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Abstract

Neuropathic corneal pain (NCP) is a debilitating condition resulting from
corneal nerve damage or dysfunction, leading to persistent ocular pain,
discomfort and hypersensitivity. Conventional therapy with eye drops often
provides inadequate relief, necessitating the need for alternative therapeutic
approaches. This review explores the role of electrotherapy in managing NCP,
including its mechanisms, clinical efficacy, and potential integration into
multimodal treatment strategies. We examine current evidence on various
electrotherapy modalities such as transcutaneous electrical nerve
stimulation, neurostimulation, and microcurrent stimulation. These
electrotherapies have the potential to modulate pain pathways, promote
nerve regeneration, and restore corneal homeostasis. Emerging studies
suggest electrotherapy may alleviate NCP by altering neural signaling and
reducing hyperalgesia. Integrating electrotherapy into existing pain
management strategies may enhance the outcomes for patients with
refractory NCP. However, its clinical application remains limited by a lack of
standardized protocols and robust clinical trials. Although electrotherapy
presents a promising and non-invasive option for NCP management, further
research is needed to optimize the treatment parameters and optimal duration,
assess the long-term efficacy, and establish guidelines for clinical use.

KEYWORDS

corneal nerve dysfunction, hyperalgesia, nerve regeneration, neuropathic corneal
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Impact statement

Neuropathic corneal pain (NCP) poses a significant clinical challenge with limited
effective treatment options, affecting patients’ quality of life for its persistent ocular
discomfort unresponsive to conventional therapies of dry eye. This comprehensive review
advances the field by evaluating electrotherapy modalities, including transcutaneous
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electrical nerve stimulation, neurostimulation, and microcurrent
NCP
management. It provides critical new insights by synthesizing

stimulation as novel therapeutic approaches for
current evidence on the mechanisms of action of electrotherapy
in promoting corneal nerve regeneration and modulating pain
pathways, establishing a foundation for evidence-based clinical
applications. This synthesis has a direct impact on clinical
practice by identifying gaps in current treatment protocols
and proposing standardized approaches for integrating
electrotherapy into multimodal pain management strategies.
This review aims to provide clinicians and researchers with
necessary guidance for optimizing therapeutic outcomes,
establishing a roadmap for future clinical trials and treatment
protocol development, ultimately advancing the standard of care

for patients suffering from this debilitating condition.

Introduction

Neuropathic pain is defined by The International Association
for the Study of Pain (IASP) as “pain caused by a lesion or disease
of the somatosensory nervous system”. When it occurs in the
cornea, it is referred to as neuropathic corneal pain (NCP). It
causes patients to experience eye pain in the absence of any
painful stimulus [1]. The cornea has a dense network of nerves in
the body, making the cornea one of the most potent in pain
generation in the body [2]. Small A§ and C nerve fibers, which
are part of the sensory and autonomic nervous systems, make up
70-90% of corneal nerves [2]. Coupled to the vital sensory
function they hold, corneal nerves also sustain the functional
integrity of the ocular surface by releasing trophic substances that
support corneal homeostasis and by stimulating brainstem
circuits that trigger reflex tear production and blinking [3].

Clinical features and mechanisms of
neuropathic corneal pain

Etiology and origins of neuropathic
corneal pain

NCP can be classified based on its underlying etiologies.
Systemic causes of NCP include diabetes, systemic autoimmune
diseases, medication-induced neuropathy (e.g., chemotherapy),
and trigeminal neuralgia. Ocular causes include herpes simplex
keratitis, dry eye disease (DED), refractive surgery, and ocular
trauma [4]. In addition, NCP can be categorized based on the
level of nervous system involvement, namely peripheral or
central NCP [5]. Common causes of peripheral NCP include
refractive surgery [6], chronic dry eye [7], and herpetic keratitis
[8]. Peripheral sensitization occurs as a result of abnormal
regeneration of corneal nociceptors and nerve fibers following
corneal nerve injuries. Central sensitization results from elevated
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excitatory neurotransmitters due to chronic inflammation and,
potentially, rewiring of pain perception pathways, which
intensifies the perception of pain. Its common causes include
small-fiber polyneuropathy,
keratopathy [9].

fibromyalgia, and radiation

Associated comorbid conditions

NCP often coexists with conditions that affect pain
perception and psychological well-being, such as depression,
anxiety, fatigue, and sleep disturbances. These conditions are
not causative factors but represent comorbidities that can
influence the severity and impact of NCP. Moreover, NCP
may be linked to comorbidities including anxiety, depression,
and chronic pain syndrome such as migraine [10].

Clinical presentations

Symptoms experienced by patients with NCP are described
as dryness, burning sensation and hyperalgesia which are usually
worsened by extreme temperatures, light (photoallodynia) and
dry wind. Our group has identified that burning and light
sensitivity are the two most common symptoms in NCP [11].
More focus is diverted to understanding the pathophysiology of
pain which transitions from a protective physiological reflex to a
more persistent and chronic condition [9].

