with 596 AD patients and
23 studies with 1769 MCI patients reported the effect on
the global cognition. The results showed that PE had sig-
nificant effect on global cognition in AD (SMD =0.57,
p=0.004) and MCI (SMD =0.8, p <0.00001) (see Table 4
and Supplementary filel, Figure S4). The corresponding
funnel plot was approximately symmetrical which indi-
cated no significant publication bias (see Supplementary
file 1, Figure S5).

Memory

NIBS: A total of 16 studies with 599 AD patients and
eight studies with 340 MCI patients reported the effect
on memory. The results showed that NIBS had significant
effect on memory in AD (SMD =0.7, p=0.0002) and MCI
(SMD=0.71, p<0.0001) (see Table 4 and Supplementary
filel, Figure S6). The corresponding funnel plot was approx-
imately symmetrical which indicated no significant publica-
tion bias (see Supplementary file 1, Figure S7).

PE: Three studies with 1300 AD patients and eight stud-
ies with 1129 MCI patients reported the effect on memory.
The results showed that PE had significant effect on memory
in AD (SMD=0.61, p=0.02), but not in MCI (SMD=0.21,
p=0.05) (see Table 4 and Supplementary filel, Figure
S8). The corresponding funnel plots was approximately
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symmetrical which indicated no significant publication bias
(see Table 4 and Supplementary file 1, Figure S9).

Executive function

NIBS: Six studies with 181 AD patients and seven studies
with 180 MCI patients reported the effect on the executive
function. The results showed that NIBS had significant effect
on executive function in AD (SMD=0.39, p=0.01), but not
in MCI (SMD =0.24, p=0.12) (see Table 4 and Supplemen-
tary filel, Figure S10). The corresponding funnel diagram
was not significantly symmetrical, indicating a slight publica-
tion bias (see Supplementary file 1, Figure S11).

PE: Five studies with 568 AD patients and 13 studies
with 981 MCI patients reported the effect on the executive
function. The results showed that PE had no significant
effect on executive function in AD (SMD=0.27, p=0.13),
and MCI (SMD =0.22, p=0.14) (see Table 4 and Sup-
plementary file 1, Figure S12). The corresponding fun-
nel plots was approximately symmetrical which indicated
no significant publication bias (see Supplementary file 1,
Figure S13).

Language function

NIBS: Seven studies with 273 AD patients and three stud-
ies with 116 MCI patients reported the effect on the lan-
guage function. The results showed that NIBS had signifi-
cant effect on the language function in AD (SMD =1.08,
p=0.0005), but not in MCI (SMD =0.61, p=0.08) (see
Table 4 and Supplementary filel, Figure S14). The cor-
responding funnel plots was approximately symmetrical
which indicated no significant publication bias (see Sup-
plementary file 1, Figure S15).

PE: Six studies with 585 AD patients and seven stud-
ies with 807 MCI patients reported the effect on the lan-
guage function. The results showed that PE had signifi-
cant effect on the language function in AD (SMD =0.64,
p=0.02), but not in MCI (SMD =0.08, p=0.41) (see
Table 4 and Supplementary filel, Figure S16). The cor-
responding funnel diagram was not significantly sym-
metrical, indicating a slight publication bias (see Sup-
plementary file 1, Figure S17).

Attention

NIBS: Four studies with 174 AD patients and five stud-
ies with 114 MCI patients reported the effect on atten-
tion. The results showed that NIBS had significant effect
on attention in AD (SMD =0.55, p=0.0004), but not in
MCI (SMD =0.28, p=0.28) (see Table 4 and Supplemen-
tary filel, Figure S18). The corresponding funnel plot was
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Records identified through
database searching :(N=1497)

Records excluded:
(N=1277)

based on title and

abstract:(N=985)

.

Full-text articles assessed for
eligibility:
(N=220)

Case study or Systematic
review and meta-
analysis:(N=35)
Duplicates: (N=257)

Full-text article excluded:
(N=139)

INBS intervention was not
RCT or without relevant
cognitive outcome or multiple
intervention (N=74)

Records included in quantitative
synthesis:(N=79)
INBS intervention: (N=43)

Physical exercise intervention: (N=36)

Fig. 1 Screening flow chart

approximately symmetrical which indicated very small pub-
lication bias (see Supplementary file 1, Figure S19).

