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Purpose: This study aimed to investigate the potential effects of repetitive
transcranial magnetic stimulation (rTMS) on the reversion of mild cognitive
impairment (MCI) to normal cognitive function and to elucidate the
underlying mechanismes.

Methods: The study enrolled 25 MCI participants, who underwent a 10-day of
rTMS treatment and an 18-month follow-up, along with 15 healthy subjects.
Participants with MCI were categorized into MCI reverters (MCI-R) and MCI
maintainers (MCI-M). We assessed differences in baseline cognitive performance,
functional connectivity, and changes of cognitive functions after rTMS between
MCI-R and MCI-M to identify possible predictors of reversion of MCl and explore
the neural modulation mechanisms.

Results: MCI-M exhibited more severe cognitive impairments across more
domains, particularly in language function (p < 0.05). Functional connectivity
was more severely damaged in MCI-M participants, notably within the default
mode network (DMN), executive control network (ECN), and frontoparietal
network (FPN). After rTMS therapy, MCI-R participants demonstrated more
significantly improved immediate and delayed recall memory scores (p < 0.05).
These memory function changes and baseline functional connectivity of DMN,
ECN, and FPN were predictive of the reversion of MCI.

Conclusions: The efficacy of rTMS in memory function may promote the
reversion of MCI to normal cognition, with the functional connectivity of DMN,
ECN, and FPN playing a crucial important role. The severity of cognitive
impairment and functional connectivity damage correlated with the likelihood
of the reversion of MCI to normal cognition, underscoring the importance of
early rTMS intervention for dementia prevention.
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Introduction

Mild cognitive impairment (MCI) is an intermediate stage
between normal cognitive aging and dementia (1, 2),
characterized by a gradual progressive cognitive decline. MCI is
considered a clinical precursor of Alzheimer’s disease (AD) and is
associated with an elevated risk of dementia. However, not all
individuals with MCI progress to dementia, some may revert to
normal or maintain stability (3, 4). Early intervention, such as
cognitive training, and the absence of affective symptoms are
believed to be associated with reversion and are considered
modifiable factors (4, 5). Current research has paid less attention
to early treatments aimed at reversing MCI to normal cognitive
function, and the mechanisms involved remain unclear. Therefore,
investigating the effects and neural mechanisms of early
intervention in MCI patients who revert to normal cognitive
function could aid in developing specific early intervention
strategies and is crucial for the early prevention of dementia.

Given the limited efficacy of clinical pharmacological
interventions in treating AD and MCI, nonpharmacological
treatments in MCI have garnered more attention in recent years.
Non-invasive brain stimulation techniques, such as repetitive
transcranial magnetic stimulation (rTMS) has been considered
potential effective nonpharmacological treatment methods for
various neuropsychiatric diseases. Previous studies have
demonstrated the positive effects of rTMS on improving cognitive
functions of MCI patients, including global cognitive function,
memory function, language function, and executive function (6-9).
Both short-term and long-lasting therapeutic effects of rTMS on MCI
have been reported (6-9). Additionally, brain imaging studies suggest
that rTMS could modulate spontaneous brain activity (10, 11),
structural and functional connectivity (12-14) in cognitive-related
brain areas of MCI and AD. These functional connectivity changes
post-rTMS therapy have shown significant correlation with cognitive
improvement and could serve as a valuable imaging markers to
predict the after effects of rTMS (15-17). However, the potential
effects of rTMS on the reversion of MCI to normal and the
underlying mechanisms have not been reported.

Numerous neuroimaging meta-analyses have demonstrated
aberrant regional brain activity, functional connectivity, cerebral
blood flow, and structural changes in MCI and AD patients relative
to healthy elderly people (18-22). The locations of these consistent
abnormal changes are predominantly associated with cognition-
related brain networks involving the default mode network (DMN),
salience network (SN), and executive control network (ECN), and
frontoparietal network (FPN) (19, 20, 23, 24). Besides, the
functional connectivity of these networks could be regulated by
rTMS (25, 26), transcranial direct current stimulation (tDCS) (27),
physical exercise (28, 29), and acupuncture (30). Therefore, the
cognitive-related resting-state networks (RSNs) may be able to
stably reflect the dynamic modulation of rTMS in brain
functional connectivity in MCI patients, thereby achieving the
goal of assessing the prognosis and efficacy of rTMS treatment.

The objective of our study was to determine the effects of rTMS
on reversion of MCI to normal cognitive function and to investigate
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the underlying mechanisms. We identified MCI individuals who
reverted to normal cognitive function by assessing cognitive
performance at 18 months post-rTMS. Comparison of baseline
cognitive performance, baseline functional connectivity, and
changes of cognitive function after rTMS between MCI
participants who revert to normal and who not were conducted
to explore possible factors that influencing the reversion.
Additionally, we assessed the relationships between changes in
cognitive function and changes in functional connectivity with
the reversion of MCI to clarify the impact and underlying neural
modulation mechanisms of rTMS efficacy on the reversion of MCIL.
We hypothesized that rTMS therapy would promote the reversion
of MCI to normal, with improvements in cognitive performance
and baseline functional connectivity predicting the reversion.

Materials and methods
Participants

Participants were recruited from the local community through
advertisements. A total of 53 MCI participants were included in our
study and completed a 10-day rTMS therapy. Twenty-five of these
MCI participants completed an 18-month follow-up after therapy.
Fifteen healthy elderly individuals were also included as a normal
control group (NC). All participants provided written informed
consent after understanding the study procedure. The study was
approved by the Ethics Committee of the Second Clinical Medical
College of North Sichuan Medical College and the Ethics
Committee on Biomedical Research, West China Hospital of
Sichuan University in accordance with the Declaration of Helsinki.

According to the National Institute on Aging and the Alzheimer’s
Association (NIA-AA) guidelines (31), MCI participants were enrolled
if they met the following inclusion criteria: (1) aged 55-80 years; (2) had
relevant symptoms of cognitive impairment reported by the patient or
their family members or confirmed by the clinical physician; (3) had
impairment in one or more cognitive domains confirmed by cognitive
tests (scores on the Mini-Mental State Examination: illiterate > 17,
elementary school > 20, junior high school and above > 24); (4) had a
Clinical Dementia Rating (CDR) score of 0.5; (5) maintained general
independent living abilities, with mild impairment in complex
instrumental activities of daily living; and (6) test scores not meeting
the diagnostic criteria for dementia. Exclusion criteria for all participants
included: (1) a history of neurological/psychiatric diseases (e.g., stroke,
epilepsy, Parkinson’s disease, traumatic brain injury, etc.) that may lead
to cognitive decline; (2) congenital mental and cognitive retardation; (3)
systematic diseases (e.g., syphilis, thyroid dysfunction, anthracemia,
severe anemia, or HIV) that could cause cognitive impairment; (4)
addiction or treatment that may influence cognitive ability; or (5)
inability to complete neuropsychological assessments or
contraindication for MRI and rTMS.

NC participants matched for age and gender were required to
meet the following criteria: (1) no memory complaints; (2) a
Clinical Dementia Rating (CDR) score of 0; (3) normal

cognitive function.
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rTMS treatment protocol

All MCI participants received rTMS at a frequency of 10Hz
once a day, 5 days per week, for a continuous two-week period. In
each session, rTMS was applied over the dorsolateral prefrontal
cortex (DLPFC) using a YRD CCY-II stimulator with a figure-of-
eight coil (90% rest motor threshold (RMT); 50 pulses over 5s; 30
trains; inter-train interval of 25s; 1500 pulses daily; 14 mins, 35s).
Before treatment, each participant first underwent the measurement
of their RMT. During the measure of RMT, the participant was
seated comfortably in a chair and instructed to relax. Then the TMS
coil was positioned over the primary motor cortex, corresponding
to the hand motor area. The TMS device is set to deliver pulse
stimulation starting at a low intensity, gradually increasing the
output. Finally, the RMT was defined as the minimal output of
stimulation that could evoke a muscle twitch of the contralateral fist
dorsal interosseous.

