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Abstract

Bipolar disorder (BD) is a severe mental illness characterized by recurrent episodes of mania and depression. The disorder is associ-
ated with high rates of relapse and disability, significantly affecting patients’ social functioning and quality of life. It is estimated that
30-50% of individuals with BD do not regain their premorbid level of social functioning, primarily due to persistent cognitive impair-
ments. These cognitive deficits are prominent not only during acute episodes but also persist throughout remission, even when emotional
symptoms have stabilized. Multiple studies have demonstrated that cognitive dysfunction is widely recognized as a key predictor of
relapse, disease progression, and loss of social functioning in individuals with BD. An increasing body of research suggests that the
long-term prognosis of BD is closely linked to cognitive impairment, establishing cognitive remediation as a central therapeutic goal
for improving social functioning in this population. However, current pharmacological treatments for cognitive deficits show limited
efficacy and are frequently associated with notable side effects. Non-pharmacological approaches, particularly neuromodulation tech-
niques, are increasingly recognized for their potential to improve cognitive deficits in BD. This narrative review summarizes the latest
findings on neuromodulation interventions for cognitive impairment in BD, with a focus on the current applications and future directions

of non-invasive neuromodulation techniques.
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Main Points

1. Persistent cognitive impairment is a core feature of
bipolar disorder (BD), significantly impacting patients’
functional outcomes and quality of life, and it remains
present even during periods of stable mood (euthymia).

2. Non-invasive neuromodulation techniques—
specifically repetitive transcranial magnetic stimulation
(rTMS), transcranial alternating current stimulation
(tACS), and transcranial direct current stimulation
(tDCS)—show promising potential for improving cogni-
tive deficits in BD, with study demonstrating enhancements
in memory, executive function, attention, and verbal flu-
ency.

3. These neuromodulation techniques are generally safe
and well-tolerated, with side effects typically being mild
and transient, such as scalp discomfort or headache, mak-
ing them viable adjunctive treatment options.

4. Current evidence is promising but preliminary, high-
lighting an urgent need for larger, standardized, and long-
term study to optimize stimulation parameters, identify pre-
cise brain targets, and confirm the sustained efficacy of
these interventions for cognitive remediation in BD.

1. Introduction

Bipolar disorder (BD) is a severe mental illness char-
acterized by extreme fluctuations in mood, including alter-
nating episodes of mania, hypomania, and depression [1].
During manic or hypomanic episodes, patients typically ex-
hibit elevated mood, racing thoughts, hyperactivity, and im-
pulsive behaviors, whereas depressive episodes are marked
by persistent sadness, anhedonia, fatigue, and apathy [2].
BD is classified into two primary subtypes based on the
severity of manic symptoms: bipolar I disorder (BD-I), de-
fined by the occurrence of at least one full manic episode,
and bipolar II disorder (BD-II) [3], characterized by hypo-
manic episodes alternating with major depressive episodes
[4].

A substantial body of evidence indicates that BD pa-
tients frequently experience significant cognitive impair-
ments, including deficits in attention, executive function,
verbal memory, working memory, and processing speed
[5,6]. Notably, these cognitive deficits persist not only
during acute mood episodes but also during the euthymic
phases [7], constituting a core feature of BD [8—10]. Such
impairments profoundly compromise patients’ overall qual-
ity of life, occupational functioning, interpersonal relation-
ships, and daily executive performance [11,12], while si-
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multaneously increasing suicide risk [13]. The global life-
time prevalence of BD is estimated at 1-2%, with BD-I af-
fecting approximately 1.0-1.6% and BD-II affecting 0.5—
2.0% of the population [14]. BD typically emerges during
adolescence, with a mean onset age of 18-25 years. While
BD-I shows comparable incidence rates between males and
females, BD-II is slightly more prevalent in females. The
disorder exhibits significant familial aggregation, with her-
itability estimates of 10% to 20% [15]. Furthermore, BD is
frequently comorbid with other psychiatric conditions, such
as anxiety disorders, substance use disorders, and attention-
deficit/hyperactivity disorder [ 16,17], complicating diagno-
sis, treatment, and exacerbating functional impairments and
long-term prognosis.

