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Abstract 

 Objective: This systematic review and meta-analysis sought to comprehensively assess the 

efficacy of repetitive transcranial magnetic stimulation (rTMS) on the default mode network 

(DMN) through functional magnetic resonance imaging (fMRI) among individuals diagnosed with 

mild cognitive impairment (MCI) and Alzheimer's disease (AD). The primary objective was to 

unravel the neuroimaging mechanism underpinning cognitive intervention. 

Methods: A search encompassing English articles published until July 30, 2023, was conducted 

across prominent databases, including PubMed, Web of Science, Embase, and Cochrane Library. 

The study specifically focused on randomized controlled trials utilizing resting-state fMRI to 

investigate the impact of rTMS within the MCI and AD populations. The analysis of fMRI data was 

executed using GingerALE. 

Results: Our meta-analysis encompassed a total of seven studies focusing on AD, collectively 116 

patients in the treatment group and 90 patients in the sham group. Additionally, in MCI group 

comprised 34 patients in the treatment groups and 39 patients in the sham group. The combined  

ALE quantitative analyses on group contrasts between Alzheimer's patients and the sham group 

showed no significant clusters of convergence. A similar outcome was observed when conducting 

meta-analyses of the MCI group. The restricted pool of eligible studies may have hindered our 

ability to detect meaningful clusters of convergence. 

Conclusions: The outcomes of this meta-analysis and systematic review collectively underscore 

the potential effectiveness and safety of rTMS intervention in addressing the needs of patients 

coping with MCI and AD. These improvements could likely be attributed to the favorable 

modulation that rTMS imparts upon spontaneous neural activity and cognitive networks. By 

elucidating the intricate neural mechanisms involved, this study contributes insights to the 

burgeoning field of cognitive intervention strategies. 
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1. Introduction  

Alzheimer's disease (AD), the prevalent form of dementia among the elderly population, presents 

as an incurable chronic neurodegenerative disease that profoundly impacts cognitive function 

and essential life skills, eventually leading to fatality (Qu et al., 2021). The disease progression 

follows the initial stages of cognitive decline, including subjective cognitive decline and mild 

cognitive impairment (MCI), prior to culminating in full-blown dementia (Jessen et al., 2014). 

Given MCI's prodromal nature with a high likelihood of progressing into AD, the consensus 

underscores the significance of targeting interventions and treatments towards this population 

to stave off cognitive deterioration (Jia et al., 2020). 

Presently available drugs for AD offer only limited short-term symptomatic relief (Hughes et al., 

2016). Attempts at developing disease-modifying therapies for AD dementia patients have 

yielded little success, likely due to intervention at a stage when the neurodegenerative process is 

too advanced. The current focus revolves around therapeutic strategies applied during the MCI 

and/or preclinical phases, with the postponement of dementia onset serving as a pivotal clinical 

trial endpoint (Sperling et al., 2011). This paradigm shift hinges on the identification of biomarkers 

for early AD diagnosis (Sperling et al., 2011; Matthews and Hampshire, 2016). 

Resting-state functional magnetic resonance imaging (rsfMRI) has emerged as a promising 

possible biomarker for early diagnosis of AD, reflecting its potential for uncovering neural 

connectivity alterations (Sperling et al., 2011; Matthews et al., 2016; Vemuri et al., 2012). This 

technique assesses resting-state brain activation, encompassing functional integration and 

segregation, and is a recommended modality for gauging neuroplasticity (Reid et al., 2016). As a 

valuable tool in exploring human functional neural networks, rs-fMRI indirectly measures neural 

processing through blood oxygenation, identifying spatially distributed networks (Logothetis et 

al., 2002). Notably, this method enables the identification of large-scale spatiotemporal networks 

during rest, including the default mode network (DMN), salience network, frontoparietal 

network, sensorimotor network, and visual network, among others (Barkhof et al., 2014). Among 

these, the DMN has drawn substantial cognitive neuroscience attention (Rektorova, 2014). 

Comprising functionally linked yet anatomically separated brain regions, the DMN typically 
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involves the posterior cingulate cortices (PCC), adjacent precuneus and retrosplenial cortices, 

medial prefrontal cortices, inferior parietal lobules (IPL), and medial temporal lobes (MTL), often 

encompassing lateral temporal and dorsolateral prefrontal areas as well (Buckner et al., 2008; Qi 

et al., 2010; Yan et al., 2013). Active at rest and suppressed during cognitive tasks, the DMN has 

been associated with self-reference and memory processing (Rektorova, 2014; Kim, 2012).  

In the context of AD, the DMN garners attention due to its heightened susceptibility to 

neurodegeneration and early involvement in AD pathophysiology (Pasaquini et al., 2015). 

Notably, the distribution of amyloid beta (Aβ) deposition, a hallmark of AD, significantly overlaps 

with the DMN (Buckner et al., 2005). Numerous studies have consistently reported disrupted 

DMN function in AD, particularly evident in the functional connectivity of the PCC/precuneus, 

which strongly correlates with impaired cognitive function (Pievani et al., 2017; Cha et al., 2013; 

Binnewijzend et al., 2012). 

Repetitive transcranial magnetic stimulation (rTMS) (Hartwigsen and Volz, 2021) stands as a 

potent tool for modulating brain network connectivity by harnessing neural plasticity 

mechanisms. This technique employs potent, brief magnetic pulses to induce changes in neuronal 

polarization within the targeted cortical region, leading to transitory alterations in cortical 

excitability (Bradley et al., 2016; Sarasso et al., 2020; Balderston et al., 2020). Notably, the 

influence of rTMS extends beyond the stimulated area to encompass distant brain regions 

interconnected with the site of stimulation (Ruff et al., 2009). These 'network' effects of rTMS can 

evolve in response to the functional state of the targeted network, offering fresh insights into the 

role of remote yet interlinked brain areas in supporting cognitive processes (Du et al., 2018; Philip 

et al., 2018). Clinical trial models focusing on AD (Choung et al., 2021; Chou et al., 2020) have 

highlighted the therapeutic potential of transcranial magnetic stimulation (TMS) for addressing 

neurodegenerative disorders. Meta-analysis results by Lin et al. (2019) provided compelling 

evidence that rTMS therapy can significantly enhance cognitive abilities in individuals with mild 

to moderate AD. Furthermore, the findings from Menardi et al. (2022) reinforce the efficacy of 

TMS in improving global cognitive functioning among patients with mild-to-moderate AD. 

Empirical research indicates that rTMS effectively enhances neuroplasticity, cortical excitability, 

and the cognitive impairment trajectory among patients with mild cognitive impairment (MCI) 
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and AD (Heath et al., 2018). The growing body of evidence suggests that rTMS could enable more 

precise modulation of neurochemical and neurophysiological functions (Bashir et al., 2022). 

Initial findings lend support to the potential role of neuro-navigated rTMS targeted at key nodes 

within the DMN to reshape network dynamics and ameliorate cognitive impairments in early AD 

patients (Koch et al., 2018; Abellaneda-Pérez et al., 2019). Halko et al. (2014) demonstrated that 

intermittent theta burst stimulation which is a complex, high-frequency excitatory TMS protocol 

applied to the lateral cerebellum enhanced DMN functional connectivity in healthy individuals. 

