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Electroceuticals in Neuromodulation:
Mechanisms, Clinical Applications, and
Future Directions
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b Department of Pharmacology and Therapeutics, Faculty of Pharmaceutical Sciences, Ahmadu Bello University, Zaria, Kaduna State,
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ABSTRACT

Electroceuticals have emerged as an innovative therapeutic approach that employs targeted electrical stimulation to
modulate neural circuits and restore physiological balance. Unlike conventional pharmacological treatments, which act
through systemic biochemical pathways, electroceuticals enable precise spatial and temporal control of neural activity.
The rapid proliferation of electroceutical devices across clinical and investigational settings, combined with accelerating
advances in artificial intelligence, closed-loop engineering, and bioelectronic interface design, has generated an urgent
need for rigorous, critically appraised synthesis to guide evidence-based clinical adoption and inform future research
priorities. This review addresses the rapidly expanding field of bioelectronic medicine by providing a critical synthesis
of existing data, moving beyond simple descriptions to analyze the scientific robustness and maturity of contemporary
clinical and translational interventions. A literature search was conducted across electronic databases focusing on
peer-reviewed articles published between January 2010 and March 2026. Articles were screened hierarchically by
title, abstract, and full text to extract data regarding stimulation modalities, evidence levels, and therapeutic outcomes.
Electroceuticals modulate neural function through mechanisms such as the regulation of neuronal excitability, synaptic
transmission, neuroimmune signaling, and activity-dependent neuroplasticity. Established clinical evidence supports
the therapeutic utility of deep brain stimulation for movement disorders and vagus nerve stimulation for drug-resistant
epilepsy, while emerging, early-phase data suggest potential applications in neuropsychiatric and neuroinflammatory
conditions. Advances in device engineering, including miniaturized implants, improved electrode biomaterials, and
closed-loop stimulation systems, have enhanced treatment precision, though challenges regarding interpatient variabil-
ity, tissue-device impedance mismatch, and translational scaling remain. Electroceuticals represent a structural shift
toward circuit-based therapy in modern medicine. While technological and translational advancements continue to
broaden their clinical reach, establishing standardized methodological frameworks, defining objective biomarkers, and
balancing optimistic translational claims with evidence-based limitations are necessary steps to support widespread
clinical adoption.

Keywords: Electric stimulation therapy, Neuromodulation, Neuroplasticity, Artificial intelligence

1. Introduction precise electrical modulation of neural circuits rather
than traditional pharmacological mechanisms. The

Neuromodulatory electroceuticals represent a  term electroceutical, a synthesis of “electronic” and
paradigm shift in therapeutic strategies for a wide  “pharmaceutical”, was popularized in the early 2010s
range of chronic and complex diseases by leveraging  to describe therapies that use targeted electrical
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Fig. 1. Graphical overview of electroceuticals in neuromodulation.

impulses to regulate biological function at the level
of neural signalling rather than systemic biochemical
pathways [1]. Electroceuticals encompass a broad
range of devices and techniques, from deep brain
stimulation (DBS) and vagus nerve stimulation (VNS)
to spinal cord stimulators, wearable neuromodulation
systems, and emerging closed-loop technologies that
collectively aim to correct dysfunctional neural cir-
cuits underlying pathological conditions [2] (Fig. 1).

The concept of using electricity for healing is not
new; primitive applications of electrical stimulation
were observed as far back as ancient Rome, and
scientific interest in bioelectrical phenomena can
be traced to Luigi Galvani’s 18th-century demon-
stration that electrical currents could induce muscle
contraction [3]. However, it was only with the ad-
vent of modern electronics, implantable devices,
and an improved understanding of neural circuitry
that electrical medicine matured into a clinically vi-
able field with therapeutic precision [4]. In contrast
to conventional pharmacotherapy, which often dis-
tributes drugs systemically and can cause widespread
off-target effects, electroceuticals aim to modulate
specific neural pathways that underlie disease mech-
anisms. By delivering controlled electrical stimuli to
defined anatomical targets, such as the vagus nerve,
subthalamic nucleus, or dorsal columns of the spinal
cord, electroceuticals can influence physiological pro-
cesses with high spatial and temporal resolution [5].

This localized modulation holds several theoretical
advantages, including reduced systemic toxicity, real-
time adjustability of treatment parameters, and the
possibility of closed-loop control guided by physio-
logical feedback signals [2].

The clinical application of electrical stimulation
evolved substantially in the mid-20th century with
the development of fully implantable devices. The
first modern neurostimulation devices were applied
for pain control, with Norman Shealy implanting the
first prototype spinal cord stimulator in 1967, fol-
lowed by Medtronic’s commercial release in 1968.
These systems evolved rapidly into treatments for
movement disorders via DBS and for epilepsy through
VNS, the latter receiving regulatory approval in
the 1990s [6]. With advancing technology and ac-
cumulating clinical evidence, neuromodulation has
expanded beyond symptom management toward po-
tentially disease-modifying interventions that engage
endogenous neuroplastic processes [7].

A key rationale for neuromodulatory electroceu-
ticals arises from the recognized limitations of
pharmacological therapies in treating disorders with
neural circuit dysfunction. Conditions such as Parkin-
son’s disease (PD), treatment-resistant depression,
and chronic pain syndromes are frequently charac-
terized by circuit-level dysregulation that is either
insufficiently responsive or refractory to drug treat-
ment. In such contexts, electrical stimulation offers
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a means to directly influence dysfunctional neural
activity and restore homeostatic function [1, 2]. Addi-
tional pharmacological limitations include off-target
effects, poor blood-brain barrier (BBB) penetration,
drug resistance, and interindividual variability in
drug response [1].

Despite this promising landscape, important ev-
idence gaps and translational challenges remain.
The maturity of clinical evidence varies substan-
tially across modalities and indications, and many
emerging applications lack robust randomized con-
trolled trial data. Furthermore, questions of long-term
safety, optimal patient selection, and the mecha-
nisms underpinning clinical benefit remain incom-
pletely resolved. This review, therefore, aims not
only to synthesize the current mechanistic and
clinical landscape of electroceuticals but also to
critically appraise the quality of existing evidence
and highlight areas where further rigorous investi-
gation is required. In the subsequent sections, we
detail the neurobiological foundations, classifica-
tions, mechanisms of action, clinical applications,
engineering advancements, and ethical and regu-
latory considerations that together define the cur-
rent state and future trajectory of neuromodulatory
electroceuticals.

