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Abstract Although several features of brain motor func-
tion appear to be preserved even in chronic complete SCI,
previous functional MRI (fMRI) studies have also identiWed
signiWcant derangements such as a strongly reduced volume
of activation, a poor modulation of function and abnormal
activation patterns. It might be speculated that extensive
motor imagery training may serve to prevent such abnormal-
ities. We here report on a unique patient with a complete
traumatic SCI below C5 who learned to elicit electroenceph-
alographic signals �-bursts in the midline region upon imagi-
nation of foot movements. This enabled him to use a
neuroprosthesis and to “walk from thought” in a virtual envi-
ronment via a brain–computer interface (BCI). We here used
fMRI at 3T during imagined hand and foot movements to
investigate the eVects of motor imagery via persistent BCI

training over 8 years on brain motor function and compared
these Wndings to a group of Wve untrained healthy age-
matched volunteers during executed and imagined move-
ments. We observed robust primary sensorimotor cortex
(SMC) activity in expected somatotopy in the tetraplegic
patient upon movement imagination while such activation
was absent in healthy untrained controls. Sensorimotor net-
work activation with motor imagery in the patient (including
SMC contralateral to and the cerebellum ipsilateral to the
imagined side of movement as well as supplementary motor
areas) was very similar to the pattern observed with actual
movement in the controls. We interpret our Wndings as evi-
dence that BCI training as a conduit of motor imagery train-
ing may assist in maintaining access to SMC in largely
preserved somatopy despite complete deaVerentation.
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Introduction

Several approaches have been proposed to promote recov-
ery of functions following spinal cord injury (SCI) (Kirshb-
lum et al. 2007). Based on the concept of a “central pattern
generator,” activation of spinal cord circuitry independent
of higher centres represents one strategy (Kalb 2003). An
alternative approach involves the use of brain–computer
interfaces (BCI) to bypass the area of damage which causes
a disconnection of transmission (Lauer et al. 1999; Friehs
et al. 2004; Neuper et al. 2006; Birbaumer and Cohen
2007). Here, patients need to learn to voluntarily control a
speciWc movement via electroencephalographic (EEG) signals
(Pfurtscheller et al. 2000; Birbaumer and Cohen 2007).
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Although several features of brain motor function appear
to be preserved even in chronic complete SCI (Sabbah et al.
2002; Alkadhi et al. 2005; Hotz-Boendermaker et al. 2008),
other functional MRI (fMRI) studies have identiWed signiW-
cant derangements such as a strongly reduced volume of acti-
vation, a poor modulation of function and abnormal
activation patterns (Cramer et al. 2005). It can be speculated
that motor imagery training (Sharma et al. 2006; de Vries
and Mulder 2007) may serve to prevent such abnormalities
and a recent study has already conWrmed such eVects on
brain function (Cramer et al. 2007). To provide further sup-
port for this assumption, we here report on a unique SCI
patient who learned to elicit EEG �-bursts in the midline
region upon imagination of foot movements. This enabled
him to use a neuroprosthesis and to “walk from thought” in a
virtual environment (Pfurtscheller et al. 2003, 2006; Leeb
et al. 2007). We here used fMRI during imagined hand and
foot movements to investigate the eVects of persistent BCI
training as a conduit of motor imagery training over 8 years
on brain motor function and compared these Wndings to a
group of Wve untrained healthy age-matched volunteers dur-
ing executed and imagined movements.

Materials and methods

Patient

The tetraplegic patient studied was a 31-year-old male with
a complete traumatic SCI below C5 and an incomplete
lesion below C4 since April 1998 due to a spinal cord com-
pression by bone fragments. He had started BCI training in
1999 with diVerent types of motor imagery (Pfurtscheller
et al. 2000). First, he had been asked to imagine left versus
right hand movements for 28 sessions (each containing 160
trials) which led him to achieve a classiWcation accuracy of
approximately 65% (correctly classiWed trials). Over the
next 24 sessions, the strategies were varied, e.g. they con-
sisted of imagination of left and right hand movements ver-
sus no speciWc imagination (thinking “nothing”) or
imagination of left foot versus right hand movement. This
led to a slight classiWcation improvement to an average of
about 75% correctly classiWed trials. Finally, with the
beginning of session 54, the strategy was changed to imag-
ine movement of both feet versus the right hand which led
to an improvement of classiWcation accuracy to approxi-
mately 95%. In the end, thousands of foot movement imag-
inations during prolonged training over several months
resulted in the induction of stable midcentral focused beta-
oscillations with a dominant frequency of 17 Hz. A series
of follow-up experiments demonstrated that the induction
of these oscillations upon foot movement imagination were
reproducible. Finally, the patient also learned to use the

