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SUMMARY AND CONCLUSIONS

1. Differences in the distribution of relative regional cerebral
blood flow during motor imagery and execution of a joy-stick
movement were investigated in six healthy volunteers with the use
of positron emission tomography (PET). Both tasks were com-
pared with a common baseline condition, motor preparation, and
with each other. Data were analyzed for individual subjects and
for the group, and areas of significant flow differences were related
to anatomy by magnetic resonance imaging (MRI).

2. Imagining movements activated a number of frontal and pari-
etal regions: medial and lateral premotor areas, anterior cingulate
areas, ventral opercular premotor areas, and parts of superior and
inferior parietal areas were all activated bilaterally when compared
with preparation to move.

3. Execution of movements compared with imagining move-
ments led to additional activations of the left primary sensorimotor
cortex and adjacent areas: dorsal parts of the medial and lateral
premotor cortex; adjacent cingulate areas; and rostral parts of the
left superior parietal cortex.

4. Functionally distinct rostral and caudal parts of the posterior
supplementary motor area (operationally defined as the SMA be-
hind the coronal plane at the level of the anterior commissure)
were identified. In the group, the rostral part of posterior SMA
was activated by imagining movements, and a more caudoventral
part was additionally activated during their execution. A similar
dissociation was observed in the cingulate areas. Individual sub-
jects showed that the precise site of these activations varied with
the individual anatomy; however, a constant pattern of preferential
activation within separate but adjacent gyri of the left hemisphere
was preserved.

5. Functionally distinct regions were also observed in the pari-
etal lobe: the caudal part of the superior parietal cortex [medial
Brodmann area (BA) 7] was activated by imagining movements
compared with preparing to execute them, whereas the more rostral
parts of the superior parietal lobe (BA 5), mainly on the left, were
additionally activated by execution of the movements.

6. Within the operculum, three functionally distinct areas were
observed: rostrally, prefrontal areas (BA 44 and 45) were more
active during imagined than executed movements; a ventral premo-
tor area (BA 6) was activated during both imagined and executed
movements; and more caudally in the parietal lobe, an area was
found that was mainly activated by execution, presumably SII.

7. These data suggest that imagined movements can be viewed
as a special form of ‘‘motor behavior’’ that, when compared with
preparing to move, activate areas associated heretofore with selec-
tion of actions and multisensory integration. The neural substrate
of imagining a movement differs from that involved in its execution

most notably by the absence of activation of the primary sensorimo-
tor cortex in the central sulcus and immediately adjacent premotor,
cingulate, and parietal structures.

INTRODUCTION

Mental rehearsal of movement is a common technique
used by musicians and sportsmen to improve their perfor-
mance. Experience and experimental studies suggest that
imagining movements aids motor skill acquisition (Hall et
al. 1992; Yue and Cole 1992). The physiological basis for
this process is not well understood. Motor imagery may be
functionally close to motor preparation. Some authors sug-
gest that imagined movements are closely related to actual
movements and share, at least in part, a common physiologi-
cal substrate (e.g., Kohl and Roenker 1989).

One approach to this question is to use functional imaging
to study the functional anatomy of imagined movements. In
1980, Roland et al. showed that during a motor sequence
task with simple finger movements the contralateral primary
motor and sensory areas and bilateral supplementary motor
area (SMA) were primarily activated. During mental re-
hearsal of the same movement, only SMA was activated. In
a later study Decety et al. (1988) observed additional activa-
tion of cerebellar structures during imaginary execution of
more complex movements. Using functional magnetic reso-
nance imaging (MRI), Rao et al. (1993) have recently
shown that lateral premotor areas can also be involved in
imagining movements. In contrast to those findings, which
excluded the primary motor areas, Lang et al. (1994) have
demonstrated recently that imagining saccades leads also to
activation of precentral gyrus, representing the frontal eye
fields (FEF).

The first aim of our study was to compare motor imagery
with both motor preparation and motor performance. We
were interested to know whether we could observe activity
in medial and lateral premotor and parietal areas over and
above the activity already present during motor preparation.
We chose therefore a well-standardized task, the free selec-
tion of joy-stick movements, which is known to produce
large regional cerebral blood flow (rCBF) changes in SMA
and extensive lateral premotor and parietal areas (Deiber et
al. 1991). This task also allowed us to ask whether areas of
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the brain beyond the primary sensori-motor cortex also show
differences in activity when movements are imagined or
executed.

Second, we were intrigued by our observations in patients
who had suffered brain injury and limb paralysis, but had
recovered motor function. Making movements with the re-
covered limb was associated with activations in areas addi-
tional to those normally activated by motor tasks, namely,
in ventral premotor [Brodmann area (BA) 6] and ventral
rostral parietal (BA 40) areas (Chollet et al. 1991; Weiller
etal. 1992, 1993). We have found similar patterns in patients
with motorneuron disease who performed the same motor
task with the whole limb and in whom activations were
compared with those elicited in normal subjects (Kew et
al. 1993). Because little is known about the human motor
physiology of these ventral premotor and parietal areas, we
were especially interested in their patterns of activation.

METHODS

We studied six healthy male subjects (mean age 47 yr; range
29-66). None had a history, symptoms, or signs of neurological
or psychiatric disease. All were right-handed as measured by a
short questionnaire based on the Edinburgh Medical Research
Council handedness scale (Oldfield 1971; Schachter et al. 1987).
All subjects gave informed written consent. The study was ap-
proved by the Hammersmith Hospital Medical Ethics Committee,
and permission to administer radioactivity was obtained from the
Administration of Radioactive Substances Advisory Committee of
the Department of Health, United Kingdom.

All subjects underwent 12 perfusion scans with positron emis-
sion tomography (PET) over the course of a 3-h session with the
use of radioactive counts as an index of relative rCBF, which is
an indicator of neuronal activity (Raichle et al. 1987). They were
asked to perform one of the following three tasks during each 90-
s scan: execution of a sequence of joy-stick movements; imagined
execution of such a sequence of joy-stick movements; or preparing
to perform one of these movements. The order of the scans was
counterbalanced to control for any order effects.

