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ABSTRACT 

As many as 80% of adults with lower-limb loss experience persistent post-

amputation pain in the phantom limb (i.e., amputated portion of the limb) and/or 

residual limb (i.e., remaining portion of the limb), which is associated with depressive 

symptoms and reduced quality-of-life. Despite its prevalence, persistent post-

amputation pain remains poorly understood and under-addressed in clinical practice. 

Localized treatments targeting persistent post-amputation pain generally lack efficacy, 

warranting further investigation into whether central nervous system impairments 

should be the focus of clinical pain evaluation and management following lower-limb 

loss.  

The overarching objective of this dissertation was to use low-cost, clinical 

measurement techniques to identify whether underlying central nervous system 

impairments are present and associated with pain characteristics among adults with 

persistent post-amputation pain. Aim 1 was a secondary analysis of data compiled 

from six, cross-sectional research studies, which evaluated the prevalence and patterns 

of multisite pain, a symptom of central nervous system hypersensitivity, among a 

sample of 303 adults with lower-limb loss. Aim 2 was a secondary analysis of cross-

sectional data which (1) evaluated whether adults with persistent amputation pain 

demonstrate greater pressure-induced pain sensitivity within and remote to the 

amputated region and (2) compared signs and symptoms of central nervous system 

hypersensitivity among subgroups of participants with persistent post-amputation 

pain. Finally, Aim 3 utilized an online, pilot study to evaluate whether adults with 



 xviii  

persistent post-amputation pain demonstrate impaired body representation (i.e., altered 

detection or perception of the amputated limb), which may be attributed to 

maladaptive changes in the central nervous system. When possible, considerations 

were made for sex-specific differences, as research in other chronic pain conditions 

suggests pain perception, experience, and processing may differ between males 

and females.  

Findings from Aim 1 indicate over 60% of adults with lower-limb loss 

experience multisite pain, with females being disproportionately affected. Findings 

from Aim 2 indicate adults with persistent post-amputation pain demonstrate increased 

amputated-region pain sensitivity as compared to pain-free peers and adults with intact 

limbs; however, increased remote-site pain sensitivity was only found among a 

subgroup of adults with persistent post-amputation pain. Self-reported pain 

characteristics (e.g., intensity, interference, symptoms of nervous system 

hypersensitivity) did not differ between adults with and without amputated-region 

sensitivity. Findings from Aim 3 indicate adults with post-amputation pain 

demonstrate greater difficulty completing a body representation task as compared to 

adults with intact limbs; however, adults with post-amputation pain performed 

similarly to pain-free peers with lower-limb loss, suggesting body representation 

impairments may be attributed to overarching changes associated with limb 

amputation. Finally, body representation impairments were indicated by increased 

phantom limb hypervigilance and more negative body image among adults with post-

amputation pain as compared to pain-free peers with lower-limb loss.  

Collectively, this dissertation identified potential central nervous system 

impairments among adults with persistent post-amputation pain, which can be 



 xix 

identified using a battery of clinical outcome measures and non-invasive techniques. 

Evaluation of multisite pain involvement, increased pain sensitivity, and body 

representation impairments may guide pain management in clinical practice, including 

implementation of novel rehabilitation interventions (e.g., treatments targeting 

impaired body representation) to reduce pain-related disability and improve quality of 

life following lower-limb loss.  
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Chapter 1 

INTRODUCTION  

Lower-Limb Loss: Background 

In the United States, the population of individuals living with limb loss is 

rapidly growing, with numbers expected to increase from 1.6 to 3.6 million by 2050.1 

Lower-limb loss (LLL), i.e., amputation of the lower-extremity, is more common than 

that of the upper-extremity (i.e., shoulder, arm, hand)1 and may occur at any level 

between the pelvis and foot. Regardless of the level or cause of amputation, lower-

limb loss requires substantial amounts of specialized, pre-, peri-, and post-operative 

care from a comprehensive, multidisciplinary, and experienced medical team.2 

As compared to the general population, adults with LLL report poorer physical 

function, reduced community integration, and greater pain interference during 

activities-of-daily-living.3 In fact, up to 95% of adults with LLL experience 

bothersome pain in at least one body region, which is associated with depression, 

worse mobility, and reduced quality-of-life.4 In the post-acute rehabilitation period, 

functional deficits are largely targeted via prosthetic training and lower-extremity 

strengthening programs,5, 6 while pain management is less prioritized and remains 

underexplored. As the population of individuals with LLL grows due to increasing 

rates of vascular diseases and diabetes-related complications,7 further investigation 

into factors contributing to persistent post-amputation pain and pain-related disability 

is critical.  
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Persistent Post-Amputation Pain 

Associations between poor physical function and persistent post-amputation 

pain, i.e., amputation-specific pain that persists beyond the period of limb healing, are 

well established;4, 8, 9 therefore, persistent post-amputation pain appears to be a critical 

target for post-acute rehabilitation among this growing population. Post-LLL, the most 

commonly reported pain complaint is phantom limb pain,4 i.e., pain perceived as 

coming from the amputated portion of the limb. While still poorly-understood, 

phantom limb pain is thought to result from changes in the peripheral and central 

nervous systems, including aberrant nerve firing from resected nerves within the 

amputated region, changes in cortical representation of the amputated limb, and 

peripheral and central sensitization to pain signals.10 Given the complexity of phantom 

pain, as well as the myriad of resultant, physical symptoms (e.g., distortions in limb 

size, burning pain, numbness and tingling), phantom limb pain remains extraordinarily 

challenging to treat.11  

Similarly, residual limb pain, i.e., pain in the remaining portion of the limb, is 

commonly reported post-LLL. 4, 12, 13 Residual limb pain may involve the remaining 

limb segment, such as the residual shank or thigh, or may affect the more proximal 

joints of the limb. While largely attributed to acute, post-surgical complications (e.g., 

infections, neuromas, scar-related issues),14 residual limb pain may persist beyond the 

acute stage due to poor prosthetic socket fit or alignment, chronic skin issues, 

heterotopic ossification, or vascular disease.15 In the absence of observable structural 

pathology or external complications (e.g., a poor-fitting socket), persistent residual 

limb pain may be similarly due to chronic changes in underlying nervous system 

sensitivity.16 
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While several studies suggest post-amputation pain (i.e., phantom9, 17 and 

residual limb pain18) diminish with time, a national survey of 255 adults with LLL 

found 72-74% of adults experienced chronic post-amputation pain (i.e., continued pain 

6 months to 74 years post-LLL). 12 Furthermore, in a longitudinal study following 34 

adults for 2 years post-LLL, 59% and 21% of participants reported persistent phantom 

and residual limb pain, respectively.18 Finally, among a sample of 764 adults who 

were nearly 30-years post-LLL on average, Sherman, et al. found that only 12.1% 

reported significant decreases in phantom limb pain following their amputation.19 

Collectively, reported prevalence rates warrant consideration of post-amputation pain 

when studying long-term functional and pain-related outcomes. 

Unfortunately, treatments for post-amputation pain (e.g., analgesics, massage, 

acupuncture, nerve blocks, transcutaneous electrical stimulation) demonstrate, at best, 

poor-to-moderate efficacy.20 In fact, in a prior study evaluating post-amputation pain 

treatment, opioid analgesics were among the only treatments rated as moderately-to-

extremely helpful by the majority of participants.20 Given the considerable, adverse 

consequences of persistent opioid use (e.g., risk of misuse, abuse, and/or addiction; 

side-effects such as constipation, sedation, respiratory depression, and nausea; 

inadvertent fatal overdose21), it is critical to further investigate underlying, modifiable 

impairments that, if addressed with alternative treatment strategies, may reduce 

persistent post-amputation pain.  

Advances in post-amputation pain research and care have been limited by (1) 

variability in phantom and residual limb presentation and (2) poor understanding of 

factors driving post-amputation pain.22 Post-amputation painôs resistance to 

traditional, localized treatment warrants further exploration of post-amputation pain as 
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a centrally-mediated condition, to determine if maladaptive somatosensory 

impairments (i.e., underlying nervous system hypersensitivity,10, 22, 23 cortical 

reorganization in response to the loss of the limb24, 25) are present and can be clinically 

addressed. To date, post-amputation pain-related research has largely focused on 

identifying post-amputation pain prevalence and bothersomeness,4, 12, 15, 19, 26-33 while 

underlying somatosensory contributions remain significantly underexplored. 

The Somatosensory System and Pain Transmission 

The somatosensory system, a multifunctional system that plays a unique, 

layered role in representing the body in space, is comprised of ascending neural tracts 

that transmit sensory information to the brain.34 Within the somatosensory system, the 

ascending spinothalamic tract is responsible for transmission of pain-related signals.35 

Specifically, in the presence of acute tissue damage, inflammation, and pain, Ad and C 

fibers (i.e., free nerve endings in the periphery that respond to noxious stimuli) 

transmit pain signals from the periphery to the dorsal column of the spinal cord via 

first-order neurons.35 Pain signals are then propagated from the spinal cord to the 

thalamus via second-order neurons; finally, pain signals are transmitted from the 

thalamus to various regions of the cortex (e.g., somatosensory cortex, amygdala, 

insula) for interpretation via third-order neurons.35 

Within the brain, pain signals are processed and interpreted in a network of 

various, interconnected regions, often referred to as the ñpain matrix.ò36 The 

somatosensory cortex plays a predominant role in pain perception and localization,37 

as it receives and interprets sensory signals from each body part, creating an organized 

ñmapò of the body called the somatosensory homunculus.38 The homunculus is a 

dynamic, somatotopically-organized (i.e., each body part is represented in its own 
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distinct region) region that conforms to changes in sensory signals.38 When pain 

signals reach the somatosensory cortex, a conscious perception of pain is created, and 

qualitative aspects of pain (e.g., pain type, location, severity) are encoded. Beyond the 

somatosensory cortex, areas such as the anterior cingulate cortex, dorsolateral 

prefrontal cortex, posterior parietal cortex, and insula are also responsible for 

processing and interpreting the attentional and emotional components of pain.39  

Maladaptive Somatosensory Changes in Chronic Pain  

In the presence of persistent pain, peripheral and spinal pain pathways may 

become sensitized, enhancing pain transduction and reducing regulatory inhibition of 

excessive pain signaling.16, 40 This occurs in response to structural and phenotypic 

changes to peripheral and spinal neurons, secondary to injury and cascading changes 

in cell membrane function and protein expression.41 Additionally, after nerve injury, 

resected nerves may sprout and emit spontaneous signals;10 subsequent changes in 

nerve structure and firing patterns may induce hypersensitivity of peripheral 

nociceptors and create longstanding changes in spinal and supraspinal pain processing 

structures, ultimately enhancing pain signal transmission.16 

Chronic or persistent pain may also disturb the organization and function of 

cortical regions. In the somatosensory cortex, the cortical region that represents the 

painful site may become less distinct, or ñsmudged,ò making pain localization and 

discrimination difficult.42 Various studies have demonstrated changes in the 

representation of painful body areas using neuroimaging (e.g., 

magnetoencephalography,43 functional magnetic resonance imaging44, 45). This 

phenomenon, often referred to as somatosensory plasticity, has been correlated to 

phantom limb pain intensity: greater shifts in the somatotopic representation of the 
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amputated limb have previously been associated with increased phantom limb pain 

severity among adults with an upper-extremity amputation.44  

Clinical Identification of Underlying Somatosensory Impairments in Pain 

Underlying somatosensory impairments have been identified in animal models 

of pain and in other pain conditions among humans (e.g., chronic low back pain, 

osteoarthritis, fibromyalgia46). Investigations into underlying central nervous system 

changes in post-amputation pain, however, have largely focused on changes in the 

cortical representation of the amputated limb using neuroimaging (e.g., functional 

magnetic resonance imaging),44, 45 while other clinical markers of maladaptive 

somatosensory impairments remain understudied. Recently, our research team has 

found magnetic resonance imaging to lack feasibility among adults with LLL due to a 

high prevalence of comorbidities (e.g., vascular disease requiring stents or 

defibrillators) resulting in contraindication to magnetic resonance imaging.47 Thus, the 

ability to assess maladaptive somatosensory impairments through clinical tools (e.g., 

patient interviews and self-reported outcome measures, pain sensitivity testing, 

behavioral tasks) appears especially critical post-LLL. While several clinical features 

(e.g., multisite pain, increased sensitivity to painful stimuli, impaired body 

representation) may be indicative of maladaptive somatosensory impairments 

associated with persistent pain, evidence among adults with LLL remains scarce.   

Multisite Pain  

First, multisite pain, defined as pain in two or more anatomical locations,48 

may indicate underlying central nervous system sensitivity, especially when pain is 

found extensively throughout the body.49 Adults with LLL commonly report 
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secondary-site pain, i.e., pain external to the amputated limb;12, 13, 26, 50 however, to 

date, pain-related research among adults with LLL has largely focused on identifying 

individual pain site involvement, without evaluating patterns of multisite pain.4, 12, 26, 

28, 29 Furthermore, studies evaluating chronic pain among adults with LLL have 

predominantly focused on post-amputation pain (i.e., phantom and/or residual limb 

pain) in isolation,12 without considering whether multisite pain may be present and 

associated with persistent post-amputation pain. Further classification of multisite pain 

patterns post-LLL is warranted to identify the extent of pain involvement and inform 

future studies investigating underlying factors contributing to multisite pain (e.g., 

central nervous system hypersensitivity).  

Peripheral and Central Pain Sensitivity 

Additionally, maladaptive somatosensory changes may be indicated by 

generalized increases in peripheral and central pain sensitivity. In patients with other 

chronic pain conditions (e.g., chronic low back pain, osteoarthritis, fibromyalgia46), 

quantitative sensory testing, which includes measures of pain sensitivity and tolerance, 

has been shown to be a useful clinical indicator of underlying central nervous system 

hypersensitivity.41 Pain-pressure threshold (PPT) testing is a component of 

quantitative sensory testing, which measures the threshold at which applied pressure is 

perceived as painful.51 Reduced PPTs indicate increased pain sensitivity.51 PPT testing 

can be performed clinically using low-cost, non-invasive equipment,52 warranting 

further evaluation of PPT testing as a potential tool for evaluating underlying central 

nervous system involvement in post-amputation pain.  
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Identification of pain sensitivity patterns using PPT testing may provide insight 

into underlying post-amputation pain mechanisms, which may help guide treatment 

interventions in clinical settings. For example, increased sensitivity localized only to 

the residual limb may indicate poor prosthetic socket fit or underlying structural 

pathology (e.g., undiagnosed osteophytes), warranting further imaging and limb 

assessment. Alternatively, increased sensitivity in both primary (i.e., directly 

surrounding the amputated region) and secondary sites (i.e., sites remote to the 

amputated region) may suggest central nervous system hypersensitivity.40 While PPT 

testing may be a useful clinical tool for evaluating pain sensitivity, studies evaluating 

increased pain sensitivity in primary and secondary sites among adults with post-

amputation pain are lacking.  

Impaired Implicit and Explicit Body Representation 

Finally, impaired body representation, i.e., disturbed perception, sensation, or 

identification of a painful body part, is a hallmark of maladaptive somatosensory 

changes.53 When communication between the brain and body is compromised, as in 

the case of peripheral (e.g., amputation) or central (e.g., traumatic brain injury) nerve 

lesions, body representation may become impaired.53, 54 Body representation 

impairments may be implicit (e.g., inability to recognize the affected part during 

experimental tasks) or explicit (e.g., disembodiment of the affected body part or 

perceived changes in the affected partôs size or shape), and may cause the brain to 

misinterpret innocuous sensory signals as pain.53, 55-57  

Implicit body representation, i.e., the body schema,58, 59 is defined as the 

brainôs unconscious, mental representation of the body; this representation is formed 

by processing and integrating ever-changing information from the somatosensory 
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system and serves as the basis for human movement.60 Clinically, implicit body 

representation can be assessed using a left-right discrimination task,61 where 

participants are asked to quickly and accurately judge whether a body part image 

depicts a left, or right, body part. To complete the task, participants automatically, and 

subconsciously, use their own body parts to determine the sidedness (i.e., laterality) of 

the body part, which is referred to as ñimplicit motor imagery.ò62 With the left-right 

discrimination task, delayed response time or reduced accuracy may reflect impaired 

implicit body representation.  

Conversely, explicit body representation, i.e., body image or body 

perception,63, 64 is defined as the conscious perception of the body, including affective 

(e.g., attitudes about the body), and structural perceptions (e.g., body shape, size, 

texture). Explicit body representation impairments may be identified using 

questionnaires assessing thoughts, feelings, and perceptions of the body. Explicit body 

representation impairments appear present among adults with LLL who perceive a 

phantom limb;64 for example, adults with LLL commonly report their phantom limb 

shortens over time (i.e., telescoping), feels detached from the rest of the body, or feels 

awkwardly positioned.64  

Prior research involving neuroimaging suggests implicit body representation is 

impaired among individuals with upper-limb loss who experience phantom limb 

sensations and pain (n=12);65 furthermore, other patient populations with chronic pain 

(e.g., low back pain, complex regional pain syndrome66) demonstrate impaired body 

representation (e.g., difficulty identifying painful body parts, disturbances in body 

perception). In contrast, associations between explicit body representation, with 

respect to the phantom limb, and pain characteristics remain unknown.  
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In other pain conditions (e.g., low back pain, complex regional pain 

syndrome), treatments involving motor imagery, which aim to improve body 

representation, have been shown to reduce pain severity and improve function.62, 67-70 

In recent decades, research has suggested impaired body representation may play a 

key role in post-amputation pain development and persistence;24, 56 however, clinical 

evidence of impaired body representation remains scarce post-LLL. Further research is 

warranted to determine whether body representation is impaired among adults with 

LLL, and to determine if persistent post-amputation pain worsens impairments.  

Sex Differences in Lower-Limb Loss and Pain 

While female sex is a well-established risk factor for chronic and multisite pain 

development in the general population,48, 71, 72 females comprise the minority of the 

LLL population (i.e., 33%1) and remain a significantly understudied group.73 Recently, 

researchers have highlighted the importance of directing research efforts toward 

females with LLL,73 which appears especially critical when investigating pain-related 

outcomes, as females have been shown to demonstrate increased sensitivity to 

experimentally-induced pain, be at risk of more extensive pain involvement, and have 

different responses to pharmacological and non-pharmacological pain interventions.72 

As such, it is imperative to consider the potential influence of biological sex on pain 

presentation post-LLL to determine if future, longitudinal pain studies among adults 

with LLL should consider sex-related differences.  

Specific Aims 

While clinical features of underlying somatosensory impairments (i.e., 

multisite pain, increased primary- and secondary- site pain sensitivity, impaired body 
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representation due to changes in cortical representation of the amputated limb) may be 

present among adults with persistent post-amputation pain, evidence post-LLL has 

remained scarce. The overarching goal of this work was to provide preliminary 

evidence of underlying, modifiable somatosensory impairments among adults with 

persistent post-amputation pain following LLL. Our central hypothesis was that adults 

with persistent post-amputation pain demonstrate markers of maladaptive 

somatosensory changes (i.e., multisite pain, increased primary- and secondary-site 

pain sensitivity, and impaired body representation), which may be key areas for 

rehabilitative intervention. When possible, as a secondary goal, this work aimed to 

evaluate sex-related differences in pain presentation to provide preliminary data 

encouraging sex-specific considerations in future pain research among adults with 

LLL. The following Specific Aims and hypotheses were proposed:  

 

Aim 1: Estimate the prevalence of multisite pain among adults Ó1-year post-LLL 

(n=303), while considering patterns of and potential sex-specific differences in 

multisite pain.  

Hypothesis 1a: The majority of adults with lower-limb loss will demonstrate 

multisite pain, and patterns of multisite pain will largely include both persistent 

post-amputation pain and pain in secondary sites (e.g., low back, intact lower-

extremity). 

Hypothesis 1b: Female sex will be significantly associated with the presence of 

multisite pain Ó1-year post-amputation.  
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Aim 2: Determine whether adults with post-amputation pain demonstrate greater 

pressure-induced pain sensitivity (i.e., pain pressure thresholds per algometry) at both 

primary (i.e., amputated) and secondary (i.e., non-amputated) sites, as compared to 

pain-free peers and controls with intact limbs, and determine whether pain 

characteristics differ based on the pattern and distribution of pain sensitivity.  

Hypothesis 2a: When compared to pain-free peers, adults with persistent post-

amputation pain will demonstrate increased primary- (i.e., amputated-region) 

and secondary-site (i.e., non-amputated-region) pain sensitivity.  

Hypothesis 2b: When compared to controls with intact limbs, adults with 

persistent post-amputation pain will demonstrate increased primary- and 

secondary-site pain sensitivity.  

Hypothesis 2c: Adults with post-amputation pain who demonstrate increased 

amputated-region sensitivity (i.e., a sign of potential peripheral sensitization) 

will demonstrate greater pain sensitivity at secondary sites than peers with 

post-amputation pain who do not demonstrate increased amputated-region pain 

sensitivity. 

Hypothesis 2d: Adults with post-amputation pain who demonstrate increased 

amputated-region sensitivity will demonstrate worse pain characteristics (i.e., 

more frequent pain-related symptoms associated with central sensitization, 

increased pain intensity, and increased pain interference) than peers with post-

amputation pain without increased amputated-region sensitivity. 

 

Aim 3: Determine whether adults with LLL who experience persistent post-

amputation pain demonstrate impaired implicit and explicit body representation, as 
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compared to pain-free peers with LLL and/or controls with intact limbs, and whether 

body representation impairments are associated with worse pain-related outcomes.   

Hypothesis 3a: Adults with persistent post-amputation pain will demonstrate 

impaired implicit body representation (i.e., difficulty identifying the amputated 

limb, evidenced by increased response time and reduced accuracy on a left-

right foot discrimination task) compared to pain-free peers.  

Hypothesis 3b: Adults with persistent post-amputation pain will demonstrate 

impaired implicit body representation compared to controls with intact limbs.   

Hypothesis 3c: Among adults with persistent post-amputation pain, 

impairments in implicit body representation will be associated with worse pain 

characteristics (i.e., increased pain intensity, interference, and 

bothersomeness).  

Hypothesis 3d: As compared to pain-free peers, adults will demonstrate 

explicit body representation impairments (i.e., more negative body image, 

greater limb disownership and hypervigilance). 

Hypothesis 3e: Among adults with persistent post-amputation pain, 

impairments in explicit body representation will be associated with worse pain 

characteristics (i.e., increased pain intensity and interference).  

Summary 

Persistent post-amputation pain remains an inherent, but largely under-

addressed, consequence of LLL, which ultimately reduces function and quality-of-life. 

The collective goal of this work was to provide insight into potential centrally-

mediated mechanisms driving persistent post-amputation pain using novel, clinically-

applicable measurement techniques (i.e., pressure algometry, self-reported outcome 
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measures, online experimental body representation tasks) to improve objective 

evaluation of post-amputation pain. Furthermore, this work aimed to provide 

preliminary evidence of somatosensory impairments to evaluate, target, and monitor in 

future, longitudinal pain studies among adults with LLL. Through clinical assessments 

of multisite pain, pain sensitivity, and implicit and explicit body representation, this 

work aimed to guide development and application of somatosensory rehabilitation, 

including treatments targeting enhanced body representation, to reduce pain-related 

disability among adults with LLL. 
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Chapter 2 

SEX-SPECIFIC DIFFERENCES IN MULTISITE PAIN PRESENTATION 

AMONG ADULTS WITH LOWER -LIMB LOSS  

Introduction  

Of the nearly two million Americans living with lower-limb loss (LLL),1 up to 

95% experience bothersome pain in at least one body region, which is associated with 

depression, worse mobility, and reduced quality-of-life4. Post-LLL, pain may be 

amputation-specific (i.e., directly involving the amputated limb region) or may occur 

in secondary sites, such as the non-amputated limb or low back.12, 13, 26, 50 As in other 

postoperative patient populations, acute pain may serve an important, protective role 

in facilitating amputated limb healing;74 however, extensive pain site involvement and 

persistence of pain beyond the healing stage may be pathological.  

 To date, pain-related research among adults with LLL has largely focused on 

identifying single-site pain prevalence, as well as the bothersomeness of individual 

pain sites, among largely male participants.4, 12, 26, 28, 29 Furthermore, studies evaluating 

chronic pain among adults with LLL have predominantly focused on amputation-

specific pain12 or have included participants within the first year of their amputation,4, 

13 which may inflate prevalence rates.  

Multisite pain, defined as pain in two or more anatomical locations,48 remains 

especially understudied among adults with LLL. While adults with LLL commonly 

report pain in multiple locations,4, 12, 13 demographic and amputation-related 

characteristics associated with multisite pain remain unknown. Additionally, 
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descriptions of multisite pain involvement are lacking. Further classification of 

multisite pain patterns post-LLL is warranted to identify the extent of pain 

involvement and inform future studies investigating underlying factors contributing to 

multisite pain (e.g., compensatory loading of secondary pain sites, heightened 

sensitization to whole-body pain signals).  

While female sex is a well-established risk factor for multisite pain 

development in the general population,48, 71 there is currently a dearth of evidence 

regarding whether females experience disproportionate rates of multisite pain among 

adults with LLL. Females comprise the minority of the LLL population (i.e., 33%1) 

and remain a significantly understudied group.73 Recently, researchers have 

highlighted the importance of directing research efforts toward females with LLL, as 

there may be unique considerations for sex-specific prosthetic needs, treatment 

interventions, and psychosocial stressors.73 To assist with this initiative, it is 

imperative to investigate relationships between sex and post-LLL pain presentation to 

determine if future, longitudinal pain studies among adults with LLL should consider 

sex-related differences.  

The objectives of this study were two-fold: to evaluate multisite pain 

presentation and investigate associations between female sex and multisite pain Ó1-

year post-LLL. The hypotheses were: (1) multisite pain would be prevalent across 

amputation-specific pain sites and secondary sites remote to the amputated-region, and 

(2) female sex would be significantly associated with multisite pain prevalence Ó1-

year post-LLL, after controlling for other potential contributing factors [e.g., age, body 

mass index (BMI), time since amputation, amputation level and etiology]. 
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Materials and Methods 

Data were combined from six cross-sectional, observational research studies 

completed in the Delaware Limb Loss Studies laboratory at the University of 

Delaware between September 2013 and February 2020. Across all studies, participants 

were recruited via the University of Delaware Multidisciplinary Amputee Clinic, local 

prosthetic clinics, and national limb loss conferences and events (e.g., the Amputee 

Coalitionôs National Conference and Limb Loss Education Days). Studies were 

considered for analyses if standardized pain data was collected among adults with 

LLL, and participants had signed a written, informed consent permitting use of de-

identified data for future research studies. All studies were approved by the University 

of Delaware Institutional Review Board for Human Subjects and carried out in 

accordance with the Declaration of Helsinki for research among human subjects.  

Participants were included in this study if they were Ó18 years of age, able to 

read and speak English (due to completion of questionnaires and interviews in 

English), had undergone a unilateral lower-limb amputation at the partial-foot level or 

higher Ó1-year prior to their research participation, and reported all pain prevalence 

data of interest. Exclusion criteria included any major amputation of the contralateral 

limb (i.e., Symeôs-level or higher). 

Overview of Procedures 

Across all studies, participants underwent the informed consent process. 

Demographic and amputation-specific characteristics were captured during 

standardized interviews, either led by trained examiners or in standardized text. Height 

and weight (with the prosthesis donned) were collected for the calculation of BMI.  
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When available, prosthesis-related data were extracted for participant 

characterization. Prosthesis-related data included participantsô Houghton Scale score, 

which assesses prosthesis use and stability when using a prosthesis,75 and Socket 

Comfort Score, which assesses current prosthetic socket comfort.76 The Houghton 

Scale, scored from 0-12 points, has been reported to have excellent test-retest 

reliability [intraclass correlation coefficient (ICC)=0.9675] and criterion validity for 

differentiating community, limited community, and household ambulation categories 

post-LLL. 77 Specifically, scores Ó9 points may suggest the individual is a community 

ambulator.75 For the Socket Comfort Score, 0 represents ñthe most uncomfortable fitò 

and 10 represents ñthe most comfortable fit imaginable.ò76 Test-retest reliability 

(ICC=0.7778) and criterion validity76 have been previously reported for the Socket 

Comfort Score. 

To capture pain prevalence data, participants answered standardized pain 

questions. Phantom limb pain was defined as ñpain perceived as coming from the 

amputated portion of the limb,ò4 while residual limb pain was defined as ñpain in the 

remaining portion of the amputated limb.ò4, 12, 13 As individuals with LLL commonly 

report pain in the contralateral limb and/or low back,12, 13, 26, 50 secondary pain sites of 

interest included the contralateral hip, knee, foot, and ankle, as well as the low back.  

Data Analysis 

Prior to statistical analyses, participantsô identifying information was cross-

checked between studies to ensure individual participants were included only once. 

Pain-related responses were verified with additional evaluation material (e.g., pain 

body diagrams, diagnosis codes), when available, to ensure pain prevalence data was 

accurately captured. The total number of pain sites was calculated for each participant, 
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with a maximum of 7 possible pain sites (i.e., phantom limb, residual limb, low back, 

contralateral hip, contralateral knee, contralateral ankle, contralateral foot).  

Multisite pain was defined as the presence of pain in two or more locations. 

For participants classified as having multisite pain, multisite pain presentation was 

further categorized into the following patterns: amputation-specific multisite pain (i.e., 

pain in both the phantom and residual limb, without involvement of secondary sites), 

secondary multisite pain (i.e., pain in two or more secondary sites, without pain 

involvement in the amputated limb), or mixed multisite pain (i.e., pain in two or more 

sites, including both the amputated limb and at least one secondary site). 

All statistical analyses were performed using SPSS Statistics 26 (SPSS, Inc., 

IBM, Armonk, NY). Participant demographics and amputation-specific data were 

analyzed using descriptive statistics. For each pain type and pattern of interest, pain 

prevalence was examined by sex, and sex differences were evaluated using chi square 

tests (pÒ.050). Univariate logistic regression was used to test the unadjusted 

association of sex and multisite pain presence. Next, sequential logistic regression 

modeling was used to test the association of sex and multisite pain after adjusting for 

covariates that may influence pain development,4, 17, 71 which were entered into the 

first block. Covariates included potential confounders to control for: age, BMI, time 

since LLL, and LLL etiology and level. LLL etiology was dichotomized as non-

traumatic versus traumatic, as traumatic etiology has been associated with amputation-

specific pain.4 Furthermore, LLL level was dichotomized as at or below the transtibial 

level (i.e., partial foot, Symeôs, or transtibial) versus at or above the knee 

disarticulation level (i.e., knee disarticulation, transfemoral, or hip disarticulation), as 
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more proximal amputation levels have been associated with amputation-specific pain.9 

Sex (i.e., 0=male, 1=female) was added independently in the second block.   

Results 

Figure 1 depicts inclusion of participants for the analyses. In total, 541 unique 

participants completed research studies during the period of interest. Five of the six 

research studies included data for all pain sites of interest, resulting in 402 participants 

with complete pain data (i.e., phantom, residual, contralateral limb, and low back pain 

presence data). Of the 402 participants, 29 reported major bilateral amputations, and 

63 had experienced their initial amputation within the past year, resulting in exclusion. 

Finally, of the remaining 310 participants, seven were missing BMI data, resulting in a 

total sample of 303 participants with complete pain and covariate data for the 

analyses. 



