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A B S T R A C T

Background: Phantom Limb Pain (PLP) is a common and intractable neuropathic pain condition that occurs 
following limb amputation, significantly impacting patients’ quality of life. The prevalence of PLP ranges from 
45% to 85%. Traditional pharmacological treatments have limited efficacy and are frequently accompanied by 
significant side effects.
Objective: This review aims to provide a comprehensive overview of the multi-level pathophysiological me
chanisms underlying PLP, synthesize clinical evidence on both invasive and non-invasive neuromodulation 
techniques, analyze differences in therapeutic outcomes and targets, and offer insights for clinical practice and 
future research.
Methods: This is a narrative review that integrates the existing evidence and current clinical applications of 
various treatment approaches for PLP.
Results: The mechanisms of PLP involve peripheral nerve ectopic discharges, cortical reorganization, and the 
interaction of various psychological factors. The short-term efficacy of invasive treatments, such as spinal cord 
stimulation (SCS) and dorsal root ganglion (DRG) stimulation, ranges from 14% to 80%. DRG stimulation shows 
more promise in terms of long-term stability. Non-invasive techniques, including repetitive transcranial mag
netic stimulation (rTMS) and transcranial direct current stimulation (tDCS), when combined with mirror 
therapy, can enhance therapeutic outcomes. Emerging technologies, such as brain-computer interfaces (BCI) and 
temporally interfering stimulation (TIS), remain in the preclinical phase of investigation.
Conclusion: Neuromodulation techniques offer a multi-dimensional treatment strategy for PLP, with potential 
improvements through parameter standardization, individualized treatment optimization, validation in multi- 
center randomized controlled trials, and an overall enhancement of clinical efficacy.

1. Introduction

Phantom Limb Pain (PLP) is a common phenomenon in which pa
tients continue to experience pain or other abnormal sensations in the 
lost limb following partial or complete limb amputation.1 The onset and 
duration of PLP vary across individuals, typically appearing within days 
to several months post-amputation.2 Symptoms often manifest as 
burning, stinging, or electric shock-like sensations, all of which can lead 
to significant physical and psychological distress.3 PLP is commonly 

accompanied by other symptoms, such as phantom limb sensations and 
movement disorders; however, pain remains the most prominent and 
debilitating symptom. Epidemiological data suggest that the prevalence 
of PLP among amputees ranges from 45% to 85%,4 with chronic cases 
often resulting in persistent symptoms that severely affect health-re
lated quality of life.

The pathophysiological complexity of PLP, combined with the lim
itations of traditional therapeutic strategies, renders this condition one 
of the most persistent challenges in modern pain management. Current 
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therapeutic approaches primarily rely on pharmacological treatments, 
psychological interventions, and surgical procedures. However, these 
modalities often provide only suboptimal pain relief, accompanied by 
significant adverse effects, which hinder the achievement of sustained 
clinical efficacy.5 This therapeutic deadlock highlights the urgent need 
for innovative and well-tolerated intervention strategies. The con
vergence of cutting-edge technologies in biomedical science has driven 
the development of neuromodulation as a promising alternative to 
conventional therapies. These techniques target pain signal transduc
tion pathways by precisely modulating neural circuit activity. Clini
cally, neuromodulation approaches are categorized into invasive and 
non-invasive methods, each offering distinct therapeutic potential for 
managing refractory PLP. Techniques such as deep brain stimulation 
(DBS), spinal cord stimulation (SCS), transcranial magnetic stimulation 
(TMS), and transcranial direct current stimulation (tDCS) have shown 
varying degrees of efficacy in clinical studies.6 Nonetheless, ongoing 
gaps in knowledge regarding the sustainability of long-term outcomes 
and the optimization of treatment protocols necessitate continued rig
orous investigation.

This article provides a narrative review of the current advancements 
in neuromodulation therapy for PLP, highlighting both the present 
status and emerging perspectives. It offers valuable insights for clin
icians' treatment practices and informs future research by system
atically examining the underlying therapeutic mechanisms, clinical 
applications, and challenges associated with various neuromodulation 
techniques. Additionally, this review explores potential future direc
tions for the development of neuromodulation therapies, with an em
phasis on enhancing treatment efficacy and tailoring individualized PLP 
management strategies.

2. Mechanisms underlying phantom limb pain

The exact mechanisms underlying PLP remain incompletely under
stood, but it is widely regarded as a multifactorial pain syndrome invol
ving abnormal sensory, emotional, and cognitive experiences,7 as well as 
disturbances in the nervous system.3 Previous studies have shown that 
changes in the brain, spinal cord, and peripheral nerves, particularly 
functional alterations in the primary sensory cortex (S1), primary motor 
cortex (M1), and thalamus, are directly related to the occurrence of PLP 
following amputation.8,9 Evidence suggests that PLP may arise from per
ipheral input dysfunction and cortical reorganization, as well as abnormal 
activity in both the peripheral and central nervous systems.10 It is gen
erally accepted that both the central and peripheral nervous systems play 
pivotal roles in the initiation and persistence of pain associated with am
putation.11 Overall, most current research highlights the multifaceted 
nature of PLP's pathophysiology, which involves intricate interactions 
among psychosocial factors, central nervous system remodeling, and per
ipheral nerve injury.1,12 One of the primary challenges in managing PLP 
lies in addressing the complex interconnections among these processes.

2.1. Peripheral nerve mechanisms

Abnormal nerve fiber regeneration leads to the formation of neu
romas, which subsequently increase the release of neuropeptides (such 
as substance P) and excitatory amino acids (such as glutamate) during 
the process of peripheral nerve transection-induced structural and 
functional damage.8,11 Sodium channels (Nav1.7, Nav1.8) redistribute 
across the neuroma cell membranes, resulting in aberrant membrane 
potentials and heightened channel activity, which amplify ectopic dis
charges and induce abnormal afferent discharge patterns.13 Following 
trauma, regenerative sprouting of damaged axons is accompanied by 
maladaptive structural reorganization, characterized by abnormalities 
in C-fiber terminal arborization and disorganization of dysmyelinated 
α-fiber endings (Fig. 1A).1 This pathological remodeling enhances the 
transmission of pain signals, with abnormal peripheral neural input 
serving as a key factor in the induction of PLP.

2.2. Central neural mechanisms

Following injury, neurons may regenerate or sprout into the dorsal 
horn of the spinal cord,1 leading to central sensitization,14 increased 
excitation of spinal dorsal horn neurons, reduced inhibition, and al
terations in the firing patterns of central pain-processing neurons.10

This results in spinal cord disinhibition and the transmission of noci
ceptive input to the spinal cord center, thereby intensifying pain sig
nals. At the brain level, cortical remodeling15,16 and neuroplasticity17

are key mechanisms. The primary somatosensory and motor cortical 
areas, once dedicated to the amputated limb, are gradually reorganized 
to represent adjacent cortical regions.18 This cortical reorganization 
leads to the formation of aberrant neuronal connections, which are 
implicated in both phantom limb sensation and associated pain 
(Fig. 1B).19 Furthermore, functional magnetic resonance imaging 
(fMRI) studies have demonstrated a positive correlation between pain 
severity and the reorganization of sensory cortical mapping in patients 
with PLP.19 Pain processing in spinal circuits is primarily influenced by 
central sensitization and disinhibition, while alterations in brain re
gions can modulate pain processing through the regulation of des
cending pathways.11

2.3. Psychological mechanisms

Psychological factors, including emotional responses, cognitive 
processing, somatic perception, and stress reactions, play a sig
nificant role in the onset and progression of PLP (Fig. 1C).20 Anxiety 
and depression activate the hypothalamic-pituitary-adrenal axis, 
leading to the release of cortisol, which exacerbates neuroin
flammation and contributes to the development of PLP.21,22 Cata
strophizing pain leads individuals to focus on pain signals, ampli
fying abnormal cortical activation and perpetuating PLP. Cognitive 
behavioral therapy, a positive psychological intervention, has been 
shown to improve neural plasticity, regulate prefrontal cortex func
tion, and enhance the efficacy of neuromodulation therapies.23

During the management of central pain, psychological stress and 
emotional factors can alter nervous system responses, potentially 
worsening or prolonging PLP.23

2.4. Mechanism integration and interaction

Peripheral nerve ectopic discharges (peripheral mechanism) can 
lead to central cortical reorganization (central mechanism), amplifying 
peripheral pain signals and establishing a "peripheral-central vicious 
cycle". Psychological factors, such as anxiety, can exacerbate PLP by 
further promoting central cortical reorganization while simultaneously 
lowering the pain threshold of peripheral nerves. Neuromodulation 
therapies can control central reorganization, break the "peripheral- 
central vicious cycle", and improve the patient's psychological state, 
thereby creating a multifaceted therapeutic effect. By integrating these 
three pathways, a "peripheral-central-psychological" three-dimensional 
model of PLP etiology can be proposed, providing a theoretical fra
mework for discussing Neuromodulation therapy.

3. Neuromodulation in phantom limb pain

Neuromodulation techniques mediate pain relief by directly or in
directly regulating neural circuit functions. The mechanisms underlying 
PLP involve the reorganization of neural network plasticity, regulatory 
control over the cortical-spinal-peripheral neural axis,24 inhibition of 
abnormal neural signal transmission, and modulation of pain percep
tion.11,24 Therefore, the primary goal of neuromodulation is to prevent 
abnormal neuronal discharge patterns while promoting neuronal re
generation and repair processes.6,7 Neuromodulation techniques can be 
classified into invasive and non-invasive categories based on their de
gree of invasiveness. Invasive methods include DBS, SCS, and DRG 
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stimulation.6 Non-invasive alternatives include TMS, tDCS, and trans
cutaneous electrical nerve stimulation (TENS).24

Neuromodulation represents a promising and innovative treatment 
strategy for PLP. Numerous studies have demonstrated its potential to 
significantly alleviate symptoms and enhance patients' quality of life. 
The following sections provide an overview of the clinical applications 
of these neuromodulation technologies, as well as a review of the latest 
advancements in their use for the treatment of PLP.

