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ABSTRACT

Reorganization of human brain function after spinal cord injury (SCI) has been shown in electro-
physiological studies. However, it is less clear how far changes of brain activation in SCI patients
are influenced by the extent of SCI (neuronal lesion) or the consequent functional impairment.
Positron emission tomography (['0]-H,O-PET) was performed during an unilateral hand move-
ment in SCI patients and healthy subjects. SCI patients with paraplegia and normal hand function
were compared to tetraplegic patients with impaired hand movements. Intergroup comparison be-
tween paraplegic patients and healthy subjects showed an increased activation of contralateral sen-
sorimotor cortex (SMC), contralateral thalamus, ipsilateral superior parietal lobe, and bilateral
cerebellum. In contrast to this, tetraplegic patients with impaired upper limb function revealed only
a significant activation of supplementary motor area (SMA). Correlational analysis in the tetraplegic
patients showed that the strength of hand movement was related to the activation of contralateral
SMC. However, the severity of upper limb sensorimotor deficit was related to a reduced activation
of contralateral SMA and ipsilateral cerebellum. The findings suggest that in paraplegic patients
with normal hand function the spinal neuronal lesion itself induces a reorganization of brain acti-
vation unrelated to upper limb function. Compared to this, in tetraplegic patients changes of brain
activation are related to the impaired upper limb function. Therefore, in patients with SCI a dif-
ferential impact of spinal lesion and functional impairment on brain activation can be shown. The
effect of impaired afferent feedback and/or increased compensatory use of non-impaired limbs in
SCI patients needs further evaluation.
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INTRODUCTION

motor and afferent sensory pathways between a part of
the body and brain centers. This generates a special con-

PATIENTS with a traumatic spinal cord injury (SCI) pre-
sent an acutely acquired neurological disorder with
functional deficits (para/tetraplegia) caudal to the spinal
lesion due to the loss of supraspinal control. They mainly
suffer from a circumscribed spinal cord lesion and reveal
functional deficits due to the disconnection of efferent

dition for the brain, as cortical sensory and motor cen-
tres are preserved, while the neurally disconnected part
of the body is not able to perform the required functions
and to give appropriate afferent feedback.
Electrophysiological studies in patients with lesions of
the peripheral and central (spinal and supraspinal) ner-
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vous system have shown several changes of brain func-
tion after trauma (Cohen et al., 1991b; Green et al., 1998).
These consist in an enlargement of sensorimotor cortical
areas and changes of excitatory and inhibitory mecha-
nisms of different cortical areas. In addition, positron
emission tomography (PET) studies in stroke patients
also revealed extensive changes of cortical and subcorti-
cal areas after brain damage (Weiller et al., 1993). These
findings show that even the adult brain is still capable of
profound reorganization of brain function.

The aim of the present study was to assess the reor-
ganization of brain activation in patients after SCI. PET
scans were performed in young patients after traumatic
SCI suffering from complete para- or tetraplegia. PET
activation studies (['’0]-H,O-PET) of the brain were
performed during a controlled hand motor task. In order
to distinguish between the influence of the spinal cord
lesion in paraplegic patients and the extent of functional
impairment on brain activation, paraplegic patients with
normal and tetraplegic patients with impaired upper limb
function were studied. The hypothesis was, that specific
changes in brain activation occur either due to the spinal
cord lesion or due to the extent of upper limb impair-
ment.

MATERIALS AND METHODS

General Procedures and Subject Groups

Participants in this study included seven paraplegic
(four male, three female; median age 32 years, range

2340 years; time posttrauma: median 2.9 years, range
0.3-9.9 years) and seven tetraplegic patients (all male;
median age 26 years, range 18—46 years; time post-
trauma: median 4.7 years, range 0.5-8.5 yrs). For com-
parison, eight male healthy subjects with median age of
27 years (range 24-32 years) were examined in paral-
lel as a control. The study was approved by the local
Ethics Committee of the University Hospital Balgrist.
Patients and control subjects gave their written consent
to participate in the study. A full neurological exami-
nation was performed in patients and healthy subjects
in order to exclude accompanying neurological disor-
ders of the peripheral and central nervous system. No
patient or healthy subject suffered from a psychiatric
disorder or had a history of brain trauma. All subjects
were right handed.

Clinical Assessment of Spinal Cord Injury

In the patients, the level and extent of SCI (motor and
sensory deficit) was assessed according to the protocol
of the American Spinal Injury Association (ASIA; Di-
tunno et al., 1994). The ASIA scoring system allows to
perform a semi-quantitative assessment of the neurolog-
ical deficits (maximum of motor scores = 100; maximum
of sensory scores for each light touch and pin prick sen-
sation = 112). The assessment of motor and sensory
scores of the upper and lower limbs allows to describe
the extent of SCI and the sensorimotor deficits (Table 1).
All patients suffered a complete traumatic para- or
tetraplegia and were in a stable—chronic clinical condi-
tion.