BCI for controlling a prosthetic device applied to his para-
lyzed left hand via functional electrical stimulation (as
exemplarily shown in Fig. 1a) and to move in virtual envi-
ronments upon imagination of foot movements (Pfurtschel-
ler et al. 2003, 2005, 2006; Leeb et al. 2007).

At clinical examination, the patient demonstrated resid-
ual volitional muscle activation in the left upper extremity
[shoulder: active abduction and Xexion up to 90° (grade
4/5); elbow: active Xexion (grade 4/5), pro- and supination
possible (partly trick movements); M. extensor carpi radia-
lis (grade 1/5); all other muscles (grade 0/5)], with full or
almost full passive range of motion preserved in all joints,
corresponding to American Spinal Injury Association
(ASIA) upper-extremity and lower-extremity motor sub-
scores of 5/50 and 0/50, respectively, and an ASIA Impair-
ment Scale grade of A (http://www.asia-spinalinjury.org).

To conWrm the extent and location of cerebrospinal dis-
connection, the patient also underwent somatosensory
evoked potential recordings (SEPs) and motor evoked
potential recordings (MEPs). SEPs conWrmed complete
central conduction block whereas distal conduction was
preserved. SEPs were obtained by stimulating the median
nerve at the wrist and the posterior tibial nerve at the ankle
with frequencies of 5 and 2 Hz, respectively (Suga et al.
1999). Recording electrodes were placed over Erb’s point,
the seventh cervical vertebra, and C3’ or C4’ over the
somatosensory cortex. For the lower extremities, the elec-
trodes were placed over L1 and Cz’. Fz was used as the ref-
erence for all electrodes. The ampliWer averaged at 256 for
the upper and 512 for the lower extremities. Two trials
were superimposed to establish reproducibility. MEPs with
cortical stimulation and recording from the upper and lower
extremities on either side (hypothenar and M. tibialis ante-
rior, respectively) also were consistent with complete cen-
tral conduction block. Magnetic stimuli were applied using
double cone coils for stimulation of the motor cortex for the
upper and lower extremities, and for elicitation of the lum-
bar root (L5) (Tobimatsu et al. 1998). The target muscles
were the abductor pollicis brevis for the hand and the tibia-
lis anterior for the legs. No stimulus could be applied over
the seventh cervical vertebra due to safety reasons (metal
implant in the cervical region).

Controls

Five 30- to 34-year-old right-handed and right-footed males
free of neuropsychiatric disease acted as control group.
Their neurologic exam and brain scan were normal.

Magnetic resonance imaging

Imaging was performed on a 3.0T Tim Trio system
(Siemens Medical Systems, Erlangen, Germany) using a
123
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12-element head coil. In each session, 210 functional vol-
umes were obtained with a single shot gradient echo EPI
sequence (TR = 3,000 ms, TE = 30 ms, FA = 90°, matrix
size = 64 £ 64, pixel size = 3.0 mm £ 3.0 mm £ 3.0 mm)
within a scanning time of 10 min and 30 s. The Wrst two
volumes were discarded to account for T1 saturation

eVects. Stimuli were projected on a screen positioned at the
rear of the scanner, which the subjects could comfortably
see through a mirror mounted on the head coil. A high reso-
lution image was acquired to allow functional image regis-
tration for precise localization of activations (T1-weighted
3D MPRAGE sequence; TR = 1,900 ms, TE = 2.6 ms,

