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Abstraet-Amputees may experience stump pain (SP), phan-
tom limb (PL) sensations, pain, and/or a general awareness of
the missing limb. The mechanisms underlying these percep-
tions could involve nervous system neuroplasticity and be
reflected in altered sensory function of the residual limb.
Since little is known about the progression of post-amputa-
tion sensory phenomena over time, we longitudinally evalu-
ated the stability of, and relationships among: 1) subjective
reports of PL sensations, pain, awareness, and SP, 2) stump
tactile and tactile spatial acuity thresholds, and 3) use of a
functional vs. a cosmetic prosthesis in 1l otherwise healthy
individuals with recent unilateral, traumatic upper-extremity
amputation. Subjects were evaluated within 6 months and at
1-3 years after amputation. Processing of tactile sensory
information from the stump remained stable over the study
time period. PL awareness was frequent, stable over time,
intense, and occurred with or without PL sensations, Func-
tional prosthetic use correlated with stable vividness of PL
awareness whereas subjects who used a cosmetic prosthe-
sis had less vivid PL awareness at follow-up. Initial SP cor-
related with follow-up SP, the initial PL pain correlated with
follow-up PL pain but neither initial nor follow-up SP appear
to be related to follow-up PL pain after accounting for initial
PL pain intensity. Neither limb temperature nor prosthesis-
use correlated with the initial vs. follow-up change in PL pain
intensity. These data provide evidence that PL pain described
1-3 years after an amputation is not related in any simple way
to peripheral sensory function, SP, or limb temperature; and
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Almost every individual with an amputation experiences
sensory phenomena that are perceived to originate from
the missing body part (Jensen et al., 1985; Sherman,
1997; Kooijman et al., 2000; Nikolajsen and Jensen,
2005). These "phantom limb" (PL) perceptions include a
general awareness of the existence of the missing body
part (PL awareness) (Halligan, 2002; Hunter et al., 2003),
or more specific nonpainful somatic sensations such as
tingling, itching, pressure, warmth, or cold (PL sensations)
(Jensen et al., 1984). Many individuals also experience
post-amputation pain that appears to originate in the miss-
ing limb (PL pain) and/or residual limb (stump) pain (SP),
Acute post-surgical amputation pain is not surprising con-
sidering the devastating nature of the injury, which in-
cludes the severing of large peripheral nerves. However, in
many individuals, post-amputation pain persists even after
healing has occurred and the mechanisms underlying this
persistent neuropathic pain remain enigmatic. There is
evidence that both peripheral (Devor and Seltzer, 1999)
and central (Mannion and Woolf, 2000) nervous system
processes contribute to phantom sensory phenomena and
pain, but the relative contribution of each is unclear (Mel-
zack, 1990; Kalz, 1992b). A better understanding of the
underlying neural mechanism(s) is needed to develop ef-
fective treatment strategies for PL pain (Woolf and Man'
nion, 1999) or, as recently described, to use the innocuous
PL awareness as part of rehabilitation treatments to im-
prove function or decrease pain disability (Moseley, 2006).

Much of what is known about PL phenomena is based
on cross-sectional data obtained from subjects who were
evaluated several years after their amputations. Thus, it is
not clear the extent to which longstanding PL sensations,
pain, awareness, and SP reflect early post-amputation
sensation and/or pain because most studies evaluate this
time period retrospectively. The few longitudinal studies
that exist have shown that the quality and intensity of PL
sensations and PL pain can change over time. The prev-
alence of PL sensations and the frequency of episodes of
PL sensations may be highest within 6 months post-oper-
atively after upper extremity (Carlen et al., 1978)or lower
extremity (Jensen et al., 1984) amputation. In a group of
lower-extremity amputees measured over the first 2 years
after elective amputation surgery, Jensen et al. (1984,



1985) reported that the incidence of PL sensations and PL
pain decreased, the perceived location shifted to a more
distal portion of the missing limb, and the character of both
PL sensations and PL pain changed. However, since the
majority of subjects in these studies had diabetes or pe-
ripheral vascular disease, it is unclear if longstanding pre-
amputation pain or coexisting systemic disease influenced
these results. In contrast, traumatic upper extremity am-
putation commonly occurs in a younger population and
without longstanding pre-amputation pain or other sys-
temic illnesses. There are no systematic longitudinal eval-
uations of the stability of post-amputation sensory phe-
nomena within the first 2 years after upper extremity trau-
matic amputalion.

The relationship between early and late PL pain and
SP may provide insight into the mechanisms underlying
these perceptions. At the level of the spinal cord, noxious
input in the early post-amputation time period can induce
central sensitization (Mannion and Woolf, 2000) which
may underlie and exacerbate coexisting or chronic PL
pain. However, there is conflicting evidence regarding the
relationship between SP and PL pain. For example, Carlen
et al. (1978) and Steinbach et al. (1982) observed that
patients noted a decrease in PL pain when stump end
pathology (i.e. scar infection and bony necrosis) resolved.
Some cross-sectional studies have reported that more
subjects with SP (vs. without SP) also experience PL pain
(Sherman et al., 1984; Kooijman et al., 2000; Dijkstra et al.,
2002), but others found no such association between
chronic SP and PL pain (Jensen et al., 1985; Nikolajsen et
al., 1997; Fraser et al., 200'1; Gallagher et al., 2001; Han-
ley et al., 2007). The longitudinal studies of lower extremity
amputees do not support a relationship between persistent
PL pain and co-existing SP (Jensen et al., 1985; Nikola-
jsen et al., 1997), but interpretation of these studies is
difficult because subjects had coexisting disease that
could have affected peripheral nerve function.