PE: Two studies with 210 AD patients and five studies
with 546 MCI patients reported the effect on attention. The
results showed that PE had no significant effect on atten-
tion in AD (SMD =0.06, p=0.65) or MCI (SMD =0.25,
p=0.08) (see Table 4 and Supplementary filel, Figure
S20). The corresponding funnel plot was approximately

Physical exercise intervention
was not RCT or without
relevant cognitive outcome or
multiple intervention (N=63)
Low literature quality (N=4)

symmetrical which indicated very small publication bias
(see Supplementary file 1, Figure S21).

Long-term effect on global cognition
As for the long-term effect of the two interventions on AD
or MCI, only the scale of global cognitive function was ana-

lyzed, due to the limited number of studies and the lack of
neurocoghnitive scales.
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Fig. 2 Risk of bias graph

NIBS: Nine studies with 367 patients reported the long-
term effects of NIBS on the global cognitive function in
patients with AD or MCI. The results showed that NIBS had
significant long-term sustained effect on the global cognitive
function in AD and MCI (SMD=0.52, p=0.01) (see Table 4
and Supplementary file 1, Figure S22). The corresponding
funnel plot was approximately symmetrical which indicated
no significant publication bias (see Supplementary file 1,
Figure S23).

PE: Five studies with 223 patients reported the long-
term effects of PE on the global cognitive function in
patients with AD or MCI. The results showed that PE had
significant long-term sustained effect on the global cogni-
tive function in AD or MCI (SMD =0.94, p=0.005) (see
Table 4 and Supplementary file 1, Figure S24). The cor-
responding funnel plot was approximately symmetrical
which indicated no significant publication bias (see Sup-
plementary file 1, Figure S25).

Sensitivity analyses

Considering the significant difference in the degree of cogni-
tive impairment between AD and MCI, specifically, the main
characteristic of MC patients is impaired memory function,
while AD patients have cognitive impairment in multiple
cognition domains. Given that the therapeutic effect of PE on
memory function had no significance, in order to ensure the
stability of the combined results, we conducted sensitivity
analysis to determine whether deleting these studies would
significantly affect the estimation of the combined effect.
The analysis of the effect of PE on memory in individuals
with MCI showed that the result after excluding one study
was significant with heterogeneity <50% (SMD =0.26,
p=0.01) (see Supplementary filel, Figure S26).
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Adverse events

NIBS: A total of 12 studies including a total of 61 patients
reported adverse events, including headache, cervical pain,
scalp pain, pruritus, dizziness, shock, and facial convulsion,
etc. These adverse effects were mild and transient which
would disappear without any special treatment.

PE: Two studies including a total of 62 adverse events
were reported, including musculoskeletal problems, dizzi-
ness or faintness, symptoms related to AD, somatic disease
(i.e., cold, anemia, erysipelas), pneumonia, urinary tract
infection, and pulmonary edema, etc. The most common
adverse events were musculoskeletal problems, and only a
few of them were directly related to PE intervention.

Discussion

To the best of our knowledge, the current study is the first
meta-analysis to compare the comparative efficacy of NIBS
and PE interventions on the global cognition, executive
function, memory, language function, and attention, for MCI
or AD. Our study showed PE intervention had a significant
effect on the global cognitive function for AD and MCI,
while NIBS did not. Both NIBS and PE exhibited a signifi-
cant long-term sustained effect on individuals with MCI and
AD following treatment. Further analysis of different cog-
nitive domains showed that, for AD, NIBS had significant
effects on multiple cognitive domains, including memory,
executive function, language function, and attention, while
PE intervention only had a significant effect on memory and
language function. For MCI, NIBS only had a significant
effect on memory, while PE intervention did not have any
positive effect for MCI in any of the cognitive domains.
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Table 4 Results of different

