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Abstract
Despite humanity’s long experience with amputations, 
postamputation pain remains a highly prevalent, 
incompletely understood, and clinically challenging 
condition. There are two main types of postamputation 
pain: residual limb pain (including but not limited 
to the “stump”) and phantom limb pain. Despite 
considerable overlap between the two, they also 
have distinct clinical features, risk factors, and 
pathophysiological mechanisms. Central, peripheral, and 
spinal mechanisms may all contribute to the protean 
manifestations of persistent postamputation pain; an 
improved understanding of these mechanisms will be 
essential to identify the most promising interventions 
for the prevention and treatment of postamputation 
pain. Although there are currently no standardized 
prevention or treatment recommendations for any type 
of postamputation pain, an evidence-based, multimodal 
strategy including pharmacological agents, nonsurgical 
procedures, surgery, complementary and integrative 
techniques, and assistive technologies may prevent 
the development of chronic postamputation pain after 
amputation and/or optimize treatment outcomes.

Introduction
Amputations predate recorded human history. A 
recent report in Nature describes evidence of a 
lower extremity amputation over 30,000 years 
ago.1 Published cases of amputations in Neander-
thals remain inconclusive, but evidence suggests 
that our closest relatives were more sensitive to 
pain than Homo sapiens2 so the experience of 
postamputation pain likely goes back even farther 
into prehistory. Postamputation pain has almost 
certainly plagued mankind for as long as amputa-
tions have existed.

There are over 2.5 million amputees in the USA, 
with over 85% of cases secondary to diabetes or 
vascular disease.3 In diabetics, the annual incidence 
of amputation is around 4 per 1000, being higher 
in males, African Americans, veterans, and those 
with multiple medical comorbidities.3 In Medi-
care patients with peripheral vascular disease, the 
annual amputation rate approaches 6%.3 World-
wide, the annual incidence of traumatic amputa-
tions ranges between 1.5 and 2 per 1000 people, 
being highest in Southeast Asia, African Ameri-
cans, and males in their early 20s.4 The leading 
causes of traumatic amputations are exposure to 

mechanical forces (eg, farm accidents), falls (the 
most common cause in the elderly), motor vehicle 
collisions and conflict. Over two-thirds of trau-
matic amputations involve the upper extremities, 
especially the fingers.4

The socioeconomic costs of amputations are 
staggering. Life expectancy is lower in amputees 
than non-amputees, and quality of life is severely 
diminished in major limb amputees, especially those 
with leg amputations.4 5 These burdens arise not 
only from the high prevalence of comorbidities (eg, 
systemic illness, traumatic brain injury and post-
traumatic stress disorder in wartime amputations) 
but also from the deleterious effects of chronic 
pain (eg, chronic inflammation, psychopathology, 
maladaptive lifestyle changes), with studies showing 
higher rates of psychopathology and mortality in 
individuals with other forms of deafferentation 
pain compared with those with similar injuries who 
are devoid of pain.6

The direct financial costs of postamputation 
pain are difficult to separate from those related to 
disability associated with limb loss, but one study 
estimated hospitalization costs exceeded US$8.3 
billion in the USA for amputations in 2009 dollars.3 
In another study, the lifetime cost of a lower 
extremity amputation was estimated to approach 
US$900,000 in 2019 dollars.7 Pain is a major 
reason for health-related quality of life decrements 
after amputation (eg, inability to use a prosthetic), 
with studies reporting return-to-duty rates ranging 
between 11% and 47% among military personnel, 
and a 42% disability rate in civilian lower extremity 
amputees.7–9

Postamputation pain is not a disease; it is a 
syndrome representing a constellation of signs and 
symptoms, with different etiologies and mecha-
nisms, an absence of pathognomonic biomarkers, 
and a wide-ranging response to treatment. Because 
mechanism-based treatment of pain is believed to 
be more effective than disease-based therapies,10 
treatment of postamputation pain must be empir-
ical, based on clinical data regarding individual 
pathophysiology, rather than solely contingent 
on the causative event (amputation). This review 
provides an overview of the diagnosis, risk factors, 
and mechanisms of postamputation pain, and 
discusses evidence-based strategies for its preven-
tion and treatment.
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Diagnosis and clinical features
Broadly, pain associated with the loss of a limb can be consid-
ered postamputation pain. There are two distinct categories of 
postamputation pain: phantom limb pain and residual limb pain. 
Phantom limb pain denotes painful sensations referred to the 
absent limb while residual limb pain is localized to the extant 
limb, including (but not limited to) the stump itself. Phantom 
limb pain is more neuropathic in nature and commonly asso-
ciated with functional changes in the peripheral and central 
somatosensory systems,11 12 although phantom limb pain may 
also be referred from lesions more proximal to the amputation, 
such as radiculopathy, neuroma, or musculoskeletal sources.13 By 
contrast, residual limb pain tends to be more nociceptive, and it 
includes pain due to tissue injury (eg, amputation trauma, wound 
infection, foreign body/shrapnel, pressure ulcers, prosthetic irri-
tation, and ischemia), heterotopic ossification, and direct or 
referred spinal or peripheral joint pain related to altered biome-
chanics.13–16 Residual limb pain can also result from neuromas 
or nerve damage above the amputation,17 causing neuropathic 
pain.

Although the category of postamputation pain can be discerned 
from patient localization, appropriate management requires the 
identification of underlying causes through history and physical 
examination, as well as consideration of diagnostic studies.12 
Phantom limb pain and residual limb pain are usually present 
concurrently, with many amputees reporting features of both. 
Notably, nociplastic pain may also be present in both postam-
putation pain types, as well as other related pain syndromes 
spreading beyond the anatomic region of the amputation (eg, 
complex regional pain syndrome (CRPS), post-traumatic 
fibromyalgia).15

Risk factors
Limb amputations occur in otherwise healthy, young soldiers 
and civilians injured in military conflicts or industrial accidents, 
as well as elderly patients with multiple comorbidities including 
diabetes or vascular disease. The disparate demographic charac-
teristics and biopsychosocial contexts make it difficult to identify 
specific risk profiles, especially since there are multiple types of 
postamputation pain that arise through various pathophysio-
logical pain mechanisms following amputation. However, both 
historical and modern epidemiological studies of postamputa-
tion pain provide insights regarding general characteristics that 
influence the likelihood that an amputation will result in chronic 
postamputation pain.

Well-known risk factors for postamputation pain include 
patient-related factors (age,18–20 socioeconomic factors,19 20 
genetics,21 psychopathology,20–23 smoking20) and amputation-
related factors (degree of trauma,20 location of amputa-
tion,18 19 21 surgical approach,21 preoperative and postoperative 
pain,11 18 21 24 anesthetic technique19 22 24); these are summa-
rized in box 1.11 18–25 The presence and severity of preamputa-
tion pain correlate with the presence and severity of phantom 
limb pain and residual limb pain.24 26 Pre-existing pain states 
may also lead to phenomena contributing to central sensitiza-
tion (eg, alterations in neuronal excitability, impaired spinal 
and supraspinal pain inhibition pathways), which predispose an 
individual to postamputation pain.13 18 Similarly, severe acute 
pain immediately following amputation is predictive of chronic 
postamputation pain.20 25 26 Pre-existing psychological factors 
such as post-traumatic stress disorder, depression, catastro-
phizing, and anxiety, are also associated with postamputation 
pain.22 23

Mechanisms
Since residual limb pain is mechanistically more similar to 
traditional post-traumatic and postsurgical pain, the discus-
sion of postamputation pain mechanisms will focus primarily 
on phantom limb pain. The non-intuitive nature of phantom 
limb pain has made it a subject of great interest both within and 
outside of medical science. How, exactly, does one feel pain from 
a body part that no longer exists? Despite decades of work on 
this topic, the mechanisms underlying phantom limb pain and 
other types of deafferentation pain remain incompletely under-
stood, but key contributors are thought to include functional 
and organizational changes in the central nervous system (CNS), 
peripheral nervous system pathology, and their interplay.

Many parts of the brain and spinal cord exhibit somatotopic 
organization of sensory inputs and motor outputs. Reorganiza-
tion of these somatotopic maps, especially within brain cortices, 
is a common finding in phantom limb pain.27–30 For example, 
functional MRI (fMRI) following upper limb amputation has 
revealed an expansion of activity evoked by tactile stimulation 
of the lips into cortical areas that previously encoded the hand, 
with the magnitude of this shift correlated to phantom limb pain 
intensity.31 Similar ectopic expansion of receptive fields has been 
observed in nonhuman primates following digit amputation32 
or deafferentation by dorsal rhizotomy.33 Changes in represen-
tational maps have also been identified in the thalamus, both 
upstream and downstream of cortical reorganization events.28 30 
However, the precise neurobiological changes and how those 
relate to the clinical presentation of phantom limb pain remain 
incompletely understood.

