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Abstract: Cognitive impairment involves sustained deficits across several key domains: memory, executive func-
tion, attention, and behavioral regulation. The condition encompasses cognitive dysfunction linked to Alzheimer’s
disease, mild cognitive impairment, vascular cognitive impairment, and other forms of neurodegeneration. Existing
pharmacotherapies frequently yield inconsistent clinical benefits, are often accompanied by side effects, and gener-
ally lack disease-modifying properties. These limitations have spurred increasing attention toward safe, repeatable
non-pharmacological strategies. Non-invasive brain stimulation, a central non-pharmacological tool, can regulate
excitability in targeted brain regions, shape network-level connectivity, and facilitate activity-dependent neuroplas-
ticity. Evidence from multiple clinical settings supports its potential to improve cognitive outcomes. This review
centers on major NIBS techniques: repetitive transcranial magnetic stimulation, transcranial electrical stimulation,
gamma-frequency sensory stimulation, photobiomodulation, and transcranial ultrasound stimulation. We synthe-
size their underlying mechanisms, clinical applications, and supporting evidence, aiming to provide an evidence-
based framework to guide standardized clinical implementation and future research design in this area.
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Introduction

Cognitive impairment (Cl) is a clinical syndrome
characterized by deficits in multiple cognitive
domains, including memory, attention, execu-
tive function, and language. It covers a spec-
trum of conditions such as subjective cogni-
tive decline (SCD), mild cognitive impairment
(MCI), Alzheimer’s disease (AD), and vascular
cognitive impairment (VCI). According to a re-
port from the World Health Organization, there
are approximately 55 million people living with
dementia worldwide, and this number is pro-
jected to increase to 82 million by 2030, with
60%-70% of cases caused by AD [1]. With the
accelerating process of population aging, the
incidence and prevalence of Cl have been ri-

sing continuously, which has become a major
public health challenge [2, 3]. In China, the
number of patients with AD and related de-
mentias ranks among the highest in the world
[4], and its disease burden and socioecono-
mic impact have become increasingly promi-
nent [5]. Although certain progress has been
achieved in novel strategies such as disease-
modifying therapeutic drugs and immunothe-
rapy in recent years [6, 7], the efficacy of ex-
isting medications in improving cognitive func-
tion and delaying disease progression remains
relatively limited. In addition, many restrictions
still exist regarding their long-term safety, app-
licable populations, and clinical accessibility
[8]. Therefore, exploring safe, repeatable, and
well-tolerated non-pharmacological interventi-
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Figure 1. Mechanisms of action and clinical applications of non-invasive brain stimulation (NIBS) techniques in the

intervention of cognitive impairment.

ons has become an important direction in the
research on the prevention and treatment of Cl
[9, 10].

Non-invasive brain stimulation (NIBS) is a ca-
tegory of techniques that regulate brain activity
in a non-invasive manner, mainly including tran-
scranial magnetic stimulation (TMS) and tran-
scranial electrical stimulation (TES). It has re-
ceived extensive attention in intervention re-
search on Cl in recent years [11, 12]. Evidence
suggests these techniques can improve cogni-
tive function by modulating neuronal excitabili-
ty, synaptic plasticity, and brain network activity
patterns [13-16]. Advances in multimodal neu-
roimaging have enabled the development of
more precise stimulation strategies tailored to
individual brain network characteristics. Such
approaches may help enhance intervention
efficacy and reduce variability in treatment out-
comes. In this review, we summarize recent
progress in non-invasive brain stimulation for
cognitive impairment, with a focus on underly-
ing mechanisms and clinical applications, to
provide a practical reference for both clinical
practice and future research (Figure 1).

