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ABSTRACT

Background Previous studies have demonstrated that
excitatory repetitive transcranial magnetic stimulation
(rTMS) can improve the cognitive function of patients

with Alzheimer’s disease (AD). Intermittent theta burst
stimulation (iTBS) is a novel excitatory rTMS protocol for
brain activity stimulation with the ability to induce long-
term potentiation-like plasticity and represents a promising
treatment for AD. However, the long-term effects of iTBS
on cognitive decline and brain structure in patients with AD
are unknown.

Aims We aimed to explore whether repeating accelerated
iTBS every three months could slow down the cognitive
decline in patients with AD.

Methods In this randomised, assessor-blinded,
controlled trial, iTBS was administered to the left
dorsolateral prefrontal cortex (DLPFC) of 42 patients
with AD for 14 days every 13 weeks. Measurements
included the Montreal Cognitive Assessment (MoCA),

a comprehensive neuropsychological battery, and

the grey matter volume (GMV) of the hippocampus.
Patients were evaluated at baseline and after follow-

up. The longitudinal pipeline of the Computational
Anatomy Toolbox for SPM was used to detect significant
treatment-related changes over time.

Results The iTBS group maintained MoCA scores
relative to the control group (t=3.26, p=0.013) and
reduced hippocampal atrophy, which was significantly
correlated with global degeneration scale changes. The
baseline Mini-Mental State Examination (MMSE) score,
apolipoprotein E genotype and Clinical Dementia Rating
were indicative of MoCA scores at follow-up. Moreover,
the GMV of the left (t=0.08, p=0.996) and right (t=0.19,
p=0.977) hippocampus were maintained in the active
group but significantly declined in the control group (left:
t=4.13, p<0.001; right: t=5.31, p<0.001). GMV change

in the left (r=0.35, p=0.023) and right (r=0.36, p=0.021)
hippocampus across the intervention positively correlated
with MoCA changes; left hippocampal GMV change was
negatively correlated with global degeneration scale
(r=—0.32, p=0.041) changes.

Conclusions DLPFC-iTBS may be a feasible and easy-to-
implement non-pharmacological intervention to slow down
the progressive decline of overall cognition and quality

of life in patients with AD, providing a new AD treatment
option.

Trial registration number NCT04754152.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Previous studies have demonstrated that excitatory
repetitive transcranial magnetic stimulation (rTMS)
can improve cognitive function in patients with
Alzheimer’s disease (AD).

= Recently, Koch et al found that precuneus-20-Hz
rTMS could reduce the progression of cognitive de-
cline for 24 weeks.

WHAT THIS STUDY ADDS

= Our study makes a significant contribution to the
literature because the findings indicate that (1) re-
peating intermittent theta burst stimulation (iTBS) of
the left dorsolateral prefrontal cortex (DLPFC) every
three months can slow down the progressive decline
of global cognition in patients with AD; (2) signifi-
cant differences in treatment effects were found be-
tween apolipoprotein E €4 carriers and non-carriers
and (3) Clinical Dementia Rating and Mini-Mental
State Examination at baseline can aid in assessing
patient eligibility for treatment with iTBS.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study confirms, for the first time, that DLPFC-
iTBS is a feasible and easy-to-implement non-
pharmacological intervention to slow down the
progressive decline of overall cognition and quality
of life in patients with AD, providing a new approach
for future AD treatments.

INTRODUCTION
Alzheimer’s disease (AD), one of the most
disabling, lethal and burdensome diseases of
this century, is characterised by progressive
cognitive impairment.' Regrettably, there are
no effective treatments to date. Moreover,
up to one-third of patients with AD show a
rapid cognitive decline (RCD), with a worse
prognosis, a greater impact on families and
limited treatment options. Therefore, there
is growing interest in developing novel non-
pharmaceutical therapies to improve clinical
symptoms in patients with AD.

Recent research indicates that impaired
neuroplasticity could be associated with
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AD pathogenesis and might be related to the progres-
sive cognitive decline in AD." Accordingly, therapeutic
modulation of neuroplasticity in some critical areas, such
as the dorsolateral prefrontal cortex (DLPFC), might
alleviate, delay or halt the progressive clinical deterio-
ration in AD.” Repetitive transcranial magnetic stimula-
tion (rTMS) induces local neuronal depolarisation. This
modifies the excitability and plasticity of cortical neurons
by repetitively delivering a high-intensity magnetic field
over a target area of the brain via the scalp. rTMS may
impact neuroplasticity in AD and is considered a novel
strategy for the treatment of AD.”* Administering a
single session of rTMS to the DLPFC can positively
influence cognitive function in older participants and
patients with AD.” More importantly, exposing individ-
uals to multiple rTMS sessions over an extensive period
(ie, several weeks) could have long-lasting effects on the
modulation of plasticity and behaviour.® Recently, Koch
et alfound that rTMS targeting the default mode network
may slow down cognitive and functional decline in AD,
which could represent a novel therapeutic approach for
patients with AD.”

