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Abstract: Chronic insomnia is linked to impaired daytime functioning, diminished quality of life, and heightened psychiatric and
cardiometabolic risks. While cognitive behavioral therapy for insomnia and pharmacotherapy are well-established treatments, their
clinical effectiveness may be constrained by limited accessibility, incomplete response, relapse, adherence challenges, or adverse
effects. Non-invasive brain stimulation (NIBS) has therefore attracted increasing interest as a potential adjunctive or alternative
intervention because it may modulate cortical excitability, large-scale brain networks, sleep-related oscillations, and autonomic
function. This narrative review synthesizes current evidence on repetitive transcranial magnetic stimulation (rTMS), transcranial
direct current stimulation (tDCS), transcranial alternating current stimulation (tACS), and transcutaneous auricular vagus nerve
stimulation (taVNS) for chronic insomnia. Particular attention is given to therapeutic heterogeneity across stimulation targets,
parameters, treatment schedules, patient phenotypes, and outcome measures. Available studies suggest potential improvements in
subjective sleep quality and selected objective sleep parameters; however, the evidence remains limited by small sample sizes, variable
sham designs, short follow-up durations, and inconsistent findings across modalities. We further propose a precision neuromodulation
framework based on individualized functional targeting, biomarker-informed patient stratification, closed-loop feedback regulation,
and integration with behavioral or pharmacological treatment pathways. This review highlights the translational promise of NIBS and
outlines methodological priorities needed to move from heterogeneous evidence toward clinically reliable precision neuromodulation.
Keywords: non-invasive brain stimulation, insomnia, transcranial magnetic stimulation (TMS), transcranial alternating current
stimulation (tACS), transcranial direct current stimulation (tDCS), transcutaneous auricular vagus nerve stimulation (taVNS)

Introduction

Insomnia is among the most prevalent health conditions worldwide,' with chronic insomnia affecting approximately 5—
15% of adults,” particularly women and older individuals.® It is characterized by difficulty initiating or maintaining sleep,
early-morning awakening, or non-restorative sleep, accompanied by daytime impairments such as fatigue, impaired
attention, emotional lability, or reduced functioning. These symptoms typically persist for at least 3 months and occur on
at least 3 nights per week.*

Chronic insomnia imposes substantial individual and societal burdens. It reduces quality of life and is associated with
increased risks of cardiovascular diseasef’7 anxiety,8 depression,g suicide, obesity,10 and diabetes.'' It may also aggravate
emotional and cognitive symptoms while increasing socioeconomic costs.

Current first-line management for chronic insomnia and poor sleep quality, including low sleep efficiency and poor
sleep satisfaction, mainly involves cognitive behavioral therapy for insomnia (CBT-I) and pharmacotherapy.'? CBT-I is
recommended by the American Academy of Sleep Medicine (AASM) and the American College of Physicians (ACP) as
a first-line non-pharmacological treatment;'*'* however, its clinical implementation may be limited by the need for

trained therapists, poor long-term adherence, variable individual adaptability, a non-response rate of approximately 30%,
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and complete remission in only about half of patients.'> Sedative-hypnotics, including benzodiazepine and non-
benzodiazepine receptor agonists, can rapidly induce sleep but may be associated with falls, cognitive impairment,
cardiovascular risks, abuse or dependence,16 anterograde amnesia,'” and rebound insomnia after discontinuation. These
limitations highlight the need for safe, sustainable, and clinically feasible alternatives. In addition to efficacy and safety,
practical factors such as treatment accessibility, cost, treatment burden, and the feasibility of repeated or home-based
interventions are also important for determining whether emerging therapies can be translated into routine insomnia care.

Against this background, non-invasive neuromodulation has attracted increasing attention as an emerging non-
pharmacological approach. Its development began in the mid-20th century with cranial electrostimulation (CES),
while the introduction of transcranial magnetic stimulation (TMS) in 1985 enabled non-invasive modulation of human
brain activity. Since the 21st century, technologies such as transcranial electrical stimulation (tES) and transcutaneous
auricular vagus nerve stimulation (taVNS), together with advances in closed-loop systems, multimodal treatment, and
wearable devices, have promoted the development of more personalized and potentially home-based interventions,
although their clinical implementation remains under active investigation (Figure 1). '8¢

The pathophysiology of chronic insomnia is increasingly conceptualized within hyperarousal and network-based
models.'*'*? Chronic insomnia is associated with elevated cortical excitability, autonomic imbalance, and abnormal
activity within large-scale brain networks, including the default mode network and executive control network.'='3?
Neuroimaging and electroencephalographic studies have reported disrupted resting-state connectivity among the pre-
frontal cortex, thalamus, and limbic regions, findings that are consistent with persistent hyperarousal.>*** Autonomic
studies have further identified excessive sympathetic activation and reduced heart rate variability, which may be related
to hypothalamic-pituitary-adrenal (HPA) axis activation under chronic stress.’’* Together, these findings provide
a mechanistic rationale for targeting cortical, network-level, oscillatory, and autonomic abnormalities through neuromo-
dulatory approaches.” Clinically, this mechanistic heterogeneity may be reflected in partially overlapping insomnia
phenotypes, such as hyperarousal-dominated sleep-onset difficulties, reduced slow-wave activity, autonomic dysregula-
tion with anxiety symptoms, and refractory or medication-intolerant insomnia, which may require different neuromodu-
lation strategies.'>=**

