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bstract

The selection of objects in the visual environment is important in everyday life when acting in a goal-directed manner. Here we used functional
agnetic resonance imaging (fMRI) to investigate brain activity while healthy subjects (N = 15) selectively reached to grasp a three-dimensional

3D) target stimulus presented either in isolation or in the presence of 3D non-target stimuli. A pneumatic MRI compatible apparatus was designed
o precisely control the presentation of 3D graspable stimuli within the scanner. During scanning subjects were instructed to reach and grasp
owards a target presented at an unknown location either in isolation or flanked by two distractor objects. Results indicated that reaching towards
nd grasping the target object in the presence of other non-target stimuli was associated with greater activation within the contralateral primary

otor cortex and the precuneus as compared to the execution of reach-to-grasp movements towards the target presented in isolation. We conclude

hat the presence of non-targets evokes a differential level of neural activity within areas responsible for the planning and execution of selective
each-to-grasp movement.

2007 Elsevier Ireland Ltd. All rights reserved.
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problem for neuroscience to solve is how perceptual inputs are
ble to guide actions. For instance, a large body of research has
nvestigated how the hand is directed towards and grasps objects
for a review see 6]. However, in almost all reach-to-grasp stud-
es the experimental environment contains only one object for
ction, whereas the environments within which we act contain
any objects towards which action could be directed. There-

ore, to exercise free choice and control it is essential that the
ystem has the capacity to link action selectively with particular
bjects, a process which has been labelled selection-for-action
1].

Recently, a number of experiments have been reported that

ere specifically designed to look at changes in reach-to-grasp
ovement kinematics when multiple objects were introduced

nto the workspace [for review see 5,23]. In these circumstances

∗ Corresponding author at: Dipartimento di Psicologia Generale, Universitá
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ctions appear to be prepared for all potential target objects. That
s, objects can evoke actions independent of conscious aware-
ess or conscious intention to act. As an example, Tipper et
l. [24] examined transport and grasp kinematics while partici-
ants were instructed to selectively reach to grasp a target object
n the presence of non-target objects. As participants were not
nformed in advance about which of the two stimuli was the tar-
et object, a visual cue was presented to indicate which stimulus
ad to be grasped. Results indicated that the spatial trajectory of
he arm was affected by the presence of the non-target objects.
ccording to these findings, the authors concluded that the pre-

entation of both target and non-target stimuli evoke competing
esponses, and that the inhibitory mechanisms resolving this
ompetition are revealed in the affected spatial trajectory of the
rm. In other words, the irrelevant non-target objects appear to
ompete with the target object for the control of action.

In studies of neuronal activity in non-human primates [14,17],

t has been shown that cells in motor and parietal cortex code
or specific direction of response, firing most when a movement
s planned in that direction and less frequently as the movement
irection deviates from the preferred direction. As such Tipper

mailto:umberto.castiello@unipd.it
dx.doi.org/10.1016/j.neulet.2007.02.033
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t al. [24] proposed that population cells are responsible for the
oding of each of the competing movements with the direction
f each movement being represented as a vector sum of the fir-
ng rates of each population of neurons. Importantly, although
he independent and competing responses code for movements
o locations in different directions, the response processes may
hare overlapping neuronal populations within the motor and
arietal cortices. When the neurons coding for the competing
esponse are inhibited as selection occurs, the neuronal pools
hared by both response processes are affected. Thus, the result
f the non-target response inhibition is an overall biased move-
ent trajectory vector that codes for a movement that veers away

rom the non-target location [16].
By following this line of thought, it is reasonable to assume

hat the neural network underlying reach-to-grasp actions are
ikely to represent more than just the target object for action.
herefore, we predict that implementation of parallel motor pro-
rams when reaching towards a target presented at an unknown
ocation flanked by distractors would result in an increase in
lood oxygenation level dependent (BOLD) signal in contralat-
ral motor and parietal areas concerned with the coding of reach
irection. To date, this question remains largely unexplored in
umans.

