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Abstract

In the United States, limb amputation affects around 2.3 million people,
with projected numbers rising due to the higher levels of diabetes and
peripheral vascular disease. Amputee patients not only encounter mobility
loss but also residual limb pain, psychological stress, and disparities in
access to healthcare. This article presents a critical review of the current
literature on functional outcomes and pain management for patients
who underwent limb amputation. In terms of pharmacological therapies,
gabapentinoids and antidepressants provide minimal relief for post
amputation pain, whereas surgical techniques including targeted muscle
reinnervation and regenerative peripheral nerve interfaces have resulted
in much larger improvements in decreasing neuroma-related and phantom
limb pain. The non-pharmacological therapies, including mirror therapy,
graded motor imagery, and virtual reality are some of the most effective
interventions for reduction of phantom limb pain. Functional improvement
can be optimized through microprocessor-controlled prosthetics,
osseointegration, and early rehabilitation with an emphasis on resistance
training, mobility, and psychological support. Newer techniques including
neuromodulation and artificial intelligence-enhanced prosthetic control
also play a part in rehabilitation; however, evidence is limited due to their
novel introduction to the rehabilitation space. Overall, a multidisciplinary
and individualized multimodal approach to rehabilitation remains the gold
standard to improve pain control, quality of life, and functional restoration.
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Introduction

In the United States, as of 2024, there are an estimated 2.31 million
Americans who are currently living with limb loss, with 90% of them being
lower extremity amputations [ 1]. Each year there are about 150,000 to 185,000
amputations done in the United States. Most of these cases are usually due
to non-traumatic causes such as peripheral artery disease and diabetes. The
most recent data shows the prevalence of limb loss in the United States to
be an estimated 1.6 million Americans living with amputations as of 2005,
with the rates doubling by 2050 due to rising rates of diabetes and obesity
[2]. Incidence of amputations had a decline throughout the early 2000s;
however, a reversal of this trend continued from 2009 to 2015 as the number
of young adults with diabetes had increased [3]. The rate of amputation is not

Affiliation:

Department of Translational Research, College

of Osteopathica Medicine of the Pacific, Western
University of Health Sciences, Pomona, California
91766, USA

*Corresponding Author:

Devendra K Agrawal, Department of Translational
Research, College of Osteopathic Medicine of the
Pacific, Western University of Health Sciences,
Pomona, California 91766, USA.

Citation: David Parvizi, Sugeeth Kandikattu,
Ramtin Sahafi, Artin Allahverdian, Blake Han,
Marcel P Fraix, Devendra K Agrawal. Multimodal
Approaches for Pain Management and Improving
Functional Outcomes Following Amputation.
Journal of Orthopedics and Sports Medicine. 7
(2025): 449-463.

Received: September 03, 2025
Accepted: September 10, 2025
Published: September 18, 2025




Parvizi D, et al., J Ortho Sports Med 2025
Journals DOI:10.26502/josm.511500227

evenly distributed and is skewed by race. Hispanics, African
Americans, and individuals of lower socioeconomic status
are among the group with the highest rates of amputations.
African Americans in the United States have a 2-4-fold higher
risk of lower extremity amputations compared with white
patients. Hispanics also have an elevated rate of amputation
with an odds ratio for a major amputation of 1.6 compared to
white patients [4]. Moreover, African American and Hispanic
patients are less likely to receive a limb-salvage intervention,
such as revascularization, compared to white patients. They
are also more likely to receive an above the knee amputation
which are more highly associated with adverse outcomes and
lower rates of prosthesis use [5]. These disparities are related
to delayed presentation, lower rate of insurance coverage,
structural inequities, and less access to multidisciplinary care

[6].

Amputation results in significant functional and
psychosocial consequences. These include loss of mobility,
increased dependency, decreased quality of life, and higher
rates of depression and mental health issues. The annual cost
of amputations costs the United States 10 billion dollars per
year, which reflects not only on the direct medical expenses for
patients but also the economic toll it takes on our healthcare
system. 5-year mortality after a major amputation approaches
60% which is comparable to many of the worst cancers [7].
Depression, anxiety, and social isolation are rated as the three
most impactful clinical conditions that amputations have
on psychological health. The American Heart Association
published that the rates of major depressive disorder reach
30% as well as associated body image dysmorphia and
post-traumatic stress symptoms [8]. The combination of
these psychological symptoms leads to worsening mobility,
lower prosthesis use, and diminished participation in social
and recreational activities leading to a worsening of quality
of life. Negative perceptions of amputees and lack of social
support are the two strongest predictors of functional recovery
and increased disability post-amputation. However, these
factors can be targeted and modified with psychological and
rehabilitative interventions [9].

