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Previous studies have indicated that amputation or deafferentation of a limb induces functional changes in sensory (S1) and motor (M1)
cortices, related to phantom limb pain. However, the extent of cortical reorganization after lower limb amputation in patients with
nonpainful phantom phenomena remains uncertain. In this study, we combined functional magnetic resonance (fMRI) and diffusion
tensor imaging (DTI) to investigate the existence and extent of cortical and callosal plasticity in these subjects. Nine “painless” patients
with lower limb amputation and nine control subjects (sex- and age-matched) underwent a 3-T MRI protocol, including fMRI with
somatosensory stimulation. In amputees, we observed an expansion of activation maps of the stump in S1 and M1 of the deafferented
hemisphere, spreading to neighboring regions that represent the trunk and upper limbs. We also observed that tactile stimulation of the
intact foot in amputees induced a greater activation of ipsilateral S1, when compared with controls. These results demonstrate a func-
tional remapping of S1 in lower limb amputees. However, in contrast to previous studies, these neuroplastic changes do not appear to be
dependent on phantom pain but do also occur in those who reported only the presence of phantom sensation without pain. In addition,
our findings indicate that amputation of a limb also induces changes in the cortical representation of the intact limb. Finally, DTI analysis
showed structural changes in the corpus callosum of amputees, compatible with the hypothesis that phantom sensations may depend on
inhibitory release in the sensorimotor cortex.

Introduction
Functional and structural plasticity are well recognized proper-
ties of the nervous system (Kaas, 1991; Pons et al., 1991), occur-
ring after drastic injuries such as loss of body parts, as much as
following subtle physiological input (Buonomano and Mer-
zenich, 1998; Xerri et al., 1999). Limb amputation in humans is
associated with the intriguing “phantom limb” sensations in the
vast majority of cases.

To explain phantom limb phenomena, different hypotheses
have been proposed, among them Melzack’s “neuromatrix”
(1990; 1999), by which an innate network produces a unique
pattern of neural activity representing the construct of the self.
Because this hard-wired signature cannot be updated, it would

remain unchanged even after amputation, generating the percep-
tual conflicts referred as the phantom-limb syndrome (Doetsch,
1997; Reilly and Sirigu, 2008).

Previous studies have shown that limb amputation or deaffer-
entation induces changes in primary sensory (S1) and motor
(M1) cortices (reviewed by Chen et al., 2002), with evidence de-
riving from electroencephalography (Flor et al., 2000; Grüsser et
al., 2001; Karl et al., 2001), transcranial magnetic stimulation
(TMS) (Cohen et al., 1991; Pascual-Leone et al., 1996; Röricht et
al., 1999; Mercier et al., 2006), magnetoencephalography (Flor et
al., 1995), and functional magnetic resonance imaging (fMRI)
(Lotze et al., 1999; Giraux et al., 2001; Grüsser et al., 2004). A
remapping of cortical topography in upper limb amputees is
consistently found, with enlargement and increased activation
of the S1/M1 face area after stump stimulation (Ramachan-
dran et al., 1992; Karl et al., 2001). These changes have been
associated with phantom phenomena, especially pain (Flor et
al., 1995; Flor, 2002), implying that nonpainful phantom phe-
nomena might not be associated with somatomotor plasticity
(Karl et al., 2001, Lotze et al., 2001). Nevertheless, although
phantom pain is seldom directly tested, and some authors deal
with plasticity without pain (Giraux et al., 2001; Vargas et al.,
2009), most focus on upper limb amputees who report phan-
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tom pain (Ramachandran, 1993; Flor et al., 1998; Lotze et al.,
1999, 2001; MacIver et al., 2008).

In animals, reorganization was shown at multiple loci, from
cortex to spinal cord (Pons et al., 1988; Merzenich and Jenkins,
1993; Nicolelis et al., 1993; Florence and Kaas, 1995; Wu and
Kaas, 2000). In humans, emphasis was given to the cortex (Chen
et al., 1998; Werhahn et al., 2002a,b), although a contribution of
subcortical structures cannot be overlooked (Tanaka et al., 2008;
Curt et al., 2011). Cortical phenomena were explained by re-
duced GABAergic inhibition (Werhahn et al., 2002a) involving
different GABA receptors (Garraghty et al., 2006), and other
transmitters as well (Juliano et al., 1991).