To specifically examine this question, in the present study we
ompared brain activity during reach-to-grasp movements to a
ingle target with brain activity during reach-to-grasp move-
ents toward a target presented amongst two other objects. A

isual cue signalled to the participant the to-be-grasped object.
Fifteen healthy adults (7 F, 8 M; aged 18–38 years) were

ecruited for the present study. All subjects had normal vision,
ere right-handed according to the Edinburgh Handedness

nventory [19], and had normal neurological and psychiatric his-
ories. Ethical approval was given by the Ethics Committees of
he Howard Florey Institute and the University of Melbourne.
nformed consent was obtained from all of the subjects before the
esting session in accordance with the declaration of Helsinki.

In order to investigate reach-to-grasp movements towards 3D
timuli a pneumatic apparatus was designed (see Fig. 1). The

pparatus allowed the experimenter to precisely control the pre-
entation of the 3D stimulus objects. The stimuli consisted of 3
ed balls (each 15 mm in diameter) that were encased within 3
arrels (37 mm in diameter and 228 mm in length) which were in

w
r
t
t

Fig. 1. Diagramatic representation (left panel) and photograph (ri
Letters 417 (2007) 171–175

urn situated behind a plastic mounting panel. Distances between
he barrels carrying the stimuli were as follows: 114 mm between
he middle and right barrels; 114 mm between the middle and
eft barrels; and 200 mm between the left and right barrels. The

iddle barrel was vertically offset 52 mm below the left and
ight barrels. Above each of the barrels was a green fibre-optic
ight. The face of the apparatus was mounted on an arch of plastic
nd placed over the subject’s body around the upper thigh region.
uch location allowed for a comfortable reach toward the stimuli
nd proper vision of the stimuli. Each barrel was attached to an
m length of pneumatic tubing and all 3 lengths of tubing were
onnected to a computerised control system which regulated
ompressed medical air supply (maximum pressure 137 kPa) to
he apparatus.

The apparatus worked as follows: the balls extended out of
he barrels on the end of pneumatic pistons allowing the balls
o be grasped using a precision grip consisting of the opposi-
ion between the index finger and the thumb of the right hand.
he pistons were spring-loaded so that after each action was
erformed the balls retracted into the barrels. At the end of the
arrels there was a soft plastic frayed curtain which was closed
hen the piston was inside. When activated the pistons pushed

he curtain away. Therefore, participants could not see the stimuli
hen inside the barrels.
The tasks in this study consisted of reach-to-grasp actions

owards a designated target stimulus using only the right-hand
humb and index finger (see Fig. 1). Subjects were told prior to
he start of the practice session that combinations of one or three
alls would be presented. A fibre-optic light then cued the target
all and indicated subjects to reach towards and grasp the cued
tem.

There were two experimental conditions: (1) three-objects
ondition—in which all three balls appeared for 250 ms. The
ue light then indicated the target ball (the other two balls
emained extended as task-irrelevant objects) and subjects
eached-to-grasp the target ball. Therefore, in this condition
ctions may be prepared to all candidate target objects prior to
he cue to respond; (2) one object-three locations condition—in

hich one ball appeared at any of the three locations (left,

ight or middle) for 250 ms. The cue light then indicated the
arget location and served for subjects as a starting signal as
o initiate the movement toward the target ball. The sequence

ght panel) of the pneumatic apparatus (with fiberoptic cue).
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f the target location was randomised within condition periods
nd the likelihood of the target appearing at any of the three
ocations was equal. For both conditions each trial involved
50 ms of viewing objects for action, followed by 1000 ms
or reach-to-grasp, followed by stimuli retracting into their
espective barrels creating a blank display for 250 ms.

The functional scans were acquired using a 1.5 T GE scanner
Echospeed, Waukesha, Wisconsin) with echo planar imaging
TR = 3500 ms, TE = 40 ms, FA = 60◦, matrix = 64 × 64). Fif-
een contiguous 7 mm thick transaxial slices with a 260 mm
eld of view (FOV) were obtained, yielding a voxel size of
mm × 4 mm × 7 mm. With 29 whole brain EPI functional
olumes acquired for each experimental run a total of 256 vol-
mes (eight runs) were obtained for each subject. To minimise
elaxation artefacts the first two volumes of each run were dis-
arded. Prior to functional imaging, a high-resolution 3D FAST
poiled gradient echo T1 weighted image with an inversion time
f 300 ms (FOV = 260 mm, FA = 25◦, matrix = 256 × 256, 128
lices, 1.5 mm slice thickness, IR prep SPGR) was acquired in
he sagittal plane.