Different NIBS techniques and their mecha-
nisms of action

Transcranial magnetic stimulation

TMS operates on the principle of Faraday’s law
of electromagnetic induction. A coil positioned
over the scalp delivers a rapidly changing mag-
netic field, which in turn induces electrical cur-
rents within the underlying cerebral cortex,
modulating neuronal excitability and synaptic
activity [17]. TMS is non-invasive and repeat-
able, with a strong overall safety profile. These
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characteristics have led to its widespread
adoption in both basic neuroscience research
and clinical interventions for a range of neuro-
psychiatric conditions [18, 19].

TMS can be classified by stimulation pattern
into single-pulse, paired-pulse, and repetitive
TMS (rTMS). Of these, ITMS delivers pulse tra-
ins continuously at a specific frequency, pro-
ducing cumulative modulatory effects on corti-
cal activity. Low-frequency stimulation (<1 Hz)
tends to inhibit cortical excitability, while high-
frequency stimulation (=5 Hz) typically enhanc-
es it [20]. TBS, an efficient variant of TMS, can
induce long-lasting plastic changes within a
relatively short time [21].

Regarding its mechanisms of action, TMS can
directly regulate local neural activity by evoking
neuronal depolarization and triggering action
potentials. It can also induce synaptic plasti-
city changes similar to long-term potentiation
or long-term depression, allowing the stimula-
tory effects to persist after the end of stimula-
tion [22]. Relevant studies suggest that TMS
may improve the excitation-inhibition balance
by modulating glutamatergic and y-aminobuty-
ric acidergic (GABAergic) neurotransmitter sys-
tems, accompanied by altered expression of
brain-derived neurotrophic factor (BDNF) and
synapse-related proteins, while exerting cer-
tain regulatory effects on neuroinflammation
[23, 24].

Furthermore, the modulatory effects of TMS
are not restricted to the local stimulation tar-
get; its influence can propagate to distant brain
regions along functional connectivity networks,
achieving regulation at the brain network level
[25]. On this basis, research paradigms are
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gradually shifting from a “region-symptom” cor-
respondence toward network-oriented inter-
vention strategies. In recent years, individu-
alized navigation techniques combined with
structural and functional magnetic resonance
imaging have been widely used in TMS, helping
to optimize the selection of stimulation targets
and improve the consistency of interventions
[26, 27].

Transcranial electrical stimulation

TES is a NIBS technique that modulates ne-
ural activity by delivering low-intensity electrical
currents to the brain through scalp electrodes.
It mainly includes transcranial direct current
stimulation (tDCS), transcranial alternating cur-
rent stimulation (tACS), and temporal interfer-
ence (TI) stimulation.

tDCS generates a stable electric field in the
cortex by delivering a constant weak direct cur-
rent (usually 1-2 mA) between scalp electrodes,
thereby regulating neuronal membrane poten-
tial and excitability. Generally, anodal stimula-
tion tends to increase local excitability, where-
as cathodal stimulation often exerts an inhi-
bitory effect. However, the actual effects are
influenced by factors such as stimulation inten-
sity, duration, electrode montage, and individu-
al baseline brain state [26, 28]. At the neuronal
level, tDCS does not directly trigger action
potentials. Instead, it modulates the firing prob-
ability of neurons through subthreshold ef-
fects, influencing neural information process-
ing [29]. Repeated or prolonged stimulation
can induce synaptic plasticity changes resem-
bling long-term potentiation or long-term de-
pression, likely via regulation of NMDA recep-
tors, Ca?" influx, and the GABAergic system
[30]. The technique offers several advantages:
high safety, few adverse reactions, and good
repeatability. However, its limitations include
weak electric field strength, poor spatial fo-
cality, and substantial interindividual variability
in treatment response. Optimizing stimulation
parameters and targeting strategies remains
an important priority [31, 32]. tACS delivers
weak alternating currents at specific frequen-
cies to targeted brain regions. This modulation
of intrinsic brain rhythmic activity alters pro-
cesses linked to neuroplasticity, ultimately
shaping cognitive and behavioral functions
[33]. Its core mechanism involves entraining
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endogenous neural oscillations through an ex-
ternal alternating electric field, which improves
information integration and network communi-
cation across brain regions [34, 35].