Furthermore, intermittent theta burst stimulation led to increased connectivity in the proximal 

DMN region among elderly adults (Abellaneda-Pérez et al., 2019). In a study by Xue et al. (2017), 

rTMS directed at the left dorsolateral prefrontal cortex (DLPFC) evoked significant activity changes 

in several areas, including the right frontal gyrus, right precuneus, and inferior parietal lobule. 

Notably, Yuan et al. (2020) highlighted that rTMS holds the potential to elevate the amplitude of 

low-frequency fluctuation (ALFF) values within the frontal lobe, precuneus, and inferior parietal 

cortex (IPC) among individuals with amnestic mild cognitive impairment (aMCI). This underscores 

rTMS interventions in aMCI by impacting the modulation of functional connectivity across brain 

networks. 

To comprehensively unravel the neural underpinnings of rTMS treatments, a growing body of 

studies employed rs-fMRI within clinical trials. A spectrum of analytical methods, including the 

amplitude of low-frequency fluctuations (ALFF), regional homogeneity (ReHo), and functional 

connectivity (FC), is furnishing neurologists and researchers with fresh insights into the rTMS 

therapy landscape for dementia. However, despite these advancements, a complete 

understanding of the precise neural mechanisms fueling rTMS effects remains elusive. The 

absence of a consensus could stem from factors such as small sample sizes or disparities in 

experimental outcomes across studies. Additionally, diverse affected brain regions have been 

observed in prior investigations, further contributing to the complexity of the field. 

Therefore, aiming to elucidate which brain areas play a crucial role in the therapeutic effect of 

rTMS, this systematic review and meta-analysis integrates the results of individual neuroimaging 

studies to assess the clinically meaning of rTMS for patients with MCI and AD. Another aim is to 
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test the hypothesis that rTMS can enhance connectivity and perfusion of the DMN, which is 

affected in the early stages of AD. Understanding the mechanism of rTMS-induced neuroplasticity 

can not only elucidate the core mechanism of rTMS but also provide novel ideas for the 

application of rTMS in the treatment of neurodegenerative diseases. 

 

2. Methods  

2.1 Search strategy and study selection  

This study was designed in accordance with the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA) guidelines (Liberati et al., 2009). Systematic literature research was 

performed from January 2010 to July 2023 in Scopus, Science Direct, PubMed, PsycINFO, and ISI 

Web. The search terms were organized into strings A, B, and C. String A: “prodromal Alzheimer”, 

“Alzheimer’s diseases”; “Mild Cognitive Disorder”, and “MCI”. for string B: “brain networks”, 

“default mode network”, “DMN”. for string C: “transcranial magnetic stimulation”, “TMS”, 

“Repetitive transcranial magnetic stimulation”, “rTMS”. The operator that regulated the 

relationship between the words within each string was OR; the operator that linked the two 

strings was AND. The research was extended to all fields (title, abstract, keywords, full text, and 

bibliography). 

The focus was on original, randomized, double-blind clinical trials designed for therapeutic 

purposes, with either parallel or crossover designs. Review papers and the references cited in the 

identified studies were used to extend the search for further relevant literature. Only studies 

written in English were considered. Furthermore, a manual search of the reference sections of 

the retrieved studies and review articles was carried out. The final search identified a total of 

1105 articles. The titles and abstracts of the remaining records were screened for eligibility, which 

led to the exclusion of 591 for either being animal model studies or with an inappropriate scope. 

Afterwards, the full text of each publication was assessed and eligible studies were selected. In 

sum, 20 full-text articles were excluded due to the absence sham condition. Thus 10 articles 

remained for full-text assessment and data extraction (Fig. 1). 
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Figure 1: Diagram flow. Search strategy and study selection for the present meta-analytical study 
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2.2 Eligibility Criteria  

The screened articles were carefully reviewed by researcher and included in the meta-analysis if 

they met the following criteria: (1) randomized controlled trials (RCTs) were conducted in patients 

who were previously diagnosed with MCI or AD according to eligible criteria (e.g., Petersen's 

criteria, National Institute on Aging Alzheimer's Association [NIA-AA], National Institute of 

Neurological and Communicative Diseases and Stroke/Alzheimer's Disease and Related Disorders 

Association [NINCDS-ADRDA], Diagnostic and Statistical Manual of Mental Disorders, 5th edition 

[DSM-V]); (2) rTMS was the main intervention being investigated for the outcome differences in 

the treatment group while sham stimulation in the control group; (3) the use of high-frequency 

(≥5 Hz) rTMS protocols; (4) article was published in English; (5) involved whole-brain functional 

imaging in resting-state; (6) fMRI data for quantitative analysis were displayed as three-

dimensional coordinates (x, y, z) in standard stereotactic space Montreal Neurological Institute. 

 The exclusion criteria were as follows: (1) single-arm studies or studies without sham conditions, 

to ensure control over placebo effects; (2) case reports, to ensure greater generalizability of the 

findings; (3) AD patients with other concomitant forms of dementia (e.g., vascular dementia) or 

other comorbidities (e.g., depression) to ensure homogeneity across samples, as well as to limit 

unwanted confounding factors; (4) 1 Hz rTMS, that is, inhibitory stimulation protocols, to further 

reduce the heterogeneity across studies, and (5) studies without available data for analysis. 

2.3 Activation likelihood estimation 

The statistical analyses were performed using the revised version of the activation likelihood 

estimation (ALE) (Eickhoff et al., 2012) based on coordinate-based meta-analyses (CBMA) 

(Eickhoff et al., 2009; Laird et al., 2009a; Turkeltaub et al., 2002). ALE assessed the significant 

convergence between activation foci from different experiments (e.g. rTMS>sham, rTMS<sham) 

for a given study in comparison with a random distribution of foci. More specifically, as the first 

step, the ALE algorithm models the reported activation foci as center peaks of 3D Gaussian 

probability distributions that acknowledge the spatial uncertainty associated with each focus. The 

uncertainty is mainly due to between-subject variations (neuroanatomical variability and small 

sample sizes) and between-laboratory differences (various brain templates, normalization, and 
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analysis strategies). The number of participants per experiment determines the width of the 

spatial uncertainty of any focus (Eickhoff et al., 2012). As the second step, the probability 

distributions of all activation foci in a particular experiment are combined for each voxel, which 

creates a modeled activation map (MA map). Thus, these MA maps summarize localization 

probabilities of studies, and the final ALE map results from interpolation of these MA maps 

describing the convergence of results across all experiments. During the third step, an analytical 

approach based on a non-linear histogram integration is applied to test against the null hypothesis 

of randomly distributed foci and subsequently significant statistical threshold set at p < 0.05 

family-wise error in cluster level (cFWE). The recent analysis approach tested for convergence by 

experiments (random effects) rather than foci (fixed effects) (Eickhoff et al., 2012); for further 

details and a summary of the ALE method please refer to (Eickhoff and Bzdok, 2013; Laird et al., 

2009).  