Cognitive performance and MRI data were assessed prior to
treatment (baseline) and immediately following treatment
completion. MCI participants willing to undergo an 18-month
follow-up were also provided with a comprehensive cognitive
assessment and an MRI examination at follow-up.

Clinical outcome measures

Comprehensive clinical and neuropsychological assessments
included: (1) general cognitive performance, namely, the Mini-
Mental State Examination (MMSE) and the Huashan version of the
Montreal Cognitive Assessment (MoCA); (2) memory function,
namely, the Auditory Verbal Learning Test (AVLT), including
immediate recall (AVLT-I), delayed recall (AVLT-DR), and
recognition (AVLT-R); (3) language function, namely, the Boston
Naming Test (BNT) and the Animal Semantic Fluency Test (AFT);
and (4) executive function, namely, the Shape Trails Test (STT),
consisting of two parts, A and B. Pre- and post- changes in these
cognitive scores were calculated to evaluate the efficacy of
rTMS intervention.

During the follow-up, all participants were diagnosed based on
their cognitive assessment scores and the diagnostic criteria for MCI
and AD. Thirteen MCI participants were diagnosed as MCI
maintainers (MCI-M), the remaining MCI participants had
reverted to normal cognitive function and were defined as MC
reverters (MCI-R).

MRI data acquisition

Similar to the evaluation of cognitive performance, each MCI
participant underwent an MRI examination (on a Philips Ingenia
CX 3.0 T scanner) at baseline, immediately after the final treatment
session, and at follow-up. Individuals in the NC group underwent
an MRI scan only once at the time of enrollment. High-resolution
T1-weighted anatomical imaging (1 mm?®) and resting-state
functional magnetic resonance imaging (rs-fMRI) were
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performed. T1-weighted anatomical images were scanned along
the sagittal plane with parameters as follows: repetition time/echo
(TR/TE) = 6.67/3.02 ms, field of view = 240 x 240.0 mm?, flip angle
= 8°, acquisition matrix = 240 x 240, voxel size = 1.0 x 1.0 x 1.0
mm?>, slices = 170. During the fMRI scan, patients were instructed to
stay awake, relax with their eyes closed and remain motionless as
possible. The rs-fMRI images were acquired with the following
parameters: TR/TE = 2,000/30 ms, field of view = 240.0 x 240.0
mm?, flip angle = 90°, matrix = 64 x 64, voxel size = 3.75 x 3.75 x
3.75 mm’, and 36 axial slices. A total of 245 volumes were
continuously obtained for each scan.

Preprocessing and group independent
component analysis

Preprocessing of the rs-fMRI data was conducted by using the
SPM 12 (http://www.fil.ion.ucl.ac.uk/spm) software package, which
included slice timing, spatial head motion realignment,
normalization, and smoothing. Prior to the preprocessing
procedure, the first 5 volumes of the fMRI datasets of each
patient were discarded to eliminate magnetization equilibrium
effects and account for the adaptation phase of the participants.
After preprocessing, patients with a maximum head translation
greater than 3 mm or a maximum rotation of 2° were excluded from
subsequent analysis.

After spatial preprocessing, group-level independent
component analysis (ICA) was performed by using the GIFT
v4.0b toolbox (https://trendscenter.org/software/gift/). Both
baseline and post-rTMS datasets were used for this analysis. Two
data reduction steps were conducted by using principal component
analysis (PCA). The minimum description length (MDL) criterion
was used to automatically estimate the number of independent
components (ICs) to retain in the subsequent ICA stage. Then, the
infomax algorithm (32) was applied to decompose the reduced data
of all patients into 33 estimated ICs. This calculation process was
repeated multiple times for estimation of the stability (33).
Participant-specific time courses and spatial maps were obtained
from the spatiotemporal regression back reconstruction approach
(34), and the results were transformed to z scores.

Cognitive-related resting-state networks (RSNs) were selected
for subsequent analysis based on previously reported RSNs in fMRI.
Components were identified through visual observation. Previous
studies have demonstrated that MCI is associated with widespread
aberrant brain activity, alterations in functional connectivity, and
structural changes, predominantly within several cognition-related
brain networks, such as the DMN, SN, and ECN (18-22).
Additionally, the left FPN (LFPN) and right FPN (RFPN) were
reported to be related to the cognitive performance of MCI (35, 36)
and showed significant correlation with the clinical efficacy of
physical exercise (28) and rTMS intervention (26). Therefore,
these RSNs were selected and extracted from the independent
components according to their anatomical and functional
properties to identify possible imaging biomarkers for MCI
patients who reverted to normal after rTMS. These networks

frontiersin.org


http://www.fil.ion.ucl.ac.uk/spm
https://trendscenter.org/software/gift/
https://doi.org/10.3389/fpsyt.2025.1544728
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Guo et al.

included the anterior DMN (aDMN), posterior DMN (pDMN), SN,
insula network (IN), ECN, hippocampal network (HN), LFPN,
and RFPN.

Statistical analysis

Statistical analysis of RSNs was performed using the SPM 12
software package. To investigate functional connectivity differences,
comparisons of baseline intra- and inter-functional connectivity of
RSNs among MCI-M, MCI-R, and NC were conducted using the
two-sample t-test. Paired t-tests were used to examine the changes
of functional connectivity after rTMS therapy relative to baseline.

Statistical analysis of demographic information and neurocognitive
scores was performed using IBM Statistical Package for Social Sciences
(SPSS) v23.0. Group differences in age, years of education (1-6 years:
elementary school; 7-9 years: junior secondary school; 10-12 years:
senior secondary school; > 12 years: university or college or its
equivalent), and cognitive assessment scores among MCI-R, MCI-M,
and NC groups were examined with one-way ANOVA or
nonparametric test (Kruskal-Wallis) according to the results of
normality and homogeneity. Post hoc pairwise t-tests or
nonparametric tests (Mann-Whitney) for multiple comparisons were
performed if the comparison among the three groups yielded
significant results (P < 0.05). The comparison of the gender
information between two groups was conducted by using the chi-
square test. Changes of cognitive performance after rTMS were
calculated for MCI-R and MCI-M respectively. Similarly, two-sample
t-tests or nonparametric tests (Mann-Whitney) were used to evaluate
the differences in r'TMS efficacy between MCI-R and MCI-M groups.

Based on the comparison results of functional connectivity,
information of the brain regions showing significant intra- and inter-
functional connectivity differences between groups and within each
group were extracted. The spearman correlation coefficients between
the functional connectivity of these brain regions at baseline and
follow-up and the cognitive score changes after rTMS treatment
were calculated. This can help us understand the relationship
between baseline functional connectivity and the efficacy of rTMS, as
well as the impact of rTMS efficacy on cognitive status at follow-up.

Logistic regression analysis was used to identify baseline
functional connectivity, cognitive performance, and cognitive
improvement scores that were significantly correlated with the
reversion of MCI at follow-up. Cognitive improvement scores can
reveal the efficacy of rTMS, and cognitive performance at 18
months follow-up can reflect the reversion of MCI to normal.
Therefore, according to the results of regression analysis, we can
evaluate the influence of rTMS efficacy and baseline functional
connectivity on the reversion from MCI to normal.

