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Abstract 

Background: Alzheimer’s disease, a neurodegenerative disease with significant social 

and economic impact, is mainly treated by focusing on decelerating cognition decline. 

Parietal-hippocampal repetitive transcranial magnetic stimulation (rTMS) improves 

memory and cognitive function in Alzheimer’s disease, however, the underlying 

therapeutic mechanism has not been elucidated. 

Methods: A double-blind, randomized, sham-controlled parietal-hippocampal rTMS 

trial of mild-to-moderate Alzheimer's disease patients was conducted in the current 

study. High-frequency rTMS was applied to a subject-specific left lateral parietal region 

with the highest functional connectivity with the hippocampus based on resting-state 

fMRI. Patients were randomized to either rTMS or sham treatment (five sessions/week 

for a total of 10 sessions). A multimodal MRI scan and a complete neuropsychological 

battery of tests were conducted at baseline, immediately after the intervention and 12-

week follow-up after the rTMS treatment. Primary outcomes were differences in the 

Mini Mental State Examination (MMSE) and Philadelphia Verbal Learning Test (PVLT) 

scores between the groups and between pre- and post-treatment. Moreover, flexible 

least squares (FLS) method was used to calculate the dynamic functional connectivity 

(dFC) of the default mode network (DMN), and dFC changes were compared between 

the groups and between pre- and post-treatment. 

Results: Patients undergoing active rTMS treatment (n=31) for two weeks showed 

higher MMSE, PVLT-Immediate recall, and PVLT-Short Delay recall scores, whereas 

those who underwent sham rTMS (n=27) treatment did not show significant changes in 
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these measures. Dynamic functional connectivity (dFC) magnitude of the default mode 

network (DMN) was significantly higher after two weeks of rTMS treatment in the 

patients who underwent active-rTMS treatment, however, no significant changes were 

observed in patients who received sham-rTMS treatment. dFC magnitude reduced to 

baseline level at 12-week follow-up, which resembled the trajectory of the cognitive 

measures. A significant positive correlation was observed between changes in MMSE 

and changes in the dFC magnitude of DMN in patients who underwent active-rTMS 

treatment, but not in those who received sham-rTMS treatment. 

Conclusions: The findings of the current study indicate that fMRI-guided rTMS 

treatment improves memory and cognitive function of Alzheimer's disease patients. In 

addition, the findings indicate that the DMN functional connectivity contributes to 

therapeutic effectiveness of rTMS. 

Trial registration: China National Medical Research Platform 

(http://114.255.48.20/login, No:MR-33-20-004217), retrospectively registered 2020-

12-23. 

 

Keywords: Repetitive transcranial magnetic stimulation; Alzheimer's disease; default 

mode network; functional magnetic resonance imaging; parietal lobe; hippocampus  
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Background 

Alzheimer's disease is a highly prevalent brain disorder with significant social and 

economic impact. It is projected that more than 100 million people globally will have 

Alzheimer’s disease by the year 2050 [1]. Currently, treatment of Alzheimer’s disease 

is mainly through pharmacological therapy. Repetitive transcranial magnetic 

stimulation (rTMS) therapy is a novel promising treatment protocol for psychiatric and 

neurological disorders [2-4], including mild cognitive impairment (MCI) and 

Alzheimer's disease [5-8]. Previous studies report that rTMS improves language 

performance [9-11], attentional capacity [12], executive function [13-15], as well as 

verbal memory and episodic memory [16-19]. Despite its therapeutic efficacy, there is 

no consensus on the most effective target region for rTMS-based clinical treatment of 

Alzheimer’s disease. Notably, previous studies report varying spatial regions, including 

dorsolateral prefrontal cortex (DLPFC) [9,20], inferior frontal gyrus [12,13], precuneus 

[21], and posterior temporal gyrus [16]. Moreover, the neurophysiological mechanism 

underlying rTMS’s action in treatment of Alzheimer’s disease has not been fully 

elucidated [22,23], thus hindering adoption and application of the technology. 