Despite patients frequently reporting pain or pain-like
symptoms, standard ophthalmological examinations often do
not reveal objective or visible findings. This discrepancy can lead
to delayed diagnosis and even many patients being misdiagnosed
with dry eye disease (DED), which is a multifactorial condition
characterized by an imbalance in tear film homeostasis and
with film  instability
hyperosmolarity, ocular surface inflammation and damage,

ocular  symptoms, tear and
and neurosensory abnormalities playing etiological roles [12].
Importantly, NCP and DED are not mutually exclusive and may
coexist, or one may be a precursor or a sequel. These two
conditions share partial overlap in symptomatology and
underlying pathophysiological mechanisms. DED patients
present with a range of symptoms including ocular dryness,
burning, aching and tenderness, overlapping considerably with
the of NCP [7]. Additionally,

neuroinflammation response is suggested to contribute to the

symptom  profile
pathogenesis of both conditions [7]. Due to the mismatch
between the severity of symptoms and observable signs,
patients’ symptoms are often dismissed as “psychological” or
“functional,” leaving them feeling ignored and neglected,
worsening their condition [10]. In terms of quality of life,
Chin et al reported that patients with NCP had significantly
worse quality of life on the majority of the items in the Ocular
Pain Assessment Survey and Ocular Surface Disease Index
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FIGURE 1

Representative in vivo confocal microscopy (IVCM) images from patients with NCP. (A) Decreased corneal nerve density and nerve fiber fractal
dimension. (B) Activated keratocytes (arrows), appeared as patchy areas of increased stromal reflectivity. (C) Microneuromas (arrowhead) manifested
as irregularly shaped enlargements of terminal nerve endings with poorly defined margins and variable hyper-reflectivity.

questionnaires compared to those with DED, suggesting NCP is
more debilitating than DED [10].

Although patients with NCP and DED share many common
symptoms, the differentiating factors are imaging findings,
proteomic patterns and clinical features which explain their
distinct pathophysiologies. NCP is a neuropathic disorder
with
neuroinflammation, and pain that is disproportionate to

nerve  dysfunction,  corneal = microneuromas,
clinical signs whereas DED is an inflammatory and tear film

disorder accompanied with epithelial damage, immune
activation, and symptoms that are correlating with objective
findings. Microneuromas are the key differentiator and NCP
patients exhibit higher numbers, larger area and larger perimeter
of microneuromas than DED patients. NCP patients have
elevated levels of tear proteome associated with neuronal
DED

proteomic patterns dominated by inflammatory mediators [7].

activity and neuroinflammation whereas showed
Treatment wise, some patients with NCP do not respond to
used to treat DED and thus
differentiating them is essential to offer more -effective

conventional treatments

treatment [13].

In vivo confocal microscopy (IVCM)
imaging findings of neuropathic
corneal pain

In-vivo confocal microscopy (IVCM) has been extensively
used to visualize the corneal nerve plexus and corneal cells [14].
Through IVCM evaluation, decreased corneal nerve densities,
decreased nerve fiber fractal dimension, increased corneal nerve
fiber width, activated keratocytes, smaller corneal epithelial cell
size, and an increased number, area and perimeter of micro
neuromas in patients with NCP were identified (Figure 1) [11,
15]. that the of
microneuromas on IVCM could serve as a biomarker to

Previous study suggested presence
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distinguish NCP from DED, with high sensitivity and
specificity [16]. However, recent evidence indicates that
microneuromas can be observed not only in patients with
NCP, but also in painless DED and even in healthy subjects
[17]. From a diagnostic perspective, the mere presence of
microneuromas therefore appears insufficient to indicate
corneal neuropathic alterations. Quantitative microneuroma
metrics, such as perimeter and area, may be required to
improve diagnostic specificity [17].

Pathogenesis and pathways involved in
neuropathic corneal pain

NCP is characterized by increased release of excitatory
neurotransmitters at presynaptic terminals, ectopic firing of
nerve fibers, nerve sprouting and rewiring, spontaneous
generation of action potentials, abnormalities in signal
conduction, and transformation of non-nociceptive sensory
fibers into nociceptive ones [18]. Nociceptors are important
for pain perception and can produce action potentials in
response to thermal, mechanical, chemical, or polymodal
stimuli [19]. The nociceptors are centrally connected to
higher-order somatosensory pain pathways and the thalamus,
where pain is perceived. Tissue damage and inflammation of the
ocular surface cause peripheral axonal injuries and release of pro-
inflammatory mediators, which lower the activation thresholds
of ion channels in affected nerve endings. These sensitizing
effects may spread to adjacent nociceptors, enhancing
peripheral nociceptive signaling and ultimately leading to
peripheral sensitization [20].

In addition to the ascending pathways that transmit pain
signals, descending modulatory pathways also play a critical role
in NCP by contributing to central sensitization and heightened
pain perception [21]. Descending inhibitory activity is believed to
originate from the reticular system and thalamus, activating
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(GABA)
modulating interneurons, and ultimately altering ascending

central gamma-aminobutyric  acid receptors,
trigeminal pain signals. Normally, interneurons release inhibitory
neurotransmitters that suppress nociceptive signaling [22].
However, persistent insult reduces the inhibitory effect of GABA
on ascending pathways due to changes in chloride currents [23]. As
a result, signals in the ascending pain pathways intensify,
to the [24].

Furthermore, descending modulation of the trigeminal nuclei

contributing perception of chronic pain
can be either inhibitory or facilitatory. Inhibitory control
predominates under physiological conditions, while a shift
toward facilitatory modulation following tissue or nerve injury
may contribute to the development of chronic pain [25].
affect

neurophysiology and inflammation by altering the expression

Genetic  polymorphisms can also corneal
of neurokines and neuromediators which influences the clinical
presentation and severity of NCP. A recent report discovered a
single nucleotide polymorphism (rs140293404), an intronic
variant in the gene ENSG00000287251, that has met the
genome-wide significance threshold for NCP [26]. Genetic
polymorphisms  may
susceptible to NCP.