2.5. Whole-brain co-activation profiles  

In order to map brain regions that feature significant co-activation with the regions identified in 

the Alzheimer's disease functional meta-analysis, we performed meta-analytic co-activation 

modeling (MACM). More specifically, we tested how likely it is that the experiments activating the 

particular region also activate other brain voxels above chance (Eickhoff et al., 2011; Robinson et 

al., 2010). In order to perform MACM, first we identified all experiments in the BrainMap 

database that activate the convergent seeds. Then, quantitative meta-analysis was applied to test 

for convergence across the foci reported in the experiments. Inevitably, the highest convergence 

will be observed in the seed regions because experiments are already selected by activation in 

those seeds. Significant convergence of reported foci in other brain areas represents consistent 

co-activation or functional connectivity of other voxels with the seeds. More specifically, MACM 

provides information on the functional interactions of cortical modules based on their whole-

brain co-activation pattern across the BrainMap database (Eickhoff et al., 2011; Laird et al., 2013). 
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3. Results  

3.1  Included studies and sample characteristics  

Our meta-analysis encompassed a total of seven studies focusing on AD, collectively 116 patients 

in the treatment group and 90 patients in the sham group. These studies were carefully selected 

based on stringent inclusion and exclusion criteria to ensure the quality and relevance of the data. 

A summary of the demographic and clinical details for each of these studies can be found in Table 

1. Additionally, our meta-analysis also incorporated three studies that specifically recruited MCI 

patients, comprising 34 patients in the treatment groups and 39 patients in the sham group, 

adhering to predefined inclusion and exclusion criteria. A summary of the demographic and 

clinical characteristics of each of these MCI-focused studies is provided in Table 2. 

 

Table 1. Essential demographic and clinical characteristics of the AD studies. 

 Study  participants Gender(F/M) Age(Y) Education(Y)  disease Design 

1 Wei(2022) rTMS=29 9/20 70 7.34  

AD 

 

Parallel Sham=27 7/20 71.67 6.63 

2 Yao(2022) rTMS=15 7/8 63.87 10.53  

AD 

 

Parallel 

 

Sham=12 6/6 67.60 9.40 

3 Qin(2022) rTMS=9 2/7 66.9 12.3  

AD 

 

Parallel 

 

Sham=8 3/5 66.3 11.5 

4 Liu(2022) rTMS=25 12/13 67.28 10.44  

AD 

 

Parallel 

 
Sham=12 4/8 72.08 11.66 

5 Budak(2023) rTMS=10 6/4 72 NR  

AD 

 

Parallel 

 

Sham=8 7/1 74.90 NR 
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6 Qin(2023) rTMS=10 8/2 65.60 11.80  

AD 

 

Parallel Sham=6 3/3 66.50 11.83 

7 Zhang(2023) rTMS=18 8/10 84.8 NR  

AD 

 

Parallel 
Sham=17 6/11 83.4 NR 

Abbreviations: AD, Alzheimer's disease; F, female; M, male; NR, not reported; Y, year. 

 

Table 2. Essential demographic and clinical characteristics of the MCI studies. 

 Study  participants Gender(F/M) Age(Y) Education(Y)  disease Design 

1 Yuan(2021) rTMS=12 6/6 65.8 11.83 aMCI Parallel 

Sham=12 5/7 64.67 11.33 

2 Esposito(2022) rTMS=11 14/13 67.85 13  

MCI 

 

Parallel Sham=16 11 

3 Yuan(2023) rTMS=11 NR NR NR aMCI Parallel 

Sham=11 

Abbreviations: MCI, mild cognitive impairment; aMCI, amnestic mild cognitive impairment; F, female; M, 

male; NR, not reported; Y, year. 

In the case of the AD group, rTMS was applied to specific brain regions, including the left 

dorsolateral prefrontal cortex, lateral parietal region, bilateral cerebellum, angular gyrus, and left 

lateral temporal lobe. As for rTMS, 5–40 Hz stimulation coils were placed on the scalp in a 

tangential position with intensity varying from 40% to 100% resting motor threshold. The 

treatment duration spanned from 4 weeks to 3 months. For an overview of the intervention 

parameters and cognitive assessments, please refer to Table 3. 
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Table 3. The characteristics of intervention parameters and cognitive assessments of AD studies 

 Study Intervention Stimulation 

site 

Stimulation protocol Outcome measures Cognitive domains 

1 Wei(2022) rTMS Lateral 

Parietal 

region 

10 Hz, 100% RMT, 10 sessions, 

2 weeks 

dFC, MMSE General Cognitive 

Function 

2 Yao(2022) rTMS (B) 

Cerebellum 

5 Hz, 90% RMT, 4weeks FC, MMSE, MoCA Episodic memory, 

executive and verbal 

ability, visuospatial 

function  

3 Qin(2022) rTMS +COG (L)DLPFC 

(L)LTL 

10 Hz, 100% RMT, 20 sessions, 

4 weeks 

FC, ALFF, ADAS-

cog 

General Cognitive 

Function 

4 Liu(2022) rTMS (B) AG 40 Hz, 40% RMT, 12 sessions, 

4 weeks 

FC, MMSE, MoCA Executive function 

5 Budak(2023) rTMS (B) DLPFC 20 Hz, 10 sessions, 2 weeks NPI, FBI, RSA Executive function 

6 Qin(2023) rTMS+COG (L)DLPFC 

LTL 

10 Hz, 100% RMT, 20 sessions, 

4 weeks 

CBF, ADAS-cog General Cognitive 

Function 

7 Zhang(2023) rTMS (L)DLPFC 10 Hz, 100% RMT, 60 sessions, 

3 month 

FC, CIBIC-Plus General Cognitive 

Function 

Abbreviations: ADAS-cog, Alzheimer's disease assessment scale-cognitive subscale; ALFF, amplitude of 

low-frequency fluctuation; CBF, cerebral blood flow; B, bilateral; CIBIC-Plus, Clinician's Interview-Based 

Impression of Change plus caregiver input; COG, cognitive training; dFC, dynamic functional 

connectivity; DLPFC, dorsolateral prefrontal cortex; FBI, Frontal Behavioral Inventory; FC, functional 

connectivity; L, left; MMSE, mini-mental state examination; MoCA, Montreal cognitive assessment; NPI, 

Neuropsychiatric Inventory Questionnaire; RSA, resting-state activity; RSN, resting-state networks. 

The stimulation target sites of rTMS in the MCI group included the left dorsolateral prefrontal 

cortex and precuneus. As for rTMS, 10 Hz stimulation coils were placed on the scalp in a tangential 

position with intensity varying from 80% to 120% resting motor threshold. Similarly, the 

treatment time lasted  4 weeks. The intervention parameters and cognitive assessments of the 

MCI studies are presented in Table 4. 
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Table 4. The characteristics of intervention parameters and cognitive assessments of MCI studies 

 Study Intervention Stimulation site Stimulation protocol Outcome 

measures 

Cognitive domains 

1 Yuan(2021) rTMS (L)DLPFC 10 Hz, 80% RMT, 20 sessions, 

4 weeks 
ALFF, MoCA General Cognitive 

Function 

2 Esposito(2022) rTMS (B)DLPFC 10 Hz, 80% RMT, 20 sessions, 

4 weeks 

FC, RBANS Semantic fluency, 

visuospatial performance 

3 Yuan(2023) rTMS Precuneus 10 Hz, 80-120% RMT, 20 

sessions, 4 weeks 
FC, EM, EF episodic memory, 

executive function, 

Abbreviations: ALFF, amplitude of low-frequency fluctuation; B, bilateral; DLPFC, dorsolateral prefrontal 

cortex; FC, functional connectivity; L, left; MoCA, Montreal cognitive assessment; RBANS, repeatable 

battery for the assessment of neuropsychological status; EM, episodic memory; EF, executive function. 

