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Alzheimer’s disease (AD) is a severe neurodegenerative disease, which mainly manifests
as memory and progressive cognitive impairment. At present, there is no method to
prevent the progression of AD or cure it, and effective intervention methods are urgently
needed. Network-targeted intermittent theta burst stimulation (iTBS) may be effective in
alleviating the cognitive symptoms of patients with mild AD. The abnormal function of
the dorsolateral prefrontal cortex (DLPFC) within executive control network (ECN) may
be the pathogenesis of AD. Here, we verify the abnormality of the ECN in the native AD
data set, and build the relevant brain network. In addition, we also recruited AD patients
to verify the clinical effects of DLPFC-targeted intervention, and explor the neuro-
mechanism. Sixty clinically diagnosed AD patients and 62 normal controls were recruited
to explore the ECN abnormalities. In addition, the researchers recruited 20 AD patients
to explore the efficacy of 14-session iTBS treatments for targeted DLPFC interventions.
Functional magnetic resonance imaging and neuropsychological assessment of resting
state were performed before and after the intervention. Calculate the changes in the
functional connectivity of related brain regions in the ECN, as well as the correlation
between the baseline functional connectivity and the clinical scoring scale, to clarify
the mechanism of the response of iTBS treatment to treatment. Our results showed
that compared with normal control samples, the brain function connection between the
left DLPFC and the left IPL within the ECN of AD patients was significantly enhanced
(t = 2.687, p = 0.008, FDR-corrected p = 0.045). And we found that iTBS stimulation
significantly reduced the functional magnetic resonance imaging signal between the left
DLPFC and the left IPL in the ECN (t = 4.271, p < 0.001, FDR-corrected p = 0.006),
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and it was related to the improvement of the patient’s clinical symptoms (r = −0.470,
p = 0.042). This work provides new insights for targeted brain area interventions. By
targeted adjusting the functional connection of ECN to improve the clinical symptoms
and cognitive function of AD patients.

Keywords: Alzheimer’s disease, executive control network, intermittent theta burst stimulation (iTBS),
dorsolateral prefrontal cortex, cognitive function

INTRODUCTION

Alzheimer’s disease (AD) is a severe neurodegenerative disease
that mainly manifests as memory and progressive cognitive
impairment (Molteni and Rossetti, 2017). Data from the 2018
Annual Report of the World Alzheimer’s Disease (Prince and
Matthew, 2018) show that there are approximately 50 million AD
patients in the world at present, and the incidence continues to
rise. AD has become the seventh cause of death in the world,
and it is one of the most important health and social crises of
the 21st century (Prince and Matthew, 2018). AD patients are
mainly treated with drugs (Blennow et al., 2006), but these drug
treatments can only delay the course of the disease to a certain
extent, and they cause adverse reactions (Mielke et al., 2012).
At present, there is no method to prevent the progression of
AD or cure it (Godyn et al., 2016). With the advancement of
science and technology, physical therapy methods have gradually
been applied to the field of neurodegenerative diseases, such
as transcranial magnetic stimulation (TMS) and transcranial
electrical stimulation.

The abnormal function of the executive control network
(ECN) may be the pathogenesis of AD (Dhanjal and Wise,
2014; Zhao et al., 2018, 2019). Studies have shown that the
impaired response of the ECN during verbal memory contributes
to the decline in memory performance (Dhanjal and Wise, 2014).
Heterogeneity exists in previous studies, which may be related
to different ECN construction methods (Shirer et al., 2012; Li
et al., 2019). The research on ECN encompasses the dorsolateral
prefrontal cortex (DLPFC) related to working memory and
attention; the inferior parietal lobule (IPL) related to bottom-
up attention and episodic memory; middle frontal gyrus (MFG)
related to executive ability; and middle temporal gyrus (MTG)
related to language function (Seeley et al., 2007; Vincent et al.,
2008; Liu et al., 2021). Previous studies based on a priori selection
of brain networks have shown that the functional connectivity
between specific central executive networks and different areas of
the brain is weakened (Dhanjal and Wise, 2014; Joo et al., 2016;
Cai et al., 2017), which may explain the impairment and severity
of cognitive function in AD patients (Chandra et al., 2019; Jones
et al., 2019). Research on the functional connectivity of the resting
state MRI of AD shows that DLPFC dysfunction in the early
stage of AD manifests as memory impairment, especially the
impairment of its executive components (Kaufman et al., 2010;
Kumar et al., 2017; Puttaert et al., 2020). As an important node
of the ECN (Seeley et al., 2007), understanding the functional
mechanisms of the DLPFC and other brain areas of the ECN is
important for designing effective interventions for patients with
AD. At present, magnetic resonance imaging (TMS) can improve

cognition by targeting the network through functional magnetic
resonance imaging.

Targeted cortical-hippocampal network TMS stimulation in
adults increases the functional connection between the cortex-
hippocampal network area, which demonstrates their role in
improving the associative memory function (Wang et al., 2014).
A study on the effect of high-frequency TMS on network-
targeted stimulation showed that it promoted the recall ability
of participants to a greater extent (Nilakantan et al., 2019).
Repetitive TMS (rTMS) is a non-invasive, green treatment that
can stimulate brain nerves through the skull without attenuation.
At present, TMS mainly treats diseases by adjusting the balance
between excitement and inhibition of the brain in both directions
in clinical practice; rTMS can generate excitatory postsynaptic
potentials, resulting in abnormal excitement of the nerves in the
stimulated part, while low-frequency stimulation is the opposite.
TMS is generally considered to mainly affect the cerebral cortex,
relying on cognitive circuits in the subcortex and other deep
structures, such as the cingulate gyrus and hippocampus. The
DLPFC is located in the lateral cerebral cortex, usually close to
the stimulation area, which stimulates the cognitive function and
clinical symptoms of DLPFC and is expected to benefit from TMS
(Miniussi and Rossini, 2011; Brunoni and Vanderhasselt, 2014;
Penolazzi et al., 2015; Cappon et al., 2016).

Cognition is a broad concept. Different cognitive functions
are maintained by different brain networks and are affected by
stimulation techniques to varying degrees. Whether intervention
in the DLPFC of AD patients can compensate for the functional
connection within the ECN, and the relevance of cognitive
function and the ECN is still unclear. In this study, we
mainly explored the effect of the iTBS on targeted DLPFC
within the ECN in AD patients to determine whether they
can improve memory function and clinical symptoms by
regulating the activities of the frontal and parietal lobes. We
predicted that left-DLPFC-targeted iTBS stimulation improves
cognitive function clinical symptoms in AD. The improvement
of clinical symptoms was related to the change of functional
connections within the ECN.

MATERIALS AND METHODS

Participants
This study mainly recruited AD patients aged 50–85 in the
neurology clinic or ward of the First Affiliated Hospital of Anhui
Medical University. All AD patients satisfying the diagnostic
criteria for probable Alzheimer’s disease based on the National
Institute of Neurological and Communicative Disorders and
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Stroke and the Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) criteria (McKhann et al., 1984,
2011). The clinical dementia rating (CDR) was between 0.5 and
2 points. Scored 10–27 on the Mini-Mental State Examination
(MMSE). Treatment with donepezil at a steady dose for at least
3 months prior to iTBS until the treatment was completed. The
exclusion criteria were as follows: patients with a history of drug
abuse, alcoholism, or mental illness; patients with severe heart,
lung, liver, and kidney dysfunction; acute and chronic infection;
patients with craniocerebral trauma or severe cerebrovascular
disease; and allergic constitution. For the normal controls (NCs),
we recruited right-handed people who matched the AD group in
age and gender. The exclusion criteria were participates without
Alzheimer’s disease. The rest exclusion criteria for NCs were the
same as those for AD patients.