During the three tasks, movements of the right arm and hand
were monitored visually and with continuous surface electromyo-
graph (EMG) of the right thenar eminence. Direction and ampli-
tude of joy-stick movements were monitored with the use of a
microcomputer. The task was repeated outside the PET scanner in
two subjects to obtain a detailed picture of muscle activity in
each of the three tasks. Seven muscle groups were monitored with
surface EMG: first dorsal interosseus, thenar eminence, flexor dig-
itorum superficialis, extensor digitorum communis superficialis and
biceps on the right side, and the first dorsal interosseus and biceps
on the left. In these experiments subjects performed the three tasks
in the same order as during PET scanning.

1) Execution. During scanning, subjects were asked to perform
sequential joy-stick movements in any of four different directions.
They could choose these directions freely but were asked not to
perform very long sequences of movements in the same direction.
Movements were externally paced at 2 per 3 s by an auditory
stimulus. Subjects used a joy-stick that centered automatically;
they were told to return to this neutral position without delay, so
that they could ‘‘start’’ the next movement as soon as they heard
the next tone. Performance started ~10 s before radiolabeled water
[H,50—a tracer of perfusion; #,,(**0) = 2.1 min] reached the
brain and was continued for 120 s. This starting time was deter-
mined by monitoring the counts registered from the whole head
by the scanner per second.

2) Imagining. Subjects were asked to imagine the same move-
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ments as described above (including the movement back to the
central position) without actually performing them and without
cuing themselves verbally. They had no prior training except for
five or six imagined ‘‘trial movements’’ to help them understand
the task. Again, imagined movements were externally paced at 2
per 3 s and were started ~10 s before the arrival of radioactivity
in the brain. If any muscle activity different from the control state
(see below) was noted on EMG during the first few seconds of
the task, subjects were reminded verbally to imagine and not to
perform the movements. To maximize attention and compliance
with the task, subjects were informed beforehand that they would
be asked at the end of the scan in which direction the last imagined
movement had been made.

3) Motor preparation. Subjects were asked to prepare to move
during the time the scan was performed. To achieve this aim they
were instructed to move once in a direction of their choice, as
quickly as possible, when touched on the right arm. The same
auditory tone was administered at the same rate as in the other two
conditions. Subjects were specifically reminded not to perform or
imagine movements when hearing a tone. They were touched two
or three times during the experimental period, but not during the
scan itself.

Data acquisition

All six subjects had T1 weighted MRI scans (1 Tesla Picker
HPQ Vista system, radiofrequency spoiled volume acquisition, re-
peat time 24 ms, echo time 6 ms, nonselective excitation with a
flip angle of 35° field of view in plane 25 X 25 cm, 192 X
256 in plane matrix with 128 secondary phase encoding steps
oversampled to 256, resolution 1.3 X 1.3 X 1.5 mm, total imaging
time 20 min) to visualize anatomy for comparison with individual
activation maps. The PET scans were performed with the use of
a CTI/Siemens 953B PET scanner (CTI, Knoxville, TN) with
removable septa. The scanner collects data from 16 rings of bis-
muth germanate crystal detectors giving an axial field of view of
10.65 cm. The distribution of cerebral radioactivity was recorded
for 90 s, in 3D mode with scanner interplane septa retracted (Town-
send et al. 1991), after a slow bolus injection of H,"*O through a
venous line in the left arm (Silbersweig et al. 1993). Emission
data were corrected for effects of tissue attenuation by the use of
measurements from a transmission scan (%Ga/%Ge sources),
which was performed before the activation scans. PET data were
reconstructed into 31 planes with the use of a Hanning filter with
a cutoff frequency of 0.5 cycles/s. The resolution of the resulting
images was 8.5 X 85 X 4.3 mm at full-width half-maximum
(FWHM) (Spinks et al. 1992).

In all subjects the field of view included the vertex. As the axial
field of view was restricted to 10.65 cm, the lowest parts of the
frontal and occipital lobe, the lower temporal lobe, and most of
the cerebellum were excluded from the field of view. To ensure
that activations were not reported in areas that were outside the
field of view common to all subjects, no activations were reported
below a z-coordinate of —8 in Talairach space.

Data analysis

Data were analyzed for the group of subjects by intersubject
averaging and also for each individual subject separately. The for-
mer analysis provided information about regional changes in the
distribution of relative blood flow that were common to the mem-
bers of the group. Individual analysis provided information relevant
to investigation of structure-function relationships and their indi-
vidual variability.

For group analysis the MRI scans were all aligned parallel to the
intercommissural line (AC-PC line) and resized into the standard
anatomic space of the atlas of Talairach and Tournoux (1988) with
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TABLE 1.
move as the control condition

Talairach coordinates of maxima of activation for imagined and executed movements compared with preparation to

Imagined Movement Vs. Motor

Executed Movement Vs. Motor

Preparation Preparation
Anatomic Areas Hemisphere x y b4 z-value x y b4 z-value
Anterior SMA L
R 4 12 64 4.6
Posterior SMA and inferior medial wall L 0 -12 60 5.7 -6 -10 68 39
0 -10 52 79
R 0 -12 60 5.7 8 -16 60 5.6
6 -8 52 6.2
Cingulate area L 0 2 48 4.6 -2 -2 40 5.0
-2 —-18 44 6.2
-8 -30 44 48
R 12 -10 36 41
Dorsal lateral premotor area (superior L -16 -10 64 39
frontal gyrus) -12 -26 60 39 -16 -14 60 8.0
-12 -18 56 4.0 —-16 -20 56 7.6
R 16 -16 64 5.6
18 -16 56 6.0
Lateral premotor area (close to lateral L -14 -12 48 5.0 -18 -14 52 6.1
wall of superior frontal gyrus)
R 22 -12 52 38 24 -14 52 5.1
Ventral oprcular premotor area L —44 4 16 49
(venterolateral area 6) -36 4 12 5.7 —40 0 12 5.7
R 46 4 16 42
40 0 12 42 38 0 12 53
Precentral gyrus (laterorostral part) L —40 -10 48 4.7
-40 -10 40 4.0
-32 -16 52 4.0
-36 -18 44 4.7
R 44 -10 44 39
Precentral and postcentral gyrus L =22 =22 68 5.7
-26 -20 64 52
-28 -26 52 10.4
R 26 =32 56 3.8
Superior parietal area (Brodmann area 5) L =30 —44 52 72
R 34 -36 52 4.9
Superior parietal area (Brodmann area 7) L -26 —62 48 3.8 -22 -58 56 5.0
R 24 -56 56 4.6
Precuneus (dorsocaudal Brodmann area 7) L -16 —-62 52 4.6
-16 -72 40 44
R 14 =70 44 4.9 16 -60 52 5.6
16 -66 44 48
Inferior parietal lobe (dorsal area 40) L —28 —44 40 5.2 -32 —44 44 6.8
=22 -54 48 52
=20 =50 36 42
R 34 -38 40 53 28 —48 44 5.6
30 -50 44 4.1 32 -36 40 6.5
36 —48 36 4.0
Inferior parietal lobe (rostral area 40) L —46 -22 32 39 —42 -24 36 7.1
—-46 -32 28 44
R 46 =22 36 45 46 -22 36 6.9
Ventral inferior parietal area (SII) L -44 -14 24 42 -42 -22 20 5.8
R 50 —-18 20 44
Insula L —28 10 4 4.6
R
Cerebellum 4 -52 -4 45