Finally, receiver operating characteristic curve (ROC) analysis
was conducted to evaluate the predictive value of baseline
functional connectivity and cognitive improvement scores post-
r'TMS for the reversion of MCI. Functional connectivity in brain
regions showing significant group differences was used as the index
during the ROC analysis. The area under the curve (AUC),
sensitivity, and specificity were calculated for each analysis.
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Results

Demographic and baseline
cognitive characteristics

Baseline demographic information and neurocognitive
performance data for participants in MCI-M, MCI-R, and NC are
presented in Table 1. Education and the cognitive assessment scores
of MoCA, AVLT-I, AVLT-DR, AVLT-R, BNT, AFT, STT-A, and
STT-B showed significant differences between MCI-M and NC (p <
0.05). For MCI-R participants, age and the cognitive assessment
scores of MOCA, AVLT-I, AVLT-DR, AVLT-R, STT-A, and STT-B
showed significant differences relative to NC (p < 0.05).
Additionally, compared to MCI-R, MCI-M showed significantly
lower BNT and AFT scores (p < 0.05) (Figure 1). From the
comparison among MCI-R, MCI-M and NC, we observed that
MCI-M participants presented more severe cognitive impairment
across more domains and a lower education level. Furthermore,
language abilities, including naming and language fluency were
more severely damaged.

Efficacy difference of rTMS in MCI-R and
MCI-M

To determine whether the reversion of MCI was related to
different therapeutic effects of rTMS on cognitive functions, a
comparison of cognitive score changes after rTMS between
MCI-R and MCI-M groups was conducted. Higher improvement

TABLE 1 Characteristics and neurocognitive scores of MCl and
NC participants.

MCI-M N[
(N = 13) (N = 15)
Age 73.27 + 4.71° 70.18 + 4.42 67.33 + 6.48
Gender (M/F) 4/8 2/11 6/9
Education 7.92 +2.81 7.46 + 2.37° 9.73 + 1.98
MMSE 27.33 + 1.56 26.23 + 3.03 28.13 + 1.64
MoCA 21.50 + 2.02° 19.38 + 3.28" 24.47 +2.95
AVLT-T 3.83 + 1.90° 3.46 + 2.54" 6.40 + 2.26
AVLT-DR 3.50 +2.02° 2.69 + 2.06" 6.60 + 1.99
AVLT-R 18.92 +2.23° 17.38 + 3.38" 21.93 + 1.62
BNT 21.33 +2.67 17.92 + 3.84*" 22.53 226
AFT 14.58 + 3.65 11.54 + 1.76*" 16.40 + 4.34
STT-A 96.33 + 31.07° | 118.08 + 52.88"  69.47 + 18.77

STT-B 21842 +50.90° | 270.23 + 92.82°  164.27 + 35.33

* Significant difference (p < 0.05) between MCI-R and MCI-M; ® Significant difference (p <
0.05) between MCI-R and NC; * Significant difference (p < 0.05) between MCI-Mand NC; M,
Male; F, Female; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive
Assessment; BNT, Boston Naming Test; AVLT-I, auditory verbal learning test-immediate
recall; AVLT-DR, auditory verbal learning test-delayed recall; AVLT-R, auditory verbal
learning test-recognition; AFT, Animal Verbal Fluency Test; STT-A, Shape Trails Test Part
A; STT-B, Shape Trails Test Part B.
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Comparison of baseline neurocognitive performance between MCI-R and MCI-M showed significant differences in BNT and AFT

was observed in AVLT-I (z = 2.614, p = 0.009) and AVLT-DR (z =
2.326, p = 0.020) after the 10-day of rTMS therapy in MCI-R
participants compared with MCI-M participants. These results
suggest that MCI patients who reverted to normal may have
obtained more benefits from rTMS therapy, particularly in
immediate and delayed recall memory functions. As for safety,
the rTMS treatment was well tolerated, with no adverse events
during the experimental procedure. Even those patients who
received higher stimulation intensity did not complain about

painful or uneasiness sensations.

Differences of intra-functional connectivity
within RSNs between-groups and changes
within-group

Comparison of the neurocognitive performances detected
significant differences between MCI-M and MCI-R.
Theoretically, there should be consistent functional connectivity
differences in RSNs. These baseline functional connectivity
differences may also be related to different reversion outcome at
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follow-up. Therefore, we tested for differences in intra-functional
connectivity of each RSN between MCI-M and MCI-R, and
between MCI and NC.

Compared to NC, MCI-M showed significantly increased
functional connectivity in the left posterior cingulate cortex and
left precuneus in pDMN; right inferior parietal lobe in ECN; left
superior frontal gyrus, left middle frontal gyrus, and left inferior
parietal lobe in LFPN; and in right superior frontal gyrus and right
middle frontal gyrus in RFPN (p < 0.05, FDR corrected). However,
no significant results were observed between MCI-R and NC. These
results may suggest that the damage to the intra-functional
connectivity of DMN, ECN, LEFPN, and RFPN is more severe in
MCI-M participants (Figure 2).

Additionally, the comparison of baseline intra-functional
connectivity of each RSN between MCI-M and MCI-R was
conducted. Significant functional connectivity differences were
observed in the right precuneus and angular gyrus in aDMN;
right inferior parietal lobe in ECN; and right inferior parietal lobe
in RFPN between MCI-M and MCI-R (p < 0.005, alphasim
corrected) (Figure 3). No significant changes in intra-functional
connectivity were found in either the MCI-R or MCI-M group
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FIGURE 2
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Baseline functional connectivity of the RSNs showed significant difference between MCI-M and NC in aDMN, ECN, LFPN, and RFPN (p< 0.05, FDR
corrected); and showed significant difference between MCI-M and MCI-R in aDMN, ECN, and RFPN (p< 0.05, alphasim corrected). MCI-M, MCI
maintainers; MCI-R, MCl reverters; L, left; R, right; aDMN, anterior default mode network; ECN, executive control network; LFPN, left frontoparietal

network; RFPN, right frontoparietal network.

post-rTMS. The brain regions showing significant functional
connectivity differences between MCI-M and NC and between
MCI-R and MCI-M are listed in Table 2.

Differences of inter-functional connectivity
among RSNs between-groups and changes
within-group

Similar to the comparison of intra-functional connectivity of
each RSN, these comparisons were performed in inter-functional
connectivity among RSNs. We observed that the inter-functional
connectivity between ECN and LFPN, ECN and aDMN, ECN and
pDMN of MCI-M were significantly stronger than NC (p < 0.05);
the inter-functional connectivity between ECN and LFPN, ECN and
RPEN, ECN and aDMN, and between HN and IN were significantly
stronger in MCI-R relative to NC (p < 0.05). Compared to MCI-M,
participants of MCI-R showed stronger inter-functional
connectivity between HN and IN, and weaker inter-functional
connectivity between ECN and SN (p < 0.05). Significant changes
in inter-functional connectivity were only detected in MCI-R after
r'TMS relative to baseline, which showed significantly decreased
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inter-functional connectivity between SN and LFPN, and between
SN and aDMN (p < 0.05).

Correlation between functional
connectivity and cognitive improvement

After completing the comparison of functional connectivity,
these brain regions in each RSN and connections between RSNs
showing significant differences were considered to be related to the
reversion of MCI. Therefore, we examined the relationship between
functional connectivity and clinical cognitive improvement after
rTMS. First, we computed the correlation coefficient of baseline
functional connectivity and cognitive changes of MCI. The results
showed that changes in MoCA were significantly associated with
the baseline functional connectivity of precuneus in pDMN (r =
-0.418, p = 0.038) and inter-functional connectivity between SN
and aDMN (r = -0.506, p = 0.010); changes in BNT were
significantly associated with the baseline functional connectivity
of posterior cingulate cortex in pDMN (r = —0.517, p = 0.008);
changes in AVLT-I were significantly associated with the baseline
functional connectivity of posterior cingulate cortex in pDMN (r =
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MCI-M vs NC MCI-R vs NC

FIGURE 3

Baseline inter-functional connectivity of the RSNs showed significant difference between MCl and NC, and between MCI-R and MCI-M. MCI-R also
showed significant changes in inter-functional connectivity after rTMS. MCI-M, MCI maintainers; MCI-R, MCl reverters; HN, hippocampal network;
IN, insular network; SN, salience network; aDMN, anterior default mode network; pDMN, posterior default mode network; ECN, executive control
network; LFPN, left frontoparietal network; RFPN, right frontoparietal parietal network.