 21 

 

Figure 1 Inclusion flow diagram 
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Participant characteristics are provided in Table 1. Consistent with previously 

reported statistics regarding the LLL population,1 roughly one-third of participants 

(n=100) were female. Median age and BMI were 56 years and 29.0 kg/m2, 

respectively. Seventy-three percent of participants had a transtibial amputation, and 

median time since LLL was 6 years. While demographic and LLL characteristics were 

largely similar between sexes (p>0.050), LLL etiology was significantly different 

between males and females (p=0.006). A post-hoc chi square test indicated more 

females (17.0%) than males (4.4%) reported cancer-related LLA (p<0.001); however, 

no significant between-group differences were found for other etiologies. Finally, 

nearly all participants used a prosthesis and were community-ambulators based on 

Houghton Scale scores.77 
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Table 1 Participant characteristics by sex. 

Domain 
n (%) 

pÀ Full Sample  

(n=303) 

Males  

(n=203) 

Females 

(n=100) 

Demographic         

  Age, years* 56  

(46, 65) 

18-94 

57 

(46, 65) 

18-94 

55 

(46, 65) 

21-84 
0.568 

  Body Mass Index, kg/m2*  29.0 

(25.1, 33.3) 

14.4-55.7 

29.5 

(25.5, 33.5) 

17.5-52.0 

27.4 

(23.8, 32.7) 

14.4-55.7 
0.056 

Amputation-Specific          

  Amputation Level          

       Partial Foot 1 (0.3%) 1 (0.5%) 0 (0.0%) 

0.914 

       Transtibial 222 (73.3%) 148 (72.9%) 74 (74.0%) 

       Van Ness Rotationplasty 1 (0.3%) 1 (0.5%) 0 (0.0%) 

       Knee Disarticulation 3 (1.0%) 2 (1.0%) 1 (1.0%) 

       Transfemoral 75 (24.8%) 50 (24.6%) 25 (25.0%) 

       Hip Disarticulation 1 (0.3%) 1 (0.5%) 0 (0.0%) 

  Amputation Etiology          

      Dysvascular (i.e., DM, PVD) 81 (26.7%) 58 (28.6%) 23 (23.0%) 

0.006 

       Trauma 110 (36.3%) 81 (39.9%) 29 (29.0%) 

       Cancer 26 (8.6%) 9 (4.4%) 17 (17.0%) 

       Congenital 11 (3.7%) 8 (3.9%) 3 (3.0%) 

       Gangrene/Infection 41 (13.5%) 27 (13.3%) 14 (14.0%) 

       Other/Multiple Reasons 34 (11.2%) 20 (9.9%) 14 (14.0%) 

  Time since Amputation, years* 

6  

(2, 16) 

1-76 

5 

(2, 16) 

1-66 

7 

(2, 20) 

1-76 

0.542 
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Table 1, continued. 

Prosthesis Use         

  Current Prosthesis Use  295 (97.4%) 199 (98.0%) 96 (96.0%) 0.300 

  Houghton Scale, 0-12*  n=284 

10 

(9, 12) 

2-12 

n=192 

11 

(9, 12) 

2-12 

n=92 

10 

(9, 12) 

4-12 

0.208 

  Current Socket Comfort Score, 

  0-10*     

n=292 

8 

(6, 9) 

0-10 

n=197 

8 

(6, 9) 

0-10 

n=95 

8 

(5, 9) 

0-10 

0.642 

*Continuous data presented as median (25th, 75th percentiles) and range. 
ÀP-value denoted for between-group differences (males versus females). 

Abbreviations: kg=kilogram; m=meter; DM=Diabetes Mellitus; PVD=Peripheral 

Vascular Disease  

 

 

Pain prevalence by site is presented in Table 2. While phantom limb pain 

prevalence was similar between sexes, residual limb pain was more common among 

females as compared to males (53.0% versus 38.4%; ɢ2=5.80, p=0.016). Secondary 

site pain was more prevalent among females; specifically, more females than males 

reported low back pain (56.0% vs. 39.9%), contralateral knee pain (37.0% vs. 24.1%), 

and contralateral hip pain (25.0% vs. 12.3%) [ɢ2=5.45-7.82, p<0.050]. Altogether, 

males were more likely than females to report 0 painful sites (20.7% versus 11.0%, 

ɢ2= 4.36, p=0.037), while females were more likely than males to report pain in all 7 

possible sites (9.0% vs. 1.0%, ɢ2= 12.30, p=0.001).   

Sixty percent of the sample reported multisite pain, which was more prevalent 

among females (72.0%) as compared to males (54.7%; ɢ2=8.40, p=0.004). Despite 

overall prevalence differences in multisite pain, multisite pain patterns did not 

significantly differ between sexes (p=.164-.949). Of the participants classified as 
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having multisite pain, the majority of males (75.7%) and females (82.0%) reported 

mixed multisite pain. 

Table 2 Pain involvement and multisite pain patterns by sex. 

Pain Involvement 

n (%) 

p*  
Full Sample  

(n=303) 

Males  

(n=203) 

Females 

(n=100) 

Amputation-Specific Pain         

  Phantom Limb  159 (52.5%) 100 (49.3%) 59 (59.0%) 0.110 

  Residual Limb  131 (43.2%) 78 (38.4%) 53 (53.0%) 0.016 

Secondary Pain          

  Low Back  137 (45.2%) 81 (39.9%) 56 (56.0%) 0.008 

  Contralateral Hip  50 (16.5%) 25 (12.3%) 25 (25.0%) 0.005 

  Contralateral Knee  86 (28.4%) 49 (24.1%) 37 (37.0%) 0.020 

  Contralateral Ankle  40 (13.2%) 23 (11.3%) 17 (17.0%) 0.170 

  Contralateral Foot  60 (19.8%) 35 (17.2%) 25 (25.0%) 0.111 

Total # of Painful Sites         

0 53 (17.5%) 42 (20.7%) 11 (11.0%) 0.037 

1 67 (22.1%) 50 (24.6%) 17 (17.0%) 0.132 

2 75 (24.8%) 51 (25.1%) 24 (24.0%) 0.831 

3 50 (16.5%) 29 (14.3%) 21 (21.0%) 0.139 

4 26 (8.6%) 15 (7.4%) 11 (11.0%) 0.291 

5 11 (3.6%) 6 (3.0%) 5 (5.0%) 0.514 

6 10 (3.3%) 8 (3.9%) 2 (2.0%) 0.506 

7 11 (3.6%) 2 (1.0%) 9 (9.0%) 0.001 
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Table 2, continued. 

Multisite Pain       

 Multisite Pain Present 183 (60.4%) 111 (54.7%) 72 (72.0%) 0.004 

  Multisite Pain Pattern     

Amputation-specific**  20/183 (10.9%) 15/111 (13.5%) 5/72 (6.9%) 0.164 

SecondaryÀ  20/183 (10.9%) 12/111 (10.8%) 8/72 (11.1%) 0.949 

  Mixedÿ   143/183 (78.2%) 84/111 (75.7%) 59/72 (82.0%) 0.316 

*P-value denoted for between-group differences (males versus females). 
** Amputation-specific multisite pain defined as pain in both the phantom and residual 

limb, without pain involvement in secondary sites (i.e., contralateral limb, low back).  
ÀSecondary multisite pain defined as pain in Ó2 secondary sites, without pain 

involvement in the amputated limb. 
ÿMixed multisite pain defined as pain in Ó2 sites, including both the amputated limb 

and Ó1 secondary site. 

 

 

In the unadjusted model, female sex was significantly associated with a higher 

odds of reporting multisite pain [ɢ2= 8.63, p=0.003, Odds Ratio (OR) =2.13]. Results 

from the sequential logistic regression analysis are presented in Table 3. Block 1 was 

not significant (ɢ2= 8.37, p=0.137). The addition of sex in Block 2 significantly 

improved the model (ɢ2= 19.09; p =0.004). With the addition of sex, BMI became 

significantly associated with multisite pain [OR=1.04, p=0.044]. Holding all other 

variables constant, being female was associated with higher odds of reporting multisite 

pain (odds ratio: 2.40, 95% confidence interval: 1.40-4.12; p=0.001).  
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Table 3 Logistic regression model: relationship between sex and multisite pain 

(n=303) 

Block Variable ɓ  SE p 
Odds Ratio  

(95% CI) 

 

1 Age, years 0.013 0.008 0.113 
1.01 

(1.00-1.03) 

Body Mass Index, kg/m2 0.032 0.019 0.096 
1.03 

(0.99-1.07) 

Time since Amputation, years -0.008 0.009 0.364 
0.99 

(0.98-1.01) 

Amputation Etiology, Trauma -0.146 0.262 0.576 
0.86 

(0.52-1.44 

Amputation Level, KD or Higher 0.378 0.280 0.178 
1.46 

(0.84-2.53) 

 ɢ2 = 8.37; p = 0.137     

 

2 Age, years 0.016 0.009 0.067 
1.02 

(0.99-1.03) 

Body Mass Index, kg/m2 0.040 0.020 0.044 
1.04 

(1.00-1.08) 

Time since Amputation, years -0.011 0.009 0.231 
0.99 

(0.97-1.01) 

Amputation Etiology, Trauma -0.036 0.269 0.894 
0.97 

(0.57-1.64) 

Amputation Level, KD or Higher 0.407 0.286 0.154 
1.50 

(0.86-2.63) 

Sex 0.876 0.275 0.001 
2.40 

(1.40-4.12) 

 ɢ2 = 19.09; p=0.004     

ɓ = Unstandardized beta coefficient  

Abbreviations: SE = standard error; CI = confidence interval; kg=kilogram; 

m=meter; KD=knee disarticulation 
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Discussion 

More than 1-year post-amputation, 60.4% of adults with LLL from a large, 

heterogeneous sample reported multisite pain. When compared to male peers, females 

with LLL reported significantly higher rates of residual limb, low back, and 

contralateral knee and hip pain. Further, females disproportionately experienced 

multisite pain. While numerous studies have investigated amputation-specific and 

secondary pain separately,4, 12, 15, 19, 26, 28, 29, 32 few have characterized multisite pain 

among adults living with LLL. Our study characterizes multisite pain presentation 

post-LLL and presents the first evidence, to our knowledge, of sex-specific differences 

in multisite pain long-term post-LLL.  

To date, research investigating multisite pain has predominantly focused on 

adults with intact limbs, where female sex has been consistently identified as a risk 

factor.48, 71 In support of our hypothesis, females with LLL experienced greater rates 

of multisite pain than their male peers, suggesting females with and without LLL may 

share several biological, social, and psychological mechanisms that help explain sex-

specific pain experiences. Biologically, hormonal influences have been shown to 

increase pain sensitivity and inflammation in females, predisposing females to more 

extensive pain involvement.79 Furthermore, sex differences in pain-related immune 

responses have been documented in both animals80 and humans,81 suggesting males 

and females may process and experience pain differently. Socially, cultural roles and 

coping strategies may differ based on sex, influencing how females and males 

perceive and report pain.79 While pain sensitivity has not yet been assessed among 

individuals with LLL, sex-specific differences in pain-related, psychological 

functioning have been identified in a sample of adults with predominantly traumatic 

LLL. 82 Specifically, females with LLL reported greater pain catastrophizing and 
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endorsed the use of maladaptive coping strategies more so than male peers,82 

suggesting poor psychological functioning may contribute to the development of 

extensive, multisite pain post-LLL . While the secondary nature of this study does not 

allow for specific identification of underlying peripheral or central mechanisms 

contributing to sex-related differences, future research studies might explore whether 

unique factors associated with LLL (e.g., prosthesis use, psychosocial response to 

LLL, pre-, peri-, and post-operative pain medication use) also contribute to observed 

sex-specific differences in multisite pain prevalence. 

Among participants who reported multisite pain, patterns of pain were similar 

between males and females, with the majority of males (75.7%) and females (82.0%) 

experiencing mixed multisite pain. The lack of sex-related differences in multisite pain 

patterns indicates there may be potential central contributions10 to multisite pain 

among both males and females with LLL. Specifically, multisite pain may reflect a 

state of globally heightened pain sensitivity, due to sensitization at the spinal or 

cortical level in response to the loss of a limb.49 Although general patterns of multisite 

pain were similar, more females (9.0%) than males (1.0%) reported pain in all seven 

sites. Furthermore, a post-hoc analysis examining the number of pain sites as a 

cumulative outcome confirmed our logistic regression findings, in that female sex and 

BMI were the only significant predictors of greater pain site involvement. Altogether, 

findings suggest extensive multisite pain may be more common among females post-

LLL as compared to their male counterparts.  

 To our knowledge, this is the first study to identify a higher prevalence of 

secondary pain among females with LLL as compared to male peers; specifically, 

prevalence rates for low back and contralateral hip or knee pain were approximately 
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1.5 to 2 times higher among females as compared to males. Beyond the 

abovementioned factors that may be involved in multisite pain development, females 

with LLL may face unique, prosthesis-related challenges resulting in a predisposition 

to secondary pain. Historically, prosthetic componentry has been largely designed to 

accommodate male build and body mass.73 While we did not find significant 

differences in self-reported socket comfort between males and females at the time of 

the evaluation (Z=-0.466, p=0.642), other prosthesis-related issues (e.g., heavy weight, 

poor suspension, malalignment) may be more prevalent among females83 and may 

increase demands on the intact limb or low back. Further investigation into 

relationships among pain, sex, and prosthetic fit and functionality may help identify 

mechanisms underlying sex-specific differences in secondary pain prevalence.  

Phantom limb pain prevalence was similar between males (49.3%) and females 

(59.0%) in our sample, adding to a pool of conflicting evidence regarding the 

relationship between biological sex and phantom limb pain. For example, prior studies 

have mirrored our findings,4, 9 while others have identified higher prevalence rates of 

phantom limb pain among females17, 84 or males.82 Conflicting evidence may be due, 

in part, to the diverse definitions used across studies, including varied descriptions of 

phantom limb pain location (e.g., ñthe missing part,ò4, 17 ñthe amputated partò9), 

quality (e.g., ñbothersome,ò82 ñso intense that it is experienced as pain,ò9 ñany painful 

sensationsò17), and frequency (e.g., ñpersistent,ò82 ñin the last four weeks,ò4 or an 

undefined frequency4, 9). Standardizing phantom limb pain language would reduce 

inconsistencies and allow comparisons across studies, which may improve our 

understanding of phantom limb pain.  
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Previously, amputations at or above the transfemoral level have been cited as 

risk factors for post-amputation pain, due to their potential for greater nerve damage, 

larger neuroma development, and poorer prosthetic fit.9 Based on our logistic 

regression model, a relationship between amputation level and multisite pain was not 

found. Furthermore, age, time since LLL, and traumatic etiology were not 

independently associated with multisite pain. Altogether, findings seem to suggest 

multisite pain similarly affects a diverse group of individuals with LLL. Given our 

findings, future studies are warranted to investigate relationships between multisite 

pain and other potentially influential risk factors, such as poor psychological 

functioning (e.g., anxiety, depression), post-operative complications (e.g., infection, 

revision surgeries), and/or social and environmental factors (e.g., assistive device use, 

social support).  

Importantly, only 17.5% of all participants reported 0 painful sites, with the 

proportion of pain-free females (11.0%) being significantly smaller than pain-free 

males (20.7%). Results from this study indicate the rarity of having a pain-free 

experience post-LLL and emphasize the importance of including comprehensive, 

multisite pain assessments in clinical prosthetic evaluations, especially among 

females. While clinical practice guidelines are available for assessing low back,85 

hip,86 and knee pain87 in other patient populations, recommendations for evaluating 

secondary pain post-LLL have not yet been developed. Furthermore, amputation-

specific pain remains extraordinarily challenging to assess and treat, largely due to its 

unclear etiology and numerous clinical presentations. Recently, clinical practice 

guidelines from the Department of Veterans Affairs and Department of Defense 

highlighted the importance of evaluating and tracking pain post-LLL using 
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standardized questionnaires and measurement tools (e.g., Visual Analogue Scale for 

pain intensity, McGill Pain Questionnaire for pain quality and descriptors);88 however, 

research informing the use of pain-related outcome measures among adults with LLL 

is limited. To determine which pain-related measures may be most appropriate for a 

given patient with LLL, further research, including reliability and validity studies, is 

necessary.  

Study Limitations 

While novel findings regarding sex differences in pain presentation and the 

prevalence of multisite pain post-LLL are presented, several study limitations are 

acknowledged. First, as this study was a secondary analysis of existing datasets, data 

were extracted from available participant records without a priori determination of 

sample size. Post-hoc analyses, however, indicate the number of covariates selected 

was appropriate based on the equation N=10k/p (N=number of participants, k=number 

of predictors, and p=proportion of positive cases),89 suggesting Ò15 predictors be 

considered when evaluating the presence of multisite pain among our sample of 303 

participants. 

Second, pain prevalence data was captured using a combination of survey and 

in-person interview methods. While standardized pain site definitions were used 

across all pain sites, regardless of administration method (i.e., in-person interview 

versus written questions), differences in administration of pain questions may have 

affected respondentsô answers. Pain evaluations were also limited due to study 

priorities. For example, pain intensity was not consistently assessed at each site of 

interest and therefore not considered in the analyses. Standardized secondary pain site 

definitions did not include temporal components of pain (e.g., duration or frequency of 
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symptoms); consequently, we are unable to conclude whether assessments of 

secondary pain capture chronic pain, as defined by the International Association for 

the Study of Pain (IASP) Task Force for the Classification of Chronic Pain as 

ñpersistent or recurrent pain lasting longer than Ó3 months.ò90 Additionally, as the 

analyses only evaluated presence versus absence of pain, we are unable to compare 

our findings to prior studies evaluating ñbothersomeò or ñproblematicò pain. Finally, 

pain assessments did not include evaluations of upper-extremity, neck, or head pain, as 

data from these sites were not collected in a uniform manner across all studies; future 

studies may consider including pain body diagrams to more comprehensively capture 

pain.   

Conclusion 

More than 1-year after LLL, over 60% of adults report multisite pain, which 

appears to be more prevalent and extensive among females. This study emphasizes the 

importance of including comprehensive, clinical pain assessments during prosthetic 

evaluations and highlights various knowledge gaps for future pain-related research 

post-LLL. Importantly, the majority of adults with multisite pain post-LLL appear to 

experience pain in both amputation-specific and secondary sites, regardless of sex. 

Future studies may consider identifying objective measurement strategies for 

amputation-specific and secondary pain to improve clinical assessment of multisite 

pain among adults with LLL. Additionally, as female sex appears to be associated with 

multisite pain, investigators should prioritize initiatives to identify mechanisms 

underlying sex-specific differences in pain prevalence and evaluate the impact of sex 

on pain-related outcomes post-LLL.  
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Chapter 3 

MECHANICAL PAIN SENSITIVITY IN POST -AMPUTATION PAIN  

Introduction  

Over 50% of adults with lower-limb loss (LLL) experience post-amputation 

pain that persists beyond limb healing,91 including phantom limb pain (i.e., pain 

perceived as coming from the amputated portion) and residual limb pain (i.e., pain in 

the remaining portion). While a common and debilitating phenomenon,92 post-

amputation pain remains difficult to treat, in part due to the lack of clear evidence of 

underlying mechanisms contributing to its persistence.93 

In the absence of observable pathology (e.g., heterotopic ossification), post-

amputation pain is theorized to result from maladaptive changes in the central nervous 

system that amplify and perpetuate pain signals.45, 93 Following LLL, resected nerves 

may sprout, emitting spontaneous signals10 and inducing hypersensitivity at the level 

of peripheral nerve receptors and/or the spinal cord.16 Additionally, changes in nerve 

structure and firing patterns may impair descending pain modulation, enhancing pain 

signaling from the amputated region.10 Collectively, theories implicating peripheral 

and central nervous system hypersensitivity in post-amputation pain appear logical 

and support current post-amputation pain interventions, which largely target neural 

sensitivity (e.g., gabapentin, NMDA-receptor antagonists, nerve stimulators).10, 94, 95 

Evidence of nervous system hypersensitivity among adults with post-amputation pain, 

however, remains scarce.  
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Pain-pressure threshold (PPT) testing, i.e., quantifying the threshold at which 

applied pressure is perceived as painful,41, 51 can be used to evaluate a patientôs pain 

sensitivity profile and determine whether underlying nervous system hypersensitivity 

is present.46 For example, reduced PPTs localized to the primary (i.e., amputated) 

region may indicate peripheral sensitization, or increased responsiveness of the 

afferent nerve endings96 within the residual limb. Alternatively, reduced PPTs 

spanning both primary and secondary (i.e., remote) sites may indicate underlying 

central nervous system hypersensitivity at the level of the spinal cord and/or brain.41,40 

While PPTs may be useful for clinically evaluating and classifying patterns of pain 

sensitivity, pain sensitivity profiles have not been assessed among adults with LLL. 

Prior to including PPT testing as a component of clinical pain evaluation post-LLL, 

research assessing pain sensitivity among adults with post-amputation pain is needed. 

As prior research suggests females with72 and without97, 98 chronic pain 

demonstrate greater pain sensitivity than male peers, it is critical to consider biological 

sex when assessing pain sensitivity post-LLL. Our objective was to evaluate 

differences in primary (i.e., amputated-region) and secondary (i.e., remote) site pain 

sensitivity among controls with intact limbs, pain-free adults with LLL, and adults 

with post-amputation pain, using sex-specific data for comparison. We hypothesized 

adults with post-amputation pain, as compared to pain-free peers and controls with 

intact limbs, would demonstrate increased pain sensitivity at both primary and 

secondary sites, indicating potential underlying central nervous system 

hypersensitivity.   
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Methods 

From February of 2018 to December of 2020, participants were recruited for 

this cross-sectional study through the University of Delaware Multidisciplinary 

Amputee Clinic, local prosthetic clinics, and the 2018 and 2019 Amputee Coalition 

National Conferences.   

Adults with LLL, aged Ó18 years, were included if they had a unilateral, 

transtibial (i.e., below-knee) amputation that was acquired (i.e., not present at birth) 

Ó1-year prior. Age-matched (±5 years) controls with intact limbs were included for 

comparison. Exclusion criteria for all participants included presence of a significant 

neuromuscular condition affecting sensation (e.g., Multiple Sclerosis, Parkinsonôs 

Disease), impaired skin integrity, and acute illness. Control-specific exclusion criteria 

included acute or chronic pain in the low back, legs, ankles, or feet or any conditions 

resulting in numbness and/or tingling in the legs. Finally, as this analysis was part of a 

larger study evaluating sensory testing and mobility post-LLL, exclusion criteria 

specific to participants with LLL included <8 hours of prosthesis use per day and use 

of more than a single cane for mobility. This study was approved by the University of 

Delaware Institutional Review Board for Human Subjects Research. 

Self-Reported Data  

Following the written informed consent process, all participants underwent 

standardized interviews to obtain demographic, pain, and amputation-related data for 

characterization and grouping purposes. Based on responses to standardized questions 

regarding phantom and residual limb pain presence, participants with LLL were 

grouped into either pain (i.e., phantom and/or residual limb pain) or pain-free (no 

phantom or residual limb pain) groups. Participants in the pain group were asked to 
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rate their phantom and/or residual pain intensity at the time of evaluation, as well as 

best (i.e., lowest) and worst (i.e., highest) pain intensity in the past 24 hours. Pain 

intensity ratings, evaluated on a numeric pain rating scale ranging from 0=no pain to 

10=worst pain imaginable, were averaged.  

Prior to PPT testing, participants with LLL completed the Houghton Scale, a 

measure of prosthesis use and perceived stability when ambulating with a prosthesis, 

which has published test-retest reliability [intraclass correlation coefficient 

(ICC)=0.9675] and criterion validity for differentiating among community ambulation 

statuses post-LLL. 77 Additionally, participants with LLL reported Socket Comfort 

Scores,78 an assessment of prosthetic socket fit (0=most uncomfortable fit imaginable 

to 10=most comfortable fit) with established test-retest reliability (ICC=0.7778) and 

criterion validity.76 For Socket Comfort Score analyses, ratings at the time of the 

evaluation and at best and worst in the prior 24 hours were averaged. 

Pain-Pressure Threshold Testing 

PPTs were assessed by a set of trained examiners using a calibrated Pain 

TestÊ FDX Algometer (Wagner Instruments, Greenwich, CT), a handheld device that 

calculates the amount of force being applied to the skin at a single moment. 

Algometer-based PPT techniques have been shown to be reliable99 and valid against 

force plate measurements in other patient populations.99 Participants were seated with 

their prosthesis doffed (if applicable), hips and knees flexed to approximately 90 

degrees, intact foot (or bilateral feet, for controls) on the ground, and the residual limb 

resting comfortably. Algometer output was concealed from participants to reduce 

testing bias. Stabilization (see Figure 2) was provided to the residual limb by a trained 
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examiner, as needed, to prevent involuntary movement of the limb and/or muscle 

contraction.  

 

Figure 2 Pain-pressure threshold testing at the residual (i.e., amputated-side) 

patellar tendon (left). Using an algometer, pressure is gradually increased 

at the patellar tendon region until the participant first experiences pain. A 

trained examiner provides stabilization to prevent involuntary movement 

or muscle contraction. The ten total test sites included two primary sites 

in the amputated region (denoted by triangles) and eight secondary sites 

remote to the amputated region (denoted by Xôs, right).  

Per the standardized PPT assessment protocol51, starting at 0.00-kilograms-of-

force per cubic-centimeter (kgf/cm3), pressure was increased by 1-kgf/cm3 per second 

until the participant first experienced pain, indicated by the participant saying ñstop.ò  

In total, 10 PPT sites were tested (see Figure 1), including bilateral (a) lateral 

humeral epicondyles; (b) greater trochanters; (c) lateral thighs, i.e., 5 inches distal to 

the greater trochanter; (d) lateral femoral epicondyles; and (e) patellar tendons. 
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Unilateral testing order was consistently presented in the abovementioned order, but 

testing side was randomized (i.e., residual versus intact or right versus left for 

participants with LLL and controls, respectively). Each site was tested 3 times, with 

approximately 10 seconds of rest between trials; trials were averaged at each unilateral 

site. 

Statistical Analysis 

Using SPSS Statistics 26 (Armonk, NY), descriptive statistics were determined 

to characterize participant groups (i.e., control, pain-free, and pain) based on 

demographic, amputation-specific and pain data. Between-group differences in 

participant characteristics were analyzed using one-way analyses of variance 

(parametric data) or Mann Whitney or Kruskal-Wallis tests (non-parametric data; 

Ŭ=050).  

To evaluate between-group differences in PPT at primary and secondary sites, 

PPT were first normalized to sex-specific control data to eliminate potential influences 

of sex-related differences. PPTs were non-parametrically distributed, as evidenced by 

significant Shapiro-Wilk tests (p<0.050) at each site; thus, PPTs were first log-

transformed to meet parametric assumptions. Then, for participants with LLL, PPTs at 

each site were transformed into a z-score based on their relative standing within sex-

specific control groups (see equation 1). This conversion allowed analysis of pain 

sensitivity between pain and pain-free groups, while comparing males and females 

with LLL to sex-specific reference data (i.e., male and female controls, respectively). 

Each test site was considered individually, as pain sensitivity is inherently variable 

across body regions.52 For example, the following formula was used to calculate the z-

score for a male with LLL at a site, ὤ ,  



 40 

ὤ  eq. 1. 

where ὒὝ is the log(PPT) for the ith male with LLL, and  ὒὝ and „  are the mean 

and standard deviation for the log(PPT) for males in the control group.  

Among the 10 sites tested, primary sites included those directly surrounding 

the amputation and within the prosthetic socket region (i.e., residual patellar tendon 

and lateral femoral epicondyle), while all other locations were considered secondary 

sites. The residual and intact sides of adults with LLL were compared to the right and 

left sides of controls, respectively, after ensuring there were no side-to-side differences 

in control data (p>.050). Between-group differences in average primary and secondary 

site PPT (per the sex-specific z-score scale) were evaluated using a multivariate 

analysis of variance (MANOVA); post-hoc Tukey tests were used to identify specific 

group differences (ŬÒ.050).   

Post-hoc power analyses were conducted in G*Power 3.1 (Universität 

Düsseldorf, Düsseldorf, Germany). With 133 participants and Pillai V=0.144, this 

study was adequately powered (power>80%) with Ŭ=0.050 using a MANOVA with 2 

dependent variables (average primary and secondary site PPT z-scores). 

Results  

 

Figure 3 shows participant enrollment. In total, of the 286 participants 

recruited, 148 (i.e., 108 adults with an acquired, transtibial-level amputation and 40 

controls) met eligibility criteria and were enrolled in this study. Of the 40 controls 

enrolled, one participant was removed due to missing PPT trials for >1 tested site, 

leaving 39 controls for analysis. Of the 108 participants with LLL enrolled, 13 records 

were excluded: 12 were missing PPT trials for Ó1 tested site, and one individual 
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reported misunderstanding testing directions after PPT completion. Finally, of the 95 

remaining participants with LLL, one female participant with LLL was a consistent 

outlier (i.e., PPTs were >2 standard deviations above the mean of each site) and was 

removed during analyses. This resulted in a final sample of 94 participants with LLL, 

of whom 35 were pain-free and 59 reported post-amputation pain. 
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Figure 3 Participant inclusion flow diagram. 
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Table 4 presents participant characteristics. Participants were largely middle-

aged (median = 49-57 years) males, and demographic characteristics were similar 

between groups (p>0.050). LLL etiology was similar between participants in pain and 

pain-free groups; however, median time since LLL was significantly lower among 

participants in the pain group (i.e., 3 years) as compared to peers in the pain-free 

group (i.e., 4 years; U=783.50, p=0.049). Houghton Scale and Socket Comfort Scores 

suggested pain-free participants reported increased prosthesis use and stability 

(U=718.50, p=0.009) and better average socket comfort (U=621.50, p=0.001) than 

peers with post-amputation pain. 
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Table 4 Demographic, amputation-specific, and pain-related characteristics by 

group. 

Variable 
Control  Pain-Free  Pain 

p 
(n=39) (n=35)  (n=59) 

Demographic         

  Sex, femaleÀ 20 (51.3%) 11 (31.4%) 
19 

(32.2%) 
0.110 

  Age, years* 
49 

(38, 57) 

57 

(42, 61) 

53 

(40, 63) 
0.310 

  Body Mass Index, kg/m2ÿ 27.6 (4.9) 29.7 (5.7) 30.3 (5.5) 0.053 

Amputation-Specific          

  Amputation EtiologyÀ          

       Dysvascular (i.e., DM, PVD) -- 5 (14.3) 11 (18.4) 

0.598 

       Trauma -- 14 (40.0) 26 (43.3) 

       Cancer -- 1 (2.8) 5 (8.3) 

       Infection -- 10 (28.6) 10 (16.7) 

       Other/Multiple Reasons -- 5 (14.3) 8 (13.4) 

  Time since Amputation, years* -- 
4 

(2, 20) 

3 

(2, 7) 
0.049 

Prosthesis Use         

  Houghton Scale, 0-12*  -- 
12 

(11, 12) 

11 

(10, 12) 
0.009 

  Average Socket Comfort Score, 0-10*     -- 
9.0 

(7.7, 10.0) 

7.3 

(6.3, 8.3) 
0.001 

Post-Amputation Pain         

  Phantom Limb Pain PresentÀ -- -- 50 (84.7) -- 

  Phantom Limb Pain Average Intensity,     

   0-10ÿ  
-- -- 

n=50 

2.1 (1.7) 
-- 

  Residual Limb Pain PresentÀ -- -- 35 (59.3) -- 

  Residual Limb Pain Average Intensity,  

   0-10ÿ 
-- -- 

n=35 

3.2 (2.0) 
-- 

  Phantom + Residual Limb Pain  

  PresentÀ 
-- -- 26 (44.1) -- 

ÀCategorical data presented as n (% of sample) 

*Non-parametrically distributed continuous data presented as median (25th, 75th 

percentiles) 

ÿParametrically distributed continuous data presented as mean (standard deviation) 
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Abbreviations: kg=kilogram; m=meter; DM=Diabetes Mellitus; PVD=Peripheral 

Vascular Disease  

 

 

Among participants in the pain group (n=59), 84.7% reported phantom limb 

pain, and 59.3% reported residual limb pain. Average pain intensity was mild for both 

phantom (2.1±1.7) and residual (3.2±2.0) limb pain. Altogether, 44.1% of participants 

in the pain group reported concurrent phantom and residual limb pain.  

