
Introduction

The execution of a simple movement is a process
that involves several independent components, mostly
supported by different neuronal structures (1, 2).
Ideation, choice and execution are the most important
processes involved in the production of a simple vol-
untary act. The organization of brain structures re-
sponsible for movement has been defined as hierarchi-
cal (3). The primary motor cortex is the area where ac-
tions of the superior cortical levels converge, and from

where the descendent motor commands, which re-
quire cortical processing, start, directed to the sub-
cortical areas and to the spinal cord. The premotor
cortical regions are connected with the prefrontal and
posterior parietal cortices through associative fibres. A
fundamental role in the actioning of movement is car-
ried out by the premotor cortex and the supplemen-
tary motor area (SMA), which receives afferences
from the posterior parietal areas and sub-cortical re-
gions, and projects to the motor cortex. The SMA re-
ceives information mainly from the lateral ventral nu-
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cleus of the thalamus, and is also influenced by effer-
ent projections from the globus pallidus. The involve-
ment of SMA in this cortico-thalamic circuit deter-
mines that it plays a primary role in the planning of
motor sequences. The premotor cortex also receives
cerebellar efferent projections via the ventro-lateral
thalamic nucleus. Via its connections with the poste-
rior parietal lobe, the premotor cortex contributes to
processing of sensory signals, and does have a role in
the generation, selection and memory of voluntary
movements of the limbs (1, 4). Because the SMA re-
ceives several projections from the prefrontal cortex
and the basal ganglia, this structure is deamed essen-
tial in the execution of movements based on an inner
decision.

To interpret motor behaviour, some models have
been proposed. It was suggested that after the ideation
of a given movement, information about that move-
ment might be processed by the associative cortex,
which then would send signals to the basal ganglia, in-
volved in the elaboration of the required sequence of
actions, and then to the SMA that would select a spe-
cific movement. The SMA would communicate with
the premotor cortex which then selects the movement
in relation to the external relevant stimulus, and trans-
mits this information to the lateral cerebellum that
prepares the appropriate motor programme. The lat-
eral cerebellum would communicate with the motor
cortex which controls the activation of the necessary
muscles and enables the movement, and gives infor-
mation to the intermediate cerebellum that corrects
and implements the motor programmes necessary for
a given selected action. The somatosensory cortices
would also be connected with the motor cortex and
the intermediate cerebellum and provide functional
support to these latter structures. Finally, the so-
matosensorial cortex would feed back information to
the associative cortex (5). Although in this model the
neural correlates of selection and execution of actions
were clearly defined, the neural regions involved in the
initial movement ideation process were hypothetically
linked with the associative cortex without any experi-
mental evidence pointing to a specific brain area. The
present study aims to clarify whether this particular
aspect of motor ideation is achieved with the support
of specific structures within the associative cortex.

A voluntary movement requires the subjective ex-
perience of decision and intention to act, as well as the
neural control of its execution (5). The schema of an
action is the product of several processes, such as the
definition of the objective, the strategy of behaviour,
the selection of the more efficient response, the plan-
ning and initiation of a movement. A voluntary action
becomes an active behaviour when the brain is able to
match the consequences of that motor action with the
original intention. The brain would use internal motor
representations or internal models to predict the result
of a certain action. The parietal cortex is said to have
a role in the activation and maintenance of these in-
ternal models and the cerebellum would predict the
future effect of the movements (6).

Some neuroimaging studies have shown that seg-
regated brain regions sustain the preparation and exe-
cution of voluntary and involuntary actions. A
Positron Emission Tomography (PET) study showed
that the preparation of a copied hand movement in-
duced a regional cerebral blood flow increment in the
supramarginal gyrus and in the frontal regions (BA
44), whereas its execution resulted in blood flow in-
crease in the right cerebellum and in the basal ganglia
(7). The dorso-lateral prefrontal cortex, the SMA and
the cingulate gyrus seem to be particularly involved in
the preparation of voluntary movements (8). Indeed,
the planning of a prespecified movement activated a
neural circuit which includes the prefrontal cortex, the
anterior cingulate, the premotor and intra-parietal
cortices (4).

