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Neuroimaging mechanisms of high-frequency repetitive 
transcranial magnetic stimulation for treatment of 
amnestic mild cognitive impairment: a double-blind 
randomized sham-controlled trial

Li-Qiong Yuan1, #, Qing Zeng1, #, Dan Wang2, Xiu-Yun Wen2, Yu Shi1, Fen Zhu2, 
Shang-Jie Chen2, *, Guo-Zhi Huang1, 3, *

Abstract  
Individuals with amnestic mild cognitive impairment (aMCI) have a high risk of developing Alzheimer’s disease. Although repetitive 
transcranial magnetic stimulation (rTMS) is considered a potentially effective treatment for cognitive impairment in patients with aMCI, the 
neuroimaging mechanisms are poorly understood. Therefore, we performed a double-blind randomized sham-controlled trial in which rTMS 
was applied to the left dorsolateral prefrontal cortex of aMCI patients recruited from a community near the Third Hospital Affiliated to Sun 
Yat-sen University, China. Twenty-four patients with aMCI were randomly assigned to receive true rTMS (treatment group, n = 12, 6 men and 
6 women; age 65.08 ± 4.89 years) or sham stimulation (sham group, n = 12, 5 men and 7 women; age 64.67 ± 4.77 years). rTMS parameters 
included a stimulation frequency of 10 Hz, stimulation duration of 2 seconds, stimulation interval of 8 seconds, 20 repetitions at 80% of the 
motor threshold, and 400 pulses per session. rTMS/sham stimulation was performed five times per week over a period of 4 consecutive 
weeks. Our results showed that compared with baseline, Montreal Cognitive Assessment scores were significantly increased and the value 
of the amplitude of low-frequency fluctuation (ALFF) was significantly increased at the end of treatment and 1 month after treatment. 
Compared with the sham group, the ALFF values in the right inferior frontal gyrus, triangular part of the inferior frontal gyrus, right precuneus, 
left angular gyrus, and right supramarginal gyrus were significantly increased, and the ALFF values in the right superior frontal gyrus were 
significantly decreased in the treatment group. These findings suggest that high-frequency rTMS can effectively improve cognitive function 
in aMCI patients and alter spontaneous brain activity in cognitive-related brain areas. This study was approved by the Ethics Committee of 
Shenzhen Baoan Hospital of Southern Medical University, China (approval No. BYL20190901) on September 3, 2019, and registered in the 
Chinese Clinical Trials Registry (registration No. ChiCTR1900028180) on December 14, 2019.
Key Words: Alzheimer’s disease; clinical trial; cognitive function; cognitive impairment; functional magnetic resonance imaging; neurological 
function; repetitive transcranial magnetic stimulation

Chinese Library Classification No. R454.1; R741; R445

https://doi.org/10.4103/1673-5374.295345

Received: October 11, 2019

Peer review started: October 25, 2019

Accepted: May 13, 2020

Published online: October 9, 2020

1Department of Rehabilitation Medicine and Physiotherapy, Zhujiang Hospital of Southern Medical University, Guangzhou, Guangdong Province, China; 
2Department of Rehabilitation Medicine and Physiotherapy, Shenzhen Baoan Hospital of Southern Medical University, Shenzhen, Guangdong Province, China; 
3Rehabilitation School of Southern Medical University, Guangzhou, Guangdong Province, China
*Correspondence to: Guo-Zhi Huang, PhD, drhuang66@163.com; Shang-Jie Chen, PhD, csjme@163.com. 
https://orcid.org/0000-0003-2797-1387 (Li-Qiong Yuan)
#Both authors contributed equally to this study.

Funding: This work was supported by the National Natural Science Foundation of China, No. 81874032 (to GZH); the Science and Technology Planning Project of 
Shenzhen of China, No. JCYJ20160427191726109 (to FZ); the Science and Technology Planning Project of Guangdong Province of China, No. 2016A020215202 (to 
SHC); and Shenzhen Health and Family Planning System Research Project of China, No. SZXJ2017069 (to SHC).
How to cite this article: Yuan LQ, Zeng Q, Wang D, Wen XY, Shi Y, Zhu F, Chen SJ, Huang GZ (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 Regen Res 
16(4):707-713. 