3.1. Invasive neuromodulation

3.1.1. Deep brain stimulation
DBS involves the implantation of electrodes to deliver electrical 

stimulation to specific brain regions, thereby modulating the interac
tion between the brain and spinal cord (Fig. 2A).25 This technique has 
demonstrated significant improvements in some PLP patients. For those 
who do not respond to spinal cord or peripheral nerve stimulation, DBS 
may serve as an alternative treatment option.26 DBS alters pain per
ception by targeting specific brain regions and is widely used in the 
management of chronic pain.27 Research indicates that pain relief can 
be effectively achieved by stimulating various brain areas, including the 
anterior cingulate cortex (ACC), posterior hypothalamus, internal cap
sule, periaqueductal gray (PAG), periventricular gray (PVG), and the 
ventral posterior medial (VPM) and ventral posterior lateral (VPL) 
nuclei of the thalamus.27–29 However, the limbic system, which is clo
sely linked to the ACC, as well as networks associated with epilepsy 
onset, may pose a risk. Neurons in this region are highly excitable and 
have numerous connections. Electrical stimulation may trigger ab
normal synchronous discharges, potentially lowering the threshold for 
epilepsy onset and inducing epileptic episodes. Thus, careful attention 
must be paid to avoid these areas in clinical applications.26,30 Studies 
have shown that DBS can provide effective analgesia in patients with 
chronic pain. Although treatment responses vary depending on in
dividual neuropathological characteristics and the selection of ther
apeutic targets,31 DBS remains an effective intervention for refractory 
chronic pain. However, its clinical application faces two primary 
challenges: significant resource requirements and the potential for 
surgery-related morbidity. Furthermore, further research is needed to 
validate long-term efficacy and optimize target selection criteria to 
establish an evidence-based implementation strategy.

Patients with refractory PLP who do not respond to spinal cord or 
peripheral nerve stimulation may benefit from DBS. Key targets, such as the 
thalamus and PAG, have been central to studies demonstrating its effec
tiveness. However, challenges remain, including high resource demands, 
increased surgical risks, and unclear target selection criteria. The ACC 
should be avoided due to the potential risk of epilepsy. Long-term safety 
and efficacy require validation through large-scale follow-up studies.

3.1.2. Spinal cord stimulation
The primary theory behind the effectiveness of SCS is the gate control 

theory, which suggests that continuous stimulation of large myelinated 
fibers in the dorsal column of the spinal cord inhibits pain signals from 
smaller unmyelinated fibers (Fig. 2B).25 SCS interferes with electrical and 
metabolic activities in various brain regions, including the cingulate gyrus, 
lateral sensory thalamic nucleus, prefrontal cortex, and postcentral gyrus, 
thereby producing analgesic effects.32 Additionally, distinct opioid re
ceptor types are activated by different SCS frequencies, contributing to 
pain relief.33 SCS has become one of the most important treatments for 
PLP due to its reversibility and minimal invasiveness. Research shows that 
SCS can alleviate PLP with long-term success rates ranging from 14% to 
80%, although its effectiveness may decrease over time.34 Variations in 
success rates are influenced by technical factors (e.g., stimulation fre
quency, pulse width, voltage, and electrode placement), patient char
acteristics (e.g., duration of PLP, pain type, and comorbidities), and follow- 
up periods. While immediate therapeutic benefits are often significant, 
long-term relief may be less consistent.35–37 Possible mechanisms of an
algesic tolerance include reduced endorphin secretion, increased release of 
excitatory amino acids (such as glutamate), desensitization of opioid re
ceptors, and insufficient reversal of abnormal cortical reorganization fol
lowing prolonged stimulation, which can lead to pain recurrence.38 De
spite its popularity as a minimally invasive and reversible procedure for 
PLP, SCS is associated with challenges such as analgesic tolerance and 
variable long-term success rates. Key issues that need further resolution 
include the standardization of treatment parameters and ensuring the 
durability of therapeutic effects.

3.1.3. Dorsal root ganglion stimulation
DRG neuromodulation, as a complement to SCS, is increasingly 

being applied in clinical practice. By directly targeting and repairing 
damaged neurons in the DRG, it inhibits overactive neuron populations, 

Fig. 1. Mechanisms underlying 
phantom limb pain. (A) Damage to 
nerve endings causes inflammation or 
the growth of neuromas, resulting in 
persistent aberrant discharges and 
chemical release that exacerbate per
ipheral sensitization and cause pain. 
(B) Cortical reconfiguration occurs 
when relevant brain regions replace the 
lost limb's representation in the sen
sorimotor cortex following amputation. 
Changes in neuronal and glial cell 
plasticity can impact signaling path
ways, including ion channels, proteins, 
neurotransmitters, and metabolites, 
resulting in aberrant electrical impulses 
and causing pain. (C) Emotional factors 
impact the incidence and duration of 
pain following surgery, contributing to 
Phantom Limb Pain. Abbreviations: 
PNM, peripheral nervous mechanisms; 
CNM, central nervous mechanisms.
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producing analgesic effects (Fig. 2C).39,40 Studies have shown that the 
occurrence of PLP is closely linked to primary sensory neurons in the 
DRG, and stimulating the DRG can disrupt symptom correlation.41,42

Notably, patients report high satisfaction rates with both SCS and DRG 
electrical stimulation. These therapies are typically considered second- 
line treatment options after the failure of drug therapy, particularly for 
chronic refractory pain phenotypes.43 A case study involving patients 
who underwent right upper limb amputation demonstrated the feasi
bility of this approach. After insufficient results from drug intervention, 
SCS provided pain relief and reduced the need for analgesic medica
tions. However, longitudinal follow-up revealed the progressive recur
rence of symptoms and the necessity for adjunctive medication for 
symptom management.37 Comparative analyses indicate that DRG sti
mulation offers more precise coverage of segmental sensory abnorm
alities, addressing the issue of sensory abnormality spread commonly 
seen with SCS. Additionally, DRG stimulation provides superior stabi
lity, long-term effectiveness, and a higher rate of pain alleviation.44–46

DRG stimulation offers substantial benefits in conjunction with SCS 
in terms of electrode reliability, long-term effectiveness, and accurate 
coverage of sensory anomalies. This is appropriate for PLP patients with 
limited pain segmentation or weak SCS efficacy. However, long-term 
safety still needs to be demonstrated in large-scale, expensive studies.

3.2. Non-invasive neuromodulation

3.2.1. Transcranial direct current stimulation
tDCS is a non-invasive neuromodulation technique that has gained 

considerable attention in recent years within the neuroscience com
munity. The basic principle involves applying a low current (1–2 mA) to 

specific scalp areas, modulating the membrane potential of neurons 
without directly triggering action potentials.25 The primary mechanism 
of tDCS is the alteration of the resting membrane potential, which 
subsequently influences neuronal excitability and the resulting neural 
activity patterns (Fig. 3A).48 The M1 and cerebellum are key sites in 
tDCS research for treating PLP.49 Due to its simplicity, potential ther
apeutic benefits, and non-invasive nature, tDCS holds promise for 
modulating brain function and enhancing cognition and behavior.50

tDCS has shown significant effectiveness in treating chronic neuro
pathic pain, particularly PLP, which is often complex and resistant to 
treatment. Bolognese et al. conducted a two-week, double-blind, 
crossover trial to examine the analgesic effects of tDCS on M1. The 
results demonstrated that a 5-day course of M1 stimulation with tDCS 
could provide stable relief from PLP in chronic amputee patients.51

tDCS alleviates PLP symptoms through the neural plasticity adap
tation mechanism of M1.50 This neuroregulatory effect not only sup
ports tDCS as a viable intervention for neuropathic pain but also 
clarifies the neurophysiological factors involved in the pathogenesis of 
PLP. When combined with multimodal rehabilitation programs, ther
apeutic outcomes can be enhanced. Specifically, when paired with 
mirror therapy (MT), tDCS demonstrates a synergistic effect in treating 
PLP.52–54 Segal et al.55 conducted a three-arm randomized controlled 
trial with 30 participants, who were divided into three groups: MT 
alone, MT combined with pseudo-tDCS, and MT combined with true 
tDCS. The results showed that during the 3-month follow-up, pain re
duction in the combined intervention group was more significant than 
in the two control groups. These findings suggest that tDCS combined 
with MT offers long-term therapeutic benefits, providing a sustained 
analgesic strategy for PLP patients. As an advanced neural regulation 

Fig. 2. Overview of the mode of action of in
vasive neuromodulation. (A) Rebuilding of 
neural circuits using electrical stimulation sig
nals to modify neuronal activity in the target 
region. (B) Inhibiting pain signaling by em
ploying electrical stimulation signals to acti
vate inhibitory neurons in the spinal cord's 
dorsal horn. (C) Electrical stimulation signals 
inhibit aberrant discharge in dorsal root 
ganglion neurons, thereby decreasing the 
transmission of pain signals to the central 
nervous system. Abbreviations: ACC, anterior 
cingulate cortex; DBS, deep brain stimulation; 
DRG, dorsal root ganglion; M1, primary motor 
cortex; SCS, spinal cord stimulation.
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model, the collaborative application of tDCS and MT holds significant 
potential for treating refractory neuropathic pain. To further elucidate 
central pain-processing mechanisms and optimize PLP treatment fra
meworks, future research should focus on large-scale randomized 
controlled trials and integrate tDCS with brain imaging techniques such 
as fMRI and quantitative electroencephalography (EEG) to establish 
neurophysiological predictors of treatment responsiveness.56

The benefits of tDCS include its non-invasiveness, safety, and ease of 
use. Stimulation of the cerebellum or M1 has been shown to effectively 
reduce PLP, and when combined with mirror therapy, it enhances 
therapeutic efficacy and prolongs analgesic effects. However, draw
backs include the lack of standardized stimulation parameters and 
considerable individual variation in treatment outcomes. Additionally, 
obtaining data on long-term effectiveness remains challenging.