Cognitive domain  Disease type  Studies  (EG/CG) SMD  95%CI P P
subgroups subjects
Global cognitive function
NIBS AD 19 379/356 0.11 (-0.24,047)  0.53 81%
MCI 6 79/76 0.56 (=0.07,1.19)  0.08 69%
PE AD 11 300/296 0.57 (0.19,0.96) 0.004 78%
MCI 23 890/879 0.8 (0.49,1.11) <0.00001  89%
Memory function
NIBS AD 16 335/324 0.7 (0.33,1.07) 0.0002 79%
MCI 10 178/189 0.71 (0.37,1.06) <0.0001 57%
PE AD 78/93 0.61 (0.09,1.14) 0.02 52%
MCI 518/611 0.21 (=0.00,0.42)  0.05 59%
Executive function
NIBS AD 6 93/88 0.39 (0.09,0.69) 0.01 6%
MCI 87/93 0.24 (=0.06,0.53)  0.12 0%
PE AD 2897279 0.27 (-0.08,0.62) 0.13 72%
MCI 13 484/497 0.22 (-0.07,0.51) 0.14 79%
Language function
NIBS AD 7 129/144 1.08 (0.48,1.69) 0.0005 80%
MCI 4 54/62 0.61 (-0.07,1.29)  0.08 61%
PE AD 6 298/287 0.68 (0.09,1.27) 0.02 90%
MCI 7 406/401 0.08 (=0.11,0.27)  0.41 36%
Attention function
NIBS AD 4 88/86 0.55 (0.25,0.86) 0.0004 29%
MCI 6 69/76 0.28 (-0.22,0.78)  0.28 52%
PE AD 2 112/98 0.06 (—0.21,0.33)  0.65 0%
MCI 5 272/274 0.25 (—0.03,0.53)  0.08 58%
Follow up of global cognition
NIBS AD/MCI 10 184/183 0.52 (0.1,0.93) 0.01 71%
PE AD/MCI 5 112/111 0.94 (0.28,1.6) 0.005 80%

NIBS Noninvasive brain stimulation, AD Physical exercise, PE Alzheimer’s Disease, MCI Mild cognitive
impairment, EG Experimental group, CG Control group, SMD Standardized mean difference

Global cognition

Global cognition of the brain reflects a series of complex
cognitive functions. Consistent to the previous meta-anal-
yses [6, 43], our results showed PE significantly improved
the global cognition for MCI and AD, while NIBS could
not. Another meta-analysis which also investigated the rela-
tive efficacy of different types of exercise on overall cogni-
tion showed positive and effective results [44]. For NIBS,
although previous meta-analyses have shown a positive
effect on the overall cognition, the reliability was limited
due to small sample sizes which ranged from 5 to 28 stud-
ies [11, 31, 114, 115]. In addition, they didn’t include some
negative reports for NIBS which showed NIBS has little
effect on the global cognition [78, 116], or it could decrease
the ADAS cog scale scores [28]. Another important factor
is the heterogeneity of the scales included in the study. In

contrast, our study included 43 RCTs. Our analysis includes
multiple scales for the global cognition, and many studies
only use MMSE to reflect the overall cognitive status. The
application of MMSE is strongly influenced by non-cogni-
tive fields, such as accent, education level, and considerable
mathematical ability. Due to the limitations of global cogni-
tive function scale for screening, it is necessary to refine the
cognitive domains.

Memory function

Memory is the brain’s ability to store, maintain and retrieve
knowledge or information. In the progression from MCI to
AD, the most common first symptom is memory decline, in
which episodic memory damage is the earliest and most seri-
ous sign. Our subgroup analysis showed NIBS has signifi-
cant efficacy in AD/MCI, while PE has significant efficacy

