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FOLLOWING long-term deafferentation of one upper limb
in adult primates, the cortical areas corresponding to that
limb become responsive to stimuli applied to the face. To
explore this phenomenon, we studied some patients after
upper limb amputation. In patient VQ, stimuli applied to
the lower face or 7 cm above the stump evoked precisely
localized referred sensations in individual digits which
~rere often modality specific. Similarly, in another patient,
WK several complete somatotopic representations of the
phantom limb were found, on the face, chest and axilla,
indicating the emergence of such maps in regions remote
from the stump. These effects may be a direct perceptual
correlate of the physiological observations of Merzenick et
al (1984), Wall (1977) and Pons et al (1991).
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Introduction

One of the most widely accepted dogmas in neurol-
ogy is the relatively stable nature of the adult mam-
malian brain. It is assumed, that once neural
connections have been laid down in the developing
foetal (or infant) brain there is very little that one can
do to modify these connections in adulthood. Here we
report some novel results that present a challenge to
this dogma. Our experiments were motivated, in part,
by the recent discovery that cortical maps are capable
of a surprising degree of reorganization."? After exten-
sive long term (12 years) deafferentation of one upper
limb in adult primates the cortical area corresponding
to the limb also became responsive to stimuli applied to
the lower part of the face. We wondered what the per-
ceptual correlates of this reorganization might be:'#
would a sensory stimulus applied to the face be percep-
tually mislocalized i.e., would it appear to come from
the hand as well as the face? To explore this we studied

localization of sensations in three patients VQ, DW
and WK).

Materials, Methods and Results

Patient VQ: Patient VQ was an intelligent alert 17 year
old whose left arm was amputated 6 cm above the
clbow about 4 weeks prior to our testing him.

We studied localization of touch (and light pressure)
using a Q-tip that was brushed twice in rapid suc-
cession at various randomly selected points on his skin
surface. His eyes were shut during the entire procedure
and he was simply asked to describe any sensations that
hefeltand to report the perceived location of these sen-
sations. We found that even stimuli applied to points
remote from the amputation line were often system-
atically mislocalized to the phantom arm. Further-
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more, the distribution of these points was not random?
but appeared to be clustered on the lower left side of
the face (i.e., ipsilateral to amputation) and there was a
systematic one-to-one mapping between specific
regions on the face and individual digits (e.g., from the
cheek to the thumb, from the philtrum to the index fin-
ger and from the chin of the fifth finger or ‘pinky’).
Typically, the patient reported that he simultancously
felt the Q-tip touching his face and a “tingling’ sen-
sation in an individual digit. By repeatedly brushing
the Q-tip on his face we were able to plot ‘receptive
fields’ (or ‘reference fields®) for individual digits of the
(phantom) left hand on his face surface (Fig. 1). The
margins of these fields were remarkably sharp and sta-
ble over successive trials. Stimuli applied to other parts
of the body such as the tongue, neck, shoulders, trunk,
axilla and contralateral arm were never mislocalized to
the phantom hand and no referred sensations were ever
felt in the other (normal) hand. There was, however,
one specific point on the contralateral cheek that
always elicited a tingling sensation in the phantom
elbow.

A second cluster of points was found about 7 cm
above the amputation line. Again there was a system-
atic one-to-one mapping with the thumb being repre-
sented medially on the anterior surface of the arm and
the ‘pinky’ laterally, as if to mimic the pronated pos-
ition of the phantom hand. We repeated the whole pro-
cedure after one week and found an identical
distribution of points suggesting that these one-to-one
correspondences are stable over time. Next, we placed
adrop of warm water on the patient’s face. He reported
that this generated a distinct feeling of warmth in his
entire phantom hand. A similar feeling was also pro-
duced if we put the drop on the second ‘map’ 7 cms
above the amputation line. No such effect occurred if
we used water at room temperature, Finally, we used a
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FIG. 1. Depicts regions on the left side of the face of patient VQ which
elicited precisely localised referred sensations in the phantom digits.
‘Reference fields’, regions that evoke referred sensations, were plotted
by brushing a Q-tip repeatedly on the face. The region labelled ‘T’
always evoked sensations in the phantom thumb, ‘P’ from the 'pinky’,
‘I from the index finger and 'B’ from the ball of the thumb. This patient
was tested four weeks after amputation but it is conceivable that the
reorganization occurs even earlier, {(We recently studied a patient
undergoing a brachial plexus block. There was sorme hint of referred
sensations, e.g. from the face and shoulder to the ‘phantom’ arm but
obviously this needs to be confirmed carefully,)

