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Abstract: It is generally considered that hand amputation changes primary motor cortex (M1) stump
muscle representations. Transcranial magnetic stimulation (TMS) studies show that the corticospinal
excitability of a stump muscle and its homologous muscle on the intact side is not equivalent, and that
the resting level of excitability is higher in the stump muscle. Since changes in M1 stump muscle map
characteristics (e.g., size and location) are identified by comparing stump and intact muscle maps,
such changes might reflect between-side differences in corticospinal excitability rather than a true reor-
ganization of the stump muscle’s map. In eight above-elbow amputees we used TMS to map the M1
representation of a stump muscle and its homologous muscle on the intact side during rest and con-
traction. Importantly, the same relative stimulation intensity was used to construct each map; stimula-
tion was performed at 120% of the motor threshold of each muscle (intact/amputated limb) measured
in each condition (rest/active contraction). Resting motor threshold was lower in the stump muscle,
but active motor thresholds did not differ. Motor-evoked potential amplitudes increased between the
rest and muscle contraction conditions, but this increase was smaller for the stump muscle because its
at-rest corticospinal excitability was higher than that of the intact muscle. When the between-side dif-
ference in excitability was considered no interhemispheric difference was found for map areas or for
their medio-lateral locations. The present results challenge the view that after an upper limb amputa-
tion the stump representation moves laterally and occupies a larger M1 territory. Hum Brain Mapp
32:509–519, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Following amputation, extensive reorganization occurs
in the sensorimotor cortex as a result of the deafferentation
and deefferentation [see for example Cohen et al., 1991;
Flor et al., 1995; Lotze et al., 2001]. Reorganization within
the primary sensory (S1) and motor (M1) cortices is often
thought to be driven by two closely related processes
evolving in parallel, but the reorganization seen in the
motor system does not always match that seen in the sen-
sory system. For example, during neurosurgery performed
on an amputee who suffered from epileptic seizures,
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Ojemann and Silbergeld [1995] directly stimulated both S1
and M1 contralateral to the amputated upper limb. They
observed that stimulation of the expected S1 hand area
continued to evoke sensations related to the amputated
hand, but that stimulation of the expected M1 hand area
evoked motor responses in more proximal muscles and
did not evoke sensations of movement in the phantom
hand. These results differ from those reported by studies
that examine S1 activity evoked by peripheral stimulation
(as opposed to sensations evoked by S1 stimulation), the
general consensus of which is that body parts that are ad-
jacent to the missing body part in the cortical somatotopic
sensory map shift their cortical representation toward that
of the missing body part. In particular, in the case of
upper limb amputation, the face’s representation shifts
medially [Elbert et al., 1997; Flor et al., 1995; Grusser et al.,
2001; Karl et al., 2001]. Studies on M1 reorganization have
produced more variable results, however. In line with
what has been described in S1, data have been reported
that show that after an upper-limb amputation, M1 repre-
sentations of the face and the remaining stump muscles
enlarge and shift toward the missing hand’s representa-
tion. A few imaging studies (using various techniques
including functional magnetic resonance imaging, electro-
encephalography, and positron emission tomography)
examining face or stump movement-related activity have
indeed shown displacements toward the former M1/S1
hand representation [Karl et al., 2004; Lotze et al., 2001], as
well as increases in M1/S1 activity compared with the
intact side [Kew et al., 1994]. However, these studies
examined activity during the execution of voluntary move-
ments, which produce both motor and sensory activations.
Since the activity of the motor cortex is modulated by
sensory reafferences it is difficult to know whether these
observations reflect purely motor reorganization.

Transcranial magnetic stimulation (TMS) offers a way to
directly assess changes in the cortical motor representation
of face and stump muscles following hand amputation.
Evidence for changes in the cortical representation of face
muscles with TMS exists but remains limited [Karl et al.,
2001; Pascual-Leone et al., 1996]. In contrast, many TMS
studies have documented changes in the cortical represen-
tation of the remaining stump muscles. Corticospinal excit-
ability of stump muscles is increased when measured from
M1 contralateral to the amputated limb (M1amp), as a
given stimulation intensity produces motor evoked poten-
tial (MEP) amplitudes that are larger in stump muscles
than in homologous muscles on the intact side. Further
evidence for a change in corticospinal excitability comes
from the fact that the resting motor threshold (rMT) of
stump muscles in M1amp is lower than the rMT of intact
homologous muscles measured in M1 contralateral to the
intact limb (M1intact) [Chen et al., 1998; Cohen et al., 1991;
Dettmers et al., 1999; Karl et al., 2001], although not all
studies report such a difference [Capaday et al., 2000;
Schwenkreis et al., 2001]. Chen et al. [1998] showed that
the threshold for evoking MEPs with transcranial electrical

