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Abstract:

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by cognitive decline and
behavioral impairment. Despite growing research efforts, effective disease-modifying interventions remain
elusive. Theta burst stimulation (TBS), a form of repetitive transcranial magnetic stimulation (rTMS), has
shown promise in modulating cortical excitability, synaptic plasticity, and neuroprotective mechanisms. This
systematic review aimed to evaluate the efficacy and safety of TBS in AD by synthesizing findings from
preclinical and clinical studies.

Methods:

A systematic search of PubMed, Scopus, Embase, Web of Science, and the Cochrane Library was conducted
up to January 2025. Studies investigating TBS, including intermittent TBS [iTBS] and continuous TBS
[cTBS], in human patients with AD or in animal models of AD were included. Primary outcomes included
cognitive function and neuropsychiatric symptoms. Secondary outcomes included biomarkers of
neuroplasticity and neurodegeneration. The risk of bias was assessed using the Joanna Briggs Institute (JBI)
and Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) tools.

Results:

Twenty studies met the inclusion criteria, comprising six preclinical and 14 clinical studies. Preclinical
evidence suggests that TBS reduces amyloid-beta deposition, enhances synaptic plasticity, mitigates
neuroinflammation and oxidative stress, and improves cognitive performance in animal models of AD. iTBS
targeting the dorsolateral prefrontal cortex (DLPFC) improved cognitive function, depression, anxiety, and
activities of daily living, with some studies reporting non-significant findings in specific neuropsychological
assessments. Neuroplasticity changes were observed in motor-evoked potentials and resting motor thresholds,
with lower responses in patients with AD and variable reproducibility over time. Additionally, structural and
functional brain changes, including preserved hippocampal volume and enhanced frontal beta activity, were
associated with cognitive improvements. Adverse events were mild and well- tolerated. Conclusion:
Preclinical studies robustly support the neuroprotective and neuropsychiatric effects of TBS in AD models.
Clinical findings suggest possible benefits of TBS, particularly iTBS over the DLPFC; however, clinical
results are inconsistent and limited by small sample sizes and protocol variability. These findings highlight
the challenges of translating animal data to humans and underscore the need for larger, controlled randomized
clinical trials to confirm safety and efficacy and optimize treatment parameters.
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1.Introduction

Alzheimer's disease (AD) is the leading cause of dementia worldwide,
with its prevalence projected to escalate significantly in the coming
decades [1]. This progressive neurodegenerative disorder is characterized
by cognitive and behavioral deterioration resulting from widespread
degenerative changes within the central nervous system [1]. Despite
substantial advances in pharmacological research, effective therapies
capable of halting or reversing AD progression remain elusive. While new
generations of FDA-approved medications have been shown to slow
disease progression, they are associated with potentially serious side
effects, necessitating careful risk-benefit assessments [2, 3].
Consequently, alternative and complementary treatment modalities are
garnering increasing attention [1, 4]. Theta burst stimulation (TBS), a
form of repetitive transcranial magnetic stimulation (rTMS), was first
introduced in 2005 and has since emerged as a promising intervention for
modulating cortical excitability and synaptic plasticity [5, 6]. Unlike
traditional rTMS protocols that utilize fixed high- or low-frequency
magnetic pulses, TBS delivers stimulation in short bursts, typically
around 190 seconds, resulting in prolonged cortical excitability
enhancement [7]. TBS mimics the natural activity of the brain during
learning, employing bursts of three biphasic pulses at 50 Hz, separated by
5 Hz (200-millisecond intervals) [6]. This innovative design allows for
shorter treatment sessions, reduced stimulation intensities, and
comparable safety and efficacy to conventional rTMS [5]. TBS can be
administered in two primary modes: continuous TBS (cTBS) and
intermittent TBS (iTBS). cTBS, delivered over 20—40 seconds, induces
long-term depression and reduces cortical excitability, suggesting a
possible dependence on NMDA (N-methyl-D-aspartate) receptor activity.
In contrast, iTBS is administered in two-second trains interspersed with
eight-second intervals, over a total duration of 190 seconds, facilitating
long-term potentiation (LTP) and enhancing cortical excitability [5, 6].
Importantly, variations in protocol parameters, such as pulse number, and
stimulation site (e.g., dorsolateral prefrontal cortex [DLPFC], primary
motor cortex [M1], and cerebellum) can modulate or even reverse the
expected effects, highlighting the adaptability of TBS protocols [5, 6, 8,
9]. The clinical applications of TBS, particularly iTBS, have
demonstrated transformative potential. While initially validated for
treatment-resistant depression [10], iTBS is increasingly recognized for
its benefits in neurodegenerative conditions, including AD, Parkinson’s
disease, and multiple sclerosis [11, 12]. Furthermore, accelerated iTBS
(aiTBS) delivers the same total pulse count across multiple daily sessions,
this not only induces long-lasting cortical excitability, but also reduces
clinic visits and offers patients quicker relief while maintaining
comparable symptom improvement [13-16]. Given its non-invasive
nature and capacity to target specific neural substrates, TBS holds
significant promise as a novel therapeutic approach in AD. This
systematic review aims to comprehensively evaluate the efficacy and
safety of TBS in AD by synthesizing evidence from the existing clinical
trials and experimental studies.

