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ABSTRACT

As many as 80% of adults witbwer-limb loss experience persistent post
amputation pain in the phantom limb (i.@mputategortion of the limb) and/or
residual limb (i.e., remaining portion of the limb), which is associated with depressive
symptomsand reduced qualitgf-life. Despite its prevalencegersistent post
amputation pain remains poorly understood and saddressed in clinical practice.
Localizedtreatments targeting persistent pastputation pain generally lack efficacy,
warranting further investigation into whether central nensyssem impairments
shouldbe the focus of clinical pain evaluation andmagement following lowdimb
loss.

The overarching objective of this dissertation was to usectwst;clinical
measurement techniques to identify whether underlying central nervous system
impairmentsare present and associated with pain charactersticsig adults with
persistent posamputation painAim 1 wasa secondary analysis of data compiled
from six, crosssectional research studjeghich evaluatethe prevalencand patterns
of multisite pain, a symptom of central nervous system hypersétysidmnong a
sample of 303 adults witlbwer-limb loss.Aim 2 wasa secondary analisof cross
sectional datavhich (1) evaluatel whether adults with persistent amputation pain
demonstrate greater pressimduced pain sensitivity within and remote to the
amputated region and (2pmpare signs and symptoms of central nervous system
hypersensitivity among subgroups of participants with persistenapgstitation

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

XVii



persistenpostamputation pain demonstrate impaired body represeni@gonaltered
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 segpedfic differences, as research in other chrgram conditions
suggests pain perception, experience, and processing may differ between males
andfemales.

Findings from Aim 1 indicate over 60% of adults with loviierb loss
experience multisite pain, wifiemales being disproportionately affected. Findings
from Aim 2 indicate adults with persistent pashputation pain demonstrate increased
amputateeregion pain sensitivity as compared to page peers and adults with intact
limbs; however, increased retaesite pain sensitivity was only found among a
subgroup of adults with persistent pastputation pain. Seleported pain
characteristics (e.g., intensity, interference, symptoms of nervous system
hypersensitivity) did not differ between adults with avithout amputatedegion
sensitivity. Findings from Aim 3 indicate adults with pastputation pain
demonstrate greater difficulty completing a body representation task as compared to
adults with intact limbs; however, adults with pastputation pain pesfmed
similarly to painfree peers with lowelimb loss, suggesting body representation
impairments may be attributed to overarching changes associated with limb
amputation. Finally, body representation impairments were indicated by increased
phantom limbhypervigilance and more negative body image among adults with post
amputation pain as compared to phee peers with lowelimb loss.

Collectively, this dissertation identified potential central nervous system

impairments among adults with persistensta@mputation pain, which can be

xviii



identified using a battery of clinical outcome measures andm@sive techniques.
Evaluation of multisite pain involvement, increased pain sensitivity, and body
representation impairments may guide pain managemennioatlpractice, including
implementation of novel rehabilitation interventions (e.g., treatments targeting
impaired body representation) to reduce pailated disability and improve quality of

life following lower-limb loss.
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PREFACE

At the time of publication of this dissertation document, Aim 1 has been

published and is reused as the accepted version of the following:article

Beisheim EH, Seth M, Horne JR, Hicks GE, Pohlig RT, Sions JM. Sex
specific differences in multigtpain presentatidiollowing lower-limb loss.Pain
Pract 2021,21:419427.
which has been published in final form at
https://onlinelibrary.wiley.edu/doi/abs/10.1111/papr.129%his article may be used
for noncommercial purposes in accordance withwWikey SeltArchiving Policy
[http://www.wileyauthors.com/selirchiving]. Permission to reuse the material herein

is provided in Appendix D of this dissertation (Permissions).
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Chapter 1

INTRODUCTION

Lower-Limb Loss: Background

In the UnitedStates, 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.
Lower-limb loss (LLL), i.e., amputation of the lowextremity, is more common than
that of the uppeextremity (i.e., shoulder, arm, hah@nd 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, pee-, and posbperative
care from a comprehensive, multidisciplinary, and expeeémedical tearh.

As compared to the general population, adults with LLL report poorer physical
function, reduced community integration, and greater pain interference during
activitiesof-daily-living.® 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 qualitf-life.* In the postacute rehabilitation period,
functional deficits are largely targeted via prosthetic training and lextezmity
strengthening progranist 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 diabegtkgted complication&further investigation
into factors ontributing to persistent peaimputation pain and panelated disability

is critical.



Persistent PostAmputation Pain

Associations between poor physical function and persisterrapgstitation
pain, i.e., amputatiespecific pain that persists beyone gheriod of limb healing, are
well established:® therefore, persistent peamputation pain appears to be dical
target for posticute rehabilitation among this growing population. a4t the most
commonly reported pain complaint is phantom limb daia,, pain perceived as
coming from the amputated portion of the limb. While still poanhgderstood,
phantom limb pain is thought to result from changes in the peripheral and central
nervous systemsncluding 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 sigte®ven the complexity of phantom
pain, as well as the myriad of resultaphysical symptoms (e.g., distortions in limb
size, burning pain, numbness and tingling), phantom limb pain remains extraordinarily
challenging to treaf

Similarly, residual limb pain, i.e., pain in the remaining portion of the limb, is
commonly reported postl L. 4 12 13Residual 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, psstgical compliations (e.g.,
infections, neuromas, seeglated issuesY residual limb pain may persist beyond the
acute stage due to poor prosthetic socket fit or alignment, chronic sles,issu
heterotopic ossification, or vascular disetide.the absence of observable structural
pathdogy or external complications (e.g., a pditing socket), persistent residual
limb pain may be similarly due to chronic changes in underlying nervous system

sensitivity®



While several studies suggest pastputation pain (i.e., phant§nt’ and
residual limb paitf) diminish with time, a national survey of 255 adults with LLL
found 7274% of adults experienced chronic pastputation pain (i.e., continued pain
6 months to 74 years peiskL). 12 Furthermore, in a longitudinal study following 34
adults for 2 years posiLL, 59% and 21% of participants reported persistent phantom
and residual limb pain, respectivéffinally, among a sample of 764 adults who
were nearly 3§/ears post.LL on average, Sherman, et al. found that only 12.1%
reported significant decreases in phantom limb pain following their amputation.
Collectively, reported prevalence rates warrant id@mation of posamputation pain
when studying longerm functional and pairelated outcomes.

Unfortunately, treatments for peaimputation pain (e.g., analgesics, massage,
acupuncture, nerve blocks, transcutaneous electrical stimulation) demonstrast, at
poorto-moderate efficacy’ In fact, in a prior study evaluating pestputation pain
treatment, opioid analgesics were among the only treatments rated as moderately
extremely helpful by the majority of participarf<Given the considerable, adverse
consequences of persistent opioid use (e.g., risk of misuse, abuse, and/or addiction;
side-effects such as constipatioedstion, respiratory depression, and nausea;
inadvertent fatal overdo®, it is critical to further investigatunderlying, modifiable
impairments that, if addressed with alternative treatment strategies, may reduce
persistent posamputation pain.

Advances in posamputation pain research and care have been limited by (1)
variability in phantom and residual lingzesentation and (2) poor understanding of
factors driving posamputation paid?Posta mput ati on painés resi st

traditional, localized treatment warrants further exploration of-aogiutation pain as



a centrallymediated condition, to determine if maladaptive somatosensory
impairments (i.e., underlying nervous system hgeasitivity1% 22 23cortical
reorganization in response to the loss of the dfnif) are present and can be clinically
addressed. To date, pastputation pakrelated research has largely foalisa
identifying postamputation pain prevalence and bothersomehéss® 19 283 while

underlying somatosensory contributions remain significantly underexplored.

The Somatosensory System and Pain Transmission
The somatosensory system, a multitimeal 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 bréilVithin the somatosensory system, the
ascending spinothalamic tract is responsible for transmission ofgdated signalé>
Specifically, in the presence of acute tissue damage, inflammation, and gaimng £
fibers (i.e., free nerve endings in the periphery thatomdpo noxious stimuli)
transmit pain signals from the periphery to the dorsal column of the spinal cord via
first-order neurong® Pain signals are then propagated from the spinal cord to the
thalamus via secondrder neurons; finally, pain signals are transmitted from the
thalamus to various regions of the cortex (e.g., somatosensaoey,camygdala,
insula) for interpretation via thirdrder neurong?
Within the brainpain signals are processed and interpreted in a network of
vari ous, interconnected regi &Mfhe, often ref
somatosensory cortex plays a predominant role in pain perception and locafization,
as it receives and interprets sensory signals from each body parhgcegaorganized
imapo of the body cal |l e &Thehomunsuusiagd osensor y

dynamic, somatotopicaHgrganized (i.e., each body partépresented in its own



distinct region) region that conforms to changes in sensory sitinallsen pain

signals reach the somatosensory cortex, a conscious perception of pain is created, and
gualitative aspects of pain (e.g., pain type, location, severity) are encoded. Beyond the
somatosensory cortex, areas such as the anterior cingulate cortedatkral

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

processing and interpreting the attentional and emotional components &F pain.

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.*°This occurs in response to structural and phgaic
changes to peripheral and spinal neurons, secondary to injury and cascading changes
in cell membrane function and protein expreséfohdditionally, after nerve injury,
resected nerves may sprout and emit spontaneous siysalsequent changes in
nerve structure and firing patterns may inducedngensitivity of peripheral
nociceptors and create longstanding changes in spinal and supraspinal pain processing
structures, ultimately enhancing pain signal transmisSion.

Chronic or persistent pain may also disturb the organization and function of
cortical regions. In the somatosensory cortex, the cortical region that represents the
pai nful site may becomeakinymis Bcalzzatientandn c t |, or
discrimination difficult*? Various studies have demonstrated changes in the
representation of painful body areas using neuroimaging (e.g.,
magnetoencephalograpfifunctional magnetic resonance imadihgd. This
phenomenon, often referred to as somatosensory plasticity, has been correlated to

phantomimb pain intensity: greater shifts in the somatotopic representation of the



amputated limb have previously been associated with increased phantom limb pain

severity among adults with an upgettremity amputatiofi?

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, fiboromyalgf§). Investigations into underlying central nemgcsystem
changes in posatmputation pain, however, have largely focused on changes in the
cortical representation of the amputated limb using neuroimaging (e.g., functional
magnetic resonance imagirf§)#>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., vascdiaease requiring stents or
defibrillators) resulting in contraindication to magnetic resonance imagifuus, the
ability to assess maladaptive somatosensory impairments through clinical tools (e.g.,
patient interviews and seléported outcome measures, pain sensitivity testing,
behavioral tasks) appears especially criticalhdst. While several clinical features
(e.g., multisite pain, increased sensitivity to painful stimuli, impaired body
representation) may be indicative of maladaptive somatosensory impairments

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

Multisite Pain
First, multisite pain, defined as pain in two or more anatomical locéffons,
may indicate underlying central nervous system sensitivity, especially when pain is

found extensively throughout the botiAdults with LLL commonly report



secondangite pain, i.e., pain external to the amputated fitnk 26 Showever, to

date, pairrelated research among adults with LLL has largely focused on identifying
individual pain site involvement, #iout evaluating patterns of multisite p&it?: 25

28 29 Fyrthermore, studies evaluating chronic pain among adults with LLL have
predominantly focused on peainputation pain (i.e., phantom and/or residual limb
pain) in isolationt? without considering whether multisipain may be present and
associated with persistent p@shputation pain. Further classification of multisite pain
patterns posLLL is warranted to identify the extent of pain involvement and inform
future studies investigating underlying factors cdmiting to multisite pain (e.qg.,

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. émigattith other
chronic pain conditions (e.g., chronic low back pain, osteoarthritis, fiborom§RJgia
guantitative sensory testing, which includes measures of pain sensitivity and tolerance,
has been shown to be a useful clinical indicator of underlying ceetnabus system
hypersensitivity*! Painpressure threshold (PPT) testing is a component of
guantitative sensory testing, which measures the threshold at which applied pressure is
perceived as painfdl. Reduced PPTs indicate increased pain sensifivRPT testing
can be performed clinically using legost, norinvasive equipmert warranting
further evaluation of PPT testing as a potential tool for evaluating underlying central

nervous system involvement in p@hputation pain.



Identification of pain sensitivity patterns using PPT testing may provide insight
into underlying posamputation pain mechanisms, which may help guide treatment
interventions in clinical settings. For example, increased sensitivity localized only to
the esidual 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 aputated region) and secondary sites (i.e., sites remote to the
amputated region) may suggest central nervous system hyperserfSitivitile 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 Represatibn

Finally, impaired body representation, i.e., disturbed perception, sensation, or
identification of a painful body part, is a hallmark of maladaptive somatosensory
changes$? When communication between the brain and body is compromised, as in
the case of peripheral (e.g., ampiata) or central (e.g., traumatic brain injury) nerve
lesions, body representation may become impaiétiBody repesentation
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 affecteth partds s
misinterpret innocuous sensory signals as pam®’

Implicit body representatigrn.e., the body schent&,*®is defined as the
brainés unconscious, ment al repfoenede nt at i or

by processing and integrating exaranging information from the somatosensory



system and serves as the basis for human movéf@imically, implicit body

representation can be assessed using-adéttdiscrimination task! 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 théngde (i.e., laterality) of

the body part, which is r &Wihthedeltrigito as fir
discrimination task, delayed response time or reduced accuracy may reflect impaired

implicit body representatio

Converselyexplicit body representatione., body image or body
perceptiorf® ®4is 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 representatianpairments may be identified using
guestionnaires assessing thoughts, feelings, and perceptions of the body. Explicit body
representation impairmendppear presemmong adults with LLL who perceive a
phantom limb?* 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?

Prior research imdving neuroimaging suggestaplicit body representation is
impaired among individuals with uppkmb loss who experience phantom limb
sensations and pain (n=12)furthermore, other patient populations with chronic pain
(e.g., low back pain, complex regial pain syndront®) demonstrate impaired body
representation (e.g., difficulty identifying painful body parts, disturbances in body
percepion). In contrast, associations between explicit body representation, with

respect to the phantom limb, and pain characteristics remain unknown.



In other pain conditions (e.g., low back pain, complex regional pain
syndrome), treatments involving motor igeay, which aim to improve body
representation, have been shown to reduce pain severity and improve féhetién.
In recent decades, research has suggested impaidgdepresentation may play a
key role in posamputation pain development and persisteéfic€however, clinical
evidence of impaired body representation remains scarcé.pbsFurther research is
warrantedo determine whether body representatiomisairedamong adults with

LLL, and to determine if persistent paanpuation pain worsens impairments

Sex Differences in Lowénimb Loss and Pain

While female sex is a wedistablished risk factor for chroramd multisite pain
development in the general populati8n “*females comprise the minority of the
LLL population (i.e., 33% and remain a significantly understudied grétiRecently,
researchers have highlighted the importance of directing research efforts toward
females with LLL?® which appears especially critical when investigating jpeiated
outcomes, as females have been shown to demonstrate increased sensitivity to
experimentallyinduced pain, be at risk of more extensive pain involvement, avel h
different responses to pharmacological and-plearmacological pain interventioffs.
As such, it is imperative toonsiderthe potential influence of biological sex on pain
presentation podtLL to determine if future, longitudinal pain studies among adults

with LLL should consider sexelated differences.

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

multisite pain, increased primargnd secondarsite pain sensitivity, impaired body

1C



representation due to changes in cortical representation of the amputated limb) may be
present among adults with persistent gosputation pain, evidence pddil has
remained scarce. The overarching goal of this worktwasovide preliminary

evidence of underlying, modifiable somatosensory impairments among adults with
persistent posamputation pain following LLL. Our central hypothesis was that adults
with persistent poshmputation pain demonstrate markers of maladapt
somatosensory changes (i.e., multisite pain, increased priaratysecondargite

pain sensitivity, and impaired body representation), which may be key areas for
rehabilitative intervention. When possible, as a secondary goal, this work aimed to
evalwate sexrelated differences in pain presentation to provide preliminary data
encouraging sespecific considerations in future pain research among adults with

LLL. The following Specific Aimsand hypotheses were proposed:

Aim 1: Estimate the prevalencé multisite painamong adult® lyear post_LL

(n=303), while consideringatterns of angotential sexspecific differencem

multisite pain
Hypothesis 1aThe majority of adults with lowdimb loss will demonstrate
multisite pain, and patterns wiultisite pain will largely include both persistent
postamputation pain and pain in secondary sites (e.g., low back, intact lower
extremity).
Hypothesis 1bFemale sex will be significantly associated with the presence of
mul t i si 4year ppsampoation.1
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Aim 2: Determine whether adults with pesnputation pain demonstrate greater
pressuranduced pain sensitivity (i.e., pain pressure thresholds per algometry) at both
primary (i.e., amputated) and secondary (i.e.;amputated) sites, as compated
painfree peers and controls with intact limbs, and determine whether pain
characteristics differ based on the pattern and distribution of pain sensitivity.
Hypothesis 2aWWhen compared to painee peers, adults with persistent post
amputation pain W demonstrate increased primaiy.e., amputatedegion)
and secondargite (i.e., noramputateeregion) pain sensitivity.

Hypothesis 2bWhen compared to controls with intact limbs, adults with

persistent posamputation pain will demonstrate increaggimary and
secondangite pain sensitivity.

Hypothesis 2cAdults with postamputation pain who demonstrate increased
amputateeregion sensitivity (i.e., a sign of potential peripheral sensitization)
will demonstrate greater pain sensitivity at se@pdites than peers with
post-amputation pain who do not demonstrate increased ampuégh pain
sensitivity.

Hypothesis 2dAdults with postamputation pain who demonstrate increased
amputateeregion sensitivity will demonstrate worse pain charasties (i.e.,
more frequent patnelated symptoms associated with central sensitization,
increased pain intensity, and increased pain interference) than peersawith po

amputation pain withouhcreased amputateégion sensitivity

Aim 3: Determine whetheadults with LLL who experience persistent post

amputation pain demonstrate impaired implicit and explicit body representation, as

12



compared to paHfree peers with LLL and/or controls with intact limbs, and whether
body representation impairments are agded with worse patnelated outcomes.
Hypothesis 3aAdults with persistent postmputation pain will demonstrate
impaired implicit body representation (i.e., difficulty identifying the amputated
limb, evidenced by increased response time and reduced accuracy en a left
right foot discrimination task) comped to pairfree peers.
Hypothesis 3bAdults with persistent postmputation pain will demonstrate
impaired implicit body representation compared to controls with intact limbs.
Hypothess 3¢ Among adults with persistent pestnputation pain,
impairmens in implicit body representation will be associated with worse pain
characteristicsi f., increased pain intensity, interference, and
bothersomeness).
Hypothesis 3dAs compared to paifree peers, adults will demonstrate
explicit body representatiompairmentsi(e., more negative body image,
greater limb disownership and hypervigilance).
Hypothesis 3eAmong adults with persistent pestnputation pain,
impairments in explicit body representation will be associated with worse pain

characteristicsi ., increased pain intensity and interference).

Summary

Persistent postmputation pain remains an inherent, but largetieean
addressed, consequence of LLL, which ultimately reduces furantidguality-of-life.
The collective goal of this work was to prde insight into potential centraHy
mediated mechanisms driving persistent fazsputation pain using novel, clinically

applicable measurement techniques (i.e., pressure algometinesmifed outcome
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measures, online experimental body representadgks} to improve objective

evaluation of posamputation 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. Throughcdl 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 uerpdinrelated

disability among adults with LLL.

14



Chapter 2

SEX-SPECIFIC DIFFERENCES IN MULTISITE PAIN PRESENTATION
AMONG ADULTS WITH LOWER -LIMB LOSS

Introduction

Of the nearly two million Americans living with lowdimb loss (LLL)! up to
95% experience bothersome pain in at least one body region, which is associated with
depression, worse mobility, and reduced qualityife*. PostLLL, pain may be
amputatiorspecific (i.e., directly involving the amputated limb region) or may occur
in secondary sites, sa@s the nommputated limb or low baci: 13 26 5%As in other
postoperative patient populations, acute pain may serve an important, protective role
in facilitating amputated limb healinghowever, extensive pain site involvement and
persistence of pain beyond the healing stagelmagyathological.

To date, paifrelated research among adults with LLL has largely focused on
identifying singlesite pain prevalence, as well as the bothersomeness of individual
pain sites, among largely male participahts.2® 28 2Furthermore, studies evaluating
chronic pain among adults with LLL %@ predominantly focused on amputation
specific paid? or have included participants within the first year of their amputétion,

3 which may inflate prevalence rates.

Multisite pain, defined as pain in two or more anatomical locafforesnains
especially understudied among adults with LLL. While adults with LLL commonly
report pain in multiple locatiorfs? *demographic and ampti@an-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 petLL 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 wholdody pain signals).

While female sex is a wedistablished risk factor fanultisite pain
development in the general populatf8r/lthere 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%
and remain a significantly understudied grétiRecently, researchers have
highlighted the importance of directing research effawgard females with LLL, as
there may be unique considerations for-sp&cific prosthetic needs, treatment
interventions, and psychosocial stresgdo assist with this initiative, it is
imperative to investigate relationships between sex aneljhdspain presentation to
determine if future, longitudinal pain studies among aduilis LLL should consider
sexrelated differences.