TABLE 2 Regions showing significant functional connectivity differences between MCI-M and NC and between MCI-R and MCI-M.

. . . . Cluster
Brain Region Peak Coordinate Peak Intensity .
Size (Voxels)
MCI-M vs NC

Posterior cingulate cortex Left —15, —46, 28 5.25 69

pDMN
Precuneus Left -9, 58, 31 3.98 38
ECN Inferior Parietal Lobe Right 39, —46, 55 5.47 55
Superior Frontal Gyrus Left -12, 47, 34 6.45 88
LFPN Middle Frontal Gyrus Left -35,29, 28 4.81 60
Inferior Parietal Lobe Left —45, —43, 40 5.57 50
Superior Frontal Gyrus Right 15, 47, 40 5.32 38

RFPN
Middle Frontal Gyrus Right 30, 41, 34 5.13 32

MCI-R vs MCI-M

Precuneus Right 15, -61, 46 -5.23 17

aDMN
Angular Gyrus Right 30, —61, 46 -4.75 11
ECN Inferior Parietal Lobe Right 39, —46, 55 —-4.87 25
RFPN Inferior Parietal Lobe Right 27, —40, 43 —4.24 38

* RSN, resting state network; pDMN, posterior default mode network; aDMN, anterior default mode network; ECN, executive control network; LFPN, left frontoparietal network; RPEN, right
frontoparietal network; MCI-R, MCI reverters; NC, normal control; MRI-M, MCI maintainers.
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-0.469, p = 0.018), precuneus in aDMN (r = -0.543, p = 0.005),
inferior parietal lobe in ECN (r = —0.453, p = 0.023), and inferior
parietal lobe in RFPN (r = —0.571, p = 0.003); changes in AVLT-DR
were significantly associated with the baseline functional
connectivity of precuneus in aDMN (r = —0.445, p = 0.026),
inferior parietal lobe in ECN (r = -0.472, p = 0.017), inferior
parietal lobe in RFPN (r = —0.512, p = 0.009), and inter-functional
connectivity between SN and aDMN (r = 0.417, p = 0.038)
(Figure 4). These indicate that the more severe the damage to
baseline functional connectivity, the less effect of rTMS on cognitive
function in MCI.

The improvement of cognitive performance after rTMS may be
related to the state of brain function at follow-up. Then we

calculated the correlation coefficient of functional connectivity at
follow-up and cognitive changes in MCI. Significant correlation was
also detected between the changes of MMSE after rTMS and
functional connectivity of posterior cingulate cortex in pDMN at
follow-up (r = 0.400, p = 0.048); between the changes of MoCA and
functional connectivity of inferior parietal lobe in ECN (r = —0.414
p = 0.040); and between the changes of BNT and inter-functional
connectivity of middle frontal gyrus in REPN (r = 0.409 p = 0.042)
(Figure 5). This suggests that the improvement of cognitive
function in MCI after rTMS is related to the restoration of

functional connectivity.

10.3389/fpsyt.2025.1544728

Possible factors associated with the
reversion of MCI after rTMS

To further explore the possible factors closely associated with
the reversion of MCI patients after rTMS, binary logistic regression
analysis was performed. The results revealed that the possibility of
the reversion of MCI to normal was significantly associated with
changes in AVLT-I, AVLT-DR, and inter-functional connectivity
between SN and aDMN (odds ratio = 1.972, 1.555, and 0.025; p =
0.015, 0.029, and 0.040) (Figure 6).

Predictors of reversion of MCI patients
after rTMS

Figure 7 shows the results of the classification between MCI-M
and MCI-R based on changes in cognitive performance and
baseline functional connectivity. These indicators were found to
be significantly different between MCI-R and MCI-M in previous
comparison analysis. ROC curves were used to characterize the
predictive value of these indicators. The area under the curve
(AUC) of the change in AVLT-I after rTMS was 0.80 (p = 0.01)
with a sensitivity of 75.00% and a specificity of 76.92%; the AUC of
the change in AVLT-DR after rTMS was 0.77 (p = 0.02) with a
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The correlation analysis revealed significant correlation between baseline functional connectivity of RSNs and cognitive improvements in general
cognitive function, memory function, and language function. p<=0.05, **p<=0.01.
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The correlation analysis revealed significant correlation between functional connectivity of RSNs at follow-up and cognitive improvements in general

cognitive function and language function. *p<=0.05, **p<=0.01.

sensitivity of 66.67% and a specificity of 76.92%; the AUC of the
baseline functional connectivity of precuneus in aDMN was 0.95
(p < 0.001) with a sensitivity of 84.62% and a specificity of
100.00%; the AUC of the baseline functional connectivity
of angular in aDMN was 0.90 (p < 0.001) with a sensitivity of
92.33% and a specificity of 83.33%; the AUC of the baseline
functional connectivity of inferior parietal lobe in ECN was 0.88
(p < 0.001) with a sensitivity of 100.00% and a specificity of
66.67%; and the AUC of the baseline functional connectivity of
inferior parietal lobe in RFPN was 0.88(p < 0.001) with a
sensitivity of 69.23% and a specificity of 100.00%. These results
suggest that the efficacy of rTMS in immediate and delayed
recall memory function could predict the reversion of MCI to

OR [95% CI] P value
SN_aDMN ~ —e— 0.025[0.001, 0.848]  0.040
AVLT_DR e 1.555[1.046,2.311]  0.029
AVLT_| —————— 1.972[1.144,3.399] 0.015

T T T T 1

-1 0 1 2 3 4

OR
FIGURE 6

Logistic regression analysis revealed that the score changes of
AVLT-I, AVLT-DR after rTMS therapy, and baseline inter-functional
connectivity between SN and aDMN may be the possible factors
related to the reversion of MCI.
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normal. In fact, before rTMS therapy, the baseline functional
connectivity of DMN, ECN, and RFPN can predict the reversion
and demonstrate a superior predictive value.

Discussion

The present study delved into the behavioral and physiological
distinctions between MCI-R and MCI-M, and assessed the impact
of r'TMS on the reversion of MCI to normal cognitive function to
explore the possible predictive biomarkers. Our findings indicate
that MCI patients who did not revert to a normal cognitive state at
follow-up exhibited more severe cognitive impairments, greater
functional connectivity damage, and a less pronounced effect of
rTMS. Notably, the superior effect on immediate and delayed recall
memory function in MCI-R was significantly associated with the
functional connectivity at baseline and follow-up, and
demonstrated a strong predictive value for the reversion of MCI.
These results suggest that the efficacy of rTMS could promote the
reversion of MCI to normal cognition.