2. Methodology

A literature search was performed using
PubMed/MEDLINE, Scopus, Web of Science, and
Google Scholar databases to identify relevant
peer-reviewed publications from January 2010
to March 2026. Search terms included combinations
of keywords such as “electroceuticals,” “neuro-

modulation,” “deep brain stimulation,” “spinal
cord stimulation,” “vagus nerve stimulation,”
“responsive neurostimulation,” “transcranial
magnetic stimulation,” “transcranial direct current
stimulation,” “focused ultrasound neuromod-
ulation,” “closed-loop stimulation,” “adaptive
neuromodulation,” “bioelectronic medicine,”

“neuroplasticity,” “brain-computer interface,” and
“artificial intelligence in neuromodulation.” Boolean
operators (AND, OR) were utilized to refine search
combinations.

Studies were included if they were peer-reviewed,
published in English, and addressed mechanisms
of action, device engineering, clinical efficacy, or
safety profiles of electroceutical interventions. Re-
views, meta-analyses, randomized controlled trials,
prospective cohort studies, and foundational pre-
clinical studies were considered eligible. Conference
abstracts, editorials without supporting data, and

non-peer-reviewed sources were excluded. Duplicate
results across databases were manually removed.

Given the narrative nature of this review, formal
quality assessment tools were not applied systemati-
cally. However, study design, sample size, follow-up
duration, and level of evidence were considered when
interpreting findings. Throughout the manuscript,
a deliberate effort has been made to distinguish
between well-established clinical evidence, prelimi-
nary findings from early-phase or single-arm trials,
and mechanistic insights derived primarily from pre-
clinical models. The authors acknowledge that this
approach is subject to inherent selection bias and that
the review does not claim exhaustive coverage of all
available literature.

3. Neurobiological basis of neuromodulation

A mechanistic understanding of neuromodulation
requires a clear grasp of how electrical fields in-
teract with neural elements at multiple scales, from
ion channels and membrane potentials to synap-
tic networks and large-scale circuits. This section
examines these interactions by exploring the electri-
cal properties of neural tissue, the mechanisms by
which applied electrical signals influence neurons
and synapses, and the circuit-level consequences that
underlie therapeutic electroceutical effects.

3.1. Electrical properties of neural tissue

Neurons maintain a resting membrane potential
(~ =70 mV) through differential ion distributions,
regulated by Na*/K* ATPase pumps and voltage-
gated ion channels. Voltage-gated Na, and K, chan-
nels determine neuronal excitability, shaping action
potential speed, amplitude, and threshold. Exter-
nal electrical stimulation alters membrane potential,
modulating channel gating states; efficacy depends
on ion channel density, kinetics, and plasticity influ-
enced by disease states [8]. Action potentials are trig-
gered when depolarization reaches threshold, driving
rapid Na™ influx followed by K* efflux-mediated re-
polarization. Signal propagation velocity varies with
axon diameter and myelination [9]. External elec-
trical fields directly depolarize neural membranes,
initiating action potentials without synaptic input, a
principle underlying DBS for target activation or inhi-
bition [10]. Chemical synaptic transmission initiates
with presynaptic action potential arrival, triggering
Ca?* entry and quantal neurotransmitter release.
Postsynaptic ligand-gated receptors generate excita-
tory/inhibitory potentials that integrate with intrinsic
electrical activity, determining firing patterns and
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network dynamics. This electrical-chemical interplay
provides the substrate for neuromodulatory interven-
tions [11, 12].

3.2. Mechanisms of electrical signal interaction with
neurons

Applied electrical fields modulate neuronal ex-
citability by depolarizing or hyperpolarizing mem-
branes, thereby lowering or raising action potential
thresholds depending on stimulation parameters (am-
plitude, duration, pulse shape) and ion channel states
[8]. Electrical stimulation also alters presynaptic
neurotransmitter release: high-frequency protocols
elevate presynaptic Ca2", enhancing vesicle fusion
and transmitter output per action potential, while
others suppress release or bias excitatory-inhibitory
balance to remodel aberrant circuits [11, 12]. Beyond
acute effects, stimulation can induce long-term synap-
tic plasticity, either long-term potentiation (LTP)
via high-frequency protocols or long-term depres-
sion (LTD) via low-frequency stimulation, through
Ca?* influx, AMPA/NMDA receptor trafficking, and
downstream signalling cascades [12, 13]. These
activity-dependent changes underpin durable thera-
peutic neuromodulation effects, although the clinical
significance of individual mechanistic pathways re-
mains an area of ongoing investigation.

3.3. Network and circuit-level effects

Neuromodulation can reshape pathological net-
work states by altering neuronal firing patterns
and connectivity. In Parkinson’s disease, for exam-
ple, subthalamic nucleus DBS is thought to reduce
pathological beta-band oscillations and disrupt mal-
adaptive synchrony, restoring more physiological
basal ganglia—thalamocortical activity; however, the
exact mechanisms linking network-level changes to
clinical benefit remain an active area of research [14].
Neural circuits exhibit oscillatory patterns reflect-
ing population synchrony, and dysregulated rhythms
contribute to conditions such as epilepsy, depression,
and chronic pain. Electrical stimulation may entrain
or desynchronize these oscillations depending on fre-
quency and target. Transcranial alternating current
stimulation (tACS), for instance, has been shown in
experimental studies to modify cortical synchrony,
though the translation of these effects to consis-
tent clinical benefit requires further validation [15].
Long-term neuromodulation may also drive lasting
connectivity changes through synaptic plasticity and
intrinsic excitability shifts, potentially enabling adap-
tive network rewiring in states of impaired plasticity
[13, 16].

4. Classification of neuromodulatory
electroceuticals

Neuromodulatory electroceuticals can be systemat-
ically classified according to degree of invasiveness,
anatomical target, and mode of electrical or en-
ergy delivery. This classification is clinically relevant
because therapeutic efficacy, safety profile, regula-
tory burden, and patient acceptance vary substan-
tially across modalities. Broadly, neuromodulatory
electroceuticals are grouped into invasive, mini-
mally invasive/semi-implantable, and non-invasive
systems, each occupying a distinct niche in contempo-
rary bioelectronic medicine. Table 1 summarizes the
principal neuromodulatory electroceutical modali-
ties, their anatomical targets, key clinical indications,
and proposed mechanisms of action.

4.1. Invasive neuromodulation techniques

Invasive neuromodulation involves surgically im-
planted electrodes that directly interface with central
or peripheral neural structures. These approaches
provide the highest degree of anatomical specificity
and stimulation precision and are typically reserved
for severe or treatment-refractory conditions.