A Bonferroni-like correction for multiple nonindependant comparisons and a threshold of P < 0.05 were used (mean z threshold 3.7). SMA,

supplementary motor area; L, left; R, right.

the use of the same linear and nonlinear algorithms and transforma-
tion matrices as were used for the PET data (see below). The
scans were then averaged, to provide a mean MRI scan in which
there were sufficient details to identify major anatomic landmarks.
The blurring in the mean MRI scan reflects the variability in posi-
tion of anatomic structures for our group of individuals. This aver-
age MRI scan in Talairach space served as a template onto which

the average PET data were overlaid in the group analysis for local-
ization of group activations. This procedure allowed us to report
activated foci in terms of Talairach and Tournoux coordinates as
well as by reference to anatomic structures.

To prepare the PET data for analysis, each scan in a series of
12 recorded from an individual was 1st relocated, with the use of
Automated Image Registration software (AIR) (Woods et al.
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TABLE 2. Talairach coordinates of maxima of activation for actual movement compared with imagined movement as the control
condition and for imagined movement compared with actual movement as a control condition

Left Hemisphere Right Hemisphere
Anatomic Areas x y z z-value x y z z-value
Executed versus imagined movements
Posterior SMA -8 -20 56 5.4
Cingulate area -2 -20 48 6.7 2 -6 44 43
-4 =30 44 47 8 -8 40 3.9
Dorsal lateral premotor area —22 -24 64 6.3 16 —18 64 4.9
-16 -24 60 6.2
Precentral and postcentral gyrus -28 =22 60 7.1 28 =20 60 4.9
—28 —-26 52 9.0 30 -18 56 4.0
-34 -28 44 8.3
Superior parietal area
(Brodmann area 5) -30 —44 52 6.4
Superior parietal area
(Brodmann area 7) -16 —48 48 3.8 16 —-58 52 44
Inferior parietal lobe (dorsal
area 40) 32 -36 48 3.9
Inferior parietal lobe (rostral
area 40) -40 -26 36 5.1 46 =20 32 4.1
Ventral inferior parietal area
(SII) —38 —-22 20 4.9
Thalamus -10 —18 12 3.8
Imagined versus executed movements
Caudal inferior frontal cortex —44 16 12 4.6
Dorsolateral prefrontal cortex —40 30 8 39
Middle temporal lobe -56 —44 —4 5.1

Corrections for multiple nonindependant comparisons and a threshold of P < 0.05 were used (mean z threshold 3.6). SMA, supplementary motor area.

1992), so that all scans were spatially congruent with the 1st
recorded scan. For the group study, mean PET scans of each indi-
vidual were coregistered with their individual MRI to identify the
AC-PC plane (Woods et al. 1993). Then all PET scans were re-
sized, with the use of linear and nonlinear algorithms and additional
information from the MRIS, into the standard anatomic space of
Talairach and Tournoux (Friston et al. 1991a; Watson et al. 1993).

For individual analyses, MRI scans were kept in their original
size to preserve information on the exact anatomy. MRI scans were
reoriented to lie parallel to the AC-PC line. Then PET scans were
coregistered with MRI scans (Woods et al. 1993) to provide a
transformation matrix. This matrix was subsequently used to co-
register statistical maps of significant blood flow change for each
individual with the appropriate MRI scan.

PET images were filtered with the use of a low-pass Gaussian
filter (FWHM 10 X 10 X 12 mm) in 3D to reduce noise and
maximize signal (Friston et al. 1990, 1991a). Maps of condition-
specific average cerebral blood flow were generated with the use
of a pixel-based analysis of covariance (ANCOVA). This proce-
dure uses all the scans from all subjects for each condition and
covaries local pixel blood flow against average blood flow for each
repeated measure over the whole data set. Regression of local on
global flow generates an average pixel blood flow value that is
normalized to an arbitrary relative global flow of 50 ml/100 ml/

min. An estimate of the error variance of the adjusted mean pixel
flow for each condition is obtained by a sum of squares of the data
points from the calculated regression line.

Blood flow changes between the conditions were then assessed
with the use of #-statistics with appropriate weighting of the ad-
justed condition-specific values. The results are presented as sets
of spatially distributed z-values that constitute statistical parametric
maps (SPM{t}), thresholded to a value of P < 0.05 (corrected
for multiple nonindependent comparisons) (Friston et al. 1991b).
SPM {t} maps identify the site of areas of statistically significant
blood flow change occurring as a result of the differences in relative
perfusion between task conditions.

Each individual focus reported represents a significant activation
in its own right. Two foci are always separated by ‘‘subthreshold
valleys.”’” Fox et al. (1986) have shown that differences in position
in subtracted scans as small as 2—3 mm can represent meaningful
physiological differences. As a conservative estimate, we have
chosen to describe two foci as different areas, when the distance
between them was at least 10 mm.

For individual studies, PET data were analyzed identically to
the group data, but separately for each individual. Because only 4
repeated measures, rather than 24, were available for the construc-
tion of each condition-specific mean blood flow map, we restricted
the analysis to those areas that had shown significant activations

FIG. 1.