Several methodological variables in mapping studies contribute 
to this complexity. The techniques used to evoke brain activity in 
studies (eg, by phantom limb movements, imagery of phantom 
limb movement, or mirror image movement of the contralateral 
limb) differ, and how brain regions are defined also vary.29 Another 
consideration is the recording technique used to generate maps, 
which reflect different aspects of brain activity. In non-human 
primates, fMRI and local field potential measurements do not 
always correspond to multiunit recordings of spiking activity.34 
These disparities likely reflect differential effects of deafferen-
tation on subthreshold activity versus action potential firing at 
the circuit level; anesthesia, which is often used in such animal 
studies, may further confound measurements.34 Lastly, cortical 
representational maps and their changes following deafferenta-
tion vary across stimulus modalities. Cortical maps of innocuous 
touch and temperature nociception, and their respective changes 
following deafferentation, do not strictly coincide; they also 
exhibit distinct interareal circuitries.34 Such stimulus-specific 

Box 1  Risk factors for postamputation pain11 18–25

Young age.
Degree of trauma.
Location of amputation.
Socioeconomic factors.
Psychopathology.*
Genetics.
Surgical approach.*
Preoperative and severe postoperative pain.*
Anesthetic technique.*
Smoking.*

*Potentially modifiable risk factors.
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changes could lead to contradictions between studies, even in 
the setting of identical underlying biological substrates.

Despite these considerations, there is a consensus that a quan-
titative relationship exists between phantom limb pain intensity 
and cortical reorganization, although the specific cause-and-
effect vectors in that relationship remain enigmatic, and some 
studies have shown that phantom limb pain correlates with an 
absence of cortical reorganization (ie, a persistent disparity exists 
between a missing body part and its cortical representation).6 
One conceptual model is the “neuromatrix theory”, which 
posits that major deafferentation exceeds the limits of biological 
plasticity of the CNS to reconcile the changed pattern of inputs 
resulting in maladaptive pain perception referred to the missing 
limb.30 35 This pain can be exacerbated by mismatches between 
somatosensory inputs, visual feedback, and rearranged cortical 
representation maps.28 36 Another concept espoused is that of 
proprioceptive or pain “memories” in the CNS, such that either 
the position of the limb before amputation or pain experiences 
contemporaneous with amputation result in a cognitive recol-
lection of feelings evoked by movement, or imagery of move-
ment, of the residual limb. Such sensations might be protracted 
by the patient’s inability to receive visual feedback that the limb 
is restored to a nonpainful position.30 37 Whereas these models 
describe potential connections between phantom limb pain and 
cognitive experiences such as sensory input and memory, the 
mechanistic links between phantom limb pain and altered brain 
representative maps remain unknown.

One compelling potential mechanism linking phantom limb 
pain and cortical reorganization involves collaboration between 
the central and peripheral nervous systems. In this model, input 
from neurons innervating the residual portion of an ampu-
tated limb might produce pain referred to the missing limb by 
inappropriately activating the reorganized cortical or thalamic 
regions formerly representing the lost limb.28 30 Such input may 
arise from neurons residing in the neuromas at the truncated 
ends of transected nerves and/or from adjacent spared neurons 
that innervate residual limb tissue. Both populations of neurons 
have been shown to exhibit spontaneous firing following periph-
eral nerve injury38 39 and might contribute not only by delivering 
ectopic afferent inputs to circuits involving the spinal cord and 
brain but also by sensitizing these circuits. One problem with this 
model is that there is a distinction between patient perceptions of 
phantom limb pain and residual limb pain, with the two types of 
pain often exhibiting distinct time courses.30 Another argument 
against peripheral neurons being primary drivers of phantom 
limb pain stems from the lack of definitive evidence for the 
long-term efficacy of continuous regional nerve blockade in the 
amputated limb. Although some studies suggest at least tempo-
rary efficacy,40 others do not, with most limited in quality.28 30 41 
However, these limitations also make it premature to exclude 
the mechanistic contributions of peripheral input to the initi-
ation or maintenance of phantom limb pain. It is also worth 
noting that other parts of the peripheral nervous system may 
play a role, such as more proximal parts of transected neurons 
or sympathetic neurons.42

Finally, in addition to peripheral and supraspinal mechanisms, 
the spinal cord dorsal horn may be an important contributor to 
phantom limb pain. It is within the dorsal horn where inputs 
to peripheral sensory neurons are transmitted to pathways 
projecting to the brain, serving as a site of substantial somatoto-
pically organized processing of nociceptive and non-nociceptive 
input, as well as an important target of descending pain modu-
latory pathways. Neuronal and non-neuronal cells in the dorsal 
horn exhibit dynamic changes at molecular and anatomical 

levels in response to peripheral nerve injury, resulting in changes 
in neuronal excitability, inhibitory interneuron tone, and spon-
taneous firing,43 44 all of which may dramatically alter relation-
ships between peripheral inputs and outputs to the brain, thus 
shaping pain perceptions (figure 1).

Prevention
Although many studies have reported on the utility of various 
pharmacological, procedural, and/or physical treatments in the 
management of acute postamputation pain, no specific anesthetic 
technique or perioperative analgesic regimen has been reliably 
demonstrated to prevent the development of chronic postampu-
tation pain.12 21 45 46 Pharmacological treatments used to manage 
postamputation pain have also been studied as pre-emptive anal-
gesics to prevent postamputation pain. Although anticonvul-
sants such as gabapentin are widely used to treat phantom limb 
pain, perioperative gabapentin has not been demonstrated to 
prevent phantom limb pain.21 47 48 There has also been substan-
tial interest in ketamine to prevent postamputation pain, given 
its N-methyl-D-asparate (NMDA)- receptor antagonism and the 
role of these receptors in the development of central sensitiza-
tion. However, one randomized controlled trial (RCT) evalu-
ating the addition of perioperative ketamine infusion to standard 
patient-controlled analgesia (PCA) postoperatively did not find 
significant differences in the prevention of chronic phantom 
limb pain.49 Another study evaluating epidural ketamine plus 
bupivacaine versus epidural saline and bupivacaine for lower 
limb amputation surgery found that epidural ketamine provided 
significantly better short-term analgesia, but rates of persistent 
postamputation pain at 12 months were similar (and low) for 
both groups.50 Notably, safety concerns with neuraxial admin-
istration of ketamine have precluded general acceptance of this 
treatment.21 48

As with pharmacological agents, regional techniques have at 
best a modest impact on the incidence of chronic postamputa-
tion pain. Most studies evaluating peripheral nerve blocks in 
amputation are small, unblinded, and/or retrospective in nature, 
without long-term follow-up to assess prevalence.21 One recent 
study randomized 80 patients to receive 96 hours of perineural 
local anesthetic infusion via catheter placed during surgery or 
placebo, finding no significant differences in long-term phantom 
limb pain or residual limb pain, although the authors acknowl-
edged that the study was underpowered with low overall rates of 
phantom limb pain and residual limb pain in their population.51 
For epidural analgesia, nearly a dozen randomized or retro-
spective studies have been mixed in finding significant differ-
ences in long-term postamputation pain outcomes compared 
with placebo or a perineural catheter.13 21 46 50 52–54 One RCT 
found that compared with controls receiving general anesthesia 
and conventional analgesia, perioperative epidural analgesia or 
intravenous PCA were associated with decreased phantom limb 
pain 6 months after amputation, but no significant differences 
in residual limb pain were observed.54 Although the results are 
mixed, studies that initiated epidural anesthesia more than 24 
hours before surgery, and those that have compared epidural 
analgesia to suboptimal perioperative pain regimens, have 
yielded better results at preventing postamputation pain.6 13 
These observations highlight the importance of preoperative 
pain, as well as painful intraoperative events and postoperative 
pain, in the development of postamputation pain.