Fig. 1 Maps of brain activation 
associated with imagery of foot 
and hand movements in the tet-
raplegic SCI subject after exten-
sive BCI training. a Illustration 
of the possibility to use the BCI 
system to allow the patient 
grasping a glass with the para-
lyzed hand upon activation of a 
neuroprosthesis by EEG �-
bursts of 17 Hz induced by foot 
movement imagination. These 
impulses are “translated” to 
hand/Wnger movements by func-
tional electric stimulation (FES; 
with elbow movements accom-
modated by residual motor func-
tion by the patient). Brain 
activation maps associated with 
imagery of movement of the 
right (b) and left (c) foot and of 
the right (d) and left (e) hand rel-
ative to rest in the patient. Brain 
activation in expected somatopy 
in the primary sensorimotor cor-
tex (SMC) contralateral to the 
side of imagined movement, 
supplementary and cingulate 
motor areas bilaterally and the 
cerebellum ipsilateral to the side 
of imagined movement becomes 
apparent (Z > 5.0; corrected 
P = 0.01; functional data over-
laid on high resolution scans). 
These Wndings were conWrmed 
by a model-free ICA-based 
exploratory data analysis (f–i). 
Brain activation elicited by ac-
tive movement of the right foot 
(j) and dominant right hand (k) 
in the control group of Wve 
healthy age- and sex-matched 
subjects (Z > 5.0; corrected 
P = 0.01; functional data over-
laid on mean high resolution 
scan). Substantial overlap in the 
activation patterns between the 
patient with covert and the con-
trols with overt movement be-
come apparent (compare to b 
and d, respectively). (All images 
shown in radiological conven-
tion; left side of the image is 
right side of the brain as indi-
cated by “R” and “L”)
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TI = 900 ms; 1 mm £ 1 mm £ 1 mm isotropic resolution).
There was no evidence for structural brain damage on con-
ventional FLAIR, T2- and T2*-weighted images in the
patient and brain scans were reported as normal in the con-
trols.

Study design

The main paradigm consisted of imagery of unilateral foot
and hand movements. The patient and the healthy subjects
were instructed to imagine smooth Xexion and extension of
the wrist or the ankle, respectively, paced by a visual cue at
1 Hz. During one run of approximately 10 min, 210 func-
tional volumes were acquired using a simple boxplot
design, where imagery of movement of either side alter-
nated with interspersed periods of absolute rest, during
which subjects Wxated a Xashing cross (ArBrArBr, with A
and B representing Wve blocks of 30 s each for movement
imagery of the right and left side, respectively, and r indi-
cating rest periods). During the Wrst run, the patient and the
healthy subjects were asked to imagine foot movements in
this way. The second run was devoted to imagery of hand
movements in the same fashion. The third and forth run
consisted of passive ankle and wrist movements of either
side at 1 Hz by the experimenter (range of motion 20° and
15°, respectively) in the patient, and active ankle and wrist
movements of either side at the same rate and range in the
healthy subjects, again according to the block design as
described above. To avoid stimulus-correlated motion, the
individuals’ heads were secured with Velcro straps in a
foam-cushioned holder; the knees were Xexed to approxi-
mately 135° using a soft roll placed beneath the knees and
the feet and forearms were Wxed in a purpose-built appara-
tus. Participants were familiarized with the paradigm prior
to entering the scanner.

FMRI data analysis

General linear model

Functional imaging analysis was carried out using FMRI
Expert Analysis Tool (FEAT; version 5.63, part of
FMRIB’s Software Library FSL, http://www.fmrib.ox.ac.
uk/fsl). The following pre-statistical processing was
applied: motion correction using MCFLIRT; non-brain
removal using BET; spatial smoothing using a Gaussian
kernel of 5 mm full-width half maximum; global (volumet-
ric) multiplicative mean intensity renormalization; high
pass temporal Wltering (Gaussian-weighted least squares
straight line Wtting, with sigma 50.0 s). Time-series statisti-
cal analysis was carried out using FILM with local autocor-
relation correction. Registration to high resolution and/or
standard images was carried out using FLIRT. Higher-level

analysis in the controls was carried out using a Wxed eVects
model, by forcing the random eVects variance to 0 in
FMRIB’s Local Analysis of Mixed EVects (FLAME Beck-
mann et al. 2003; Woolrich et al. 2004). Z (Gaussianized
T/F) statistic images were thresholded using clusters deter-
mined by Z > 5.0 and a (corrected) cluster signiWcance
threshold of P = 0.01 (Worsley et al. 1992), unless other-
wise stated. Motion parameters were used as a covariate of
no interest in the analyses.

