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Phantom movements and pain
An fMRI study in upper limb amputees
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Summary

Using functional MRI, we investigated 14 upper limb
amputees and seven healthy controls during the execution
of hand and lip movements and imagined movements of
the phantom limb or left hand. Only patients with
phantom limb pain showed a shift of the lip representation
into the deafferented primary motor and somatosensory
hand areas during lip movements. Displacement of the lip
representation in the primary motor and somatosensory
cortex was positively correlated to the amount of phantom
limb pain. Thalamic activation was only present during
executed movements in the healthy controls. The
cerebellum showed no evidence of reorganizational
changes. In amputees, movement of the intact hand
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showed a level of activation similar to movement of the
right dominant hand in the healthy controls. During
imagination of moving the phantom hand, all patients
showed significantly higher activation in the contralateral
primary motor and somatosensory cortices compared
with imagination of hand movements in the controls. In
the patients with phantom limb pain but not the pain-
free amputees, imagined movement of the phantom hand
activated the neighbouring face area. These data suggest
selective coactivation of the cortical hand and mouth
areas in patients with phantom limb pain. This
reorganizational change may be the neural correlate of
phantom limb pain.
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Introduction

Phantom sensations are present in virtually all patients with
limb amputation (Melzack, 1990). About 50-80% of all
amputees develop phantom limb pain (PLP) (Sherman and
Arena, 1992), which leads to permanent disability in >40%
of the patients (Pezzin et al., 2000). The causes of painful
and non-painful phantom phenomena are not known; both
peripheral and central processes have been discussed
(Sherman, 1997). A shift of neighbouring representational
zones in the primary somatosensory cortex (S1) into the area
that formerly represented the amputated extremity has been
described as cortical reorganization subsequent to the
amputation (Elbert et al., 1994). Flor and colleagues reported
a strong positive correlation between the magnitude of PLP
and the magnitude of cortical reorganization (Flor et al.,
1995). The functional significance of these reorganizational
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changes was reported by Birbaumer and colleagues, who
showed that local anaesthesia that eliminated PLP was
associated with a shift of the cortical representation of the
lip into a more caudal position that coincided with the lip
location in S1 of the intact side (Birbaumer et al., 1997).

In addition to the reorganization of the somatosensory
cortex, several studies have reported the reorganization of
the primary motor cortex (M1) after amputation using PET,
transcranial magnetic stimulation (TMS) or direct electrical
stimulation of the cortex. For example, Kew and colleagues,
using PET, reported that traumatic amputees showed greater
regional cerebral blood flow in the deafferented cortex
contralateral to the amputation during paced shoulder
movements (Kew et al., 1994). Cohen and colleagues studied
seven patients with unilateral upper limb amputation and a



patient with congenital absence of a hand using TMS (Cohen
et al., 1991). Stump muscles at the amputated side showed
larger contralateral M1 representation sites, larger motor
evoked potentials and a greater percentage of motor neurone
pool activation compared with those of the intact side. Fuhr
and colleagues reported that lower limb amputees displayed
a large percentage of alpha-motor neurone recruitment in the
muscles ipsilateral to the stump when the optimal scalp
position was stimulated by TMS (Fuhr et al., 1992). Pascual-
Leone and colleagues reported an enlargement (progressing
from 1 to 11 months after amputation) of the contralateral
M1 representational maps of the lower face muscles and the
biceps in a patient who underwent a traumatic arm amputation
at the level of the middle upper arm compared with TMS
investigation before amputation (Pascual-Leone et al., 1996).
Ojemann and Silbergeld described a patient with a traumatic
upper limb amputation who was investigated during
craniotomy. When the deafferented motor cortex was
stimulated, shoulder movements could be elicited in an area
targeting the amputated hand. In addition, phantom sensations
in the hand and arm could be elicited from the shoulder area
(Ojemann and Silbergeld, 1995). Taken together, these studies
suggest that the motor cortex and the somatosensory cortex
are both reorganized subsequent to the amputation of an
upper limb. Lotze and colleagues reported that reorganization
not only in the somatosensory but also in the motor cortex
is associated with the magnitude of PLP (Lotze et al., 1999a).
In a functional MRI (fMRI) study, these authors showed that
patients who used myoelectric prostheses extensively showed
no cortical reorganization and absence of PLP in comparison
with patients with little or no use of a prosthesis or who
used a cosmetic prosthesis.