4.1.1. Deep brain stimulation (DBS)

DBS is the most extensively studied and clinically
established invasive neuromodulatory electroceuti-
cal. DBS involves stereotactic implantation of elec-
trodes into specific deep brain nuclei, most commonly
the subthalamic nucleus (STN), globus pallidus in-
ternus (GPi), or ventral intermediate nucleus of the
thalamus (VIM), connected to an implantable pulse
generator [18]. DBS is approved for and widely used
in Parkinson’s disease, essential tremor, and dystonia,
with expanding investigational indications in neu-
ropsychiatric disorders such as obsessive-compulsive
disorder (OCD) and treatment-resistant depression.
Mechanistically, DBS modulates pathological circuit
dynamics, disrupts abnormal oscillatory activity, and
reshapes information flow within distributed neural
networks [14, 17]. A notable advantage of DBS is
its programmability and reversibility, allowing stim-
ulation parameters to be individualized and adjusted
over time [36].

4.1.2. Spinal cord stimulation (SCS)

SCS involves implantation of electrodes in the
epidural space, typically over the dorsal columns, to
modulate ascending sensory pathways. SCS is primar-
ily indicated for chronic neuropathic pain, including
failed back surgery syndrome, complex regional pain
syndrome, and ischemic limb pain. The gate control
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Table 1. Classification and summary of neuromodulatory electroceutical modalities.

11

Principal Primary Primary
Modality Invasiveness Anatomical Targets Clinical Indications Proposed Mechanisms Source(s)
Deep Brain High (Invasive) Subthalamic Nucleus Parkinson’s Disease, Disruption of pathological [14,17,18]
Stimulation (STN), Globus Pallidus Essential Tremor, oscillations (e.g., beta-band);
(DBS) internus (GPi), Dystonia, modulation of basal
Ventral Intermediate ~ Obsessive-Compulsive ganglia-thalamocortical loops;
Thalamic Nucleus Disorder (OCD) high-frequency feed-forward
(VIM) inhibition.
Spinal Cord High (Invasive) Epidural space over Chronic neuropathic  Activation of large myelinated [19, 20]
Stimulation the dorsal columns of pain, Failed Back AB fibers to suppress nociceptive
(SCS) the spinal cord Surgery Syndrome transmission via Aé and C fibers;
(FBSS), Complex dorsal horn GABA/serotonin
Regional Pain modulation.
Syndrome (CRPS)
Vagus Nerve Moderate Cervical vagus nerve  Drug-Resistant Activation of the nucleus tractus  [21-23]
Stimulation (Invasive) trunk (afferent and Epilepsy, solitarius; enhancement of
(VNS) efferent axons) Treatment-Resistant norepinephrine and serotonin
Depression release; anti-inflammatory reflex
activation.
Peripheral Nerve Moderate Localized peripheral = Localized neuropathic Afferent signaling modulation; [24-26]
Stimulation (Invasive) nerve trunks (e.g., pain syndromes, localized sensory block; reduction
(PNS) occipital, tibial headache disorders, of peripheral nociceptive
nerves) overactive bladder excitability.
Transcranial Non-Invasive Cortical tissue (e.g., Major Depressive Frequency-dependent induction  [27, 28]
Magnetic Dorsolateral Disorder (MDD), of localized electrical currents;
Stimulation Prefrontal Cortex) localized cortical pain modification of cortical
(TMS) processing syndromes excitability and LTP/LTD
plasticity.
Transcranial Non-Invasive Cortical surfaces via Cognitive Sub-threshold biasing of neuronal [29, 30]
Direct Current scalp electrodes enhancement membrane potentials; modulation
Stimulation (investigational), of cortical network excitability
(tDCS) stroke rehabilitation, threshold.
mood disorders
Transcutaneous Non-Invasive Superficial peripheral Acute and chronic Non-invasive peripheral [31, 32]
Electrical Nerve nerve paths pain management activation of large-diameter
Stimulation afferents; segmental spinal
(TENS) inhibition of pain transmission.
Focused Non-Invasive Variable deep and Experimental target Acoustic energy mechanical [33-35]
Ultrasound Neu- superficial brain modulation, perturbation; alteration of
romodulation structures blood-brain barrier mechanosensitive ion channels

opening

and endothelial tight junctions.

theory of pain historically explained the analgesic
effects of SCS [20, 37]. However, contemporary evi-
dence indicates more complex mechanisms involving
modulation of dorsal horn excitability, descending
inhibitory pathways, and supraspinal network ef-
fects [19]. Recent innovations such as high-frequency
(10 kHz) stimulation and burst stimulation have im-
proved efficacy, and SCS is considered a mature,
evidence-supported clinical platform [38].

4.1.3. Vagus nerve stimulation (VNS)

VNS involves implantation of a cuff electrode
around the cervical vagus nerve, delivering inter-
mittent electrical impulses to modulate afferent and
efferent vagal signalling. Initially approved for drug-
resistant epilepsy, VNS is now also indicated for
treatment-resistant depression and is under active

investigation for inflammatory and cardiovascular
disorders, applications that remain at earlier stages of
clinical validation [21]. VNS exemplifies the concept
of electroceutical modulation of systemic physiology,
as vagal afferents project widely to brainstem nuclei
and influence mood, autonomic balance, and immune
regulation. The activation of the vagal “inflammatory
reflex” positions VNS at the intersection of neuro-
modulation and immunotherapy, though much of the
supporting mechanistic evidence derives from pre-
clinical studies [22].

4.1.4. Peripheral nerve stimulation (PNS)

PNS targets specific peripheral nerves using im-
planted electrodes to modulate sensory or motor
signalling. PNS is used for localized pain syndromes,
headache disorders (e.g., occipital nerve stimulation),
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and is being explored for functional rehabilitation.
Compared with central neuromodulation, PNS offers
greater anatomical selectivity and lower surgical risk
[24]. Despite limited evidence from large randomized
trials for several applications, advances in electrode
miniaturization and ultrasound-guided implantation
have expanded the clinical feasibility of PNS [25].

4.2. Minimally invasive and semi-implantable
systems

4.2.1. Implantable pulse generators

Implantable pulse generators (IPGs) form the core
of many invasive and semi-invasive neuromodula-
tory systems [39]. Technological evolution has pro-
duced smaller, longer-lasting, and MRI-conditional
IPGs with rechargeable batteries and wireless pro-
gramming capabilities. While many such advanced
features remain under clinical evaluation, modern
IPGs can support complex stimulation waveforms,
adaptive algorithms, and closed-loop functionality,
enabling real-time adjustment based on physiological
feedback, [40].

4.2.2. Leadless and micro-implant devices

Leadless and micro-implant neuromodulation sys-
tems represent a technological advance aimed at
minimizing complications associated with leads and
surgical pockets. These devices can be wirelessly pow-
ered and controlled. While some leadless systems
have achieved regulatory approval in cardiac pacing
[41], their application in neuromodulation remains
largely investigational, and the long-term safety and
efficacy data needed to support widespread clinical
adoption are still being established [26].