Research Article

Graphical Abstract Neuroimaging mechanisms of high frequency rTMS (10 Hz) in patients 
with amnestic mild cognitive impairment (aMCI)
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Introduction 
Mild cognitive impairment (MCI) is considered a transitional 
phase between normal cognition and early dementia in 
elderly individuals (Petersen et al., 2018). Indeed, one study 
found that 2/3 of patients with Alzheimer’s disease (AD) first 
present with MCI (Petersen et al., 2018). Among forms of MCI, 
amnestic MCI (aMCI) is characterized by memory dysfunction 
(Petersen, 2016; Song et al., 2019). aMCI accounts for the 
largest proportion of MCI cases, and patients have the 
highest risk of conversion to AD, i.e., about 50% (Gauthier 
et al., 2006). However, early intervention in aMCI patients 
can delay disease progression (Li et al., 2020). Although 
medications are the most common method of treating 
cognitive impairment, evidence does not support the use of 
examined pharmacological treatments for cognitive protection 
in persons with MCI (Fink et al., 2018). Furthermore, over-
the-counter medicines have not been found to supplement 
cognitive protection in adults with MCI (Butler et al., 2018a). 
A systematic review reported that evidence regarding the 
effects of cognitive training on cognitive performance and 
dementia outcomes in adults with MCI is insufficient (Butler 
et al., 2018b). Therefore, there is an urgent need to explore 
better treatments for aMCI patients.

Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive brain stimulation technique that has been found to 
be effective in treating a variety of neuropsychiatric conditions 
(Gu et al., 2013; Iimori et al., 2019) such as AD, refractory 
major depression, and chronic pain (Perera et al., 2016; 
Nardone et al., 2018; Iimori et al., 2019). Although rTMS is 
thought to be effective in alleviating cognitive symptoms in 
patients with aMCI, the mechanisms related to such network 
modification are poorly understood. High-frequency rTMS 
generates a more whole-brain reaction compared with low-
frequency rTMS (Curtin et al., 2017; Zhang et al., 2020), and 
has been demonstrated via functional magnetic resonance 
imaging (fMRI) to affect the function of intrinsic brain 
connections (Cui et al., 2019). 

The dorsolateral prefrontal cortex (DLPFC) is considered a key 
part of the executive control network (ECN) and frontoparietal 
network (FPN). It acts as a modulator of cognitive function 
and plays an important role in cognitive functions, such as 
attention, working memory, and executive function (Lara and 
Wallis, 2015). The DLPFC, which anatomically corresponds 
to Brodmann areas 9 and 46, is one of the most popular 
rTMS targets for treating cognitive impairment. Although 
high-frequency rTMS of the left DLPFC has been found to 
be effective in alleviating cognitive symptoms in patients 
with MCI (Drumond Marra et al., 2015; Cheng et al., 2018) 
and AD (Luber and Lisanby, 2014; Vacas et al., 2019), 
the neuroimaging mechanisms are poorly understood. 
Uncovering the mechanisms of action of TMS is critical to 
improving treatment efficacy and developing new therapeutic 
stimulation parameters.

Resting-state fMRI (RS-fMRI) is an effective way to explore 
changes in brain structure and function (Zhang et al., 2018; 
Zhao et al., 2020). Recently, increasing numbers of RS-fMRI 
studies have investigated neural plasticity and treatment 
responses (Pascual-Leone et al., 2011) associated with rTMS. 
Furthermore, functional connectivity (Philip et al., 2018) has 
been used to assess responses to rTMS. The amplitude of 
low-frequency fluctuations (ALFF) (Zang et al., 2007) is used 
as a biomarker of cerebral spontaneous activity (Yang et al., 
2007). However, few studies have explored the after-effects of 
high-frequency rTMS over the left DLPFC applied during the 
resting state with respect to cognitive impairment. Thus, how 
rTMS affects spontaneous brain activity and the specific brain 
region(s) involved remain unclear. 

We hypothesized that rTMS over the left DLPFC would 
modulate widespread cognitive-related regional spontaneous 

brain activity in aMCI patients that could be measured by RS-
fMRI analysis. Accordingly, we investigated the neuroimaging 
mechanisms of high-frequency rTMS in patients with aMCI 
using ALFF.