The study was approved by the Anhui Medical University
Ethics Committee, and all NCs and patients signed informed
consent forms.

Process
A total of 60 patients with AD were recruited during the first
phase of the study; 62 age- and gender-matched NCs were
also recruited. All participants were given a complete set of
cognitive assessment scales by professional clinicians to assess
their cognitive abilities and clinical symptoms. The resting state
fMRI data were used to analyze the functional relationships
between different parts of the ECN. In the second phase of the
study we conducted an intervention study. A total of 20 AD
patients were included. Each participant needed to be treated
once a day for two consecutive weeks. After the first assessment
and completion of the MRI scan, the resting motor threshold
(RMT) was measured (Schutter and van Honk, 2006). During
the completion of treatment, all patients received a stable dose
of donepezil. All patients received complete neuropsychological
tests and multimodal MRI scans before receiving iTBS treatment
and within 24 h after the last stimulation treatment.

Clinical Symptoms and Multi-Domain
Cognition Assessments
The neuropsychology of the patients was assessed by a
clinical investigator. The following neuropsychological test
battery including the CDR, Global Deterioration Scale (GDS),
Lawton-Brody Activities of Daily Living (ADL) scale, Montreal
Cognitive Assessment (MoCA, Mandarin-version), Mini-mental
State Examination (MMSE), AD8 scale and the Neuropsychiatric
Inventory (NPI) were administered to evaluate whole cognitive
function and clinical symptoms (Lezak et al., 2004). The CDR
is a widely used multidimensional assessment of an individual’s
internal cognitive, behavioral, and functional decline, based
on the individual’s previously acquired abilities in these areas.
The GDS is a set of staging methods developed by Reisberg
et al. (1982) to assess the symptoms of AD. There were seven
stages ranging from normal (no cognitive decline) to very
severe cognitive decline. The scale was scored by interviewing
patients and caregivers and was not objective. The higher the
score, the more severe the symptoms. The CDR and GDS were

used to grade the severity of AD and other dementias, which
were widely used multidimensional assessment of an individual’s
internal cognitive, behavioral, and functional decline, based
on the individual’s previously acquired abilities in these areas
(Reisberg et al., 1982; Morris, 1993). The ADL is mainly used
to assess the daily living ability of the subjects. The AD8 is an
assessment tool for rapid screening for cognitive abnormalities.
The MMSE and MOCA were used to assess participants’ overall
cognitive function. The NPI scale is used to assess the mental
and behavioral symptoms of dementia patients. Based on the
caregiver’s perception of the patient’s behavior and perceived
distress. The Hachinski Ischemic Scale (HIS) was mainly
used for the differential diagnosis of Alzheimer’s disease and
vascular dementia. The severity of emotional symptoms in AD
patients was evaluated by Hamilton Anxiety Scale and Hamilton
Depression Scale. The Chinese version of the Auditory Verbal
Learning Test (CAVLT, A/B), Clock-Drawing Test (CDT), Stroop
test (Color/Word/Interference), Color Trail Test A/B (CTT A/B),
Verbal Fluency Test (VFT) and Digital Span (forward/backward)
were used to evaluate multiple cognitive domains. The Boston
Naming Test (BNT) was used to investigate the ability of naming.
Among them, CAVLT, Digital Span, and MMSE, A/B versions
were adopted in the study and randomly used.

Transcranial Magnetic Stimulation
Intervention
Personalization and Image Navigation Transcranial
Magnetic Stimulation
Individualized and image-navigated TMS uses individual 3D-T1
images to develop individualized targets for the stimulation for
each participant. The stimulus target was defined as a sphere of
the brain area of interest with a radius of 10 mm centered on the
Montreal Neurology Institute (MNI) coordinates (−38, 44, 26) in
standard magnetic resonance space (Mir-Moghtadaei et al., 2015;
Wang et al., 2020; Wu et al., 2021). SPM1 were used to standardize
and segment individualized magnetic resonance images and
the TMS-target (Ji et al., 2017) to convert MNI coordinates
to personalized TMS targets. The generated individualized
stimulation targets and magnetic resonance images were all
imported to the frameless navigation system (Visor 2.0). During
stimulation, the same researcher placed the figure-eight MagStim
coil under the navigation of Visor 2.0 and the connection point
of the coil on the brain area of the stimulation target, which was a
tangent to the skull, making the coil handle and the brain midline
45◦ angle oblique to the rear.

Intermittent θ Explosive Magnetic Stimulation
The parameters of iTBS were as follows: Resting Motor Threshold
(RMT, more than 5 out of 10 consecutive stimuli can evoke the
minimum motor evoked potential amplitude of the first dorsal
extensor pollicis brevis muscle of >50 µV stimulus intensity)
with a stimulation intensity of 70% (Schutter and van Honk,
2006). Each iTBS sequence released 600 pulses for a total of
three sequences; each had an interval of 15 minutes and there
were 1,800 pulse stimulations in total. For every 200 milliseconds,

1https://www.fil.ion.ucl.ac.uk/spm/software/spm8/
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three pulses were continuously applied at a frequency of 50 Hz;
each stimulation lasted for 2 s, with an interval of 8 s for
rest, lasting for 192 s (Huang et al., 2005; Wang et al., 2020;
Wu et al., 2020). The iTBS treatment was administered using a
70 mm air-cooled figure-of-eight coil and MagStim2 stimulator.
To prevent hearing damage during treatment, the participants
wore earplugs, closed their eyes during the process and at rest,
and maintained a comfortable sitting posture. Before, during, and
after the treatment, additional dialog between the participants
and the researcher was avoided; the participants were asked if
they had any symptoms of discomfort after the stimulation.

Resting-State Functional Magnetic
Resonance
Data Acquisition
The rs-fMRI image acquisition for all participants was mainly
carried out at the Imaging Center of the University of Science
and Technology of China, Hefei, Anhui Province. During
the scan, all participants were asked not to fall asleep, close
their eyes, not think about anything special, and keep their
bodies still. A 3.0T MRI scanner (Discovery GE750w; GE
Healthcare, Buckinghamshire, United Kingdom) composed
of 217 echo plane imaging bodies was used for functional
imaging. A total of 188 slices of T1-weighted anatomical
images were acquired (voxel size = 1 mm × 1 mm × 1 mm;
Repetition time = 8.16 ms; Echo time = 3.18 ms; flip
angle = 12◦; field of view = 256 mm × 256 mm; slice
thickness = 1 mm). The parameters for rs-fMRI uses
EPI scanning sequence were as follows (a total of 9,982
images were collected): Repetition time = 2,400 ms; slice
thickness = 3 mm, Echo time = 30 ms, continuous slices = 46,
voxel size = 3 mm × 3 mm × 3 mm), Flip angle = 90◦, matrix
size = 64 × 64, field of view = 192 mm × 192 mm.

rs-fMRI Preprocessing
We preprocess resting state functional magnetic resonance
imaging data mainly using resting state functional magnetic
resonance imaging toolkit (DPARSF) and SPM82(Chao-Gan and
Yu-Feng, 2010). After deleting the first five volumes of data,
the data was preprocessed, including slice time correction, head
movement correction, spatial normalization, and smoothing.
There was no significant difference in head movement between
the two groups. And participants with a maximum displacement
of 3 mm in any of the x, y, or z directions of head movement
during the entire scan were excluded. We resampled the voxel
size to 3 mm × 3 mm × 3 mm. Spatial normalization
is performed using MNI’s standard EPI template. A 4 mm
full-width half-maximum Gaussian filter is used for spatial
smoothing. The removal of physiological high-frequency noise
and low-frequency drift is performed by linear detrending and
time bandpass (0.01–0.08 Hz) filtering (Cordes et al., 2001). In
order to eliminate the influence of interference covariates, we
perform linear regression on head movement parameters, global
average signal, brain white matter signal, and cerebrospinal fluid
signal (Fox et al., 2009).