The objectives of this study were tMald: to evaluatemultisite pain
presentation and investigate assoeiations
year postLLL. The hypotheses were: (1) multisitaip would beprevalent across
amputatiorspecific pain sites and secondary sites remote to the amputgied and
(2) female sex would be significantly assdc
year post_LL, after controlling for other potential ctnibuting factors [e.g., age, body

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

16



Materials and Methods
Data were combined from six cressctional, observational research studies
completed in the Delaware Limb Loss Studies latmoyaat 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 aadtse (e.g., the Amputee
Coalitionbs National Conference and Li mb L
considered for analyses if standardized pain data was collected among adults with
LLL, and participants had signed a written, informed consent permitte@iude
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 stud
read and speak English (due to completion of questionnaires and interviews in
English), had undergone a unilateral lovierb amputation at the partiébot level or
h i g h 4aar pfiol to their research participation, and reported all pain prevalence
data of interest. Exclusion criteria included any major amputation of the contralateral

Il i mb (i -levelogrhighgr)me 6 s

Overview of Procedures

Across all studies, participantederwent the informed consent process.
Demographic and amputati@pecific characteristics were captured during
standardized interviews, either led by trained examiners or in standardized text. Height

and weight (with the prosthesis donned) were coltefiiethe calculation of BMI.
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When available, prosthesislated data were extracted for participant
characterization. Prosthesise | at ed data included particip:
which assesses prosthesis use and stability when using a pro'SthadiSocket
Comfort Score, which assesses curggrosthetic socket comfoft. The Houghton
Scale, scored from-02 points, has been reported to have excellenteesst
reliability [intraclass correlation coefficient (ICC)=0/8pand criterion validity for
differentiating community, limited community, and household ambulation categories
postLLL.””Spe¢ f i cal ly, scores O9 points may sugg
ambulator>For t he Socket Comfort Score, 0 repr
and 10 represents fthe ’Aiestretescreiabiitpr t abl e f i
(1ICC=0.77®) and criterion validity? have been previoushgported for the Socket
Comfort Score.

To capture pain prevalence data, participants answered standardized pain
guestions. Phantom | imb pain was defined &
amput ated por*wihon eofr etsh & ulail mb,idnb pain was
remaining porti on?%*%¥%Asindiveluals with ULl eommahly | i mb . 0
report pain in the contralateral limb and/or low b&ck® 25 5%econdary pain sites of

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

Data Analysis

Prior to statistical analyses,-particiocrg
checked between studies to ensure individual participants were included only once.
Painrelated responses were verified with additional evaluation material (e.g., pain
body diagams, 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,
contrdateral 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 categoried into the following patterns: amputatispecific 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 inthe 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 dmographics and amputatispecific 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 (pO. 050) .gression wasaused to test the umapjustet i ¢ r e
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 devetemt; 1’ “*which were entered into the
first block. Covariates included potential confoundersaiatrol 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 amyputation
specific pairf Furthermore, LLL level was dichotomized as at or below the transtibial
|l evel (i .e., partial foot, Symeds, or trar

disartiaulation level (i.e., knee disarticulation, transfemoral, or hip disarticulation), as
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more proximal amputation levels have been associated with amptgpgoific pair’.

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 studiesng 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 40@rpcipants, 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 30Barticipants with complete pain and covariate data for the

analyses.
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Participants Evaluated in the Delaware
Limb Loss StudiesLab

(September 2013 February 2020
n =541

( Missing Phantom Limb Pain Data
(n=139

N
Participants with Complete Pain Datasets

n =402

~

Ineligible (n=92)
Major Bilateral Amputations(n=29)
Amputation <1 Year Prior (n=63)

~
Participants Included in Combined Datasst
n =310
J
( Missing Body Mass | ndex Data
(n=7)
Participants Analyzed
n =303
Males Females
n =203 n =100

Figure 1  Inclusion flow diagram



Participant characteristics are provided in Table 1. Consistent with previously
reported statistics regarding the LLL populattanpughly onethird of participants
(n=100) were female. Median age and BMI wa8eyears and 29.0 kgfn
respectively. Seventthree percent of participants had a transtibial amputation, and
median time since LLL was 6 years. While demographic and LLL characteristics were
largely similar between sexgs$>0.050), LLL etiology was sigficantly different
between males and femalgs-(.006). A posthoc chi square test indicated more
females (17.0%) than males (4.4%) reported caredated LLA ©<0.001); however,
no significant betweegroup differences were found for other etiologiesahy,
nearly all participants used a prosthesis and were comnmamitylators based on

Houghton Scale scorés.
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Table 1

Participant characteristics by sex.

n (%) ‘
Domain Full Sample Males Females pt
(n=303) (n=203) (n=100)
Demographic
Age’ years* 56 57 55
(46, 65) (46, 65) (46,65) 0.568
1894 1894 21-84
Body Mass Index, kg/f 29.0 29.5 27.4
(25.1,33.3) (25.5,33.5) (23.8,32.7) 0.056
14.455.7 17.552.0 14.455.7
Amputation -Specific
Amputation Level
Partial Foot 1 (0.3%) 1 (0.5%) 0 (0.0%)
Transtibial 222 (73.3%) 148 (72.9%) 74(74.0%)
Van Ness Rotationplasty 1 (0.3%) 1 (0.5%) 0 (0.0%) 0.914
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%)
Trauma 110 (36.3%) 81 (39.9%) 29 (29.0%)
Cancer 26 (8.6%) 9 (4.4%) 17 (17.0%) 0.006
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%)
6 5 7
Time since Amputation, years* (2, 16) (2, 16) (2,20)  0.542
1-76 1-66 1-76
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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,-Q2* n=284 n=192 n=92
10 11 10
0.208
(9, 12) (9, 12) (9, 12)
2-12 2-12 4-12
Current Socket Comfort Scort n=292 n=197 n=95
0-10* 8 8 8 0.642
(6, 9) (6,9 5,9
0-10 0-10 0-10

"Continuous data presented as median (25th, 75th percentiles) and range.
AP-value denoted for betwegmoup 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
femal es as compared t o%=%80,p=6.616).(S68ndddy% VvV er s u s
site pain was more prefemt 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 contralater al hi p 47.82pw0.050]2/8togéxiér, v s . 12.

€)Y

males were more likely than fees to report O painful sites (20.7% versus 11.0%,
G°= 4.36,p=0.037), while females were more likely than males to report pain in all 7
possible site’s12@@=004).vs. 1.0%, 6

Sixty percent of the sample reported multisite pain, which wae prevalent
among females (72.0%) as cpMh@a.Desgitet o mal e s
overall prevalence differences in multisite pain, multisite pain patterns did not

significantly differ between sexepX.164.949). Of the participants classified a
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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.
n (%)
Pain Involvement Full Sample Males Females P
(n=303) (n=203) (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
Amputationspecific¢’  20/183 (10.9%) 15/111(13.5%) 5/72 (6.9%) 0.164
Secondary 20/183 (10.9%) 12/111 (10.8%) 8/72 (11.1%) 0.949
Mixed 143/183 (78.2%) 84/111 (75.7%) 59/72 (82.0%) 0.316

"P-value denoted for betwegmoup differences (males versus females).

“ Amputationspecific multisite pain defined as pain in both the phantom and residual

limb, without pain involvement in secondary sites (i.e., contralateral limb, low back).
'Secondary multisite pain defined as pain
involvement in the amputated limb.

Mi xed multisite pain defined as pain in O
and O1 secondary site.

In the unadjusted model, female sex was significantly associated with a higher
odds of reporting multisite paigF 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 ¢’= 8.37, p=0.137). The addition of sex in Block 2 significantly
improved the models{= 19.09;p =0.004). With the addition of sex, BMI became
significantly associated with multisite pain [OR=1.p40.044. Holding all other
variables constant, being female was associated with higher odds of reporting multisite

pain (odds ratio: 2.40, 95% confidence in&érd1.404.12;p=0.001).
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Table 3 Logistic regression model: relationship between sex and multisite pain

(n=303)
Block Variable b SE O(ggf/o Ré‘lt)'o
1.01
1 Age, years 0.013 0.008 0.113 (1.001.03)
1.03
Body Mass Index, kg/fn 0.032 0.019 0.096 (0.991.07)
, . . 0.99
Time since Amputation, years -0.008 0.009 0.364 (0.981.01)
Amputation Etiology, Trauma -0.146 0.262 0.576 © gff44
Amputation Level, KD or Higher  0.378 0.280 0.178 © 5442653)
6°=8.37, p=0.137
1.02
2 Age, years 0.016 0.009 0.067 (0.991.03)
Body Mass Index, kg/fn 0.040 0.020 0.044 1.04
; : ' ' (1.001.08)
Time since Amputation, years ~ -0.011 0.009  0.231 0.99
P Y ' ' ' (0.97-1.01)
. . 0.97
Amputation Etiology, Trauma -0.036 0.269 0.894 (0.57-1.64)
. . 1.50
Amputation Level, KD or Higher  0.407 0.286 0.154 (0.862.63)
2.40
Sex 0.876 0.275 0.001 (1.40-4.12)
6°= 19.09;p=0.004
b = Unstandardized beta coefficient

Abbreviations: SE = standard error; ClI = confidence interval; kg=kilogram;
m=meter;KD=knee disarticulation
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Discussion

More than lyear postamputation, 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 linkdwy back, and
contralateral knee and hip pain. Further, females disproportionately experienced
multisite pain. While numerous studies have investigated amputgiemific and
secondary pain separatély? 1> 19.26.28,.29. Ja\w have characterized multisite pain
among adults living with LLL. Our study characterizes multisite paingptasion
postLLL and presents the first evidence, to our knowledge, okpexific differences
in multisite pain longterm postLLL.

To date, research investigating multisite pain has predominantly focused on
adults with intact limbs, where female seastbeen consistently identified as a risk
factor*® "*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 mecharttsh 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 Furthermore, sex differences in pa@lated immune
responses have been documented in both arffhaald humang' 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 rept pain’® While pain sensitivity has ngetbeen assessed among
individuals with LLL, sexspecific differences painrelated, psychological
functioning have been identified in a sample of adults with predominantly traumatic

LLL.®82 Specifically, females with LLL reported greater pain catastrophiziog a
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endorsed the use of maladaptive coping strategies more so than mafé peers,
suggesting poor psychological functioning may contribute to the development of
extensive, multisite pain pektLL . While the secondary nature of this study does not
allow for specific identification of underlying peripheral or central mechanisms
contributing to sexelated differences, future research studies might explore whether
unique factors associated with LL&.§., prosthesis use, psychosocial response to
LLL, pre-, peri, and posbperative pain medication use) also contribute to observed
sexspecific differences in multisite pain prevalence.

Among participants who reported multisite pain, patterns of paia gigrilar
between males and females, with the majority of males (75.7%) and females (82.0%)
experiencing mixed multisite pain. The lack of selated differences in multisite pain
patterns indicates there may be potential central contribétitmshultisite pain
among both males and females with LISpecifically, 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 litAllthough general patterns of multisite
pain were similar, more femal€9.0%) than males (1.0%) reported pain irsallen
sites. Furthermore, a pesbc 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 prediars 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 nBagsnd the
abovementioned factors thaay be involved in multisite pain development, females
with LLL may face unique, prosthesislated challenges resulting in a predisposition
to secondary pain. Historically, prosthetic componentry has been largely designed to
accommodate male build anddy mas<2 While we did not find significant
differences in selfeported sockecomfort between males and females at the time of
the evaluation (Z9.466,p=0.642), other prosthesiglated issues (e.g., heavy weight,
poor suspension, malalignment) may be more prevalent among féraalésng
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 sepecific differences in secondary pain prevalence.

Phantom limb pin 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? while others have identified higher prevalence rates of
phantom limbpain among femalés 8 or males®? Conflicting evidence may be due,
in part, to the diverse definitions used across studies, including varied descriptions of
phantom | imb pain | océ&%ftome (ampw), atiddch ep ami ts
quality (e. &fnsofibaot bassccmepeid %Sata nipsa peax od ru |
sensaf)i,omn@d frequentfi fethe,| d'meanb o8t ewe e |
undefined frequendy®. 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, anputations at or above the transfemoral level have been cited as
risk factors for posamputation pain, due to their potential for greater nerve damage,
larger neuroma development, and poorer prosthefl@fitsed on our logistic
regression model, a relationship between amputation level and multisite pain was not
found. Furthermore, age, time since LLL, and traumaticagioivere 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 betwaditsite
pain and other potentially influential risk factors, such as poor psychological
functioning (e.g., anxiety, depression), poperative complications (e.g., infection,
revision surgeries), and/or social and environmental factors (e.g., assestive use,
social support).

Importantly, only 17.5% of all participants reported O painful sites, with the
proportion of pairdree females (11.0%) being significantly smaller than {baa
males (20.7%). Results from this study indicate the rarity whigaa painfree
experience podtLL 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 lovi°back,
hip,2¢ and knee paftfin other patient populations, recommendations for evaluating
secondary @in postLLL 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 th Department of Veterans Affairs and Department of Defense

highlighted the importance of evaluating and tracking painlpoistusing
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standardized questionnaires and measurement tools (e.g., Visual Analogue Scale for
pain intensity, McGill Pain Questionnaifor pain quality and descripto®)however,
research informing the use pdinrelated outcome measures among adults with LLL

is limited. To determine which patelated 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 pelsLL are presented, several study limitations are
acknowledged. First, as this study was a secondary analysis of existing datasets, data
were extraad from available participant records withaypriori determination of
sample size. Pos$toc 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, ang=proportion of positive case®)suggest ng O15 predi ctor s
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 sitaitdefis were used
across all pain sites, regardless of administration method (Hgerson interview
versus written questions), differences in administration of pain questions may have
affected respondent sdéd answeredastud®ai n eval use
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., duratiblequency 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
iprsistent or recurrent pPAdditiondlyaastheé ng | onge
analyses only evastted presence versus absence of pain, we are unable to compare

our findings to prior studies evalwuating ¥
pain assessments did not include evaluations of egyeemity, neck, or head pain, as

data from these €& 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 lyear after LLL, over 60% of adults report multisite pain, which
appears ttoe 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 futurerp&ted research
postLLL. Importantly, the majority of adults with multisite pain padtL appear to
experience pain in both amputatispecific and secondary sites, regardless of sex.
Future studies may consider identifying objective measurement strategies for
amputatiorspecific and seondary 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 sexspecific diffeences in pain prevalence and evaluate the impact of sex

on painrelated outcomes pokLL.
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Chapter 3
MECHANICAL PAIN SENSITIVITY IN POST -AMPUTATION PAIN

Introduction

Over 50% of adults with lowdimb loss (LLL) experience postmputation
pain that persists beyotichb healing® 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 phenom&mmost
amputaion pain remains difficult to treat, in part due to the lack of clear evidence of
underlying mechanisms contributing to its persistéce.

In the absence of observable pathology (e.g., heterotopic ossificatier), po
amputation pain is theorized to result from maladaptive changes in the central nervous
system that amplify and perpetuate pain sigffaf$Following LLL, resected nerves
may sprout, emitting spontaneous sigtfedsid inducing hypersensitiyiat the level
of peripheral nerve receptors and/or the spinal €fdlditionally, changes in nerve
structure and firing patterns maypair descending pain modulation, enhancing pain
signaling from the amputated regiiCollectively, theories implicating peripheral
and central nervous system hypersensitivity inqaogputation pain appear logical
and support current peatmputation pain interventignwhich largely target neural
sensitivity (e.g., gabapentin, NMDB#receptor antagonists, nerve stimulatdfs}* %
Evidence of nervous system hypersensitivity among adults withapgstitation pain,

however, remains scarce.
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Painpressure threshold (PPT) testing, i.e., quantifying the threshold at which
appliedpressure is perceived as pairftiflc an be used to evaluate
sensitivity profile and determine whether undertynervous system hypersensitivity
is present® For example, reduced PPTSs localized to the primary (i.e., amputated)
region may indicate peripheral sensitization, or increased responsiveness of the
afferent nerve endingwithin 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/dt*Btain.
While PPTs may be useful for clinically evaluating and classifying patterns of pain
sensitivity, pain sensitivity proés have not been assessed among adults with LLL.
Prior to including PPT testing as a component of clinical pain evaluatiof pbst
research assessing pain sensitivity among adults witkapgstitation pain is needed.

As prior research suggests femaléth’? and without” *8chronic pain
demonstrate greater pain sensitivity than male peers, it is criticahider biological
sex when assessing pain sensitivity gddt. Our objective was to evaluate
differences in primary (i.e., amputategjion) and secondary (i.e., remote) site pain
sensitivity among controls with intact limbs, pdiee adults with LLLand adults
with postamputation pain, using sespecific data for comparison. We hypothesized
adults with posamputation pain, as compared to page 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 crosssectional 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 018 years, were i
transtibial (i.e., belovknee) amputation that was acquired (i.e., not ptesenrth)
O 1year prior. Agematched (+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 Sclerosls,iPars o n 6 s
Disease), impaired skin integrity, and acute illness. Cospetific 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 takysis was part of a
larger study evaluating sensory testing and mobility-pb&t 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 approyé¢debUniversity of

Delaware Institutional Review Board for Human Subjects Research.

SeltReported Data

Following the written informed consent process, all participants underwent
standardized interviews to obtain demographic, pain, and amputalaieddata 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) ofregirfno

phantom or residual limb pain) groups. Participants in the pain group were asked to

36



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 haurs. P
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 syabitien ambulating with a prosthesis,
which has published tesg¢test reliability [intraclass correlation coefficient
(ICC)=0.967] and criterion validity for differentiating among community ambulation
statuses podtLL. ’* Additionally, participants with LLL reported Socket Comfort
Scores? an assessment of prosthetic socket fit (O=most uncomfortable fit imaginable
to 10=most comfortable fit) with esttlished testetest reliability ICC=0.7) and
criterion validity’® For Socket Comfort Score analyses, ratings at the time of the

evaluation and at best and worst in the prior 24 hours weraged.

Pain-Pressure Threshold Testing

PPTs were assessed by a set of trained examiners using a calibrated Pain
TestE FDX Al gometer (Wagner |l nstruments,
calculates the amount of force being applied to the skisiagée moment.
Algometerbased PPT techniques have been shown to be réfiabtvalid against
force plate measurements in otpatient population®’ Participants were seated with
their prosthesis doffed (if applicable), hips and knees flexed to approxyraétel
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 Fig@ewas provided to the residual limb byrained
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examiner, as needed, to prevent involuntary movement of the limb and/or muscle

contraction.

Figure 2  Painpressure threshold testing at the residual (i.e., ampesateyl
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 sthpation to prevent involuntary movement
or muscle contraction. Thentotal test sites includetvo primary sites
in the amputated region (denoted by triangles)eaghtsecondary sites
remote to the amputated region (denoi

Per the sindardized PPT assessment profdgstarting at 0.0&ilogramsof-

force per cubiecentimeter (kgf/cr¥), pressure was increased bkdgf/cm?® per second

until the participant first experienced paindin cat ed by the participe
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 f@ral 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, respemly). 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 pacipant groups (i.e., control, pafree, and pain) based on
demographic, amputatiespecific and pain data. Betwegroup differences in
participant characteristics were analyzed usingwayg analyses of variance
(parametric data) or Mann Whitney or KkasWallis tests (nofparametric data;
U=050) .

To evaluate betweegroup differences in PPT at primary and secondary sites,
PPT were first normalized to sepecific control data to eliminate potential influences
of sexrelated differences. PPTs were faarametrically distributed, as evidenced by
significant ShapireVilk tests £<0.060) 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-acore bas#on their relative standing within sex
specific control groups (see equation 1). This conversion allowed analysis of pain
sensitivity between pain and pdmee groups, while comparing males and females
with LLL to sexspecific reference data (i.e., maled female controls, respectively).
Each test site was considered individually, as pain sensitivity is inherently variable

across body regiorié.For example, the folloimg formula was used to calculate the z

score for a male with LLL at a sité,
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® _ eq. 1.

whered “Y is the log(PPT) for thé"imale with LLL, and0 “Yand, 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 kteral 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 ndcsglde differenes
in control data (p>.050). Betwegmoup differences in average primary and secondary
site PPT (per the sespecific zscore scale) were evaluated using a multivariate
analysis of variance (MANOVA); postoc Tukey tests were used to identify specific
group differencesl©. 05 0) .

Posthoc power analyses were conducted in G*Power 3.1 (Universitat
Dusseldorf, Dusseldorf, Germany). With 133 participants and Pill@iMH4, this
study was adequately powered (power >80 %)

depemlent variables (average primary and secondary site Fedres).

Results

Figure 3shows participant enrollment. In total, of the 286 participants
recruited, 148 (i.e., 108 adults with an acquired, transtiéiedl amputation and 40
controls) met eligillity 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: 1% er e mi ssing PPT trials for O1 t
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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 were2 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 pa#free and 59 reported peasmputation pain.
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[ Individuals Contacted ]

n =286
| |
Controls Lower-Limb Loss
n=>52 n=234
[ Not inter ested/no response (n=4) ]— —[ Not inter ested/no response (N=63) ]
Screened Screened
n=48 n=171
Ineligible (n=63)
Ineligible (n=8) Non+trangtibial amputation (1=32)
Leg, ankle, foot, or low back pain (n=7) Amputation present at birth (n=3)
Numbness'tingling in legs (n=1) Bilateral lower-limb amputations(n=10)

Amputation <l-year prior (n=5)
Impared skin integrity (n=4)

Enrolled Did not meet mobility criteria (n=7)

Neuromuscular condition (1=2)
[ n =40

Enrolled ]

Dataset Excluded (n=1) n=108
Missing Q2 trials per site (n=1)

Dataset Excluded (n=13)

Included in Final Analyses Missing C2 trials per site (n=12)
n=39 Misundestood testina directions (n=1)

Analyzed
n=95
_[ Outlier Removed (n=1) ]

Included in Final Analyses ]

n=94

Pain-Free
n=35

Figure 3  Participant inclusion éw diagram.