3.2.2. Transcranial magnetic stimulation
TMS is a widely used non-invasive neurophysiological technique for 

assessing cerebral cortex function. It involves the application of elec
tromagnetic pulses to stimulate the cerebral cortex, thereby modulating 
neural activity (Fig. 3B).25 Repetitive transcranial magnetic stimulation 
(rTMS) has been employed in clinical settings to treat depression for 
nearly 20 years,57 though further research is needed to optimize sti
mulation frequency and intensity for maximum benefit. In one study, 
1 Hz rTMS was used to activate the contralateral cortical motor area in 
patients who had undergone left arm and right foot amputations. The 
results showed a reduction in visual analog scale (VAS) scores in pa
tients with left arm amputations, but no significant change in those 
with right foot amputations.58,59 In another study, 54 patients with PLP 
following landmine injuries received 10 Hz rTMS stimulation at 90% 
resting motor threshold (RMT). Compared to the sham stimulation 
group, the experimental group reported significantly less discomfort 
after treatment.60 A study involving 17 PLP patients who received 
20 Hz rTMS stimulation to the hand region of M1 in their healthy limb 

found that patients with upper extremity amputations experienced 
better pain relief than those with lower extremity amputations. The 
therapeutic application of rTMS resulted in a 55% reduction in VAS 
scores by the end of the treatment, a decrease that was superior to the 
control group.61 Several studies indicate that stimulating the con
tralateral parietal cortex produces transient analgesic effects, while 
targeting the unaffected hemisphere with low-frequency rTMS or ap
plying high-frequency rTMS to the contralateral M1 can significantly 
alleviate PLP.58,62,63

Emerging evidence suggests that the dorsolateral prefrontal cortex 
(DLPFC) plays a role in harmful top-down regulation and may mediate 
analgesia by inhibiting the thalamic-cingulate loop. The modulation of 
DLPFC connections with pain-related brain regions, including the 
amygdala, ACC, and cingulate cortex, is crucial for exerting an an
algesic effect.64 These neuroanatomical findings provide new insights 
into the selection of PLP treatment targets. Although rTMS is a non- 
invasive treatment method, significant knowledge gaps remain re
garding neural regulatory mechanisms, targeting accuracy, and para
meter optimization. Methodological standardization through large- 
scale multicenter trials is essential to establish evidence-based treat
ment protocols.

PLP can be effectively and non-invasively treated with rTMS. Key 
targets, such as the DLPFC and contralateral M1, demonstrate sig
nificant analgesic effects in both the short- and long-term, with sus
tained efficacy. However, challenges remain due to inconsistent settings 
and insufficient targeting accuracy. Large-scale multicenter trials are 
needed to confirm the evidence.

3.2.3. Transcutaneous electrical nerve stimulation
TENS provides non-invasive analgesia by applying an electric cur

rent to the skin surface, thereby modulating both central and peripheral 
nerve pathways (Fig. 3C).65 The therapeutic mechanism involves the 
activation of the endogenous neuroregulatory system, including opioid 

Fig. 3. Overview of the mode of action of non-invasive 
neuromodulation. (A) The mechanisms of action are 
linked to central nervous system plasticity and re
modeling/dysfunction in brain regions, particularly in the 
abnormal sensory cortex mapping and hyperactivation of 
the limbic system associated with phantom limb pain. (B) 
Repair of central nervous system remodeling and mal
functioning brain regions associated with pain, leading to 
the reconstruction of the neural network. (C) Activation of 
Aβ fibers in the corresponding innervated area of the 
phantom limb via electrical stimulation signals to re-es
tablish the spinal cord's gated inhibitory pathway, as de
scribed by the 'gate-control theory'47. Abbreviations: S1, 
primary somatosensory cortex; DLPFC, dorsolateral pre
frontal cortex; TENS, transcutaneous electrical nerve sti
mulation; TMS, transcranial magnetic stimulation; tDCS, 
transcranial direct current stimulation.
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receptors in the brainstem and the 5-hydroxytryptaminergic/dopami
nergic receptor network in the spinal cord.66 The effectiveness of TENS 
is directly influenced by parameters such as stimulation frequency, 
pulse width, current intensity, and waveform configuration. Based on 
these parameters, TENS can be classified into different types: normal 
TENS, acupuncture-like TENS, burst-mode TENS, and brief intense 
TENS.67,68 For chronic neuropathic pain management, including PLP 
intervention, traditional TENS with high frequency, short pulse, and 
low intensity is primarily used.69,70 Clinical trials have shown that 
combining TENS with MT enhances therapeutic outcomes and is more 
effective than MT monotherapy in alleviating PLP symptoms.71

The precision of electrode placement is crucial for treatment suc
cess. Different electrode placements—on the same or opposite sides 
—affect the activation of the endogenous opioid system. Electrode 
placement on the affected limb and corresponding body surface sensory 
area activates endorphin release in the posterior horn of the spinal cord 
on the same side, blocking the transmission of peripheral pain signals to 
the central nervous system. Conversely, placing the electrodes on the 
opposite side of the corresponding body surface sensory area on the 
healthy side activates the endogenous opioid system via a cross-in
hibitory mechanism, providing indirect pain relief on the affected 
side.72 When electrodes are placed accurately, TENS can significantly 
reduce pain intensity and potentially promote sensory feedback to the 
phantom limb, aiding perceptual integration with the prosthetic limb.73

Stimulation of the contralateral side of the amputee limb, corre
sponding to the PLP position, can provide prolonged analgesia after two 
treatment courses.74,75

Empirical evidence suggests that both low-frequency modulated and 
constant-frequency TENS protocols elevate nociceptive thresholds, re
quiring suprasensory but subharmful current density parameters for 
optimal therapeutic efficacy.76 Mechanistic studies have shown that 
pulse-width-modulated (PWM) TENS-induced corticomotor re
organization and corticospinal pathway potentiation are neuroplastic 
correlates of PLP remission.77,78 These neuroplastic changes validate 
PWM-TENS as a viable neuromodulation strategy for PLP management. 
To maximize TENS’s therapeutic potential, future research should focus 
on exploring the effects of different TENS types in specific pain man
agement regimens, optimizing electrode placement and parameter 
settings, and developing hybrid neuromodulation regimens that com
bine TENS with MT71 and other neurorehabilitation methods.

TENS offers several benefits, including low cost, ease of use, and 
non-invasiveness. Its therapeutic effects may be enhanced when com
bined with mirror therapy. Placing the electrodes on the same side of 
the body yielded more favorable results than placing them on the op
posite side. However, the analgesic effects are generally transient, and 
the therapeutic benefits are not sufficiently long-lasting. Two key areas 
for future optimization are the refinement of treatment parameters and 
the standardization of electrode placement.

4. Novel neuromodulation approaches

Emerging neuromodulation paradigms show significant transla
tional potential for PLP management, despite current focus on alter
native pain etiologies. Although contemporary research has primarily 
concentrated on non-PLP neuropathic pain syndromes, growing pre
clinical evidence supports the therapeutic potential of innovative neu
roregulatory approaches for addressing phantom limb pathophysiology. 
However, these technologies are mostly in the preclinical or early 
clinical stages, lack sufficient clinical validation, and remain clearly 
distinguishable from established evidence-based therapies such as SCS 
and rTMS.

4.1. Brain-computer interface (BCI)

The BCI establishes a direct connection between the brain and ex
ternal devices by decoding brain activity signals and converting them 

into effector control signals (Fig. 4A).15,79 This neurorehabilitation 
model enhances sensorimotor integration in individuals with limb loss 
by reshaping maladaptive neural circuits and regulating cortical excit
ability.80 BCI enables neural training for virtual limb perception, 
helping patients restore the ability to perceive phantom limbs and al
leviate associated discomfort.81 Neurocognitive rehabilitation strategies 
that use healthy limb movement visualization to enhance cortical re
presentation have shown promise in helping patients control phantom 
limb sensations, normalizing signal processing in abnormally missing 
limbs and thereby reducing the symptom burden of PLP.81,82 Technol
ogies that recognize muscle electrical patterns can be incorporated into 
BCI systems to control virtual reality, facilitating virtual limb move
ment by deciphering muscle electrical signals. This improves sensory- 
motor integration and reduces PLP.83,84 Future therapeutic innovations 
may arise from multimodal integration with BCI architectures such as 
EEG, magnetoencephalography (MEG), and fMRI, in collaboration with 
virtual reality platforms and MT solutions. This integration is expected 
to develop an intervention framework that is time-precise, neuro-mal
leable, and optimized for PLP management.3

4.2. Temporally interfering stimulation (TIS)

TIS is an innovative neural stimulation technique that enhances 
neuronal excitability by temporally modulating current waveforms. It 
uses two high-frequency sinusoidal currents with a minimal frequency 
difference to generate low-frequency envelope oscillations in deep 
brain targets, selectively activating deep brain structures (Fig. 4B).85

TIS can penetrate as deep as 2–3 cm, providing superior depth com
pared to standard tDCS, and is more effective than conventional tDCS in 
targeting subcortical areas such as the hippocampus.86,87 A key ad
vantage of TIS is its ability to regulate neurons at different depths 
within brain tissue while preserving the integrity of the surface cortex. 
This characteristic makes TIS a promising approach for treating certain 
neuropsychiatric disorders.88 Preclinical studies using multi-channel 
transcranial temporal coherent electrical stimulation in mouse models 
have shown that reducing the stimulation intensity of the multi-channel 
setup enhances neuronal activation selectivity, indicating that ex
panding the electrode array improves stimulation focus while mini
mizing scalp sensations.89 Violante I.R. et al.90 conducted a single-blind 
crossover study on incremental current titration (0.1 mA to 0.45 mA/ 
cm²); the stimulation groups were exposed to currents at frequencies of 
2.005 and 2 kHz, demonstrating that excitability modulation in the 
hippocampus is linked to memory enhancement. Emerging clinical 
evidence further supports the therapeutic potential of TIS, showing 
efficacy in drug-resistant epilepsy models.91,92 TIS is expected to be 
explored as a treatment for PLP, offering a novel approach to address 
neuropsychiatric disorders and pain management. With these me
chanistic insights and technical advantages, TIS is a promising candi
date for PLP intervention research, establishing a new neuro-en
gineering framework for managing chronic neuropathic pain.