2www.fil.ion.ucl.ac.uk/spm/software/spm8

FIGURE 1 | Location of the bilateral ECN seeds.

Resting-State Functional Connection Analysis
The locations of these subdivided seeds are shown in Figure 1.
To explore the abnormal functional connections and clusters
between the ECN structures, five bilateral seed points were
selected from the ECN, based on previous studies (Fox et al.,
2009) (see Supplementary Table 1). Create a spherical seed point
with a radius of 3.5-mm around each seed point coordinate
(Kennis et al., 2015). The BOLD time series of voxels between the
seed regions are averaged to generate the reference time series of
the seed region for each seed region.

Statistical Analysis
The analysis was performed using SPSS23 (v 23.0, IBM,
Armonk, NY, United States). Cross-sectional neuropsychological
assessment data was statistically analyzed using the independent
sample t-test, and the paired t-test was used to assess changes in
neuropsychological assessment data before and after treatment.
Pearson correlation analysis was used to do correlation analysis.
The Fisher z-transform is used to normalize the correlation
ROI signals. Individual z-signals was used for analysis. And the
obtained test value was corrected using FDR. FDR correction is
to correct each p-value and convert it to q-value. q = p × n/rank,
where rank refers to the order in which p-values are sorted
from the smallest to the largest. The probability value p < 0.05
(two-tailed) was considered to be statistically significant.

RESULTS

Demographic and Clinical Information in
Baseline
Participant demographic and clinical information are shown
in Table 1. The average age and education (±standard
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deviation) in years were 64.508 (±9.005) for AD/63.984
(±7.623) for NCs and 8.783 (±4.694) for AD/9.540
(±4.099) for NCs, respectively. Their Hakinski Ischemic
Scale (HIS) scores were 1.117 ± 0.691; all were less than
4. There were no significant differences in gender, age,
and education between the AD and control groups. In
the AD group, the MMSE, MoCA, NPI, ADL, CDR,
and GDS were worse than those of the same age group.
According to the multidimensional cognitive assessment,
the AD group performed significantly worse on tests that
assessed memory (immediate recall, delayed recall, and
recognition), sub-tests that assessed information processing
(DS-F/B, Trail Making Test A/B, and Stroop interference

Test), and tests that assessed language function (VFT)
in Table 1.

Group Difference Within Executive
Control Network in Baseline
The results of the seed point RSFC within the network between
groups show that in the ECN, compared with the NCs, the
functional connections in the network between left DLPFC
and left IPL (t = 2.687, p = 0.008, FDR-corrected p = 0.045),
left MFG and left IPL (t = 2.770, p = 0.007, FDR-corrected
p = 0.045), left MFG and right IPL (t = 3.387, p = 0.001,
FDR-corrected p = 0.012), left IPL and right IPL (t = 2.871,

TABLE 1 | The demographic and clinical characteristics and neuropsychological test results of the Alzheimer’s Patients and normal controls in the cross-sectional study.

Variable Alzheimer’s patients [n = 60, means (SD)] Healthy controls [textitn = 62, means (SD)] χ 2/t p-value

Demographic

Gender (M/F) 26/34 26/36 0.024 0.876

Age (years) 64.508(9.005) 63.984(7.623) 0.350 0.727

Education (years) 8.783(4.694) 9.540(4.099) –0.959 0.342

Clinical characteristics

HIS 1.117(0.691) 0.968(0.567) 1.305 0.194

NPI-frequency * severity 11.086(12.9110) 0.063(0.504) 6.498 <0.0001****

NPI-distress 4.069(5.057) 0.016(0.126) 6.102 <0.0001****

ADL 31.103(11.243) 20.175(0.555) 7.395 <0.0001****

CDR 1.026(0.581) 0.071(0.176) 12.020 <0.0001****

GDS 3.828(0.704) 1.317(0.715) 19.438 <0.0001****

Neuropsychological tests

AD8 5.071(2.100) 0.952(1.223) 11.479 <0.0001****

MMSE 18.000(6.250) 28.873(1.601) 13.174 <0.0001****

MoCA 11.852(5.822) 25.444(3.605) 15.572 <0.0001****

HAMA 4.733(4.153) 2.937(3.636) 2.556 0.012*

HAMD 3.696(3.421) 2.952(3.381) 1.155 0.250

CDT 1.650(1.219) 3.902(0.436) –13.386 <0.0001****

Memory

CAVLT - immediately 2.521(1.644) 8.851(1.775) –20.581 <0.0001****

CAVLT - delay 0.590(1.203) 9.778(2.661) –24.907 <0.0001****

CAVLT - recognition 10.295(4.112) 14.317(1.045) –7.411 <0.0001****

Attention

digit span test(forward) 5.818(1.634) 6.968(1.576) –3.887 <0.0002***

digit span test(backward) 3.127(1.187) 4.333(1.426) –5.013 <0.0001****

Executive function

Stroop Color test 42.825(35.050) 21.537(6.402) 4.197 <0.0001****

Stroop Word test 69.120(59.354) 30.304(10.147) 4.526 <0.0001****

Stroop Interference test 99.169(83.708) 20.425(16.741) 6.483 <0.0001****

Trail Making A 199.429(137.609) 70.482(23.389) 6.008 <0.0001****

Trail Making B 372.821(245.119) 128.731(47.240) 7.266 <0.0001****

Linguistic function

VFT - animal 9.839(3.296) 17.206(3.802) –11.226 <0.0001****

BNT 16.426(4.817) 26.377(4.499) –11.051 <0.0001****

M, male; F, female; HIS, Hachinski Ischemic Scale; NPI, Neuropsychiatric Inventory; NA, not applicable; ADL, Lawton-Brody Activities of Daily Living; CDR, Clinical
Dementia Rating; GDS, Global Deterioration Scale, MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment Test; HAMA, Hamilton Anxiety Rating
Scale; HAMD, Hamilton Depression Rating Scale; CDT, Clock Drawing Test; CAVLT, Chinese version of the Auditory Verbal Learning Test; VFT, Verbal Fluency Test; BNT,
Boston Naming Test; a: Chi-squared test; b: Mann-Whitney U test; c: Independent sample T test.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 2 | The differences in resting-state functional connectivity (mean Z-value) within the bilateral ECN seeds between the AD patients and normal controls.

p = 0.005, FDR-corrected p = 0.045), right DLPFC and right MFG
(t = 3.522, p = 0.001, FDR-corrected p = 0.014) was significantly
increased in AD patients (see Figure 2 and Supplementary
Table 2). There was no significant difference in the functional
connectivity of the resting state within the remaining network in
the groups.