We had two blocks corresponding to our experimental condi-
ions each lasting 10.5 s (3 TRs); the experimental blocks were
eparated by rest blocks of the same duration. Each run started
nd ended with a rest block and included two repetitions of each
f the experimental block. The order of presentation of each
xperimental block was randomised within runs. All subjects
ere given a practice run that included at least two blocks of

rials for each condition. In addition, all subjects were video-
aped performing the task. Each videotape was later monitored
o determine the accuracy of the response for each trial. All sub-
ects performed the task adequately (no mistakes) and so all data
as included for analysis. Explicit instructions were given to not
ake a response until the target was cued.
Scans were pre-processed using SPM99 (Wellcome Depart-

ent of Cognitive Neurology) by spatial realignment with
eference to the first scan, and by normalization to the stan-

ard space defined by the Montreal Neurological Institute (MNI)
emplate. Lastly, an 8 mm full-width at half-maximum isotropic
aussian kernel was applied to spatially smooth all volumes. A
igh-pass temporal filter was also applied to the time series.

t
T
m
f

able 1
natomical description, MNI coordinates, probabilistic cytoarchitecture [9], and s

ondition’ > ‘one object-three locations condition’

rea Probabilistic cytoarchitecture

rontal cortex
Left precentral gyrus (motor cortex) Area 6 (50%)

Area 4a (40%)
Area 3b (20%)

rimary somatosensory cortex
Fundus of the central sulcus Area 3a (100%)

Area 4p (20%)

arietal cortex
Right postcentral gyrus Area 2 (70%)
Left precuneus

isual cortex
Left fusiform gyrus
Letters 417 (2007) 171–175 173

A random effects analysis was conducted on the data. The
wo experimental conditions (‘three-objects’ and ‘one object-
hree locations’ conditions) were modelled as two separate event
ypes. Regressors were defined based on the timing of pre-
entation of each condition block, and these functions were
onvolved with a canonical, synthetic haemodynamic response
unction (HRF) in order to produce the individual models. For
ach participant, all regressors were incorporated into general
inear models (GLM) together with six regressors of no inter-
st comprising the estimated head-motion calculated during
he realignment stage of the preprocessing. This was done in
rder to model residual effects due to head-motion. Individual
odels were separately estimated and the contrast of interest

‘three-objects’ condition > ‘one object-three locations’ condi-
ion) was defined for each model. These contrasts were then
ntered into second-order random-effects analyses (one sam-
le t-tests). Areas of significant activation associated with the
ontrast of interest were identified for the false discovery rate
FDR) [13] corrected p-value smaller than 0.05. Group activa-
ion results from the random effects analyses were overlaid onto
he canonical brain of the Montreal Neurological Institute (MNI)
eries.

To specifically determine whether there was a different level
f activation for key areas when action may be prepared to all
andidate target objects, we compared the three-objects con-
ition with the one object-three locations condition. Table 1
nd Fig. 2 indicate regions that showed a significant difference
n the BOLD contrast signal when these two conditions were
ompared.

The results showed an increased level of activation within
he left pre-central gyrus (primary motor cortex, M1, Fig. 2A)
nd the left precuneus (PCu, Fig. 2B). The M1 result fits with
he concept of directional vector coding in cell populations [14].
n the present study, all objects were presumably attended with
he knowledge that a reach-to-grasp response will shortly be
equired. For all possible responses the requested reach trajec-

ories were very different: one left, one central, and one right.
herefore, specific direction sensitive populations of reach cells
ight start to fire for each object. Parallel processing of stimuli

or action, inducing multiple vectors coding for target and non-

tatistical details for the activations resulting from the contrast ‘three-objects

Peak Z value MNI coordinates: (x, y, z) mm

4.15 −28 −28 62

4.12 34 −22 40

4.80 28 −48 62
4.36 −12 −58 50

4.23 −28 −62 −8
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arget stimuli within the motor cortex, may have determined the
ifferential level of activation.