stimulation did not differ between the two sides, suggest-
ing that the between-side differences observed with TMS
arise from changes at the cortical rather than the spinal
level. Other TMS studies have reported that the area of a
stump muscle’s cortical map is larger than that of the ho-
mologous muscle on the intact side [Dettmers et al., 1999;
Irlbacher et al., 2002; Ridding and Rothwell 1995], and that
the medio-lateral position of the map’s center of gravity
(CoG) differs for M1amp and M1intact [Dettmers et al., 1999;
Irlbacher et al., 2002]. In keeping with the conclusions
drawn from studies using techniques other than TMS, this
latter result has often been interpreted as evidence for an
invasion of the former hand representation by the adjacent
stump muscle representations. A closer look, however,
suggests that this view is not consistently supported by
the data; while some studies found that the stump muscle
representation had ‘‘invaded’’ the hand representation and
was more lateral than the homologous muscle’s represen-
tation [Dettmers et al., 1999; Irlbacher et al., 2002;
Schwenkreis et al., 2001], others found it was more medial
[Karl et al., 2001], or that there was no difference [Roricht
et al., 1999].

Three key methodological aspects of TMS studies inves-
tigating postamputation reorganization are critical when
interpreting the results of existing studies. First, in most
studies the same absolute TMS intensity (a percentage of
the maximal stimulator output) was used to test both
hemispheres [Cohen et al., 1991; Irlbacher et al., 2002; Rid-
ding and Rothwell 1995; Roricht et al., 1999]. But since the
rMT in M1amp is lower than in M1intact, in these studies
the relative TMS intensity (the percentage of the rMT) was
higher for M1amp. Consequently, reporting an increased
map area does not necessarily mean that the neurons that
project to the muscle of interest occupy a larger territory
in M1amp. It could instead reflect the fact that stimulation
at a higher percentage of rMT means that this motor rep-
resentation is easier to recruit at more remote locations
[Ridding and Rothwell, 1995; Siebner and Rothwell, 2003].

Second, TMS allows assessment of the cortical representa-
tion of a given target muscle (although reference is often
made to ‘‘face’’ or ‘‘stump’’ cortical representations). Previ-
ous studies used various muscle targets, sometimes very
close to the amputation level, and sometimes more proxi-
mal (for example, above-elbow muscles in a wrist amputee).
We recently showed that voluntary production of different
phantom limb movements leads to different EMG patterns
in the stump muscles [Gagné et al., 2009; Reilly et al., 2006],
and that it is the muscles situated just above the amputa-
tion level that exhibit the strongest activation and the most
movement-related modulation [Gagné et al., 2009]. This
suggests that reorganizational changes observed in muscles
close to the amputation level will not necessarily be the
same as those observed in more proximal muscles.

Finally, almost all studies were performed with the tar-
get muscle at rest. In a very interesting report, although
limited to two amputees, Ridding and Rothwell [1995]
showed preliminary evidence that when both hemispheres
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were tested using a constant absolute TMS intensity (the
same percentage of maximal stimulator output (MSO) for
both hemispheres) there was an imbalance between the
area of the motor maps of the stump muscle and its ho-
mologous intact muscle when the muscles were at rest but
not when the muscles were tested with a slight sustained
contraction. This suggests that in order to understand the
mechanisms underlying amputation-induced reorganiza-
tion of the motor system it is important to examine TMS
variables measured at rest and those measured during
muscle contraction.

The aim of the present study was to examine motor
reorganization in above-elbow traumatic amputees by
comparing both the corticospinal excitability and the
motor map measured at rest with those measured during
active contraction. It is important to contrast observations
made at rest with those made under sustained activity.
Indeed, muscle contraction recruits cortical neurons func-
tionally linked to the preactivated muscle and those
neurons become more sensitive to the TMS pulse. As a
consequence, TMS data obtained during contraction have
the potential to provide a more functional picture of M1
organization. Other aspects distinguish the approach used
in this study from the methods employed in previous
studies. First, we specifically targeted the stump muscle
exhibiting the largest and most consistent modulation dur-
ing the execution of phantom hand movements. Second,
the TMS intensity was adjusted for each M1 in each condi-
tion (rest and active) in order to use a constant relative
TMS intensity. This approach allowed us to differentiate
between postamputation changes in corticospinal excitabil-
ity and postamputation changes in the cortical map. In
addition to examining between-hemisphere differences at
rest and during a slight contraction, we also examined
whether the M1amp map of the stump muscle differed dur-
ing a voluntary contraction of the target muscle versus an
attempt to move the phantom hand, with both contrac-
tions being an equivalent percentage of the electromyo-
graphic activity recorded during the maximum voluntary
contraction (MVC).

We hypothesized that motor thresholds would differ
between sides in the rest but not in the active conditions.
Furthermore, given that the intensity of stimulation was set
relative to the threshold for each hemisphere and each con-
dition, we expected to find no difference in the size or loca-
tion of the motor maps for the stump and intact muscles.
Finally, we hypothesized that the position of the stump
muscle’s CoG would differ between the two active condi-
tions (i.e. contracting the stump or moving the phantom
hand), and that it would be more lateral when the subject
intended to move his hand. This hypothesis is based upon
the idea that, despite the fact that both conditions result in
the same contraction level in the stump muscle, the popu-
lation of neurons recruited when the intention is to move
the phantom hand is different from that responsible for the
simple voluntary contraction of the stump muscle.