The cortical representation of a movement was,
however, different depending on the characteristics of
the motor actions required: more finalised ones, e.g.
those directed to a specific target, were more localized,
whereas more complex actions had a more flexible
representation (5). Roland et al. (9) found an increase
in cerebral blood flow in the contralateral sensorimo-
tor cortex during the execution of a simple motor task,
whereas an increase in blood flow was found in the
SMA, in the bilateral premotor cortex (BA 6) and in
the contralateral sensorimotor regions during a com-
plex motor task.

A movement can be defined as voluntary, when
freely generated by an agent, or prespecified, when de-
pendent on predefined external constraints. The neur-
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al substrates of these two types of motor behaviour are
different. Voluntary actions activate areas involved in
motor and executive functions, such as bilateral pre-
frontal cortex and the rostral portion of the SMA
(10). A functional Magnetic Resonance Imaging (fM-
RI) study showed that freely generated finger move-
ments determined a higher level of activation in the
prefrontal cortex (BA 46) and in the anterior cingulate
(BA 32), than prespecified ones (11). Similarly an in-
crease in blood flow in the premotor cortex, in the pre-
frontal cortex (BA 46/9 and BA 10 and BA 32), in the
SMA and in the superior parietal associative cortex
was observed in a PET study during the execution of
voluntary movements (12). In particular, internally
generated movements produced the highest blood
flow increase in the SMA (8).

Other neuroimaging studies have investigated
the neural substrates of mental imagery for motor be-
haviour. Imagery of the execution of a prespecified
complex movement activated the SMA, and to a less-
er extent the premotor cortex (13). Subsequently it
was also shown that imagining a movement would in-
volve other structures in addition to the SMA, in-
cluding the inferior parietal region (BA 40) bilateral-
ly, the anterior cingulate (BA 24 and 32), premotor
areas (BA 9 and 46), the caudate nucleus bilaterally
and the left cerebellum (14). This study also evi-
denced a dissociation between the areas involved in
the imagery of a movement, such as the SMA and the
cingulate gyrus, and those supporting the execution
of a movement, such as the dorsal parts of the medi-
al and lateral premotor cortex, adjacent cingulate ar-
eas, and rostral parts of the left superior parietal cor-
tex. There is a functional distinction between the ros-
tral and caudal parts of the SMA: the rostral part
plays a role in the imagery of movement, whereas the
caudoventral part supports the actual execution of a
movement. Further studies have observed activation
in the primary motor cortex during the imagery of
movement (15). A further study looked at cerebral ac-
tivation during imagery of a complex prespecified
motor task, its execution and the imagery of a natur-
al landscape. Imagery of a complex prespecified
movement activated the left premotor cortex, inde-
pendently of the hand used, the posterior part of the
precentral gyrus (which includes the primary motor

cortex) and the bilaterally SMA. The execution of
movement activated the precentral gyrus and the
SMA as well, suggesting that these regions are a com-
mon neural substrate involved both in the imagery
and execution of movement (16).

In summary, several studies have shown that a
large neuronal network including the primary motor
cortex, the primary somatosensory cortex, the premo-
tor areas (SMA), the superior parietal lobe is impli-
cated both in movement execution and imagery (17,
18), while the imagery of movement would activate, in
addition to these areas, the medial superior frontal
gyrus, anterior cingulate, precentral sulcus, supramar-
ginal gyrus, fusiform gyrus (19).

Although a large number of imaging studies have
focused on detailing the neural substrates implicated
in several aspects of movement, to our knowledge, no
study has investigated the neural substrate associated
with the ideation of a voluntary movement, distin-
guished from motor imagery. Studies to date have in-
vestigated the neural substrate of executing voluntary
actions, or those supporting the imagery of a prespec-
ified action, but so far none has looked at the ideation
of voluntary movements.

The aim of this study, therefore, was to investi-
gate which brain regions support the ideation of a
simple voluntary action, i.e. moving the right index
finger up or down with functional Magnetic Reso-
nance Imaging (fMRI).