Advances in neuroscience and medical technology have supported the investigation of non-invasive neuromodulation,
particularly brain stimulation techniques (BSTs), as potential adjunctive interventions for insomnia. These techniques
may act through the modulation of neural network activity, cortical excitability, sleep-related oscillations, and autonomic
regulation, thereby engaging mechanisms implicated in chronic insomnia.*® In recent years, repetitive transcranial
magnetic stimulation (tTMS), transcranial direct current stimulation (tDCS), transcranial alternating current stimulation
(tACS), and transcutaneous auricular vagus nerve stimulation (taVNS) have been explored as potential interventions for
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Figure | Historical evolution of non-invasive neuromodulation techniques (NIBS) in insomnia treatment.
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chronic insomnia management. Their therapeutic relevance may derive from their capacity to modulate aberrant brain
networks and hyperarousal-related processes, although the strength and consistency of clinical evidence remain variable
across modalities.

For this narrative review, we searched the PubMed and Web of Science electronic databases to obtain relevant
articles, without restricting the publication date. We performed a series of literature searches using the following
keywords: “insomnia”, “chronic insomnia”, “insomnia disorder”, “sleep initiation and maintenance disorders”, “poor
sleep quality”, “non-invasive brain stimulation”, “noninvasive brain stimulation”, ‘“neuromodulation”, “transcranial
magnetic stimulation”, “TMS”, “repetitive transcranial magnetic stimulation”, “rTMS”, “transcranial electrical stimula-
tion”, “tES”, “transcranial direct current stimulation”, “tDCS”, “transcranial alternating current stimulation”, “tACS”,
“vagus nerve stimulation”, “transcutaneous auricular vagus nerve stimulation”, “auricular vagus nerve stimulation”,
“transcutaneous vagus nerve stimulation”, and “taVNS”. Additional searches were conducted using terms related to
precision neuromodulation, including “biomarker”, “patient stratification”, “functional targeting”, “closed-loop stimula-
tion”, “EEG”, “neuroimaging”, and “heart rate variability”. Keywords were used alone and in combination, and titles and
abstracts from the search results were assessed to identify mechanistic, clinical, and review articles relevant to the scope
of this narrative review.

Several recent reviews and meta-analyses have evaluated the efficacy and safety of non-invasive brain stimulation
(NIBS) for insomnia and sleep disturbances across neurological and neuropsychiatric conditions.'**> However, most
prior work has primarily summarized treatment effects by modality or pooled clinical outcomes, with less emphasis on
why therapeutic responses vary across patients, stimulation protocols, and clinical phenotypes. In addition, the translation
of NIBS into routine insomnia care remains constrained by unresolved issues, including target selection, parameter
optimization, phenotype-guided patient stratification, accessibility, and long-term feasibility, which are not yet fully
incorporated into guideline-based insomnia care.

The present narrative review addresses these gaps by using therapeutic heterogeneity as the organizing framework.
Precision neuromodulation is conceptualized here as phenotype- and biomarker-informed selection of stimulation
modality, target, parameters, timing, and combination strategy. We synthesize evidence across rTMS, tDCS, tACS, and
taVNS; critically appraise positive, negative, null, and inconclusive findings; and propose a translational pathway
involving individualized functional targeting, closed-loop adaptive regulation, and integrated treatment strategies.

Types and Mechanisms of Non-Invasive Neuromodulation for Improving

Chronic Insomnia

Neuromodulation broadly refers to therapeutic strategies that seek to alleviate disease-related symptoms by modulating
nervous system activity. Through electrical stimulation, magnetic fields, or biofeedback-based approaches, these inter-
ventions can influence neural excitability, network communication, and sleep-wake regulatory circuits.*® Non-invasive
neuromodulation is generally distinguished by its non-invasive nature and favorable tolerability, although its targeting
precision, safety profile, and clinical efficacy differ substantially across techniques and indications.’” Over recent
decades, a growing body of research has explored its potential role in improving sleep and related neurophysiological
disturbances.

TMS and Cortical Excitability Modulation
TMS, first introduced as a brain stimulation technique by Barker et al in 1985,*' delivers brief electromagnetic pulses
through a coil placed over the scalp, thereby inducing electrical currents in superficial cortical regions. Clinically, TMS-
based protocols have been approved or investigated for selected neuropsychiatric indications and are also used to assess
cortical inhibitory and excitatory circuits, as well as neurotransmission pathways, in neurological and neuropsychiatric
disorders.***°

Repetitive TMS (rTMS) modulates cortical activity by delivering repeated magnetic pulses that induce electrical
currents in brain tissue. Depending on stimulation frequency, rTMS can exert excitatory or inhibitory effects: high-

frequency stimulation, usually >5 Hz, tends to increase cortical excitability, whereas low-frequency stimulation, usually
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<1 Hz, tends to reduce excitability. These effects are thought to influence synaptic function and neuroplasticity, which
may be relevant to insomnia-related hyperarousal and network dysregulation.