Given the strong correlation between perioperative pain and 
chronic postamputation pain, as well as the postulated mech-
anisms of chronic postamputation pain pathogenesis discussed 
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above, it is both puzzling and discouraging that pre-emptive 
analgesic techniques have not consistently demonstrated signif-
icant advantages in long-term postamputation pain outcomes. 
These findings are not unique to amputations and have been 
observed in many other studies evaluating preventive analgesia 
for chronic postsurgical pain.55–57 One explanation may be the 
high degree of heterogeneity within the surgical population, 
which is particularly true for the population of patients under-
going amputation. In addition, the sheer range of potential 
pharmacological and procedural options, along with variations 
in dosing regimens, techniques and the conventional paradigm 
of multimodal analgesia, make it difficult to establish superi-
ority for any single intervention. Lastly, the timing and dura-
tion of perioperative analgesic interventions are often limited to 
the immediate postoperative period. It may be that treatments 
initiated earlier (or even preoperatively) and continued longer 
postoperatively would yield better long-term outcomes, which 
is consistent with the previous observations of epidural analgesia 
for the prevention of chronic postamputation pain.6 13

In addition to acute postoperative pain, postamputation 
complications may influence the development of postamputa-
tion pain, with different complications associated with different 
types of postamputation pain. Neuromas are associated with 
neuropathic phantom limb pain and residual limb pain, whereas 
infection, heterotopic ossification, and poor prosthetic fit are 
more associated with residual limb pain.22 Notably, the pres-
ence of residual limb pain is an independent risk factor for the 

development of phantom limb pain regardless of residual limb 
pain etiology, suggesting shared mechanisms.19 58

Treatment
Pharmacological treatments
Pharmacotherapy is considered a mainstay of treatment for 
postamputation pain, especially phantom limb pain. However, 
a 2016 Cochrane review found that in this patient population, 
outcomes on pain, function, mood, sleep, quality of life, and 
similar measures were unclear due to most studies being small 
and of poor quality.59

Anticonvulsants, principally gabapentin and pregabalin, are 
first-line therapies for neuropathic pain. A 2002 randomized, 
double-blind, placebo-controlled, cross-over study by Bone et al 
reported on gabapentin versus placebo in 14 individuals with 
phantom limb pain.60 After 6 weeks, gabapentin monotherapy 
was better than placebo in relieving phantom limb pain, but there 
were no significant differences in functional or psychological 
outcomes, and the study did not track longer-term outcomes.60 
Although the literature on pregabalin in postamputation pain is 
anecdotal, its mechanisms and efficacy for postamputation pain 
are presumed to be similar to gabapentin.

Antidepressants such as tricyclics (eg, amitriptyline, nortrip-
tyline) and serotonin-norepinephrine reuptake inhibitors (eg, 
duloxetine, milnacipran) are first-line treatments to manage 
neuropathic pain. Although amitriptyline was the only pharma-
cological treatment recommended for phantom limb pain in a 

Figure 1  Distinct and overlapping mechanisms of residual and phantom limb pain.* *Denotes main form of postamputation pain presentation as 
there is likely overlap between all putative mechanisms for residual and phantom limb pain.
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recent expert consensus,61 it was acknowledged that the evidence 
for its use is not robust, with only one amitriptyline study in the 
2016 Cochrane review meeting inclusion criteria.59 This study 
found no significant difference between amitriptyline versus 
active placebo (benztropine) for phantom limb pain, although 
the study was only 6 weeks in duration, and the study was not 
powered to detect small treatment effects.62 An earlier study did 
note some efficacy for open-label amitriptyline (vs double-blind 
tramadol and placebo) in treatment-naïve patients with postam-
putation pain.63 One randomized placebo-controlled crossover 
trial in central pain, including 28 with phantom limb pain, found 
efficacy for clomipramine and (to a lesser extent) nortriptyline.64 
Despite limited evidence, antidepressants are frequently recom-
mended and prescribed for postamputation pain, based on their 
efficacy in similar pain conditions and clinician experience. A 
2023 Cochrane review of antidepressants for chronic pain 
management found that the serotonin-norepinephrine reuptake 
inhibitors duloxetine 60 mg daily, and potentially milnacipran, 
were moderately efficacious across outcomes such pain intensity 
and mood, with a favorable adverse effect profile.65

Several studies have evaluated the use of local anesthetics to 
manage postamputation pain. In a randomized double-blind, 
active-placebo-controlled, cross-over trial comparing the short-
term analgesic effects of intravenous morphine and lidocaine 
infusions on postamputation pain, Wu et al found residual 
limb pain was diminished both by morphine and lidocaine, 
while phantom limb pain was diminished only by morphine.66 
In preliminary results of a double-blinded cross-over study in 
eight lower limb amputees with phantom limb pain, Casale et 
al reported on contralateral injections of 1 mL 0.25% bupiva-
caine in myofascial hyperalgesic areas versus saline.67 Bupiva-
caine injected in the healthy limb consistently reduced/abolished 
the phantom sensation in six out of eight patients, which was 
not observed in the saline patients, suggesting a systemic effect 
of the medication.67 In both studies, follow-up was 1 hour or 
less; given the short duration of action of intravenous local anes-
thetics, its utility in the treatment of chronic postamputation 
pain is likely limited.

Due to the role of the NMDA receptor in neuronal hyperex-
citability and sensitization, NMDA receptor antagonists such as 
memantine, dextromethorphan, and ketamine have been inves-
tigated for postamputation pain. Ketamine is commonly used 
for perioperative pain management and provides short-term 
pain relief immediately following amputation, but its role in 
the treatment of chronic postamputation pain is less clear.48 59 
In a randomized, double-blind, cross-over study in 20 chronic 
phantom limb pain patients, Eichenberger et al reported signifi-
cantly decreased pain and a greater proportion of responders 
in patients receiving ketamine infusions compared with those 
receiving placebo and calcitonin 48-hours post-treatment.68 
There are also two small placebo-controlled trials by the same 
group of investigators showing benefit for dextromethorphan 
for phantom limb pain, and several negative randomized trials 
for memantine.59

Opioids are frequently used for acute postamputation pain 
management, but they are generally not recommended for 
chronic pain management due to their safety risks, especially in 
a population with a high psychiatric coprevalence rate. Evidence 
for their benefit in chronic postamputation pain is limited. 
However, given the refractory nature of postamputation pain, 
opioids may be a consideration in selected patients with postam-
putation pain who have failed other treatment modalities. A 
double-blinded crossover study in 12 patients by Huse et al 
found that high-dose oral morphine (70-300 mg/d) significantly 

decreased pain intensity compared with placebo through 4 
weeks, and brain MRI of three patients showed initial evidence 
for reduced cortical reorganization with morphine concur-
rent with the reduction in pain intensity.69 However, at 1-year 
follow-up, slightly more than 50% who remained on morphine 
continued to report substantial (>50%) pain relief.

Injections and percutaneous procedures
Injectable medications studied or used clinically for residual limb 
pain and phantom limb pain include corticosteroids, local anes-
thetics, dextrose, saline, botulinum toxin, and etanercept. Other 
percutaneous therapies (excluding neuromodulation discussed 
elsewhere in this article) include pulsed radiofrequency, radiof-
requency ablation, chemical neurolysis, and cryoneurolysis. 
Despite the increasing options available to pain medicine prac-
titioners, the evidence supporting clinical use for any specific 
treatment remains sparse.

A recent literature review of percutaneous treatments for 
residual limb pain or phantom limb pain by Sperry et al revealed 
only eight studies examining this topic, including six case series 
and two RCTs that met inclusion criteria.70 One study involved 
peripheral nerve stimulation (PNS), as discussed elsewhere, and 
the other RCT evaluated botulinum toxin and lidocaine/meth-
ylprednisolone injected into tender muscular and non-muscular 
tissue.71 The latter was a double-blinded study evaluating 14 
patients with residual limb pain or phantom limb pain over 
6 months. Both treatments improved residual limb pain at 6 
months, but not phantom limb pain. The other studies reviewed 
were observational, showing a trend for more significant 
although modest pain relief in residual limb pain compared with 
phantom limb pain. A notable observation across most studies 
was that single injection blocks can improve pain beyond local 
anesthetic neural blockade duration.

A large (n=144) randomized, placebo-controlled, multicenter 
study evaluated a 6-day ambulatory continuous perineural 
local anesthetic infusion for phantom limb pain.72 The authors 
hypothesized that continuous perineural blockade could have 
a more significant effect than a single-shot block for targeting 
spinal and supraspinal neural pathways responsible for cortical 
reorganization. Their results showed a statistically significant 
improvement with local anesthetic compared with placebo 
at 4 weeks in the double-blind phase for both phantom limb 
pain and residual limb pain, and lower phantom limb pain and 
residual limb pain scores at the 6-month open-label follow-up 
compared with placebo patients who did not cross over; at 12 
months, there were small differences favoring treatment for 
residual limb pain but not phantom limb pain.72 In a small (n=4) 
pilot study, lumbar sympathetic blocks compared favorably to 
sham-controlled dry needling/needle placement without anes-
thetic through 3-month follow-up, suggesting the possibility of a 
sympathetically mediated component to residual limb pain and 
phantom limb pain.73