At the cortical level, evidence for reorganization of the
primary somatosensory cortex (Sl) after upper extremity
amputation appears to vary with PL pain intensity, pros-
thesis-use, and tactile training (Flor et al., 1995, 2006).
Interestingly, amputees that frequently and extensively
used a myoelectric prosthesis showed less cortical reor-
ganization and lower intensity of PL pain than those who
did not use the prosthesis extensively (Lotze et al., '1999).

Since animal studies have provided evidence that behav-
iorally relevant tactile stimulation expands the cortical rep-
resentation of the stimulated body region (Jenkins et al.,
1990; Recanzone et al., 1992), the above findings suggest
that purposeful limb use may decrease maladaptive plas-
ticity (Flor et al.,2006) and PL pain (Katz, 1992a). Daily
operation of a functional (mechanical or myoelectric) pros-
thesis is purposeful use of the amputated limb. However,
to the best of our knowledge there are no longitudinal data
regarding the effect of functional prosthesis (FP) use on
the stability of PL phenomena or the stability of tactile
processing.

Another factor that has not been examined longitudi-
nally is the role of sympathetic nervous system activity on

PL pain. lt is consistently reported that the residual limb
(stump) is usually cooler than the unaffected limb (Slios-
berg, 1948;Angrilliand Koster,2000). Sherman and Bruno
(1987) reported that the minute-by-minute fluctuations in
stump skin temperature and PL pain intensity correlated
inversely. They proposed that a lower surface temperature
of the stump reflected sympathetic hyperactivity, resulting
in reduced blood flow to the stump, and secondary pain.
However, there are no longitudinal data describing the
relationship between limb temperature and stump or PL
pain intensity, particularly in individuals without co-existing
peripheral vascular disease.

The aim of the present study was to longitudinally
evaluate the stability of limb temperature, sensory pro-
cessing of tactile information from the stump, and individ-
ual subjective reports of phantom and stump sensory phe-
nomena in a group of individuals with traumatic upper
extremity amputation but who are othenivise healthy. We
further evaluated the relationships between early (<6
months) and later (24 months) (1) SP and PL perceptions,
(2) prosthesis-use and PL perceptions, (3) prosthesis-use
and stump tactile spatial acuity, and (4) stump temperature
and intensity of stump or PL pain.

EXPERIMENTAL PROCEDURES

Subjects

Subjects had all undergone traumatic unilateral below-shoulder
amputation and were recruited from our two previous studies
(Hunter et al., 2003, 2005). From this group, all subjects who lived
in reasonable proximity and who were initially evaluated less than
6 months after injury were contacted for a follow-up session at
least 11.5 months after the initial session. Of the 14 subjects who
were eligible for the follow-up session, three refused participation
because of geographical distance, leaving a subset of 1 1 subjects
who were re-examined at the follow-uo session.

As previously described (Hunter et al., 2005), our method of
sampling ensured that the subject cohort was inclusive of upper
extremity amputees at the two rehabilitation institutions from
which subjects were recruited, and not limited to those with pain or
other sensory symptoms. In addition, subjects were excluded if
the mechanism of injury may have included traction to the brachial
plexus, or if they had a history of pre-amputation sensory dysfunc-
tion, or coexisting medical problems (e.9. diabetes or vascular or
neurological disease) that would interfere with sensory testing or
peripheral vascular physiology. Informed consent was obtained
from all subjects at the time of recruitment, prior to participation in
the study.

Study design

All subjects were interviewed by one author (J.P.H.) in a quiet
room, free from temperature fluctuations, drafts, and noise. Each
subject undeniruent the same semi-structured interview that we
previously conducted upon their inclusion in our earlier studies
(Hunter et al., 2003, 2005). Characteristics of spontaneous stump
and phantom sensory phenomena, tactile-evoked PL percepts,
evoked SP (subjective reports of hyperalgesia, neuromas, or al-
lodynia), and prosthesis-use were documented and medical his-
tory was updated. Stump skin temperature, tactile thresholds, and
tactile spatial acuity were then measured. The interview and psy-
chophysical examination data were entered manually on a paper
questionnaire (J.P.H.) at the time of the interview and examina-
tion. The sessions were also videotaped and later reviewed to



ensure complete and accurate data collection. A second evaluator
(K.D.D.) also reviewed a selection of the tapes for quality control.
During each psychophysical measurement the subject was asked
to keep his or her eyes closed.

Evaluation of stump and phantom sensory
phenomena

Each subject was asked to describe the current perceived size,
shape, movement, and thermal qualities of the PL as well as the
location, quality, frequency and intensity of painless and painful
stump and phantom awareness and sensations. Each of these
qualities was assessed by open-ended questions followed by
specific questions for clarification. In order to be consistent with
our previous study, subjects asked to report the intensity of SP, PL
sensations, pain, or awareness experienced within the last week.
The intensity of their "usual" spontaneous phantom and SP was
rated on a 10 cm visual analog scale, with the text anchors: "no
pain" and "worst pain imaginable" at zero and 10 respectively.
Pearson linear correlation and partial correlation analyses were
used to evaluate the concurrent and predictive relationship be-
tween SP intensity and phantom pain intensity at the initial and
follow-up sessions.

Documentation of prosthesis-use

During the interview, subjects were asked to describe their daily
prosthesis-use including type of prosthesis (functional vs. cos-
metic) (Fraser, 1998) and amount of time the prosthesis was worn
during each day. A prosthesis was defined as an FP if it could be
manipulated by the subject for physical-function purposes. This
category included myoelectric and mechanical (cable-operated)
prostheses. A "cosmetic prosthesis" (CP) was defined as any
prosthesis that was designed for cosmetic purposes only and not
for physical function. At follow-up session, all subjects had been
fitted with a prosthesis for more than 6 months and were thus
divided into two groups based on the type of prosthesis they
reported using. The effect of prosthesis type on the intensity of
stump and PL pain, and vividness of PL awareness at follow-up
was tested with an analysis of variance (ANOVA). The effect of
type of prosthesis (FP vs. CP) on intersession change in intensity
of SP, PL pain, and vividness of PL awareness was tested with an
ANOVA. Significance for both analyses was set at P<0.05.