Group positron emission tomography (PET) for imagined joy-stick movements vs. movement preparation superim-

posed on group magnetic resonance imaging (MRI). MRI slices are orientated parallel to the AC-PC line and shown every
8 mm starting at 4 mm above the AC-PC line. The left of the brain is to the left and anterior at the top. The colored regions
represent areas in which activation results in changes of blood flow that exceed the statistical threshold of P < 0.05 for
multiple nonindependent comparisons. The colors represent different ranges of z-values: green, z > 3.6 and z =< 4; yellow,

z>4and z = 5.5; red, z > 5.5 and = 7; and white, z > 7.

FIG. 2. PET activations of the comparison executed vs. imagined movements superimposed on mean MRI slices parallel

to the AC-PC line (conventions as Fig. 1).
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in the group study. Hence comparisons of these maps were thresh-
olded to a level of P < 0.01 (‘‘omnibus’’ significance) (Friston
et al. 1991b).

Data analysis was performed on Sun SPARC computers (Sun
Microsystems, Mountain View, CA) with the use of ANALYZE
(Mayo Foundation, Rochester, NY) (Robb 1990), MATLAB
(The MathWorks, Natick, MA) and SPM software (MRC CU,
London, UK).

RESULTS
Performance measurements

During all three conditions, subjects rested their arm and
hand on a wooden bench while holding a joy-stick. Even
when subjects were as relaxed as possible, and no move-
ments were visible, some EMG activity was observed in the
first dorsal interosseous muscle and the thenar eminence,
presumably because of extension of the thumb during grip.

The movements of the joy-stick showed similar character-
istics in terms of timing and distribution for all six subjects
with no preference for any given direction. No movements
were registered during preparation, nor with imagined move-
ments.

During the PET scans, surface EMG showed bursts of
activity during all executed movements. In two of the six
subjects, a small degree of muscle activity was observed
during preparation to move. EMG analysis was performed
by visual comparison of the recorded EMG traces and
showed that the amplitude and frequency of EMG activity
were no higher during imagined movements than preparation
of set. More detailed EMG recordings in two subjects outside
the scanner confirmed that increased muscle activity in prox-
imal and distal muscles can be part of preparational set,
especially at the beginning of the scan. During imagined
movements, muscle activity was still higher than at rest, but
considerably lower than during preparation.

Group results

IMAGINED MOVEMENTS COMPARED WITH PREPARATION OF
SET. When imagined movements were compared with mo-
tor preparation, there were significant increases of regional
cerebral blood flow in medial and lateral premotor areas and
in superior and inferior parietal areas bilaterally. Figure 1
gives an overview, showing the thresholded SPM {t} maps
superimposed onto the mean MRI image in Talairach space
(Talairach and Tournoux 1988).

The top two planes in the figure demonstrate activation
in the SMA and in lateral premotor areas (+60 and +52
mm above the AC-PC line; coordinates in Talairach space
are provided for all activated areas in Table 1). Whereas
the SMA covers, by definition, the medial wall of the supe-
rior frontal gyrus, the lateral premotor activations were situ-
ated on the dorsal surface and close to the lateral wall of
the superior frontal gyrus (see Table 1 and Fig. 1). All
activations were behind the AC line. The next two planes
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(+44 and +36 mm) show bilateral activation of the ventro-
lateral part of the precentral gyrus and of the anterior cingu-
late gyrus. Bilateral activations were found in the superior
parietal areas, in BA 7 on the left (+52 mm) and more
posteriorly, in the area of the precuneus, on the right (+44
mm). In the dorsal inferior parietal area close to the interpari-
etal sulcus, activations were prominent in both hemispheres
(+44 and +36 mm; probably dorsal BA 40). A small area
of activation in the rostral part of the inferior parietal lobes
can be seen in planes +36 and +28 mm (rostral BA 40,
close to the postcentral gyrus). Finally, planes +4 to +20
mm demonstrate activations of ventral opercular premotor
areas bilaterally and in the insula on the left side.
EXECUTED COMPARED WITH IMAGINED MOVEMENTS. Execu-
tion of movements led to additional activations of the left
primary sensorimotor area and other closely associated areas
Fig. 2, Table 2). Planes +36 to +60 mm illustrate activation
of the left primary sensorimotor cortex (activation peaks).
The top planes demonstrate also activations of bilateral dor-
sal lateral premotor areas adjacent to the precentral gyrus
(+60 mm) and of a part of the anterior cingulate area and
SMA (+44 and +52 in Fig. 2, +40-48 and +56 in Table
2). Within SMA and anterior cingulate, these areas are lo-
cated more caudally than those activated during imagined
movements (cf. Fig. 1 and Table 1).

In the superior parietal lobes, activations were observed
more rostrally than during imagined movements (BA 5 on
the left side at +52 mm in Fig. 2 and bilateral BA 7 at +48
and +52 in Table 2 and Fig. 2). Additional inferior parietal
activations were seen on the right (presumably dorsal BA
40, +48 in Table 2), whereas more ventral and rostral activa-
tions of the inferior parietal lobe (rostral BA 40) were espe-
cially prominent on the left (+36 mm in Fig. 2, the activation
shown includes activation peaks within BA 40 and the pri-
mary sensorimotor area). Finally, activations of the most
ventral part of the inferior parietal lobe can be seen on plane
+20 mm, with activation of the left thalamus on plane +12
mm (both Fig. 2).

EXECUTION OF MOVEMENTS COMPARED WITH MOTOR PREPA-
RATION. Nearly all the activations described in the above
two comparisons were seen when execution was directly
compared with motor preparation (Table 1, Fig. 3): primary
sensorimotor areas (planes +36 to +60 in Fig. 3), lateral
premotor areas (planes +52 and +60), rostral and caudal
parts of cingulate and medial premotor areas (planes +44
and +52), activations in inferior and superior parietal areas
(planes +36 to +52), and in the operculum (planes +12 and
+20, all Fig. 3). The group of areas activated by imagined
movements forms an ‘‘outer ring’’ surrounding activations
solely associated with the execution of movements. This
“‘ring’’ is especially prominent in the lateral and medial
premotor and in the superior parietal areas (planes +52 and
+60 in Figs. 1-3). In the opercular premotor areas (planes
+12 and +20), in the inferior parietal areas, and in the
precuneus (planes +36 and +44 mm), the loci of activation

FIG. 3.
slices parallel to the AC-PC line (conventions as Fig. 1).