We combined fMRI and diffusion tensor imaging (DTI) to
investigate cortical and callosal plasticity in lower limb amputees
with “painless” phantom sensations, to clarify whether plastic
phenomena can be generalized beyond upper limb amputation
with phantom pain, and to test whether they could be related to
callosal dis(re)organization. We found that the deafferented
hemisphere shows an overlapping, expanded representation of
the stump (after stump stimulation) and of the intact limb (after
its stimulation), and that structural changes do occur in somato-
motor sectors of the corpus callosum.

Materials and Methods
Participants. Nine lower limb amputees without phantom pain partici-
pated in the study (five men and four women averaging 32.9 years old;
range 18 – 41 years), eight amputated after traumatic injury, one due to
osteosarcoma. Subjects underwent a comprehensive standard neurolog-
ical examination and an interview with detailed assessments of their
phantom sensations, including telescoping, distorted perception of the
phantom limb, abnormal postures, and illusory phantom limb displace-
ment. Exclusion criteria for the study were a history of neurological
disease, diabetes, recent or past neurosurgical intervention, previous
neurotrauma, psychotropic medication, or MRI contraindication. Nine
healthy individuals matched for age and sex (mean age 31.6 � 9.1 SD;
range 18 – 41 years) served as healthy controls. Patients’ characteristics
are summarized in Table 1. All participants signed a written informed
consent for the study and the protocol was approved by the Ethics Com-
mittee of our institution and performed according to international stan-
dards (Declaration of Helsinki, 2000).

Neuroimaging. All subjects underwent image acquisition in a 3T mag-
netic resonance scanner (Achieva, Philips Medical Systems), which in-
cluded the following sequences: turbo spin echo T2-weighted, fluid
attenuated inversion recovery (FLAIR), volumetric high-resolution 3D
turbo field-echo T1-weighted sequence (TR, 13 s; TE, 1.4 s; Matrix,
256 � 356; FOV, 240 mm; slice thickness, 1 mm; 140 slices), DTI and
functional magnetic resonance imaging (fMRI). Head motion was re-
stricted by using foam padding and straps over the forehead and under
the chin (estimated translation and rotation parameters were inspected
and never exceeded 2 mm or 2°). Images were laterally flipped for three
patients with right side amputation to simplify comparisons with the
other amputees. This procedure has been used successfully by other
investigators (Diers et al., 2010). Therefore, for imaging analysis in
amputees, the right brain hemisphere was considered contralateral to

amputation, while the left hemisphere was considered ipsilateral to am-
putation. In addition, although it is possible that a limb amputation can
induce reorganization and changes in both brain hemispheres due to
deafferentation, to make the description of the analyses and results more
straightforward and clear, the hemisphere contralateral to amputation is
referred to here as deafferented hemisphere.

Diffusion-weighted images. Diffusion-weighted images were acquired
in the axial plane using a single-shot, spin-echo, echoplanar sequence,
with an isotropic voxel size of 2 mm 3 (60 slices: TR/TE, 7943/60 ms;
FOV, 232 mm; matrix, 116 � 116; slice thickness, 2.0 mm/no gap).
Diffusion sensitization gradients were applied in 32 noncollinear direc-
tions, with a � factor of 1000 s/mm 2.

Functional images. Functional images were acquired using a T2*-
weighted, single-shot, fast field echo, echoplanar (blood oxygenation-
level-dependent contrast) sequence (TR/TE, 2000/35 ms; Matrix, 96 �
96; FOV, 230 mm; flip angle, 90°; slice thickness, 4 mm; 24 slices; 100
volumes acquired in a single run). Total functional scanning time was �3
min and 40 s, for each functional assessment. Before each run, five
dummy volumes were collected to allow longitudinal magnetization
equilibrium to be attained (global signal intensity stabilization). A “dy-
namic stabilization” method was additionally used to improve image
consistency across dynamic scans (Benner et al., 2006). The fMRI proto-
col was performed in a block design fashion: each block contained two
experimental conditions (relaxation and stimulation) and 10 dynamic
scans for each condition. Each block was repeatedly acquired five times
during the experiment, totalizing 100 dynamic scans.