Tactile detection and spatial acuity thresholds

Psychophysical measures included tactile detection thresholds
(Touch TestTM Sensory Evaluator, Stoelting, Wood Dale, lL,
USA) and two-point discrimination thresholds to test tactile spatial
acuity (Model 1601 'l Two-Point Aesthesiometer; Layfayette ln-
strument Company, Lafayette, IN, USA). Thresholds were tested
at sites on the upper limbs proximally and distally near the tip of
the stump and at homologous sites on the intact limb. Criteria for
site selection on the amputated side and criteria for determination
of thresholds were previously described (Hunter et al., 2005). Two
Iocations on the amputated side were selected for testing: (i) the
"stump tip" measurement was within 5 cm of the tip of the stump;
(ii) the "proximal site" measurement was mid-forearm (except for
patient F7, for whom it was mid-arm). All thresholds were com-
pared betvveen the stump and the homologous site (paired ttest)
and between initial and follow-uo measures.

All data are presented as mean+standard error, with the
exception of the subject characteristics which are presented as
mean+standard deviation.

Skin temperature

Skin temperature was measured with a 1 cm diameter surface
probe (Model P-08440-00; Cole-Parmer, Chicago, tL, USA) con-

nected to a digital thermistorthermometer (Model 8110-20; Cole-
Parmer). To examine the change in stump skin temperature be-
tween the initial session and the follow-up session, skin temper-
ature was measured at two sites, the "stump tip" and the "proximal
site." Selection of follow-up sites was based on written description
of the initial sites.

Skin temperatures from the amputated side were compared
with homologous sites on the intact side (paired t-test). The vari-
ables, visit (initial/follow-up), side (stump/intact), and site (proxi-
mal/distal) were modeled with a three-way repeated measures
ANOVA. Post hoc analysis of individual pairwise comparisons for
simple main effects used the Sidak adjustment for multiple com-
parisons, with conected P<0.05.

The relationship between stump skin temperature and the
intensity of the individual's phantom pain or SP was evaluated by
Pearson linear correlation analysis. Significance was set at
P<0.004 (alpha:0.05, adjusted using a Bonferroni type I error
rate correction for multiple @mparisons).

RESULTS

Gharacteristics of subjects

The subjects were initially evaluated at an average of
4.6-f 1.6 months after amputation (Table 1). At follow-up,
the mean time since amputation was 28.3r-9.4 months.
The mean intersession interval was 24-'-9.1 months. The
mean (+S.D.) age of the 1 1 subjects at follow-up was 35.4
(+11.8) years. Prosthesis-use at follow-up is shown in
Table 1. At the initial visit, only three subjects had been
fitted with a prosthesis; subject F7 reported using a me-
chanical prosthesis more than 5 h per day; subject F10
used a mechanical prosthesis less than 3 h/day; and sub-
ject F11 used a mechanical prosthesis more than 8 h/day.
At follow-up, all subjects except subject F9 had been fitted
with either a cosmetic or a FP for at least 1 year. Subject
F9 had been using a CP for 6 months.

Nonpainful phantom phenomena

All but one subject (F4) experienced an awareness of the PL
at the initial session (Table 2). At follow-up, this subject (F4)
and one additional subject (F5) did not experience PL aware-
ness. Thus, the prevalence of PL awareness was not signif-
icantly different at follow-up from the initial session
hl:0.386, P:0.53). The vividness of PL awareness (refer to
Fig. 1) was consistently high in most subjects at both the
initial session and the follow-up session. That is, all subjects
who experienced PL awareness at both sessions rated viv-
idness as at least 7 cm on a 10 cm VAS scale and verbally
described the vividness intensity as similar at both sessions.
The mean vividness rating at follow-up was similar to the
initial session; the mean-rS.E. change in vividness was only
0.95-f 0.39/10.

Of the nine subjects who continued to experience
non-painful phenomena, two subjects (Fl and F9) re-
ported that the PL sensations had changed from steady
to intermittent. At the initial session eight subjects re-
ported that their phantom hand was positioned in a fixed
neutral or flexed position; this perception was similar in
all eight subjects at the follow-up session. With respect
to the PL sensation qualities of "tickling," "tingling," and



Table 1. Characteristics of follow-up subjects

Subject Age/sex Level and side (LiR)" Months post-
amputation

Current prosthesis-use (h/day)

Follow-up Cosmetic Mechanical Myoelectric

F2

F3
F4

F5

F6

F7
F8

F9

F10
F11

31/M
25tM
25tM
20tM
46/M
48tM
55tF
43tM
30/M
42tM
24tM

2.5

J.J

4

4
<3
5-8

>8

>B

Midcarpal (L)

Wrist (L)

Carpal-metacarpalb (R)

Mid+adius (L)

Proximal Phalanges (L)

Mid-metacarpal (L)

Mid-humerus (L)

Mid-radius (R)

Mid+adius (R)

Mid-carpal (R)

Wrist (R)

5

5

6

8

J-3
>8

<3

>B

27
20
33
2a

18

JI

4B

ZY

15

27
27

>8

/^r q-R\c

1-2lweek
1-2lweek
>8

" L=left side amputated, R=right side amputated.
o Thumb intact.