Materials and Methods

Participants

Fifteen healthy participants (10 females and 5
males, all right handed; mean age=37.5, standard de-
viation=13.3, age range=23-58 years; mean educa-
tion=16.4, standard deviation=1.7) took part in this
study. Each participant underwent a detailed clinical
interview to exclude the presence of left-handedness
or manual ambivalence, neurological and psychiatric
pathologies and drug abuse. Each participant gave
written consent to take part in the study. This study
was approved by the joint University and regional
NHS ethics committee.
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Procedure

Each participant was administered an experi-
mental paradigm lasting thirty-five minutes, during
which three experimental conditions were presented:
1. A baseline condition which required the execution
of a simple prespecified movement of the right index
finger up or down as indicated by a written cue which
appeared on screen (‘UP’, ‘DOWN’); 2. An active
condition which required the execution of a simple
voluntary up or down movement of the right index
finger, at the choice of the participant when indicated
by a written cue which appeared on screen (‘NOW’);
3. An active condition in which participants were in-
structed to think about the execution of a simple vol-
untary movement of the right index finger, up or
down at their choice when indicated by a written cue
which appeared on screen (‘NOW’), but not to actu-
ally execute any movement.

Participants were provided with oral and written
instructions about the tasks they were required to do
in the scanner. All baseline and active conditions in-
volved the right index finger only. The instructions
were ‘please move your right index finger as indicat-
ed’, ‘please move your right index finger up or down
when indicated’ and ‘please think about moving your
right index finger up or down when indicated’ for the
baseline and active conditions respectively. Three five
minute runs were carried out. Each run contained
four repetitions of each condition. There were ten tri-
als in each condition, and in each run there were four
repetitions of each condition for a total of 40 trials per
condition per run. Instructions were displayed for
2500 ms, followed by a written cue which remained
on screen for 1500 ms and by an interval of 1000 ms
during which the screen stayed blank. Instructions
were written in black ink on a white screen positioned
in front of the participant and visible from a mirror
located on the head coil. The right hand of the par-
ticipants was strapped onto a polystyrene cast which
had an opening below the index finger so that only an
up/down movement was possible. Movements in oth-
er directions or dimensions were not possible. Partic-
ipants were invited to execute the tasks as soon as
cued and return to the initial position after each
movement. To ensure that participants were comply-

ing with task instructions, an experimenter stayed in
the scanner room to record the participants’ move-
ments.

fMRI method and data analysis

Echo planar imaging was carried out on a GE
1.5T Signa NVi system (TR=2500ms, TE=33ms, flip
angle=90°, voxel size=1.88x1.88x5 mm). One hundred
and twenty sets of 24 contiguous axial images were ac-
quired. A PC drove stimulus presentation with a pur-
pose-devised program written using the software Pre-
sentation for Windows. Stimuli were projected via an
Epson LCD projector onto a screen viewable with a
mirror attached to a standard head coil. A block fM-
RI design was used. Total imaging time, including lo-
calisation and structural 3D T1 weighted image ac-
quisition, was approximately thirty minutes.

Imaging data were analysed using Statistical
Parametric Mapping (SPM) image analysis software
(Wellcome Department of Imaging Neuroscience,
London). Images were re-aligned using the first vol-
ume as reference, spatially normalised to the standard
EPI template available in SPM and normalised im-
ages were then spatially smoothed with an 8 mm full
width at half maximum isotropic Gaussian kernel to
compensate for any residual variability after spatial
normalization. A synthetic haemodynamic response
function (HRF) was used as the reference waveform.
Proportional scaling was applied to remove any with-
in subject difference in blood flow. Image data were
high-pass filtered with a set of discrete cosine basis
functions with a cut-off period of 128 s. Head motion
was not included as a regressor in the first level analy-
ses since the individual movement was less than 2
mm. The signal changes for each voxel were analysed
with predefined contrasts using a one sample t-test.
Contrast images obtained from each participant indi-
vidual data sets were then entered into a random ef-
fect group analysis. Height threshold was set at
p <0.001 corrected. Anatomical regions were identi-
fied using the Talairach Daemon Client (http://ric.
uthscsa.edu/projects/tdc/), following appropriate
conversion of the Montreal Neurological Institute co-
ordinates extracted from the SPM analysis into Taila-
rach coordinates.
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Results