It has been proposed that motor imagery and motor
performance are functionally related and that they activate
overlapping neural structures (Jeannerod, 1994, 1995). In
accordance with this hypothesis, recent studies using fMRI
(e.g. Stephan et al., 1995; Decety, 1996; Lotze et al., 1999b)
have demonstrated activation in M1 and the supplementary
motor area during imagined movements in healthy persons.
Patients with upper limb amputation usually show vivid
representation of the arm and hand even many years after
deafferentation (Berlucchi and Aglioti, 1997). Since amputees
generally perceive movement of the phantom hand as real
movements rather than imagined movements, it is likely that
phantom movements in amputees substantially activate both
M1 and S1. In an fMRI study, Ersland and colleagues
reported M1 activation during imagined hand movements of
an upper limb amputee (Ersland et al., 1996).

Harris proposed that PLP might be closely related to a
mismatch of motor intention and proprioceptive or visual
feedback (Harris, 1999). On the basis of previous findings
by Fink and colleagues, who had shown that the mismatching
of perceived movements of both hands, created by the use
of a mirror, activated an area in the dorsolateral prefrontal
cortex (Brodmann area 9/46) (Fink et al., 1999), Harris
suggested that this region might be a cortical neural correlate
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of PLP. Ramachandran and Rogers-Ramachandran provided
anecdotal evidence of the successful reduction of phantom
sensations and PLP in upper limb amputees who observed
movements of the mirrored intact hand that were perceived
as movements of the phantom limb (Ramachandran and
Rogers-Ramachandran, 1996).

We used fMRI during executed movements of the lip and
the intact hand as well as imagined movements of the
phantom hand in upper limb amputees with and without PLP.
These conditions were compared with executed movements
of the lip and both hands as well as imagined movements of
both hands in matched healthy controls. In addition to
activation in M1 and S1, activation in the posterior parietal
and dorsolateral prefrontal cortex as well as subcortical
structures was examined.

Methods

Subjects and procedure

Fourteen unilateral upper limb amputees (10 male; mean age
47.21 years, SD 17.54 years, range 26—78 years) participated
in the study. Amputation had been performed because of an
accident in 11 patients, a malignant tumour in two patients
and sepsis in one patient. Nine patients had lost their dominant
right hand. Time since amputation ranged from 3 to 53 years
(mean 17.28 years, SD 16.45 years). Non-painful phantom
limb sensations were reported by all patients at the time of
the investigation. Seven patients suffered from PLP and
reported PLP during the experiment. None of the patients
had dorsal root lesions involved in the traumatic accident
that led to the amputation. The control group consisted
of seven right-handed subjects [tested with the Edinburgh
Handedness Inventory (Oldfield, 1971); four male and three
female; mean age 40.86 years, SD 6.23 years, range 35—
52 years] with no neurological complications and of the same
age as the patients [#(17.91) = 1.21; n.s.]. During fMRI,
the patients executed movements with the intact hand and
imagined movements of the amputated hand (making a fist).
The controls performed both the execution and imagery tasks
with the right and the left hand. To avoid muscle activity
during imagery, the subjects were trained in the imagined
movement task during EMG recording of the superficial
upper limb flexors prior to fMRI measurement in an fMRI
simulator (supine position, machine noise on tape, metronome
pacing). The training was terminated when the subjects’
report of vividness of imagination reached a score of 4 out
of 6 (0 = no image, 6 = very vivid image) and the EMG
level during imagined movements no longer exceeded the
baseline level. In addition, lip-pursing movements were
performed by all subjects. All movements were paced
externally by a metronome at the rate of 1 Hz. Imagined
movements were performed at the rate of 0.5 Hz since the
frequency of 1 Hz was too fast for imagery. The experimental
scanning paradigm consisted of 48 measurements in a block
design. After a resting period, during which six scans were
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made, repeated movements were performed during the next
six scans. These rest and activation periods alternated four
times in each condition. Demographic and clinical
characteristics of the patients are presented in Table 1.

Prior to fMRI data acquisition, the participants signed an
informed consent form and were trained as described. The
study conformed with the Declaration of Helsinki and was
approved by the local ethics committee of the Medical
Faculty at the University of Tiibingen.