4.3. Transcranial focused ultrasound (tFUS)

tFUS uses focused ultrasonic waves to target specific brain regions 
(Fig. 4C). Its advantages include high spatial resolution, deep pene
tration, and non-invasiveness.93 Low-intensity FUS pulses stimulate or 
inhibit neurons and other excitable cells.94 While tFUS has shown po
tential for neurotherapy in conditions such as epilepsy, neuropathic 
pain, Alzheimer's disease, and Parkinson's disease,95–99 no clinical stu
dies have yet explored its application in PLP treatment. Research in
dicates that different tFUS stimulation methods can modulate cortical 
excitability effectively.100 A study on M1 modulation via tFUS revealed 
that varying tFUS parameters can produce both excitatory and in
hibitory effects. By altering the excitation-inhibition balance associated 
with GABAergic and glutamatergic receptor activities, as well as neu
rotransmitter metabolism, tFUS can influence cortical excitability and 
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plasticity.101 Given its potential to modulate cortical and deep brain 
nuclei activity, tFUS is considered a promising neuromodulation tool in 
conjunction with PLP treatment mechanisms.

4.4. Transcranial photobiomodulation (tPBM)

tPBM is a newly developed treatment method that directly exposes 
the cerebral cortex to low-intensity light sources, such as red or near- 
infrared light, to enhance cerebral hemodynamics, neural regeneration, 
and brain metabolism (Fig. 4D).102,103 tPBM operates through multiple 
mechanisms, including the enhancement of cellular energy production, 
improvement of blood flow and oxygen supply, modulation of synaptic 
plasticity, and reduction of oxidative stress.103 It boasts a high safety 
profile and can be used in various settings, including non-invasive real- 
time quantification of its effects on the brain using MRI.104 Although 
tPBM has shown considerable promise in neural regeneration and 
functional recovery following spinal cord injury, as well as in treating 
central nervous system disorders such as stroke,105 cognitive dis
orders,106 Alzheimer's disease,107 aphasia,108 and traumatic brain in
jury,109 its specific application and therapeutic effects in PLP treatment 
require further research and clinical trials. With continued investigation 
into PLP, tPBM may emerge as a viable therapy for managing the 
condition.

New approaches to treating PLP have been enabled by neuromo
dulation technologies such as BCI, TIS, tFUS, and tPBM. These methods 
offer precision and minimally invasive (or non-invasive) options with 
significant potential benefits. However, most relevant studies lack 
large-sample clinical evidence specific to PLP and remain in the 

preclinical or early clinical stages. Additionally, the associated costs are 
substantial, and clinical translation remains challenging. Long-term 
safety validation and clinical implementation are key priorities for fu
ture research.

5. Current challenges and prospects

While neuromodulation technologies hold significant potential for 
treating PLP, they still face substantial challenges. The primary issue is 
the significant variability in treatment response among patients, which 
arises from differences in neurophysiological characteristics, etiological 
and pathological factors, and phenotypic pain expression patterns. 
These factors all influence treatment outcomes.7 The uncertainty sur
rounding the pathogenesis of PLP and the duration of pain further 
complicates treatment.110 Existing treatment models struggle to ac
commodate the diversity of PLP, emphasizing the need for personalized 
treatment approaches. Variability in therapeutic outcomes across dif
ferent stimulation protocols remains considerable, and there are no 
standardized guidelines for DBS, TMS, or SCS parameter settings. Re
cent research has largely focused on developing treatment plans tai
lored to individual patient needs to optimize outcomes. Longitudinal 
safety and efficacy validation represent another critical frontier, given 
the transient nature of current therapeutic approaches and the risks of 
iatrogenic complications, such as device-related infections and hard
ware failures. A further challenge for the widespread application of 
neuromodulation therapy is its high cost and complex operational 
procedures, particularly in resource-limited settings where specialized 
neuromodulation infrastructure is lacking.

Fig. 4. Overview of the modes of action of novel neuromodulation approaches. (A) Through real-time feedback training of brain-computer interface, sensory inputs 
can be rebuilt, and abnormal cortical discharges can be inhibited, consequently repairing the 'motor-sensory dissociation', and ultimately correcting the brain's 
incorrect representation of the missing limb. (B) By combining neuromodulation principles with plasticity remodeling, TIS can repair the spatiotemporal aberrations 
in neural circuits associated with phantom limb pain by synchronizing sensory and motor activities in the brain. (C) Following the application of ultrasound energy, 
central neural circuits can be accurately regulated, thereby reversing neuroplastic changes and facilitating repair. (D) Through light stimulation, neuronal activity is 
enhanced, dysfunction of the central nervous system is improved, and the repair of neural plasticity is promoted. Abbreviations: VPL, ventral posterior lateral; VPM, 
ventral posterior medial; BCI, brain-computer interface；EEG, electroencephalography; TIS: temporally interfering stimulation; tFUS, transcranial focused ultra
sound; tPBM, transcranial photobiomodulation.
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A current priority is to identify research gaps and establish clear 
directions for future studies. Researchers should focus primarily on 
optimizing existing technologies, such as standardizing neural regula
tion parameters, improving electrode stability, and extending the 
duration of therapeutic efficacy. Secondly, developing combined 
treatment approaches, such as tDCS with mirror therapy or SCS with 
medication, should be prioritized. Long-term research goals include 
developing personalized treatment regimens, conducting safety and 
efficacy studies of key technologies over extended periods (≥5 years), 
and advancing clinical translation research for emerging technologies.

To strengthen the link between mechanisms and treatments, rTMS 
and tDCS can be utilized to regulate cortical functions involved in 
central cortical reorganization. Cognitive behavioral therapy and 
neural regulation therapies can be integrated to address psychological 
factors, while SCS and DRG stimulation may be employed to inhibit 
peripheral pain signal transmission, targeting the mechanism of ectopic 
discharge in peripheral nerves.

Despite these challenges, neuromodulation, as a novel intervention 
model, shows considerable promise for treating PLP. Driven by ad
vancements in neurotechnology, emerging models such as BCI, TIS, 
tFUS, and tPBM are progressing from preclinical validation to clinical 
trials. These techniques offer precise neural regulation, enhanced spa
tial resolution, and reduced invasiveness, making them viable alter
natives for refractory PLP. Although current evidence largely stems 
from studies on non-PLP chronic pain, the increasing similarities in 
underlying mechanisms support the rationale for researching PLP.

The technological convergence of artificial intelligence (AI) and big 
data analytics has ushered in a new era of personalized neuromodula
tion. The integration of clinical phenotyping, neuroimaging bio
markers, and genomic profiling enables the development of patient- 
tailored therapeutic strategies.111 Enhanced targeting accuracy, cou
pled with closed-loop parameter optimization, has the potential to 
provide sustained therapeutic benefits, expanding non-invasive treat
ment options for PLP patients. However, to fully realize this potential, 
further basic research, large-scale clinical trials, and technological in
novations are essential. These efforts will be key to overcoming current 
limitations and facilitating the broader clinical application of neuro
modulation techniques in PLP.

6. Limitations

This narrative review has several limitations: (1) Potential pub
lication bias: The majority of the included studies reported favorable 
outcomes, which may introduce publication bias and affect the neu
trality of the evidence; (2) Quality of included studies: The credibility of 
the evidence is limited by the small sample sizes, short follow-up 
durations, and lack of long-term efficacy data in some studies; (3) 
Literature gaps: Key technologies, such as DRG stimulation, lack long- 
term safety data (≥5 years), and emerging technologies have no clin
ical conversion evidence; (4) Specific limitations: This review did not 
examine the combined effects of multiple neuromodulation therapies, 
did not include a meta-analysis, and lacked sufficiently precise quan
titative comparisons of the effectiveness of each therapy.

7. Conclusion

Neuromodulation therapies offer significant therapeutic potential 
for treating PLP, improving patient quality of life, and alleviating 
clinically significant pain. The primary contributions of this study are as 
follows: it integrates the peripheral, cerebral, and psychological me
chanisms of PLP and explains how these mechanisms interact; it sys
tematically compares the effectiveness, benefits, and drawbacks of in
vasive (DBS, SCS, DRG stimulation) and non-invasive (tDCS, rTMS, 
TENS) neural regulation therapies; it expands on emerging neural 
regulation technologies and highlights how they differ from evidence- 
based therapies; and it proposes clinical treatment options and future 

research priorities. Key findings include: evidence-based platforms 
support technologies such as SCS, DRG stimulation, rTMS, and tDCS. 
SCS is less effective than DRG stimulation in terms of long-term per
sistence. The combination of mirror therapy, rTMS, and tDCS enhances 
therapeutic efficacy. However, clinical translation requires further de
velopment, and new technologies are still in the investigative stage.

Persistent challenges remain in four critical areas: (1) inter-patient 
neurobiological heterogeneity, (2) stimulation parameter optimization, 
(3) longitudinal safety and efficacy validation, and (4) cost-effective
ness barriers in clinical translation. Prospective developments in neu
romodulation are poised to advance toward personalized precision 
therapeutics through technological convergence. Emerging paradigms 
such as BCI, TIS, tFUS, and tPBM leverage enhanced spatial resolution 
and non-invasive delivery to address the pathophysiological complexity 
of PLP. The synergy between big data analysis and AI has further op
timized patient-specific treatment regimens. Next-generation neuro
modulation technologies may offer continuous, cost-effective treatment 
outcomes, ultimately redefining the standard care model for the PLP 
population.

CRediT authorship contribution statement

Jingming Hou: Writing – review & editing, Supervision, Project 
administration, Methodology, Funding acquisition, Conceptualization. 
Rubing Yan: Resources, Project administration. Han Chen: Project 
administration, Methodology. Zhou Feng: Visualization, Software, 
Methodology. Peng Tang: Writing – review & editing. Lijuan Xie: 
Writing – review & editing. Xiaoyan Duan: Writing – review & editing, 
Writing – original draft, Visualization, Software, Investigation, Data 
curation. All the authors have read and approved the final version of 
this manuscript.

Ethics approval

Not applicable.

Funding information

This work was supported by the National Natural Science 
Foundation of China (Grant No. 82301569; Grant No. 82472607), 
Chongqing Young and Middle Aged Medical High-end Talent Project 
(grant number YXGD202460), and Chongqing Medical Youth 
Outstanding Talent Project (grant number YXQN2022417).

Data Availability

Not applicable.

Declaration of Competing Interest

Jingming Hou is an editorial board member of Healthcare and 
Rehabilitation but has not been involved in the journal’s review or 
decisions related to this manuscript. The authors declare that they have 
no known competing financial interests or personal relationships re
lated to this work.

