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Background and purpose: Hypoperfusion of the posterior cingulate cortex (PCC) and
precuneus has consistently been reported in patients with Alzheimer’s disease (AD).
Repetitive transcranial magnetic stimulation (rfTMS) combined with cognitive training
(COQ) is effective in alleviating the symptoms of patients with mild AD. This study
investigated the effects of rTMS-COG therapy on cerebral blood flow (CBF), with
a special interest in the PCC/precuneus, and whether observed CBF changes are
associated with changes in neuropsychological assessments in AD.

Materials and methods: Twenty-one patients with mild or moderate AD were
randomly divided into real rTMS (n = 11) and sham treatment (n = 10) groups,
both combined with COG. Neuro-navigated 10 Hz rTMS was used to stimulate the
left dorsolateral prefrontal cortex (DLPFC) and then the left lateral temporal lobe
(LTL) for 20min each day for 4 weeks in the real rTMS group. All patients with AD
underwent neuropsychological assessment, pseudo-continuous arterial spin labeling,
and structural 3D T1-weighted MRI before treatment (T0), immediately after treatment
(T1), and 4 weeks after treatment (T2). CBF in the precuneus, PCC, and stimulation
targets at the region-of-interest (ROI) level, as well as whole-brain CBF changes at
the voxel level, were compared between the two groups at three timepoints.

Results: rTMS-COG therapy revealed significant group x time interactions for the
Mini-Mental State Examination (F = 5.339, p = 0.023, 12 = 0.433) and activities of daily
living (F = 5.409, p = 0.039, n2 = 0.436) scores. The regional CBF in the precuneus
showed a significant group x time interaction (F = 5.833, p = 0.027, 12 = 0.593). For
voxel-level analysis, a significant group main effect was found in the left limbic lobe
cluster, with the maximal peak in the left parahippocampus (p < 0.001, uncorrected,
peak at [-16 —8 —24]). Simple effects analysis indicated that rTMS-COG therapy
induced a decrease in CBF in the precuneus at T1 (p = 0.007) and an increase in the
left parahippocampus at T2 (p = 0.008). CBF decrease in the precuneus was correlated
with better cognitive function immediately after treatment (T1) (r = —0.732, p =0.025).

Conclusion: Neuropsychological assessments showed immediate and long-term
effects on cognitive function and activities of daily living after rTMS-COG therapy.
CBF changes induced by high-frequency rTMS-COG therapy are region-dependent,
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showing immediate effects in the precuneus and long-term effects in the left
parahippocampus. These results provide imaging evidence to understand the
underlying neurobiological mechanism for the application of rTMS-COG in AD.

Alzheimer's disease, repetitive transcranial magnetic stimulation, arterial spin-labeling,
cerebral blood flow, precuneus, posterior cingulate cortex

Introduction

Alzheimers disease (AD) is a neurodegenerative disease
characterized by gradual cognitive impairment. It is the most
common form of dementia and imposes a great burden on
both patients and their caregivers. Although drugs such as
acetylcholinesterase inhibitors are commonly used in clinical
practice, they only delay the disease course to a certain extent and
cause adverse side effects (1). Repetitive transcranial magnetic
stimulation (rTMS) is a non-invasive neuromodulation technique
that has been shown to induce short (“on-line”) and long (“oft-line”)
effects in different ways (2). The application of magnetic pulses
to a target location in the brain repetitively generates long-lasting
beneficial effects persisting for several weeks or even months
after treatment (3-6). rTMS has been approved by regulatory
agencies as a therapeutic tool for a number of neuropsychiatric
disorders, such as drug-resistant depression and obsessive-
compulsive disorder (7, 8). However, the application of rTMS in
AD is limited, partly because of the inconsistency in stimulation
parameters and scarcity of in-depth research on the underlying
neurobiological mechanism.

Recent studies have shown that rTMS can ameliorate the
symptoms of AD and has potential as a therapeutic method
for mild-to-moderate AD (3, 4). In patients with AD and
those with mild cognitive impairment (MCI), rTMS has shown
favorable outcomes in cognitive function (9, 10), activities of
daily living (ADL) (11), attention and psychomotor speed (12,
13), behavioral and psychological symptoms (14), and language
performance (15, 16). Interlaced with cognitive training (GOG),
rTMS has additional beneficial effects, possibly as good as
cholinesterase inhibitors (17). Although rTMS has been gradually
applied in the field of neurodegenerative diseases, its related
neurochemical and functional changes in the brain remain
poorly understood.

The site of stimulation, frequency of stimulation, and number
of sessions are highly relevant to the therapeutic effect achieved
by rTMS. The dorsal lateral prefrontal cortex (DLPFC) is the most
commonly selected site for magnetic stimulation in patients with
AD (11, 15, 17) and MCI (18, 19). Other regions, including the
precuneus (20, 21), lateral parietal cortex (22), right inferior frontal
gyrus, right superior temporal (12), and left lateral temporal lobe
(LTL) (23) have also been reported. High-frequency rTMS (>5 Hz) is
usually more appropriate than low-frequency rTMS (<1 Hz) for the
treatment of AD (4, 11, 24). Long-term (>5 sessions) and multiple-
site stimulation produces better cognitive improvement than short-
term (<3 sessions) and single-target rTMS treatment (3). Therefore,
by stimulating the left DLPFC and LTL with high-frequency and
long-term rTMS, our previous study revealed a significant increase in
the concentration of N-acetylaspartate in the left DLPFC in patients
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with AD (23), reflecting better neuronal function after treatment.
rTMS influences not only the stimulation targets but also distant
sites that are anatomically or functionally connected to the stimulated
region of the brain (19, 25).