pin to gently prick various points on the skin surface. A
pinprick delivered medially 5 cms above the stump felt
like a ‘pinprick’ on the phantom thumb, whereas when
it was delivered more laterally it was felt on the ‘pinky’.
These observations are of considerable interest for they
suggest that even very specific sensations such as
warmth or pinpricks can be mislocalized to the phan-
tom limb in a systematic manner. Indeed, there were
occasions when water trickling down the face was felt
as “water trickling down the phantom hand”.

Patient WK. In testing the second patient (WK) we
found a very similar pattern of results although there
were some interesting differences as well. This patient
had a right ‘forequarter’ disarticulation—i.e. his entire
right arm and right scapula were removed. He experi-
enced a vivid phantom arm that was adducted at the
shoulder, flexed at the elbow and pronated. We tested
him exactly one year after amputation. We had WK
clore his eyes and rubbed the skin of his right lower jaw
anc cheek with one of our fingers or the tip of a ball-
point pen. A representation of the entire phantom arm
was found on the face with the hand being represented
on the anterior lower jaw, the elbow on the angle of the
jaw, and the shoulder on the temporamandibular joint.
Again, as in patient VQ, there appeared to be a precise
and stable point-to-point correspondence betweeen
points on the lower jaw and individual digits—the
thumb being represented caudally and the ‘pinky’ ros-
trally (Fig. 2).

Asecond cluster of points representing the hand was
found just below the axilla. Since this region is close to
the line of amputation it may be analogous to the clus-
ter of points we found in VQ’s upper arm. In this
region even a Q-tip was effective in eliciting referred
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FIG. 2. Schematic illustration of patient WK showing ‘reference fields'.
The arm had been paralysed for three years preceding the surgery as a
result of a basal cell carcinoma that had infiltrated his brachial plexus.
We have drawn in the (phantom) arm to indicate the locations of
referred sensations. The dotted line indicates the {presumed) line
along which the arm was disarticulated. The hatched areas indicate
three patches of points from which referred sensations could be eli-
cited in the {(phantom) digits and hand. These patches may be anal-
ogous to the clusters of points we observed in patient VQ.

sensations in the thumb, forefinger, pinky or palm. The
‘reference field’ of the thumb was surprisingly long
extending posteriorly and superiorly for about 10-15
cm from this ‘cluster’. Stimuli delivered to the right
side of the neck, right anterior chest wall and right
scapula were also mislocalized (Fig. 2). There seemed
to be a crude ‘topography’ of sorts—points 1,2, 3 and 4
on the right neck/shoulder region were referred to
points 1B, 2B, 3B and 4B on the phantom. Similarly,
points 5, 6 and 7 on the anterior chest wall were
referred to the phantom upper arm and elbow (5B, 6B
and 7B) and point 8 to the phantom forearm. Thus
there appeared to be a continuous somatotopic rep-
resentation of the entire arm extending from the clav-
icle to the axilla. (Point 6 was exquisitely sensitive, even
displacing a single body hair at this point evoked very
vivid sensations in the patient’s phantom elbow.) And
finally, there was also a third, less well defined somato-
topic representation on the sternum with the shoulder
being represented near the manubrium and the hand
just medial to the nipple (hatched area of Fig. 2). If con-
firmed on additional patients these results would sug-
gest that there is a tendency towards the spontaneous
emergence of somatoptopically organized maps even
in regions remote from the line of amputation. The
exact mechanism by which such maps are formed
remains an interesting question for future research.
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Next, we tried moving the Q-tip continuously from
oint 5 down past points 6 and 7. The patient exclaimed
that he could feel the referred sensation moving vividly
down his arm, beyond his elbow. We then tried apply-
ing warm water or delivering pinpricks at all these

oints but found that this was ineffective in generating

! cither a feeling of warmth or that of a pinprick in the
. phantom limb. The reason for this difference between
. the two patients is not clear. We also extensively

explored the entire body surface above the waist
several times and found that stimulation of other sites
was ineffective in producing any referred sensations.
Note that although the total area over which referred

 sensations could be elicited was much greater in WK
I thaninVQ, the pattern of distribution of those points
. is in fact quite similar; a cluster of points on the lower
 ipsilateral face and a second set of points around the
'~ amputation line. The fact that areas around the neck

and chest are also effective in WK may reflect (a) the

 fact that the amputation was much more extensive and

(b) our testing was done one year rather than four
weeks after amputation.