Declaration of Generative AI and AI-assisted technologies in the 
writing process

During the preparation of this study, the authors used ChatGPT-4 
and DeepSeek (latest version) to optimize the language expression and 
improve the readability of the manuscript. All content generated by 
these AI tools was carefully reviewed, revised, and verified by the au
thors. The authors take full responsibility for the scientific content, 
accuracy, and integrity of the final published article.

X. Duan, L. Xie, P. Tang et al.                                                                                                                                                 Healthcare and Rehabilitation 2 (2026) 100068

8



Acknowledgments

The authors would like to express our gratitude for the drawing 
materials provided by BioRender.

References

1. Flor H. Phantom-limb pain: characteristics, causes, and treatment. Lancet Neurol. 
2002;1(3):182–189. https://doi.org/10.1016/s1474-4422(02)00074-1

2. Kuffler DP. Origins of Phantom Limb Pain. Mol Neurobiol. 2018;55(1):60–69. 
https://doi.org/10.1007/s12035-017-0717-x

3. Collins KL, Russell HG, Schumacher PJ, et al. A review of current theories and 
treatments for phantom limb pain. J Clin Invest. 2018;128(6):2168–2176. https:// 
doi.org/10.1172/jci94003

4. Kuffler DP. Coping with phantom limb pain. Mol Neurobiol. 2018;55(1):70–84. 
https://doi.org/10.1007/s12035-017-0718-9

5. Limakatso K, Parker R. Treatment recommendations for phantom limb pain in 
people with amputations: an expert consensus Delphi study. PM R. 
2021;13(11):1216–1226. https://doi.org/10.1002/pmrj.12556

6. Pacheco-Barrios K, Meng X, Fregni F. Neuromodulation techniques in phantom limb 
pain: a systematic review and meta-analysis. Pain Med. 2020;21(10):2310–2322. 
https://doi.org/10.1093/pm/pnaa039

7. Schone HR, Baker CI, Katz J, et al. Making sense of phantom limb pain. J Neurol 
Neurosurg Psychiatry. 2022;93(8):833–843. https://doi.org/10.1136/jnnp-2021- 
328428

8. Hill A. Phantom limb pain: a review of the literature on attributes and potential 
mechanisms. J Pain Symptom Manag. 1999;17(2):125–142. https://doi.org/10. 
1016/s0885-3924(98)00136-5

9. Greenwald JD, Shafritz KM. An integrative neuroscience framework for the treat
ment of chronic pain: from cellular alterations to behavior. Front Integr Neurosci. 
2018;12:18. https://doi.org/10.3389/fnint.2018.00018

10. Subedi B, Grossberg GT. Phantom limb pain: mechanisms and treatment ap
proaches. Pain Res Treat. 2011;2011(1):864605. https://doi.org/10.1155/2011/ 
864605

11. Petersen BA, Nanivadekar AC, Chandrasekaran S, Fisher LE. Phantom limb pain: 
peripheral neuromodulatory and neuroprosthetic approaches to treatment. Muscle 
Nerve. 2019;59(2):154–167. https://doi.org/10.1002/mus.26294

12. Erlenwein J, Diers M, Ernst J, Schulz F, Petzke F. Klinisches Update zu 
Phantomschmerz: Deutsche Fassung [Clinical updates on phantom limb pain: 
German version]. Schmerz. 2023;37(3):195–214. https://doi.org/10.1007/s00482- 
022-00629-x

13. Vasylyev DV, Zhao P, Schulman BR, Waxman SG. Interplay of Nav1.8 and Nav1.7 
channels drives neuronal hyperexcitability in neuropathic pain. J Gen Physiol. 
2024;156(11):e202413596. https://doi.org/10.1085/jgp.202413596

14. Münger M, Pinto CB, Pacheco-Barrios K, et al. Protective and risk factors for 
phantom limb pain and residual limb pain severity. Pain Pract. 2020;20(6):578–587. 
https://doi.org/10.1111/papr.12881

15. Makin TR, Flor H. Brain (re)organisation following amputation: implications for 
phantom limb pain. Neuroimage. 2020;218:116943. https://doi.org/10.1016/j. 
neuroimage.2020.116943

16. MacIver K, Lloyd DM, Kelly S, Roberts N, Nurmikko T. Phantom limb pain, cortical 
reorganization and the therapeutic effect of mental imagery. Brain. 
2008;131(8):2181–2191. https://doi.org/10.1093/brain/awn124

17. Zhao J, Guo X, Xia X, et al. Functional reorganization of the primary somatosensory 
cortex of a phantom limb pain patient. Pain Physician. 2016;19(5):E781–E786.

18. Raffin E, Richard N, Giraux P, Reilly KT. Primary motor cortex changes after am
putation correlate with phantom limb pain and the ability to move the phantom 
limb. Neuroimage. 2016;130:134–144. https://doi.org/10.1016/j.neuroimage.2016. 
01.063

19. Zheng BX, Yin Y, Xiao H, et al. Altered cortical reorganization and brain functional 
connectivity in phantom limb pain: a functional MRI Study. Pain Pract. 
2021;21(4):394–403. https://doi.org/10.1111/papr.12966

20. Katz J. Psychophysiological contributions to phantom limbs. Can J Psychiatry. 
1992;37(5):282–298. https://doi.org/10.1177/070674379203700502

21. Zvolensky MJ, Goodie JL, McNeil DW, Sperry JA, Sorrell JT. Anxiety sensitivity in 
the prediction of pain-related fear and anxiety in a heterogeneous chronic pain 
population. Behav Res Ther. 2001;39(6):683–696. https://doi.org/10.1016/s0005- 
7967(00)00049-8

22. Yang C, Tian S, Liu M, et al. Alterations in white matter microstructure and struc
tural network topology associated with cortisol level in major depressive disorder 
patients. Brain Res Bull. 2025;232:111586. https://doi.org/10.1016/j.brainresbull. 
2025.111586

23. Fuchs X, Flor H, Bekrater-Bodmann R. Psychological factors associated with 
phantom limb pain: a review of recent findings. Pain Res Manag. 
2018;2018(1):5080123. https://doi.org/10.1155/2018/5080123

24. Giray E, Akyuz GD. Noninvasive neuromodulation for the management of phantom 
limb pain: a systematic review. Ann Phys Rehabil Med. 2018;61:e371–e372. https:// 
doi.org/10.1016/j.rehab.2018.05.861

25. Culp CJ, Abdi S. Current Understanding of phantom pain and its treatment. Pain 
Physician. 2022;25(7):E941–E957.

26. Pang D, Ashkan K. Deep brain stimulation for phantom limb pain. Eur J Paediatr 
Neurol. 2022;39:96–102. https://doi.org/10.1016/j.ejpn.2022.05.009

27. Alamri A, Pereira EAC. Deep brain stimulation for chronic pain. Neurosurg Clin N 
Am. 2022;33(3):311–321. https://doi.org/10.1016/j.nec.2022.02.013

28. Boccard SGJ, Prangnell SJ, Pycroft L, et al. Long-term results of deep brain stimu
lation of the anterior cingulate cortex for neuropathic pain. World Neurosurg. 
2017;106:625–637. https://doi.org/10.1016/j.wneu.2017.06.173

29. Deng Z, Li D, Zhan S, et al. Spinal Cord Stimulation Combined with Anterior 
Cingulotomy to Manage Refractory Phantom Limb Pain. Stereo Funct Neurosurg. 
2018;96(3):204–208. https://doi.org/10.1159/000489946

30. Vetkas A, Germann J, Elias G, et al. Identifying the neural network for neuromo
dulation in epilepsy through connectomics and graphs. Brain Commun. 
2022;4(3):fcac092. https://doi.org/10.1093/braincomms/fcac092

31. Tan H, Yamamoto EA, Elkholy MA, Raslan AM. Treating chronic pain with deep 
brain stimulation. Curr Pain Headache Rep. 2023;27(1):11–17. https://doi.org/10. 
1007/s11916-022-01099-7

32. Ahmed S, Vanneste S. 132 the underlying effect of burst stimulation on chronic pain 
using multimodal neuroimaging-EEG, fMRI and PET. Neurosurgery. 
2017;64(CN__1):230. https://doi.org/10.1093/neuros/nyx417.132

33. Chitneni A, Jain E, Sahni S, Mavrocordatos P, Abd-Elsayed A. Spinal cord stimu
lation waveforms for the treatment of chronic pain. Curr Pain Headache Rep. 
2024;28(7):595–605. https://doi.org/10.1007/s11916-024-01247-1

34. McAuley J, van Gröningen R, Green C. Spinal cord stimulation for intractable pain 
following limb amputation. Neuromodulation. 2013;16(6):530–536. https://doi.org/ 
10.1111/j.1525-1403.2012.00513.x

35. D'Souza RS, Her YF. Stimulation holiday rescues analgesia after habituation and loss 
of efficacy from 10-kilohertz dorsal column spinal cord stimulation. Reg Anesth Pain 
Med. 2022;47(12):722–727. https://doi.org/10.1136/rapm-2022-103881

36. Knotkova H, Hamani C, Sivanesan E, et al. Neuromodulation for chronic pain. 
Lancet. 2021;397(10289):2111–2124. https://doi.org/10.1016/S0140-6736(21) 
00794-7

37. Raut R, Shams S, Rasheed M, Niaz A, Mehdi W, Chaurasia B. Spinal cord stimulation 
in the treatment of phantom limb pain: a case report and review of literature. Neurol 
India. 2021;69(1):157–160. https://doi.org/10.4103/0028-3886.310092

38. Heijmans L, Joosten EA. Mechanisms and mode of action of spinal cord stimulation 
in chronic neuropathic pain. Post Med. 2020;132(sup3):17–21. https://doi.org/10. 
1080/00325481.2020.1769393

39. Abd-Elsayed A, Vardhan S, Aggarwal A, Vardhan M, Diwan SA. Mechanisms of 
action of dorsal root ganglion stimulation. Int J Mol Sci. 2024;25(7):3591. https:// 
doi.org/10.3390/ijms25073591

