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Summary
Amputation induces substantial reorganization of the hand map in primary sensory cortex (S1
complex, hereafter S1) [1,2], and these effects of deafferentiation increase with time [3]. Determining
whether these changes are reversible is critical for understanding the potential to recover from
deafferenting injuries. Earlier BOLD fMRI data demonstrate increased S1 activity in response to
stimulation of an allogenically transplanted hand [4]. Here, we report the first evidence that the
representation of a transplanted hand can actually recapture the pre-amputation S1 hand territory. A
54 year-old male received a unilateral hand transplant 35 years after traumatic amputation of his right
hand. Despite limited sensation, palmar tactile stimulation delivered four months post-transplant
evoked contralateral S1 responses that were indistinguishable in location and amplitude from those
detected in healthy matched controls. Although commonly reported in amputees [5,6], we find no
evidence for persistent intrusion of representations of the face within the representation of the
transplanted hand. Our results suggest that even after decades after complete deafferentiation,
restoring afferent input to S1 leads to re-establishment of the gross hand representation within its
original territory. Unexpectedly, large ipsilateral S1 responses accompanied sensory stimulation of
the patient’s intact hand. These may reflect a change in interhemispheric inhibition that could
contribute to maintaining latent hand representations during the period of amputation.

Results
Behavioral

Semmes-Weinstein filament testing revealed two areas on the transplanted hand within which
the patient could both detect and localize touch in the absence of vision. One was located on
the thenar eminence in the distribution of the median nerve (threshold = 8g), and the second
was on the lateral base of the thumb in the radial nerve distribution (threshold = 1.4g). The rest
of the hand remained insensitive at this stage of recovery.
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fMRI Sensory Mapping in Controls
Stimulation of either palm in the control group resulted in increased activation of the
contralateral hemisphere within S1 (Figure 1a). Peaks within these S1 clusters were located
symmetrically in the central sulci of the two cerebral hemispheres (see Supplemental Data,
Table 1), and activity extended rostrally into the precentral gyrus (preCG) and caudally into
the postcentral gyrus (postCG). Additionally, stimulation of the left hand increased activity
significantly in the contralateral parietal operculum (including putative S2 [7]), while
stimulation of the right hand evoked bilateral operculum responses.

fMRI Sensory Mapping in D.S
Similar to controls, stimulation of D.S.’s transplanted right palm produced a focal increase in
contralateral S1 and bilateral operculum (Figure 1b; see Supplemental Data, Table 1). In
addition, significant increases were detected in two other areas previously implicated in
somatosensation, the caudal cingulate zone (CCZ) [8] and caudal insula [9]. Stimulation of
D.S.’s healthy left hand was also associated with focal activation of contralateral S1, bilateral
operculum, CCZ and insula. Unexpectedly, a large region of increased activity was detected
along the length of the ipsilateral postCG (Figure 1b). The peak of this activation was located
on the caudal bank of the postCG (−62, −18, 44), which corresponds to cortical areas 1 [10]
and/or 2 [11] of the S1 complex defined probabilistically. This contrasts with previous findings
of small ipsilateral S1 responses to tactile hand stimulation in healthy adults [12]. The
coordinates of this peak are located lateral, anterior and inferior to those associated with
stimulation of either D.S.’s (−40, −20, 54) or the control group’s (−38, −28, 58) right palms.
Significant increases in ipsilateral activation of the lateral postCG were not observed during
stimulation of the transplanted right hand, or of either hand in the control group. Transformation
of D.S.’s data into a flattened standard space map illustrates the high degree of overlap with
the contralateral activations detected in the control group during sensory stimulation of either
hand (Figure 2). It can also be seen that relative to controls, substantially larger regions of the
parietal operculum were engaged bilaterally during stimulation of either D.S.’s left or right
palms.

Activity Within the Normal Hand S1 Hand Representation
Activation foci in the control group sensory mapping data were used to define functionally the
normative (i.e., pre-amputation) S1 hand representations. Stimulation of D.S.’s transplanted
right hand evoked a response that is comparable to that of the control group within the right
hand territory (Figure 3a). Stimulation of his left hand caused a modest ipsilateral increase in
activity within this region that exceeded that of the controls. Stimulation of D.S.’s left hand
likewise produced a response comparable to that of controls within the left hand representation
(Figure 3b). Stimulation of the cheeks, however, did not evoke a strong response in either hand
representation for D.S. or the control group.