Alzheimer's disease is a neurodegenerative disease that affects functional 

connections in the brain, ad is characterized by default mode network (DMN) changes 

in patients [24-26]. Alzheimer's patients mainly present with a reduction in functional 

connection of DMN, mainly those between the posterior precuneus, posterior cingulate 

gyrus and the anterior medial prefrontal cortex (MPFC), anterior cingulate gyrus; and 

show DMN-related left and right hippocampus changes [27-29]. Previous studies report 
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that changes in DMN functional connectivity are correlated with those in patients’ 

cognitive function, implying that they represent high-risk factors for development of 

dementia [30,31]. Notably, Mini-Mental State Examination (MMSE), Montreal 

Cognitive Assessment (MoCA), auditory vocabulary and delayed recall, reportedly 

change following medication, cognitive therapy, and acupuncture treatment, whereas 

DMN’s functional connectivity increases after treatment in Alzheimer's disease patients 

[32-34]. These findings indicate that DMN plays an important role in development and 

treatment of Alzheimer's disease, and is a potential therapeutic target for development 

of treatment therapies. 

In the present study, a double-blind, randomized, sham-controlled clinical trial 

was conducted using the functional magnetic resonance imaging (fMRI)-guided rTMS 

technique [35,36] for treatment of patients with Alzheimer’s disease. rTMS showed 

efficacy in treatment of major depression [37-39] and targeted an individualized left 

lateral parietal region with highest functional connectivity in each patient’s 

hippocampus using resting-state fMRI for two weeks. Thereafter, each patient was 

subjected to several fMRI sessions and a complete neuropsychological series of tests. 

Our previous research [40] reported that high specificity of rTMS to the left parietal 

cortex improves cognitive function, mainly memory in Alzheimer’s disease. The aim 

of the current study was to explore whether improvement of rTMS-induced memory 

and cognitive function is associated with perturbation of DMN. 

 

Methods 
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Participants 

A total of 103 patients with mild-to-moderate Alzheimer's disease patients were 

recruited to the current study from outpatient and inpatient section of the Sir Run Run 

Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou, China. Each 

patient underwent standard examination. Patients were screened from an ongoing 

follow-up project, which sought to treat Alzheimer's disease through personalized 

fMRI-guided rTMS of the parietal lobe. The current study was registered on the China 

National Medical Research Platform (http://114.255.48.20/login), No:MR-33-20-

004217. Patients were included if they; (1) were diagnosed with probable Alzheimer's 

disease based on the Diagnostic and Statistical Manual of Mental Disorders, 5th edition; 

(2) had a Clinical Dementia Rating (CDR) score between 0.5 and 2; (3) were aged 

between 55-85 years old; and (4) were right-handed. Conversely, patients that met the 

following criteria were excluded: (1) patients who were diagnosed with severe liver, 

kidney, heart, and lung diseases; (2) patient who had a history of significant head trauma 

or neurological disorders; (3) patients whose T1 or T2 images showed presence of focal 

brain lesions; (4) patients who exhibited any MRI contraindications, such as medical 

implants or devices, metals in the body or claustrophobia. This study was approved by 

the Ethics Committee of the Sir Run Run Shaw Hospital, School of Medicine, Zhejiang 

University (Approval No: 20170228-1), and all patients signed an informed consent 

form prior to participation in the study. 

 

Procedures 

http://114.255.48.20/login
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The current study was a double-blind, randomized, sham-controlled trial. Patients 

were randomly assigned to groups, using a single random sequence number in a series 

of opaque and sealed envelopes. The envelope of each patient was opened by the rTMS 

operators prior to the first treatment session. Patients were placed either into the active-

rTMS group in which subjects underwent a 2-week rTMS treatment, or a sham group 

in which subjects were subjected to 2 weeks of sham treatment. Each session was 

performed once daily, 5 days/week. Patients underwent a complete neuropsychological 

series of tests and a multimodal MRI scan at baseline (T0), immediately (T1) and at 12-

week follow-up after the end of rTMS treatment (T2).  