Earlier conceptualizations of BD posited that patients
achieved full functional recovery, encompassing cognitive
domains, during euthymic phases once affective symptoms
stabilized. However, accumulating evidence over the past
20 years has fundamentally challenged this perspective. It
is now well-established that a significant proportion of eu-
thymic BD patients exhibit persistent cognitive dysfunction
[18,19], particularly in areas such as executive function and
memory, even in the absence of acute mood symptoma-
tology [20,21]. This recognition marks a pivotal shift in
the nosology and understanding of BD. Crucially, this pat-
tern distinguishes BD from schizophrenia, where cognitive
deficits are typically more pervasive and enduring across
all illness phases. Consequently, the notion of complete
inter-episode cognitive recovery in BD is increasingly con-
sidered outdated. Current evidence positions cognitive im-
pairment as a chronic, core feature of BD, persisting across
mood states including euthymia, and representing a criti-
cal determinant of functional outcome [9,22]. This evolv-
ing understanding is strongly supported by meta-analytic
evidence showing significant cognitive deficits during eu-
thymia, alongside study documenting impairments in exec-
utive function and memory in euthymic cohorts [23].

Current therapeutic strategies for cognitive impair-
ment in BD primarily include pharmacological treat-
ments [24], psychotherapy [25], and neuromodulation tech-
niques. However, pharmacological treatments are often
limited by suboptimal efficacy, poor tolerability, and ad-
verse effects. In contrast, non-invasive neuromodulation
approaches—such as repetitive transcranial magnetic stim-
ulation (rTMS), transcranial alternating current stimula-
tion (tACS), and transcranial direct current stimulation
(tDCS)—have demonstrated promising potential in im-
proving cognitive deficits in BD patients. This section re-
views the current status of interventions for cognitive im-
pairment in BD, with a focus on emerging non-invasive
neuromodulation therapies and their future prospects.

2. Method

To search the study investigating non-invasive neuro-
modulation interventions for cognitive impairment in BD,

We systematically searched PubMed (https://pubmed.ncbi.
nlm.nih.gov/), Web of Science (https://www.webofscience
.com), and PsycINFO electronic databases (https://www.ap
a.org/pubs/databases/psycinfo). The search encompassed
articles published between January 2006 and 2025, with
all retrieved publications limited to the English language.
Some searching terms were preferred. They were as fol-
lows: “bipolar disorder” and “cognitive impairment” and
“repetitive transcranial magnetic stimulation”, “BD” and
“executive dysfunction” and “rTMS”, “bipolar disorder”
and “memory deficit” and “tDCS”, “BD” AND “attention
deficit” and “tACS”, “bipolar disorder” and “neuromodula-
tion”, alongside related terminology combinations. Mean-
while, all clinical investigations involving adolescent and
adult BD patients (aged >15 years), irrespective of comor-
bidity status (e.g., anxiety disorders, substance use; see Sec-
tion 1) or mood phase (euthymic/acute), were considered
for inclusion. This current review incorporated original re-
search across methodological designs, ranging from single-
case reports and open-label trials to randomized controlled
trials (RCTs). Additionally, relevant systematic reviews
and meta-analyses were included to contextualize mecha-
nistic and clinical discussion points.

3. Manifestations of Cognitive Impairment in
BD

3.1 Executive Dysfunction

Executive functions, a set of higher-order cognitive
processes regulated by the prefrontal cortex, encompass in-
hibitory control, planning and organizational abilities, and
task-switching flexibility. These functions enable individ-
uals to modulate behavior, adapt to complex environments,
and adjust actions based on goals and contextual feedback.
Impairments in executive functions significantly compro-
mise daily living skills, occupational performance, and so-
cial functioning in patients [12].

Inhibitory Control: During manic episodes, patients
exhibit exacerbated impulsive behaviors, including reck-
less decision-making, risk-taking, and deficits in behavioral
inhibition. These manifestations are associated with func-
tional abnormalities in the prefrontal cortex, particularly
regions responsible for inhibitory control and decision-
making [26].

Deficits in Planning and Organization: Patients with
BD demonstrate marked difficulties in planning and exe-
cuting complex tasks, especially during depressive or eu-
thymic phases. Neuroimaging study suggests that reduced
prefrontal cortical activity underlies these deficits, impair-
ing long-term planning and efficient information organiza-
tion [23].