Lastly, we also examined a 45 year old patient whose
middle (3rd) finger had been amputated at the base
when she was 16. Using a Q-tip, we found that touch-
ing either digit 2 or 4 at various points on the side that
was adjacent to the amputated digit evoked referred
sensations in roughly corresponding locations on the
phantom finger. Drops of warm or cold water at these
sites evoked warmth or cold in the phantom finger and
when we tightly gripped and released her index finger
she felt her phantom finger being tightly gripped.
(Interestingly, a ‘memory” of the gripping sensation
persisted for 7 or 8 seconds in the phantom but not in
the normal digit.) These findings are the first report of a
direct perceptual correlate of the observations of Mer-
zenich et al?

Discussion

The occurrence of referred sensations in the phan-
tom limb is in itself not new.*” It has been noted for
example, that electrical stimulation of the rightearina
patient one year after amputation caused her to ex-
perience tingling paraesthesiae spreading down her
phantom left hand.* Indeed such sensations can be
occasionally produced in normal individuals and may
form the basis of ‘referred pain’ as well as certain thera-
pies such as acupuncture. What is novel about our
research is that we have tried to relate our findings in a
systematic way to physiological results—especially the
‘remapping’ experiments.! We have suggested, for
example, that the reason we see two ‘clusters” of points,
one on the lower face region and a second set near or
around the amputation line is because the map of the
hand on the sensory homunculus in the cortex and
thalamus is flanked on one side by the face and the
other side by the upper arm, shoulder, and axilla. If the

sensory input from the face and from around the stump
were to ‘invade’ the cortical territory of the hand one
would expect precisely this sort of clustering of points.

With regards to our experimental results themselves,
what is novel can be summarized as follows: (a) The
extreme rapidity of the observed changes. Patient VQ
was tested four weeks after amputation. (b) The strict
one-to-one correspondence between individual points
on the lower face and points on the phantom limb. This
highly precise correspondence suggests that expla-
nations based on nonspecific ‘arousal’ cannot account
for the phenomenon that we have observed. (c) the
non-random distribution of points that elicit referred
sensations. In both patients the points appeared clus-
tered on the lower ipsilateral face and near or around
the line of amputation. This correlates well with the
physiological remapping effect described by Pons et
al.' Recall, especially, that in the Penfield homunculus,
the hand area is flanked on one side by the face and on
the other side by the areas close to the amputation line
(shoulder, upper arm). Our theory of referred sen-
sations also makes the following curious prediction.
Since the areas corresponding to the foot and the geni-
tals are adjacent to each other in the cortex, one would
expect thatafter amputation of the penis, (e.g. for carci-
noma) stimulation of the foot should evoke sensations
in the (phantom) penis. (It has not escaped our notice
that this would raise interesting therapeutic possibil-
ities.) (d) The presence of well defined ‘reference fields’
with sharp, stable margins. (¢) The disproportionate
representation of the hand in general and the digits in
particular—especially the thumb. This may be a conse-
quence of cortical magnification. (f) The fact that in
patient VQ, very specific sensations such as warmth or
‘pinpricks’ could also be mislocalized. (Recall that
warmth, even on the face was referred to the phantom
hand). This suggests that referred sensations can be
modality specific. It remains to be seen, however,
whether the simultaneous excitation of touch receptors
is required for this effect. (g) The possible existence of
topography. The very fact that adjacent points on the
normal skin surface map onto adjacent points in the
phantom limb is in itself suggestive of topography.
Also in patient WK, when we moved the Q-tip he
experienced an equivalent movement of referred sen-
sation on his phantom arm. This finding, again, is also
suggestive of the occurrence at least of patches of top-
ography. Cronholm¢ also noted that in one of his
patients stimulation of some points directly on the
stump elicit sensations on individual digits but since
the cortical remapping results were not known at that
time he attributed his observations to the fact that in
this patient the phantom hand itself was superimposed
on the stump so that “. . . the location of referred sen-
sations in the phantom hand in phenomenal space cor-
responds well to that of the stimulus in physical space.”
In our experiments, however, multiple map-like
arrangements could be seen even in regions remote
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from the phantom hand (e.g. 7 cms above the stump or
on the face in patient VQ and on the axilla, neck, chest
and face in WK). We therefore suggest, contrary to
Cronholm, that the somatotopy we have observed is a
direct consequence of ‘remapping’.! Of course, we
must bear in mind that the felt phenomenal position of
the phantom hand itself may reflect cortical remapping
in the proprioceptive domain (i.e. in our scheme, the
phantom hand is the effect rather than the cause of
referred sensations). (h) The occurrence of modality
specific topographically organised referred sensations
after digit amputation (patient DW). (i) The stability
over time. In patients VQ and WK, the correspon-
dences remained stable over intervals separated by at
least a week.