Discussion
These experiments yielded two major findings. First, we found that even 35 years post-
amputation, the gross S1 hand representation in the mature brain have a remarkable capacity
to return to a state of organization that is indistinguishable from what would be expected prior
to hand loss. This is extraordinary considering the well-established reorganizational changes
that occur following deafferentiation [1,2], and the fact that these effects increase with time
[3]. Second, in addition to these apparently normal contralateral S1 responses, we found
unexpectedly large responses in the ipsilateral preCG and/or postCG during stimulation of
D.S.’s intact hand (Figure 1 & Figure 2). Both findings greatly extend our understanding of
the ability of the cerebral cortex to respond adaptively to dramatic changes in stimulation even
when fully mature. We discuss these two points in detail below.
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Typical Sensory Cortical Organization
Previously, it was demonstrated that stimulation of a transplanted hand two years after
amputation evoked a strong contralateral S1 response [4]. Control data was not used to
functionally define the territory of the normative (i.e., pre-amputation) hand representation.
However, the center of gravity (COG) of the S1 activation was reported to become increasingly
disparate from that of healthy controls during the 4 months immediately following the
transplant ([4]; their Table 2). This may indicate recruitment of sensory regions other than
those formerly devoted to the patient’s birth hand. Unfortunately, the interpretation of this
finding is complicated because the COG was computed across a large activation cluster that
included not only S1, but also the parietal operculum and insula. By contrast, we used data
from matched controls to functionally define the normative S1 hand territory. Four months
after the procedure, we found that stimulation of the transplanted palm evoked responses that
were comparable in peak location, spatial extent and amplitude to those detected in control
participants (Figure 1 – Figure 3; see Supplemental Data, Table 1).

At the time of testing, D.S.’s sensitivity was limited to a relatively small portion of the grafted
hand. This suggests that the recovery of the S1 hand territory may therefore precede increasing
sensitivity in the grafted hand. It is important to note that at this stage of recovery we cannot
rule the out possibility that the individual digit representations within the S1 hand map remain
disorganized. In fact, this seems quite likely based on studies of non-human primates. The loss
of topographical order in the peripheral nerves, caused by median nerve transection and surgical
repair, leads the recovered cortical representation of the reinnervated hand in adult monkeys
to be intrinsically disordered [13]. Additional work is underway to evaluate these predictions.

Responses within the normative S1 hand territory to stimulation of patient D.S.’s cheeks were
minimal and did not differ from controls (Figure 3). This has not been previously studied in
transplant patients. However, chronically deafferented monkeys [3] and human amputees [6,
14] do show evidence for encroachment of the face representation into the former hand
territory. It is widely held that the somatotopic organization of S1 is maintained through
competitive interactions [1,2]. During the 4 post-operative months, increasing afferent input
from the transplanted hand may therefore have effectively reclaimed the hand territory from
the face. Due to the absence of pre-transplant data, however, we cannot rule out the possibility
that for unknown reasons D.S.’s face representation simply did not shift into the hand territory
following amputation. Reorganizational changes in S1 somatotopy appear to be more
pronounced in amputees with significant phantom pain [5], and D.S. suffered minimally from
this syndrome.

The mechanisms responsible for the recovery of a grossly normal S1 hand representation
remain uncertain, and changes occurring subcortically in the thalamus and/or brainstem may
play an important role [1]. One possibility is that, despite the dynamic functional rebalancing
of inhibitory and excitatory synapses that occurs following deafferentiation [15], a latent
representation of the gross organization of the hand is retained in the pattern of S1 neuronal
connectivity. When afferent input is re-established post-transplant, this latent representation
may be actively recovered. A parallel might be drawn here with the rodent sensory cortex where
adult whisker amputation alters the receptive field properties of barrel cells, but appears to
leave the architecture of the cortical map intact [16,17]. Yet, peripheral injuries in primates are
accompanied by growth of intracortical (but not thalamocortical) connections, which may play
a role in map reorganization [18]. The impact of hand allotransplantation on these changes
remains unknown.
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Ipsilateral Sensory Responses
In addition to the normal contralateral responses, we found that sensory stimulation (Figure 1
& Figure 2) of D.S.’s intact hand evoked strong responses in the ipsilateral postCG. These
activations were not, however, located predominantly within the region that would have
represented the right hand prior to amputation (Figure 3a). This ipsilateral response was much
larger than reported in previously in healthy adults [12], and was not apparent for D.S.’s
transplanted hand or for either side in the control group.

It is possible that this reflects a functional adaptation to the chronic imbalance in the
somatosensory system created by unilateral S1 deaffrerentiation. Some neurons in the S1
complex (area 2) have strong bilateral receptive fields and fire in response to stimulation of
the ipsilateral hand via transcallosal connections [19]. Left and right S1 areas are known to
also be connected via Inhibitory transcallosal pathways [20]. Previous results show that acute
deafferentiation induces bilateral reorganizational changes in S1 [21,22]. Long-standing
amputation could decrease the normal level of interhemsipheric inhibition and thereby facilitate
transcallosal neural activity coming from the primary representation of the intact hand. If so,
then we predict that these ipsilateral responses will decrease as D.S.’s sensory recovery
progresses.

In conclusion, allogenic hand transplantation provides an unprecedented opportunity to
investigate the reversibility of changes in cortical organization that follow amputation. Our
findings suggest that these changes are indeed highly reversible even in the mature brain; a
fact that may have broad implications for our understanding of the brain’s response to
deafferenting injuries.