Prior to randomization, 10 patients were excluded from the study due to presence 

of brain lesions and psychiatric disorders, 5 withdrew due to personal reasons, whereas 

2 were lost to follow up. Therefore, a total of 86 patients were randomized into either 

rTMS or sham treatment groups. 58 patients completed the 2-week treatment and 

corresponding assessments, including neuropsychological tests and fMRI scan. Notably, 

8 and 9 patients in the rTMS and sham groups, respectively, did not complete 

neuropsychological assessments at baseline or rTMS/ sham treatment. Moreover, 4 and 

7 patients in the rTMS and sham groups, respectively, did not complete fMRI scan at 

T1. Therefore, 31 and 27 patients were assigned to the rTMS and sham groups, 

respectively. Although 9 and 7 patients in the rTMS and sham groups, respectively, are 

yet to complete the 12-week follow-up, their data at baseline and immediately after the 

end of rTMS treatment were included in analyses. Notably, 4 patients in both the rTMS 

and sham groups were lost to follow-up, whereas 5 and 3 in the treatment and sham 
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groups, respectively, have not yet reached the follow-up period. 

 

Acquisition of MRI data  

T1-weighted and resting-state fMRI data were acquired using a 3.0 T MR scanner 

(GE Discovery MR750, GE Medical Systems, Milwaukee, Wisconsin, USA), equipped 

with an 8‐channel head coil array at the Affiliated Hospital of Hangzhou Normal 

University. Patients were instructed to remain still in the scanner during scanning, with 

their eyes open and were requested not think about anything specific. Functional images 

were obtained, axially, using an echo-planar imaging (EPI) sequence using the 

following parameters: volumes=240; repetition time (TR) = 2,000 ms; echo time 

(TE) = 30 ms; flip angle (FA) = 90°; field of view (FOV) = 220 × 220 mm2; matrix = 64 

× 64; and slice thickness = 3.2 mm with no gap. High-resolution anatomic 3‐

dimensional T1‐weighted images were obtained using the following parameters: 176 

axial slices; TR = 8.1 ms; TE = 3.1 ms; FA = 8°; FOV = 250 × 250 mm2; matrix = 250 

× 250; and slice thickness = 1.0 mm with no gap. 

 

Identification of the stimulus target 

Stimulus target of each patient was identified using personal maps of hippocampal 

resting-state functional connectivity obtained at baseline. For each patient, fMRI 

performed during the resting state was used to generate seed-based connectivity maps, 

with a hippocampal target as the seed. The voxel at the middle of the hippocampal body 

(MNI coordinate x=-24, y=-18, z=-18) was chosen as the hippocampal target voxel [35], 
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whereas a left lateral parietal location that showed high functional connectivity with the 

left hippocampal seed was chosen as the stimulation site. 

Functional and structural MRI data were preprocessed using Data Processing 

Assistant for Resting-State fMRI tool (DPARSF; http://rfmri.org/DPARSF) [41], in the 

SPM12 software (http://www.fil.ion.ucl.ac.uk/spm) and a Resting-State fMRI Data 

Analysis Toolkit (REST; www.restfMRI.net) [42]. Preprocessing steps included: slice 

timing after removing first 10 volumes; realignment; motion correction; 

functional/structural co-registration; segment and affixer regularization following the 

International Consortium for Brain Mapping European brain template; resampling to a 

resolution of 1.5 ×  1.5 ×  1.5 mm; normalization into the standard Montreal 

Neurological Institute (MNI) space using T1 image unified segmentation; spatial 

smoothing using a 6-mm full-width-at-half-maximum Gaussian kernel; removal of the 

linear trend; and filtering at 0.01–0.08 Hz. The resting-state functional connectivity 

between the hippocampal target and the entire brain was then computed, and the local 

maxima connectivity within a 15 mm radius of the MNI coordinates (x=-47, y=-68, 

z=+36; area region encompassing the inferior parietal lobule, Brodmann areas 39 and 

40) was identified, and was designated as the stimulation target region. This stimulation 

location was marked in stereotactic space and was overlaid onto the structural MRI to 

provide localization during rTMS. 