METHODS

Ethical Approval

The nature of the experimental procedures was
explained to all subjects. All subjects gave their written
informed consent prior to participating in the experiment,
which was approved by the Ethics Committee of the Insti-
tut de Réadaptation en Déficience Physique de Québec
and conformed with the ethical aspects of the Declaration
of Helsinki.

Subjects

To have a sample as homogeneous as possible (as differ-
ent amputation levels likely lead to different degrees of
cortical reorganization), only above-elbow, chronic, trau-
matic amputees were recruited. Eight subjects participated
in the study (seven males/one female, aged 19–70, 1–54
years postamputation, 6/8 amputated on the right (domi-
nant) side). Clinical characteristics of each subject are
given in Table I. According to their medical file, subjects

TABLE I. Individual clinical and neurophysiological data

Subject
number Age

Time since
amputation

(years)

Amputated
side/dominant

side
Phantom

pain intensity Medication
Prosthesis

type (% time)

rMT
(amputated/

intact)

aMT
(amputated/

intact)

S1 51 6 R/R 7 Gabapentine Mechanical (25–50%) 55/100 45/58
S2 70 54 R/R 4 — — 63/68 52/38
S3 45 4 R/R 2 — Mechanical (75–95%) 42/80 37/48
S4 35 11 R/R 0 — Stabilizing prosthesis

(cycling)
46/69 43/53

S5 66 7 R/R 0 — Mechanical (0–25%) 35/38 25/29
S6 48 1 L/R 4 Gabapentine/

venlafaxine
Mechanical (0–25%) 79/>100 72/>100

S7 57 7 L/R 5 Clomipramine Hcl — 70/78 63/62
S8 19 3 R/R 0 — — 56/64 48/52
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had no apparent history of neurological lesion, epilepsy,
or metallic implants presenting a contraindication for MRI
or TMS. All participated in a previous experiment in
which stump EMG activity associated with phantom
movements was investigated [Gagné et al., 2009].

Subjects were questioned in a semi-structured interview
[Kooijman et al., 2000] about the amputation, nonpainful,
and painful phantom limb sensations, stump pain, as well
as treatment received for pain. In six subjects, the accident
leading to the amputation involved only the amputated
arm. Seven subjects had a trauma limited to the upper
limb (with minor damage to the contralateral limb in one
case). The other (S4) suffered polytrauma including a head
injury as a result of a motor vehicle accident but, with the
exception of his amputation, he fully recovered and is
now an elite athlete. All eight subjects had a vivid sensa-
tion of their phantom limb and reported that they were
able to move it voluntarily. Five of the eight subjects had
phantom limb pain ranging from 2 to 7 on a visual analog
scale and all had the sensation of being able to make at
least one, but more often many different movements with
their phantom [for more details about phantom limb
motor control in these patients see Gagné et al., 2009].
Only four subjects used prostheses and all used mechani-
cal prostheses. One subject used his prosthesis for more
than 75% of the time, another between 25 and 50% of the
time, while two others used theirs for less than 25% of the
time. Two of the subjects took medication to control phan-
tom limb pain (Gabapentine) and two took an antidepres-
sant (Clomipramine, Venlafaxine). Gabapentine is known
to alter cortical excitability [Michelucci et al., 1996; Rizzo
et al., 2001], but since only intrasubject analyses were used
to compare TMS responses from both hemispheres, this
factor likely did not affect the results.

Experimental Procedures

The M1 representation of a stump muscle (biceps for
seven subjects, deltoid for one subject) and the representa-
tion of the homologous intact muscle were mapped with
image-guided TMS using a 70 mm figure-of-eight coil con-
nected to a Magstim 200V

R

stimulator. Prior to the TMS ses-
sion, an anatomical MRI was obtained for each subject to
use a frameless stereotaxy neuronavigation system (Brain-
sight, Rogue Research) to ensure accurate positioning of
the coil over the same sites between conditions. A 15-point
grid (points spaced by 10 mm, with five rows in the
medio-lateral axis and three columns in the antero-poste-
rior axis) was implemented over the precentral and post-
central gyri of each hemisphere on the three-dimensional
brain reconstruction (see Fig. 1). Before the mapping, the
optimal location on the grid for stimulating the target
muscle (hotspot) was identified as the cortical site where
motor evoked potentials were evoked at the lowest stimu-
lation intensity. If the hotspot was located on the border of
the grid we displaced the grid to ensure that it contained

the true hotspot, and that the hotspot was at the center of
the grid. The motor threshold at rest (rMT) was deter-
mined as the minimal intensity of stimulation required to
elicit motor evoked potentials (MEPs) larger than 50 lV in
at least 6 out of 12 trials at the hotspot. The active motor
threshold (aMT) was defined as the minimal TMS intensity
that produced MEP amplitudes of at least 120% of back-
ground EMG in at least 6 out of 12 trials, and was deter-
mined during an active muscle contraction maintained
between 5 and 10% of the maximal voluntary contraction
(MVC). Visual feedback of EMG activity from the muscle
and of the target level of contraction was provided on a
computer screen placed in front of the subject. Cortical
mapping was then performed in three different conditions:
(1) at rest; (2) during a slight voluntary contraction of the
tested muscle; and (3) during a phantom movement
recruiting the tested stump muscle (this third condition
was performed only for the amputated side). The level of
contraction was maintained between 5 and 10% MVC in
both active conditions.