The participants were instructed to stay relaxed and still during the
experiment. During each functional assessment, a nonpainful cutaneous
tactile stimulus (5– 6 Hz) was applied with a soft brush over an area of
10 � 2 cm (Condés-Lara et al., 2000). For amputees, the stimulation was
delivered at 2 cm of the stump end (hereafter called “stump”); on the
intact limb at the same level of amputation (“intact limb homologue”);
and over the dorsal aspect of the remnant halux and foot (“intact foot”).
The paired controls received the stimulation on the same region corre-
sponding to the level of amputation (“control stump homologue”) and
over the dorsal aspect of both halux and feet (“control foot”).

Image preprocessing. Before image analysis, subjects’ datasets were ano-
nymized and randomized across the subjects and groups. For each sub-
ject and before estimating the specific diffusion or functional maps, all
images were visually inspected for artifacts.

fMRI processing. Statistical Parametric Mapping (SPM8 software pack-
age; www.fil.ion.ucl.ac.uk/spm/software/spm8) and the general linear
model (GLM) were used for image analysis (Friston et al., 1995; Worsley
and Friston, 1995). All functional datasets were first realigned by regis-
tering each dynamic scan to the first acquired volume, using a rigid-body
algorithm, spatially normalized into MNI (Montreal Neurological Insti-
tute) standard space, with a 2 � 2 � 2 isotropic resolution, and smoothed
using an 8 mm FWHM Gaussian spatial kernel filter. Cubic detrending
was used to remove unwanted low frequencies from the fMRI time series
(Macey et al., 2004).

The activation of sensory maps, with emphasis on S1, were individu-
ally calculated by means of parametric statistical voxel-by-voxel analysis,
to describe the data in terms of experimental effects and residual variabil-
ity, in combination with a temporal convolution modeled to a hemody-
namic response function. Classical statistical inference is used to test
hypotheses that are expressed in terms of GLM parameters, represented
by SPM.

To create maps of sensory activation, representing the difference be-
tween patients and controls, statistical effects were calculated on the
second level by using the continuous random field theory model. Signif-
icant brain activation effects were reported using either (1) voxel-level
family wise error (FWE) correction over the whole brain, at p � 0.05
corrected for multiple comparisons, or (2) an uncorrected p � 0.001,
for visualization purposes or to explore effects in a priori regions (S1
and M1).

Diffusion-weighted image processing. The diffusion tensor for each
voxel was calculated based on the eigenvectors (v1, v2, v3) and eigenval-
ues (�1, �2, �3) using multivariate fitting and diagonalization (Pajevic
and Pierpaoli, 1999; Jiang et al., 2006). After the fractional anisotropy

Table 1. Demographic details of the amputees

Patients (n � 9)
Male/female 5/4
Age in years (mean � SD) 32.9 � 8.9
Age at amputation in years (mean � SD) 15.3 � 5.9
Time since amputation in years (mean � SD) 17.3 � 9.9
Side of amputation (left/right) 6/3
Level (transtibial/transfemoral) 3/6
Prosthesis (cosmetic/none) 3/6
Cause of amputation (traumatic/oncologic) 8/1
Phantom limb (permanent/intermittent) 5/4
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Figure 1. Activation maps during tactile stimulation. A, C, Amputees, corrected and uncorrected data (thresholded at p � 0.05 and p � 0.001, respectively). B, D, Healthy controls, corrected and
uncorrected data (thresholded at p � 0.05 and p � 0.001, respectively). Note the expansion of stump representation in S1 contralaterally, and the appearance of a sizeable tactile activation in
contralateral M1 and M2. ND, nondeafferented hemisphere; D, deafferented hemisphere.
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(FA) maps were calculated from the eigenvalues, color-coded maps were
generated from the FA values and three vector elements of v1 to visualize
the white matter tract orientation (DTIFit 2.0, FDT-FMRIB’s Diffusion
Toolbox, FSL Software Library). FA images were brain-extracted (BET
2.1-Brain Extraction Tool, FSL Software Library; Smith, 2002) and reg-
istered to a common space (MNI152), using constrained nonlinear reg-
istration (Image Registration Toolkit; Rueckert et al., 1999). The derived
FA data were further analyzed using two approaches: (1) a priori region
of interest (ROI) analysis (Jiang et al., 2006; Tovar-Moll et al., 2009), and
(2) a voxelwise whole-brain tract-based spatial statistics analysis (TBSS
1.2, FSL Software Library; Smith et al., 2006; Simonyan et al., 2008).
Nondiffusion and diffusion images were coregistered to correct for
movement artifacts and eddy current distortion effects on EPI readout.