JMRI measurement

fMRI was performed with a Siemens 1.5 T scanner, using
echoplanar imaging of the whole brain [matrix 96 X 128,
FOV (field of view) 250 mm, TE (echo time) 59 ms, scan
time 6.4 s] with 36 slices of 3 mm thickness and 1 mm gap.
Forty-eight whole-brain maps (units of six measurements
each during movement and rest, alternating four times) were
made per condition. Additionally, T;-weighted anatomical
data sets [FLASH; effective thickness 1.5 mm, matrix
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224 X 256, FOV 250 mm, TR (repetition time) 9.7 ms] were
obtained. The subjects were lying supine with their eyes
closed in the scanner with the head and the proximal limb
securely fixed to minimize involuntary movement. Images
were acquired with the improved storage system described
by Klose and colleagues (Klose et al., 1999).

Assessment of imagery and phantom
phenomena

Vividness of imagination was evaluated during training and
after measurement in the scanner on a seven-point rating
scale (Questionnaire of Mental Imagery: 0 = no imagination,
6 = very vivid imagination (Sheehan, 1967)]. Phantom limb
(PLP) and stump pain as well as non-painful phantom and
stump phenomena were assessed with a seven-point scale
(0 = no pain, 6 = unbearable pain) directly before scanning.
All patients participated in a comprehensive Phantom and
Stump Phenomena Interview (Flor et al., 1995).

Table 1 Individual data for the patients and averages for controls

Subject  Side of Age Amputation  Years since  PLP* Vividness Z-value  Z-value  Z-value  Z-value
amputation  (years) amputation of IM"  EM? Y lip ipsi*  lip contra*
1 Right 35 Traumatic 19 0 0 3.8 0 4.1 4.1
2 Right 26 Traumatic 9 0 4 7.3 4.4 5.5 6.2
6 Right 32 Traumatic 7 0 4 5.9 6.0 4.9 5.0
11 Right 60 Tumour 7 0 1 7.4 3.8 53 4.6
12 Right 66 Traumatic 15 0 5 4.7 7.4 39 3.8
13 Right 35 Sepsis 3 0 3 6.8 4.7 7.4 7.1
14 Left 62 Traumatic 48 0 0 2.7 0 3.1 3.0
5 Right 78 Traumatic 53 1. 2 5.8 5.8 6.6 6.4
3 Left 31 Traumatic 11 2. 3 52 5.1 4.6 6.9
10 Right 63 Tumour 3 2. 2 7.7 4.1 55 6.6
7 Left 28 Traumatic 3 3 6 7.6 3.8 6.9 6.1
4 Right 58 Traumatic 27 35 6 43 44 53 4.5
8 Left 31 Traumatic 7 3.7 5 6.7 7.2 6.8 6.7
9 Left 56 Traumatic 30 43 4 6.0 4.7 4.5 5.7
Patient group average  47.2 - 17.3 1.5 3.2 5.7 4.4 54 5.5
SD 17.5 16.5 1.7 1.9 1.8 22 1.2 1.3
Control group average  40.9 - - 0 3.8 5.1 3.0 3.6 3.7
SD 6.2 0.7 0.9 2.1 0.8 0.7

*PLP intensity was based on the MPI Pain Intensity Scale (range 0-6). "Vividness of imagined movement (IM) of phantom limb and
imagined movements of controls was assessed with Bett’s questionnaire (range 0-6). *Activation intensity expressed in Z-values during
executed movement (EM) of the intact hand (contralateral M1/S1), imagined movement of the phantom limb (contralateral M1/S1) and

lip-pursing (contra- and ipsilateral M1/S1).