 

3.2. Convergence of neuroimaging findings in Alzheimer's and MCI 

Upon conducting meta-analyses to assess significant convergence across all eligible neuroimaging 

experiments involving Alzheimer's patients compared to the sham group, no significant clusters 

of convergence were observed. A similar outcome was observed when conducting meta-analyses 

of the MCI group. 

3.3. FC in patients with MCI 

Based on the collective descriptions in the literature of rTMS, the seed-based region of interest 

(ROI) was placed on left frontoparietal networks (L.FPN) (Esposito et al.,2022), and precuneus 

(Yuan et al.,2023), respectively. In the case of the former, rTMS resulted in heightened FC within 

the left supramarginal gyrus, middle frontal gyrus, superior temporal gyrus, and parahippocampal 

gyrus. Conversely, a separate study focusing on individuals with aMCI revealed increased FC 

within the right posterior cerebellar lobes (CPL) subsequent to rTMS. Importantly, rTMS-induced 
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improvements in episodic memory function among aMCI patients correlated closely with the 

observed FC alterations within CPL (Yuan et al., 2023). 

3.4.  FC in patients with AD  

Five distinct randomized controlled trials (RCTs) have contributed insights into alterations in FC 

following rTMS in individuals with AD. Wei et al. (2022) highlighted a significant elevation in 

dynamic FC magnitude within the DMN among patients undergoing rTMS treatment, 

underscoring its potential for cognitive enhancement. Notably, Li et al. (2023) revealed that rTMS 

interventions facilitated cognitive improvements through the restructured inter-network 

connectivity of the cerebellum and augmented intra-network connectivity of frontal-parietal 

regions. Similarly, Liu and colleagues showcased elevated local functional integration in the 

bilateral angular gyrus, heightened long-distance functional connections involving the left angular 

gyrus, superior frontal gyrus, and right inferior frontal gyrus, as well as reinforced information 

transmission from the left posterior temporoparietal region to frontal areas. These enhanced 

integrations were closely linked to improved clinical symptoms encompassing executive function 

and memory (Liu et al., 2022). In the study by Yao et al. (2022), rTMS fostered heightened 

functional connectivity between the left cerebellum and the right dorsolateral prefrontal cortex, 

bilateral medial frontal cortex, and bilateral cingulate cortex. Furthermore, another investigation 

indicated the predictive potential of baseline multivariate FC, specifically involving the right 

hippocampus/posterior parahippocampal gyrus and cortical clusters, for individual treatment 

outcomes (Zhang et al., 2023). 

3.5. Resting-state activity differences in patients with AD  

Incorporating two pertinent trials into the analysis, investigations delved into the impact of rTMS 

on the modulation of resting-state activity disparities among patients with AD. One of the studies 

unveiled that following High-frequency rTMS, there was a noteworthy elevation in resting-state 

activation within the DMN, encompassing the middle temporal gyrus, central opercular cortex, 

intracalcarine, superior parietal lobule, and paracingulate cortex (Budak et al., 2023). In parallel, 

a distinct study showcased significant increases in resting-state activation within the right 
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cerebellum, left lingual/cuneus, and left cingulate gyrus, while concurrently observing a decrease 

in the left middle frontal gyrus (Qin et al., 2022). 

3.6 FC changes in DMN after rTMS  

The investigation of FC changes within DMN has yielded significant insights, particularly in two 

distinct studies focusing on distinct stimulation sites and targets. In the first study, activation of 

the inferior parietal lobule and left lateral parietal region were observed, regions that are 

presumed to play integral roles within the DMN (Wie et al.,2022). Similarly, the second study 

conducted by Chen and colleagues targeted the left angular cortex, a region also implicated in 

DMN function. They indicate that intra-DMN functional connectivity is potentially a neuroimaging 

target for the therapeutic effectiveness of rTMS during recovery of cognitive impairment in this 

group of patients(Chen et al.,2023). 

 

4. Discussion 

 It has been suggested that the diverse and often conflicting findings regarding brain structure 

and function in a variety of disorders may be ameliorated by a more finely-tuned understanding 

of which structures in networks are most implicated (Celle et al.,2016; Eickhoff et al., 2020). In 

this vein, in our study, we have undertaken to gain a greater understanding of the effectiveness 

of rTMS in activity alteration in patients with AD and MCI across the published literature by using 

the ALE meta-analysis of currently available functional imaging studies.  

rTMS could alleviate neurological deficits and improve cognitive performance in patients with 

MCI and AD. The improvements in neuropsychological scores have been discussed in some 

previous meta-analysis studies (Chou et al.,2023; Wang et al.,2021; Inagawa et al.,2019) so we 

will not discuss them further here. In this paper, we mainly focus on changes in rsfMRI after rTMS 

intervention. In our study, the combined  ALE quantitative analyses on group contrasts between 

Alzheimer's patients and the sham group showed no significant clusters of convergence. A similar 

null finding was observed when conducting meta-analyses of the MCI group. It is crucial to 

acknowledge that the absence of significant findings in our meta-analysis can be attributed, in 
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part, to the limited statistical power resulting from the relatively small number of studies included 

in the meta-analysis.  

In our case, the restricted pool of eligible studies may have hindered our ability to detect 

meaningful clusters of convergence. Future research in this area may benefit from a larger and 

more comprehensive dataset to enhance statistical power and improve the precision of our 

findings. 

 

4.1. Efficacy of rTMS in Angular Gyrus 

An rTMS-fMRI study conducted by Wang et al. (2014) employed a multi-session rTMS protocol 

focused on the left angular cortex, leveraging its connectivity within the cortical hippocampal 

network. This intervention led to a noteworthy enhancement in memory performance, attributed 

to the modulation of synaptic plasticity. Similarly, Nilakantan et al. (2019) examined older adults 

and found that targeted stimulation of the left angular cortex effectively altered age-related 

recollection impairments. 

Building upon these findings, Chen et al. (2023) extended the research to patients with AD, 

showcasing the potential therapeutic value of targeting the left angular cortex. The authors 

identified the left angular cortex as a viable candidate due to its weakest functional connectivity 

with the left hippocampus in individuals with AD. Notably, their study substantiated the 

effectiveness of rTMS in ameliorating cognitive deficits in AD patients when applied to the left 

angular cortex.  