Task-Switching Impairments: Patients show reduced
cognitive flexibility in switching tasks or managing mul-
tiple tasks, which may be associated with impaired task-
switching abilities. This deficit hinders their ability to flex-
ibly respond to dynamic situations [23].
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The neural basis of executive dysfunction in BD is
closely linked to structural and functional abnormalities in
the brain. Magnetic resonance imaging (MRI) study reveals
volume reductions and aberrant functional connectivity in
key regions such as the prefrontal cortex, cingulate gyrus,
and amygdala, which are critical for executive regulation
[24]. Additionally, dysregulation of neurotransmitter sys-
tems, particularly dopamine and glutamate, has been impli-
cated as a biological mechanism underlying these deficits.

3.2 Memory Impairments

Memory dysfunction is another prevalent cognitive
deficit in BD, characterized by impairments in short-term
memory, working memory, and long-term memory. Short-
term memory deficits manifest as patients struggle to retain
and manipulate information over brief periods, particularly
during complex tasks, which impedes multitasking perfor-
mance [27]. Working memory, a critical component of the
memory system, is essential for temporarily storing and
processing task-relevant information. Impairments in this
domain disrupt planning, problem-solving, and decision-
making abilities [28]. Long-term memory involves both
episodic memory (the ability to recall personal experiences
or events) and semantic memory (the retention of general
knowledge and facts). Episodic memory impairments hin-
der the recollection of autobiographical events [29], while
semantic memory deficits affect access to factual knowl-
edge [30]. Collectively, these impairments compromise pa-
tients’ capacity to encode, retrieve, and update information,
thereby impacting daily functioning and social interactions.
Neuroimaging evidence identifies hippocampal atrophy as
a key neural correlate of these memory deficits [31,32].

The study has demonstrated that deficits in working
memory are prevalent in BD, particularly during manic and
depressive episodes, exerting significant impacts on cogni-
tive performance and social functioning. BD patients ex-
hibit varying degrees of impairment in both semantic mem-
ory (long-term retention of general knowledge and infor-
mation) and episodic memory (recall of specific events or
contextual details). Notably, while semantic memory is rel-
atively preserved, episodic memory is more prominently
impaired in BD patients, especially during periods of affec-
tive instability [33]. Prospective memory, which involves
remembering future plans and tasks, is also significantly af-
fected in BD. Research indicates that patients struggle to
execute planned activities in daily life, reflecting dimin-
ished prospective memory capacity, particularly in scenar-
ios requiring complex information processing. These mem-
ory impairments substantially compromise social and occu-
pational functioning. Deficits in working and prospective
memory contribute to workplace inefficiencies, distractibil-
ity, and difficulties in task completion. Additionally, every-
day memory challenges may hinder interpersonal relation-
ship maintenance and adherence to treatment regimens.
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3.3 Deficits in Attention and Information Processing Speed

BD exhibit significant attention impairments, primar-
ily manifested as difficulty sustaining attention, inadequate
attention allocation, and reduced focus maintain. During
task execution, patients are easily distracted and struggle to
concentrate on complex or attention-demanding tasks re-
quiring sustained focus. These deficits in attention neg-
atively impact occupational performance, leading to re-
duced work efficiency, frequent errors, and challenges in
multitasking. Additionally, slowed information processing
speed reduces patient’s responsiveness to complex tasks,
hindering their ability to adapt to rapidly changing envi-
ronments. Such cognitive impairments may exacerbate the
risk of affective symptom relapse, as diminished cognitive
function increases life stressors and interpersonal difficul-
ties [34]. Notably, BD patients demonstrate pronounced
deficits in sustained attention and information processing
speed, particularly during depressive episodes. These im-
pairments manifest as difficulty in task focus and delayed
information processing, posing significant challenges in
work environments requiring rapid decision-making and
prolonged concentration [23].

Information processing speed refers to an individual’s
ability to efficiently process information within a limited
timeframe. BD patients exhibit marked reductions in in-
formation processing speed across various disease phases.
The study indicates that even during euthymic phases, their
processing speed remains lower than that of healthy con-
trols. This decline not only affects cognitive performance
but also impairs social functioning, such as reaction speed
and task completion in daily and occupational settings [35].