Quantitative perfusion analyses of the brain are extremely useful
for investigating the neurobiological changes induced by rTMS.
Arterial spin labeling (ASL) is particularly attractive because it avoids
the need for exogenous contrast agents. Using arterial blood water
as a freely diffusible endogenous tracer, the ASL technique enables
non-invasive and repeated measurement of cerebral blood flow (CBF)
(26). Although several brain regions have been shown to be involved
in MCI-AD, the posterior cingulate cortex (PCC) and precuneus are
among the most consistent regions of hypoperfusion (27-29). Tau
retention and astrogliosis/neurodegeneration in the PCC/precuneus
play important roles in determining the dementia state in early
AD (30). As the major nodes within the default mode network
(DMN) (31), the PCC/precuneus has a wide connection with other
regions of the brain, including the prefrontal cortex and temporal
lobe (32). Our previous study revealed metabolic changes in the
stimulation targets; however, CBF changes induced by rTMS-COG
therapy have not yet been clarified. In this study, CBF changes in
the stimulation targets and PCC/precuneus were first analyzed at
the region-of-interest (ROI) level. Exploratory voxel-wise analysis
was then conducted on the whole brain. The purpose of this study
was to explore (1) the effect of rTMS-COG therapy on regional
CBF changes, with a special interest in the PCC/precuneus, and (2)
whether the observed CBF changes are associated with cognitive
function alterations.

Materials and methods

Ethical approval and patient consent

This randomized, double-blind, sham-controlled study was
approved by the institutional review board of Tongji Hospital in
Wuhan, China (Clinical Trial Registry registration number: ChiCTR-
INR-16009227). Written informed consent was obtained from all
participants or their caregivers.

Participants and experiment design

Patients with mild or moderate AD were enrolled with the
following inclusion criteria: (1) age >50 years and right-handed;
(2) more than 6 years of education; (3) met the criteria for
probable AD based on NINCDS-ADRDA (33); (4) Clinical Dementia
Rating (CDR) scale memory score of 0.5-2; (5) Hachinski Ischemia
Score of <4; and (6) stable anti-dementia medication regimen
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(donepezil or memantine) for at least 3 months. Real rTMS
or sham stimulation was repeated five times per week (from
Monday to Friday) for 4 weeks. Cognitive training for up to
1h was performed in conjunction with rTMS every day. Each
patient with AD underwent neuropsychological assessment and
MRI before treatment (T0), on Saturday morning at the end of
4 weeks of treatment (T1), and 4 weeks after treatment (T2).
Patients with MRI or rTMS contraindications, as well as those
with other significant neurological or psychiatric diseases, potential
cerebrovascular disease, and brain tumors detected on structural MRI
before treatment, were excluded.

rTMS and cognitive training protocol

The left DLPFC and left LTL were chosen as stimulation targets,
guided by marked coordinates via an optical navigation system
(Magventure stimulator, Denmark and Localite TMS Navigator,
Germany). It provides an electromagnetic stimulation coil in
combination with a neuronavigation unit, allowing 3D tracking of
the coil and simultaneous visualization of all stimulation sites. The
electromagnetic stimulation coil was initially positioned over the
left DLPFC and then over the LTL. The Talairach coordinates of
the DLPFC were X = —35, Y = 24, and Z = 48 at approximately
halfway between F3 and F7, and the Talairach coordinates of
the LTL were X = —60, Y = —15, and Z = —15 at ~T3,
using the 10/20 EEG system. Real rTMS stimulation was applied
using a butterfly-shaped coil (MCF-B65, inner diameter = 35mm,
12mm) with the
following parameters: repetition 10 Hz with each train lasting for

outer diameter = 75mm, winding height =

5s, intermittent for 25s, and 20 trains with 1,000 pulses in total.
Therefore, for each stimulation site, the rTMS operation lasted
for ~10 min. The rTMS intensity was set at 100% of the patient’s
resting motor threshold (RMT). RMT was defined as the minimum
intensity exerted by single-pulse TMS over the optimal area for
stimulating the thumb with a visual twitch (hot spot) that elicited
a minimum of 50 mV of motor evoked potential in 5 out of 10
trials over the contralateral first dorsal interosseous muscle (34).
Sham stimulation was implemented with the same coil over the same
scalp position but oriented with the front edge touching the scalp
at 90°.

Cognitive tasks were selected by an experienced cognitive
therapist and completed on an iPad tablet (version 9.1; Apple,
USA). In rTMS-COG therapy, cognitive tasks are usually performed
between rTMS trains (35). In our study, the memory tasks were
completed during the whole process of rTMS stimulation for 20 min
in total, whereas the others such as attention tasks, mathematical
calculations, agility drills, language tasks, and logical thinking
tasks were practiced sequentially after stimulation ceased, lasting
~40min. The memory tasks were related to the activation of
stimulation targets, whereas the other cognitive tasks were chosen
depending on the specific domain of cognitive impairment, with
each task lasting for 10 min. All cognitive tasks were completed
by the patients on the same Apple tablet touch screen in a
similar manner, guided by the same experienced therapist with
no additional maintenance sessions. The details of the cognitive
training were the same as those described in our previous study in
detail (23).
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Before administering TMS, a screening questionnaire was
requested (36). Before and after each TMS session, the patient’s blood
pressure and heart rate were measured to ensure that the patient was
in good condition before leaving.

Neuropsychological assessments

Demographic and clinical characteristics, specifically sex, age,
education level, disease duration, APOE gene type, CDR scale, Mini-
Mental State Examination (MMSE), Alzheimer’s Disease Assessment
Scale-Cognitive ~ Subscale (ADAS-cog) Addenbrooke’s
Cognitive Examination III (ACE-III), auditory verbal learning
test (AVLT), Neuropsychiatric Inventory (NPI), and ADL were
evaluated by a neurologist with more than 20 years of experience
who was blinded to the group information of all patients. Higher
MMSE, AVLT, and ACE-III scores, as well as lower ADAS-cog
scores, indicate better cognitive function. Lower NPT and ADL scores

score,

indicate better conditions.

MRI

All participants underwent MRI on a 3.0T MR scanner
(Discovery MR 750, GE Healthcare, Chicago, IL, USA) with a
32-channel phased-array coil. 3D pseudo-continuous ASL (3D-
pCASL) was performed at TR/TE = 4,788/14.6 ms, post label delay
(PLD) = 1,525 ms, number of excitations (NEX) = 3, bandwidth
= 62.5kHz, readout of 8 arms x 1,024 samples, FOV = 240 x
240 mm, slice thickness/gap = 4/0 mm, and 34 pairs of labeled and
control images. For co-registration of each individual’s imaging data
into a common space for processing and analysis, structural 3D
T1-weighted images were acquired using brain volume (BRAVO)
sequence, with repetition time/echo time (TR/TE) = 8.2/3.2ms,
inversion time = 450 ms, FOV = 240 x 240 mm, matrix = 256 x
256, NEX = 1, slice thickness = 1 mm, and 184 sagittal slices.

