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Inputincrease and input-decrease types of cortical reorganization
after upper extremity amputation in humans

Abstract A plastic remodeling of regions in somatosen-
sory cortex has previously been observed to occur in sep-
arate experimental paradigms in response to loss of so-
matosensory input and to increase in input. In this study,
both types of cortical reorganization have been observed
to occur concurrently in the same adult human nervous
system as a result of a single intervention. Following up-
per extremity amputation, magnetic source imaging re-
vealed that tactile stimulation of the lip evoked responses
not only in the area of the somatosensory cortex corre-
sponding to the face, but also within the cortical region
that would normally correspond to the now absent hand.
This “invasion” of the cortical amputation zone was ac-
companied by a significant increase in the size of the rep-
resentation of the digits of the intact hand, presumably as
a result of an increased importance of sensory stimulation
consequent to increased dependence on that hand imposed
by the loss of the contralateral extremity.
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Introduction

Modulation in the flow of somatosensory input has been
shown to be followed by changes in the cortical represen-
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tation of the body in the somatosensory cortex. In owl
monkeys, prolonged behaviorally relevant stimulation
has been found to lead to an expansion in the cortical rep-
resentation of the stimulated part of the body (Jenkins et
al. 1990; Recanzone et al. 1992a,b,c; Florence and Kaas
1995). Magnetic source imaging (MSI) has provided evi-
dence that use-dependent reorganization also occurs in
humans (Elbert et al. 1995; Rockstroh et al. 1996). String
players, for example, provide a model for the effects of
differential afferent input to the two hemispheres. It was
found that the digits of the left hand, which engage in fin-
gering the strings, had a larger representation than those
of the right hand and also a larger representation than
the left-hand fingers of nonmusician controls (Elbert et
al. 1995).

Loss of sensory input also brings about changes in the
representation of the body in the somatosensory cortex. In
macaque monkeys, Pons and coworkers (1991) reported
massive reorganization of primary somatosensory cortex
(in area 3b) subsequent to sensory deafferentation of an
entire arm 12 years earlier. The adjacent representation
of the face had expanded into the hand and arm areas
so that stimulation of the face evoked activity in the area
formerly occupied by the representation of hand and dig-
its. Extensive cortical reorganization following somato-
sensory deafferentation also occurs and persists in hu-
mans following upper extremity amputation, as demon-
strated by MSI (Elbert et al. 1994; Yang et al. 1994; Flor
et al. 1995; Knecht et al. 1996). The magnitude of cortical
reorganization is strongly associated with the amount of
phantom limb pain experienced by the amputees (Flor
et al. 1995). Furthermore, cortical reorganization is prob-
ably related to tinnitus, which has been characterized as a
type of auditory phantom sensation and which is often as-
sociated with injury within the cochlea, i.e., loss of audi-
tory input (Miihlnickel et al. 1996).

In amputees, there is not only loss of sensory input
from the amputated limb, but a probable increase of affer-
ent input from the paired intact limb due to the increased
use required by the loss of the contralateral extremity.
Thus, in addition to the “invasion” of the cortical ampu-
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tation zone that has been demonstrated to occur in the so-
matosensory cortex opposite the amputation, there should
also be a corresponding expansion of the cortical repre-
sentation of the intact arm. The present experiment was
designed to test this possibility. Using MSI, the represen-
tations of digits D1 (thumb) and D5 (little finger) of the
intact hand of unilateral upper extremity amputees were
compared with those of controls.

Materials and methods

Six upper extremity amputees (two with left, four with right arm am-
putation; all right-handed before the amputation; mean age 48
years,) and six adult right-handed control subjects participated in
the study. The subjects ranged in age from 18 to 55 years at the time
of amputation (mean 27 years); amputation had occurred 2-49 years
(mean 21 years) prior to the current investigation (see Table 1).