The physiological effects of tACS are driven by
oscillating electric fields that are generated
within targeted brain regions when alternating
currents are delivered across the scalp. Acting
at a subthreshold level, this form of stimulation
elicits periodic modulation of neuronal mem-
brane potentials. Its primary effect is on the
temporal patterning of action potentials, rather
than on gross firing rates [36-38]. Ultimately,
the resulting neuromodulatory effects depend
not only on stimulation amplitude and frequen-
cy, but also on the anatomical orientation of
underlying neurons and the variability of cur-
rent conduction through neural tissue. Current
studies suggest that tACS effects mainly in-
clude two categories: one is the online modula-
tory effect achieved through rhythmic entrain-
ment during stimulation; the other is the sus-
tained offline effect that may be induced after
stimulation via mechanisms such as spike-tim-
ing-dependent plasticity (S-TDP) [39, 40]. tACS
has attracted growing interest in research on
Cl, particularly for AD. Studies have indicated
that gamma-band (especially 40 Hz) neural
oscillations are closely related to cognitive pro-
cesses such as memory and information in-
tegration, and t-ACS targeting this frequency
band may exert beneficial effects on related
brain network functions by regulating abnor-
mal rhythmic activities [33].

Tl stimulation is an emerging transcranial elec-
trical stimulation technique developed in recent
years. Its basic principle is to simultaneously
apply two or more high-frequency alternating
currents with slightly different frequencies on
the scalp, so that they superimpose in the tar-
get brain region to generate a low-frequency
envelope signal, thereby achieving selective
modulation of deep brain regions. Since the
high-frequency carriers themselves exert weak
direct activation on superficial cortical neurons,
while the superimposed low-frequency enve-
lope can produce effective modulation in deep
areas, this technique theoretically overcomes
the limitation of traditional transcranial electri-
cal stimulation in stimulation depth [41].

Mechanistically, the low-frequency envelope
signal generated by Tl mainly regulates the
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rhythmic activity and excitability of neurons in
the target brain region. The modulatory effects
of Tl are thought to involve phase synchroni-
zation of neural oscillations and subthreshold
changes in neuronal membrane potential. Early
evidence suggests that Tl can target neural
activity in deep brain structures such as the
hippocampus and striatum, while producing
minimal scalp side effects [42]. At present, TI
remains largely limited to experimental investi-
gation and early-stage clinical study. However,
additional systematic work is needed to de-
fine optimized stimulation parameters, confirm
long-term safety, and establish clinical effec-
tiveness [43].

Gamma-frequency sensory stimulation (GSS)

GSS modulates neural oscillations in specific
frequency bands through periodic visual or au-
ditory input. Stimulation frequencies typically
range from 30 to 100 Hz, with 40 Hz being the
most commonly used [44]. Unlike techniques
that deliver electromagnetic stimulation direct-
ly, this approach acts indirectly through sensory
pathways. It is simple to administer and gener-
ally well tolerated [45]. The mechanisms be-
hind its effects appear to involve enhancing
or synchronizing gamma oscillations, which in
turn influence cognitive processes such as
attention, working memory, and information
integration [46]. There is also evidence that
this technique may modulate neuron-glia in-
teractions and cerebral metabolic clearance,
though the underlying details remain to be clar-
ified [47].

This technique has drawn growing interest in
cognitive impairment research, in part because
it lends itself to home-based use. Standardized
stimulation parameters and treatment proto-
cols, however, are still lacking, and its clini-
cal efficacy and long-term effects need to be
assessed in well-designed randomized con-
trolled trials [48].