" Subject (FG) wore a mechanical prosthesis or a cosmetic prosthesis (S-B h/day) depending on his daily activities.

-, nta,

"pins and needles" only one of the 10 subjects who
experienced a PL at the initial session reported feeling
these "exteroceptive sensations" whereas, whereas five
of the nine subjects with phantoms reported these qual-
ities at follow-up. Thus there was a signiflcant increase
in the number of subjects reported new PL sensation
qualities at follow-up (f:4.55, P<0.05).

Subjects F7 and F11 reported a telescoped limb at the
initial session, and subjects F3 and F11 reported a tele.
scoped limb at the follow-up session. Both subjects F3 and
F7 had liftle or no PL pain at either session. Therefore we did
not test the statistical relationship between telescoping and
PL pain.

All three of the subjects who perceived dual percepts (i.e.

a tactile-evoked percept localized to both the site of stimula-
tion and the PL) (for a detailed description of dual percepts
see Hunter et al., 2003, 2005) at the initial session continued
to experience them at the follow-up session.

Phantom pain

Seven of the 11 subjects (63%) continued to experience PL
pain al follow-up. The prevalence of PL pain was not signif-
icantly different between the two sessions (f:0.210,
P:1.00). Of the eight subjects (72o/")who reported experi-
encing PL pain at the initial session, the PL pain intensity
decreased in seven subjects (mean decrease (S.E.):1.6
(0.47) cm) and increased in one subject (Table 2). PL pain

was intermittent in five of the eight (63%) subjects with PL
pain at the initial session and in three of the seven (43%)
subjects with PL pain at the follow-up session. One subject
(F8) with intermittent PL pain at the initial session reported
that his PL pain was constant at the follow-up session. Of the
eight subjects who continued to experience PL pain at the
follow-up session, there were no obvious changes in pain
quality of the individual's PL pain with the exception of some
slight changes in location of pain and some new qualities
(see Table 2).

SP

Alf but two subjects (FT, F11) had spontaneous SP at the
initial session (prevalence=91%) (Table 2). At follow-up, 6
of the 11 subjects (54%) reported experiencing SP within
the preceding week. This change in prevalence was not
statistically significant (f:2.75, P:0.10) (Fig. 1). Two
subjects (F2 and F3) had tactile hyperesthesia of the scar
at the initial session that was not present at the follow-up
session. One subject (F8) developed a defined area of
tactile allodynia near the stump tip.

The most commonly reported evoked pain in the stump
was a generalized allodynia (tenderness) to pressure,
which was reported by nine subjects (F1-F3, F6-F11) at
the initialsession and five subjects (F2,F3, F6, F9, F11) at
the follow-up session.

Correlations between SP and phantom pain intensity

Relationship betvveen concurrent SP and PL pain
intensity. Pearson linear correlation analysis revealed a
significant relationship between the intensity of SP and
intensity of PL pain, both at the initial session (r--0.652,
P<0.03), and at the follow-up session (r:0.859, P<
0.001). Initial SP intensity had no effect on the relationship
between SP and PL pain at follow-up (r:0.849, P<0.002,
partial correlation controlling for initial SP). However, the
follow-up SP-PL pain relationship was no longer signifi-
cant when controlling for initial PL pain intensity (r:0.167,
P:0.65, partial correlation controlling for initial PL pain).
Thus, there was a significant relationship between SP and
PL pain at the initial session, but the relationship between
SP and PL pain at the follow-up session, while indepen-
dent of initialSP intensity, was strongly influenced by initial
PL pain intensity.

Follow-up SP: Longitudinal relationship to initial SP or
to initial PL pain. Pearson linear correlation analysis re-
vealed a significant relationship between initial and fol-



Table 2. Intensity ratings for PL Awareness (PLA), PL Pain (PLP), and stump pain (SP), and description of PLA at the initial session (1) and follow-up
session (2)

Spontaneous sensations and pain intensity (rating
on a 0-10 scale')

Participant's qualitative description of phantom

Session

Subject
F1

F2

F3

oEb 7.2b

/.o

4.6b Feets digits 1, 2 and 3
Clenched and "thumb over index

finged'
Neutral or clenched nails digging into

pa|m

Aware of digits 4 and 5
Flexed-"stiff'-"feels like trying to

open"
Itching

No phantom

Neutral, stiff "my hand wants to
move"

Constant flexed slightly "Like
something is wound tight around
digii #2"

Elbow flexed 90' or normal length
buf feels like flngers are pushed
into wrist

Digits 1 and 2 pinched with 2 and 3
crossed. Does not feel forearm. No
other PLS just PLP

Flexed slightly Fingers crossed and
feel "stuck in that position"

Tingling

Constant fist, thumb under fingers,
pinching of fingernail

Vague clenched fist. Feels .like fist is
inside tip of stump trying to open."

Feels digits 1 and 2
Resling position can move it a

little. liching and tickling
Constant clenched fist
Nails not digging into palm
Tingling
Aware of digits 4 and 5
Flexed-"stiff' cramping'like

fingers are smaller and
telescoped into the numb area
of stumo"

Itching, pins and needles
No phantom

No phantom

Constant flexed slightly, stiff, tight,
aware of fingers

Elbow flexed 90'
Aware of fingers and elbow not

wrist or forearm.
Normal length.
Constant clenched fist Thumb

between digits 2 and 3. Not
aware of forearm

Pins and needles
Slightly closed fist, feels stiff
Fingers feel stuck in that position.

"Feels like I want to open my
hand."