Intermittent theta burst stimulation (iTBS) is an accel-
erated excitatory rTMS parameter consistent with endog-
enous oscillations. Compared with conventional rTMS,
iTBS of the left DLPFC can improve the induction of
neuroplasticity and cognitive processing more efficiently.”
Furthermore, we have previously reported that 2 weeks
of left DLPFC-iTBS broadly ameliorated symptoms and
improved cognition in patients with AD; the effects were
sustained for >2 months after treatment cessation.” '’ The
immediate ameliorating effects of left DLPFCATBS on
cognition may be achieved by changing the functional
connection between the left DLPFC and the brain regions
in the executive control network."" Previous studies have
also demonstrated that high frequency (HF)-rTMS and
iTBS on the left DLPFC could alleviate cognitive defi-
cits in patients with AD.* ? ' '? Similarly, single-session
tractography-guided iTBS can modulate the hippo-
campal network, enhance associative memory function
in individuals with prestage AD and alleviate the patho-
logical changes of AD in mice.”” '* However, it remains
unclear whether multiple iTBS sessions may delay cogni-
tive decline in patients with AD.

We undertook this study to explore whether repeating
the iTBS protocol every three months could slow down the
cognitive decline in patients with AD. Numerous studies
have shown that the hippocampus plays an important
role in the pathogenesis and progression of AD." ' Struc-
tural magnetic resonance imaging (sMRI) studies have
shown that hippocampal volume in patients with AD is
significantly reduced, which is closely related to cogni-
tive functions such as memory.'® Previous studies have
found that a single session of iTBS therapy can improve
the white matter connectivity between the superficial
stimulation site and the hippocampus in patients with
cognitive impairment.'” However, the long-term effects of
regular iTBS stimulation on hippocampal volume remain

unknown. Hence, we performed sMRI to elucidate the
mechanism underlying the effects of iTBS.

METHODS

Study protocol clearances, patient consent and registration
On 21 April 2021, the first patient was admitted to this
study. On 27 October 2021, the final patient was admitted
to the study. By 31 December 2022, all follow-ups were
completed. The study was registered with ClinicalTrials.
gov (NCT04754152).

Randomisation, allocation and masking

Thisrandomised and assessor-blinded clinical trial assessed
the long-term efficacy of regular image-navigational
iTBS among patients with AD over one year. Participants
were randomised 1:1 in a double-blind manner, using a
balanced random assignment, to the active or control
group. In the active group, following baseline evaluation
(TO, week 0), they received active iTBS treatment over
the left DLPFC for 14 consecutive days, and the assess-
ments were conducted within one week after completion
of the therapy (online supplemental figure 1). Twelve
weeks after completion of the assessment, the second
iTBS session was adopted; all patients took cholinesterase
inhibitors at stable dosages. The control group was only
given medication and regular remote health instruction,
and the cognitive assessment was performed at weeks 4
(T1),19 (T2), 34 (T3) and 49 (T4), which was at the same
time as the iTBS group. Patients were randomly assigned
by LWang, who was not involved in the examinations or
stimulation. The assessor for each subject was a perma-
nent staff member.

Physicians and researchers performed rTMS (YY,
YW) and randomisation (LWang) without interacting
with patients. Assessors (ZG, GX) were blinded to the
treatment process until the completion of the study.
To achieve a blind design, patients and their caregivers
were instructed not to discuss their treatment assignment
with attending physicians or other patients. After the
1-year follow-up, all participants were asked whether they
received effective treatment by questionnaire.

Study participants

Patients with AD were recruited from the outpatients
of the Memory Clinic of the First Affiliated Hospital of
Anhui Medical University in Hefei, China. The definitive
diagnosis was made by three senior doctors: SZ, PH and
Kw.

The inclusion criteria were as follows: (1) satisfaction
with the criteria for AD according to the National Insti-
tute of Aging and Alzheimer’s Association; (2) a Mini-
Mental State Examination (MMSE) score of 10-27; (3)
a Clinical Dementia Rating (CDR) score of 0.5-2; (4)
receipt of a stable dose of donepezil (5 mg) for at least
3 months before randomisation and until completion of
the follow-up period; (5) age >50 years; (6) rTMS-naive
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| Screening of patients with Alzheimer’s disease before recruitment (n=52)

Excluded participants (n=4)
—> - Not met inclusion criteria (n=2)
- Declined participation (n=2)

| 48 completed baseline assessments and randomised

1

!

Allocated to iTBS group (n=23)

| 1 withdrawn |<—

| 22 participants completed T1 measures

| 0 withdrawn |<—

22 participants completed T2 measures

| 1 withdrawn (COVID-19) |<—

| 21 participants completed T3 measures

| 0 withdrawn |<—

Allocation
TO

First assessment
completion
T1

Second assessment
completion
T2

Third assessment
completion
T3

Fourth assessment

i

| Allocated to control group (n=25)

1 withdrawn

| 24 participants completed T1 measures

| 24 participants completed T2 measures

| 24 participants completed T3 measures

| 24 participants completed T4 measures

| 21 participants completed T4 measures completion
T4
1 withdrawn 2 wn:hdrayvn
(head motion) (head motion)
20 participants’ data were included for Analysis 22 participants’ data were included for
analysis analysis

Figure 1

status and (7) presence of cerebrospinal fluid biomarkers
of AD (amyloid and tau) pathology.