Correlation Analysis of Resting-State
Functional Connection Within the
Executive Control Network in Two
Groups
The correlation analysis of RSFC within the bilateral seeds in the
ECN showed that the strength of the functional connection in
the ECN was significantly correlated with cognition, respectively.
In AD group, correlation analysis shows that the functional
connection strength between the left DLPFC and the right
DLPFC was negatively correlated to VFT (r = −0.272, p = 0.046),
and positively correlated with AD8 (r = 463, p = 0.003), GDS
(r = 0.323, p = 0.015), and CTT-B (r = 0.350, p = 0.039).
Correlation analysis in NC group shows that the functional
connection strength between the left DLPFC and the left IPL is

related to CAVLT-immediate (r = −0.303, p = 0.017), CAVLT-
delay (r = −0.310, p = 0.014) and CTT-B (r = −0.271, p = 0.045)
is negatively correlated. The analysis of the remaining cognition
in each group was shown in Table 2.

Improvement of Clinical Symptoms
Within the Executive Control Network of
Alzheimer’s Disease Patients After
Intermittent Theta Burst Stimulation
It can be found that iTBS can significantly improve the
overall cognitive function, daily function, mental behavioral
symptoms, and multiple cognitive functions of AD patients
(P < 0.05). The results show that iTBS can significantly
improve the overall cognitive function of AD patients, including
MoCA (t = −5.229, p < 0.001), MMSE (t = −5.3449,
p < 0.001), CAVLT-immediately (t = −4.129, p < 0.001),
CAVLT-delay (t = −4.129, p < 0.001), CAVLT-recognition
(t = −3.256, p = 0.004) and BNT (t = −3.685, p = 0.002)
significantly improved after stimulation. In addition, both the
family members and caregivers of AD patients found a certain
degree of improvement after iTBS treatment, which was reflected
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in the score of the NPI-frequency × severity (t = 3.427,
p = 0.003) and NPI-distress (t = 3.209, p = 0.005), as described
in Table 3.

The Resting-State Functional
Connection Changes Within the
Executive Control Network and
Correlation Analysis After Intermittent
Theta Burst Stimulation
The cognitive function assessment and rs-fMRI imaging studies
of a total of 20 patients were included in the study. One patient
had a large head movement and was deleted from the analysis.
Finally, the data of 19 patients were included in the analysis. The
seed point-whole brain RSFC analysis showed that the strength
of the functional connection between the left DLPFC and the left
IPL (t = 4.271, p < 0.001, FDR-corrected p = 0.006) decreased
significantly after treatment (see Figure 3 and Supplementary
Table 3). Correlation analysis showed that the improvement of

GDS after iTBS stimulation was correlated with the changes in
lDLPFC-lIPL strength in the ECN (r = −0.470, p = 0.042).

DISCUSSION

Our study found a significant cognitive decline in AD patients
compared with normal controls, and RSFC analysis found
enhanced functional connectivity of various seed points within
the ECN, which was associated with cognitive function.
Longitudinal analysis showed a significant increase in the MMSE,
MoCA scores of patients with AD after 2 weeks of treatment. The
improvements in the overall clinical neuropsychiatric symptoms,
severity, and ability to live daily were observed during the
pre-post phase. Cognitive performance across multi-domains
improved significantly, especially on tests related to memory
(CAVLT, MoCA, and VFT) and attention. In addition, this study
revealed the underlying neural mechanism for iTBS related to
improvement in the clinical symptoms of AD. This improvement
was achieved by changing the functional connection between

TABLE 2 | Pearson correlation analysis of RSFC within the ECN after iTBS stimulation in AD patients and normal controls.

Alzheimer’s patients (n = 60) Normal controls (n = 62)

Seed Neuropsycholo-gical test R p-value Seed Neuropsycholo-gical test R p-value

Seed1-Seed5 AD8 0.463 0.003** Seed1-Seed3 CAVLT- immediately −0.303 0.017*

GDS 0.323 0.015* CAVLT-delay −0.310 0.014*

VFT −0.272 0.046* CTT-B −0.271 0.045*

CTT-B 0.350 0.039* Seed1-Seed5 Stroop Color test 0.307 0.016*

Seed1-Seed6 HAMD 0.296 0.030* Seed1-Seed6 CDT −0.281 0.030*

Seed1-Seed8 CTT-B 0.524 0.001** Seed1-Seed7 GDS 0.280 0.028*

Seed2-Seed6 CDT −0.360 0.006** CTT-B 0.294 0.029*

HAMA 0.296 0.024* Seed1-Seed8 CDT −0.274 0.034*

HAMD 0.389 0.004** Seed2-Seed3 CTT-B −0.280 0.038*

NPI-frequency*severity 0.336 0.012* Seed2-Seed5 VFT 0.258 0.199*

VFT −0.411 0.003** Seed2-Seed6 NPI-frequency*severity −0.315 0.013*

Seed3-Seed4 HAMA 0.294 0.025* NPI-distress −0.315 0.013*

HAMD 0.301 0.027* Seed3-Seed4 Stroop Word test 0.312 0.014*

ADL 0.272 0.045* Seed3-Seed5 Stroop Color test 0.256 0.047*

DS(backward) −0.274 0.047* Seed3-Seed7 MMSE 0.300 0.018*

BNT −0.460 0.001** Seed4-Seed7 AD8 0.279 0.028*

Seed3-Seed6 HAMA 0.276 0.036* Stroop Word test 0.282 0.028*

HAMD 0.378 0.005** Seed4-Seed8 Stroop Word test 0.253 0.049*

Seed4-Seed5 DS(backward) −0.292 0.034* Seed6-Seed7 NPI-frequency*severity −0.325 0.01*

Seed4-Seed6 HAMD 0.326 0.016* NPI-distress −0.325 0.01*

NPI-frequency*severity 0.278 0.040* Stroop Color test 0.307 0.016*

Seed5-Seed8 AD8 0.367 0.020* Stroop Word test 0.344 0.007**

VFT −0.303 0.026* Seed6-Seed8 Stroop Color test 0.298 0.02*

Seed7-Seed8 MMSE 0.336 0.010** Stroop Word test 0.270 0.035*

MoCA 0.270 0.040* Seed7-Seed8 HAMD −0.263 0.039*

CAVLT-delay 0.285 0.030*

NPI, Neuropsychiatric Inventory; NA, not applicable; ADL, Lawton-Brody Activities of Daily Living; GDS, Global Deterioration Scale, MMSE, Mini-mental State Examination;
MoCA, Montreal Cognitive Assessment Test; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; CDT, Clock Drawing Test; CAVLT, Chinese
version of the Auditory Verbal Learning Test; CTT, Color Trail Test; VFT, Verbal Fluency Test; DS, Digit Span test; BNT, Boston Naming Test.
*p < 0.05; **p < 0.01.
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the dorsolateral prefrontal lobe and the subparietal lobules in
the executive control network. However, this study had no
significant effect on CDR and GDS grading, the executive
function (including Stroop Interference test and Trail Making
A/B) and verbal fluent test.