42



Table4 presents participant characteristics. Participants were largely middle
aged (median = 497 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 tieepain
group (i.e., 4 years; U=783.5070.049. Houghton Scale and Socket Comfort Scores
suggestegainfree participants reported increased prosthesis use and stability
(U=718.50,p=0.009 and better average socket comfort (U=62135®.007) than

peers with posamputation pain.
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Table 4 Demographic, amputatiespecific, and pahnelatedcharacteristics by

group
. Control Pain-Free Pain
Variable p
(n=39) (n=35) (n=59)
Demographic
A 19
0, 0,
Sex, femalé 20 (51.3%) 11 (31.4%) (32.2%) 0.110
49 57 53
*
Age, years (38, 57) 42,61  (40,63) 0310
Body Mass Index, kg/th 27.6 (4.9) 29.7 (5.7) 30.3(5.5) 0.053
Amputation -Specific
Amputation Etiolog$
Dysvascular (i.e., DM, PVD) -- 5(14.3) 11 (18.4)
Trauma - 14 (40.0) 26 (43.3)
Cancer -- 1(2.8) 5(8.3) 0.598
Infection -- 10(28.6) 10 (16.7)
Other/Multiple Reasons -- 5(14.3) 8 (13.4)
. : . N 4 3
Time since Amputation, years -- 2, 20) @.7) 0.049
Prosthesis Use
12 11
* -
Houghton Scale,-02 (11, 12) (10, 12) 0.009
Average Socket Comfort Score10* -- 9.0 /3 0.001
(7.7, 10.0) (6.3, 8.3) '
PostAmputation Pain
Phantom Limb Pain Presént -- - 50 (84.7) -
Phantom Limb Pain Average Intensit' _ _ n=50 _
0-10 2.1(1.7)
Residual Limb Pain Presént -- - 35 (59.3) --
Residual Limb Pain Average Intensity __ _ n=35 _
0-10/ 3.2(2.0)
Phantom + Residual Limb Pain
Preserft B B 26 (44.1) B

ACategorical data presented as n (% of sample)

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

percentiles)

yParametrically distributed continuous dat
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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 paingroup 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 15746€0.001to 0.020), necessitating the sex
specific zscore conversions. Figudepresents average PPIszore distributions for

primary and secondary sitemdTable5 presents raw, unconverted PPTs at each site

by group
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Figure 4  Average primary(top) and secondarybottom) pairpressure threshold
z-score distributionbetween controls with intact limbs, pdee adults
with lowerlimb loss, and adults with peatmputation pain. Adults with
postamputation pain demonstrated significantly reduced-peassure
thresholds at primary sites (compared to controls andfpaénpeers with
lower-limb loss) and at secondary sites (compared to-fpaepeers with
lower-limb loss only).
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Table 5 Betweengroup comparison of raw primargnd secondargite pain
pressure thresholds.
Controls Pain-Free Pain
Pain-Pressure Threshold (kgf) (n=39) (n=35) (n=59)
Median (2%, 75" percentile)
. 5.57 6.93 5.17
Primary Residual LFE 3.87,7.64) | (535 9.21) | (3.52, 7.07)
Sites*
. 8.15 8.67 7.07
Residual PT (5.42,11.86) | (7.11,12.39)| (4.73, 8.52)
. 421 4.99 4.15
Right LHE (2.94,5.01) | (3.17,7.69) | (2.85,5.60)
4.05 5.17 4.02
Left LHE (2.99,5.12) | (3.99,6.77) | (2.81,5.68)
. 5.85 7.81 5.58
Residual GT (4.17,7.90) | (6.15,10.45)| (4.07, 8.33)
. . 4,93 6.05 4.69
Secondary Residual Thigh (3.54,6.81) | (4.63,9.20) | (3.49,6.60)
Stest et 5.88 8.34 5.70
(3.72,7.81) | (5.54,11.91)| (4.37,9.33)
. 4.93 6.70 5.11
Intact Thigh (3.09,8.42) | (4.69,9.55) | (4.05,8.63)
5.12 8.71 5.63
Intact LFE (3.67,9.19) | (5.15,11.13)| (4.35, 8.85)
Intact PT 7.94 12.97 9.58
(5.30,11.18) | (8.85, 15.00)| (5.32,11.61)
*Among controls, fAresidual 0 sites
the left side.

refl

Abbreviations: kgf = kilograms of force; LFE = lateral femoral epicondyle; PT =
patellar tendon; LHE = lateral humeral epicondyle; GT = great@rchanter

The

initi al

MANOVA

showed

a significant

Lambda®.861, F(2,130)=5.03=0.001]. Univariate analyses followed the significant
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MANOVA, presented in Tablé, finding significant betweegroup differences in
both average primary [F(2,130)=7.440.001] and secondary [F(2,130)=4.88,
p=0.009] sites.

Finally, posthoc Tukey HSD tests indicated average primary site P§tbes
were significantly lower among adults with p@shputation pain as compared to pain
free peers with LLL (mean difference=0.740.001) and controls with intact limbs
(mean diffeence=0.52p=0.026). Additionally, average secondary site PPscares
were significantly lower among adults with p@shputation pain as compared to pain
free peers with LLL (mean difference=0.§10.007); however, average secondary
site PPT zscores wee similar between adults with pain and LLL and controls

(p>0.050).

Table 6 Univariate effects for group assignment.

Average Partial \ 95%I (ionfic:ence
PPT df F p £ Group | Mean® nterva

Z-Scores Lower Upper
Bound Bound

Control 0.00 -0.30 0.30

Primary* 2 | 7.44 | 0.001| 0.103 | PainFree | 0.22 -0.10 0.54
Pain -0.52 -0.76 -0.27

Control 0.00 -0.29 0.29

Secondary** | 2 | 4.88 | 0.009| 0.070 | PainFree | 0.45 0.14 0.75
Pain -0.16 -0.39 0.08

Abbreviations: PPT=PaisPressure 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 thighst intact (or left, for
controls) lateral femoral epicondyle and patellar tendon].
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AVieans represent the average pairessure threshold-gcore for either primary or
secondary sites, calculated in comparison toggecific reference data from the
contrd 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 pesimputation pain, while considering the potential impact of
biological sex on pain sensitivity. In support of our hypothesis, adults with post
amputation pain demonstrated greater amputatsglon pain sensitivity as compared
to painfree peers or controls with intact limbs; therefore, famsputation pain
appears to be associated with peripheral sensitization that persists beyond the period of
limb healhg. With respect to secondasite pain sensitivity, our hypothesis was only
partially supported: secondasyte pain sensitivity was significantly greater among
adults with posamputation pain as compared to page peers with LLL, but not as
comparedo controls. Rather than indicating a universal increase in central pain
sensitivity among adults with peamputation pain, our findings, instead, suggest
painfree adults with LLL may demonstrate significantly lower pain sensitivity than
peerswithpaimr controls. This studyds findings
evaluating primansite pain sensitivity in postmputation pain, while also warranting
further research to determine mechanisms underlying unexpected seesitelary
results.

Persistent posgamputation pain appears to be associated with peripheral
sensitization, evidenced by greater amputaéggion pain sensitivity in both pressure

sensitivé® (i.e., lateral femoral epicondyle) ardlerant® (i.e., patellar tendon)
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regions among adults with pesinputation pain. Consideration of pressseasitive
and-tolerant areas within the residual limb is critical for establishing apiatep
socket fit, especially with prosthetic socket types that rely on loading prestenant
areas and offloading presstgensitive areas (e.g., pateltandonbearing sockets¥°
Average primary site pain sensitivity (which included both a pressmnsitive and
pressurdolerant area) wal.74 normbased standard dations below that of pain
free peers (as indicated by mean grotgeares 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 anddint scale). Simildy, it is unsurprising
that Houghton Scale scores were lower among adults witrepgstitation pain as
compared to paHfree peers (i.e., 1 point lower on af@int scale), suggesting
reduced prosthesis use and perceived prosthetic stability amongvatiufiest
amputation pain. Our findings align with prior work demonstrating associations
between posamputation pain and reduced prosthesis satisfaction artftti&e,
suggesting increased amputatedion pain sensitivity may cause significant
discomfort during weight bearing and ambulation, ultimately limiting prosthesis use in
dally life. As recent clinical guidelines emphasize the importance of distributing
socket pressure to reduce prosthetic discomiibspecial 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 secondarnsites, pain sensitivity was similar between adults with-post
amputation pain and controls, suggesting central nervous system hypersensitivity may
not be ubiquitous with postmputation pain. Yet, findings suggest underlying central

nervous system hypersstivity in postamputation pain cannot be ruled out. While
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peripheral sensitization may be a typical response to acute pain and$meripheral
sensitization found in this study may Isie considered physiologically maladaptive
given the time elapsed since tissue injury (i.e., median time since amputation of 3
years). Furthermore, based on second#ég/pain sensitivity distributions depicted in
Figure 3, a significant proportion of @its with postamputation pain appear to
demonstrate relatively increased pain sensitivity (i-ecares <0) at remote regions.
As such, there may be a subset of individuals with-pogiutation pain who
demonstrate generalized pain hypersensitivitysscpsimary and secondary sites, for
whom treatment techniques targeting central nervous system hypersensitivity (e.g.,
centrallyacting medicatiort nonrinvasive, cortical electrical stimulatidft*
somatosensory rehabilitatit¥f) may be especially helpful. Future work may
investigate whether a distinct subset of individuals with-pagputation pain and
generalized pain hypeensitivity exists, and whether more widespread pain sensitivity
impacts pairrelated outcomes after amputation.

Remarkably, poshoc comparisons of PPTFsrores indicate primarand
secondansite PPTs were significantly higher among adults in the-fpree group as
compared to controls. Findings suggest the significant differences in priamaty
secondangite pain sensitivity found between pain and gese groups may be,
largely, driven be a marked desensitization to pain amongfgearadults wh LLL.
Given the crossectional 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 atrgyut
Alternatively, reduced amputatedgion 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 ambulatiéfDesensitization exercises are often prescribed
immediately postLL to reduce sensitization in the residual limb and prevent-long
term phantom and residual limb paftitherefore, paifree paticipants may have
participated in successful desensitization protocols during their rehabilitation,
potentially explaining both their painee status and reduced residual limb sensitivity.
Longitudinal studies investigating pain sensitivity changes hfte are warranted to
determine mechanisms that may explain our findings.

PPT testing provides insight into pain transmission via a combination of A
delta and Eibers, which are nociceptors that respond to mechanical st
comprehensively quantify nervous system sensitivity, however, additional evaluative
tests may be needed. For example, the complete quantitative sensory testing’protocol
includes measures of pain response to innocuous stimuli (i.e., allodynia), which test A
beta fiber transmissiol® 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
responsivenes$? Finally, measures of conditioned pain modulation assess pain
response to a painful test stimulus during or after a second, conditioning, painful
stimulus isapplied*!° conditioned pain modulation assessment may identify potential
impairments in descending pain modulation, augmentingdt®dined findings of
regional sensitivity!* 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 p@shputation pain.
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Assessment of postmputation pain remasrparticularly 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, dilbesarvation and
measurement of pairelated properties found in other pain conditions (e.g., edema,
erythema, reduced rangé-motion*?) 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-anpostation
pain in resporesto interventions. As pain sensitivity can be quantified usineclost,
clinical tool$? future studies investigating the responsiveness of PPT testing following

postamputation pain interventions are warranted.

Study Limitations

This work presents novel evidence regarding the use of PPT testing to quantify
nervous system sensitivity in pemtputation pain; however, we acknowledge several
limitations. First, pain medation use, which may affect pain sensitivityywas 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 presstoterant residual limb regions and may consequently affect
primary site pain hypersensitivity? prosthetic socket type was not recorded during
this study. Future studies investigating pain sensitivity-pb&t 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 protectigasen and reduced

vibration detectioh® and may impact pain sensitivity. As a similar proportion of
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participants with and without peamputation pain (i.e., 18.4% and 14.3%,
respectively) reported dysvascular ampotaetiology, 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 postamputation pain demonstrate heigtad pressurenduced
pain sensitivity in the amputated region, suggesting peripheral sensitization is present
and persists past the limb healing stage among adults witaipgsttation pain.
Secondansite pain sensitivity was similar between adults witkamputation pain
and controls; therefore, clear associations betweergpastitation pain and central
nervous system hypersensitivity cannot be drawn based on measures of mechanical
pain sensitivity alone. Additional quantitative sensory testing femporal
summation, continued pain modulation) may be useful in determining whether
underlying central nervous system hypersensitivity is present and measurable in post
amputation pain. Importantly, pafree 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 posamputation pain. Future, longitudinal studies may consider
evaluating mechanismsderlying differences in pain sensitivity between adults with

and without posamputation pain.
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Chapter 4

POST-AMPUTATION PAIN: COMPARING PAIN PRESENTATION
BETWEEN ADULTS WITH AND WITHOUT INCREASED AMPUTATED -
REGION SENSITIVITY

Introduction

Persistent posaimputatio pain affects over 50% of adults with lowanb
los$ and includes both phantom (i.e., pain perceived as coming from the amputated
portionof the limb) and residual limb pain (i.e., pain in the remaining portion of the
limb).*2 While the exact mechanisms underlying phantom and residual limb pain
remain unknown, persistent gesmputation 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 regiof? Peripheral sensitization, i.e., increased sensitivity of peripheral
neural structures, may be a consequence of surgical nerve resection within the
amputated limt8> 'Relatedly, central sensitizatibi describes the amplification and
reduced inhibition of pain signals at the level of the spinal cord and/or brain and may
be contribute to postmputation pain persistenc®.!!

The degree to which peripheral and/or cergeaisitization contribute to
persistent posamputation pain remains unclédSustained abnormalities in
peripheral nerve signaling may drive pain persistence, without additional contributions
from the central nervous systéarolonged peripheral sensitization, however, may

also give rise to overarching changes in central nervous system fultttiesylting
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in centrallymaintained pain even after aberrant peripheral input has noeaaliz
Unfortunately, prior studies have largely investigated-pagputation pain
contributions from either periphet&t2°or centrat* 1?1 2%s0urces in isolation,
without considering the potential interaction of the peripheral and central nervous
sysems in maintaining persistent p@stputation pain.

Postamputation pain appears to have peripheral contributions, as signs of
peripheral sensitization (i.e., increased amputetgtbn sensitivity) have been
previously identified in individuals with limloss, such as recreation of phantom limb
pain when innocuous stimuli is applied to the residual limb (e.qg., tapp#id).
Furthermore, phantom limb pain has been shown to improve following dorsal root
ganglion injections® and associations have been identified betweempgutation
limb pressure sensitivity andriyapostamputation pain severify2What 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 posimpuation pain. Clinically, identifying signs and
symptoms of concomitant peripheral and central sensitization may improve
classification of patients with peamputation pain, ultimately aiding decistoraking
regarding appropriate therapeutic interventidits.example, patients who
demonstrate amputatedgion sensitivity without concomitant signs and symptoms of
central sensitization may benefit from locatéygeted treatment in isolation (e.g.,
desensitization exercise€$).In contrast, patients with peamputation pain who
demonstrate signs of peripheral and central sensitization may benefit most from

multidisciplinary, locally and centrallytargeted treatment (e.g., desensitization
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exercise¥’ combined with pain neuroscience educatffmraded exercise and
activity,'?° pharmacological agents targeting reduced nervous system serf8jtivity

Painpressure thresholds (i.e., thresholds at whygblied pressure becomes
painfult'® may be useful to clinically identify signs of peripheral aadtcal
sensitization. In comparison to pain sensitivity values from healthy control
populations, peripheral sensitization may be suggested by increased pain sensitivity
within primary (i.e., amputaterkgion) sites, while central sensitization may be
suggeted by generalized pain sensitivity in both primary and secondary (i.e., non
amputateeregion) sites2® Furthermore, selfeported outcome measures evaluating
symptoms associated with underlyingntal nervous system hypersensitivity may
help identify central sensitization. For example,@@mtral Sensitization Inventory
(CSI)?" 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 diagnosabitarked by central
sensitization (e.qg., fibromyalgia, chronic fatigue syndrotff&)vhile apotentially
useful tool for identifying patients with peamputation pain associated with central
sensitization, the psychometric properties of the CSI have not yet been evaluated
among individuals with postmputation pain.

The objective of this study wao compare (a) physiological signs of central
sensitization (i.e., secondasjte painpressure thresholds) and (b) selported
symptoms of central sensitization (i.e., increased pain intensity and interference,
higher CSI scores) between adults witdsgamputation pain who do and do not have
increased amputatadgion sensitivity (as compared to a reference sample without

limb loss). When compared to peers without increased amputgeuh sensitivity,
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we hypothesized adults with pesmmputation paimnd increased amputateegion
sensitivity would demonstrate (a) greater secongddeypain sensitivity and (b) higher
pain intensity, pain interference, and CSI scores. A secondary objective of this study
was to evaluate the frequency of CSI symptontsestablish CSI testtest reliability
among adults with postmputation pain. We hypothesized CSI symptoms would be
reported frequently by adults with pemnputation pain and testtest reliability

would be gooeto-excellent.

Methods
This study was aesondary analysis of a cressctional 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 and29 Amputee Coalition National Conferences.
Participant s i-pearipastngateral5t@nstibidl amputationO 1
who experienced persistent p@shputation pain. To create a reference group for
evaluating normative limb sensitivity, 39 agmtched, pairfree 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.gMul t i pl e Scl er osi s,
Disease), impaired skin integrity, and acute illness. Finally, as this analysis was part of
a larger study evaluating sensory testing and mobility-lploist exclusion criteria
specific to participants with LLL included 4®urs 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 interwes were conducted by trained examiners to obtainpain
related, demographic, and amputatgpecific characteristics. Participants were asked
about the presence of phantom and/or residual limb pain; if present, participants were
asked to rate their currepain intensity, as well as lowest and highest pain intensity in
the previous 24 hours, on a numeric pain rating scale (0O=no pain, 10=worst pain
imaginablé?®). Current, best, and worst phantom and residual limb pain intensities

were averaged.

Pain-related Outcome Measures

Participants independenttpmpleted pairelated outcome measures including
the CSI and PatierReported Outcomes Measurement Information Sy&entem
v2.0 (PROMIS29) ¢ Painrelated outcome measures were completed prior to PPT
testing to reduce ordering bias.

The CSl is compred 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 sensitizedlated symptoms (O=never
to 4=always), and theaximum score is 100 point¥Pr evi ously, scores
have been shown to identify patients with underlying central sensitiZatibtare
recently, central sensitization symptom séyesub-classifications have been
proposed based on scoref2®= subclinical, 39 = mild, 4649 = moderate, 569
= severe, an® 060 = extreme.

The PROMIS29 is a reliable [intraclass correlation coefficient (ICC)=0.82
0.87] and valid Nationdhstitutes of Health, norrhased measuevaluating various
domains of selfeported mental, physical, and social functi®d**The PROMIS29

Pain Interference domain, an assessment of the degree to which pain interferes with
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daily activities?® was evaluated for this study and is scored orsadfe scale for
comparison to the genal population (mean-$core=50; standard deviation=10).
Finally, the PROMI&9 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 pair®

Mechanical P& Sensitivity Assessment

Trained examiners assessed PPTs using ¢
Algometer (Wagner Instruments, Greenwich, CT). Reliability and validity (against
force plate measurements) have been previously reported for algdraséer PPT
asessment8’ Standardized testing procedufesere used at each site, where
examiners increased pressure at a rate of 1.00 kilogykfosce per cubiecentimeter
(kgf/cm?®) per second until the participant first experienced pain, signaled by the
parti ci pantPaicpgniswere biinsled @élgomeéter 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 1@itetalbilateral (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 TeRetest Reliality

After completing the irperson evaluation, participants with lowenb 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, questieanair

were provided in a postagmid 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 analysesiestionnaire and PPT data were
examined for missing data. Participants who did not return CSI questionnaires (n=14)
were excluded fromtestet est reliability assessments.
of the total CSl items (i.e., <5 missing items), persean imputatiot¥*was used,
where the participantés mi ssi n-missing ems wer €
items for that same participant. For PR t a , participants missin
any given site were excluded from analyses, whereas valid trials were averaged for
participants with 23 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 CSl items among adults with oaputation pain (n=59), using data
from the first administration of the questionnaire. CSHtetgst reliability was
evaluaed by determining ICCs and corresponding 95% confidence intervals (CIs)
using a tweway, mixed effects (3, 1) model with absolute agreement, based on
guidelines recommended by Koo and'#5ICCs were interpreted as follows:
O0. 50 =p @F5=modd@ate50176 . 90=good, OFThéstandaxicel | en't
error of measurement (SEM), a measure of the expected variation in scores due to
measurement errdf® was calculated, and a Bla#dtman plot was generated.