@ Springer
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on memory only in AD group. Similarly, it is reported that
high- and low-frequency rTMS and tDCS could improve
the memory of patients with AD/MCI [56, 65, 117]. These
results are in consistent with the findings of an earlier
meta-analysis with eighteen studies that reported the effect
of NIBS on memory in AD or MCI [31]. Even studies on
animal models of dementia have shown high- and low-
frequency rTMS stimulation could significantly enhance
the memory of animals [118, 119]. For PE intervention on
MCI, a previous meta-analysis also showed exercise was
ineffective in improving memory [44, 120]. In a study of
older adults with MCI, Nagamatsu et al. found that continu-
ous physical training could not increase the functional local
blood flow of the brain which is related to memory perfor-
mance [121]. In another report, posterior cerebral regions,
such as the posterior cingulate gyrus (PCC) connected to the
hippocampus, entorhinal area and parahippocampal gyrus,
had reduced local blood flow after aerobic exercise [122].
And another index related to memory is the level of BDNF
in plasma. An RCT of nine consecutive weeks of intermit-
tent aerobic training proved no significant change neither in
the plasma BDNF level or in cognitive function [123]. These
indirect evidences partially explain the limited effect of PE
in our analysis. But, a total of eight studies were included
in our analysis, and significant results could be obtained by
removing one study. Although the current analysis showed
that PE has a significant effect on memory in patients with
AD, the result needs to be further verified by more original
studies because only three relevant studies were included.

Executive function

Similar to a previous meta-analysis [31], only NIBS was
found to have a significant effect on the executive func-
tion in AD. For the effects of PE on the executive func-
tions, only six articles of AD and seven articles of MCI
were included in our meta-analysis, even with an expanded
searching scope, and we found there is no positive effect of
PE in AD/MCI. Negative reports in MCI and AD were also
reported in other studies [83, 103, 109]. However, a recent
meta-analysis including four CRTs trials for MCI patients
and one CRT for AD patients showed positive results that
the intervention methods were prone to increase muscle
strength and strength exercises, such as the use of elastic
belts and weight-lifting machines [44]. The main reasons
for the controversy may be limited number of articles
included and the different types of exercise as interven-
tion. Interestingly, moderate load exercise was found to
have more beneficial for cognition than high-intensity or
low-intensity exercise [124]. Specifically, moderate load
exercise can make the best release of catecholamines (such
as dopamine, norepinephrine and 5-hydroxytryptamine)
that are related to cognitive behaviors such as executive

@ Springer

control, increasing the universal biological arousal effect
of the central nervous system and reasonably allocating
cognitive resources [124]. The MCI or AD included in our
study have an average age of more than 70 years that could
hardly complete moderate-intensity training. That’s the
possible reason for on effect of PE in our current analysis.
Furthermore, executive functions are complex high-level
cognitive functions with multi-cognitive fusion including
inhibition, working memory and organizational strategies
necessary for response. The heterogeneity of assessment
scales inevitably may lead to the inconsistent result.

Language function

For language function, our analysis showed both NIBS and
PE have significant efficacy for AD, but not for MCI. Lan-
guage dysfunction or fluent aphasia, which is manifested
as difficulty in naming people or objects and speech com-
prehension, often occurs in AD population. Some studies
have shown rTMS/tDCS improves the language function
of AD [49] [125], which is similar to a previous meta-
analysis [31]. However, another meta-analysis reported
the negative result of NIBS [126]. One reason for this dis-
crepancy is that the literature size included in the study
is too small, with only two language-related studies, and
the neurocognitive scales used were also heterogeneous
(Action naming and object naming, Battery for analysis
of aphasic deficits). As for the effect of PE on language
function, we showed it was positive in AD, but not in MCI
population. Similar results were also reported by Holthoff
and colleagues [37], in which the significant effect on
semantic vocabulary fluency in AD intervention group was
still maintained even at three months’ follow-up after the
intervention. So far there are few reviews or meta-analysis
focusing on the effect of PE on language function. Only
seven articles were included in our study, resulting in great
heterogeneity (I>=90%), so the results should be inter-
preted with caution. Unfortunately, neither NIBS nor PE
intervention was shown to be effective for MCI population.
The overall cognitive scale scores of most MCI included in
our analysis are not particularly low, which means most of
them may be mild MCI. Therefore, the patient’s language
function was basically intact and did not affect daily life
communication, which may have led to negative results.