When compared to males, females demonstrated significantly lower PPT 

values at all 10 sites (U=950.00 to 1574.00, p<0.001 to 0.020), necessitating the sex-

specific z-score conversions. Figure 4 presents average PPT z-score distributions for 

primary and secondary sites, and Table 5 presents raw, unconverted PPTs at each site 

by group. 
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Figure 4 Average primary- (top) and secondary- (bottom) pain-pressure threshold 

z-score distributions between controls with intact limbs, pain-free adults 

with lower-limb loss, and adults with post-amputation pain. Adults with 

post-amputation pain demonstrated significantly reduced pain-pressure 

thresholds at primary sites (compared to controls and pain-free peers with 

lower-limb loss) and at secondary sites (compared to pain-free peers with 

lower-limb loss only).  

Prima ry Si tes 

Second ary  Sites  

p=.001 

p=.026 

p=.007 
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Table 5 Between-group comparison of raw primary- and secondary-site pain-

pressure thresholds. 

Pain-Pressure Threshold (kgf) 

Controls 

(n=39) 

Pain-Free 

(n=35) 

Pain 

(n=59) 

Median (25th, 75th percentile) 

Primary 

Sites*  

Residual LFE 
5.57 

(3.87, 7.64) 

6.93 

(5.35, 9.21) 

5.17 

(3.52, 7.07) 

Residual PT 
8.15 

(5.42, 11.86) 

8.67 

(7.11, 12.39) 

7.07 

(4.73, 8.52) 

Secondary 

Sites*  

Right LHE 
4.21 

(2.94, 5.01) 

4.99 

(3.17, 7.69) 

4.15 

(2.85, 5.60) 

Left LHE 
4.05 

(2.99, 5.12) 

5.17 

(3.99, 6.77) 

4.02 

(2.81, 5.68) 

Residual GT 
5.85 

(4.17, 7.90) 

7.81 

(6.15, 10.45) 

5.58 

(4.07, 8.33) 

Residual Thigh 
4.93 

(3.54, 6.81) 

6.05 

(4.63, 9.20) 

4.69 

(3.49, 6.60) 

Intact GT 
5.88 

(3.72, 7.81) 

8.34  

(5.54, 11.91) 

5.70 

(4.37, 9.33) 

Intact Thigh 
4.93 

(3.09, 8.42) 

6.70 

(4.69, 9.55) 

5.11 

(4.05, 8.63) 

Intact LFE 
5.12 

(3.67, 9.19) 

8.71 

(5.15, 11.13) 

5.63 

(4.35, 8.85) 

Intact PT 
7.94 

(5.30, 11.18) 

12.97 

(8.85, 15.00) 

9.58 

(5.32, 11.61) 

*Among controls, ñresidualò sites reflect the right side, while ñintactò sites reflect  

 the left side. 

Abbreviations: kgf = kilograms of force; LFE = lateral femoral epicondyle; PT = 

patellar tendon; LHE = lateral humeral epicondyle; GT = greater trochanter  

 

 

The initial MANOVA showed a significant multivariate group effect [Wilksô 

Lambda=0.861, F(2,130)=5.03, p=0.001]. Univariate analyses followed the significant 
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MANOVA, presented in Table 6, finding significant between-group differences in 

both average primary [F(2,130)=7.44, p=0.001] and secondary [F(2,130)=4.88, 

p=0.009] sites.  

Finally, post-hoc Tukey HSD tests indicated average primary site PPT z-scores 

were significantly lower among adults with post-amputation pain as compared to pain-

free peers with LLL (mean difference=0.74, p=0.001) and controls with intact limbs 

(mean difference=0.52, p=0.026). Additionally, average secondary site PPT z-scores 

were significantly lower among adults with post-amputation pain as compared to pain-

free peers with LLL (mean difference=0.61, p=0.007); however, average secondary 

site PPT z-scores were similar between adults with pain and LLL and controls 

(p>0.050).  

Table 6 Univariate effects for group assignment. 

Average 

PPT  

Z-Scores 

df F p 
Partial 

Ẽ2 
Group MeanÀ 

95% Confidence 

Interval  
Lower 

Bound 

Upper 

Bound 

Primary*  2 7.44 0.001 0.103 

Control  0.00 -0.30 0.30 

Pain-Free 0.22 -0.10 0.54 

Pain  -0.52 -0.76 -0.27 

Secondary** 2 4.88 0.009 0.070 

Control  0.00 -0.29 0.29 

Pain-Free 0.45 0.14 0.75 

Pain  -0.16 -0.39 0.08 

Abbreviations: PPT=Pain-Pressure Threshold 

*Primary sites include the residual (or right, for controls) lateral femoral epicondyle 

and patellar tendon.  

**Secondary sites include all sites remote to the amputated region [i.e., bilateral 

lateral humeral epicondyles, greater trochanters, and thighs; and intact (or left, for 

controls) lateral femoral epicondyle and patellar tendon].  
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ÀMeans represent the average pain-pressure threshold z-score for either primary or 

secondary sites, calculated in comparison to sex-specific reference data from the 

control group. As such, for both primary and secondary sites, the control mean is 

equal to 0.  

 

 

Discussion 

This study is among the first to investigate pain sensitivity profiles among 

adults with persistent post-amputation pain, while considering the potential impact of 

biological sex on pain sensitivity. In support of our hypothesis, adults with post-

amputation pain demonstrated greater amputated-region pain sensitivity as compared 

to pain-free peers or controls with intact limbs; therefore, post-amputation pain 

appears to be associated with peripheral sensitization that persists beyond the period of 

limb healing. With respect to secondary-site pain sensitivity, our hypothesis was only 

partially supported: secondary-site pain sensitivity was significantly greater among 

adults with post-amputation pain as compared to pain-free peers with LLL, but not as 

compared to controls. Rather than indicating a universal increase in central pain 

sensitivity among adults with post-amputation pain, our findings, instead, suggest 

pain-free adults with LLL may demonstrate significantly lower pain sensitivity than 

peers with pain or controls. This studyôs findings highlight the importance of 

evaluating primary-site pain sensitivity in post-amputation pain, while also warranting 

further research to determine mechanisms underlying unexpected secondary-site 

results.  

Persistent post-amputation pain appears to be associated with peripheral 

sensitization, evidenced by greater amputated-region pain sensitivity in both pressure-

sensitive100 (i.e., lateral femoral epicondyle) and -tolerant100 (i.e., patellar tendon) 



 50 

regions among adults with post-amputation pain. Consideration of pressure-sensitive 

and -tolerant areas within the residual limb is critical for establishing appropriate 

socket fit, especially with prosthetic socket types that rely on loading pressure-tolerant 

areas and offloading pressure-sensitive areas (e.g., patellar-tendon-bearing sockets).100 

Average primary site pain sensitivity (which included both a pressure-sensitive and 

pressure-tolerant area) was 0.74 norm-based standard deviations below that of pain-

free peers (as indicated by mean group z-scores in Table 3). Thus, it is unsurprising 

that average socket comfort was significantly lower among adults with post-

amputation pain (i.e., 2 points lower on an 11-point scale). Similarly, it is unsurprising 

that Houghton Scale scores were lower among adults with post-amputation pain as 

compared to pain-free peers (i.e., 1 point lower on a 12-point scale), suggesting 

reduced prosthesis use and perceived prosthetic stability among adults with post-

amputation pain. Our findings align with prior work demonstrating associations 

between post-amputation pain and reduced prosthesis satisfaction and use,101-103 

suggesting increased amputated-region pain sensitivity may cause significant 

discomfort during weight bearing and ambulation, ultimately limiting prosthesis use in 

daily life. As recent clinical guidelines emphasize the importance of distributing 

socket pressure to reduce prosthetic discomfort,100 special consideration of pain 

sensitivity within the amputated region may be warranted among adults with post-

amputation pain to improve overall socket comfort and prosthesis use.  

At secondary sites, pain sensitivity was similar between adults with post-

amputation pain and controls, suggesting central nervous system hypersensitivity may 

not be ubiquitous with post-amputation pain. Yet, findings suggest underlying central 

nervous system hypersensitivity in post-amputation pain cannot be ruled out. While 
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peripheral sensitization may be a typical response to acute pain and injury,96 peripheral 

sensitization found in this study may still be considered physiologically maladaptive 

given the time elapsed since tissue injury (i.e., median time since amputation of 3 

years). Furthermore, based on secondary-site pain sensitivity distributions depicted in 

Figure 3, a significant proportion of adults with post-amputation pain appear to 

demonstrate relatively increased pain sensitivity (i.e., z-scores <0) at remote regions. 

As such, there may be a subset of individuals with post-amputation pain who 

demonstrate generalized pain hypersensitivity across primary and secondary sites, for 

whom treatment techniques targeting central nervous system hypersensitivity (e.g., 

centrally-acting medication;40 non-invasive, cortical electrical stimulation;104 

somatosensory rehabilitation105) may be especially helpful. Future work may 

investigate whether a distinct subset of individuals with post-amputation pain and 

generalized pain hypersensitivity exists, and whether more widespread pain sensitivity 

impacts pain-related outcomes after amputation.   

Remarkably, post-hoc comparisons of PPT z-scores indicate primary- and 

secondary-site PPTs were significantly higher among adults in the pain-free group as 

compared to controls. Findings suggest the significant differences in primary- and 

secondary-site pain sensitivity found between pain and pain-free groups may be, 

largely, driven be a marked desensitization to pain among pain-free adults with LLL. 

Given the cross-sectional nature of this study, results must be interpreted cautiously; 

however, findings may suggest individuals with reduced pain sensitivity could be less 

likely to develop persistent phantom and/or residual limb pain after amputation. 

Alternatively, reduced amputated-region sensitivity may reflect positive adaption to 

long-term prosthesis use, as prosthesis use exposes the limb to significant pressure and 
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shear stresses during ambulation.106 Desensitization exercises are often prescribed 

immediately post-LLL to reduce sensitization in the residual limb and prevent long-

term phantom and residual limb pain;107 therefore, pain-free participants may have 

participated in successful desensitization protocols during their rehabilitation, 

potentially explaining both their pain-free status and reduced residual limb sensitivity. 

Longitudinal studies investigating pain sensitivity changes after LLL are warranted to 

determine mechanisms that may explain our findings. 

PPT testing provides insight into pain transmission via a combination of A-

delta and C-fibers, which are nociceptors that respond to mechanical stimuli.108 To 

comprehensively quantify nervous system sensitivity, however, additional evaluative 

tests may be needed. For example, the complete quantitative sensory testing protocol52 

includes measures of pain response to innocuous stimuli (i.e., allodynia), which test A-

beta fiber transmission.108 Additionally, repetitive measures of pain provocation (e.g., 

temporal summation), which measure pain severity following repeated painful 

stimulation, may be a more specific measure of dorsal horn neuron sensitivity and 

responsiveness.109 Finally, measures of conditioned pain modulation assess pain 

response to a painful test stimulus during or after a second, conditioning, painful 

stimulus is applied;110 conditioned pain modulation assessment may identify potential 

impairments in descending pain modulation, augmenting PPT-obtained findings of 

regional sensitivity.111 While PPT testing may provide a fast, inexpensive method of 

evaluating potential nervous system hypersensitivity in clinical settings, future 

research studies may consider evaluating additional quantitative sensory testing 

modalities to capture a more comprehensive picture of peripheral and central nervous 

system changes found with post-amputation pain.  
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Assessment of post-amputation pain remains particularly challenging in 

clinical practice, in part due to the lack of established protocols for evaluating 

phantom and residual limb pain after LLL. Additionally, as phantom limb pain is 

experienced in a body region that is physically absent, direct observation and 

measurement of pain-related properties found in other pain conditions (e.g., edema, 

erythema, reduced range-of-motion112) is not possible. Consequently, indirect 

measures of nervous system sensitivity, such as PPT testing, may be especially critical 

for evaluating baseline pain characteristics and tracking changes in post-amputation 

pain in response to interventions. As pain sensitivity can be quantified using low-cost, 

clinical tools52 future studies investigating the responsiveness of PPT testing following 

post-amputation pain interventions are warranted. 

Study Limitations  

This work presents novel evidence regarding the use of PPT testing to quantify 

nervous system sensitivity in post-amputation pain; however, we acknowledge several 

limitations. First, pain medication use, which may affect pain sensitivity,113 was not 

recorded and could consequently not be analyzed as a potential confounding variable 

in planned analyses. Similarly, while different prosthetic socket types place varying 

degrees of load on pressure-tolerant residual limb regions and may consequently affect 

primary site pain hypersensitivity,114 prosthetic socket type was not recorded during 

this study. Future studies investigating pain sensitivity post-LLL should consider 

evaluating both pain medication use and prosthetic socket type to determine their role 

as potential confounders. Finally, dysvascular conditions are known to be associated 

with reduced somatosensory function (e.g., impaired protective sensation and reduced 

vibration detection115) and may impact pain sensitivity. As a similar proportion of 
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participants with and without post-amputation pain (i.e., 18.4% and 14.3%, 

respectively) reported dysvascular amputation etiology, dysvascularity is an unlikely 

confounder of our findings; however, future studies may consider comparing pain 

sensitivity between adults with and without dysvascular conditions. 

Conclusion 

Adults with post-amputation pain demonstrate heightened pressure-induced 

pain sensitivity in the amputated region, suggesting peripheral sensitization is present 

and persists past the limb healing stage among adults with post-amputation pain. 

Secondary-site pain sensitivity was similar between adults with post-amputation pain 

and controls; therefore, clear associations between post-amputation pain and central 

nervous system hypersensitivity cannot be drawn based on measures of mechanical 

pain sensitivity alone. Additional quantitative sensory testing (e.g., temporal 

summation, continued pain modulation) may be useful in determining whether 

underlying central nervous system hypersensitivity is present and measurable in post-

amputation pain. Importantly, pain-free adults with LLL appear to demonstrate 

significantly lower pain sensitivity than peers with pain or controls, indicating 

potential differences in nervous system adaptions to amputation between adults with 

and without post-amputation pain. Future, longitudinal studies may consider 

evaluating mechanisms underlying differences in pain sensitivity between adults with 

and without post-amputation pain. 
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Chapter 4 

POST-AMPUTATION PAIN: COMPARING PAIN PRESENTATION 

BETWEEN ADULTS WITH AND WITHOUT INCREASED AMPUTATED -

REGION SENSITIVITY  

Introduction  

Persistent post-amputation pain affects over 50% of adults with lower-limb 

loss91 and includes both phantom (i.e., pain perceived as coming from the amputated 

portion of the limb) and residual limb pain (i.e., pain in the remaining portion of the 

limb).12 While the exact mechanisms underlying phantom and residual limb pain 

remain unknown, persistent post-amputation pain has been attributed to maladaptive 

physiological changes in the peripheral and central nervous systems, resulting in 

increased transmission, perception, and maintenance of pain signals from the 

amputated region.93 Peripheral sensitization, i.e., increased sensitivity of peripheral 

neural structures, may be a consequence of surgical nerve resection within the 

amputated limb.93, 116 Relatedly, central sensitization117 describes the amplification and 

reduced inhibition of pain signals at the level of the spinal cord and/or brain and may 

be contribute to post-amputation pain persistence.56, 111   

The degree to which peripheral and/or central sensitization contribute to 

persistent post-amputation pain remains unclear.93 Sustained abnormalities in 

peripheral nerve signaling may drive pain persistence, without additional contributions 

from the central nervous system.7 Prolonged peripheral sensitization, however, may 

also give rise to overarching changes in central nervous system function,116 resulting 
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in centrally-maintained pain even after aberrant peripheral input has normalized. 

Unfortunately, prior studies have largely investigated post-amputation pain 

contributions from either peripheral118-120 or central44, 121, 122 sources in isolation, 

without considering the potential interaction of the peripheral and central nervous 

systems in maintaining persistent post-amputation pain.  

Post-amputation pain appears to have peripheral contributions, as signs of 

peripheral sensitization (i.e., increased amputated-region sensitivity) have been 

previously identified in individuals with limb loss, such as recreation of phantom limb 

pain when innocuous stimuli is applied to the residual limb (e.g., tapping).118,119 

Furthermore, phantom limb pain has been shown to improve following dorsal root 

ganglion injections,118 and associations have been identified between pre-amputation 

limb pressure sensitivity and early post-amputation pain severity.123 What is less 

known, however, is whether these findings reflect peripheral contributions to post-

amputation pain in isolation, or if they may reflect underlying central sensitization 

among individuals with post-amputation pain. Clinically, identifying signs and 

symptoms of concomitant peripheral and central sensitization may improve 

classification of patients with post-amputation pain, ultimately aiding decision-making 

regarding appropriate therapeutic interventions. For example, patients who 

demonstrate amputated-region sensitivity without concomitant signs and symptoms of 

central sensitization may benefit from locally-targeted treatment in isolation (e.g., 

desensitization exercises).107 In contrast, patients with post-amputation pain who 

demonstrate signs of peripheral and central sensitization may benefit most from 

multidisciplinary, locally- and centrally-targeted treatment (e.g., desensitization 
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exercises107 combined with pain neuroscience education,124 graded exercise and 

activity,125 pharmacological agents targeting reduced nervous system sensitivity40).  

Pain-pressure thresholds (i.e., thresholds at which applied pressure becomes 

painful110) may be useful to clinically identify signs of peripheral and central 

sensitization. In comparison to pain sensitivity values from healthy control 

populations, peripheral sensitization may be suggested by increased pain sensitivity 

within primary (i.e., amputated-region) sites, while central sensitization may be 

suggested by generalized pain sensitivity in both primary and secondary (i.e., non-

amputated-region) sites.126 Furthermore, self-reported outcome measures evaluating 

symptoms associated with underlying central nervous system hypersensitivity may 

help identify central sensitization. For example, the Central Sensitization Inventory 

(CSI)127 evaluates the frequency of symptoms associated with central sensitization 

(e.g., fatigue, sleep disturbance, widespread pain) and has been shown to discriminate 

between patients with and without clinical diagnoses hallmarked by central 

sensitization (e.g., fibromyalgia, chronic fatigue syndrome).128 While a potentially 

useful tool for identifying patients with post-amputation pain associated with central 

sensitization, the psychometric properties of the CSI have not yet been evaluated 

among individuals with post-amputation pain. 

The objective of this study was to compare (a) physiological signs of central 

sensitization (i.e., secondary-site pain-pressure thresholds) and (b) self-reported 

symptoms of central sensitization (i.e., increased pain intensity and interference, 

higher CSI scores) between adults with post-amputation pain who do and do not have 

increased amputated-region sensitivity (as compared to a reference sample without 

limb loss). When compared to peers without increased amputated-region sensitivity, 
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we hypothesized adults with post-amputation pain and increased amputated-region 

sensitivity would demonstrate (a) greater secondary-site pain sensitivity and (b) higher 

pain intensity, pain interference, and CSI scores. A secondary objective of this study 

was to evaluate the frequency of CSI symptoms and establish CSI test-retest reliability 

among adults with post-amputation pain. We hypothesized CSI symptoms would be 

reported frequently by adults with post-amputation pain and test-retest reliability 

would be good-to-excellent. 

Methods 

This study was a secondary analysis of a cross-sectional study conducted from 

February of 2018 to December of 2020. Participants were recruited via the University 

of Delaware Multidisciplinary Amputee Clinic, local community events and prosthetic 

clinics, and the 2018 and 2019 Amputee Coalition National Conferences.   

Participants included 59 adults Ó1-year post-unilateral, transtibial amputation 

who experienced persistent post-amputation pain. To create a reference group for 

evaluating normative limb sensitivity, 39 age-matched, pain-free controls (i.e., adults 

with intact limbs without pain in the low back, legs, ankles, or feet), were also 

recruited. Exclusion criteria for all participants included presence of a significant 

neuromuscular condition affecting sensation (e.g., Multiple Sclerosis, Parkinsonôs 

Disease), impaired skin integrity, and acute illness. Finally, as this analysis was part of 

a larger study evaluating sensory testing and mobility post-LLL, exclusion criteria 

specific to participants with LLL included <8 hours of prosthesis use per day and use 

of more than a single cane for mobility. All participants signed written informed 

consent documents approved by the University of Delaware Institutional Review 

Board for Human Subjects Research. 
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Standardized interviews were conducted by trained examiners to obtain pain-

related, demographic, and amputation-specific characteristics. Participants were asked 

about the presence of phantom and/or residual limb pain; if present, participants were 

asked to rate their current pain intensity, as well as lowest and highest pain intensity in 

the previous 24 hours, on a numeric pain rating scale (0=no pain, 10=worst pain 

imaginable129). Current, best, and worst phantom and residual limb pain intensities 

were averaged. 

Pain-related Outcome Measures  

Participants independently completed pain-related outcome measures including 

the CSI and Patient-Reported Outcomes Measurement Information System-29 item 

v2.0 (PROMIS-29).6 Pain-related outcome measures were completed prior to PPT 

testing to reduce ordering bias.  

The CSI is comprised of two Parts: Part A, which is scored, and Part B, which 

is not scored (and was consequently not evaluated as part of this study). Part A is a 25-

item assessment of the frequency of central sensitization-related symptoms (0=never 

to 4=always), and the maximum score is 100 points.130 Previously, scores Ó40 points 

have been shown to identify patients with underlying central sensitization.131 More 

recently, central sensitization symptom severity sub-classifications have been 

proposed based on scores: 0-29 = subclinical, 30-39 = mild, 40-49 = moderate, 50-59 

= severe, and Ó60 = extreme.132  

The PROMIS-29 is a reliable [intraclass correlation coefficient (ICC)=0.82-

0.87] and valid National Institutes of Health, norm-based measure evaluating various 

domains of self-reported mental, physical, and social function.78, 133 The PROMIS-29 

Pain Interference domain, an assessment of the degree to which pain interferes with 
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daily activities,28 was evaluated for this study and is scored on a T-score scale for 

comparison to the general population (mean T-score=50; standard deviation=10). 

Finally, the PROMIS-29 Pain Intensity domain was assessed, which asks participants 

to rate their average pain in the past 7 days on a scale of 0=no pain to 10=worst 

imaginable pain.28  

Mechanical Pain Sensitivity Assessment 

Trained examiners assessed PPTs using a calibrated Pain TestÊ FDX 

Algometer (Wagner Instruments, Greenwich, CT). Reliability and validity (against 

force plate measurements) have been previously reported for algometer-based PPT 

assessments.99 Standardized testing procedures51 were used at each site, where 

examiners increased pressure at a rate of 1.00 kilograms-of-force per cubic-centimeter 

(kgf/cm3) per second until the participant first experienced pain, signaled by the 

participant saying ñstop.ò  Participants were blinded to algometer output to reduce 

testing bias, and testing order was randomized by limb to reduce procedural bias. 

Procedures were repeated 3 times per site, with approximately 10 seconds of rest 

between trials, and trials were averaged at each of the 10 total sites: bilateral (a) 

greater trochanters, (b) lateral thighs, i.e., 5 inches distal to the greater trochanter; (c) 

lateral femoral epicondyles; (d) patellar tendons; and (e) lateral humeral epicondyles.  

Central Sensitization Inventory Test-Retest Reliability  

After completing the in-person evaluation, participants with lower-limb loss 

were provided with a second copy of the CSI and instructed to repeat the questionnaire 

within 7-10 days of their evaluation. To facilitate questionnaire return, questionnaires 

were provided in a postage-paid and addressed return envelope. Participants who did 
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not return their repeat questionnaire were contacted up to three times in the attempt to 

minimize missing data.  

Data Analysis 

Prior to performing statistical analyses, questionnaire and PPT data were 

examined for missing data. Participants who did not return CSI questionnaires (n=14) 

were excluded from test-retest reliability assessments. For participants missing Ò25% 

of the total CSI items (i.e., <5 missing items), person-mean imputation134 was used, 

where the participantôs missing items were inferred as the mean of all non-missing 

items for that same participant. For PPT data, participants missing Ó2 of the 3 trials for 

any given site were excluded from analyses, whereas valid trials were averaged for 

participants with 2-3 trials at each site.  

All statistical analyses were conducted using SPSS Statistics 26 (IBM Corp., 

Armonk, NY, USA). Descriptive statistics were used to identify the frequency of the 

most prevalent CSI items among adults with post-amputation pain (n=59), using data 

from the first administration of the questionnaire. CSI test-retest reliability was 

evaluated by determining ICCs and corresponding 95% confidence intervals (CIs) 

using a two-way, mixed effects (3, 1) model with absolute agreement, based on 

guidelines recommended by Koo and Li.135 ICCs were interpreted as follows: 

Ò0.50=poor, 0.51-0.75=moderate, 0.76-0.90=good, Ó0.91=excellent.135 The standard 

error of measurement (SEM), a measure of the expected variation in scores due to 

measurement error,136 was calculated, and a Bland-Altman plot was generated.  

To quantify increased amputated-region sensitivity among adults with post-

amputation pain for grouping purposes, we first log-transformed PPTs to meet 

parametric assumptions (as PPTs were non-parametrically distributed per significant 
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Shapiro-Wilk tests). Then, for adults with post-amputation pain, PPTs at each site 

were transformed into a z-score based on their relative standing within sex-specific 

control groups (see eq. 2.). This conversion allowed comparison of participants with 

lower-limb loss to sex-specific reference data (as it is well-established that females 

demonstrate greater pain sensitivity as compared to males72). The equation provided 

below is an example of a Z-score calculation for a male with post-amputation pain at a 

site, ὤ , where ὒὝ is the log(PPT) for the ith male with post-amputation pain, and  

ὒὝ and „  are the mean and standard deviation, respectively, for the log(PPT) for 

control males. 

ὤ  eq. 2. 

In prior pain research, PPTs falling below the 25th percentile of a healthy, 

reference sample have been considered to indicate the lower-limit of heighted pain 

sensitivity.97, 137 To quantify peripheral sensitization for grouping purposes, 

normalized primary-site (i.e., residual patellar tendon and residual lateral femoral 

epicondyle) were averaged and dichotomized. Increased amputated-region sensitivity 

was defined as normalized amputated-region PPT<-0.67, representing scores below 

the 25th percentile of the control group; normalized amputated-region PPTÓ-0.67 were 

considered to indicate an absence of peripheral sensitization. Figure 5 provides a 

visual depiction of the Z-score transformation and group classification. 
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Figure 5 (A) Theoretical depictions of pain-pressure threshold data are presented 

for males and female controls, respectively, where mean pain-pressure 

thresholds are lower among females as compared to males. Conversion of 

pain-pressure threshold data to a standardized z-score scale (B) allows 

evaluation of pain sensitivity among the post-amputation pain sample in 

comparison to controls, while considering sex-related differences in pain 

sensitivity. In (C), a z-score of 0 represents both male and female control 

means; a z-score of -0.67 represents the 25th percentile. Thus, among 

adults with lower-limb loss (regardless of sex), individuals with average 

amputated-region z-scores <-0.67 were classified as having ñpain with 

increased amputated-region sensitivity.ò  

Finally, descriptive statistics were used to characterize groups (i.e., pain with 

versus without increased amputated-region sensitivity). Two separate models were 

used to compare (1) physiological signs of central sensitization, i.e., normalized 

secondary-site PPTs and (2) pain-related outcome measure scores between groups 

(p<0.025). After checking that data met parametric assumptions, a multivariate 

analysis of variance (MANOVA) was used to evaluate between-group differences in 

normalized secondary-site PPTs, where normalized PPT at upper-extremity sites (i.e., 

bilateral lateral humeral epicondyles), intact limb sites (i.e., intact greater trochanter, 

thigh, lateral femoral epicondyle, and patellar tendon), and remote residual limb sites 

(i.e., residual greater trochanter and thigh) were entered separately as dependent 
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variables. Post-hoc univariate ANOVAs were conducted to identify between-group 

differences for individual variables. As pain-related outcome measure data did not 

meet parametric assumptions required for MANOVA, a Kruskal-Wallis test was used 

to compare PROMIS-29 Pain Interference T-scores, PROMIS-29 pain intensity scores, 

and CSI Part A scores between groups.  

Results  

In total, of the 234 participants with lower-limb loss contacted for this study, 

64 participants were eligible and enrolled (see Figure 6). Among the enrolled 

participants with lower-limb loss, four participants were removed (three were missing 

PPT data and one participant reported misunderstanding testing directions after 

completing his evaluation and was consequently removed). Finally, one outlierôs PPT 

data consistently fell >2 standard deviations above the mean for all tested sites; 

therefore, this participant was removed from analyses, leaving a total of 59 

participants with lower-limb loss for between-group comparisons (35 without 

increased amputated-region sensitivity, 24 with increased amputated-region 

sensitivity). Of the 52 controls with intact limbs contacted for this study, 40 were 

eligible and enrolled (for establishing normative reference values only classification 

only). One control participant was missing PPT data and was consequently removed, 

leaving a total of 39 control participants for comparison. 
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Figure 6 Participant inclusion flow diagram.
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¶ Neuromuscular condition (n=2) 

 

Dataset Excluded (n=4) 

¶ Missing pain-pressure threshold data (n=3) 

¶ Misunderstood testing directions (n=1) 

 

Dataset Excluded (n=1) 

¶ Missing pain-pressure threshold data (n=1) 

 

Outlier Removed (n=1) 
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CSI Reliability and Item Frequency 

Of the 59 participants with post-amputation pain, 14 did not return their second 

questionnaires, leaving a total sample of 45 participants for analyses. After performing 

preliminary data analyses, one participantôs data were removed from the reliability 

dataset as their responses were substantially and inexplicably different between the 

first (9 points) and second administration (68 points), and between-day score 

differences (59 points), fell >2 standard deviations above the sampleôs mean 

difference value. Consequently, a total of 44 participants were included in reliability 

analyses.  

The Bland-Altman plot representing test-retest distributions, as well as the 

ICC, 95% CI, and SEM data, are presented in Figure 7. Mean CSI values were 24 and 

27 points for the first and second administration, respectively, and no significant 

differences were found between administrations (p>0.05). Overall, test-retest 

reliability was considered good, with an ICC of 0.80 (95% CI: 0.61-0.89) and SEM of 

5.1 points.  
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Figure 7 The Bland-Altman plot depicts the distribution of Central Sensitization 

Inventory score differences (1st administration ï 2nd administration) 

versus score means (average of 1st and 2nd administrations). The 

intraclass correlation coefficient (ICC), corresponding 95% confidence 

interval (CI), and standard error of measurement (SEM) are presented. 

Table 7 presents frequencies of the most commonly reported CSI items among 

adults with post-amputation pain. Based on item responses, the most prevalent 

symptoms (i.e., reported Ósometimes) were muscular pain (54-61%), sleep 

disturbances (43-60%), fatigue (46-53%), and cognitive difficulties including impaired 

concentration and memory (40-46%).    