Effective management of pain and restoration of function
forpatients who underwent limb amputationrequires evidence-
based, multimodal, and individualized interventions. The
United States Department of Veterans Affairs and Department
of Defense have laid out guidelines for clinical practice which
emphasizes a standardized protocol for pain assessment using
validated tools. This assessment includes pain characteristics
and its impact on patient function, as well as recommending
a multidisciplinary approach to pain management throughout
all phases of rehabilitation post-amputation. The broad scope
approach is to transition away from narcotic pharmacological
interventions to the integration of physical, psychological,
and mechanical modalities with frequent adjustments
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based on patient response and preferences [10]. Residual
limb pain and phantom limb pain both remain relevant and
challenging to tackle. Systematic reviews have shown there
is no singular intervention that can act as a gold standard.
Intervention would consist of peripheral nerve blocks,
preoperative pain control, and pharmacologic agents such as
ketamine are the three most used treatments, however, none
of these interventions are considered to work superiorly to
one another [11]. Non-pharmacologic therapies such as
image-based procedures have shown the most evidence for
phantom limb pain, however, the evidence across studies
vary necessitating further research [12]. Two emerging
treatments include peripheral nerve stimulation and targeted
muscle reinnervation which have shown promise, yet
current evidence is also limited and varied across studies
[13]. The US Department of Veterans Affairs has outlined
that functional restoration can be achieved most efficiently
through open and closed chain kinetic exercises, progressive
resistance, and early mobility training. Combining these
together, improvements have been found in gait, strength,
cardiovascular fitness, and daily activities [10]. Altogether,
the current consensus supports a multimodal, individualized,
and multidisciplinary approach to managing pain and
restoring function in amputees. Ongoing research is needed
to optimize standard of care protocols and address the gaps
in our knowledge.

The purpose of this article is to integrate recent literature
on interventions and therapeutic approaches for functional
recovery and pain control in amputees and compare
the effectiveness of surgical, prosthetic, rehabilitative,
pharmacological, and psychological interventions.

Methods

The PubMed, Embase, and Cochrane databases were
searched using the terms “amputation,” “rehabilitation,”
“prosthesis,” “phantom limb pain,” “functional restoration,”
and “interventions.” Any randomized controlled trial, cohort
study, or systematic review in pediatric or adult populations
published in English during the period of 2000-2025 were
included. Titles and abstracts were screened for relevance by
the authors, and full texts were reviewed for final inclusion.
Case reports, abstracts, and the level of evidence were also
noted based on the study design. Studies were categorized
by intervention aimed at restoring function or managing
pain (pharmacologic, surgical, prosthetic, rehabilitation,
psychological). Primary outcomes were pain severity,
functional recovery, and health-related quality of life.

Pathophysiology and Challenges
Phantom Limb Pain

Phantom limb pain (PLP) is a common occurrence
observed in patients after amputation, with anywhere between
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40-80% of amputees experiencing it, depending on population
[14-16]. Large cross-sectional and survey studies across all
populations confirm that most of the amputees experience
PLP at some point, with lifetime prevalence estimates
ranging from 76% to 87% [17,18]. PLP arises from complex
interactions between peripheral and central nervous system
mechanisms following amputation. Peripheral mechanisms
include ectopic activity in injured nerve fibers and dorsal root
ganglia (DRG), neuroma formation, and local inflammatory
changes. Ectopic activity from axotomized primary afferent
neurons in the DRG can generate abnormal sensory input,
which has been shown to drive PLP; targeted anesthetic
blockade of the DRG is known to rapidly extinguish PLP,
supporting a peripheral origin in various cases [19-21]. In
addition, peripheral sensitization involves upregulation of
sodium channels and inflammatory mediators, contributing
to spontaneous pain and hyperexcitability [22,23].

Central mechanisms are characterized by maladaptive
plasticity within the spinal cord and brain. At the spinal level,
loss of normal afferent input due to the loss of a limb leads to
dorsal horn sensitization and NMDA receptor hyperactivation,
facilitating central sensitization and amplifying pain signals
[20,21]. In the brain, amputation induces reorganization of the
primary somatosensory cortex, with adjacent cortical areas
invading the deafferented territory. This cortical remapping
is strongly associated with PLP severity and persistence,
as demonstrated by neuroimaging studies [16,22-24]. The
maintenance of phantom limb representation and altered body
schema further contribute to the experience of PLP [23-25].
While peripheral input does modulate PLP, it is insufficient
to cause it in isolation, suggesting that delicate interplay
between peripheral and central mechanisms in modulating
PLP [26-28].

Residual Limb Pain

Residual limb pain (RLP) is another pain-related
mechanism frequently experienced by patients. Some may
confuse residual limb pain with phantom limb pain due to
overlapping clinical presentations and subjective descriptions
by patients. However, they are distinct entities with different
pathophysiological mechanisms and diagnostic features.
While PLP is defined as pain perceived in the missing
(amputated) limb, residual limb pain is localized to the
remaining stump or residual limb [16,28]. Differentiation
relies on careful history: phantom limb pain is typically
described as pain in the absent limb, often with neuropathic
qualities (burning, shooting), while residual limb pain is felt
in the physical stump and may be provoked by palpation or
prosthetic use [16,28,29].

Residual limb pain is a heterogeneous syndrome with
multiple causes and pathophysiological mechanisms
behind it. The pathophysiology of residual limb pain is
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multifactorial. Neuroma-related pain, for example, arises
from abnormal axonal sprouting and ectopic neural activity
at the nerve stump, leading to peripheral sensitization [30-
32]. Mechanical factors (prosthetic fit, bone spurs) cause
nociceptive pain via tissue injury or inflammation [29,33].
Ischemic pain results from inadequate perfusion and tissue
hypoxia. Central sensitization may also contribute, especially
in chronic cases [28,34].

Neuromas are one common type of residual limb pain
after amputation. They are defined as disorganized growths
of transected nerve endings, presenting as focal, often severe
pain at the nerve end, sometimes with a positive Tinel sign
[30,32,35]. Neuromas primarily form when transected
peripheral nerves attempt to regenerate but lack a distal target,
resulting in a disorganized proliferation of axons, Schwann
cells, and connective tissue at the nerve end [36-39].