Attention

Attention impairment also exists in the vast majority of AD
and some of MCI. Consistent with the previous studies [127,
128], our survey also showed only NIBS can significantly
improve the attention in AD. In contrast, no significant
effect of PE on attention was found in our study. However, a
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previous meta-analysis reported contrary results [129]. One
reason for discrepancies is that the studies included by Chan
et al. are all dance interventions and do not include other
types of exercise. And, the meta-analysis included a total
of four published and one unpublished RCTs. Current, only
nine articles for NIBS and seven articles for PE interventions
included in our study. More RCTs are expected in the future
to generate reliable results.

Long-term effect on global cognition

The development of AD/MCI is relatively slow, which can
be decades of gradual progresses, before the eventual com-
plete loss of intelligence and cognition. In our analysis, the
follow-up time of NIBS ranges from one week to six months,
in which one month was the mostly used. The follow-up
time of the four articles in the PE intervention group is three
months, three months, five months and one year, respec-
tively. Within this time frame, our study showed NIBS had
a significant sustained effect in both MCI and AD. However,
the long-term effect of NIBS on cognitive function in AD/
MCl s still inconclusive, and more systematic investigation
is not available in the literature. As for PE intervention, our
results showed PE intervention has positive and sustained
effect after treatment, resulting in significantly observable
long-term effects several months after treatment. However,
the heterogeneity of the results is large, which mainly comes
from a large variability of the change in cognitive ability
of the control group in follow-up. Many previous studies
reported that cognitive function decreased rapidly during
the follow-up [130, 131]. The current results should still be
interpreted with caution and more studies in need to provide
evidence for the long-lasting effect of NIBS/PE.

Other considerations

At present, NIBS and PE intervention are still the main-
stream methods to intervene cognitive decline. In terms
of clinical disease classification, aMCI, characterized by
the decline of episodic memory, is the most common type
of MCI. Currently, Amnestic mild cognitive impairment
(aMCI) is considered to be a potential precursor of AD.
And baseline delayed associative memory performance can
predict the progression from MCI to AD [132]. Also, the
progressive MCI subjects performed worse than stable MCI
subjects on the aspects of episodic memory [133]. Every
year about 10% to 15% of aMCI progress to AD, and as high
as 50% to 70% of aMCI could develop to AD with 5 to 7
years [134]. Therefore, maintaining or improving memory
function could be an alternative approach to prevent the pro-
gression from MCI to AD. Our results showed NIBS has
a better effect on improving memory function than PE, so
NIBS may be more suitable for MCI. Compared with MCI,

the characteristics of AD are more complex, and its core sign
is the impairment of acquired cognitive function, including
but not limited to memory, execution, calculation, orienta-
tion, understanding, and visuospatial function, etc. Patients
with AD often show a significant decline in daily life, social
interaction and work ability, which is often accompanied
with mental, behavioral and personality abnormalities at a
certain stage of the disease. The treatment for AD should tar-
get the collaborative intervention involving multi-cognitive
domains treatment. Our meta-analysis found that NIBS had
positive effects in many cognitive areas including memory
function, executive function, attention, and language func-
tion in AD group, while PE only had significant effects on
memory and language function, which indicates that NIBS
has more extensive effects than that of PE for AD. Thus, it is
promising to be an optimal clinical treatment for AD. From
the perspective of intervention time, in the included studies,
the single intervention session of NIBS ranged from 15 min
to the maximum of 30 min, with an average intervention
time of 23 min. And the overall intervention period ranged
from one day to 80 days, with an average of 12 days. While
the single intervention session of PE group ranged from 15
to 130 min, with an average of 53 min. And the overall inter-
vention period ranged from 6 weeks to one year, with an
average of 5 months. Therefore, compared with PE, NIBS
intervention takes less time and is more time-efficient. Fur-
thermore, the intervention mode of NIBS is relatively sim-
ple, and is more controllable for obtaining reliable results.
While looking at the current situation of experimental design
of sports cognition research, we can find the complexity and
dynamics of sports make many tasks and design too com-
plex, and the lack of accurate indicators of behavior and
mechanism obtained by completing specific tasks leads to
the relative macro conclusions. In terms of feasibility and
safety, several articles reported some side effects of NIBS
included headache, dizziness, nausea, tinnitus, and some
physiological feelings of discomfort. However, most sub-
jects had good tolerance and the withdrawal rate was low. In
contrast, although few side effects were reported in the PE
intervention, some subjects could not adhere to the complete
exercise intervention process due to the long-time interven-
tion or intrinsically physical frailty. Consequently, the with-
drawal rate for PE intervention is high. The low adherence
of PE has also been reported in several studies in individuals
with dementia. [135, 136]. Tappen et al. reported an adher-
ence rate of 57% in a 16-week walking and conversation
program, while Rolland et al. indicate a low adherence rate
in a 12-month study on the effects of moderate exercise on
daily life activities in institutionalized individuals with AD
(the mean number of participations in the sessions was 33
out of 88). As shown in Table 5. Therefore, it is a key to
explore a long-term and stable exercise intervention model
suitable for them.
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Table 5 Comparison of two intervention modes from different aspects
Therapeutic effects on cognitive domain The feasibility of intervention The safety
- - - - (Side effect)
AD MCI Duration of per-session overall Duration The complex- Compliance
(Minute) time ity of model  of subjects
(Day)
NIBS  Memory, Executive func- Memory  Range:15-30 Range:1-80 Low High Minor
tion, Language, Attention Mean:23 Mean:12
PE Memory, Language - Range:15-130 Range:42-365 High Low Minor
Mean:53 Mean:150