Neuropsychological and functional
connectivity differences between MCI-R
and MC|-M

Identifying characteristics of individuals with MCI who are
likely to revert to normal cognition or remain stable is crucial for
clinical trials on early intervention for dementia. Prior research has
indicated that fewer APOE e4 alleles, better cognitive function,
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FIGURE 7

ROC analysis showed predictive value of the score changes of AVLT-I and AVLT-DR after rTMS therapy, and baseline functional connectivity of

DMN, ECN, and RFPN for the reversion of MCI after rTMS.

lower scores of CDR and FAQ scores, larger hippocampal volumes,
and lower diastolic blood pressure increase the likelihood of MCI
reverting to normal cognition (37, 38). However, this rate is lower in
patients with amnestic MCI and multidomain MCI compared to
non-amnestic MCI and single domain MCI (37, 39). Additionally,
maintaining a healthy lifestyle, particularly engaging in
multidomain lifestyle activities (physical, cognitive, and social
activities) is beneficial for the reversion of MCI patients to a
normal state (40). Our study found more severe cognitive
impairments across more domains in MCI-M compared to MCI-
R, aligning with previous studies. Particularly, we observed more
severe impairments in language function, including naming and
verbal fluency in MCI-M. Similar results were reported in only one
study, in which the regression analysis observed significant
association of delayed recall memory, verbal fluency and BNT
with MCI reversion (41). Moreover, another study on PD
reported that baseline language function may be associated with
progression MCI or PD dementia (42). These findings underscore
the importance of healthy language function in the progression and
reversion of MCI to a normal state. The severity and extent of
cognitive impairments in MCI-M may indicate that the more severe
the cognitive impairment in MCI patients, the less likely they are to
revert to normal cognition.

Beyond the significant differences in baseline neurocognitive
performance, we also observed more severe intra- and inter-
functional connectivity damage of RSNs in MCI-M. MCI-M
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exhibited stronger abnormal functional connectivity in the DMN,
ECN, and RFPN, and weaker inter-functional connectivity between
HN and IN. Currently, we have not seen any report regarding the
difference of functional connectivity or brain activity between MCI-
R and MCI-M. A study focusing specifically on MCI-R reported
significantly increased intrinsic brain activity including the
amplitude of low-frequency of fluctuation, regional homogeneity,
and degree centrality in MCI-R compared with healthy controls
(43). Another study reported the distinct changes in regional
homogeneity of individuals in MCI-R and MCI-M compared to
normal controls (44), in which the individuals in MCI-R and MCI-
M showed significant changes in different brain regions. The results
of these two studies are also completely inconsistent. However, no
study has reported the distinction of either brain activity or
functional connectivity between MCI-R and MCI-M. In our
study, the trends of the functional connectivity changes in both
MCI-R and MCI-M groups showed an abnormal increase, with
more pronounced changes in MCI-M, indicating more severe
impairment. Moreover, the abnormal changes in MCI-M group
were more pronounced, which indicated more severe impairment.
These performances should be reasonable. These findings are
consistent with previous meta-analyses (19, 20) that confirmed
the involvement of these brain networks and regions involved in
MCl-related cognitive impairments. The DMN, ECN, and FPN are
likely the most valuable targets for evaluating the efficiency of
interventions for cognitive decline (28). Therefore, better
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cognitive performance and baseline functional connectivity of
DMN, ECN, FPN, and inter-functional connectivity between HN
and IN may be associated with the reversion of MCI to
normal cognition.

Effects of rTMS on the reversion of MCI to
normal cognition

In addition to the baseline cognitive performance differences
between MCI-R and MCI-M, we observed that MCI-R patients
experienced more significant improvements in immediate and
delayed recall memory function compared to MCI-M. This
superior efficacy on immediate recall memory in MCI-R was also
significant at follow-up. These results suggest that the significant
efficacy of rTMS, especially its notable effects on memory function,
may be beneficial for the reversal of MCI to normal. Furthermore,
MCI-R patients had relatively milder cognitive impairments than
MCI-M at baseline, suggesting that earlier rTMS intervention for
MCI could lead to better cognitive improvement, and easier
reversion to normal. Previous studies have reported that better
cognitive improvement following rTMS treatment is associated
with less cognitive impairment (7, 45), slower cognitive decline
(7), and higher education level (45). Additionally, more marked
cognitive benefits from rTMS intervention have been reported in
the early stages of AD (46). Therefore, it is reasonable to expect that
MCI patients who experience greater cognitive improvement after
rTMS treatment are more likely to return to normal functioning.

Accompanied by cognitive improvement, significant
enhancement of intra-functional connectivity between the SN and
aDMN, as well as between the SN and LFPN were also observed in
MCI-R patients after rTMS treatment. No significant network
changes were observed in MCI-M patients after rTMS, suggesting
that r'TMS did not achieve effective modulation on the neural
network in these patients. As we all known that, MCl-related
cognitive abnormalities are associated with structural and
functional disruptions of brain networks, particularly the high-
order triple functioning-related networks of DMN, SN, and ECN
(47-51, 20). Aberrant brain activity and functional connectivity
within the DMN (15, 16, 52), SN (25, 26), ECN (53), and FPN (17,
26) could be regulated by rTMS intervention. Previous studies have
reported significant local activity and functional connectivity
changes in these networks after both single-site and dual-targeted
rTMS intervention (52), as well as their association with clinical
cognitive improvement. Furthermore, it has been proved that
functional connectivity changes within DMN could represent a
valuable imaging markers of treatment response to predict the after
effects of rTMS (15-17). Therefore, the significantly increased
functional connectivity observed in MCI-R in our study should be
reasonable and could explain the superior effects of rTMS in MCI-R
patients after rTMS. Besides, the changes in functional connectivity
suggest that rTMS effectively modulates the networks in MCI-R
patients, while it did not exert regulatory effects in MCI-M patients.
This may be the possible reason why MCI-M was unable to revert
to normal.
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Imaging and behavioral factors associated
with the reversion of MCI after rTMS

To explore the possible factors involving baseline functional
connectivity, effects of rTMS, and basic information of MCI
patients, we utilized correlation analysis, logistic regression, and
ROC analysis. Consistent with the behavioral and imaging
comparison results, significant correlations were mainly observed
between the changes in memory function after rTMS treatment and
the baseline functional connectivity of DMN, ECN, SN, and FPN.
Furthermore, the changes in immediate and delayed recall memory
function following rTMS, as well as the functional connectivity of the
aforementioned networks exhibited excellent predictive value for
MCI-M. These results further indicate that the effects of rTMS on
memory function is conductive to reversing MCI to normal. The state
of MCI after rTMS intervention can be predicted by using functional
connectivity of high-order cognition-related brain networks and the
effects of rTMS. Previous studies have proved the predictive value of
functional connectivity changes in DMN to the after effects of rTMS
(15-17). However, there have been no reports to date on indicators
that can predict the outcomes of MCI after rTMS or any other
intervention. As is well known, the clinical manifestation of MCI is a
decline in memory function. Furthermore, numerous studies have
demonstrated that rTMS has a significant positive effect on memory
improvement (6, 54, 55). Therefore, the enhancement of memory
function is likely to play a very important role in the reversal of MCI.

Limitations

There are several limitations should be considered regarding to
our findings. First, the sample size of the study was small. Although,
fifty-three MCI participants completed the 10-day rTMS treatment,
only about half of the participants underwent an 18-month follow-
up after treatment. However, most of the participants who were
unable to attend the follow-up due to being in different locations,
refusal to participate in the follow-up, inability to establish contact,
or death. The treatment effects and positive experience of the rTMS
treatment were affirmed by the majority of these individuals.
Second, this study lacked of a control group. We had planned to
follow up with MCI participants who did not receive rTMS
treatment for control comparison. However, due to the sample
size and the fact that the majority were unwilling to participate in
the follow-up, we only completed the follow-up with a few
participants. Further studies with larger sample sizes and control
groups are needed to validate these findings.