2. Materials and methods

The study protocol was registered on the International Prospective
Register of Systematic

Reviews (PROSPERO) [ID: CRD42025632613]. The study is reported in
accordance with the guidelines outlined in the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) [17].

2.1. Eligibility criteria
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We used the PICOT framework (Population, Intervention, Comparator,
Outcomes, and Timeframe) to structure this review and specifically
address the research question: “Is theta burst stimulation safe and
effective for improving the symptoms associated with AD?”. Eligible
studies included preclinical animal models of AD, such as APP/PS1
transgenic mice and Wistar rats subjected to streptozotocin (STZ) or
trimethyltin (TMT)-induced neurodegeneration, as well as human adults
diagnosed with probable AD based on established clinical criteria [18-
22], some supported by biomarker confirmation. The intervention
comprised TBS protocols applied either as standalone treatments or as
components of rTMS for therapeutic purposes or physiological
assessment. Comparators included wild-type mice matched to APP/PS1
transgenic models, Wistar rats receiving saline injections instead of
neurotoxins, placebo or sham stimulation groups exposed to noise or
manual handling without active TBS, and, in clinical studies, sham
stimulation, standard care, other neuromodulatory interventions,
untreated controls, or healthy controls. Outcomes assessed encompassed
a broad range of clinical and neurobiological measures evaluated through
validated and standardized scales. In preclinical studies, primary
outcomes encompassed cognitive and behavioral assessments (e.g.,
Morris water maze, Y-maze), along with a comprehensive set of cellular
and molecular markers, including AP deposition, astrocyte and microglial
activation (GFAP, Ibal, CD68), neuronal integrity and survival (NeuN,
MAP-2), synaptic plasticity (PSD95, SNAP25, SYNI1), apoptotic
signaling (Caspase-3, Bax/Bcl- 2 ratio, TUNEL), oxidative stress markers
(SOD, MDA, GSH), neurotrophic support (BDNF), and glymphatic
function (aquaporin-4). In clinical studies, the primary outcomes focused
on changes in clinical symptoms measured by standardized clinical
scales, including: Activities of Daily Living (ADL); Alzheimer’s Disease
Assessment Scale-Cognitive Subscale (ADAS-Cog); ALBA Screening
Instrument (ASI); Auditory Verbal Learning Test (AVLT); Boston
Naming Test (BNT); Clock-Drawing Test (CDT); Clinical Dementia
Rating (CDR); Color Trail Test (CTT); Digit Span Test (DST); Hamilton
Anxiety Rating Scale (HAMA); Hamilton Depression Rating Scale
(HAM-D or HDRS); Hooper Visual Organization Test (HVOT);
Judgment of Line Orientation (JLO) test; Logical Memory Test (LMT);
Mini-Mental State Examination (MMSE); Montreal Cognitive
Assessment (MoCA); Neuropsychiatric Inventory (NPI); Repeatable
Battery for the Assessment of Neuropsychological Status (RBANS); Self-
Rating Depression Scale (SDS); Stroop Color and Word Test (SCWT);
Symbol Digit Modalities Test (SDMT); Trail Making Test (TMT); and
Verbal Fluency Test — Semantic and Letter Fluency (VFT-S/L). Other
outcomes related to underlying AD pathologies included changes in
biomarkers (e.g., BDNF), brain connectivity measures, and
electrophysiological assessments of neuronal excitability. The timeframe
of assessment varied across studies, covering both acute and longitudinal
effects of TBS. Only studies published in English were included. Studies
were excluded if they investigated non-Alzheimer’s dementias or
unrelated neurological conditions, or lacked original experimental data.
Non-primary research publications, including reviews, editorials,
commentaries, book chapters, study protocols, and non—peer-reviewed
materials such as conference abstracts without full data, were excluded.
Additionally, studies were excluded if they failed to report relevant
clinical, cognitive, behavioral, neurobiological, or biomarker outcomes
measured by validated and standardized instruments. Studies with
inadequate methodological rigor or assessed as high risk of bias were also
excluded.