Independent component analysis

Independent component analysis-based exploratory data
analysis was carried out using Multivariate Exploratory
Linear Decomposition into Independent Components
(MELODIC) Version ln(11), an implementation for the
estimation of a probabilistic independent component analy-
sis model, in order to investigate the possible presence of
unexpected artefacts or activation [alternative hypothesis
testing at P < 0.05; detailed information in Beckmann and
Smith (2004)].

Region of interest analysis

Functional ROIs selected from the activation clusters
obtained with the contrasts of hand and foot movement in
the controls and imagery of respective movements in the
patient versus rest were applied to the Wrst level analyses to
compute the mean signal change at the coordinates of the
activation peak using FEATQUERY, which is part of FSL.

Results

Motor imagery in the patient

The SEPs and MEPs conWrmed complete central conduc-
tion block in the tetraplegic patient. Contrasts of imagery of
repetitive hand (Fig. 1b, c) and foot (Fig. 1d, e) movements
versus rest in the patient demonstrated signiWcant activation
of sensorimotor networks similar to the patterns deWned by
contrasts of active movement versus rest in the healthy con-
trol group (Fig. 1f, g—data for left sided movement not
shown as analogue to right sided movement; see Table 1
for MNI coordinates of signiWcant clusters).

SigniWcant activation was observed in clusters in the
sensorimotor cortex (SMC) contralateral to the side of
movement imagined in expected somatopy, in supplemen-
tary motor and pre-motor areas (SMA and pre-SMA), and
in the cerebellum ipsilateral to the side of movement imag-
ined, with diVerential activation for hand and foot move-
ments (e.g. cerebellar lobules V, VI, and vermis for foot
imagery versus culmen for hand imagery). In addition,
123

http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl


Exp Brain Res (2008) 190:215–223 219
Table 1 Coordinates (in MNI standard space) and activation signiWcance (Z statistics) for contrasts

Contrast Region Voxels Max Z score MNI coordinates of max Z score (mm)