 

rTMS stimulation 

Application of rTMS treatment to a personalized left lateral parietal target was 

http://rfmri.org/DPARSF
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
http://www.restfmri.net/
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performed following an online neuronavigation system (Brainsight 2, Rogue Research, 

Montreal, Quebec, Canada). rTMS was applied to the stimulation location during daily 

treatment sessions using a Magstim Rapid2 stimulator, with a 70mm air-cooled figure 

eight coil (Magstim Company, Whitland, Wales, United Kingdom). The stimulation 

location was located through the structural MRI using a frameless infrared stereotactic 

system. Motor threshold of each patient was defined as the minimum TMS intensity 

that triggered a motor evoked potential (MEP) of at least 50 μV for at least 5 of 10 

consecutive pulses at baseline. For stimulation, rTMS was applied at a motor threshold 

of 100-110% to the stimulation location, for 20 minutes of consecutive blocks of 10 Hz 

pulses for two seconds followed by 28 seconds of no stimulation. The TMS coil was 

held tangential to the scalp of the stimulation location. For the sham stimulation, the 

coil was rotated by a 45° along the handle axis of the coil and the distance between the 

stimulation side and the scalp was more than 5 cm, and the coil’s stimulation side was 

kept away from the scalp. 

 

Blinding 

Patients in the sham group produced the same noise and sensation, and were made 

aware that scalp discomfort as well as transient fatigability could occur during rTMS 

or sham sessions. Only the rTMS operators were aware of the randomized treatment, 

whereas patients and neuropsychologists administering clinical assessments were not 

aware whether patients received rTMS or sham treatment. After every treatment session, 

patients were asked how they felt about the treatment to confirm that they did not know 



 

 12 / 35 

 

which treatment they received. 

 

Neuropsychological assessments 

All measurements for neuropsychological assessments were repeated three times, 

at baseline, immediately after intervention and after 12-week follow-up after the end of 

rTMS treatment. These assessments were performed by a trained neuropsychologist 

who was blinded to the randomized treatment. The main neuropsychological test 

questionnaire comprised the Chinese version of Mini Mental State Examination 

(MMSE), 12-Word Philadelphia Verbal Learning Test (PVLT), CDR, Lawton-Brody 

Activities of Daily Living (ADL) scale and Patient Health Questionnaire-9 (PHQ-9). 

 

Processing of neuroimaging data  

Functional and structural MRI data were preprocessed using DPARSF, which is 

based on SPM12 software. Preprocessing steps included: slice timing after removing 

the first 10 volumes; realignment; functional/structural co-registration; normalization 

of data into the standard MNI space using T1 image unified segmentation; resampling 

to 3-mm isotropic voxels; and spatial smoothing with a 6-mm FWHM Gaussian kernel. 

The preprocessed data were used for subsequent analyses. Notably, a maximum head 

motion criterion of 3 mm and 3° was used. Two patients in the active-rTMS group 

exceeded this criterion, and their scans were excluded from further analyses. 

The preprocessed data for all patients was concatenated and data were subjected 

to group independent component analysis (ICA) using GIFT toolbox 
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(http://icatb.sourceforge.net). Approximately 34 independent components based on the 

minimum description length criteria was used. Common components for all participants 

were acquired using the ICA decomposition based on the Infomax algorithm [43], 

whereas ICASSO procedure with 10 runs of ICA was used to ensure stability [44]. 

Notably, two trained investigators (J.W. and Y.S.) focused on the DMN, and identified 

6 DMN subnetworks based on inspection of their spatial locations and time courses. A 

DMN subnetwork was selected if it was spatially located in canonical DMN regions, 

including the posterior cingulate cortex, medial prefrontal cortex, anterior cingulate 

cortex, and bilateral parietal lobule, as well as power spectrum of its associated time 

course which was primarily located in the range of 0.01-0.1 Hz. In addition, the flexible 

least squares (FLS) method was used to calculate the dynamic functional connectivity 

(dFC) within each patient’s DMN through the dynamic brain connectivity (DynamicBC) 

toolbox [45]. A time-varying parameter regression equation was used to describe the 

dynamic interactions between the 6 DMN subnetworks as shown below: 𝑦(𝑡) = 𝑥(𝑡) × 𝛽(𝑡) + Ɛ(𝑡) 
where x(t) and y(t) represent the time series of two DMN subnetworks, whereas 