The phantom hand movement performed was selected
on a subject-by-subject basis using data collected for a pre-
vious experiment [Gagné et al., 2009]. The criteria for the
selected movement were that it had to be accompanied by
a specific and reproducible phase-dependent activation of
the studied muscle. For the two active conditions on the
amputated side the visual feedback was always the same,
but the motor intention of the subject differed (for example
to contract the stump muscle vs. to close the phantom
hand). During mapping, each point was stimulated with
four successive TMS pulses separated by 4–6 s. All points
on the grid were stimulated in every condition in a
pseudo-randomized order. The rest condition was tested

Figure 1.

Cortical map obtained in one subject (S4) during rest and during

active muscle contraction. Each dot represents a stimulated site.

Each site was stimulated four times and the color code indicates

the size of the mean MEP amplitude at that site. MT corre-

sponds to the motor threshold measured in each hemisphere in

a given condition and is expressed as a percentage of the maxi-

mal stimulator output.
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with a TMS intensity set at 120% rMT and the two active
conditions were tested at 120% aMT.

EMG recordings were made with surface Ag/AgCl elec-
trodes, placed over the muscle belly in a bipolar montage.
EMG signals were amplified and band pass filtered (20–
1,000 Hz) and then digitized at a sampling rate of 1,000
Hz (CED 1401 interface; Cambridge Electronic Design,
Cambridge, UK). For the visual feedback, the digitized
EMG signal was smoothed and fed to the computer screen
placed in front of the subject.

Variables and Data Analysis

A site on the grid was considered active if at least two
out of the four TMS pulses generated a discernable MEP,
and the average peak-to-peak amplitude of MEPs at that
site was then calculated (sum of all 4 MEP amplitudes/4).
To assess the corticospinal excitability of the tested
muscles in each condition we extracted the maximal MEP
amplitude (maxMEP), corresponding to the highest aver-
age MEP amplitude recorded from any one of the 15 stim-
ulation sites. The raw maximal MEP amplitudes were
analyzed on an intrahemispheric basis. This decision was
motivated by the fact that raw EMG amplitudes should
not be compared directly between sides, especially in this
case given that the target stump muscle was damaged by
the amputation in most patients. Thus, the maxMEP
recorded in one muscle was compared across each tested
condition, but not across hemispheres. To assess whether
the increase in MEP size between rest and voluntary con-
traction was the same or different for the two hemispheres
we calculated, in each hemisphere, the percent increase of
the maxMEP amplitude between rest and active conditions
as « % increase ¼ [(maxMEPactive/maxMEPrest) � 100 ] �
100 ». Using this calculation, values greater than zero
indicate that the maxMEPactive was greater than the
maxMEPrest, and a % increase of 200 (for example) means
that the difference between the maxMEPrest and the max-
MEPactive was 200% of the maxMEPrest.

Motor threshold differences were assessed in two ways.
First, a comparison was made between rMT and aMT on
each side. Second, a comparison between sides was per-
formed for both rMT and aMT.

For each of the three conditions, the area of the map
was calculated as the number of active sites. The map area
obtained in a given condition was then compared between
hemispheres. The medio-lateral coordinates of the center
of gravity (CoG) of the map were computed using the for-
mula: CoG ¼ (Rxi � MEPi)/RMEPi, where xi is the coordi-
nate referred to a point placed in the interhemispheric
space (corresponding to the point on the surface of the
brain where the interaural line intersects with the interhe-
mispheric sulcus) identified on the MRI of each subject’s
brain, and MEPi refers to the average MEP amplitude at
the point with coordinate xi. Between-hemisphere compar-
isons of CoG position were examined in two ways. The

position of the CoG measured on M1amp was subtracted
from the CoG position measured on M1intact. First, the sign
of the difference was used to indicate the position of one
CoG relative to the other CoG; negative values indicate
that the CoG in M1amp is positioned more laterally with
reference to the midline than the CoG in M1intact (and con-
versely for positive values). Second, the absolute difference
between M1amp and M1intact CoG positions indicates
whether the two CoGs are equidistant from the midline or
if there is an asymmetry between their medio-lateral loca-
tions, regardless of the direction of the asymmetry.