To quantify increased amputateggion sensitivity among adults with post
amputation pain for grouping purposes, we firstii@nsformed PPTs to meet

parametric assumptions (as PPTs were-parametrically distributed per significant
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ShapireWilk tests). Then, for adults with peamputation pain, PPTs at each site
were transformed into ascore based on their relative standing withinsescific
controlgroups (see e@.). This conversion allowed comparison of participants with
lower-limb loss to sexspecific reference data (as it is weditablished that females
demonstrate greater pain sensitivity as compared to ffalBEise equation provided

below isan example of a-&core calculation for a male with pasnputation pain at a

site,&d , whereD Y is the log(PPT) for théimale with postamputation pain, and
0 "Yand, arethe mean and standard deviation, respectively, for the log(PPT) for

control males.
» — eq.2.

In prior pain research, PPTs falling below th& p&rcentile of a healthy,
reference sample have been considered to indicate theliovitesf heighted pain
sensitivity?” 13"To quantify peripheral sensitization for grouping purposes,
normalized primansite (i.e., residual patellar tendon and residual lateral femoral
epicondyle) were averaged and dichotomizedreagd amputatedegion sensitivity
was defined as normalizednputateeregionPPT<0.67, representing scores below
the 28" percentile of the control group; normalizashputateetegionP P FO37 were
considered to indicate an absence of peripheral sensitiz&ligure5 provides a

visual depiction of the Bcore transformation amgtoupclassification.
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Figure 5 (A) Theoretical depictions of pajpressure threshold data are presented

for males and female controls, respectively, wimeean pairpressure

thresholds are lower among females as comparethkes. Conversion of
painpressure threshold data to a stand&al zscore scale (B) allows

evaluation of pairsensitivityamong the postmputation pain sampie
comparison to controlsvhile considering sexelated differences in pain
sensitivity. In (C), a &core of O represents both male and female control
mears; a zscore of-0.67 represents the 2Hercentile. Thus, among

adults with lowedlimb loss (regardless of sex), individuals with average
amputatedegionzscores<0 . 6 7 wer e c¢l assified as
increased amputatade gi on sensitivity. o

Finally, descriptive statistics were used to characterize groups (i.e., pain with

versus without increased amputatedion sensitivity). Two separate models were

used to compare (1) physiological signs of central sensitization, i.e., normalized

secondangite PPTs and (2) panmelated 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 betvggenp differences in

normalized secondaisite PH's, where normalized PPT at upsxtremity 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 grater trochanter and thigh) were entered separately as dependent
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variables. Poshoc univariate ANOVAs were conducted to identify betwgesup
differences for individual variables. As paielated outcome measure data did not
meet parametric assumptiongju@ed for MANOVA, a KruskalWallis test was used
to compare PROMIZ9 Pain Interference-$cores, PROMI&9 pain intensity scores,

and CSI Part A scores between groups.

Results

In total, of the 234 participants with lowkmb loss contacted for thisiaty,
64 participants were eligible and enrolled (see Figlirdmong the enrolled
participants with lowefimb loss, four participants were removed (three were missing
PPT data and one participant reported misunderstanding testing directions after
complet ng his evaluation and was consequent |
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 withdwerlimb loss for betweeigroup comparisons (35 without
increased amputatedgion sensitivity, 24 with increased amputategdion
sensitivity). Of the 52 controls with intact limbs contacted for this study, 40 were
eligible and enrolled (for establishimgprmative 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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Controls Contacted
n =52

[ Not interested/no respons¢n=4) ]‘"

Adults with Lower-Limb Loss Contacted
n =234

Screered for Inclusion
n =48

Ineligible (n=8)

1 Leg, ankle, footor low back pain(n=7) -

1 Numbness/tingling in legg=1)

Enrolled
n=40

Dataset Excluded(n=1)
1 Missing painpressure threshold data (n= -

Included asPain-Free
ReferenceSample
n=39

---[ Not interested/no respons¢n=63) ]

Screeredfor Inclusion
n=171

/ Ineligible (n=107) \

9 No postamputation painn=47)

9 Non-transtibial amputation (r82)

1 Contralateral amputation (4g)

9 Did not meet mobility criteria (n=7)
9 Amputation <tyear prior (n=5)

1 Impairedskin integrity (n=4)

\‘HNeuromuscuIacondition(n=2) /

Enrolled
n=64

Dataset Excluded(n=4)
~1 1 Missing painpressure threshold date=g)
1 Misunderstood testing directions (n=1)

Analyzed
n =60

---[ Outlier Removed (n=1) ]

Included in Final Analyses

n=59
]
No § Amputated- y Amputated-
Region Sensitivity Region Sensitivity
n=35 n=24

Figure 6  Participant inclusion flowidgram.



CSI Reliability andtem Frequency

Of the 59 participants with peamputation pain, 14 did not return their second
guestionnaires, leaving a total sample of 45 participants for analyses. After performing
preliminary dat a ada@veresrenoyed fom the reliabiity i ci pant
dataset as their responses were substantially and inexplicably different between the
first (9 points) and second administration (68 points), and betdagiscore
differences (59 points), fell >2 standard deviatans ove t he sampl ebds me
difference value. Consequently, a total of 44 participants were included in reliability
analyses.

The BlandAltman plot representing testtest distributions, as well as the
ICC, 95% CI, and SEM data, are presented in Figuhkdean CSI values were 24 and
27 points for the first and second administration, respectively, and no significant
differences were found between administratige®(05). Overall, testetest
reliability was considered good, with an ICC of 0.80 (95% CI.-0.8P) and SEM of

5.1 points.
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Bland-Altman Plot: Gentral Sensitization Inventory Scores (n=44)
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Figure 7 The BlandAltman plot depicts the distribution of Central Sensitization
Inventory score differencesadministratiori 2" administration)
versus score means (average and 29 administrations). The
intraclass corraition coefficient (ICC), corresponding 95% confidence
interval (Cl), and standard error of measurement (SEM) are presented.

Table7 presents frequencies of the most commonly reported CSI items among
adults with posamputation pain. Based on item respontes most prevalent
sympt oms ( isoneetimeswere muscultr@al(t5461%), sleep
disturbances (480%), fatigue (463%), and cognitive difficulties including impaired

concentration and memory (4%%).
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Most frequentlyreported central sensitization inventory symptoms

among adults with postmputation pain

Table 7
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BetweerGroup Differences in Signs and Symptoms of CeBeakitization

Table8 presents participant characteristics, which were similar between
participants with posamputation pain, regardless of amputategion sensitivity
(p>0.050). Participants in both groups were largely migdjed (mea=51-53 years)
males, with similar time since amputation (mediad=g2ars). 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 havingeepced an
amputation due to trauma. Proportions of phantom and residual limb pain were similar
between group9€0.227-0.626), as were proportions of pain in secondary pain sites
(i.e., intact hip, knee, or ankle/foot; low bagk0.201-0.745). Based omtensity
rating, both phantom (median=2.0) and residual limb pain (meai3=8)Qvere

classified as miltF® among participants in this study.
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Table 8

Descriptive characteristics.

Pain without § Pain with ¥
. Amputated-Region  Amputated-Region
Variable Sensitivity Sensitivity P
(n=35) (n=24)

Sex femalé 14 (40.0%) 5 (20.8%) 0.122
Age, year$ 51 (14) 53 (17) 0.680
Body Mass Index kg/n? ¥ 30.5 (5.6) 30.0 (5.5) 0.715
Amputation Etiology*

Dysvascular 4 (11.4%) 7 (29.2%)

Trauma 16 (45.7%) 9 (37.5%)

Cancer 3 (8.6%) 2 (8.3%) 0.486

Infection 6 (17.1%) 4(16.7%)

Other 6 (17.1%) 2 (8.3%)

: ; . * 3 4
Time since Amputation years 2. 9) 2. 5) 0.351
Phantom Limb Pain Present 29 (82.9%) 21 (87.5%) 0.626
Phantom Limb Pain Average n=29 n=21
Intensity, 0-10 2.0 2.0 0.984
' (0.7, 2.8) (0.3, 3.3)

Residual Limb Pain Present 23 (65.7%) 12 (50.0%) 0.227
Residual Limb Pain Average n=23 n=12 0.569
Intensity, 0-10/ 3.0(2.2) 3.4(1.7) '
Other Pain Site Involvement'

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

"Presented as n (% of sample)
YPresented as mean (SD)
*Presented as median (2575" percentile)

Finally, Table9 presents mean secondaije painsensitivity data and pain
related outcome measure scores. There was a signifiaegegmultivariate effect of

group for normalized secondasyi t e P P T s0.5017WH(1,5K)#$1%.158, =

7C



p<0.001]. Univariate analysesvhich are also presented in Tablswed a

significant effect of group for each region of secondary PPTs [F(1,57)=20.51
32.66,p<0.001]; participants with pain and increased amputa¢gbn sensitivity
demonstrated significantly greater seconekity pain sensitivity (i.e., lower

normalized uppeextremity, intact limb, and remote residual limb PPTs) compared to
peers without increased amputatedion sensitivity. In contrast, the Kruskal Wallis
test found no betweegroup differences in pairelated outcome measures (H&7-

1.47,p=0.2250.684).

71



Univariateeffects of group for secondasjte pain sensitivity and pain
relatedoutcome measures.

Table 9
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*Normalized secondargite pairpressure thresholds reflect averagecores as
compared to sexpecific reference data, among flelowing site subgroups: upper
extremity (i.e., bilateral humeral epicondyles), intact lowgtremity (i.e., non
amputated greater trochanter, thigh, lateral femoral epicondyle, and patellar tendon),
and remote residual extremity (i.e., regions of tredweal lowerlimb remote to the

area of the amputation and prosthetic socket, including the greater trochanter and
thigh).

YPresented as median (2575" percentile)

Abbreviations: CSI = Central Sensitization Inventory, PRO&R®S= Patient
ReportedOutcomes Measurement Information Sysiénitem, df=degrees of freedom

Discussion

Persistent postmputation pain is a heterogeneous condition that presents with
variable symptoms and often is A@sponsive to existing treatment interventibhs.
20. 138Recommendations for evaluating and treating-pagputation pain are laiig,
in part due to the lack of understanding of mechanisms underlyingmpsttation
pain persistenc®.Our findings suggest adults with pastputation pain who
demonstrate signs of peripheral sensitization (i.e., increaspdtatedregion
sensitivity as compared to normative, specific reference data) also demonstrate
physiological signs of central sensitization, as evidenced by increased sensitivity to
pain in secondary sites throughout the upgpdremities, intact loer-extremity, and
remote regions of the residual limb. Peripheral sensitization, in isolation, would have
been indicated by similar, normalized seconesty PPTs between groups; therefore,
findings suggest increased amputategion sensitivity may noteattributed to
peripheral sensitization alone. Based on significant betgesup differences in pain
sensitivity found in our study, adults with concomitant peripheral and central
sensitization may comprise a distinct subgroup of adults withgropttaion pain,

for whom comprehensive, locallgnd centrallyffocused management may be critical.
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Remarkably, while the groups evaluated in our study demonstrate clear differences in
primary and secondargite pain sensitivity, pairelated outcome measuresessing

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 pastputation seffeported pain outcomes.

Our knowledge of best practices for pastputation pain evaluation and
treatment is constantly evolving. While many conservative treatment interventions
(e.g., transcutaneous electrical stimulafittgraded motor imageryf® mirror
therapy!* virtual reality**?) demonstrate promise in reducing pastputation pain
severity, there is a dahrof high-quality evidence demonstrating therapy
effectiveness** While rare, some adhs demonstrate adverse responses to
conservative treatments (e.g., mirror therapy), including increased pain severity and
depressive symptoms when focusing attention on the residual#iiiscrepancies in
treatment responses may be, in part, due to nonspecific inclusion criteria for studies
investigating the effectiveness of pashputation pain treatments. Our findings
suggest postamputation pain is heterogeneous, reinforcing that it may be critical to
holistically consider pain presentation (e.g., pain severity, concomitant symptoms) and
painrelated impairments (e.g., pain sensitivity), rather than just the presence or
alsence of pain, when evaluating and treating-pogbutation pain.

In patients with other musculoskeletal pain conditions (e.g., osteoarthritis,
lateral epicondylalgia), researchers have shifted to identifyinggraump
subclassifications to guide int@ntions and determine when centrdthgused
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 experiende, f f use pain distribut.i

benefit from incorporation of pain neuroscience education and graded activity into
treatment*® Rather than universally treating p@shputation pain with centraly
focusedrehabilitation, similar efforts to identify impairmebased treatment
subclassifications may be needed to help guide management of patients with post
amputation pain. For example, participants with persistentgmoptitation pain who
demonstrate physiologal signs of both peripheral and central sensitization, i.e., our
participants with pain and increased amputaigggon sensitivity who also
demonstrated increased seconekity sensitivity, may require tegown interventions
targeting reductions in nesus system hypersensitivity (e.g., pain neuroscience
educationt?* centrally acting medicatidf). In contrast, patients without signs of
nervous system sensitivity may instead benefit from evaluation of other impairments
(e.g., pain triggered by memoriésr associated with postaumatic stress

disordet*®), which may guide treatment decisions.

Among studies evaluating pesmputation pain treatment, changes in pain
intensity are cited as the primary outcome of interest! 144 14848 Changes in other
painrelated domains (e.g., pain sensitivity, psychosocial stressors,gbetied
disability) are often unassessed. Oudiitys suggest amputateelgion and
secondansite PPT may be useful not only identifying the potentigbresence of
peripheral and central sensitization, but also for objectively evaluating post
amputation pain. Furthermore, the CSI demonstrated gsebretest reliability among
adults with posamputation pain, suggesting it may be useful for evaluating central
sensitization symptoms among adults with gasputation pain. Future longitudinal

studies may consider including central sensitizatelatedmeasures (e.g., PPT, CSI)
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to determine if baseline pain sensitivity and CSI scores predictésngpainrelated
outcomes.

Following amputation, both the peripheral and central nervous system are
exposed to factors that may induce sensitization (eeguennjury and resultant
changes in nerve structure and activi§goncomitant psychological stré&s%9.
Therefore, it is unsurprising thatir group with increased amputatedjion sensitivity
demonstratesoncomitant signs of peripheral and central sensitization. What is
surprising, however, is that paialated characteristics were similar betweesugs 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 demienstose
severe, extensive, and debilitating p&h>2importantly, our findings indicate
physiological signsfaunderlying nervous system sensitivity may not discriminate
between individuals with postmputation pain who demonstrate symptoms associated
with central sensitization (i.e., fatigue, sleep disturbance, impaired memory and
concentration); as such, pashputation pain assessments should include evaluations
of both physiological signs and psychosocial symptoms to create a comprehensive
understanding of each patientds pain.

Among participants in this study, 37% were classified as having mild to severe
certral 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 amputataégion sensitivity, respectively, were relatively low, with the
majorityof participants (i .e., 63%) falling

subclassificatior>> When interpreting CSl findings, two considerations are critical:
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first, limb loss involves not only a significant physical transformation, Isat al
substantial psychological adaptations associated with the grieving process. As such,
physiological changes in pain sensitivity may be less influential with respect to the
selfreported pain experience in comparison to other psychological factors (e.qg.,
resilience, anxiety/depression, sefficacy, posttraumatic 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
careseeking patients, i.e., those actively pursuing treatment for their pain. This study
was a secondary analysis of data collected among comnruwéling participants

with overall lower symptom severity, which may explain the lack of betwgeeup
differences in painrelated, selreport outcome measures. Future studies may consider
evaluating CSI scores among individuals actively pursuinggosgutation pain
treatment to determine whether sedported symptoms and frequencies differs from

findings among nie-careseeking participants in this study.

Study Limitations

This work provides support for evaluating signs of peripheral and central
sensitization among adults with p@shputation pain to help guide treatmesiated
decisionmaking; however, severhimnitations are acknowledged. While this study
evaluated signs and symptoms of central sensitization among a moderately large
sample of participants with peamputation pain, participants expressed generally
mild phantom and/or residual limb pain interestwith subclinical symptoms of
central sensitization. Thus, findings may not be generalizable to adults with severe
postamputation pain. Additionally, while amputatezhion sensitivity was classified

using established parameters andsgecific referace norms, more conservative PPT
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cut-points (e.g., Bor 10" percentiles) may provide greater confidence in identifying
underlying nervous system sensitization. Finally, while pain medication use may
affect pressurénduced pain sensitivity, pain medimat data was unavailable; future
studies may consider evaluating pain medications to assess their potential impact on

pressure sensitivity among individuals with pastputation pain.

Conclusion

Following lowerlimb loss, there appears to be a subgroypacficipants with
postamputation pain (i.e., those with increased amputagitbn sensitivity as
compared to controls with intact limbs) who demonstrate signs of central sensitization,
as evidenced by significant reductions in secondégeypain senskity throughout the
upper extremities, intact limb, and the residual limb proximal to the primary
amputated region. Despite betweggoup differences in pain sensitivity per pressure
algometry, selreported pain characteristics (i.e., pain intensity, pdaerference, and
symptoms associated with underlying central sensitization) appears similar between
individuals with and without increased amputatedion sensitivity. Findings suggest
while physiological signs of underlying central nervous system bkgpsitivity may
inform patient pain management, they may be nondiscriminatory for differentiating
between selfeported pain presentations. Results warrant further investigation into
whether other factors (e.g., resilience,-sfficacy, painrelated attudes) may be
more closely associated with pamlated selreported outcomes among adults with

postamputation 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, apprimately 185,000 amputation surgeries are performed to
address limb compromise associated with underlying vascular conditions, infections,
trauma, or cancer3By 2050, the number of individuals living with limb loss is
expected to reach 3.6 milh.! As the number of individuals living with lowdimb
loss is progressively rising?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 limi5° The majority of individuals living with lowr-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)®>> Phantom limb pain (PLP), while common, remains diffitaltreat, in
part due to its resistance to localized treatment interventions (e.g., massage,
acupuncture, nerve blocks, transcutaneous electrical stimul#tiGopsequently,
research investigating PLP has largely transitioned to focusing on PLP as a centrally
mediated condition, with increased emphasis on identifying underlying central
nervoussystem 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 tbmér
loss is impaired implicit body representation, also definatlszaptions to the body
schema. The body schema describes the brai
body in space, which requires integration of complex, multisensory signals (e.g.,
touch, vision, proprioception) and informs actioented tasks,u&ch as movement:
156 When conmunication 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 compromiéeq.

Clinically, impairments in the body schema can be assessed usingigheft
discrimination task?’ where participants are askedduickly 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

N

the sidedness (i.e., laterality) of the body part, Wwhici s ref erred to as
i ma g & Orythe deftright discrimination task, delayed response time or reduced
accuracy may reflect a disruption in the integration of sensory and motor information
within the working lody schem&? %7

Prior research demonstrates evidence of a disrupted body schema among
individuals with uppetimb loss who experience phantom limb sensations and®pain;
158 however, it is less clear whether adults with loVimab loss who experience PLP
demonstrate similar body scheimgairments. Compared to the upper extremities, the
lower extremities comprise a smaller representative region of the somatosensory
cortex!*therefore, findings from adults with uppkmb loss ma not be
generalizable to lowdimb loss. Furthermore, prior studies of the-ledfht

discrimination task suggest there may be jspecific constraints on the mental
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rotation of body part$’ Finally, consistent prosthesis use mayidish limb loss
related changes in the body schema due to prosthesis embodiment, or incorporation of
the prosthesis into the body schelffd.ower-limb prostheses are often more
functional and widely accepted than are ugdpeb prostheses, which may lead to less
drastic changes in the body schefftahus, it is critical to investigate whether body
schema impairments found among adults with wlipgs loss are present and
comparable flblowing lowerlimb 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 awe impro
function%2 5#7%n recent decades, research has suggested body schema impairments
may play a key role in PLP development and persist&ht&owever, clinical
evidence of body schema impairments remains scarce among adults withinaver
loss.

To best understand if underlying body schema impairments should be the focus
of future treatments for PLP among adults with Iodumb loss, the objective of this
study was to investigate whether adults with persistent PLP demonstrate disruptions in
the baly schema, as compared to paiee 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 torgaipeers and controls)
during a leftright discrimination task involving foot identification, especially when
identifying amputatedide images. A secondary objective was to determine whether
left-right discrimination task performance is associated with PLP pain characteristics

(i.e., bothersmeness, interference, and intensity). We hypothesized increased PLP
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bothersomeness, interference, and intensity would be associated with poorer task

performance.

Methods

This crosssectional pilot study was conducted remotely via an online
experimental@ t f or m {535 ParticipamtsawEre recruited from August of 2020
to Mard 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; consergcontact databases from
prior studes 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)nagehed 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; Pdtnee group) and (3) ageatched,
painfreeadults with intact limbs (Control group). Pdiinee 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 ofitolvéoss
alone.