Other procedures, including neurolysis, pulsed radiof-
requency, and radiofrequency ablation, are limited to case 
series70 74; however, one recent multicenter RCT evaluating 
ultrasound-guided cryoneurolysis against a sham procedure 
showed no significant difference at 4 months in either phantom 
limb pain or residual limb pain.75 Through post hoc analysis, the 
authors suggested that cryoneurolysis effectiveness may depend 
on the level of amputation, as transtibial amputation patients did 
have improvement. Overall, percutaneous injection and radiof-
requency treatments may have a role in treating residual limb 
pain and phantom limb pain but more research is necessary.
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Surgical treatments
Injury to a peripheral nerve can lead to axotomy, with distal 
Wallerian degeneration and proximal axonal sprouting. If the 
axons are unable to reach a target, the sprouts form a tangle, 
and in conjunction with fibroblasts, a neuroma. In limb amputa-
tion, because nerve transection is required and the target tissue 
no longer exists, neuroma formation is almost guaranteed. 
Neuroma pain, occurring in more than 50% of limb amputa-
tions, is felt in the sensory distribution of the nerve, resulting in 
phantom limb pain and residual limb pain.22

Surgeons have long tried to prevent and treat painful neuroma 
formation. Traction neurectomy is performed by pulling the 
nerve distally, transecting the nerve and allowing it to retract into 
the limb. Axonal sprouting still occurs, however, often resulting 
in a painful neuroma.76 Nerves can be implanted into various 
tissues (bone, vein, muscle) to decrease the size of neuroma or 
place it in a quiescent environment. Although a neuroma still 
forms, the incidence of painful neuroma is less. Various neural 
toxins have been applied to nerve endings to halt neuroma 
formation, with little success.77

Providing a target for regenerating axons to reinnervate can 
reduce neuroma formation. Placing the nerve stump into already 
innervated muscle will not result in neurotization of the muscle, 
which can result in a painful neuroma.78 Denervated muscle 
is, therefore, preferable as a target for regenerating axons, and 
placement of such a muscle graft over the nerve stump can 
prevent neuroma formation. This technique, known as regen-
erative peripheral nerve interface (RPNI), was developed to 
amplify neural signals in the form of electromyographic activity 
and provide better control of prosthetics. RPNIs refer to dener-
vated sections of muscle that allow direct neurotization from 
the nerve stump.79 Since a muscle graft lacks blood supply, it 
will revascularize from the wound bed, although at least some 
fibrotic muscle resorption occurs.80 An alternative is to provide 
a vascularized denervated muscle target for regenerating axons 
from the proximal nerve stump.81 Although randomized trials 
are lacking, one retrospective matched-control study reported 
a decreased incidence of both symptomatic neuroma forma-
tion (0% vs 13.3%) and phantom limb pain (51.5% vs 91.1%) 
with RPNI compared with conventional surgical therapy at an 

average 1-year follow-up.82 As treatment for existing postam-
putation pain, two retrospective studies reported reductions in 
neuroma pain and phantom limb pain by 75%–85% and 45%, 
respectively.83

In targeted muscle reinnervation (TMR), the proximal nerve 
stump is transferred onto a normal distal motor branch. By 
transferring cut nerves into nearby muscles, these muscles act 
as signal amplifiers that can be used to control bionic pros-
thetics. In one small, randomized trial (n=28), TMR reduced 
phantom limb pain at 1 year by over 95% (3.2 vs −0.2 points 
on a 0–10 scale), and residual limb pain by almost 70% (2.9 
vs 0.9) compared with conventional therapy.84 As prophylactic 
therapy, numerous studies have reported phantom limb pain in 
the range of 20%–25%, and residual limb pain rates around 50% 
after TMR, lower than reported rates with traditional surgical 
amputations.83

Spinal cord stimulation to treat neuromas and phantom pain 
is widely used, with little supporting efficacy data.85 The mecha-
nism of action was initially thought to be stimulation of sensory 
fibers in the dorsal columns blocking ascending nociceptive 
input, but other mechanisms such as enhancement of gamma 
amino-butyric acid inhibition and reduction of neuroinflamma-
tion and central sensitization are likely to also contribute. In one 
systematic review that included 12 low-quality studies, only 7 
reported significant relief of phantom limb pain at variable (3 
months to 7 years) follow-up.85 Although dorsal root ganglion 
stimulation has been touted to provide better relief than dorsal 
column stimulation for some neuropathic pain conditions, a 
recent review based on very low-quality studies (n=5 studies, 
25 patients) found significant relief occurred in only 60% of 
patients.86

PNS involves the stimulation of 1 or 2 nerves to elicit pares-
thesia in lieu of pain in the distribution of the treated nerves. 
A systematic review (n=13 studies) that included 2 randomized 
trials (one sham-controlled and the other that compared PNS as 
an add-on to standard medical therapy) found that PNS, even 
when applied for only 60 days via temporary implants, reduced 
phantom limb pain, residual limb pain and opioid consumption, 
and improved quality of life for over 6 months.87

Table 1  Levels of evidence for treatment and prevention of postamputation pain6 13 46 48 59 61 102

Type of postamputation pain Level I Level II Level III Level IV Negative

Treatment of phantom limb pain (None) ►► Gabapentin
►► Transcranial 

direct current 
stimulation 
(short-term 
benefit)

►► Tricyclic antidepressants
►► NMDA receptor antagonists 

(ketamine and dextromethorphan) 
for short-term benefit

►► Peripheral nerve stimulation
►► Prolonged local anesthetic infusion
►► Targeted muscle reinnervation 

surgery
►► Opioids

►► Calcitonin
►► Repetitive transcranial magnetic stimulation 

(short-term benefit)
►► Mirror therapy and virtual reality (short-

term benefit)
►► Regenerative peripheral nerve interface 

surgery
►► Neurolysis of painful neuroma

►► Intravenous lidocaine
►► Botulinum toxin
►► Sympathetic blocks 

(provide only 
immediate-term relief)

Treatment of residual limb pain (None) ►► Intravenous lidocaine (immediate-
term benefit)

►► Prolonged local anesthetic infusion
►► Targeted muscle reinnervation 

surgery

►► Regenerative peripheral nerve interface 
surgery

►► Neurolysis of painful neuroma

►► Botulinum toxin
►► Sympathetic blocks 

(provide only 
immediate-term relief)

Prevention of postamputation pain (None) ►► Targeted muscle reinnervation 
surgery

►► Patient-controlled opioid analgesia

►► Epidural anesthesia placed >24 hours 
before surgery (including with calcitonin)

►► Catheter-based regional anesthesia
►► Regenerative peripheral nerve interface 

surgery
►► Ketamine infusion

►► Gabapentin
►► Stump wrapping/limb 

cover (eg, aluminum 
foil)

Levels of evidence based on modified Oxford Centre for Evidence-based Medicine Levels of Evidence criteria.6 103 I=systematic review of randomized trials or n-of-1 trials, II=randomized trial(s) or 
observational study(ies) with dramatic effect, III=non-randomized controlled cohort/follow-up study(ies), IV=case-series, case–control studies, or historically controlled studies. Note that levels may 
be downgraded on the basis of study quality, imprecision, indirectness, inconsistency between studies, or small absolute effect sizes.
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Deep brain and motor cortex stimulation are invasive neuro-
modulatory techniques that have been employed as last-resort 
treatments for refractory, debilitating pain. In one systematic 
review involving 8 studies (5 prospective, n=55), between 50% 
and 100% of deep brain stimulation patients reported at least 
50% pain relief after 1 year while the results of motor cortex 
stimulation were generally disappointing. In an accompanying 
survey of neurosurgeons, while there were mixed reviews of 
deep brain stimulation, most perceived motor cortex stimulation 
as ineffective.88

Complementary and integrative techniques
Complementary and integrative techniques offer promising 
treatment options for patients with postamputation pain. Mirror 
therapy is a commonly used adjunct in amputees, which exploits 
the brain’s preference to prioritize visual feedback over somato-
sensory/proprioceptive feedback to improve pain. Xie et al 
performed a meta-analysis of 10 RCTs and found a statistically 
significant decrease in phantom limb pain in the mirror therapy 
group versus control within 1 month.89 Interestingly, the authors 
reported that the evidence did not show that mirror therapy 
had long-term effects but acknowledged that may have been a 
byproduct of limited data.89 A separate systematic review from 
Guémann et al concluded that mirror therapy did not reduce 
phantom limb pain and disability in amputees, noting the low 
methodological quality and lack of statistical power in the 
included studies.90

Biofeedback uses tools such as surface electromyography, elec-
troencephalography, and/or fMRI to allow for operant condi-
tioning and feedback learning to train patients to control typically 
involuntary body physiology. A systematic review on neurofeed-
back for chronic pain found generally positive results; although 
none evaluated postamputation pain, neurofeedback appears to 
have a low risk of harm and the potential for improving pain 
and other outcomes in individuals with chronic pain.91 Similarly, 
other complementary and integrative techniques for postampu-
tation pain, such as hypnosis and other mind-body therapies, 
lack sufficient evidence to judge their efficacy, but are safe and 
inexpensive.92

Assistive technologies
Medical innovation is developing rapidly, but relatively few 
assistive technologies (AT) have been studied or are available 
commercially for treating residual limb pain or phantom limb 
pain.93 Some of the well-known AT include transcutaneous 
electrical nerve stimulation (TENS), transcranial direct current 
stimulation (tDCS), repetitive transcranial magnetic stimulation 
(rTMS), virtual reality (VR), and various liners/prostheses.