Analyses were done with nonparametric statistics com-
puted with Statistica (V 5.1, StatSoft). All comparisons
were paired and the Wilcoxon matched pair test was used
with statistical significance set at P < 0.05. All group data
presented in the text are displayed as median (25th and
75th percentiles).

RESULTS

Motor Thresholds

Figure 2 shows the TMS motor thresholds for the stump
and the intact arm muscles when fully relaxed (rMT) and
when slightly contracted (aMT). Unsurprisingly, rMT was
higher than aMT in both the stump and intact arm
muscles (for both stump and intact P ¼ 0.02). In all sub-
jects the rMT of the stump muscle was lower than the
rMT of the intact muscle (P ¼ 0.02). In contrast, aMT of

Figure 2.

Resting and active motor thresholds measured in stump and intact

muscles. Motor threshold is expressed as a percentage of Maximal

Stimulator Output (MSO). In the rest condition, the muscles were

fully relaxed. In the active condition, a slight contraction ranging

between 5 and 10% of the muscle’s maximal voluntary contraction

was maintained. The small square indicates the median, the boxes

indicate the 25th and 75th percentile and the error bars indicate

the minimal and the maximal values. * P < 0.05
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the stump and the intact muscles were not statistically dif-
ferent (P ¼ 0.31). Note that analyses were conducted on
seven subjects as both rMT and aMT were above 100%
MSO on the intact side in S6.

Maximal MEP Amplitude

Figure 3 shows the maximal MEP amplitude measured
in both the stump and intact muscles when tested at rest
and during a voluntary contraction. For the intact side,
two subjects were excluded from the analysis; for S1 the
rMT was equal to 100% MSO, thus it was not possible to
stimulate at 120% rMT, for S6 both rMT and aMT were
above 100% MSO. It is noteworthy that these two subjects
were those taking Gabapentine, which is known to alter
cortical excitability [Michelucci et al., 1996; Rizzo et al.,
2001]. For the other subjects, the maximal MEP amplitude
recorded on the intact side during muscle contraction was
greater than that recorded at rest (P ¼ 0.046). For the
stump muscle, both rMT and aMT were sufficiently low in
all subjects to permit stimulation at a TMS intensity of
120% of the threshold. Thus the results from all subjects
were included in the stump muscle analyses. The maximal
MEP amplitude did not differ between the two active con-
ditions tested on the amputated side (i.e., during a muscle
contraction and during a phantom movement that led to

muscle contraction, P ¼ 0.30), and both tended to be
higher than the maximal MEP amplitude recorded at rest,
although these differences did not reach statistical signifi-
cance (rest vs. stump muscle contraction P ¼ 0.07; rest vs.
phantom movement P ¼ 0.09].

Although a direct comparison of the MEP modulation
between the two hemispheres is complicated by the
incomplete dataset on the intact side, the percentage
increase in MEP amplitude from rest to activity was much
smaller on the stump side. Indeed, the MEP amplitude
increase on the stump side was 34% (1, 89; n ¼ 8) between
rest and the stump muscle contraction, and 49% (�12, 103;
n ¼ 8) between rest and the phantom hand movement. On
the intact side, the MEP increase between rest and the
intact muscle contraction was 166% (91, 351; n ¼ 6). This
asymmetry between hemispheres in the rest and active
conditions is also well illustrated by the example of indi-
vidual maps presented in Figure 1.

Center of Gravity of Motor Maps

Comparisons of the medio-lateral position of the CoG of
the motor maps between hemispheres in both rest and
active conditions are presented in Figure 4. Data from S6 is
omitted as it was impossible to perform a mapping of the
intact side given that both rMT and aMT were above 100%

Figure 3.

Maximal MEP amplitude recorded from the stump and intact

muscles in all tested conditions. (A) Shows group results. Note

that the results for the intact muscle contain data from only 6

subjects as the motor thresholds for S1 and S6 were too high

to permit stimulation at 120% of the motor threshold. The small

square indicates the median, the boxes indicate the 25th and

75th percentile and the error bars indicate the minimal and the

maximal values, *P < 0.05. (B) Shows raw data from one subject

(S3). Each panel is composed of four superimposed traces.