DTI voxelwise whole-brain analysis. To assess the global differences in
the white matter fiber tracts between the patients and healthy controls,
whole-brain voxelwise statistical analyses of FA data were conducted
using TBSS (Smith et al., 2004).

To preserve the original white matter structure, keeping the overall
tracts intact as much as possible, a voxelwise specifically tuned nonlinear
registration method was used to align FA images of all subjects into a
standard space (Image Registration Toolkit, Rueckert et al., 1999). FA
images of all subjects were aligned to the first subject FA image, acting as
the reference target FA; this target image is then affine-aligned into
MNI152 standard and upsampled to 1 � 1 � 1 mm (using both the
nonsegmented and segmented 1 � 1 � 1 mm MNI152 T1 brain volume);
then, both the nonlinear and affine transformations from the target im-

Figure 2. Comparisons between amputees and controls. A, C, Expanded sensorimotor cortical activations of the stump in amputees when compared with control homologue; B, D, Increased and
bilateral activations in response to stimuli on the intact foot of amputees when compared with control foot. A, B, p � 0.001, uncorrected; C, D, p � 0.05, corrected). Abbreviations are as defined
in the legend to Figure 1.
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age were applied to each FA subject’s images. All upsampled aligned FA
images were averaged to create the mean FA for all subjects. The mean FA
was used to generate the “skeleton” tract, which represents those tracts
documented in all subjects (Smith et al., 2006). These tracts were thresh-
olded to restrict the statistical analysis only to the white matter voxels
which are successfully aligned across subjects, maintaining only the sub-
ject’s major tract structures in further analyses. Finally, each subject’s
aligned FA data were “projected” into the mean FA skeleton mask, gen-
erating the final projected “skeletonized” FA data (Smith et al., 2006).

To test for significant local FA differences between groups, considering
the body of the corpus callosum (CC) and the whole brain, a voxelwise
cross-subject statistical analysis was performed using permutation-based
nonparametric inference (10,000 random permutations) on each voxel
of the resulting “skeletonized” subject’s data (Nichols and Holmes,
2002). The statistical images were then thresholded at p � 0.01 uncor-
rected, and p � 0.05 corrected for multiple comparisons (using FWE).
The final thresholded-skeletonized resulting image was thickened to bet-
ter visualization.

Body of the corpus callosum FA quantification. To evaluate the micro-
structural integrity of the CC in amputees compared with controls, mea-
sures of diffusion anisotropy were evaluated within the callosal body.

Parcellation of the CC was performed based on a DTI-MRI atlas of hu-
man white matter (ICBM DTI-81 stereotaxic probabilistic white matter
atlas). The ROI was automatically loaded onto the “skeletonized” FA
map for each subject and visually checked to confirm their location. The
mean value of FA measure within the body of the CC was automatically
extracted (FSL 4.1, FMRIB software). These DTI measures were statisti-
cally compared between amputees and controls using a nonparametric
test (Mann–Whitney). Statistical significance was assumed at a threshold
of p � 0.05.

Fiber tracking. For fiber tracking, Bayesian Estimation of Diffusion
Parameters, with crossing fibers modeling (BEDPOSTX, FSL Software
Library), was used to build up distributions of diffusion parameters at
each voxel (Markov Chain Monte Carlo sampling technique). It creates
all necessary files for running probabilistic tractography and allows mod-
eling and determining the number of crossing fibers within each voxel on
the whole brain (Behrens et al., 2007).

First, original individual FA maps were registered to the FA template in
the MNI space (FMRIB58 FA template), using a nonlinear registration
tool (FNIRT, FSL Software Library). Then, a ROI was placed at the pre-
sumed callosal somatosensory area according to a JHU (Johns Hopkins
University) FA atlas, after topographical segmentation of the corpus cal-
losum (Hofer and Frahm, 2006). To spatially adapt the minor morpho-
logical differences between the callosal sector of interest of each subject,
the JHU FA atlas with the callosal ROI was inversely transformed into
native space based on subjects nonlinear registration parameters. Prob-
abilistic tractography was then performed (PROBTRACKX, FSL Soft-
ware Library) in the native space of each subject, as described.