In insomnia studies, the dorsolateral prefrontal cortex (DLPFC) is among the most frequently selected stimulation
targets because of its involvement in arousal regulation, emotional processing, and large-scale brain networks, including
the default mode network (DMN).*' By modulating DLPFC excitability, rTMS may influence insomnia-related network
abnormalities (Figure 2). ** It may also affect hypothalamic-pituitary-adrenal (HPA) axis activity and stress-related
neuroendocrine responses, which are relevant to patients with comorbid anxiety or depressive symptoms.“y‘5

Several studies have suggested that rTMS may improve cognitive performance, shorten recovery from sleep
deprivation-related cognitive impairment, and reduce Pittsburgh Sleep Quality Index (PSQI) scores.***® When combined
with conventional pharmacotherapy, rTMS has been reported to further improve sleep structure in circadian rhythm
disorders and reduce Hamilton Depression Rating Scale (HAMD) and Hamilton Anxiety Rating Scale (HAMA) scores,
possibly through serotonin- and y-aminobutyric acid (GABA)-related mechanisms.***” It may also contribute to
improvements in sleep continuity, sleep structure, and perceived restorative sleep.*® Nevertheless, these findings should
be interpreted cautiously. rTMS may be more suitable for selected patients, such as those with refractory insomnia or
comorbid depressive symptoms, and should be avoided or used cautiously in individuals with epilepsy, intracranial metal
implants, or other relevant contraindications. Common adverse events include scalp discomfort and transient
headache.**-°

Despite its therapeutic promise, the clinical translation of rTMS for insomnia remains limited by substantial
methodological heterogeneity. Existing studies differ in stimulation frequency, pulse dose, treatment duration, number
of sessions, and outcome assessment, which may lead to inconsistent modulation of target neural circuits.’'>* Target

selection also varies across trials. Although the DLPFC remains the most frequently used target, other regions, including
55-57

the motor and parietal cortices, have also been investigated, often without direct comparative justification.

Roles of rTMS in Insomnia
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Figure 2 Schematic representation of the working principle of rTMS.

Abbreviations: Glu, Glutamate; GABA, Gamma-Aminobutyric Acid; DMN, Default Mode Network; ECN, Executive Control Network.
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This heterogeneity is also evident at the study level. Early clinical work by Jiang et al reported improvements in
sleep-related outcomes in patients with chronic primary insomnia, whereas later studies examined more specific network-
oriented protocols, including 1 Hz rTMS over the left DLPFC and parietal stimulation in patients with comorbid
generalized anxiety disorder and insomnia.****>>” Other studies have explored EEG or functional-connectivity changes
as potential predictors or correlates of treatment response, while combined rTMS—-tDCS protocols have begun to examine
whether multimodal stimulation provides additional benefit.**>>-° Patient heterogeneity further complicates interpreta-
tion, with some evidence suggesting that response may differ between patients with comorbid depression or anxiety and
those with primary insomnia alone.”® A recent systematic review and meta-analysis further summarized randomized
evidence for rTMS in insomnia but emphasized the influence of small sample sizes, heterogencous protocols, and
variable study quality.”” Taken together, current findings suggest that rTMS effects are not uniformly observed across
insomnia populations and should be interpreted as protocol- and phenotype-dependent rather than uniformly effective.

Although rTMS may alleviate insomnia-related hyperarousal by modulating interactions among the executive control
network (ECN), DMN, and corticothalamic circuits, existing studies remain limited by small sample sizes, insufficient
blinding, heterogeneous stimulation protocols, and inconsistent polysomnography (PSG)-based outcomes. Future
research should clarify optimal stimulation parameters, improve target localization, and examine how different patient
subtypes relate to treatment response.”” Larger sham-controlled trials are also needed to establish standardized protocols,
expand study populations, and improve the reproducibility of clinical and objective sleep outcomes. In parallel,
neuroimaging, electroencephalography (EEG), and machine learning approaches may help identify biomarkers for
individualized treatment strategies, supporting more precise intervention across different insomnia phenotypes and
potentially improving the clinical stability of rTMS outcomes.

tACS and Brain Rhythm Modulation

tACS is a non-invasive technique that modulates brain activity via low-intensity alternating current to the scalp. It has
been investigated as a potential intervention for insomnia because of its capacity to interact with sleep-related neural
rhythms and network activity.?**° Mechanistically, tACS is thought to influence cortical excitability and neural com-
munication by promoting synchronization or desynchronization within frequency-specific oscillatory networks.®’ When
the stimulation frequency is aligned with endogenous neural oscillations, tACS may entrain specific frequency bands,
including slow-wave activity (SWA), which is closely related to deep sleep and sleep restoration (Figure 3).

Experimental studies further suggest that the entrainment effects of tACS may depend on neuronal subtype and
network state. Fast-spiking inhibitory interneurons, for example, appear to show stronger phase-locked responses to
alternating current because of their distinctive electrophysiological properties.®’®* This cell-type sensitivity may help
explain how weak oscillatory stimulation can influence broader network dynamics, although the extent to which these
mechanisms translate into clinical sleep improvement remains under investigation.