X Y Z

Motor imagery patient

R foot versus rest Paracentral lobule (SMC) L 88 10.1 ¡1.8 ¡23.3 70.7

Cbm lobule V (vermis) R 104 8.6 5.4 ¡54.3 ¡9.1

Cbm Crus II R 27 7.5 16.8 ¡67.4 ¡61.2

Superior occipital gyrus R 101 7.4 25.1 ¡103.0 0.7

Gyrus descendens (Ecker) L 70 8.1 ¡13.8 ¡95.3 ¡8.6

L foot versus rest Paracentral lobule (SMC) R 164 10.4 11.2 ¡19.5 73.9

Cbm lobules V/VI L 179 8.9 ¡14.5 ¡39.5 ¡29.8

Lateral posterior thalamic nucleus R 80 9.7 25.5 ¡24.3 15.4

Superior frontal gyrus (SMA) R 44 9.1 4.1 ¡10.7 54.1

Gyrus descendens (Ecker) L 19 6.3 ¡13.8 ¡95.3 ¡8.6

R hand versus rest Precentral gyrus (SMC) L 227 11.6 ¡43.9 ¡21.5 63.7

Superior frontal gyrus (SMA) L 41 9.9 ¡8.7 ¡7.9 52.6

Cbm lobule V (culmen) R 33 9.2 14.7 ¡51.2 ¡20.1

Gyrus descendens (Ecker) R 10 6.4 21.1 ¡94.1 ¡16.9

L 25 6.8 ¡14.0 ¡96.3 ¡12.3

L hand versus rest Precentral gyrus (SMC) R 169 10.9 42.3 ¡29.8 52.4

L 25 7.9 ¡43.9 ¡21.5 63.7

Superior frontal gyrus (SMA) R 37 10.5 10.4 ¡17.0 54.4

Superior temporal gyrus (T1) R 29 7.4 58.8 ¡30.3 12.4

Cbm lobule V (culmen) L 25 9.6 ¡13.9 ¡51.9 ¡24.7

Passive movement patient

R foot versus rest NS

L foot versus rest NS

R hand versus rest NS

L hand versus rest Postcentral gyrus (S1) R 89 9.5 36.8 ¡38.2 50.7

R 5 6.8 53.1 ¡27.2 41.0

Postcentral gyrus (S2) R 11 8.21 44.6 ¡26.9 18.2

Cbm lobule VI (declive) L 9 6.78 ¡23.0 ¡45.2 ¡31.6

Active movement healthy controls

R foot versus rest Paracentral lobule (SMC) L 3,154 18.4 ¡2 ¡40 64

Gyrus descendens (Ecker) L 1,900 15.4 ¡18 ¡100 ¡10

Cuneus R 1,393 14.4 20 ¡92 ¡6

Inferior parietal gyrus L 412 9.21 ¡50 ¡38 22

Cbm lobule VI (declive) R 224 10.1 12 ¡38 ¡24

L foot versus rest Paracentral lobule (SMC) R 4,884 19.5 4 ¡28 70

Gyrus descendens (Ecker) L 1,942 14.9 ¡18 ¡96 ¡10

Cuneus R 1,311 14.3 20 ¡92 ¡6

Precentral gyrus R 633 11.7 44 ¡22 16

Cbm lobule VI (declive) L 329 11.5 ¡20 ¡34 ¡32

R hand versus rest Precentral gyrus (SMC) L 3,459 22.1 ¡8 ¡26 54

Cuneus R 3,202 19 20 ¡94 ¡4

CMA L 2,782 21.7 ¡18 ¡98 ¡10

Precentral gyrus L 793 10.9 ¡2 ¡4 50

L hand versus rest Precentral gyrus (SMC) R 2,734 20.9 40 ¡20 48

Gyrus descendens (Ecker) L 2,511 18.1 ¡18 ¡98 ¡10

R 1,579 18.2 18 ¡92 ¡4
123



220 Exp Brain Res (2008) 190:215–223
signiWcant activation was observed in bilateral occipital
areas, attributable to processing of the visual cue. SMC
and cerebellar activation was strongly lateralized depend-
ing on the side of movement imagined, i.e. located in the
left cerebellum and in the right SMC upon imagination of
left sided limb movements and vice versa (Fig. 1b–e).
Independent component analysis conWrmed the results of
the model-based analyses (selected components shown in
Fig. 1f–i).

Although involving identical components of the sensori-
motor network, compared to active movement versus rest in
the healthy controls, the peak activation in the SMC cluster
with motor imagery in the patient tended to be shifted
towards more cranial and anterior regions within the SMC
(see Table 1 for cluster-coordinates and insets in Fig. 2).
Also, the cerebellar activation peak associated with imag-
ery of hand movements was located more caudally com-
pared to active hand movement in the control, albeit it
involved the same lobule.

Passive limb movements in the patient

Consistent with complete deaVerentiation, contrasts
between passive movement of both feet and the right hand
versus rest did not elicit signiWcant brain activation, apart
from sparse activation of primary and secondary somato-
sensory cortices observed with passive movement of the
left hand versus rest, consistent with residual sensorimotor
function.

Motor imagery in healthy controls

Cluster-based 2nd level statistics of contrasts of motor
imagery versus rest in the healthy subjects did not reveal
signiWcant activation within the SMC (even after lowering
the threshold of the statistical analysis to >3.1; P = 0.01;
also see Table 1). Similarly, ICA did not detect a compo-
nent with signiWcant SMC activation. Imagery of hand
movement was associated with a greater brain response

Table 1 continued

Statistics for the Wve largest activation clusters are reported (Z > 5.0, corrected P < 0.01). Regions of the cerebellum (cbm) designated according
to Schmahmann et al. (2000)

R right, L left, SMC primary sensorimotor cortex, SMA supplementary motor area, S2 secondary somatosensory cortex, CMA cingulated motor area

Contrast Region Voxels Max Z score MNI coordinates of max Z score (mm)