AD Alzheimer's disease, MCI Mild cognitive impairment, N/BS Non-invasive brain stimulation PE Physical exercise

Potential NIBS treatment parameters

Given that the NIBS seems to be an effective approach to
affect many aspects of AD and MCI patients, it is imperative
to delve into the potential therapeutic parameters and strate-
gies of INBS for cognitive intervention in AD/MCI, improv-
ing treatment effectiveness.There were mainly two types of
NIBS methods used in the literature: rTMS and tDCS. For
rTMS, the most commonly used frequency was 10Hz, fol-
lowed by 20Hz; The most frequently utilized threshold was
90%, with 100% being the second most common; The most
commonly stimulation targets were located in the left dor-
solateral prefrontal cortex, followed by the right dorsolat-
eral prefrontal cortex; the most commonly pulse count was
2000 pluse per-session; The most commonly intervention
time was 10 days. Regarding tDCS, the most commonly
used current in the included literature was 2mA; The most
commonly stimulation targets were located in the left dor-
solateral prefrontal cortex, followed by the right dorsolateral
prefrontal cortex; the most common duration time was 20
min per-session, followed by 30 min; The most common
intervention time was alsol0 days. As shown in Table 6.
The effectiveness of NIBS largely depends on the precise
targeting of the target. Only by accurately identifying targets
closely related to disease symptoms and applying appropri-
ate stimulation parameters can the best therapeutic effect be
achieved. The currently recommended targets were located
in the left dorsolateral prefrontal cortex. Recently, Fonteneau
et al. demonstrated that a single session of bifrontal tDCS
induced dopamine release in the ventral striatum in healthy
individuals [137]. Striatal dopamine links to the neural effi-
ciency of the (dorsolateral) striatum, the prefrontal cortex,
and associated higher-order cognitive functions, including
attention switching and working memory updating [138].
In addition, from the perspective of brain functional and
structural imaging, the brain network involved in episodic
memory extraction is composed of precuneus ventral lobe,
prefrontal ventral lobe, and medial temporal lobe [139]. In
particular, the left and right prefrontal lobes of the brain

@ Springer

Table 6 Potential non-invasive treatment parameters for AD/MCI

Interven- Target Frequency/ (Pluse/ Days Threshold
tion electric time)

current Per-session
TMS L_DLPFC 10Hz 2000pluse 10 90%,
tDCS L_DLPFC 2mA 20 min 10 -

rTMS repeat transcranial magnetic stimulationran, tDCS scranial
direct current stimulation, L-DLPFC Left dorsolateral prefrontal cor-
tex