The exclusion criteria were: (1) signs or test results
suggestive of non-AD pathology; (2) a history of seizures
or a close relative with a history of seizures; (3) a history of
neurological conditions; (4) focal brain lesions on T1 or
T2 images; (5) iatrogenic implants, such as a pacemaker
or deep brain stimulator.

Study interventions: iTBS with image navigation

Treatment comprised three cycles of left DLPFCATBS on
each treatment day, separated by 15 min intervals (total:
1800 pulses/day), for 14 consecutive days at 70% of the
resting motor thresholds. The MAGSTIM Rapid® variant
with a figure-of-eight coil supplied the iTBS (Magstim,
Oxford, UK). In the frameless neuro-navigation system,
the coil was positioned above the left DLPFC, which was
located using the Montreal Neurological Institute and
Hospital (MNI) coordinate (MNI coordinates: -38, 44,
26) in the frameless neuro-navigation system (Brainsight;
Rogue Research, Montreal, Canada). Treatment was
administered every 3 months at intervals determined per
a previous study.'’ Details of the treatment are provided
in the online supplemental materials.

Study flowchart. COVID-19, coronavirus disease 2019; iTBS, intermittent theta burst stimulation.

Patients in the control group received a stable dose
of cholinesterase inhibitors and general management,
including disease education, training of the patients’
family caregivers to manage the patients’ daily lives and
measurement of the rest motor threshold every 13 weeks,
but no iTBS treatment.

MRI data

Data acquisition

For every patient, structural MRI details were collected at
baseline and after the 1-year follow-up (GX, BQ). MRI scan-
ning was performed using 3.0 T MRI scanners (Discovery
GE 750, General Electric, Waukesha, Wisconsin, USA) at
the University of Science and Technology of China. For
each participant, a three-dimensional high-resolution
magnetisation-prepared rapid gradient echo pulse
sequence was used with an isotropic spatial resolution of
1 mm, which was acquired using the following parame-
ters: repetition/echo time=8.16/3.18 ms, flip angle=12°,
no intersection gap and 188 sections.

Volumetric analysis of the hippocampus
Grey matter volumetric analysis of the hippocampus was
performed. We used the Statistical Parametric Mapping
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Table 1 Baseline characteristics of patients who completed the treatment

Measures Active (n=20) Control (n=22) vz/? P value
Demographic characteristics
Age (year) 66.80 (8.84)8 65.32 (7.31)8 0.59* 0.556
Sex (male/female) 6/14 7/15 0.02t 0.899
Education years 10.25 (3.34) 10.00 (3.32) -0.47% 0.640
Hachinski ischaemic score 1.75 (0.64) 1.68 (0.72) -0.54% 0.592
ApoE &4 carrier (%) 14/6 (70.00%) 16/6 (72.72%) 0.04t 0.845
Hypertension (%) 1/19 (5.00%) 1/21 (4.55%) 0.011 0.945
Diabetes mellitus (%) 1/19 (5.00%) 1/21 (4.55%) 0.011 0.945
AB1-42 565.5 (211.96)° 513.99 (170.14) 0.87* 0.388
AB1-42/AB1-40 0.06 (0.02)% 0.06 (0.02)8 0.32* 0.751
Tau181 141.03 (33.20) 128.44 (37.47) 1.15* 0.258
Total tau 629.99 (218.77)% 582.55 (185.64)% 0.76* 0.452
Baseline scores on primary outcomes
Montreal Cognitive Assessment 15.05 (5.85)* 15.64 (4.50) -0.37* 0.716
Baseline scores on clinical outcome measures—secondary outcomes
Mini-Mental State Examination 21.35 (5.40)° 21.18 (3.91)8 0.12* 0.908
Hamilton Depression Rating Scale 4.40 (2.60) 4.82 (4.58) -0.77% 0.443
Neuropsychiatric Inventory 5.10 (6.90)° 4.73 (3.73) -0.48% 0.628
Activities of Daily Living Scale 26.15 (4.83)° 25.86 (4.75)° 0.19* 0.847
Clinical Dementia Rating 0.83 (0.37)% 0.80 (0.37)8 -0.27% 0.790
Global Degeneration Scale 3.60 (0.68)° 3.50 (0.60)% -0.31t 0.754
AVLT-Immediate 3.38 (1.76)% 3.59 (2.50)% -0.27t 0.791
AVLT-Delay 2.10 3.11)8 1.32 (2.63) -0.24% 0.811
AVLT-Recognition 12.25 (2.17) 12.00 (4.16)* -0.97% 0.334
Digital Span Test-Forward 5.70 (1.22) 5.68 (1.21)8 -0.43% 0.671
Digital Span Test-Backward 3.20 (1.01)8 3.64 (1.26)8 -0.56% 0.579
Clock Drawing Test 2.05 (1.23) 2.27 (1.20) -0.43% 0.667
Boston Naming Test 18.15 (4.55) 19.00 (5.18) -0.56* 0.577
Verbal Fluency Test-Semantic 10.35 (4.26)% 10.64 (4.12) -0.06% 0.950
Verbal Fluency Test-Letter 3.90 (2.31)% 3.55 (2.61)8 -0.01% 0.990
GMV of hippocampus
Hippocampus left 0.33 (0.04)% 0.31 (0.05)8 1.74 0.166
Hippocampus right 0.31 (0.05)% 0.29 (0.05)% 1.58 0.223

*Two-sample t-test.