3.4 Impairments in Verbal Fluency and Language Skills

BD patients exhibit deficits in speech production,
verbal organization, lexical retrieval, syntactic coherence,
and language comprehension. Verbal fluency—defined
as the speed, organization, and flexibility of language
expression—is particularly affected during manic and de-
pressive episodes. During manic phases, speech is of-
ten rapid, disorganized, and tangential, a phenomenon de-
scribed as “flight of ideas”. Conversely, during depressive
episodes, speech becomes slowed and reduced in volume.
These fluency deficits may reflect impairments in executive
functions, such as planning and initiating speech [20]. Re-
search shows that even in remission, BD patients exhibit
persistent verbal fluency deficits, particularly in speech
generation and organization. Verbal fluency tests, such as
timed category word listing, are commonly used to assess
these impairments. The study demonstrates that BD pa-
tients perform significantly worse on such tasks compared
to healthy controls [22]. Furthermore, these fluency deficits
are closely associated with dysfunction in the prefrontal
cortex (PFC), a critical region for language production and
executive control. Language impairments extend beyond
fluency to include higher-order cognitive-linguistic pro-
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cesses, such as vocabulary use, syntactic structuring, and
comprehension. BD patients exhibit marked difficulties in
lexical retrieval, grammatical construction, and understand-
ing complex language. These issues are linked to deficits
in working memory, executive function, and attention—
core cognitive domains essential for proficient language
skills. Notably, language impairments differ across affec-
tive states: manic episodes may involve disorganized syn-
tax and verbose speech, while depressive episodes are char-
acterized by impoverished vocabulary and simplified sen-
tence structures. Such symptoms underscore the depletion
of cognitive resources during language processing in BD.

Notably, improving psychosocial functioning and
quality of life is a paramount goal in BD treatment, with
cognitive remediation positioned as a central clinical tar-
get [4]. Extensive evidence suggests that cognitive im-
pairment not only mediates adverse psychosocial outcomes
but also predicts unfavorable employment prospects, di-
rectly impacting occupational stability and long-term func-
tional recovery [36]. Importantly, persistent cognitive dys-
function persists in a substantial proportion of BD patients
even after symptom remission, exacerbating psychologi-
cal burdens and increasing direct/indirect economic costs
of disease management. From a global health perspective,
BD contributes significantly to disability-adjusted life years
(DALYSs), underscoring its profound societal impact [37].

Given the centrality of cognitive impairment in BD,
interventions must adopt intensive and sustained strategies.
Beyond traditional symptom management, comprehensive
cognitive assessment, monitoring, and rehabilitation are
imperative. Multimodal therapeutic approaches are essen-
tial to enhance cognitive capacity, thereby improving over-
all quality of life and mitigating long-term disease conse-
quences. Consequently, developing and implementing tar-
geted cognitive remediation programs for BD patients rep-
resents both an urgent research priority and a critical step
toward optimizing treatment efficacy and reducing societal
burden.

4. Current Status of Neuromodulation in
Treating Cognitive Impairments

A summary of key studies investigating these tech-
niques is provided in Table 1 (Ref. [38—45]).

4.1 Repetitive Transcranial Magnetic Stimulation (rTMS)

rTMS operates on principles of electromagnetic in-
duction, generating induced currents in cortical neurons
via magnetic fields. This alters neuronal action potentials
and modulates cortical activity, with stimulation frequency
(low: <1 Hz or high: >5 Hz) determining inhibitory or
excitatory effects on targeted brain regions. In BD, rTMS
mechanisms involve modulating cortical excitability, en-
hancing neuroplasticity, and regulating neurotrophic fac-
tors. Repetitive stimulation can regulate neurotransmitter
metabolism, improve local cerebral blood flow, optimize

neuronal microenvironments, and facilitate neural repair
[46]. 'TMS potentially restore cognitive deficits and spa-
tial memory by modifying sodium/potassium channel dy-
namics (activation, inactivation, reactivation), thereby en-
hancing neuronal excitability and hippocampal function.