40. Eldabe S, Burger K, Moser H, et al. Dorsal Root Ganglion (DRG) Stimulation in the 
Treatment of Phantom Limb Pain (PLP). Neuromodulation. 2015;18(7):610–616. 
https://doi.org/10.1111/ner.12338

41. Deer TR, Grigsby E, Weiner RL, Wilcosky B, Kramer JM. A prospective study of 
dorsal root ganglion stimulation for the relief of chronic pain. Neuromodulation. 
2013;16(1):67–72. https://doi.org/10.1111/ner.12013

42. Vaso A, Adahan HM, Gjika A, et al. Peripheral nervous system origin of phantom 
limb pain. Pain. 2014;155(7):1384–1391. https://doi.org/10.1016/j.pain.2014.04. 
018

43. Hagedorn JM, Romero J, Ha CT, D'Souza RS. Patient satisfaction with spinal cord 
stimulation and dorsal root ganglion stimulation for chronic intractable pain: a 
systematic review and meta-analysis. Neuromodulatio. 2022;25(7):947–955. https:// 
doi.org/10.1016/j.neurom.2022.04.043

44. Yang A, Hunter CW. Dorsal root ganglion stimulation as a salvage treatment for 
complex regional pain syndrome refractory to dorsal column spinal cord stimula
tion: a case series. Neuromodulation. 2017;20(7):703–707. https://doi.org/10.1111/ 
ner.12622

45. Skaribas IM, Peccora C, Skaribas E. Single S1 Dorsal Root Ganglia stimulation for 
intractable complex regional pain syndrome foot pain after lumbar spine surgery: a 
case series. Neuromodulation. 2019;22(1):101–107. https://doi.org/10.1111/ner. 
12780

46. Srinivasan N, Zhou B, Park E. Dorsal root ganglion stimulation for the management 
of phantom limb pain: a scoping review. Pain Physician. 2022;25(8) E1174-e1182.

47. Gozani SN. Remote analgesic effects of conventional transcutaneous electrical nerve 
stimulation: a scientific and clinical review with a focus on chronic pain. J Pain Res. 
2019;12:3185–3201. https://doi.org/10.2147/jpr.S226600

48. Stagg CJ, Antal A, Nitsche MA. Physiology of transcranial direct current stimulation. 
J ECT. 2018;34(3):144–152. https://doi.org/10.1097/yct.0000000000000510

49. Bocci T, De Carolis G, Ferrucci R, et al. Cerebellar Transcranial Direct Current 
Stimulation (ctDCS) Ameliorates Phantom Limb Pain and Non-painful Phantom 
Limb Sensations. Cerebellum. 2019;18(3):527–535. https://doi.org/10.1007/ 
s12311-019-01020-w

50. Santos Ferreira I, Teixeira Costa B, Lima Ramos C, Lucena P, Thibaut A, Fregni F. 
Searching for the optimal tDCS target for motor rehabilitation. J Neuroeng Rehabil. 
2019;16(1):90. https://doi.org/10.1186/s12984-019-0561-5

51. Bolognini N, Spandri V, Ferraro F, et al. Immediate and sustained effects of 5-Day 
transcranial direct current stimulation of the motor cortex in phantom limb pain. J 
Pain. 2015;16(7):657–665. https://doi.org/10.1016/j.jpain.2015.03.013

52. Boone A, Frey S. Combined use of transcranial direct current stimulation (tDCS) and 
mirror therapy for reduction of phantom limb pain: a case study.  7311520404p1 
Am J Occup Ther. 2019;73(4_ement_1) https://doi.org/10.5014/ajot.2019.73s1- 
po3018

53. Gunduz ME, Pacheco-Barrios K, Bonin Pinto C, et al. Effects of combined and alone 
transcranial motor cortex stimulation and mirror therapy in phantom limb pain: a 
randomized factorial trial. Neurorehabil Neural Repair. 2021;35(8):704–716. https:// 
doi.org/10.1177/15459683211017509

54. Pinto CB, Saleh Velez FG, Bolognini N, Crandell D, Merabet LB, Fregni F. Optimizing 
rehabilitation for phantom limb pain using mirror therapy and transcranial direct 
current stimulation: a randomized, double-blind clinical trial study protocol. JMIR 
Res Protoc. 2016;5(3):e138. https://doi.org/10.2196/resprot.5645

X. Duan, L. Xie, P. Tang et al.                                                                                                                                                 Healthcare and Rehabilitation 2 (2026) 100068

9

https://doi.org/10.1016/s1474-4422(02)00074-1
https://doi.org/10.1007/s12035-017-0717-x
https://doi.org/10.1172/jci94003
https://doi.org/10.1172/jci94003
https://doi.org/10.1007/s12035-017-0718-9
https://doi.org/10.1002/pmrj.12556
https://doi.org/10.1093/pm/pnaa039
https://doi.org/10.1136/jnnp-2021-328428
https://doi.org/10.1136/jnnp-2021-328428
https://doi.org/10.1016/s0885-3924(98)00136-5
https://doi.org/10.1016/s0885-3924(98)00136-5
https://doi.org/10.3389/fnint.2018.00018
https://doi.org/10.1155/2011/864605
https://doi.org/10.1155/2011/864605
https://doi.org/10.1002/mus.26294
https://doi.org/10.1007/s00482-022-00629-x
https://doi.org/10.1007/s00482-022-00629-x
https://doi.org/10.1085/jgp.202413596
https://doi.org/10.1111/papr.12881
https://doi.org/10.1016/j.neuroimage.2020.116943
https://doi.org/10.1016/j.neuroimage.2020.116943
https://doi.org/10.1093/brain/awn124
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref17
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref17
https://doi.org/10.1016/j.neuroimage.2016.01.063
https://doi.org/10.1016/j.neuroimage.2016.01.063
https://doi.org/10.1111/papr.12966
https://doi.org/10.1177/070674379203700502
https://doi.org/10.1016/s0005-7967(00)00049-8
https://doi.org/10.1016/s0005-7967(00)00049-8
https://doi.org/10.1016/j.brainresbull.2025.111586
https://doi.org/10.1016/j.brainresbull.2025.111586
https://doi.org/10.1155/2018/5080123
https://doi.org/10.1016/j.rehab.2018.05.861
https://doi.org/10.1016/j.rehab.2018.05.861
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref25
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref25
https://doi.org/10.1016/j.ejpn.2022.05.009
https://doi.org/10.1016/j.nec.2022.02.013
https://doi.org/10.1016/j.wneu.2017.06.173
https://doi.org/10.1159/000489946
https://doi.org/10.1093/braincomms/fcac092
https://doi.org/10.1007/s11916-022-01099-7
https://doi.org/10.1007/s11916-022-01099-7
https://doi.org/10.1093/neuros/nyx417.132
https://doi.org/10.1007/s11916-024-01247-1
https://doi.org/10.1111/j.1525-1403.2012.00513.x
https://doi.org/10.1111/j.1525-1403.2012.00513.x
https://doi.org/10.1136/rapm-2022-103881
https://doi.org/10.1016/S0140-6736(21)00794-7
https://doi.org/10.1016/S0140-6736(21)00794-7
https://doi.org/10.4103/0028-3886.310092
https://doi.org/10.1080/00325481.2020.1769393
https://doi.org/10.1080/00325481.2020.1769393
https://doi.org/10.3390/ijms25073591
https://doi.org/10.3390/ijms25073591
https://doi.org/10.1111/ner.12338
https://doi.org/10.1111/ner.12013
https://doi.org/10.1016/j.pain.2014.04.018
https://doi.org/10.1016/j.pain.2014.04.018
https://doi.org/10.1016/j.neurom.2022.04.043
https://doi.org/10.1016/j.neurom.2022.04.043
https://doi.org/10.1111/ner.12622
https://doi.org/10.1111/ner.12622
https://doi.org/10.1111/ner.12780
https://doi.org/10.1111/ner.12780
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref46
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref46
https://doi.org/10.2147/jpr.S226600
https://doi.org/10.1097/yct.0000000000000510
https://doi.org/10.1007/s12311-019-01020-w
https://doi.org/10.1007/s12311-019-01020-w
https://doi.org/10.1186/s12984-019-0561-5
https://doi.org/10.1016/j.jpain.2015.03.013
https://doi.org/10.5014/ajot.2019.73s1-po3018
https://doi.org/10.5014/ajot.2019.73s1-po3018
https://doi.org/10.1177/15459683211017509
https://doi.org/10.1177/15459683211017509
https://doi.org/10.2196/resprot.5645


55. Segal N, Pud D, Amir H, et al. Additive analgesic effect of transcranial direct current 
stimulation together with mirror therapy for the treatment of phantom pain. Pain 
Med. 2021;22(2):255–265. https://doi.org/10.1093/pm/pnaa388

56. Damercheli S, Ramne M, Ortiz-Catalan M. transcranial Direct Current Stimulation 
(tDCS) for the treatment and investigation of Phantom Limb Pain (PLP). 
Psychoradiology. 2022;2(1):23–31. https://doi.org/10.1093/psyrad/kkac004

57. Fitzgerald PB. An update on the clinical use of repetitive transcranial magnetic 
stimulation in the treatment of depression. J Affect Disord. 2020;276:90–103. 
https://doi.org/10.1016/j.jad.2020.06.067

58. Di Rollo A, Pallanti S. Phantom limb pain: low frequency repetitive transcranial 
magnetic stimulation in unaffected hemisphere. Case Rep Med. 
2011;2011(1):130751. https://doi.org/10.1155/2011/130751

59. Lee JH, Byun JH, Choe YR, Lim SK, Lee KY, Choi IS. Successful treatment of 
phantom limb pain by 1 Hz repetitive transcranial magnetic stimulation over af
fected supplementary motor complex: a case report. Ann Rehabil Med. 
2015;39(4):630–633. https://doi.org/10.5535/arm.2015.39.4.630

60. Malavera A, Silva FA, Fregni F, Carrillo S, Garcia RG. Repetitive transcranial 
magnetic stimulation for phantom limb pain in land mine victims: a double-blinded, 
randomized, sham-controlled trial. J Pain. 2016;17(8):911–918. https://doi.org/10. 
1016/j.jpain.2016.05.003

61. Ahmed MA, Mohamed SA, Sayed D. Long-term antalgic effects of repetitive tran
scranial magnetic stimulation of motor cortex and serum beta-endorphin in patients 
with phantom pain. Neurol Res. 2011;33(9):953–958. https://doi.org/10.1179/ 
1743132811y.0000000045

62. Töpper R, Foltys H, Meister IG, Sparing R, Boroojerdi B. Repetitive transcranial 
magnetic stimulation of the parietal cortex transiently ameliorates phantom limb 
pain-like syndrome. Clin Neurophysiol. 2003;114(8):1521–1530. https://doi.org/10. 
1016/s1388-2457(03)00117-2

63. Bolognini N, Olgiati E, Maravita A, Ferraro F, Fregni F. Motor and parietal cortex 
stimulation for phantom limb pain and sensations. Pain. 2013;154(8):1274–1280. 
https://doi.org/10.1016/j.pain.2013.03.040

64. Vats D, Bhatia R, Fatima S, et al. Repetitive transcranial magnetic stimulation of the 
dorsolateral prefrontal cortex for phantom limb pain. Pain Physician. 
2024;27(5):E589–E595.