Subjects and Methods
Subjects
aMCI subjects were recruited from a community near 
the Third Hospital Affiliated to Sun Yat-sen University of 
China from August 2016 to December 2018. All patients 
understood the study and signed an informed consent form 
(Additional file 1) prior to participation. The study was 
approved by the Ethics Committee of the Shenzhen Baoan 
Hospital of Southern Medical University, China (approval No. 
BYL20190901) on September 3, 2019 (Additional file 2), and 
registered in the Chinese Clinical Trial Registry (registration 
No. ChiCTR1900028180) on December 14, 2019. 

In this study, the inclusion criteria were as follows: aMCI as 
diagnosed via Petersen’s diagnostic criteria (Petersen, 2004); 
aged 55–75 years; memory complaint provided by the patient 
or family; memory impairment relative to age; right-handed; 
Montreal Cognitive Assessment (MoCA) score ≤ 26; Clinical 
Dementia Rating Scale of 0.5 points or total decline scale 
(Global Deterioration Scale) of 2–3; and normal level of daily 
living ability. Patients were excluded if they had: comorbid 
diseases that cause cognitive decline (e.g., stroke, vascular 
disease, Parkinson’s disease, traumatic head injury, other 
relevant medical history); a Hachinski ischemic score of > 4 
and/or Hamilton Depression Scale score > 8; claustrophobia or 
disorders such as deafness, language impairment, or blindness 
such that they could not perform the fMRI and cognitive 
function test; or contraindications for TMS, such as metal 
implants, electronic devices, or pacemakers.

Based on the TMS and fMRI literature, combined with the 
efficacy of TMS and the test efficacy, we calculated that it 
would be possible to detect a significant difference with a 
sample size of 12 aMCI patients per group (Padala et al., 
2018). A researcher who did not participate in the study 
divided the 24 participants into a treatment and sham 
group (n = 12) using the random number table method, and 
generated the relevant random numbers. Using the double-
blind method, the assessor, data analysts and participants 
were blinded to the grouping. The assessor and data analysts 
did not participate in the clinical intervention. The flow chart 
of the study procedure is shown in Figure 1.

rTMS
rTMS was performed using a CCYIA Stimulator (Yiruide 
Medical Equipment Co., Wuhan, China) connected to a 70-mm 
diameter figure-8 coil. DLPFC positioning was 5.5 cm anterior 
to M1 (Pascual-Leone et al., 1996). All patients received rTMS 
sessions for 4 weeks, five times per week, on consecutive 
days. According to a previous meta-analysis (Xu et al., 2019) 
and application guidelines for TMS (Rossi et al., 2009), the 
rTMS parameters were: 10-Hz frequency with a 2-second 
stimulation time and 8-second intermittent period, repeated 
20 times for a total of 400 pulses per session. The entire 
session lasted about 200 seconds. The stimulus intensity was 
set at 80% of the resting motor threshold. The resting motor 
threshold was defined as the lowest intensity that produced 
motor evoked potentials of > 50 μV in the relaxed first dorsal 
interosseous muscle in the right hand in at least five out of 10 
trials (Rossini et al., 2015).

For sham stimulation, the coil was tilted 90° relative to the 
skull (Berlim et al., 2013). At this position, the magnetic 
field is tangential to the scalp and does not cause cortical 
irritation. The remaining instruments, stimulation parameters, 
stimulation sites, and other parameters were the same as in 
the treatment group.
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Neuropsychological assessment
To assess the overall cognitive function of the patients before 
and after the intervention, a trained assessor examined all 
participants using the Clinical Dementia Rating Scale (Morris, 
1993), Global Deterioration Scale (Reisberg et al., 1982), and 
MoCA (Nasreddine et al., 2005). To evaluate the effects of the 
rTMS session, the MoCA was repeated 1 day and 1 month 
after the intervention. The MoCA (Nasreddine et al., 2005) 
includes eight cognitive areas—executive function, naming, 
memory, attention, language, abstraction, delayed recall, and 
orientation—and has a maximum score of 30 points.