In a systematic review, Haito et al identified three studies 
evaluating TENS or tDCS for phantom limb pain when they 
excluded case series, cohort, and most retrospective studies.94 
One study evaluated 28 patients who received ten minutes of 
auricular TENS compared with placebo, with a modest reduc-
tion in pain in the TENS group; however, the duration of 
effectiveness beyond 10 min was not evaluated.95 The second 
randomized study involved eight patients with primarily lower 
limb amputations who were treated with tDCS or placebo.96 
The authors reported a more significant improvement in the 
tDCS group compared with placebo but did not assess effec-
tiveness beyond 1 week.96 The remaining study, a retrospective 
evaluation of twenty patients with limb loss, showed a positive 
effect in treating phantom limb pain by applying TENS to the 
contralateral limb.97 Although anecdotal, there are also case 

series reporting short-term alleviation of residual limb pain with 
TENS.98

A systematic review by Corbett et al identified three random-
ized trials evaluating rTMS for phantom limb pain, reporting 
mixed results.88 One sham-controlled trial was negative, a 
quasi-randomized trial found a large treatment effect, while the 
largest study (n=54) reported only mixed, short-term (15 days) 
benefit. Overall, the study designs and short-term outcome data 
diminish any clinical inferences regarding electrical stimulation 
for postamputation pain.

Although adequately powered RCTs remain limited, VR is 
another technological area that can potentially treat postampu-
tation pain. Rajendram et al performed a systematic review and 
meta-analysis evaluating mirror therapy and VR in alleviating 
phantom limb pain.99 Only seven VR studies (n=86) met the 
inclusion criteria, which consisted of RCTs or cohort studies. 
They concluded that both VR and mirror therapy are effective 
for treating phantom limb pain, with no significant differences 
between the treatments. However, significant methodological 
flaws in the studies made generalization difficult.

Liners and prostheses for postamputation pain relief hold 
promise, as fMRI studies evaluating myoelectric prostheses’ 
cortical effects100 and case reports of implantable microelec-
trodes for sensorimotor or haptic feedback, support a positive 
effect on phantom limb pain.101 The mechanisms for phantom 
limb pain relief include purposeful sensorimotor reintegration 
with subsequent “embodiment” of the prosthesis. Whereas these 
developments hold promise, further research is necessary to 
develop and improve the human prosthesis interface to include 
effective pain modulation.

Future opportunities and conclusions
Postamputation pain is a heterogeneous condition encompassing 
a wide range of features that can occur following limb ampu-
tation. Although treatment remains challenging, there are a 
growing number of pharmacologic, interventional, surgical, 
and complementary techniques that may be used to prevent 
and manage postamputation pain (table 1). Understanding the 
myriad underlying risk factors and pathophysiological mecha-
nisms that lead to postamputation pain can inform the optimal 
multimodal treatment strategy to prevent and treat pain after 
amputation.

X Tina L Doshi @dr_tinadoshi

Contributors  Conception: TLD and SPC. Writing manuscript and critical review: all 
authors. Figures and tables: SPC and TLD. Guarantor: SPC

Funding  This work was partly supported (partial effort for SPC) by the US Dept. 
of Defense, Uniformed Services University, Department of Physical Medicine and 
Rehabilitation, Musculoskeletal Injury Rehabilitation Research for Operational 
Readiness (MIRROR) (HU00011920011).

Disclaimer  This organization played no role in the preparation of this manuscript.

Competing interests  SPC has served as a consultant to SPR, which manufactures 
a peripheral nerve stimulation system studied in PAP. All other authors report no 
relevant competing interests or financial disclosures.

Patient consent for publication  Not applicable.

Provenance and peer review  Not commissioned; externally peer reviewed.

ORCID iD
Tina L Doshi http://orcid.org/0000-0001-5011-3298

References
	 1	 Maloney TR, Dilkes-Hall IE, Vlok M, et al. Surgical amputation of a limb 31,000 years 

ago in Borneo. Nature New Biol 2022;609:547–51. 
	 2	 Zeberg H, Dannemann M, Sahlholm K, et al. A Neanderthal Sodium Channel 

Increases Pain Sensitivity in Present-Day Humans. Curr Biol 2020;30:3465–9. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://rap

m
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

5 F
eb

ru
ary 2025. 

10.1136/rap
m

-2024-105817 o
n

 
R

eg
 A

n
esth

 P
ain

 M
ed

: first p
u

b
lish

ed
 as 

https://x.com/dr_tinadoshi
http://orcid.org/0000-0001-5011-3298
http://dx.doi.org/10.1038/s41586-022-05160-8
http://dx.doi.org/10.1016/j.cub.2020.06.045
http://rapm.bmj.com/


182 Doshi TL, et al. Reg Anesth Pain Med 2025;50:175–183. doi:10.1136/rapm-2024-105817

Review

	 3	 Varma P, Stineman MG, Dillingham TR. Epidemiology of limb loss. Phys Med Rehabil 
Clin N Am 2014;25:1–8. 

	 4	 Yuan B, Hu D, Gu S, et al. The global burden of traumatic amputation in 204 
countries and territories. Front Public Health 2023;11:1258853. 

	 5	 Beyaz S, Güler ÜÖ, Bağır GŞ. Factors affecting lifespan following below-knee 
amputation in diabetic patients. Acta Orthop Traumatol Turc 2017;51:393–7. 

	 6	 Cohen SP, Caterina MJ, Yang S-Y, et al. Pain in the Context of Sensory 
Deafferentation. Anesthesiology 2024;140:824–48. 

	 7	 Lo J, Chan L, Flynn S. A Systematic Review of the Incidence, Prevalence, Costs, 
and Activity and Work Limitations of Amputation, Osteoarthritis, Rheumatoid 
Arthritis, Back Pain, Multiple Sclerosis, Spinal Cord Injury, Stroke, and Traumatic 
Brain Injury in the United States: A 2019 Update. Arch Phys Med Rehabil 
2021;102:115–31. 

	 8	 Belisle JG, Wenke JC, Krueger CA. Return-to-duty rates among US military combat-
related amputees in the global war on terror: job description matters. J Trauma Acute 
Care Surg 2013;75:279–86. 

	 9	 Kift SH, Bates TJ, Franklin NA, et al. Characteristics of US combat veterans (2001-
2011) who remain on active duty after upper extremity amputations. US Army Med 
Dep J 2017;57–61.

	 10	 Woolf CJ, Max MB. Mechanism-based Pain Diagnosis. Anesthesiology 
2001;95:241–9. 

	 11	 Nikolajsen L. Postamputation pain: studies on mechanisms. Dan Med J 
2012;59:B4527.

	 12	 Doshi TL, Dworkin RH, Polomano RC, et al. AAAPT Diagnostic Criteria for Acute 
Neuropathic Pain. Pain Med 2021;22:616–36. 

	 13	 Hsu E, Cohen SP. Postamputation pain: epidemiology, mechanisms, and treatment.  
J Pain Res 2013;6:121–36. 

	 14	 Neil M. Pain after amputation. BJA Educ 2016;16:107–12. 
	 15	 Cohen SP, Gilmore CA, Rauck RL, et al. Percutaneous Peripheral Nerve 

Stimulation for the Treatment of Chronic Pain Following Amputation. Mil Med 
2019;184:e267–74. 

	 16	 Oosterhoff M, Geertzen JHB, Dijkstra PU. More than half of persons with lower limb 
amputation suffer from chronic back pain or residual limb pain: a systematic review 
with meta-analysis. Disabil Rehabil 2022;44:835–55. 

	 17	 Edwards DS, Mayhew ER, Rice ASC. “Doomed to go in company with miserable 
pain”: surgical recognition and treatment of amputation-related pain on the 
Western Front during World War 1. Lancet 2014;384:1715–9. 

	 18	 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;20:578–87. 

	 19	 Limakatso K, Bedwell GJ, Madden VJ, et al. The prevalence and risk factors for 
phantom limb pain in people with amputations: A systematic review and meta-
analysis. PLoS One 2020;15:e0240431. 

	 20	 MacKenzie EJ, Bosse MJ. Factors influencing outcome following limb-threatening 
lower limb trauma: lessons learned from the Lower Extremity Assessment Project 
(LEAP). J Am Acad Orthop Surg 2006;14:S205–10. 