MRI data processing and analysis

A cloud-based tool (ASL-MRICloud) was used for data
processing (https://mricloud.org/) (37). ASL-MRICloud is integrated
with T1-based brain segmentation and normalization tools to allow
the generation of CBF maps in the Montreal-Neurologic-Institute
(MNTI) template space as well as CBF values at the ROI level. First,
we uploaded the 3D-T1 BRAVO images using an elderly brain
atlas set for T1-MultiAtlas analysis (38). ASL data and the.zip files
from T1-MultiAtlas analysis were subsequently uploaded through
the ASL MRI processing pipeline to provide regional CBF values.
Quantification of CBF followed the kinetic model described in the
ASL white paper (39), based on a T1 relaxation time of blood at
3.0T of ~1,600 ms, labeling efficiency of 0.8, brain-blood-partition
coeflicient of 0.9, labeling duration of ~1,500 ms, and post-labeling
delay time of 1,525 ms. The image quality (from 1 indicating excellent
to 4 indicating poor quality) was also reported in the results.

The regional CBF values of the PCC and precuneus, as well as the
stimulation targets (left DLPFC and left LTL), were chosen for ROI-
based analysis. For voxel-level analysis, the normalized CBF maps
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TABLE 1 Demographic data of the participants at baseline.

Real Sham P-value
rTMS-CT rTMS-CT
Sex (F/M) 8/2 3/3 0.611*
Age (years) 65.60 £ 8.06 66.50 £ 9.40 0.842°
Education (years) 11.80 £ 2.53 11.83 £3.13 0.983"
APOE (e3/¢4, e4/¢4, €3/€3) 51,4 4,1,1 0.615%
Disease duration 3.10£1.45 3.67 £1.75 0.521°
CDR (0.5,1,2) 3,52 0,4,2 0.324*
MMSE 20.20 £5.11 18.33 £5.75 0.510"
ADAS-cog 25.62 £11.31 28.17 £7.15 0.630°
ACE-III 59.11 £ 21.51 49.33 £ 15.46 0.357°
AVLT 29.33 £7.37 24.80 £ 6.98 0.284°
ADL 28.20 £6.12 29.50 £ 3.94 0.651°

Results are expressed as mean =+ standard deviation. rTMS-CT, rTMS combined with cognitive
training; CDR, Clinical Dementia Rating scale; MMSE, Mini-Mental State Examination;
ADAS-cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; ACE-III, Addenbrooke’s
Cognitive Examination III; AVLT, auditory verbal learning test; ADL, Activities of daily living.
2p-value obtained using Fisher’s exact test. "p-value obtained using a two-sample two-tailed
Student’s ¢-test.

in the MNI template space were first smoothed using an 8-mm full
width at half maximum Gaussian Kernel. Then exploratory voxel-
wise analysis was conducted using a 2x3 flexible factorial design
installed in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) with “group”
(2levels: real and sham) as between factor and “time” (3 levels: T0, T1,
T2) as within-factor, with sex, age, education level, CDR and disease
duration as covariates. The average CBF values within clusters that
had significant main or interaction effects were extracted for further
simple effect and correlation analyses.

Statistics

The Shapiro-Wilk test was used to test the normal distribution
of the data. Clinical characteristics at baseline were analyzed using
a two-sample t-test or chi-square test. The neuropsychological
assessments and CBF changes at the ROI level were analyzed using
a mixed-design analysis of variance with “group” as between-subject
factor and “time” as within-subject factor using SPSS software
(version 21.0, USA). Post-hoc analysis was conducted in cases of a
significant main effect or interaction effect using least significance
difference correction. Sex, age, education level, CDR, and disease
duration were set as covariates in the above tests. Pearson correlations
between CBF changes and neuropsychological score changes (MMSE,
ADAS-cog, ACE-III, AVLT, and ADL) were calculated in the real
r'TMS-COG therapy group. p < 0.05 was considered to indicate
statistical significance.

Results

Baseline characteristics

All enrolled patients with AD received either real rTMS (n =
11) or sham treatment (n = 10), combined with cognitive training.
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Two patients in the sham group withdrew after their first revisit. One
patient in the real group and two in the sham group were excluded
because of incomplete MRI or neuropsychological examination at
T2. All data were normally distributed, except for the NPI score,
which was excluded from the statistical analysis. The real and sham
treatment groups showed no significant differences in age, sex,
education level, CDR, disease duration, MMSE, ADAS-cog, ACE-III,
AVLT, and ADL at baseline (p > 0.05). The APOE gene type also
showed no significant difference (p > 0.05). Clinical information of
all participants at baseline is shown in Table 1.

Effect of rTMS combined with cognitive
training on neuropsychological assessments

of the effects of rTMS-COG
neuropsychological assessments revealed significant group x
time interactions for the MMSE (F = 5.339, p = 0.023, n2 = 0.433;
Figure 1A) and ADL (F = 5.409, p = 0.039, n2 = 0.436; Figure 1B)
scores. No other significant results were observed for the remaining
test scores (p > 0.05). Post-hoc analysis indicated that the MMSE
score significantly increased at the end of the 4 weeks’ treatment (T1,
p = 0.001) and 4 weeks after treatment (T2, p = 0.000) compared
with baseline scores (Figure 1C), indicating that rTMS-COG therapy
had both immediate and long-term effects on cognitive function

Analysis therapy on

improvement. ADL scores significantly decreased at T1 (p = 0.001)
and T2 (p = 0.034) compared with baseline scores (Figure 1D),
indicating better function after real rTMS-COG therapy. In contrast,
the MMSE and ADL scores of the sham group remained relatively
stable at the two timepoints after treatment (MMSE score: p = 0.337
at T1, p = 0.902 at T2; ADL score: p = 0.613 at T1, p = 0.207 at T2).