Image acquisition
fMRI scans were conducted before and after the rTMS 
intervention using a 3.0-T GE scanner (MR-750; General 
Electric, Milwaukee, WI, USA). The scan sequence included 
structural images and functional images. Before the scan, 
patients were familiarized with the functional nuclear 
magnetic equipment and the scanning environment. During 
the scan, they were asked to close their eyes, maintain natural 
relaxation without thinking of anything in particular, and to 
keep their head as static as possible. The structural image was 
generated using a 3D brain volume imaging sequence. The 
main parameters were repetition time = 8.2 ms, echo time = 
3.2 ms, flip angle = 90°, field of view = 25.6 cm, matrix = 256 × 
256, and slice thickness = 1 mm, 130 slices. Functional image 
scanning in the resting state was conducted used a gradient-
recalled echo planar imaging sequence. The main parameters 
were repetition time = 2500 ms, echo time = 30 ms, field of 
view = 21.6 cm, matrix = 72 × 72, slice thickness = 3.0 mm, 
slice space = 0, and flip angle = 90°, 52 slices.

Image pre-processing and ALFF analysis
The data were pre-processed using the Data Processing 
Assistant for RS-fMRI (http://www.rfmri.org/DPARSF) (Chao-
Gan and Yu-Feng, 2010). First, the data format was converted 
from DICOM to NIFTI and the first 10 volumes of data were 
excluded to remove the initial unstable signal. Then, slice 
timing correction, realignment, and normalization were 
sequentially performed. Next, the functional images were 
smoothed using a Gaussian kernel of 4 mm with the full 
width at half-maximum. Finally, we regressed out nuisance 

covariates, including head motion parameters, white matter 
signal, and cerebrospinal fluid signal. After preprocessing, 
ALFF was obtained by filtering (0.01–0.08 Hz).

Statistical analysis
The statistical analyses were performed using SPSS version 20.0 
software (IBM SPSS, Inc., Chicago, IL, USA). For clinical variables, 
we performed non-parametric paired signed rank tests 
with P  <  0.05 indicating a significant value. To compare the 
MoCA score, we used a two-sample t-test for between-group 
comparisons, and a paired t-test for within-group comparisons. 
To assess the between-group differences in ALFF between 
the two groups before and after the rTMS intervention, we 
performed a two-sample t-test with sex, age, and education 
as covariates. Then, we performed a paired t-test to evaluate 
the differences in within-group comparisons of ALFF. The 
significance threshold was set to P < 0.05 for false discovery 
rate correction, with a minimum cluster size of 85 voxels. 

We performed correlation analysis between MoCA scores and 
each ALFF signal map in the aMCI patients. The analysis was 
performed using the Correlation Analysis module of the REST 
software (http://restfmri.net/forum/rest), and results were 
corrected via false discovery rate correction (P < 0.05).

Results
Clinical characteristics of aMCI patients with rTMS or sham 
stimulation
A total of 45 cases were screened in this study. For each 
group, we randomly selected 13 aMCI patients for each group 
after receiving informed consent. One patient from each 
group discontinued the study because of poor treatment 
efficacy. Throughout the study, a total of three patients in the 
treatment group reported mild headaches at the beginning 
of treatment. The patients reported that they were able to 
tolerate the headaches and opted to continue the treatment. 
Finally, 24 patients were included in the analysis. The baseline 
characteristics of the patients in the two groups are shown in 
Table 1, and there were no statistically significant differences 
between the groups before the intervention (P > 0.05).

Neuropsychological scores of aMCI patients with rTMS or 
sham stimulation
Figure 2 shows the MoCA scores for the three assessment 
periods. The MoCA scores of the treatment group had 
significantly improved at the end of the treatment and 1 
month after the treatment (P < 0.05, vs. pre-treatment), 
and were higher than those in the sham group (P < 0.05). 
However, there were no statistical differences in MoCA scores 
in the sham group among different time points. 

ALFF values in aMCI patients with rTMS or sham stimulation
There were no significant differences in ALFF values between 
the treatment and sham groups before treatment (P > 0.05). 
After treatment, the ALFF values in the right middle frontal 
gyrus had significantly increased compared with the baseline 
vales in the treatment group (P < 0.05; Figure 3A and Table 2). 