Photobiomodulation (PBM)

PBM uses red or near-infrared light at specific
wavelengths to modulate cellular function. In
neuroscience research, it is commonly deliv-
ered through scalp irradiation or nasal light
application to influence central nervous sy-
stem activity [49]. The underlying mechanisms
center on mitochondrial function: improving
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cellular energy metabolism, boosting adenos-
ine triphosphate production, and reducing oxi-
dative stress [50]. Meanwhile, it may indirectly
affect cognitive function by regulating neuroin-
flammation, improving cerebral blood flow, and
modulating neurovascular coupling [51]. These
mechanisms suggest that PBM exerts its ef-
fects primarily by improving the neural microen-
vironment rather than directly regulating neuro-
nal firing.

Current studies have demonstrated favorable
safety and tolerability of PBM in individuals with
Cl, and some studies have observed improve-
ment trends in memory, executive function, and
other cognitive domains [52]. In 2022, Naval
Medical University, relying on the First and only
full-scale submarine environment simulation
chamber in China (to date) at its Characteristic
Medical Center, conducted a large-scale human
trial on the regulation and intervention of circa-
dian rhythm disorders in crew members within
the submarine environment simulation cham-
ber, filling the gap in nautical human factors
engineering research in China. The results sh-
owed that light intervention significantly im-
proved sleep quality and work efficiency in par-
ticipants [53]. In addition, the research team
established the only biobank and human per-
formance database for crew members during
long-duration open-sea voyages on real subma-
rines in China.

Transcranial ultrasound stimulation (TUS)

TUS is a non-invasive neuromodulation tech-
nique that uses low-intensity focused ultra-
sound to penetrate the skull and target specific
brain regions [54, 55]. Compared with electri-
cal and magnetic stimulation, TUS exhibits su-
perior spatial focality and penetration depth,
enabling modulation of neural activity in the
cortex and some deep brain structures without
implanting electrodes.

Its mechanisms of action are mainly based on
the mechanical effects generated by ultra-
sound, which regulate neuronal excitability and
firing patterns by affecting mechanosensitive
ion channels and other structures [56]. Cu-
rrent studies suggest that this neuromodulato-
ry effect is not primarily attributed to thermal
effects, but may also involve changes in region-
al cerebral blood flow and modulation of neuro-
vascular coupling [57].
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At present, research on TUS in the field of Cl
remains in the stage of basic experiments and
early clinical exploration. Optimal stimulation
parameters, safety ranges, and long-term effi-
cacy remain unclear, and further systematic
studies are needed to establish how best to
apply these techniques in clinical settings [58].

Non-invasive neuromodulation methods span
a range of technical modalities and differ sub-
stantially in their depth of brain penetration.
Despite these differences, most modulate cog-
nitive function through overlapping mecha-
nisms, namely the regulation of neuronal excit-
ability, neural oscillatory activity, and synaptic
plasticity. They also diverge in their spatial
focality, the range of adjustable parameters,
and their applicability to particular patient pop-
ulations. The strength of supporting clinical evi-
dence and data on long-term efficacy also var-
ies considerably across techniques, warrant-
ing further investigation. Here, we systemati-
cally summarize current advances in non-inva-
sive neuromodulation applied to different sub-
types of cognitive impairment. Despite diffe-
rences in upstream regulatory pathways, these
NIBS modalities share several core downst-
ream mechanisms. They can modulate neural
oscillations underlying cognitive processing,
enhance synaptic plasticity, including BDNF-
related signaling, and strengthen functional
connectivity within cognitive networks. Collec-
tively, these changes help explain the cogni-
tive benefits seen across multiple techniques.
The approaches differ, however, in spatial fo-
cality, parameter flexibility, and the patient po-
pulations for which they are most appropriate.
Key hurdles to clinical translation persist: high-
quality clinical evidence remains limited, and
the long-term durability of treatment effects
has yet to be firmly established. In this review,
we synthesize current evidence for NIBS ac-
ross a range of cognitive impairment subtypes.