are responsible for processing language and image infor-
mation in episodic memory [140], during information pro-
cessing, activation of the dorsolateral prefrontal lobe can
promote information coding and facilitate the formation of
long-term episodic memory [141]. Two-photon imaging of
mice showed that there were neuronal subpopulations com-
posed of excitatory neurons in the medial prefrontal lobe,
which could maintain connections for several minutes in the
medial prefrontal lobe to encode short-term memory [142].
In addition NIBS can increased release of dopamine from
the striatum and caudate nucleus, thus resulting in increased
functional connection between DLPFC and subcortical
structures. For instance, cortical brain stimulation was found
to induce significant dopaminergic changes in extra-striatal
cortical areas: DLPFC-rTMS led to focal dopaminergic
changes in the ipsilateral anterior cingulate cortex (ACC)
and medial orbitofrontal cortex [143], which are functional
brain regions for executive function.This may partially
explain why NIBS has a certain effect on improving cogni-
tive function in MCI or AD, but the specific mechanism of
its therapeutic effect is still unclear, and further exploration
of the regulatory mechanism of NIBS on the brain's neuro-
cognitive network is needed through more refined experi-
mental design and advanced technological means.

Limitations

The current study has some limitations. Firstly, differences in
clinical characteristics between different clinical populations
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and studies are expected to be heterogeneous. In the stud-
ies we included, there are moderate and mild AD, aMCI,
mixed MCI, and other comorbid MCI. But most studies did
not report the type of AD/MCI, making the initial cogni-
tive assessment results in different studies have an inevita-
ble risk of bias. Further, the heterogeneity of PE is greater
than that of NIBS, which may be due to the nature of the
intervention itself. PE includes a large range of exercise pat-
terns and parameters. The implementation process is rela-
tively complex and requires a high degree of coordination
between subjects and researchers. Furthermore, the sample
size of RCTs of sports activities is usually larger than that of
NIBS research. Last, this study failed to provide a detailed
analysis of different types of NIBS (such as TMS, tDCS,
etc.) and different forms of PE (such as aerobic exercise,
strength training, yoga, etc.). The lack of detailed analysis
may result in our inability to accurately capture the specific
impact of each intervention on cognitive function, as well as
their differential effects in different populations (such as age,
gender, disease status, etc.). In addition, the potential interac-
tions between different intervention methods were not fully
explored in this study. For example, certain NIBS may have
a synergistic effect with specific types of PE interventions,
thereby jointly promoting improvements in cognitive func-
tion. However, due to the lack of relevant detailed analysis,
we were currently unable to verify this hypothesis or provide
clear guidance for future research. Therefore, future research
should focus on refining the analysis of the effects of different
types of NIBS and PE on cognitive function, as well as their
applicability in different populations. Meanwhile, potential
interactions between different intervention methods should
also be explored to gain a more comprehensive understanding
of their combined impact on cognitive function.

Conclusion

Our analysis indicates that NIBS intervention has clear posi-
tive effect on various cognitive domains for patients with AD,
and significant effect on the memory function for MCIL. Com-
pared to PE intervention, the experimental data supports the
feasibility of NIBS as a better effective intervention approach
to reduce cognitive decline in MCI and AD. These positive
effects of NIBS make it a feasible and safe tool to counteract
cognitive age-related decline for MCI/AD. However, this effect
is limited. Most but not all of the published studies showed
variability of the induced neurological and cognitive effects. A
multidisciplinary approach to study the best NIBS protocols is
required to understand how to deliver an effective prevention
against cognitive decline for aging population. Additionally,
further exploration of heterogeneity among trials within disor-
ders is warranted to identify sources of variability in treatment

effects. So far, the therapeutic mechanism of NIBS interven-
tions for cognitive functions of AD/MCI are still to be explored.
The combination of NIBS with other neuroimaging techniques
may provide some insights in whether and how brain networks
are influenced by transcranial stimulation. Meanwhile, genetic
background analysis has also become a valuable ally to provide
better insights and guidelines for the more efficient and safe
applications of NIBS as a tool to help prevent cognitive aging.
Further, combining neuroimaging and genetic tools might be
required to better understand the effect of NIBS on AD/MCI
pathology, supporting novel avenues for possible new diagnos-
tics methods and therapeutic treatment options.
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