Experimental Procedures
Subjects

D.S. is a male who suffered a wrist-level traumatic amputation of his dominant right hand at
age 19 years, 7 months. Early in his recovery he experienced phantom sensations and pain, but
these dissipated with time. He regularly wore a mechanical prosthesis for work. Thirty-five
years after this accident, at age 54 years, he underwent a successful allogenic transplantation.
D.S. underwent testing four months after the procedure. Data was also acquired from 4 age-
(M = 54 years, SD = 4.9), sex-, and handedness-matched control participants. All subjects gave
informed consent prior to their participation.

fMRI Sensory Mapping Task
Subjects each completed two 12:48 blocks with their eyes closed. Blocks were divided into
four 3:12 cycles. Within each cycle, four body parts (left hand, right hand, left cheek or right
cheek) were stimulated in pseudo-randomized order. Each period of stimulation lasted for 24s
and was followed by a rest interval of equal duration. The palmar surface of each hand was
stroked with a coarse sponge at a rate of 1Hz. Movements were unidirectional, sweeping from
proximal (heel of hand) to distal (fingertips). Previous work shows that moving stimuli are an
effective means of mapping human S1 [23], and this sponging technique has been used
previously with healthy adults [24] and a hand transplant patient [4], and has been shown to
stimulate S1 [25] and S2 [26] neurons in monkeys effectively. Unilateral cheek stimulation
was delivered separately to each cheek at a rate of 1Hz.

fMRI Data Acquisition
A Siemens’ 3-Tesla Allegra MRI scanner was used to collect BOLD echoplanar images (EPI)
using a T2*-weighted gradient echo sequence with prospective acquisition correction (PACE)
[27].
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fMRI Data Analysis
All data preprocessing (EPI dewarping, motion correction, brain extraction, spatial smoothing,
registration and normalization) and modeling was conducted with FEAT (FMRI Expert
Analysis Tool) Version 5.91 in the FSL image processing tools
(http://www.fmrib.ox.ac.uk/fsl/). Surface reconstruction and visualization and was
accomplished with version 5.5 of the CARET software http://brainmap.wustl.edu/caret/ [28].

Functionally Defining Normative Hand Representations—A multi-step procedure
was used to define the spatial extent of normal hand motor and sensory maps conservatively
on the basis of mean control group data. First, the overall maximum z-value was identified
within conditions involving the hands. Second, statistical parametric maps for both left and
right hand conditions were thresholded at 50% of this maximum z-value. All voxels surviving
this thresholding procedure were defined as being within the normal left or hand representation.

Further methodological details are provided in the Supplemental Data online.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Statistical parametric maps representing areas of increased activity associated with tactile
stimulation versus rest. All areas in color showed significant increases in activity during
movement (z > 2.3, p <.05 cluster-based correction for multiple comparisons). Areas of peak
activation (i.e., z > 4.0) are represented in warm colors corresponding to values indicated in
the color bar. Non-peak areas of significantly increased activity (z = 2.3 – 3.99) are represented
in green. Mean control data are displayed on the PALs template brain (see Supplementary
Data) that has been partially inflated (upper rows) or flattened (lower rows) to visualize
activations located in sulcal folds. Patient D.S.’s data are displayed on inflated and flattened
surface renderings created from high resolution anatomical images of his own brain. Panel A:
Stimulation of the left or right palms of control subjects increased activity in contralateral SI
with the peak located in the CS and activity extending rostrally into the the preCG and caudally
into postCG. Contralateral activation is also detected in the parietal operculum (including
putative SII). During right hand stimulation, left parietal operculum also showed a small but
significant increase in activity (Supplementary Data, Table 1). However, due to individual
variation in cortical topography, this ipsilateral cluster did not survive the multi-fiducial
adjustment for individual differences in cortical topography and is therefore not visible in these
surface renderings (see Methods). Lower Panel: Similarly, stimulation of the palms of the
transplanted or intact hands evoked peak responses within contralateral SI (see text). In
addition, stimulation of the intact left palm was associated with a large region of increased
activity along the ipsilateral post-central gyrus. Bilateral responses were also observed in
putative SII, CCZ and insula (see text).
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Figure 2.
Activations associated with hand stimulation in D.S. and controls represented in standard
space. The multi-fiducial mapping procedure [29] was used to transform data from patient D.S.
(blue overlay) into standard space for direct visual comparison with mean activations of the
control group (see Supplementary Data). For D.S. all significant activations within preCG,
postCG, parietal operculum and insula are included (see Figure 1). These flattened
representations illustrate the high degree of overlap between D.S.’s contralateral SI responses
and those of the control group. Panel A. Responses associated with stimulation of the left palm.
In contrast to controls, stimulation of D.S.’s left palm elicited a strong ipsilateral response
along the length of the postCG extending into the operculum. Panel B. Responses associated
with stimulation of the right palm. Note the high degree of overlap between data from D.S.
and control participants.
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Figure 3.
Percent signal change associated with sensory stimulation of the palms or cheeks within normal
SI hand representations defined functionally on the basis of control data (see Methods). Panel
A. Left hemisphere: S1 hand representation. Within the right hand S1 representation, D.S. and
controls showed a strong increase during stimulation of the right hand. D.S. also showed a
modest increase in activity during stimulation of the left hand (see text). Panel B. Right
hemisphere: S1 hand representation. In the left hand S1 representation, both D.S. and controls
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showed comparable increases in activity during stimulation of the contralateral left hand. D.S.
showed no greater response to stimulation of the cheeks than controls in either hemisphere.
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