Ɛ(t) represents the approximation error. β(t) represents the coefficient for estimating 

covariance of the two networks and reflects the connectivity between x(t) and y(t) at 

time t. To obtain the value of β at each time point, a cost function was defined as 

follows: 𝐶(𝛽, Ɛ, 𝑇) = 𝜇 × r𝑑2(𝛽, 𝑇) + r𝑚2 (𝛽, 𝑇) 
wherer𝑑2(𝛽, 𝑇)  is the sum of the squared residual dynamic error r𝑑2(𝛽, 𝑇) =

http://icatb.sourceforge.net/
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∑ (𝛽(𝑡 + 1) − 𝛽(𝑡))𝑇(𝛽(𝑡 + 1) − 𝛽(𝑡))𝑇−1𝑡=1  where FLS indicates that the coefficients 

vector evolves slowly over time with 𝛽(𝑡 + 1) − 𝛽(𝑡) ≈ 0; r𝑚2 (𝛽, 𝑇) is the sum of 

squared residual measurement errors r𝑚2 (𝛽, 𝑇) = ∑ (𝑦(𝑡) − 𝑥(𝑡) × 𝛽(𝑡))2𝑇𝑡=1   that 

satisfy 𝑦(𝑡) − 𝑥(𝑡) × 𝛽(𝑡) ≈ 0 ; whereas 𝜇  represents the weighting parameter for 

controlling these two parts of the cost function. In the present study, this parameter was 

set at 100 as previously described [45]. FLS was used to extract time courses of the 

DMN subnetworks, then the dynamic functional connectivity (dFC) magnitude and 

dFC variance between each pair of subnetworks were calculated. For inter-network 

connectivity, DMN’s dFC magnitude was defined as the average of the 𝛽  values 

between each pair, whereas the average standard deviation of 𝛽 values across all inter-

network pairs was defined as the dFC variance of DMN. 

 

Sample size and power analysis 

In the pilot study, the mean increment in PVLT score from baseline to two weeks 

was 6.10 (SD = 4.80) and 1.80 (SD = 3.58) points in the rTMS and sham groups, 

respectively. A relatively conservative difference of 4.00 (SD = 5.00) points, between 

the two groups, was used to estimate the sample size. Statistical analysis showed that a 

total of 68 patients were enough to provide a power of approximately 90% (at a 5% 

significance level). The sample size was increased by 25%, to 43 patients per group to 

cater or possible study dropouts. 

 

Statistical analysis 
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Chi-squared test was used to determine gender and medication distribution, and 

an independent t-test was used to analyze differences in other continuous variables 

between the rTMS and sham groups at baseline. Differences in dFC magnitude, dFC 

variance, and neuropsychological assessments, between the rTMS and sham groups, 

across different time points were evaluated using paired t-tests. Moreover, correlational 

analysis was performed to determine the relationship between changes in MMSE, 

PVLT and those of DMN’s dFC magnitude and variance (baseline phase T0 and 

immediate after treatment phase T1). All statistical analyses were performed using 

SPSS for Windows (v 20.0, IBM). Two-tailed probability values of p < 0.05 were 

considered statistically significant for paired t-test results. For correlations, significance 

level was set as a one-tailed p<0.05, since a significant correlation was expected in the 

active-rTMS group. 

 

Results 

Patient characteristics 

A total of 31 and 27 patients were assigned to the rTMS and sham groups, 

respectively, prior to analysis. Analysis showed no statistically significant differences 

in baseline characteristics between the two groups (Table 1).  

 

rTMS treatment improves cognitive function in patients  

Patients in the rTMS group showed a 1.2 increase in MMSE scores immediately 

after 2 weeks of treatment (p = 0.009), whereas those in the sham group exhibited a 0.6 
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increase over the same period although the difference was not statistically significant 

(p = 0.273). PVLT was used to further explore memory performance of Alzheimer's 

disease patients, with higher values indicating greater memory performance. The 

finding showed that patients in the treatment group had significantly improved PVLT 

scores for Immediate (p < 0.001) and Short Delay (p = 0.044) recall, after 2 weeks of 

rTMS treatment compared with those in the sham group. Notably, 9 and 7 patients in 

the rTMS and sham groups, respectively, have not yet completed the 12-week follow-

up, thus 22 and 20 participants in the treatment and sham groups, respectively were 

included in the 12-week follow-up analyses. Analysis showed that baseline 

characteristics were not significantly different between the 22 participants in the 

treatment group and 20 in the sham group (Supplementary Table S1). Moreover, 

analysis showed no significant improvement in MMSE and PVLT scores in patients in 

both groups at 12-week follow-up, as shown by insignificant changes in the CDR, ADL, 

PQH-9 and PVLT Long Delay recall scores. These findings indicate that rTMS 

treatment significantly improved cognitive function in patients, over a 2-week period, 

although the benefits were not observed at 12-week follow-up (Table 2). 