ICC (95% CI): 0.80 (0.61-0.89)
SEM: 5.14 points

Upper Bound

Lower Bound

Mean

Bland-Altman Plot: Central Sensitization Inventory Scores (n=44)

points
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Table 7 Most frequently reported central sensitization inventory symptoms 

among adults with post-amputation pain. 
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ÀPresented as n (% of sample) for participants reporting the symptom (i.e., 

sometimes-always). 
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Between-Group Differences in Signs and Symptoms of Central Sensitization 

Table 8 presents participant characteristics, which were similar between 

participants with post-amputation pain, regardless of amputated-region sensitivity 

(p>0.050). Participants in both groups were largely middle-aged (mean=51-53 years) 

males, with similar time since amputation (median=3-4 years). Amputation etiology 

was similar (p=0.486) between participants in both groups (i.e., those with and without 

peripheral sensitization), with the majority of participants having experienced an 

amputation due to trauma. Proportions of phantom and residual limb pain were similar 

between groups (p=0.227-0.626), as were proportions of pain in secondary pain sites 

(i.e., intact hip, knee, or ankle/foot; low back; p=0.201-0.745). Based on intensity 

rating, both phantom (median=2.0) and residual limb pain (mean=3.0-3.4) were 

classified as mild129 among participants in this study.
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Table 8 Descriptive characteristics. 

Variable 

Pain without  ŷ 

Amputated-Region 

Sensitivity 

(n=35) 

Pain with ŷ 

Amputated-Region 

Sensitivity 

(n=24) 

p 

Sex, femaleÀ 14 (40.0%) 5 (20.8%) 0.122 

Age, yearsÿ 51 (14) 53 (17) 0.680 

Body Mass Index, kg/m2ÿ 30.5 (5.6) 30.0 (5.5) 0.715 

Amputation EtiologyÀ    
 

  Dysvascular 4 (11.4%) 7 (29.2%) 

0.486 

  Trauma 16 (45.7%) 9 (37.5%) 

  Cancer 3 (8.6%) 2 (8.3%) 

  Infection 6 (17.1%) 4 (16.7%) 

  Other 6 (17.1%) 2 (8.3%) 

Time since Amputation, years* 
3 

(2, 9) 

4 

(2, 5) 
0.351 

Phantom Limb Pain PresentÀ 29 (82.9%) 21 (87.5%) 0.626 

Phantom Limb Pain Average 

Intensity, 0-10* 

n=29 

2.0 

(0.7, 2.8) 

n=21 

2.0 

(0.3, 3.3) 

0.984 

Residual Limb Pain PresentÀ 23 (65.7%) 12 (50.0%) 0.227 

Residual Limb Pain Average  

Intensity, 0-10ÿ 

n=23 

3.0 (2.2) 

n=12 

3.4 (1.7) 
0.569 

Other Pain Site InvolvementÀ   
 

  Intact Hip 8 (22.9%) 4 (16.7%) 0.745 

  Intact Knee 9 (25.7%) 4 (16.7%) 0.410 

  Intact Ankle/Foot 11 (31.4%) 4 (16.7%) 0.201 

  Low Back 19 (54.3%) 16 (66.7%) 0.342 
ÀPresented as n (% of sample) 
ÿPresented as mean (SD)  

*Presented as median (25th, 75th percentile) 

 

 

Finally, Table 9 presents mean secondary-site pain sensitivity data and pain-

related outcome measure scores. There was a significant, large multivariate effect of 

group for normalized secondary-site PPTs [Wilkôs ȿ=0.517, F(1,57)=17.158, 



 71 

p<0.001]. Univariate analyses, which are also presented in Table 9, showed a 

significant effect of group for each region of secondary-site PPTs [F(1,57)=20.51-

32.66, p<0.001]; participants with pain and increased amputated-region sensitivity 

demonstrated significantly greater secondary-site pain sensitivity (i.e., lower 

normalized upper-extremity, intact limb, and remote residual limb PPTs) compared to 

peers without increased amputated-region sensitivity. In contrast, the Kruskal Wallis 

test found no between-group differences in pain-related outcome measures (H=0.17-

1.47, p=0.225-0.684).
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Table 9 Univariate effects of group for secondary-site pain sensitivity and pain-

related outcome measures. 

p
a

rt
ia

l 

Ẽ
2 

0
.2

6
5 

0
.4

8
3 

0
.3

6
2 

 

p
 

<
.0

0
1 

<
.0

0
1 

<
.0

0
1 

p
 

.2
6

4 

.6
8

4 

.2
2

5 

F
 

2
0

.5
1 

2
6

.1
6 

3
2

.6
6 

H
 

1
.2

5 

0
.1

7 

1
.4

7 

d
f 1
 

d
f 1
 

P
a

in
 w

it
h

 ŷ
 

A
m

p
u

ta
te

d
-R

e
g

io
n 

S
e

n
s
it
iv

it
y 

(n
=

3
5

) 

-0
.8

9
 (

1
.0

7
) 

-0
.8

7
 (

0
.7

8
) 

-1
.2

4
 (

1
.1

2
) 

P
a

in
 w

it
h

 ŷ
 

A
m

p
u

ta
te

d
-R

e
g

io
n 

S
e

n
s
it
iv

it
y 

(n
=

3
5

) 

2
 

(2
, 
4

) 

5
5

.6
 

(4
1

.6
, 
5

6
.7

) 

n
=

2
3
 

2
8

 (
1
2

) 

P
a

in
 w

it
h

o
u
t 
ŷ
 

A
m

p
u

ta
te

d
-R

e
g

io
n 

S
e

n
s
it
iv

it
y 

(n
=

3
5

) 

0
.3

6
 (

1
.0

0)
 

0
.4

8
 (

0
.6

4
) 

0
.2

7
 (

0
.9

2
) 

P
a

in
 w

it
h

o
u
t 
ŷ
 

A
m

p
u

ta
te

d
-R

e
g

io
n 

S
e

n
s
it
iv

it
y 

(n
=

3
5

) 

3
 

(1
, 
6

) 

5
2

.0
 

(4
1

.6
, 
5

7
.8

) 

n
=

3
4
 

2
4

 (
1
2

) 

N
o

rm
a

liz
e

d
 S

e
c
o

n
d

a
ry
-S

it
e

  

P
a

in
-P

re
s
s
u

re
 T

h
re

s
h
o

ld
sÀ
*  

U
p

p
e

r 
E

x
tr

e
m

it
y 

In
ta

c
t 
L
o

w
e

r-E
x
tr

e
m

it
y 

R
e

m
o

te
 R

e
s
id

u
a

l 
E

x
tr

e
m

it
y

 

P
a

in
 R

e
la

te
d

  

O
u

tc
o

m
e

 M
e
a

s
u

re
s 

P
R

O
M

IS
-2

9
 A

v
e

ra
g

e
 P
a

in
 

In
te

n
s
it
y
, 
0-
1

0ÿ
 

P
R

O
M

IS
-2

9
 P

a
in

 

In
te

rf
e
re

n
c
e

, 
T-s

c
o

re
ÿ
 

C
S

I 
P

a
rt

 A
 T

o
ta

l, 

0
-1

0
0

 p
o

in
tsÀ

 

ÀPresented as mean (SD) 



 73 

*Normalized secondary-site pain-pressure thresholds reflect average z-scores as 

compared to sex-specific reference data, among the following site subgroups: upper-

extremity (i.e., bilateral humeral epicondyles), intact lower-extremity (i.e., non-

amputated greater trochanter, thigh, lateral femoral epicondyle, and patellar tendon), 

and remote residual extremity (i.e., regions of the residual lower-limb remote to the 

area of the amputation and prosthetic socket, including the greater trochanter and 

thigh). 
ÿPresented as median (25th, 75th percentile) 

Abbreviations: CSI = Central Sensitization Inventory, PROMIS-29 = Patient-

Reported Outcomes Measurement Information System-29 Item, df=degrees of freedom 

 

 

Discussion 

Persistent post-amputation pain is a heterogeneous condition that presents with 

variable symptoms and often is non-responsive to existing treatment interventions.19, 

20, 138 Recommendations for evaluating and treating post-amputation pain are lacking, 

in part due to the lack of understanding of mechanisms underlying post-amputation 

pain persistence.93 Our findings suggest adults with post-amputation pain who 

demonstrate signs of peripheral sensitization (i.e., increased amputated-region 

sensitivity as compared to normative, sex-specific reference data)  also demonstrate 

physiological signs of central sensitization, as evidenced by increased sensitivity to 

pain in secondary sites throughout the upper-extremities, intact lower-extremity, and 

remote regions of the residual limb. Peripheral sensitization, in isolation, would have 

been indicated by similar, normalized secondary-site PPTs between groups; therefore, 

findings suggest increased amputated-region sensitivity may not be attributed to 

peripheral sensitization alone. Based on significant between-group differences in pain 

sensitivity found in our study, adults with concomitant peripheral and central 

sensitization may comprise a distinct subgroup of adults with post-amputation pain, 

for whom comprehensive, locally- and centrally-focused management may be critical. 
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Remarkably, while the groups evaluated in our study demonstrate clear differences in 

primary- and secondary-site pain sensitivity, pain-related outcome measures assessing 

pain intensity, pain interference, and central sensitization symptoms were similar 

between groups, suggesting physiological changes in nervous system sensitivity may 

not be the primary driver of adverse post-amputation self-reported pain outcomes.  

Our knowledge of best practices for post-amputation pain evaluation and 

treatment is constantly evolving. While many conservative treatment interventions 

(e.g., transcutaneous electrical stimulation,139 graded motor imagery,140 mirror 

therapy,141 virtual reality142) demonstrate promise in reducing post-amputation pain 

severity, there is a dearth of high-quality evidence demonstrating therapy 

effectiveness.143 While rare, some adults demonstrate adverse responses to 

conservative treatments (e.g., mirror therapy), including increased pain severity and 

depressive symptoms when focusing attention on the residual limb.144 Discrepancies in 

treatment responses may be, in part, due to nonspecific inclusion criteria for studies 

investigating the effectiveness of post-amputation pain treatments. Our findings 

suggest post-amputation pain is heterogeneous, reinforcing that it may be critical to 

holistically consider pain presentation (e.g., pain severity, concomitant symptoms) and 

pain-related impairments (e.g., pain sensitivity), rather than just the presence or 

absence of pain, when evaluating and treating post-amputation pain.    

In patients with other musculoskeletal pain conditions (e.g., osteoarthritis, 

lateral epicondylalgia), researchers have shifted to identifying pain-group 

subclassifications to guide interventions and determine when centrally-focused 

treatment may be beneficial. For example, recent work from Nijs et al. recommends 

that patients with musculoskeletal pain who demonstrate signs of central sensitization 
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(e.g., disproportionate pain experience, diffuse pain distribution, CSI scores Ó40) may 

benefit from incorporation of pain neuroscience education and graded activity into 

treatment.145 Rather than universally treating post-amputation pain with centrally-

focused rehabilitation, similar efforts to identify impairment-based treatment 

subclassifications may be needed to help guide management of patients with post-

amputation pain. For example, participants with persistent post-amputation pain who 

demonstrate physiological signs of both peripheral and central sensitization, i.e., our 

participants with pain and increased amputated-region sensitivity who also 

demonstrated increased secondary-site sensitivity, may require top-down interventions 

targeting reductions in nervous system hypersensitivity (e.g., pain neuroscience 

education,124 centrally acting medication40). In contrast, patients without signs of 

nervous system sensitivity may instead benefit from evaluation of other impairments 

(e.g., pain triggered by memories57 or associated with post-traumatic stress 

disorder146), which may guide treatment decisions.  

Among studies evaluating post-amputation pain treatment, changes in pain 

intensity are cited as the primary outcome of interest.11, 141, 144, 146-148 Changes in other 

pain-related domains (e.g., pain sensitivity, psychosocial stressors, pain-related 

disability) are often unassessed. Our findings suggest amputated-region and 

secondary-site PPT may be useful not only for identifying the potential presence of 

peripheral and central sensitization, but also for objectively evaluating post-

amputation pain. Furthermore, the CSI demonstrated good test-retest reliability among 

adults with post-amputation pain, suggesting it may be useful for evaluating central 

sensitization symptoms among adults with post-amputation pain. Future longitudinal 

studies may consider including central sensitization-related measures (e.g., PPT, CSI) 
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to determine if baseline pain sensitivity and CSI scores predict long-term pain-related 

outcomes.  

Following amputation, both the peripheral and central nervous system are 

exposed to factors that may induce sensitization (e.g., nerve injury and resultant 

changes in nerve structure and activity,116 concomitant psychological stress149, 150). 

Therefore, it is unsurprising that our group with increased amputated-region sensitivity 

demonstrates concomitant signs of peripheral and central sensitization. What is 

surprising, however, is that pain-related characteristics were similar between groups in 

this study, regardless of physiological signs of peripheral and central sensitization. 

Findings contrast previous studies among adults with other chronic pain conditions, 

where adults with pain and signs of central sensitization typically demonstrate more 

severe, extensive, and debilitating pain.151, 152 Importantly, our findings indicate 

physiological signs of underlying nervous system sensitivity may not discriminate 

between individuals with post-amputation pain who demonstrate symptoms associated 

with central sensitization (i.e., fatigue, sleep disturbance, impaired memory and 

concentration); as such, post-amputation pain assessments should include evaluations 

of both physiological signs and psychosocial symptoms to create a comprehensive 

understanding of each patientôs pain.   

Among participants in this study, 37% were classified as having mild to severe 

central sensitization per CSI scores (i.e., 25% mild, 7% moderate, 5% severe). Overall, 

however, mean CSI scores, i.e., 24 and 28 points among adults with and without 

increased amputated-region sensitivity, respectively, were relatively low, with the 

majority of participants (i.e., 63%) falling under the ñsubclinicalò symptom 

subclassification.132 When interpreting CSI findings, two considerations are critical: 
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first, limb loss involves not only a significant physical transformation, but also 

substantial psychological adaptations associated with the grieving process. As such, 

physiological changes in pain sensitivity may be less influential with respect to the 

self-reported pain experience in comparison to other psychological factors (e.g., 

resilience, anxiety/depression, self-efficacy, post-traumatic stress) that were not 

evaluated in this study. Second, the predominance of research assessing signs and 

symptoms of central sensitization in other pain conditions has been conducted among 

care-seeking patients, i.e., those actively pursuing treatment for their pain. This study 

was a secondary analysis of data collected among community-dwelling participants 

with overall lower symptom severity, which may explain the lack of between-group 

differences in pain-related, self-report outcome measures. Future studies may consider 

evaluating CSI scores among individuals actively pursuing post-amputation pain 

treatment to determine whether self-reported symptoms and frequencies differs from 

findings among non-care-seeking participants in this study.  

Study Limitations  

This work provides support for evaluating signs of peripheral and central 

sensitization among adults with post-amputation pain to help guide treatment-related 

decision-making; however, several limitations are acknowledged. While this study 

evaluated signs and symptoms of central sensitization among a moderately large 

sample of participants with post-amputation pain, participants expressed generally 

mild phantom and/or residual limb pain intensities with subclinical symptoms of 

central sensitization. Thus, findings may not be generalizable to adults with severe 

post-amputation pain. Additionally, while amputated-region sensitivity was classified 

using established parameters and sex-specific reference norms, more conservative PPT 
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cut-points (e.g., 5th or 10th percentiles) may provide greater confidence in identifying 

underlying nervous system sensitization. Finally, while pain medication use may 

affect pressure-induced pain sensitivity, pain medication data was unavailable; future 

studies may consider evaluating pain medications to assess their potential impact on 

pressure sensitivity among individuals with post-amputation pain. 

Conclusion 

Following lower-limb loss, there appears to be a subgroup of participants with 

post-amputation pain (i.e., those with increased amputated-region sensitivity as 

compared to controls with intact limbs) who demonstrate signs of central sensitization, 

as evidenced by significant reductions in secondary-site pain sensitivity throughout the 

upper extremities, intact limb, and the residual limb proximal to the primary 

amputated region. Despite between-group differences in pain sensitivity per pressure 

algometry, self-reported pain characteristics (i.e., pain intensity, pain interference, and 

symptoms associated with underlying central sensitization) appears similar between 

individuals with and without increased amputated-region sensitivity. Findings suggest 

while physiological signs of underlying central nervous system hypersensitivity may 

inform patient pain management, they may be nondiscriminatory for differentiating 

between self-reported pain presentations. Results warrant further investigation into 

whether other factors (e.g., resilience, self-efficacy, pain-related attitudes) may be 

more closely associated with pain-related self-reported outcomes among adults with 

post-amputation pain.  
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Chapter 5 

IMPLICIT BODY REPRESENTATION AMONG  ADULTS WITH PHANTOM 

LIMB PAIN : RESULTS FROM A FOOT IDENTIFICATION TASK  

Introduction  

Each year, approximately 185,000 amputation surgeries are performed to 

address limb compromise associated with underlying vascular conditions, infections, 

trauma, or cancer.153 By 2050, the number of individuals living with limb loss is 

expected to reach 3.6 million.1 As the number of individuals living with lower-limb 

loss is progressively rising,154 there is a growing need for specialized clinical care that 

addresses the unique and debilitating consequences of amputation.  

One of the most common and perplexing consequences of limb amputation is 

the perception of a phantom limb, defined as sensations perceived as coming from the 

amputated portion of the limb.155 The majority of individuals living with lower-limb 

loss experience a painful phantom limb, which can present as a myriad of symptoms 

(e.g., stabbing sensations, aching, electric shocks, painful lengthening or 

shortening).155 Phantom limb pain (PLP), while common, remains difficult to treat, in 

part due to its resistance to localized treatment interventions (e.g., massage, 

acupuncture, nerve blocks, transcutaneous electrical stimulation).20 Consequently, 

research investigating PLP has largely transitioned to focusing on PLP as a centrally-

mediated condition, with increased emphasis on identifying underlying central 

nervous system impairments associated with PLP that can be addressed with 

pharmacological and conservative interventions.  
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One such impairment that has received limited attention following lower-limb 

loss is impaired implicit body representation, also defined as disruptions to the body 

schema. The body schema describes the brainôs awareness and representation of the 

body in space, which requires integration of  complex, multisensory signals (e.g., 

touch, vision, proprioception) and informs action-oriented tasks, such as movement.60, 

156 When communication between the brain and body is compromised, as in the case 

of peripheral (e.g., amputation) or central (e.g., traumatic brain injury) nerve lesions, 

the body schema may become compromised.53, 54 

Clinically, impairments in the body schema can be assessed using a left-right 

discrimination task,157 where participants are asked to quickly and accurately judge 

whether a body part image depicts a left, or right, body part. To complete the task, 

individuals automatically, and subconsciously, use their own body parts to determine 

the sidedness (i.e., laterality) of the body part, which is referred to as ñimplicit motor 

imagery.ò62 On the left-right discrimination task, delayed response time or reduced 

accuracy may reflect a disruption in the integration of sensory and motor information 

within the working body schema.61, 157   

Prior research demonstrates evidence of a disrupted body schema among 

individuals with upper-limb loss who experience phantom limb sensations and pain;65, 

158 however, it is less clear whether adults with lower-limb loss who experience PLP 

demonstrate similar body schema impairments. Compared to the upper extremities, the 

lower extremities comprise a smaller representative region of the somatosensory 

cortex;159 therefore, findings from adults with upper-limb loss may not be 

generalizable to lower-limb loss. Furthermore, prior studies of the left-right 

discrimination task suggest there may be joint-specific constraints on the mental 
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rotation of body parts.157 Finally, consistent prosthesis use may diminish limb loss-

related changes in the body schema due to prosthesis embodiment, or incorporation of 

the prosthesis into the body schema.160 Lower-limb prostheses are often more 

functional and widely accepted than are upper-limb prostheses, which may lead to less 

drastic changes in the body schema;161 thus, it is critical to investigate whether body 

schema impairments found among adults with upper-limb loss are present and 

comparable following lower-limb loss. 

In other pain conditions (e.g., low back pain, complex regional pain 

syndrome), rehabilitative treatments involving motor imagery, which aim to reverse or 

reduce body schema impairments, have been shown to ameliorate pain and improve 

function.62, 67-70 In recent decades, research has suggested body schema impairments 

may play a key role in PLP development and persistence;24, 56 however, clinical 

evidence of body schema impairments remains scarce among adults with lower-limb 

loss.  

To best understand if underlying body schema impairments should be the focus 

of future treatments for PLP among adults with lower-limb loss, the objective of this 

study was to investigate whether adults with persistent PLP demonstrate disruptions in 

the body schema, as compared to pain-free peers and controls with intact limbs. We 

hypothesized adults with PLP would demonstrate poorer performance (i.e., increased 

response time and reduced accuracy, as compared to pain-free peers and controls) 

during a left-right discrimination task involving foot identification, especially when 

identifying amputated-side images. A secondary objective was to determine whether 

left-right discrimination task performance is associated with PLP pain characteristics 

(i.e., bothersomeness, interference, and intensity). We hypothesized increased PLP 
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bothersomeness, interference, and intensity would be associated with poorer task 

performance.  

Methods 

This cross-sectional pilot study was conducted remotely via an online 

experimental platform (GorillaÊ162). Participants were recruited from August of 2020 

to March of 2021 via the interdisciplinary University of Delaware Amputee Clinic; 

online advertisements through national organizations (e.g., Amputee Coalition); local 

prosthetic clinics and limb loss support groups; consent-to-recontact databases from 

prior studies in the Delaware Limb Loss Studies Lab; and community events. This 

study was approved by the University of Delaware Institutional Review Board for 

Human Subjects Research. 

Recruited participants were classified into three groups: (1) adults with lower-

limb loss who experienced persistent PLP (PLP group), (2) age-matched adults with 

lower-limb loss who did not experience persistent PLP or pain in the remaining 

portion of their limb (i.e., residual limb pain; Pain-Free group) and (3) age-matched, 

pain-free adults with intact limbs (Control group). Pain-Free and Control groups were 

recruited for comparison purposes to investigate whether body schema impairments 

were specific to the presence of PLP, rather than the presence of lower-limb loss 

alone.  

For all groups, adults were included if they were English-speaking and-reading 

(as instructions and self-reported outcome measures were administered in English), 

had reliable internet service, and reported basic computer skills (i.e., ability to type on 

a computer keyboard and explore the internet independently). Inclusion criteria 

specific to the PLP and Pain-Free groups included unilateral lower-limb loss at or 
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above the transtibial (i.e., below-knee) level that occurred Ó1-year prior, and current 

prosthesis use. For all participants, exclusion criteria included age >75 years, as older 

age has been associated with worse performance on the left-right discrimination 

task;163 and systemic neuromuscular conditions (e.g., Multiple Sclerosis, Parkinsonôs 

Disease), as these may interfere with response time. Exclusion criteria specific to the 

Pain-Free and PLP groups included congenital amputation etiology (i.e., amputation 

present at birth) and formal participation in imagery-based treatment programs for 

PLP (e.g., graded motor imagery, mirror therapy), as previous training may affect 

performance.164-166 

Upon signature of an electronic informed consent form supplied via REDCap 

(Research Electronic Data Capture) tools167, 168 hosted at the University of Delaware 

(which allowed participants to download a copy of the informed consent for their 

records), participants were emailed a link to GorillaÊ for access to the study. In 

GorillaÊ, all participants provided basic demographic information, including hand 

and foot dominance. Participants in the PLP group reported pre-task PLP intensity on 

a numeric pain rating scale (0=no pain, 10=worst pain imaginable).169  

Left-Right Discrimination Task 

All participants then completed a left-right foot discrimination task, which was 

adopted from the protocol reported by Stone et al.170 Instructions were displayed prior 

to the task, asking participants to sit comfortably with their prosthesis off (if 

applicable) and their intact foot (or feet) flat on the floor. Participants were instructed 

to drape a towel or blanket over their legs and to not move their legs, ankles, or feet 

during the task, to reduce the impact of vision and/or movement on task performance. 

Finally, participants were instructed to judge, as quickly and accurately as possible, 
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whether a foot shown on their computer screen was a left or right foot, indicating 

sidedness by pressing the computer arrow key corresponding to the foot side (i.e., left 

arrow key for left foot, right arrow key for right foot).  

After a practice trial was completed, 4 blocks of images were shown. In each 

block, 48 images were presented twice, in random order, for a total of 96 trials per 

block. Using an image set from Stone et al.170 and Curtze et al.,171 the 48 images 

included right and left, human and prosthetic feet, presented from the plantar (i.e., 

bottom-up) and dorsal (i.e., top-down) position, and rotated at six angles (i.e., 0 

degrees, or anatomical position; 60 degrees; 120 degrees; 180 degrees; 240 degrees; 

and 300 degrees). All rotations were side-specific and were performed laterally from 

anatomical position. The same image set was used for each block, resulting in a total 

of 384 trials per participant, and each block took approximately 4 minutes to complete.  

After block completion, a ñbreakò screen populated, encouraging participants 

to take a break (of self-selected duration) to reduce the potential impact of mental 

fatigue on the task. After completing all 4 blocks, participants in the Pain-Free group 

were asked to report whether non-painful phantom sensations were experienced during 

the task, and participants in the PLP group were asked to rate their PLP intensity 

during the task on the abovementioned numeric pain rating scale.  

Self-Reported Outcome Measures 

Questions from the Limb Deficiency and Phantom Limb Pain Questionnaire172 

were used to assess the presence, frequency, and characteristics of phantom limb 

sensations (i.e., non-painful sensations perceived as coming from the amputated 

portion of the limb) and PLP. Phantom limb sensation and PLP bothersomeness were 

captured using a 3-point Pain Bothersomeness Scale, ranging from 0 (not bothered at 
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all) to 2 (extremely bothered).4 Best and worst PLP intensity in the prior 24 hours was 

recorded on the abovementioned numeric pain rating scale; best and worst pain 

intensities were averaged for analyses.   

Finally, among adults in the PLP group, the Brief Pain Inventory-Short Form 

(BPI-SF) Pain Interference Domain173 was used to evaluate the degree to which PLP 

interfered with daily activities in the previous 24 hours. Specifically, participants were 

asked to report pain interference in seven domains (i.e., general activity, mood, 

walking ability, normal work, relations with other people, sleep, and enjoyment of 

life) on a scale of 0 (does not interfere) to 10 (completely interferes). The average of 

all seven domains was used for analyses. Reliability and validity of the BPI-SF has 

been reported in several patient populations.174-176  

Data Management and Statistical Analyses 

Prior to conducting statistical analyses, overall accuracy was evaluated for 

each participant for each block to identify and remove participants whose accuracy 

could be considered at or near chance (i.e., <60%). Furthermore, based on text entries 

regarding postural changes during the task, participants were removed if they reported 

frequent movement of the limbs to assist with image identification. Finally, for 

response time analyses, incorrect trials were excluded, and response times <200 ms 

and >2.5 standard deviations from each participantôs mean per block were identified 

and removed. Response time cut-points were imposed to limit the influence of 

responses falling outside a realistic response time window (e.g., exceptionally fast 

responses due to accidental key press, exceptionally slow responses due to distraction) 

and were based on comparison to prior literature regarding left-right discrimination of 

body parts.61, 170, 177  
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In SPSS 26 (IBM, Armonk, NY), two, separate Generalized Estimating 

Equations (GEE),178 each with an exchangeable working correlation matrix, were used 

to evaluate response time and accuracy. For response time, the model was specified 

with a gamma distribution and log link function and naïve (i.e., model-based) errors, 

given response timeôs positive skew (all Shapiro-Wilk tests: p<0.001). For accuracy, 

the model was specified with a binomial distribution with logit link function and 

robust errors. GEE is an extension of the Generalized Linear Mixed Model that 

provides accurate parameter estimates for repeated measures or clustered data, even if 

the correlation structure is mis-specified.179 This is because the correlation matrix is 

treated as a nuisance parameter, and estimation is based on quasi-likelihood.179 GEEs 

can be contrasted with Generalized Linear Models: given a set of predictors, the 

marginal mean is modeled instead of a mean that is conditional on random effects.180 

GEEs account for within-group non-independence of data as well as missing data 

(e.g., trials removed due to imposed response time cut-offs).181  

The GEE models included the following main effects: group (Control, Pain-

Free, PLP), block (1, 2, 3, 4), side [amputated (or non-dominant, for Controls), intact 

(or dominant, for Controls)], view (dorsal, plantar), type (human, prosthetic), angle 

(0°, 60°, 120°, 180°, 240°, 300°), repetition (first image repetition per block, second 

image repetition per block), two-way interactions with group (group*block, 

group*side, group*view, group*type, group*angle), and the three-way interaction of 

group*view*angle. All image factors were entered into the model as nominal 

variables. The three-way interaction tests whether group performance differs when 

viewing images requiring greater implicit motor imagery (i.e., plantar versus dorsal 

view and rotations further from 0°182). The inclusion of group*side and group*type 
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interactions tests for differential group performance by the type of foot depicted or 

when the affected side was presented (for adults with lower-limb loss). Finally, as 

impairments in left-right discrimination may improve with practice differently 

between groups,65 a group*block interaction was evaluated. Post-hoc pairwise 

comparisons were assessed using Fisherôs Least Significant Differences (a=0.050). 

Finally, for adults in the PLP group who had completed all self-reported pain 

outcome measures of interest (n=40), two additional GEEs (i.e., one for response time 

and one for accuracy) were used to evaluate associations with PLP intensity, 

bothersomeness, and interference, which were included as main effects alongside the 

image variables (i.e., block, side, view, type, angle; a=0.050) after ensuring 

correlations between pain measures were <0.80.  

Results 

Among the 411 individuals (i.e., 358 adults with lower-limb loss, 53 adults 

with intact limbs) contacted for this study, 195 were screened for inclusion (see Figure 

8). Of the individuals who were screened, 136 adults (i.e., 96 with lower-limb loss, 40 

Controls) were eligible and provided with electronic informed consent forms. In total, 

114 participants (i.e., 75 with lower-limb loss, 39 Controls) completed the study.  
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Figure 8 Participant enrollment.

               
        

  

  

  

  

  

  

  

  

  

  

  

   

Eligible (n = 136) 

Completed Study (n = 114)  

Lower-Limb Loss (n = 358) 

Control  

n = 37 

Controls (n = 53) 

Not interested/no response (n=8) Not interested/no response (n=208) 

Screened (n = 195) 

Ineligible (n=5) 

¶ Leg, ankle, or foot pain (n=3) 

¶ Neuromuscular comorbidity (n=1) 

¶ Lack of computer and/or internet 

access (n=1) 

 

 

Ineligible (n=54) 

¶ Outside age range (n=13) 

¶ Bilateral lower-limb amputations (n=11) 

¶ <1-year post-amputation (n=8) 

¶ Lack of computer and/or internet access (n=7) 

¶ Prior history with imagery-based treatment (n=5) 

¶ Residual limb pain only (n=5) 

¶ Amputation present at birth (i.e., congenital) (n=3) 

¶ Not currently using a prosthesis (n=2) 

 

Did not complete study (n=21) 

¶ Lost to follow-up (n=15) 

¶ Lost access to computer or internet service (n=4) 

¶ Decided not to participate (n=2) 

Did not complete study (n=1) 

¶ Lost to follow-up (n=1) 

 

 

Excluded from Analyses (n=7) 

¶ Disclosed congenital amputation condition (n=1) 

¶ Disclosed residual limb pain only (n=1) 

¶ Disclosed foot movement during task (n=3) 

¶ Accuracy <60% for all blocks (n=2) 

 

Pain-Free 

n = 27 

Phantom Limb Pain 

n = 41 

Contacted (n = 411) 

Included in Analyses (n = 105)  

Lower-Limb Loss (n = 150) Controls (n = 45) 

Lower-Limb Loss (n = 96) Controls (n = 40) 

Lower-Limb Loss (n = 75) Controls (n = 39) 

Excluded from Analyses (n=2) 

¶ Disclosed foot movement during task (n=2) 
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During study completion, two participants disclosed criteria that would have 

rendered them ineligible during the screening process, and left-right discrimination 

accuracy fell between 50-55% for all blocks among two additional participants (one in 

the Pain-Free group and one in the PLP group). Furthermore, five participants (n=2 

controls, n=3 adults with lower-limb loss) reported frequent changes in posture during 

the task that specifically involved movement of the lower extremities to help with foot 

identification (e.g., ñmirroringò the image). After removal of data for these nine 

participants, 105 adults were included in final analyses (37 Controls, 27 participants in 

the Pain-Free group, and 41 participants in the PLP group). 