Applications of NIBS in different types of CI
Applications of NIBS in MCI

TMS has been widely used in patients with mild
cognitive impairment, though stimulation pro-
tocols vary considerably across studies-in fre-
quency, intensity, treatment duration, and tar-
get selection. Commonly used stimulation fre-
quencies range from 5 to 20 Hz, with major tar-
gets including the left or bilateral dorsolateral
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prefrontal cortex (DLPFC); some studies also
selected the precuneus or right DLPFC as stim-
ulation targets [25, 59-63]. The recently intro-
duced accelerated intermittent theta-burst
stimulation (aiTBS) protocol has further im-
proved intervention efficiency by increasing
pulse density and shortening treatment dura-
tion [64]. Most studies have demonstrated th-
at rTMS exerts beneficial effects on cognitive
function in patients with MCI, especially memo-
ry and global cognitive performance, although
some inconsistencies remain across findings.

Relevant functional neuroimaging mechanistic
studies have shown that the therapeutic ef-
fects of FTMS are associated with its modula-
tion of specific brain networks. Stimulation of
bilateral DLPFC dynamically enhances connec-
tivity within the ventral attention network and
the left frontoparietal control network, where-
as stimulation of the right DLPFC dynamically
attenuates abnormal connectivity within the
default mode network (DMN) [62]. Studies
targeting the precuneus further revealed that
ITMS can enhance neural activity in the precu-
neus and alter effective connectivity between
the precuneus and medial prefrontal regions,
accompanied by modulation of B-band neural
oscillations [25]. These changes correlate with
cognitive improvement, suggesting that rTMS
may act by reducing excessive functional com-
pensation and improving network efficiency.
Accordingly, individualized brain network navi-
gation strategies based on resting-state func-
tional magnetic resonance imaging (rs-fMRI)
have been proposed to enhance intervention
precision by selecting targets according to in-
dividual functional connectivity patterns, whi-
ch may also help explain the heterogeneity
observed in previous study results.

Numerous studies have been conducted on
tDCS in MCI. Compared with rTMS, tDCS sh-
ows relatively high consistency in key parame-
ters such as anodal stimulation and targeting
of the left DLPFC, with a stimulation intensity
of mostly 2 mA, whereas treatment duration
and single-session duration vary considerably.
Available evidence suggests that tDCS may
improve global cognition and specific domains
such as memory and attention in patients with
MCI [65-68]. Some studies have attempted
to combine it with cognitive training; although
synergistic trends have been observed in cer-
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tain tasks, some randomized controlled trials
have shown that the combined regimen is not
significantly superior to training alone, indicat-
ing that efficacy is influenced by task type and
individual differences [69]. tACS has also been
gradually applied to MCI intervention in recent
years [70]. Most studies adopted single-ses-
sion y-frequency stimulation (2-3 mA, 30-60
minutes), targeting mainly the DLPFC or pre-
cuneus. Results indicate that y-tACS exerts
modulatory effects on cognitive function: stim-
ulation of the DLPFC is mostly associated with
improved executive function, whereas stimu-
lation of the precuneus tends to enhance epi-
sodic memory. Neurophysiological studies fur-
ther suggest that its effects may be related to
the modulation of brain rhythmic activity and
cholinergic transmission [71, 72].

Studies on emerging non-invasive neuromodu-
lation approaches - such as sensory stimula-
tion, PBM, and focused ultrasound stimulation
(FUS) - in MCl are still few. A few feasibility stud-
ies suggest that y-frequency sensory stimula-
tion can enhance functional connectivity with-
in the DMN [73], while PBM may improve task-
related memory performance and increase
neural recruitment efficiency [74]. A recent
open-label study applied navigated transcrani-
al pulse stimulation (TPS) in patients with MCI
and reported statistically significant improve-
ments in global cognition and executive func-
tion [75]. However, most of the above studies
lack controlled designs, and their efficacy and
safety still require further validation in more rig-
orous randomized controlled trials.