4.3. Non-invasive neuromodulation modalities

4.3.1. Transcranial magnetic stimulation (TMS)

TMS uses rapidly changing magnetic fields to in-
duce electrical currents in cortical tissue. Repetitive
TMS (rTMS) is FDA-approved for major depressive
disorder and has demonstrated efficacy in several
other neuropsychiatric and neurological conditions
[28]. It modulates cortical excitability and plas-
ticity in a frequency-dependent manner. However,
evidence quality varies across indications, and the
durability of therapeutic effects often requires ongo-
ing maintenance treatment [27].

4.3.2. Transcranial direct current stimulation (tDCS)
tDCS delivers low-intensity direct current via scalp
electrodes, subtly shifting neuronal membrane po-
tentials without directly eliciting action potentials.
Although its effects are more modest than inva-
sive techniques, tDCS can bias cortical networks

toward excitation or inhibition and facilitate plastic-
ity [30]. Its low cost and portability have supported
widespread exploratory use for cognitive enhance-
ment, stroke rehabilitation, and mood disorders.
However, variability in individual response, limited
spatial specificity, and methodological inconsisten-
cies across studies remain significant challenges for
clinical standardization [29].

4.3.3. Transcutaneous electrical nerve stimulation
(TENS)

TENS applies electrical stimulation through surface
electrodes to activate peripheral nerves, primarily for
pain relief. It represents one of the earliest and most
accessible forms of electroceutical therapy. While
TENS lacks the precision of implanted systems, ev-
idence supports its utility in certain pain conditions,
and it demonstrates how peripheral neuromodulation
can engage central pain processing networks [31, 32].

4.3.4. Focused ultrasound neuromodulation

Although not purely electrical, focused ultrasound
neuromodulation is increasingly discussed alongside
electroceuticals due to its ability to modulate neural
activity non-invasively with high spatial resolution.
Low-intensity focused ultrasound can alter neuronal
excitability and synaptic transmission. Its mecha-
nisms and long-term safety profiles remain under
active investigation, and clinical applications are pre-
dominantly at the exploratory stage [33, 34].

5. Molecular and cellular mechanisms of
electroceutical action

At the molecular and cellular levels, electroceu-
ticals exert their therapeutic effects by modulating
neuronal excitability, synaptic signaling, neurochem-
ical balance, and non-neuronal cellular responses.
Unlike pharmacological agents that act through
ligand-receptor interactions, electrical stimulation
influences electrophysiological states, intracellular
signaling cascades, and gene expression, resulting in
both acute and long-term biological effects. This mul-
tiscale mode of action underpins the durability and
adaptability of neuromodulation-based therapies. It
is important to note, however, that many of the de-
tailed molecular mechanisms described below derive
primarily from preclinical studies and may not fully
recapitulate the human disease context.

5.1. Neurochemical and neurotrophic effects

Neuromodulation alters neurotransmitter dynamics
in ways that may relieve neurological and psychiatric
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symptoms. In Parkinson’s disease, DBS of the STN or
GPi modulates basal ganglia—cortical circuits, with
evidence suggesting enhancement of downstream
dopaminergic signaling despite ongoing neurodegen-
eration [42]. VNS targets limbic and cortical regions,
boosting locus coeruleus and dorsal raphe nucleus
activity via nucleus tractus solitarius projections,
acutely elevating norepinephrine and serotonin in
prefrontal and limbic areas; chronic VNS has also
been associated with increased BDNF expression and
synaptic plasticity, contributing to its antidepressant
effects [21, 43].

GABAergic modulation is thought to restore in-
hibitory control in epilepsy and movement disorders.
Anterior thalamic nucleus DBS has been associated
with enhanced hippocampal interneuron activity and
reduced temporal lobe seizure severity in experimen-
tal models [44]. In Parkinson’s disease and dystonia,
GPi DBS may trigger GABA release from afferents,
inhibiting hyperactive thalamocortical pathways, al-
though the precise contribution of individual neu-
rotransmitter changes to clinical outcomes remains
incompletely characterized [45].

Neuromodulation may also upregulate neu-
rotrophic  factors, particularly  brain-derived
neurotrophic factor (BDNF), via Ca?*-dependent
TrkB signalling, promoting synaptic growth and
long-term plasticity [46]. Rodent studies of DBS
in Parkinson’s disease models have demonstrated
elevations in striatal BDNF and TrkB expression,
supporting neuroprotective hypotheses [47, 48].
However, whether such neurotrophic effects translate
meaningfully to human clinical outcomes remains to
be established through prospective clinical research.

5.2. Neuroimmune and neurovascular interactions

Electrical neuromodulation acts within a complex
neuroimmune environment involving glial and im-
mune cells. Stimulation can shift microglia from pro-
inflammatory to neuroprotective phenotypes, thereby
attenuating neuroinflammation. VNS activates the
cholinergic anti-inflammatory pathway through «7-
nicotinic acetylcholine receptors, suppressing NF-«B
signalling and reducing pro-inflammatory cytokines
while promoting anti-inflammatory mediators [21,
23]. These immunomodulatory effects may con-
tribute to neuroprotection, although much of the
mechanistic evidence remains preclinical.

Neuromodulation may also transiently influence
BBB physiology. Experimental studies suggest that
tDCS and focused ultrasound can temporarily alter
endothelial signalling and tight-junction organiza-
tion [35, 49]. The reproducibility, spatial precision,
and long-term safety of such BBB modulation re-

main active areas of investigation and should not yet
be extrapolated to clinical practice without support-
ing human data. Neuromodulation additionally af-
fects neurovascular coupling: clinical imaging studies
show region-specific perfusion changes with DBS and
rTMS consistent with altered neuronal metabolism,
though their direct contribution to therapeutic out-
comes remains incompletely understood [46, 50].

6. Clinical applications of neuromodulatory
electroceuticals

Neuromodulatory electroceuticals are applied
across a range of neurological and psychiatric
disorders, particularly where conventional pharma-
cotherapy shows limited efficacy or tolerability.
Table 2 summarizes the clinical advantages,
limitations, major risks, and key patient-selection
considerations associated with currently available
neuromodulatory modalities. Throughout this
section, a deliberate distinction is drawn between
modalities with established evidence from
randomized controlled trials and those supported
primarily by observational data or preliminary
findings.