The overall cognitive function of AD patients, including
memory function, attention, executive function and language
function, orientation function, computing function, and visual-
spatial function, was impaired, which was consistent with the
reports of previous studies (Binetti et al., 1996; Baudic et al., 2006;
Hodges, 2006; Kirova et al., 2015). RSFC analysis showed that
the functional connectivity of each network node in the ECN
was abnormal. Compared with normal controls, the functional
connectivities of the left DLPFC and left IPL; left IPL and
left MFG; left IPL and right IPL; left IPL and right IPL; and
right DLPFC and right MFG were enhanced in AD patients.
This abnormal pattern of enhanced functional connectivity may
be caused by compensatory functional effects in the brain of
AD patients (Crosson et al., 2013). Compared with healthy

controls, AD patients had impairments of memory, attention,
and executive function, and the abnormality of functional
connectivity was related to some cognitive subdomains, which
may be related to the adjustment of the working memory,
attention, thinking, logical reasoning, and other advanced
cognitive functions (Zhao et al., 2005; Lantrip et al., 2017).
Previous studies also found that the cross-network functional
connection of the triple network model (ECN, default mode
network, salience network) of AD patients was significantly
impaired, and the interaction of the triple-network model was
impaired, which may have led to the decline of cognitive function
(Li et al., 2019).

The iTBS can significantly improve the overall cognitive
function, the ability of daily living, and mental behavior
symptoms of AD patients. This result is consistent with the
reports of previous studies (Ahmed et al., 2012; Balconi and
Ferrari, 2012; Chou et al., 2020). This may be because targeted
left-DLPFC iTBS stimulation may have increased the excitability
and function. The abnormality of the ECN of AD patients may

TABLE 3 | Improvement clinical characteristics and cognitive function after iTBS treatment in AD patients.

Variable pre [n = 19, means (SD)] post [n = 19, means (SD)] t p-value

Clinical characteristics

NPI-frequency*severity 8.05(10.54) 3.16(5.81) 3.427 0.003**

NPI-distress 2.47(2.91) 1.31(1.91) 3.209 0.005**

ADL 29.10(8.59) 27.47(8.20) 3.759 0.001**

CDR 0.87(0.46) 0.81(0.48) 1.455 0.163

GDS 3.89(0.74) 3.63(0.76) 2.041 0.056

Neuropsychological tests

MMSE 19.26(4.73) 21.58(5.75) −5.349 < 0.0001****

MoCA 12.94(5.53) 15.68(6.53) −5.229 < 0.0001****

HAMA 4.53(3.18) 2.84(2.31) 2.191 0.042*

HAMD 3.89(3.62) 1.53(2.17) 3.316 0.004**

CDT-4 1.42(0.84) 2.37(1.06) −4.869 < 0.0001***

Memory

CAVLT-immediately 2.69(2.18) 4.13(2.65) −4.129 0.001**

CAVLT-delay 1.79(2.80) 3.53(3.93) −3.124 0.006**

CAVLT-recognition 11.68(2.43) 13.05(2.15) −3.256 0.004**

Attention

digit span test(forward) 5.58(1.89) 6.21(1.68) −2.721 0.014*

digit span test(backward) 3.26(1.59) 3.79(1.31) −3.293 0.004**

Executive function

Stroop Color test 44.38(28.51) 37.42(23.94) 2.304 0.034*

Stroop Word test 63.30(36.46) 54.57(31.32) 2.947 0.009**

Stroop Interference test 91.27(53.58) 81.28(50.48) 1.442 0.168

Trail Making A 245.95(180.38) 229.89(152.80) 1.430 0.170

Trail Making B 414.49(279.86) 399.52(268.05) 1.121 0.279

Linguistic function

VFT-animal 9.47(4.13) 10.79(4.53) −1.492 0.153

BNT 16.95(6.25) 19.58(5.98) −3.685 0.002**

M, male; F, female; HIS, Hachinski Ischemic Scale; NPI, Neuropsychiatric Inventory; NA, not applicable; ADL, Lawton-Brody Activities of Daily Living; CDR, Clinical
Dementia Rating; GDS, Global Deterioration Scale, MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment Test; HAMA, Hamilton Anxiety Rating
Scale; HAMD, Hamilton Depression Rating Scale; CDT, Clock Drawing Test; CAVLT, Chinese version of the Auditory Verbal Learning Test; VFT, Verbal Fluency Test; BNT,
Boston Naming Test.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 3 | Differences before and after iTBS treatment in the Alzheimer’s Patients in the ECN.

be related to its function (Li et al., 2019). TMS is usually used to
understand the function of a single brain area, but this ignores
the fact that TMS may affect the network through network nodes
(Cameron et al., 2020). Studies have found that TMS targeting
of the left DLPFC can improve memories of young people and
patients with healthy aging and affect network functions (Vidal-
Pineiro et al., 2014; Wang et al., 2014; Nilakantan et al., 2017;
Kim et al., 2018). As the core node of the executive control
network (Seeley et al., 2007), our study showed that targeted
stimulation of the left DLPFC may further affect the excitability
of the ECN. The change of functional connectivity between the
left DLPFC and left IPL within the ECN after stimulation was
correlated with the improvement of GDS, which indicated that
correcting the abnormalities in the executive control network
may be related to the improvement of cognitive function (Dhanjal
and Wise, 2014). A possible neurological explanation for the
improvement of clinical symptoms in AD patients is that iTBS is
designed to counteract maladaptive neuroplasticity and promote
adaptive changes. Decreased activity in these areas may be due
to iTBS-induced neural stimulants that show more efficient
or less laborious processing at different levels (Koechlin and
Summerfield, 2007). This hypothesis is consistent with the neural
efficiency hypothesis, which holds that individuals with improved
cognitive ability have lower cortical metabolic rates (Kar and
Wright, 2014). This is supported by previous literature, which
has shown that high-frequency iTBS of the left DLPFC may be
a useful supplement for the treatment of AD.

There are still several deficiencies in this study. First, the
sample size was small. Second, this study was carried out only
based on the effectiveness results of previous studies without
setting up a control group, which may be mixed with the
practice effect. Therefore, future studies with a larger sample
size and longer intervention duration and placebo control
group are needed to further verify the conclusion of this
study. The stimulus targets in this study were based on the

conventional therapeutic targets used in our laboratory in the
past (Wang et al., 2020; Wu et al., 2021). In future treatments,
we can use the abnormally linked brain regions of the ECN
obtained from the study as stimulus targets. In addition, future
studies could use electroencephalogram techniques combined
with MRI to further explore the relationship between changes
in neural brain networks and behavioral outcomes during TMS,
especially the effect of baseline neural activity characteristics on
intervention outcomes.

In summary, this study suggests that the improvement of
psychobehavioral symptoms and cognitive dysfunction in AD
patients may be related to the changes of RSFC in different
brain regions of bilateral ECN. Our study provided preliminary
findings that pinpoint the effect of iTBS for the left DLPFC
on the clinical symptoms and RSFC between the lDLPFC and
lIPL of the ECN of AD patients. This discovery will facilitate
the development of effective targeted-left DLPFC non-invasive
interventions for the cognitive rehabilitation of patients with AD.

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 human participants were reviewed and
approved by the Anhui Medical University Ethics Committee,
and all NCs and patients signed informed consent forms. The
patients/participants provided their written informed consent to
participate in this study. Written informed consent was obtained
from the individual(s) for the publication of any potentially
identifiable images or data included in this article.

Frontiers in Aging Neuroscience | www.frontiersin.org 9 March 2022 | Volume 14 | Article 847223

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-847223 March 15, 2022 Time: 9:21 # 10

Xiao et al. TMS Improve Cognition in AD

AUTHOR CONTRIBUTIONS

All authors contributed significantly to, and approved, the
content of this manuscript.