Effect of rTMS combined with cognitive
training on regional CBF

For ROI-level analysis, segmentation of the precuneus and PCC,
as well as the stimulation targets (left DLPFC and left LTL), was
checked visually, and image quality was rated as excellent for all
participants. At baseline, the regional CBF values of the precuneus,
PCC, and stimulation targets showed no significant difference
between the two groups (real and sham, p > 0.05). As for the CBF
changes induced by rTMS-COG therapy, the regional CBF of the
precuneus showed a significant group x time interaction (F = 5.833,
p = 0.027, n? = 0.593; Figure 2A). CBF changes in the PCC and
stimulation targets (left DLPFC and left LTL) showed no significant
main or interaction effects (p > 0.05; Figures 2B-D). The regional
CBF value of the precuneus in the real 'rTMS-COG group significantly
decreased immediately after the end of 4 weeks’ treatment (T1, p =
0.007) and returned to baseline 4 weeks after treatment (T2, p=0.783;
Figure 2E). The sham group did not show significant CBF changes
in the precuneus at the two timepoints (p = 0.629 at T1, p = 0.898
at T2). Although not statistically significant, the variation tendency
of regional CBF in the PCC was much more similar to that in the
precuneus but different from the stimulation targets (Figures 2F-H).

For voxel-level analysis, a significant group main effect was
detected in the left limbic lobe cluster, with the maximal peak
in the left parahippocampus (p < 0.001, uncorrected, peak at
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[—16 —8 —24]; Figure 3A). Simple effect analysis indicated that
the regional CBF of the left parahippocampus in the real group
remained unchanged at T1 (p = 0.187) but significantly increased
at T2 (p = 0.008), indicating a long-term effect on the regional
CBF of the left parahippocampus (Figures 3B, C). The sham group
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showed non-significant CBF changes in the left parahippocampus
at two timepoints (p = 0.757 at T1, p = 0.654 at T2). However,
this did not survive family-wise error correction (FWE) based on
cluster extent with a critical corrected alpha of 0.05 (pFWE < 0.05).
The variation tendency of CBF in the left parahippocampus was

05
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similar to that of the stimulation targets (left DLPFC), regardless
of significance.

Association between regional CBF changes
and neuropsychological alterations

Exploratory analyses of the association between CBF changes and
neuropsychological measurements indicated that CBF decrease in the
precuneus correlated with a significant ACT-III score increase at the
end of 4 weeks treatment (T1; r = —0.732, p = 0.025), indicating
that regional CBF decrease in the precuneus immediately after rTMS-
COG therapy was associated with better cognitive states. CBF changes
in the cluster of the left parahippocampus showed no significant
correlation with any neuropsychological score alterations (p > 0.05).

Discussion

This study provides further evidence of the beneficial effect
of high-frequency rTMS combined with cognitive training (rTMS-
COG) in patients with mild-to-moderate AD. Treatment-by-time
interactions were observed on the neuropsychological measurements,
showing significant improvement in cognitive function and ADL
immediately after rTMS-COG therapy (T1) and 4 weeks after the
therapy (T2). This may be a possible synergistic lasting after-
treatment effect of 'rTMS-COG therapy, which has been supported by
previous studies (17, 23, 40). For rTMS-COG-induced CBF changes,
significant treatment-by-time interactions on the precuneus and the
main effect of treatment on the left parahippocampus were noted,
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indicating immediate effects in the precuneus and long-term effects
in the left parahippocampus. The CBF decrease in the precuneus
immediately after rTMS-COG therapy correlated well with improved
cognitive function.

Synergistic effect of rTMS and cognitive
training

Although the cognitive training tasks were the same in the real
rTMS and sham groups, we still could not ascribe the improvement
in clinical outcomes in the real group to rTMS itself. Therefore, rTMS
may have a synergistic effect with active and passive cognitive training
(41). By modulating neuroplasticity, rTMS might serve to “prime” a
given targeted cortical region or network to make it more susceptible
to the intervention of cognitive training (35). rTMS combined with
cognitive training (rTMS-COG) is a useful adjuvant therapy for
patients with AD that enhances cognitive function (3, 4, 41, 42).
Interlaced with cognitive training (GOG), rTMS has additional
beneficial effects, possibly as good as cholinesterase inhibitors (17).

rTMS-COG induced immediate CBF
reduction on the precuneus and was
associated with cognition improvement

Compared with the sham group, CBF of the precuneus in the

real rTMS group decreased significantly immediately after treatment
(T1) and returned to baseline 4 weeks after treatment (T2). Although
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there was no significant main or interaction effect, CBF changes
in the PCC showed a similar variation tendency as that in the
precuneus. Our study revealed, for the first time, that rTMS-COG
therapy induced CBF reduction in the precuneus of patients with
AD immediately after treatment. AD has been assumed to be a
disconnection syndrome associated with changes in neurocircuitry
(43). The PCC/precuneus is widely connected to other areas of
the brain and forms a hub node in the DMN (31). Both aging
and AD are characterized by reduced DMN connectivity. However,
the importance of pathological changes in the precuneus in AD is
underscored by the fact that diminished connection of the DMN
with the precuneus acts as a marker of AD pathology but not of
aging (44). The precuneus connects extensively with regions of the
brain involved in execution and memory retrieval functions, offering
numerous targeting opportunities. Koch et al. (20) stimulated
the precuneus in prodromal AD to enhance memory and neural
activity. rTMS therapy targeting the precuneus improves posterior
hippocampal connectivity and controls subjective cognitive decline,
which is a potential preclinical stage of AD (21). The precuneus may
be an effective therapeutic site for improving memory in AD (3).
Targeting the left DLPFC, rTMS has also been reported to enhance
the amplitude of low-frequency fluctuations and modulate the resting
activity of the precuneus (18). Considering the above, it is expected
that CBF changes in the precuneus in our study reflect its key role in
maintaining DMN connectivity and signal transmission.

Importantly, we found that CBF decrease in the precuneus was
associated with a significant increase in ACE-III scores at the end
of 4 weeks' treatment (T1), indicating that CBF reduction in the
precuneus immediately after rTMS-COG therapy was associated
with better cognitive function. This is contradictory to previous
findings because hypoperfusion of the PCC/precuneus was reported
to correlate with cognitive decline measured by MMSE (45, 46).
Because the neuropsychological benefits do not diminish 4 weeks
after treatment, the regional CBF decrease in the precuneus might
represent a transitory plastic stage in our study. In addition, the
different tools used for neuropsychological assessment may have
impacted the results, as CBF changes in the precuneus were
only correlated with ACE-III scores. Comparing five cognitive
instruments, including MMSE, for the diagnosis of AD, ACE-III
achieved the highest diagnostic accuracy in a previous study (47). Our
study may indicate that ACE-III can be used to detect rTMS-COG
therapy-induced changes.