Table 1 ｜ Characteristics of amnestic mild cognitive impairment patients 
after repetitive transcranial magnetic stimulation or sham stimulation

Characteristics Treatment group Sham group P-value

Sex (male/female, n) 6/6 5/7 0.698
Age (yr) 65.08±4.89 64.67±4.77 0.835
Education (yr) 11.83±2.37 11.33±2.15 0.500
Course of disease (yr) 4.25±2.26 3.50±2.23 0.423
Montreal Cognitive 
Assessment

22.83±1.11 22.00±1.28 0.103

Data are expressed as the mean ± SD (n = 12), except sex. All data were 
analyzed via a two-sample t-test.

Figure 1 ｜ Flow chart of the study procedure.
fMRI: Functional magnetic resonance imaging; MoCA: Montreal Cognitive 
Assessment; rTMS: repetitive transcranial magnetic stimulation.

Patients with amnestic mild cognitive 
impairment (n = 24)

Randomization

Treatment group (n = 12): 
10 Hz rTMS stimulation

Sham group (n = 12):  
sham stimulation

After 4 wk of treatment

1 d after intervention: MoCA assessment and fMRI scan; 
1 mon after intervention: MoCA assessment

Data analysis
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In the sham group, the ALFF values in the right middle frontal 
gyrus, inferior parietal lobule, and precuneus had significantly 
decreased compared with the baseline values (P < 0.05; Figure 
3B and Table 2). Compared with the sham group, the ALFF 
values in the right inferior frontal gyrus, triangular part of 
the inferior frontal gyrus, right precuneus, left angular gyrus, 
and right supramarginal gyrus had significantly increased, 
and the ALFF values in the right superior frontal gyrus had 
significantly decreased in the treatment group after the 
intervention (P < 0.05; Figure 3C and Table 2). 

Relationship between MoCA scores and ALFF signal maps in 
aMCI patients with rTMS or sham stimulation
The correlation analysis failed to find a statistically significant 
association between MoCA scores and ALFF signal maps. 

Discussion
TMS uses a pulsed magnetic field to act on the central 
nervous system. TMS can affect not only the area stimulated, 
but also distant brain areas that are interconnected with the 
stimulation site (Ruff et al., 2009). These ‘network’ effects 
of TMS can change with the functional state of the targeted 
network and provide new perspectives on how remote but 
interconnected brain areas support cognition (Du et al., 2018; 
Philip et al., 2018). In the present study, we investigated the 
effects of high-frequency rTMS on cognitive function and brain 
spontaneous activity in patients with aMCI. After stimulation, 
neuropsychological tests showed that MoCA scores improved 
in the treatment group, but not in the sham group. We used 
ALFF values to assess spontaneous activity in the brain after 
a 4-week rTMS intervention. The results showed that ALFF 
in the right middle frontal gyrus increased in the treatment 
group. However, we only observed decreases in ALFF in 
the sham group. Significant differences in ALFF in the right 
frontal gyrus, right precuneus, and inferior parietal lobule 
were also observed between the treatment and sham groups.

aMCI is characterized by widespread abnormal ALFF. A 
recent meta-analysis showed a decrease in ALFF values 

in the bilateral frontoinsular cortices, right supramarginal 
gyrus, and bilateral precuneus/posterior cingulate cortex 
of patients with aMCI (Pan et al., 2017). The frontal lobe is 
one of the most complex brain regions and is responsible 
for decision-making, regulating behavior, learning, and 
memory storage. It is even considered to be the memory-
processing center in individuals with MCI (Yao et al., 2010). 
The imbalance among neural networks in aMCI patients may 
be caused by decreases in ALFF in the bilateral frontal cortex, 
which could negatively affect the efficiency of processes that 
control cognitive function. The precuneus has been strongly 
implicated in visuo-spatial imagery, episodic memory retrieval, 
and self-processing operations (Cavanna and Trimble, 2006). 
Pathologically, the precuneus is important for determining the 
dementia state in early AD (Yokoi et al., 2018). The severity of 
cognitive impairment has been shown to be inversely related 
to activity in the precuneus cortices. The supramarginal 
and angular gyri are part of the inferior parietal cortex. The 
supramarginal gyrus is involved in language learning, attention 
(Verga and Kotz, 2019), emotional processing (Flasbeck et 
al., 2019), and other important functions. The angular gyrus 
is not only responsible for semantic processing, but has also 
been long regarded as an area in which cortical multisensory 
convergence takes place (Xie et al., 2019). In our study, as 
ALFF increased in multiple regions in aMCI patients following 
rTMS, the intervention may have affected cognitive function. 
Additionally, the right frontal lobe, inferior parietal cortex, 
and precuneus are regarded as key nodes of the default mode 
network (DMN), ECN, and FPN, and these regions may be 
essential structures that interconnect different brain networks 
that interact and collectively control attention, working 
memory, and other cognitive operations (Chen et al., 2013).