Applications of NIBS in AD

TMS is the most widely used non-invasive neu-
romodulation technique in clinical research on
AD. Multiple reviews and meta-analyses indi-
cate that rTMS can improve global cognition
and several specific cognitive functions in pa-
tients with mild-to-moderate AD, and it has a
favorable safety profile [14, 76-80]. Common
stimulation targets include the DLPFC, precu-
neus, and temporal lobe. Most protocols em-
ploy conventional high-frequency stimulation
(10-20 Hz), while some studies have also used
TBS paradigms. Findings vary across studies,
in terms of targets, parameters, and treatment
courses, suggesting that efficacy may depend
heavily on individualized protocols [81].
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Intermittent theta-burst stimulation (iTBS), as
a more efficient form of rTMS, has shown pro-
mising potential in AD intervention. Randomiz-
ed double-blind placebo-controlled trials have
confirmed that accelerated iTBS targeting the
left DLPFC significantly improves associative
memory and multiple cognitive functions in
patients, with some effects persisting into the
follow-up period, accompanied by enhanced
cortical excitability, B-band oscillatory activity,
and frontal-hippocampal network connectivity
[82].

With deeper understanding of network pathol-
ogy in AD, ITMS research has gradually shifted
toward individualized strategies targeting brain
network hubs. Key nodes of the DMN, such as
the precuneus, have become major interven-
tion targets. Long-term stimulation can delay
cognitive and functional decline and enhance
local y oscillations [83]. Furthermore, approach-
es based on individual functional connectivity
navigation, selecting cortical nodes with the
strongest connectivity to the hippocampus as
targets, have shown trends toward superior
efficacy compared with traditional anatomical
localization [84], further supporting the clini-
cal feasibility of network-guided individualized
intervention.

In addition to TMS, TES has also been investi-
gated for the intervention of AD. Among these
techniques, tDCS has shown mild beneficial
effects on global cognition and memory in mul-
tiple meta-analyses [14]. Common targets in-
clude the DLPFC and temporal lobe, and stimu-
lation of the temporal lobe may be more effec-
tive than that of the prefrontal cortex [85].
However, the clinical effects of tDCS are gener-
ally weaker than those of rTMS [86], which may
be related to its limited spatial focality and re-
latively nonspecific neuromodulatory mecha-
nisms [78, 87].

tACS, especially 40 Hz stimulation protocols
targeting abnormal y-band neural oscillations
in patients with AD, has gained increasing
attention in recent years [33]. Systematic re-
views have indicated that y-tACS can exert an
‘entrainment’ effect on intrinsic electroence-
phalographic activity via exogenous rhythms,
thereby regulating the functional state of relat-
ed networks [88]. Randomized controlled trials
have shown that although y-tACS has limited
effects on improvements in major clinical cog-
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nitive scales, it significantly enhances y oscilla-
tions, theta-gamma coupling, and related net-
work activity in the hippocampus, and these
changes in neurophysiological markers are
associated with memory and global cognitive
performance. This suggests that y-tACS exhib-
its clear biological signals in modulating rhyth-
mic and network activity, whereas the stability
and long-term significance of its clinical effects
still require further investigation [89].

Beyond TMS and TES, other non-invasive te-
chniques, including sensory stimulation, PBM,
and TUS, have also been preliminarily explored
in patients with AD. GSS may improve cogni-
tion, memory, sleep, and daily functioning in
AD patients, alongside enhanced connectivity
of related brain networks and reduced brain
atrophy; however, its effects on amyloid-beta
load have not yet been confirmed [48, 90-92].
Research into PBM remains relatively scarce.
While preliminary studies have shown trends
toward improvements in memory and execu-
tive function, the small sample sizes and het-
erogeneous protocols call for further validation
in standardized trials [93, 94]. Preclinical stud-
ies of TUS have suggested that it may improve
cognition by opening the blood-brain barrier
and reducing amyloid-beta deposition. Althou-
gh a small-sample clinical study did not detect
clear transient blood-brain barrier opening on
imaging, it observed improvements in immedi-
ate and recognition memory, as well as en-
hanced metabolic activity in the right hippo-
campus [95]. In addition, TPS based on ultra-
short pulses has shown potential in modulating
memory network connectivity and improving
global cognition in an uncontrolled study [96].