For allgroups, adults were included if they were Engbgleaking andeading
(as instructions and seléported outcome measures were administered in English),
had reliable internet service, and reported basic computer skills (i.e., ability to type on
a computekeyboard and explore the internet independently). Inclusion criteria

specific to the PLP and Pakree groups included unilateral lowlenb loss at or
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above the transtibial (i.e., beldvn e e ) | ev e | -yeanp@ior, acdcwrant r ed O1
prosthesis uséor all participants, exclusion criteria included age >75 years, as older
age has been associated with worse performance on thigleftliscrimination
task?%3and systemic neuromuscular conditions (g. |, Mul ti ple Sclerosi
Disease), as these may interfere with response time. Exclusion criteria specific to the
PainFree and PLP groups included congenital amputation etiology (i.e., amputation
present at birth) and formal participation inaigerybased treatment programs for
PLP (e.g., graded motor imagery, mirror therapy), as previous training may affect
performance®+166

Upon signature of an electronic informed consent form supplied via REDCap
(Research Ektronic Data Capture) todfg: *8hosted at the University of Delaware
(which allowed patrticipants to download a copy of the informed consent for their
records), participants were emailed a | ink
GorillaE, all participants provided basic
and foot dominace. Participants in the PLP group reportedtpsi PLP intensity on

a numeric pain rating scale (0=no pain, 10=worst pain imagin&ble).

Left-Right Discrimination Task

All participants then completed a lefght foot discriminatiortask, which was
adopted from th@rotocol reported by Stone et'!.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 fee
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 presentadce, in random order, for a total of 96 trials per
block. Using an image set fro@tone et at’®andCurtze et al'/*the 48 images
included right and left, human and prosthetic feet, presented from the plantar (i.e.,
bottomup) and dorsal (i.e., tegown) position, and rotated at six angles (i.e., O
degrees, or anatomical position; 60 degrees; 120 degrees; 180 degrees; 240 degrees;
and 300 degrees). All rotations were sigecific 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 camplete
After block completion, a fAibreako screce
to take a break (of seffelected duration) to reduce the potential impact of mental
fatigue on the task. After completing all 4 blocks, participants in theRamgroup
were asked to report whether npainful 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.

SeltReported Outcome Mea®s

Questions from the Limb Deficiency and Phantom Limb Pain Questiohffaire
were used to assess the presence, frequency, and characteristics of phantom limb
sensations (i.e., ngpainful sensations perceived as coming from the amputated
portion of the limb) and PLP. Phantom limb sensation and PLP bothersomeness wer

captured using a-Boint Pain Bothersomeness Scale, ranging from 0 (not bothered at
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all) to 2 (extremely bothered)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 InverBirgrtForm
(BPI-SF) Pain Interference DomaiAwas used to evaluate the degree to which PLP
interfered with daily activitieg 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 O (does nattérfere) to 10 (completely interferes). The average of
all seven domains was used for analyses. Reliability and validity of th&BR&s

been reported in several patient populatigfis’®

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., J6BWthermore, 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 wereuebedd, and response times <200 ms
and >2.5 standard deviations from each par
and removed. Response time-points were imposed to limit the influence of
responses falling outside a realistic response time window éxceptionally fast
responses due to accidental key press, exceptionally slow responses due to distraction)
and were based on comparison to prior literature regardingdbftdiscrimination of

body partsb® 170. 177
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In SPSS 26 (IBM, Armonk, NY), two, separ&eneralized Estimating
Equatiors (GEE)'"® eachwith an exchangeableasking correlation matrixwere used
to evaluate response time and accur&oy response time, the model was specified
with a gamma distribution and log link function and naive (i.e., mbdséd) errors,
given response ti me 6Wikiestssp<GO00ly. &or ackusmoy, ( al |
the model was specified with a binomial distribution with logit link function and
robust errors. GEE is an extensumfithe Generalized Linear Mixed ddel that
provides accurate parameter estimates for repeated measches@red data, even if
the correlation structure is mpecified:’® This is because the correlation matrix is
treated as a nuisance parameter, and estimation is based elikelihsbd!’° GEEs
can be contrasted with Generalizeddar Modelsgiven a set of predictors, the
marginal mean is modeled instead of a mean that is conditianmrahndom effect&°
GEEs account for withigroup norindependence of data as well as missing data
(e.g., trials removed due to imposed response timefts)t*8!

The GEE models included the following main effegisiup (Control, Pair
Free, PLP)block(1, 2, 3, 4)side[amputated (or nolominant, for Controls), intact
(or dominant, for Controls)iew(dorsal, plantg, type(human, prostheticgngle
(0°, 60°, 120°, 180°, 240°, 300tEpetition(first image repetition per block, second
image repetition per block), twway interactions with groug(oup*block,
group*side, group*view, group*type, group*angl@nd thehreeway interaction of
group*view*angle All image factors were entered into the model as nominal
variables. The threway interaction tests whether group performance differs when
viewing images requiring greater implicit motor imagery (i.e., plantesugedorsal

view and rotations further from 9. The inclusion ofjroup*sideandgroup*type
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interactions tests for differential group performangehe type of foot depicted or
when the affected side was presented (for adults with {omerloss). Finally, as
impairments in lefright discrimination may improve with practice differently
between group® agroup*blockinteraction was evaluateBosthoc pairwise
comparisons were assessed i n g s Eeast SignificanDifferencega=0.050).

Finally, for adults in the PLP group who had completed alireglbrted 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 BhBitint
bothersomeness, and interference, which were included as main effects alongside the
image variables (i.eblock side, view, type, angl@=0.050) after ensuring

correlations between pain measures were <0.80

Results

Among the 411 individuals @., 358 adults with lowdimb 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 {linverioss, 40
Controls) were eligible and praed with electronic informed consent forms. In total,

114 participants (i.e., 75 with lowdimb loss, 39 Controls) completed the study.
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Contacted (n = 411)

l Controls (n =53)

[ Not interested/no respons¢n=8) ]“

[ Lower-Limb Loss (n =358) ]

---[ Not interested/no respons¢n=208) ]

Screered (n =195)

Controls (n =45)

Ineligible (n=5)
91 Leg, ankleor footpain(n=3) -
91 Neuromuscular comorbiditn=1)

[ Lower-Limb Loss (n =150) ]

Ineligible (n=54)
1 Outside age range (n=13)
1 Bilateral lowerlimb amputations (n=11)
1 <1-year postamputation (n=8)
1 Lack of computer and/or internet access (n=7)
11 Prior history with imagenpased treatmerfh=5)
1 Residual limb pain only (n=5)
1 Amputation present at birth (i.e., congenital) (n:
1 Not currently using @rosthesis (n=2)

Eligible (n =136)

Controls (n =40)

Did not complete study(n=1)
1 Lost to followrup (n=1)

[ Lower-Limb Loss (n =96) ]

Did not complete study(n=21)
1 Lost to follow-up (n=15)
1 Lost access to computer or internet service (n:
1 Decided not to participate (n=2)

Completed Study(n= 114

Controls (n =39)

Excluded from Analyses(n=2) _
1 Disclosed foot movement during task (n=2)

[ Lower-Limb Loss (n =75) ]

Excluded from Analyses(n=7)
1 Disclosed congenital amputation condition (n=1)
1 Disclosed residual limb pain only (n=1)
1 Disclosedfoot movement during task (n=3)
9 Accuracy <60% for all blocks (n=2)

Included in Analyses(n = 105)

Control
n=37

Figure 8

Phantom Limb Pain
n=41

Participant enrollment.



During study completion, two participants disclosateda that would have
rendered them ineligible during the screening process, andgleftdiscrimination
accuracy fell between 585% for all blocks among two additional participants (one in
the PainFree group and one in the PLP group). Furthermore darticipants (n=2
controls, n=3 adults with lowdmmb loss) reported frequent changes in posture during
the task that specifically involved movement of the lower extremities to help with foot
identification (e. g., fnofdatafortheseginie t he i macg
participants, 105 adults were included in final analyses (37 Controls, 27 participants in

the PainFree group, and 41 participants in the PLP group).

Participant Characteristics

Participants were predominantight-handed, righfooted and middiaged
(median: 56, 60, and 58 years for Control, Haiee, and PLP groups; see Tallg 1
Females comprised 3&% of all groups. Participants with lowkmb loss
predominantly had a transtibial (i.e., beléwee) amptation that had occurred several
years prior (median: 8 years), and®8% of participants had used a prosthesis for >5
years (see Tablkl). No significant differences in demographics or amputation
specific characteristics were present between grou@sdpe), with the exception of
weight, which was significantly higher among adults in Hamee and PLP groups as

compared to Controls.
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Table 10

Participant characteristics.

Variable

Control

Pain-Free

PLP

(n=37) (n=27) (n=41) P

Demographics

Sex, femal® 16 (483%) 10 (37%) 19 (%6%) | 0.667

Age, years (4;661) (486,%5) (485,866) 0.363

Height, e (1651;&,3'1282.9) (1651.1?580.3) (1601.3),219.1) 0688
Weight, kg" 792 (148) 87.4(230) 89.0(22.00 | 0.026

Race, Caucasian/White 32(86%) 25 (93%) 39 (95%) 0.384

Ethnicity, NonHispanié* 35 (95%) 26 (96%) 40 (98%) 0.791
Hand and Foot Dominance

Hand Dominance, Right 34 (92%) 20 (74%) 30 (73%) 0.190

Foot Dominance, Right 29 (78%) 22 (81%) 32(78%) | 0.369

Abbreviations: cm <entimeters, kg = kilograms, PLP=phantom limb pain
AData presented as n (% of sample).
YData presented as median (25th, 75th percentile).
"Data presented as mean (standard deviation).

"Selfreported weight (with prosthesis donned for adults Vaitirer-limb loss).
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Table 11 Amputationspecific characteristics among adults with limb loss (n=68)

. Pain-Free PLP
Variable (n=27) (n=21) p
Amputation -Related Details
Amputated Side, Right 14 (52%) 25 (61%) | 0457
Level, Transtibid 18 (67%) 21(51%) | 0.208
Etiology, Trauma 9 (33%) 16 (39%) | 0.634
Time since Amputation, yedrs (3,826) (4’820) 0.869
ProsthesisRelated Details
Prosthesis Experience, >5 Years 14 (52%) 26 (63%) | 0.343
Daily Prosthesis Wear Tirfle
<25% of Waking Hours (13 Hours) 0 (0%) 2 (5%)
25-50% of Waking Hours (8 Hours) 0 (0%) 3 (7%) 0.179
>50% of Waking Hours (>8 Hours) 3 (1%) 8 (20%) '
All Waking Hours (1216 Hours) 24 (89%%) 28 (68%)
Non-painful Phantom Limb Sensations
Phantom LimiSensation®resertft 20 (74%) 35(85%) | 0.201
Bothersomene$s n=20 n=35
Not Bothered 17 (85%) 24 (60%)
Somewhat Bothered 3 (15%) 10 (28%) 0.363
Extremely Bothered 0 (0%) 1 (3%)
Phantom Limb Pain
n=40
Average Intensity in Past 24 Hours10/ -- (125) --
Bothersomene$s n=40
Not Bothered -- 8 (20%)
Somewhat Bothered -- 29 (73%) -
Extremely Bothered ‘ -- 3 (7%)
Frequency in the Past Week n=40
Never -- 4 (10%)
1-3 times per week -- 17 (43%)
4-6 times per week -- 7 (18%)
Once per day -- 3 (7%) B
Multiple times per day -- 8 (20%)
Constant pain -- 1 (2%)
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Tablell continued

Duration in the Past We€k n=39
<1 minute -- 12 31%)
Severaminutes but <1 hour -- 17 (44%)
Several hours -- 6 (15%) N
Several days -- 4 (10%)
n=40
BPI-SF Pain Interference Domain10/ -- 1.29 h
(0.43, 3.39)

Abbreviations: BRISF = Brief Pain InventorShort Form
AData presented as n (% of sampl e).
yData presented as median (25th, 75th perc

Additional phantom limb and prosthesis use characteristics are provided in
Table11l Among adults with lowelimb loss, norpainful phantom limb sensations
were prevalent, but 685% of participantsaported 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 participe
Aextremel yd bot her some. Th aenaypans tluratoo mmon | y
was-3filti mes per week, 0 and fAsever al mi nut es

interference in the past week (averaged over all sevetsBRlomains) was relatively
low (median: 1.29).

In the PaiAFree group, 5 (19%) participants rejgar experiencing phantom
limb sensations during the task. Participants described phantom sensations as,
Atingling, o6 or feeling as though specific
present and moving. Interestingly, one participant in the-Pagagroup reported
phantom | i mb sensations of Apulsating/throc
pain in his residual limb (intensity: 5/10), which he did not experience on-todiay

basis.

92



The majority of the PLP group (n=25; 61%) reported mietask PLP
(median intensity: 2/10). Among the 25 participants who reportethpkePLP, 20
(80%) reported a reduction in PLP intensity during the task. Moreover, 16 (64%)
reported complete relief from their ptask PLP (i.e., 100% reduction in pain
intensity, ranging from-to-8-point reductions). Four participants with gesk PLP
reported a worsening of pain during the task, with increases in pain ranging from 25
50% of their preask pain (equivalent to at-2-point change, which fails to surpass
testretest measurement error previously reported for the numeric pain rating3cale
Finally, among participants in the PLP group who denieedaske 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-point increase; n=2 with af@oint increase).

Response Tim

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
(1,03%) established ctppoints. Overall group means are presented in THhland

model results are presented in Tabke

Table 12  Left-right discrimination task response time

Response Time (ms)
Overall 95% Confidence Interval
Group SE
Mean 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 F df p
Group (Control, PainFree, PLP) 10.07 2 0.006
Block (1, 2, 3, 4) 2223.76 3 <0.001
< | Side (Amputated, Intad) 0.97 1 0.325
8| 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
Group*Block 77.95 6 <0.001
S | Group*Side 0.29 2 0.865
§ Group*View 33.11 2 <0.001
o | Group*Foot Type 7.79 2 0.020
<€ | Group*Angle 87.89 10 <0.001
Group*View*Angle 660.32 15 <0.001

AFor Controls, side was entered into ttm®del as nofdominant versus dominant foot.
Abbreviations: PLP = phantom limb pain, df=degrees of freedom

There were significant main effectsgroup, block, view, angleand
repetition Overall, adults with PLP and Pakmee participants were slower tespond
than Controls (mean difference=247 and 357 ms, respectply004-0.018), but
differences between lowdimb loss groups were nonsignificap=(0.394). Response
time was faster with each subsequent block (mean differenea85bihs p<0.001)
ard for dorsalview images (1367 ms) as compared to plawiew images (1774 ms,
p<0.001). Response times slowed as image rotation increased (i.e., as compared to 0°
and 300° orientations, response times were3@Bms slower at images rotated 60°,
120°, B0°, and 240°<0.001). Finally, participants were 66 ms faster upon viewing
the second image repetition within each blqek0(001).

While group*viewandgroup*angleinteractions were each significant, the
significantgroup*view*angleinteraction indicted betweesgroup differences were

dependent on both angle and view (see Fi@urBosthoc pairwise comparisons

94



indicated the Control group was significantly faster than PLP andAPaengroups at
all dorsalview angles; however, for plantaiew imagesdifferences between
Controls and lowelimb loss groups were dependent upon the angle of rotation.
Specifically, as compared to tseame dorsaview images differences between
Controls and adults with PLP were smaller and nonsignificant for pleigarnmages
rotated 60°, 120°, and 18(0550.0650.100). Furthermore, as compared to the same
orientation in the dorsal view, differences between controls aneFPagnadults were
smaller and nonsignificant for planteiew images rotated 120p<£0.105). No
response time differences were observed between adults with PLP asitdain

peers, regardless of view or angbe@.070).
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Figure 9  Mean response times for Control, R&iree, and Phantom Limb Pain
(PLP) groups are presented by angle and view. Controls were
significantly faster than PaiRree adults and adults with PLP at all
angles in the dorsal view, but betwegnoup differences in the plantar
view were dependent upon the angle of rotation. Specifically, in the
plantar view, adults with PLP were signifi¢tgnslower than Controls at
0°, 240°, and 300°, but differences were smaller and nonsignificant at
60°, 120°, and 180°. Further, Pdinee adults were significantly slower
than Controls when identifying plantaiew images at all angles except
120°. No diferences were observed between Haie and PLP groups
at any angle or view.

Additionally, betweergroup differences were observed for rotation costs, i.e.,
differences in response time between the easiest orientation (0°) and the most difficult

orientatons (180° in the dorsal view and 120° in the plantar view). Adults with PLP
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demonstrated a greater rotation cost than-Pese peers for both dorsakw images

(i.e., a 58% increase in response time versus a 47% increase amohkgeegrers)

and plarar-view images (i.e., a 46% increase in response time versus a 28% increase
among PairFree 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 alsshowed the least exaggerated differences when comparing
dorsalview images to plantariew images at 120° and 180°. At 120°, adults with PLP
were 521 ms slower when identifying plart@ew images, while Paifrree adults and
Controls were 590 and 624 mewkr, respectively. At 180°, adults with PLP were
145 ms slower when identifying plantéiew images, while Paifrree adults and
Controls were 235 and 214 ms slower, respectively. Conversely, th&feaigroup
demonstrated greater differences betweentafaand dorsal views at 0°, 60°, and 240°
(439726 ms) as compared to PLP and Control groups (i.e-6233ns).

In addition to the threwvay interaction, there was a significagmoup*block
interaction. While adults with PLP and Pd&iree participantsgyformed similarly in
all blocks £>0.222), adults with PLP improved the most as blocks progressed (mean
difference=493 ms) versus Pdinee peers (mean difference=365 ms) or Controls
(mean difference=297 ms, see Figli@. Pairwise comparisons alswidenced
significant response time differences between Controls and both adults with PLP and

PainFree peers in all blockp<0.0010.046).
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Mean response times for Control, R&iree, and Phantom Limb Pain
(PLP) groups are presented by blockdjlBothparticipants with PLP

and PairFree peers were significantly slower than Controls in all four
blocks. No significant differences were observed between adults in the
PLP and Pahfree groups during any block. Participants in the PLP
group demonstrated laggimprovements 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 effectssidewere observed. There

was no sign

ificant @in effect oftype however, there was a significant interaction

effect ofgroup*type indicating adults with PLP were 35 ms faster when identifying

prosthetic versus anatomical fept(.001).
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Accuracy

Similar to previous studies investigating ‘afjht discrimination of feet® 17°

171task accuracy was high (proportion of correct responses: @94 ablel 4 for

overall means and Tablé for model results).

Table 14  Left-right discrimination task accuracy
Accuracy (Proportion of Correct Responses)
G Overall SE 95% Confidence Interval
roup Mean Lower Bound Upper Bound
Control (n=37) 0.96 0.007 0.94 0.97
PainFree (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 + df p
Group (Control, PairFree, PLP) 6.49 2 0.039
Block (1, 2, 3, 4) 34.88 3 <0.001
| Side (Amputated, Inta¢) 0.89 1 0.346
8| 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
Group*Block 8.37 6 0.212
5| Group*Side 0.55 2 0.760
*§ Group*View 6.42 2 0.040
3, Group*Foot Type 0.87 2 0.647
E| Group*Angle 19.19 10 0.038
Group*View*Angle 163.34 15 <0.001

AFor Controls, side was entered into the model asdmminant 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
PainFree participants were similargi, 0.03), but differences only reached
significance between Controls and adults with PhF0(038 versup=0.070 among
PainFree participants). Accuracy was lower in block 1 compared to subsequent
blocks (mean difference=0.G203), at greater rotationsvay from anatomical
position (mean difference=0.4B813), for plantaview images versus dorsakew
images (mean difference=0.10), and for the first versus second repetition within each
block (mean difference=0.0pO0 . 001 f or al | p leReremweve m®e Cc o mp a
significant main or interaction effects sifleor type

There were significargroup*angleandgroup*viewinteractions, which were
superseded by a significagoup*angle*viewinteraction (see Figur&l). While
betweergroup differences were larger at more difficult angles in the plantar view as
opposed to the dorsal view, betwegmoup differences were only statistically
significant for images presented from tta@rsalview, speaking to the consistenaly
Control accuracy when images were presented from the dorsal view. Adults with PLP
were significantly less accurate than Controls when identifying deisalimages at
0°, 60°, and 120° (mean differences=00A3,p=0.0120.027), while PaitFree
adultswere less accurate than Controls at 0° of rotation in the dorsal view (mean
difference=0.03p=0.006). No significant differences were observed between adults

with PLP and Pahfrree peers at any angle or vigneQ.252).
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Figure 11 The proportion of correct respa@samong Control, Paifree, and

Phantom Limb Pain (PLP) groups are presented by image angle and
view. Betweergroup differences were only statistically significant for
images presented from tdersalview. Adults with PLP were

significantly less accuratban Controls when identifying dorsakew
images at 0°, 60°, and 120°, while RP&iree 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 dorsaliew images rotated 180°, the proportion of correct responses

decreaed by 0.11 among adults with PLP as compared to 0.09 and 0.07 among
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Controls and Pakfrree peers, respectively. For plantgw images rotated 120°, the
proportion of correct responses decreased by 0.32 among adults with PLP, as

compared to 0.24 and 0.2mong Controls and Pakree peers, respectively.

Task Performance and Pain Characteristics

As only three participants reported bei
Pain Bothersomeness Scal e, pain bot her some
vesus fAsomewhat or extremely botheredo and
models, alongside average PLP intensity in the past 24 hours ar@FBfebres.
Among adults in the PLP group who completed all outcome measures (n=40),10 pain
related outcom measures of interest were significantly associated with either task

response timepE0.660-0.864) or accuracypE0.462-0.798).