Clenched fist. Fingers in cramped
position, pinching of finger nail,
itching, pins and needles

Vague clenched fist, "flushing" and
vague throbbing in palm and
one or two fingers. Sometimes
normal length, or clenched
inside arm.

v.oOR 2.50

0 0 1b 0

0020

4312

F40
F5 1

F6 8.5

0

0

9.2

'10

10

V-

7',)

7

1.5bF7

2.9"

t.57.5"g.5b

30

g.5b

" Wiihin lasi 7 days.
b lntermittent.

low-up SP intensity (r:0.870, P<0.001). PL pain had no
effect on this relationship (r:.844, P<0.004, partial cor-
relation controlling for initial and follow-up PL pain).
Thus the significant relationship between initial and fol-
low-up SP intensity was independent of the intensity of
PL pain.

Follow-up PL pain: Longitudinal relationship to initial
SP or fo initial PL pain. There was also a significant
relationship between initial and follow-up PL pain intensity
(r:0.956, P<0.001). Neither initial SP nor follow-up SP
significantly affected this relationship (r:0.930, P<0.001,
partial correlation controlling for initial SP; r:0.824,
P<0.003, partial correlation controlling for follow-up SP).
Thus the relationship between initialand follow-up PL pain
intensity was independent of SP.

Type of prosthesis vs. intensity of PL awareness and
PL pain

Prosfhesls type affected PL awareness but not PL
pain. The FP group included five subjects (F1, F4, F6,
F7, and F1 1) who regularly used a functional (mechani-
cal or myoelectric) prosthesis for more than 5 h per day.
The CP group included four subjects (F2, F3, F5, and
F8) who wore a CP only and two subjects (F9, F10) who
generally wore and preferred a CP 5-8 h per day but
occasionally wore a mechanical prosthesis.

At follow-up there was no difference between the FP
and CP groups in the intensity of PL pain (F(1 ,9):2.31;
P:0.16) or SP (F(1, 9)=3.99; P:0.08) or the vividness of
PL awareness (F(1, 9):0.00 P:0.99). Furthermore, pros-
thesis-use did not affect the stabilitv of the intensitv of PL
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pain (F(1, 9):0.120; P:O.74 or SP (F(1, 9):0.62;
P:0.81). However not one subject in the FP group had a
decrease in the perceived vividness of PL awareness at
follow-up compared with the initial session; whereas five of
the six subjects who used a CP had less vivid phantom
sensations at follow-up compared with the initial session
(Fig. 2). This difference in stability of vividness between the
two prosthetic groups was significant (F(1, 9):5.38; P<
0.05).

Skin temperature

In general, within each individual, the stump sites were
cooler than corresponding sites on the intact contralateral
side, and distal stump sites were cooler than proximal
stump sites (Fig. 3). Mean skin temperature at both the
distal and the proximal site was consistently lower on the
amputated side compared with homologous sites on
the intact side at boih the initial measure and at the
follow up measure (Fig. 3).

The side (amputated, intact) vs. site (proximal, distal)
vs. session (initial, follow-up) ANOVA showed a statisti-
cally significant effect for side (F(1, 10):8.595, P:0.015)
and site (F(1, 10):12.643, P:0.005) but not for session
(F(1, 10):0.977, P:0.346). Significant interactions were
found between session and site (F(1, 10):8.345, P:
0.0.16), and between side and site (F(1, 10):17.865, P:
0.002).

Cosmetic Fundion8l

Type ofProethesis

lndividual pairuvise comparisons for simple main ef-
fects of the side vs. site interaction effect showed a signif-
icantly lower temperature at the distal vs. proximal site on
the affected side (P<0.001) but not on the intact side
(P:0.07) and a significantly lower temperature on the
amputated vs. intact side at the distal site (P<0.002) but
not at the proximal site (P:0.215). lndividual painvise
comparisons for simple main effect of the session vs. site
interaction effect showed a signiflcantly lower temperature
at the distal vs. proximal site at the follow-up session
(P<0.001) but not at initial session (P:0.680).

The above analysis revealed a significantly lower skin
temperature of the distal stump site at follow-up. The distal
stump was cooler than the proximal site or the homologous
contralateral site at each session and it also was signifi-
cantly cooler at follow-up than at the initial session. How-
ever, skin temperature on the distal affected side site did
not correlate significantly with pain intensity (stump or
phantom) at either the initial (r:0.08, P:0.81, r:0.03,
P=0.94 respectively) or the follow-up session (r:0.19,
P:0.58; r:0.35, P:0.46, respectively). Nor was there a
significant correlation between intersessional change in
side-to-side skin temperature difference and the interses-
sionalchange in PL pain intensity (r:-0.40, P:0.91), SP
intensity (r:0.256. P:0.45), or PL vividness (r:-0.46,
P:0.89).

Fig. l. Change in intensity between initial session and follow-up session. Each dot represents data from an individual subject at that session
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Fig. 3. Skin temperature summary daia. Mean (*S.E.) skin temper-
ature at the distal site (or stump tip) and the proximal site. Sites were
determined on the amputated side and then homologous contralateral
sites were chosen on the intact side. Main effects of three-way re-
peated measure ANOVA shows that the amputated side is significantly
cooler than the intact side (P=0.015) and distal site is significantly
cooler than proximal (P=0.005). The interaction between session and
side was not significant.

Tactile testing

Subjective repofts of tactile sensitivity. Two subjects
reported tactile allodynia to light touch in the scar area
(operative site) only at the initial visit but not a follow-up.
Nine subjects at the initial session and six at follow-up
reported that the general area of stump tip was "sensitive"
to a "tap" or "pressure" stimulus incurred during normal
dayto-day activities. Localized sensitivity suggestive of a
neuroma was described in three subjects (subjects F5, F6,
and F1 1) at the initial session and three subjects (subjects
F1, F6, and F11) at follow-up.