The reasons for reduced perfusion in the precuneus following
rTMS-COG therapy in the present study are unclear. rTMS can
modify brain cortical excitability and regional CBE, which is
hemisphere- and frequency-dependent (25). rCBF decrease has been
reported in patients with severe enduring anorexia nervosa, in which
a significant reduction in amygdala CBF was observed after high-
frequency rTMS on the left DLPFC (48). Measurement of CBF using
99mTc HMPAO uptake on SPECT also showed that high-frequency
TMS could decrease perfusion in remote areas of the brain in patients
with drug-resistant depression (49). A decrease in the resting-state
activity of the precuneus was accompanied by elevated levels of
peripheral brain-derived neurotrophic factor (BDNF) following TMS
stimulation in patients with AD (22). The BDNF genotype has been
reported to affect anxiety-related personality traits and resting CBF
in the frontolimbic neurocircuitry of healthy people (50). Whether
peripheral BDNF plays a role in rTMS-COG therapy by influencing
regional CBF requires further investigation.
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rTMS-COG induced weak long-term CBF
increase on left parahippocampus

Whole-brain voxel-wise analysis revealed a main effect of
treatment on the left parahippocampus with an uncorrected
threshold of p < 0.001, which did not survive multiple comparison
correction (pFWE < 0.05). This result indicated that rTMS-COG
therapy induced a weak CBF increase in the left parahippocampus
4 weeks after treatment (T2), showing a long-term effect in remote
areas by stimulation of the left frontal and temporal lobes. Increases
in rCBF usually suggest a cellular and vascular compensatory process
(27). Although the effect of TMS-COG therapy on regional CBF
cannot be ascribed to rTMS alone, our study still indicated that
stimulation of the left DLPFC and left LTL induced rCBF changes
involving the areas of frontolimbic circuits, which confirms the ability
of rTMS to act on functionally and anatomically connected areas
(5,21, 51, 52).

Limitations

This study had several limitations, including the small sample
size. Therefore, although with no statistical significance, we could
not conclude that rTMS-COG therapy induces no CBF changes
in the brain stimulation targets/PCC. Additionally, the unequal
sample sizes in the two groups (real and sham) and heterogeneity
of patients enrolled reduced the statistical power. Because this is
an exploratory neuroimaging study, future studies with a large
sample size are needed to reveal the neurobiological basis of
rTMS. Second, although an optical navigation system was used
to locate the stimulation site, an individualized MRI navigation
system is recommended to improve the accuracy of placement
of the stimulation coil. With the development of hardware and
computational science, multimodal neuroimaging data can be
collected and imported into the navigation system to build a
personalized brain model and personalized stimulation protocols
(53). Third, it is difficult to attribute the observed cognitive changes
to stimulation alone because we did not include a third group that
received rTMS alone. As mentioned previously, our study reflects the
synergistic effect of rTMS and cognitive training. Finally, additional
measurements such as task fMRI or resting-state fMRI were not
conducted to further clarify what exactly happened at the functional
connectivity level. Because the effects of rTMS are complex and
involve multiple neurotransmission systems, regions, and networks
(54), further studies combining TMS with imaging studies would
advance our understanding of the neurobiological underpinnings
of rTMS, either using positron emission tomography (PET) or
MR techniques.

Conclusion

The study provides further evidence that high-frequency
rTMS-COG produces beneficial immediate and long-term effects
in patients with AD regarding cognitive function and ADL.
rTMS targeting the left DLPFC and left LTL combined with
cognitive training induced decreased CBF in the precuneus
immediately after treatment and increased CBF in the left
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parahippocampus 4 weeks after treatment in patients with mild-to-
moderate AD, showing a region-dependent alteration. The results of
our study provide imaging evidence to understand the underlying
neurobiological mechanisms for the application of rTMS-COG
in 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 Ethics Committee of Tongji Hospital (Wuhan,
China). The patients/participants provided their written informed
consent to participate in this study.

Author contributions

YQ: conceptualization, and  software.
YQ and LB: data draft

preparation. FZ: visualization and investigation. SJ: software.

methodology,

curation and writing—original

MZ: supervision and validation. WZ: writing—reviewing and
editing. All authors contributed to the article and approved the
submitted version.

References

1. Mielke MM, Leoutsakos JM, Corcoran CD, Green RC, Norton MC, Welsh-
Bohmer KA, et al. Effects of food and drug administration-approved medications
for Alzheimer’s disease on clinical progression. Alzheimers Dement. (2012) 8:180-7.
doi: 10.1016/j.jalz.2011.02.011

2. Lefaucheur JP, Aleman A, Baeken C, Benninger DH, Brunelin J, Di Lazzaro V; et al.
Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic
stimulation (rTMS): an update (2014-2018). Clin Neurophysiol. (2020) 131:474-528.
doi: 10.1016/j.clinph.2019.11.002

3. Lin Y, Jiang W], Shan PY, Lu M, Wang T, Li RH, et al. The role of repetitive
transcranial magnetic stimulation (rTMS) in the treatment of cognitive impairment in
patients with Alzheimer’s disease: a systematic review and meta-analysis. ] Neurol Sci.
(2019) 398:184-91. doi: 10.1016/j.jns.2019.01.038

4. Cheng CPW, Wong CSM, Lee KK, Chan APK, Yeung JWE Chan WC. Effects
of repetitive transcranial magnetic stimulation on improvement of cognition in elderly
patients with cognitive impairment: a systematic review and meta-analysis. Int | Geriatr
Psychiatry. (2018) 33:e1-el3. doi: 10.1002/gps.4726

5. Ferrarelli F, Phillips ML. Examining and modulating neural circuits in
psychiatric disorders with transcranial magnetic stimulation and electroencephalography:
present practices and future developments. Am ] Psychiatry. (2021) 178:400-13.
doi: 10.1176/appi.ajp.2020.20071050

6. Guo H, Xiao Y, Sun D, Yang J, Wang J, Wang H, et al. Early-stage
repetitive transcranial magnetic stimulation altered posterior-anterior cerebrum effective
connectivity in methylazoxymethanol acetate rats. Front Neurosci. (2021) 15:652715.
doi: 10.3389/fnins.2021.652715

7. O’Reardon JP, Solvason HB, Janicak PG, Sampson S, Isenberg KE, Nahas Z, et al.
Efficacy and safety of transcranial magnetic stimulation in the acute treatment of major
depression: a multisite randomized controlled trial. Biol Psychiatry. (2007) 62:1208-16.
doi: 10.1016/j.biopsych.2007.01.018

8. Carmi L, Alyagon U, Barnea-Ygael N, Zohar J, Dar R, Zangen A. Clinical
and electrophysiological outcomes of deep TMS over the medial prefrontal and
anterior cingulate cortices in OCD patients. Brain Stimul. (2018) 11:158-65.
doi: 10.1016/.brs.2017.09.004

Frontiersin Neurology

10.3389/fneur.2023.1037864

Funding

This study was supported by the National Key Research and
Development Project (No. 2018YFE0118900) and National Natural
Science Foundation of China (No. 81873890).