Applications of NIBS in vascular cognitive
impairment

In patients with VCI and post-stroke cognitive
impairment (PSCI), TMS has been widely used
to assess and modulate cortical excitability and
related brain network functions. Previous stud-
ies have suggested that such patients com-
monly exhibit impaired function in the pre-
frontal-subcortical pathways and frontoparietal
networks, reflecting compensatory adaptation
of the brain to disrupted network connectivity
following vascular injury [97]. Several small-
sample studies have demonstrated that high-
frequency rTMS targeting the DLPFC may help
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improve executive function, attention, and in-
formation processing speed, and its mecha-
nisms may be related to the modulation of pre-
frontal-subcortical circuits and related network
functions [98]. However, considerable hetero-
geneity exists across existing studies in stimu-
lation parameters, target selection, and proto-
col design, and sufficient high-level evidence is
still lacking to support the stability of efficacy
and long-term benefits.

Of note, one randomized double-blind sham-
controlled trial employed individualized func-
tional magnetic resonance imaging navigation
to target the frontoparietal cognitive network
and applied high-dose iTBS. The results show-
ed that high-dose iTMS was significantly supe-
rior to the standard-dose group and the sham
stimulation group in improving global cognition
and multiple cognitive domains including me-
mory, attention, and executive function, with a
dose-dependent effect and favorable safety
[99]. This study suggests that strategies based
on individualized brain network targeting com-
bined with sufficient stimulation doses may
represent an effective approach to enhance
intervention outcomes in post-stroke cognitive
impairment.

In addition to rTMS, tDCS has been gradually
applied in rehabilitation research on PSCI. One
meta-analysis found that tDCS, which is gener-
ally well tolerated, appears to support cognitive
recovery after stroke by enhancing neuroplasti-
city [100]. Most relevant studies have com-
bined it with cognitive training [101]. Findings
suggest potential benefits for attention, memo-
ry, and executive function, though responses
vary considerably across individuals, and the
optimal stimulation protocol has yet to be
established.

Studies of tACS in VCI/PSCI are much fewer.
The evidence so far comes mainly from small-
sample exploratory trials. Current research has
largely focused on y-frequency stimulation, of-
ten combined with rehabilitation training [102].
These studies suggest the approach is feasible
for modulating abnormal neural rhythms and
network synchronization, but its clinical effica-
cy still needs confirmation.

PBM has also emerged as a potential interven-
tion. Recent evidence suggests it may promote
metabolic waste clearance by improving cere-
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bral blood flow and glymphatic function [103].
This mechanism finds support in some animal
models, though clinical research in VCI/PSCI
remains at an early stage.

TUS has gained increasing attention in post-
stroke cognitive rehabilitation, owing to its ex-
cellent tissue penetration and precise target-
ing [104]. Data from existing studies indicate
that low-intensity focused or pulsed ultrasound
can modulate neuronal activity through me-
chanical effects, upregulate neurotrophic fac-
tors, and promote neuroplasticity, angiogene-
sis, and functional network reorganization. Ani-
mal studies and a small number of clinical trials
suggest that TUS may enhance learning, mem-
ory, and executive function. However, there is
still no consensus on optimal parameters and
target sites, and the clinical evidence support-
ing its efficacy remains insufficient.