TABLE 1. CLINICAL DATA OF THE PARAPLEGIC AND TETRAPLEGIC SCI PATIENTS INCLUDED IN THE STUDY

ASIA motor scores

ASIA sensory score

Level of Right arm Left arm Both legs Total Pin prick Light touch
SCI patients lesion (max 25) (max 25) (max 50) (max 100) (max 112) (max 112)
Para 1 L2 25 25 0 50 90 90
Para 2 T11 25 25 0 50 72 72
Para 3 T2 25 25 0 50 33 33
Para 4 T 12 25 25 0 50 76 76
Para 5 T 12 25 25 23 73 88 92
Para 6 T6 25 25 0 50 52 52
Para 7 T4 24 25 0 49 62 72
Tetra 1 c7 21 21 0 42 30 30
Tetra 2 c7 15 15 0 30 26 26
Tetra 3 C5 13 13 0 26 23 44
Tetra 4 C6 9 10 0 19 23 23
Tetra 5 C5 7 6 0 13 22 68
Tetra 6 C5 6 8 0 14 18 18
Tetra 7 C5 1 2 0 3 16 16
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Upper Limb Sensorimotor Deficit

The upper limb and hand function were scored on the
basis of the ASIA upper limb motor (maximum motor
points 50) and sensory scores (maximum sensory points
32). All paraplegic patients had a full upper limb motor
and sensory score, while all tetraplegic patients had re-
duced motor and sensory scores (Table 1). All tetraplegic
patients showed at least a severe impairment of hand
function (i.e., complete paralysis of the abductor pollicis
brevis and abductor digiti minimi muscles, and sensory
deficites of T1/C8 dermatomes) due to the cervical level
of spinal cord lesion.

Motor Task

In all subjects a controlled and voluntary motor task
of the right hand was performed. The subjects had to in-
sert their right hand in a brace which was designed to
measure the performed force during wrist extension.
Therefore, a semiconductorinstalled in a bar was attached
to the back of the hand and continuously recorded the
force performed during wrist extension (integral force X
time; N X sec). The patients and healthy subjects were
instructed to perform a selective wrist extension of the
right hand. To avoid additional movements of the prox-
imal upper limb muscles, the lower arm was fixed within
a splint. Therefore, the measured force could be attrib-

uted solely to wrist extension. As the movement rate of
repetitive motor tasks is known to affect the cerebral ac-
tivation the frequency of wrist extensions was held con-
stant at 40 movements per minute, using a metronome as
an external auditive cue (Schlaug et al., 1996; Blinken-
berg et al., 1996). The results were recorded and calcu-
lated off line on a personal computer.

Positron Emission Tomography Recordings

[150]-H,O-PET measurements of regional cerebral
blood flow (rCBF) for correlation with neuronal activity
were performed (Grafton et al., 1991). Brain images were
obtained by a General Electric Advance PET scanner in
the 3D-acquisition mode. Plasma radioactivity during the
scans was not measured. Although this technique does
not allow the calculation of the absolute cerebral blood
flow, changes in rCBF relative to a global mean can be
detected. Blood flow changes due to regional brain acti-
vation were assessed during repetitive wrist extension of
the right hand. Motor activation and rest conditions were
scanned twice. One minute prior to intravenous injection
of 500 to 600 MBq ['30]-H,O0, patients were instructed
to close their eyes and to start with wrist extension. Data
acquisition was started when the measured radioactivity
within the head exceeded 50,000 counts per second (in-
dicating the arrival of the tracer bolus in the brain) and
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FIG. 1.
plegic (PARA), and tetraplegic (TETRA) SCI patients.
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SPM maps showing brain areas with significantrCBF increase during wrist extension in healthy subjects (CON), para-
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then lasted over 90 sec. To allow sufficient decay of rest-
ing radioactivity, the scanning was repeated after wait-
ing 12 min. Images were reconstructed, controlled for
alignment, transformed into stereotactic space and
smoothed using a Gaussian filter 10 mm FWHM (Ta-
lairach and Tournoux, 1988). After normalization of the
images, statistical parametric mapping (SPM) between
resting and movement conditions were made for all
groups using SPMO95 software on a SPARC station 2
(Friston et al., 1991).