Participant Characteristics 

Participants were predominantly right-handed, right-footed and middle-aged 

(median: 56, 60, and 58 years for Control, Pain-Free, and PLP groups; see Table 10). 

Females comprised 38-45% of all groups. Participants with lower-limb loss 

predominantly had a transtibial (i.e., below-knee) amputation that had occurred several 

years prior (median: 8 years), and 56-64% of participants had used a prosthesis for >5 

years (see Table 11). No significant differences in demographics or amputation-

specific characteristics were present between groups (p>0.050), with the exception of 

weight, which was significantly higher among adults in Pain-Free and PLP groups as 

compared to Controls.
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Table 10 Participant characteristics. 

Variable 
Control  

(n=37) 

Pain-Free  

(n=27) 

PLP 

(n=41) 
p 

Demographics 

  Sex, femaleÀ 16 (43%) 10 (37%) 19 (46%) 0.667 

  Age, yearsÿ 
56 

(43, 61) 

60 

(48, 65) 

58 

(48, 66) 
0.363 

  Height, cmÿ 
175.2  

(165.1, 182.9) 

175.2  

(165.1, 180.3) 

172.7 

(160.0, 179.1) 
0.688 

  Weight, kg^* 79.2 (14.8) 87.4 (23.0) 89.0 (22.0) 0.026 

 Race, Caucasian/WhiteÀ  32 (86%) 25 (93%) 39 (95%) 0.384 

  Ethnicity, Non-HispanicÀ 35 (95%) 26 (96%) 40 (98%) 0.791 

Hand and Foot Dominance 

  Hand Dominance, RightÀ 34 (92%) 20 (74%) 30 (73%) 0.190 

  Foot Dominance, RightÀ 29 (78%) 22 (81%) 32 (78%) 0.369 

Abbreviations: cm = centimeters, kg = kilograms, PLP=phantom limb pain 
ÀData presented as n (% of sample). 
ÿData presented as median (25th, 75th percentile). 
^Data presented as mean (standard deviation). 
*Self-reported weight (with prosthesis donned for adults with lower-limb loss). 
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Table 11 Amputation-specific characteristics among adults with limb loss (n=68). 

Variable 
Pain-Free  

(n=27) 

PLP 

(n=41) 
p 

Amputation-Related Details 

  Amputated Side, RightÀ 14 (52%) 25 (61%) 0.457 

  Level, TranstibialÀ 18 (67%) 21 (51%) 0.208 

  Etiology, TraumaÀ 9 (33%) 16 (39%) 0.634 

  Time since Amputation, yearsÿ 
8 

(3, 26) 

8 

(4, 20) 
0.869 

Prosthesis-Related Details 

  Prosthesis Experience, >5 YearsÀ 14 (52%) 26 (63%) 0.343 

  Daily Prosthesis Wear TimeÀ     

  <25% of Waking Hours (1-3 Hours) 0 (0%) 2 (5%) 

0.179 
  25-50% of Waking Hours (4-8 Hours) 0 (0%) 3 (7%) 

  >50% of Waking Hours (>8 Hours) 3 (11%) 8 (20%) 

  All Waking Hours (12-16 Hours) 24 (89%) 28 (68%) 

Non-painful Phantom Limb Sensations 

  Phantom Limb Sensations PresentÀ 20 (74%) 35 (85%) 0.201 

  BothersomenessÀ n=20 n=35   

  Not Bothered  17 (85%) 24 (69%) 

0.363   Somewhat Bothered 3 (15%) 10 (28%) 

  Extremely Bothered 0 (0%) 1 (3%) 

Phantom Limb Pain 

  n=40  

  Average Intensity in Past 24 Hours, 0-10ÿ -- 
2 

(1, 5) 
-- 

  BothersomenessÀ  n=40   

  Not Bothered  -- 8 (20%) 

--   Somewhat Bothered -- 29 (73%) 

  Extremely Bothered -- 3 (7%) 

  Frequency in the Past WeekÀ  n=40   

  Never -- 4 (10%) 

-- 

  1-3 times per week -- 17 (43%) 

  4-6 times per week -- 7 (18%) 

  Once per day -- 3 (7%) 

  Multiple times per day -- 8 (20%) 

  Constant pain -- 1 (2%) 
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Table 11 continued 

Abbreviations: BPI-SF = Brief Pain Inventory-Short Form  

ÀData presented as n (% of sample).   

ÿData presented as median (25th, 75th percentile). 

 

 

Additional phantom limb and prosthesis use characteristics are provided in 

Table 11. Among adults with lower-limb loss, non-painful phantom limb sensations 

were prevalent, but 69-85% of participants reported they were not bothersome (Table 

2). Among adults in the PLP group, average PLP intensity in the past 24 hours was 

mild (median = 2/10), but 80% of participants considered PLP ñsomewhatò or 

ñextremelyò bothersome. The most commonly reported PLP frequency and duration 

was ñ1-3 times per week,ò and ñseveral minutes but <1 hour,ò respectively. Pain 

interference in the past week (averaged over all seven BPI-SF domains) was relatively 

low (median: 1.29).  

In the Pain-Free group, 5 (19%) participants reported experiencing phantom 

limb sensations during the task. Participants described phantom sensations as, 

ñtingling,ò or feeling as though specific body parts (e.g., ñbig toe,ò ñankleò) were 

present and moving. Interestingly, one participant in the Pain-Free group reported 

phantom limb sensations of ñpulsating/throbbing,ò and reported that the task increased 

pain in his residual limb (intensity: 5/10), which he did not experience on a day-to-day 

basis.  

  Duration in the Past WeekÀ  n=39  

  <1 minute -- 12 (31%) 

-- 
  Several minutes but <1 hour -- 17 (44%) 

  Several hours -- 6 (15%) 

  Several days -- 4 (10%) 

   BPI-SF Pain Interference Domain, 0-10ÿ -- 

n=40 

1.29 

(0.43, 3.39) 

-- 
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The majority of the PLP group (n=25; 61%) reported mild pre-task PLP 

(median intensity: 2/10). Among the 25 participants who reported pre-task PLP, 20 

(80%) reported a reduction in PLP intensity during the task. Moreover, 16 (64%) 

reported complete relief from their pre-task PLP (i.e., 100% reduction in pain 

intensity, ranging from 1-to-8-point reductions). Four participants with pre-task PLP 

reported a worsening of pain during the task, with increases in pain ranging from 25-

50% of their pre-task pain (equivalent to a 1-to-2-point change, which fails to surpass 

test-retest measurement error previously reported for the numeric pain rating scale183). 

Finally, among participants in the PLP group who denied pre-task PLP (n=16), 13 

(81%) did not experience any PLP during the task, while three reported an increase in 

PLP intensity (n=1 with a 1-point increase; n=2 with a 2-point increase).  

Response Time 

Among analyzed participants, incorrect trials comprised 9.7% of all trials (i.e., 

3,882 out of 40,033) and were removed from response time analyses. Additionally, 

3.0% of correct trials were removed due to response times falling below (36) or above 

(1,036) established cut-points. Overall group means are presented in Table 12, and 

model results are presented in Table 13.  

Table 12 Left-right discrimination task response time. 

Response Time (ms) 

Group 
Overall 

Mean 
SE 

95% Confidence Interval 

Lower Bound Upper Bound 

Control  (n=37) 1363 69 1234 1506 

Pain-Free (n=27) 1720 102 1531 1932 

Phantom Limb Pain (n=41) 1611 78 1465 1770 

Abbreviations: SE = standard error    
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Table 13 Response time model effects. 

Variable Wald Ⱶ  df p 

M
a

in
 

Group (Control, Pain-Free, PLP) 10.07 2 0.006 

Block (1, 2, 3, 4) 2223.76 3 <0.001 

Side (Amputated, IntactÀ) 0.97 1 0.325 

View (Dorsal, Plantar) 4404.37 1 <0.001 

Foot Type (Human, Prosthetic) 3.33 1 0.068 

Angle (0°, 60°, 120°, 180°, 240°, 300°) 4687.75 5 <0.001 

Repetition (1, 2) 121.37 1 <0.001 

In
te

ra
c
ti
o

n
 Group*Block  77.95 6 <0.001 

Group*Side 0.29 2 0.865 

Group*View  33.11 2 <0.001 

Group*Foot Type 7.79 2 0.020 

Group*Angle 87.89 10 <0.001 

Group*View*Angle  660.32 15 <0.001 
ÀFor Controls, side was entered into the model as non-dominant versus dominant foot. 

Abbreviations: PLP = phantom limb pain, df=degrees of freedom 

 

 

There were significant main effects of group, block, view, angle, and 

repetition. Overall, adults with PLP and Pain-Free participants were slower to respond 

than Controls (mean difference=247 and 357 ms, respectively, p=0.004-0.018), but 

differences between lower-limb loss groups were nonsignificant (p=0.394). Response 

time was faster with each subsequent block (mean difference=67-382 ms, p<0.001) 

and for dorsal-view images (1367 ms) as compared to plantar-view images (1774 ms, 

p<0.001). Response times slowed as image rotation increased (i.e., as compared to 0° 

and 300° orientations, response times were 188-564 ms slower at images rotated 60°, 

120°, 180°, and 240°, p<0.001). Finally, participants were 66 ms faster upon viewing 

the second image repetition within each block (p<0.001).  

While group*view and group*angle interactions were each significant, the 

significant group*view*angle interaction indicated between-group differences were 

dependent on both angle and view (see Figure 9). Post-hoc pairwise comparisons 
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indicated the Control group was significantly faster than PLP and Pain-Free groups at 

all dorsal-view angles; however, for plantar-view images, differences between 

Controls and lower-limb loss groups were dependent upon the angle of rotation. 

Specifically, as compared to the same dorsal-view images, differences between 

Controls and adults with PLP were smaller and nonsignificant for plantar-view images 

rotated 60°, 120°, and 180° (p=0.065-0.100). Furthermore, as compared to the same 

orientation in the dorsal view, differences between controls and Pain-Free adults were 

smaller and nonsignificant for plantar-view images rotated 120° (p=0.105). No 

response time differences were observed between adults with PLP and Pain-Free 

peers, regardless of view or angle (p>0.070). 
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Figure 9 Mean response times for Control, Pain-Free, and Phantom Limb Pain 

(PLP) groups are presented by angle and view. Controls were 

significantly faster than Pain-Free adults and adults with PLP at all 

angles in the dorsal view, but between-group differences in the plantar 

view were dependent upon the angle of rotation. Specifically, in the 

plantar view, adults with PLP were significantly slower than Controls at 

0°, 240°, and 300°, but differences were smaller and nonsignificant at 

60°, 120°, and 180°. Further, Pain-Free adults were significantly slower 

than Controls when identifying plantar-view images at all angles except 

120°. No differences were observed between Pain-Free and PLP groups 

at any angle or view.  

Additionally, between-group differences were observed for rotation costs, i.e., 

differences in response time between the easiest orientation (0°) and the most difficult 

orientations (180° in the dorsal view and 120° in the plantar view). Adults with PLP 
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demonstrated a greater rotation cost than Pain-Free peers for both dorsal-view images 

(i.e., a 58% increase in response time versus a 47% increase among Pain-Free peers) 

and plantar-view images (i.e., a 46% increase in response time versus a 28% increase 

among Pain-Free peers). Controls demonstrated similar rotation costs to adults with 

PLP (i.e., 50% and 56% increases in dorsal and plantar views, respectively). 

The PLP group also showed the least exaggerated differences when comparing 

dorsal-view images to plantar-view images at 120° and 180°. At 120°, adults with PLP 

were 521 ms slower when identifying plantar-view images, while Pain-Free adults and 

Controls were 590 and 624 ms slower, respectively. At 180°, adults with PLP were 

145 ms slower when identifying plantar-view images, while Pain-Free adults and 

Controls were 235 and 214 ms slower, respectively. Conversely, the Pain-Free group 

demonstrated greater differences between plantar and dorsal views at 0°, 60°, and 240° 

(439-726 ms) as compared to PLP and Control groups (i.e., 273-625 ms).  

In addition to the three-way interaction, there was a significant group*block 

interaction. While adults with PLP and Pain-Free participants performed similarly in 

all blocks (p>0.222), adults with PLP improved the most as blocks progressed (mean 

difference=493 ms) versus Pain-Free peers (mean difference=365 ms) or Controls 

(mean difference=297 ms, see Figure 10). Pairwise comparisons also evidenced 

significant response time differences between Controls and both adults with PLP and 

Pain-Free peers in all blocks (p<0.001-0.046). 
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Figure 10 Mean response times for Control, Pain-Free, and Phantom Limb Pain 

(PLP) groups are presented by block (1-4). Both participants with PLP 

and Pain-Free peers were significantly slower than Controls in all four 

blocks. No significant differences were observed between adults in the 

PLP and Pain-Free groups during any block. Participants in the PLP 

group demonstrated larger improvements in response time between 

blocks 1 and 4 (493 ms) as compared to Controls and adults in the Pain-

Free group (297 and 365 ms, respectively). 

Finally, no significant main or interaction effects of side were observed. There 

was no significant main effect of type; however, there was a significant interaction 

effect of group*type, indicating adults with PLP were 35 ms faster when identifying 

prosthetic versus anatomical feet (p=0.001).  
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Accuracy 

Similar to previous studies investigating left-right discrimination of feet,58, 170, 

171 task accuracy was high (proportion of correct responses: 0.94, see Table 14 for 

overall means and Table 15 for model results).  

Table 14 Left-right discrimination task accuracy. 

Accuracy (Proportion of Correct Responses) 

Group 
Overall 

Mean 
SE 

95% Confidence Interval 

Lower Bound Upper Bound 

Control (n=37) 0.96 0.007 0.94 0.97 

Pain-Free (n=27) 0.93 0.015 0.89 0.95 

Phantom Limb Pain (n=41) 0.93 0.014 0.90 0.95 

Abbreviations: SE = standard error 

 

 

Table 15 Accuracy model effects. 

Variable Wald Ⱶ  df p 

M
a

in
 

Group (Control, Pain-Free, PLP) 6.49 2 0.039 

Block (1, 2, 3, 4) 34.88 3 <0.001 

Side (Amputated, IntactÀ) 0.89 1 0.346 

View (Dorsal, Plantar) 252.62 1 <0.001 

Foot Type (Human, Prosthetic) 0.23 1 0.633 

Angle (0°, 60°, 120°, 180°, 240°, 300°) 275.40 5 <0.001 

Repetition (1, 2) 10.89 1 0.001 

In
te

ra
c
ti
o

n
 Group*Block  8.37 6 0.212 

Group*Side 0.55 2 0.760 

Group*View  6.42 2 0.040 

Group*Foot Type 0.87 2 0.647 

Group*Angle 19.19 10 0.038 

Group*View*Angle  163.34 15 <0.001 
ÀFor Controls, side was entered into the model as non-dominant versus dominant foot. 

Abbreviations: PLP = phantom limb pain, df=degrees of freedom 
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In the accuracy GEE model, significant main effects mirrored those of the 

response time model. Differences between Controls and both adults with PLP and 

Pain-Free participants were similar (i.e., 0.03), but differences only reached 

significance between Controls and adults with PLP (p=0.038 versus p=0.070 among 

Pain-Free participants). Accuracy was lower in block 1 compared to subsequent 

blocks (mean difference=0.02-0.03), at greater rotations away from anatomical 

position (mean difference=0.03-0.13), for plantar-view images versus dorsal-view 

images (mean difference=0.10), and for the first versus second repetition within each 

block (mean difference=0.01, pÒ0.001 for all pairwise comparisons). There were no 

significant main or interaction effects of side or type. 

There were significant group*angle and group*view interactions, which were 

superseded by a significant group*angle*view interaction (see Figure 11). While 

between-group differences were larger at more difficult angles in the plantar view as 

opposed to the dorsal view, between-group differences were only statistically 

significant for images presented from the dorsal view, speaking to the consistency of 

Control accuracy when images were presented from the dorsal view. Adults with PLP 

were significantly less accurate than Controls when identifying dorsal-view images at 

0°, 60°, and 120° (mean differences=0.02-0.03, p=0.011-0.027), while Pain-Free 

adults were less accurate than Controls at 0° of rotation in the dorsal view (mean 

difference=0.03, p=0.006). No significant differences were observed between adults 

with PLP and Pain-Free peers at any angle or view (p>0.252). 



 101 

 

Figure 11 The proportion of correct responses among Control, Pain-Free, and 

Phantom Limb Pain (PLP) groups are presented by image angle and 

view. Between-group differences were only statistically significant for 

images presented from the dorsal view. Adults with PLP were 

significantly less accurate than Controls when identifying dorsal-view 

images at 0°, 60°, and 120°, while Pain-Free adults were less accurate 

than Controls at 0° of rotation in the dorsal view. No differences were 

observed at any angle or in any view between adults with PLP and Pain-

Free peers. 

Regardless of view, rotation cost (i.e., decrement in proportion of correct 

responses as compared to that of the 0° orientation) was greatest for adults with PLP. 

Specifically, for dorsal-view images rotated 180°, the proportion of correct responses 

decreased by 0.11 among adults with PLP as compared to 0.09 and 0.07 among 
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Controls and Pain-Free peers, respectively. For plantar-view images rotated 120°, the 

proportion of correct responses decreased by 0.32 among adults with PLP, as 

compared to 0.24 and 0.27 among Controls and Pain-Free peers, respectively.  

Task Performance and Pain Characteristics 

As only three participants reported being ñextremely botheredò by PLP on the 

Pain Bothersomeness Scale, pain bothersomeness was dichotomized as ñnot botheredò 

versus ñsomewhat or extremely botheredò and entered into response time and accuracy 

models, alongside average PLP intensity in the past 24 hours and BPI-SF scores. 

Among adults in the PLP group who completed all outcome measures (n=40), no pain-

related outcome measures of interest were significantly associated with either task 

response time (p=0.660-0.864) or accuracy (p=0.462-0.798).  

Discussion 

The left-right discrimination task, which facilitates mental rotation of oneôs 

own body parts and is consequently subserved by the body schema,61 is a noninvasive, 

clinical test that can be used to identify impaired body representation among adults 

with chronic pain. To our knowledge, this is the first study to specifically investigate 

left-right discrimination performance among adults with lower-limb loss and PLP 

utilizing an online task. Importantly, participants in all groups (i.e., controls, pain-free 

adults with lower-limb loss, adults with PLP) appeared to utilize implicit motor 

imagery to identify foot laterality, given that responses reflected biomechanical 

constraints of movement (i.e., participants were slower and less accurate when 

identifying images that require greater limb rotation).184 Overall, adults with PLP 

demonstrated slower response time and reduced accuracy when identifying foot 
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laterality as compared to controls with intact limbs, indicating potential body schema 

impairments in the presence of PLP. Notably, however, performance was similar 

between adults with PLP and pain-free peers with lower-limb loss, suggesting 

underlying body schema impairments may not be unique to the presence of PLP and 

may, instead, be attributed to overarching changes in somatosensory reorganization in 

response to amputation.  

In previous studies of chronic pain, response times were substantially, and 

selectively, increased at larger degrees of hand and/or foot rotation, reflecting a greater 

rotation cost among adults with chronic pain.58, 182, 185 This interaction between pain 

and rotation has been attributed to the subliminal anticipation of pain when simulating 

an awkward position with the affected limb66 and is suggested to capture the specific 

deficits associated with movement of a painful body part.58, 185 Thus, one might 

hypothesize adults with PLP would demonstrate markedly increased rotation costs 

when identifying feet rotated farthest from anatomical position. Adults with PLP, 

however, demonstrated increased rotation costs only in comparison to pain-free peers 

with lower-limb loss, but not in comparison to controls with intact limbs. Findings 

were confirmed in a post-hoc GEE model, where the group*angle interaction was not 

significant when comparing only participants with PLP to controls (p=0.114). 

Interestingly, in comparison to a previous study involving foot identification, 

performance trends among adults with PLP were similar to those of ñpain controlsò 

(i.e., patients with chronic pain in body regions other than the lower-extremities58), 

suggesting poorer performance may be attributed to general, pain-related changes 

affecting the body schema, but not specifically associated with pain in the phantom 

region. Even in the absence of distinct rotation costs in comparison to controls for 
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response time data, adults with PLP demonstrated augmented rotation costs as 

compared to pain-free peers and were significantly less accurate when identifying 

dorsal-view images, which may suggest a potential exacerbation of limb loss-related 

body schema impairments in the presence of PLP. 

Our hypothesis that adults with PLP would demonstrate significantly poorer 

performance when identifying images corresponding to the amputated side was not 

supported, further suggesting performance deficits observed among adults with PLP 

may not be specific to the painful phantom region. In fact, for both response time and 

accuracy analyses, main and interaction effects involving side were nonsignificant. 

Patients with unilateral pain typically demonstrate poorer performance when 

identifying the affected side; however, the effect of side has been shown to be 

heterogeneous and less robust than other image factors (e.g., angle, view).186 Our 

findings parallel those reported by Fiorio et al. among adults with focal hand 

dystonia,187 Pelletier et al. among adults with wrist and hand pain,188 and Kohler et al. 

among adults with CRPS,189 where left-right discrimination task performance was 

similar bilaterally, even among patients with unilateral pain conditions.  

Remarkably, adults with PLP were the only group that was significantly slower 

when identifying human, as opposed to prosthetic, feet. While findings may suggest a 

unique impairment in human foot identification among adults with PLP, findings were 

not confirmed in accuracy models; therefore, this effect may have been observed due 

to other, unmeasured factors (e.g., differences in image features) and may require 

further investigation in future, larger studies.   

While a previous study of the foot identification task used only dorsal-view 

images to preferentially facilitate an egocentric (i.e., first-person) approach to mental 
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rotation,58 we included both dorsal- and plantar-view images to evaluate performance 

differences based on view. Between-group differences in reaction time and accuracy 

were more robust when images were viewed from the dorsal view, confirming implicit 

motor imagery appears to be impeded by lower-limb loss. Inconsistent between-group 

differences when identifying plantar-view images, however, suggest performance may 

be equally challenging for adults with and without lower-limb loss when images are 

presented from an allocentric (i.e., third-person) perspective, potentially indicating the 

use of alternative strategies to determine laterality (e.g., rotating the object on the 

screen rather than mentally rotating oneôs own limb190). 

Our findings add to a growing pool of conflicting evidence regarding 

underlying body schema impairments among adults with lower-limb loss. For 

example, our findings support those of Palermo et al., where 14 male participants with 

lower-limb loss were less accurate than 11 controls during a left-right discrimination 

task,191 but contrast those of Stone et al.170 and Curtze et al.,171 who found no 

differences in left-right discrimination among adults with lower-limb loss (n=19 and 

n=18, respectively) when compared to controls (n=33 and n=18, respectively). Given 

findings of significant differences between our moderately-sized sample of controls 

(n=37) and adults with lower-limb loss (n=68), the left-right discrimination task may 

not be sensitive enough to detect body schema impairments among smaller, 

heterogeneous samples of adults (i.e., with and without PLP) following lower-limb 

loss. In support of this potential explanation, Boccia et al. evidenced functional 

reorganization within brain areas associated with body representation (e.g., anterior 

insula, supplementary motor area, precentral gyrus) among adults with lower-limb loss 



 106 

(n=9) during a left-right discrimination task, despite performance being similar 

between adults with lower-limb loss and controls (n=11).161  

Overall, differences in response time observed between controls and adults 

with PLP were comparable to prior studies of temporomandibular joint pain (i.e., 

approximately 173 ms)192 and focal hand dystonia (i.e., approximately 300 ms)187 but 

were less robust than those identified among adults with upper-limb loss65, 158 and 

other forms of unilateral, chronic pain.186 For example, adults with CRPS have been 

reported to be more than 2000 ms slower than controls when identifying images of 

their affected limb,66 whereas adults with PLP in this study were, at most, 

approximately 310 ms slower than controls. This discrepancy in response time may 

be, at least in part, explained by the duration and frequency of prosthesis use among 

adults in our sample. Maladaptive disuse of a painful body part may contribute to 

further deficits in the body schema;193 however, the vast majority of our participants 

with PLP (i.e., 88%) reported using a prosthesis >8 hours per day. Frequent prosthesis 

use has been associated with reduced phantom limb sensations among adults with 

upper-limb loss24 and may diminish amputation-related changes in the body 

schema,160 which may have minimized differences between adults with PLP and 

controls.  Furthermore, our differences as compared to prior studies may be, in part, 

attributed to dissimilarities in pain severity and characteristics between samples. For 

example, in the majority of prior studies, individuals included in ñpainò groups have 

largely reported moderate-to-severe pain (i.e., numeric pain intensity ratings ranging 

from approximately 5-to-7 out of 10),186 whereas our participants largely reported 

mild, yet bothersome, pain.  
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Investigation into the unexpected group by block interaction suggested adults 

with PLP demonstrated the greatest response time improvements between Blocks 1 

and 4 (i.e., 493 ms) when compared to pain-free peers (i.e., 365 ms) and controls (i.e., 

297 ms). Findings suggest that while adults with PLP and pain-free adults with lower-

limb loss perform similarly on the task, practice may ameliorate deficits to a greater 

degree among adults with PLP, potentially highlighting an important degree of body 

schema plasticity among adults with PLP. Furthermore, while the lack of effect of side 

and the minimal rotation cost differences among adults with PLP indicate task 

performance was not selectively impaired with respect to the phantom limb region, 

80% of adults with pre-task PLP reported reductions in PLP intensity during the task. 

Improvements in PLP intensity during the task appear to suggest implicit motor 

imagery practice may target underlying deficits in sensorimotor integration, ultimately 

reducing PLP severity.  

Observed improvements in PLP intensity support recent efforts to utilize 

imagery-based treatment (e.g., graded motor imagery,140 virtual reality,142 mirror 

therapy141) as part of a comprehensive treatment plan among adults with PLP. 

Clinically, the left-right discrimination task could be used to assess within-session 

improvements in both performance and PLP severity; patients who respond positively 

to the task may especially benefit from further imagery-based training. Although 17% 

of participants with PLP reported an increase in PLP intensity during the task, 

increases in pain intensity were minimal (i.e., 1-2 points) and did not exceed 

measurement error, indicating the benefits of utilizing imagery-based treatment for 

PLP may outweigh the potential costs.  
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Over the past several decades, researchers have advocated for the use of 

imagery-based treatment in chronic pain management.62, 140 Our inclusion diagram, 

however, indicates the rarity of imagery-based training in post-amputation care. 

Specifically, of the 150 adults with lower-limb loss screened for this study, only 5 

(3%) were excluded on the basis of prior participation in a formal, imagery-based 

treatment program, including mirror therapy. In clinical settings, hesitance to initiate 

imagery-based treatment may result from the lack of robust evidence informing its 

use, as well as the lack of established protocols for training progression. As imagery-

based treatment may offer a promising alternative to invasive interventions (e.g., 

surgery) and can be inexpensively integrated into post-amputation care across the 

rehabilitation continuum (e.g., in acute, subacute, and/or outpatient settings), future 

studies may consider investigating best practice techniques for administering imagery-

based treatment following lower-limb loss.  

Study Limitations 

While this study provides novel information regarding potential, underlying 

impairments in the body schema among adults with PLP following lower-limb loss, 

limitations of this study are acknowledged. First, findings from this study may be best 

generalized to adults with predominantly transtibial-level, traumatic amputations. 

Based on the pain characteristics identified among adults with PLP in this sample, 

findings may also be best generalized to adults with relatively mild PLP. Furthermore, 

as this study was completed remotely, it was not possible to evaluate whether 

participants completed the task in accordance with instructions (e.g., no movement of 

the limbs, limbs covered to prevent visual input, prosthesis doffed). Based on post-task 

responses, however, only 5 participants described specifically moving their limbs and 



 109 

feet to assist with task completion, and these participants were removed from analyses. 

Other participants who reported movement (n=15) largely described ñfidgeting in the 

seat,ò ñenvisioning moving their own feet without actual movementò or ñsitting up 

straighter,ò suggesting contributions to the left-right discrimination task may have 

been minimal. Response time and accuracy rates, however, largely reflect the 

biomechanical constraints on movement, suggesting movement and visual input did 

not significantly affect study results. Findings validate the use of an online assessment 

of the body schema for future research and other clinical interventions (e.g., 

telerehabilitation programs) when in-person assessments are not feasible. Finally, 

while pain medication is commonly used to treat PLP,94 we did not capture pain 

medication use in this study. Pain medication use may impact left-right 

discrimination188 and may have consequently affected our study results; therefore, 

future studies may consider evaluating the impact of medication on left-right 

discrimination among adults with PLP to inform future research and clinical practice. 

Conclusion 

Following lower-limb loss, adults with PLP appear to demonstrate impaired 

body representation, as evidenced by slower and less accurate left-right discrimination 

performance when compared to age-matched controls with intact limbs. Overall, 

however, performance appears similar between adults with PLP and pain-free peers 

with lower-limb loss, suggesting observed impairments may be associated with 

somatosensory reorganization associated with lower-limb loss, rather than PLP alone. 

Patterns of performance among adults with PLP suggest left-right discrimination 

improves with practice, and improvements in performance may be coupled with 

reductions in PLP intensity. Even in the absence of specific, PLP-related impairments 
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in left-right discrimination, 80% of adults with pre-task PLP demonstrated 

improvements in PLP intensity during the task, which is compelling evidence for 

further, longitudinal investigation into the efficacy of imagery-based treatment 

interventions following lower-limb loss as a conservative management approach.  
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Chapter 6 

BODY IMAGE AND PERCEPTION AMONG ADULTS WITH AND 

WITHOUT PHANTOM LIMB PAIN  

Introduction  

Lower-limb loss (LLL), i.e., the traumatic or acquired amputation of the lower-

extremity, may dramatically and detrimentally affect how one perceives and 

experiences their body. Following LLL, individuals must adapt to their new body not 

only physically (e.g., learning to use a prosthesis), but also emotionally (e.g., learning 

to view and accept their amputated limb in a mirror, learning to don and doff their 

prosthesis in social settings).194 Consequently, many adults with LLL report increased 

body and prosthesis dissatisfaction, which is associated with more severe depressive 

symptoms and worse quality-of-life.195-198 

Beyond acclimating to physical changes in the body following LLL, the 

majority of adults with LLL must also adapt to the presence of a phantom limb, i.e., 

sensations perceived as coming from the amputated portion of the limb.25 While 

phantom limb sensations can be non-painful, phantom limb pain affects up to 80% of 

adults with LLL and presents as symptoms of burning, painful numbness and tingling, 

or electric shocks.7 Furthermore, painful phantom limbs can feel shorter than the non-

amputated limb, retracted into more proximal regions of the limb (i.e., telescoped), or 

stuck in an awkward, uncomfortable position.24, 199  

Phantom limb pain has been theorized to reflect underlying disruptions in the 

brainôs  representation of the amputated limb due to mismatching sensory and motor 
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feedback following LLL.64 In support of this theory, upper-extremity phantom limb 

pain has been associated with reorganization within the somatosensory cortex;44, 200, 201 

greater shifts in somatosensory representation of the limb have been associated with 

increased pain intensity and greater telescoping.202 While changes in implicit, 

somatosensory representation have received recent attention among individuals with 

phantom limb pain, changes in explicit forms of body representation (i.e., conscious 

body image and perception) remain far less studied. 