Acknowledgments

The authors would like to express their gratitude to the
Charlesworth Group (https://www.cwauthors.com/frontiers/) for
providing expert linguistic services.

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.

9. Drumond Marra HL, Myczkowski ML, Maia Memoria C, Arnaut D, Leite Ribeiro
P, Sardinha Mansur CG, et al. Transcranial magnetic stimulation to address mild
cognitive impairment in the elderly: a randomized controlled study. Behav Neurol. (2015)
2015:287843. doi: 10.1155/2015/287843

10. 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

11. Ahmed MA, Darwish ES, Khedr EM, El Serogy YM, Ali AM. Effects of low
versus high frequencies of repetitive transcranial magnetic stimulation on cognitive
function and cortical excitability in Alzheimer’s dementia. J Neurol. (2012) 259:83-92.
doi: 10.1007/s00415-011-6128-4

12. Anderkova L, Eliasova I, Marecek R, Janousova E, Rektorova I. distinct
pattern of gray matter atrophy in mild Alzheimer’s disease impacts on cognitive
outcomes of noninvasive brain stimulation. ] Alzheimers Dis. (2015) 48:251-60.
doi: 10.3233/JAD-150067

13. Eliasova I, Anderkova L, Marecek R, Rektorova I. Non-invasive brain stimulation of
the right inferior frontal gyrus may improve attention in early Alzheimer’s disease: a pilot
study. J Neurol Sci. (2014) 346:318-22. doi: 10.1016/j.jns.2014.08.036

14. Vacas SM, Stella F, Loureiro JC. Simoes do Couto F, Oliveira-Maia AJ, Forlenza OV.
Noninvasive brain stimulation for behavioural and psychological symptoms of dementia:
a systematic review and meta-analysis. Int | Geriatr Psychiatry. (2019) 34:1336-45.
doi: 10.1002/gps.5003

15. Cotelli M, Calabria M, Manenti R, Rosini S, Zanetti O, Cappa SE, et al. Improved
language performance in Alzheimer disease following brain stimulation. J Neurol
Neurosurg Psychiatry. (2011) 82:794-7. doi: 10.1136/jnnp.2009.197848

16. Cotelli M, Manenti R, Cappa SE Zanetti O, Miniussi C. Transcranial magnetic
stimulation improves naming in Alzheimer disease patients at different stages of cognitive
decline. Eur ] Neurol. (2008) 15:1286-92. doi: 10.1111/j.1468-1331.2008.02202.x

17. Bentwich J, Dobronevsky E, Aichenbaum S, Shorer R, Peretz R, Khaigrekht M, et al.
Beneficial effect of repetitive transcranial magnetic stimulation combined with cognitive

frontiersin.org


https://doi.org/10.3389/fneur.2023.1037864
https://www.cwauthors.com/frontiers/
https://doi.org/10.1016/j.jalz.2011.02.011
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.jns.2019.01.038
https://doi.org/10.1002/gps.4726
https://doi.org/10.1176/appi.ajp.2020.20071050
https://doi.org/10.3389/fnins.2021.652715
https://doi.org/10.1016/j.biopsych.2007.01.018
https://doi.org/10.1016/j.brs.2017.09.004
https://doi.org/10.1155/2015/287843
https://doi.org/10.3389/fnhum.2021.723715
https://doi.org/10.1007/s00415-011-6128-4
https://doi.org/10.3233/JAD-150067
https://doi.org/10.1016/j.jns.2014.08.036
https://doi.org/10.1002/gps.5003
https://doi.org/10.1136/jnnp.2009.197848
https://doi.org/10.1111/j.1468-1331.2008.02202.x
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Qin et al.

training for the treatment of Alzheimer’s disease: a proof of concept study. J Neural
Transm (Vienna). (2011) 118:463-71. doi: 10.1007/s00702-010-0578-1

18. Yuan LQ, Zeng Q, Wang D, Wen XY, Shi Y, Zhu E, 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
Regen Res. (2021) 16:707-13. doi: 10.4103/1673-5374.295345

19. 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

20. Koch G, Bonni S, Pellicciari MC, Casula EP, Mancini M, Esposito R,
et al. Transcranial magnetic stimulation of the precuneus enhances memory and
neural activity in prodromal Alzheimer’s disease. Neuroimage. (2018) 169:302-11.
doi: 10.1016/j.neuroimage.2017.12.048

21. Chen J, Ma N, Hu G, Nousayhah A, Xue C, Qi W, et al. 'TMS modulates precuneus-
hippocampal subregion circuit in patients with subjective cognitive decline. Aging. (2020)
13:1314-31. doi: 10.18632/aging.202313

22. Velioglu HA, Hanoglu L, Bayraktaroglu Z, Toprak G, Guler EM, Bektay MY, et al.
Left lateral parietal rTMS improves cognition and modulates resting brain connectivity in
patients with Alzheimer’s disease: possible role of BDNF and oxidative stress. Neurobiol
Learn Mem. (2021) 180:107410. doi: 10.1016/j.nlm.2021.107410

23. Zhang E, Qin Y, Xie L, Zheng C, Huang X, Zhang M. High-frequency repetitive
transcranial magnetic stimulation combined with cognitive training improves cognitive
function and cortical metabolic ratios in Alzheimer’s disease. ] Neural Transm. (2019)
126:1081-94. doi: 10.1007/s00702-019-02022-y

24. Guse B, Falkai P, Wobrock T. Cognitive effects of high-frequency repetitive
transcranial magnetic stimulation: a systematic review. ] Neural Transm. (2010) 117:105-
22. doi: 10.1007/500702-009-0333-7