PET activations of the comparison executed movements vs movement preparation superimposed on mean MRI

FIG. 4. Left hemispheric sagittal slices of all 6 subjects, 4—7 mm from the midline. P, precentral gyrus; 1, 1st gyrus
anterior to precentral gyrus; 2, 2nd gyrus anterior to precentral gyrus. The vertical tick (") indicates the position of the central
sulcus, and the anterior line demonstrates the position of the AC line. For further explanations see text.
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are similar for imagined and executed movements but are
more significant (they show higher z-values) and often bilat-
eral during movement execution (Table 1). Finally, Table
1 shows activation of the right side of the upper vermis of
the cerebellum during movement execution.

IMAGINED MOVEMENTS COMPARED WITH EXECUTED MOVE-
MENTS. The comparison between imagined and executed
movements showed three significant foci of activation,
which are shown in Table 2: a ventral part of the dorsolateral
prefrontal cortex (BA 46); caudal inferior frontal cortex
(BA 44); and activations within the middle temporal gyrus.
The activation in the middle temporal lobe shares its coordi-
nates with a strong activation observed when movement
preparation was compared with executed movements.

Results in individual subjects

Analysis of individual data defined the anatomy of acti-
vated areas in more detail and allowed assessment of interin-
dividual variability. These results were of special interest
for the medial wall of the superior frontal gyrus, as subjects
showed variability (Fig. 4) within SMA and cingulate motor
cortex.

In all subjects, we observed one cingulate sulcus, which
had a direct connection to the parietal cortex via the marginal
ramus (Fig. 4). In three subjects the sulcus was continuous
in the left hemisphere; in the other three, there were two or
more segments. In two of the subjects, we found an addi-
tional, nearly continuous second (top) cingulate sulcus in the
left hemisphere. Several segments of such a second cingulate
sulcus were present in three more subjects, and in only one
subject was there solely one cingulate sulcus (all Fig. 4).
Similarly, in the right hemisphere, four of the six subjects
had either segments of, or a complete, ‘‘second’” cingulate
sulcus.

Foci of activation were mainly located in two areas, either
in the dorsal part of the medial wall, or more ventrally, just
above the (top) cingulate sulcus and/or between the two
cingulate sulci. Examples of activations of those two sites
are shown in Figs. 5 and 6 during imagery (fop rows).
Subject 1 showed a dorsal activation, subject 2 a more ventral
activation. As in the group results, the additional foci of
activation during execution of movements were also situated
more posteriorly and ventrally in individuals (bottom rows,
Figs. 5 and 6).

In the anterior-posterior direction the activations on the
medial wall covered the area between the precentral sulcus
(P in Fig. 4) and the AC line. The posterior border was either
the precentral sulcus, or an additional medial ‘‘precentral
sulcus,”” which is sometimes found 1 to 2 cm anterior to the
central sulcus (Ono et al. 1990). In four of the six subjects,
the anterior border of the AC line coincided within a toler-
ance of S mm with another prominent sulcus. In five of the
six subjects, the area in between could be further divided
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TABLE 3. Number of subjects with foci of activity during
imagining and performance of movements versus motor
preparation

Caudal Rostral Rostral or
Posterior SMA Posterior SMA Caudal
Imagining
Left hemisphere
Superior medial
wall 5/6 5/6
Inferior medial
wall/dorsal 1/6 2/6 2/6
cingulate 1/6 6/6
Right hemisphere
Superior medial
wall 2/6 2/6 4/6
Inferior medial
wall/dorsal 1/6 2/6 3/6
cingulate 2/6 3/6
Performance
Left hemisphere
Superior medial
wall 3/6 1/6 4/6
Inferior medial
wall/dorsal 5/6 3/6 6/6
cingulate 6/6 3/6
Right hemisphere
Superior medial
wall 2/6 2/6 2/6
Inferior medial
wall/dorsal 3/6 1/6 3/6
cingulate 5/6 3/6

SMA, supplementary motor area.

into two gyri, marked with the numbers 1 and 2 in Fig. 4.
The dividing sulcus showed a high degree of variability
within the five subjects; in the sixth subject there were two
small sulci, and it was difficult to identify the major one. In
this subject the most anterior gyrus has been marked with
number 2. A similar pattern of two gyri anterior to the pre-
central gyrus, but mainly posterior to the AC line, emerged
for the right hemisphere.

This gyral pattern was the basis for a more detailed de-
scription of the location of activation foci (Table 3). In the
left hemisphere the dorsal part of the second gyrus anterior
to the precentral gyrus was mostly activated during imagery,
whereas the first gyrus, especially its more ventral part,
showed foci of activation mainly during movement execu-
tion (Table 3). If we look at superior and inferior medial
wall activations as a group, all subjects showed a focus of
activation within the second gyrus anterior to the precentral
gyrus during imagery, but only three subjects had a focus
during execution. On the other hand, during execution all
subjects showed an activation focus in the first gyrus anterior
to the precentral gyrus, but only one subject showed activa-

FIG. 5. Sagittal, coronal, and transverse slices of 2 PET comparisons (imagined movements vs. motor preparation and
executed vs. imagined movements) in subject 1. Distances of the slices from the AC line and the transverse and sagittal
midlines are shown. An omnibus correction was used with a threshold of P < 0.01. The color code represents the following
z-values: green, z = 2.8 and z < 3; yellow, z = 3 and z < 4; and red, z = 4 (conventions otherwise are as in Fig. 1).

FIG. 6. Sagittal, coronal, and transverse slices of 2 PET comparisons (imagined movements vs. motor preparation and
executed vs. imagined movements) in a 2nd subject, subject 2 (conventions as in Figs. 1 and 5).
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tion during imagery. This pattern was much less pronounced
in the right hemisphere (Table 3).