The DMN participates in the retrieval of autobiographical 
episodic memory and self-referential mental processing 
(Joo et al., 2016). The DMN includes the posterior cingulate 
cortex/precuneus, medial prefrontal cortex, inferior parietal 
lobule, lateral temporal cortex, and hippocampal formation 
(Buckner et al., 2008). It has been implicated in higher 
cognitive functions and is the most extensively explored brain 
network in MCI and AD patients (Krajcovicova et al., 2014). 
The DMN is vulnerable to neuropathology and converging 
evidence suggests that aberrant spontaneous brain activity 
in the posterior DMN occurs in aMCI patients. In individuals 
with MCI, the central executive system has been found to 
exhibit hypoactivation of the right frontoparietal regions and 
attenuation of the DMN (Melrose et al., 2018). As the hub of 
the brain network, the precuneus not only has widespread 
connections with other brain regions, but is also a key node in 
the DMN (Utevsky et al., 2014; Li et al., 2019). In AD patients, 
connectivity has been found to significantly decrease between 
the precuneus and widespread brain regions (Yokoi et al., 
2018). Over time, progressive damage in the DMN was found 
in patients with aMCI (Bai et al., 2011). Therefore, the DMN 

Figure 2 ｜ MoCA scores of amnestic mild cognitive impairment patients 
after repetitive transcranial magnetic stimulation or sham stimulation.
Data are expressed as the mean ± SD (n = 12 per group). All data were 
analyzed via a two-sample t-test. *P < 0.05, vs. pre-intervention; #P < 0.05, 
vs. sham group. MoCA: Montreal Cognitive Assessment; Day1: 1 day after the 
intervention; Day30: 1 month after the intervention.

Table 2 ｜ The specific values of the clusters with significant differences in amnestic mild cognitive impairment patients after rTMS or sham stimulation

Clusters Brodmann area Voxels

MNI coordinates (mm)

t-valueX Y Z

Treatment group Right middle frontal 46 102 45 30 21 3.9699
Sham group Right middle frontal 46 173 39 48 0 –5.3776

Right supramarginal 40 121 66 –39 33 –8.8384
Left precuneus 31 342 0 –60 33 –13.5093

Intergroup Right inferior frontal gyrus, triangular part 46 380 48 30 18 6.3389
Right precuneus 31 285 15 –63 45 5.8361
Lift angular 39 152 –48 –51 27 4.6104
Right supramarginal 40 173 63 –42 33 5.2888
Right superior frontal gyrus  6 159 21 3 63 –5.4426

MNI: Montreal Neurological Institute; rTMS: repetitive transcranial magnetic stimulation. All clusters in Table 2 were P < 0.05.
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may be useful in monitoring aMCI progress (Serra et al., 2016) 
and may be a potential target for treating cognitive decline 
(Huang et al., 2016). Halko et al. (2014) found that intermittent 
theta burst stimulation of the lateral cerebellum enhanced 
functional connectivity of the DMN in healthy humans. 
Additionally, the proximal DMN region in elderly adults was 
found to exhibit increased connectivity after intermittent 
theta burst stimulation (Abellaneda-Pérez et al., 2019b). Xue 
et al. (2017) showed that rTMS of the left DLPFC enhanced 
functional connectivity between DMNs. The current finding 
that rTMS applied over the left DLPFC significantly changed 
activity in several areas, including the right frontal gyrus, right 
precuneus, and inferior parietal lobule, is consistent with the 
above findings.