Statistics

All results are presented as SPM maps showing sig-
nificant increases in rCBF during motor performance.
Identical thresholds (uncorrected p < 0.001) were used
for activation maps of all three groups which were of
similar size (Fig. 1). Therefore differences found for
brain activation between groups are unlikely to be due
to a difference in threshold effects. Furthermore, inter-
group comparisons were done (SPM 95, corrected p <
0.05) to compare rCBF increases between healthy sub-
jects and patients (see Table 3 below). For calculation
of the influence of different extent of wrist extension
and upper limb sensorimotor deficits on brain activa-
tion in tetraplegic patients, SPM correlational analysis
(p <0.001) was performed (Figs. 2 and 3). Compari-
son of the extent of wrist extension between the 3

groups of subjects were analysed by a Mann-Whitney
test (p < 0.05).

RESULTS

Brain Activation During Hand Activation in
Spinal Cord Injury Patients

Figure 1 and Table 2 show those brain areas activated
by repetitive wrist extension in healthy subjects, para-
and tetraplegic patients. In control subjects (CON) dur-
ing wrist extension, there was a significant activation of
the contralateral sensorimotor cortex (SMC), bilateral
supplementary motor areas (SMA), ipsilateral cerebel-
lum, and bilateral insular cortex. In para- and tetraplegic
patients, the pattern of brain activation was strikingly dif-
ferent from that obtained in healthy subjects.

In paraplegic patients (PARA) compared to controls,
there was an additional activation of the contralateral
thalamus and cerebellum, bilateral cerebellum vermis,
and ipsilateral parietal cortex, while no activation of ip-
silateral insular cortex was found. Tetraplegic patients
(TETRA) revealed a much less activation of brain ar-
eas compared to control subjects and paraplegic pa-
tients. Using the same level of significance as in CON
and PARA, only contralateral SMA showed an in-
creased activation.
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FIG. 2. SPM maps of tetraplegic patients (correlational analysis) showing brain areas, where rCBF increase of the brain corre-
lated with upper limb sensorimotor scores. For demonstration, the scatter plot shows adjusted rCBF values of the contralateral

SMA (left SMA; coordinates = x, 10; y, 6; z, 48).
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FIG. 3. SPM maps of tetraplegic patients (correlational analysis) showing brain areas, where rCBF increase of the brain cor-
related with the strength of wrist extension. The scatter plot shows adjusted rCBF values of contralateral SMC (left SMC; coor-
dinates = x, 30; y, 24; z, 52) in relation to force of wrist extension (integral force X time, N X sec).

Brain Activation Related to Paraplegia

In order to assess the influence of SCI per se on brain
activation during wrist extension statistical analysis us-
ing intergroup comparisons between CON /PARA were
performed. Table 3 shows brain areas which were sig-
nificantly more activated in paraplegic patients compared
to control subjects. Motor performance was controlled in
all groups by measuring the strength of wrist extension
and was statistically equal in CON and PARA (CON
mean 106.31 *44.64 SD N X sec; PARA mean
107.75 = 55.81 SD N X sec). Therefore, group differ-
ences between CON and PARA could neither be attrib-
uted to a different amount of hand activation nor to an
upper limb deficit, as all paraplegic patients had a nor-
mal upper limb function.

Brain Activation Related to Tetraplegia

The extent of upper limb functional impairment in
tetraplegic patients was assessed by measuring strength
of wrist extension and calculating the upper limb senso-
rimotor deficit. There was a significant reduction of force
during wrist extension which could be performed by the
tetraplegic patients (TETRA mean 48.65 = 43.46 SD
N X sec) in contrast to control subjects and paraplegic
patients. Also the upper limb sensorimotor scores were
reduced in all tetraplegic patients in contrast to control
subjects and paraplegic patients (Table 1). Therefore, in
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tetraplegic patients two correlational analyses could be
performed to assess the influence of upper limb func-
tional impairment on brain activation. Figure 2 shows the
SPM analysis with a significant correlation between the
upper limb sensorimotor score and increased rCBF of
contralateral SMA and ispilateral cerebellum. Figure 3
shows SPM maps with an increase in rCBF in the con-
tralateral SMC related to the strength of wrist extension
(p <0.001). Therefore, tetraplegic patients with an in-
creased upper limb deficits showed a significantly re-
duced activation of contralateral SMA, SMC and ipsilat-
eral cerebellum.

DISCUSSION

Electrophysiological and functional neuroimaging
studies in humans suffering from lesions of the periph-
eral and central nervous system have shown, that even
the adult brain is capable of extensive reorganization
(Pons et al., 1991; Brasil-Neto et al., 1993). However, it
is less clear in how far brain reorganization is induced
by the neuronal lesion itself or by the consequent im-
pairment of sensorimotor function. We performed a PET
brain activation study during a hand motor task in pa-
tients suffering from different levels of a complete spinal
cord injury with either normal (paraplegic patients) or
impaired (tetraplegic patients) hand function. The present
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SCI AND HUMAN BRAIN ACTIVATION