25. Knoch D, Treyer V, Regard M, Muri RM, Buck A, Weber B. Lateralized
and frequency-dependent effects of prefrontal rTMS on regional cerebral blood flow.
Neuroimage. (2006) 31:641-8. doi: 10.1016/j.neuroimage.2005.12.025

26. Bambach S, Smith M, Morris PP, Campeau NG, Ho ML. Arterial spin labeling
applications in pediatric and adult neurologic disorders. J Magn Reson Imaging. (2020)
3:27438. doi: 10.1002/jmri.27438

27. Dai W, Lopez OL, Carmichael OT, Becker JT, Kuller LH, Gach HM. Mild cognitive
impairment and alzheimer disease: patterns of altered cerebral blood flow at MR imaging.
Radiology. (2009) 250:856-66. doi: 10.1148/radiol.2503080751

28. Thomas B, Sheelakumari R, Kannath S, Sarma S, Menon RN. Regional cerebral
blood flow in the posterior cingulate and precuneus and the entorhinal cortical atrophy
score differentiate mild cognitive impairment and dementia due to Alzheimer disease.
AJNR Am ] Neuroradiol. (2019) 40:1658-64. doi: 10.3174/ajnr.A6219

29. Sierra-Marcos A. Regional cerebral blood flow in mild cognitive impairment and
alzheimer’s disease measured with arterial spin labeling magnetic resonance imaging. Int
J Alzheimers Dis. (2017) 2017:5479597. doi: 10.1155/2017/5479597

30. Yokoi T, Watanabe H, Yamaguchi H, Bagarinao E, Masuda M, Imai K,
et al. Involvement of the precuneus/posterior cingulate cortex is significant for the
development of Alzheimer’s disease: a PET (THK5351, PiB) and resting fMRI study. Front
Aging Neurosci. (2018) 10:304. doi: 10.3389/fnagi.2018.00304

31. Mohan A, Roberto AJ, Mohan A, Lorenzo A, Jones K, Carney MJ, et al. The
significance of the default mode network (DMN) in neurological and neuropsychiatric
disorders: a review. Yale ] Biol Med. (2016) 89:49-57.

32. Raichle ME. The brain’s default mode network. Annu Rev Neurosci. (2015) 38:433—
47. doi: 10.1146/annurev-neuro-071013-014030

33. Dubois B, Feldman HH, Jacova C, Dekosky ST, Barberger-Gateau P, Cummings J,
et al. Research criteria for the diagnosis of Alzheimer’s disease: revising the NINCDS-
ADRDA criteria. Lancet Neurol. (2007) 6:734-46. doi: 10.1016/S1474-4422(07)70178-3

34. Groppa S, Oliviero A, Eisen A, Quartarone A, Cohen LG, Mall V, et al. A practical
guide to diagnostic transcranial magnetic stimulation: report of an IFCN committee. Clin
Neurophysiol. (2012) 123:858-82. doi: 10.1016/j.clinph.2012.01.010

35. Sabbagh M, Sadowsky C, Tousi B, Agronin ME, Alva G, Armon C, et al
Effects of a combined transcranial magnetic stimulation (TMS) and cognitive training
intervention in patients with Alzheimer’s disease. Alzheimers Dement. (2020) 16:641-50.
doi: 10.1016/j.jalz.2019.08.197

36. Rossi S, Hallett M, Rossini PM, Pascual-Leone A. Screening questionnaire before
TMS: an update. Clin Neurophysiol. (2011) 122:1686. doi: 10.1016/j.clinph.2010.12.037

37.LiY, Liu P, Li Y, Fan H, Su P, Peng SL, et al. ASL-MRICloud: an online tool for the
processing of ASL MRI data. NMR Biomed. (2019) 32:¢4051. doi: 10.1002/nbm.4051

Frontiersin Neurology

09

10.3389/fneur.2023.1037864

38. Mori S, Wu D, Ceritoglu C, Li Y, Kolasny A, Vaillant MA, et al. MRICloud: delivering
high-throughput MRI neuroinformatics as cloud-based software as a service. Comput Sci
Eng. (2016) 18:21-35. doi: 10.1109/MCSE.2016.93

39. Alsop DC, Detre JA, Golay X, Gunther M, Hendrikse J, Hernandez-Garcia
L, et al. Recommended implementation of arterial spin-labeled perfusion MRI for
clinical applications: a consensus of the ISMRM perfusion study group and the
European consortium for ASL in dementia. Magn Reson Med. (2015) 73:102-16.
doi: 10.1002/mrm.25197

40. Lee ], Choi BH, Oh E, Sohn EH, Lee AY. Treatment of Alzheimer’s disease
with repetitive transcranial magnetic stimulation combined with cognitive training: a
prospective, randomized, double-blind, placebo-controlled study. J Clin Neurol. (2016)
12:57-64. doi: 10.3988/jcn.2016.12.1.57

41. Rabey JM, Dobronevsky E, Aichenbaum S, Gonen O, Marton RG, Khaigrekht
M. Repetitive transcranial magnetic stimulation combined with cognitive training is
a safe and effective modality for the treatment of Alzheimer’s disease: a randomized,
double-blind study. J Neural Transm. (2013) 120:813-9. doi: 10.1007/s00702-012-
0902-z

42. Rabey JM, Dobronevsky E. Repetitive transcranial magnetic stimulation (rTMS)
combined with cognitive training is a safe and effective modality for the treatment
of Alzheimer’s disease: clinical experience. J Neural Transm. (2016) 123:1449-55.
doi: 10.1007/500702-016-1606-6

43. Gomez-Ramirez J, Wu J. Network-based biomarkers in Alzheimer’s disease: review
and future directions. Front Aging Neurosci. (2014) 6:12. doi: 10.3389/fnagi.2014.00012

44, Klaassens BL, van Gerven JMA, van der Grond J, de Vos E, Moller C, Rombouts
S. Diminished posterior precuneus connectivity with the default mode network
differentiates normal aging from Alzheimer’s disease. Front Aging Neurosci. (2017) 9:97.
doi: 10.3389/fnagi.2017.00097

45. Binnewijzend MA, Kuijer JP, Benedictus MR, van der Flier WM, Wink AM, Wattjes
MBP, et al. Cerebral blood flow measured with 3D pseudocontinuous arterial spin-labeling
MR imaging in Alzheimer disease and mild cognitive impairment: a marker for disease
severity. Radiology. (2013) 267:221-30. doi: 10.1148/radiol.12120928