Continuous stimulation of corneal nerves causes the release

explain why some are more

of glutamate from presynaptic afferent neurons, which activates
two types of glutamate receptors: N-methyl-D-aspartic acid
receptors (NMDAR), responsive to strong stimuli, and a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPAR), sensitive to weaker signals [27]. The
activation of NMDAR results in intense and prolonged neural
responses [9]. Peripheral axonal injury induces the release of
inflammatory mediators that decrease the threshold potentials of
ion channels in nerve endings, intensifying neural responses.
Moreover, mechanical stimuli in the cornea are transduced by
Piezo2 channels, which are low-threshold mechanically activated
channels expressed in trigeminal sensory neurons innervating
the cornea [28]. Research indicates that Piezo2 contributes to
various forms of mechanoreceptive sensitization, including
mechanical allodynia induced by inflammatory responses or
injury [29, 30]. In NCP, alterations in Piezo2 channel function
may affect innate reflexes and cause mechanical hypersensitivity
[31]. Recurrent dysregulation of Piezo2 signaling may facilitate
nociceptive sensitization and influence long-term central
nervous system responses even after the offending stimulus is
removed [32]. A previous study using Piezo2 conditional
knockout mice demonstrated that Piezo2 channels in corneal
neurons are directly involved in corneal mechano-nociception
[33]. However, systemic inhibition of Piezo2 for neuropathic
pain relief is not feasible due to its essential role in
mechanotransduction  processes across multiple organs,
[33].
Despite this limitation, topical inhibition of Piezo2 in the

including touch, proprioception, and interoception

cornea may represent a promising strategy to alleviate
discomfort and pain associated with corneal mechanical
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irritation and warrants further investigation. Additionally,
photophobia and photoallodynia are common symptoms in
NCP. The presence of melanopsin expression in trigeminal
neurons suggests the existence of a functional neural pathway
that permits light to influence various sensory processes [34].
Neurotrophins released during neuroinflammation in NCP
act as retrograde signaling molecules. Evidence from trigeminal
ganglion studies demonstrate that neurotrophins can induce
changes in ion channel expression and membrane excitability
in sensory neurons. Although the specific role of neutrophils in
NCP remains incompletely understood, findings extrapolated
from peripheral nerve injury models indicates they may promote
nerve depolarization and contribute to altered pain perception
through modulation of neuronal properties [35]. Chronic
neuropathic nerves may further lead to reorganization,
resulting in more excitable and abnormal firing patterns [36].
Furthermore, recent research indicates that immune cells,
including dendritic cells, release neuropeptides and neurokines
that modulate neuronal excitability, contributing to peripheral
[37]. These
neuroinflammation, which perpetuates the cycle of NCP [38].

sensitization collectively exacerbate
As time passes, sustained peripheral input may facilitate the
development of central sensitization, where central neurons
become increasingly responsive to similar levels of pain,
resulting in heightened pain perception [39].

On a molecular level, neurokines like Interleukin- 1 Beta (IL-
1) and Tumour Necrosis Factor-Alpha (TNF-a) bind to
receptors on corneal sensory afferents, modulating neuronal
excitability and lowering thresholds for generation of action
potential, thus, facilitating the release of neuropeptides such as
substance P [37, 38]. Substance P directs immune cells to the
terminals of nociceptors, where they release neurokines that
contribute to neuropathic pain [40]. Substance P and
Calcitonin Gene-Related Peptide (CGRP) have prolonged
effects on corneal nociceptors and are strongly implicated in
sensory hypersensitivity [35]. Neurokines and neurotrophic
factors promote the reorganization and increased sprouting of
peptidergic nerve fibers [41]. Additionally, nerve growth factor
(NGF), a neurotrophin, increases in the tears of patients with
NCP [11], altering the expression of transduction molecules in C-
and Ad-fibers, increasing their excitability [42, 43]. Our group
further identified the significantly dysregulated tear proteins in
NCP. Specifically, the levels of metallothionein-2, creatine kinase
B-type, vesicle-associated membrane protein 2, neurofilament
light polypeptide and myelin basic protein were significantly
over-expressed [11].

Current management of neuropathic
corneal pain

Treatment of NCP involves a complex, long-term and multi-
step approach. Lubricants lower tear osmolarity and dilute pro-

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2026.10712

Shanmathi et al. 10.3389/ebm.2026.10712

TABLE 1 Current management strategies for neuropathic corneal pain.

Treatment Mechanism of action

Lubricants Lubricants dilute pro-inflammatory mediators and lower tear osmolarity [44]

Topical steroids Topical steroids prevent leukocyte migration by inhibiting cytokine, prostaglandin, and leukotriene production [44]
Topical cyclosporine Cyclosporine suppresses T-cell activation and reduces inflammatory cytokines [44]

Autologous serum tears (AST) AST contains growth factors and anti-inflammatory components that promote corneal nerve regeneration and reduce

pain and photoallodynia [45]

Cryopreserved amniotic membrane Confers anti-inflammatory and neurotrophic effects [47]

(PROKERA®)

Bandage contact lenses/scleral lenses These lenses protect the ocular surface, reduce mechanical irritation, and promote healing [47]

inflammatory mediators, while topical steroids or cyclosporines electricity were attributed to the activation of the descending
have been a cornerstone in anti-inflammatory treatments due to inhibitory pathway, increasing the production of endogenous
their ability to inhibit the production of cytokines, opioids [50] and other neurochemical compounds such as
prostaglandins, and leukotrienes. They also prevent leukocyte serotonin [51], GABA [52], and adenosine [53]. The pain
migration, contributing to their overall effectiveness in reducing reduction could also be attributed to the gate-control theory
inflammation [44]. Autologous serum tears (AST) have been proposed by Melzack and Wall, which states that pain is
shown to improve corneal nerve regeneration, relieve corneal modulated by inhibiting small afferent nociceptive fibers
pain and photoallodynia as they contain growth factors and anti- through the activation of larger afferent fibers of the spinal
inflammatory components [45]. When symptoms of NCP are cord [54]. This leads to the activation of inhibitory
due to central sensitization, systemic pharmacotherapy such as interneurons and reducing nociceptive signaling [55].