Chen et al. (2023) delved into the mechanisms underlying the cognitive improvements brought 

about by rTMS. They discovered that rTMS intervention influenced the intricate relationships 

between different subsystems of the DMN and the broader functional networks associated with 

the DMN. This dynamic regulation was particularly pertinent to the interactions both within and 

between the DMN subsystems. Notably, the study hinted at the potential for baseline intra- and 

inter-DMN dynamics to serve as predictive markers for favorable responses to rTMS. 
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4.1. rTMS affects Precuneus functional connectivity 

Prior investigations have consistently demonstrated that rTMS can induce neuroplastic effects not 

only within the directly stimulated cortical regions but also in distal brain areas connected 

functionally to the site of stimulation. In a recent study by Koch and colleagues (2022), the 

posterior brain area known as the precuneus, implicated in the progression of 

neurodegeneration, was specifically targeted. The rationale behind this approach was the 

observed decline in functional connectivity and damage to various components of the DMN in 

this region. Notably, their findings highlighted the substantial impact of rTMS on cortical activity 

in patients who underwent rTMS treatment. Particularly, they observed that cortical excitability, 

which displayed stabilization at the baseline level, remained consistent even after a span of 24 

weeks. In stark contrast, the sham-rTMS group experienced a significant reduction in cortical 

excitability over the same period. In a related study conducted by the same research group, a 

combination of rTMS and electroencephalogram techniques yielded intriguing results. This 

investigation revealed that rTMS targeted at the precuneus yielded improvements in long-term 

memory among individuals with prodromal AD. Further, local gamma-band oscillations were 

boosted only in patients who received real rTMS. This improvement was attributed to the 

modulation of neural activity within the precuneus itself and its connections with other regions, 

such as medial parietal and frontal areas within the DMN (Koch et al., 2018). 

Furthermore, recent advancements have extended the understanding of rTMS effects. Cui et al. 

(2019) employed functional magnetic resonance imaging (fMRI) to investigate rTMS-induced 

changes in functional connectivity within the DMN. Remarkably, these connectivity alterations 

were associated with significant cognitive improvements in individuals with aMCI. Notably, the 

application of rTMS with the precuneus as the target not only modulated the functional 

connectivity of the posterior cerebellar network in patients with aMCI but also effectively 

enhanced their cognitive status (Yuan et al., 2023). 
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4.2. rTMS affects the modulation of DMN connectivity 

Several research studies have provided evidence supporting the effectiveness of rTMS in 

regulating connectivity within the DMN and enhancing episodic memory in individuals with early 

AD (Koch et al., 2018; Nilakantan et al., 2019). The DMN holds a significant role as the initial brain 

network associated with amyloid deposition during the early stages of AD. Amyloid protein 

accumulation disrupts FC between DMN regions and other brain areas (Pereira et al., 2018). 

Although the DMN plays a crucial role in the aging process and the pathological trajectory of 

cognitive function, its changes over time are indicative of shifts in interconnectivity that 

correspond to distinct stages of FC alterations (Bai et al., 2008; Uddin et al., 2009). The decline in 

FC within the DMN is often regarded as a biomarker of functional deterioration in AD. However, 

the varying interpretations of bidirectional connectivity changes observed across different studies 

involving patients with MCI, particularly the heightened interactions with the posterior cingulate 

gyrus (PCG), have yielded diverse explanations (Cui et al., 2019). 

One plausible explanation for the observed increase in FC is that it could reflect a "compensatory 

process" within the brain, aiming to counteract hypoactivation in specific brain regions. 

Consequently, it is a valid proposition that both increased and decreased FC might manifest after 

rTMS treatment. However, substantiating these arguments requires further validation through 

extensive clinical trials. 

4.3. rTMS modulates hippocampal connectivity 

The hippocampus, another vulnerable brain region in patients with MCI and AD, is an important 

brain structure connecting the anterior temporal and posterior medial regions of the medial 

temporal system (Zhuo et al.,2016). A noteworthy characteristic of AD patients is the marked 

reduction in resting-state FC between the hippocampus and the medial prefrontal cortex. The 

hippocampus exerts a significant influence as a driving force on brain functional activity, while the 

medial prefrontal cortex functions as a vital hub for integrating converging information (Li et al., 

2020). The interaction between these two regions plays an instrumental role in processes such as 

memory, learning, and other intricate cognitive functions (Preston and Eichenbaum, 2013). 
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Pathological examinations of AD have consistently demonstrated the initial emergence of 

neurofibrillary tangles within the structures of the medial temporal lobe, with the hippocampus 

being among the earliest affected brain regions (Braak and Braak, 1991). In a preceding study, a 

combination of established techniques, namely fMRI and rTMS, was employed to unravel the 

causal relationship between neuroimaging-based functional changes in the hippocampus and 

episodic memory deficits in MCI patients. The outcomes revealed that rTMS exerted a positive 

impact on ameliorating episodic memory impairments in MCI by directly modulating the circuit 

encompassing the precuneus, hippocampus, and middle temporal gyrus (Chen et al., 2022). 

Furthermore, the dynamic changes occurring within the hippocampus functional activity hold the 

potential as a valuable target for monitoring the cognitive progression of AD patients over time. 

 

5. Limitations  

According to our current findings, there are several important factors that require attention. 

Firstly, it is worth noting that our analyses may have been influenced by a relatively limited 

number of placebo-controlled trials and the often restricted pool of study participants. To 

elaborate this issue further, our initial literature search revealed only 10 studies where patients 

with AD and MCI were subjected to rTMS treatment. Secondly, we observed that the studies 

included in our meta-analysis had rather small sample sizes. This is evident from the fact that 

three out of the ten studies considered had a sample size of less than or equal to 20 participants. 

This limited sample size may have hindered our ability to conduct comprehensive and robust 

statistical analyses. Thirdly, it is important to acknowledge that our use of Ginger ALE was based 

on coordinates obtained from published studies rather than raw data. This approach introduced 

potential limitations in terms of accuracy. Lastly, it is worth mentioning that our current analysis 

could not determine whether MCI would progress to AD following rTMS intervention. To address 

this gap in knowledge, future longitudinal studies should investigate the effect size of rTMS 

interventions and their impact on the progression from MCI to AD. 
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6. Conclusions 

Despite the current meta-analysis did not show significant results, our systematic review 

suggested that rTMS intervention appeared to be an effective and safe treatment for patients 

with MCI and AD. The improvement may be attributed to the positive modulation of rTMS on the 

spontaneous neural activity and cognitive network. fMRI evaluations could be added to target-

specific rTMS treatment to evaluate the contribution to the therapeutic effectiveness of rTMS. 

These findings provide new insights into the neuroimaging mechanisms underlying the efficacy 

of rTMS. Further, the findings indicate that DMN functional connectivity is potentially a 

neuroimaging target for the therapeutic effectiveness of rTMS during recovery from cognitive 

impairment in this group of patients.  

This has so far been difficult to implement, but future careful experimental designs might help 

with this issue. Finally, it is hoped that the findings presented here may offer a tentative first step 

toward this task and provide an initial theoretical framework for interpreting the aberrant activity 

within these network nodes. 