Cognitive impairment in BD has emerged as a key
focus for rTMS interventions. Yang and colleagues [38]
conducted a randomized controlled trial (RCT) that demon-
strated that 10 days of high-frequency active rTMS sig-
nificantly improved cognitive functions, such as Wechsler
Memory Scale scores, in 52 euthymic BD patients, with
no significant adverse effects reported. A systematic re-
view by Sciortino and colleagues [39] incorporating three
RCTs indicated that rTMS enhances cognitive performance
in euthymic BD patients but shows limited efficacy on cog-
nitive functions during acute depressive episodes, without
necessarily affecting mood symptoms. Another RCT re-
ported significant improvements in verbal learning follow-
ing rTMS [1]. A study administering 20 sessions of 10 Hz
rTMS to the left dorsolateral prefrontal cortex (DLPFC) re-
vealed increased low-frequency amplitude in the left medial
prefrontal cortex and enhanced functional connectivity be-
tween the right medial prefrontal cortex and right ventral
anterior cingulate cortex. These changes correlated with
improved cognitive performance and quality of life, high-
lighting rTMS’s capacity to modulate specific neural cir-
cuits [40]. High-frequency rTMS may further restore cog-
nitive function by enhancing synaptic signaling, promoting
neuroregeneration, and correcting dysfunctions in limbic
and local neural systems [47]. Potential mechanisms in-
clude upregulated neurogenesis and activation of the brain-
derived neurotrophic factor (BDNF) or tropomyosin re-
ceptor kinase B (TrkB) pathway, which facilitates func-
tional recovery. Post-rTMS increases in neurotrophic fac-
tors (e.g., in the hippocampus) further support its role in
neural repair and regeneration [48].

The DLPFC, a hub in the default mode and central ex-
ecutive networks, is a primary target for rTMS due to its
critical role in cognition. High-frequency rTMS over the
left DLPFC improves attention, working memory [49], ex-
ecutive function [40], and verbal abilities in Alzheimer’s
disease (AD) patients [50]. Ljubisavljevic and colleagues
and colleagues [51] observed increased relative cerebral
blood flow in the left temporo-hippocampal region after 20
Hz rTMS in healthy subjects, indicating that rTMS may en-
hances cognition via hemodynamic modulation in memory-
related circuits.

4.2 Transcranial Alternating Current Stimulation (tACS)

tACS, a non-invasive tool in cognitive neuroscience,
employs sinusoidal, biphasic currents to entrain neuronal
firing and precisely modulate cellular effects [52]. This
low-intensity technique avoids sensory stimulation by us-
ing weak alternating currents to modulate neural synchro-
nization/desynchronization, thereby regulating cortical ex-
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Table 1. Summary of study on neuromodulation techniques for cognitive impairment in Bipolar Disorder.

Authors Type of study Stimulation

frequency

Phase of BD Results

Yang LL et al. (2019) Randomized Controlled
[38] Trial (RCT) rTMS
Sciortino D et al. (2021) Systematic Review of
[39] RCTs

High-frequency

Varied (mostly
high-frequency)

Euthymic Phase ~ Improved cognitive functions (Wechsler
Memory Scale scores), no significant ad-
verse effects.

Euthymic Phase ~ rTMS enhances cognitive performance in
euthymic BD patients, limited efficacy

during acute depressive episodes.

Yin M et al. (2020) [40] RCT High-frequency Stroke-related Enhanced cognitive function and brain ac-

rTMS Cognitive tivity, improved performance in daily liv-
Impairment ing tasks.

Haller N ef al. (2020) RCT 40 Hz gamma tACS ~ Major Depression  Reduced depression scores (HAMD,

[41] BDI), improved verbal fluency.

Mardani P et al. (2023) RCT tDCS BD-I Improved problem-solving, cognitive

[42] reappraisal abilities.