12 test.

FMann-Whitney U test.

§Values in brackets indicate SD.

ApoE, apolipoprotein E; AVLT, Chinese version of the auditory verbal learning test; GMV, grey matter volume; SD, standard deviation.

analysis package (SPMI12, http://www.fil.ion.ucl.ac.uk/
spm/software/spm12/) together with the Computa-
tional Anatomy Toolbox for SPM (CAT12, http://www.
neuro.unijena.de/cat/) for structural data analyses. Data
were processed according to the longitudinal processing
pipeline, as implemented in CATI12. In brief, each
participant’s original T1 image was spatially normalised
and segmented into grey and white matter and cere-
brospinal fluid. All models were adjusted for age, sex

and total intracranial volume. After data preprocessing,
the modulated normalised grey matter volume (GMYV)
was smoothed using an 8 mm full-width half-maximum
Gaussian kernel. Following the processing guideline,
we adopted the anatomical automatic labelling-based
structural region of interest (ROI) method for the ex
vivo measurement of each individual ROI signal, and
the volume of the bilateral hippocampus was extracted
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and compared across groups using a linear mixed-effect
model.

Primary and secondary outcomes
The Montreal Cognitive Assessment (MoCA, Beijing
version) score was the primary outcome, and it was
measured at baseline (T0) and within one week of the
completion of each treatment cycle (T1, T2, T3 and T4).

The neuropsychology assessment score, estimated
simultaneously, was the main secondary outcome, and the
ratio of RCD during the l-year follow-up period in each
group was another secondary outcome. The RCD was
defined as a greater-than-expected loss in MMSE cogni-
tive performance (=3 points per year).l7

Throughout the trial, participants self-reported adverse
events, such as sleep disturbances, unpleasant scalp sensa-
tions, twitching eyelids, tinnitus or epileptic seizures.

Neuropsychological assessments included the MMSE,
Hamilton Depression Rating Scale (HDRS), Neuropsychi-
atric Inventory (NPI), CDR, Activities of Daily Living (ADL)
Scale, Global Deterioration Scale (GDS), the Chinese version
of the Auditory Verbal Learning Test (AVLT), Digital Span
Test (forward/backward (DST-F/B)), Clock-Drawing Test
(CDT), Boston Naming Test (BNT) and Verbal Fluency Test-
semantic/letter (VFT:S/L)."®

Statistical analyses

Baseline and treatment effectiveness

The y test was used to compare categorical variables, and
the t-test or Mann-Whitney U test was used for contin-
uous variables. Linear mixed-effect models nested among
participants were used to analyse treatment outcomes.
Sidak’s multiple comparison test was employed for post
hoc analysis.

Correlation and regression analysis

The relationships between the clinical variables and
changes in the MoCA score were analysed using Pearson’s
or Spearman’s correlation coefficient analysis according
to the data distribution. We used a multivariable linear
regression model with normalised MoCA changes after
1 year of follow-up as the dependent variable and base-
line assessments as the independent factors. We defined a
normalised change as the percentage difference between
post-treatment and baseline results.

Using logistic regression, protective predictors of RCD
were identified, with clinical features as independent vari-
ables. The outcomes of rTMS therapy (RCD or non-RCD)
were used as dependent variables.

Correlation analyses between the GMV change in the
hippocampus and the normalised neuropsychological
score change at the l-year follow-up were performed to
explore a potential neural mechanism for the cognitive
functional maintenance induced by iTBS.

Effects of apolipoprotein E €4

Linear mixed-effect models with time (TO, T1, T2, T3
and T4) as within-subject factors and apolipoprotein E
(ApoE) €4 carrier/non-carrier status as between-subject

factors were used to explore the effects of ApoE €4 on
r'TMS treatment. Sidak’s multiple comparison test was
employed for post hoc analysis.

IBM SPSS Statistics V.26 (IBM; Armonk, New York,
USA) and GraphPad Prism V.8.0 were used for all anal-
yses and visualisation. Cohen’s d and 1?2 were reported as
statistical effects. A significance threshold of 0.05 (two-
tailed tests) was used in all hypothesis tests.

RESULTS

Characteristics of participants

Forty-eight of the 52 patients who completed the
screening process were randomly assigned to undergo
active iTBS (n=23) or control therapy (n=25). Forty-five
patients completed the follow-up. Three patients were
exempted from the analysis due to head motion in MRI
scanning (figure 1).