Somatosensory stimulation was delivered separately to the first
and fifth digits of the hand (both hands in controls) and to the lower
lip at both corners of the mouth. The stimulation consisted of a brief,
nonpainful superficial pressure stimulus delivered through a pneu-
matic device. One thousand stimuli were given at each of the stim-
ulation sites (first and fifth digits, left and right corners of the lower
lip) at an average rate of 0.5 Hz. The interval between stimulus on-
sets varied randomly between 450 and 550 ms. The sequence of
stimulation sites was balanced across subjects. The sensor array of
magnetic detectors (BTi Magnes 37-channel biomagnetometer)
was positioned over the hemisphere (centered over C3 or C4) con-
tralateral to the stimulated limb and lip sites. Data were filtered with
a bandpass of 0.01-100 Hz and sampled at a rate of 520.5 Hz. A re-
sponse was omitted from the average if its range exceeded 2 pT in
any of the MEG channels.

A first major peak was identified in each of the evoked waveforms
within the time window of 30-75 ms (Fig. 1). For this peak, a single
equivalent current dipole (ECD) model (using the best fitting local
sphere) was fitted to the measured field distribution and the medians
of the dipole moment and the dipole location were computed from a
selection of contiguous time points within a 20-ms time segment (11
sampling points) around the maximal root mean square (RMS) across
the 37 channels. Points were selected if they met the following crite-
ria: (1) RMS indicating a signal-to-noise ratio >3, (2) goodness of fit
of the ECD model to the measured field >0.95, and (3) a minimal
confidence volume of the ECD location < 300 mm?.

The representations of face and hand in area 3b of controls was
compared in amputees with the representation of the face in the
hemisphere contralateral to the amputation and with the face and
hand areas in the hemisphere contralateral to the intact arm. The fol-
lowing Euclidean distances were calculated: lip—D1, lip-D5, and
D1-D5. To evaluate the changes in lip and hand representations,
if any, due to amputation, distances and dipole moments in both
hemispheres were averaged for the controls and compared with
those parameters of (a) the hemisphere contralateral to the amputa-

Table 1 Demographic data and expansion of finger area in amputees

tion and (b) the hemisphere contralateral to the intact arm. One-fac-
tor analyses of variance were used to compare the above measures
for amputees versus controls. Post-hoc analyses were carried out
by means of t-tests.

Results

A typical example of averaged evoked fields in a single
subject is presented in Fig. 1. There was no obvious dif-
ference in waveshape between amputees and controls.
In all subjects the location for the maximal evoked field
for D1 was inferior (lateral along the surface of the cor-
tex) as compared with the location of the peak for DS.
The (three-dimensional) Euclidean distance between
the cortical representations of D1 and D5 was used to es-
timate the size of the cortical hand representation. The in-
tact hand in amputees encompassed a larger area
(12.4+£5.5 mm) than the DI1-DS5 difference averaged
across both hands in controls (7.0£1.5 mm, t=24,
P <0.05). Moreover, as may be seen in the coronal section
presented in Fig. 2, the average D1-D5 difference, along
the surface of the cortex (lateral-medial) was larger in am-
putees than in controls (t=3.2, P<0.01). When compared
with the cortical representations in control subjects, only
the D1 representation in the amputees had shifted signif-
icantly along the central sulcus (Fig. 2). The Euclidean
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Fig. 1 Set of waveforms indicating the magnetically evoked re-
sponses averaged for left thumb (D1, left of figure) and left little fin-
ger (D5, right of figure), respectively, of a control subject. The ar-
rows mark the first major peak chosen for dipole modeling. The
lower insert represents the sensor array placement

Age Age at Chronicity Side and site Length of Cause Distance
(years) amputation (years) of amputation stump (cm) D1-D5 (cm)?
68 19 49 Right, above elbow 10 Accident (shell splinter) 1.1

67 18 49 Left, above elbow 17 Accident (shell splinter) 1.6

57 55 2 Right, above wrist 40 Osteosarcoma 14

27 22 5 Left, below elbow 30 Accident (traffic) 0.9

32 28 4 Right, above elbow 9 Accident (work) 2.0

34 20 14 Right, above wrist 43 Accident (traffic) 04

# Distance D1-D5 for control subjects (cm): average across both hemispheres: 0.70+0.15, right hand stimulation: 0.70+0.39, left hand stim-