Fig. 1 Group analysis (within groups) for all patients with PLP (left panels; n = 7), patients without PLP (middle panels; n =

7) and

healthy controls (right panels; n = 7). The normalized fMRI data (cut-off threshold P < 0.01; corrected extent 0.05) were projected on
to the Montreal brain of SPM96 (single subject). The left hemisphere of the patients is always shown contralateral to the amputation
side. Therefore, left-sided amputations were y-flipped during the normalization process (radiological normalization). (A) Lip-pursing
movement. Patients with PLP showed displacement of the medial border of the lip into the M1/S1 hand and arm area. (B) Executed hand
movement. Both patient groups showed increased cortical activation in both hemispheres. (C) Phantom and imagined hand movement.
Both patient groups showed higher activation in M1/S1 of the hemisphere contralateral to the movement imagination (contralateral to the

amputation side).
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Statistical evaluation

The statistical parametric mapping program (SPM96,
Wellcome Institute of Cognitive Neurology, London, UK)
was used for data analysis. The scans of each individual
were realigned to each other to correct for interscan movement
artefacts. The echo planar images of each subject were
coregistered to the anatomical data sets after the anterior
commissure had been defined manually as the reference
point. The group data were normalized according to the SPM
template (voxel, 2 X 2 X 2 mm): the data were y-flipped
for all patients with a left-handed amputation (radiological
normalization), resulting in images in which the hemisphere
contralateral to the amputated hand was on the right side
(Figs 1-3) (Willoch et al., 2000). The subjects were divided
into groups with (n = 7) and without (n = 7) PLP. The
echoplanar imaging data were smoothed with a 6 mm
Gaussian filter (full-width at half-maximum). Using a fixed-
effects test, statistically significant differences between
movement and rest were assessed with the delayed box-car
model. T-maps were transformed to Gaussian #-maps using
a voxel-by-voxel #-to-Z probability transformation (Worsley
et al., 1992). For statistical testing of significant activations
corrected for the whole brain volume, a combined test of the
peak intensity and the spatial extent of activation was
performed (Poline et al., 1997). For the within-group analysis,
the height threshold was set at P < 0.01 (¥ = 2.33) and the
corrected spatial extent threshold at P << 0.05 (resulting in
an average cut-off of 303 voxels; Fig. 1). For the between-
group analysis, the intensity threshold was set at P < 0.05
(u = 1.64) and the corrected spatial extent threshold at
P < 0.05 (resulting in an average cut-off of 748 voxels;
Fig. 2). Since the activation sites in the basal ganglia, the
thalamus and the cerebellum were expected to be too small
to be detected with the spatial Bonferroni correction used in
SPM, we employed no additional spatial threshold (P < 0.01
non-corrected; Fig. 3). The activation intensity of
anatomically defined areas was assessed using the Z-value
(maximal Z-value of a cluster within an anatomical structure).
This was assumed to be more appropriate than the magnitude
difference because it also considers the variance of the signal.
For the comparison of activation intensities with clinical
data, Pearson correlations were computed for normally
distributed data and Spearman correlations for non-normally
distributed data. Differences in activation intensity between
the groups were evaluated with the s-tests or the Mann—
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Whitney U-test (non-normal data). The location of activation
maxima was highly automated using SPM96 and distances
in one spatial direction were calculated by simple subtraction.
For the 3D evaluation of differences in representation
maxima, Euclidean distances between the patient groups (in
all spatial coordinates, x1, yl, z1) and the controls (x0, y0,
z0) were calculated using the formula:

VI(xl = x0)2 + (y1 — y0)® + (z1 — z0)?].

Results

Lip movement
Both the patients and the healthy controls showed bilaterally
represented lip movements in M1/S1. Group statistics (within
groups) revealed a shift of the medial border of the lip
movement representation contralateral to the amputation side
into the deafferented hand area only for patients suffering
from PLP (left compared with right lip; z-axis, PLP, 36 mm
in cranial direction; no PLP, 8 mm; healthy controls, 8 mm
difference) (Fig. 1A and Table 2). When difference maps for
the activation in M1/S1 for the PLP patients versus the
healthy controls were calculated (between-group statistics),
the PLP patients showed higher activation in contralateral
M1/S1 (Z = 4.19) and an enlarged mouth representation that
extended into the former hand area (activation maximum at
-42, -8, 56) (Fig. 2). This difference was not significant for
the patients with non-painful phantom phenomena. No other
cortical region showed a significant group difference.
Thalamic activation was observed in the controls but
not in the patients (within-group statistics) (Fig. 3, right).
Cerebellar representation maxima in the hemisphere
ipsilateral to the amputation side were not different between
the patient groups and the healthy controls (Euclidean
distances: ipsilateral hemisphere, PLP, 2.82 mm; no PLP,
2.82 mm) (Fig. 3, bottom).