Several studies have reported potential sleep-improving effects of tACS, but the findings are not uniformly consistent.
Garside et al reported that 0.75 Hz tACS reduced slow-wave EEG power, suggesting that stimulation effects may vary
according to timing, frequency, and sleep state.** In contrast, Zhou et al reported that 0.75 Hz tACS was associated with
enhanced slow-wave oscillations, lower Insomnia Severity Index (ISI) scores, greater improvement than sham stimula-
tion, an approximately 27-minute reduction in sleep onset latency (SOL), an approximately 13% increase in sleep
efficiency (SE), a 47-minute increase in total sleep time (TST), and no reported adverse effects.®’

Other clinical studies have also suggested potential benefits. Wang et al reported that tACS reduced ISI scores from
19.5 to 10.3, increased SE to 90% compared with 81% in the sham group, and shortened SOL by approximately
25 minutes; these effects appeared to persist at the 4-week follow-up.?® Simons et al reported improvements in SOL, SE,
and TST after 0.75 Hz stimulation, with no serious adverse reactions reported.>® These findings suggest that tACS may
be particularly relevant for insomnia phenotypes characterized by reduced slow-wave sleep. Mild scalp paresthesia or
local discomfort has been reported in some studies, whereas serious adverse events appear uncommon under conven-
tional stimulation parameters.®®®” Nevertheless, caution is required in individuals with implanted electronic devices

because of potential current interference, and the optimal range of stimulation intensity remains to be defined.®®
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Roles of tACS in Insomnia
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Figure 3 Schematic diagram of the transcranial alternating current stimulation (tACS) technique.
Abbreviations: Glu, Glutamate; GABA, Gamma-Aminobutyric Acid.

tACS may modulate neural activity through frequency-specific entrainment of endogenous brain rhythms and may be
particularly relevant for targeting slow-wave activity (SWA) and deep sleep.>’® However, the clinical translation of
tACS remains constrained by substantial methodological heterogeneity. Existing studies differ in stimulation frequency,
intensity, electrode montage, session duration, treatment schedule, and outcome measures, limiting cross-trial
comparability.’*>%%%® Although several trials have reported that slow-wave tACS may enhance deep sleep,’® other
evidence suggests that higher-frequency stimulation may shorten sleep latency,”' indicating that optimal frequency
selection is likely phenotype-dependent. More recent sham-controlled and GRADE-assessed evidence further suggests
that tACS does not consistently outperform sham stimulation across insomnia severity or objective sleep outcomes,
reinforcing that its effects are frequency-, timing-, and phenotype-dependent rather than uniformly sleep-promoting.®®’>

Despite the favorable safety and portability of tACS, the evidence base is curtailed by small, relatively homogeneous
samples, limited validation across age groups and insomnia subtypes, and insufficient long-term follow-up on durability
and adverse events.** Accordingly, future studies should move beyond generic stimulation protocols and define the
frequency—efficacy relationship more precisely. Adequately powered, sham-controlled trials are needed to include
broader age groups and insomnia subtypes, extend follow-up, systematically monitor adverse events, and incorporate

EEG-based biomarkers to guide individualized stimulation parameters.

tDCS and Cortical Excitability Regulation

tDCS is a non-invasive technique that modulates cortical excitability by applying low-intensity direct current through
scalp electrodes. The resulting electric field shifts neuronal resting membrane potentials, with anodal stimulation
generally increasing cortical excitability and cathodal stimulation tending to reduce it. Experimental evidence suggests
that tDCS can modulate human sleep duration,”® with one proposed mechanism involving modulation of excitatory-
inhibitory balance in key brain regions (Figure 4).
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Roles of tDCS in Insomnia
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Figure 4 Schematic diagram of the tDCS technique.
Abbreviations: Glu, Glutamate; GABA, Gamma-Aminobutyric Acid.

Unlike sedative-hypnotic drugs, which act partly through bottom-up ascending arousal systems, tDCS has been
investigated as a way to modulate top-down prefrontal-thalamocortical circuits.”* The DMPFC has been implicated in
sleep homeostasis and daytime sleepiness, and tDCS may influence its excitatory—inhibitory balance, thereby contribut-
ing to changes in sleep quality and arousal regulation.”>"’® At the cellular level, these effects may involve changes in
synaptic transmission and long-term potentiation- or depression-like plasticity.

Several lines of evidence have examined the sleep-related effects of tDCS, although the available studies differ in
experimental model, stimulation target, and outcome assessment. In a preclinical study, Su et al reported that tDCS
prolonged non-rapid eye movement (NREM) sleep in normal mice and improved stress-induced acute insomnia, possibly
through activation of the infralimbic cortex—ventrolateral preoptic area (IL-VLPO) pathway.”” In clinical settings,
a randomized, double-blind, sham-controlled trial by Li et al reported better sleep quality, shorter sleep onset latency,
higher sleep efficiency, and reduced daytime sleepiness after tDCS compared with sham stimulation.”” Dondé et al
further reported that anodal tDCS may increase cortical excitability and improve subjective sleep quality in patients with
chronic insomnia.”® Taken together, these studies suggest that tDCS may be particularly relevant for insomnia pheno-
types characterized by sleep-onset difficulties or cortical hyperarousal. However, the most consistent signal remains
centered on subjective sleep improvement, whereas objective sleep architecture, durability of benefit, and dose—response
relationships remain less consistently established.