The risk for neuroma increases the more proximal the
amputation level is and with younger age, while diabetes and
hypothyroidism appear protective, possibly due to impaired
nerve regeneration and sensation [39]. Pathophysiologically,
neuroma painis driven by ectopic discharges from regenerating
axons, upregulation of sodium channels, neuroinflammatory
mediators, and local mechanical sensitivity [27,28]. This
leads to peripheral sensitization and, in more severe or
chronic cases, may evolve to central sensitization.

Ischemia is another complication after amputation that
causes debilitating residual limb pain. It is characterized by
deep, aching pain due to poor vascular supply, especially in
patients with vascular disease [40]. Ischemia is common,
particularly in patients with underlying peripheral vascular
disease or compromised local blood flow. Vascular etiologies
are considered especially relevant in lower extremity
amputees, where vascular disease is a common indication
for amputation and a risk factor for post-amputation pain and
ischemic changes [40].

Pathophysiologically, ischemia results from inadequate
perfusion of the residual limb, leading to tissue hypoxia,
accumulation of metabolic byproducts, and activation of
nociceptive pathways [40,41]. This mechanism is distinct
from neuroma-related pain, which is focal and neuropathic,
and from pain due to poor prosthetic socket fit, which is
mechanical and positional. Infection, another cause of residual
limb pain, is characterized by inflammatory signs and may
coexist with ischemia, further complicating diagnosis [41].

Additional causes of pain after amputation include
infection, heterotopic ossification, and bone spurs [29,33].
Infection in the residual limb typically manifests as cellulitis,
abscess, or osteomyelitis. The mechanism behind this is
bacterial colonization of the surgical site, often facilitated
by poor wound healing, vascular compromise, or prosthetic-
related skin breakdown. Infection triggers alocal inflammatory
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response, leading to tissue edema, increased pressure, and
activation of nociceptors, resulting in pain. Chronic infection
can progress to osteomyelitis, where bacterial invasion of
bone induces persistent inflammation and bone destruction,
further amplifying pain and complicating prosthetic use
[33,41].

Heterotopic ossification is the abnormal formation
of bone within soft tissues, most commonly occurring
after trauma, surgery, or burns. In amputees, heterotopic
ossification is driven by a dysregulated inflammatory
response, with sustained release of osteoinductive cytokines
(e.g., BMPs, TNF-a) from macrophages and other immune
cells. These cytokines induce mesenchymal stem cells and
fibro-adipogenic progenitors to differentiate into osteoblasts,
resulting in the deposition of ectopic bone. Mechanical
loading, hypoxia, and neurogenic factors further promote
heterotopic ossification. Heterotopic ossification can cause
nerve impingement, restrict soft tissue mobility, and hinder
proper prosthetic fitting, leading to pain and functional
impairment [42-47].

Osteophytes, also known as bone spurs, are a similar
abnormally bony manifestation due to intrinsic issues after
amputation. Osteophytes develop at the cut ends of bone
following amputation due to abnormal bone remodeling and
mechanical stress. They are characterized by focal outgrowths
of bone that can irritate surrounding soft tissues, compress
nerves, and create pressure points within the prosthetic
socket. This leads to localized pain, especially during weight-
bearing or prosthesis use [33,41].

In addition to intrinsic issues causing residual pain after
amputation, there are various external and/or mechanical
factors that can compromise comfort and healing after
amputation. Poor prosthetic fit is one example, and it is the
leading cause of post-amputation functional pain [33,48].
The mechanism behind suboptimal prosthetic fitting is
more mechanical than pathophysiological: ill-fitting sockets
can cause abnormal pressure distribution, shear forces,
and friction at the stump-socket interface, leading to skin
breakdown, soft tissue injury, edema, and chronic pain,
which is typically positional and improves with prosthetic
adjustment [29,30,32,33,35]. Inadequate prosthetic alignment
or suspension may cause abnormal gait and additional
musculoskeletal pain, further reducing prosthesis use and
quality of life [49,50]. Additional causes of pain related to
poor prosthetic fit include volume fluctuations of the residual
limb, changes in body weight, and socket material properties
[33.,48].

Otherrelevant external factors include excessive prosthesis
use, poor limb hygiene, and environmental conditions (e.g.,
heat, humidity) that exacerbate skin irritation. Chronic
mechanical irritation can also promote local inflammation,
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contributing to persistent pain and potentially sensitizing
peripheral nociceptors [48,50]. Improper alignment or
suspension of the prosthesis may lead to gait issues and
continued musculoskeletal pain, further reducing compliance
with the prosthesis and quality of life [48,49].

Challenges and Knowledge
Pathophysiology of Limb Pain

Gaps in the

There are still various knowledge gaps regarding
the pathophysiology and causes of PLP. While central
mechanisms such as maladaptive plasticity and cortical
reorganization have understood well in the literature,
the relative contributions and interactions of peripheral,
spinal, and supraspinal processes are not fully understood
[20,22,23,27,51-53]. The medical literature highlights that
functional neuroimaging and clinical studies support central
reorganization as a key driver, but the failure of peripherally
focused treatments to consistently resolve PLP suggests
that central mechanisms may predominate in chronic cases
[20,22,52]. Moreover, the role of aberrant activity in residual
muscles and its relationship to PLP, as demonstrated by recent
electromyography studies, is a novel area requiring further
exploration [53]. Additionally, the impact of proprioceptive
memory, body representation mismatch, and contextual
factors such as prosthesis use and compensatory behavior
on PLP development and maintenance remains poorly
characterized [23,25,51]. Outstanding questions include how
peripheral and central changes interact over time, whether
there are critical windows for intervention, and why some
patients develop severe PLP while others do not, despite
similar injuries [21,27].