Conclusion

In summary, this study demonstrated that the efficacy of rTMS
therapy may promote the reversion of MCI to normal cognitive
function. Improvement of memory function after rTMS and
baseline functional connectivity in DMN, ECN, and FPN can
predict the reversion. Moreover, the more severe the cognitive
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impairment and functional connectivity damage, the less likely MCI
is to revert to normal. This underscores the importance of early
r'TMS intervention for the early prevention of dementia.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics
Committee on Biomedical Research, West China Hospital of
Sichuan University. The studies were conducted in accordance
with the local legislation and institutional requirements. The
participants provided their written informed consent to
participate in this study.

Author contributions

ZG: Data curation, Investigation, Methodology, Software,
Visualization, Writing - original draft. YJ: Investigation, Writing —
review & editing. JH: Conceptualization, Funding acquisition,
Resources, Writing — review & editing. NJ: Conceptualization,
Funding acquisition, Resources, Supervision, Writing — review
& editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was

References

1. Petersen RC. Mild cognitive impairment as a diagnostic entity. ] Intern Med.
(2004) 256:183-94. doi: 10.1111/j.1365-2796.2004.01388 x

2. Petersen RC, Morris JC. Mild cognitive impairment as a clinical entity and
treatment target. Arch Neurol. (2005) 62:1160-1163; discussion 1167. doi: 10.1001/
archneur.62.7.1160

3. Petersen RC, Roberts RO, Knopman DS, Boeve BF, Geda YE, Ivnik RJ, et al. Mild
cognitive impairment: Ten years later. Arch Neurol. (2009) 66:1447-55. doi: 10.1001/
archneurol.2009.266

4. Sanz-Blasco R, Ruiz-Sanchez-de-Leon JM, Avila-Villanueva M, Valenti-Soler M,
Gomez-Ramirez J, Fernandez-Blazquez MA. Transition from mild cognitive
impairment to normal cognition: Determining the predictors of reversion with
multi-state markov models. Alzheimers Dement. (2022) 18:1177-85. doi: 10.1002/
alz.12448

5. Sato K, Ochi A, Watanabe K, Yamada K. Effects of dance video game training on
cognitive functions of community-dwelling older adults with mild cognitive
impairment. Aging Clin Exp Res. (2023) 35:987-94. doi: 10.1007/540520-023-02374-2

6. Chou YH, Ton That V, Sundman M. A systematic review and meta-analysis of
rtms effects on cognitive enhancement in mild cognitive impairment and alzheimer’s
disease. Neurobiol Aging. (2020) 86:1-10. doi: 10.1016/j.neurobiolaging.2019.08.020

7. Xie Y, Li Y, Nie L, Zhang W, Ke Z, Ku Y. Cognitive enhancement of repetitive
transcranial magnetic stimulation in patients with mild cognitive impairment and early
alzheimer’s disease: A systematic review and meta-analysis. Front Cell Dev Biol. (2021)
9:734046. doi: 10.3389/fcell.2021.734046

Frontiers in Psychiatry

12

10.3389/fpsyt.2025.1544728

supported in part by the National Clinical Research Center for
Geriatrics, West China Hospital, Sichuan University (Z2024YY002),
in part by the Fundamental Research Funds for the Central
Universities (YJ202373), in part by the Key Research Project Grant
from the National Clinical Research Center for Geriatrics under
Grant (Z2023YY001), and in part by the Bureau of Science &
Technology Nanchong City (22SXQT0345).

Acknowledgments

The authors express their appreciation to all volunteers for
participating in this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

8. Yan Y, Tian M, Wang T, Wang X, Wang Y, Shi J. Transcranial magnetic
stimulation effects on cognitive enhancement in mild cognitive impairment and
alzheimer’s disease: A systematic review and meta-analysis. Front Neurol. (2023)
14:1209205. doi: 10.3389/fneur.2023.1209205

9. Yang T, Liu W, He J, Gui C, Meng L, Xu L, et al. The cognitive effect of non-
invasive brain stimulation combined with cognitive training in alzheimer’s disease and
mild cognitive impairment: A systematic review and meta-analysis. Alzheimers Res
Ther. (2024) 16:140. doi: 10.1186/s13195-024-01505-9

10. Wang T, Guo Z, Wu H, Jiang Y, Mu Q. High-frequency rtms could improve
impaired memory in mild cognitive impairment patients in China: A randomized
controlled study. Alzheimer Dis Assoc Disord. (2023) 37:296-302. doi: 10.1097/
‘WAD.0000000000000577

11. Yuan LQ, Zeng Q, Wang D, Wen XY, Shi Y, Zhu F, et al. Neuroimaging
mechanisms of high-frequency repetitive transcranial magnetic stimulation for
treatment of amnestic mild cognitive impairment: A double-blind randomized
sham-controlled trial. Neural Regener Res. (2021) 16:707-13. doi: 10.4103/1673-
5374.295345

12. Chen J, Chen R, Xue C, Qi W, Hu G, Xu W, et al. Hippocampal-subregion
mechanisms of repetitive transcranial magnetic stimulation causally associated with
amelioration of episodic memory in amnestic mild cognitive impairment. ] Alzheimers
Dis. (2022) 85:1329-42. doi: 10.3233/JAD-210661

13. Chen YC, Ton That V, Ugonna C, Liu Y, Nadel L, Chou YH. Diffusion mri-
guided theta burst stimulation enhances memory and functional connectivity along the

frontiersin.org


https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://doi.org/10.1001/archneur.62.7.1160
https://doi.org/10.1001/archneur.62.7.1160
https://doi.org/10.1001/archneurol.2009.266
https://doi.org/10.1001/archneurol.2009.266
https://doi.org/10.1002/alz.12448
https://doi.org/10.1002/alz.12448
https://doi.org/10.1007/s40520-023-02374-2
https://doi.org/10.1016/j.neurobiolaging.2019.08.020
https://doi.org/10.3389/fcell.2021.734046
https://doi.org/10.3389/fneur.2023.1209205
https://doi.org/10.1186/s13195-024-01505-9
https://doi.org/10.1097/WAD.0000000000000577
https://doi.org/10.1097/WAD.0000000000000577
https://doi.org/10.4103/1673-5374.295345
https://doi.org/10.4103/1673-5374.295345
https://doi.org/10.3233/JAD-210661
https://doi.org/10.3389/fpsyt.2025.1544728
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Guo et al.

inferior longitudinal fasciculus in mild cognitive impairment. Proc Natl Acad Sci U.S.A.
(2022) 119:e2113778119. doi: 10.1073/pnas.2113778119

14. Guo Y, Dang G, Hordacre B, Su X, Yan N, Chen S, et al. Repetitive transcranial
magnetic stimulation of the dorsolateral prefrontal cortex modulates
electroencephalographic functional connectivity in alzheimer’s disease. Front Aging
Neurosci. (2021) 13:679585. doi: 10.3389/fnagi.2021.679585

15. Chen Y, Hou X, Zhou H, Han R, Lv T, Yang Z, et al. Distinguishable neural
circuit mechanisms associated with the clinical efficacy of rtms in amci patients. Cereb
Cortex. (2024) 34(7):bhae310. doi: 10.1093/cercor/bhae310

16. Cui H, Ren R, Lin G, Zou Y, Jiang L, Wei Z, et al. Repetitive transcranial
magnetic stimulation induced hypoconnectivity within the default mode network
yields cognitive improvements in amnestic mild cognitive impairment: A
randomized controlled study. J Alzheimers Dis. (2019) 69:1137-51. doi: 10.3233/
JAD-181296

17. Sharbafshaaer M, Gigi I, Lavorgna L, Esposito S, Bonavita S, Tedeschi G, et al.
Repetitive transcranial magnetic stimulation (rtms) in mild cognitive impairment:
Effects on cognitive functions-a systematic review. J Clin Med. (2023) 12(19):6190.
doi: 10.3390/jcm12196190