As several cortical areas have shared roles in both pain perception and body 

representation (e.g., somatosensory cortex, prefrontal cortex, anterior cingulate cortex, 

amygdala),36 impaired body image and perception may be key, modifiable factors to 

evaluate and target among adults with phantom limb pain. Imagery-based treatment 

techniques that aim to improve body image and perception, such as graded motor 

imagery, have shown promise in reducing pain intensity among adults with phantom 

limb pain and other pain conditions involving distorted body perceptions, e.g., 

Complex Regional Pain Syndrome (CRPS).62, 69 Additional research, however, is 

needed to investigate whether similar perceptual disturbances (e.g., disownership, as is 

frequently present in CRPS62, 69) are observed among adults with phantom limb pain, 

and whether  impaired body image and perception are associated with pain-related 

outcomes following LLL.  

Recently, Sündermann et al. published a theoretical model depicting the 

potential links among body image, body perception, and chronic pain, suggesting 

negative body image and distorted body perception may perpetuate negative attitudes 

about the body and reinforce unfavorable pain behaviors, such as pain 

catastrophizing.203 Building upon this model, this study hypothesized a potential 
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intersection of body image, body perception, and pain experience among adults with 

phantom limb pain following LLL (see Figure 12). Phantom limb pain may cooccur 

with distorted body perceptions (e.g.., disownership, changes in size and shape), which 

may generate adverse, pain-related emotions that draw focused attention to the limb. 

Hypervigilant attention to and awareness of the phantom limb may facilitate 

maladaptive coping strategies, ultimately worsening phantom limb pain and 

exacerbating the cyclic relationship between phantom limb pain and impaired body 

image and perception. 
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Figure 12 Proposed model depicting the cyclic relationship between body image 

and perception and phantom limb pain. Phantom limb pain 

characteristics, especially those associated with changes in limb structure 

(e.g., telescoping) may lead to negative body image and distorted body 

perceptions, increasing phantom limb attention and awareness, and 

ultimately resulting in maladaptive coping strategies and pain behaviors 

that, in turn, increase phantom limb pain. 

To provide preliminary support to this proposed model, this study aimed to 

determine whether adults with persistent phantom limb pain demonstrate more 

impaired body image and perception as compared to pain-free peers, and to determine 

whether impaired body image and perception are associated with worse pain 

characteristics. The primary hypothesis was adults with persistent phantom limb pain 

would demonstrate: (1) more negative body image; (2) increased phantom limb 
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attention and awareness; and (3) disturbances in perceived phantom limb 

characteristics (e.g., disownership, altered size and/or sensations). The secondary 

hypothesis was more negative body image and increased phantom limb attention and 

awareness would be associated with worse pain characteristics (e.g., increased pain 

intensity and interference).  

Methods 

Participants were recruited for this online, cross-sectional study through the 

University of Delaware Multidisciplinary Amputee Clinic, consent-to-recontact 

databases from prior research studies, local prosthetic clinics, and online 

advertisements (e.g., Amputee Coalitionôs website). Recruitment occurred between 

August of 2020 and March of 2021 for this study approved by the University of 

Delaware Institutional Review Board for Human Subjects Research. 

Adults (aged 18-75 years) Ó1-year post-unilateral LLL were recruited if they 

were English-speaking and -reading (due to completion of questionnaires in English), 

had access to a computer and reliable internet service for online questionnaire 

completion, and demonstrated basic computer skills (i.e., ability to type on a computer 

keyboard and explore the internet independently). As prosthesis use has been shown to 

be associated with body image,204 adults were excluded if they did not use a 

prosthesis. Furthermore, as this study was part a larger project that also investigated 

changes in implicit body representation following acquired LLL, adults were also 

excluded if they had a congenital limb deficiency or had previously participated in 

treatment that might directly affect body image and perception (e.g., graded motor 

imagery,62 mirror therapy205).  
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During the screening process, adults with LLL reported whether they 

experienced phantom (i.e., pain perceived as coming from the amputated portion of 

the limb) or residual limb pain (i.e., pain in the remaining portion of the affected 

limb). Participants who reported phantom limb pain (with or without residual limb 

pain) within the past month were classified into the Pain group, while participants who 

denied phantom or residual limb pain were classified into the Pain-Free group.  

After electronically signing informed consent forms, all enrolled participants 

completed data collections remotely via GorillaÊ, a fee-for-service experimental 

platform hosted on Microsoft Azure.162 In GorillaÊ, participants provided 

demographic (e.g., age, sex, height and weight with prosthesis donned) and 

amputation-related information for characterization purposes. Additionally, 

participants completed standardized outcome measures assessing prosthesis use, body 

image, and body perception. Only participants in the Pain group completed 

standardized outcome measures evaluating phantom limb pain.  

Prosthesis-Related Outcome Measures  

In a standardized questionnaire, participants provided information regarding 

their amputation level, etiology, and time since amputation. Participants then 

completed the Houghton Scale77 and Socket Comfort Score,78 assessments of 

prosthesis use and stability when ambulating with a prosthesis and prosthetic socket 

comfort, respectively. The Houghton Scale score ranges from 0-12 points, where 

greater scores indicate greater prosthesis use and perceived stability when ambulating 

with a prosthesis.77 The Socket Comfort Score is an 11-point scale assessing prosthetic 

socket comfort (0 = ñmost uncomfortable socket fitò to 10 = ñmost comfortable fit 

imaginableò); best and worst socket comfort scores in the past 24 hours were averaged 
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for analyses. Reliability and validity of the Houghton Scale and Socket Comfort Score 

have been reported previously.75, 78  

Participants reported the total number of years of prosthesis experience and 

rated their prosthesis embodiment on a 3-point Likert scale (i.e., 0 = ñmy prosthesis 

feels like a tool to help me walk but does not feel like it belongs to me,ò 1 = ñmy 

prosthesis feels somewhat like my amputated leg,ò 2 = ñmy prosthesis feels like it is 

my amputated leg and belongs to meò). Participants also completed the Satisfaction 

with Prosthesis Subscale of the Trinity Amputation and Prosthesis Experience Scales ï

Revised (TAPES-R).206 This subscale is an 8-item assessment of prosthesis 

satisfaction in different domains (e.g., color, weight, usefulness), where higher scores 

indicate greater satisfaction with the aesthetics, function, and fit of the prosthesis.206  

Phantom Limb Sensations, Phantom Limb Pain, and Residual Limb Pain Outcome 

Measures 

Participants in the Pain group, as well as participants in the Pain-Free group 

who experienced non-painful phantom sensations, completed outcome measures 

assessing phantom limb characteristics. The Limb Deficiency and Phantom Limb Pain 

Questionnaire172 was used to assess characteristics of phantom limb sensations and 

pain (e.g., type of sensations, duration, frequency). Using the Pain Bothersomeness 

Scale, participants rated how bothered they were by phantom limb sensations, 

phantom pain, and/or residual limb pain on separate, 3-point scales (0 = ñnot bothered 

at allò to 2 = ñextremely botheredò).4  

Among adults in the Pain group only, best and worst phantom and residual 

limb pain intensity were captured using a numeric pain rating scale (i.e., 0 = no pain, 

10 = worst pain imaginable169); best and worst intensities were averaged for analyses. 
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Furthermore, phantom limb pain interference was evaluated using the Brief Pain 

Inventory-Short Form (BPI-SF) Pain Interference domain.173 On a scale of 0 (ñdoes 

not interfereò) to 10 (ñcompletely interferesò), participants were asked to rate the 

degree to which phantom limb pain interfered with their daily activities in 7 domains: 

general activity, mood, walking ability, normal work, relations with other people, 

sleep, and enjoyment of life.207 Reliability and validity of the BPI-SF Pain Interference 

domain have been reported among patients with osteoarthritis, Multiple Sclerosis, and 

spinal cord injury.174-176 

Body Image and Perception Outcome Measures 

Finally, participants completed body image and perception outcome measures: 

the Amputee Body Image Scale-Revised (ABIS-R208) and a modified version of the 

BATH CRPS Body Perception Disturbance Scale (BATH209). The ABIS-R is a 14-

item assessment of emotions and attitudes towards the body following limb loss and 

has been reported to be reliable and valid among adults with LLL.208 Twelve of the 

fourteen items are scored from 0 (ñnone of the timeò) to 2 (ñmost/all of the timeò), 

whereas two items are reverse scored; items are summed to obtain a total score 

(maximum: 28 points), where higher scores indicate more negative body image.208  

Disturbances in body perception were assessed using subscales of the BATH, 

which was originally created for adults with Complex Regional Pain Syndrome 

(CRPS).209  Participants were asked to rate their phantom limb perception with respect 

to the following domains: ownership, awareness, attention and finally, emotional 

feelings towards the limb.209 Additionally, dichotomous (Yes/No) questions were used 

to ascertain whether participants perceived differences in the size, temperature, 

pressure, and weight of their phantom limb, as compared to their intact limb. If 
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differences were perceived, participants were asked to elaborate on these differences 

using text entry. Participants in the Pain-Free group who do not perceive a phantom 

limb (n=9) did not complete the BATH.  

Statistical Analyses 

All statistical analyses were conducted using SPSS Version 26 (IBM Corp., 

Armonk, New York, USA). For both Pain and Pain-Free groups, participant 

characteristics were evaluated using descriptive statistics. Then, ABIS-R and BATH 

subscale scores were compared between groups using independent t tests and Mann 

Whitney U tests, depending on whether data met assumptions for parametric testing 

(a= .050). Using chi-squared tests (or Fisherôs exact test, if expected observations per 

category were <5), between-group differences in phantom limb size, temperature, 

pressure, and weight disturbances (per the BATH) were also evaluated (a= .050). 

Pairwise analyses were used to account for variability in measure completion based on 

the presence or absence of a non-painful phantom limb among adults in the Pain-Free 

group. 

Finally, for adults in the Pain group, Kendallôs tau-beta correlation coefficients 

(Űb) were calculated among measures of body image, body perception, and phantom 

limb pain (a= .050). Űb coefficients have been shown to have better statistical 

properties for evaluating associations between ordinal and non-parametric outcomes as 

compared to Spearmanôs correlation coefficients.210 While there is no established 

consensus for Űb interpretation, values may be considered as follows: Ò.07=negligible, 

.08-.26=weak, .27-.48=moderate, .49-.71=strong, Ó.72=very strong (similar to 

Pearsonôs correlation coefficient values).211  
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To control for multiple comparisons, a post-hoc Benjamini-Hochberg 

correction was applied to between-group and correlational analyses, with the false 

discovery rate set to 0.1.212 

Results 

Of the 354 individuals with LLL contacted for this study, 146 underwent 

eligibility screening (see Figure 13). The 95 eligible individuals were provided 

electronic informed consent forms. Of the 74 participants who completed the study, 2 

disclosed criteria during study completion that were inconsistent with responses 

provided during the screening process (i.e., 1 reported a congenital amputation and 1 

denied phantom limb pain but reported residual limb pain), rendering them ineligible 

and resulting in exclusion. Ultimately, 72 participants were included in analyses (n=42 

in the Pain group, n=30 in the Pain-Free group). 



 121 

 

Figure 13 Participant inclusion.

         
         
     

  

  

  

  

  

  

  

  

  

  

  

  

   

 
 
 
 
 
 
 
 
 
 

Eligible and Interested 

n = 95 

Completed Study 

n = 74  

Adults with Lower-Limb Loss Contacted 

n = 354  

Pain-Free 

n = 30 

Pain 

n = 42 

Not Screened (n=208) 

¶ Not interested (n=8) 

¶ Unable to reach/no response (n=200) 

Screened for Inclusion 

n = 146 

Ineligible (n=51) 

¶ Bilateral limb loss or upper-limb loss only (n=12) 

¶ Aged >75 years (n=11) 

¶ No computer or internet access (n=7) 

¶ Amputation or revision Ò1-year prior (n=7) 

¶ Prior formal imagery-based training (n=5) 

¶ Residual limb pain only (n=5) 

¶ Not using a prosthesis (n=2) 

¶ Amputation present at birth (n=2) 

Did not complete study (n=21) 

¶ Lost to follow-up (n=15) 

¶ Computer issues precluded participation (n=4) 

¶ Decided not to participate (n=2) 

Included in Analyses 

n = 72 

Dataset Removed Due to Inconsistencies with 

Screening Information (n=2) 

¶ Disclosed congenital etiology during study (n=1) 

¶ Disclosed residual limb pain only (n=1) 
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Participant Characteristics 

Participant characteristics are presented in Table 16. Demographics between 

groups were similar (p>0.050). Regardless of group assignment, participants reported 

predominantly transtibial (i.e., below-knee) amputations due to trauma; median time 

since LLL was 9 years for both groups. Prosthesis experience was similar between 

groups, with the majority of participants reporting >5 years of prosthesis use. 

Participants in the Pain group, however, reported lower Houghton Scale (i.e., 10 points 

versus 12 points in the Pain-Free group, U=376.00, p=0.003) and Socket Comfort 

Scores (i.e., 6.5 versus 8.3 in the Pain-Free group, t=5.11, p<0.001), indicating 

reduced prosthesis use, perceived prosthetic stability, and socket comfort among 

adults with phantom limb pain. Finally, per the TAPES-R Satisfaction with Prosthesis 

Subscale, prosthesis satisfaction was significantly higher among adults in the Pain-

Free group as compared to the Pain group (U=361.50, p=0.002). 
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Table 16 Participant characteristics. 

Variable 
Pain-Free  

(n=30) 

Pain 

(n=42) 
p 

Demographics 

  Sex, femaleÀ 12 (40%) 19 (45%) 0.658 

  Age, yearsÿ 55 (13) 54 (13) 0.750 

  Height, cmÿ 172.4 (10.1) 171.5 (11.8) 0.743 

  Weight with Prosthesis, kgÿ 88.8 (22.8) 88.0 (21.2) 0.876 

Amputation-Related Details 

  Amputation TypeÀ   
 

  Transtibial 20 (67%) 22 (53%) 

0.247 

  Transfemoral 7 (23%) 18 (43%) 

  Knee Disarticulation 2 (7%) 1 (2%) 

  Hip Disarticulation 0 (0%) 1 (2%) 

  Rotationplasty 1 (4%) 0 (0%) 

  Amputation ReasonÀ   
 

  Trauma 10 (33%) 18 (43%) 

0.298 

  Cancer 5 (17%) 9 (21%) 

  Infection 4 (13%) 8 (19%) 

  Dysvascular 5 (17%) 5 (12%) 

  Multiple or Other Reasons 6 (20%) 2 (5%) 

  Time since Amputation, years* 
9 

(3, 26) 

9 

(4, 20) 
0.744 

Prosthesis-Related Details 

  Prosthesis ExperienceÀ    
  6 months-1 year 1 (3%) 0 (0%) 

0.592 
  1-3 years 1 (3%) 1 (2%) 

  3-5 years 11 (37%) 13 (31%) 

  >5 years 17 (57%) 28 (67%) 

  Satisfaction with Prosthesis  

  Subscale, 0-24 points* 

21 

(16, 24) 

16 

(15, 20) 
0.002 

  Houghton Scale, 0-12*  
12 

(11, 12) 

10 

(9, 12) 
0.003 

  Average Socket Comfort Score,  

  0-10ÿ** 
n=29 

8.3 (1.2) 

n=40 

6.5 (1.6) 
<0.001 

Abbreviations: kg = kilograms, cm=centimeters 
ÀData presented as n (% of sample) 
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*Data presented as median (25th, 75th percentile) 
ÿData presented as mean (standard deviation) 
** Two participants (one in the pain-free group and one in the pain-free group) 

reported having osseointegrated prostheses; therefore, they did not complete the 

Socket Comfort Score. One additional participant in the pain group left their 

Socket Comfort Scores blank. 

 

 

Table 17 presents phantom sensation, as well as phantom and residual limb 

pain characteristics. In both groups, the majority of participants reported non-painful 

phantom limb sensations that were not bothersome. Among the Pain group, average 

phantom limb pain intensity was rated as a 2 out of 10, and the majority of participants 

(i.e., 81%) reported their phantom limb pain was somewhat or extremely bothersome. 

Participants largely reported phantom limb pain at a frequency of multiple times per 

week and duration of several minutes (but less than 1 hour). Despite self-reported 

bothersomeness, frequency, and duration of phantom limb pain, phantom limb pain 

interference was low (median of Average BPI-SF Pain Interference domain: 1.29). 

Finally, 67% of the Pain group reported concurrent residual limb pain; residual limb 

pain intensity was rated as a 3 out of 10 and was largely classified as somewhat or 

extremely bothersome. 
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Table 17 Characteristics of phantom limb sensations and pain. 

Variable 
Pain-Free  

(n=30) 

Pain 

(n=42) 
p 

Phantom Limb Sensations 

  Non-painful Sensations PresentÀ 21 (71%) 37 (88%) 0.056 

  BothersomenessÀ n=21 n=37  

  Not Bothered  18 (86%) 24 (65%) 

0.215   Somewhat Bothered 3 (14%) 12 (32%) 

  Extremely Bothered 0 (0%) 1 (3%) 

Phantom Limb Pain 

  Average Intensity in Past 24 Hours,  

  0-10* 
-- 

2 

(2, 5) 
-- 

  BothersomenessÀ    

  Not Bothered  -- 8 (19%) 

--   Somewhat Bothered -- 31 (74%) 

  Extremely Bothered -- 3 (7%) 

  Frequency of Pain in Past WeekÀ    

  Never -- 4 (10%) 

-- 

  1-3 times per week -- 17 (41%) 

  4-6 times per week -- 8 (19%) 

  Once per day -- 3 (7%) 

  Multiple times per day -- 9 (21%) 

  Constant pain -- 1 (2%) 

  Duration of Pain in Past WeekÀ 
 n=41  

  <1 minute -- 12 (29%) 

-- 
  Several minutes but <1 hour -- 19 (46%) 

  Several hours -- 6 (15%) 

  Several days -- 4 (10%) 

  BPI-SF Pain Interference domain,  

  0-10* 
-- 

1.29 

(0.43, 2.86) 
-- 

Residual Limb Pain 

  Residual Limb Pain PresentÀ -- 28 (67%) -- 

  Average Intensity in Past 24 Hours, 0-10* -- 

n=28 

3 

(2, 5) 

-- 
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Table 17, continued. 

  BothersomenessÀ  n=28  

  Not Bothered  -- 10 (36%) 

--   Somewhat Bothered -- 16 (57%) 

  Extremely Bothered -- 2 (7%) 

Abbreviations: BPI-SF = Brief Pain Inventory-Short Form 

ÀData presented as n (% of sample) 
*Data presented as median (25th, 75th percentile) 

 

 

Body Image and Perception 

Table 18 presents between-group differences in body image and perception. 

ABIS-R scores were higher among the Pain group compared to the Pain-Free group 

(U=364.00, p=0.004), indicating more negative body image perception among adults 

with phantom limb pain. BATH subscale scores indicated greater phantom limb 

ownership, awareness, and attention among adults in the Pain group compared to Pain-

Free peers (U=175.50-297.00, p<0.001 to 0.034); however, emotional feelings 

towards the phantom limb were largely neutral (i.e., median score=5) and similar 

between groups (p=0.173). 
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Table 18 Differences in body image, body perception, and prosthesis embodiment 

between adults with and without phantom limb pain. 

Variable 
Pain-Free**  

(n=30) 

Pain 

(n=42) 
p 

Body Image 

     ABIS-R, 0-28 points* 

            Higher scores = more negative body image  

n=29 

4 

(1, 8) 

n=42 

7 

(5, 12) 

0.004 

Body Perception 

     BATH: Phantom Limb Ownership, 0-10* 

            0=Very Much a Part, 10=Completely        

           Detached 

n=21 

4.0 

(1.0, 8.0) 

n=42 

2.0 

(0.0, 4.0) 

0.034 

     BATH: Phantom Limb Awareness, 0-10* 

            0=Very Aware, 10=Completely Unaware 

n=20 

6.5 

(1.3, 9.8) 

n=42 

1.0 

(0.0, 5.0) 

0.013 

     BATH: Phantom Limb Attention, 0-10* 

            0=Full Attention, 10=No Attention 

n=21 

9.0 

(8.0, 10.0) 

n=42 

5.0 

(2.8, 9.0) 

<0.001 

     BATH: Emotional Feelings about the Phantom  

     Limb, 0-10* 

            0=Strongly Positive, 10=Strongly  

            Negative 

n=21 

5.0 

(0.0, 5.0) 

n=42 

5.0 

(1.0, 7.0) 

0.173 

     BATH: Phantom Limb DisturbancesÀ n=22 n=42  

 Size 0 (0%) 6 (14%) 0.086 

 Temperature 3 (14%) 9 (21%) 0.521 

 Pressure 4 (18%) 11 (26%) 0.473 

 Weight 2 (9%) 5 (12%) 1.000 

Prosthesis EmbodimentÀ 

     Not Embodied 

     "My prosthesis feels like a tool to help me walk, 

     but it does not feel like it belongs to me." 

7 (23%) 23 (55%) 

0.028 
     Somewhat Embodied 

     "My prosthesis feels somewhat like my  

     amputated leg." 

8 (27%) 6 (14%) 

     Embodied 

     "My prosthesis feels like it is my amputated leg, 

     and it belongs to me." 

15 (50%) 13 (31%) 

Abbreviations: ABIS-R = Amputation Body Image Scale ï Revised, BATH=BATH CRPS 

Body Perception Disturbance Scale 
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ÀData presented as n (% of sample)    
*Data presented as median (25th, 75th percentile)    
** Nine participants in the pain-free group reported no presence of a phantom limb; 

therefore, they did not complete the BATH Body Perception Disturbance Scale  

 

 

Disturbances in phantom limb perception, as assessed by the BATH, were 

relatively rare among participants in both groups, and proportions of disturbances 

were similar between groups (p>0.050). Disturbances in phantom limb pressure were 

most commonly reported, with 4 participants (18%) in the Pain-Free group and 11 

participants (26%) in the Pain group reporting perceived pressure differences. Despite 

similarities in the prevalence of phantom limb disturbances, text entries expanding 

upon limb perception suggested phantom limb characteristics differed between groups 

(see Figure 14). For example, participants in the Pain group more commonly reported 

disturbances associated with pain or discomfort (e.g., ñswollen,ò ñburning,ò ñpressure 

of the IED blast,ò ñheavyò), while the Pain-Free group more commonly reported 

symptoms such as the phantom limb feeling ñlighterò than the intact limb or ñcolderò 

and associated with environmental changes in temperature. 
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Pain-Free Pain

"Much larger - swollen" 

"Non-amputated [ leg] looks and feels 'normal';  

phantom limb, when present, is always tingling"

" [My phantom limb] feels warm or cold based on my 

socket, not based on the non-amputated side"  
"Hot or burning" 

"Usually no [differences], but if anything, it will feel a 

little colder. Another weird phantom thing - walking in 

wet grass wearing sandles, my phantom foot will feel 

cold and wet, sometimes a bit sooner than my flesh 

and bone foot. Similar with AC on in the car and 

blowing on my legs."

" I feel burning" 

" I t gets colder easier"  

"My limb recalls the last sensation it felt, that is an IED 

explosion. I  feel heat, pressure, excruciating pain, 

electric shocks running to what I imagine is a 

sympathetic nerve in my left gut and then running back 

to my leg and then back to the gut in wave after wave 

after wave."  

" I  sometimes feel like the foot of the amputated lower 

leg is being squeezed laterally"
" I  feel the pressure of the [ IED] blast"

"Phantom feels contained as in cam-walker boot when 

sitting still, sometimes too snug but that goes away if I  

move it"

" I often feel pressure and nerve pain after being on my 

feet for a long period of time"

" It always feels tight"

" I have one spot that I feel like the pain is coming from, 

there is pressure there"

"Lighter" " [My phantom limb] often seems short but heavy" 

"Lighter than my other leg" "Feel heavy, probably because of prosthetic"

--
" [My phantom limb] often feels more heavy than my 

sound side"

Disturbance

Phantom Limb 

Size
--

Phantom Limb 

Weight

Phantom Limb 

Temperature

Phantom Limb 

Pressure

--

Figure 14 Examples of phantom limb perceptual disturbances among adults with 

and without phantom limb pain.  

Furthermore, self-reported prosthesis embodiment was significantly different 

between groups, with the majority of adults in the Pain group reporting perception of 

the prosthesis as a tool as compared to the majority of the Pain-Free group reporting 

perception of the prosthesis as part of the body (p=0.028). 
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Table 19 presents correlations among measures of body image, body 

perception, and phantom limb pain within the Pain group. Positive correlations were 

found among BPI-SF Pain Interference Domain, ABIS-R, and BATH Emotional 

Feelings scores (Űb=.25-.39, p=0.001 to 0.026), indicating associations among higher 

pain interference and more negative body image and emotions towards the phantom 

limb. BATH Awareness scores were positively correlated to both BATH Ownership 

and Attention scores, indicating greater phantom limb awareness was associated with 

greater phantom limb ownership (Űb=.40, p=0.001) and attention (Űb=.30, p=0.012). 

Average phantom limb pain intensity was negatively correlated to BATH Attention 

scores (Űb=-.25, p=0.034), indicating higher pain intensity was associated with more 

phantom limb attention; however, this correlation was no longer significant after 

correcting for multiple comparisons.
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Table 19 Correlations among body image, body perception, and phantom limb 
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Data presented as Kendallôs tau (p value) with significant correlations bolded.  

Abbreviations: ABIS-R = Amputee Body Image Scale-Revised, BATH=BATH CRPS 

Body Perception Disturbance Scale, BPI-SF = Brief Pain Inventory-Short Form 

 

 

Discussion 

Among adults with chronic pain, negative body image and distorted body 

perception may reflect underlying impairments in body representation that may be 

addressed with targeted mind-body interventions.43 While phantom limb pain is 

thought to reflect significant changes in body representation, to our knowledge, this is 

the first study to directly compare body image and perception between adults with and 

without phantom limb pain following LLL. Findings suggest adults with phantom 

limb pain demonstrate more negative body image; increased phantom limb ownership, 

awareness, and attention; and poorer prosthesis satisfaction and embodiment as 

compared to pain-free peers with LLL. Furthermore, among adults with phantom limb 

pain, more negative body image and increased phantom limb attention appear to be 

associated with greater pain intensity and interference, indicating these factors may be 

critical to evaluate and address to improve pain-related outcomes following LLL.  

Selective attention to pain generators has been associated with adverse coping 

responses, such as pain catastrophizing and avoidance of pain-inducing activities.213 In 

contrast, distraction techniques have been shown to increase descending pain 

modulation, significantly reducing pain perception.214 In this study, adults with 

phantom limb pain demonstrated greater phantom limb attention and awareness as 

compared to pain-free peers. Notably, increased phantom limb was associated with 

higher pain intensity; however, relationships between attention and pain intensity were 

nonsignificant after correcting for multiple comparisons. Findings provide preliminary 
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support to the proposed phantom limb pain model (Figure 1), adopted from 

Sündermann et al.,203 suggesting focused attention to and awareness of the painful 

phantom limb may perpetuate poor coping strategies and contribute to pain 

persistence.  

In CRPS, patients commonly report disownership of the painful body part, 

along with perceptual distortions of the painful region (e.g., swollen limbs, missing 

body parts).209, 215 These impairments have been attributed to shrinkage in the 

somatosensory representation of the painful body part.31,34 Given evidence of 

somatosensory reorganization following upper-limb loss,44 it was hypothesized that 

adults with phantom limb pain would similarly demonstrate distorted phantom limb 

imagery (e.g., disownership, perceptual disturbances in phantom limb characteristics); 

however, this hypothesis was not fully supported. In this study, adults with phantom 

limb pain largely reported phantom limb ownership (attachment) and similar 

frequencies of perceptual differences as compared to pain-free peers. As BATH 

Ownership scores were correlated to BATH Awareness scores, increased phantom 

limb attachment may be explained by increased phantom limb awareness and 

perception. Interestingly, the Pain group more frequently reported perception of the 

prosthesis as a tool rather than part of the body, indicating potentially reduced 

embodiment of the prosthesis with phantom limb pain. As prosthesis use activates the 

same cortical areas as limb movement216 and is represented in the same region of the 

somatosensory cortex as the phantom limb,217, 218 it is possible that prosthesis 

embodiment is limited when the painful phantom limb is perceived as fully attached. 

Among adults with upper-limb loss, prior studies have reported convergence between 

the phantom limb and prosthesis, which may help enable prosthetic control and 
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acceptance;218 however, this study suggests that the painful phantom limb may 

interfere with successful prosthesis integration into oneôs body representation and 

image. Consequently, it may be of interest for future studies to investigate whether 

addressing phantom limb pain improves prosthesis embodiment, satisfaction, and use.   

While the prevalence of phantom limb disturbances, per the BATH, was 

similar between groups (p>.050), potential evidence of altered central pain processing 

is indicated by between-group differences in self-reported phantom limb pain 

characteristics. For example, individuals with phantom limb pain more commonly 

described perceptual disturbances using unpleasant descriptors (e.g., burning, swollen, 

heavy), whereas pain-free participants used more neutral descriptors (e.g., lighter, 

cold) or described disturbances that resolved with movement or environmental 

changes. Findings suggest phantom limb pain is associated with more negative 

descriptors of limb sensations, which support findings of more negative body image 

among adults with phantom limb pain as compared to pain-free peers. 

Recently, body image dissatisfaction has been identified as a critical factor to 

assess following amputation,219 as body image has been shown to independently 

predict psychosocial outcomes (e.g., depressive symptoms, anxiety) above and beyond 

demographic characteristics and comorbid medical conditions.198 Our findings support 

initiatives to evaluate and address negative body image following LLL, especially 

among individuals who experience persistent phantom limb pain. Correlational 

analyses demonstrated weak-to-moderate associations among body image, phantom 

limb attention, and pain intensity and interference. Furthermore, ABIS-R scores and 

BATH emotional feelings subscale scores were moderately correlated, suggesting 

phantom-limb-specific feelings may be significant drivers of overall body image after 
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amputation. Thus, it may be critical for clinicians to utilize treatment interventions that 

ameliorate negative perceptions of the body following LLL, while addressing negative 

emotions associated with phantom limb pain.  

Freysteinson et al. reported that patients with limb loss feel they receive 

insufficient support with observing their new body in a mirror acutely post-LLL, 

which may contribute to the development of negative body image.220 While mirror 

therapy is predominantly used to superimpose the intact limb on the amputated limb to 

normalize sensory feedback to the brain,221 mirrors may also be useful as part of a 

cognitive behavioral approach to therapy, where individuals can be guided through 

observation and acceptance of their new bodies following LLL.220 While speculative, 

given relationships between negative body image and pain interference found in this 

study, mirror training may not only improve body image after LLL, but may also 

improve pain-related disability. As such, future studies may investigate the impact of 

early guided mirror training in both improving body image and reducing phantom 

limb pain following LLL.  