Moreover, there is a lack of standardized biomarkers
and predictive models for PLP risk, severity, and treatment
response [27,28,34]. The impact of genetic, psychosocial, and
environmental factors is recognized but not well quantified,
and optimal timing of preventive intervention modalities are
unknown [27,28]. The heterogeneity of patient experiences
and the absence of mechanism-based therapies highlight the
demand for longitudinal, multimodal studies using advanced
neuroimaging, electrophysiology, and molecular profiling to
clarify the dynamic interplay of peripheral and central changes
[22,23,53]. Future research should also address the efficacy
of emerging interventions such as brain-computer interfaces
and virtual reality in modulating cortical representations and
alleviating PLP [23].

Regarding RLP, knowledge gaps hover around the diverse
etiologies and their overlapping clinical presentations. The
mechanisms by which neuromas, ischemia, poor prosthetic
fit, infection, heterotopic ossification, and bone spurs interact
to produce chronic pain are poorly defined [28,34]. The
contribution of peripheral sensitization, local inflammation,
and mechanical factors to persistent RLP, and how these
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processes may trigger or exacerbate central sensitization,
requiring additional investigation [20,28]. The role of pre-
amputation pain, amputation site, co-morbidities, and prior
history of chronic pain as risk factors for RLP is established
but underlying neurobiological pathways require further
investigation [34].

There is limited understanding of how external factors
such as prosthetic design, limb hygiene, and environmental
conditions modulate RLP severity and chronicity [28].
The lack of standardized diagnostic criteria and objective
assessment tools for differentiating RLP subtypes impedes
targeted management [30]. Future research should focus
on developing more robust clinical algorithms, integrating
imaging and electrophysiological modalities, and elucidating
the molecular and biomechanical pathways linking external
factors to persistent pain. Multidisciplinary studies are
necessary to clarify the interactions between peripheral
pathology, mechanical stress, and central sensitization, and to
optimize individualized prevention and treatment strategies
[28,34].

Interventions for Pain Management
Pharmacologic Therapies

Treatment for amputations can vary depending on the
degree of injury as well as the stage of the injury. Common
pharmacological treatments for amputations are non-steroidal
anti-inflammatory drugs (NSAIDs), opioids, gabapentinoids,
and antidepressants [54].

Non-steroidal anti-inflammatory drugs function by
inhibiting cyclooxygenase (both COX-1 and COX-2), which
decreases the level of prostaglandins which is beneficial for
mitigating inflammation. NSAIDs are best used for post
operative pain but are not ideal for neuropathic pain such as
phantom limb pain [55]. Limitations include the typical side
effects of NSAIDs which are gastrointestinal impairment,
cardiovascular risk, and renal impairment [56].

Opioids function by binding to p-opioid receptors in both
the brain and the spinal cord to increase pain threshold, alter
pain perception, and inhibit pain transmission. This treatment
is most beneficial for intense acute-post surgical amputation
pain and can also be used for refractory neuropathic pain [57].
Limitations for this treatment are opioid tolerance, addiction,
and respiratory depression [58].

Gabapentoids function by binding to the 026 subunit of
presynaptic voltage-gated calcium channels in the CNS which
assist in reducing excitatory neurotransmitter release and
decreasing central sensitization and neuropathic firing [59].
This treatment is the primary method for treating neuropathic
pain and for phantom limb pain. Limitations for these will be
sedation, dizziness, and ataxia [60].
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Tricyclic antidepressants (TCAs) and serotonin-
norepinephrine reuptake inhibitors (SNRIs) function by
inhibiting serotonin and norepinephrine reuptake which can
enhance the descending pathways from the brain stem to the
spinal cord decreasing the neuropathic pain. For amputations,
this treatment is beneficial for phantom limb pain as well as
neuropathic residual pain [61]. These also benefit the patients
by improving sleep and help treat mood disorders that are
concurrent with chronic pain syndromes. Limitations include
anticholinergic effects, arrhythmias, nausea, and insomnia
[62].

N-Methyl-D-aspartate (NDMA) receptor antagonists also
play a role in management of post amputation pain. Low dose
ketamine has been shown to have a potentially useful role in
patients with phantom limb pain (PLP) and complex regional
pain syndrome [63]. Ketamine provides analgesic properties
by inhibition of central sensitization mechanisms mediated
by NMDA receptors, which are involved in conditions of
chronic neuropathic pain followed by amputation [64].
Low-dose intravenous ketamine can be used to treat acute
pain and has modestly demonstrated short-term reduction
in pain intensity with the most pronounced effects being in
the immediate postoperative period and in pain resistant to
conventional methods of pain control. The American College
of surgeons has recommended ketamine as a perioperative
supplemental add-on to pain regimen, rather than being the
primary method of treatment. However, the evidence of
long-term pain management with use of ketamine in post-
amputation patients remains a question as the literature for its
support is weak [65].

Adverse effects of NMDA antagonists, especially
ketamine, include dysphoria, hallucinations, dissociation,
sedation, sensory disturbances, and a drug “high”. Tolerance
is also an issue with repeated administration and high-dose
regiments which can lead to serious risks and are not currently
recommended [66]. Moreover, caution should be taken with
patients who suffer from any form of cardiovascular disease
as NMDA antagonists can result in a transient increase in
blood pressure. Other NDMA antagonists such as memantine,
dextromethorphan, amantadine, and magnesium have not
shown any consistent improvement and can lead to serious
neuropsychiatric or gastrointestinal adverse events [67]. In
conclusion, low dose ketamine may provide some acute pain
relief in the perioperative period, however, its limited long-
term use and large side effect profile makes it an adjunct for
select patients rather than a standard of care pain therapy.
Its impact on long-term function remains unclear and more
research must be done to fully determine its uses.