The ECN typically comprises the DLPFC (Damoiseaux et al., 
2006; Vincent et al., 2008), anterior cingulate cortex, and 
inferior parietal cortex (Zhao et al., 2018), and plays a key role 
in cognitive function (Zhao et al., 2019). aMCI is characterized 
by memory deficits and patients typically exhibit abnormal 
functional connectivity between the frontal lobe and other 
brain regions. For instance, one study found decreased 
connectivity in the DMN and ECN in the frontoinsular cortices 
of aMCI patients (He et al., 2014). Reduced functional 
connectivity in AD (Zhao et al., 2018) and MCI has been found 
to be related not only to activity in the DMN and ECN, but 
also the FPN. Indeed, many network interactions appear to 
be disrupted in aMCI patients (Chand et al., 2018). The FPN 
consists of the anterior prefrontal cortex, DLPFC, and other 
areas that correspond with cognitive function such as decision-
making and language (Vincent et al., 2008). Hafkemeijer et al. 
(2017) found decreased connectivity between the precuneus 
and right FPN in AD patients. Functional connectivity in the 
FPN and ECN was also significantly decreased in AD patients 
(Zhao et al., 2018), and so may be useful as a potential non-
invasive biomarker of early AD (Zhao et al., 2019). Indeed, 
maintaining an optimal dynamic between networks is essential 
for successful cognition (Abellaneda-Pérez et al., 2019a), and 
abnormal functional connectivity of networks may be the 
main cause of morbidity (Godwin et al., 2017). 

TMS interacts with neural networks that participate in 
cognitive processing, rather than isolated hubs (Abellaneda-
Pérez et al., 2019a). Results from a study by Ge et al. (2019) 
suggest that the ECN may play a role in mediating the efficacy 
of rTMS in the treatment of depression. Gratton et al. (2013) 
showed that after TMS of the left DLPFC, connectivity in the 
left DLPFC to the medial superior frontal gyrus, anterior insula/
inferior frontal gyrus, and angular gyrus increased. High-
frequency rTMS of the left DLPFC might selectively strengthen 
resting-state functional connectivity within the right FPN in 
obese adults (Kim et al., 2019). However, no previous studies 
have demonstrated the impact of rTMS on the brain network 
of aMCI patients. The present study indicates that rTMS can 
enhance ALFF values in the frontal lobe, precuneus, and IPC in 
aMCI patients. This may indicate that rTMS interventions have 
potential as a therapeutic approach for aMCI, via alteration 
of functional connectivity among brain networks. Stimulating 
the DLPFC might enhance functional connectivity in the 
DMN, ECN, and FPN, as well as the connections between 
these three networks. rTMS was found to have significant 
effects on the whole-brain functional network in postherpetic 
neuralgia patients, with potential improvements in cognition 
and memory function (Pei et al., 2019). A systematic review 
showed that the efficacy of TMS for treating major depression 
was associated with distal rather than proximal changes in 
the TMS stimulation site (Philip et al., 2018). Our results 
are consistent with these studies. However, Richieri et al. 
(2017) found a decrease in connectivity between the left 
DLPFC and the cingulate/medial frontal cortex in treatment-
resistant depression, which contrasts with our findings. 
This may be because of differences between the diseases 

A

B

C

Figure 3 ｜ ALFF analysis of amnestic mild cognitive impairment patients 
after rTMS or sham stimulation.
(A, B) The ALFF values in the different brain regions in the rTMS treatment (A) 
and sham groups (B). (C) Differences in ALFF values between the treatment 
and sham groups after the rTMS intervention. Red represents an increase 
and blue represents a decrease. The P-value, corrected by topological FDR, 
was set to P < 0.05. ALFF: Amplitude of low-frequency fluctuation; FDR: false 
discovery rate; rTMS: repetitive transcranial magnetic stimulation.
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studied and treatment mechanisms tested. In the present 
study, the observed increase in brain activity in the frontal 
lobe, precuneus, and IPC indicated that rTMS stimulation 
was effective in improving cognitive function, and these RS-
fMRI results were consistent with the changes in MoCA 
score. However, that the MOCA score was not related to the 
ALFF value was consistent with Weiler’s results (Weiler et al., 
2014), but contradicted Liang’s findings (Liang et al., 2014). 
Our results may be explained by the small and heterogeneous 
nature of the sample.