ulation: 0.72+0.25



O locations in controls

Fig.2 Schematic locations of the equivalent current dipoles (ECD)
for D1, DS, and lip stimulation seen here as projections onto a coro-
nal MR slice of one control subject. Open squares indicate the loca-
tions for controls (averaged across subjects and hemispheres); filled
diamonds represent average locations for arm amputees. For the am-
putees, the left side of the figure shows the lip representation in the
hemisphere opposite the affected side; the right side of the figure
shows lip and digit locations contralateral to the intact side. The
lip location on the amputation side in amputees has shifted relative
to the controls. Contralateral to the intact side, the hand area of am-
putees has expanded, compared with controls, as a result of a shift in
D1 location. [The amputation affected arms on different sides of the
body (two left, four right); consequently, the data for the controls
were averaged for left and right hemispheres, and are presented here
bilaterally]

distance between the representations of lip and D5 was
5.6 mm greater in amputees than in control subjects
(t=2.6, P<0.05), again indicating that there had been an
expansion in the intact hand area of amputees. The dis-
tance between lip and D1, the finger representation clos-
est to the lip, did not decrease significantly in amputees as
compared with controls. There was also no group differ-
ence in the magnitude of the dipole moments of the digits
(F-ratios for main effect or interaction <2.5). The in-
crease in D1-D5 distance was not significantly correlated
with chronicity at the time of measurement (Euclidean
D1-DS5 distance vs chronicity, r=0.05) or age at amputa-
tion (regression with Euclidean distance, r=0.22).

In the hemisphere opposite to the amputated arm, the
cortical representation of the lip had shifted in a superior
direction (13.9 mm, t=2.9, P<0.01) compared with con-
trols (Fig. 2), as had been described in previous reports
(Elbert et al. 1994). The location of the representation
of the lip contralateral to the intact side corresponded to
the location of the lip representation in control subjects.
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Discussion

The results of the present experiment are of interest be-
cause they demonstrate that the two different types of cor-
tical reorganization that have been reported in the litera-
ture can occur in response to a single intervention. The
decrease in sensory input produced here by upper extrem-
ity amputation was followed by an “invasion” of the cor-
tical amputation zone by the adjacent face area whose in-
nervation had remained intact, as had been demonstrated
previously in monkeys (Jenkins et al. 1990; Pons et al.
1991; Recanzone et al. 1992b,c; Florence and Kaas
1995) and humans (Elbert et al. 1994; Yang et al. 1994;
Flor et al. 1995; Knecht et al. 1996) In addition, the dis-
tance between the cortical representations of the digits
(D1 and D5) of the intact hand in amputees was increased
compared with the control subjects, suggesting an in-
crease in the representation of the intact hand. This
change could be due to an increased importance of senso-
ry stimulation consequent to the increased dependence on
that hand imposed by the loss of the amputated hand.
Moreover, the shift was more pronounced for D1 than
for DS, which could reflect a difference in the frequency
of use between the thumb and little finger. Use-dependent
increases in the somatosensory homuncular representation
of body parts have previously been demonstrated in mon-
keys (Jenkins et al. 1990; Recanzone et al. 1992b,c) and
humans (Elbert et al. 1995; Rockstroh et al. 1996). Con-
sequently, the results for the hemisphere opposite the in-
tact arm provide additional evidence in support of the
view that the organization of the human brain is use-
dependent and continuously adapts to the current needs
and experiences of the individual.

It is likely that the processes taking place in the two
hemispheres were separate from one another since, in
terms of the topography of the somatosensory cortex, they
have opposing directionality, i.e., an invasion of the digit
representation by the cortical face area versus an expan-
sion of the representation of the digits. Transfer of either
of these effects across the corpus callosum (Calford and
Tweedale 1990)would result in an interference of the pro-
cess taking place in the other hemisphere.

A plastic remodeling of cortex in response to both loss
of input and increased input have been observed to occur
here contemporaneously in the same nervous system.
Both phenomena have been termed cortical reorganiza-
tion, but one of the central issues in this area of study is
whether both in fact involve the same mechanisms. The
two processes mentioned most frequently in past discus-
sions of this question are sprouting from neighboring in-
tact neural elements and unmasking of previously silent
synaptic connections. To these can be added deafferenta-
tion hyperexcitability in the case of loss of afferent input
(Taub et al. 1995; Knecht et al. 1996). The extent to
which these, and possibly other as yet unknown, mecha-
nisms contribute to the emergence of input-increase and
input-decrease types of cortical reorganization in the adult
nervous system, and whether these processes are different
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shortly after intervention and at a later time, are important
issues that await resolution by future research.
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