 

 

 

 

 

 

 

 

 

 

 



21 
 

References  

Abellaneda-Pérez, K., Vaqué-Alcázar, L., Vidal-Piñeiro, D., Jannati, A., Solana, E., Bargalló, N., ... & 

Bartrés-Faz, D. (2019). Age-related differences in default-mode network connectivity in response 

to intermittent theta-burst stimulation and its relationships with maintained cognition and brain 

integrity in healthy aging. Neuroimage, 188, 794-806. 

Bai, F., Zhang, Z., Yu, H., Shi, Y., Yuan, Y., Zhu, W., ... & Qian, Y. (2008). Default-mode network 

activity distinguishes amnestic type mild cognitive impairment from healthy aging: a combined 

structural and resting-state functional MRI study. Neuroscience letters, 438(1), 111-115. 

Balderston, N. L., Roberts, C., Beydler, E. M., Deng, Z. D., Radman, T., Luber, B., ... & Grillon, C. 

(2020). A generalized workflow for conducting electric field–optimized, fMRI-guided, transcranial 

magnetic stimulation. Nature protocols, 15(11), 3595-3614. 

Barkhof, F., Haller, S., & Rombouts, S. A. (2014). Resting-state functional MR imaging: a new 

window to the brain. Radiology, 272(1), 29-49. 

Bashir, S., Uzair, M., Abualait, T., Arshad, M., Khallaf, R. A., Niaz, A., ... & Meo, S. A. (2022). Effects 

of transcranial magnetic stimulation on neurobiological changes in Alzheimer's 

disease. Molecular Medicine Reports, 25(4), 1-17. 

Binnewijzend, M. A., Schoonheim, M. M., Sanz-Arigita, E., Wink, A. M., van der Flier, W. M., 

Tolboom, N., ... & Barkhof, F. (2012). Resting-state fMRI changes in Alzheimer's disease and mild 

cognitive impairment. Neurobiology of aging, 33(9), 2018-2028. 

Braak, H., & Braak, E. (1991). Neuropathological stageing of Alzheimer-related changes. Acta 

neuropathologica, 82(4), 239-259. 

Bradley, C., Perchet, C., Lelekov-Boissard, T., Magnin, M., & Garcia-Larrea, L. (2016). Not an 

aspirin: No evidence for acute anti-nociception to laser-evoked pain after motor cortex rTMS in 

healthy humans. Brain Stimulation, 9(1), 48-57. 

Buckner, R. L., Snyder, A. Z., Shannon, B. J., LaRossa, G., Sachs, R., Fotenos, A. F., ... & Mintun, M. 

A. (2005). Molecular, structural, and functional characterization of Alzheimer's disease: evidence 



22 
 

for a relationship between default activity, amyloid, and memory. Journal of neuroscience, 25(34), 

7709-7717. 

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain's default network: 

anatomy, function, and relevance to disease. Annals of the new York Academy of 

Sciences, 1124(1), 1-38. 

Budak, M., Bayraktaroglu, Z., & Hanoglu, L. (2022). The effects of repetitive transcranial magnetic 

stimulation and aerobic exercise on cognition, balance and functional brain networks in patients 

with Alzheimer's disease. Cognitive Neurodynamics, 1-23. 

Celle, S., Delon-Martin, C., Roche, F., Barthelemy, J. C., Pépin, J. L., & Dojat, M. (2016). Desperately 

seeking grey matter volume changes in sleep apnea: a methodological review of magnetic 

resonance brain voxel-based morphometry studies. Sleep medicine reviews, 25, 112-120. 

Cha, J., Jo, H. J., Kim, H. J., Seo, S. W., Kim, H. S., Yoon, U., ... & Lee, J. M. (2013). Functional 

alteration patterns of default mode networks: comparisons of normal aging, amnestic mild 

cognitive impairment and Alzheimer's disease. European Journal of Neuroscience, 37(12), 1916-

1924. 

Chen, H.-F., Sheng, X.-N., Yang, Z.-Y., Shao, P.-F., Xu, H.-H., Qin, R.-M., Zhao, H., & Bai, F. (2023). 

Multi-networks connectivity at baseline predicts the clinical efficacy of left angular gyrus-

navigated rTMS in the spectrum of Alzheimer’s disease: A sham-controlled study. CNS 

Neuroscience & Therapeutics. 

Chen, J., Chen, R., Xue, C., Qi, W., Hu, G., Xu, W., ... & Zhang, X. (2022). Hippocampal-Subregion 

mechanisms of repetitive transcranial magnetic stimulation causally associated with amelioration 

of episodic memory in amnestic mild cognitive impairment. Journal of Alzheimer's Disease, 85(3), 

1329-1342 

Chou, Y. H., That, V. T., & Sundman, M. (2020). A systematic review and meta-analysis of rTMS 

effects on cognitive enhancement in mild cognitive impairment and Alzheimer's 

disease. Neurobiology of aging, 86, 1-10. 



23 
 

Choung, J. S., Kim, J. M., Ko, M. H., Cho, D. S., & Kim, M. (2021). Therapeutic efficacy of repetitive 

transcranial magnetic stimulation in an animal model of Alzheimer’s disease. Scientific 

Reports, 11(1), 437. 

Cui, H., Ren, R., Lin, G., Zou, Y., Jiang, L., Wei, Z., ... & Wang, G. (2019). Repetitive transcranial 

magnetic stimulation-induced hypoconnectivity within the default mode network yields cognitive 

improvements in amnestic mild cognitive impairment: a randomized controlled study. Journal of 

Alzheimer's Disease, 69(4), 1137-1151. 

Du, L., Liu, H., Du, W., Chao, F., Zhang, L., Wang, K., ... & Tang, Y. (2017). Stimulated left DLPFC-

nucleus accumbens functional connectivity predicts the anti-depression and anti-anxiety effects 

of rTMS for depression. Translational psychiatry, 7(11), 3. 

Eickhoff, S. B., Kernbach, J., & Bzdok, D. (2020). Meta-analyses in basic and clinical neuroscience: 

state of the art and perspective. fMRI: Basics and Clinical Applications, 117-129. 

Eickhoff, S. B., Bzdok, D., Laird, A. R., Kurth, F., & Fox, P. T. (2012). Activation likelihood estimation 

meta-analysis revisited. Neuroimage, 59(3), 2349-2361. 

Eickhoff, S. B., Bzdok, D., Laird, A. R., Roski, C., Caspers, S., Zilles, K., & Fox, P. T. (2011). Co-

activation patterns distinguish cortical modules, their connectivity and functional 

differentiation. Neuroimage, 57(3), 938-949. 

Eickhoff, S. B., Laird, A. R., Grefkes, C., Wang, L. E., Zilles, K., & Fox, P. T. (2009). Coordinate-based 

activation likelihood estimation meta-analysis of neuroimaging data: A random-effects approach 

based on empirical estimates of spatial uncertainty. Human brain mapping, 30(9), 2907-2926. 

Esposito, S., Trojsi, F., Cirillo, G., de Stefano, M., Di Nardo, F., Siciliano, M., ... & Tedeschi, G. (2022). 