To investigate possible differences in callosal fiber topography induced
by amputation, a sequence of single voxel ROI
tractography was performed in each subject.
Five points were selected along the somatosen-
sory callosal sector and the fiber termination
distance from brain midline was calculated for
each subject. Fiber connectivity topography
was compared between brain hemispheres and
between amputees and controls. These mea-
sures were compared between amputees and
controls using the Mann–Whitney test. Statis-
tical significance was assumed at a threshold of
p � 0.05.

Results
Conventional MRI (FLAIR, T1- and T2-
weighted images) showed no abnormalities
in the brains of amputees and controls. In
contrast, fMRI and DTI revealed clear func-
tional and white matter microstructural
changes in amputees. None of the patients

reported pain during tactile stimulation on prescanning or postscan-
ning interview.

Expanded cortical representation of the stump
In amputees, sensory stimulation of the stump resulted in activa-
tion of S1 and M1 contralateral to the amputation (deafferented
hemisphere), in addition to the supplementary motor area (M2;
Fig. 1A,C). Other significant activation sites were bilateral S2,
bilateral insula and thalamus and striatum in the hemisphere
contralateral to the amputation (data not shown). In some am-
putees (cases 4 –7), analysis of individual data showed activation
of S1 foot/leg representation area in the hemisphere ipsilateral to
the stump.

As expected, stimulation of a corresponding stump region in
controls (control stump homologue) evoked activation in the
contralateral S1 leg/foot representation, bilateral S2, and insula
(Fig. 1B,D). The striatum was activated as well (data not shown).
No activation was observed in M1 and/or M2 or in S1 ipsilateral
to the stimuli in controls in any of the experimental situations.

Figure 3. Cortical activation overlays representing amputees stump (yellow/orange) and intact foot (blue). Note the overlap on
the hemisphere contralateral to amputation on deafferented hemisphere (X, Y, Z are MNI coordinates; p � 0.001, uncorrected).
Abbreviations are as defined in the legend to Figure 1.

Table 2. Coordinates of cluster centroids (voxel maxima)

Group Stimulus
Cortical
area Hemisphere X Y Z t z value

Amputees Stump S1 Deafferented 18 �42 66 11.15 �8
Stump M1 Deafferented 14 �35 68 11.15 �8
Stump M2 Deafferented 6 �16 68 7.01 6.91
Intact foot S1 Nondeafferented �12 �36 72 6.37 6.29
Intact limb homologue S1 Nondeafferented �16 �40 66 7.73 7.59

Controls Controls stump
homologue

S1 Deafferented 24 �38 74 8.30 �8

Right foot S1 Nondeafferented �16 �46 74 9.16 �8
Left foot S1 Deafferented 14 �38 74 6.58 6.49

Cortical area activations during cutaneous tactile stimuli (X, Y, Z are MNI coordinates; p � 0.05, corrected).

Table 3. Coordinates of cluster centroids (voxel maxima) for group contrasts

Group contrasts
Cortical
area Hemisphere X Y Z t z value

Stump � controls stump
homologue

S1 Deafferented 14 �42 68 5.76 5.73

Stump � intact limb
homologue

S1 Deafferented 12 �54 64 6.68 6.63

Stump � intact limb
homologue

S1 Nondeafferented �20 �60 64 5.56 5.54

Intact foot � controls right
foot

S1 Deafferented 14 �46 70 5.84 5.81

Cortical area activations during cutaneous tactile stimuli (X, Y, Z are MNI coordinates; p � 0.05, corrected).
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By group contrast, it was possible to
compare the cortical representation of the
stump in amputees, with the homologous
leg region in controls. This comparison
revealed increased activation and topo-
graphic expansion of the stump represen-
tation located in S1, M1, and M2
contralateral to the amputation (Fig. 2A).
After correction for multiple compari-
sons, increased stump representation lo-
cated in S1 proved significant (Fig. 2C).

Cutaneous tactile stimuli and corre-
sponding cortical activations coordinates
for both groups are depicted on Table 2.
Cluster centroid coordinates (“voxel
maxima”) representing differences be-
tween amputees and controls are depicted
on Table 3.

Expanded cortical representation of the
intact limb
In amputees, stimulation of the intact foot
and homologous region (homologous to
the stump) resulted in activation of S1
contralateral to the stimuli (Fig. 1A,C).
Furthermore, Figure 1C shows additional activation in M1 con-
tralateral and in S1 ipsilateral (in deafferented hemisphere) when
the intact foot was stimulated in amputees.