FUNDING

This study was supported by the Natural Science Foundation
of China (grant numbers 82090034 to KW and 82101498
to XW), the National key Research and Development

program of China (grant number 2016YFC1300604 to
WL), the 2021 Youth Foundation Training Program
of the First Affiliated Hospital of Anhui Medical
University (no. 2021kj19).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2022.847223/full#supplementary-material

REFERENCES
Ahmed, M. A., Darwish, E. S., Khedr, E. M., El Serogy, Y. M., and Ali, A. M.

(2012). Effects of low versus high frequencies of repetitive transcranial magnetic
stimulation on cognitive function and cortical excitability in Alzheimer’s
dementia. J. Neurol. 259, 83–92. doi: 10.1007/s00415-011-6128-4

Balconi, M., and Ferrari, C. (2012). Emotional memory retrieval. rTMS stimulation
on left DLPFC increases the positive memories. Brain Imaging Behav. 6, 454–
461. doi: 10.1007/s11682-012-9163-6

Baudic, S., Barba, G. D., Thibaudet, M. C., Smagghe, A., Remy, P., and Traykov,
L. (2006). Executive function deficits in early Alzheimer’s disease and their
relations with episodic memory. Arch. Clin. Neuropsychol. 21, 15–21. doi: 10.
1016/j.acn.2005.07.002

Binetti, G., Magni, E., Padovani, A., Cappa, S. F., Bianchetti, A., and Trabucchi, M.
(1996). Executive dysfunction in early Alzheimer’s disease. J. Neurol. Neurosurg.
Psychiatry 60, 91–93. doi: 10.1136/jnnp.60.1.91

Blennow, K., de Leon, M. J., and Zetterberg, H. (2006). Alzheimer’s disease. Lancet
368, 387–403. doi: 10.1016/s0140-6736(06)69113-7

Brunoni, A. R., and Vanderhasselt, M. A. (2014). Working memory improvement
with non-invasive brain stimulation of the dorsolateral prefrontal cortex: a
systematic review and meta-analysis. Brain Cogn. 86, 1–9. doi: 10.1016/j.bandc.
2014.01.008

Cai, S., Peng, Y., Chong, T., Zhang, Y., von Deneen, K. M., Huang, L., et al. (2017).
Differentiated effective connectivity patterns of the executive control network
in progressive MCI: a potential biomarker for predicting AD. Curr. Alzheimer
Res. 14, 937–950. doi: 10.2174/1567205014666170309120200

Cameron, I. G. M., Cretu, A. L., Struik, F., and Toni, I. (2020). The Effects of a TMS
double perturbation to a cortical network. eNeuro 7:ENEURO.0188-19.2019.
doi: 10.1523/ENEURO.0188-19.2019

Cappon, D., Jahanshahi, M., and Bisiacchi, P. (2016). Value and efficacy of
transcranial direct current stimulation in the cognitive rehabilitation: a
critical review since 2000. Front. Neurosci. 10:157. doi: 10.3389/fnins.2016.0
0157

Chandra, A., Dervenoulas, G., Politis, M., and Neuroimaging, I. (2019). Magnetic
resonance imaging in Alzheimer’s disease and mild cognitive impairment.
J. Neurol. 266, 1293–1302. doi: 10.1007/s00415-018-9016-3

Chao-Gan, Y., and Yu-Feng, Z. (2010). DPARSF: a MATLAB toolbox for "Pipeline"
data analysis of resting-state fMRI. Front. Syst. Neurosci. 4:13. doi: 10.3389/
fnsys.2010.00013

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

Cordes, D., Haughton, V. M., Arfanakis, K., Carew, J. D., Turski, P. A., Moritz,
C. H., et al. (2001). Frequencies contributing to functional connectivity in the
cerebral cortex in "resting-state" data. AJNR Am. J. Neuroradiol. 22, 1326–1333.

Crosson, B. G. A., McGregor, K. M., Wierenga, C. E., and Meinzer, M. (2013). “The
impact of aging on neural systems for language,” in Neuropsychology: Science
and Practice, eds S. Koffler, J. Morgan, I. S. Baron, and M. F. Greiffenstein
(Oxford: Oxford University Press), 149–188.

Dhanjal, N. S., and Wise, R. J. (2014). Frontoparietal cognitive control of verbal
memory recall in Alzheimer’s disease. Ann. Neurol. 76, 241–251. doi: 10.1002/
ana.24199

Fox, M. D., Zhang, D., Snyder, A. Z., and Raichle, M. E. (2009). The global signal
and observed anticorrelated resting state brain networks. J. Neurophysiol. 101,
3270–3283. doi: 10.1152/jn.90777.2008

Godyn, J., Jonczyk, J., Panek, D., and Malawska, B. (2016). Therapeutic strategies
for Alzheimer’s disease in clinical trials. Pharmacol. Rep. 68, 127–138. doi:
10.1016/j.pharep.2015.07.006

Hodges, J. R. (2006). Alzheimer’s centennial legacy: origins, landmarks and the
current status of knowledge concerning cognitive aspects. Brain 129, 2811–
2822. doi: 10.1093/brain/awl275

Huang, Y. Z., Edwards, M. J., Rounis, E., Bhatia, K. P., and Rothwell, J. C. (2005).
Theta burst stimulation of the human motor cortex. Neuron 45, 201–206. doi:
10.1016/j.neuron.2004.12.033

Ji, G. J., Yu, F., Liao, W., and Wang, K. (2017). Dynamic aftereffects in
supplementary motor network following inhibitory transcranial magnetic
stimulation protocols. Neuroimage 149, 285–294. doi: 10.1016/j.neuroimage.
2017.01.035

Jones, S. A., De Marco, M., Manca, R., Bell, S. M., Blackburn, D. J., Wilkinson,
I. D., et al. (2019). Altered frontal and insular functional connectivity as pivotal
mechanisms for apathy in Alzheimer’s disease. Cortex 119, 100–110. doi: 10.
1016/j.cortex.2019.04.008

Joo, S. H., Lim, H. K., and Lee, C. U. (2016). Three large-scale functional brain
networks from resting-state functional MRI in subjects with different levels of
cognitive impairment. Psychiatry Investig. 13, 1–7. doi: 10.4306/pi.2016.13.1.1

Kar, K., and Wright, J. (2014). Probing the mechanisms underlying the mitigation
of cognitive aging with anodal transcranial direct current stimulation.
J. Neurophysiol. 111, 1397–1399. doi: 10.1152/jn.00736.2013

Kaufman, L. D., Pratt, J., Levine, B., and Black, S. E. (2010). Antisaccades: a probe
into the dorsolateral prefrontal cortex in Alzheimer’s disease. a critical review.
J. Alzheimers Dis. 19, 781–793. doi: 10.3233/JAD-2010-1275

Kennis, M., Rademaker, A. R., van Rooij, S. J., Kahn, R. S., and Geuze, E. (2015).
Resting state functional connectivity of the anterior cingulate cortex in veterans
with and without post-traumatic stress disorder. Hum. Brain Mapp. 36, 99–109.
doi: 10.1002/hbm.22615