tricyclic antidepressants, anticonvulsants, low-dose naltrexone, Among different electrotherapies, Transcutaneous Electrical
serotonin-norepinephrine inhibitors, sodium channel blockers Nerve Stimulation (TENS) is a widely used form that involves
and calcium channel ligands are used. They may also help in placing electrodes on the skin near the painful area that deliver
treating peripheral sensitization and speed up relief measures low-frequency electrical impulses to stimulate the affected
[46]. Other ocular treatments include cryopreserved amniotic nerves. Previous studies suggest that TENS may reduce
membrane (PROKERA®, Bio-Tissue, Miami, FL) that confer nociceptive signaling by decreasing nociceptor activity,
anti-inflammatory and neurotropic effects and extended-wear modulating the expression of pain-related ion channels, thus
soft bandage contact lenses or scleral lenses that protect the inhibiting nociceptor neurotransmission [56]. f-endorphins and
ocular surface and promote healing by reducing mechanical methionine-enkephalin levels, which interact with opioid
irritation [47]. Table 1 summarizes the current common receptors, increase after high-frequency TENS, which may
management strategies for Neuropathic Corneal Pain and its contribute to reduced release of glutamate and substance P in
mechanism of action. the spinal cord [55].

In addition to the above-mentioned treatment, In diabetic neuropathy, conventional treatments for painful
electrotherapy is an emerging option that utilises electrical diabetic neuropathy have essentially focused on drug therapies
stimulation (ES) to modulate pain and is being explored as a such as gabapentin, pregabalin, duloxetine, and tricyclic
potential treatment for managing NCP via pain modulation, antidepressants. However, these drugs are associated with
neuroplasticity and reduction of sensitization [48]. notable side effects involving dizziness, sedation, peripheral

edema and anticholinergic effects including cardiac
arrhythmias [9]. Despite these treatments, many patients

Electrothera Py as a thera peutic experience persistent pain, incurring substantial indirect and
approach for neuro pathIC pain direct economic costs [57]. ES is a potentially safer option due
to its minimal contraindications and absence of known drug

Electrotherapy in peripheral interactions [58]. Clinical studies reported that ES enhances
neuropathic pain peripheral ~ cutaneous  circulation, potentially  through
stimulation of sympathetic nerves [59]. Although improved

Electrotherapy has been used in the treatment of peripheral cutaneous circulation has been associated with pain relief in
neuropathic pain. It involves using electrical impulses to neuropathic conditions [60, 61], the specific underlying
stimulate nerves in the affected area, helping in pain mechanisms remain incompletely understood. Additionally,
reduction and promoting healing [49]. The analgesic effects of ES has been shown to increase vascular endothelial growth
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factor (VEGF) levels. VEGF improved the microcirculation
associated with neuropathy, which may enhance nerve
[62].
increases in beta-endorphin levels [63], heightened expression

function Other studies have demonstrated notable
of CGRP [64], reduction in inflammatory markers [65], and
increased NGF after ES [66]. ES also diminishes pain by
inhibiting nociception at the presynaptic level within the
dorsal horn, thereby preventing the central transmission of
pain signals [67]. Kumar et al reported that TENS resulted in
a reduction in pain and discomfort in 83% of patients, although
the symptoms recurred approximately after 1 month upon
termination of TENS [68]. However, a systematic review
presented only a slight reduction in pain intensity favoring
TENS. The considerable variation in treatment protocols, such
as the intensity, frequency, and duration of TENS application,
made it challenging to synthesize the research findings
effectively [69].

In this review, we aim to explore the role of electrotherapy in
the management of NCP, focusing on its underlying
mechanisms, efficacy, and clinical applications. We evaluate
current evidence, highlight emerging technologies, and discuss
future  directions  for into

integrating  electrotherapy

clinical practice.

Search strategy and selection criteria

An electronic literature search was conducted on the
PubMed database to explore the effects of electrotherapy in
the management of NCP. The search utilized a combination
of the following terms: “(Electrotherapy OR Electrical
OR TENS OR Neuromodulation)” AND
“(Neuropathic Corneal Pain OR Keratoneuralgia OR Corneal

Stimulation

Neuropathy OR Corneal Pain OR Neuropathic Ocular Pain)”
AND”
Methods of stimulation such as transcranial direct current are

(Management OR Treatment OR Intervention)”.

not within the scope of this narrative review because it is unclear
which pain pathways are involved. The search spanned from the
database’s inception to December 18, 2024, with no filters
applied. The initial search yielded 179 references published
between 1955 and 2024. Articles of various study types,
including clinical trials, meta-analyses, randomized controlled
trials, reviews, and systematic reviews, relevant to the application
of electrotherapy in NCP, were included after duplicate removal.
Exclusion criteria included non-English articles and those
without full-text availability. Following the application of
inclusion and exclusion criteria and a screening of titles and
abstracts for relevance, 45 references were deemed suitable for
further review (Figure 2). Full-text versions of these articles were
assessed for eligibility. Additional relevant studies identified
through cross-referencing were incorporated to provide a
broader discussion, of

encompassing the application

electrotherapy in neuropathic pain.
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Electrotherapy in neuropathic
corneal pain

Recent advancements in neurostimulation technologies have
led to improved outcomes in reducing chronic corneal pain,
particularly in cases where conventional treatments have proven
ineffective. Hence, electrotherapy has emerged as a treatment
option for managing NCP, offering a potential alternative to
traditional pharmacological treatments or as adjunct therapy
together with conventional therapy. By delivering targeted ES
to affected nerves, this therapy aims to modulate pain signals and
potentially promote nerve regeneration [70].