6.1. Movement disorders

Parkinson’s disease (PD) is a progressive neurode-
generative disorder characterized by bradykinesia,
rigidity, tremor, and postural instability. Deep brain
stimulation targeting the STN or GPi is a well-
established therapy for patients with medication-
refractory motor fluctuations and dyskinesias; ran-
domized trials have demonstrated significant im-
provements in motor scores, reduced dopaminergic
medication requirements, and enhanced quality of
life compared with best medical therapy [53]. Emerg-
ing adaptive DBS systems that adjust stimulation
based on beta-band local field potentials have shown
encouraging results in early trials; however, their su-
periority over conventional DBS in large randomized
comparisons remains to be conclusively established.
Non-invasive approaches, including TMS, tDCS, and
transcutaneous VNS (tVNS), have been explored for
PD with preliminary evidence of modest cortical net-
work modulation, though the clinical magnitude and
durability of benefit require further characterization
[61, 62].

Essential tremor represents another movement
disorder in which neuromodulation has proven
highly effective, with DBS of the ventral inter-
mediate nucleus of the thalamus consistently re-
ducing tremor severity and improving functional
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Table 2. Comparative analysis of clinical maturity, advantages, and risks.

Maturity Primary Major Clinical Patient Selection
Modality Level Advantages Risks & Limitations Considerations Source(s)
DBS Established Reversible, highly Invasive surgical risks (1-2%  Medication-refractory motor [51-53]
Clinical programmable; hemorrhage risk); complications; preserved
significantly reduces cognitive/mood changes cognitive function; strict
motor fluctuations and  (apathy, depression); high neuropsychological screening
medication dependence  device and maintenance costs. required.
in PD.
SCS Established Effective for localized Lead migration or fracture; Refractory neuropathic pain (e.g., [38, 54, 55]
Clinical neuropathic pain; localized infection; potential ~ FBSS, CRPS); positive response

modern high-frequency
(10 Hz) paradigms
eliminate paresthesia.

loss of efficacy over time due
to fibrotic encapsulatio.

during a temporary stimulation
trial phase.

VNS Established Broad systemic and Surgical risks of neck Drug-resistant epilepsy (focal or  [21, 56]
Clinical central regulatory implantation; voice alteration, generalized) where surgical
effects; progressive cough, and dyspnea during resection is contraindicated or
reduction in seizure stimulation pulses. has failed.
frequency over time.
RNS Established Highly specific, Invasive cranial surgery; Focal, drug-resistant epilepsy [57-59]
Clinical responsive, closed-loop  requires extensive data review originating from up to two
mechanism; preserves and optimization of automated well-defined eloquent or bilateral
eloquent cortex; low algorithms. seizure foci.
side-effect profile.
TMS Established Non-invasive; favorable = Transient scalp discomfort or ~ Major depressive disorder that [28, 60]
Clinical safety profile; no surgical headache; low but non-zero has failed to respond to at least
or anesthesia risks; risk of inducing localized one adequate antidepressant trial.
effective for seizures; requires frequent
treatment-resistant MDD. visits.
tDCS Experimental/  Low-cost, highly High interpatient variability in Primarily investigated in clinical [29, 30]

Investigational  portable; safe with
minimal side effects
(mild tingling or

erythema).

response; limited spatial
focaity and penetration depth;
lacks standardized protocols.

trials for neurorehabilitation,
cognitive training, or adjunctive
mood stabilization.

performance across long-term follow-up studies [63].
For dystonia, DBS of the GPi produces clinically
meaningful reductions in motor disability, partic-
ularly in primary generalized or segmental forms;
however, clinical response is more variable in sec-
ondary or acquired dystonic syndromes, and patient
selection criteria continue to evolve [64].

6.2. Neuropsychiatric disorders

Neuromodulation has expanded therapeutic op-
tions for refractory psychiatric disorders, though the
strength of evidence varies considerably across appli-
cations. In Major Depressive Disorder (MDD), rTMS
targeting the dorsolateral prefrontal cortex is an
approved non-invasive therapy with demonstrated
efficacy in patients who have failed conventional an-
tidepressants; its favourable safety profile supports
use as an adjunctive treatment [60]. Investigational
use of DBS targeting the subcallosal cingulate has
shown potential in open-label studies, but clinical
outcomes remain variable, and optimal patient selec-
tion criteria are still being defined through ongoing
trials [65].

For obsessive—compulsive disorder (OCD), DBS re-
ceived a US Humanitarian Device Exemption in 2009
for treatment-refractory cases. Stimulation of the
ventral capsule/ventral striatum or anterior limb of
the internal capsule produces clinically meaningful
symptom reductions in approximately 40-70% of
carefully selected patients in available series, with
long-term follow-up demonstrating sustained bene-
fit in responders [66-68]. These estimates, however,
are derived largely from single-centre experiences
and may not reflect broader clinical populations. Ev-
idence for neuromodulation in anxiety disorders is
still emerging; preliminary studies with rTMS and
VNS suggest potential benefit in subsets of treatment-
resistant patients, but robust randomized clinical
validation remains limited.

6.3. Chronic pain syndromes

Chronic neuropathic pain frequently remains re-
fractory to conventional pharmacotherapy, affecting
an estimated 25% of the global population [69].
Neuromodulatory electroceuticals have emerged as
important therapeutic options in this context, with
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analgesic effects largely attributed to modulation of
neurotransmission and activation of descending in-
hibitory pathways consistent with the Gate Control
Theory of Pain [54, 69].

SCS is a well-established therapy for chronic refrac-
tory neuropathic pain. Randomized controlled trials
and systematic reviews support efficacy in condi-
tions such as failed back surgery syndrome, complex
regional pain syndrome, and painful diabetic neu-
ropathy, with high-frequency (10 kHz) stimulation
and closed-loop systems often achieving >50% pain
reduction [55, 70]. Dorsal root ganglion stimulation
(DRG-S), by targeting sensory ganglia responsible for
dermatomal pain transmission, has demonstrated ef-
ficacy for localized neuropathic pain in randomized
trials and is increasingly explored in combination
strategies for complex pain syndromes [54]. Non-
invasive approaches such as rTMS can reduce pain
intensity through cortical modulation; however, ef-
fects are typically modest and transient, requiring
maintenance protocols, and comparative effective-
ness data remain limited [71].

6.4. Epilepsy and seizure disorders

Neuromodulation has become an important ther-
apeutic strategy for drug-resistant epilepsy (DRE),
which affects approximately 30% of individuals with
epilepsy who fail conventional antiepileptic drugs
[72]. Two major paradigms have emerged: open-loop
neuromodulation and closed-loop responsive control
[73].