The individual results support the group result of a dorso-
caudal activation in the parietal lobe during imagery and
an additional rostral focus of activation during movement
execution. All subjects had foci located in the caudal parts
of the left dorsal parietal lobe during imagery, three showed
bilateral foci (e.g., subject 1, Fig. 5). All six subjects showed
an additional focus of activation during execution versus
preparation in the left parietal lobe on the lateral surface of
the postcentral sulcus or caudal to the postcentral gyrus, but
rostral to the activations observed during imagined move-
ments (e.g., subjects I and 2, Figs. 5 and 6). Three showed
similar foci of activation in the right hemisphere (e.g., sub-
Ject 2, Fig. 6).

In the group result, the precuneus was significantly acti-
vated by imagined movements only on the right (e.g., Fig.
1 and subject 2, Fig. 6). However, three of the subjects also
showed a left hemispheric activation.

Although the significance of group activations is similar
for the superior and inferior parietal lobe, only one-half of
the subjects had clear individual foci of activation in the
inferior parietal lobe during imagined and executed move-
ments. As in the group, these foci were in the dorsal part of
the inferior parietal lobe.

In the area of the central sulci, the group pattern was seen
in four of the six subjects. For example, in subject 1 during
imagined movements, activations in the precentral gyri were
clearly located rostral to the central sulcus. During execution
of movements, additional activations were seen in the post-
central gyrus (presumably BA 3, 2, 1, and 5), as well as in
the depths of the sulcus. In the other two subjects, activations
during imagined movements included not only laterorostral
parts of the precentral area but also pre- and postcentral
activations deep in the sulcus (e.g., subject 2, Fig. 6). There
was, however, a much wider and stronger activation in the
later part of the primary sensorimotor area with movement
execution (e.g., subject 2, Fig. 6).

In the thalamus and in caudal inferior frontal cortex, we
observed a variability of activation pattern that is difficult
to explain a posteriori but that we describe here for complete-
ness. The thalamus was activated in only three of the six
subjects (e.g., subjects 1 and 2, Figs. 5 and 6), and in these
three the locations varied within the thalamus. Relative acti-
vations in Broca’s area were observed when imagining was
compared with execution (Table 2). In five of the six sub-
jects, there was activation of area 44 or area 45 when imagin-
ing and execution were compared. In three of these, however,
the activation was rostral and probably in area 45. Neverthe-
less, the coordinates of the group result clearly implicate
activation of the caudal inferior frontal cortex (BA 44).

DISCUSSION

Planning, initiation, and execution of movements consti-
tute three different aspects of motor performance. In animals
the anatomy and physiology of these different phases has
been studied in detail. The results of these studies suggest
that parietal areas are especially associated with spatial as-
pects of motor planning, whereas the medial and lateral pre-
motor areas are more involved in movement initiation and
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selection, and the primary sensorimotor cortex has its major
role in movement execution (He et al. 1993; Kurata et al.
1988; Passingham 1993). A similar functional division is
assumed in humans, supported by the results of lesion studies
in patients with premotor and parietal lesions (Freund 1991;
Freund and Hummelsheim 1985; Humphrey and Tanji
1991). Lesion studies identify core areas without which the
correct performance of a task is not possible. It is likely
that during normal motor performance many brain areas are
involved, but that the destruction of some of these does not
lead to easily detectable impairment of motor function.

We have tried to activate some of these areas sequentially
by comparing cerebral activity in the brain associated with
each of three components of motor behavior: preparing for,
imagining, and executing movements.

We have a special interest in imagined movements. The
role of imagined rehearsal in learning and training is well
established behaviorally (e.g., Denis 1985; Ryan and Simons
1982), and its effect has been demonstrated quantitatively
for simple finger movements (Yue and Cole 1992). What
is not well known is the functional anatomy of imagined
movements and whether the cerebral areas involved in this
behavior are a subset of those responsible for the actual
execution of movements.

To address these questions, we chose a motor paradigm
that activates the greatest number of movement-associated
cortical areas in man, the free selection of a sequence of
spatially organized movements (Deiber et al. 1991).

Study design

One of the difficulties in studying covert motor behavior,
such as imagining movements, is that no external control is
available to check that subjects perform the tasks or to judge
how well they perform them. Therefore precise instructions
and good cooperation by subjects are of special importance
in such experiments. Some control was provided by the mea-
surements of surface EMG, which monitored for activity in
thenar muscles. We registered no movements of the joy-
stick away from the central position during imagining move-
ments, and the surface EMG indicated that, most of the time,
muscle activity was comparable with that of the rest state.
However, especially at the beginning of scans, subjects could
often not avoid minor muscle activation. However, our con-
trol condition was ‘‘preparation to move’’ and not rest. We
chose preparation to move as the control condition because
we wanted to demonstrate that imagining movements is more
than simply a readiness to move. During this preparational
state, we observed muscle activity especially in proximal
muscles in the two subjects studied in more detail outside
the scanner. In both subjects this muscle activation was
higher than during imagined movements. Our choice of pre-
paratory control had thus two advantages in that it controlled
for small muscle activations during imagining and allowed
us to dissect out an extra component of movement by making
a distinction between preparation and imagery.

Medial premotor activations

One of our main findings is a differential activation of a
more anterior and a more posterior region within the SMA
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during imagining and execution of movements. We know
from previous studies that two areas of the medial wall ante-
rior to and posterior to the AC line can be activated differen-
tially, depending on the exact paradigm (e.g., movement
selection: anterior; repetitive cued movements: posterior)
and on the patient group (e.g., Parkinsonian patients: less
activation in areas anterior to the AC line during freely se-
lected joy-stick movements) (Playford et al. 1992). These
data suggest a functional distinction within SMA with the
AC line serving as a ‘‘border’’ between anterior SMA and
posterior SMA (Passingham 1994). Whereas the anterior
part of SMA is thought to be especially associated with the
selection of movements, the posterior part is more closely
associated with the execution of movements (Passingham
1994).

The findings of our study suggest that there are further
functional divisions in the posterior SMA behind the AC
line. Both group and individual data support the notion that
the more caudal parts are mainly involved in motor execu-
tion, whereas more rostral parts are involved in both imagin-
ing and executing movements. Individual data show prefer-
ential activation of the rostral parts of posterior SMA during
imagined movements. This finding fits well with concepts
of the SMA that suggest that SMA has both ‘‘higher’’ and
““lower’” motor functions (e.g., Wiesendanger and Wiesen-
danger 1984).