Executed hand movements

During the execution of movements of the intact hand,
all upper limb amputees and all control subjects showed
significant activation in the contralateral M1 and S1 hand
areas (for group statistics within groups, see Fig. 1B).
Statistics in the controls (within groups) revealed that
movement of the dominant right hand showed greater M1/

Fig. 2 Differences between the groups shown in Fig. 1 were compared with a cut-off of P < 0.05 and an additional spatial extent
threshold of P << 0.05. The glass brain is shown at the top of each panel and below it is the overlay on the single-subject brain that was
nearest to the template used for normalization. The left hemisphere of patients is always shown contralateral to the amputated side and
compared with the right hemisphere of the healthy controls. The graphs at the bottom of each statistical map illustrate the averaged
response (red) and the estimate (blue) curve for the contrasts between the groups. (A) Lip-pursing movement. Left: Compared with
healthy controls, patients with PLP showed increased activation in the M1/S1 hand and lip area contralateral to the amputation side.
Right: patients without PLP showed no significant differences from healthy controls. (B) Imagined hand movement. Left: compared with
healthy controls, patients with PLP showed increased activation in the M1/S1 hand and the lip area contralateral to the amputation side.
Right: patients without PLP showed increased activation in the M1/S1 hand area when compared with healthy controls.
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Fig. 3 Group analysis (within groups) during lip movement: thalamic (fop; coordinates 0, 0, 0) and cerebellar activation (bottom;
coordinates 20, —60, —26) with an intensity cut-off of P < 0.01 without further extent threshold (10 voxels). Only healthy controls (right)
showed bilateral thalamic activation during lip movement. Cerebellar representation sites were not displaced in the patient groups

compared with the healthy controls.

Table 2 Activation sites in the whole brain

Lip .
Executed hand Imagined hand
M1/S1 MI1/S1 movement M1/S1 ~ movement M1/S1
contralateral to ipsilateral to ipsilateral to contralateral to
amputation amputation amputation amputation
Patients with PLP
Z-value 6.79 6.11 8.07 6.50
Coordinates —44, -12, 54 50, -8, 36 36, —24, 62 -34, =32, 56
Patients without PLP
Z-value 6.63 7.01 7.79 5.68
Coordinates -52, -8, 38 62, -8, 34 42, 26, 44 -30, -32, 56
Controls
Z-value 6.53 6.77 6.97 4.23
Coordinates -58, —14, 40 52, -8, 36 24, 20, 52 -38, -24, 48

Contralateral for patients means right for healthy controls; ipsilateral for patients means left for healthy

controls.

S1 activation intensity (average Z = 5.07) than movement  healthy controls, movement of the intact hand in the amputees
of the non-dominant hand [average Z = 4.40; #(19) = 2.11, showed higher contralateral M1/S1 activation [#(10.12) =
P < 0.05]. Compared with movement of the left hand in 3.00, P < 0.01]. When contralateral M1/S1 activation of the



intact hand in the amputees was compared with contralateral
activation in the controls during right-hand movement, the
difference was not significant [#(18) = 1.69].

Imagined hand movements

All amputees showed increased contralateral M1/S1
activation in the hand area compared with the controls
(Fig. 1C). This difference was significant for patients with
and without PLP compared with the healthy controls (for
between-group statistics, see Fig. 2B). However, only patients
with PLP showed increased activation in the M1/S1 lip area
contralateral to the amputation side (coordinates —46, —18,
28; Z = 3.34) (Fig. 2B). Four healthy subjects displayed
significant contralateral activation in the M1 hand area during
the imagined movement task with the right or left hand
(individual statistics). In contrast, 11 out of 14 amputees
produced significant contralateral M1 activation during
imagined movements. Vividness of imagery was not
significantly different between the patient groups and the
healthy controls [F(2, 20) = 1.08]. Vividness score in the
pain-free patients was 2.21 (SD = 2.07), in patients with
PLP it was 4.00 (SD = 1.73) and in the healthy controls it was
3.80 (SD = 0.70). Vividness of imagination was positively
correlated with contralateral M1/S1 activation intensity during
imagined movements for amputees (r = 0.67; P < 0.01),
but not when the healthy controls were included (r = 0.31;
not significant).