McClintock SM et al. International RCT tDCS Bipolar Depression Enhanced verbal learning, processing

(2020) [43]

speed, and working memory, influenced
by BDNF and COMT gene polymor-

phisms.
Kuo Hl etal. (2013) [44]  Neurophysiological High-Definition General Population Induced cortical plasticity, improvements
Study tDCS in cognitive function with specific elec-
trode placement.
Zengin G et al. (2022) Reviewon TMSin  Varied (20 HzrTMS Treatment-resistant TMS demonstrated safety and efficacy in
[45] Treatment-Resistant BD studied) BD BD with treatment-resistant depression.

rTMS, repetitive transcranial magnetic stimulation; BD, Bipolar Disorder; tACS, transcranial alternating current stimulation; HAMD, Hamil-

ton Depression Rating Scale; BDI, Beck Depression Inventory; BD-I, bipolar I disorder; tDCS, transcranial direct current stimulation; BDNF,

brain-derived neurotrophic factor; COMT, catechol-O-methyltransferase.

citability and endogenous oscillations. Brain oscillations—
rhythmic patterns at specific frequencies—are closely tied
to functional states. tACS restores local neural oscillations
while synchronizing endogenous rhythms to fixed stimu-
lation frequencies, correcting aberrant oscillatory activity.
By coupling or decoupling oscillations across brain regions,
tACS enhances inter-regional communication, improving
cognition and behavior. It also modulates synaptic calcium
influx, induces long-term plasticity. Additionally, it alters
neurotransmitter release (e.g., serotonin), contributing to
mood regulation [53].

Wang and colleagues [54] evaluated 10 Hz-tACS in
32 patients with unipolar depression, randomized into 10
Hz, 40 Hz, or sham stimulation groups (40 min/day for 5
days). At 2 weeks post-intervention, both active groups
showed reduced Montgomery-Asberg Depression Rating
Scale (MADRS) scores, with greater improvements in the
10 Hz group, suggesting tACS’s dual benefits for mood
and cognition [54]. Haller et al. [41] applied 40 Hz
gamma-tACS to depressive patients, observing declines in
Hamilton Depression Rating Scale (HAMD) and Beck De-
pression Inventory (BDI) scores alongside enhanced ver-
bal fluency, indicating cognitive restoration. However,
most tACS study focus on healthy populations. For in-
stance, alpha-frequency (10 Hz) tACS over bilateral pre-
frontal cortices enhances alpha oscillations, improving fig-
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ural and verbal creativity [55], while 40 Hz tACS boosts
logical reasoning via frequency-specific neural resonance.
Theta-frequency (4—8 Hz) tACS targeting the frontal lobe
improves working memory in older adults by promoting
theta phase-amplitude coupling and cross-frontotemporal
synchronization [56]. Further clinical trials are needed to
validate these findings.

4.3 Transcranial Direct Current Stimulation (tDCS)

tDCS applies low-intensity, constant current (1-2 mA)
to modulate cortical neuronal activity. Rather than directly
inducing neuronal firing, it alters membrane potentials via
weak currents delivered through electrodes, thereby adjust-
ing neuronal excitability thresholds and enhancing func-
tional connectivity, particularly in limbic regions like the
cingulate cortex [57]. Neuroplasticity—essential for learn-
ing and memory—is pathologically altered in BD. tDCS
induces short-term functional changes and long-term corti-
cal excitability shifts by influencing N-methyl-D-aspartate
receptor (NMDAR) and voltage-gated calcium channels.
This triggers synaptic depolarization or hyperpolarization,
activating enzymatic cascades that strengthen or weaken
synaptic connections. Such synaptic and gene expression
changes may underlie tDCS’s neurobiological mechanisms
in BD cognitive remediation [58].
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Recent study increasingly supports tDCS for BD-
related cognitive deficits. Mardani and colleagues [42]
conducted an RCT in 30 BD-I patients demonstrated that
adjunctive tDCS improved problem-solving and cognitive
reappraisal abilities. McClintock and colleagues [43] con-
firmed tDCS efficacy in enhancing neurocognitive func-
tions (e.g., verbal learning, processing speed, working
memory) in bipolar depression, with treatment responses
influenced by interactions with BDNF and catechol-O-
methyltransferase (COMT) gene polymorphisms. Kuo
and colleagues [44] investigated electrode size and place-
ment, showing that tDCS-induced NMDAR modulation
drives diverse synaptic plasticity forms, ultimately improv-
ing cognition. The DLPFC remains the most common
tDCS target. Anodal stimulation over the left DLPFC en-
hances naming ability, executive function, and attention
in Alzheimer’s Disease (AD), while combined with cogni-
tive training, it improves language fluency, executive con-
trol, and mood in Parkinson’s disease (PD). Additionally,
it has demonstrated beneficial effects in the treatment of
post-stroke depression. Anodal tDCS over the ipsilateral
DLPFC post-stroke improves attention, working memory,
and logical reasoning. Bilateral DLPFC tDCS activates
prefrontal-frontal and prefrontal-striatal connectivity, en-
hancing cognition and mood via ventral striatal dopamine
release and cortical-limbic pathway modulation. Func-
tional near-infrared spectroscopy (fNIRS) reveals tDCS-
induced local cerebral blood flow changes and remote net-
work effects. Mechanisms may involve calcium signal-
ing, dopamine and y-aminobutyric acid modulation, and
NMDAR-mediated synaptic plasticity.