X Y Z

Cbm lobule V (culmen) L 1,062 15.8 18 ¡54 ¡4

CMA 331 8.06 0 ¡2 56

Motor imagery healthy controls

R foot versus rest Gyrus descendens (Ecker) L 819 10 ¡20 ¡96 ¡10

R 462 10.4 18 ¡94 ¡6

CMA L 191 6.91 ¡2 0 56

Inferior frontal gyrus L 109 7.88 ¡52 10 4

Lentiform nucleus L 107 7.72 ¡28 0 0

L foot versus rest Gyrus descendens (Ecker) L 291 8.37 ¡20 ¡96 ¡10

R 188 7.2 18 ¡94 ¡6

Middle frontal gyrus L 74 6.88 ¡36 ¡6 62

Lentiform nucleus L 65 6.61 ¡26 6 ¡4

R 44 6.73 26 ¡4 6

R hand versus rest Gyrus descendens (Ecker) L 1,541 12.2 ¡18 ¡96 ¡8

R 1,146 11.3 18 ¡92 ¡4

Middle frontal gyrus L 305 8.04 ¡36 ¡4 60

Lentiform nucleus L 195 8.38 ¡24 2 2

CMA 18 8.7 0 0 54

L hand versus rest Cuneus L 1,139 10.4 ¡24 ¡94 ¡8

Gyrus descendens (Ecker) R 511 8.14 26 ¡96 2

Cingulate gyrus 75 6.79 0 2 54

Middle frontal gyrus L 54 6.2 ¡34 ¡6 56

Supramarginal gyrus L 36 6.56 ¡50 ¡38 24
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reXected by a larger number of activated areas compared
to the pattern of activities seen with imagery of foot
movement versus rest. Apart from activation in occipital
and parietal areas, contrasts of imagery of hand move-
ments versus rest showed activation of pre-SMA
(Table 1).

Region of interest analyses

The coordinates of SMC peak activation associated with
imagery of movement in the patient versus rest [insets des-
ignated as patient cluster (PC) in Fig. 2] and with active
movement in the healthy control group versus rest [insets
designated as control cluster (CC) in Fig. 2] were used to
compute signal changes at ROIs for diVerent contrasts, both
for the dominant hands and feet (MNI coordinates in Fig. 2
indicating peak activation), in order to scrutinize in more
detail for diVerences and similarities in SMC activation
between the patient and the controls. With imagery of hand
movement in the patient, the peak signal change in SMC
was twice as high (2.18%; grey bar above designation
“Patient”) compared to the signal change at the same ROI
observed with active movement in the controls (1.05%;
grey bar above designation “Controlsmov,” Fig. 2a). Signal
change with imagery of hand movement in the patient at the
ROI of peak activation associated with active movement in
the control group (black bar above designation “Patient”;
0.70%) was similar to the magnitude of signal change
observed with active hand movement in controls at the
same ROI (0.81%; black bar above designation “Con-
trolsmov”). Similar Wndings were noted for the foot area
(Fig. 2b). Consistent with cluster-based statistics, only mar-
ginal signal change in both SMC ROIs were noted with
imagery of foot or hand movement in the healthy controls
(grey and black bars above designation “Controlsimg”).

Discussion

In this fMRI study, we were able to demonstrate SMC
activity following extensive motor imagery training in a tet-
raplegic patient years after traumatic SCI while such activa-
tion was absent in healthy untrained controls. Previous
studies reported on robust activations of secondary motor
networks and ipsilateral cerebellum in SCI, but inconsis-
tently found SMC to be activated (Sabbah et al. 2002;
Alkadhi et al. 2005; Cramer et al. 2005). Until recently, it
thus has been unclear if SMC function can be preserved
years after SCI (Cramer et al. 2005). We therefore interpret
our Wndings as evidence that BCI training as a conduit of
motor imagery training may assist in maintaining access to
SMC in largely preserved somatopy despite complete
deaVerentation.

Through extensive BCI training, our patient learned to
generate EEG bursts of beta-oscillations by imagination of
foot movements (Pfurtscheller et al. 2000). In EEG studies,
the generation network of these beta bursts has been attrib-
uted to the foot representation area and/or SMA, but diVer-
ences between beta-oscillations in able-bodied subjects and
the induced beta-oscillations in tetraplegic and paraplegic