Baseline measures

Demographics, neuropsychological evaluations and
comorbidities, that is, ApoE €4 carrier, hypertension and
diabetes, did not differ between the active and control
groups at baseline (table 1).

Primary outcome

Based on the MoCA scores, there was a time (T0, T1, T2, T3
and T4) and group (active and control) interaction effect
(F( 4’160)=25.22; p<0.001). MoCA scores were maintained, or
demonstrated a numerical improvement, in the active group
(from 15.05 (5.85) to 18.05 (7.60); =4.29; p=0.004; effect
size=1.36; 95% confidence interval (CI): —0.62 to 1.92), but
they showed a significant decline in the control group (from
15.64 (4.50) to 11.50 (5.01); t=9.55; p<0.001; effect size=2.88;
95% CI: 1.82 to 3.92) at T4 (table 2, figure 2A). At T4, after
one year of follow-up, the active group showed significantly
higher MoCA scores than the control group (mean differ-
ence=6.55; t=3.26; p=0.013; effect size=1.01; 95% CI: 0.35
to 1.65) (table 2, figure 2A). The RCD ratio in the active
group was significantly lower than that in the control groups
(15.00% vs 50.00%:; %*=5.78; p=0.016) (figure 2B) (more
details in online supplemental tables el—eb).

Furthermore, we found that unlike the control group
(t=8.40; p<0.001), the active group (t=0.07; p=1.000)
showed no difference in MoCA scores between T1 and T4
(more details in online supplemental table e6).

Symptom measures

For symptom measures, group (active and control) and
time (TO, T1, T2, T3 and T4) interaction effects were
observed in the MMSE (F(4,1m):15'90’ p<0.001), ADL
(F 4160 =8:04, p<0.001), HDRS (F(4’160>=7.02, p<0.001),
NPI  (F,,4,=5-39, p=0.001) and GDS (F,,; =6.42,
p<0.001) scores (table 2, online supplemental table
el). All symptoms were better in the active group than
the control group following treatment at T4, except for
CDR (t,,,=1.14, p=0.779) and NPT (t ,=2.68, p=0.057)
(online supplemental table €5).
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Table 2 Estimated mean score and effect sizes in primary and secondary outcome variables

TimexGroup*

Scores after follow-up

P FDR-P 172 Active (n=20) Control (n=22)
Montreal Cognitive Assessment 25.22 <0.001 0.39 18.05 (7.60) 11.50 (5.01)
Mini-Mental State Examination 15.90 <0.001 0.28 22.65 (6.01) 17.32 (5.92)
Hamilton Depression Rating Scale 7.02 <0.001 0.15 2.10 (1.52) 5.50 (4.79)
Neuropsychiatric Inventory 5.39 0.001 0.12 2.10 (3.99) 7.59 (8.64)
Activities of Daily Living Scale 8.04 <0.001 0.17 25.20 (4.80) 32.27 (9.06)
Clinical Dementia Rating 2.30 0.064 0.05 0.90 (0.60) 1.11 (0.62)
Global Degeneration Scale 6.42 <0.001 0.14 3.50 (0.89) 4.09 (0.68)
AVLT-Immediate 4.33 0.003 0.10 4.55 (2.85) 2.20 (2.34)
AVLT-Delay 2.55 0.046 0.06 2.30 (3.16) 0.73 (2.66)
AVLT-Recognition 5.74 <0.001 0.13 13.42 (1.30) 9.55 (4.33)
Digital Span Test-Forward 7.26 <0.001 0.15 5.80 (1.01) 4.36 (1.22)
Digital Span Test-Backward 15.72 <0.001 0.28 3.80 (1.36) 1.91 (1.48)
Clock Drawing Test 5.68 0.001 0.12 2.40 (1.27) 1.50 (1.01)
Boston Naming Test 4.00 0.005 0.09 16.75 (3.67) 14.05 (6.73)
Verbal Fluency Test-Semantic 3.48 0.011 0.08 11.10 (2.40) 9.32 (4.54)
Verbal Fluency Test-Letter 1.76 0.140 0.04 3.95 (2.48) 2.82 (2.40)
Hippocampus left 8.48 0.011 0.17 0.33 (0.05) 0.30 (0.05)
Hippocampus right 12.43 0.007 0.17 0.31 (0.05) 0.27 (0.05)

Values in brackets indicate SD. P values are FDR corrected.

*Interaction effect in linear mixed-effect models indicating outcome changes (from baseline to T1, T2, T3 and T4) between groups (active and

control).

AVLT, Chinese version of the auditory verbal learning test; FDR, false discovery rate; SD, standard deviation.