Figure 1B,D shows activations of S1 contralateral to the stim-
uli when right or left foot was stimulated in controls. In contrast
to amputees, no activation was observed in M1 or in S1 ipsilateral
to the stimuli in controls in any of the experimental situations.

When tactile stimulation of the intact foot of amputees was
compared with stimulation of the same region in controls (con-
trol foot), an increased representation was observed in amputees.
Stimulation of the intact foot induced a greater activation of bi-
lateral S1 and M1 contralateral to the stimuli, when compared
with controls (Fig. 2B). In amputees, the increased representa-
tion of the intact foot at S1 ipsilateral to the stimuli (that is, at the
deafferented hemisphere) survived after multiple-comparisons
correction (Fig. 2D).

It is noticeable that the deafferented hemisphere shelters an
overlapping, expanded representation of the stump and the in-
tact limb, suggesting that the same cortical region of amputees is
now processing different body parts (Fig. 3).

Microstructural changes of the corpus callosum
DTI voxelwise analysis of the body of the corpus callosum
showed reduced FA values bilaterally in amputees compared with
controls (Fig. 4A). This finding was specific, since voxelwise
whole-brain analysis revealed a single region on the same topog-
raphy (Fig. 4B).

Displacement of callosal connections in amputees
Adopting a single voxel as an initial seed for fiber tracking, we
attempted to determine the topography of the callosal fibers
which project to the primary sensory cortex in amputees and
controls.

As shown in Table 4, a lateral displacement (x-axis) of callosal
terminations reaching the primary sensory cortex was found in
the hemisphere contralateral to the amputation (the deafferented
hemisphere) when amputees were compared with controls (p �
0.026). In amputees, a rostrocaudal displacement (z-axis) of the

same group of fibers was also observed in the hemisphere ipsilat-
eral to the amputation (p � 0.009).

To investigate a possible increase in heterotopy of amputees’
callosal fibers (i.e., callosal fibers connecting nonhomotopic cor-
tical regions), the distance of callosal terminations in the sensory
cortex to the brain midline was computed in each hemisphere of
amputees. We found a symmetrical distribution of callosal sen-
sory fibers in each hemisphere of amputees, and a similar distri-
bution was found in controls as well.

Discussion
The terms phantom limb and phantom sensation are used to
define the illusion that virtually all amputees report, that their
absent limb or body part is still present, evoking different
somatosensory submodalities as light touch, heat, itch, pain,
and others (Ramachandran et al., 1992; Ramachandran and
Hirstein, 1998; Chahine and Kanazi, 2007; Casale et al., 2009).
Phantom pain has been related to sensorimotor reorganiza-
tion in the cerebral cortex contralateral to amputation (Flor,
2003; MacIver et al., 2008), and is believed to originate from
unmasking of pre-existing circuits due to removal or inactiva-
tion of inhibitory synapses (Ramachandran and Rogers-
Ramachandran, 2000), or following changes in callosal
connections (Schwenkreis et al., 2003; Giummarra et al.,
2007). Cortical reorganization related to nonpainful phantom
sensation in amputees, however, has remained controversial
(Flor et al., 2006).

We here reported functional and structural brain reorgani-
zation in lower limb amputees with nonpainful phantom sen-
sations. Functional MRI revealed an expansion of activation
maps of the stump sensory representation in the postcentral
gyrus of the deafferented hemisphere, encompassing the pu-
tative representations of the trunk and upper limbs, invading
also the lower limb representation in the precentral gyrus. We
also showed that tactile stimulation of the intact leg and foot of
amputees induces a greater activation of ipsilateral S1, sug-
gesting that amputation also determines changes in the corti-
cal representation of the intact limb. Additionally, DTI

Figure 4. Microstructure integrity of the corpus callosum. A, B, DTI voxelwise analysis of the callosal body showed increased MD
(blue/light blue) bilaterally, and reduced FA values (red/yellow) in amputees compared with controls ( p � 0.01, uncorrected).
This finding was specific, because voxelwise whole-brain analysis for FA showed a single region on the same topography. C,
Whole-brain TBSS, p � 0.05, corrected.
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analysis showed structural changes in the corpus callosum of
amputees, which could be related to decreased inhibition me-
diated by this commissure.