Utilizing these different medications together offer the
best possible treatment for amputation related pain. For acute
amputation pain and residual limb pain, both NSAIDs and
opioids are optimal for mitigating the pain. For neuropathic
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pain, gabapentin and TCAs/SNRIs are used for phantom limb
pain as well as other non-pharmacological pain treatments
that will be discussed later.

Interventional and Surgical Approaches

Aside from pharmacological treatments, there are
innovative and effective interventional and surgical
approaches to treat amputation related pain.

Targeted muscle reinnervation is done by surgically
rerouting transected peripheral nerves into nearby motor
nerves of residual muscles. This is done to provide a specific
target for regenerating axons to reduce the aberrant production
of and formation of neuroma. It also creates motor endplates
to generate more organized signaling and decrease as well as
enhance prosthetic control which can amplify electromagnetic
signals [68]. This treatment can be very beneficial for residual
limb pain as well as for phantom limb pain. Limitations for
this treatment is that it is surgically advanced which increases
difficulty of application, not 100% effective, and prone to
having break-through pain [69].

Regenerative peripheral nerve interface is done by
implanting transected nerve endings into free muscle grafts.
By implanting functional nerve endings into muscle grafts,
it benefits by regenerating axons and preventing neuroma
formation. This will organize nerve signals into the muscle
which can reduce pain and even enhance prosthetic control.
This has been a popular treatment for both neuroma related
residual limb pain and phantom limb pain in amputees [70].
Some limitations for this treatment modality is that it depends
on the viability of the muscle grafts and that it has not been
properly studied due it being a novel technique that is not
widely utilized [71].

Neuroma excision is a rudimentary treatment compared
to the others in this paper. This treatment is utilized by
surgical excision of painful neuromas. The key issue with
this treatment is that these neuromas tend to regenerate and
exacerbate the problem in the long run [72]. The limitations
of this modality include surgical risk and the reformation
of neuromas which can lead to poor treatment for phantom
limb pain and other neuropathic pain [73]. This treatment
is most beneficial when combined with targeted muscle
reinnervation and/or regenerative peripheral nerve interface.
This procedure involves burying the nerve into the muscle
and has been shown to produce better results [74].

Spinal cord stimulation (SCS) is an advanced technique
where electrodes are placed in the epidural space to transmit
electrical signals to the dorsal columns of the spinal cord
(Figure 1). This will activate the inhibitory interneurons
which modulate the ascending pain signals which can
mitigate/alter cortical pain perception. This is commonly
used for chronic, refractory phantom limb pain and as well
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as for other neuropathic pain (e.g., stump pain) [75]. Some
limitations for this modality include the surgical risk of
implantation, infection, and lead migration [76].

Like the SCS, the dorsal root ganglion stimulation also
used electrodes to provide focal modulation of pain signals
at the dorsal root ganglion which serves as a collection of
sensory neuron cell bodies at the spinal nerve roots. The
benefit of this treatment is that it is more specific/precise
than the SCS and can also be used for neuropathic pain and
phantom limb pain [77]. This treatment carries the same
risks as a SCS, and it is usually utilized when a SCS fails to
improve the pain or is too localized.

Targeted muscle reinnervation involves surgically
transferring transected peripheral nerves to motor nerve
branches of nearby muscles. By doing this, physiologic
targets for nerve regeneration are provided and can prevent
the formation of a painful neuroma and disrupt aberrant nerve
signaling, which are both indicated in PLP. This technique
works by disrupting the constant cycle of ectopic neural
activity and central sensitization that is found in PLP [78].

Spinal Cord Stimulation (SCS)

Sending electrical impulses to the spine to distract
the brain from recognizing pain signals

.— Spine

The electrical current from the leads masks
the pain signals as they travel to the brain.

;'7— Leads

- . The low currents of electricity is sent into the
Extension wire o leads in the spine through the extension wires.

~

= “ll) A exema ignals the pul
th (| external remote signals the pulse
\j_ Pulse generator o “}%3\ generator implanted in the lower back.
&=

Figure 1: This image explains how Spinal Cord Stimulation (SCS)
works to reduce pain by sending electrical impulses to the spine.
It shows the components involved—pulse generator, extension
wire, and leads—and describes how electrical signals block pain
messages from reaching the brain.

Non-Pharmacologic and Adjunctive Therapies

In many instances, non-pharmacologic and adjunctive
treatments are used in combination with pharmacological and
surgical intervention. There are many non-pharmacologic
treatments that have been proven to show improvement in an
amputee's neuropathic pain.

Physical therapies including desensitization techniques
such as massage, transcutaneous electrical nerve stimulation
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(TENS), and compression garments all play a supplemental
role in restoring function and pain management for post-
amputation patients. However, evidence for their use is
limited and outcomes vary depending on the patient.

Massage therapy can be used for short-term pain relief
and edema reduction but there is no definitive evidence for
functional improvement or opioid reduction in amputees.
The American Academy of Orthopedic Surgeons states that
massage therapy can be beneficial for pain alleviation, but
studies have not shown a benefit in functional ability due to
small sample sizes and limited studies [79].