Prespecified movement execution versus voluntary
movement ideation

Cluster of significantly higher activation were
found in the left middle frontal gyrus (BA 6) and thal-
amus, in the right inferior parietal lobule (BA 40) and
substantia nigra, and bilaterally in the post-central
gyrus (BA 2), superior parietal lobule (BA 7) and cere-
bellum (Table 1a and Figure 1).

Voluntary versus prespecified movement execution

A cluster of significantly increased activation was
found in the left cingulate gyrus (BA 32), (Table 1b
and Figure 2).

Voluntary movement ideation versus voluntary
movement execution

Clusters of significantly higher activation were
present in the left inferior (BA 20), middle (BA 21
and 22) and superior (BA 22) temporal gyri and bilat-
erally in the inferior frontal gyrus (BA 47) (Table 1c
and Figure 3).

Discussion

The present fMRI study investigated the neural
substrate which is associated with ideation and execu-
tion of a simple voluntary finger movement of the
right hand. The findings indicate that different struc-

Table 1. Areas of significant activation during a) prespecified movement execution; b) voluntary movement execution; c) ideation of
voluntary movement

Brain area - Brodmann area (BA) L/R BA T Talairach coordinates
x y z

a) Prespecified movement execution
Post-central gyrus L 2 12.48 -48 -30 56

R 2 6.78 48 -28 40

Superior parietal lobule L 7 11.99 -26 -50 64
R 7 6.20 34 -46 58

Middle frontal gyrus L 6 11.62 -6 -8 62

Cerebellum L 5.62 -34 -52 -28
L 4.49 -26 -60 -30
R 9.11 26 -58 -30

8.09 16 -52 -20
7.60 16 -68 -26

Substantia nigra R 4.31 -8 -22 -10

Inferior parietal lobule R 40 5.50 32 -40 52

Thalamus L 7.51 -12 -28 2

b) Voluntary movement execution
Cingulate gyrus L 32 5.01 -6 23 30

4.95 -8 20 43

c) Voluntary movement ideation
Inferior frontal gyrus L 47 8.62 -53 21 -1

-30 21 -16
-40 23 -11

R 47 5.24 44 25 -6

Inferior temporal gyrus L 20 7.23 -50 -1 -29

Middle temporal gyrus L 22 6.66 -63 -33 2
21 6.59 -59 -51 -4

Superior temporal gyrus L 22 4.94 -59 -50 12

05-caffarra:05-caffarra  18-05-2010  14:55  Pagina 25



26 P. Caffarra, S. Gardini, G. Vezzadini, A. Bromiley, A. Venneri

tures are implicated in these tasks. The execution of a
simple prespecified finger movement activated the left
premotor cortex (BA 6), the bilateral primary so-
matosensory cortex (BA 2), the right associative tem-
poro-parieto-occipital cortex (BA 40) and the superi-
or parietal lobule bilaterally (BA 7). This latter is a
structure which has a major role in visuo-motor coor-

dination. Areas of significant increase in activation
were also found in the cerebellum bilaterally, in the
left thalamus and in the right substantia nigra. In line
with the present findings, previous studies of this kind
with human participants have shown activation of a
large network of neural structures, all strongly con-
nected with each other, including the supplementary

Figure 1. Areas of significant activation during the execution of a simple prespecified movement of the right index finger

Figure 2. Area of significant activation in the left anterior cingulate cortex during the execution of a simple voluntary movement of
the right index finger
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motor area (SMA), the somatosensory cortex, the
cerebellum and the thalamus, during the execution of
prespecified movements (1, 2, 7, 20).