Furthermore, there has been an increasing emphasis on utilizing mind-body 

interventions to normalize the somatosensory representation of painful body parts and, 

consequently, reduce pain.55,70 As previously mentioned, graded motor imagery, a 

staged progression of imagery-based exercises aimed at improving sensorimotor 

communication between the painful area and brain using motor imagery and mirror 

therapy, has shown promise in reducing phantom limb pain intensity.70 Graded motor 

imagery may also have beneficial effects on negative body image and hypervigilance 

towards the painful area, which may mediate exacerbations in pain intensity.62 Virtual 

reality techniques have emerged as a promising progression of traditional motor 
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imagery and mirror therapy, where technology can be used to target and/or normalize 

specific body representation impairments.142 At present, evidence supporting the use 

of mind-body interventions remains scarce, and outcomes are largely focused on 

reductions in pain intensity.62 Our findings suggest other outcomes, such as body 

image, attention, and awareness, may be important outcomes to consider when 

evaluating the effectiveness of mind-body interventions in addressing phantom limb 

pain.  

Study Limitations 

While this study is among the first to identify differences in body image and 

perception between adults with and without phantom limb pain following LLL, we 

acknowledge some study limitations. First, the remote nature of this study did not 

allow for direct communication between the research team and participants at the time 

of data collection, limiting the ability to answer clarifying questions; however, this 

may have also reduced potential examiner bias in completion of self-reported outcome 

measures. Second, findings may only be generalizable to adults with unilateral lower-

limb loss who experience relatively mild phantom limb pain. Additionally, many 

participants with phantom limb pain reported concurrent residual limb pain, which 

may be a source of increased attention and stress, as it may increase prosthetic socket 

discomfort and inhibit successful prosthesis use.222 Future studies may explore 

whether residual limb pain is associated with worse body image and perception, 

beyond associations with phantom limb pain found in this study. Finally, while the 

proportion of males and females was similar between-groups, sex-specific 

considerations were not evaluated; future studies may evaluate whether relationships 
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among body image, body perception, and pain differ between males and females with 

LLL.  

Conclusion 

Following LLL, adults commonly experience debilitating phantom limb pain 

that is difficult to manage. A smaller proportion of adults with LLL experience non-

painful phantom limbs that may be less bothersome and debilitating; however, 

mechanisms underlying the differences between painful and non-painful phantom 

limbs remains unknown. As compared to pain-free peers following LLL, adults with 

phantom limb pain demonstrate more negative body image, increased phantom limb 

attention and awareness, and reduced prosthesis satisfaction and embodiment. 

Findings suggest body image and perception may be key areas for intervention 

following LLL, especially among adults with phantom limb pain. Given the 

psychological stigma of phantom limb pain, individuals may be hesitant to discuss 

their experiences with medical providers, family, or friends following LLL; therefore, 

it is critical for clinicians to broach these topics with patients to not only validate their 

experiences but also identify potential areas for intervention.  
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Chapter 7 

SUMMARY AND CONCLUSIONS  

Review of Project Aims 

Post-amputation pain is a persistent and debilitating consequence of lower-

limb loss that has remained significantly understudied and largely under-addressed in 

clinical practice.22, 223 While longstanding theories suggest persistent post-amputation 

pain may be a centrally-mediated condition associated with underlying central nervous 

system hypersensitivity and maladaptive changes in the brainôs representation of the 

body,10, 93, 224 evidence identifying underlying somatosensory changes is largely 

limited to neuroimaging studies among small samples of adults with a unilateral 

upper-extremity amputation.44, 225, 226  

Thus, the central goal of this work was to provide preliminary, clinical 

evidence of modifiable somatosensory impairments among adults with persistent post-

amputation pain following lower-limb loss for future consideration in post-amputation 

pain management. Given the disproportionate rate of lower-limb amputations 

occurring among males and the importance of considering biological sex in pain-

related outcomes, a secondary goal was to evaluate sex-specific impairments, when 

possible, among males and females with post-amputation pain following lower-limb 

loss. To improve the generalizability and clinical utility of our findings, this work used 

a novel combination of low-cost, objective measurement techniques that can be easily 

implemented in clinical practice, including: (a) pressure algometry, (b) self-reported 

outcome measures; and (c) an online experimental task. It was hypothesized that the 
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tools and techniques investigated in this work may improve cliniciansô ability to 

objectively evaluate and monitor post-amputation-related impairments. Furthermore, 

use of an experimental body representation task, which was administered via an online 

platform, may be used to overcome participation barriers (e.g., transportation, 

COVID-19-related limitations to in-person research) among adults with lower-limb 

loss in future pain studies.  

The overall objective of Aim 1 was to estimate the prevalence of multisite 

pain, a potential clinical indicator of underlying central nervous system 

hypersensitivity, among adults with lower-limb loss, while considering patterns of and 

potential sex-specific differences in multisite pain. 

Hypothesis 1a:  The majority of adults with lower-limb loss will 

demonstrate multisite pain, and patterns of multisite pain will largely 

include both persistent post-amputation pain and pain in secondary sites 

(e.g., low back, intact lower-extremity). This hypothesis was supported, as 

60.4% of adults with lower-limb loss experienced multisite pain Ó1-year post-

amputation. Of the 60.4% of adults with multisite pain, 78.2% reported 

multisite pain affecting both post-amputation pain sites and secondary sites 

across the low back and intact lower-extremity. Given the prevalence of 

multisite pain and the extent of pain involvement (affecting as many as all 

seven body regions of interest), findings suggest potential underlying central 

nervous system hypersensitivity post-amputation, especially among individuals 

with post-amputation pain.  

Hypothesis 1b: Female sex will be significantly associated with the 

presence of multisite pain Ó1-year post-amputation. This hypothesis was 
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also supported based on the results of our logistic regression model. Above and 

beyond potential covariates (e.g., age, body mass index, time since amputation, 

amputation etiology, and amputation level), female sex was associated with a 

2.40 (95% confidence interval: 1.40-4.12) higher odds of reporting multisite 

pain involvement. In addition, a Poisson regression model found that female 

sex was significantly associated with pain reported in a greater number of sites; 

this was further supported by significant differences between pain involvement 

at all 7 sites, which was reported by 9% of females versus only 1% of males. 

Findings support previous literature among older adults49, 71 and adults with 

other chronic pain conditions (e.g., low back pain227), where multisite pain is 

more commonly reported by females than males. Furthermore, findings 

warrant prioritization of sex-specific research following lower-limb loss to 

identify factors contributing to multisite pain involvement (e.g., prosthetic 

componentry, biomechanical factors).  

The primary objective of Aim 2 was to determine whether adults with post-

amputation pain demonstrate greater pressure-induced pain sensitivity (i.e., pain 

pressure thresholds per algometry) at both primary (i.e., amputated-region) and 

secondary (i.e., non-amputated-region) sites, as compared to pain-free peers and 

controls with intact limbs. A secondary objective was to determine whether pain 

characteristics differ based on the pattern and distribution of pain sensitivity.  

Hypothesis 2a: When compared to pain-free peers, adults with persistent 

post-amputation pain will demonstrate increased primary- (i.e., 

amputated-region) and secondary-site (i.e., non-amputated-region) pain 

sensitivity. This hypothesis was supported, as adults with post-amputation 
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pain demonstrated significantly greater primary- and secondary-site pain 

sensitivity, per normalized pain-pressure threshold values, as compared to 

pain-free peers.  

Hypothesis 2b: When compared to controls with intact limbs, adults with 

persistent post-amputation pain will demonstrate increased primary- and 

secondary-site pain sensitivity. This hypothesis was partially supported. As 

compared to controls, adults with post-amputation pain demonstrated greater 

primary-site, but similar secondary-site, pain sensitivity. With respect to 

primary-site sensitivity, comparisons between adults with post-amputation pain 

and both controls and pain-free peers with lower-limb loss suggest peripheral 

sensitization appears to persist beyond the period of limb healing among adults 

with post-amputation pain. With respect to secondary-site sensitivity, findings 

suggest central sensitization may not be an underlying impairment inherent to 

all individuals with persistent post-amputation pain. Instead, given the 

distributions of both primary- and secondary-site pain sensitivity, there may be 

a subset of adults with post-amputation pain who experience peripheral 

sensitization, for whom further investigation into underlying central 

sensitization is warranted. As this study was limited to assessments of 

mechanical pain sensitivity only, future investigation into responses to other 

quantitative sensory testing techniques (e.g., continued pain modulation, 

temporal summation), which may be more specific to central sensitization, are 

warranted.  

Hypothesis 2c: Adults with post-amputation pain who demonstrate 

increased amputated-region sensitivity (i.e., a sign of potential peripheral 
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sensitization) will demonstrate greater pain sensitivity at secondary sites 

as compared to peers with post-amputation pain who do not demonstrate 

increased amputated-region pain sensitivity. This hypothesis was supported 

among a sample of participants with post-amputation pain, as participants with 

increased amputated-region pain sensitivity demonstrated increased pain 

sensitivity across secondary sites in the upper-extremities, intact lower-

extremity, and remote regions of the amputated limb. Findings confirm there 

appear to be a subset of participants with persistent post-amputation pain who 

demonstrate physiological signs of concurrent peripheral and central 

sensitization, for whom both locally- (e.g., residual limb desensitization 

techniques) and centrally-focused treatment (e.g., pain neuroscience education, 

graded activity, centrally-acting medication) may be imperative.   

Hypothesis 2d: Adults with post-amputation pain who demonstrate 

increased amputated-region sensitivity will demonstrate worse pain 

characteristics (i.e., more frequent pain-related symptoms associated with 

central sensitization, increased pain intensity, and increased pain 

interference) as compared to peers with post-amputation pain without 

increased amputated-region sensitivity. Findings did not support this 

hypothesis, as Central Sensitization Inventory scores and pain intensity and 

pain interference scores (per the Patient-Reported Outcomes Measurement 

Information Systems-29 Item) were similar between adults with and without 

increased amputated-region sensitivity. Several factors may have contributed 

to the lack of between-group differences found in these pain-related outcome 

measures. First, physiological signs of underlying central nervous system 
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hypersensitivity may be less influential than other patient characteristics (e.g., 

psychosocial factors such as resilience and coping strategies, self-efficacy) 

with respect to self-reported pain experience. Second, this work was a 

secondary analysis conducted among community-dwelling adults with lower-

limb loss who largely reported mild pain; future work may determine whether 

results are repeatable among a sample of patients who are actively seeking 

treatment for post-amputation pain to determine their generalizability to 

patients experiencing more severe and debilitating pain. Lastly, pain 

medication use was not assessed during this study, which may have affected 

both pain sensitivity and self-reported symptoms of central sensitization as 

well as pain intensity and interference. This work provides preliminary data 

informing future study development to more comprehensively assess both 

physiological signs and self-reported symptoms of underlying central nervous 

system sensitivity among adults with post-amputation pain.  

Finally, the objective of Aim 3 was to determine whether adults with LLL who 

experience persistent post-amputation pain demonstrate impaired implicit and explicit 

body representation, as compared to pain-free peers with LLL and/or controls with 

intact limbs, and whether body representation impairments are associated with worse 

pain-related outcomes.   

Hypothesis 3a: Adults with persistent post-amputation pain will 

demonstrate impaired implicit body representation (i.e., difficulty 

identifying the amputated limb, evidenced by increased response time and 

reduced accuracy on a left-right foot discrimination task) compared to 

pain-free peers.  
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This hypothesis was not supported, as participants with persistent phantom 

limb pain (with or without residual limb pain) performed similarly to pain-free 

peers with lower-limb loss in terms of left-right discrimination response time 

and accuracy. As both groups (i.e., adults with lower-limb loss with and 

without post-amputation pain) demonstrated poorer performance compared to 

age-matched controls with intact limbs, findings appear to suggest that implicit 

body representation impairments may be attributable to overarching changes in 

the body schema following lower-limb loss, rather than changes specifically 

associated with post-amputation pain.  

Hypothesis 3b: Adults with persistent post-amputation pain will 

demonstrate impaired implicit body representation compared to controls 

with intact limbs.    

This hypothesis was supported, as participants with phantom limb pain (with 

or without residual limb pain) were significantly slower and less accurate than 

controls with intact limbs when identifying foot laterality. Given the findings 

of Hypothesis 3a, however, this may be interpreted as an overarching 

impairment associated with lower-limb loss, rather than with phantom and/or 

residual limb pain in isolation. 

Hypothesis 3c: Among adults with persistent post-amputation pain, 

impairments in implicit body representation will be associated with worse 

pain characteristics (e.g., increased pain intensity, interference, and 

bothersomeness). 

This hypothesis was not supported, as pain characteristics were not 

significantly associated with either response time or accuracy on the left-right 
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discrimination task. While associations were not identified between implicit 

body representation measures and pain characteristics, adults with lower-limb 

loss and persistent phantom limb pain demonstrated reduced phantom limb 

pain intensity after participating in a 15-to-20-minute experimental assessment 

of left-right discrimination, suggesting participation in imagery-based training 

exercises may result in clinical improvements in phantom limb pain.  

Hypothesis 3d: As compared to pain-free peers, adults will demonstrate 

explicit body representation impairments (e.g., more negative body image, 

greater limb disownership and hypervigilance). 

This hypothesis was largely supported, as adults with persistent phantom limb 

pain (with or without residual limb pain) demonstrated (1) significantly more 

negative body image and emotions toward the phantom limb and (2) greater 

phantom limb attention and awareness than pain-free peers with lower-limb 

loss. Findings suggest adults with phantom limb pain demonstrate negative, 

explicit body representations following lower-limb loss; negative body 

representations may represent changes in cortical activity in regions that 

subserve both body perception and the emotional components of pain 

processing (e.g., the amygdala228). Furthermore, phantom limb hypervigilance, 

found among adults with phantom limb pain in this study, may facilitate pain 

sensitization, further supporting findings of greater amputated-region pain 

sensitivity among adults with post-amputation pain in Hypotheses 2a and b. 

Remarkably, however, adults with persistent phantom limb pain demonstrated 

greater ownership (i.e., attachment) of the phantom limb, which contrasted our 

hypothesis regarding limb disownership. While findings related to phantom 
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limb attention and awareness support previous models of chronic pain,203 

findings specific to ownership and attention contrast previous studies among 

adults with Complex Regional Pain Syndrome, where chronic pain is largely 

accompanied by neglect-like symptoms associated with impairments explicit 

body representation (e.g., disownership).209  

Hypothesis 3e: Among adults with persistent post-amputation pain, 

impairments in explicit body representation will be associated with worse 

pain characteristics (e.g., increased pain intensity and interference).  

This hypothesis was partially supported: while negative body image and 

emotional feelings towards the phantom limb were associated with increased 

phantom limb pain interference, other explicit body representation features 

(e.g., attachment) and implicit body representation measures were not 

associated with pain characteristics.  

Taken together, findings suggest somatosensory impairments indicative of 

underlying, maladaptive central nervous system changes (i.e., multisite pain, 

heightened nervous system sensitivity, impaired body representation) may be present 

among adults with lower-limb loss; however, impairments are not ubiquitous in the 

presence of persistent post-amputation pain. Namely, while multisite pain involving 

amputated-region and secondary sites appears to be common, not all adults with post-

amputation pain demonstrate clinical evidence of central sensitization (e.g., significant 

reductions in global pain sensitivity; symptoms of fatigue, cognitive difficulties, and 

sleep disturbance). Furthermore, while adults with lower-limb loss appear to 

demonstrate mild impairments in left-right discrimination, indicating potential, 

maladaptive reorganization of the somatosensory cortex (and, consequently, the body 
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schema), impairments are not as robust as those found in other pain populations and 

were not found to be associated with clinical pain characteristics (e.g., intensity, 

interference, and bothersomeness).   

Clinical Implications and Future Directions 

By investigating the clinical presentation of underlying somatosensory 

impairments using low-cost, non-invasive tools, this project has provided researchers 

and clinicians with additional methods for evaluating and monitoring impairments in 

persistent post-amputation pain. Currently, several clinical trials are investigating the 

efficacy of post-amputation pain treatments (e.g., cryoanalgesia, electrical nerve 

blocks, virtual reality, ultrasound); however, pain severity is cited as the primary, and 

often only, outcome measure indicative of treatment success. Our work identified 

additional impairments beyond pain severity (e.g., symptoms of central sensitization 

such as fatigue and sleep disturbances, somatosensory dysfunction, attitudes or 

thoughts towards the residual and phantom limb) in persistent post-amputation pain, 

which may be useful for tracking rehabilitative improvement in sensory and affective 

aspects of pain.  

Consequently, this project provides preliminary evidence to support future 

clinical trials investigating the efficacy of somatosensory rehabilitation and mind-body 

treatment among individuals with persistent post-amputation pain. Future longitudinal 

studies investigating post-amputation pain development, maintenance, and persistence 

may also consider evaluating the abovementioned impairments acutely post-

amputation to determine whether baseline impairments predict long-term severity and 

persistence of post-amputation pain.  
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Given our findings of potential sex-specific differences in multisite and post-

amputation pain presentation, findings also support future research efforts prioritizing 

sex-specific research following lower-limb loss, especially among adults who 

experience persistent post-amputation pain. The high prevalence of secondary-site 

pain among females in Aim 1 warrants future investigation into not only central 

sensitivity following lower-limb loss, but also secondary consequences of prosthesis 

use (e.g., intact limb overuse). Future research may consider investigating whether the 

development of sex-specific prosthetic componentry improves biomechanical and/or 

pain-related outcomes following lower-limb loss. While we considered potential sex-

specific influences in Aims 2 and 3 by sex-matching participants when possible, due 

to sample size limitations, we were unable to further explore sex-specific differences 

in pain sensitivity patterns or implicit and explicit body representation. Future research 

may further investigate whether pain sensitivity patterns and/or implicit and explicit 

body representation differ between males and females following lower-limb loss. 

Findings from this work indicate the heterogeneity of post-amputation pain and 

suggest there may be potential pain subclassifications within the larger post-

amputation pain diagnosis, warranting objective evaluation of underlying impairments 

to inform patient-specific pain management. Future studies may investigate whether 

specific impairments (e.g., increased or more generalized pain sensitivity, impaired 

left-right discrimination, altered body perception, more negative body image) are 

predictive of greater pain-related disability among adults with lower-limb loss. 

Remarkably, while not within the scope of this dissertation work, findings 

from our pain-free comparison groups with lower-limb loss pose several interesting 

questions for future investigation. First, does the relative hyposensitivity observed 
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among pain-free adults reflect a positive adaptation to limb loss, or do individuals with 

reduced pre-amputation pain sensitivity have a lower risk of developing persistent 

post-amputation pain? Second, with respect to body image, perception, and 

representation, do potential somatotopic shifts in limb representation have positive 

impacts when they are coupled with positive body image, or a lack of awareness or 

attention to the phantom limb? Future studies may consider investigating and 

identifying factors protective against post-amputation pain to inform post-amputation 

care, including patient management and education strategies.  

Closing Remarks 

This dissertation identified several somatosensory impairments among adults 

with post-amputation pain, including multisite pain involvement, increased peripheral 

and central pain sensitivity among a subset of participants, and implicit and explicit 

body representation impairments. Observed impairments may be key targets for post-

amputation pain treatment to reduce pain-related disability and improve quality of life 

following lower-limb loss. Specifically, adults with post-amputation pain who 

demonstrate multisite pain, increased pain sensitivity, and/or impaired implicit and 

explicit body representation may benefit from imagery-based interventions such as 

graded motor imagery, which aim to normalize sensorimotor communication between 

the limb and brain and, consequently, reduce central nervous system sensitivity. 
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Multi disciplinary Evaluation of Individuals with Lower -Limb Amputations for a 

New Prosthesis or Prosthetic Components 
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Can Clinical Measures Predict Real-World Walking Performance in Adults with 

Transtibial Amputation?  
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Trunk Muscle Characteristics and their Association with Balance, Function, and 

Community Participation in Indiv iduals with Lower-Limb Amputations  
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Exploration of Novel Evaluative Test and Measures for Individuals with Lower-

Limb Amputations  
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Sensory Study: Evaluating Changes in Adults with Lower -Limb Amputations 

Presenting with and without Chronic Pain 
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Body Awareness, Limb Pain, and Lower-Limb Loss (BALL) Study  
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PAIN-PRESSURE THRESHOLD DATA COLLECTION FORM  
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ID Number: ________________________  Date: _____________________ 

 
 

PAIN-PRESSURE THRESHOLD (Using Wagner , FDX50 Electronic Algometer) 

 

Participant Instructions: ñSay yes when the pressure first begins to become uncomfortable or 

painful and I will remove the device immediately.ò [Perform a trial run on the participantôs 
forearm, so that they will know what to expect] .  

NT=Not tested; NA=Not applicable 

____________________________________________________________________________ 

LATERAL EPICONDYLE OF HUMERUS 

Trial             RIGHT              LEFT  

1  _____ NA  _____   NA 

2  _____ NA  _____   NA         

3   _____ NA  _____   NA 

 

 

RANDOMIZATION CARD: RESIDUAL LIMB (or  R) / SOUND LIMB (or  L) (Circle 1) 

 

GREATER TROCHANTER 

Trial              Residual Limb               Sound Limb 

1  _____ NT/NA   _____   NT/NA 

2  _____ NT/NA  _____   NT/NA                  

3   _____ NT/NA  _____   NT/NA 

 

5 INCHES DISTAL TO GREATER TROCHANTER  

Trial             Residual Limb               Sound Limb 

1  _____ NT/NA   _____   NT/NA 

2  _____ NT/NA  _____   NT/NA        

3   _____ NT/NA  _____   NT/NA 

 

LATERAL EPICONDYLE OF FEMUR 

Trial                 Residual Limb            Sound Limb                     

1  _____ NT/NA  _____  NT/NA 

2  _____ NT/NA  _____   NT/NA        

3   _____ NT/NA  _____   NT/NA 

 

PATELLA TENDON 

Trial           Residual Limb               Sound Limb 
1  _____  NT/NA  _____   NT/NA 

2  _____  NT/NA  _____   NT/NA         

3   _____  NT/NA  _____   NT/NA 

 

Residual L imb Temperature (or  Right): ____ degrees (taken at most distal aspect of 

residual limb; avoiding scar and on the anterior surface; taken at anterior shin if control) 

Sound L imb Temperature (or  Left): _____ degrees (taken at same level as other side) 

Weight of Prosthesis: _______ pounds 
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BODY AWARENESS, LIMB PAIN, AND LOWER-LIMB LOSS (BALL) 

STUDY INFORMED CONSENT FORMS AND APPROVED PROTOCOL  
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Body Awareness, Limb Pain, and Lower-Limb Loss (BALL) Study  Protocol 

 

 
HUMAN SUBJECTS PROTOCOL  

University of Delaware 

 
Protocol Title: Body Awareness, Limb Pain, and Lower-Limb Loss (BALL) Study  
    
Principal Investigator    

 Name: Emma Beisheim, PT, DPT, MS 
 Department/Center: Physical Therapy 

 Contact Phone Number: 302-831-7142  

 Email Address: ebeish@udel.edu 
 

Advisor (if student PI):  
 Name: J. Megan Sions, PT, DPT, PhD 

 Contact Phone Number: 302-831-7231  
 Email Address: megsions@udel.edu  

 

Investigator Assurance: 
 

By submitting this protocol, I acknowledge that this project will be conducted in strict accordance 
with the procedures described. I will not make any modifications to this protocol without prior 

approval by the IRB. Should any unanticipated problems involving risk to subjects occur during this 
project, including breaches of guaranteed confidentiality or departures from any procedures 

specified in approved study documents, I will report such events to the Chair, Institutional Review 

Board immediately.   
 

1.  Is this project externally funded? Ǐ YES  X NO 

 

 
2. Research Site(s) 

 

X University of Delaware ï note: the project has been designed to be completed 

remotely 

Ǐ Other (please list external study sites) 

  

Is UD the study lead? X YES Ǐ NO (If no, list the institution that is serving as the study 

lead) 

  
3.  Project Staff 

Please list all personnel, including students, who will be working with human subjects on this 

protocol (insert additional rows as needed): 
 

NAME INSTITUTION 
RESEARCH 

ROLE1 

HSP TRAINING 

COMPLETION 

DATE 

GCP TRAINING 

COMPLETION 

DATE 

Emma Beisheim, PT, 

DPT 

University of 

Delaware 
IC, DC, PII 10/31/19 10/31/19 

J. Megan Sions, PT, 

DPT, PhD 

University of 

Delaware 
IC, DC, PII 8/8/19 2/4/2020 
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Gregory E. Hicks, PT, 
PhD, FAPTA 

University of 
Delaware 

PII 8/14/19 2/2/2020 

Jared Medina, PhD 
University of 

Delaware 
PII 10/26/2020 N/A 

Elisabetta Ambron, 

PhD 

University of 

Delaware 
PII 1/24/2020 10/16/2018 

Ryan Pohlig, PhD 
University of 

Delaware 
PII 2/20/2020 2/6/19 

John Horne, CPO 

Independence 

Prosthetics 

Orthotics, Inc. 

IC, DC, PII 4/19/20 2/27/19 

Nazim Karaca 

University of 

Delaware - 
Delaware 

Rehabilitation 

Institute 

PII 2/12/19 2/12/19 

Chesca Basilio 
University of 

Delaware 
IC, DC, PII 2/6/19 1/20/19 

Ryan Hogan 
University of 

Delaware 
IC, DC, PII 1/15/19 1/3/19 

Jessica Meek 
University of 

Delaware 
IC, DC, PII 12/28/18 12/28/18 

Casey Weinstein 
University of 

Delaware 
IC, DC, PII 1/7/19 1/8/19 

Mayank Seth 
University of 

Delaware 
IC, DC, PII 8/14/19 3/18/19 

Alimah Granieri 
University of 

Delaware 
IC, DC, PII 4/18/19 4/18/19 

Andrew Hunt 
University of 

Delaware 
IC, DC, PII 11/11/19 11/11/19 

Samantha Stauffer 

University of 

Delaware/ 

Independence 

Prosthetics 

Orthotics, Inc.  

IC, DC, PII 7/16/18 5/10/19 

1Abbreviations: IC=Informed Consent; DC=Data Collection; PII=Personal Identifiable Information 

 
4.  Special Populations 

Does this project involve any of the following? 
 

Research on Children?   No 
 

Research with Prisoners? No  
 

If yes, complete the Prisoners in Research Form and upload to IRBNet as supporting documentation 

 
Research with Pregnant Women? No 

 
Research with any other vulnerable population (e.g. cognitively impaired, economically 

disadvantaged, etc.)? No 
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5.  RESEARCH ABSTRACT Please provide a brief description in LAY language (understandable to 

an 8th grade student) of the aims of this project. 

  
Up to 80% of individuals with lower-limb loss experience phantom limb pain, or painful sensations 

perceived as coming from the amputated portion of the limb.[2] Phantom limb pain often persists for 
years after amputation; however , longstanding (i.e., chronic) phantom limb pain is poorly-

understood.[2] To better understand chronic phantom limb pain, researchers have begun 
investigating how changes in the brain may be associated with phantom limb pain.[3-6]  

 

Specific regions of the brain communicate with specific body parts (e.g., legs, face, arms) to tell the 
brain how the body looks, feels, and moves.[7] When the brainôs perception of the body matches 

how the body appears, we refer to it as body awareness. After lower-limb loss, however, body 
awareness may become impaired, as the brain can no longer effectively communicate with the 

amputated limb. Researchers have suggested impaired body awareness may be associated with 
other types of pain;[9] however, the relationship between body awareness and phantom limb pain 

remains understudied among adults with lower-limb loss.  

 
Body awareness can be evaluated using behavioral experiments that evaluate the brainôs ability to 

recognize body parts.[13, 14] For example, someone with impaired body awareness may have 
difficulty determining whether an image of a foot depicts a left or right foot, as his/her brain has 

difficulty visualizing his/her own feet for reference. Body awareness can also be evaluated using 
questionnaires assessing the thoughts, feelings, and attitudes one has towards his/her body.[15, 16]   

 
In patients with other types of chronic pain, treatments aimed at improving body awareness appear 

to reduce pain severity and improve function.[17-19] Prior to investigating whether body awareness 

strategies reduce phantom limb pain, we must first determine whether individuals with phantom limb 
pain demonstrate impaired body awareness. Thus, the overarching aim of this project is to explore 

how body awareness is associated with phantom limb pain among adults with lower-limb loss, as 

compared to adults without lower-limb loss or limb pain.  

 
 

6.  PROCEDURES Describe all procedures involving human subjects for this protocol.  Include 

copies of all surveys and research measures. 
 
RECRUITMENT OVERVIEW 
 
In this study, adults with lower-limb loss who experience chronic phantom limb pain (Pain Group) will 
be recruited. Adults (a) with lower-limb loss who do not have chronic limb pain (Pain-Free Group) 
and (b) without lower-limb loss (Control Group) will also be recruited for comparison purposes.  
 
Participants will be recruited via in-print and online advertisements, consent-to-contact forms, and 
consent-to-recontact databases from previous research studies in the Delaware Limb Loss Studies 
lab (see Section 7 for details). Individuals who are interested in participating may call the research 
lab phone number designated on in-print and online advertisements, where they will be provided 
with study information via a verbal script and screened by trained research personnel.  
 
PART I PROCEDURES 
 
As data will be collected remotely (i.e., from participantsô homes), the informed consent process will 
be completed via either (a) an electronic informed consent form, completed in RedCap, or (b) a 
printed informed consent form mailed to participants. Participants who complete the electronic 
informed consent process via RedCap will be sent an email (with standardized language, attached in 
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recruitment flyer documents) directing them to the informed consent link. Participants will be able to 
download a copy of the electronic informed consent form for their records from RedCap. Electronic 
informed consents will mirror the paper informed consent format when being completed by 
participants, including the formal IRB signature and section headers; however, when saved, the 
format is compressed and is not identical to the paper copy. Of note, as electronic versions of the 

informed consent will not be editable once they are signed by participants, electronic informed 
consents will not be signed by study personnel. 
 
While participants will largely be asked to complete the electronic informed consent, paper copies, 
sent by mail, may be used as backup in case of technical issues. Participants who complete the 
informed consent by mail will be sent two consent forms: one to sign and return to the Delaware 
Limb Loss Studies lab via a postage-paid return envelope, and one to keep. Directions for 
completing and mailing the informed consent document will be included on a cover sheet in the 
informed consent mailing packet.  
 
Upon return of the informed consent form, participants will be sent an email containing a link to an 
online experiment website, GorillaË,[20] and a unique code number, which will be used to log into 
GorillaË and complete the study. In GorillaË, all participants will provide basic demographic 
information (~2 minutes), then complete an experimental task. Participants with lower-limb loss will 
also complete a set of questionnaires as outlined below. The online study will take approximately 50 
minutes for adults with lower-limb loss and approximately 25 minutes for adults without lower-limb 
loss; however, participants will be encouraged to take breaks between parts of the experimental 
task, which may increase the total time needed to complete the study.   
 
Demographic Data: Information regarding personal characteristics (i.e., age, sex, height, weight, 
ethnicity, race, hand and foot dominance) will be collected for all participant groups.  
 
Pre-Experiment Pain Assessment: Participants in the Pain Group will be asked to complete a brief 
questionnaire regarding phantom limb pain and residual limb pain (i.e., pain in the remaining portion 
of the amputated limb) prior to the task. 

 
Left-Right Discrimination Task: The left-right discrimination task, first described in a study by 

Parsons, et al.[21], is an assessment of body awareness. We will use the protocol reported 
previously by Stone, et al.,[13] in which the left-right discrimination task is completed in GorillaË.  