2.2. Information sources, search strategy, and study selection
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Potentially eligible articles were identified through an electronic search
of bibliographic databases (PubMed, Scopus, Embase, Web of Science,
and Cochrane Library) in January 2025. No restrictions were applied
regarding publication date. The search strategy included the terms “Theta
Burst Stimulation,” and “Alzheimer’s Disease,” along with related
keywords, which were combined using Boolean operators in the free-text
search fields. The detailed search strategy is provided in Supplementary
Material 1. Studies were initially screened based on titles and abstracts.
Articles that were clearly irrelevant or did not meet the inclusion criteria
were excluded. In cases where eligibility was unclear, a full-text review
was performed. Additionally, the reference lists of included articles were
manually reviewed to identify any potentially relevant studies not
captured through the database search; however, this process did not yield
any additional articles. Screening, study selection, data extraction, and
risk of bias assessment were conducted independently by two reviewers
and cross-checked for accuracy. Any discrepancies between reviewers
were resolved through discussion, or consultation with a third reviewer.

2.3. Data collection and synthesis

Extracted data included study design, sample size, subject characteristics
(e.g., species, strain, age, and sex for animal studies; demographics for
clinical studies), details of the TBS protocol (e.g., stimulation parameters
and target site), timing of assessments, and the outcomes measured. Given
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the heterogeneity across study designs, stimulation protocols, and
outcome measures, performing a meta-analysis was not feasible.

2.4. Risk of bias assessment

To assess the methodological quality and risk of bias in the included
studies, we employed the Joanna Briggs Institute (JBI) critical appraisal
checklists, tailored to the specific study designs. Each study was
independently evaluated by two reviewers using the relevant JBI tool. For
each checklist item, responses were rated as "Yes," "No," "Unclear," or
"Not Applicable." An overall quality rating (e.g., low, moderate, or high
risk of bias) was then determined based on the number and significance
of criteria met [23, 24]. The quality of the included preclinical studies was
evaluated using the Systematic Review Centre for Laboratory Animal
Experimentation (SYRCLE) [25], adapted from the Cochrane
Collaboration Risk of Bias Tool [26].

3. Results

A total of 5,731 articles were initially identified through the database
search. Following title and abstract screening, 40 articles were selected
for full-text review. Ultimately, 20 journal articles, comprising six
preclinical studies [27-32] and 14 clinical studies [33-46] met the
inclusion criteria and were included in the systematic review (Figure 1).
The overall quality of the included studies was assessed as fair (Table 1).
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Fandomized Controlled Triak
First author,
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publication
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Q1. Was true randomization used for aszipnment of participants to treatment sroups?