Of course, these findings also raise several new
questions. First, would the clustering of points and
precise one-to-one correspondence be seen in all
patients or only in some? Second, is the arrangement of
‘reference fields’ truely somatotopic and if so, what is
the actual mechanism by which multiple somatotopic
representations are formed? Third, how soon can the
changes be observed? For example, would the changes
be observed a few hours, or even immediately, after
amputation? And would they occur if one were to
simply block the brachial plexus using an anaesthetic?

What is the neural locus of the perceptual ‘remap-
ping’ that we have observed? In trying to answer this

question we have to bear three facts in mind: (1) The:

extent of thalamocortical axon arborizations can be
quite large—up to 1 cm or more.’ (2) The distance be-
tween the cortical maps for the hand and face is about
1-2 cms. (3) The changes we observed are quite rapid
whereas Pons et al recorded from their monkeys nearly
12 years after deafferentation.! Taken collectively,
these facts imply that the effects we have shown prob-
ably arise from the unmasking of ‘latent’ synapses
rather than actual anatomical changes such as ‘sprout-
ing’. This conclusion is consistent with the physiolog-
ical observations of Wall who found rapid unmasking
of synapses after partial deafferentation.*

Our findings also suggest a novel explanation for the
very existence of phantom limbs. We would argue that
the effect arises because tactile and proprioceptive
input from the face and tissues surrounding the ampu-
tated limb ‘takes over’ the brain maps corresponding to
the limb. Consequently, spontaneous discharges from
these tissues would get misinterpreted as arising from
the missing limb and might therefore be felt as a ‘phan-
tom’ limb. This hypothesis is different from, although
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not incompatible with, the view that phantom limbs
arise from, a persistence of a ‘neurosignature’ in a
‘neuromatrix’# We would argue, instead, that the effect
arises from mechanisms of a much more specific nature
such as remapping. One way to explain our findings.
would be to assume that any given point on the skin
projects simultaneously to several locations, e.g. the
sensory input from the face projects simultaneously to
both the face and the hand neurons in the cortex (or
thalamus). The unwanted input to the hand area, how-
ever, might be subject to tonic pre-synaptic inhibition
(e.g. via an inhibitory interneuron) by the ‘correct’
axons that arrive there from the hand. If the arm is
amputated on the other hand, this latent input is
unmasked through disinhibition and this would lead to
mislocalized sensations. What this model doesn’t
explain, of course, is why only one of several latent
inputs gets unmasked and why you get a topographic
arrangement. One can only surmise that once a given
input has a slight edge, it may get progressively stabil-
ized" and may actively inhibit other competing inputs.

Whatever the ultimate interpretation of our find-
ings, they present a challenge to one of the basic con-
cepts of neuroscience, the relative stability of
connections in the adult brain. The extreme rapidity (4
weeks) of the changes that we have observed suggests,
instead, that the adult mammalian brain has the latent
capacity for a much more rapid functional reorganiza-
tion and over a much greater spatial extent than previ-

- ously suspected; a capacity that could conceivably be

exploited for therapeutic purposes.
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