Transcutaneous electrical nerve stimulation is done by
placing electrodes on the stump of the amputation to deliver
electrical stimulation which has been shown to activate alpha-
beta fibers which closes the gates of pain transmission. This is
a great treatment, but it is temporary and needs to be utilized
frequently. Studies have shown that TENS can reduce pain
intensity at rest and during movement for patients with PLP
and stump pain. Moreover, TENS has also shown promise
to facilitate perceptual embodiment of prosthetic limbs
[80]. However, like massage therapy, systematic reviews
do not show any high-quality randomized controlled trials
with definitive evidence to support its effectiveness in post-
amputation pain. TENS is a safe and economical adjunctto pain
management for these patients and is recommended, however,
its evidence is still unclear [81]. Compression garments can
also serve in reducing edema and aid in desensitization/
normalization of sensation in the residual limb, particularly
in complex regional pain syndrome. Together, these physical
therapies and desensitization techniques discussed can
provide some symptomatic relief and support rehabilitation
as an adjunct to conventional therapies. However, the lack of
high-quality evidence and randomized controlled trials limit
our understanding of its effectiveness.

Mirror therapy is done by having the patient place a mirror
to reflect their existing limb, so it appears to the brain that they
have both of their limbs. While visualizing this, the patient
performs movements on the intact limb while watching the
reflection which creates an illusion of the amputated limb
moving/functioning normally. This is beneficial because it
helps retain the cortical maps and neuronal connections for
the amputated limb and reduces aberrant pain signals. Graded
motor imagery goes hand in hand with mirror therapy where
it takes a stepwise approach to treating the neuropathic pain.
It starts with laterality recognition where the patient is to
identify the left and right limbs, next is to visualize moving
of the missing limb, and lastly is to use mirror therapy to
complete the cortical mapping to mitigate/redirect the pain
signals. This has been shown to greatly help neuropathic pain
in a non-invasive and in-expensive way. Some limitations
here are requirement for patient participation, early utilization
of therapy, and maintenance of patient emotion to limit
emotional triggers.
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Virtual reality (VR) therapy and immersive rehabilitation
is a very new treatment that has been utilized recently due
to the advancements in technology. This functions with a
similar pathology as mirror therapy but in a more advanced
and immersive manner. Using VR headsets and computer-
generated environments to stimulate the presence and
movement of missing limbs. It utilized the headset to engage
in visual, auditory, and proprioceptive feedback to restore
the body representation and reduce cortical matching [82].
This has been shown to greatly help neuropathic pain more so
than mirror therapy, but some limitations include being very
expensive and need for access to technology [83].

Certain treatments that have not shown complete
efficiency and efficacy but are still utilized for patients that do
not trust or have access to more advanced modalities. These
are not trusted treatments, but many patients have stated that
these modalities have been beneficial for them. Acupuncture
is known to modulate endorphin release and alter central
pain processing, but it has been shown to produce variable
results and is highly patient dependent [84]. Transcutaneous
electrical nerve stimulation is done by placing electrodes on
the stump of the amputation to deliver electrical stimulation
which has been shown to activate alpha-beta fibers which
closes the gates of pain transmission [85]. This is a great
treatment, but it is temporary and needs to be utilized
frequently. Lastly, desensitization techniques are where
gradual exposure is used on the stump to various sensations
such as textures, messages, and vibrations [86]. This can be
useful for reducing residual limb pain and phantom limb
pain, but limitations include requiring daily practice as well
as being ineffective in some patients as well.

Lastly, if all else fails or if patients need additional
management, psychological therapies are utilized to
mitigate the pain that patients are experiencing. Cognitive
behavioral therapy is the most common/effective treatment
where psychiatrists help reframe the patient’s perception of
pain and improve coping strategies [87]. Mindfulness and
mediation techniques are beneficial for reducing attention
to the pain and improving emotional regulation to avoid
triggers and to decrease sympathetic arousal [88]. Hypnosis
can also be used to modulate pain perception, but this is
only used in very select instances and with specific patients
[89]. Overall, all these psychological treatments are used
for chronic neuropathic pain, phantom limb pain, and for
associated comorbidities such as anxiety, PTSD, and sleep
issues [90]. These treatments are best used in a multimodal
rehabilitation program where patients are being treated with
an array of treatments that are most beneficial to them, but
some limitations for these include active patient participation,
delayed effects, and patient resistance to psychological
approaches [91], improving functional capability. Adverse
effects are rare and limited to transient emotional discomfort
or frustration with therapy [92].
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Mindfulness and mediation techniques are beneficial
for reducing attention to the pain and improving emotional
regulation to avoid triggers and to decrease sympathetic
arousal. Hypnosis canalso be used to modulate pain perception,
but this is only used in very select instances and with specific
patients. Overall, all these psychological treatments are
used for chronic neuropathic pain, phantom limb pain, and
for associated comorbidities such as anxiety, post-traumatic
stress disorder (PTSD), and sleep issues. These treatments
are best used in a multimodal rehabilitation program where
patients are being treated with an array of treatments that
are most beneficial to them, but some limitations for these
include active patient participation, delayed effects, and
patient resistance to psychological approaches.