Tactile detection thresholds normalized at follow-up.
Tactile detection thresholds in the proximal sites ranged
from 0.068 g to 0.692 g, which is within the normal range
as described by Bell-Krotoski et al. (1995). Tactile detec-
tion thresholds at healthy skin areas were within normal
limits with the exception of one subject (F8). At the initial
session tactile thresholds at the operative site ranged from
0.068 g to125.893 g reflecting areas of poor sensation over
healing scar tissue in six subjects in whom tactile thresh-
olds were elevated. At follow-up the thresholds improved
toward normal values. Only two subjects had side{o-side
tactile differences where tactile threshold was higher than
normal at the operative site as follows: F3 (15.136 g) and
Fo (3.631 g).

Tactile acuity was stable between sessions. Two-point
discrimination thresholds were measured at each session
at two locations (healthy skin and scarred skin) on the

distal stump tip. Side-to-side comparison of thresholds at
the follow-up session revealed that two-point discrimina-
tion thresholds were not significantly different on the two
limbs except in the scar area of the operative site. However
thresholds at each side were stable over time. That is, the
thresholds at the operative site did not change between the
initial session and the follow-up session, and the thresh-
olds in healthy looking skin adjacent to the scar area did
not change. Prosthesis-use did not affect the stability of the
two-point discrimination thresholds (F(1, 9):4.069; P:
0.74).

DISCUSSION

These longitudinal data provide new information on the
stability and inter-relationships between post-amputation
sensory sequelae, and have particular importance be-
cause they were obtained from a cohort without longstand-
ing pre-amputation pain or coexisting medical conditions
(e.9. diabetes or vascular or neurological disease) that
would impede normal sensory function or peripheral vas-
cular function. In addition, the recruiting strategy ensured
that the sample was inclusive of all traumatic upper ex-
tremity amputees who were attending rehabilitation at the
two participating hospitals and was not biased to those
with unique sensory symptoms or pain.

PL awareness

The most salient finding of this study is that the general
awareness of a PL can persist in terms of intensity and
position for up to 4 years after unilateral traumatic upper
extremity amputation. This is in contrast to variability in the
prevalence, quality, and intensity of stump and phantom
sensory sensations and pain. We previously differentiated
between PL sensations and PL awareness (Hunter et al.,
2003). PL sensations include those feelings with specific
somatic exteroceptive and/or proprioceptive characteris-
tics, such as tingling, itching, pressure, movement,
warmth, or cold in the missing limb, whereas PL aware-
ness refers to a general conscious awareness of a body
part, including the size and position of the part, without
actually feeling any specific somatic sensation (Hunter et
al., 2003,2005). Few studies collect or report data specif-
ically on PL awareness (Halligan, 2002; Flor et al., 2006).
Previously reported examples of what we have labeled "PL
awareness" include phantom phenomena that were de-
scribed by some authors as "phantoms with no descrip-
tion," but may also include phantoms that were described
as "proprioceptive or kinesthetic perceptions" (Jensen et
al., 1983; Montoya et al., 1997; Richardson et al., 2006).
Montoya et al. (1997) reported that the magnitude (i.e. the
product of intensityxfrequency) of "kinesthetic" (feelings of
size, shape, or weight of the limb) and the magnitude of
"kinetic" (feelings of voluntary movement of the limb) PL
awareness were each significantly greater than the mag-
nitude of "exteroceptive" PL sensations. Based on our
evaluation of the integration of vision, touch, and sensori-
motor inputs on PL awareness (Hunter et al., 2003), we
previously argued that PL awareness reflects altered body
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schema perpetuated by conflicting sensorimotor informa-
tion pertaining to the state of the motor system.

The prevalence (81%) of PL concurs with that reported
in a longitudinal study by Jensen et al. (1984). Some
retrospective studies or cross-sectional studies have con-
cluded that the painless PL eventually disappears with
time. Data from the present cohort do not indicate this
tendency at least up to 4 years after amputation. The
impression that PL disappears with time may be explained
by differences in data acquisition methodology combined
with a focus on PL sensations only, For example, the
prevalence of PL is higher in studies where subjects are
interviewed (Cronholm, 1951; Haber, 1956; Varma and
Mukherjee, 1972; Carlen et al., 1978; Shukla et al., '1982)

vs. those that collected data by ad hoc questionnaires or
specific questionnaires that focused on exteroceptive qual-
ities of the pain experience. Among our subjects, the most
common and persistent PL phenomena described was an
awareness of the position of the limb and nof the percep-
tion of exteroceptive phantom sensations. The phantom
hand was felt as either neutral or in a flexed position and
"stiff," "clenched," or "tight"; and this was consistent over
both sessions. Previous studies where subjects were in-
terviewed, noted similar descriptions (Cronholm, '1951;

Haber, 1956; Carlen et al., 1978; Fraser et al., 2001;
Richardson et al., 2006). Thus, to obtain data about PL
awareness, questionnaires must be modified appropriately
and validated to systematically collect data including this
aspecl of the PL experience.

PL sensations

At follow-up, we found a significant increase in the number
of subjects who reported the experience of the PL sensory
qualities of "tickling," "tingling," and "pins and needles."
Similarly, Jensen followed 58 lower extremity amputees
and reported that the "character of the experienced vol-
ume" of the nonpainful PL was similar to that reported at 6
months, whereas the number of people who reported ex-
periencing only "tingling, itching, or a feeling of warmth or
cold" increased significantly over the same time period
(Jensen et al., 1984).

Ectopic discharge caused by altered electrical proper-
ties of damaged axons, neuromas, or dorsal root ganglion
cells, is a potential mechanism for these spontaneous PL
sensations or pain (Devor and Seltzer, 1999). The ectopic
activity in myelinated axons may precede that occurring in
unmyelinated axons (Devor and Seltzer, 1999). The vari-
ation in the latency of the injury-induced changes in con-
duction properties of damaged peripheral axons may ex-
plain the changes in the characteristics of PL sensations
that occur over time.