These findings suggest that tDCS may be relevant for insomnia phenotypes characterized by difficulty initiating sleep.
However, it should be used cautiously in individuals with scalp dermatoses and in pregnancy, and common adverse
events include localized tingling and erythema.”” Although tDCS has practical advantages, including portability,
relatively low cost, and potential suitability for supervised home-based use, reproducible efficacy remains constrained
by non-standardized protocols and stimulation-related variability.
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Targeting the DMPFC for top-down modulation is conceptually appealing, yet in practice the injected current spreads
diffusely through the head—its path heavily dependent on individual anatomy—so that off-target regions are often
co-activated and spatial specificity is blunted.”>*** This interindividual variability likely contributes to the inconsistent
neurophysiological outcomes observed when identical protocols are applied to different participants. The dose—response
relationships linking current intensity and treatment duration to neuroplasticity also remain poorly characterized, leaving
parameter selection largely empirical.®*’ An additional methodological concern involves blinding: conventional sham
procedures rarely reproduce the cutaneous sensations that accompany active stimulation, making it easier for participants
or experimenters to distinguish conditions and introducing possible performance and detection biases.®* **

Accordingly, tDCS findings should be interpreted cautiously. Reported subjective benefits may coexist with incon-
sistent objective sleep outcomes, and stimulation polarity, timing, current distribution, and sham integrity can substan-
tially influence both the direction and specificity of observed effects.”*’® Larger, well-controlled trials are therefore
needed to further evaluate efficacy and mechanisms,”® integrate EEG or fMRI for individualized target localization and
dose optimization, and adopt rigorous sham controls and standardized reporting in tele-supervised or home-based settings
to improve reliability, reproducibility, and clinical generalizability.

TaVNS and Autonomic Nerve Modulation
The vagus nerve (VN) is a major cranial nerve with bidirectional afferent and efferent signaling and is a central
component of autonomic regulation. Through its afferent projections and parasympathetic efferent pathways, the VN
participates in the regulation of visceral function, emotional state, and sleep—wake processes.®> Vagus nerve stimulation
(VNS) acts partly through activation of vagal afferent fibers, which project to brainstem nuclei and subsequently
influence broader autonomic and neuroendocrine networks.

taVNS provides a non-invasive approach to modulating vagal pathways through stimulation of the auricular branch of
the VN. Mechanistically, taVNS may influence the locus coeruleus—norepinephrine (LC-NE) system, cholinergic
activity, and hypothalamic-pituitary-adrenal (HPA) axis regulation, all of which are involved in arousal, stress respon-
sivity, and sleep-wake regulation (Figure 5). **®” Preliminary evidence suggests that taVNS may improve autonomic
function, increase vagal tone, and alleviate insomnia-related symptoms.®*

The available evidence for taVNS also spans heterogeneous study designs and clinical contexts. Kinfe et al reported
that non-invasive VNS may enhance autonomic nervous system function through vagus—hypothalamus pathways,
supporting the potential relevance of vagal modulation for pain and sleep regulation.”’ In a single-center, single-blind
randomized controlled trial, Zhang et al reported that 8 weeks of taVNS in patients with chronic insomnia was associated
with reductions in Pittsburgh Sleep Quality Index (PSQI), Insomnia Severity Index (ISI), and Generalized Anxiety
Disorder-7 (GAD-7) scores, an approximately 22-minute increase in N3 sleep, an approximately 20-minute reduction in
sleep onset latency, and no reported adverse reactions.”” Wu et al reported improvements in primary insomnia,
particularly high-altitude insomnia, including increased deep sleep and shorter sleep onset latency compared with
CBT-L1.*® Yeom et al also reported that taVNS may improve sleep and reduce anxiety and depressive symptoms, with
no significant side effects reported.*” Collectively, these studies suggest that taVNS may be most relevant for insomnia
accompanied by autonomic imbalance, anxiety-related symptoms, or intolerance to pharmacological treatment.
Nevertheless, differences in stimulation site, comparator condition, patient population, and follow-up duration limit
direct comparison across studies and preclude firm conclusions regarding a unified taVNS protocol.

These findings suggest that taVNS may be particularly relevant for insomnia phenotypes characterized by autonomic
imbalance, comorbid anxiety, or intolerance to pharmacological treatment.”> However, taVNS should still be regarded as
an emerging investigational approach rather than an established treatment for chronic insomnia. It should also be avoided
or used cautiously in individuals with cochlear implants, active auricular infection, or other local conditions that may
affect stimulation safety and tolerability.

The clinical translation of taVNS is further limited by methodological heterogeneity. Stimulation parameters,
including frequency, intensity, pulse width, stimulation duration, and auricular site selection, vary considerably across
studies, reducing comparability and making it difficult to define an optimal protocol.”*** In addition, interindividual
variation in the anatomical distribution of the auricular vagus nerve may influence stimulation engagement and treatment
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Roles of taVINS in Insomnia
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Figure 5 Schematic diagram of the taVNS technique.
Abbreviations: GABA, Gamma-Aminobutyric Acid; HRV, Heart Rate Variability.

response, yet this factor is often insufficiently considered in trial design.®>**° Current taVNS evidence should therefore be
interpreted as promising but preliminary. Positive symptom-level findings require confirmation in larger sham-controlled
trials with standardized stimulation sites, clearly defined autonomic phenotypes, longer follow-up, and systematic safety
reporting, 35909293

To clarify its role in clinical sleep medicine, future research should prioritize evidence-based standardized protocols,
large-scale trials, long-term efficacy and safety evaluation, and characterization of response variability across diverse

patient populations.

Safety and Contraindications Across Modalities
Although NIBS modalities are generally well tolerated under conventional stimulation parameters, safety considerations
remain essential before broader clinical translation.