VNS, approved in 1997, is an open-loop strategy
with a substantial evidence base from controlled
trials. Clinical studies report >50% seizure reduc-
tion in approximately 26-40% of patients within the
first year, with efficacy often improving over longer
follow-up periods [56]. Responsive neurostimulation
(RNS), the first clinically deployed closed-loop brain
stimulation system for epilepsy (approved in 2013),
uses implanted electrodes to continuously record
electrocorticographic activity and deliver stimula-
tion upon detection of early epileptiform patterns
[59, 74]. Long-term prospective studies demonstrate
progressive seizure reduction, likely reflecting both
acute interruption of abnormal activity and activity-
dependent neuroplastic changes [57, 75]. This modal-
ity is particularly relevant for focal epilepsy where
resective surgery is not feasible [58]. Emerging evi-
dence also suggests potential benefits from targeting
thalamocortical circuits or combining approaches in
complex multifocal epilepsy, though large-scale com-
parative trials are needed to define their relative
effectiveness [76-78].

6.5. Neurorehabilitation and neuroplasticity

Electroceuticals are increasingly integrated into
neurorehabilitation strategies aimed at enhancing
neuroplasticity and functional recovery after CNS in-
jury. Non-invasive approaches such as TMS and tDCS,
when combined with conventional physiotherapy,
have shown benefit in motor recovery after stroke
in several randomized trials; however, effect sizes
are generally modest and patient selection criteria
require further refinement [71].

Neuromodulation for functional restoration fol-
lowing spinal cord injury, including SCS-assisted
facilitation of volitional movement, has generated en-
couraging proof-of-concept data in selected patients,
but current evidence remains preliminary and insuffi-
cient to guide broad clinical implementation [69, 71].
Investigational applications of DBS in traumatic brain
injury also warrant cautious interpretation, as exist-
ing data derive largely from small case series. Overall,
the therapeutic rationale of these interventions lies in
their ability to reshape maladaptive neuroplasticity,
though continued rigorous evaluation is required to
define the patient populations most likely to benefit
and to establish cost-effectiveness [71].

7. Device engineering and technological
advances

The evolution of electroceutical devices is pro-
foundly shaped by advances in materials science,
bioelectronics, and computational engineering. These
modern systems aim to improve safety, efficacy, and
usability through innovative electrode designs, en-
ergy solutions, and adaptive stimulation algorithms.
Key emerging device technologies and the integration
of artificial intelligence in neuromodulation systems
are summarized in Table 3.

71. Electrode design and biomaterials

The electrode-tissue interface critically determines
the efficiency, selectivity, and longevity of neuromod-
ulation. Biocompatible materials such as platinum-
iridium, titanium, and conductive polymers minimize
inflammatory responses and fibrotic encapsulation
that can increase impedance and reduce therapeutic
efficacy over time [91]. Surface engineering strate-
gies, including micro-roughening and coatings with
conductive polymers such as PEDOT or hydrogel
layers, enhance charge transfer and reduce electro-
chemical stress, particularly important in chronic
implants such as DBS, SCS, and PNS [92]. Flexible and
stretchable electrode systems have been developed to
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Table 3. Summary of engineering innovations and Al integration.

Technology Unresolved Engineering/
Area Current Innovation Functional Benefit Clinical Challenge Source(s)
Advanced Conductive polymers Reduces electrochemical Long-term material degradation; risk of  [80-82]
Biomaterials  (PEDOT), hydrogel impedance; improves charge delamination or pinhole defects under

coatings, flexible thin-film injection capacity; minimizes chronic electrical stress in vivo.

metal elastomers. mechanical mismatch with soft

neural tissue.

Energy Wireless inductive Eliminates or extends the interval  Efficiency loss during transcutaneous [83-85]
Management  coupling, high-energy between surgical battery power transfer; heat dissipation; early

micro-batteries, replacements; allows smaller developmental stage of autonomous

experimental device form factors. harvesters.

biomechanical harvesters.
Closed-Loop Local Field Potential (LFP) Shifts therapy from continuous to Artifact filtering during simultaneous [86-88]
Sensing feedback, real-time on-demand; reduces power sensing and stimulation; identifying

electrocorticography consumption; minimizes reliable, cross-patient

(ECoG) sensing overstimulation side effects. electrophysiological biomarkers.

algorithms.
Al Parameter Machine learning Replaces manual trial-and-error Computational latency; high power [89-91]

Optimization

decoding models,
Bayesian optimization,
reinforcement learning.

parameter adjustment with
dynamic, automated tuning of
amplitude and frequency.

demands for on-device processing; lack
of large-scale clinical validation for
predictive models.

reduce mechanical mismatch with soft neural tissue
[80], while emerging nanoengineered interfaces in-
corporating carbon-based materials such as graphene
further enhance charge injection capacity and enable
high-density electrode arrays [79]. Many of these ad-
vanced biomaterial approaches, however, remain at
the preclinical or early clinical evaluation stage.

72. Power sources and energy management

Traditional electroceuticals rely on implantable
batteries that necessitate careful balance between de-
vice size, operational longevity, and patient safety.
Rechargeable batteries now support multi-year op-
eration with wireless recharging, reducing surgical
replacement burden [84]. Wireless power deliv-
ery through inductive coupling and resonant mag-
netic resonance allows further miniaturization and
enables remote programming [82, 83]. Emerging
energy-harvesting approaches using piezoelectric and
triboelectric materials represent a promising but
largely experimental area, with self-sustaining micro-
implants powered by biomechanical motion remain-
ing a future goal rather than a current clinical reality
[93].

73. Closed-loop and adaptive neuromodulation

Next-generation electroceuticals are moving be-
yond traditional open-loop stimulation by integrating
sensing and closed-loop adaptive capabilities. These
systems monitor neural and physiological signals
in real time and modulate stimulation parameters
accordingly [86, 87]. A well-studied example is

adaptive DBS for Parkinson’s disease, which ad-
justs stimulation based on beta-band oscillations;
an initial randomized feasibility trial demonstrated
improvements in motor control with reduced en-
ergy use compared with conventional stimulation,
though definitive large-scale evidence is still accruing
[85, 89]. Similarly, responsive neurostimulation for
epilepsy and adaptive SCS for chronic pain represent
established or emerging closed-loop platforms with
growing clinical evidence bases [86]. Future devices
incorporating Al and neuromorphic computing for
real-time processing represent a paradigm shift in
precision bioelectronic medicine, though their clin-
ical deployment remains prospective [86, 87].

8. Artificial intelligence and precision
neuromodulation

The integration of artificial intelligence (AI) into
neuromodulation is an area of rapid development,
with potential to transform how stimulation param-
eters are selected, adjusted, and individualized. It is
important, however, to distinguish between Al appli-
cations with current clinical deployment and those
that remain primarily in the research and develop-
ment phase.