18. Tang T, Huang L, Zhang Y, Li Z, Liang S. Aberrant pattern of regional cerebral
blood flow in mild cognitive impairment: A meta-analysis of arterial spin labeling
magnetic resonance imaging. Front Aging Neurosci. (2022) 14:961344. doi: 10.3389/
fnagi.2022.961344

19. Pan P, Zhu L, Yu T, Shi H, Zhang B, Qin R, et al. Aberrant spontaneous low-
frequency brain activity in amnestic mild cognitive impairment: A meta-analysis of resting-
state fmri studies. Ageing Res Rev. (2017) 35:12-21. doi: 10.1016/j.arr.2016.12.001

20. Zhen D, Xia W, Yi ZQ, Zhao PW, Zhong JG, Shi HC, et al. Alterations of brain
local functional connectivity in amnestic mild cognitive impairment. Transl
Neurodegener. (2018) 7:26. doi: 10.1186/s40035-018-0134-8

21. Yeung MK, Chau AK-Y, Chiu JY-C, Shek JT-L, Leung JP-Y, Wong TC-H.
Differential and subtype-specific neuroimaging abnormalities in amnestic and
nonamnestic mild cognitive impairment: A systematic review and meta-analysis.
Ageing Res Rev. (2022) 80:101675. doi: 10.1016/j.arr.2022.101675

22. Gu L, Zhang Z. Exploring structural and functional brain changes in mild
cognitive impairment: A whole brain ale meta-analysis for multimodal mri. ACS Chem
Neurosci. (2019) 10:2823-9. doi: 10.1021/acschemneuro.9b00045

23. Yang X, Wu H, Song Y, Chen S, Ge H, Yan Z, et al. Functional mri-specific
alterations in frontoparietal network in mild cognitive impairment: An ale meta-
analysis. Front Aging Neurosci. (2023) 15:1165908. doi: 10.3389/fnagi.2023.1165908

24. Eyler LT, Elman JA, Hatton SN, Gough S, Mischel AK, Hagler DJ, et al. Resting state
abnormalities of the default mode network in mild cognitive impairment: A systematic
review and meta-analysis. ] Alzheimers Dis. (2019) 70:107-20. doi: 10.3233/JAD-180847

25. Yuan Q, Xue C, Liang X, Qi W, Chen S, Song Y, et al. Functional changes in the
salience network of patients with amnesic mild cognitive impairment before and after
repetitive transcranial magnetic stimulation. Brain Behav. (2023) 13:e3169.
doi: 10.1002/brb3.v13.9

26. Esposito S, Trojsi F, Cirillo G, de Stefano M, Di Nardo F, Siciliano M, et al.
Repetitive transcranial magnetic stimulation (rtms) of dorsolateral prefrontal cortex
may influence semantic fluency and functional connectivity in fronto-parietal network
in mild cognitive impairment (mci). Biomedicines. (2022) 10(5):994. doi: 10.3390/
biomedicines10050994

27. Zhang Y, Li C, Chen D, Tian R, Yan X, Zhou Y, et al. Repeated high-definition
transcranial direct current stimulation modulated temporal variability of brain regions in
core neurocognitive networks over the left dorsolateral prefrontal cortex in mild cognitive
impairment patients. | Alzheimers Dis. (2022) 90:655-66. doi: 10.3233/JAD-220539

28. Huang P, Fang R, Li BY, Chen SD. Exercise-related changes of networks in aging
and mild cognitive impairment brain. Front Aging Neurosci. (2016) 8:47. doi: 10.3389/
fnagi.2016.00047

29. Won J, Nielson KA, Smith JC. Large-scale network connectivity and cognitive
function changes after exercise training in older adults with intact cognition and mild
cognitive impairment. J Alzheimers Dis Rep. (2023) 7:399-413. doi: 10.3233/ADR-220062

30. Yin Z, Zhou J, Xia M, Chen Z, Li Y, Zhang X, et al. Acupuncture on mild
cognitive impairment: A systematic review of neuroimaging studies. Front Aging
Neurosci. (2023) 15:1007436. doi: 10.3389/fnagi.2023.1007436

31. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The
diagnosis of mild cognitive impairment due to alzheimer’s disease: Recommendations
from the national institute on aging-alzheimer’s association workgroups on diagnostic
guidelines for alzheimer’s disease. Alzheimers Dement. (2011) 7:270-9. doi: 10.1016/
jjalz.2011.03.008

32. Bell AJ, Sejnowski TJ. An information-maximization approach to blind
separation and blind deconvolution. Neural Comput. (1995) 7:1129-59. doi: 10.1162/
neco.1995.7.6.1129

33. DuW, Ma S, Fu G, Calhoun VD, Adali T. (2014). A novel approach for assessing
reliability of ica for fmri analysis, in: ICASSP 2014 - 2014 IEEE International Conference
on Acoustics, Speech and Signal Processing (ICASSP). Florence, Italy: IEEE. 2014:2084-
8. doi: 10.1109/ICASSP.2014.6853966

Frontiers in Psychiatry

10.3389/fpsyt.2025.1544728

34. Calhoun VD, Adali T, Pearlson GD, Pekar JJ. A method for making group
inferences from functional mri data using independent component analysis. Hum
Brain Mapp. (2001) 14:140-51. doi: 10.1002/hbm.v14:3

35. Bagattini C, Esposito M, Ferrari C, Mazza V, Brignani D. Connectivity
alterations underlying the breakdown of pseudoneglect: New insights from healthy
and pathological aging. Front Aging Neurosci. (2022) 14:930877. doi: 10.3389/
fnagi.2022.930877

36. Valera-Bermejo JM, De Marco M, Mitolo M, Cerami C, Dodich A, Venneri A.
Large-scale functional networks, cognition and brain structures supporting social
cognition and theory of mind performance in prodromal to mild alzheimer’s disease.
Front Aging Neurosci. (2021) 13:766703. doi: 10.3389/fnagi.2021.766703

37. Malek-Ahmadi M. Reversion from mild cognitive impairment to normal
cognition: A meta-analysis. Alzheimer Dis Assoc Disord. (2016) 30:324-30.
doi: 10.1097/WAD.0000000000000145

38. Xue H, Hou P, Li Y, Mao X, Wu L, Liu Y. Factors for predicting reversion from
mild cognitive impairment to normal cognition: A meta-analysis. Int J Geriatr
Psychiatry. (2019) 34:1361-8. doi: 10.1002/gps.v34.10

39. Roberts RO, Knopman DS, Mielke MM, Cha RH, Pankratz VS, Christianson TJ,
et al. Higher risk of progression to dementia in mild cognitive impairment cases who
revert to normal. Neurology. (2014) 82:317-25. doi: 10.1212/WNL.0000000000000055

40. Katayama O, Lee S, Bae S, Makino K, Shinkai Y, Chiba I, et al. Lifestyle changes
and outcomes of older adults with mild cognitive impairment: A 4-year longitudinal
study. Arch Gerontol Geriatr. (2021) 94:104376. doi: 10.1016/j.archger.2021.104376

41. Pandya SY, Lacritz LH, Weiner MF, Deschner M, Woon FL. Predictors of
reversion from mild cognitive impairment to normal cognition. Dement Geriatr Cognit
Disord. (2017) 43:204-14. doi: 10.1159/000456070

42. Gasca-Salas C, Duff-Canning S, McArthur E, Armstrong MJ, Fox S, Meaney CA,
et al. Predictors of cognitive change in parkinson disease: A 2-year follow-up study.
Alzheimer Dis Assoc Disord. (2023) 37:335-42. doi: 10.1097/WAD.0000000000000576