For rTMS, the most clinically significant acute risk is the induction of seizures. However, expert guidelines suggest
that this risk remains low when conventional stimulation parameters, focal coils, and appropriate screening procedures

are employed.*®**

rTMS should be avoided or administered with particular caution in individuals with epilepsy or those
at elevated risk for seizures, as well as in patients with unstable neurological conditions, intracranial metallic implants,
implanted stimulators, or other devices susceptible to magnetic fields.”**> Common adverse events include scalp
discomfort, transient headache, and local pain, whereas serious events are rare when established safety recommendations
are followed.*®*

For tDCS and tACS, available safety guidelines indicate that conventional low-intensity transcranial electrical
stimulation is generally well tolerated, although adverse events should still be systematically monitored.’®*” Mild
adverse effects include tingling, itching, burning sensations, erythema, headache, fatigue, phosphenes, and transient
discomfort at electrode sites.”® ' Less common but clinically relevant events, such as skin burns, may occur when

electrode—skin contact is suboptimal.”*'®® Caution is warranted in patients with implanted electronic devices, skull
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defects, active scalp disease, skin lesions, or other conditions that may alter current distribution.”®*” Home-based or
repeated stimulation protocols also require remote supervision, standardized electrode placement, predefined dose limits,
and structured adverse-event reporting.”’'?':192

For taVNS, systematic review and pooled safety data suggest a favorable tolerability profile, with common adverse
events including ear pain, headache, tingling, and local skin redness or irritation.'®*'** However, adverse-event reporting
remains inconsistent across studies, and stimulation duration, intensity, site selection, and auricular anatomy may
influence tolerability.'®*'°* In chronic insomnia specifically, randomized clinical evidence has reported that taVNS
was generally well tolerated, although larger multicenter trials remain necessary to confirm safety across broader
populations.®? taVNS should be avoided or used cautiously in patients with active auricular infection, local skin lesions,
cochlear implants, or clinically unstable cardiac conditions unless specialist assessment is available.'**'**

Across all modalities, stimulation intensity, session duration, electrode or coil placement, contraindication screening,
adverse-event monitoring, and predefined stopping rules should be transparently reported. At the current stage, NIBS
should be considered an investigational or adjunctive strategy for chronic insomnia rather than a universally applicable

first-line treatment.

Overcoming Heterogeneity: Towards Precise Neuromodulation

A significant challenge confronting traditional NIBS interventions for chronic insomnia is the considerable heterogeneity
in treatment responses, which varies markedly among individuals and often proves difficult to replicate consistently.'%’
This issue largely stems from a disconnect between conventional intervention strategies and the diverse nature of chronic

insomnia itself,'%®

Chronic insomnia does not arise from a singular mechanism; rather, it is sustained by a confluence of
interacting processes, including cortical hyperarousal, abnormal coupling within large-scale brain networks, and auto-
nomic imbalance.'”” When a uniform protocol with fixed targets and parameters is employed across patients exhibiting
different neural abnormalities, treatment effects are likely to differ and may appear unstable

Consequently, advancing toward more precise NIBS may be important for enhancing clinical translation. The clinical
merit of this approach lies in aligning target selection, parameter settings, and treatment planning more closely with each
patient’s neurophysiological profile.'” The objective is not merely to increase technical complexity but to establish
a treatment pathway that is more reproducible and adaptable in a clinical context. By utilizing available neurophysio-
logical data for patient stratification, implementing standardized localization methods to minimize targeting errors, and
employing objective indicators to monitor treatment responses, it may be feasible to enhance both intervention accuracy

and treatment stability.

From Fixed Anatomical Targets to Individualized Functional Targets
Numerous NIBS studies continue to utilize group-averaged anatomical coordinates for stimulation targets, like the
dorsolateral prefrontal cortex.'®''? However, variations in spatial distribution and connectivity patterns of insomnia-
related network abnormalities exhibit significant interindividual differences.''? Consequently, the same anatomical site
may correspond to diverse dysfunctional circuits among patients, leading to variability in treatment response.''®
Enhancing reproducibility necessitates a shift from fixed anatomical locations towards functionally relevant regions
that align more closely with each patient’s unique network profile.''*''®

This transition relies on integrating multimodal neuro-assessment with computational approaches to enhance target
precision and uniformity."'! Individualized connectivity patterns can be characterized using resting-state functional
magnetic resonance imaging to pinpoint network hubs more closely associated with the patient’s symptoms.''*''” In
this context, target localization seeks to position stimulation at a site more likely to modulate the pertinent dysfunctional
network rather than solely relying on a fixed anatomical coordinate.''®''? Initial findings propose that imaging-or
connectivity-guided navigated repetitive transcranial magnetic stimulation could ameliorate insomnia symptoms and
potentially induce reorganization of relevant functional networks.''®!'” Nevertheless, the superiority of this approach
over conventional anatomical targeting in chronic insomnia necessitates validation through high-quality comparative

: 11
studies.'"®
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Electroencephalographic (EEG) biomarkers may also provide a more direct basis for individualizing stimulation

parameters.'? Patients with insomnia often show abnormalities in specific neural oscillations.'?!

Quantifying these
features may help adjust the frequency and phase of transcranial alternating current stimulation from generic
empirical settings toward protocols that better reflect individual physiological characteristics.''” Selecting stimulation
parameters according to slow-wave oscillatory features may improve the specificity of rhythm entrainment and may
help explain why previous findings have been inconsistent when stimulation parameters do not match patient
phenotype.'*?