Above each trace is the TMS intensity used in each condition

expressed as a percentage of the maximal stimulator output

(MSO). This example illustrates that going from rest to contrac-

tion resulted in a much larger increase in MEP amplitudes for

the intact side, despite the fact that there was a much larger

decrease in the intensity of stimulation used. Therefore differen-

ces in MEP amplitudes cannot be accounted for by differences in

motor thresholds.
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MSO. Note that although S1 had a rMT of 100% MSO, it was
possible to perform a mapping at this intensity and to
obtain an average MEP amplitude above 50 lV at four map
sites. The validity of the CoG obtained with these small
MEPs is supported by the congruence of this CoG’s location
with that obtained in the active contraction condition (in
which larger MEPs were obtained) (see comparison of Pan-
els A and B for S1 in Fig. 4). For both rest and active condi-
tions between-hemisphere comparisons revealed that the
distance from the midline of the stump CoG did not differ
from that of the intact arm CoG (paired comparisons: at rest
P ¼ 1.0; active P ¼ 0.87). At rest, the M1amp CoG position
relative to the M1intact CoG position varied; M1intact �
M1amp ranged between �19.7 and 9.4 mm [negative values
indicate that the stump muscle’s CoG was situated more lat-
erally], with a median difference of 2.1 mm (�5.6, 3.8). The
absolute difference (i.e., without taking into account the
direction of the difference) was 5.1 mm (2.3, 9.5). When the
muscles were voluntarily contracted, the M1amp CoG posi-
tion relative to the M1intact CoG position varied between
�16.0 and 9.2 mm with a median difference of �0.5 mm
(�4.3, 2.7). The absolute difference in CoG positions was 3.5
mm (1.3, 8.5). When measured across conditions in a given
hemisphere, the CoG position was highly stable for both
M1intact and M1amp. This is evidenced by the fact that the
biggest absolute mean difference in CoG position, which
was obtained between rest and phantom hand conditions
on M1amp, was only 1.6 mm (0.8, 2.4).

Area of Motor Maps

The number of active sites of the map recorded at rest
and during a contraction was compared between hemi-
spheres. At rest, no difference was found in the map area
(P ¼ 1.0), the number of active sites being 10 (9, 10) on
M1amp and 10 (8, 11) on M1intact. There was also no differ-
ence during muscle contraction (P ¼ 0.6), the number of
active sites being 9 (8.5, 10) on M1amp and 10 (7.5, 10.5) on
M1intact. The number of active sites during phantom hand
movement (M1amp) was 8.5 (8, 9.5).

DISCUSSION

The present study compared the M1 map of a stump
muscle with the M1 map of the homologous muscle on the
intact side during rest and muscle contraction in above-
elbow amputees. The results clearly show that: (1) the
stump muscle map area is not different from that of the
intact muscle and (2) the medio-lateral locations of the
stump and intact muscle maps are not always symmetric,
but the direction of this asymmetry varies across subjects.
While the present results differ from those of previous
TMS studies of amputation-induced changes in stump
muscle maps, a direct comparison is difficult, because
previous studies did not take into consideration inter-
hemispheric imbalances in corticospinal excitability. The

Figure 4.

Medio-lateral position of the CoGs of the cortical maps. In (A)

the results from the rest condition are shown and in (B) the

results obtained during a muscle contraction are shown. The

stump muscle’s CoG coordinate is reported on the y-axis and

the intact muscle’s CoG is reported on the x-axis. The oblique

line indicates that both CoGs are situated at the same distance

from the midline. Thus, if a point is located above the oblique

line then the CoG in M1amp is further from the midline (more

lateral) than the CoG in M1intact. Conversely, points located

below the oblique line illustrate a more medial M1amp CoG.

Each subject is identified with a different symbol. This allows

one to see the relationship between their neurophysiological

and clinical data (e.g., prosthesis use, phantom limb pain, etc.)

and to assess any potential relationship with M1 reorganisation.

Note that the filled symbols indicate subjects without phantom

limb pain. Notably, only S7 and S8 (for both the rest and volun-

tary contraction conditions) showed a lateral shift of the stump

CoG similar to that expected if the stump representation had

moved laterally towards the hand representation.
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experimental design used here corrected for interhemi-
spheric differences in corticospinal excitability by using a
constant relative TMS intensity across tested muscles and
conditions (i.e., TMS intensity was adjusted relative to the
motor threshold of each tested muscle in each tested condi-
tion). This is crucial, since rMT was lower in the stump
muscle compared with the intact muscle. Hence, had we
used the same procedure as previous studies, that is, used
a constant absolute TMS intensity (i.e., a TMS intensity
equal in terms of MSO) to map both hemispheres, we
would likely have recruited sites at more remote locations
in the resting stump muscle representation as a result of
the higher relative stimulation intensity. Here, using a
more complete experimental design than that used in pre-
vious studies, we found no support for the often reported
view that amputation-induced plasticity leads to an expan-
sion and lateral shift of stump muscle representations.

One limitation of the cortical mapping procedure
employed in the present experiment is that maps were
constructed using fixed dimension grids. Although this
could potentially result in some active cortical sites not
being stimulated, thereby influencing map size, the fact
that maps contained on average 5.5 nonresponsive sites
suggests that this was unlikely. Also, we focused on the
medio-lateral CoG coordinates since previous studies have
reported medio-lateral changes in motor representations
[Irlbacher et al., 2002; Pascual-Leone et al., 1996; Schwenk-
reis et al., 2001]. Once again, the influence of a fixed-
dimension grid on the CoG coordinate is likely to be
minor as only a few very small amplitude MEPs were
recorded at the medial and lateral borders of our maps.