(1. Was allocation to treatment groups concealed?

Q3. Wers treatment groups similar at the bazelne?

Q4. Were participants blind to treatment assigrment?
Q3. Were those delivering the treatment blind to treztment az:igrment?

Q6. Were freatment groups treated identically other tham the intervention of mterest?

Q7. Were putcome asse:sor: blind to treatment assiznment?
Q8. Were oumtcome: maazured m the same way for treatment groupsT
Q9. Were putcomes measured in a reliables wiy?
Q10 Was follow-up complete and, if not, were differences betwesn groups m temms of their follow-up adeguately described and anatyzed?
(11, Were participants analyzed in the groups to which they were randomized?
Q12 Was appropriate strtistical amalyzis used?
Q13 Was the izl desizn approprizte and any deviations from the standard BCT desizn (individual randomization, parallel groups)
accounted for in the conduct and anabysiz of the tmal?
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Q3. Were the participants included in any comparisons receiving similar treatment/care, other than the exposure or mtervention of interast?

Q4. Was there a coatred group?

Q3. Were there multiple measurements of the outcome both pre and post the imtervention/

Q6. Was fallow up complete and if not, were differences between groups in terms of their follow up adequately described and analyzed?

"I'

Q7. Were the outcomes of participants included in any comparizons meazured in the same way?
(8. Were outcomes meazured in 2 raliable way?
Q0. Was appropriate statistical analysis wsed?

Preclinical sfndies

First anthor,

year of Ql Q Q3 Q4 Q5 Q6 Q7 | Q8| Qv QI
publication

Zhu, 2024 (27) Yes Yes Unclear | Unclear | Unclear Yes Yes Yes | Yes Yes
g;)ang, 2023 Yes Yes Unclear | Unclear | Unclear Yes Yes Yes | Yes Yes
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Q1. Was the allocation sequence adequately generated and applied?

Q2. Were the groups similar at baseline?

Q3. Was the allocation to the different groups adequately concealed during?

Q4. Were the animals randomly housed during the experiment?
Q3. Were the caregivers and/or investigators blinded from knowledge which intervention each animal received during the experiment?
Q6. Were animals zelected at random for outcome aszezsment?

Q7. Was the outcome assessor blinded?
Q8. Were incomplete cutcome data adequately addressed?
QO. Are reports of the study free of selective outcome reporting?
Q10. Was the study apparently free of other problems that could result in high risk of bias?

Table 1: Quality assessment of the included studies
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Figure 1: Flow diagram of the included studies

3.1. Preclinical studies

A detailed summary of the animal models, TBS protocols, and assessment
time points used in the six included studies is provided in Table 2 [27-32].
Animal studies investigating the effects of TBS on AD have utilized
different rodent models, including transgenic APP/PS1 mice (27, 28, 30)
and rats with streptozotocin (STZ)-induced [29,31] or trimethyltin
(TMT)-induced neurodegeneration (32), replicating key pathological
features of AD, such as Af accumulation, neuroinflammation, oxidative
stress, and cognitive impairment [27-32]. The included studies applied
TBS using different stimulation paradigms, varying in the number of
trains, pulses per burst, and inter-train intervals. Only one study used
c¢TBS while the other applied iTBS. Stimulation was administered either
once daily (28-31) or twice daily [32], over treatment durations ranging
from 10 days to one month, with some protocols incorporating breaks
between sessions. Stimulation intensities ranged from 33% to 100% of
the motor thresholds (MTs). Different coil configurations, including
figure-of-eight (25 mm) and circular (60 mm) coils, were employed.
Placebo conditions involved noise exposure and manual manipulation
without active stimulation. The time of assessment varied across studies,
ranging from immediately after TBS treatment [27-29] to follow-up
periods of two months post-treatment [30]. One study assessed behavioral
outcomes during stimulation periods [32], while others evaluated long-
term effects after the final TBS session. Studies consistently demonstrate
that TBS exerts neuroprotective effects in AD models by reducing
pathological hallmarks, enhancing synaptic plasticity, and improving