 

Changes in DMN’s dFC magnitude and their correlation with MMSE  

A total of 6 DMN subnetworks were successfully identified (Fig. 1A; Fig. S1 in 

the supplement) with group ICA. The findings showed a significantly higher DMN dFC 

magnitude in patients in the rTMS group compared with that of the sham group, after 

2 weeks of treatment (p=0.003). However, this magnitude decreased at 12-week follow-
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up (Fig. 1B). Notably, changes in MMSE showed a significant positive correlation with 

those of DMN dFC magnitude, immediately after 2 weeks of rTMS treatment (r=0.291, 

p=0.015) across all Alzheimer's disease patients (Fig. 1C). Moreover, improved MMSE 

scores were correlated with higher DMN dFC magnitudes in the rTMS group (r=0.325, 

p=0.042), but not in the sham group (r=0.207, p=0.151) (Fig. 1C). Analysis showed no 

correlation between the changes in PVLT and DMN dFC magnitude. The findings 

showed no statistically significant differences in dFC variance measures between the 

two groups. 

 

Adverse effects 

Two patients in the rTMS, and one in the sham group manifested adverse effects. 

One patient in the rTMS group reported local scalp discomfort which persisted for more 

than 15 minutes after the first treatment session. One patient from the treatment group 

and one from the sham group reported transient fatigue. The two subjects could not 

tolerate the effects and requested to withdraw from the study. Notably, no severe 

adverse effects were observed in the study. 

 

Discussion 

The current study explored whether applying subject-specific hippocampal-

targeted rTMS treatment over the lateral parietal lobule improves cognitive functions 

of Alzheimer's disease patients. Further, the study explored whether the resulting 

improvement was associated with change in the intra-DMN functional connectivity. 
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The findings showed that rTMS administration significantly increased MMSE, PVLT-

Immediate recall, PVLT-Short Delay recall scores and the dFC magnitude of the DMN 

after two weeks, compared with the sham group. Moreover, improvement in MMSE 

scores was significantly correlated with changes in DMN’s dFC magnitude in the rTMS 

treatment group. 

 

Parietal-hippocampal targeted rTMS improves cognitive function in 

Alzheimer's disease patients 

Memory impairment in Alzheimer's disease patients is mainly associated with the 

hippocampus, which is hardly accessible through the conventional rTMS technique. 

Previous studies on healthy adult participants reported that memory performance can 

be enhanced by subject-specific fMRI-guided rTMS treatment targeting cortical-

hippocampal networks [35,46]. In the present study, fMRI-guided rTMS protocol was 

used for treatment of patients with Alzheimer's disease, and the findings showed that 

patients in the rTMS group had significantly higher MMSE, PVLT Immediate recall 

and Short Delay recall scores compared with those in the sham group. Prevalence of 

depression in patients with Alzheimer's disease is approximately 50% [47], and even 

mild depressive symptoms have been associated with significant functional impairment. 

Therefore, it is important to control for the possibility that patients might benefit from 

TMS secondary to stimulation effects on comorbid depressive symptoms. The findings 

of the current study did not show significant change in PHQ-9, a module used in 

evaluation of depression in primary care [48,49]. This implies that the cognitive 
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improvements in patients under rTMS treatment were not due to alleviation of 

depressive symptoms. Notably, the findings of the current study showed that rTMS-

induced cognitive improvement was reduced at 12-week follow-up in subjects in the 

treatment group which is consistent with findings from a previous study [50] which 

reported that 30 sessions comprising 20Hz rTMS treatment over a six-week period in 

the DLPFC significantly improved cognitive function of patients, although this 

improvement could not be maintained during a three-month follow up period. This can 

be attributed to rTMS dosage, and its combination with other therapeutic approaches. 