Fig. 2 Region of interest analyses demonstrating the extent of signal
change in the primary sensorimotor cortices (SMC) in voxels with
peak activation deWned by motor imagery versus rest in the patient and
by active movement versus rest in the controls. Insets show the clusters
of activation comprising the SMC in coronal, sagittal and axial orien-
tation with respective coordinates for imagery of movement in the pa-
tient (upper rows; designated by the label PC for patient cluster) and
for active movement in the healthy controls (lower rows; designated by
the label CC for controls cluster). The MNI coordinates of the PC and
CC within the SMC were then used to compute the percent signal
change versus rest at each of these locations for the respective con-
trasts. Grey columns indicate the signal change in the PC while the
black columns indicate signal changes in the CC. a shows the results
for the dominant right hand and b for the right foot, respectively. The
following contrasts were generated: motor imagery versus rest in the
patient (Patient), active movement versus rest in controls (Con-
trolsmov), and motor imagery versus rest in the controls (Controlsimg).
Further details are provided in the text
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patients have been noted (Muller-Putz et al. 2007). Our
study demonstrates substantial overlap between the activa-
tion patterns elicited by motor imagery in the patient and
actual movement execution in healthy subjects. Importantly,
this preservation of higher order motor activity was con-
Wrmed by a principal component analysis, which remains
unaVected by a priori assumptions concerning the experi-
mental model or characteristics of the hemodynamic func-
tion of the BOLD response (Beckmann and Smith 2004).
Also, electrophysiological testing and use of a passive
movement paradigm [where activation of SMC would have
to be expected in case of reciprocal stimulation (Weiller
et al. 1996)], supported the concept that these activations are
related to motor imagery only and cannot be explained by
residual subclinical eVerent or aVerent motor activity.

In line with previous studies (Cramer et al. 2005), subtle
deviations from normal motor control also became apparent
in the SCI patient. Covert movement in the patient was
associated with a cranial and anterior shift of the peak acti-
vation within SMC (and diVerential cerebellar activation)
compared to activation patterns observed with overt move-
ment in the healthy controls. The patient predominantly
trained imagery of foot movements with BCI. It is therefore
of special interest that even upon imagery of hand move-
ments, signiWcant activation of the SMC contralateral to
and the cerebellum ipsilateral to the side of hand movement
imagined could be achieved. This suggests that persistent
motor imagery training per se might suYce to maintain
reWned access to the motor system, irrespective of the
actual movement component trained. This notion concurs
with the observation that motor imagery training has been
shown to partially reverse abnormalities in central motor
control in SCI patients (Cramer et al. 2007). Such strategies
might therefore constitute a back-door to the motor system
in the context of sensorimotor rehabilitation subsequent to
CNS injury (Johnson-Frey 2004; Sharma et al. 2006; de
Vries and Mulder 2007).

Motor imagery both in healthy controls and in chronic
SCI patients have been associated with some degree of acti-
vation in pre-motor and parietal areas (Binkofski and Seitz
2004; Hotz-Boendermaker et al. 2008), which has been
attributed to increased cognitive demand in the latter. The
lack of activation in these areas in our patient might indi-
cate that these mechanisms loose importance after years of
intensive BCI training. There is also some controversy
regarding the neural substrates of motor learning in the lit-
erature (e.g. Jackson et al. 2003; Floyer-Lea and Matthews
2005). In this context, it also needs to be noted that the sig-
nal change of SMC with covert movement in our patient
was higher compared to overt movement in controls.
Together, this might reXect central plastic changes due to
long-term deeVerentation/deaVerentiation, as also suggested
by the “cerebral hyperactivity” reported in spinal cord-

injured patients for other areas most recently (Hotz-Boend-
ermaker et al. 2008).

However, several limitations also have to be considered
in the interpretation of our Wndings. The unique case pre-
sented cannot be considered representative for the general
population of SCI victims, in particular because it is still
unclear what proportion of patients will both be capable of
reliably eliciting EEG bursts of activity upon imagery of
movement and then also will endure BCI training over
suYciently long time (Wolpaw et al. 2002). Further, the
lack of activation of key components of the motor system
with motor imagery in the healthy controls in our study pro-
hibits a direct comparison between the fMRI activation pat-
terns associated with motor imagery between the patient
and the controls. For a better description of the perfor-
mance of our controls, we lack a motor imagery skill sur-
vey (Sharma et al. 2006; de Vries and Mulder 2007).
Previous studies suggested that SMC activation might be
obtained with imagery in healthy controls after training
(Ehrsson et al. 2003; Hanakawa et al. 2003; Lacourse et al.
2005; de Vries and Mulder 2007). However, consistent
with earlier reports (Gerardin et al. 2000; Alkadhi et al.
2005), we observed only activation of SMA and pre-SMA
with motor imagery in our controls, corroborating that the
subjects were engaged with the task. This also concurs with
a recent high temporal resolution fMRI study using
dynamic causal modeling which not only highlighted the
importance of the SMA for the preparation and execution
of intended movements, but also for suppressing move-
ments that are represented in the motor system but not to be
performed (Kasess et al. 2008).
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