43. Hu Q, Wang Q, Li Y, Xie Z, Lin X, Huang G, et al. Intrinsic brain activity
alterations in patients with mild cognitive impairment-to-normal reversion: A resting-
state functional magnetic resonance imaging study from voxel to whole-brain level.
Front Aging Neurosci. (2021) 13:788765. doi: 10.3389/fnagi.2021.788765

44. Cai S, Wang Y, Kang Y, Wang H, Kim H, von Deneen KM, et al. Differentiated
regional homogeneity in progressive mild cognitive impairment: A study with post hoc label.
Am ] Alzheimers Dis Other Demen. (2018) 33:373-84. doi: 10.1177/1533317518778513

45. Bagattini C, Zanni M, Barocco F, Caffarra P, Brignani D, Miniussi C, et al.
Enhancing cognitive training effects in alzheimer’s disease: Rtms as an add-on
treatment. Brain Stimul. (2020) 13:1655-64. doi: 10.1016/j.brs.2020.09.010

46. Rutherford G, Lithgow B, Moussavi Z. Short and long-term effects of rtms
treatment on alzheimer’s disease at different stages: A pilot study. ] Exp Neurosci. (2015)
9:43-51. doi: 10.4137/JEN.S24004

47. Chand GB, Thakuri DS, Soni B. Salience network anatomical and molecular
markers are linked with cognitive dysfunction in mild cognitive impairment. ]
Neuroimaging. (2022) 32:728-34. doi: 10.1111/jon.12980

48. Gao SL, Yue J, Li XL, Li A, Cao DN, Han SW, et al. Multimodal magnetic
resonance imaging on brain network in amnestic mild cognitive impairment: A mini-
review. Med (Baltimore). (2023) 102:e34994. doi: 10.1097/MD.0000000000034994

49. Xue C, Qi W, Yuan Q, Hu G, Ge H, Rao J, et al. Disrupted dynamic functional
connectivity in distinguishing subjective cognitive decline and amnestic mild cognitive
impairment based on the triple-network model. Front Aging Neurosci. (2021)
13:711009. doi: 10.3389/fnagi.2021.711009

50. Xue C, Sun H, Yue Y, Wang S, Qi W, Hu G, et al. Structural and functional
disruption of salience network in distinguishing subjective cognitive decline and
amnestic mild cognitive impairment. ACS Chem Neurosci. (2021) 12:1384-94.
doi: 10.1021/acschemneuro.1¢00051

51. Zhang M, Guan Z, Zhang Y, Sun W, Li W, Hu J, et al. Disrupted coupling
between salience network segregation and glucose metabolism is associated with
cognitive decline in alzheimer’s disease - a simultaneous resting-state fdg-pet/fmri
study. NeuroImage Clin. (2022) 34:102977. doi: 10.1016/j.nicl.2022.102977

52. Zhang X, Ren H, Pei Z, Lian C, Su X, Lan X, et al. Dual-targeted repetitive
transcranial magnetic stimulation modulates brain functional network connectivity to
improve cognition in mild cognitive impairment patients. Front Physiol. (2022)
13:1066290. doi: 10.3389/fphys.2022.1066290

53. Liang X, Xue C, Zheng D, Yuan Q, Qi W, Ruan Y, et al. Repetitive transcranial
magnetic stimulation regulates effective connectivity patterns of brain networks in the
spectrum of preclinical alzheimer’s disease. Front Aging Neurosci. (2024) 16:1343926.
doi: 10.3389/fnagi.2024.1343926

54. Jiang L, Cui H, Zhang C, Cao X, Gu N, Zhu Y, et al. Repetitive transcranial
magnetic stimulation for improving cognitive function in patients with mild cognitive
impairment: A systematic review. Front Aging Neurosci. (2020) 12:593000.
doi: 10.3389/fnagi.2020.593000

55. Zhang X, Lan X, Chen C, Ren H, Guo Y. Effects of repetitive transcranial magnetic
stimulation in patients with mild cognitive impairment: A meta-analysis of randomized
controlled trials. Front Hum Neurosci. (2021) 15:723715. doi: 10.3389/fnhum.2021.723715

frontiersin.org


https://doi.org/10.1073/pnas.2113778119
https://doi.org/10.3389/fnagi.2021.679585
https://doi.org/10.1093/cercor/bhae310
https://doi.org/10.3233/JAD-181296
https://doi.org/10.3233/JAD-181296
https://doi.org/10.3390/jcm12196190
https://doi.org/10.3389/fnagi.2022.961344
https://doi.org/10.3389/fnagi.2022.961344
https://doi.org/10.1016/j.arr.2016.12.001
https://doi.org/10.1186/s40035-018-0134-8
https://doi.org/10.1016/j.arr.2022.101675
https://doi.org/10.1021/acschemneuro.9b00045
https://doi.org/10.3389/fnagi.2023.1165908
https://doi.org/10.3233/JAD-180847
https://doi.org/10.1002/brb3.v13.9
https://doi.org/10.3390/biomedicines10050994
https://doi.org/10.3390/biomedicines10050994
https://doi.org/10.3233/JAD-220539
https://doi.org/10.3389/fnagi.2016.00047
https://doi.org/10.3389/fnagi.2016.00047
https://doi.org/10.3233/ADR-220062
https://doi.org/10.3389/fnagi.2023.1007436
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1109/ICASSP.2014.6853966
https://doi.org/10.1002/hbm.v14:3
https://doi.org/10.3389/fnagi.2022.930877
https://doi.org/10.3389/fnagi.2022.930877
https://doi.org/10.3389/fnagi.2021.766703
https://doi.org/10.1097/WAD.0000000000000145
https://doi.org/10.1002/gps.v34.10
https://doi.org/10.1212/WNL.0000000000000055
https://doi.org/10.1016/j.archger.2021.104376
https://doi.org/10.1159/000456070
https://doi.org/10.1097/WAD.0000000000000576
https://doi.org/10.3389/fnagi.2021.788765
https://doi.org/10.1177/1533317518778513
https://doi.org/10.1016/j.brs.2020.09.010
https://doi.org/10.4137/JEN.S24004
https://doi.org/10.1111/jon.12980
https://doi.org/10.1097/MD.0000000000034994
https://doi.org/10.3389/fnagi.2021.711009
https://doi.org/10.1021/acschemneuro.1c00051
https://doi.org/10.1016/j.nicl.2022.102977
https://doi.org/10.3389/fphys.2022.1066290
https://doi.org/10.3389/fnagi.2024.1343926
https://doi.org/10.3389/fnagi.2020.593000
https://doi.org/10.3389/fnhum.2021.723715
https://doi.org/10.3389/fpsyt.2025.1544728
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Repetitive transcranial magnetic stimulation may promote the reversion of mild cognitive impairment to normal cognition
	Introduction
	Materials and methods
	Participants
	rTMS treatment protocol
	Clinical outcome measures
	MRI data acquisition
	Preprocessing and group independent component analysis
	Statistical analysis

	Results
	Demographic and baseline cognitive characteristics
	Efficacy difference of rTMS in MCI-R and MCI-M
	Differences of intra-functional connectivity within RSNs between-groups and changes within-group
	Differences of inter-functional connectivity among RSNs between-groups and changes within-group
	Correlation between functional connectivity and cognitive improvement
	Possible factors associated with the reversion of MCI after rTMS
	Predictors of reversion of MCI patients after rTMS

	Discussion
	Neuropsychological and functional connectivity differences between MCI-R and MCI-M
	Effects of rTMS on the reversion of MCI to normal cognition
	Imaging and behavioral factors associated with the reversion of MCI after rTMS

	Limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