Repetitive Transcranial Magnetic Stimulation (rTMS) of the dorsolateral prefrontal cortex may 

influence semantic fluency and functional connectivity in the fronto-parietal network in mild 

cognitive impairment (MCI). Biomedicines, 10(5), 994. 



24 
 

Halko, M. A., Farzan, F., Eldaief, M. C., Schmahmann, J. D., & Pascual-Leone, A. (2014). Intermittent 

theta-burst stimulation of the lateral cerebellum increases functional connectivity of the default 

network. Journal of Neuroscience, 34(36), 12049-12056. 

Hartwigsen, G., & Volz, L. J. (2021). Probing rapid network reorganization of motor and language 

functions via neuromodulation and neuroimaging. Neuroimage, 224, 117449. 

Heath, A., Taylor, J. L., & McNerney, M. W. (2018). rTMS for the treatment of Alzheimer’s disease: 

where should we be stimulating?. Expert review of neurotherapeutics, 18(12), 903-905. 

Hughes, R. E., Nikolic, K., & Ramsay, R. R. (2016). One for all? Hitting multiple Alzheimer's disease 

targets with one drug. Frontiers in Neuroscience, 10, 177. 

Inagawa, T., Narita, Z., Sugawara, N., Maruo, K., Stickley, A., Yokoi, Y., & Sumiyoshi, T. (2019). A 

meta-analysis of the effect of multisession transcranial direct current stimulation on cognition in 

dementia and mild cognitive impairment. Clinical EEG and neuroscience, 50(4), 273-282. 

Jessen, F., Amariglio, R. E., Van Boxtel, M., Breteler, M., Ceccaldi, M., Chételat, G., ... & Subjective 

Cognitive Decline Initiative. (2014). A conceptual framework for research on subjective cognitive 

decline in preclinical Alzheimer's disease. Alzheimer's & dementia, 10(6), 844-852. 

Jia, L., Du, Y., Chu, L., Zhang, Z., Li, F., Lyu, D., ... & Qiu, Q. (2020). Prevalence, risk factors, and 

management of dementia and mild cognitive impairment in adults aged 60 years or older in 

China: a cross-sectional study. The Lancet public health, 5(12), e661-e671. 

Kim, H. (2012). A dual-subsystem model of the brain's default network: self-referential processing, 

memory retrieval processes, and autobiographical memory retrieval. Neuroimage, 61(4), 966-

977. 

Koch, G., Casula, E. P., Bonnì, S., Borghi, I., Assogna, M., Minei, M., ... & Martorana, A. (2022). 

Precuneus magnetic stimulation for Alzheimer’s disease: a randomized, sham-controlled 

trial. Brain, 145(11), 3776-3786. 



25 
 

Koch, G., Bonnı, S., Pellicciari, M. C., Casula, E. P., Mancini, M., Esposito, R., Ponzo, V., Picazio, S., 

Di Lorenzo, F., Serra, L., et al. (2018). Transcranial magnetic stimulation of the precuneus enhances 

memory and neural activity in prodromal Alzheimer’s disease. Neuroimage, 169, 302–311.  

Li, M., Qin, Z., Chen, H., Yang, Z., Wang, L., Qin, R., ... & Bai, F. (2023). Effects of combined 

intervention of rTMS and neurotransmitter drugs on the brain functional networks in patients 

with cognitive impairment. Brain Sciences, 13(3), 419. 

Laird, A. R., Eickhoff, S. B., Rottschy, C., Bzdok, D., Ray, K. L., & Fox, P. T. (2013). Networks of task 

co-activations. Neuroimage, 80, 505-514. 

Laird, A. R., Eickhoff, S. B., Li, K., Robin, D. A., Glahn, D. C., & Fox, P. T. (2009). Investigating the 

functional heterogeneity of the default mode network using coordinate-based meta-analytic 

modeling. Journal of Neuroscience, 29(46), 14496-14505. 

Li, R., Zhang, J., Wu, X., Wen, X., & Han, B. (2020). Brain-wide resting-state connectivity regulation 

by the hippocampus and medial prefrontal cortex is associated with fluid intelligence. Brain 

Structure and Function, 225, 1587-1600. 

Li, X., & Wang, H. (2015). Identification of functional networks in resting state fMRI data using 

adaptive sparse representation and affinity propagation clustering. Frontiers in neuroscience, 9, 

383. 

Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., Gøtzsche, P. C., Ioannidis, J. P., Clarke, M., 

Devereaux, P. J., Kleijnen, J., & Moher, D. (2009). The prisma statement for reporting systematic 

reviews and meta-analyses of studies that evaluate health care interventions: Explanation and 

elaboration. Annals of internal medicine, 151 (4), W–65. 

Lin, Y., Jiang, W. J., Shan, P. Y., Lu, M., Wang, T., Li, R. H., ... & Ma, L. (2019). The role of repetitive 

transcranial magnetic stimulation (rTMS) in the treatment of cognitive impairment in patients 

with Alzheimer's disease: a systematic review and meta-analysis. Journal of the neurological 

sciences, 398, 184-191. 



26 
 

Liu, C., Han, T., Xu, Z., Liu, J., Zhang, M., Du, J., ... & Wang, Y. (2022). Modulating gamma oscillations 

promotes brain connectivity to improve cognitive impairment. Cerebral Cortex, 32(12), 2644-

2656. 

Logothetis, N. K. (2002). The neural basis of the blood–oxygen–level–dependent functional 

magnetic resonance imaging signal. Philosophical Transactions of the Royal Society of London. 

Series B: Biological Sciences, 357(1424), 1003-1037. 

Matthews, P. M., & Hampshire, A. (2016). Clinical concepts emerging from fMRI functional 

connectomics. Neuron, 91(3), 511-528. 

Menardi, A., Dotti, L., Ambrosini, E., & Vallesi, A. (2022). Transcranial magnetic stimulation 

treatment in Alzheimer’s disease: a meta-analysis of its efficacy as a function of protocol 

characteristics and degree of personalization. Journal of Neurology, 269(10), 5283-5301. 

Nilakantan, A. S., Mesulam, M. M., Weintraub, S., Karp, E. L., VanHaerents, S., & Voss, J. L. (2019). 

Network-targeted stimulation engages neurobehavioral hallmarks of age-related memory 

decline. Neurology, 92(20), e2349-e2354. 

Pasquini, L., Scherr, M., Tahmasian, M., Meng, C., Myers, N. E., Ortner, M., ... & Sorg, C. (2015). 

Link between hippocampus' raised local and eased global intrinsic connectivity in AD. Alzheimer's 

& Dementia, 11(5), 475-484. 

Pereira, J. B., Strandberg, T. O., Palmqvist, S., Volpe, G., Van Westen, D., Westman, E., ... & 

Alzheimer’s Disease Neuroimaging Initiative. (2018). Amyloid network topology characterizes the 

progression of Alzheimer’s disease during the predementia stages. Cerebral Cortex, 28(1), 340-

349. 

Philip, N. S., Barredo, J., Aiken, E., & Carpenter, L. L. (2018). Neuroimaging mechanisms of 

therapeutic transcranial magnetic stimulation for major depressive disorder. Biological 

Psychiatry: Cognitive Neuroscience and Neuroimaging, 3(3), 211-222. 