For example, Rabey and Dobronevsky [51] combined rTMS (consisting 30 sessions of 

1-hour daily, over a 5-day period per week, for 6 weeks) with cognitive training to treat 

patients with mild-to-moderate Alzheimer's disease, and reported that this regimen 

improved cognitive function, and the effect lasted for a minimum of 9 months. The 

short time of symptomatic improvement, observed in the present study, may be due to 

application of a single treatment modality (rTMS) over a short period of time (20 

minutes daily session, 5 days per week for 2 weeks). The efficacy of rTMS can be 

increased if the treatment time is extended or the regime is combined with other non-

drug therapies, such as cognitive stimulation and exercise. Further studies are needed 

to explore the longevity of the effects of rTMS treatment on patients with Alzheimer’s 

disease. 

 

Parietal-hippocampal targeted rTMS enhances DMN neural activity in 

Alzheimer's disease 
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In the present study, DMN’s dFC magnitude was calculated by summarizing the 

dynamic functional connectivity strength across all pairs of the six DMN subnetworks. 

Therefore, it can be considered as a measure of the intra-DMN functional connectivity. 

The findings showed a significantly higher dFC magnitude in patients treated with 

rTMS compared with those in the sham group. In addition, improved MMSE scores 

showed a significant positive correlation with higher DMN’s dFC magnitude changes 

in patients treated with rTMS. The dFC magnitude was reduced to baseline level at 12-

week follow-up, which was similar to the trajectory of the cognitive measures. 

Alzheimer's disease is a generalized disconnection syndrome that causes functional 

impairments in resting state networks mainly in DMN [52-54]. Although previous 

studies report that rTMS improves cognitive performances of Alzheimer's disease 

patients [55], the actual neural substrates underlying this therapeutic efficacy have not 

been fully elucidated. A previous study combined rTMS and electroencephalogram 

techniques and reported that rTMS treatment on precuneus improved long-term 

memory in prodromal Alzheimer's disease patients by modulating neural activity of the 

precuneus, as well as its connections with medial parietal and frontal areas in the DMN 

[21]. Moreover, a recent study used the fMRI technique and reported that rTMS-

induced functional connectivity changes within the DMN were associated with clinical 

cognitive improvements in patients with amnestic MCI [56]. The findings from the 

current study ad from previous studies show effectiveness of rTMS in treating patients 

with Alzheimer's disease. Further, the findings indicate that intra-DMN functional 
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connectivity may be a neuroimaging target for therapeutic effectiveness of rTMS during 

recovery of cognitive impairment in this group of patients. 

 

Limitations 

A major limitation of this study was the relatively heterogeneous sample of 

Alzheimer's disease patients (0.5≤CDR≤2.0). However, analysis showed no significant 

differences in baseline characteristics between participants in the treatment group and 

sham groups. Stimulation parameters and study protocols reported in previous studies 

varied significantly [57], thus the current study adopted a protocol which has 

demonstrated efficacy in enhancing memory ability in healthy participants [35]. 

However, further studies using larger sample sizes should be conducted to identify 

optimal parameters in this protocol by comparing other stimulus targets and validate its 

application in clinical practice. Moreover, the findings of the current study should be 

replicated in studies with larger sample size.  

 

Conclusion 

In summary, the findings of the current study show feasibility and efficacy of 

fMRI-guided rTMS treatment over the lateral parietal lobule in treatment of patients 

with Alzheimer's disease. The neuroimaging results provide evidence that the intra-

DMN functional connectivity may be a neural target for rTMS’s therapeutic efficacy in 

this group of patients. These findings provide new insights to guide future prospective 

clinical trials.  
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Table 1. Baseline characteristics of patients with Alzheimer's disease  

Characteristic rTMS group (n=31) sham group (n=27) p-value 

Age (years) 70.39 ± 8.47 71.67 ± 7.16 0.540 

Female (%) 71.0% 74.1% 0.792 

Education (years) 7.06 ± 5.51 6.63 ± 4.99 0.755 

Medication (%) 67.7% 70.4% 0.829 

MMSE 14.36 ± 6.94 13.74 ± 7.16 0.742 

CDR 1.13 ± 0.56 1.17 ± 0.54 0.796 

ADL 29.07 ± 7.54 32.26 ± 9.73 0.165 

PQH-9 1.81 ± 3.35 1.41 ± 2.06 0.594 

PVLT 

    Immediate 12.45 ±9.16 10.30 ± 9.52 0.384 

    Short Delay 2.52 ± 3.27 2.30 ± 3.62 0.809 

    Long Delay 1.61 ± 3.09 1.07 ± 2.18 0.453 

Notes: Means ± standard deviation tested by two-sample t-tests (2-tailed). 