Making a choice between two possible alternative
simple movements of the right finger resulted in se-
lective activation in the anterior cingulate cortex (BA
32). This neural structure has been shown to have a
role in the control of attention, in monitoring and res-
olution of conflicts, as in one of the active conditions
in this study that required a choice between two
equivalent alternatives. There is additional evidence
that significantly increased activation in the anterior
cingulate has been detected in motor behaviour and
interference tasks which involved high level of cogni-
tive conflict (21, 22).

Ideation of a simple voluntary finger movement
was associated with increased activation in orbito-
frontal areas bilaterally (BA 47) and in the left inferior,
middle and superior temporal gyri (BA 20, 21 and 22).
The orbito-frontal region of the left hemisphere is
strongly associated with the processing of verbal and
written linguistic material. A few imaging studies have
suggested that this area of the brain plays an important
role in the processing of high-structured stimuli, which
evolve over time, independently from their linguistic
nature (23) and that is also the repository of more gen-
eral semantic conceptual representations (24). Similar-

ly, left temporal structures have also been shown to
have a major involvement in semantic processing, in-
cluding visual semantic representations (24-26). Acti-
vation of these inferior-frontal and temporal structures
specifically in this condition suggests that the process
of ideation of a simple voluntary movement needs sup-
port from a semantically based neural network.

Previous neuroimaging studies of movement
ideation have always asked participants to imagine the
execution of a prespecified simple movement, but
none has asked people to ideate how to execute a
movement of their choice without visualising the ac-
tion, as it was the case in the present research. Those
studies found that several structures associated with
sensory-motor control, such as the SMA, the anterior
cingulate, the premotor cortex, Broca’s area, its ho-
molog in the right hemisphere, and the posterior pari-
etal cortex were involved during imagery of a prespec-
ified movement (13, 14, 24). This network of struc-
tures is strongly implicated also during the preparato-
ry phase of an action (7). Furthermore, a strong over-
lap between the neural areas involved in movement
imagery and its execution was found (16). Activation
of this set of neural structures did not appear in the
condition of ideation of a simple voluntary movement.
There was a substantial difference in the requirements
of the condition used in this study and those of previ-

Figure 3. Areas of significant activation during the ideation of a simple voluntary movement of the right index finger
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ous research in which participants were asked to imag-
ine a prespecified movement as if they were actually
doing it. It has been suggested that mental imagery of
a specific movement requires the retrieval of its men-
tal representation, which is considered by some au-
thors as functionally equivalent to the preparation of
its execution and characterized by activation of a high-
order motor control neural circuit (25).

The process of ideation of a simple voluntary act,
however, appears to be related to a different neuro-
functional substrate. The finding of a prevalent in-
volvement of structures which are primarily associated
with the semantic representational system during vol-
untary movement ideation suggests the existence of an
important link between the generation of a specific
thought involving a movement and the activation of
its related semantic concept. Indeed, ideation of a vol-
untary motor action would not be possible in the ab-
sence of its semantic knowledge.

In conclusion, the present findings showed that
different brain regions were activated during the three
experimental conditions of this study. Execution of a
pre-specified movement activated higher level motor
areas, in line with previous results. The anterior cingu-
late, a structure which has repeatedly been seen active
when situations require resolution of conflict, showed
increased activation in the condition requiring the ex-
ecution of a simple voluntary action, a task that re-
quired the participants to make a choice between two
possible alternatives. Voluntary movement ideation, in
contrast, showed significant activation in a set of
structures which were not seen by other studies, and
these involved frontal and temporal associative areas,
mainly in the left hemisphere, most likely because of
their fundamental role in the planning and retrieval of
semantic knowledge related to a voluntary act.

In summary, these data suggest that the process
of ideation of a voluntary action is achieved by using a
neural route independent from the brain areas respon-
sible for motor behaviour per se, and mainly relies on
semantic and conceptual processes. These findings
provide some empirical support for the model of mo-
tor behaviour proposed by Gazzaniga et al. (5). They
also suggest that the neuroanatomical circuit involved
in movement ideation is located in fronto-temporal
associative regions.
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