The region of the parietal cortex responsive to the presence
f non-target objects was the precuneus (PCu). Given similarity
n sulcal landmarks the PCu has been suggested as a putative
omologue of the monkey parietal reach reaching area (PRR)
2,8,11,12,22]. This area has been shown to be active during
reparation and execution of arm movements and projects to a
egion of the dorsal premotor cortex that is also involved in the
oding of reaching movements [10,21]. Moreover, neurons in
his region show activity that is correlated with the direction of
he movement the animal intends to make.

We also found right postcentral gyrus activation. This activa-
ion may fit, in terms of stereotaxic coordinates, with the medial
ntraparietal area (mIPS) reported by Prado et al. [20]. In their
tudy this area was activated during a reaching task to a target
ndependent from its location. Here, we add to this literature,
howing that in the human brain activity in this region is mod-
lated by the presence of non-target objects eliciting a reaching
esponse.

Reach-to-grasp related activity in our study was different
hen actions were performed in the presence of non-target
bjects and when the initial target location was unknown com-
ared with reaching to a single target. Noticeably these results
einforce the notion of functional homology between mon-
eys and humans. In the non-human primates, Calton et al. [3]
eported neurophysiological data of greater preparatory activity
ithin parieto-occipital areas when monkeys were instructed to
repare a reach when the target location was unknown.

Consistent with previous behavioural studies [4,24] these
esults show that there is specialised neural processing for select-
ng targets amongst non-target objects. Tipper et al. [24] have
lready shown that the presence of distractors interferes with
each trajectories to target objects. The current paradigm is sim-
lar to Tipper’s in two ways: target location was unknown and the
ubjects were instructed to perform the action quickly. Further,
inematic analyses of the responses obtained in a situation sim-

lar to that used in the present experiment [7,24] show distractor
nterference on the temporal dynamics of the reach-to-grasp. In
articular, the presence of the distractor produced an increase in
ovement duration, delayed peaks of velocity and acceleration f
cts condition’ > ‘one object-three locations condition’ contrast (FDR corrected
cuneus (B) and the fundus of the central sulcus (C, right primary somatosensory

ogether with an effect on the time and extent at which the point
f maximum spatial trajectories deviation occurred. Thus, previ-
us behavioural evidence and the brain imaging data presented
ere seem to converge demonstrating parallel processing of tar-
et and distractors. Such processing becomes evident through
he automatic parallel activation of their associated responses.
his seems to occur without the subjects’ intention to act upon

he task irrelevant stimuli [18], or even conscious awareness
25].

A final point is concerned with an unexpected activation
ithin the right primary sensory cortex (SI, Fig. 2C and Table 1)
ith its cluster extending deeply into the central sulcus dur-

ng the task in which non-target objects were presented. We
re inclined to suggest that this activation may be indicative of
ranscallosal inhibition from the contralateral SI, coupled with
ensory suppression [15].1 If M1 prepares three movements,
ne might imagine greater sensory suppression effects within
he contralateral SI. Consistent with our data no significant acti-
ation was found within the contralateral SI when comparing
he three objects versus the one object condition.

In summary, this is the first neuroimaging study to show
ifferential activity in M1 and in a region of the posterior
arietal cortex (that appears homologous with monkey PRR)
uring reach-to-grasp movements towards a target stimulus in
he presence of non-target objects as compared to reach-to-grasp

ovements performed towards a single stimulus. The present
ata represent a step forward in localizing and characterizing
he brain areas within which the process of selection for a
oal-directed action occurs. However, further studies should be
esigned as to allow the distinction between brain areas involved
n parallel response programming from areas involved in the
election between parallel programs.
1 We thank an anonymous reviewer for suggesting this possible explanation
or the right SI activation
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