Kim, S., Nilakantan, A. S., Hermiller, M. S., Palumbo, R. T., VanHaerents, S., and
Voss, J. L. (2018). Selective and coherent activity increases due to stimulation
indicate functional distinctions between episodic memory networks. Sci. Adv.
4:eaar2768. doi: 10.1126/sciadv.aar2768

Kirova, A. M., Bays, R. B., and Lagalwar, S. (2015). Working memory and
executive function decline across normal aging, mild cognitive impairment, and
Alzheimer’s disease. Biomed Res. Int. 2015:748212. doi: 10.1155/2015/748212

Koechlin, E., and Summerfield, C. (2007). An information theoretical approach to
prefrontal executive function. Trends Cogn. Sci. 11, 229–235. doi: 10.1016/j.tics.
2007.04.005

Kumar, S., Zomorrodi, R., Ghazala, Z., Goodman, M. S., Blumberger, D. M.,
Cheam, A., et al. (2017). Extent of dorsolateral prefrontal cortex plasticity and
its association with working memory in patients with Alzheimer disease. JAMA
Psychiatry 74, 1266–1274. doi: 10.1001/jamapsychiatry.2017.3292

Lantrip, C., Gunning, F. M., Flashman, L., Roth, R. M., and Holtzheimer, P. E.
(2017). Effects of transcranial magnetic stimulation on the cognitive control of
emotion: potential antidepressant mechanisms. J. ECT 33, 73–80. doi: 10.1097/
YCT.0000000000000386

Lezak, M. D., Howieson, D. B., Loring, D. W., and Fischer, J. S. (2004).
Neuropsychological Assessment, 4th Edn. Oxford: Oxford University Press.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 March 2022 | Volume 14 | Article 847223

https://www.frontiersin.org/articles/10.3389/fnagi.2022.847223/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.847223/full#supplementary-material
https://doi.org/10.1007/s00415-011-6128-4
https://doi.org/10.1007/s11682-012-9163-6
https://doi.org/10.1016/j.acn.2005.07.002
https://doi.org/10.1016/j.acn.2005.07.002
https://doi.org/10.1136/jnnp.60.1.91
https://doi.org/10.1016/s0140-6736(06)69113-7
https://doi.org/10.1016/j.bandc.2014.01.008
https://doi.org/10.1016/j.bandc.2014.01.008
https://doi.org/10.2174/1567205014666170309120200
https://doi.org/10.1523/ENEURO.0188-19.2019
https://doi.org/10.3389/fnins.2016.00157
https://doi.org/10.3389/fnins.2016.00157
https://doi.org/10.1007/s00415-018-9016-3
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.1016/j.neurobiolaging.2019.08.020
https://doi.org/10.1016/j.neurobiolaging.2019.08.020
https://doi.org/10.1002/ana.24199
https://doi.org/10.1002/ana.24199
https://doi.org/10.1152/jn.90777.2008
https://doi.org/10.1016/j.pharep.2015.07.006
https://doi.org/10.1016/j.pharep.2015.07.006
https://doi.org/10.1093/brain/awl275
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neuroimage.2017.01.035
https://doi.org/10.1016/j.neuroimage.2017.01.035
https://doi.org/10.1016/j.cortex.2019.04.008
https://doi.org/10.1016/j.cortex.2019.04.008
https://doi.org/10.4306/pi.2016.13.1.1
https://doi.org/10.1152/jn.00736.2013
https://doi.org/10.3233/JAD-2010-1275
https://doi.org/10.1002/hbm.22615
https://doi.org/10.1126/sciadv.aar2768
https://doi.org/10.1155/2015/748212
https://doi.org/10.1016/j.tics.2007.04.005
https://doi.org/10.1016/j.tics.2007.04.005
https://doi.org/10.1001/jamapsychiatry.2017.3292
https://doi.org/10.1097/YCT.0000000000000386
https://doi.org/10.1097/YCT.0000000000000386
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-847223 March 15, 2022 Time: 9:21 # 11

Xiao et al. TMS Improve Cognition in AD

Li, C., Li, Y., Zheng, L., Zhu, X., Shao, B., Fan, G., et al. (2019). Abnormal
brain network connectivity in a triple-network model of Alzheimer’s disease.
J. Alzheimers Dis. 69, 237–252. doi: 10.3233/JAD-181097

Liu, G., Jiao, K., Zhong, Y., Hao, Z., Wang, C., Xu, H., et al. (2021). The alteration
of cognitive function networks in remitted patients with major depressive
disorder: an independent component analysis. Behav. Brain Res. 400:113018.
doi: 10.1016/j.bbr.2020.113018

McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., and Stadlan,
E. M. (1984). Clinical-diagnosis of Alzheimers disease report of the NINCADS-
ADRDA work group under the auspices of department of health and human
services task foecr on Alzheimers disease. Neurology 34, 939–944. doi: 10.1212/
wnl.34.7.939

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R.,
Kawas, C. H., et al. (2011). The diagnosis of dementia 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. 7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Mielke, M. M., Leoutsakos, J. M., Corcoran, C. D., Green, R. C., Norton,
M. C., Welsh-Bohmer, K. A., et al. (2012). Effects of food and drug
administration-approved medications for Alzheimer’s disease on clinical
progression. Alzheimers Dement. 8, 180–187. doi: 10.1016/j.jalz.2011.02.011

Miniussi, C., and Rossini, P. M. (2011). Transcranial magnetic stimulation in
cognitive rehabilitation. Neuropsychol. Rehabil. 21, 579–601. doi: 10.1080/
09602011.2011.562689

Mir-Moghtadaei, A., Caballero, R., Fried, P., Fox, M. D., Lee, K., Giacobbe, P., et al.
(2015). Concordance between BeamF3 and MRI-neuronavigated target sites for
repetitive transcranial magnetic stimulation of the left dorsolateral prefrontal
cortex. Brain Stimul. 8, 965–973. doi: 10.1016/j.brs.2015.05.008

Molteni, M., and Rossetti, C. (2017). Neurodegenerative diseases: the
immunological perspective. J. Neuroimmunol. 313, 109–115. doi:
10.1016/j.jneuroim.2017.11.002

Morris, J. C. (1993). The clinical dementia rating (CDR): current version and
scoring rules. Neurology 43, 2412–2414. doi: 10.1212/wnl.43.11.2412-a

Nilakantan, A. S., Bridge, D. J., Gagnon, E. P., VanHaerents, S. A., and Voss, J. L.
(2017). Stimulation of the posterior cortical-hippocampal network enhances
precision of memory recollection. Curr. Biol. 27, 465–470. doi: 10.1016/j.cub.
2016.12.042

Nilakantan, A. S., Mesulam, M. M., Weintraub, S., Karp, E. L., VanHaerents, S.,
and Voss, J. L. (2019). Network-targeted stimulation engages neurobehavioral
hallmarks of age-related memory decline. Neurology 92, e2349–e2354. doi: 10.
1212/WNL.0000000000007502

Penolazzi, B., Bergamaschi, S., Pastore, M., Villani, D., Sartori, G., and Mondini,
S. (2015). Transcranial direct current stimulation and cognitive training in the
rehabilitation of Alzheimer disease: a case study. Neuropsychol. Rehabil. 25,
799–817. doi: 10.1080/09602011.2014.977301

Prince, M. G., and Matthew, P. (2018). World Alzheimer Report. London:
Alzheimer’s Disease International.