	 21	 Stone AB, Hollmann MW, Terwindt LE, et al. Chronic post amputation pain: 
pathophysiology and prevention options for a heterogenous phenomenon. Curr Opin 
Anaesthesiol 2023;36:572–9. 

	 22	 Buchheit T, Van de Ven T, Hsia H-LJ, et al. Pain Phenotypes and Associated Clinical 
Risk Factors Following Traumatic Amputation: Results from Veterans Integrated Pain 
Evaluation Research (VIPER). Pain Med 2016;17:149–61. 

	 23	 Fuchs X, Flor H, Bekrater-Bodmann R. Psychological Factors Associated 
with Phantom Limb Pain: A Review of Recent Findings. Pain Res Manag 
2018;2018:5080123. 

	 24	 Yin Y, Zhang L, Xiao H, et al. The pre-amputation pain and the postoperative 
deafferentation are the risk factors of phantom limb pain: a clinical survey in a 
sample of Chinese population. BMC Anesthesiol 2017;17:69. 

	 25	 Hanley MA, Jensen MP, Smith DG, et al. Preamputation Pain and Acute Pain Predict 
Chronic Pain After Lower Extremity Amputation. J Pain 2007;8:102–9. 

	 26	 Nikolajsen L, Ilkjaer S, Krøner K, et al. The influence of preamputation pain on 
postamputation stump and phantom pain. Pain 1997;72:393–405. 

	 27	 Lotze M, Flor H, Grodd W, et al. Phantom movements and pain. An fMRI study in 
upper limb amputees. Brain (Bacau) 2001;124:2268–77. 

	 28	 Collins KL, Russell HG, Schumacher PJ, et al. A review of current theories and 
treatments for phantom limb pain. J Clin Invest 2018;128:94003:2168–76:. 

	 29	 Andoh J, Milde C, Diers M, et al. Assessment of cortical reorganization and 
preserved function in phantom limb pain: a methodological perspective. Sci Rep 
2020;10:11504. 

	 30	 Culp CJ, Abdi S. Current Understanding of Phantom Pain and its Treatment. Pain 
Physician 2022;25:E941–57.

	 31	 Makin TR, Flor H. Brain (re)organisation following amputation: Implications for 
phantom limb pain. Neuroimage 2020;218:116943. 

	 32	 Merzenich MM, Nelson RJ, Stryker MP, et al. Somatosensory cortical map changes 
following digit amputation in adult monkeys. J of Comparative Neurology 
1984;224:591–605. 

	 33	 Pons TP, Garraghty PE, Ommaya AK, et al. Massive Cortical Reorganization After 
Sensory Deafferentation in Adult Macaques. Science 1991;252:1857–60. 

	 34	 Chen LM. Cortical Representation of Pain and Touch: Evidence from Combined 
Functional Neuroimaging and Electrophysiology in Non-human Primates. Neurosci 
Bull 2018;34:165–77. 

	 35	 Melzack R. Phantom limbs and the concept of a neuromatrix. Trends Neurosci 
1990;13:88–92. 

	 36	 McCabe CS. Simulating sensory-motor incongruence in healthy volunteers: 
implications for a cortical model of pain. Rheumatology (Sunnyvale) 2005;44:509–16. 

	 37	 Anderson-Barnes VC, McAuliffe C, Swanberg KM, et al. Phantom limb pain--a 
phenomenon of proprioceptive memory? Med Hypotheses 2009;73:555–8. 

	 38	 Wall PD, Gutnick M. Properties of afferent nerve impulses originating from a 
neuroma. Nature New Biol 1974;248:740–3. 

	 39	 Wu G, Ringkamp M, Hartke TV, et al. Early Onset of Spontaneous Activity in 
Uninjured C-Fiber Nociceptors after Injury to Neighboring Nerve Fibers. J Neurosci 
2001;21:RC140. 

	 40	 Borghi B, D’Addabbo M, White PF, et al. The use of prolonged peripheral neural 
blockade after lower extremity amputation: the effect on symptoms associated with 
phantom limb syndrome. Anesth Analg 2010;111:1308–15. 

	 41	 Halbert J, Crotty M, Cameron ID. Evidence for the optimal management of acute and 
chronic phantom pain: a systematic review. Clin J Pain 2002;18:84–92. 

	 42	 Cohen SP, Gambel JM, Raja SN, et al. The contribution of sympathetic mechanisms 
to postamputation phantom and residual limb pain: a pilot study. J Pain 
2011;12:859–67. 

	 43	 Latremoliere A, Woolf CJ. Central sensitization: a generator of pain hypersensitivity 
by central neural plasticity. J Pain 2009;10:895–926. 

	 44	 Zain M, Bonin RP. Alterations in evoked and spontaneous activity of dorsal horn wide 
dynamic range neurons in pathological pain: a systematic review and analysis. Pain 
2019;160:2199–209. 

	 45	 Srivastava D. Chronic post-amputation pain: peri-operative management - Review. 
Br J Pain 2017;11:192–202. 

	 46	 Ahuja V, Thapa D, Ghai B. Strategies for prevention of lower limb post-amputation 
pain: A clinical narrative review. J Anaesthesiol Clin Pharmacol 2018;34:439–49. 

	 47	 Nikolajsen L, Finnerup NB, Kramp S, et al. A randomized study of the effects of 
gabapentin on postamputation pain. Anesthesiology 2006;105:1008–15. 

	 48	 Kent ML, Hsia H-L, Van de Ven TJ, et al. Perioperative Pain Management Strategies 
for Amputation: A Topical Review. Pain Med 2017;18:504–19. 

	 49	 Hayes C, Armstrong-Brown A, Burstal R. Perioperative intravenous ketamine infusion 
for the prevention of persistent post-amputation pain: a randomized, controlled trial. 
Anaesth Intensive Care 2004;32:330–8. 

	 50	 Wilson JA, Nimmo AF, Fleetwood-Walker SM, et al. A randomised double blind trial 
of the effect of pre-emptive epidural ketamine on persistent pain after lower limb 
amputation. Pain 2008;135:108–18. 

	 51	 Hunt W, Nath M, Bowrey S, et al. Effect of a continuous perineural levobupivacaine 
infusion on pain after major lower limb amputation: a randomised double-blind 
placebo-controlled trial. BMJ Open 2023;13:e060349. 

	 52	 Lambert AW, Dashfield AK, Cosgrove C, et al. Randomized prospective study 
comparing preoperative epidural and intraoperative perineural analgesia for 
the prevention of postoperative stump and phantom limb pain following major 
amputation. Reg Anesth Pain Med 2001;26:316–21. 

	 53	 Nikolajsen L, Ilkjaer S, Christensen JH, et al. Randomised trial of epidural bupivacaine 
and morphine in prevention of stump and phantom pain in lower-limb amputation. 
Lancet 1997;350:1353–7. 

	 54	 Karanikolas M, Aretha D, Tsolakis I, et al. Optimized perioperative analgesia reduces 
chronic phantom limb pain intensity, prevalence, and frequency: a prospective, 
randomized, clinical trial. Anesthesiology 2011;114:1144–54. 

	 55	 Carley ME, Chaparro LE, Choinière M, et al. Pharmacotherapy for the Prevention 
of Chronic Pain after Surgery in Adults: An Updated Systematic Review and Meta-
analysis. Anesthesiology 2021;135:304–25. 

	 56	 Chen YYK, Boden KA, Schreiber KL. The role of regional anaesthesia and multimodal 
analgesia in the prevention of chronic postoperative pain: a narrative review. 
Anaesthesia 2021;76 Suppl 1:8–17. 

	 57	 Geradon P, Lavand’homme P. Use of regional analgesia to prevent the conversion 
from acute to chronic pain. Curr Opin Anaesthesiol 2022;35:641–6. 

	 58	 Allami M, Faraji E, Mohammadzadeh F, et al. Chronic musculoskeletal pain, phantom 
sensation, phantom and stump pain in veterans with unilateral below-knee 
amputation. Scand J Pain 2019;19:779–87. 

	 59	 Alviar MJM, Hale T, Dungca M. Pharmacologic interventions for treating phantom 
limb pain. Cochrane Database Syst Rev 2016;10:CD006380. 

	 60	 Bone M, Critchley P, Buggy DJ. Gabapentin in postamputation phantom limb pain: 
a randomized, double-blind, placebo-controlled, cross-over study. Reg Anesth Pain 
Med 2002;27:481–6. 

	 61	 Limakatso K, Parker R. Treatment Recommendations for Phantom Limb Pain 
in People with Amputations: An Expert Consensus Delphi Study. PM&R 
2021;13:1216–26. 