Functional reorganization related to nonpainful phantom
phenomena
The phantom phenomenon is perceived as a vivid experience in
up to 98% of amputees, most commonly after loss of a limb
(Ramachandran et al., 1992; Knecht et al., 1998; Ramachandran
and Hirstein, 1998; Giummarra et al., 2007). However, phantom
sensations have also been reported after mastectomy (Staps et al.,
1985; Björkman et al., 2008), testis resection (Pühse et al., 2010),
teeth extraction (Marbach, 1978), eye enucleation (Sörös et al.,
2003), and even surgical removal of internal organs (Dorpat,
1971; Arcadi, 1977; Ovesen et al., 1991).

Since the demonstration of cortical somatosensory map reor-
ganization in peripherally deafferented adult primates (Mer-
zenich et al., 1984; Pons et al., 1991) and rats (Donoghue et al.,
1990; Sanes et al., 1990), attention was turned to mechanisms that
could explain phantom sensations in humans, presuming that
they might be perceptual correlates of cortical reorganization af-
ter amputation (Ramachandran et al., 1992; Flor et al., 1995;
Montoya et al., 1997; Grüsser et al., 2004). Most studies in upper
limb amputees with phantom pain claim that it would be a cor-
relate of functional remapping within the deafferented cortex
(Ramachandran, 1993; Birbaumer et al., 1997; Borsook et al.,
1998; Flor et al., 1998; Montoya et al., 1998; Lotze et al., 1999;
Dettmers et al., 2001; Grüsser et al., 2001; Karl et al., 2001; Lotze
et al., 2001; MacIver et al., 2008). The more intense the phantom
pain, the more extensive the remapping observed in somatosen-
sory and motor cortex (Flor et al., 2006). According to this view,
nonpainful sensations would be a less prominent marker of
somatosensory plasticity (Karl et al., 2001; Flor et al., 2006),
although studies showing cortical reorganization after deaf-
ferentation in nonhuman primates do report morphological
and electrophysiological plasticity but not behaviors that
could suggest the occurrence of phantom pain (Florence and
Kaas, 1995; Darian-Smith and Brown, 2000).

Our study demonstrated that cortical reorganization also ex-
ists in lower limb amputees, even in the absence of phantom limb
pain. We observed an expansion of S1 stump representation into
neighboring somatosensory areas and primary motor cortex con-
tralateral to amputation. Moreover, plasticity in amputees was
found to be bilateral. It seems, therefore, that the deafferented
cortex receives an overlapping, incongruent representation in its
territory, encompassing the stump (enlarged) and the intact
limb. This functional overlap might contribute to the appearance
of phantom phenomena.

It is known that S1 includes four architectonic fields, histolog-
ically and physiologically distinct, each containing a separate
body representation (reviewed by Kaas, 1983). The cutaneous
(exteroceptive) stimuli applied to our subjects, therefore, should
activate mainly areas 3b and 1. Therefore, one could wonder

whether the functional changes herein reported would reflect
homogenous or distinct plastic changes among the areas com-
prising S1, as reported by Qi et al. (2011). Investigating this more
refined aspect, however, was not the main goal of the present
study, and would require a high-resolution fMRI approach spe-
cifically focusing on the postcentral gyrus.

In agreement with our findings, TMS and fMRI in upper limb
amputees (Hamzei et al., 2001) showed an enlargement of the
stump representation in the deafferented cortex, plus a func-
tional reorganization in the nondeafferented hemisphere. They
also found structural deformities of both central sulci in some
patients and an atrophic contralateral parietal lobule in others,
suggesting bilateral functional and anatomical reorganization in
these subjects.

We also observed bilateral activation of S2 during stimulation
of the stump, of the intact foot, and of the region homologous to
the stump in the intact leg in almost all amputees, when single
subject fMRI data were analyzed. Group analysis, however, did
not show S2 activation differences between amputees and con-
trols. A single-case fMRI study (Condés-Lara et al., 2000) showed
that a tactile stimulus on the stump in a lower limb, painless
amputee produced an enlarged contralateral S1 cortical activa-
tion but only contralateral S2 activation, while stimulation of the
intact leg induced bilateral S2 activations. These activations could
be, as stated, related to new and compensatory functions.