A further step toward clinical implementation is to combine multimodal neural data with clinical information and
apply machine learning models to predict response before treatment begins.'”® Such models may support patient
stratification and reduce trial and error in treatment selection. In practice, this process may begin with more accessible
data such as clinical scales and sleep diaries, then expand to EEG, and where feasible, imaging-based indicators. Overall,
moving from fixed anatomical targets to individualized functional targets offers a clearer and more implementable way to

reduce variability caused by inaccurate targeting, parameter mismatch, and population heterogeneity.

From Static Open-Loop Stimulation to Dynamic Closed-Loop Modulation

Traditional open-loop stimulation relies on fixed parameters and fails to adapt to ongoing fluctuations in sleep stages or
brain states. Consequently, its capacity to modulate relevant rhythms and networks may be constrained, leading to
unstable efficacy and increased interindividual variability. In contrast, closed-loop neuromodulation integrates physiolo-
gical monitoring with stimulation delivery within a real-time adaptive framework.'** By continuously acquiring signals,
identifying key events or abnormal states associated with sleep instability, and triggering stimulation or adjusting
parameters as necessary, this approach may better synchronize stimulation timing and intensity with the patient’s current
physiological state.'* This may enhance the consistency and reproducibility of the intervention while providing a more
operational pathway for clinical translation.

The EEG serves as one of the most commonly utilized feedback sources in this context.'?> Through continuous
monitoring and online analysis via wearable EEG systems, it becomes feasible to detect features of arousal intrusion and
rhythmic events pertinent to sleep maintenance, thereby optimizing the timing and parameter settings of TMS or
tACS.'*® When signals indicate sleep fragmentation or diminished spindle activity, stimulation frequency, intensity, or
duration may be adjusted within predefined safety limits, potentially enhancing the modulation of sleep architecture.'®
For tACS specifically, aligning stimulation timing or key parameters with slow-wave activity is consistent with its
reliance on endogenous rhythms.'?’

In addition to central EEG signals, peripheral physiological indicators may be integrated into the feedback loop to
assess autonomic dysfunction, which is particularly pertinent for insomnia patients experiencing anxiety, palpitations, or
significant autonomic symptoms.>' Heart rate variability and skin conductance can indicate dynamic fluctuations in
sympathovagal balance and may function as potential feedback or process-monitoring biomarkers in interventions such
as taVNS; however, direct evidence supporting their application in closed-loop parameter optimization remains
scarce.”>'?®

The transition of closed-loop systems into clinical practice will depend strongly on their reliability and safety.
Effective implementation necessitates robust signal acquisition, timely and stable event detection, precise control of
trigger delay, and well-defined safety protocols, including intensity limits, trigger rules, stopping criteria, and adverse-
event monitoring.'* It should not be assumed that closed-loop stimulation is inherently superior to open-loop stimula-
tion; trigger rules and stimulation dosages must be tailored to the characteristics of the target population and validated
through controlled clinical trials. A practical translational pathway may therefore entail a gradual development process,
commencing with reliable sleep staging and event detection, followed by the establishment of refined safety boundaries,
and subsequently allowing for limited dynamic parameter adjustments. Enhancements in the comfort, stability, and
affordability of wearable sensors will also be crucial for long-term and home-based applications.'*®
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From Single-Technology Intervention to Synergistic Integrated Treatment Pathways
Chronic insomnia frequently coexists with cognitive hyperarousal, emotional stress, and autonomic imbalance.''”-'3%!3!
Consequently, a single non-invasive brain stimulation (NIBS) technique may be insufficient to address all pertinent
dimensions. A more clinically viable approach is to utilize NIBS as a treatment modality that can be administered in
combination, with specific pathways chosen based on the insomnia phenotype and comorbidity profile, and assessed
through standardized outcome measures and follow-up protocols.”®

At the technical level, various NIBS modalities can be integrated to achieve complementary objectives. For instance,
tDCS may be employed to modulate baseline cortical excitability,”” tACS to influence sleep-related rhythmic activity,*®
and rTMS to target cortical networks associated with arousal and emotion.''® Preliminary studies have begun to assess
the feasibility and safety of combined protocols, such as tDCS and rTMS.*® The efficacy of such combinations does not
stem from mere additive application; rather, it relies on the precise definition of each technique’s role, sequence, and
parameter range to minimize arbitrary variation and enhance comparability and reproducibility.

Integrating NIBS with Cognitive Behavioral Therapy for Insomnia (CBT-I) aligns with guideline-oriented care
pathways.'*? In patients exhibiting significant hyperarousal or emotional distress, rTTMS or tDCS may be employed
initially to mitigate excessive arousal, thereby establishing a more stable environment for the behavioral and cognitive
elements of CBT-1.”>'" Subsequently, CBT-I can facilitate the consolidation of post-treatment modifications in sleep
patterns and cognition, ultimately reducing the risk of relapse. For individuals with heightened sympathetic activity or
comorbid anxiety disorders, the integration of taVNS into a comprehensive treatment pathway may be more suitable
Additionally, autonomic indicators, such as HRV, could serve as objective metrics for monitoring progress and tailoring
interventions.”>'3!

In cases of severe acute symptoms, short-term pharmacotherapy may be considered to manage symptoms, followed
by NIBS to promote sustained improvement and subsequent medication optimization.'** Nonetheless, this sequential
approach necessitates further rigorous controlled studies to delineate the patient populations most likely to benefit and to

establish the relevant safety parameters.