Pievani, M., Pini, L., Ferrari, C., Pizzini, F. B., Boscolo Galazzo, I., Cobelli, C., ... & Frisoni, G. B. 

(2017). Coordinate-based meta-analysis of the default mode and salience network for target 



27 
 

identification in non-invasive brain stimulation of Alzheimer’s disease and behavioral variant 

frontotemporal dementia networks. Journal of Alzheimer's Disease, 57(3), 825-843. 

Preston, A. R., & Eichenbaum, H. (2013). Interplay of hippocampus and prefrontal cortex in 

memory. Current biology, 23(17), R764-R773. 

Qin, Y., Ba, L., Zhang, F., Jian, S., Zhang, M., & Zhu, W. (2023). Cerebral blood flow changes induced 

by high-frequency repetitive transcranial magnetic stimulation combined with cognitive training 

in Alzheimer's disease. Frontiers in Neurology, 14, 1037864. 

Qin, Y., Zhang, F., Zhang, M., & Zhu, W. (2022). Effects of repetitive transcranial magnetic 

stimulation combined with cognitive training on resting-state brain activity in Alzheimer’s 

disease. The Neuroradiology Journal, 35(5), 566-572. 

Qi, Z., Wu, X., Wang, Z., Zhang, N., Dong, H., Yao, L., & Li, K. (2010). Impairment and compensation 

coexist in amnestic MCI default mode network. Neuroimage, 50(1), 48-55. 

Qu, Y., Ma, Y. H., Huang, Y. Y., Ou, Y. N., Shen, X. N., Chen, S. D., ... & Yu, J. T. (2021). Blood 

biomarkers for the diagnosis of amnestic mild cognitive impairment and Alzheimer’s disease: A 

systematic review and meta-analysis. Neuroscience & Biobehavioral Reviews, 128, 479-486. 

Rektorova, I. (2014). Resting-state networks in Alzheimer's disease and Parkinson's 

disease. Neurodegenerative diseases, 13(2-3), 186-188. 

Reid, L. B., Boyd, R. N., Cunnington, R., & Rose, S. E. (2016). Interpreting intervention induced 

neuroplasticity with fMRI: the case for multimodal imaging strategies. Neural plasticity, 2016. 

Robinson, J. L., Laird, A. R., Glahn, D. C., Lovallo, W. R., & Fox, P. T. (2010). Metaanalytic 

connectivity modeling: delineating the functional connectivity of the human amygdala. Human 

brain mapping, 31(2), 173-184. 

Ruff, C. C., Driver, J., & Bestmann, S. (2009). Combining TMS and fMRI: from ‘virtual lesions’ to 

functional-network accounts of cognition. Cortex, 45(9), 1043-1049. 



28 
 

Sarasso, S., D’Ambrosio, S., Fecchio, M., Casarotto, S., Viganò, A., Landi, C., ... & Massimini, M. 

(2020). Local sleep-like cortical reactivity in the awake brain after focal injury. Brain, 143(12), 

3672-3684. 

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan, A. M., ... & Phelps, C. H. 

(2011). Toward defining the preclinical stages of Alzheimer’s disease: Recommendations from the 

National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for 

Alzheimer's disease. Alzheimer's & dementia, 7(3), 280-292. 

Turkeltaub, P. E., Eden, G. F., Jones, K. M., & Zeffiro, T. A. (2002). Meta-analysis of the functional 

neuroanatomy of single-word reading: method and validation. Neuroimage, 16(3), 765-780. 

Uddin, L. Q., Clare Kelly, A. M., Biswal, B. B., Xavier Castellanos, F., & Milham, M. P. (2009). 

Functional connectivity of default mode network components: correlation, anticorrelation, and 

causality. Human brain mapping, 30(2), 625-637. 

Vemuri, P., Jones, D. T., & Jack, C. R. (2012). Resting state functional MRI in Alzheimer's 

Disease. Alzheimer's research & therapy, 4(1), 1-9. 

Xue, S. W., Guo, Y., Peng, W., Zhang, J., Chang, D., Zang, Y. F., & Wang, Z. (2017). Increased low-

frequency resting-state brain activity by high-frequency repetitive TMS on the left dorsolateral 

prefrontal cortex. Frontiers in Psychology, 8, 2266 

Wang, T., Guo, Z., Du, Y., Xiong, M., Yang, Z., Ren, L., ... & Mu, Q. (2021). Effects of noninvasive 

brain stimulation (NIBS) on cognitive impairment in mild cognitive impairment and Alzheimer 

disease: a meta-analysis. Alzheimer Disease & Associated Disorders, 35(3), 278-288. 

Wang, J. X., Rogers, L. M., Gross, E. Z., Ryals, A. J., Dokucu, M. E., Brandstatt, K. L., ... & Voss, J. L. 

(2014). Targeted enhancement of cortical-hippocampal brain networks and associative 

memory. Science, 345(6200), 1054-1057. 

Wei, L., Zhang, Y., Wang, J., Xu, L., Yang, K., Lv, X., ... & Chen, W. (2022). Parietal-hippocampal rTMS 

improves cognitive function in Alzheimer's disease and increases dynamic functional connectivity 

of default mode network. Psychiatry Research, 315, 114721. 



29 
 

Yan, H., Zhang, Y., Chen, H., Wang, Y., & Liu, Y. (2013). Altered effective connectivity of the default 

mode network in resting-state amnestic type mild cognitive impairment. Journal of the 

International Neuropsychological Society, 19(4), 400-409. 

Yao, Q., Tang, F., Wang, Y., Yan, Y., Dong, L., Wang, T., ... & Shi, J. (2022). Effect of cerebellum 

stimulation on cognitive recovery in patients with Alzheimer disease: A randomized clinical 

trial. Brain Stimulation, 15(4), 910-920. 

Yuan, Q., Xue, C., Liang, X., Qi, W., Chen, S., Song, Y., ... & Chen, J. (2023). Functional changes in 

the salience network of patients with amnesic mild cognitive impairment before and after 

repetitive transcranial magnetic stimulation. Brain and Behavior, e3169. 

Yuan, L. Q., Zeng, Q., Wang, D., Wen, X. Y., Shi, Y., Zhu, F., ... & Huang, G. Z. (2021). Neuroimaging 

mechanisms of high-frequency repetitive transcranial magnetic stimulation for treatment of 

amnestic mild cognitive impairment: a double-blind randomized sham-controlled trial. Neural 

Regeneration Research, 16(4), 707. 

Zhang, S., Liu, L., Zhang, L., Ma, L., Wu, H., He, X., ... & Li, R. (2023). Evaluating the treatment 

outcomes of repetitive transcranial magnetic stimulation in patients with moderate-to-severe 

Alzheimer’s disease. Frontiers in Aging Neuroscience, 14, 1070535 

Zhuo, J., Fan, L., Liu, Y., Zhang, Y., Yu, C., & Jiang, T. (2016). Connectivity profiles reveal a transition 

subarea in the parahippocampal region that integrates the anterior temporal–posterior medial 

systems. Journal of Neuroscience, 36(9), 2782-2795. 