Multidomain cognition tests
For multidomain cognition tests, significant groupxtime
interaction effects were observed in the AVLT-Immediate

(F(4,160)=4.33, p=0.003) /Delay (F<4’16()):2.55, p=0.046) /
Recognition (F(4,16()):5'74’ p<0.001), DST-F (F(4’mo)=7.26,
p<0.001)/B (F(4’16()):15.72, p<0.001), CDT (F, ,,=b.68,

p=0.001), BNT (F(4’160)=4.00, p=0.005) and VFT-S scores
(F(4,160)=3.48, p=0.011) (table 2). Most tests (AVLI-
Immediate/Recognition and DST-F/B) revealed better
performance in the active group than the control group
at T4 (online supplemental table eb).

Prediction of MoCA improvements with baseline clinical
variables

In the active group (B=0.76, t=13.41, p<0.001), the base-
line MMSE scores ($=0.19, t=2.85, p=0.007), baseline
CDR scores (f=-0.22, t=—3.64, p<0.001) and ApoE &4
carrier statuses (B=-0.33, t=-5.50, p=0.001) significantly
predicted MoCA changes at T4, according to multi-
variate linear regression (R2=0.52; F=9.60; p<0.001).
However, age, sex, education, family history, Hachinski
ischaemic score and baseline MoCA, NPI, ADL, HDRS,
GDS, AVLT, DST, CDT, BNT and VFT scores did not

Efficiency of prevention of RCD

Logistic regression showed that no iTBS treatment (odds
ratio (OR): 13.32; 95% CI: 1.62 to 109.33; p=0.016) and
ApoE €4 carrier status (OR: 11.58; 95% CI: 1.00 to 133.66;
p=0.050) at baseline were risk factors for RCD (online
supplemental table e8). In other words, long-term regular
rTMS was an effective protective factor for preventing
RCD.

Correlations between clinical variables

There was no significant (r=-0.12, p=0.616) correla-
tion between MoCA changes and HDRS changes at T4.
However, MoCA changes at T4 and ApoE €4 carrier
status (r=—0.72, p<0.001) and changes in GDS (r=-0.45,
p=0.048) at T4 were significantly correlated (online
supplemental table €9).

Multivariate linear regression (R2=0.81; F=57.73;
p<0.001) showed that the active group (Bf=0.63, t=7.87,
p<0.001), ApoE e4 carrier status (B=-0.34, t=—4.53,
p<0.001) and changes in ADL (B=-0.26, t=—3.03, p=0.004)
could predict MoCA changes at T4, although changes in
MMSE, NPI, HDRS, CDR, GDS, AVLI, DST, CDT, BNT
and VFT scores did not (online supplemental table €10).

Volumetric analysis of the hippocampus
At the end of the follow-up period, there was a significant
groupxtime interaction for hippocampal GMV (table 2,

(t=-1.88-1.33, p=0.068-0.909, online supplemental
table e7).
6
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Figure 2 Long-term effects of iTBS treatment in patients with AD and the heterogeneity between ApoE €4 carriers and non-

ApoE ¢4 carriers. The active group showed well-maintained MoCA scores (A; mean (SE)) and a lower RCD ratio (B; %) than the
control group at the 1-year follow-up. The MoCA of the active group but not the control group was significantly improved at T1;
the MoCA score of the active group was better than that of the control group at T4, but there was no difference at TO. The non-
ApoE e4-carrier group showed significantly improved MoCA scores at T1 and at the end of 1 year; the ApoE e4-carrier group
showed well-maintained MoCA scores at the end of 1 year (C; mean (SE)). The MoCA score of both ApoE €4 carriers and non-
ApoE ¢4 carriers was significantly improved at T1. The non-ApoE e4-carrier group showed a lower RCD ratio than the ApoE e4-
carrier group after the 1-year follow-up, but it was not significant (D). AD, Alzheimer’s disease; ApoE, apolipoprotein E; MoCA,

Montreal Cognitive Assessment; ns, not significant; RCD, rapid cognitive decline; iTBS, intermittent theta burst stimulation.

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

figure 3A). Furthermore, left (t=0.08, p=0.996, figure 3B)
and right (t=0.19, p=0.977, figure 3C) hippocampal GMV
were maintained in the active group but significantly
declined in the control group (left: t=4.13, p<0.001,
figure 3B; right: t=5.31, p<0.001, figure 3C). Hippo-
campal GMV in the control group was smaller than that
in the active group at T4 (left: t=2.53, p=0.026, figure 3B;
right: t=2.46, p=0.032, figure 3C; online supplemental
tables ell, el2). Changes in GMV in the left (r=0.35,
p=0.023; r=0.38, p=0.016, figure 3D) and right (r=0.36,
p=0.021; r=0.39, p=0.013, figure 3E) hippocampus across
the intervention were positively correlated with MoCA

and MMSE changes (online supplemental table el3). Left
hippocampal GMV changes were negatively correlated
with GDS (r=-0.32, p=0.041, figure 3F), and right hippo-
campal GMV changes were positively correlated with
VFT-S (r=0.44, p=0.004, figure 3G) (online supplemental
table el3).