 
1. Instructions: Instructions will be displayed prior to the task. Participants will be asked to sit 

comfortably, with their prosthesis off (if applicable) and their feet flat on the floor. Participants 
will be asked to drape a towel or blanket over their legs, so they are unable to see their legs 

during the task. Participants will also be asked not to move their legs, ankles, or feet during 

the task. Finally, participants will be instructed to judge, as quickly and accurately as 

possible, whether the foot shown on the screen is a left or right foot. Participants will be 

instructed to press the arrow key corresponding to the foot side (i.e., left arrow for left foot, 
right arrow for right foot), and to continue judging the feet until instructed to stop. Instructions 

will also provide details regarding the time commitment for the task and the opportunity to 
take breaks.  

   

2. Practice Trial: One practice trial will be performed, as outlined in point 3 below. Participants 
will be warned that this trial is simply for practice and will not be scored with the task 

responses.  
 

3. Left-Right Discrimination Task (i.e., Foot Discrimination Task)[13]: After completion of 
the practice trial, 4 blocks of images will be shown. In each block, 48 images of feet will be 

presented twice, for a total of 96 images. The image set includes both human and prosthetic 
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(i.e., artificial) feet rotated at different angles. The same image set will be used for each 

block; however, the order of images will be randomized. Each block will take approximately 4 
minutes, for a total of 16 minutes (without breaks) for the entire task.  

 
Each trial will be presented as follows (see 

Figure 1 for reference):  
1. Blank white screen: 100 ms 

2. White screen with a black fixation 

cross (to warn that an image is 
coming): 400 ms 

3. Blank white screen: 100 ms  
4. Image of a foot: this image will 

remain on-screen until the 
participant responds to the prompt, 

or until 5000 ms has passed, at 
which point the task will auto-

advance to the next trial.   

 
Trials will be repeated in this manner until all trials within the block (i.e., 96 trials) have been 

completed. At completion of each block, a ñbreakò screen will populate, encouraging the 
participant to take a short break. As in the Stone, et al. study,[13] the duration of breaks will 

be chosen by the participant.  
 

4. Task Debriefing: After completing all 4 blocks, participants in the Pain and Pain-Free groups 

will be asked to report whether phantom sensations and/or phantom or residual limb pain 
were experienced during the task (Post-Experiment Assessment). Participants in the 

Control group will be asked to report any pain experienced in the legs, ankles, or feet. All 
participants will also be asked about any changes in body posture or foot position during the 

experiment.  
 

Following the debriefing, participants in the Control group will have finished Part I of the 

study and will receive information regarding the optional, follow-up session (i.e., Part II, 
explained in detail below) and the research teamôs contact information. Participants in the 

Pain and Pain-Free groups will be directed to complete the following questionnaires.  
 

Questionnaire Data (to be completed by participants in the Pain and Pain-Free Groups only): 
Additional questionnaires will be used to assess amputation-related information, prosthesis use, pain 

experience, body image, and emotional functioning. Questionnaires assessing pain experience and 
emotional functioning have been selected based on guidelines from the Initiative on Methods, 

Measurement, and Pain Assessment in Clinical Trials (IMMPACT).[22]  

 
Prosthesis-Related Questionnaires 

1. Houghton Scale of Prosthesis Use[23]: Participants will be asked to report prosthesis use 
and perceived stability when using a prosthesis using this reliable and valid questionnaire 
This questionnaire is scored from 0-12 points; higher scores indicate greater prosthesis use 
and perceived stability when ambulating with a prosthesis.  

2. Socket Comfort Score[24]: Participants will be asked to report current, best, and worst 
prosthetic socket comfort using this reliable and valid questionnaire, where socket comfort is 
rated from 0 (most uncomfortable) to 10 (most comfortable).  

3. Trinity Amputation and Prosthesis Experience Scales ï Revised (TAPES-R)[25]: 
Because prosthesis use may impact body perception and social adjustment to having an 

amputation,[16] participants will be asked to report adjustment to their amputation and 

Figure 1. Experimental Task from Stone, et al. [14] 



 192 

satisfaction with prosthesis using the following reliable and valid subscales of the TAPES-R: 

a. Psychosocial Adjustment Subscales: This 15-item section assesses general 
adjustment, social adjustment, and adjustment to limitation among individuals with 

lower-limb loss who use a prosthesis. Higher subscale scores indicate more positive 
adjustment to having an amputation and using a prosthesis.  

b. Activity Restriction Subscales: This 10-item section assesses functional, social, 
and athletic activity restriction related to oneôs amputation and prosthesis use. Higher 

subscale scores indicate lower levels of amputation- and prosthesis-related activity 

restriction. 
c. Satisfaction with Prosthesis Subscales: This 8-item section assesses satisfaction 

with specific components of the prosthesis (e.g., color, weight, usefulness); higher 
scores indicate higher satisfaction with how the prosthesis looks and functions. 

 
Pain-Related Questionnaires  

1. Phantom Limb Questionnaire:  
a. Pain Group: Participants will be asked about the presence, frequency, and 

bothersomeness of phantom limb sensations (i.e., non-painful sensations perceived 
as coming from the amputated portion of the limb) and phantom limb pain. 
Bothersomeness will be rated on a 3-point scale, ranging from 0 (not bothered at all) 
to 3 (extremely bothered).[26] Participants will also be asked to answer questions 
from the Limb Deficiency and Phantom Limb Pain Questionnaire,[27] which assess 
specific qualities of the phantom limb (e.g., type of sensations, phantom limb 
movement, response to touch). 

b. Pain-free Group: Participants will be asked about the presence of phantom limb 
sensations. 

i. If absent, participants will move onto the next questionnaire.  
ii. If present, participants will be asked questions above regarding frequency 

and bothersomeness of phantom sensations. Participants will also be asked 
to answer the same questions from the Limb Deficiency and Phantom Limb 
Pain Questionnaire.[27]  

2. Brief Pain Inventory-Short Form (BPI-SF) ï Pain Interference Domain[28]: Participants in 
the Pain Group will be asked to report the extent to which their phantom limb pain interferes 
with daily activities using this measure, which is reliable among patients with osteoarthritis, 
Multiple Sclerosis, and spinal cord injuries.[29-31] For statistical analyses, we will calculate 
mean (or median) pain interference, scored from 0-10 in 7 interference domains (i.e., general 
activity, walking, work, mood, enjoyment of life, relations with others, and sleep).  

3. McGill Pain Questionnaire ï Modified Pain Map[32]: Using a modified version of the 
McGill Pain Questionnaire Pain Map, participants will indicate each area in which they 

experience pain on two, full-body diagrams (1 showing the front of the body, and 1 the back). 
Each region will be numbered, so the total number of pain locations can be summed for 

statistical analysis purposes.   
4. Other Pain Site Questionnaire:  

a. Pain Group Only: Participants will be asked about the presence, intensity, and 
bothersomeness of residual limb pain.  

b. Pain and Pain-Free Groups: Participants will be asked questions about the presence, 
intensity, and bothersomeness of pain in the contralateral (i.e., non-amputated) 
lower-limb and low back.  

c. For each body area of pain, participants will record best, worst, and current pain 
intensity on a numerical rating scale of pain intensity (as recommended by IMMPACT 
guidelines).[22] 

 

Body Image and Body Disturbance Questionnaires  
1. Amputee Body Image Scale-Revised (ABIS-R)[16]: Participants will be asked to report 
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their emotions and attitudes towards their body using this reliable, valid, 14-item 

questionnaire assessing various components of body image post-amputation. Individual 
items are scored from 0 (ñnone of the timeò) to 2 (ñmost/all of the timeò) and summed to 

obtain a total score (which ranges from 0-28). Higher scores indicate more negative body 
image.  

2. Bath CRPS Body Perception Disturbance Scale ï Modified (BATH)[33]: Body 
disturbance will be assessed using subscales of this questionnaire, which was originally 

created for adults with Chronic Regional Pain Syndrome. As we will specifically reference the 

phantom limb, participants in the Pain-Free Group who do not experience any phantom limb 
sensations will not complete this questionnaire. The last two items assess desire to amputate 

the limb or require in-person assessment, respectively; thus, we will only utilize the first 5 
subscales, which are scored on 0-10 Likert scales. Higher subscale scores indicate greater 

body disturbance.  
 

Emotional Functioning Questionnaire  
1. Patient Health Questionnaire-9 item (PHQ-9)[34-38]: As part of the IMMPACT 

recommendations, assessment of emotional functioning is critical among participants with 
chronic pain. This reliable, valid, and responsive measure assesses depression severity, 
where scores of Ó10/27 on items 1-9 have a sensitivity of 88% and specificity of 88% for 
major depression.  

a. Because scores Ó10/27 points indicate major depression, and endorsement of the 9th 
item has been identified as a consistent predictor of suicide attempts and suicide 
deaths in large primary care and population studies, additional follow-up may be 
recommended. PHQ-9 responses will not be reviewed with the participant due to its 
online administration; however, a generic disclaimer statement will populate at the 
end of the PHQ-9 to provide general referral and follow-up information. Below is the 
message to be displayed after participants have completed the PHQ-9, displayed on 
the same screen as the PHQ-9 items:   
 
ñPlease read:  
Thank you for completing this questionnaire. We understand that life can be 
stressful, and that some of these questions may have made you feel troubled or 
upset. We encourage you to contact your medical doctor, or a mental health 
professional, if any of the following is/are true: 
 

 Your total score, which can be calculated by adding your responses to 
questions 1-9, was Ó10 points.  

 You responded ñseveral days,ò ñmore than half the days,ò or ñnearly every 
dayò on question #9.  

 You are feeling overwhelmed, sad, or anxious.  
 

If you responded ñseveral days,ò ñmore than half the days,ò or ñnearly every dayò on 
question #9, one possible resource that may be helpful is the National Suicide 
Hotline, which is available 24 hours.; 1-800-273-8255; website: 
https://suicidepreventionlifeline.org.ò  

 
b. Scores Ó10/27 and/or endorsement of the 9th item will not render the participant 

ineligible as depression is common with lower-limb loss. 
 

Conclusion of Part I 

 
For all groups, a final screen (the Optional Follow-Up Assessment Form) will ask participants if 

they are interested in completing Part II, an optional follow-up session. If a participant marks ñyes,ò 
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members of the research team will follow-up with the participant via email to facilitate follow-up 

testing, using their same personal ID number via a new online link. Regardless of response, 
participants will be instructed that they have reached the end of Part I of the study, and they will be 

provided information on gift card compensation and contact information for the research team.  
 

Part II: Optional Follow-Up Session  
 

Participants who complete Part I will be invited to repeat parts of the online study 7-10 days after 

Part I to establish test-retest reliability of the left-right discrimination task and a subset of 
questionnaires. Participants will be recruited for the optional follow-up evaluation until we have 

enrolled a total of 80 participants (n=30 in the Pain Group, n=30 in the Pain-Free Group, n=20 in the 
Control Group), at which point only Part I will be offered, and informed consent forms will be 

amended.  Individuals who opt in for Part II, but fail to complete the follow-up session by day 10 will 
be contacted (via email or phone), with the maximal available window for data collection being 14 

days after completion of Part I.   
 

Regardless of group assignment, participants will be asked to log into a second GorillaË link using 

their personal ID number and repeat the left-right discrimination task, which will take approximately 
16 minutes, but less than 20 minutes.  

 
Participants in the Pain Group will also be asked to repeat the following questionnaires:  

 McGill Pain Map ð Modified  

 Brief Pain Inventory ð Short Form (Pain Interference Domain) 

 Bath Body Perception Disturbance Scale (Modified) 
 

Participants in the Pain-Free Group will also be asked to repeat the following questionnaires:  

 McGill Pain Map ð Modified  

 Bath Body Perception Disturbance Scale (Modified) ð only if the participant experiences non-

painful phantom limb sensations 
 

The total time of the optional follow-up assessment will be approximately 20 minutes for the Control 
Group and approximately 25 minutes for the Pain and Pain-Free Groups.  

 
7.  STUDY POPULATION AND RECRUITMENT 
 
Recruitment: In-print advertisements for this study will be displayed in local community centers, 
prosthetic clinics, and at local and national events (e.g., Limb Loss Education Days, Amputee 
Coalition National Conference). An online advertisement will be linked to Dr. Sionsõ research website 
and will be submitted to national organizations (e.g., Amputee Coalition) for use on their website. 
Additionally, individuals may sign a consent-to-contact form provided by a prosthetist at our clinical 
partnership sites, who will email completed consent-to-contact forms to Delaware Limb Loss Studies 
research personnel for further follow-up (clinicians will not screen participants or provide further 
information on the study). Finally, research personnel will recruit prior participants who have 
provided consent to be contacted for future research studies via our existing databases.   
 

Study Population: We aim to enroll 150 adults, aged 18-75 years, for this study, includingê  

 110 adults Ô1-year post-major unilateral lower-limb amputation (i.e., at or above the 

transtibial, or below-knee, level), who use a prosthesis for home and/or community mobility. 
The participants will be sub-grouped into the following groups:  

o Pain Group (n=55): Participants who experience chronic phantom limb pain, defined 
as pain perceived as coming from the amputated portion of the limb that has been 

present since the amputation (i.e., Ô1-year) and has been experienced in the past 
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month. 

o Pain-Free Group (n=55): Age-matched participants who do not experience chronic 
phantom limb or residual limb pain (i.e., pain in the remaining portion of the limb that 

has been present since the amputation). We will include this group to determine 
whether body representation impairments are specific to the presence of phantom 

limb pain, rather than the presence of the amputation alone.   

 Control Group: 40 age-matched adults without lower-limb loss.  

 
Regardless of group assignment, included participants must be English-speaking and ïreading, as 

all questionnaires and instructions will be provided in English. Participants must also report access 

to a reliable internet service, as well as basic computer skills, identified by asking the question, ñare 
you able to type on a computer keyboard and explore the internet independently?ò This inclusion 

criteria will ensure response times accurately represent performance on the left-right discrimination 
task, rather than difficulty negotiating computer use.  

 
Attach all recruitment fliers, letters, or other recruitment materials to be used. If verbal 

recruitment will be used, please attach a script. 

 
The consent-to-contact form, recruitment advertisements and flyers, and verbal scripts are attached.  

 
Describe what exclusionary criteria, if any will be applied. 

 
All participant groups: Individuals will be excluded if theyé  

1. Are aged >75 years, as left-right judgment task performance is known to be significantly 

impacted by older age.[39] 
2. Report a history of significant motor (e.g., tremor, dyskinesia) or systemic neuromuscular 

(e.g., Parkinsonôs Disease, Multiple Sclerosis) disorders, or a history of stroke that has left 
the legs or arms impaired as these may interfere with motor performance and reaction time 

during the experimental task; and  
3. Report significant visual impairment, as this may interfere with completing the computer-

based task.  
 

Adults with lower-limb loss will be excluded if they haveé.  

1. Previously participated in any formal body awareness training program, as prior training may 
affect response to experimental testing.[40-42] We will evaluate previous participation by 

asking the following questions: 
a.  ñHave you ever performed the following activities in a formal treatment program, led 

by a medical professional, to treat pain in your amputated limb:  
i. Making quick decisions about pictures of hands or feet? 

ii. Imagining performing movements with your amputated limb?  

iii. Using a mirror or mirror box to reduce your pain in your amputated limb or 
area of an amputated limb?ò  

2. A congenital amputation (i.e., present at birth), as we are interested in exploring how body 
awareness changes after lower-limb loss occurs.  

3. A unilateral amputation below the transtibial level (i.e., symes, partial foot, or toe-level), as 
presence of a foot and ankle on the amputated limb may alter performance on the left-right 

discrimination task.   

4. Bilateral lower-extremity amputations, as the loss of both legs may interfere with left-right 
discrimination.  

 
Adults without lower-limb loss will be excluded if they have experienced any pain in their legs, 

ankles, or feet in the past 6 months, as we are seeking a sample with healthy lower-limbs for 
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comparison.     

 
Describe what (if any) conditions will result in PI termination of subject participation. 

 
Given the remote nature of the online evaluation, if the research team is unable to reach a 

participant with incomplete left-right discrimination task or questionnaire data by phone or email after 
3 separate attempts, participation for that participant will be terminated. Similarly, if the participant 

cannot be reached after completing the informed consent after 3 attempts, PI termination of 

participation may occur.  
 

8.  RISKS AND BENEFITS 
 

List all potential physical, psychological, social, financial or legal risks to subjects (risks 
listed here should be included on the consent form). 

 
Given the online format of this experiment, risks to participants are minimal; however, left-right 

discrimination tasks may provoke and/or increase phantom limb pain. Additionally, questionnaire 

items may cause sadness or increase stress levels.   
 

In your opinion, are risks listed above minimal* or more than minimal? If more than minimal, 
please justify why risks are reasonable in relation to anticipated direct or future benefits. 

 
No, the above risks are minimal.  
(*Minimal risk means the probability and magnitude of harm or discomfort anticipated in the research are not greater 
than those ordinarily encountered in daily life or during the performance of routine physical or psychological 
examinations or tests) 

 
What steps will be taken to minimize risks? 

 
During the initial stage of instructions, participants will be advised to sit in the most comfortable 

position possible while minimizing movement during the task. Participants will also be allowed to 

take self-paced breaks between left-right discrimination blocks for comfort. Recommendations for 

further follow-up with trained professionals will be provided upon completion of the PHQ-9.   

 
Describe any potential direct benefits to participants. 

 
There are no potential direct benefits to participants.  

 
Describe any potential future benefits to this class of participants, others, or society. 

 

Results from this study may provide insight into important implications for treating phantom limb pain 
using interventions targeting body awareness impairments. Furthermore, results from the left-right 

discrimination task may be used to help monitor patient progress with respect to clinical phantom 
limb pain treatments.  

  
If there is a Data Monitoring Committee (DMC) in place for this project, please describe when 

and how often it meets. 
 
As this is a small project, there will not be a data monitoring committee, but the roles of such a 
committee will be assumed by Dr. Beisheim and Dr. Sions, who will provide ongoing review of the 
accrued research data to ensure the privacy of participants and the confidentiality of research data is 
maintained. 
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If a known adverse event occurs, it will be reported immediately by an investigator to the University 
of Delaware Institutional Review Board (IRB) in accordance with the IRBõs stated policy for reporting 
adverse events in the IRB reference manual. 
 

9.  COMPENSATION 
 

Will participants be compensated for participation? Yes. 
 

 

If so, please include details. 
 

Participants will be compensated with a gift card, which will be sent via email upon the participantõs 
completion of the online evaluation. Because of the differences in expected study duration (i.e., 

approximately 50 minutes for adults with lower-limb loss and 25 minutes for controls), compensation 
for the initial evaluation will be $20 and $10 for adults with lower-limb loss (in either the Pain or Pain-

Free Group) and controls, respectively.  

 
Similarly, participants will be compensated with an additional gift card for the optional follow-up 

evaluation, which will be sent via email upon the participantõs completion of the online evaluation. As 
the duration of the follow-up evaluation is similar for controls and adults with lower-limb loss, 

compensation for the optional follow-up evaluation will be $10, regardless of group assignment.  
 

10.  DATA 

 
Will subjects be anonymous to the researcher? 

 
No, participants will not be anonymous to the researcher. 

 
If subjects are identifiable, will their identities be kept confidential? (If yes, please specify 

how) 

 
Identities will be kept confidential. If a participant is deemed ineligible during the telephone screening 

process, all paper forms will be shredded after ineligibility data is aggregated in the participant 
inclusion flow diagram. Eligible participants will be assigned a personal ID code, which will be used 

to identify all screening information and data. This personal ID code will be linked to the participantõs 
name in a single, password-protected document on a University-owned server.  

 
Name and contact information (i.e., phone number, email address, and home address) will be 

collected so informed consent forms and compensation can be sent. Name and contact information 

will be recorded on paper forms, separate from screening materials, and will be entered into a 
password-protected excel database on a University-owned server. Identifying and coded paper 

forms will be separated and locked in filing cabinets in the Delaware Limb Loss Studies lab at the 
University of Delaware.  

 
Upon return of the signed informed consent form, the research team will activate the participant in 

GorillaË using the softwareõs òsupervised linkó recruitment policy. The research team will upload a 

participant enrollment excel database to GorillaË containing a list of personal ID codes and 
corresponding group assignments (i.e., Pain, Pain-Free, or Control) in place of name or contact 

information. Once uploaded and activated, participants will be sent an email containing the website 
address and their personal ID code, so he/she can log in and complete the experiment. With this set-

up, no identifying information is collected through the online database software, but the research 
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team remains able to track experiment progress for each participant using their personal ID code. 

 
After completion of the online evaluation, each participantõs coded data will be downloaded by 

module (e.g., individual questionnaires, left-right discrimination data, etc.) and entered into a 
password-protected database on a University-owned, password-protected server.  

 
How will data be stored and kept secure (specify data storage plans for both paper and 
electronic files. For guidance see http://www.udel.edu/research/preparing/datastorage.html )    
 
GorillaË is a fee-for-service platform hosted on Microsoft Azure, with databases currently located in 
the Republic of Ireland. Microsoft Azure is compliant with data protection and security policies, as 
outlined in the International Organization for Standardization (IS) and International Electrotechnical 
Commission (IEC) Information Security Management Standards (27001:2013).  
 
Coded electronic data will be exported from GorillaË directly to a University-owned, password-
protected server, where all participants will be identified by their unique, personal ID code only. Raw, 
coded data files (i.e., downloaded files), as well as subsequent databases containing these files, will 
be indefinitely stored. Only research personnel will have access to this data. The document serving 
as the key to link identifiable and coded data will be stored separately as a password-protected 
electronic file on a password-protected University of Delaware maintained server.    
 
Electronic informed consent forms will be archived in the File Repository in RedCap, accessible only 
to study personnel. Electronic informed consent forms will be downloaded and printed; paper 
consent forms and screening forms will be secured in locked cabinets in the Delaware Limb Loss 
Studies lab under Dr. Sions. Paper consent forms with identifying information (i.e., names) will be 
kept separately from coded screening forms.  

 
How long will data be stored? 

 
Downloaded, coded data will be stored indefinitely at the University of Delaware for future/additional 

research purposes. One-year after completion of study enrollment, research personnel will delete all 
online files from GorillaË. Deleting online GorillaË files permanently deletes all files in any 

GorillaË-owned databases, including cloud-based backup databases. GorillaË will not use or store 

project data in any other capacity while it is hosted on their platform. 
 

Identifying data (i.e. name/number file, consent forms, contact information) will be deleted 3 years 
after completion of enrollment for the project, except as outlined below. Maintenance of the 

name/number file for 3 years will allow time for aggregation of similar data (e.g., questionnaires, 
descriptive data) across studies for future, secondary analyses.  

 
 

Will data be destroyed?  Ǐ YES   X NO (if yes, please specify how the data will be destroyed) for 

non-identifying data (downloaded from GorillaË).  
 

Online data collected through Gorilla will be downloaded and indefinitely stored on the University of 
Delaware-owned server; however, online files will be permanently deleted from the GorillaË-owned 

Microsoft Azure online database 1 year after completion of study enrollment. We will retain the 
consent form page for participants who sign on the consent to re-contact line indefinitely as well as 

their name and contact information (in a separate electronic file); the linking name/number file will be 

deleted and all other informed consent pages will be shredded 3 years after completion of 
enrollment. 
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Will the data be shared with anyone outside of the research team?  X YES   Ǐ NO (if yes, 

please list the person(s), organization(s) and/or institution(s) and specify plans for secure data 
transfer)  

 
Data may be shared with other researchers following publication, so that they can confirm our 

findings or examine the datasets for other effects of interest. However, care will be taken to ensure 
that shared data contains no identifying information and cannot be linked back to participants.   

 

How will data be analyzed and reported?  
 

Analysis: Using SPSS Statistical Software, the following statistical analyses will be undertaken:  
 

 Aim 1: Determine if adults with lower-limb loss who experience phantom limb pain 
demonstrate impaired performance on the left-right discrimination task as compared to peers 

without phantom limb pain and adults without lower-limb loss.  
o Average accuracy and response time will be characterized using descriptive statistics 

for each group.  

o Separate 6 (degree of rotation) x 2 [side ï amputated (controls: right) vs. non-
amputated (controls: left) x 2 (foot type ï anatomical vs. prosthetic) x 2 (view ï 

plantar or dorsal) x 3 (group) ANOVAs will be used to evaluate the main effects of 
group, orientation, and image features on response time.  

o Accuracy will be analyzed by collapsing error rates across conditions and using two 
ANOVAs (or nonparametric equivalent) to evaluate between-group differences for 

the amputated (or right) and sound (or left) limb.  

 Aim 2: Determine if performance on the left-right discrimination task is associated with 
phantom limb pain interference.  

o Among the Pain Group, correlational analyses and linear regression modeling will be 
used to evaluate relationships between BPI-SF scores and: 

Á Left-right discrimination task error rates. 
Á Left-right discrimination task average response times. 

 Aim 3: Evaluate associations between body image and phantom limb pain interference, and 
determine if these relationships differ based on sex. 

o Among the Pain Group, correlational analyses and linear regression modeling will be 

used to evaluate relationships among body image questionnaires (i.e., ABIS-R, 
TAPES-R, and BATH scores) and BPI-SF scores, while considering the potential 

interaction of sex.   

 Aim 4: Explore relationships between body awareness and body disturbance.  

o Correlational analyses will be used to explore relationships among BATH subscale 
scores and: 

Á Left-right discrimination task error rates.  
Á Left-right discrimination task average response times.  

 Aim 5: Determine between-days, test-retest reliability of the left-right discrimination task.  

o Intraclass correlation coefficients (ICCs) will be calculated for between-day error 
rates and average response times on the left-right discrimination task. ICCs will be 

interpreted based on the following ICC value ranges: <0.5 = poor, 0.5 to 0.75 = 
moderate, 0.75 to 0.90 = good, and > 0.90 = excellent.[43] 

 Aim 6: Determine between-days, test-retest reliability of questionnaires assessing phantom 
limb pain and body image disturbances among individuals with lower-limb loss.  

o Similarly, ICCs will be calculated for between-day BPI-SF, Modified McGill Pain 
Questionnaire, and BATH scores. ICCs will be interpreted based on the above-

mentioned ranges.  
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Results will be disseminated through scientific abstracts, conference presentations, and future 
manuscripts published in peer-reviewed journals.  A portion of this project will be included as part of 

Dr. Beisheimôs doctoral dissertation. 
 

11. CONFIDENTIALITY 
 

Will participants be audiotaped, photographed or videotaped during this study? 

 
No. 

 
How will subject identity be protected? 

 
The risk of breaching subject confidentiality will be minimized by identifying all participants by code 

numbers and by securing all data in locked files accessible only to research personnel. Neither the 
participantôs name or nor any identifying information will be used in any publication or presentation 

resulting from this study. 

 
Is there a Certificate of Confidentiality in place for this project?  (If so, please provide a copy). 

 
No, there is no certificate of confidentiality for this project.  

 
 

12. CONFLICT OF INTEREST 

 

(For information on disclosure reporting see: http://www.udel.edu/research/preparing/conflict.html ) 
 

Do you have a current conflict of interest disclosure form on file through UD Web forms? 

 

The Principal Investigator (Dr. Beisheim) does not have a conflict of interest form on file and has no 
conflicts of interest to report. Dr. Sions has a conflict of interest disclosure form on file.  

 

Does this project involve a potential conflict of interest*?  

 

No, this project does not involve any conflicts of interest.  
 
* As defined in the University of Delaware's Policies and Procedures ,a potential conflict of interest (COI) occurs when 
there is a divergence between an individual's private interests and his or her professional obligations, such that an 

independent observer might reasonably question whether the individual's professional judgment, commitment, 
actions, or decisions could be influenced by considerations of personal gain, financial or otherwise. 

 
 

13.  CONSENT and ASSENT 
 

X Consent forms will be used and are attached for review (see Consent Template under Forms and 
Templates in IRBNet) 

 

 
____ Additionally, child assent forms will be used and are attached. 

 
 

____ Waiver of Documentation of Consent (attach a consent script/information sheet with the 
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signature block removed). 

 
 

____ Waiver of Consent (Justify request for waiver) 
 

 
 

14.  Other IRB Approval 

Has this protocol been submitted to any other IRBs? 
 

No. 
 

If so, please list along with protocol title, number, and expiration date. 
 

Not applicable. 
 

 

15.  Supporting Documentation 
Please list all additional documents uploaded to IRBNet in support of this application. 

 

 Paper Forms 

o Informed consent forms 
Á Lower-limb loss form  

Á Control form  

o Recruitment and email communication documents 
Á Compiled advertisements 

 Flyer ï limb loss groups 

 Flyer ï control groups  

 Online website advertisement  

 Email correspondence  

Á Consent to contact form 
Á Verbal script 

Á Screening form  

 Part I Data Collection Forms  

o Pain Group  
Á Demographics 

Á Pre-Experiment Pain Assessment 

Á Left-right Discrimination Task  
Á Post-Experiment Assessment 

Á Amputation-related Questionnaire 
Á Prosthesis-specific Questionnaires 

 General Information 
o Houghton Scale of Prosthesis Use 

o Socket Comfort Score 

o Prosthesis experience 

 Trinity Amputation and Prosthesis Experience Scale-Revised 

Á Phantom limb sensation and pain questionnaire  
Á Brief Pain Inventory-Short Form (Pain Interference Subscale)  

Á Modified Bath CRPS Body Perception Disturbance Scale 
Á McGill Pain Map (modified) 

Á Other Pain Site Questionnaire 
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Á Amputee Body Image Scale  

Á Patient Health Questionnaire 9 (PHQ-9)  
Á Optional Follow-up Assessment Questionnaire  

Á Part I Conclusion 
o Pain-Free Group  

Á Demographics 
Á Left-right Discrimination Task  

Á Post-Experiment Assessment 

Á Amputation-related Questionnaire 
Á Prosthesis-specific Questionnaires 

 General Information 
o Houghton Scale of Prosthesis Use 

o Socket Comfort Score 
o Prosthesis experience 

 Trinity Amputation and Prosthesis Experience Scale-Revised 
Á Phantom limb sensation and pain questionnaire  

Á Modified Bath CRPS Body Perception Disturbance Scale 

Á McGill Pain Map (modified) 
Á Other Pain Site Questionnaire 

Á Amputee Body Image Scale  
Á Patient Health Questionnaire 9 (PHQ-9)  

Á Optional Follow-up Assessment Questionnaire  
Á Part I Conclusion 

o Control Group  
Á Demographics 

Á Left-right Discrimination Task  

Á Post-Experiment Assessment 
Á Optional Follow-up Assessment Questionnaire  

Á Part I Conclusion 

 Part II (Optional): Data Collection Forms  

o Pain Group  
Á Pre-Experiment Pain Assessment 

Á Left-right Discrimination Task  

Á Post-Experiment Assessment 
Á Phantom limb pain questionnaire ï phantom limb pain section only 

Á Brief Pain Inventory-Short Form (Pain Interference Subscale)  
Á Modified Bath CRPS Body Perception Disturbance Scale 

Á McGill Pain Map (modified) 
Á Part II Conclusion 

o Pain-Free Group  
Á Left-right Discrimination Task  

Á Post-Experiment Assessment 

Á Modified Bath CRPS Body Perception Disturbance Scale 

Á McGill Pain Map (modified) 

Á Part II Conclusion 
o Control Group  

Á Left-right Discrimination Task  
Á Post-Experiment Assessment 

Á Part II Conclusion 
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