cognitive function. TBS reduced A burden by downregulating BACE1
(inhibition of AP production) and upregulating IDE (facilitation of A
degradation) [27, 29, 30]. TBS also promoted glymphatic clearance and
improved astrocytic aquaporin-4 (AQP4) polarization, the processes that
were correlated with enhanced AP removal and cognitive improvements
[28]. TBS mitigated neuronal apoptosis, as indicated by decreased
expression of pro-apoptotic markers (Caspase-3, Bax) and increased
levels of anti-apoptotic and neuronal survival markers (Bcl-2, NeuN) [27,
30, 32]. Synaptic integrity was preserved through increased expression of
synaptic proteins, including PSD95, SYN1, SNAP25, and VAMP1, while
upregulation of BDNF further supported neuroplasticity (27, 29, 30).
Electrophysiological assessments also revealed that TBS enhanced
neuronal excitability and reduced hypoactivity in cortical and
hippocampal neurons [27]. In addition to neuroprotection, TBS exhibited
potent anti-inflammatory and antioxidative effects. Studies reported
reductions in microglial and astrocytic activation, as evidenced by
decreased expression of Ibal, CD68, and GFAP, along with lower levels
of pro-inflammatory cytokines (IL-1p, IL-6, TNF-a, IFN-y) [27-32]. TBS
also restored oxidative balance by enhancing antioxidant enzyme activity
(tSOD, MnSOD, GSH) and reducing oxidative stress markers (MDA,3-
NT, NO2-) [32]. Furthermore, TBS modulated key signaling pathways
involved in cellular survival and synaptic function, including
PI3K/Akt/mTOR and ERKI1/2, which were
stimulation [32].

restored following
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3.2. Clinical studies

An overview of the 14 clinical studies included in this review is provided
in Table 3 [33-46]. Collectively, these studies included 324 patients with
AD, and 269 controls. TBS protocols varied in terms of stimulation
targets, frequency, duration, and assessment time points. Most studies
applied iTBS or accelerated iTBS (aiTBS) over the left DLPFC [33, 36-
38,40, 44], with others targeting other brain regions such as the primary
motor cortex [39], medial prefrontal cortex [43], and cerebellum [41, 42].
Stimulation intensity ranged from 70% to 100% of the motor threshold
(MT), with total pulses varying from 600 and 24,000. Protocols typically
involved daily or multiple daily sessions over a period of 5 to 14 days,
with follow-up assessments ranging from immediately post-treatment to
several months. Sham protocols consistently mimicked auditory and
tactile sensations without delivering active stimulation.