Transcutaneous trigeminal ganglion stimulation

The pain signals from the cornea are transmitted via the
trigeminal nerve, which connects with second-order neurons in
the trigeminal subnucleus caudalis. These neurons send signals to
the thalamus, where they link with third-order neurons that
extend to the sensorimotor cortex and paralimbal region, both of
which play a role in the emotional experience of pain [71]. Pain
management may be improved by targeting different points
along these pathways. A single case report described the use
of transcutaneous trigeminal ganglion stimulation in a patient
who developed severe NCP following laser-assisted in situ
keratomileusis (LASIK). An electrode array was implanted
into the trigeminal ganglion through the left foramen ovale, in
which an electrode was inserted and positioned toward the
V1 branch of the trigeminal ganglion. Intraoperative testing
with the patient awakes
V1
unilateral stimulation, the patient reported immediate relief

confirmed paresthesia in the
region without causing corneal anesthesia. Despite
from bilateral pain. Symptom relief was maintained for
8 months but the pain re-emerged when the electrode leads
migrated [72]. While these observations provide preliminary
evidence suggesting that trigeminal ganglion stimulation may
have effectiveness on the treatment of NCP, the evidence limited
to a single case. Further studies are required to establish the
safety, efficacy, and clinical applicability of this approach.
Additionally, as an anecdotal observation, it lacks a control
group to compare the outcomes of the neuromodulatory
treatments with other treatment modalities or a placebo.
Without such a comparison, it is challenging to ascertain
whether the observed outcomes were directly due to the
treatments or influenced by other factors, such as the natural
variation of symptoms over time or psychological elements
affecting the perception of pain. The report mentions
complications such as the migration of the electrode and
catheter, which required additional procedures and revisions.
These complications suggest that whilst the treatments may
provide short-term benefits, they may also carry risks of
failure or require further interventions. It is also important to
note that the effectiveness of these treatments may rely on the
expertise of the healthcare team and the availability of specific
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Identification

Records identified through
Pubmed Search (n = 179)

Records after duplicates
removed (n = 0)

l

(n=179)

Titles and abstracts screened

Records excluded (n = 138)

Screening l

inclusion (n = 41)

Full-text articles assessed for

Records excluded non-eligibility
(n=4)

l

Supplementary articles extracted from
bibliographies of included full-text
articles (n = 12)

Supplementary Full-text articles eligible for
articles inclusion (n = 37)
Included Total studies included in
qualitative synthesis (n = 49)
FIGURE 2

Flow diagram of the literature selection process for the present review.

equipment, which could limit the broader applicability.
Moreover, the durability of symptom relief and the long-term
safety profile remain uncertain, which warrants long-term
follow-up studies. Consequently, the clinical applicability of
trigeminal ganglion stimulation for NCP remains limited, and
further well-designed, controlled studies are required before its
therapeutic role can be defined.

Transcutaneous electrical stimulation

The pain modulation effects of electrotherapy in NCP may
result from its nerve-stimulating effects. A study focused on
determining the effect of transcutaneous electrical stimulation
(TES) on corneal nerve regeneration in rabbits that underwent
keratectomy (SLK) [73]. TES was
administered for 28 days following the corneal nerve injury

superficial lamellar
secondary to SLK. Corneal sensitivity was measured, and
changes in the corneal tissue were observed through Western
blotting, real-time polymerase chain reaction (PCR), and
immunofluorescence in which proteins involved in corneal
nerve regeneration and wound healing were evaluated.
Compared to post-treatment day 1, corneal sensitivity
increased on day 7 in both the control group and the 2-Hz
and 20-Hz treatment groups. Notably, the corneal sensitivity in
the 2-Hz and 20-Hz groups (both 1.5 + 0.0 cm) was significantly
higher than that in the control group (0.8 + 0.3 cm) on day 7.
Western blotting showed that the expression of SPRRIA, a
regeneration-associated protein, was significantly increased in

the 2-Hz group on days 1 and 7 compared to the control and 20-

Experimental Biology and Medicine 07

Hz groups. PCR results showed a significant increase in NGF on
day 1 in the 2-Hz group compared to the other groups.
Furthermore, immunofluorescence demonstrated notable
nerve regeneration, with a significantly higher density of
subbasal nerve plexus and nerve terminal in the 2-Hz
group. These results collectively suggest that TES promoted
corneal nerve regeneration and enhanced corneal sensitivity in
the SLK rabbit model. However, this study only tested only two
frequencies (2 Hz and 20 Hz) of ES. Although corneal nerve
regeneration was assessed, the authors did not directly measure
pain or other subjective symptoms.

In another randomized clinical study, TES improved corneal
nerve sensitivity 3 months after LASIK, potentially by promoting
accelerated regeneration of corneal nerves [74]. Among the total
of 40 eyes from 20 patients, one eye was randomly assigned to
receive 60 min of TES at 20 Hz, while the other eye served as a
control. Corneal sensitivity was assessed using the Cochet-
Bonnet esthesiometer at four peripheral and five central
locations within the LASIK flap, both preoperatively and at
multiple postoperative intervals (1 day, 1 week, 1 month, and
3 months). Notably, this study focused on postoperative corneal
nerve sensitivity and regeneration and did not include direct
assessments of pain severity or TES-induced pain relief.