Interventional for functional restoration

Modern technological advancements for prosthetic
devices and functional restoration procedures post-
amputation have come a long way and now include devices
such as microprocessor-controlled ankle and knee units,
powered prosthetic joints, and sensory feedback systems.
Microprocessor-controlled prosthetic knees (MPKs) and
microprocessor-controlled prosthetic ankles (MPAs) contain
accelerometers, gyroscopes, and torque sensors that are
linked to a microprocessor which continuously monitors gait
dynamics in real time. These have been shown to improve
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gait symmetry, reduce falls, and decrease energy expenditure,
which all contribute to poor outcomes post-amputation. By
controlling gait dynamics, MPKs and MPAs both reduce
the burden of high compensation of the contralateral limb
which reduces musculoskeletal pain and joint degeneration
[93]. Clinical trials have shown that MPKs and MPAs have
consistently led to improved quality of life and patient
satisfaction with additional cost-effectiveness by reducing
fall-related injuries and further hospitalizations [94].

Sensory feedback systems are now able to provide instant
proprioception and tactile sensation through nerve stimulation
leading to improved mobility and improved embodiment of
the prostheses which has been shown to reduce functional and
psychosocial stressors [95]. Moreover, surgical interventions
now have a place in functional restoration. Innovations such
as targeted muscle reinnervation and osseointegration have
increasingly become more utilized to augment residual limb
shape for prosthetic control and reduce neuropathic and
phantom limb pain. These innovations have shown significant
improvements in quality of life and enhanced prosthetic use
[96]. Although these advancements have shown significant
improvements in quality of life and improved outcomes
for prosthetic joint replacement, African Americans and
Hispanic patients are much more likely to be uninsured and
have obstacles to functional rehabilitations leading to poorer
outcomes and decreased quality of life [97].
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Suggested rehabilitation protocols in the United States for
amputee patients place an emphasis on early mobilization and
systematic pre-prosthetic training to address the high level
of functional and psychosocial impact amputation has on
its patients (Figure 2). This strategy also reduces the burden
of post-amputation pain and optimizes outcomes through
newer prosthetic technologies [98]. The US Department of
Defense and Veterans Affairs both emphasize the need for
early mobility training following amputation. Exercises
such as early weight-bearing and gait re-education promote
independence, strength, bone density, and cardiovascular
conditioning. Pre-prosthetic rehabilitation aims to strengthen
the residual limb by preventing edema and contracture (Figure
2). This can be done through kinetic chain and progressive
resistance training which also have a positive impact in
allowing patients to more easily participate in activities of
daily living without the prosthesis to optimize confidence
and reintegration into real-world environments. Chronic
pain experienced post-amputation has a detrimental effect
on psychosocial adjustment and functional ability. Patient-
specific, multimodal pain management with incorporation
of non-narcotic pharmacologic therapies have also proven
to improve functionality and psychological stress. The
American Heart Association has recommended the inclusion
of mental and behavioral health interventions such as
cognitive behavioral therapy and psychoeducation to treat
depression, anxiety, and negative illness perception which all
play a role in modifiable risk factors for poor rehabilitation
outcomes [99]. As a result, multidisciplinary rehabilitation
including physical, occupational, and behavioral health are
endorsed to improve psychological and functional outcomes
post-amputation.

Outcomes and Evidence Synthesis

The primary target of interventions for the patients with
amputations is the management and reduction of pain. Non-
pharmacologic interventions have been well studied, and
of these, mirror therapy is the most supported and effective
for the management of PLP. In a recent network meta-
analysis, mirror therapy was determined to be the single most
effective intervention for PLP and was also shown to provide
a superior benefit when added to other therapies [100]. In
a similar randomized controlled trial, the combination of
phantom exercises and mirror therapy significantly reduced
pain scores and improved the bodily pain domain of the SF-
36 questionnaire, but other quality of life parameters did
not change significantly [101]. In contrast, pharmaceutical
interventions such as amitriptyline, duloxetine, and pregabalin
have not demonstrated any significant benefit or superiority
to placebo in several randomized controlled trials [66].

The functional outcomes that can be considered post-
amputation are mobility and independence, independence
in activities of daily living, quality of life, and return to
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work. There is moderate evidence supporting exercise-based
rehabilitation as an effective intervention for the improvement
of functional performance, although direct evidence is limited
for the mobility and outcomes in the activities of daily living
[102]. The return to work is another significant measure of
outcomes for the patients with lower limb amputation. In
a long-term study of veterans with lower limb amputation,
around 64% of male patients were employed within 2 years
of the amputation event. Strong predictors for a positive
employment outcome included younger age at amputation,
being married, and adherence to prosthesis wearing; however,
work status was not associated with overall quality of life or
functional status [103].

The most effective intervention for pain reduction
remains mirror therapy and other image-based therapies. The
most effective for improving general functionality was not as
clear, but likely to be multimodal, as well. The least effective
appeared to be the pharmaceuticals as monotherapy. Newer
modalities such as graded motor imagery, virtual reality,
and peripheral nerve stimulation show the most promise but
have been studied in only one or two randomized controlled
trials [81]. It is important to note that there are significant
limitations in the available literature. Most randomized
controlled trials suffer from small sample sizes, such as the
24-participant trial of phantom exercises [81,103], which
do not provide sufficient statistical power and can lead
to erroneous conclusions. Heterogeneity of study design,
patient characteristics, outcomes, and even intervention itself
are significant factors that reduce the comparability between
studies. Most interventions are followed up over weeks to
months but rarely over years, and long-term effectiveness and
recurrence of pain are not clear [81,103]. These significant
limitations should be addressed with large multicenter trials
and standardized outcome reporting for future work in
amputee rehabilitation.