ApoE £4 subgroup analysis

All participants in the active group were divided into
ApoFE €4 carriers (n=14) and non-ApoE €4 carriers (n=6)
to account for the predictive power of ApoE €4; the base-
line characteristics were balanced between the groups
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(online supplemental table el4). Linear mixed-effect
models nested within participants were used for the anal-
yses. The distribution of ApoE €4 carriers was similar in
the active and control groups (X2=0.034, p=0.845).

There was a significant interaction effect between time
and group (ApoE &4 carriers vs non-ApoE €4 carriers) for
MoCA scores (F(4,72)=2.68; p=0.039) in the active group
(online supplemental table e15). MoCA scores after 1 year
of DLPFCATBS treatment significantly improved in the
non-ApoE €4 carriers (from 13.17 to 18.67; mean differ-
ence: 5.50; 95% CI: -1.62 to 9.39; t(1,5)=5.37; p=0.012) but
not in the carriers (from 15.86 to 17.79; mean difference:
1.93; 95% CI: -0.22 to 4.08; L. 13):2.59; p=0.087) (online
supplemental table el5; figure 2C). The RCD ratio in
ApoE €4 carriers was higher than that in non-ApoE &4
carriers but the difference was not significant (21.43% vs
0%; x*=1.51; p=0.219) (figure 2D).

Similarly, the improvement in the CDT was more signif-
icant in non-ApoE €4 carriers than in ApoE €4 carriers
(F 1.79=0.23; p=0.037) but not in other neuropsycholog-
ical assessments (online supplemental table eb) (more
details are in online supplemental tables e16—e20).

Adverse effects

No serious adverse events (such as epilepsy or epileptic
seizures) were reported in either group. Two patients
in the active group complained of uncomfortable scalp

sensations; one in the control group complained of sleep
issues. All the events were tolerable.

DISCUSSION
Main findings
Accumulating evidence suggests that HF-r'TMS can alter
neuroplasticity, with therapeutic potential in patients
with AD.®? '’ However, studies have rarely examined the
feasibility and long-term efficacy of HF-r'TMS for AD. This
randomised, controlled, assessor-blind study assessed the
protective effect of left DLPFC iTBS on cognitive decline
in patients with AD and its long-term maintenance. This
study demonstrated that 1 year of regular iTBS inter-
ventions could delay hippocampal GMV loss. Moreover,
there were significant differences in treatment effects
between ApoE €4 carriers and non-carriers; the protec-
tive effect of iTBS on cognitive decline was reduced in
ApoE €4 carriers. The present findings indicate that iTBS
may slow AD progression. To the best of our knowledge,
this randomised controlled trial is the first to evaluate the
long-term protective effect of rTMS of the left DLPFC on
cognitive decline in patients with AD.

rTMS may enhance plasticity to promote the mainte-
nance of cognition and counteract, or at least slow down,
cognitive decay. Recent evidence suggests that cortical

8

Wu X, et al. General Psychiatry 2024;37:¢101106. doi:10.1136/gpsych-2023-101106


https://dx.doi.org/10.1136/gpsych-2023-101106
https://dx.doi.org/10.1136/gpsych-2023-101106
https://dx.doi.org/10.1136/gpsych-2023-101106
https://dx.doi.org/10.1136/gpsych-2023-101106
https://dx.doi.org/10.1136/gpsych-2023-101106
https://dx.doi.org/10.1136/gpsych-2023-101106

8 General Psychiatry

plasticity impairment might cause cognitive deficits and
play a key role in AD pathogenesis.' ° ' Thus, targeting
cortical plasticity in patients with AD could slow the
progression of AD and cognitive decline.” Moreover,
studies have shown the immediate and lasting effects of
HF-rTMS on cortical plasticity and that repeated sessions
of HF-rTMS could generally restore cortical plasticity.”
The DLPFC is a promising rTMS target to promote cogni-
tive and cortical plasticity." ' Promoting the cortical plas-
ticity of the DLPFC increases the efficiency of the frontal
cortex, with subsequent effects on improving cognitive
function. A recent study showed that the changes in
DLPFC cortical plasticity associated with rTMS treatment
improved cognitive function in patients with AD.® The
promotion and reserve of cortical plasticity induced by
regular iTBS on the left DLPFC may be a mechanism for
slowing the progression of cognitive decline in patients
with AD." However, we observed no significant difference
in cognitive performance between regular stimulation
for four sessions and a single session, possibly due to the
long interval between interventions, which failed to meet
the cumulative effect between the two interventions. We
have previously reported that the iTBS therapeutic effect
of a single course persisted for approximately 8 weeks."”
Besides, the failure of the cumulative effect of iTBS may
be attributed to the ceiling effects of iTBS on AD. Further
explorations are warranted to determine the long-term
effects of rTMS, its therapeutic potential, and a more
accurate duration of sequelae for patients with AD.