It has been proposed that ES promotes nerve and tissue
regeneration via an increased calcium influx into neurons. When
ES was applied to cultured dorsal root ganglion neurons, it
significantly enhanced neurite outgrowth [75]. Similar to
peripheral nerve injuries, corneal nerves also rely on calcium-
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dependent processes for regeneration. Blocking calcium
waves—whether by inhibiting voltage-gated calcium channels
or calcium release from intracellular stores like the endoplasmic
reticallum—has been shown to impair nerve regeneration. ES is
hypothesized to increase retrograde calcium signals, thereby
activating nerve repair [76]. ES might also decrease the time
needed for corneal nerve fibers to reconnect to their target areas,
potentially reducing the chronic pain associated with delayed
regeneration in NCP [75]. While the functional recovery of
corneal nerves due to ES has been demonstrated, direct
the

physiological mechanisms involved remains ambiguous and

evidence pertaining to structural recovery and

requires further research.

Transcutaneous electrical nerve stimulation
More recently, Zayan et al presented the use of TENS for
managing chronic ocular pain. Fourteen patients with chronic
ocular pain who had previously received treatments such as
that
insufficient relief were recruited [77]. These patients received

topical medications and oral analgesics provided
TENS treatment for a minimum of 3 months, with a median
duration of use being 6.5 months. All patients were able to
integrate TENS into their ocular pain management regimen. The
parameters such as pulse width, amplitude, and frequency were
adjusted to each patient’s comfort level. Patients were instructed
to use the TENS device up to three times daily, adjusting the
intensity to their comfort. The device operated at pre-set
frequencies of 5000/5100 Hz, creating a 100 Hz beat
frequency. Four electrodes were placed near the trigeminal
nerve branches on the forehead and temple. Patients adjusted
the intensity by increasing the signal until they no longer felt
pain, then lowering it slightly. This process was repeated on the
right side first, followed by the left. Patients initially reported a
median device usage of 14.0 times per week (range: 3 - 21).
However, their usage decreased to a median of 3.0 times per week
as they began experiencing the benefits by the time of the last
follow-up. The findings suggested that TENS therapy resulted in
significant, long-lasting pain reduction in most of the study
patients, where 90% patients indicated a subjective reduction
in pain. Pain intensity was reduced by about 27.4%. None of the
patients reported experiencing any adverse effects. This study
provides preliminary evidence for TENS as a treatment for NCP,
with the potential to complement pharmacological therapies. It
opens avenues for further research into the long-term efficacy of
TENS in NCP. However, concerning the treatment protocol,
patients used the TENS device at varying frequencies. Further
studies on the optimal frequency, standardized protocol and
long-term effectiveness of TENS are warranted for wider clinical
applications. Moreover, participants were taking multiple
systemic analgesics, which is a significant confounding factor
that limits the ability to attribute the analgesic effects solely to
TENS. Future studies with better control for the use of systemic
analgesics may isolate the effects of TENS more clearly.
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It is important to recognize that sympathetic efferent
hyperactivity can often play a significant role in the
development and persistence of neuropathic conditions,
including NCP. TENS has
sympathetic activity through a sympatholytic effect, which

been found to influence

may help explain its pain-relieving effects [78]. Unlike oral
Anti-
inflammatory Drugs that often present with systemic side

medications such as opioids and Nonsteroidal
effects, TENS may have fewer systemic side effects due to
localized application. This is especially important for older
patients with other comorbid conditions where one should be

more cautious with the side effect profile of certain drugs.

Intranasal neurostimulation (ITNS)

Recently, ITNS has emerged as a novel electrotherapeutic
approach targeting the neurophysiology of the lacrimal
functional unit and has recently gained attention in the
management of DED and ocular pain. TrueTear (Allergan,
San Diego, CA), an ITNS device approved for the treatment
of DED, delivers adjustable electrical pulses (up to 13 V or 5 mA
at 30-60 Hz) to stimulate the anterior ethmoidal nerve, thereby
activating the nasolacrimal reflex [70]. Clinical studies have
demonstrated a favorable safety profile, with mild, self-limited
nasal discomfort and occasional epistaxis being the most
commonly reported adverse events [79]. Both animal and
human studies further suggest that intranasal stimulation not
only increases tear secretion but also promotes lipid and mucin
release, supporting a more comprehensive restoration of tear film
components [80, 81]. An interventional case series involving
DED patients with ocular pain reported that ITNS significantly
increased tear volume and reduced symptom severity, including
dryness and ocular pain [82]. Notably, improvements in pain and
dryness were not correlated with changes in tear volume,
that effects
independently of tear production. ITNS is hypothesized to

indicating analgesic of ITNS may occur
share mechanisms with TENS [83]. Stimulation of large-
diameter AP fibers in the anterior ethmoidal nerve may
presynaptically inhibit nociceptive input from small corneal C
fibers at the level of the spinal trigeminal nucleus, thereby
reducing pain perception in the somatosensory cortex.
However, the study did not assess corneal nerve morphology,
which may be relevant to the outcome of NCP. Additionally, only
a single ITNS session was performed, and the durability and
reproducibility of the treatment effects after multiple sessions
require further investigation.

Another study enrolled patients with peripheral or mixed
NCP and evaluated the effects of daily ITNS over a 90-day
period [84]. The results indicated that ITNS could effectively
alleviate pain symptoms, with a more pronounced reduction
observed in patients reporting burning sensations. However,
heterogeneity in treatment response was noted, as some
tolerance to

patients appeared

treatment over time. Taken together, ITNS may present a

to develop repeated
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promising adjunct treatment for NCP and future prospective
randomized trials are warranted.