Nonetheless, our data clearly show that there are plastic
changes in stump muscle representations after amputation.
This is supported by the interhemispheric difference in the
corticospinal excitability of the tested muscles. Indeed, all
subjects had a rMT that was lower on the stump side than
on the intact side, a result concordant with previous
reports [Chen et al., 1998; Cohen et al., 1991; Dettmers
et al., 1999; Karl et al., 2001]. Such a systematic interhemi-
spheric bias is not observed in healthy humans [Civardi
et al., 2000], and while some authors have also reported
no interhemispheric bias in amputees [Irlbacher et al.,
2002; Schwenkreis et al., 2000, 2001] this result is most
likely related to the choice of the target muscle. Here, the
target muscle was situated immediately above the amputa-
tion level and most importantly, was activated during
movement of the phantom hand. In a previous study, we
showed that the EMG activity in muscles immediately
above the amputation level exhibited more modulation
during phantom movements when compared with more
proximal muscles [Gagné et al., 2009]. As muscle activity
during phantom movements is an indicator of motor sys-
tem reorganization, neurophysiological changes in M1 are
likely to be maximal in the representations of those
muscles activated during phantom movements and might
be less obvious in more proximal stump muscles. Further
support for this view comes from the observation that the

more distal a muscle is relative to a spinal cord injury the
more its cortical representation is reorganized [Lotze et al.,
2006].

The interhemispheric differences we observed were not
only limited to differences in rMT, the change in corticospi-
nal facilitation when going from rest to contraction was
also clearly different between the two hemispheres. The
evidence for this comes first from the fact that the interhe-
mispheric asymmetry observed for rMT was no longer
present when motor thresholds were tested during muscle
contraction (aMT). Thus, the corticospinal facilitation
induced by the muscle contraction (measured via the motor
threshold) was smaller for the stump muscle (M1amp) than
for the intact muscle (M1intact). The second piece of evi-
dence for a between-hemisphere difference in corticospinal
facilitation when going from rest to contraction comes from
the observation that the amount by which the MEP ampli-
tude increased during muscle contraction was smaller for
the stump muscle. To illustrate this point it is interesting to
contrast the two sides in terms of the facilitation of the
MEP induced by contraction and the stimulation intensity
used (c.f. Fig. 3B). Indeed, on the intact side the intensity of
the stimulator, in terms of %MSO, was substantially lower
during contraction than during rest (on average 56% MSO
versus 79% MSO) and yet, on average, a 150% increase in
MEP amplitude was observed during contraction. In con-
trast, on the amputated side, the stimulator intensity used
during contraction was only moderately lower than that
used during rest (on average 54% MSO versus 62% MSO).
If the net facilitation induced by the stump contraction was
the same as on the intact side, an increase in MEP ampli-
tude greater than 150% would be expected (since the stimu-
lation intensity during stump contraction was close to that
used during the rest condition, as opposed to the intact
side where it was substantially lower). Instead, for the
stump muscle, MEP amplitude only increased by about
50% between the rest and active conditions. These results
are congruent with those reported previously by Ridding
and Rothwell [1995], who observed that the maxMEP am-
plitude and the area of the M1 map were greater for the
resting stump muscle than for the resting homologous
intact muscle, but that these differences vanished when the
muscles were slightly contracted. Together, these results
suggest that during voluntary contraction the corticospinal
excitability of the stump and the intact muscles is similar.
Thus, the fact that less facilitation is observed when going
from rest to contraction on the stump side than on the
intact side can be attributed to an increased excitability of
the resting stump muscle motor representation.

The results of animal studies that used microstimulation
to map M1 of chronically amputated monkeys [Schieber
and Deuel, 1997; Wu and Kaas, 1999] give some ideas
about the possible neural mechanisms underlying the
increased corticospinal excitability observed in the resting
stump muscle in the absence of an interhemispheric differ-
ence in corticospinal excitability during muscle contrac-
tion. These studies showed that stump movements could
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be elicited from additional sites in M1amp but that the
thresholds required to evoke such movements were either
equivalent or higher than those for the intact side or for
normal controls. These new high-threshold sites indicate
that after an amputation new populations of neurons now
have active projections to stump muscles. This agrees with
a recent idea proposing that neurons formerly related to
hand muscles remain functional in M1 after an upper limb
amputation [Reilly and Sirigu, 2008; Reilly et al., 2006; Ror-
icht and Meyer, 2000], but that these neurons now project
to stump muscles [Mercier et al., 2006] (either through
new projections or through ‘‘unmasking’’ of existing but
formerly inactive cortico-spinal connections), and are
implicated in phantom movements [Gagné et al., 2009;
Mercier et al., 2006; Reilly et al., 2006]. At rest, it is con-
ceivable that TMS recruits a mixture of hand-related and
stump-related neurons which together generate a sufficient
corticospinal drive to activate the stump muscle with a
lower TMS intensity than on the intact side. In contrast, if
only one of the two neuron populations is recruited dur-
ing an active contraction (according to whether the inten-
tion is to contract the stump or to move the phantom)
only a subset of the neurons projecting to the stump
would have an increased excitability. Consequently, the
TMS intensity necessary to evoke an MEP in the contract-
ing stump muscle might be, as observed in the present
study, equivalent to that required to produce MEPs in the
contracting muscle on the intact side. Although this inter-
pretation is consistent with the results of the present study
as well as with those of animal studies, the spatial resolu-
tion of the TMS pulse is much wider than that of a micro-
stimulation pulse and we cannot, therefore, use TMS to
test this hypothesis directly.