Discussion

Theleftr i ght di scri mination task, which fa
own body parts and is consequentipserved by the body schefitas a noninvasive,
clinical test that can be used to identify impairedyrepresentation among adults
with chronic pain. To our knowledge, this is the first study to specifically investigate
left-right discrimination performance among adults with IoVimb loss and PLP
utilizing an online task. Importantly, participantsaithgroups (i.e., controls, painee
adults with loweslimb 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 sl@merless accurate when
identifying images that require greater limb rotatit{Overall, adults with PLP

demonstratedlower 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 drpainfree peers with lowelimb 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 gidies 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 pirt? ¥This interaction between pain
and rotation has been attributed to the subliminal anticipation of pain when simulating
an awkward position with the affected lifiland is suggested to capture the specific
deficits associated with movement of a painful body {§at#°>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-foeegieers
with lowerlimb loss, but not in comparison to controls with intact limbs. Findings
were confirmed in a postoc GEE model, where tlggoup*angleinteraction was not
significant when comparing only participants with PLP to contymtf (114).

Interestingly, in comparison to a previous study involving foot identification,
performance trends among adults with PLP v
(i.e., patients with chronic pain in body regions other than the lewteemities®),

suggestig poorer performance may be attributed to general;rpéated 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 timeata, adults with PLP demonstrated augmented rotation costs as
compared to paHfree peers and were significantly less accurate when identifying
dorsalview images, which may suggest a potential exacerbation of limbdtzed
body schema impairmentstine presencef 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 Rith PL
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., anglé®\@aw).
findings parallel those reported by Fiorio et al. among adults with focal hand
dystoniat®’ Pelletier et al. among adults with wrist and hand p&iand Kohler et al.
among adults with CRP8? where leftright discrimination task performance was
similar bilaterally, even anmg 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
unigue impairment in human foot identificatiamong 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 detsal

images to preferentially facilitate an egocentric (i.e.,-foestson) approach to mental
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rotation®® we included both dorsaind plantawiew images to evaluate performance

differences based on view. Betwegroup 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 leliveb loss. Inconsistent betwegmoup

differences when identifying plantatiew images, however, suggest performance may

be equally challenging for adults with and without losimb loss when images are

presented from an allocentric (i.e., thppdrson) perspective, potentially indicating the

use ofalternative strategies to determine laterality (e.g., rotating the object on the

screen rather than me®tally rotating one?os
Our findings add to a growing pool of conflicting evidence regaydi

underlying body schema impairments among adults with ldiwér 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-aidgit discrimination

task2®! but contrast those of Stone et&land Curtze et al’* who found no

differences in lefright discrimination among adults with lowkmb loss (n=19 and

n=18, respectively) when compared to controls (n=33 an8,re$pectively). Given

findings of significant differences between our moderasetgd sample of controls

(n=37) and adults with lowdimmb loss (n=68), the leftight discrimination task may

not be sensitive enough to detect body schema impairmentg amatier,

heterogeneous samples of adults (i.e., with and without PLP) following-lowker

loss. In support of this potential explanation, Boccia et al. evidenced functional

reorganization within brain areas associated with body representation (egarant

insula, supplementary motor area, precentral gyrus) among adults withlilolveoss
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(n=9) during a lefright discrimination task, despite performance being similar
between adults with lowdimb loss and controls (n=115*

Overall, differences in response time observed between controls and adults
with PLP were comparddto prior studies of temporomandibular joint pain (i.e.,
approximately 173 m§¥ and focal hand dystoniad., approximately 300 m'$y but
were less robust than those identified among adults with dippetosS> *¢and
other forms of unilateral, chronic pdi#f.For example, adts with CRPS have been
reported to be more than 2000 ms slower than controls when identifying images of
their affected lim#® 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. Malaptive disuse of a painful body part may contribute to
further deficits in the body schert®:however, the vast majority of our participants
with PLP (i.e., 88%) repaetl using a prosthesis >8 hours per day. Frequent prosthesis
use has been associated with reduced phantom limb sensations among adults with
upperlimb losg* and may diminish amputatienelated changes in the body
schemd®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 paseverity and characteristics between samples. For
example, in the majority of prior studies,
largely reported moderate-severe pain (i.e., numeric pain intensity ratings ranging
from approximately So-7 outof 10) 12 whereas our participants largely reported

mild, yet bothersome, pain.
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Invedigation 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 gege peers (i.e., 365 ms) and controls (i.e.,
297 ms). Findigs suggest that while adults with PLP and gese 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 plastigitamong 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 préask 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.

Obseved improvements in PLP intensity support recent efforts to utilize
imagerybased treatment (e.g., graded motor imad®wirtual reality 42 mirror
therapy*!) as part of a comprehensive treatment plan among adults with PLP.
Clinically, the leftright discrimination task could be usedagsess withisession
improvements in both performance and PLP severity; patients who respond positively
to the task may especially benefit from further imageaged training. Although 17%
of participants with PLP reported an increase in PLP intensitpglthte task,
increases in pain intensity were minimal (i.e2 foints) and did not exceed
measurement error, indicating the benefits of utilizing imagased treatment for

PLP may outweigh the potential costs.



Over the past several decades, resesesdiw/e advocated for the use of
imagerybased treatment in chronic pain managerfeft°Our inclusion diagram,
however, indicates the rarity of imagdrgsd training in posamputation care.
Specifically, of the 150 adults with lowdmb loss screened for this study, only 5
(3%) were excluded on the basis of prior participation in a formal, imdgpesgd
treatment program, including mirror therapy. In idal settings, hesitance to initiate
imagerybased treatment may result from the lack of robust evidence informing its
use, as well as the lack of established protocols for training progression. As kmagery
based treatment may offer a promising alternatvievasive interventions (e.g.,
surgery) and can be inexpensively integrated into-@ogiutation care across the
rehabilitation continuum (e.g., in acute, subacute, and/or outpatient settings), future
studies may consider investigating best practicenigales for administering imagery

based treatment following lowd4mb loss.

Study Limitations

While this study provides novel information regarding potential, underlying
impairments in the body schema among adults with PLP following {bmeérloss,
limitations of this study are acknowledged. First, findings from this study may be best
generalized to adults with predominantly transtiteatel, 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, imbs covered to prevent visual input, prosthesis doffed). Based ctapkst

responses, however, only 5 participants described specifically moving their limbs and
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feet to assist with task completion, and these participants were removed from analyses.
Otherpar tici pants who reported movement (n=1
seat, 0 fAenvisioning moving their own feet
straighter, 0 sugg e s-tightigcrinunatiort task roay haveons t o t
been mininal. 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 schemimr future research and other clinical interventions (e.qg.,

telerehabilitation programs) whenjrerson assessments are not feasible. Finally,

while pain medication is commonly used to treat PtWe did not capture pain

medication use in this study. Pain medication use may impacigbft

discriminatiot®® and may have consequently affected our study results; therefore,

future studies may consider evaluating tin@act of medication on lefight

discrimination among adults with PLP to inform future research and clinical practice.

Conclusion

Following lowerlimb loss, adults with PLP appear to demonstrate impaired
body representation, as evidenced by slower asdhlesurate leftight discrimination
performance when compared to agatched controls with intact limbs. Overall,
however, performance appears similar between adults with PLP anfiqepeers
with lowerlimb loss, suggesting observed impairments magdseciated with
somatosensory reorganization associated with ldwdr loss, rather than PLP alone.
Patterns of performance among adults with PLP suggestidbftdiscrimination
improves with practice, and improvements in performance may be coupled wit

reductions in PLP intensity. Even in the absence of specific;rélaked impairments
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in left-right discrimination, 80% of adults with ptask PLP demonstrated
improvements in PLP intensity during the task, which is compelling evidence for
further, longtudinal investigation into the efficacy of imagdmased treatment

interventions following lowetimb 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 lewer
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 @ 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 setting$y.Consequently, many adults with LLL report increased
body and prosthesis dissatisfaction, which is associated with more severe depressive
symptoms and worse qualkitf-life 195198

Beyond acclimating to physical changes in the body following,lthe
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 Nfitile
phantom limb sensations can be fpainful, phantom limb pain affects up to 80% of
adults with LLL and presents as symptoms of burning, painful numbness and tingling,
or electric shockéFurthermore, ginful 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 positién->°

Phantom limb pain has been theorized to reflect underlying disruptions in the

brainés represent at tomismatching sehsery andnmpotot at e d
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feedback following LLLS* In support of this theory, uppextremity phantom limb

pain has been associated with reorganization within the somatosensory*téttes?
greater shifts in somatosensory representation of the limb have been associated with
increased pain intensity and greater telescoffig/hile changes in implicit,
somatosensory representation haveirad 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 perceptioodynd b
representation (e.g., somatosensory cortex, prefrontal cortex, anterior cingulate cortex,
amygdala)® impaired body image and perception may be key, modifiable factors to
evaluate and target among adults with phantom limb pain. Imdgeed 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 (CRPX§? Additional research, however, is
needed to investigate whether similar perceptual disturbances (e.g., disownership, as is
frequently present in CRP%%) are observed among adults with phantom limb pain,
and whethelimpaired body image and perception are associated withrglaited
outcomes following LLL.

Recently, Sindermaret 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 unfavorapéen behaviors, such as pain

catastrophizing® Building upon this model, this study hypothesized &ptl
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intersection of body image, body perception, and pain experience among adults with
phantom limb pain following LLLgeeFigure 2). Phantom limb pain magooccur

with distorted body perceptions (e.g.., disownership, changes in size and shape), which
may generate adverse, pa@lated 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 clic relationship between phantom limb pain and impaired body

image and perception.
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Maladaptive Coping Strategies &

Pain Behaviors Phantom Limb
{Pain Catastrophizing, Sadness, .
Shame) m

Negative Body Image &

) Distorted Body
1 Phantom Limb Perceptions

Attention & Awareness
(™ or Limb Size,

Altered Shape & Sensations)

Figure 12 Proposed model depicting the cyclic relationship between body image
and perception and phantom limb pain. Phantom limb pain
characteristics, especially those associatel @hanges 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, icrease phantom limb pain.

To provide preliminary support tihis proposed model, this study aimed to
determine whether adults with persistent phantom limb pain demonstrate more
impaired body image and perception as compared tofpggrpeers, and to deteine
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 aareness; 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 withrse pain characteristics (e.g., increased pain

intensity and interference).

Methods

Participants were recruited for this online, cresstional study through the
University of Delaware Multidisciplinary Amputee Clinic, consémtecontact
databases &m prior research studies, local prosthetic clinics, and online
advertisements (e.g., Amputee Coalitionés
August of 2020 and March of 2021 for this staghproved by the University of
Delaware Institutional Review Boéfor Human Subjects Research.

Adults (aged 1& 5 vy e ayeasppsiuddteral LLL were recruited if they
were Englishkspeaking andreading (due to completion of questionnaires in English),
had access to a computer and reliable internet servioalioe 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 ima&féadults were excluded if they did not use a
prosthesis. Furthermore, as thiady 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 affebody image and perception (e.g., graded motor

imagery®? mirror therapy®).
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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 portiomefaffected
limb). Participants who reported phantom limb pain (with or without residual limb
pain) within the past month were classified into Baéngroup, while participants who
denied phantom or residual limb pain were classified into the Rrai@ goup.

After electronically signing informed consent forms, all enrolled participants
completed data collections remotely @ao r i | | afé-servige ekperanental
platform hosted on Microsoft Azut€? In GorillaE , participants provided
demographic (e.g., age, sex, height and weight with prosthesis donned) and
amputatiorrelated information for characterization purposes. Additionally,
participants completed standardized outcome measures assessing prosthesiy use, bo
image, and body perception. Only participants in the Pain group completed

standardized outcome measures evaluating phantom limb pain.

ProsthesisRelated Outcome Measures

In a standardized questionnaire, participants provided information regarding
their amputation level, etiology, and time since amputation. Participants then
completed the Houghton Sc&landSocket Comfort Scor€ assessments of
prosthesis use and stability when ambulating with a prosthesis and prosthetic socket
comfort, respectively. The Houghton Scale score ranges frbthgints, where
greater sores indicate greater prosthesis use and perceived stability when ambulating
with a prosthesi$’ The Socket Comfort Score is an-fidint scale assessing prosthetic

socket comfort (O = Amost wuncomfortabl

e

S

C

i maginabl eo) ; best and wor shourssvereavesagedc o mf or
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for analyses. Reliability and validity of the Houghton Scale and Socket Comfort Score
have been reported previoughy’®

Participants reported the total number of years of prosthesis experience and

rated their prosthesis embodiment onpot Likerts cal e (1 . e. , 0 = A my
feels |ike a tool to help me walk but does
prosthesis feels somewhat | i ke my amputat e

my amputated | eg and bsotomplaes the Satisfaotian) . Part
with Prosthesis Subscale of the Trinity Amputation and Prosthesis ExperienceiScales
Revised (TAPESR).2% This subscale is anifem assssment 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 prodthesis.

Phantom Limb Sensations, Phantom Limb Pain, and Residual Limb Pain Outcome
Measures

Participants in the Pain group, as well as participants in theHPaengroup
who experienced nepainful phantom sensations, completeticome measures
assessing phantom limb characterisfidse Limb Deficiency and Phantom Limb Pain
Questionnair&?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 Bptpim limb sensations,
phantom pain, and/or residual limb pain on separapep3i nt scal es (0 = Afr
at ald=l oietxac remefy botheredo).
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 imaginabi®); best and worst intensities were averaged for analyses.



Furthermorephantom limb pain interference was evaluated using the Brief Pain
Inventory-Short Form (BRISF) Pain Interference domadiflOn a scal e of 0 (
not interferedo) to 10 (Acompletely interfe
degree to which phantom limb pain interfered with their daily activities in 7 domains:

general activity, mood, walking ability, normal worklatoons with other people,

sleep, and enjoyment of Iifé’ Reliability and validity of the BRSF Pain Interference

domain have been reported among patients with osteoarthritis, Multiple Sclerosis, and

spinal cord injury.’#17®

Body Image and Perception Outcome Measures
Finally, participants completed body image and perception outcome measures:
the Amputee Body Image SceRevised (ABISR?%®) and a modified version of the
BATH CRPS Body Perception Disturbance Scale (BA®HThe ABISR 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 witf®welve of the
fourteen items are scored from O (finone of
whereas two items are reverse scored; items are sdrtovobtain a total score
(maximum: 28 points), where higher scores indicate more negative body3tage.
Disturbances in body perception were assessed using subscales of the BATH,
which was originally created for adults wilomplexRegional Pain Syndrome
(CRPS)Y?® Participants were asked to rate their phantom limb perception with respect
to the following domains: ownership, awareness, attentidrfinally, emotional
feelings towards the lim#? 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, partiapgiwere asked to elaborate on these differences
using text entry. Participants in the R&iree group who do not perceive a phantom

limb (n=9) did not complete the BATH.

Statistical Analyses

All statistical analyses were conducted using SPSS VersiaBRb6Gorp.,
Armonk, New York, USA). For both Pain and Pdtinee groups, participant
characteristics were evaluated using descriptive statistics. Then;RABIsl BATH
subscale scores were compared between groups using independent t tests and Mann
Whitney Utests, depending on whether data met assumptions for parametric testing
(@a=.050).Usingchis quared tests (or Fisherdés exact
category were <5), betwegmoup differences in phantom limb size, temperature,
pressure, and vight disturbances (per the BATH) were also evaluaaed(50).
Pairwise analyses were used to account for variability in measure completion based on
the presence or absence of a-pamful phantom limb among adults in the RRiee
group.

Finally, foradd t s i n t he Pai sbetgcorelatipn coeKigents al | 6 s
(@) were calculated among measures of body image, body perception, and phantom
limb pain @=.050). coefficients have been shown to have better statistical
properties for evaluating assations between ordinal and rparametric outcomes as
compared to Spear man?whilethererissd established coef f i c
consensus fa interpretation valuesmaybe consideredsfollows:O. 0 7=negl i gi bl
.08-.26=weak,27-.48=moderate49-.71=strongO . 7 2 =stroag(similarto

P e a r soreladiscoefficientvalues)?!!
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To control for multiple comparisons, a pd&ic BenjaminiHochberg
correctionwas applied to betweegroup and correlational analyses, with the false

discovery rate set taD?'?

Results

Of the 354 individuals with LLL contacted for this study, 146 underwent
eligibility screeningsee Figure 13)The 95 eligible individuals were qrided
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
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 Pdinee group).
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Adults with Lower-Limb Loss Contacted
n=3%4

Not Screenedn=208)
1 Not interesteqn=8)
1 Unable to reach/no respon@e-200)

Screeredfor Inclusion
n =146

/ Ineligible (n=51) \

1 Bilateral limb loss or uppdimb loss only (n=12)
1 Aged>75 years (n=11)

1 No computer oimternet accesg=7)

=</ TAmput ati on -pearprioe(n=¥)s i o
1 Priorformalimagerybased trainingn=5)

1 Residual limb pain only (n=5)

1 Not using a prosthesis (n=2)

QAmputation present at birth (8¢ /

Eligible and Interested
n =95

Did not complete study(n=21)
1 Lost to follow-up (n=15)
- 1 Computer issues precluded participat{ord)
1 Decided not to participate (n=2)

Completed Study
n="74

Dataset Removed Due to Inconsistencies with
Screening Information (n=2)

[=| 1 Disclosed congenital etiology during study (n=1
1 Disclosed residual limb pain only (n=1)

Included in Analyses
n=72

Pain-Free Pain
n =30 n=42

Figure 13 Participant inclusion.
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Participant Characteristics

Participant characteristics are presented in Tahl®&mographics between
groups were similampe0.050). Regardless of group assignment, participants reported
predominantly transtibidi.e., belowknee) 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, hoxee, reported lower Houghton Scale (i.e., 10 points
versus 12 points in the Palitree group, U=376.00=0.003) and Socket Comfort
Scores (i.e., 6.5 versus 8.3 in the Paiae group, t=5.11<0.001), indicating
reduced prosthesis use, perceived prostistibility, and socket comfort among
adults with phantom limb pain. Finally, per the TARPESsatisfaction with Prosthesis
Subscale, prosthesis satisfaction was significantly higher among adults in the Pain

Free group as compared to the Pain group (U=86A-%.002).
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Table 16

Participant characteristics

. Pain-Free Pain
Variable (n=30) (n=42) p
Demographics
Sex, femal® 12 (40%) 19 (45%) | 0.658
Age, years 55 (13) 54 (13) 0.750
Height, cni 172.4(10.1) 171.5(11.8)| 0.743
Weight with Prosthesis, Kg 88.8(22.8) 88.0(21.2) | 0.876
Amputation-Related Details
Amputation Typé
Transtibial 20 (67%) 22 (53%)
Transfemoral 7 (23%) 18 (43%)
Knee Disarticulation 2 (7%) 1 (2%) 0.247
Hip Disarticulation 0 (0%) 1 (2%)
Rotationplasty 1 (4%) 0 (0%)
Amputation Reasdh
Trauma 10 (33%) 18 (43%)
Cancer 5 (17%) 9 (21%)
Infection 4 (13%) 8 (19%) 0.298
Dysvascular 5 (17%) 5 (12%)
Multiple or Other Reasons 6 (20%) 2 (5%)
Time since Amputation, years (3,926) ( 4’920) 0.744
ProsthesisRelated Details
Prosthesis Experiente
6 monthsl year 1 (3%) 0 (0%)
1-3 years 1 (3%) 1 (2%) 0592
3-5 years 11 (37%) 13 (31%) '
>5 years 17 (57%) 28 (67%)
Satisfaction with Prgsthesis 21 16 0.002
Subscale, 24 points (16, 24) (15, 20) '
12 10
Houghton Scale,-Q2 (11, 12) ©,12) 0.003
Aver_%gg Socket Comfort Score, n=29 n=40 <0.001
0-10 8.3(1.2) 6.5 (1.6) '

Abbreviations: kg = kilogramsgm=centimeters

AData presented as n (% of sample)
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"Data presented as median (25th, 75th percentile)

YData presented as mean (standard deviation)

" Two participants (one in the pafree group and one in the pafree group)
reported havingpsseointegrated prostheses; therefore, they did not complete
Socket Comfort Score. One additional participant in the pain group left their
Socket Comfort Scores blank.