Extranasal neurostimulation (EXNS)

EXNS is a targeted electrotherapy approach that stimulates
the external nasal nerve, a terminal branch of the anterior
ethmoidal nerve, which is an extraconal branch of the
nasociliary nerve [85]. Although the external nasal nerve is
initially regarded as a sensory nerve containing Ab fibers, it
has been shown to stimulate tear production by activating the
lacrimal functional unit [85]. According to the gate control
theory, stimulation of these AP fibers via EXNS may inhibit
pain signals transmitted by smaller-caliber AS and C fibers
originating from the cornea [86]. This inhibition reduces the
transmission of pain signals to second-order neurons in the
trigeminal nucleus, ultimately decreasing the pain signals
reaching the somatosensory cortex [83]. A pilot study
investigating the efficacy of EXNS in patients with refractory
peripheral or mixed NCP reported that following a single session
of EXNS, patients had an average pain reduction of 54.88% as
measured by the Visual Analog Scale (VAS) [87]. Subgroup
analysis showed a 68.40% decrease in pain intensity for
patients with peripheral NCP and a 43.61% reduction for
those with mixed NCP. Moreover, 63.63% of NCP patients
experienced at least a 50% improvement in pain, 9.09% had a
30-49.9% improvement, while 27.27% showed less than 30%
improvement. However, there existed significant variation in the
responses of patients in this study. These findings suggest that
EXNS may serve as an adjuvant therapy to alleviate pain in NCP
patients, especially those with a peripheral pain component.
However, this study primarily assessed pain outcomes and did
not evaluate changes in tear film parameters. Future research is
needed to explore the long-term efficacy of EXNS, its impact on
tear film quality, and whether it can enhance the effects of other
treatments in managing NCP.

Scrambler therapy

Scrambler therapy is another non-invasive electrotherapeutic
approach designed to remodulate aberrant pain signaling and has
emerged as an option for the management of various forms of
neuropathic pain, and its efficacy has been supported by multiple
randomized and non-randomized clinical trials [88]. Scrambler
therapy delivers constantly changing electrical signals across the
affected dermatome(s) to substitute pathological “pain”
information with synthetic “non-pain” signals. These signals
engage peripheral nerve fiber endings, generate action
potentials, and transmit altered sensory information to the
spinal cord and brain [89]. This process is thought to
modulate central pain processing, potentially through
redistribution of cerebral blood flow from pain-related regions
toward frontal inhibitory centers [89]. In addition, successful
therapy has been associated with normalization of serum

neuroinflammatory mediators, including NGF, suggesting a
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broader neuromodulatory and anti-inflammatory effect [90].
A typical treatment session lasts 30-45 min and may be
repeated up to ten times or until adequate pain relief is
achieved. In cases of pain recurrence, booster sessions (usually
two to three treatments) can be administered and often result in a
more sustained remission [88]. A case series involving 3 patients
with unilateral NCP who were refractory to conventional topical
and systemic treatments or experienced intolerable side effects
demonstrated meaningful functional improvement and a
reduced reliance on systemic analgesics, although complete
pain resolution was not achieved [91]. These findings suggest
that Scrambler therapy may be a potential treatment approach
for NCP. All patients had pain associated with a documented
extra-ocular trigeminal nerve injury, limiting the generalizability
of these findings. Consequently, the effectiveness of Scrambler
therapy in bilateral NCP or in cases arising directly from ocular
further
investigation. While Scrambler therapy may offer more
durable
transcutaneous electrical nerve stimulation, its clinical use is

surface disease remains uncertain and warrants

pain modulation compared with conventional
constrained by the need for specialized equipment and trained
providers, limiting accessibility. Table 2 summarizes the key
of the of

electrotherapy on NCP.

findings publications  on application

Discussion
Limitations and future directions

Electrotherapy is contraindicated in patients who are
pregnant, epileptic, have cancer, or have cardiovascular
disease. It is also contraindicated for those patients who have
implanted electrical devices or have recently undergone
radiotherapy due to unpredictable tissue response after
radiotherapy [92]. Electrotherapy should also be avoided when
skin is irritated, infected, bleeding or extremely sensitive [93].
This may narrow the number of patients who can be treated or
participants for trials.

Currently, there are no standardized guidelines that exist for
electrotherapy in NCP, causing a difference in the parameters
used such as intensity, treatment duration and frequency. This
makes the comparison of outcomes between studies much harder
and hampers reproducibility. Insufficient stimulation may yield
suboptimal outcomes, while excessive stimulation could result in
adverse effects or diminishing returns. Determining the optimal
dose of electrical therapy would be part of future research.
Modification of ES according to the unique pathophysiology
of corneal nerves may be necessary as it vastly differs from
peripheral nerves.

In addition, the above-mentioned studies did not include a
comparative arm, making it difficult to conclude whether the
observed pain reduction was directly due to ES or attributed to
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TABLE 2 The application of electrotherapy in the management of neuropathic corneal pain.