In contrast, there were no significant improvements in 
MoCA score before vs. after stimulation in the sham group. 
Furthermore, the ALFF values in the right frontal gyrus, 
anterior “wedge” gyrus, and the superior anterior gyrus 
were significantly lower after vs. before treatment. Studies 
have shown that if effective interventions are not carried out 
in aMCI patients, the disease will continue to progress and 
brain connectivity will decline over time (Wang et al., 2012). 
Although we found no statistical difference in MoCA score, 
cognitive function decreases at a slow rate, and changes may 
not have been captured in the study time period. Thus, these 
results may be associated with decreased memory function 
in aMCI patients. Additionally, the sham group did not show 
an enhanced ALFF area, which may be related to the severity 
of the disease (Yang et al., 2018). Successful cognition in 
elderly adults may depend on the maintenance of prefrontal 
activity rather than compensation (Abellaneda-Pérez et al., 
2019a). Therefore, when normal activities are not maintained, 
cognitive function may decrease. Alternatively, these findings 
may have been caused by variability in compensation 
processes, the heterogeneity of the sample, or an insufficient 
sample size.

This study had several limitations. First, the sample size was 
relatively small. Second, the DLPFC is an important brain area 
for cognitive function, and depending on the asymmetry of 
the brain, TMS may have different effects on the left or right 
DLPFC. However, this study only explored stimulation of the 
left DLPFC. Additionally, positioning the coil perpendicular to 
the scalp may not be sufficient to achieve the condition of a 
completely false stimulation. A control coil should be used to 
perform sham stimulation in future studies.

TMS stimulation involves multiple parameters such as 
stimulation target, stimulation frequency, intensity, pulse, 
stimulation treatment course, and stimulation mode. The 
frontal lobe, temporal lobe, anterior wedge lobe, and other 
brain areas can be used as stimulation targets for TMS 
treatment. These brain regions all show initial efficacy, which 
is the key goal of optimizing aMCI stimulation programs. 
Low-frequency (≤ 1 Hz) and high-frequency rTMS (> 1 Hz) 
have been found to reduce and increase cortical excitability, 
respectively. Studies have shown that 5–20 Hz high-frequency 
rTMS is more effective than low-frequency rTMS in treating 
aMCI. Therefore, different stimulation parameters may 
modulate brain regions in unique ways, with diverse clinical 
effects. The adverse reactions in this test were slightly 
transient and resolved without special treatment. In trials and 
clinical applications, it is necessary to exclude patients with 
certain contraindications, such as metallic implants, according 
to TMS application guidelines.

In summary, our data indicate that rTMS of the right DLPFC 
improved cognitive function in aMCI patients, and also 
modulated widespread cognitive-related regional spontaneous 
brain activity, mainly involving the DMN, ECN, and FPN. 
This could indicate that rTMS improves cognitive function 
in aMCI patients by altering the functional connectivity of 
brain networks. These findings provide an objective basis 
for the effectiveness of rTMS in the treatment of cognitive 
dysfunction in aMCI patients. Future studies could expand 
upon this research, for example, by assessing the effects 

of rTMS within functional connections and the impact on 
multiple brain networks, to better understand the effects of 
brain stimulation on the cortical network.
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group Age (yr)
Education 
(yr) Sex

Course  of 
disease 
(yr)

Pre-
MoCA 1 day after MoCA1 mon after MoCA

1 70 11 2 1 22 26 23
1 71 8 1 2 23 26 25
1 72 14 2 3 23 27 24
1 60 14 1 4 21 26 25
1 64 12 1 4 23 25 24
1 60 11 1 4 25 24 26
1 68 12 2 5 23 23 23
1 60 15 1 10 21 25 24
1 68 11 2 5 23 23 22
1 68 11 2 6 23 25 26
1 60 15 1 4 23 25 23
1 60 8 2 3 24 26 24
2 63 8 1 3 23 23 23
2 59 11 2 4 24 23 23
2 64 11 2 3 21 21 21
2 60 11 1 4 21 23 20
2 68 11 2 7 21 22 23
2 60 11 1 8 23 23 21
2 64 11 2 2 24 21 19
2 60 11 2 1 21 23 21
2 73 11 2 1 21 20 21
2 71 15 1 2 21 23 23
2 70 14 1 2 21 21 21
2 64 8 2 5 23 24 23

remark：group1=Treatment group, group2=Sham group;sex1=male, sex2=female