	 62	 Robinson LR, Czerniecki JM, Ehde DM, et al. Trial of amitriptyline for relief of pain in 
amputees: results of a randomized controlled study 11No commercial party having 
a direct financial interest in the results of the research supporting this article has or 
will confer a benefit upon the authors(s) or upon any organization with which the 
author(s) is/are associated. Arch Phys Med Rehabil 2004;85:1–6. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://rap

m
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

5 F
eb

ru
ary 2025. 

10.1136/rap
m

-2024-105817 o
n

 
R

eg
 A

n
esth

 P
ain

 M
ed

: first p
u

b
lish

ed
 as 

http://dx.doi.org/10.1016/j.pmr.2013.09.001
http://dx.doi.org/10.1016/j.pmr.2013.09.001
http://dx.doi.org/10.3389/fpubh.2023.1258853
http://dx.doi.org/10.1016/j.aott.2017.07.001
http://dx.doi.org/10.1097/ALN.0000000000004881
http://dx.doi.org/10.1016/j.apmr.2020.04.001
http://dx.doi.org/10.1097/TA.0b013e31829bb777
http://dx.doi.org/10.1097/TA.0b013e31829bb777
https://pubmed.ncbi.nlm.nih.gov/28853121
https://pubmed.ncbi.nlm.nih.gov/28853121
http://dx.doi.org/10.1097/00000542-200107000-00034
https://pubmed.ncbi.nlm.nih.gov/23158899
http://dx.doi.org/10.1093/pm/pnaa407
http://dx.doi.org/10.2147/JPR.S32299
http://dx.doi.org/10.2147/JPR.S32299
http://dx.doi.org/10.1093/bjaed/mkv028
http://dx.doi.org/10.1093/milmed/usz114
http://dx.doi.org/10.1080/09638288.2020.1783377
http://dx.doi.org/10.1016/S0140-6736(14)61643-3
http://dx.doi.org/10.1111/papr.12881
http://dx.doi.org/10.1371/journal.pone.0240431
http://dx.doi.org/10.5435/00124635-200600001-00044
http://dx.doi.org/10.1097/ACO.0000000000001298
http://dx.doi.org/10.1097/ACO.0000000000001298
http://dx.doi.org/10.1111/pme.12848
http://dx.doi.org/10.1155/2018/5080123
http://dx.doi.org/10.1186/s12871-017-0359-6
http://dx.doi.org/10.1016/j.jpain.2006.06.004
http://dx.doi.org/10.1016/s0304-3959(97)00061-4
http://dx.doi.org/10.1093/brain/124.11.2268
http://dx.doi.org/10.1172/JCI94003
http://dx.doi.org/10.1038/s41598-020-68206-9
https://pubmed.ncbi.nlm.nih.gov/36288580
https://pubmed.ncbi.nlm.nih.gov/36288580
http://dx.doi.org/10.1016/j.neuroimage.2020.116943
http://dx.doi.org/10.1002/cne.902240408
http://dx.doi.org/10.1126/science.1843843
http://dx.doi.org/10.1007/s12264-017-0133-2
http://dx.doi.org/10.1007/s12264-017-0133-2
http://dx.doi.org/10.1016/0166-2236(90)90179-e
http://dx.doi.org/10.1093/rheumatology/keh529
http://dx.doi.org/10.1016/j.mehy.2009.05.038
http://dx.doi.org/10.1038/248740a0
http://dx.doi.org/10.1523/JNEUROSCI.21-08-j0002.2001
http://dx.doi.org/10.1213/ANE.0b013e3181f4e848
http://dx.doi.org/10.1097/00002508-200203000-00003
http://dx.doi.org/10.1016/j.jpain.2011.01.009
http://dx.doi.org/10.1016/j.jpain.2009.06.012
http://dx.doi.org/10.1097/j.pain.0000000000001632
http://dx.doi.org/10.1177/2049463717736492
http://dx.doi.org/10.4103/joacp.JOACP_126_17
http://dx.doi.org/10.1097/00000542-200611000-00023
http://dx.doi.org/10.1093/pm/pnw110
http://dx.doi.org/10.1177/0310057X0403200305
http://dx.doi.org/10.1016/j.pain.2007.05.011
http://dx.doi.org/10.1136/bmjopen-2021-060349
http://dx.doi.org/10.1053/rapm.2001.23934
http://dx.doi.org/10.1016/S0140-6736(97)06315-0
http://dx.doi.org/10.1097/ALN.0b013e31820fc7d2
http://dx.doi.org/10.1097/ALN.0000000000003837
http://dx.doi.org/10.1111/anae.15256
http://dx.doi.org/10.1097/ACO.0000000000001175
http://dx.doi.org/10.1515/SJPAIN-2019-0045/MACHINEREADABLECITATION/ENDNOTE
http://dx.doi.org/10.1002/14651858.CD006380.pub3
http://dx.doi.org/10.1053/rapm.2002.35169
http://dx.doi.org/10.1053/rapm.2002.35169
http://dx.doi.org/10.1002/pmrj.12556
http://dx.doi.org/10.1016/S0003-9993(03)00476-3
http://rapm.bmj.com/


183Doshi TL, et al. Reg Anesth Pain Med 2025;50:175–183. doi:10.1136/rapm-2024-105817

Review

	 63	 Wilder-Smith CH, Hill LT, Laurent S. Postamputation pain and sensory changes in 
treatment-naive patients: characteristics and responses to treatment with tramadol, 
amitriptyline, and placebo. Anesthesiology 2005;103:619–28. 

	 64	 Panerai AE, Monza G, Movilia P, et al. A randomized, within-patient, cross-over, 
placebo-controlled trial on the efficacy and tolerability of the tricyclic antidepressants 
chlorimipramine and nortriptyline in central pain. Acta Neurol Scand 2009;82:34–8. 

	 65	 Birkinshaw H, Friedrich CM, Cole P, et al. Antidepressants for pain management 
in adults with chronic pain: a network meta-analysis. Cochrane Database Syst Rev 
2023;5:CD014682. 

	 66	 Wu CL, Tella P, Staats PS, et al. Analgesic Effects of Intravenous Lidocaine and 
Morphine on Postamputation Pain. Anesthesiology 2002;96:841–8. 

	 67	 Casale R, Ceccherelli F, Labeeb AAEM, et al. Phantom limb pain relief by 
contralateral myofascial injection with local anaesthetic in a placebo-controlled 
study: preliminary results. J Rehabil Med 2009;41:418–22. 

	 68	 Eichenberger U, Neff F, Sveticic G, et al. Chronic Phantom Limb Pain: The Effects of 
Calcitonin, Ketamine, and Their Combination on Pain and Sensory Thresholds. Anesth 
Analg 2008;106:1265–73. 

	 69	 Huse E, Larbig W, Flor H, et al. The effect of opioids on phantom limb pain and 
cortical reorganization. Pain 2001;90:47–55. 

	 70	 Sperry BP, Cheney CW, Kuo KT, et al. Percutaneous treatments for residual and/or 
phantom limb pain in adults with lower‐extremity amputations: A narrative review. 
PM&R 2023;15:235–45. 

	 71	 Wu H, Sultana R, Taylor KB, et al. A Prospective Randomized Double-blinded 
Pilot Study to Examine the Effect of Botulinum Toxin Type A Injection Versus 
Lidocaine/Depomedrol Injection on Residual and Phantom Limb Pain. Clin J Pain 
2012;28:108–12. 

	 72	 Ilfeld BM, Khatibi B, Maheshwari K, et al. Ambulatory continuous peripheral nerve 
blocks to treat postamputation phantom limb pain: a multicenter, randomized, 
quadruple-masked, placebo-controlled clinical trial. Pain 2021;162:938–55. 

	 73	 McCormick ZL, Hendrix A, Dayanim D, et al. Lumbar Sympathetic Plexus Block as a 
Treatment for Postamputation Pain: Methodology for a Randomized Controlled Trial. 
Pain Med 2018;19:2496–503. 

	 74	 Markewych AN, Suvar T, Swanson MA, et al. Approaches to neuropathic amputation-
related pain: narrative review of surgical, interventional, and medical treatments. Reg 
Anesth Pain Med 2024;49:889–99. 

	 75	 Ilfeld BM, Smith CR, Turan A, et al. Ultrasound-guided Percutaneous Cryoneurolysis 
to Treat Chronic Postamputation Phantom Limb Pain: A Multicenter Randomized 
Controlled Trial. Anesthesiology 2023;138:82–97. 

	 76	 Tintle SM, Donohue MA, Shawen S, et al. Proximal Sural Traction Neurectomy During 
Transtibial Amputations. J Orthop Trauma 2012;26:123–6. 