When we compared the site of left SMA activations with
anatomy in individuals, we found that the two foci are usu-
ally situated in two adjacent gyri, both of them anterior to
the precentral gyrus but posterior to the AC line. Thus the
functional distinction between a rostral and caudal posterior
SMA is mirrored by an anatomic division into two different
gymn.

Such functional divisions have been reported in monkeys
by Luppino et al. (1991) and by Matsuzaka et al. (1992).
They called the more anterior part of SMA pre-SMA. Func-
tionally, the anterior areas show interesting similarities with
both the rostral area of posterior SMA and with anterior
SMA. 1t is likely that the division between the caudal and
the rostral part of posterior SMA is part of a continuous
transition between caudal areas of the medial wall, closely
related to motor output functions such as muscle force, and
more rostral areas, that are involved in more complex aspects
of motor function.

We also found distinct foci of activation in more dorsal
and more ventral areas of the medial frontal wall. Whereas
motor responses were more closely associated with ventral
activations, imagining movements preferentially activated
the dorsal area. The location of the ventral area varied with
the anatomic variation of the cingulate sulcus in the six
subjects. Two of the six subjects had two cingulate sulci,
and another three had segments of a second. This corre-
sponds with Ono et al.’s (1990) observation of two such
sulci in ~25% of subjects. If only one cingulate sulcus was
seen at the site of activation, then the activation was always
above the sulcus; when two were seen, it often lay in the
medial wall between the two and in an area just above the
top one. The location of the ventral activation foci in relation
to cingulate anatomy is similar to that observed by Paus et
al. (1993). Because of lack of histological evidence in hu-

mans, it is uncertain whether this functional area is a ventral
part of SMA or a dorsal part of the cingulate area.

The pattern of activation foci in the individuals showed
both a posterior/anterior distinction between imagined and
executed movements, and also a difference in ventral/dorsal
location. This would suggest a functional division of the
medial frontal cortex into a ventrocaudal area, closely related
to motor execution and into a dorsorostral area, in this study
preferentially activated by imagining movements. This pat-
tern was restricted to the left hemisphere, which may be due
to the right-handed performance of the tasks.

Parietal activations—visuomotor integration, shifts of
attention, and memory of target coordinates in space

Imagining and executing movements activates the inter-
mediate and caudal parts of the superior parietal lobe (BA
7 including the precuneus). Grafton et al. (1992) have ob-
served activations of the contralateral dorsal parietal cortex
and of the precuneus bilaterally in humans during a cued
intermittent tracking task compared with an uncued one.
They suggested that this area participates in the integration
of spatial attributes during selection of movements. Sergent
et al. (1992) asked musicians to read musical notations and
translate these notations into keyboard performance. They
also observed caudal superior parietal activations and sug-
gested they may reflect the generation of spatial information
for the actual motor performance.

Recent PET studies have also implicated the superior pari-
etal lobule in tasks involving visual vigilance (Pardo et al.
1991), spatial selection, and shifts of attention (Corbetta et
al. 1993). Pardo et al. (1991) reported localized increases
of blood flow in the superior parietal cortex primarily in the
right hemisphere during sustained attention to simple visual
or somatosensory tasks. Corbetta et al. (1993) observed that
superior parietal cortex was more active when attention
shifted during a visuospatial task. The increase of rCBF
we observe in the superior parietal lobe during imagined
movements may, therefore, be associated with visuomotor
integration or with shifts of the direction of attention in
space.

The activation of the intermediate part of the inferior pari-
etal lobule (dorsocaudal part of the supramarginal gyrus)
during motor action and imagery may be related to both
spatial and memory components of the task. Decety et al.
(1992) have demonstrated activations of the most dorsal
part of the inferior parietal lobe when subjects were informed
about a movement in space but had to wait before they
performed the movements. A similar site of activation with
very similar coordinates to ours has been activated by the
delayed performance of movements in space when subjects
had to hold the ‘‘target coordinates’’ in their mind during
scanning (Baker, S., personal communication).

Because subjects had their eyes closed during imagining
and executing movements, there was no ‘‘new’’ visual input,
so subjects had to rely on a priori knowledge of the spatial
dimensions of the required task and the experienced or imag-
ined sensory feedback to perform it correctly. Any form of
visuomotor integration during motor imagery or of shifts of
attention in space would therefore depend on memorized
spatial information.
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Imagined movements and eye movements

The activation of rostral parts of the posterior SMA and
posterior parietal areas during imagined movements raises
the question whether eye movements may have been respon-
sible for many of the activations observed during imagined
movements. Fox et al. (1985) showed more anterior SMA
activations during performance of eye movements compared
with more posterior ones during hand movements. Eye
movements were not recorded directly in our study. How-
ever, we recorded eye movements in six other subjects with
the same experimental paradigm and found that the number
of eye movements were not significantly different during
imagination and execution of the joy-stick movements. The
amplitude of such eye movements, during the first two of
four 90-s imagery trials, was greater than during the move-
ment task. We found no activation of the frontal eye fields, as
defined by the area that is activated, when subjects perform
saccades (Anderson et al. 1994). It is therefore unlikely
that eye movements were responsible for the major effects
observed, although a small contribution from eye movements
to the pattern of activity recorded cannot be excluded.

Frontal activations—initiation and selection of movements

Prefrontal areas, especially BA 9 and 46 in dorsolateral
prefrontal cortex (DLPFC), are known to be involved in the
selection of movements (Frith et al. 1991). Although the
task was externally paced, subjects had to decide in which
direction to move or to imagine moving. Compared with
motor preparation, there was no significant DLPFC activa-
tion during either of the two experimental tasks with spatial
selection. The most likely explanation is that DLPFC is al-
ready activated during preparation to move. This suggestion
is confirmed by results in six subjects who performed a
similar motor imagery task compared with rest and whose
PET scans demonstrated very significant activity in DLPFC
(Ceballos-Baumann, A., personal communication).