Applications of non-invasive neuromodulation
in other types of cognitive impairment

Research in PD-CI has mainly focused on two
techniques: rTMS and tDCS. Numerous ran-
domized controlled studies and meta-analyses
have demonstrated that TMS exerts relative-
ly consistent beneficial effects on non-motor
symptoms of Parkinson’s disease, especially
cognitive function [105]. Among existing inter-
vention protocols, high-frequency TMS target-
ing the DLPFC shows stable efficacy for cog-
nitive outcomes, suggesting that targeting key
nodes of the central executive network may be
an effective strategy for PD-CI [106]. In con-
trast, findings from tDCS studies are highly het-
erogeneous. Although early studies indicated
certain improvement potential [107, 108], re-
cent analyses suggest that its efficacy may be
limited to the early stage of the disease or spe-
cific patient subgroups [109].

Studies on NIBS in DLB remain at the prelimi-
nary exploratory stage. Current evidence is
mostly derived from small-sample studies in-
volving tDCS, TMS, light therapy, and other
methods. A recent systematic review indicated
that these interventions may produce modest
improvements in attention, several cognitive
measures, and neuropsychiatric symptoms.
However, the overall evidence is insufficient to
support firm clinical conclusions due to wide-
spread issues such as suboptimal methodolog-
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ical quality and high heterogeneity across
results [110, 111].

DLB is distinguished by unique neural oscilla-
tory abnormalities: reduced a-rhythm and in-
creased 6/0 activity, which are closely tied to
fluctuations in cognitive function. Drawing on
this finding, a randomized controlled crossover
trial explored rhythm-targeted intervention and
found that single-session occipital a-frequen-
cy tACS enhanced visuospatial and executive
function in patients, alongside physiological
changes including elevated o power and di-
minished & power [112]. These results suggest
that such intervention may indirectly affect cho-
linergic system function by modulating abnor-
mal oscillations.

In FTD, a few open-label or small-sample stud-
ies suggest TMS may improve cognitive and
behavioral symptoms, but the overall eviden-
ce is limited and lacks rigorous controls [113,
114].

Evidence for tDCS in FTD is relatively stronger.
Several randomized, double-blind, controlled
trials have shown that tDCS targeting the pre-
frontal or temporal cortex can improve lan-
guage ability, executive function, and behavior-
al symptoms, with some benefits persisting
into the follow-up period [115, 116]. The un-
derlying mechanisms may involve modulation
of frontotemporal network connectivity, corti-
cal excitation-inhibition balance, and abnormal
EEG rhythms [114, 115]. Different FTD sub-
types, however, appear to respond differently
to neuromodulation techniques, suggesting
that efficacy depends on the specific disease
phenotype and the brain networks targeted.

Emerging non-invasive neuromodulation tech-
niques-including photobiomodulation, sensory
stimulation, and transcranial ultrasound-are al-
so being explored in patient studies or clinical
trials for non-AD cognitive disorders such as
PD-CI, DLB, and FTD [117-120]. The field is still
in its early stages, however. Most available evi-
dence comes from feasibility studies or small-
scale trials. Whether these techniques produce
meaningful cognitive benefits, how they work,
and whether they are safe over the long term
remain open questions. Large-sample random-
ized controlled trials with cognitive function as
a primary endpoint are needed to address
these issues.

Am J Transl Res 2026;18(5):3700-3714
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Conclusion

NIBS is non-invasive, easily repeatable, and
has a strong safety profile, making it a promis-
ing intervention for research into various forms
of cognitive impairment. By modulating abnor-
mal brain network activity and enhancing neu-
roplasticity, it can improve performance ac-
ross multiple cognitive domains, highlighting its
clinical potential. However, its efficacy varies
with disease subtype, stimulation target, and
parameter selection, which largely explain the
substantial heterogeneity in current research
outcomes.

Future studies should employ well-designed,
multicenter, large-sample randomized con-
trolled trials. Such trials need to take into
account disease staging and the profiles of
impaired brain networks - and systematically
evaluate efficacy, safety, and optimal stimula-
tion regimens for non-invasive neuromodula-
tion in cognitive impairment. Ultimately, the
goal is to build a solid evidence foundation th-
at can facilitate the standardized, precise clini-
cal translation of these approaches.
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