Puttaert, D., Coquelet, N., Wens, V., Peigneux, P., Fery, P., Rovai, A., et al. (2020).
Alterations in resting-state network dynamics along the Alzheimer’s disease
continuum. Sci. Rep. 10:21990. doi: 10.1038/s41598-020-76201-3

Reisberg, B., Ferris, S. H., de Leon, M. J., and Crook, T. (1982). The Global
Deterioration scale for assessment of primary degenerative dementia. Am. J.
Psychiatry 139, 1136–1139. doi: 10.1176/ajp.139.9.1136

Schutter, D. J., and van Honk, J. (2006). A standardized motor threshold estimation
procedure for transcranial magnetic stimulation research. J. ECT 22, 176–178.
doi: 10.1097/01.yct.0000235924.60364.27

Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G. H., Kenna, H.,
et al. (2007). Dissociable intrinsic connectivity networks for salience processing

and executive control. J. Neurosci. 27, 2349–2356. doi: 10.1523/JNEUROSCI.
5587-06.2007

Shirer, W. R., Ryali, S., Rykhlevskaia, E., Menon, V., and Greicius, M. D.
(2012). Decoding subject-driven cognitive states with whole-brain connectivity
patterns. Cereb. Cortex 22, 158–165. doi: 10.1093/cercor/bhr099

Vidal-Pineiro, D., Martin-Trias, P., Arenaza-Urquijo, E. M., Sala-Llonch, R.,
Clemente, I. C., Mena-Sanchez, I., et al. (2014). Task-dependent activity
and connectivity predict episodic memory network-based responses to brain
stimulation in healthy aging. Brain Stimul. 7, 287–296. doi: 10.1016/j.brs.2013.
12.016

Vincent, J. L., Kahn, I., Snyder, A. Z., Raichle, M. E., and Buckner, R. L.
(2008). Evidence for a frontoparietal control system revealed by intrinsic
functional connectivity. J. Neurophysiol. 100, 3328–3342. doi: 10.1152/jn.90355.
2008

Wang, J. X., Rogers, L. M., Gross, E. Z., Ryals, A. J., Dokucu, M. E., Brandstatt, K. L.,
et al. (2014). Targeted enhancement of cortical-hippocampal brain networks
and associative memory. Science 345, 1054–1057. doi: 10.1126/science.125
2900

Wang, L., Chen, X., Wu, Y., He, K., Xu, F., Xiao, G., et al. (2020). Intermittent theta
burst stimulation (iTBS) adjustment effects of schizophrenia: results from an
exploratory outcome of a randomized double-blind controlled study. Schizophr.
Res. 216, 550–553. doi: 10.1016/j.schres.2019.12.008

Wu, X., Ji, G. J., Geng, Z., Zhou, S., Yan, Y., Wei, L., et al. (2020). Strengthened
theta-burst transcranial magnetic stimulation as an adjunctive treatment for
Alzheimer’s disease: an open-label pilot study. Brain Stimul. 13, 484–486. doi:
10.1016/j.brs.2019.12.020

Wu, X., Wang, L., Geng, Z., Wei, L., Yan, Y., Xie, C., et al. (2021).
Improved cognitive promotion through accelerated magnetic stimulation.
eNeuro 8:ENEURO.0392-20.2020. doi: 10.1523/eneuro.0392-20.2020

Zhao, M. G., Toyoda, H., Lee, Y. S., Wu, L. J., Ko, S. W., Zhang, X. H., et al. (2005).
Roles of NMDA NR2B subtype receptor in prefrontal long-term potentiation
and contextual fear memory. Neuron 47, 859–872. doi: 10.1016/j.neuron.2005.
08.014

Zhao, Q., Lu, H., Metmer, H., Li, W. X. Y., and Lu, J. (2018). Evaluating functional
connectivity of executive control network and frontoparietal network in
Alzheimer’s disease. Brain Res. 1678, 262–272. doi: 10.1016/j.brainres.2017.10.
025

Zhao, Q., Sang, X., Metmer, H., Swati, Z., Lu, J., and NeuroImaging, I. (2019).
Functional segregation of executive control network and frontoparietal network
in Alzheimer’s disease. Cortex 120, 36–48. doi: 10.1016/j.cortex.2019.04.026

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.

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.

Copyright © 2022 Xiao, Wu, Yan, Gao, Geng, Qiu, Zhou, Ji, Wu, Hu and Wang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 March 2022 | Volume 14 | Article 847223

https://doi.org/10.3233/JAD-181097
https://doi.org/10.1016/j.bbr.2020.113018
https://doi.org/10.1212/wnl.34.7.939
https://doi.org/10.1212/wnl.34.7.939
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.jalz.2011.02.011
https://doi.org/10.1080/09602011.2011.562689
https://doi.org/10.1080/09602011.2011.562689
https://doi.org/10.1016/j.brs.2015.05.008
https://doi.org/10.1016/j.jneuroim.2017.11.002
https://doi.org/10.1016/j.jneuroim.2017.11.002
https://doi.org/10.1212/wnl.43.11.2412-a
https://doi.org/10.1016/j.cub.2016.12.042
https://doi.org/10.1016/j.cub.2016.12.042
https://doi.org/10.1212/WNL.0000000000007502
https://doi.org/10.1212/WNL.0000000000007502
https://doi.org/10.1080/09602011.2014.977301
https://doi.org/10.1038/s41598-020-76201-3
https://doi.org/10.1176/ajp.139.9.1136
https://doi.org/10.1097/01.yct.0000235924.60364.27
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1093/cercor/bhr099
https://doi.org/10.1016/j.brs.2013.12.016
https://doi.org/10.1016/j.brs.2013.12.016
https://doi.org/10.1152/jn.90355.2008
https://doi.org/10.1152/jn.90355.2008
https://doi.org/10.1126/science.1252900
https://doi.org/10.1126/science.1252900
https://doi.org/10.1016/j.schres.2019.12.008
https://doi.org/10.1016/j.brs.2019.12.020
https://doi.org/10.1016/j.brs.2019.12.020
https://doi.org/10.1523/eneuro.0392-20.2020
https://doi.org/10.1016/j.neuron.2005.08.014
https://doi.org/10.1016/j.neuron.2005.08.014
https://doi.org/10.1016/j.brainres.2017.10.025
https://doi.org/10.1016/j.brainres.2017.10.025
https://doi.org/10.1016/j.cortex.2019.04.026
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Optimized Magnetic Stimulation Induced Hypoconnectivity Within the Executive Control Network Yields Cognition Improvements in Alzheimer's Patients
	Introduction
	Materials and Methods
	Participants
	Process
	Clinical Symptoms and Multi-Domain Cognition Assessments
	Transcranial Magnetic Stimulation Intervention
	Personalization and Image Navigation Transcranial Magnetic Stimulation
	Intermittent  Explosive Magnetic Stimulation

	Resting-State Functional Magnetic Resonance
	Data Acquisition
	rs-fMRI Preprocessing
	Resting-State Functional Connection Analysis

	Statistical Analysis

	Results
	Demographic and Clinical Information in Baseline
	Group Difference Within Executive Control Network in Baseline
	Correlation Analysis of Resting-State Functional Connection Within the Executive Control Network in Two Groups
	Improvement of Clinical Symptoms Within the Executive Control Network of Alzheimer's Disease Patients After Intermittent Theta Burst Stimulation
	The Resting-State Functional Connection Changes Within the Executive Control Network and Correlation Analysis After Intermittent Theta Burst Stimulation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