Frith et al. (1991) also observed anterior cingulate activa-
tion, 15-25 mm anterior to the AC line, when comparing
willed and instructed action both in a verbal and a sensorimo-
tor task. That result and the results of a word generation
experiment (Petersen et al. 1988) suggest that anterior cingu-
late activity is also associated with response selection and
probably attention. We found no statistically significant acti-
vations in these anterior cingulate areas when we compared
imagining with motor preparation in our study, but there
was clear additional activation in an experiment in which
motor imagery was compared with rest (Ceballos-Baumann,
personal communication).

It is likely that the DLPFC and anterior cingulate are both
activated by preparation to move and by motor imagery. The
PET technique does not allow us to decide whether the same
or different sets of neurons are active during motor prepara-
tion and motor imagery in these areas.

Premotor activations

An important finding is that during imagined movements
there was greater activation of ventral opercular premotor
areas and of the insula than during preparation. We have
previously found a greater and bilateral activation of these
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areas in patients after stroke (Chollet et al. 1991; Weiller et
al. 1992, 1993) and in patients with motorneuron disease
(Kew et al. 1993) than in normal subjects. We therefore
suggested that the recruitment of these additional motor areas
might reflect a mechanism by which the brain adapts to
lesions of the corticospinal outflow (Kew et al. 1993; Weiller
et al. 1993).

In monkeys, movements of all body parts are represented
throughout the insula with upper extremity movements rep-
resented more rostrally than those of the lower extremity
(Showers and Lauer 1961). Using PET, G. R. Fink, R. S. J.
Frackowiak, and R. E. Passingham (unpublished observa-
tions) have demonstrated that in humans the insula and the
ventral opercular premotor area contain somatotopically or-
ganized motor maps. The activation of insula and ventral
premotor areas during imagined and executed movements
confirms that activation of these areas is not unique to pa-
tients with upper or lower motorneuron lesions, but consti-
tutes part of normal physiological processes. The phenome-
non of recruitment in patients may reflect a general pattern
of increased activation of motor areas with increasing de-
mand, both in physiological and pathological conditions.

During imagined movements, further activations were ob-
served in the lateral premotor cortex on the dorsal and lateral
surface of the superior frontal gyrus. Rao et al. (1993) also
observed lateral premotor activations during imagined sim-
ple finger movements. Similar to the medial premotor area,
execution of movements compared with imagined move-
ments led to a greater activation in the caudal part of the
dorsal area of the superior frontal gyrus (Table 2). The
caudal part of the activation was continuous with the activa-
tion in the precentral gyrus. In the monkey several premotor
areas have been described and characterized (e.g., Dum and
Strick 1991). However, in man not much is known about
the physiological significance of the different lateral premo-
tor areas, and their relationship to other motor areas will
have to be addressed in future studies.

Primary sensorimotor areas and motor output

In the group and in most of the subjects, imagery activated
all regions involved in the execution of movements except
the primary sensorimotor areas in the central sulcus, poste-
rior SMA and cingulate cortex, somatosensory cortex, and
parietal area 5. All of these have direct corticospinal connec-
tions and can thereby influence motor execution directly.
But to which aspects of movement are they related? Studies
in monkeys have shown that the majority of neurons with
direct corticospinal connections in BA 4 encode muscle force
and/or change of force (Evarts et al. 1983). A study in
which normal volunteers performed a simple finger press
with different levels of force (Dettmers et al. 1994) gives
similar results. The primary sensorimotor areas, the dorsal
bank of the cingulate gyrus, the ventrocaudal part of SMA,
and the cerebellar vermis all show a correlation between
activation and increasing force. This leads to the conclusion
that those cortical areas that are directly associated with the
development of muscular force are not primarily involved
in motor imagery.

The other region activated only when movements are exe-
cuted is the dorsal rostral parietal area (BA 5). Dettmers et
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al. (1994 ) also observed a correlation between the level of
activation of this part of the parietal lobe and the degree of
applied force. This increase is presumably due to the in-
creased sensory feedback during motor action.

In the group result and in four of the six subjects, we
observed activations during imagined movements on the lat-
eral surface of the precentral gyrus, which is rostrolateral to
the precentral areas involved in force generation (Dettmers
1994). We don’t know whether this area is still part of the
primary motor area or shares functional properties with the
premotor areas situated rostral to the precentral sulcus. It is,
however, known that the primary motor cortex is also in-
volved in processes other than the direct control of muscle
force. Georgopoulos et al. (1993) have shown that popula-
tions of neurons that encode the direction of movement can
also been found in the motor cortex. It is possible that these
neurons could become active during imagined movements
without necessarily changing levels of muscle activity. This
idea would also be compatible with the observation in two
subjects (e.g., subject 2, Fig. 6), who showed clear activa-
tion of primary motor areas in the depth of the central sulcus,
without activation of the more caudal parts of SMA or cingu-
late cortex, during imagined movements.

Imagined movements—a subsystem of motor behavior

By controlling out the ‘‘preparatory component’’ we have
demonstrated areas that are directly concerned with motor
imagery. Because these areas are also involved in the execu-
tion of movements, they can be seen as a subsystem of the
cortical network involved in motor behavior (Table 1).
These results are analogous to observations in the language
sphere by Wise et al. (1991) during a verb generation task
without vocalization, when subjects thought of words with-
out speaking them. They found activation of prefrontal and
premotor areas that they associated with a network involved
in speech production. Similarly, Roland and Friberg (1985)
suggested that part of the network normally activated by
processing of visual information might be activated by visual
imagery.

Motor recovery and motor learning

We began this study because of our interest in recovery
of function after brain injury. Activation patterns in patients
are confounded by poor performance in those with incom-
plete recovery. This study has shown that many brain areas
are activated by motor tasks even when subjects do not
move. Knowledge of these activation patterns should allow
us to investigate and interpret patterns of activation in pa-
tients more easily and rationally.

The results of this study also help to explain why motor
imagery can improve motor performance. There has been
speculation that imagined and actual movements may share
a common physiological substrate (e.g., Kohl and Roenker
1989). We have shown that this is the case.
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NOTE ADDED IN PROOF

A brief communication by Tyszka et al. using functional MR,
published after submission of this article, supports our notion of
distinct foci of activation within the medial wall during imagined
and executed movements (Ann. Neurol. 35: 746-749, 1994).
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