46. Kaneta T, Katsuse O, Hirano T, Ogawa M, Shihikura-Hino A, Yoshida K, et al.
Voxel-wise correlations between cognition and cerebral blood flow using arterial spin-
labeled perfusion MRI in patients with Alzheimer’s disease: a cross-sectional study. BMC
Neurol. (2017) 17:91. doi: 10.1186/s12883-017-0870-x

47. Matias-Guiu JA, Valles-Salgado M, Rognoni T, Hamre-Gil F, Moreno-Ramos T,
Matias-Guiu J. Comparative diagnostic accuracy of the ACE-III, MIS, MMSE, MoCA,
and RUDAS for screening of Alzheimer disease. Dement Geriatr Cogn Disord. (2017)
43:237-46. doi: 10.1159/000469658

48. Dalton B, Maloney E, Rennalls S], Bartholdy S, Kekic M, McClelland J, et al.
A pilot study exploring the effect of repetitive transcranial magnetic stimulation
(rTMS) treatment on cerebral blood flow and its relation to clinical outcomes in
severe enduring anorexia nervosa. J Eat Disord. (2021) 9:84. doi: 10.1186/s40337-021-
00420-w

49. Conca A, Peschina W, Konig P, Fritzsche H, Hausmann A. Effect of chronic
repetitive transcranial magnetic stimulation on regional cerebral blood flow and
regional cerebral glucose uptake in drug treatment-resistant depressives. A brief report.
Neuropsychobiology. (2002) 45:27-31. doi: 10.1159/000048669

50. Wei SM, Eisenberg DP, Nabel KG, Kohn PD, Kippenhan JS, Dickinson D,
et al. Brain-derived neurotrophic factor Val66Met polymorphism affects the relationship
between an anxiety-related personality trait and resting regional cerebral blood flow.
Cereb Cortex. (2017) 27:2175-82. doi: 10.1093/cercor/bhw072

51.Jin L, Yuan M, Zhang W, Su H, Wang E, Zhu J, et al. Repetitive transcranial magnetic
stimulation modulates coupling among large-scale brain networks in heroin-dependent
individuals: a randomized resting-state functional magnetic resonance imaging study.
Addict Biol. (2022) 27:e13121. doi: 10.1111/adb.13121

52. Li X, Du L, Sahlem GL, Badran BW, Henderson S, George MS. Repetitive
transcranial magnetic stimulation (rTMS) of the dorsolateral prefrontal cortex
reduces resting-state insula activity and modulates functional connectivity of the
orbitofrontal cortex in cigarette smokers. Drug Alcohol Depend. (2017) 174:98-105.
doi: 10.1016/j.drugalcdep.2017.02.002

53. Klooster DCW, Ferguson MA, Boon P, Baeken C. Personalizing repetitive
transcranial magnetic stimulation parameters for depression treatment using
multimodal neuroimaging. Biol Psychiatry Cogn Neurosci Neuroimaging. (2021) 3:4.
doi: 10.1016/j.bpsc.2021.11.004

54. Aceves-Serrano L, Neva JL, Doudet DJ. Insight into the effects of clinical repetitive
transcranial magnetic stimulation on the brain from positron emission tomography and
magnetic resonance imaging studies: a narrative review. Front Neurosci. (2022) 16:787403.
doi: 10.3389/fnins.2022.787403

frontiersin.org


https://doi.org/10.3389/fneur.2023.1037864
https://doi.org/10.1007/s00702-010-0578-1
https://doi.org/10.4103/1673-5374.295345
https://doi.org/10.3233/JAD-181296
https://doi.org/10.1016/j.neuroimage.2017.12.048
https://doi.org/10.18632/aging.202313
https://doi.org/10.1016/j.nlm.2021.107410
https://doi.org/10.1007/s00702-019-02022-y
https://doi.org/10.1007/s00702-009-0333-7
https://doi.org/10.1016/j.neuroimage.2005.12.025
https://doi.org/10.1002/jmri.27438
https://doi.org/10.1148/radiol.2503080751
https://doi.org/10.3174/ajnr.A6219
https://doi.org/10.1155/2017/5479597
https://doi.org/10.3389/fnagi.2018.00304
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1016/S1474-4422(07)70178-3
https://doi.org/10.1016/j.clinph.2012.01.010
https://doi.org/10.1016/j.jalz.2019.08.197
https://doi.org/10.1016/j.clinph.2010.12.037
https://doi.org/10.1002/nbm.4051
https://doi.org/10.1109/MCSE.2016.93
https://doi.org/10.1002/mrm.25197
https://doi.org/10.3988/jcn.2016.12.1.57
https://doi.org/10.1007/s00702-012-0902-z
https://doi.org/10.1007/s00702-016-1606-6
https://doi.org/10.3389/fnagi.2014.00012
https://doi.org/10.3389/fnagi.2017.00097
https://doi.org/10.1148/radiol.12120928
https://doi.org/10.1186/s12883-017-0870-x
https://doi.org/10.1159/000469658
https://doi.org/10.1186/s40337-021-00420-w
https://doi.org/10.1159/000048669
https://doi.org/10.1093/cercor/bhw072
https://doi.org/10.1111/adb.13121
https://doi.org/10.1016/j.drugalcdep.2017.02.002
https://doi.org/10.1016/j.bpsc.2021.11.004
https://doi.org/10.3389/fnins.2022.787403
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Cerebral blood flow changes induced by high-frequency repetitive transcranial magnetic stimulation combined with cognitive training in Alzheimer's disease
	Introduction
	Materials and methods
	Ethical approval and patient consent
	Participants and experiment design
	rTMS and cognitive training protocol
	Neuropsychological assessments
	MRI
	MRI data processing and analysis
	Statistics

	Results
	Baseline characteristics
	Effect of rTMS combined with cognitive training on neuropsychological assessments
	Effect of rTMS combined with cognitive training on regional CBF
	Association between regional CBF changes and neuropsychological alterations

	Discussion
	Synergistic effect of rTMS and cognitive training
	rTMS-COG induced immediate CBF reduction on the precuneus and was associated with cognition improvement
	rTMS-COG induced weak long-term CBF increase on left parahippocampus
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