8.1. Machine learning in signal interpretation

Machine learning (ML) and Al are increasingly ap-
plied to decode complex neural signals and guide
electroceutical therapies. Supervised, unsupervised,
and deep learning models analyze high-dimensional
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neurophysiological data such as electroencephalogra-
phy (EEG), intracranial EEG (iEEG), electrocorticog-
raphy (ECoG), and local field potentials (LFPs), to
detect pathological oscillations, seizure precursors, or
aberrant motor activity [94-96]. This enables earlier
intervention and more targeted therapy. Al-driven
predictive models integrating longitudinal neural,
behavioural, and physiological data have shown
promise in research settings; for example, ML al-
gorithms have been developed to anticipate tremor
severity or motor fluctuations in PD, and seizure pre-
diction models have been explored for pre-emptive
closed-loop stimulation [97, 98]. The translation of
these research-grade tools into clinically validated,
reliable systems for routine use remains an active area
of development.

8.2. Al-driven optimization of stimulation parameters

Conventional neuromodulation relies on iterative,
clinician-guided adjustment of stimulation param-
eters, a process that can be time-consuming and
suboptimal [88]. Al-driven approaches aim to trans-
form this process by integrating real-time neural
feedback and biomarker trends to dynamically op-
timize amplitude, frequency, and pulse width [89].
Reinforcement learning and Bayesian optimization
have been explored for adaptive DBS, with early
studies suggesting improved motor outcomes with
lower cumulative stimulation than fixed-parameter
protocols; however, these findings are based on small-
scale or feasibility trials and require confirmation
in larger, controlled studies before clinical recom-
mendations can be made [90]. Machine learning
also shows promise in enhancing movement decoding
from multi-channel cortical recordings, potentially
reducing the need for frequent clinician intervention
while maintaining therapeutic precision [95].

8.3. Brain—-computer interfaces (BCls) and hybrid
systems

Hybrid systems integrating BCIs with electroceuti-
cals represent an emerging frontier in neuromodu-
lation. BCIs decode voluntary or pathological neural
signals and translate them into commands for exter-
nal devices or direct stimulation [99]. Current clinical
applications remain limited but include motor BCIs in
spinal cord injury and closed-loop seizure suppression
systems [51]. These hybrid approaches hold consid-
erable theoretical promise for enhancing therapeutic
specificity and supporting functional recovery, but
long-term clinical evidence from adequately powered
trials is still limited, and the practical challenges of

system reliability, patient burden, and regulatory ap-
proval remain substantial.

9. Safety, ethical, and regulatory
considerations

The rapid expansion of electroceuticals into clinical
practice and research necessitates careful evalua-
tion of safety, ethical implications, and regulatory
frameworks. While neuromodulation offers therapeu-
tic advantages in treatment-refractory disorders, it
carries unique risks and societal challenges that re-
quire multidisciplinary oversight.

9.1. Adverse effects and risk profiles

Invasive neuromodulation techniques such as DBS,
SCS, and implantable VNS involve surgical interven-
tion, exposing patients to risks including haemor-
rhage, infection, device migration, and hardware fail-
ure [89]. For DBS, haemorrhagic complications occur
in approximately 1-2% of cases, with permanent
deficits being uncommon but clinically significant
[51]. SCS carries risks including lead displacement,
wound infection, and inadvertent neural injury Be-
yond surgical risks, stimulation of central neural
circuits can alter cognition, mood, or behaviour:
subthalamic nucleus DBS in PD may precipitate
depression, apathy, or impulse-control disorders in
some patients, underscoring the importance of preop-
erative neuropsychological assessment and ongoing
monitoring [52, 100]. Chronic stimulation may also
induce unintended network remodelling, and long-
term studies, particularly in paediatric populations
or patients with early-stage neurodegenerative dis-
orders, are needed to characterize such outcomes
[101, 102].

9.2. Ethical issues in neuromodulation

Electroceuticals raise important ethical concerns re-
garding personal identity, autonomy, and cognitive
liberty. Modulating mood, behaviour, or decision-
making can impact selfhood, particularly in psychi-
atric or neuroenhancement contexts, requiring ethical
frameworks that safeguard patient agency [103].
Informed consent is especially challenging when pa-
tients have impaired decisional capacity, as in severe
depression or OCD, and must be treated as an ongoing
process given the potentially transformative effects of
chronic neuromodulation [104].

Neuroenhancement applications, using neuromod-
ulation to improve cognition or motor function
in healthy individuals, introduce further ethical
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dilemmas, including concerns about equitable ac-
cess, societal pressures, and the potential widening
of social disparities [105, 106]. Direct-to-consumer
neurotechnologies exacerbate these challenges by by-
passing medical oversight, raising concerns about
unvalidated claims and unforeseen risks [107]. Addi-
tional complexities arise in contexts such as addiction
therapy or potential military applications, where co-
ercion or dual loyalty may compromise voluntary and
beneficent use [108, 109].

9.3. Regulatory pathways and clinical adoption

Electroceutical devices are regulated as medical
devices, requiring evaluation of safety, efficacy, and
manufacturing quality. In the United States, the FDA
oversees premarket approval (PMA) or 510(k) clear-
ance based on device risk classification, while in
Europe, devices are evaluated under the Medical De-
vice Regulation (MDR) framework [110]. For novel
Al-driven and adaptive devices, regulatory frame-
works are still evolving, and the absence of clear
adaptive-device approval pathways represents a prac-
tical translational challenge. Post-marketing surveil-
lance is essential for monitoring long-term safety
and performance [110, 111]. High implantation and
maintenance costs continue to limit accessibility, par-
ticularly in low- and middle-income regions, and
cost-effectiveness analyses are needed to inform re-
imbursement policies and support equitable adoption
[109].

10. Challenges and limitations

Despite remarkable progress, multiple scientific,
technical, and translational challenges continue to
limit the precision, efficacy, and broader adoption
of electroceutical therapies. Addressing these limita-
tions is critical to advancing bioelectronic medicine
from proof-of-concept studies to widely applicable,
patient-specific interventions.

10.1. Precision targeting of neural circuits

Precise modulation of pathological neural circuits
remains a major challenge. Even with advanced imag-
ing and stereotactic guidance, electrode placement
deviations at the micrometre scale can reduce efficacy
or induce off-target effects, as observed in DBS where
minor misplacement may cause suboptimal symptom
control or neuropsychiatric adverse effects [110].
Non-invasive techniques such as TMS and tDCS are
further limited by penetration depth and focality,
restricting selective modulation of deep structures.