Discussion

In the present study, executed lip and intact hand movements
and movements of the phantom limb were examined in upper
limb amputees using fMRI and were compared with executed
lip and hand and imagined hand movements in healthy
controls. Reorganization of S1 and M1 into the deafferented
hand area from the lip area was only observed in patients
who had PLP. This has been reported previously for the
somatosensory domain (Flor et al, 1995, 1998, 2000;
Birbaumer et al., 1997; Montoya et al., 1998) and is now
extended to the motor cortex.

Although extensive cortical reorganization was observed
in the present study, it was not associated with increased
activation of the thalamus. Activation in the thalamus was
only observed in the healthy controls. It has been proposed
that the pain experienced during traumatic limb
deafferentation may modulate reorganization in cortical areas
(S1/M1) via thalamocortical pathways (Knecht et al., 1998a).
Our results do not support the assumption that patients with
PLP show enhanced thalamic activity that is then reflected
in cortical reorganization (see also Ergenzinger et al., 1998;
Flor et al., 2000). Recent PET data comparing PLP patients
in hypnotically induced painful compared with painless
phantom limb positions suggest a significant relationship of
induced pain with activation in the thalamus (Willoch et al.,
2000). Differences in results concerning the thalamus between
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the present study and the study of Willoch and colleagues
are probably due to methodological factors: fMRI shows less
sensitivity in the thalamus (but may show more sensitivity
in other regions) than PET, which may result in a lack of
significant differences in the between-group comparison of
PLP patients with controls within this region (Jueptner and
Weiller, 1998). In the within-group statistics of the patient
group with PLP, the difference with respect to pain intensity
between the activation and resting periods may be too small
to evoke a significant increase in thalamic activation.

A comparison of executed hand movements of the intact
hand in the amputees with movement of the right or left
hand in the healthy controls revealed evidence for use-
dependent plasticity. The amount of activation in contralateral
M1/S1 in relation to movements of the intact hand in the
amputees was similar to the activation caused by movement
of the dominant hand in the healthy controls. When the non-
dominant hand in the healthy controls was used for this
comparison, movement of the intact hand in the amputees
showed significantly higher activation irrespective of the side
of the intact hand. These findings are similar to those of Elbert
and colleagues, who used neuromagnetic source imaging and
reported an expansion of the cortical representation of the
intact hand in upper limb amputees compared with healthy
controls (Elbert et al., 1997).

During imagined movements of the phantom hand, all
amputees showed significantly higher activation in the
contralateral M1/S1 hand area than the healthy controls.
Twelve out of 14 amputees spontaneously reported a feeling
of actual movement of the phantom hand when they were
asked to imagine movements. Accordingly, M1/S1 activation
increased with increasing vividness of the perceived phantom
movement. This may be related to a high degree of attention
to the phantom limb (Berlucchi and Aglioti, 1997). To control
for this attentional factor, a comparison of the PLP patients
with patients suffering from acute or chronic pain might
be useful.

In the patients with PLP, imagined movement of the
phantom also activated the cortical mouth representation.
This co-activation was probably due to the high overlap of
the hand, arm and mouth representations that is generally
observed during sensory stimulation in amputees with PLP
(e.g. Kew et al., 1994; Flor et al., 1995). This co-activation
is also reflected in the fact that stimulation of the mouth area
often activates phantom sensations in the amputated arm or
hand (Ramachandran et al., 1992). Since imagery seems to
activate the same brain regions as actual perception or
movement, this overlap is also present during imagined
movements and may be viewed as an additional indicator of
cortical reorganization in PLP patients (Doetsch, 1998). We
did not observe significant activation in Brodmann areas
46/9, which is postulated to be indicative of PLP (Harris,
1999), in any of the amputees. Distortion of the perceived
body image was also described in healthy subjects by
Lackner when muscle vibrations were applied to generate
proprioceptive misinformation (Lackner, 1988). Referred
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sensation has also been reported after sequential painful and
non-painful stimulation of the hand and mouth region (Knecht
et al., 1998b). In both instances, painful sensations were not
reported. Thus, there is so far no corroborative evidence for
the assumption of Harris.

The results of the present study suggest that reorganization
in M1/S1 contralateral to the amputation side is the main
neural correlate of PLP. This finding was present not only
when lip movements were examined but also for imagined
movements of the phantom hand.
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