	 77	 Lu C, Sun X, Wang C, et al. Mechanisms and treatment of painful neuromas. Rev 
Neurosci 2018;29:557–66. 

	 78	 Frey M, Gruber H, Holle J, et al. An Experimental Comparison of the Different Kinds 
of Muscle Reinnervation. Plast Reconstr Surg (1946) 1982;69:656–67. 

	 79	 Urbanchek MG, Kung TA, Frost CM, et al. Development of a Regenerative 
Peripheral Nerve Interface for Control of a Neuroprosthetic Limb. Biomed Res Int 
2016;2016:1–8. 

	 80	 Thompson N. Autogenous free grafts of skeletal muscle. A preliminary experimental 
and clinical study. Plast Reconstr Surg 1971;48:11–27. 

	 81	 Tuffaha SH, Glass C, Rosson G, et al. Vascularized, Denervated Muscle Targets: A 
Novel Approach to Treat and Prevent Symptomatic Neuromas. Plast Reconstr Surg 
Glob Open 2020;8:e2779. 

	 82	 Kubiak CA, Kemp SWP, Cederna PS, et al. Prophylactic Regenerative Peripheral Nerve 
Interfaces to Prevent Postamputation Pain. Plast Reconstr Surg 2019;144:421e–30e. 

	 83	 Mauch JT, Kao DS, Friedly JL, et al. Targeted muscle reinnervation and regenerative 
peripheral nerve interfaces for pain prophylaxis and treatment: A systematic review. 
PM&R 2023;15:1457–65. 

	 84	 Dumanian GA, Potter BK, Mioton LM, et al. Targeted Muscle Reinnervation Treats 
Neuroma and Phantom Pain in Major Limb Amputees: A Randomized Clinical Trial. 
Ann Surg 2019;270:238–46. 

	 85	 Aiyer R, Barkin RL, Bhatia A, et al. A systematic review on the treatment of phantom 
limb pain with spinal cord stimulation. Pain Manag 2017;7:59–69. 

	 86	 Srinivasan N, Zhou B, Park E. Dorsal Root Ganglion Stimulation for the 
Management of Phantom Limb Pain: A Scoping Review. Pain Physician 
2022;25:E1174–82.

	 87	 Smith BJ, Twohey EE, Dean KP, et al. Peripheral Nerve Stimulation for the 
Treatment of Postamputation Pain: A Systematic Review. Am J Phys Med Rehabil 
2023;102:846–54. 

	 88	 Corbett M, South E, Harden M, et al. Brain and spinal stimulation therapies for 
phantom limb pain: a systematic review. Health Technol Assess 2018;22:1–94. 

	 89	 Xie H-M, Zhang K-X, Wang S, et al. Effectiveness of Mirror Therapy for Phantom 
Limb Pain: A Systematic Review and Meta-analysis. Arch Phys Med Rehabil 
2022;103:988–97. 

	 90	 Guémann M, Olié E, Raquin L, et al. Effect of mirror therapy in the treatment of 
phantom limb pain in amputees: A systematic review of randomized placebo-
controlled trials does not find any evidence of efficacy. Eur J Pain 2023;27:3–13. 

	 91	 Roy R, de la Vega R, Jensen MP, et al. Neurofeedback for Pain Management: A 
Systematic Review. Front Neurosci 2020;14:671. 

	 92	 Moura VL, Faurot KR, Gaylord SA, et al. Mind-body interventions for treatment 
of phantom limb pain in persons with amputation. Am J Phys Med Rehabil 
2012;91:701–14. 

	 93	 Ghoseiri K, Allami M, Soroush MR, et al. Assistive technologies for pain management 
in people with amputation: a literature review. Mil Med Res 2018;5:1–6. 

	 94	 Haito GT, Silva IFC da, Mira JAB, et al. Use of electrical stimulation for pain relief in a 
phantom limb – a systematic review. J Pre Clin Clin Res 2023;17:219–24. 

	 95	 Katz J, Melzack R. Auricular transcutaneous electrical nerve stimulation (TENS) 
reduces phantom limb pain. J Pain Symptom Manage 1991;6:73–83. 

	 96	 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;16:657–65. 

	 97	 Vathakul J, Kessava N, Pooliam J, et al. The Analgesic Effect of Transcutaneous 
Electrical Nerve Stimulation (TENS) on the Opposite Side for Phantom Limb Pain. 
Siriraj Med J 2022;74:239–44. 

	 98	 Mulvey MR, Radford HE, Fawkner HJ, et al. Transcutaneous electrical nerve 
stimulation for phantom pain and stump pain in adult amputees. Pain Pract 
2013;13:289–96. 

	 99	 Rajendram C, Ken-Dror G, Han T, et al. Efficacy of mirror therapy and virtual reality 
therapy in alleviating phantom limb pain: a meta-analysis and systematic review. 
BMJ Mil Health 2022;168:173–7. 

	100	 Lotze M, Grodd W, Birbaumer N, et al. Does use of a myoelectric prosthesis prevent 
cortical reorganization and phantom limb pain? Nat Neurosci 1999;2:501–2. 

	101	 Page DM, George JA, Kluger DT, et al. Motor Control and Sensory Feedback 
Enhance Prosthesis Embodiment and Reduce Phantom Pain After Long-Term Hand 
Amputation. Front Hum Neurosci 2018;12:352. 

	102	 Stover G, Prahlow N. Residual limb pain: An evidence-based review. 
NeuroRehabilitation 2020;47:315–25. 

	103	 Oxford Centre for Evidence-Based Medicine. Available: https://www.cebm.ox.ac.uk/​
resources/levels-of-evidence/ocebm-levels-of-evidence [Accessed 26 Jun 2024].

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://rap

m
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

5 F
eb

ru
ary 2025. 

10.1136/rap
m

-2024-105817 o
n

 
R

eg
 A

n
esth

 P
ain

 M
ed

: first p
u

b
lish

ed
 as 

http://dx.doi.org/10.1097/00000542-200509000-00027
http://dx.doi.org/10.1111/j.1600-0404.1990.tb01584.x
http://dx.doi.org/10.1002/14651858.CD014682.pub2
http://dx.doi.org/10.1097/00000542-200204000-00010
http://dx.doi.org/10.2340/16501977-0353
http://dx.doi.org/10.1213/ane.0b013e3181685014
http://dx.doi.org/10.1213/ane.0b013e3181685014
http://dx.doi.org/10.1016/s0304-3959(00)00385-7
http://dx.doi.org/10.1002/pmrj.12722
http://dx.doi.org/10.1097/AJP.0b013e3182264fe9
http://dx.doi.org/10.1097/j.pain.0000000000002087
http://dx.doi.org/10.1093/pm/pny041
http://dx.doi.org/10.1136/rapm-2023-105089
http://dx.doi.org/10.1136/rapm-2023-105089
http://dx.doi.org/10.1097/ALN.0000000000004429
http://dx.doi.org/10.1097/BOT.0b013e318214fd7b
http://dx.doi.org/10.1515/revneuro-2017-0077
http://dx.doi.org/10.1515/revneuro-2017-0077
http://dx.doi.org/10.1097/00006534-198204000-00015
http://dx.doi.org/10.1155/2016/5726730
http://dx.doi.org/10.1097/00006534-197107000-00004
http://dx.doi.org/10.1097/GOX.0000000000002779
http://dx.doi.org/10.1097/GOX.0000000000002779
http://dx.doi.org/10.1097/PRS.0000000000005922
http://dx.doi.org/10.1002/pmrj.12972
http://dx.doi.org/10.1097/SLA.0000000000003088
http://dx.doi.org/10.2217/pmt-2016-0041
https://pubmed.ncbi.nlm.nih.gov/36375184
http://dx.doi.org/10.1097/PHM.0000000000002237
http://dx.doi.org/10.3310/hta22620
http://dx.doi.org/10.1016/j.apmr.2021.07.810
http://dx.doi.org/10.1002/ejp.2035
http://dx.doi.org/10.3389/fnins.2020.00671
http://dx.doi.org/10.1097/PHM.0b013e3182466034
http://dx.doi.org/10.1186/s40779-018-0151-z
http://dx.doi.org/10.26444/jpccr/173005
http://dx.doi.org/10.1016/0885-3924(91)90521-5
http://dx.doi.org/10.1016/j.jpain.2015.03.013
http://dx.doi.org/10.1016/j.jpain.2015.03.013
http://dx.doi.org/10.33192/Smj.2022.30
http://dx.doi.org/10.1111/j.1533-2500.2012.00593.x
http://dx.doi.org/10.1136/bmjmilitary-2021-002018
http://dx.doi.org/10.1038/9145
http://dx.doi.org/10.3389/fnhum.2018.00352
http://dx.doi.org/10.3233/NRE-208005
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence
http://rapm.bmj.com/