3.2.1. DLPFC

iTBS was found to significantly improve cognitive function as measured
by MoCA [33, 35, 36,40], MMSE [33, 35, 37, 40], associative memory
[35], CDT [35, 38, 40], VFT-S/L [33, 35], BNT[33, 35, 40], DST [35,
40], AVLT [33, 35, 36, 40], SDMT, CTT-RT-B, HVOT, JLOT, LMT
[35], and SCWT [40], depression as measured by SDS [37] and HAMD
[33, 35, 37, 40], anxiety assessed through HAMA [35, 40], ADL [33, 35,
40], NP1 [35, 40], and overall treatment effectiveness (recovery, effectual,
in Force, and null and void) [37]. However, some studies reported non-
significant findings across NPI (total score, caregiver distress), CTT-RT-
A [35], Global Deterioration Scale [33, 40], CDR, Stroop Interference
test, TMT A/B, and VFT-animal [40], Geriatric Depression Scale, ADAS-
Cog, and quality of life (self, carer) [44]. aiTBS significantly improved
associative memory, MMSE, ADL, HAMA, HAMD, LMT-
Immediate/Delay, DST-F/B, SDMT, BNT, VFT-S/L, SCWT-Dot, CDT,
HVOT, and JLOT scores [34], MoCA, AVLT-
Immediate/Delay/Recognition scores [34, 36], and the RBANS attention
index [45]. Also, following treatment, there was a trend toward the
improvement of story memory which is a part of the immediate memory
index [45]. No significant changes were found in anomaly burden, or
other RBANS indices (total, immediate
visuospatial/constructional, language, delayed memory) [45]. Also, non-
significant findings were reported across MMSE, TMT, DST [36],
Geriatric Depression Scale [45], NPI, SCWT- word/color word, and CTT-
A/B scores [34]. Regarding brain connectivity, iTBS significantly
reduced the abnormally elevated connection between the target and right
precuneus cortex, which significantly correlated with improvements in
VFT-S scores [47]. Moreover, the predictors of change in delayed recall

memory,

post-iTBS were baseline gamma connectivity (i.e., higher gamma
connectivity at baseline predicting greater change in delayed recall) and
change in gamma connectivity (i.e., greater change in gamma
connectivity predicting greater change in delayed recall) [44]. Significant
changes in global mean field amplitude values (P30 and P70) were found
post-iTBS, predominantly located at the left frontal region. Furthermore,
total MoCA and MMSE scores were inversely correlated with cortical-
evoked activity in the DLPFC. Changes in beta oscillations, also
concentrated in the left frontal region, were observed [36]. In terms of
gray matter volume (GMV), the left and right hippocampal volumes were
preserved in the active treatment group but significantly declined in the
sham group. Increases in left and right hippocampal GMV were positively
correlated with improvements in MoCA and MMSE scores. Also, left
hippocampal GMV increases were negatively correlated with Global
Deterioration Scale scores, while right hippocampal GMV increases were
positively correlated with VFT-S scores. MoCA scores one year after
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DLPFC-iTBS treatment significantly improved in non-Apolipoprotein E
epsilon 4 (ApoE €4) carriers, with no such improvements in ApoE &4
carriers. Improvements in CDT performance were also more pronounced
in non-ApoE &4 carriers, with no significant changes noted in other
neuropsychological assessments [33].

3.2.2. M1

Regarding neuroplasticity, the percentage amplitude changes of motor
evoked potentials (MEPs) and rMTs were significantly lower in patients
with AD, compared to healthy controls, and showed no significant
correlation with MMSE, ALBA, CDR, or Global Deterioration Scale
scores [39]. Another study reported a lower increase in tMT and MEP
amplitude at 5 minutes post-iTBS in patients with AD. High
reproducibility was observed at 10 minutes post-iTBS, as well as for the
total area under the curve during the first 20 minutes following
stimulation (AUC —), which corresponds to the typical peak effect period
seen in neurotypical individuals. In contrast, only moderate
reproducibility was noted at the 5-, 20-, 30-, and 40-minute time points.
By 50 minutes post-iTBS, thesed changes were found to be non-
reproducible [46].

3.2.3. Medial prefrontal cortex (mPFC)

iTBS over the mPFC significantly improved MMSE (modified repeat
address phrase test), 7- item HAMD, and the 6-Item Cognitive
Impairment test scores. No significant changes were observed in CDT
scores. A trend toward lower serum phenylalanine concentrations was
noted [43].

3.2.4. Cerebellum

Two studies targeted the right lateral cerebellum, and subsequently, the
posterior and superior

lobules. One study indicated a reduction in MEP amplitude 10 minutes
after cTBS in both patients and healthy controls, suggesting motor cortex
activity suppression. Conversely, iTBS significantly increased MEP
amplitude at 10 and 20 minutes post-stimulation, but only in healthy
controls [41]. Another study found that ¢TBS significantly increased
short-latency afferent inhibition (SLAI) in patients with AD at inter-
stimulus intervals (ISIs) of 0 ms and +4 ms, with no effects on rMT,
intracortical inhibition (SICI) or intracortical facilitation (ICF) in either
group [42].