Tablel7 presents phantom sensation, as well as phantom and residual limb
pain characteristics. In both groups, the majority of participants reporteglaiafil
phantom limb sensations that were not bothersome. Among the Pain group, average
phantom limb pain intesity 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 afeveral minutes (but less than 1 hour). Despiterspbrted
bothersomeness, frequency, and duration of phantom limb pain, phantom limb pain
interference was low (median of Average E3#H Pain Interference domain: 1.29).
Finally, 67% of the Pain group refied 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 Pain 0
(n=30) (n=42)
Phantom Limb Sensations
Non-painful Sensations Presént 21 (71%) 37 (88%) | 0.056
Bothersomene$s n=21 n=37
Not Bothered 18 (86%) 24 (65%)
Somewhat Bothered 3 (14%) 12 (32%) | 0.215
Extremely Bothered 0 (0%) 1 (3%)
Phantom Limb Pain
Average Intensity in Past 24 Hours, 2
0-10 ‘ N (2, 5) N
Bothersomenes$s
Not Bothered -- 8 (19%)
Somewhat Bothered - 31 (74%) --
Extremely Bothered \ -- 3 (7%)
Frequency of Pain in Past Wéek
Never -- 4 (10%)
1-3 times per week - 17 (41%)
4-6 times per week -- 8 (19%)
Once per day -- 3 (7%) N
Multiple times per day -- 9 (21%)
Constant pain -- 1 (2%)
Duration of Pain in Past Wekk n=41
<1 minute -- 12 (29%)
Several minutes but <our -- 19 (46%) B
Several hours -- 6 (15%)
Several days - 4 (10%)
BPI-SF Pain Interference domain, 1.29
0-10° N (0.43,2.86)|
Residual Limb Pain
Residual Limb Pain Presént - 28 (67%) | --
n=28
Average Intensity in Past 24 Hours10' - 3 --
(2, 5)
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Table 17 continued

Bothersomene$s n=28
Not Bothered -- 10 (36%)
Somewhat Bothered - 16 (57%) -
Extremely Bothered -- 2 (7%)

Abbreviations: BPISF = Brief Pain InventorBhort Form
AData presemsdmplel as n (% of
*"Data presented as median {255" percentile)

Body Image and Perception

Table18 presents betweegroup differences in body image and perception.
ABIS-R scores were higher among the Pain group compared to thEreaigroup
(U=364.00,p=0.004), indicating more negative body image perception among adults
with phantom limb pain. BATHubscale scores indicated greater phantom limb
ownership, awareness, and attention among adults in the Pain group compared to Pain
Free peers (U=175.5297.00,p<0.001 to 0.034); however, emotional feelings
towards the phantom limb were largely neutral (needian score=5) and similar

between group$€£0.173).
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Table 18

between adults with and without phantom limb pain

Differences inbody image, body perception, and prosthesis embodiment

Variable Pain-Free” Pain b
(n=30) (n=42)
Body Image
ABIS-R, 0-28 points n=29 n=42
Higher scores = more negative body imag 4 ! 0.004
(1,8) (5,12)
Body Perception
BATH: Phantom Limb Ownershjm-lo* n=21 n=42
0=Very Much a Part, 10=Completely 4.0 2.0 0.034
Detached (2.0,8.0) (0.0,4.0)
BATH: Phantom Limb Awarenes§-10 n=20 n=42
0=Very Aware, 10=Completely Unaware 6.5 1.0 0.013
’ (1.3,9.8) (0.0,5.0)
BATH: Phantom Limb Attention0-10° n=21 n=42
O=Full Attention, 10=No Attention 9.0 >0 <0.001
; (8.0, 10.0) (2.8,9.0)
B_ATH. Em*otlonal Feelings about the Phantom n=21 n=42
Limb, 0-10
0=Strongly Positive, 10=Strongly 5.0 5.0 0.173
Neaai ' (0.0,5.0) (1.0,7.0)
gative )
BATH: Phantom Limb Disturbancés 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 Embodiment
Not Embodied
"My prosthesis feels like a tool to help me wall 7 (23%) 23 (55%)
but it doesot feel like it belongs to me."
Somewhat Embodied
"My prosthesis feels somewhat like my 8 (27%) 6 (14%) | 0.028
amputated leg."
Embodied
"My prosthesis feels like it is my amputated le¢ 15 (50%) 13 (31%)

and it belongs tane."

Abbreviations: ABISR = Amputation Body Image Scal&kevised, BATH=BATH CRPS

Body Perception Disturbance Scale




"Data presented as n (% of sample)

"Data presented as median (25th, 75th percentile

“Nine participants in the paifree 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 amongarticipants in both groups, and proportions of disturbances
were similar between groups>0.050). Disturbances in phantom limb pressure were
most commonly reported, with 4 participants (18%) in the-Fage group and 11
participants (26%) in the Painayp 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 Figurd ). For example, padipants in the Pain group more commonly reported
di sturbances associated with pain or discc
of the | ED bl ast , oFreédraammoyeagmmonty hepoiteel t he Pai
symptoms such as the phantom limb feefingpi ght er 06 t han the intac

and associated with environmental changes in temperature.
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Disturbance Pain-Free Pain
EEiam Ll "Much larger - swollen”
Size - "Non-amputated [leg] looks and feels 'normal’;
phantom limb, when present, is alwaystingling”
"[My phantom limb] feelswarm or cold based on my N -
socket, not based on the non-amputated sde" Hot or burning
"Usually no [differenceg], but if anything, it will feel a
little colder. Another weird phantom thing - walking in
wet grass wearing sapdla my phantom foot will feel “| feel burning”
. cold and wet, sometimes a bit sooner than my flesh
Phantom Limb and bone foot. Similar with AC on in the car and
Temperature blowing on my legs."
"My limb recalls the last sensation it felt, that isan |IED
explosion. | feel heat, pressure, excruciating pain,
"It gets colder easier” electric shocksrunning to what | imagineisa
9 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."
| sometlmesfgel Illfe the foot of the ampultated lower I feel the pressure of the [IED] blast"
leg isbeing squeezed laterally"
"Phantom feels contained asin cam-walker boot when | ,, . .
. ) j . | often feel pressure and nerve pain after being on my
. dtting till, sometimes too snug but that goes away if | - T
Phantom Limb o feet for a long period of time'
move it
Pressure
"1t always feelstight"
i "1 have one spot that | feel like the pain is coming from,
thereis pressure there"
"Lighter" "[My phantom limb] often seems short but heavy"
Phaﬁvtlom':imb "Lighter than my other leg" "Feel heavy, probably because of prosthetic"
eight
_ "[My phantom limb] often feels more heavy than my
sound sde"

Figure 14 Examples of phantom limb perceptual disturbances among adults with

Furthermore, selfeported prosthés embodiment was significantly different

between groups, with the majority of adults in the Pain group reporting perception of

and without phantom limb pain.

the prosthesis as a tool as compared to the majority of thé-Ragrgroup reporting

perception of the prosthesis as part ef lody p=0.028).
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Table19 presents correlations among measures of body image, body
perception, and phantom limb pain within the Pain group. Positive correlations were
found among BREF Pain Interference Domain, ABFS and BATH Emotional
Feel i ng s.25.89p*0H81 to(0026), 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 limaraness was associated with
greater phant omd40,g=Bb 00 WN e ra suel.BOp10OENt i on (U
Average phantom limb pain intensity was negatively correlated to BATH Attention
S ¢ 0 ry=e.85,pE034), indicating higher pain intensity wasaciated with more
phantom limb attentigrhowever, this correlation was no longer significant after

correcting for multiple comparisons.
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Correlations among body image, body perception, and phantom limb

pain (n42)

Table 19
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Data presented as Kendall 6s tau (p value)

Abbreviations: ABISR = Amputee Body Image Scitevised, BATH=BATH CRPS
Body Perception Disturbance Scale, B = Brief Pain InventonShort 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 withargeted minebody interventiond® While phantom limb pain is
thought to reflect significant changes in body representation, to our knowledge, this is
the first stualy 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 attenticand poorer prosthesis satisfaction and embodiment as
compared to paHfree 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 intepsind interference, indicating these factors may be
critical to evaluate and address to improve palated outcomes following LLL.

Selective attention to pain generators has been associated with adverse coping
responses, such as pain catastrophizingaanitiance of pakinducing activitieg® In
contrast, distraction techniques have been shown to increase descending pain
modulation, significantly reducing pain percepttdhln this study, adults with
phantom limb pain demonstrated greater phantom limb attention and awareness as
compared to paHfree peers. Notably, increased phantom limasassociated with
higher pain intensityhowever, relationships betésn attention and pain intensity were

nonsignificant after correcting for multiple comparisdfsdingsprovide preliminary
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support to the proposed phantom limb pain model (Figure 1), adopted from
Sundermann et 28°% suggesting focused attentiomandawarenessf 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., swéltdrs, missing
body partsf°® 25 These impairments have been attributed to shrinkage in the
somatosensory representatafrthe painful body paitt** Given evidence of
somatosensory reorganization following uppeb loss?* it was hypothesized that
adults with phatom 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 largelyreported phantom limb ownership (attachment) and similar
frequencies of perceptual differences as compared tefig@mpeers. As BATH
Ownership scores were correlated to BATH Awareness scores, increased phantom
limb attachment may be explained by increbgkantom 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 prosthesisth phantom limb pain. As prasesis use activates the
same cortical areas as limb moven®rand is represented in the same region of the
somatosensory cortex as the phantom FHBE it is possible that prosthesis
embodiment is limited when the painful phantom limiperceived as fully attached.
Among adults with uppeimb loss, prior studies have reported convergence between

the phantom limb and prosthesis, which may help enable prosthetic control and
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acceptancé® however, this study suggests that the painful phantom limb may
interfere with successful prosthesis intec
image. Consequently, it may be of interest for future studies/estigate whether
addressing phantom limb pain improves prosthesis embodiment, satisfaction, and use.

While the prevalence of phantom limb disturbances, per the BATH, was
similar between group®¥.050), potential evidence of altered central paocessing
is indicated by betweegroup differences in seteported phantom limb pain
characteristics. For example, individuals with phantom limb pain more commonly
described perceptual disturbances using unpleasant descriptors (e.g., burning, swollen,
heary), whereas patfree participants used more neutral descriptors (e.qg., lighter,
cold) or described disturbances that resolved with movement or environmental
changes. Findings suggest phantom limb pain is associated with more negative
descriptors of limsensations, which support findings of more negative body image
among adults with phantom limb pain as compared to-jpagpeers.

Recently, body image dissatisfaction has been identified as a critical factor to
assess following amputatiéi?,as body image has been shown to independently
predict psychosocial outcomes (e.g., depressive symptoms, anxiety) above and beyond
demograhic characteristics and comorbid medical conditid€ur findings support
initiatives to evaluate and address negative body image following LLL, especially
among individuals who experience persistent phantom limb pain. Correlational
analyses demonstrated weakmoderate associations among body image, phantom
limb attention, and paimtensity and interference. Furthermore, ABRScores and
BATH emotional feelings subscale scores were moderately correlated, suggesting

phantomlimb-specific feelings may be significant drivers of overall body image after
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amputation. Thus, it may be tcal 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 feglréreive
insufficient support with observing their new body in a mirror acutely-pbkt
which may contribute to the development of negative body irffdd€hile mirror
therapy is predominantly used to superiggthe intact limb on the amputated limb to
normalize sensory feedback to the bé&tmirrors may also be useful as partof
cognitive behavioral approach to therapy, where individuals can be guided through
observation and acceptance of their new bodies following#?While speculative,
given relationships betweeregative body image and pain interference found in this
study, mirror training may not only improve body image after LLL, but may also
improve painrelated disability. As such, future studieayinvestigate the impact of
early guided mirror training in bl improving body image and reducing phantom
limb pain following LLL.

Furthermore, there has been an increasing emphasis on utilizingpodgd
interventions to normalize the somatosensory representation of painful body parts and,
consequently, reduce pet>’°As previously mentioned, graded motor imagery, a
staged progression of imagdmgsed exercises aimed at improving sensorimotor
communication between the painful area and brain using motor imagery and mirror
therapy, has shown promise in reducingmtom limb pain intensit{? Graded motor
imagery may also have beneficial effects on negative body image and hypervigilance
towards the painful area, which may mediate exacerbations in pain infénéityal

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 bodyrepresentation impairment& At present, evidence supporting the use

of mind-body interventions remains scarce, and outcomes are largakefibon

reductions in pain intensifif.Our findings suggest other outcomes, such as body
image, attention, and awareness, may be important outcomes to consider when
evaluating the effecteness of mindody 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 @me 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 alsceduced potential examiner bias in completion ofmsdbrted 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 pantom 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 #$€Euture 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 betwgrenips, sx-specific

considerations were not evaluated; future studies may evaluate whether relationships

13¢



among body image, body perception, and pain differ between males and females with

LLL.

Conclusion

Following LLL, adults commonly experience debilitating pleemtimb 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 angaaful phantom
limbs remains unknown. As compared to ptrae 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 bodynage 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, famar 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.



Chapter 7

SUMMARY AND CONCLUSIONS

Review of Project Aims

Postampuation pain is a persistent and debilitating consequence of-lower
limb loss that has remained significantly understudied and largely-addeessed in
clinical practicé?® 22 While longstanding theories suggest persistentamgiutation
pain may be a centratyediated condition associated with underlying central nervous
systemhypessnsi ti vity and mal adaptive changes i
body 10 % 24 evidence identifying underlying somatosensory changes is largely
limited to neuroimaging studies among small samples of adults with a unilateral
upperextremity amputatiofit 22 2%

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 lowelimb loss for fuure consideration in pesimputation
pain management. Given the disproportionate rate of Kimeramputations
occurring among males and the importance of considering biological sex-n pain
related outcomes, a secondary goal was to evaluatgpsexXicimpairments, when
possible, among males and females withaosputation pain following lowelimb
loss. To improve the generalizability and clinical utility of our findings, this work used
a novel combination of loveost, objective measurement techniqines can be easily
implemented in clinical practice, including: (a) pressure algometry, (bjegaifted

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 dimcs 6 abi | ity to
objectively evaluate and monitpostamputatiorrelated impairments. Furthermore,
use of an experimental body representation task, which was administered via an online
platform, may be used to overcome patrticipation barriers (e.g., tréasmo,
COVID-19related limitations to #person research) among adults with lov¥eb
lossin future pain studies.
The overall objective cAim 1 was to estimate the prevalence of multisite
pain, a potential clinical indicator of underlying centraivogis system
hypersensitivity, among adults with lowimb loss, while considering patterns of and
potential sexspecific 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 postamputation pain and pain in secondary sites
(e.g., low back, intact lowerextremity). This hypothesis wasupported, as
60.4% of adults withlowek i mb | oss exper i gearpesd mul t i ¢
amputation. Of the 60.4% of adults with multisite pain, 78.2% reported
multisite pain affecting both pesimputation pain sites and secondary sites
across the low lzk and intact loweextremity. Given the prevalence of
multisite pain and the extent of pain involvement (affecting as many as all
severbody regions of interest), findings suggest potential underlying central
nervous system hypersensitivity pashputatia, especially among individuals
with postamputation pain.
Hypothesis 1b Female sex will be significantly associated with the

presence of nyedrpostariputation.prbid hgpotkesis was
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also supported based on the results of our logistiessgm 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: 14012) higher odds of reporting multsit

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, Wwich was reported by 9% of females versus only 1% of males.
Findings support previous literature among older atfulfsand adults with

other chronic pain conditions (e.g., low back g&)nwhere multisite pain is

more commonly reported by females than males. Furthermore, findings
warrant prioritization of sespecific research following lowéimb loss to

identify factors contributing to multisite pain involvement (e.g., prosthetic
compamentry, biomechanical factors).

The primary objective oAim 2 was to determine whether adults with post

amputation pain demonstrate greater pressuheced pain sensitivity (i.e., pain

pressure thresholds per algometry) at both primary (i.e., ampuegech) and

secondary (i.e., neamputateetegion) sites, as compared to p&iee 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 painfree peers, adults with persistent
postamputation pain will demonstrate increased primary (i.e.,
amputated-region) and secondarysite (i.e., noramputated-region) pain

sensitivity. This hypothesis was supported, as adults with-aogiutation
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pain demonstrated significantly greater primamyd secondargite pain
sensitivity, per normalized pajoressure threshold values, as compared to
painfree peers.

Hypothesis 2b When comparedto controls with intact limbs, adults with
persistent postamputation pain will demonstrate increased primary and
secondarysite pain sensitivity. This hypdhesis was partially supporteds A
compared to controls, adults with p@shputation pain demonated greater
primary-site, but similar secondassite, pain sensitivity. With respect to
primary-site sensitivity, comparisons between adults with-pagputation pain
and both controls and pafree peers with lowelimb loss suggest peripheral
sensitizabn appears to persist beyond the period of limb healing among adults
with postamputation painwith respect to secondasjte sensitivity, findings
suggest central sensitization may not be an underlying impairment inherent to
all individuals with persigint postamputation paininsteadgiven the
distributions of both primaryand secondargite pain sensitivitythere may be

a subset of adults with peamputation pain who experience peripheral
sensitization, for whom further investigation into undertycentral

sensitization is warranted. As this study was limited to assessments of
mechanical pain sensitivity only, future investigatioto responses to other
guantitative sensory testing techniques (e.g., continued pain modulation,
temporal summationyyhich may be more specific to central sensitization, are
warranted.

Hypothesis 2c¢: Adults with postamputation pain who demonstrate

increased amputatedregion sensitivity (i.e., a sign of potential peripheral
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sensitization) will demonstrate greater pairsensitivity at secondary sites

as compared to peers with posamputation pain who do not demonstrate
increased amputatedregion pain sensitivity. This hypothesis was supported
among a sample of participants with pastputation pain, as participants with
increased amputatedgion pain sensitivity demonstrated increased pain
sensitivity across secondary sites in the wgpgremities, intact lower
extremity, and remote regions of the amputated limb. Findings confirm there
appear to be a subset of particifgawith persistent postmputation pain who
demonstrate physiological signsaafncurrenperipheral and central
sensitization, for whom both locaillye.g., residual limb desensitization
techniques) and centralipcused treatment (e.g., pain neurosciesthgcation,
graded activity, centrallacting medication) may be imperative.

Hypothesis 2d: Adults with postamputation pain who demonstrate
increased amputatedregion sensitivity will demonstrate worse pain
characteristics (i.e., more frequent pairrelated symptoms associated with
central sensitization, increased pain intensity, and increased pain
interference) as compared to peers with postmputation pain without
increased amputatedregion sensitivity. Findings did not support this
hypothesis, as CetrSensitization Inventory scores and pain intensity and
pain interference scores (per the PatiRaported Outcomes Measurement
Information System&9 Item) were similar between adults with and without
increased amputateaegion sensitivity. Several fag®may have contributed
to the lack of betweegroup differences found in these pagtated outcome

measures. First, physiological signs of underlying central nervous system
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hypersensitivity may be less influential than other patient characteristics (e.qg.

psychosocial factors such as resilience and coping strategiesifisalty)

with respect to selfeported pain experience. Second, this work was a

secondary analysis conducted among commawtglling adults with lower

limb loss who largely reported dipain; future work may determine whether
results are repeatable among a sample of patients who are actively seeking
treatment for posamputation pain to determine their generalizability to
patients experiencing more severe and debilitating pain. Lasily,

medication use was not assessed during this study, which may have affected

both pain sensitivity and seléported symptoms of central sensitization as

well as pain intensity and interference. This work provides preliminary data
informing future stug development to more comprehensively assess both
physiological signs and saléported symptoms of underlying central nervous
system sensitivity among adults with pastputation pain.

Finally, the objective oAim 3 was to determine whether adults withL who
experience persistent pemtputation pain demonstrate impaired implicit and explicit
body representation, as compared to {fiege peers with LLL and/or controls with
intact limbs, and whether body representation impairments are associated msgh wo
painrelated outcomes.

Hypothesis 3a Adults with persistent postamputation pain will

demonstrate impaired implicit body representation (i.e., difficulty

identifying the amputated limb, evidenced by increased response time and

reduced accuracy on deft-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 paee
peers with lowedimb loss in terms of leftright discrimination response time
and accuracy. As both groups (i.e., adults with leliveb loss with and

without postamputation pain) demonstrated poorer performance compared to
agematched controls with intact limbs, findings appear to ssigipat implicit
body representation impairments may be attributable to overarching changes in
the body schema following lowdimb loss, rather than changes specifically
associated with postmputation pain.

Hypothesis 3b Adults with persistent postamputation 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 lessrateuhan
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 lowemb loss, rather than with phantom and/or
residual limb pain insolation.

Hypothesis &: Among adults with persistent postamputation pain,
impairments in implicit body representation will be associated with worse
pain characteristics (e.g., increased pain intensity, interference, and
bothersomeness)

This hypothesisvas not supported, as pain characteristics were not

significantly associated with either response time or accuracy on thgleft
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discrimination taskWhile associations were not identified between implicit
body representation measures and pain charsiits, adults with lowelimb

loss and persistent phantom limb pain demonstrated reduced phantom limb
pain intensity after participating in a-t6-20-minute experimental assessment
of left-right discrimination, suggesting participation in imagbasedraining
exercises may result in clinical improvements in phantom limb pain.
Hypothesis 3I: As compared to painfree peers, adults will demonstrate
explicit body representation impairments (e.g., more negative body image,
greater limb disownership and hyervigilance).

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 limbattention and awareness than gfaee peers with lowelimb

loss. Findings suggest adults with phantom limb pain demonstrate negative,
explicit body representations following lowkmb loss; negative body
representations may represent changes in cbatiti&ity in regions that

subserve both body perception and the emotional components of pain
processing (e.g., the amygd&f. Furthermore, phantom limb hypervigilance,
found among adults with phantom limb pain in this study, may facilitate pain
sensitization, further supporting findings of greater amputaggbn pain
sensitivity among adults with peamputation pain in Hygbeses 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 attenton and awareness support previous models of chroni¢{ain,

findings specific to ownership and attention contrast previdudies among

adults with Complex Regional Pain Syndrome, where chronic pain is largely
accompanied by negleltkke symptoms associated with impairments explicit
body representation (e.g., disownersgH).