5. Safety of Neuromodulation Techniques
5.1 Repetitive Transcranial Magnetic Stimulation (rTMS)

rTMS is generally considered a relatively safe thera-
peutic modality, with side effects mostly limited to mild and
transient discomfort, most commonly headache and local-
ized scalp irritation. Numerous study has demonstrated fa-
vorable efficacy and safety profiles for rTMS, including its
use in special populations such as adolescents and perina-
tal women, with no reports of serious adverse events [45].
However, rare cases of seizure induction have been doc-
umented, necessitating caution or contraindication in pa-
tients with epilepsy [59]. While low-frequency and high-
frequency rTMS protocols differ in their mechanisms of
action, their overall safety profiles are comparable, with a
consistently low risk of seizure induction. Limited evidence
suggests a potential risk of inducing manic episodes, requir-
ing further investigation [59].

5.2 Transcranial Alternating Current Stimulation (tACS)

tACS modulates neural network activity by regulat-
ing the synchrony of neural oscillations. Common adverse
effects include mild scalp discomfort, visual flickering, and
headache [60]. To date, no severe adverse events have been

reported in clinical applications of tACS. Preliminary study
suggests its safety in special populations, such as pregnant
individuals, though current evidence is limited by small
sample sizes and the absence of standardized treatment pro-
tocols. The long-term safety of repeated tACS sessions re-
mains underexplored and requires further validation.

5.3 Transcranial Direct Current Stimulation (tDCS)

tDCS is associated with mild and manageable side ef-
fects, primarily transient scalp tingling, headache, and skin
erythema [61]. Compared to rTMS, tDCS presents mini-
mal seizure risk compared to rTMS, positioning it as a safer
intervention. Repeated applications of tDCS across multi-
ple sessions have confirmed its safety profile. Nonetheless,
isolated reports suggest a potential risk of triggering manic
episodes [62], highlighting the need for cautious clinical
monitoring.

6. Concluding Insights and Future Horizons

In recent years, non-invasive neuromodulation tech-
niques have gained widespread adoption in the treatment
of psychiatric disorders due to their painless nature, mini-
mal adverse effects, and demonstrated efficacy, establish-
ing them as one of the most promising medical technolo-
gies of the 21st century. Despite their therapeutic poten-
tial, current clinical applications remain exploratory, with
most study focusing on short-term outcomes and a paucity
of long-term follow-up data. The heterogeneous etiol-
ogy of cognitive impairment in BD, coupled with non-
standardized technical protocols, contributes to variabil-
ity in treatment responses. Future research should prior-
itize elucidating the mechanisms by which neuromodula-
tion improves cognitive deficits, identifying optimal stim-
ulation targets (e.g., via Functional Magnetic Resonance
Imaging (fMRI) or fNIRS-guided localization), and defin-
ing individualized protocols for stimulation parameters (in-
tensity, frequency), intervention timing, session frequency,
and treatment duration. Large-scale, multicenter random-
ized controlled trials are essential to validate the long-term
efficacy and safety of these techniques in ameliorating cog-
nitive dysfunction in BD.

This review aims to provide clinicians and researchers
with updated insights into the application of neuromodula-
tion technologies for cognitive impairment in BD and to ex-
plore their potential as adjunctive therapeutic strategies in
future clinical practice.
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