The decreased RCD ratio may be due to the protec-
tive effects of repeated DLPFC-rTMS every 3 months
on cognitive reserve (CR), which is the ability to main-
tain cognition relatively well in the presence of brain
pathology, and it may delay the cognitive damage caused
by AD pathological changes; however, RCD would occur
once the burden of AD-related pathological outcomes is
high enough to overcome the reserve’s protective mech-
anisms.”” *' Recent research indicates that increased
global connectivity of the left frontal cortex may serve
as a neurological underpinning for CR in AD.* iTBS of
the DLPFC may increase cortical excitability and synaptic
plasticity, resulting in enhanced global connectivity of
the DLPFC, which has subsequent implications for CR.
Restoring the connections between the left DLPFC, a
central hub of the frontoparietal control network, and
other brain areas may reduce the impact of AD-related
pathology on cognition.” Our results showed the protec-
tive effects of repeated DLPFCATBS every 3 months on
RCD, suggesting that iTBS might slow down pathological
progression. Further studies are needed to explore the
mechanisms underlying the beneficial effect of rTMS on
CR.

The ApoE genotype is a possible means to select candi-
dates for rTMS due to its effects on the treatment effi-
ciency of rTMS. Previous studies have found that the
ApoE €4 allele may affect the treatment efficiency of
rTMS.** ® The ApoFE €4 allele can reduce the number
and impair the function of GABAergic interneurons, and

increase cortical excitability in the brain.** Functional
impairment of GABAergic interneurons can reduce
gamma oscillations, which are strongly associated with
AD symptoms.** ® According to traditional conjecture,
r'TMS can boost gamma oscillation power, amplitude and
cognitive function, while HF-rTMS can increase cortical
excitability by inducing long-duration enhancement
potentials. However, HF-rTMS therapy, specifically iTBS,
increases gamma oscillatory activity and enhances thera-
peutic benefits. Consequently, for ApoE €4 carriers with
a more significant loss of GABAergic neurons, HF-rTMS
therapy, such as iTBS, may be less beneficial, as suggested
by the findings of the current study.”” These results show
that rTMS treatment protocols should vary according to
ApoE genotypes.

The GMV study demonstrated that DLPFC-ATBS might
delay atrophy of the hippocampus, supporting the protec-
tive benefits observed in cognitive functions. Interactions
between the hippocampus and DLPFC play a significant
role in cognitive functioning, such as global cognition
and memory.”” Therefore, a decrease or disruption in
these interactions, induced by ageing and pathology,
may contribute to the pathophysiology of various psychi-
atric diseases, including AD.* It has been shown that the
application of rTMS to the DLPFC can alter hippocampal
activity, connectivity patterns and GMYV, which, in turn,
influence cognition.” The potential neuro-mechanism
may be the theta-phase and gamma-amplitude coupling
(TGC), as evidenced by a resting-state electroencephalog-
raphy study.”” The HF left DLPFC-r'TMS could induce a
significant increase in TGC, which was significantly asso-
ciated with cognitive improvement.*

The iTBS consists of a gamma frequency (50 Hz) of
three pulses bursting at theta frequency (5 Hz), more in
line with the endogenous theta rhythm. A previous study
showed that DLPFC-ATBS could significantly increase the
GMV of the left hippocampus in patients with depres-
sion.”” Regular DLPFCATBS in AD may reduce the
progression of cognitive decline and atrophy of the hippo-
campus by TGC. Considering the involvement of the left
hippocampus in overall cognitive function, we hypoth-
esised that left DLPFCATBS primarily improved the
volume of the left hippocampus and delayed the atrophy
of hippocampal volume and decline of overall function.
Although previous observations suggest that iTBS may
induce neuroplasticity and change brain structure, the
exact mechanisms subserving these neuroplastic effects,
their relationship with neurotransmitter systems and
their functional significance remain to be determined.

Limitations

This study has some limitations. First, the sample size was
relatively small, thereby limiting the ability to conduct
subgroup analyses. Thus, a large-scale, multi-centre clin-
ical trial should be undertaken to confirm our findings.
Second, we did not assess cortical plasticity or explain the
mechanisms underlying cortical plasticity enhancement.
Third, our control group was not set up as a sham coil
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stimulus, mainly considering that previous studies have
shown that true stimuli are useful and that future studies
should still apply reasonable sham stimuli as a control.
Fourth, there were significant individual differences in
treatment effects among different patients. Although our
findings suggest that ApoE genotypes should be consid-
ered when selecting a treatment strategy, such specific
disparities also highlight the need for more precise rTMS
schemes in the future.

Implications

This study showed that repeated iTBS of the left DLPFC every
three months could slow down the progressive decline of
global cognition in patients with AD, which may be correlated
with maintaining the GMV of the hippocampus. The amelio-
rating effects were more powerful and robust in individuals
with moderate AD and no ApoE €4 than in patients with
severe AD and ApoE €4. These findings provide an objective
basis for assessing the effectiveness of iTBS in slowing the
progressive decline of global cognition in patients with AD.
Our results also indicate that different ApoE genotypes can
guide the precise treatment of AD with rTMS. Future studies
should assess the effects of iTBS on functional connections
and cortical plasticity to better understand the mechanisms
of brain stimulation in AD. Moreover, multi-centre trials and
studies involving more biomarkers should also be considered.
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