65. Johnson MI, Mulvey MR, Bagnall A-M. Transcutaneous electrical nerve stimulation 
(TENS) for phantom pain and stump pain following amputation in adults. Cochrane 
Database Syst Rev. 2015(8):CD007264. https://doi.org/10.1002/14651858. 
cd007264.pub3

66. DeSantana JM, Walsh DM, Vance C, Rakel BA, Sluka KA. Effectiveness of transcu
taneous electrical nerve stimulation for treatment of hyperalgesia and pain. Curr 
Rheuma Rep. 2008;10(6):492–499. https://doi.org/10.1007/s11926-008-0080-z

67. Grimmer K. A controlled double blind study comparing the effects of strong Burst 
Mode TENS and High Rate TENS on painful osteoarthritic knees. Aust J Physiother. 
1992;38(1):49–56. https://doi.org/10.1016/s0004-9514(14)60551-1

68. Bi Y, Wei Z, Kong Y, Hu L. Supraspinal neural mechanisms of the analgesic effect 
produced by transcutaneous electrical nerve stimulation. Brain Struct Funct. 
2021;226(1):151–162. https://doi.org/10.1007/s00429-020-02173-9

69. Hu X, Trevelyan E, Yang G, et al. The effectiveness of acupuncture/TENS for 
phantom limb syndrome. I: A systematic review of controlled clinical trials. Eur J 
Integr Med. 2014;6(3):355–364. https://doi.org/10.1016/j.eujim.2014.01.003

70. Limakatso K. Managing acute phantom limb pain with transcutaneous electrical 
nerve stimulation: a case report. J Med Case Rep. 2023;17(1):209. https://doi.org/ 
10.1186/s13256-023-03915-z

71. Tilak M, Isaac SA, Fletcher J, et al. Mirror Therapy and Transcutaneous Electrical 
Nerve Stimulation for Management of Phantom Limb Pain in Amputees — A Single 
Blinded Randomized Controlled Trial. Physiother Res Int. 2016;21(2):109–115. 
https://doi.org/10.1002/pri.1626

72. Takiguchi N, Shomoto K. Contralateral segmental transcutaneous electrical nerve 
stimulation inhibits nociceptive flexion reflex in healthy participants. Eur J Pain. 
2019;23(6):1098–1107. https://doi.org/10.1002/ejp.1373

73. Mulvey MR, Radford HE, Fawkner HJ, Hirst L, Neumann V, Johnson MI. 
Transcutaneous electrical nerve stimulation for phantom pain and stump pain in 
adult amputees. Pain Pract. 2013;13(4):289–296. https://doi.org/10.1111/j.1533- 
2500.2012.00593.x

74. Wolf SL, Gersh MR, Rao VR. Examination of electrode placements and stimulating 
parameters in treating chronic pain with conventional transcutaneous electrical 
nerve stimulation (TENS). Pain. 1981;11(1):37–47. https://doi.org/10.1016/0304- 
3959(81)90137-8

75. Mulvey MR, Bagnall A-M, Marchant PR, Johnson M. Transcutaneous electrical 
nerve stimulation (TENS) for phantom pain and stump pain following amputation in 
adults: an extended analysis of excluded studies from a Cochrane systematic review. 
Phys Ther Rev. 2014;19(4):234–244. https://doi.org/10.1179/1743288x13y. 
0000000128

76. Chen CC, Johnson MI. An investigation into the hypoalgesic effects of high- and 
low-frequency transcutaneous electrical nerve stimulation (TENS) on experimen
tally-induced blunt pressure pain in healthy human participants. J Pain. 
2010;11(1):53–61. https://doi.org/10.1016/j.jpain.2009.05.008

77. Faghani Jadidi A, Stevenson AJT, Zarei AA, Jensen W, Lontis R. Effect of modulated 
TENS on corticospinal excitability in healthy subjects. Neuroscience. 
2022;485:53–64. https://doi.org/10.1016/j.neuroscience.2022.01.004

78. Faghani Jadidi A, Jensen W, Zarei AA, Lontis ER. Alteration in cortical activity and 
perceived sensation following modulated TENS. Modul Tens IEEE Trans Neural Syst 
Rehabil Eng. 2023;31:875–883. https://doi.org/10.1109/tnsre.2023.3236038

79. Raffin E. Les différentes formes de réorganisations cérébrales après amputation et 
leurs liens avec les thérapies antalgiques. Rev Neurol (Paris). 2021;177:S142. 
https://doi.org/10.1016/j.neurol.2021.02.032

80. Yanagisawa T, Fukuma R, Seymour B, et al. S109 Magnetoencephalographic-based 
brain–machine interface robotic hand for controlling sensorimotor cortical plasti
city and phantom limb pain. Clin Neurophysiol. 2017;128(9):e124. https://doi.org/ 
10.1016/j.clinph.2017.07.120

81. Yanagisawa T, Fukuma R, Seymour B, et al. BCI training to move a virtual hand 
reduces phantom limb pain: a randomized crossover trial. Neurology. 
2020;95(4):e417–e426. https://doi.org/10.1212/wnl.0000000000009858

82. Yanagisawa T, Fukuma R, Seymour B, et al. MEG–BMI to Control Phantom Limb 
Pain. Neurol Med Chir (Tokyo). 2018;58(8):327–333. https://doi.org/10.2176/nmc. 
st.2018-0099

83. Cao T-A, Zhou H, Chen Z, et al. A novel hand motion intention recognition method 
that decodes EMG signals based on an improved LSTM. Symmetry (Basel). 
2025;17(10):1587. https://doi.org/10.3390/sym17101587

84. Lendaro E, Van der Sluis CK, Hermansson L, et al. Extended reality used in the 
treatment of phantom limb pain: a multicenter, double-blind, randomized con
trolled trial. Pain. 2025;166(3):571–586. https://doi.org/10.1097/j.pain. 
0000000000003384

85. Qi S, Liu X, Yu J, Liang Z, Liu Y, Wang X. Temporally interfering electric fields brain 
stimulation in primary motor cortex of mice promotes motor skill through enhan
cing neuroplasticity. Brain Stimul. 2024;17(2):245–257. https://doi.org/10.1016/j. 
brs.2024.02.014

86. Xu S, Cui H, Xiao X, Manshaii F, Hong G, Chen J. Precision at deep brain: non
invasive temporal interference stimulation. ACS Nano. 2025;19(46):39589–39614. 
https://doi.org/10.1021/acsnano.5c15238

87. Zhu Z, Xiong Y, Chen Y, et al. Temporal Interference (TI) stimulation boosts func
tional connectivity in human motor cortex: a comparison study with transcranial 
direct current stimulation (tDCS). Neural Plast. 2022;2022(1):7605046. https://doi. 
org/10.1155/2022/7605046

88. Guo W, He Y, Zhang W, et al. A novel non-invasive brain stimulation technique: 
“Temporally interfering electrical stimulation. Front Neurosci. 2023;17:1092539. 
https://doi.org/10.3389/fnins.2023.1092539

89. Song X, Zhao X, Li X, Liu S, Ming D. Multi-channel transcranial temporally inter
fering stimulation (tTIS): application to living mice brain. J Neural Eng. 
2021;18(3):036003. https://doi.org/10.1088/1741-2552/abd2c9

90. Violante IR, Alania K, Cassarà AM, et al. Non-invasive temporal interference elec
trical stimulation of the human hippocampus. Nat Neurosci. 
2023;26(11):1994–2004. https://doi.org/10.1038/s41593-023-01456-8

91. Missey F, Rusina E, Acerbo E, et al. Orientation of Temporal Interference for Non- 
Invasive Deep Brain Stimulation in Epilepsy. Front Neurosci. 2021;15:633988. 
https://doi.org/10.3389/fnins.2021.633988

92. Acerbo E, Jegou A, Luff C, et al. Focal non-invasive deep-brain stimulation with 
temporal interference for the suppression of epileptic biomarkers. Front Neurosci. 
2022;16:945221. https://doi.org/10.3389/fnins.2022.945221

93. di Biase L, Falato E, Di Lazzaro V. Transcranial Focused Ultrasound (tFUS) and 
Transcranial Unfocused Ultrasound (tUS) Neuromodulation: From Theoretical 
Principles to Stimulation Practices. Front Neurol. 2019;10:549. https://doi.org/10. 
3389/fneur.2019.00549

94. Kubanek J. Neuromodulation with transcranial focused ultrasound. Neurosurg Focus. 
2018;44(2):E41. https://doi.org/10.3171/2017.11.focus17621

95. Beisteiner R, Matt E, Fan C, et al. Transcranial Pulse Stimulation with Ultrasound in 
Alzheimer's Disease-A New Navigated Focal Brain Therapy. Adv Sci (Weinh). 
2019;7(3):1902583. https://doi.org/10.1002/advs.201902583

96. Bubrick E, White PJ, Mariano T, Orozco J, Purandare M, McDannold N. Transcranial 
focused ultrasound for epilepsy. Brain Stimul. 2021;14(6):1747. https://doi.org/10. 
1016/j.brs.2021.10.533