In many individuals, phantom limb phenomena appear as
early as 24 h after a traumatic amputation, and could be related to
unmasking or reactivation of pre-existing connections, leading to
suppression of local inhibition (Borsook et al., 1998; Ramachan-
dran and Hirstein, 1998; Werhahn et al., 2002a; Giummarra et al.,
2008). On the other hand, in some cases weeks or months were
necessary before appearance of phantom sensations including
pain (Pascual-Leone et al., 1996). Future studies directly compar-
ing “painful” and “nonpainful” amputees will be need to explore
the exact role and impact of phantom pain in somatosensory
functional and structural brain reorganization.

Structural changes in callosal connectivity of amputees
Ramachandran and Hirstein (1998) suggested a multifactorial
model to explain phantoms: they would depend on integrating
experiences from remapping, peripheral inputs (i.e., stump neu-
romas), corollary discharges from motor commands to the limb,
vivid somatic memories of the original limb and from genetically
determined internal image of the body. In addition, the role of
transcallosal cross-referencing between phantom and intact limb
has recently gained importance, related to changes in commis-
sural connections. These interhemispheric pathways contribute
to bimanual coordination and recruit inhibitory circuits for uni-
manual movements (Carson, 2005). Probably, the same is true
for bipedal control. Indeed, we observed that in most cases, our
activations of S1 and M1 contralateral to amputation led to acti-
vation of homotopic areas ipsilateral to amputation as well that
could be related to changes in callosal connections in amputees.

Table 4. Displacement of callosal connections in amputees

Deafferented hemisphere Nondeafferented hemisphere

x-axis displacement y-axis displacement z-axis displacement x-axis displacement y-axis displacement z-axis displacement

Mann–Whitney U 467.000 658.500 508.000 596.500 607.000 434.500
Wilcoxon W 1370.000 1186.500 1036.000 1499.500 1273.000 1100.500
Z �2.247 �0.147 �1.792 �1.602 �1.495 �3.228
p value 0.026 0.883 0.073 0.109 0.135 0.009
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To approach this issue, we used DTI, which enables a detailed
assessment of fiber tract orientation, and provides information
about microstructural tissue integrity in both white and gray
matter (Ciccarelli et al., 2001; Hagmann et al., 2006). High frac-
tional anisotropy values from the presumed callosal somatosen-
sory region would reflect an increased or more organized
connectivity related to the tissue microstructure, such as degree
of myelination, axonal diameter, and density and coherence in
fiber orientation (Basser, 1995; Basser and Pierpaoli, 1996; Pier-
paoli and Basser, 1996). A previous report, combining TMS and
DTI, has demonstrated that FA values of the corpus callosum are
positively correlated with the degree of interhemispheric inhibi-
tion in a group of controls (Wahl et al., 2007). In our study,
amputees showed decreased FA in the body of the corpus callo-
sum compared with controls, which could be related to a less
organized connectivity and thus to decreased interhemispheric
inhibition through that pathway following amputation. De-
creased cortical inhibition may be mediated through excitatory
callosal neurons, which act on local GABAergic neurons (Gar-
raghty et al., 1991; 2006; Irlbacher et al., 2007).

Unmasking of synapses and removal of local inhibition or
cross-referencing of limbs have been implicated in phantom limb
phenomena, but structural changes cannot be discarded (Elbert
and Rockstroh, 2004). In this context, our study is the first to
report structural abnormalities in callosal connectivity after am-
putation of a lower limb. The use of fiber reconstruction and
tracking with probabilistic tractography demonstrated asymme-
tries or displacement of the topographic fiber terminations in the
deafferented hemisphere, as well as in the opposite, putatively
normal hemisphere. Interestingly, a previous study using TMS
mapping also reported a lateral displacement of the functional
map in the cortex ipsilateral to amputation (Elbert and Rock-
stroh, 2004). This effect may indicate a reorganization of the
intact leg cortical representation, possibly mediated by its in-
creased/abnormal use, in agreement with the view that WM
structure is influenced by use, a phenomenon described as “input
increase” reorganization (Elbert and Rockstroh, 2004). Our con-
nectivity data support this view, in line with the observed dis-
placement of fiber terminations on the hemisphere contralateral
to the intact leg. Despite this attractive hypothesis, reorganization
due to transcallosal interactions from the deafferented to the ho-
mologous somatosensory and motor cortex is also likely to be
involved (Schwenkreis et al., 2001, 2003).
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