No systematic shift of the stump muscles CoGs was
found relative to the intact side, despite the classical view
that the CoG of motor representations adjacent to the for-
mer hand representation should ‘‘shift’’ toward it. Several
clinical factors might influence the extent of motor cortex
reorganisation such as the level of amputation, the inten-
sity of phantom limb pain and intensive prosthesis use,
especially a myoelectric prosthesis. Our sample was very
homogeneous in terms of amputation level, as all patients
had an above-elbow amputation. Results of previous stud-
ies suggest that patients suffering from phantom limb pain
[Karl et al., 2001; Lotze et al., 2001] and patients that do
not intensively use a prosthesis [Lotze et al., 1999] gener-
ally exhibit more cortical reorganization. As the majority
of patients in our sample suffered from phantom limb
pain and did not intensively used a prosthesis, it appears
unlikely that clinical factors account for fact that we did
not observe a systematic shift in CoG position. Moreover,
examination of individual displacements of CoGs (see Fig.
4) does not suggest larger displacements for patients with
phantom limb pain or without prosthesis. Given the small
sample size, however, no definitive conclusions should be
drawn regarding the relationship between clinical varia-
bles and CoG shifts. It is noteworthy that some of the

studies that have shown shifts in motor representations af-
ter amputation looked at changes in face muscle represen-
tations [Karl et al., 2001, 2004; Lotze et al., 2001]. Changes
affecting the face representation might be easier to observe
than changes affecting stump muscles since, as shown in
animal studies, there is a much clearer spatial segregation
of the hand representation from the face representation
than from stump muscle representations [Park et al., 2001].
A lateral shift of the stump muscle’s CoG has nevertheless
been reported in a few studies [Dettmers et al., 1999; Irl-
bacher et al., 2002; Pascual-Leone et al., 1996], two of these
being single-case studies, while other authors have
reported no shift in CoG position but a medial shift in the
‘‘hotspot’’ for evoking MEPs [Karl et al., 2001]. Our results
suggest that there is an asymmetry in the cortical map
location between the intact and amputated side but that it
is not necessarily a systematic shift in a given direction.
Mapping studies in animal models show a dense overlap
of distal and proximal upper-limb muscle representations
in M1 [Park et al., 2001; Rathelot and Strick 2006]. As this
overlap is likely present in humans as well [Sanes et al.,
1995], it might explain the intersubject variation in the
direction of the postamputation displacement of the CoG
in M1. In addition, a recent study conducted in stroke
patients reported that changes in CoG location induced by
therapy were not oriented toward a constant direction (rel-
ative to anatomical landmarks) but were instead oriented
towards the cortical regions with the lowest amount of
intracortical inhibition [Liepert et al., 2006]. A similar
factor might also underlie the change in CoG location
observed after amputation, as there is evidence for a
down-regulation of inhibitory activity in the region of
M1amp that previously controlled the now-amputated limb
[Capaday et al., 2000; Chen et al., 1998].

The amplitude of MEPs evoked using single pulse TMS
depends on both cortical and spinal excitability. Thus, the
definitive site in the neuraxis where amputation-induced
changes influence TMS variables cannot be unequivocally
assessed from the present results. However, changes at the
cortical level likely make a major contribution to the TMS
response modulation, as previous studies using peripheral
nerve stimulation, which probes spinal excitability, have
observed patterns of muscle responses on the amputated
side similar to those on the intact side [Cohen et al., 1991;
Fuhr et al., 1992]. Nevertheless, a contribution from spinal
reorganization cannot be ruled out, as evidence from ani-
mal models suggests that motoneurons formerly supplying
the now amputated muscles now target the muscles situ-
ated just above the amputation level [Wu and Kaas, 2000],
and that these motoneurons likely continue to receive cor-
ticospinal input from M1 [Wu and Kaas, 1999].

CONCLUSION

The results of the present study call into question the of-
ten reported view that upper limb amputation-induced
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plasticity in M1 leads to the enlargement of stump muscle
representations at the expense of the more laterally located
representation of the now missing hand. This concept
likely arose from the results of imaging experiments that
showed an enlargement of the face’s sensory representa-
tion into the upper limb’s sensory representation, but clear
indications of a similar enlargement of the face representa-
tion in the motor domain remain rare. Moreover, the
observation of a medial shift of the face representation
should not lead to the conclusion that stump muscles
should reciprocally shift laterally, as prior to the amputa-
tion the segregation between face and hand representa-
tions is much clearer than that between hand and
proximal arm muscle representations, making it easier to
observe representational shifts between the face and the
hand than between the hand and the proximal arm.
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