Summary and Outlook

Summary

The central message of this review is that the clinical value of NIBS for chronic insomnia is unlikely to depend on
uniform stimulation protocols applied to broad insomnia populations, but rather on matching stimulation strategies to
specific neurophysiological and clinical phenotypes. Current evidence suggests that rTMS, tACS, tDCS, and taVNS
engage distinct mechanisms related to cortical and thalamocortical hyperarousal, default mode network dysregulation,
sleep-related oscillations, and autonomic imbalance. These modalities may improve selected sleep-related outcomes,
particularly in patients who respond inadequately to, or cannot tolerate, conventional therapies. Table 1 summarizes their
main mechanisms, advantages, limitations, and phenotype-informed clinical considerations.

However, these techniques are not interchangeable, and the available evidence remains limited by heterogencous
stimulation parameters, small samples, variable sham designs, short follow-up, and inconsistent outcome reporting.
Therefore, NIBS should not currently be regarded as a routine first-line treatment for chronic insomnia. Its future clinical
translation will depend on standardized protocols, phenotype-informed patient selection, objective sleep and biomarker-
based assessment, and integration with established care pathways such as CBT-I or pharmacotherapy.

Outlook

Future research should prioritize precision, reproducibility, and clinical implementability rather than simply accumulating
additional efficacy data. A key task is to define evidence-based stimulation protocols for each modality, including
stimulation site, frequency, intensity, session duration, treatment schedule, and sham-control design. Standardized
reporting of these parameters will be essential for improving comparability across studies and for determining whether
observed effects are reproducible across different insomnia populations.
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Table 1 Comparative Summary of Mechanisms, Potential Clinical Contexts, Advantages, Limitations, and Reported Sleep-Related
Outcomes Across NIBS Modalities

Techniques

Mechanism of Action

Candidate
Phenotype or
Clinical
Context

Potential Advantages

Limitations

Reported Sleep-Related
Outcomes

rTMSBBA 1-59,94,95

tDCS73—84"96—I 00

1:AC528,30.60—72,’96—I 02

taVNSBS—93, 103,104

Magnetic field-induced
current may modulate
cortical excitability/plasticity
and may influence DMN-
related networks

Constant direct current may
modulate cortical
excitability and excitation-
inhibition balance; possible
“top-down” cortico-
thalamic modulation

Alternating current may
modulate thalamo-cortical
slow-wave synchrony and
may entrain specific
rhythms, such as slow waves

taVNS may modulate ANS
balance and may influence
DMN-related networks

Insomnia with
anxiety/
depression,
cognitive
hypersensitivity,
or
refractoriness

Insomnia with
difficulty falling
asleep; avoid in
scalp
dermatoses

Insomnia with
reduced slow-
wave activity/
deep sleep;
avoid in
implanted
devices

Insomnia with
anxiety or
autonomic
imbalance; avoid
in cochlear
implants/ear
infections

Well-studied mechanism; may
benefit patients with
comorbid emotional
symptoms; relatively focal
stimulation; reported mood/
sleep improvements

Portable; easy to operate;
low cost (home-use suitable);
mild side effects

Rhythm-specific modulation;
potentially improved
specificity with individualized
frequency selection; generally
mild reported adverse effects

Non-invasive and portable;
generally well tolerated; may
be acceptable for repeated
use; potentially relevant for
comorbid emotional
symptoms

Non-standardized
parameters; high
cost; bulky; more
contraindications
(metal implants,
epilepsy)

Large individual
differences;
conflicting efficacy;
mechanism
unconfirmed;
inconsistent
parameters

Small sample sizes;
insufficient long-
term data; non-
standardized
parameters

Inconsistent
efficacy;
undetermined
optimal
parameters;
insufficient long-
term data

Reported reductions in subjective
PSQI/ISI and potential
improvements in objective SE,
TST, SOL, and WASO; may be
relevant for patients with
comorbid depression/anxiety

Reported improvements in
subjective PSQI, SOL/SE, and
daytime sleepiness in some
studies

Reported reductions in subjective
PSQV/ISI and potential
improvements in SOL, TST, SE,
and slow-wave activity in some
studies

Reported reductions in subjective
PSQV/ISI, potential increases in
deep sleep, and shorter SOL in
some studies; may be relevant for
patients with comorbid anxiety

Notes: References are provided by modality in the first column and correspond to evidence discussed in the modality-specific and safety sections.

Another important direction is the integration of biomarkers into patient stratification and treatment optimization.

Neuroimaging, electroencephalography, autonomic measures, and machine learning approaches may help identify
predictors of response, refine target selection, and clarify the mechanisms underlying treatment variability. Closed-loop
systems based on real-time physiological feedback may further support adaptive stimulation delivery, although their
superiority over conventional open-loop approaches should be validated in controlled clinical trials.

Clinical translation will also require broader and more rigorous validation. Future studies should include adequately
powered sham-controlled designs, longer follow-up periods, diverse age groups, clearly defined insomnia phenotypes,
and patients with common psychiatric or cardiometabolic comorbidities. Both subjective and objective sleep outcomes
should be incorporated, and adverse events, contraindications, and treatment burden should be systematically reported. In
parallel, portable or home-use devices should be evaluated not only for efficacy, but also for usability, adherence, safety,
and cost-effectiveness.

Overall, NIBS may move from promising therapeutic signals toward more reliable and clinically applicable inter-
ventions only if future studies combine methodological standardization, phenotype-informed selection, biomarker-guided
optimization, and integration with established care pathways such as CBT-I, pharmacotherapy, and autonomic
monitoring.
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