PL pain

The prevalence of PL pain after upper extremity amputa-
tion was consistent at both sessions in this study. Of the
subjects with PL pain, the pain was intermittent in approx-
imately 60% at both the initial session and at follow-up.
This agrees with a longitudinal study by Jensen et al.
(1985) where the incidence of PL pain remained relatively

constant over 2 years following lower extremity amputa-
tion. However, in that study only 20o/o af the subjects who
reported phantom pain 2 years after amputation had daily
PL pain occurrences (Jensen et al., 1985). In a survey of
255 lower extremity amputees several months or years
after amputation, 81% of those reporting PL pain stated
that it was episodic in nature (Ehde et al., 2000). In fact,
50o/o of the subjects experienced PL pain less than once
per week (Ehde et al., 2000). Similarly, in a group of 92
fower extremity amputees only 37% of the group who
reported PL pain experienced it more than half of the time
(Smith et al., 1999). Careful interviewing of 76 upper ex-
tremity amputees showed that only 24% of those reporting
PL pain had daily occurrences (Fraser et al., 2001). Thus,
in contrast to PL awareness there is a subset of amputees
in whom PL pain remains constant and a subset in whom
PL pain is intermittent.

Concurrent and predictive relationships between SP
and PL pain

With respect to the relationship between the intensities of
SP and PL pain within and between the two sessions, the
strongest relationship was between initial and follow-up SP
and between initial and follow-up PL pain. Given, that PL
pain and SP can occur together, especially in the early
months after amputation, analysis of the subsequent
SP-PL pain relationship must consider the possible influ-
ence of initial PL pain or SP as a covariate, In our study,
partial correlation controlled for this. Although SP and PL
pain were significantly correlated at the initial session and
at follow-up session, the SP-PL pain relationship at fol-
low-up was no longer significant when initial PL pain was
considered as a covariate. Likewise, initial SP intensity did
not predict follow-up PL pain intensity nor did initial PL pain
intensity predict follow-up SP intensity.

This lack of relationship between SP and PL pain at
follow-up is consistent with the results of four studies
(Jensen et al., 1985; Nikolajsen et al., 1997; Fraser et al.,
2001; Gallagher et al., 2001). One of these studies found
a significant relationship between PL pain and SP at 1

week but not at 3 months or 6 months (Nikolajsen et al.,
1997). In contrast, four previous studies (Nikolajsen et al.,
1997; Kooijman et al., 2000; Dijkstra et a1.,2002; Richard-
son et al., 2007) found that significantly more subjects with
SP (vs. without SP) also reported PL pain. However, these
studies relied on retrospective accounts of pain and ana-
lyzed the relationship by classifying subjects dichoto-
mously as "pain" or "no pain." The intermittent nature of PL
pain affects prevalence statistics and therefore the calcu-
lated relationship between SP and PL pain can be influ-
enced by the criteria used to dichotomize the frequency
and intensity of PL pain into pain vs. no pain groups
(Borsje et al., 2004). In addition, retrospective evaluations
of pain are variable (Redelmeier and Kahneman, 1996)
and can be influenced by present pain (Eich et al., 1985;
Feine et al., 1998; Linton and Melin, 1982; Linton, 1991;
Nikolajsen et al., '1997). In contrast, we collected pain
intensity data longitudinally and did not divide subjects into



pain vs. no pain groups, but instead we compared intensity
of the pains.

Our findings indicate that the SP and PL pain each
reflect a distinct combination of underlying mechanisms.
Given the strong relationship between initial and follow-up
SP and between initial and follow-up PL pain, the persis-
tence of these pains could be explained at least in part by
the pain memory hypothesis (Katz and Melzack, 1990;
Flor, 2002: Flor et al., 2006). Pain memories are central
changes in somatosensory processing induced by initial
nociceptive input. Previous studies have shown that
chronic pre-amputation pain predicts initial PL pain (Niko-
lajsen et al., 1997; Hanley et al., 2007). Our subjects had
no longstanding pre-amputation pain, and no complicating
disease that would contribute to the development of per-
sistent pain. Traumatic amputation involves a significant
afferent barrage that may induce central sensitization in
adjacent dermatomes. However, we found no evidence of
a generalized spinal cord hyperexcitability, as tactile
thresholds in skin areas adjacent to injured nerves were
normal. Thus more longitudinal research is needed to eval-
uate predictors of chronic SP vs. PL pain.

Effect of prosthesis-use

The change in PL pain intensity between the initial and
follow-up sessions was no different in those subjects who
used a FP compared with those that used a CP. Our
findings with respect to the relationship between prosthe-
sis-use and PL pain contrast with those in two retrospec-
tive studies (Weiss et al., 1999; Lotze et al., 1999). How-
ever, the differences in age and time post-amputation as
well as recruitment strategies, in addition to the retrospec-
tive questioning about pain intensity, made it difficult to
compare the prosthetic vs. the control groups in those
studies. Our conclusions are limited because of the small
number of subjects and because there was no comparable
subset of subjects who did not use a prosthesis at all.
Nevertheless, our longitudinal data support the notion that
prosthesis-use does not influence PL pain intensity over
time This lack of relationship between prosthesis-use and
PL pain is supported by studies of upper extremity ampu-
tees (Wartan et al., 1997; Kooijman et al., 2000), lower
extremity amputees (Gallagher et al., 2001), or in studies
that evaluated both upper extremity and lower extremity
amputees (Sherman et al., 1984; Jensen et al., 1985;
Wartan et al., 1997; Dijkstra e|a1.,2002).