Future Directions

It is likely that neuromodulation and advanced prosthetic
technologies will be at the forefront of these new directions.
Enhanced neuromodulation techniques and brain—computer
interfaces (BCIs) hold great promise for improving amputee
motor control and potentially restoring sensory function.
Targeted muscle reinnervation and osseointegration are two
advanced surgical techniques that reroute residual nerves to
remaining muscles. By providing new targets for residual
nerves, Targeted muscle reinnervation allows for more
intuitive control of prosthetic limbs and can improve sensory
feedback. Non-invasive neuromodulation techniques like
transcranial magnetic stimulation are also being explored
as means to modulate cortical plasticity, reduce phantom
limb pain, and improve motor recovery in amputees [104].
Personalized prosthetics with integrated sensory feedback
are likely to become a focus as well. Myoelectric prostheses,
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which respond to electrical activity from residual muscles,
have the potential to offer more precise, user-responsive
control. By incorporating feedback mechanisms (such as
tactile, pressure or thermal cues), these prostheses can
provide sensory information about the user’s environment
or interactions, enhancing the embodiment of the prosthesis
and its functional use [105]. These advances in prosthetic
technology not only aim to restore mobility but also to
improve overall quality of life for individuals with limb loss.

Artificial intelligence and robotics are also areas where we
expect to see more developments in rehabilitation approaches
in the future. Al algorithms have the potential to adapt to
an individual’s unique movement patterns and adjust the
prosthetic response in real-time. Robotic exoskeletons and
robotic-assisted devices can provide repetitive, task-specific
training to promote faster functional recovery and adaptation
[106]. These tools show promise in improving independence,
gait function, and upper- and lower-limb functional outcomes
in amputees.

High-quality randomized controlled trials and standardized
outcome measures remain another area of need in the field.
Many studies in amputee rehabilitation are limited by small
sample sizes, heterogeneous participant populations, non-
standardized protocols, and short-term follow-up. The lack of
uniformity in measurement makes it challenging to compare
outcomes across studies or generalize findings to the larger
population. Standardized and validated outcome measures of
mobility, prosthesis use, activities of daily living, and quality
of life are needed to accurately assess the efficacy of new
interventions and direct future research [107].

Taken together, the advances in neuromodulation,
advanced prosthetic technologies, artificial intelligence-
enabled personalized support, and high-quality randomized
controlled trials represent promising future directions for
amputee rehabilitation. However, these areas will require
close interdisciplinary collaboration between biomedical
engineers, clinicians, and researchers. We hope that the
critical discussion in this article is informative and would
advance the conversations while spurring further innovation
and discovery.

Conclusion

In summary, management of pain and return of function
in amputee patients’ needs to be individualized, evidence-
driven, and multidisciplinary. Amongst the various
treatments discussed throughout this paper, multimodal
treatments of phantom limb pain—integrating pharmacologic
agents, regional anesthetic interventions, and particularly
non-pharmacologic interventions such as mirror therapy and
graduated motor imagery—have had the most robust evidence
to suppress phantom limb pain. In regard to functionality,
microprocessor-controlled prosthetic knees and ankles,
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targeted muscle reinnervation, peripheral nerve interfaces
that regenerate, and exercise-driven rehabilitation have
had the greatest benefit to enhance mobility, independence,
and quality of life. However, there is no one size fits all
treatment. The most beneficial rehabilitation is achieved by
individualizing treatment to manage the patient's specific
medical, psychosocial, and functional needs by integrated
multidisciplinary care. Despite encouraging developments
in prosthetic devices, neuromodulation, and rehabilitative
interventions, existing literature is not sufficient to conclude
how effective these modalities are, due to low numbers of
patients, heterogeneity of studies, and short-term follow-up
times. Further well-designed randomized controlled studies
are required to enhance evidence, clarify protocols, and
improve equitable access to these interventions. Ultimately,
improvement of the lives of amputee patients will rely
upon integration of innovative technologies, rehabilitative
treatment centered around the patient and continued
collaborative models of care.

Key Points

* Greater than 2.3 million people in the United States
live with limb loss with majority of them being lower
extremity amputations

» Risk for amputations and negative outcomes are worse for
African American, Hispanic, and lower socio-economic
status patients due to inequalities in access for limb-
salvage procedures and rehabilitation programs

* Most pain experiences post-amputation is phantom limb
pain, about 40-80% of amputees, while residual limb
pain including neuroma, ischemia, and prosthetic issues
are also highly prevalent, both contribute to diminished
quality of life

* Phantom limb pain occurs due to peripheral and central
mechanisms which underlies the necessity for multimodal
rehabilitation

* Medicants including gabapentinoids, tricyclic
antidepressants, and ketamine provide minimal and
variable relief, opioids are reserved for acute causes of
pain but carry significant risk factors

» Surgical/interventional approaches include targeted
muscle reinnervation and regenerative peripheral nerve
interfaces which have limited evidence but show strong
promise for improving prosthetic control and pain
management

* Nonpharmacological therapies include mirror therapy,
graded motor imagery, and virtual reality which are
low cost, safe, and demonstrate the most consistent
benefit for phantom limb pain compared to traditional
pharmacological modalities
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* Functional restoration can be achieved with
microprocessor-controlled prostheses, osseointegration,
and structural rehabilitation to improve gait, reduce falls,
and enhance independent living

* Cognitive behavioral therapy, mindfulness, and
psychoeducation in combination with each other are
effective for addressing pain perception, depression, and
anxiety to improve rehabilitation outcomes

* Neuromodulation and sensory feedback systems are
two of the most promising areas for future directions
but require larger standardized trials to conclude their
effectiveness
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