
Paralysed patients may benefit from 
the development of an implantable
brain–computer interface device that

can bypass damaged motor pathways1–3. But it
is unclear whether chronically de-efferented
areas will still be sufficiently excitable to
respond to motor attempts4,5 if the motor 
cortex has been extensively reorganized6,7,
and, if they are, whether this excitability is
somatotopically organized8,9. Here we use
functional magnetic resonance imaging to
study brain activity in subjects with spinal-
cord injuries while they are executing, or
attempting to execute, movements of different
limbs. We show that their motor-cortical 
activation closely follows normal somatotopic
organization in the primary and non-primary
sensorimotor areas. Our results indicate that
any reorganization of the motor system that
does occur in these patients does not affect
attempt-related activation, and that it should
be possible to access voluntary control signals
by using a cortical neuroprosthetic.

We examined five subjects with spinal-
cord damage (C5–C6 trauma-related
injuries, 1–5 years after injury; mean age,
28.4 yr) who were asked to repetitively move,
or attempt to move, their hands (adduc-
tion–abduction of the fingers), elbows (flex-
ion), feet (toe flexion), left knee (extension)
and lips (pursing) during alternating 30-s
blocks. Subjects were instructed to attempt
movements they were unable to make, rather
than to imagine them, and they reported
being able to follow these instructions. Their
ability to execute the different movements
was evaluated visually and by using surface
electromyographic measurements. 

One subject had residual use of his hands,
whereas the other four, when attempting to
abduct and adduct their fingers, elicited 
fasciculations of muscles in the wrist and
palm. All five were unable to move their legs
voluntarily. To assess the somatotopy of cor-
tical activation, we used surface projections
of statistical parametric maps10. Group 
comparisons were made with a healthy 
control group (n45; mean age, 28.0 yr) by
using surface renderings of ‘group brains’
(group averages of spatially normalized
brains). As the pre- and post-central gyri of
the individual brains extensively overlapped,
they were also visible in the group surface
renderings, including a ‘knob’ that marked
the hand motor representation11.

Figure 1 shows that activation was signifi-
cant in the injured group when attempting
hand movements (four subjects) on the two
banks of the contralateral central sulcus (pri-
mary motor and sensory cortices), extending
towards the pre- and post-central sulci (pre-

motor and parietal regions). The attempted
toe flexion and knee extension (five subjects)
resulted in bilateral activation (stronger on
the contralateral side) along the medial
aspect of the longitudinal fissure (extending
along the entire paracentral lobule). Execut-
ed movements of the elbows (results not
shown) gave activation patterns that over-
lapped the one observed during attempted
hand movements (elbow activation patterns
were more dorso-posterior). Lip pursing
resulted in activation on the most lateral
aspect of the sensorimotor cortex. 

Further consistent, organized activation
occurred in the anterior cerebellum (Fig. 1c),
the dorsal cingulate motor area, and an area
extending on the banks of the sylvian fissure
from the central sulcus (SII) to the opercu-
lum and the insula (results not shown). All
of these activation features were reproduced
in the control group (Fig. 1b, right panel)
and are consistent with previous studies 
of cortical12 and cerebellar13 motor maps.
Although a consistent dorso-posterior shift
of hand and elbow activation maxima was
evident between injured and control groups,
a similar shift was seen in the location of the
group hand-knob, indicating that it may be
due to intergroup anatomical differences.

We have shown that volitional activation
of cortical sensorimotor representations in
sufferers of paralysis occurs with only mini-
mal reorganization of the gross somatotopy
in subjects within five years of spinal-cord

injury. The remnant motor representations
in these subjects seem to respond to intent,
one of the principal physiological require-
ments for the development of a brain–
computer interface device. Rapid progress 
in neural-interface technology may soon
enable implantable neuroprosthetics to 
provide real-time reconstruction of complex
voluntary motor activity for the paralysed.
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Motor-cortical activity in tetraplegics 
It may eventually be feasible to reconstruct voluntary motor activity in the paralysed.

Figure 1 Cortical and cerebellar activation associated with attempted and executed movements in a paralysed individual (left), paralysed

group (middle) and control group (right). a, b, Scaled integrals of t-test statistics (1.2 cm beneath the cortical surface); black dots indicate

the location of t-value maxima. In a (top view), blue areas of activation are omitted from the left-side panel to avoid overlap; hollow

arrows, putative hand-notches on the precentral gyri; b, mid-sagittal renderings of left-hemisphere activation resulting from attempted

flexion of right toes. Arrows, central sulcus. c, Activation maps (SPM{t}) in axial sections through the anterior cerebellum (21 mm inferior

to the anterior–posterior commissural line). Red, abduction–adduction of fingers on the right hand, and purple, left hand; blue, flexion of

right toes, and green, left toes; yellow, lip pursing.
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