Emerging approaches including high-density elec-
trode arrays, multi-contact leads, and computational
electric-field modelling aim to enhance spatial pre-
cision, but inter-individual anatomical and connec-
tivity variability complicates standardization [109].
Ethically, enhanced precision targeting also raises
concerns about personal identity, cognitive liberty,
and agency that must be addressed in parallel with
technical development [111, 112].

10.2. Interpatient variability

Response to neuromodulation is highly heteroge-
neous, influenced by age, disease stage, genetic back-
ground, and neural plasticity. In Parkinson’s disease,
some patients achieve robust motor improvement
with DBS while others experience minimal benefit
despite accurate targeting [113]. In depression, rTMS
efficacy varies due to differences in cortical excitabil-
ity, network connectivity, and medication history
[114]. Consequently, a “one-size-fits-all” approach
to neuromodulation often leads to suboptimal out-
comes, necessitating the development of personalized
and adaptive stimulation strategies.

10.3. Long-term durability and device failure

Long-term durability and device reliability remain
major challenges for implantable electroceuticals.
Mechanical mismatch between rigid implants and soft
neural tissues can induce chronic inflammation and
micromotion, contributing to glial scarring, fibrotic
encapsulation, increased impedance, and reduced
stimulation efficiency [115, 116]. Material degra-
dation through electrochemical corrosion, thin-film
delamination, and electrode deterioration further
compromises device longevity [117]. Battery lim-
itations necessitate periodic surgical replacement.
Emerging solutions, including wireless power trans-
fer and energy-harvesting technologies, hold promise
for extending device longevity, though their clinical
implementation at scale requires further validation
[118].

10.4. Translational gaps between preclinical and
clinical findings

Despite valuable mechanistic insights from pre-
clinical models, translating electroceutical therapies
to humans remains challenging due to differences
in brain anatomy, circuit organization, and dis-
ease heterogeneity [119]. Major gaps include scaling
stimulation parameters from rodents or non-human
primates, replicating complex behavioural and cogni-
tive outcomes, and the limited availability of reliable
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biomarkers to guide therapy. The lack of objec-
tive, quantifiable biomarkers forces parameter opti-
mization to rely on empirical approaches. Bridging
these gaps requires integrated approaches combin-
ing computational modelling, advanced imaging, and
real-time neural monitoring [120]. Importantly, this
review itself is subject to inherent selection bias as
a narrative synthesis, and the evidence presented
should be interpreted with the understanding that not
all available literature was systematically reviewed.

11. Future directions and translational
potential

Electroceuticals hold substantial promise for ad-
vancing precision medicine beyond conventional
pharmacology, though realizing this potential will
require addressing the mechanistic, technical, and
clinical evidence gaps outlined in this review. Future
directions appropriately focus on enhancing speci-
ficity, adaptability, and patient-centricity, leveraging
advances in materials science, bioelectronics, Al, and
clinical neuroscience. Innovations in electrode design
are expected to enable higher-resolution, multi-
channel stimulation with improved chronic stability
and reduced tissue reactivity. Wireless, minimally
invasive micro-implants may broaden accessibility
and reduce surgical burden, though realizing these
goals will require demonstration of long-term safety
and efficacy in clinical trials. The integration of Al
and closed-loop sensing holds promise for predic-
tive, adaptive modulation that dynamically adjusts
to disease state; however, the development of clini-
cally validated, regulatory-cleared Al-driven systems
represents a substantial translational challenge that
current early-phase data do not yet resolve.

Emerging applications in neurodegenerative dis-
eases (e.g., Alzheimer’s disease, Huntington’s dis-
ease), neuroinflammatory and autoimmune disor-
ders, and treatment-resistant psychiatric conditions
are at varied stages of clinical investigation, and
the evidence base for most of these applica-
tions remains preliminary. Digital health integration
through smartphone connectivity, cloud analytics,
and telemedicine offers opportunities for remote
monitoring and large-scale data collection, though
data governance, privacy, and regulatory frameworks
for such systems require careful development.

Translational success will require bridging
preclinical-clinical gaps through multi-scale
modelling, advanced imaging, and biomarker-

guided interventions; ensuring cost-effectiveness
and equitable access across healthcare settings;
harmonizing regulatory pathways for adaptive and

Al-driven devices; and maintaining robust ethical
oversight regarding cognitive liberty and patient
autonomy. Multidisciplinary collaboration among
neuroscientists, engineers, clinicians, ethicists,
and policymakers is essential to translate these
innovations into therapies that are safe, effective,
and widely adoptable.

12. Limitations

This review has limitations that should be consid-
ered when interpreting its findings. As a narrative
review, although a comprehensive literature search
was conducted, the possibility of omitting relevant
studies cannot be completely excluded. Also, the ev-
idence base for many electroceutical interventions
remains heterogeneous, with substantial variation in
study design, patient populations, stimulation param-
eters, outcome measures, and follow-up duration,
limiting direct comparisons across studies. Further-
more, several emerging technologies discussed in this
review are supported primarily by preclinical inves-
tigations or early-phase clinical trials, and therefore,
their long-term efficacy, safety, and real-world appli-
cability remain uncertain.

13. Conclusion

Electroceuticals are transforming modern medicine
by enabling precise, adaptive, circuit-targeted inter-
ventions that complement or surpass conventional
pharmacotherapy. Advances in device engineering,
bioelectronic interfaces, closed-loop systems, and
Al-guided optimization have demonstrated efficacy
across movement disorders, neuropsychiatric condi-
tions, chronic pain, epilepsy, and neurorehabilitation.
Key challenges remain, including precision targeting,
interpatient variability, long-term device durability,
and bridging preclinical-clinical translational gaps.
Ethical, safety, and regulatory considerations are crit-
ical, especially as Al and hybrid brain-computer
interface systems are integrated into therapy. The
convergence of bioelectronics, computational neu-
roscience, and digital health promises expanded
efficacy, personalization, and accessibility. Future
research should prioritize: (i) development of vali-
dated, objective biomarkers to guide patient selection
and adaptive parameter optimization; (ii) large-
scale, multicenter randomized controlled trials for
emerging indications such as treatment-resistant psy-
chiatric disorders and neuroinflammatory conditions;
(iii) harmonized regulatory frameworks that address
the unique adaptive and Al-driven characteristics of
next-generation devices; and (iv) cost-effectiveness
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and equity analyses to support accessible implemen-
tation across healthcare settings. With continued in-
terdisciplinary collaboration among neuroscientists,
engineers, clinicians, ethicists, and policymakers, and
with rigorous translational research grounded in clin-
ical evidence, electroceuticals are poised to become
a cornerstone of next-generation precision medicine,
redefining treatment strategies for complex neurolog-
ical and systemic disorders.
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