3.2.5. Adverse events

Overall, the procedure was well-tolerated, with the exception of two
participants who could not endure the full stimulation intensity and
discontinued treatment [45]. Reported adverse events in the active
treatment groups included scalp painful discomfort (N = 9) (33, 34, 36,
47), eyelid twitches (N = 5) (34, 36), headache (N = 2), tingling (N = 2),
burning pain (N = 1), palpitation (N = 1) (41), and altered consciousness
between treatment sessions (N = 1) [45].

4. Discussion

This systematic review demonstrates the promise of TBS in the treatment
of AD, integrating evidence from both preclinical and clinical studies. Of
particular importance is the potential of TBS to improve cognitive
functioning, as most treatment modalities, at best, only slow the rate of
decline. Preclinical studies demonstrated that TBS exerts neuroprotective
effects by reducing AP burden, enhancing synaptic plasticity, alleviating
neuroinflammation and oxidative stress, and improving cognitive
function. In clinical studies, TBS, primarily in the form of iTBS or aiTBS



Clinics in Nursing

targeting DLPFC, was associated with improvements in cognitive
function, depression, anxiety, and activities of daily living. Functional and
structural neuroimaging findings indicated that TBS modulates brain
connectivity and preserves hippocampal volume. Notably, TBS was
generally well-tolerated, with only minor adverse events, such as scalp
discomfort and headaches reported. Stimulation of different brain regions
with TBS yielded distinct cognitive and neurophysiological outcomes.
DLPFC-iTBS consistently improved global cognition, memory, and
executive function while modulating network connectivity [33-35, 37, 38,
40, 44, 45]. Specifically, iTBS improved functional connectivity between
left DLPFC and bilateral caudate, as well as between the right amygdala
and right caudate, regions implicated in spatial attention, working
memory, and decision-making [48, 49]. These effects may be mediated
by excitatory modulation of the prefrontal cortex—a central hub in frontal-
limbic circuits. TBS may also support neuronal function by enhancing
cerebral metabolism, promoting cortical-subcortical interactions, and
preserving structural integrity, contributing to cognitive improvements
and symptomatic relief in patients with AD [35, 37]. M1-iTBS, though
less studied, highlighted impaired motor plasticity in AD, suggesting
dysfunction in sensorimotor networks [39, 46]. Moreover, LTP-like
plasticity demonstrated moderate reproducibility among patients with
AD, suggesting that the pathological processes underlying AD may
simultaneously alter and stabilize TMS measures [46]. However,
variability in LTP-like plasticity among patients and protocols
complicates interpretation of these findings. mPFC-iTBS enhanced
cognition and mood, likely by modulating limbic-cognitive circuits,
though its effects on executive function remains unclear [43].
Additionally, TBS may impact motor and cognitive processes via
cerebellar—cerebral pathways [50, 51], likely involving modulation of
Purkinje cells and the dentate nucleus [52-56]. However, findings from
cerebellar TBS were mixed: cTBS suppressed, and iTBS enhanced, motor
cortex excitability in healthy controls, whereas responses in patients with
AD were blunted [41, 42]. These findings highlight the region-specific
neuroplasticity deficits in AD, with DLPFC-iTBS remaining the most
promising target for cognitive enhancement. Building on this,
comparisons among protocols further underscore how differences in
stimulation parameters, such as intensity, frequency, spacing, and cortical
target, significantly influence treatment efficacy. For instance, two studies
administered high-frequency aiTBS over the left DLPFC with twice and
three daily sessions, respectively, leading to notable improvements in
global cognition and memory, with Wu’s regimen demonstrating
sustained benefits at 10 weeks [34, 36]. In contrast, Kashyap et al. (2024)
employed a lower daily dose across individualized prefrontal targets and
observed improvements limited to attentional domains [45]. These
findings underscore that TBS protocols vary in efficacy depending on
stimulation parameters such as dosing schedule and target selection.