Hypothesis & Among adults with persistent postamputation pain,

impairments in explicit body representation will be associated with worse

pain characteristics (e.g., increased pain tensity 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 lowedimb loss; however, impairments are not ubiquitous in the
presence of persistent p@snputation pain. Namely, while multisite pain involving
amputatd-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 leliveb loss appear to
demonstrate mild impairments in lefght discrimination, indicating potential,

maladaptive reorganization of the somatosensory cortex (and, consequently, the body
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schema), impairents 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 thelmical presentation of underlying somatosensory
impairments using loveost, norinvasive tools, this project has provided researchers
and clinicians with additional methods for evaluating and monitonipgirments in
persistent poshmputation pain. Cuently, several clinical trials are investigating the
efficacy of postamputation pain treatments (e.g., cryoanalgesia, electrical nerve
blocks, virtual reality, ultrasound); however, pain severity is cited as the primary, and
often only, outcome measurealinative 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 phantionb) in persistent posaimputation 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 thefficacy of somatosensory rehabilitation and riodly
treatment among individuals with persistent parsiputation pain. Future longitudinal
studies investigating pesimputation pain development, maintenance, and persistence
may also consider evaluatingetabovementioned impairments acutely post
amputation to determine whether baseline impairments predictéomgseverity and

persistence of postmputation pain.



Given our findings of potential sespecific differences in multisite and post
amputation pin presentation, findings also support future research efforts prioritizing
sexspecific research following lowéimb loss, especially among adults who
experience persistent pesmtnputation pain. The high prevalence of seconddey
pain among females iAim 1 warrants future investigation into not only central
sensitivity following lowetlimb loss, but also secondary consequences of prosthesis
use (e.g., intact limb overuse). Future research may consider investigating whether the
development of segpedfic prosthetic componentry improves biomechanical and/or
painrelated outcomes following lowdimb loss. While we considered potential sex
specific influences in Aims 2 and 3 by sematching participants when possible, due
to sample size limitations, weere unable to further explore sspecific 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 representationffier between males and females following lovierb loss.

Findings from this work indicate the heterogeneity of fgmsputation pain and
suggest there may be potential pain subclassifications within the larger post
amputation pain diagnosis, warrantingesitjve evaluation of underlying impairments
to inform patierdspecific pain management. Future studies may investigate whether
specific impairments (e.g., increased or more generalized pain sensitivity, impaired
left-right discrimination, altered body petion, more negative body image) are
predictive of greater pairelated disability among adults with lowkmb loss.

Remarkablywhile not within the scope of this dissertation wdikdings
from our painfree comparison groups with lowkmb loss pose several interesting

questions for future investigation. First, does the relative hyposensitivity observed
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among pairfree adults reflect a positive adaptation to limb loss, or dwichakls with
reduced preamputation pain sensitivity have a lower risk of developing persistent
postamputation pain? Second, with respect to body image, perception, and
representation, dpotentialsomatotopic 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 p@shputation pain to inform pesimputation

care, incluthg patient management and education strategies.

Closing Remarks

This dissertation identifiedeveral somatosensory impairments among adults
with postamputation pain, including multisite pain involvement, increased peripheral
and centrbpain 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 palated disability and improve quality of life
following lower-limb loss. Specifically, adults with peatmputation pain who
demonstrate multisite pain, increased pain sensitivity, and/or impaired implicit and
explicit body representation may benefit from imageaged interventions such as
graded motor imageyryvhich 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

University of Delaware
Newark, Delaware 19716-1551
Ph: 302/831-2136

- SITYor
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

Fax:302/831-2828
DATE: April 1, 2014
TO: Jaclyn Sions, PhD, DPT
FROM: University of Delaware IRB
STUDY TITLE: [531197-1] Multi-Disciplinary Evaluation of Individuals with Lower Limb

Amputations for a New Prosthesis or Prosthetic Components

SUBMISSION TYPE: New Project

ACTION: APPROVED
APPROVAL DATE: April 1, 2014
EXPIRATION DATE: March 31, 2015
REVIEW TYPE: Expedited Review

REVIEW CATEGORY: Expedited review category # 4, 5

Thank you for your submission of New Project materials for this research study. The University of
Delaware IRB has APPROVED your submission. This approval is based on an appropriate risk/benefit
ratio and a study design wherein the risks have been minimized. All research must be conducted in
accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.

If you have any questions, please contact Nicole Farnese-McFarlane at (302) 831-1119 or
nicolefm@udel.edu. Please include your study title and reference number in all correspondence with this
office.
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EXPIRATION DATE: July 26, 2016
REVIEW TYPE: Expedited Review

REVIEW CATEGORY: Expedited review category # (4,7)

Thank you for your submission of New Project materials for this research study. The University of
Delaware IRB has APPROVED your submission. This approval is based on an appropriate risk/benefit
ratio and a study design wherein the risks have been minimized. All research must be conducted in
accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.

If you have any questions, please contact Nicole Farnese-McFarlane at (302) 831-1119 or
nicolefm@udel.edu. Please include your study title and reference number in all correspondence with this
office.
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Trunk Muscle Characteristics and their Association with Balance, Function, and
Community Participation in Indiv iduals with Lower-Limb Amputations

University of Delaware
Newark, Delaware 19716-1551
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- SITYor
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DATE: April 26, 2016
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FROM: University of Delaware IRB
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Function, and Community Participation in Individuals with Lower-Limb
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SUBMISSION TYPE: New Project
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APPROVAL DATE: April 26, 2016
EXPIRATION DATE: April 25, 2017
REVIEW TYPE: Expedited Review

REVIEW CATEGORY: Expedited review category # (4,7)

Thank you for your submission of New Project materials for this research study. The University of
Delaware IRB has APPROVED your submission. This approval is based on an appropriate risk/benefit
ratio and a study design wherein the risks have been minimized. All research must be conducted in
accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.

If you have any questions, please contact Nicole Farnese-McFarlane at (302) 831-1119 or
nicolefm@udel.edu. Please include your study title and reference number in all correspondence with this
office.



Exploration of Novel Evaluative Test and Measures for Individuals with Lower
Limb Amputations

- SITYor
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Newark, Delaware 19716-1551
Ph: 302/831-2136

Fax:302/831-2828
DATE: May 23, 2017
TO: Jaclyn Sions, PhD, DPT
FROM: University of Delaware IRB
STUDY TITLE: [1062844-1] Exploration of Novel Evaluative Tests and Measures for

Individuals with Lower-Limb Amputations

SUBMISSION TYPE: New Project

ACTION: APPROVED
APPROVAL DATE: May 23, 2017
EXPIRATION DATE: May 16, 2018
REVIEW TYPE: Full Committee Review

Thank you for your submission of New Project materials for this research study. The University of
Delaware IRB has APPROVED your submission. This approval is based on an appropriate risk/benefit
ratio and a study design wherein the risks have been minimized. All research must be conducted in
accordance with this approved submission.

This submission has received Full Committee Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.

Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.
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If you have any questions, please contact Nicole Farnese-McFarlane at (302) 831-1119 or
nicolefm@udel.edu. Please include your study title and reference number in all correspondence with this
office.



Sensory Study: Evaluating Changes in Adultsvith Lower -Limb Amputations
Presenting with and without Chronic Pain

- SITYoF
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Newark, Delaware 19716-1551
Ph: 302/831-2136
Fax: 302/831-2828

DATE: December 21, 2017

TO: Jaclyn Sions, PhD, DPT

FROM: University of Delaware IRB

STUDY TITLE: [1094323-1] Sensory Study: Evaluating Changes in Adults with Lower-Limb

Amputations Presenting With and Without Chronic Pain

SUBMISSION TYPE: New Project

ACTION: APPROVED
APPROVAL DATE: December 13, 2017
EXPIRATION DATE: December 12, 2018
REVIEW TYPE: Full Committee Review

Thank you for your submission of New Project materials for this research study. The University of
Delaware IRB has APPROVED your submission. This approval is based on an appropriate risk/benefit
ratio and a study design wherein the risks have been minimized. All research must be conducted in
accordance with this approved submission.

This submission has received Full Committee Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.

Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.
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If you have any questions, please contact Nicole Farnese-McFarlane at (302) 831-1119 or
Nicolefm@udel.edu. Please include your study title and reference number in all correspondence with this
office.
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Body Awareness, Limb Pain, and LoweilLimb Loss (BALL) Study

Institutional Review Board

X \ 210H Hullihen Hall
VERSITY or
Phone: 302-831-2137

Fax: 302-831-2828

DATE: July 28, 2020

TO: Emma Beisheim, PT, DPT

FROM: University of Delaware IRB

STUDY TITLE: [1611862-1] Body Awareness, Limb Pain, and Lower-Limb Loss (BALL) Study

SUBMISSION TYPE: New Project

ACTION: APPROVED
APPROVAL DATE: July 28, 2020
EXPIRATION DATE: June 16, 2021
REVIEW TYPE: Full Committee Review

Thank you for your New Project submission to the University of Delaware Institutional Review Board (UD
IRB). The UD IRB has reviewed and APPROVED the proposed research and submitted documents via
Full Committee Review in compliance with the pertinent federal regulations.

Please continue to reference https://research.udel.edu/coronavirus for the most up-to-date
recommendations regarding in-person research interaction with subjects during the COVID-19 national
emergency.

As the Principal Investigator for this study, you are responsible for and agree that:

» All research must be conducted in accordance with the protocol and all other study forms as
approved in this submission. Any revisions to the approved study procedures or documents must
be reviewed and approved by the IRB prior to their implementation. Please use the UD amendment
form to request the review of any changes to approved study procedures or documents.

Informed consent is a process that must allow prospective participants sufficient opportunity to
discuss and consider whether to participate. IRB-approved and stamped consent documents must
be used when enrolling participants and a written copy shall be given to the person signing the
informed consent form.

Unanticipated problems, serious adverse events involving risk to participants, and all non-
compliance issues must be reported to this office in a timely fashion according with the UD
requirements for reportable events. All sponsor reporting requirements must also be followed.

Oversight of this study by the UD IRB REQUIRES the submission of a CONTINUING REVIEW seeking
the renewal of this IRB approval, which will expire on June 16, 2021. A continuing review/progress report
form and up-to-date copies of the protocol form and all other approved study materials must be submitted
to the UD IRB at least 45 days prior to the expiration date to allow for the required IRB review of that
report.

If you have any questions, please contact the UD IRB Office at (302) 831-2137 or via email at hsrb-
research@udel.edu. Please include the study title and reference number in all correspondence with this
office.
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Appendix B

PAIN-PRESSURE THRESHOLD DATA COLLECTION FORM
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ID Number: Date:

PAIN-PRESSURE THRESHOL D (Using Wagner, FDX50 Electronic Algometer)

Participant Instructions: fiSay yes when the pressure first begins to become uncomfortable or
painful and | will remove the device immediately.o [Performatrial run on the participants
forearm, so that they will know what to expect].

NT=Not tested; NA=Not applicable

LATERAL EPICONDYLE OF HUMERUS

Trid RIGHT LEFT

1 NA NA
2 NA NA
3 NA NA

RANDOMIZATION CARD: RESIDUAL LIMB (or R) / SOUND LIMB (or L) (Circlel)

GREATER TROCHANTER

Tria Residual Limb Sound Limb

1 NT/NA NT/NA

2 NT/NA NT/NA

3 NT/NA NT/NA

5INCHESDISTAL TO GREATER TROCHANTER

Tria Residual Limb Sound Limb

1 NT/NA NT/NA

2 NT/NA NT/NA

3 NT/NA NT/NA

LATERAL EPICONDYLE OF FEMUR

Tria Residual Limb Sound Limb

1 NT/NA NT/NA

2 NT/NA NT/NA

3 NT/NA NT/NA

PATELLA TENDON

Tria Residual Limb Sound Limb

1 NT/NA NT/NA

2 NT/NA NT/NA

3 NT/NA NT/NA

Residual Limb 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 Limb 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

18¢



Body Awareness, Limb Pain, and LoweiLimb 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, | acknowledge that this project will be conducted in strict accordance
with the procedures described. | 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, | will report such events to the Chair, Institutional Review
Board immediately.

1. Is this project externally funded? I yEs X no

2. Research Site(s)

X University of Delaware i note: the project has been designed to be completed
remotely

| other (please list external study sites)

Is UD the study lead? X YES | 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):

HSP TRAINING | GCP TRAINING
NAME INSTITUTION REggf‘EfH COMPLETION | COMPLETION
DATE DATE
Emma Beisheim, PT, University of IC, DC, Pl 10/31/19 10/31/19
DPT Delaware
J. Megan Sions, PT, University of
DPT, PhD Delaware IC, DC, PlI 8/8/19 2/4/2020




Gregory E. Hicks, PT,
PhD, FAPTA

University of
Delaware

PII

8/14/19

2/2/2020

Jared Medina, PhD

University of
Delaware

Pll

10/26/2020

N/A

Elisabetta Ambron,
PhD

University of
Delaware

PII

1/24/2020

10/16/2018

Ryan Pohlig, PhD

University of
Delaware

Pll

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

Pll

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; Pll=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 8" 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 brain& 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 brain® 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 | PROCEDURES

As data will be collected remotely (i.e., from participantsdhomes), 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



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, GorillaE ,[20] and a unique code number, which will be used to log into
GorillaE and complete the study. In GorillaE , 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.

Demoaraphic 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 Gorillak .

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 fbreako 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 | of the
study and will receive information regarding the optional, follow-up session (i.e., Part Il
explained in detail below) and the research team®& 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 O (most uncomfortable) to 10 (most comfortable).

3. Trinity Amputation and Prosthesis Experience Scales i 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
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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 one® 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) i 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 i 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
guestionnaire assessing various components of body image post-amputation. Individual
items are scored from O (fhone of the timeg to 2 (fmost/all of the timed and summed to
obtain a total score (which ranges from 0-28). Higher scores indicate more negative body
image.

Bath CRPS Body Perception Disturbance Scale i 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 QL0/27 on items 1-9 have a sensitivity of 88% and specificity of 88% for
major depression.

a. Because scores Q10/27 points indicate major depression, and endorsement of the 9"
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:

fPlease read:

Thank you for completing this questionnaire. We understand that life can be
stressful, and that some of these gquestions 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 QL0 points.

You responded fseveral days,0fmore than half the days,0or fnearly every
dayoon question #9.

You are feeling overwhelmed, sad, or anxious.

If you responded fseveral days,0fmore than half the days,0or fhearly every dayoon
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.o

b. Scores QL0/27 and/or endorsement of the 9™ item will not render the participant
ineligible as depression is common with lower-limb loss.

Conclusion of Part |

For all groups, a final screen (the Optional Follow-Up Assessment Form) will ask participants if
they are interested in completing Part I, an optional follow-up session. If a participant marks fyes,0
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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 | of the study, and they will be
provided information on gift card compensation and contact information for the research team.

Part 1I: Optional Follow-Up Session

Participants who complete Part | will be invited to repeat parts of the online study 7-10 days after
Part | 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 | will be offered, and informed consent forms will be
amended. Individuals who opt in for Part Il, 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 GorillaE 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 6 Modified
Brief Pain Inventory & 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 6 Modified
Bath Body Perception Disturbance Scale (Modified) & 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. Sionsdresearch 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, includingé
110 adults Gl-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., Ol-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 i reading, 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, fare
you able to type on a computer keyboard and explore the internet independently?dThis 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., Parkinson& 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. fHave 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?
ii. Using a mirror or mirror box to reduce your pain in your amputated limb or
area of an amputated limb?0

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 Pl 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, Pl 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 IRB& 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 participant®
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 participant®& 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 participant®
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
GorillaE using the software® supervised linkdrecruitment policy. The research team will upload a
participant enroliment excel database to GorillaE 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



team remains able to track experiment progress for each participant using their personal ID code.

After completion of the online evaluation, each participant® 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 )

GorillaE 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 GorillaE 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 enroliment, research personnel will delete all
online files from GorillaE . Deleting online GorillaE files permanently deletes all files in any

GorillaE -owned databases, including cloud-based backup databases. GorillaE 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? | yes XnNo (if yes, please specify how the data will be destroyed) for
non-identifying data (downloaded from GorillaE ).

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 GorillaE -owned
Microsoft Azure online database 1 year after completion of study enroliment. 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? Xves | 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 i amputated (controls: right) vs. non-
amputated (controls: left) x 2 (foot type i anatomical vs. prosthetic) x 2 (view i
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:

A Left-right discrimination task error rates.

A 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:
A Left-right discrimination task error rates.
A 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 t0 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.



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. Beisheim& 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
participant® 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 (COl) 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

A
A

Lower-limb loss form
Control form

o Recruitment and email communication documents

A

> >

Compiled advertisements
Flyer i limb loss groups
Flyer i control groups
Online website advertisement
Email correspondence
Consent to contact form
Verbal script
Screening form

Part | Data Collection Forms
o Pain Group

DD > >

> > > >

Demographics
Pre-Experiment Pain Assessment
Left-right Discrimination Task
Post-Experiment Assessment
Amputation-related Questionnaire
Prosthesis-specific Questionnaires
General Information
0 Houghton Scale of Prosthesis Use
o Socket Comfort Score
o Prosthesis experience
Trinity Amputation and Prosthesis Experience Scale-Revised
Phantom limb sensation and pain questionnaire
Brief Pain Inventory-Short Form (Pain Interference Subscale)
Modified Bath CRPS Body Perception Disturbance Scale
McGill Pain Map (modified)
Other Pain Site Questionnaire
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A Amputee Body Image Scale
A Patient Health Questionnaire 9 (PHQ-9)
A Optional Follow-up Assessment Questionnaire
A Part | Conclusion
o Pain-Free Group
A Demographics
Left-right Discrimination Task
Post-Experiment Assessment
Amputation-related Questionnaire
Prosthesis-specific Questionnaires
General Information
0 Houghton Scale of Prosthesis Use
o Socket Comfort Score
o Prosthesis experience
Trinity Amputation and Prosthesis Experience Scale-Revised
Phantom limb sensation and pain questionnaire
Modified Bath CRPS Body Perception Disturbance Scale
McGill Pain Map (modified)
Other Pain Site Questionnaire
Amputee Body Image Scale
Patient Health Questionnaire 9 (PHQ-9)
Optional Follow-up Assessment Questionnaire
Part | Conclusion
o Control Group
A Demographics
A Left-right Discrimination Task
A Post-Experiment Assessment
A Optional Follow-up Assessment Questionnaire
A Part | Conclusion
Part 1l (Optional): Data Collection Forms
o Pain Group
A Pre-Experiment Pain Assessment
Left-right Discrimination Task
Post-Experiment Assessment
Phantom limb pain guestionnaire i phantom limb pain section only
Brief Pain Inventory-Short Form (Pain Interference Subscale)
Modified Bath CRPS Body Perception Disturbance Scale
McGill Pain Map (modified)
Part Il Conclusion
o Pain-Free Group
A Left-right Discrimination Task
A Post-Experiment Assessment
A Modified Bath CRPS Body Perception Disturbance Scale
A McGill Pain Map (modified)
A Part Il Conclusion
o Control Group
A Left-right Discrimination Task
A Post-Experiment Assessment
A Part Il Conclusion

I I D D D D> > > >

> >

I D D >
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Body Awareness, Limb Pain, and LoweiLimb Loss: Informed Consentfor
Controls with Intact Limbs

RSITY or UD IRB Approved: 07/28/2020
%ARE IRBNet ID#: 1611862-1
CONSENT TO PARTICIPATE IN A RESEARCH STUDY

Title of Study: Body Awareness, Limb Pain, and Lower-Limb Loss (BALL) Study
(Comparison group — Adults without Lower-Limb Loss)

Principal Investigator(s): Emma Beisheim, PT, DPT; J. Megan Sions, PT, DPT, PhD

KEY INFORMATION
Important aspects of the study you should know about first:

e Purpose: The purpose of the study is to investigate how body awareness is affected by lower-
limb loss and pain. You are being asked to participate as part of the healthy comparison group.

e Procedures: If you choose to participate, you will be asked to complete an online study. We
will ask you to answer several questions and judge whether images of feet are of the left or
right foot. We will also ask you to complete an optional, follow-up session (Part Il), where we
will ask you to repeat parts of the study 7-10 days later.

e Duration: The first session (Part 1) of the online study will take about 25 minutes to complete.
If you choose to participate in Part Il, it will take about 20 minutes to complete.

o Risks: The research team does not expect your participation in this study will expose you to
any risks different from those you would normally encounter in daily life.

o Benefits: There are no direct benefits to you from participation. But, this research may
improve our understanding of how body awareness is affected by lower-limb loss and pain,
which may help researchers design future treatments for patients with limb loss.

o Alternatives: There are no known alternatives available to you other than not taking part in
this study.

e Costs and Compensation: If you decide to participate, there will be no additional cost to you,
and you could be compensated up to $20 in gift cards ($10 for Part I, and $10 if you choose to
participate in Part II).

e Participation: Taking part or not in this research study is your decision. You can decide to
participate and then change your mind at any point.

Please carefully read the entire document. You can ask any questions you may have before deciding If
you want to participate.

You are being invited to participate in a research study. This consent form tells you about the study including its
purpose, what you will be asked to do if you decide to take part, and the risks and benefits of being in the study.
Please read the information below and ask us any questions you may have before you decide whether or not you
want to participate.

Page 1 of 5
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