Interestingly, prosthesis-use may maintain or increase
vividness of the PL awareness over time. Functional use of
a prosthesis correlated with stable or slightly increased
vividness of PL awareness whereas those subjects who
used a CP had less vivid PL awareness at follow-up.

Finally, even though there was considerable variability
in prosthesis-use between session 1 and session 2, there
was no concomitant change in sensory function in the
tactile pathway. Tactile thresholds did not change over
time in any subject and prosthesis-use did not affect the
stability of the two-point discrimination thresholds or PL
pain intensity. Spatial acuity testing can reflect the amount
of brain area devoted to the sensation (Mezenich et al.,

1984; Recanzone et al., 1992) and improved tactile spatial
and temporal acuity may correlate with 51 reorganization
(Flor et al., 2001). Thus we found no link between pros-
thesis-use and reorganization in the tactile pathway that
could explain the increased vividness of PL awareness.
This, taken together with our flndings on the effect of
prosthesis-use on PL awareness, and the unique nature of
PL awareness, suggests that future studies are needed to
evaluate the relationship between prosthesis-use, PL
awareness, and changes in processing of body schema.

Stump skin temperature and phantom phenomena

Stump skin temperature was consistently cooler than the
intact limb at both proximal and distal sites. Previous
cross-sectional studies have also reported that the residual
limb can be cooler than the unaffected limb (Angrilli and
Koster, 2000; Sliosberg, 1948). Sherman and Bruno
('1987) proposed that the coolness of the stump reflected
sympathetic hyperactivity, causing reduced blood flow to
the stump and, secondarily, increased pain. These authors
reported an inverse correlation between fluctuations in PL
pain intensity and stump skin temperature. However, these
findings are complicated by lack of a control group and the
fact that many of the subjects had both SP and PL pain.
Katz (1992a) showed that in the absence of SP, both
painful and non-painful PL phenomena are associated with
a lower stump skin temperature. Surface skin temperature
reflects cutaneous blood flow but has a complex relation-
ship to sympathetic activity (Katz,1992a). Our study eval-
uated whether limb temperature per se correlated with the
intensity of PL pain. lt is the first to evaluate this relation-
ship in a cohort of subjects without concurrent disease that
would have impacted peripheral nerve function. The side-
to-side difference in skin temperature did not correlate with
current average stump or PL pain intensity at the initial or
at the follow-up session. In addition, although we found
significant change in the skin temperature of the distal
stump between session 1 and session 2, this skin temper-
ature change did not correlate with the inter-session
change in PL awareness, sensations, pain, or SP. There-
fore, limb temperature was not directly related to intensity
of SP or PL phenomena.

Limitations

These findings are limited by the small number of subjects
and are limited to the time period evaluated (from 2.5
months to 48 months after amputation). The large number
of statistical tests reflects the exploratory nature of this
longitudinal study. Corrections for numbers of tests were
accordingly made for each set of tests. We found no vali-
dated measure to compare prosthesis-use, and thus
based the FP/CP classification on whether or not individ-
uals used a FP to manipulate objects, a procedure that
requires motor training. This did not preclude those in the
CP group from using the CP or the stump to stabilize
objects in bilateral tasks. We used threshold measures of
tactile function. Thus, abnormal responses could reflect
dysfunction anywhere in this system, from the peripheral
receptors to the cortex (Verdugo and Ochoa, 1992; Shy et



al., 2003). Although, two-point discrimination can detect
both positive and negative changes in sensory function,
additional measures to detect positive phenomena (e.9.
hyperalgesia) would provide additional information on CNS
processing of tactile information. ln addition, the contralat-
eral side was used for comparison for all psychophysical
and skin temperature measures. This may have made it
more difficult to detect significantly abnormal thresholds
since simultaneous appearance of bilateral pain hypersen-
sitivity following unilateral nerve injury has been noted in
animal models of post-traumatic painful neuropathy (Kolt-
zenburg et al., 1999), thus indicating potential bilateral
sensory abnormalities. However, these tactile thresholds
were consistently within normal limits in our subjects.

CONCLUSION

In summary, longitudinal data from our unselected cohort,
without complicating disease, injury or pre-amputation pain
provide useful information about the somatosensory con-
sequences of amputation. First, our data show that the
pattern of sensory abnormalities can vary between sub-
jects with similar injuries. Second, sensory processing of
tactile information from the stump remains stable over the
time period examined, and there is no evidence of a gen-
eralized excitability in dermatomes adjacent to the injured
nerve. Third, with respect to abnormal sensory percep
tions, our data indicate that PL awareness is distinct from
PL sensations and PL pain. PL awareness is a consistent
post-amputation phenomenon whereas PL sensations and
PL pain are less prevalent and vary individually over the
time period examined in this study (i.e. from the early
months after amputation until more than 2 years after
amputation). Fourth, chronic SP and PL pain each reflect a
distinct combination of underlying mechanisms, and early
PL pain, not SP, predicts later PL pain. Finally, PL aware-
ness, sensations, and pain were not related in any simple
way to peripheral sensory function, SP, or limb tempera-
ture. PL awareness (not PL pain) may be influenced fre-
quent use of a FP. We previously proposed that PL aware*
ness reflects altered body schema in response to conflict-
ing sensorimotor information pertaining to the state of the
motor system (Hunter et al., 2003). Future study is needed
to evaluate the incongruence hypothesis (Flor et al., 2006)
in maintaining PL awareness. We recommend that PL
awareness, PL sensations, PL pain, and SP should be
evaluated as distinct post-amputation sensory dysfunc-
tions, each with a unique combination of underlying
mechanisms.
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