97. Habelhah B, Mahdavi KD, Zielinski MA, et al. Comparing therapeutic-focused ul
trasound (TFUS) in conjunction with bosutinib versus independent TFUS adminis
tration among Alzheimer’s patients. Alzheimers Dement. 2021;17(S9):e054631. 
https://doi.org/10.1002/alz.054631

98. Jeanmonod D, Werner B, Morel A, et al. Transcranial magnetic resonance imaging- 
guided focused ultrasound: noninvasive central lateral thalamotomy for chronic 
neuropathic pain. Neurosurg Focus. 2012;32(1):E1. https://doi.org/10.3171/2011. 
10.focus11248

99. Martínez-Fernández R, Rodríguez-Rojas R, del Álamo M, et al. Focused ultrasound 
subthalamotomy in patients with asymmetric Parkinson's disease: a pilot study. 
Lancet Neurol. 2018;17(1):54–63. https://doi.org/10.1016/s1474-4422(17)30403-9

100. Hsieh TH, Chu PC, Nguyen TXD, et al. Neuromodulatory responses elicited by in
termittent versus continuous transcranial focused ultrasound stimulation of the 
motor cortex in rats. Int J Mol Sci. 2024;25(11):5687. https://doi.org/10.3390/ 
ijms25115687

101. Zhang T, Guo B, Zuo Z, et al. Excitatory-inhibitory modulation of transcranial focus 
ultrasound stimulation on human motor cortex. CNS Neurosci Ther. 
2023;29(12):3829–3841. https://doi.org/10.1111/cns.14303

102. Lim L. Traumatic brain injury recovery with photobiomodulation: cellular me
chanisms, clinical evidence, and future potential. Cells. 2024;13(5):385. https://doi. 
org/10.3390/cells13050385

103. Ma H, Du Y, Xie D, Wei ZZ, Pan Y, Zhang Y. Recent advances in light energy bio
therapeutic strategies with photobiomodulation on central nervous system dis
orders. Brain Res. 2024;1822:148615. https://doi.org/10.1016/j.brainres.2023. 
148615

104. Gaggi NL, Iosifescu DV. Transcranial photobiomodulation: an emerging therapeutic 
method to enhance brain bioenergetics. Neuropsychopharmacology. 
2024;50:314–315. https://doi.org/10.1038/s41386-024-01929-9

105. Li S, Wong TWL, Ng SSM. Potential and challenges of transcranial photo
biomodulation for the treatment of stroke. CNS Neurosci Ther. 2024;30(12):e70142. 
https://doi.org/10.1111/cns.70142

X. Duan, L. Xie, P. Tang et al.                                                                                                                                                 Healthcare and Rehabilitation 2 (2026) 100068

10

https://doi.org/10.1093/pm/pnaa388
https://doi.org/10.1093/psyrad/kkac004
https://doi.org/10.1016/j.jad.2020.06.067
https://doi.org/10.1155/2011/130751
https://doi.org/10.5535/arm.2015.39.4.630
https://doi.org/10.1016/j.jpain.2016.05.003
https://doi.org/10.1016/j.jpain.2016.05.003
https://doi.org/10.1179/1743132811y.0000000045
https://doi.org/10.1179/1743132811y.0000000045
https://doi.org/10.1016/s1388-2457(03)00117-2
https://doi.org/10.1016/s1388-2457(03)00117-2
https://doi.org/10.1016/j.pain.2013.03.040
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref64
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref64
http://refhub.elsevier.com/S3050-6131(26)00006-9/sbref64
https://doi.org/10.1002/14651858.cd007264.pub3
https://doi.org/10.1002/14651858.cd007264.pub3
https://doi.org/10.1007/s11926-008-0080-z
https://doi.org/10.1016/s0004-9514(14)60551-1
https://doi.org/10.1007/s00429-020-02173-9
https://doi.org/10.1016/j.eujim.2014.01.003
https://doi.org/10.1186/s13256-023-03915-z
https://doi.org/10.1186/s13256-023-03915-z
https://doi.org/10.1002/pri.1626
https://doi.org/10.1002/ejp.1373
https://doi.org/10.1111/j.1533-2500.2012.00593.x
https://doi.org/10.1111/j.1533-2500.2012.00593.x
https://doi.org/10.1016/0304-3959(81)90137-8
https://doi.org/10.1016/0304-3959(81)90137-8
https://doi.org/10.1179/1743288x13y.0000000128
https://doi.org/10.1179/1743288x13y.0000000128
https://doi.org/10.1016/j.jpain.2009.05.008
https://doi.org/10.1016/j.neuroscience.2022.01.004
https://doi.org/10.1109/tnsre.2023.3236038
https://doi.org/10.1016/j.neurol.2021.02.032
https://doi.org/10.1016/j.clinph.2017.07.120
https://doi.org/10.1016/j.clinph.2017.07.120
https://doi.org/10.1212/wnl.0000000000009858
https://doi.org/10.2176/nmc.st.2018-0099
https://doi.org/10.2176/nmc.st.2018-0099
https://doi.org/10.3390/sym17101587
https://doi.org/10.1097/j.pain.0000000000003384
https://doi.org/10.1097/j.pain.0000000000003384
https://doi.org/10.1016/j.brs.2024.02.014
https://doi.org/10.1016/j.brs.2024.02.014
https://doi.org/10.1021/acsnano.5c15238
https://doi.org/10.1155/2022/7605046
https://doi.org/10.1155/2022/7605046
https://doi.org/10.3389/fnins.2023.1092539
https://doi.org/10.1088/1741-2552/abd2c9
https://doi.org/10.1038/s41593-023-01456-8
https://doi.org/10.3389/fnins.2021.633988
https://doi.org/10.3389/fnins.2022.945221
https://doi.org/10.3389/fneur.2019.00549
https://doi.org/10.3389/fneur.2019.00549
https://doi.org/10.3171/2017.11.focus17621
https://doi.org/10.1002/advs.201902583
https://doi.org/10.1016/j.brs.2021.10.533
https://doi.org/10.1016/j.brs.2021.10.533
https://doi.org/10.1002/alz.054631
https://doi.org/10.3171/2011.10.focus11248
https://doi.org/10.3171/2011.10.focus11248
https://doi.org/10.1016/s1474-4422(17)30403-9
https://doi.org/10.3390/ijms25115687
https://doi.org/10.3390/ijms25115687
https://doi.org/10.1111/cns.14303
https://doi.org/10.3390/cells13050385
https://doi.org/10.3390/cells13050385
https://doi.org/10.1016/j.brainres.2023.148615
https://doi.org/10.1016/j.brainres.2023.148615
https://doi.org/10.1038/s41386-024-01929-9
https://doi.org/10.1111/cns.70142


106. Papi S, Allahverdipour H, Jahan A, Dianat I, Jafarabadi MA, Salimi MM. The effect 
of transcranial photobiomodulation on cognitive function and attentional perfor
mance of older women with mild cognitive impairment: a randomized controlled 
trial. Prz Menopauzalny. 2022;21(3):157–164. https://doi.org/10.5114/pm.2022. 
119794

107. Koch G, Altomare D, Benussi A, et al. The emerging field of non-invasive brain 
stimulation in Alzheimer’s disease. Brain. 2024;147(12):4003–4016. https://doi. 
org/10.1093/brain/awae292

108. Estrada-Rojas K, Cedeño Ortiz NP. Increased improvement in speech-language 
skills after transcranial photobiomodulation plus speech-language therapy, 
compared to speech-language therapy alone: case report with Aphasia. 

Photobiomodul Photomed Laser Surg. 2023;41(5):234–240. https://doi.org/10. 
1089/photob.2022.0024

109. Stevens AR, Hadis M, Phillips A, et al. Implantable and transcutaneous photo
biomodulation promote neuroregeneration and recovery of lost function after spinal cord 
injury. Bioeng Transl Med. 2024;9(6):e10674. https://doi.org/10.1002/btm2.10674

110. Browne JD, Fraiser R, Cai Y, Leung D, Leung A, Vaninetti M. Unveiling the 
phantom: what neuroimaging has taught us about phantom limb pain. Brain Behav. 
2022;12(3):e2509. https://doi.org/10.1002/brb3.2509

111. Marullo G, Innocente C, Ulrich L, et al. Home-based mirror therapy in phantom limb 
pain treatment: the augmented humans framework. Multimed Tools Appl. 
2025;84(28):34145–34177. https://doi.org/10.1007/s11042-025-20628-1

X. Duan, L. Xie, P. Tang et al.                                                                                                                                                 Healthcare and Rehabilitation 2 (2026) 100068

11

https://doi.org/10.5114/pm.2022.119794
https://doi.org/10.5114/pm.2022.119794
https://doi.org/10.1093/brain/awae292
https://doi.org/10.1093/brain/awae292
https://doi.org/10.1089/photob.2022.0024
https://doi.org/10.1089/photob.2022.0024
https://doi.org/10.1002/btm2.10674
https://doi.org/10.1002/brb3.2509
https://doi.org/10.1007/s11042-025-20628-1

	Neuromodulation therapy for phantom limb pain: A review of the current status and future perspectives
	1 Introduction
	2 Mechanisms underlying phantom limb pain
	2.1 Peripheral nerve mechanisms
	2.2 Central neural mechanisms
	2.3 Psychological mechanisms
	2.4 Mechanism integration and interaction

	3 Neuromodulation in phantom limb pain
	3.1 Invasive neuromodulation
	3.1.1 Deep brain stimulation
	3.1.2 Spinal cord stimulation
	3.1.3 Dorsal root ganglion stimulation

	3.2 Non-invasive neuromodulation
	3.2.1 Transcranial direct current stimulation
	3.2.2 Transcranial magnetic stimulation
	3.2.3 Transcutaneous electrical nerve stimulation


	4 Novel neuromodulation approaches
	4.1 Brain-computer interface (BCI)
	4.2 Temporally interfering stimulation (TIS)
	4.3 Transcranial focused ultrasound (tFUS)
	4.4 Transcranial photobiomodulation (tPBM)

	5 Current challenges and prospects
	6 Limitations
	7 Conclusion
	CRediT authorship contribution statement
	Ethics approval
	Funding information
	mk:H1_27
	Declaration of Competing Interest
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Acknowledgments
	References