TABLE 3. BRAIN AREAS, WHERE THE ACTIVATION (rCBF INCREASE) OF PARAPLEGIC PATIENTS
EXCEEDS THE ACTIVATION OF CONTROLS (p < 0.01; x, y, AND Z COORDINATES
REFER TO THE STEREOTAXIC BRAIN ATLAS OF TALAIRACH AND TOURNOUX)

Region X y z CON activation PARA activation Difference
Left SMC (medial) —14 —22 64 3.2% 12.1% 8.9%
Left thalamus —12 —18 8 0.3% 11.6% 11.3%
Left cerebellum —26 —72 —24 —1.1% 7.9% 9.0%
Right cerebellum 6 —70 —24 1.6% 6.8% 5.2%
Right superior parietal lobe 16 —54 60 —4.2% 6.6% 10.8%

study in SCI patients shows extensive changes in activa-
tion of cortical and subcortical brain centres during a hand
motor task. Some of these changes are related to the con-
dition of spinal cord lesion, as they occur during a hand
motor task in paraplegic patients with normal hand func-
tion. Other changes in brain activation depend on the im-
paired upper limb function in tetraplegic patients.

Mapping studies with transcranial magnetic stimula-
tion (TMS) and electroencephalographic recordings in
SCI patients revealed changes of cortical sensorimotor
areas (Topkaetal., 1991). Preserved muscle groups prox-
imal to the level of lesion in SCI patients showed an en-
largement of the related cortical sensorimotor areas com-
pared to healthy subjects (Levy et al., 1990). These
changes corresponded to findings in patients suffering
posttraumatic amputation of upper or lower limbs (Chen
et al., 1998; Cohen et al., 1991a; Kew et al., 1994; Pas-
cual-Leone et al., 1996).

The present study indicates extensive changes in acti-
vation of cortical and subcortical brain centres during
hand movements in paraplegic patients, although they
have a normal hand function. Paraplegic patients in con-
trast to healthy subjects showed an increased activation
of contralateral SMC, thalamus, ipsilateral superior pari-
etal lobe and bilateral cerebellum. These changes in brain
activation during hand function should be induced by the
condition of spinal cord lesion itself. The paraplegic pa-
tients studied experienced at no time after the trauma any
impairment of upper limb function. The reorganization
of brain activation might be induced by the extensive
changes of afferent input from the body during the hand
movements in paraplegic patients. The findings in hu-
mans corresponds to lesion studies in animals where pe-
ripheral nerve injuries induced profound reorganization
of cortical and subcortical brain areas (Florence et al.,
2000; Jones and Pons, 1998). Furthermore, extensive
changes of cortical sensorimotor representation of not di-
rectly involved sensorimotor functions have been demon-
strated like in changes of face representation after limb
denervation (Elbert et al., 1994; Jain et al., 1997; Flo-
rence et al., 1998).
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In addition to earlier studies, where changes in resting
brain metabolism and brain activation in paraplegic pa-
tients could be shown, the influence of functional im-
pairment on brain activation could be distinguished
(Roelcke et al., 1997; Bruehlmeieret al., 1998). Here, we
show that in tetraplegic patients the extent of wrist ex-
tension is still related to an increased activation of the
contralateral SMC, although the motor strength is sig-
nificantly reduced. This indicates, that the relationship
between contralateral SMC activation and strength of
hand movement is preserved in tetraplegic patients
(Williamson et al., 1996; Allison et al., 2000). However
the extent of upper limb sensorimotor deficit was related
to a reduced activation of the contralateral SMA and ip-
silateral cerebellum. These findings are in accordance to
PET and functional magnetic resonance imaging (fMRI)
studies where the relevance of afferent input on brain ac-
tivation could be shown (Weiller, 1996; Lee et al., 1998).
The reduced activation of contralateral SMA and ipsilat-
eral cerebellum may be induced by the impaired afferent
feedback, as the latter brain areas are also supposed to
be involved in initiating/planning and controlling the per-
formance of a motor task (Vidal et al., 1995; Kurata,
1992; Deiber et al., 1996). Furthermore, it has to be taken
into account that impaired function of the autonomic ner-
vous system after SCI might influence brain activation
(Nowak et al., 1999).

The present study shows that the condition of spinal
neuronal lesion in paraplegic patients induces a reorga-
nization of brain activation which is unrelated to upper
limb function, that is, during normal hand movements.
In tetraplegic patients the impact of impaired upper limb
function on brain activation can be distinguished. In how
far the reorganization of brain activation is influenced by
changes of afferent feedback should be studied using pas-
sive movements. Furthermore, the impact of increased
compensatory use of non-impaired limbs in SCI patients
needs further evaluation.

However the findings may help to improve the under-
standing of brain reorganization after SCI and to evalu-
ate specific effects of rehabilitation on brain activation.
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