Optimizing these factors is crucial for achieving specific therapeutic
outcomes, reinforcing the importance of individualized protocol design
and precise anatomical targeting to maximize cognitive benefits in AD.
In preclinical studies, iTBS has been shown to mitigate oxidative stress,
reduce AP and amyloid precursor protein levels, and decrease reactive
astrogliosis [29]. TBS exerts multifaceted effects by modulating
neurotransmitter systems, particularly GABA and glutamate, and
influencing the activity of NMDA and AMPA receptors [57-59].
Furthermore, TBS enhances the expression of BDNF, a critical mediator
of neuroplasticity and neuronal survival [60, 61]. Notably, TBS has been
associated with reduced expression of CD68 [27, 30], a marker of
microglial activation involved in lysosomal AP degradation [62]; thus,
whether reduced CD68 expression should be interpreted as a favorable
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outcome of TBS requires further investigation. Collectively, these
mechanisms underscore the therapeutic potential of iTBS in fostering
neuroprotection and cognitive enhancement, positioning it as a potential
strategy to decelerate AD progression [12]. Although preclinical studies
robustly demonstrated the efficacy of TBS in animal models of AD, the
findings from clinical studies were comparatively inconsistent and less
conclusive. This discrepancy underscores the challenges in translating
experimental success into clinical effectiveness and highlights the need
for more rigorous human research. Moreover, although preclinical studies
provided valuable mechanistic insights, the translational value of animal
models is inherently limited. Rodent models only partially replicate the
multifactorial pathology and chronic progression of human AD, and those
induced by neurotoxins (e.g., STZ or TMT) may not accurately reflect
sporadic AD pathophysiology. Several limitations further constrain the
interpretability and generalizability of the current evidence. First, the
relatively small number of included studies and limited sample sizes,
particularly in clinical trials, reduce statistical power. Several reported
outcomes were derived from single studies with small cohorts and thus
require replication in larger, well-powered, multi-center trials. Second,
heterogeneity in study designs, including differences in study designs,
TBS protocols (e.g., stimulation intensity, number of pulses, session
frequency), targeted brain regions, and outcome measures, precluded
quantitative meta-analysis and complicated cross study comparisons. This
variability also limits the identification of optimal stimulation parameters
for specific therapeutic goals. Third, the predominant focus on the
DLPFC may introduce bias, as the effects of stimulating other potentially
relevant brain regions remain underexplored. Region-specific
neuroplasticity responses, especially involving the cerebellum, motor
cortex, and medial prefrontal cortex, were insufficiently studied,
highlighting a gap in anatomical targeting research. Fourth, short follow-
up periods in most studies also limit conclusions about the durability of
therapeutic effects. Fifth, there was no consistent reporting on whether
AD diagnoses were based on biomarker evidence or clinical judgment
alone, a factor that significantly impacts the generalizability and
interpretability of findings. Future large-scale, multi-center trials should
focus on optimizing stimulation protocols, exploring individualized
approaches, and assessing long-term clinical outcomes to advance the
clinical application of TBS in AD.

5. Conclusions

TBS is a non-invasive neuromodulation technique that may hold potential
for AD, with preliminary evidence suggesting possible benefits for
cognitive function and neuroplasticity. Although the DLPFC is the most
frequently targeted region, early findings from stimulation of other areas
such as the mPFC, M1, and cerebellum warrant further exploration. Given
that current conclusions are primarily based on a limited number of
studies, in cases, single studies, more rigorous, large-scale research is
needed to clarify the mechanisms, efficacy, and clinical relevance of TBS
in AD.
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