10.3389/ebm.2026.10712

Study Study type Electrotherapy Key findings Conclusion
Sayegh Case study Percutaneous stimulation of the trigeminal = Complete symptom relief after electrode = Trigeminal ganglion stimulation is
et al. [72] ganglion in a 32-year-old woman with severe | implantation, but pain recurred with lead = effective for treating severe NCP in
corneal neuropathic pain after LASIK migration LASIK patients unresponsive to
conventional therapies
Yoo Experimental TES at 2-Hz & 20-Hz frequencies for 28 days | Increased corneal sensitivity in both TES = TES promotes corneal nerve
et al. [73] study on New Zealand white rabbits with corneal | groups with significant increase in regeneration in the rabbit SLK model,
nerve damage induced by SLK SPRR1a, NGF and nerve regeneration with 2-Hz frequency being more effective
observed in the 2-Hz group than 20-Hz frequency, indicating
potential for clinical applications in
corneal nerve degeneration
Zayan Retrospective Home use of TENS device in ten patients with | Overall pain intensity decreased by 27.4% = Integration of TENS into the long-term
etal. [77] study chronic ocular pain unresponsive to post-treatment with no adverse events management of ocular pain leads to
conventional treatments reported improvements in overall pain intensity
Farhangi Retrospective case | A single session of ITNS treatment in DED | ITNS significantly increased tear volume = ITNS may present a promising adjunct
et al. [82] series study patients with ocular pain and reduced the severity of dryness and = treatment for NCP and the analgesic
ocular pain symptom. Improvements in | effects of ITNS may occur independently
pain and dryness symptoms not of tear production
correlated with in tear volume changes
Olcucu Prospective study | Daily ITNS treatment in patients with ITNS reduced pain scores evaluated by ~ ITNS can be effective in relieving pain
et al. [84] peripheral or mixed NCP over a 90-day ocular pain assessment survey, with a symptoms in most patients with
period more pronounced reduction observed in | peripheral and mixed NCP, in particular
patients reporting burning sensations in patients with burning
Koseoglu Retrospective A single session of EXNS in patients with NCP patients had an average pain EXNS may serve as an adjuvant therapy
et al. [87] pilot study refractory peripheral or mixed NCP reduction of 54.88%. Peripheral NCP to alleviate pain in NCP patients,
patients reported a 68.40% pain especially those with a peripheral pain
reduction, while mixed NCP patients component
reported a 43.61% pain reduction
Karakus Case series study | Scrambler therapy in 3 patients with All patients had pian relief and a reduced = Scrambler therapy may be a potential
etal. [91] unilateral NCP who were refractory to reliance on systemic analgesics, although = treatment approach for NCP. Its
conventional treatments or experienced complete pain resolution was not effectiveness in bilateral NCP or in cases
intolerable side effect achieved arising directly from ocular surface
disease warrants further investigation

LASIK, laser-assisted in situ keratomileusis; NCP, neuropathic corneal pain; TES, transcutaneous electrical stimulation; SLK, superficial lamellar keratectomy; SPRR1a, small proline-rich

repeat protein 1A; NGF, nerve growth factor; TENS, transcutaneous electrical nerve stimulation; ITNS, intranasal neurostimulation; DED, dry eye disease; EXNS, extranasal

neurostimulation.

spontaneous improvement or concurrent treatments. Future
research should incorporate control groups to establish the
cause-and-effect relationships concerning the efficacy of TENS.

Individual differences in the underlying etiology of NCP may
also influence the effectiveness of electrical therapy. Factors such
as baseline nerve damage, pain sensitivity, and response to
treatment may lead to inconsistent outcomes. Moreover, most
studies focus on short-term outcomes, with limited data on long-
term efficacy and safety. It remains unclear whether the
advantages of electrical therapy are sustained over time or
require continuous treatment. The need for repeated sessions
of electrotherapy over weeks or months may impose a logistical
and financial burden on patients.

Furthermore, the use of electrotherapy requires specialized
equipment and trained personnel, which may not be readily
available in all healthcare settings, limiting its widespread
adoption, particularly in low-resource settings and third-world
countries. Reliance on subjective assessments, such as pain scores
and patient-reported outcomes, may introduce bias. Objective
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measures, like corneal nerve imaging or electrophysiological
data, are less frequently used, making it difficult to assess and
adjust therapy dynamically.

Future directions can focus on investigating optimal
parameters for various electrotherapy modalities such as TENS
or trigeminal nerve stimulation. These can include intensity,
duration, and frequency in respective patients to achieve
maximal therapeutic outcomes. More effort should also be put
in developing individualized electrotherapy regimens based on
patient-specific factors so that it is catered to specific patient
needs. The combined use of electrotherapy and pharmacological
treatments should also be explored to maximize the efficacy of pain
management.

Future studies should also aim to explore the molecular and
cellular processes by which electrotherapy aids in pain alleviation
and nerve regeneration. More detailed research into neurotrophic
factors, such as BDNF and NGF, as well as calcium influx, could
provide valuable insights. Moreover, follow-up studies can be
performed to assess the lasting effects of electrotherapy in
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chronic NCP management and potential symptom recurrence. The
safety of electrotherapy over extended periods while focusing on
potential adverse effects can also be assessed on each patient, but
objectively quantifying pain level and comfort might be hard. Long-
term studies, larger-scale, and comparative or randomized
controlled trials are required.

Conclusion

Electrotherapy shows significant promise in the management
of NCP. TENS has shown potential in reducing NCP severity,
associated symptoms and improving corneal nerve function,
indicating both symptomatic relief and recovery of nerves.
The mechanism with which electrotherapy is used to treat
peripheral neuropathic pain can be applied to NCP as well.
Despite the promising results, challenges such as pain recurrence
and the identification of optimal therapeutic parameters persist.
The incorporation of electrotherapy into long-term management,
especially for patients refractory to conventional treatments,
warrants more research. While electrotherapy can emerge as a
promising form of treatment in patients with NCP that offer
benefits over current treatment, further research, including
large-scale validation, clinical trials with control groups and
longer follow-up period, and a deeper exploration of the
molecular mechanisms involved, is critical to optimizing the
safety and efficacy of electrotherapy in this clinical context.
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