Abbreviations: MMSE: Mini-Mental State Examination; CDR: Clinical Dementia Rating; ADL: Activities of 

Daily Living scale; PHQ-9: Patient Health Questionnaire-9; PVLT: 12-Word Philadelphia Verbal Learning Test. 
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Table 2. Baseline characteristics of Alzheimer's disease patients and changes after rTMS treatment 

(Baseline, Immediately after treatment and at 12-week follow-up) 
Characteristic rTMS group (n=31)  p-value  sham group (n=27)  p-value 

Baseline [B] Immediate 

after treatment 

[I] 

12-week 

follow-up [T] 

 [I] 

vs. 

[B] 

[T] 

vs. 

[B] 

 Baseline [B] Immediate 

after treatment 

[I] 

12-week follow-

up [T] 

 [I] 

vs. 

[B] 

[T] 

vs. 

[B] 

MMSE 14.36 ± 6.94 15.52 ± 7.23 13.82 ± 7.82  0.009** 0.892  13.74 ± 7.16 14.30 ± 7.76 14.75 ± 7.55  0.273 0.406 

CDR 1.13 ± 0.56 1.11 ± 0.57 1.14 ± 0.58  0.768 0.815  1.17 ± 0.54 1.19 ± 0.57 1.05 ± 0.54  0.713 0.804 

ADL 29.07 ± 7.54 29.36 ± 8.00 31.50 ± 9.48  0.53 0.126  32.26 ± 9.73 32.44 ± 9.36 30.35 ± 10.24  0.811 0.383 

PQH-9 1.81 ± 3.35 2.32 ± 4.50 2.36 ± 4.48  0.29 0.339  1.41 ± 2.06 0.70 ± 0.99 1.65 ± 2.60  0.103 0.212 

PVLT 

  Immediate 12.45 ±9.16 15.58 ± 10.27 13.18 ± 10.02  <0.001*** 0.129  10.30 ± 9.52 11.56 ± 11.03 13.65 ± 11.65  0.124 0.340 

  Short Delay 2.52 ± 3.27 3.38 ± 3.68 3.77 ± 4.93  0.044* 0.064  2.30 ± 3.62 2.48 ± 3.25 3.20 ± 3.74  0.686 0.137 

  Long Delay 1.61 ± 3.09 2.07 ± 3.88 2.18 ± 4.59  0.080 0.126  1.07 ± 2.18 1.63 ± 3.21 1.50 ± 2.80  0.146 0.748 

Notes: Means ± standard deviation tested by paired t-tests (2-tailed).  

Twelve weeks follow-up was completed for 22 (71%) in the rTMS group and 20 (74%) in the sham group. 

*p<0.05; **p<0.01; ***p<0.001.  

Abbreviations: MMSE: Mini-Mental State Examination; CDR: Clinical Dementia Rating; ADL: Activities of 

Daily Living scale; PHQ-9: Patient Health Questionnaire-9; PVLT: 12-Word Philadelphia Verbal Learning Test. 
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Fig. 1. (A) Overview of the DMN in all patients based on the ICA group. (B) Differences in DNM’s 
dFC magnitude at each experimental timeline (baseline, immediately after, and 12-week follow-up 
following treatment). (C) A scatter plot showing the correlation between changes in MMSE and 
those of the DNM’s dFC magnitude immediately after 2 weeks of treatment. Abbreviations: DMN: 
default mode network; dFC: dynamic functional connectivity; MMSE: Mini-Mental State 
Examination; T0: baseline; T1: immediately after the treatment; T2: 12-week follow-up after the 
treatment; L: left; R: right. 
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