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Background. Neurophysiological studies showed that in macaques, grasp-related sensorimotor transformations are
accomplished in a circuit connecting the anterior intraparietal sulcus (area AIP) with premotor area F5. Single unit recordings
of macaque indicate that activity of neurons in this circuit is not simply linked to any particular object. Instead, responses
correspond to the final hand configuration used to grasp the object. Although a human homologue of such a circuit has been
identified, its role in planning and controlling different grasp configurations has not been decisively shown. We used
functional magnetic resonance imaging to explicitly test whether activity within this network varies depending on the
congruency between the adopted grasp and the grasp called by the stimulus. Methodology /Principal Findings. Subjects
were requested to reach towards and grasp a small or a large stimulus naturally (i.e., precision grip, involving the opposition of
index finger and thumb, for a small size stimulus and a whole hand grasp for a larger stimulus) or with an constrained grasp
(i.e., a precision grip for a large stimulus and a whole hand grasp for a small stimulus). The human anterior intraparietal sulcus
(hAIPS) was more active for precise grasping than for whole hand grasp independently of stimulus size. Conversely, both the
dorsal premotor cortex (dPMC) and the primary motor cortex (M1) were modulated by the relationship between the type of
grasp that was adopted and the size of the stimulus. Conclusions/Significance. The demonstration that activity within the
hAIPS is modulated according to different types of grasp, together with the evidence in humans that the dorsal premotor
cortex is involved in grasp planning and execution offers a substantial contribution to the current debate about the neural
substrates of visuomotor grasp in humans.
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appropriate for their intrinsic attributes (e.g., size). The AIP-F5
network can then use the physical object properties to select the
suitable motor schema according to the goal of the action [9].
An important feature of this network is that different neuronal
populations code for specific types of hand shaping such as WHG
and PG-the most represented type-characterized by the opposition
of the thumb to the index finger. Furthermore there is specificity for
different finger configurations, even within the same grip type [4].
Many neuroimaging studies have explored in humans the

INTRODUCTION

The highly developed ability of the hand to grasp and manipulate
objects under precise visual control is one of the key features of the
human motor system. The skilled use of the hand is fundamental
to the technological, social and cultural progress of the human
species [1-3]. The study of grasping was advanced by Napier’s
landmark work on precision and power grips [3]. According to
Napier [3] there are only two main prehensile patterns, namely
precision and power grips. The power grip (termed here as whole

hand grasp; WHG) is a palmar opposition grasp in which all digits
are flexed around the object to provide high stability. The
precision grip (PG) has developed in primates for the manipulation
of small objects with the tips of the thumb and fingers.

In recent years, there have been significant advances in our
understanding of the neural mechanisms underlying the trans-
formation of visual information about an object in the outside
world into motor commands that allow the hand to be shaped for
efficient grasp of the object. The huge variation in the shape, size
and texture of the objects we must daily interact in a skillful and
precise manner demands that this transformation provides a highly
specific and selective matching of the object’s properties to the
motor commands for grasp and manipulation.

An important step forward in understanding how the brain
controls grasp comes from the studies in which single neurons were
recorded during naturalistic reach-to-grasp actions [4-8]. These
studies showed that in macaques, grasp-related sensorimotor
transformations are accomplished in a circuit connecting the
anterior-most region within the lateral bank of the intraparietal
sulcus (arca AIP) with the ventral premotor area F5. It is
postulated that AIP may furnish area F5 with visual signals of
objects to aid in the selection of grasp configurations that are
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existence of a cortical grasping circuit similar to that described in
monkeys [see 10,11 for a review] revealing activation within the
putative homolog of macaque areas AIP and F5 [12,16-18,19-
21]. However, although they contribute noticeably to our
understanding of the neural circuit underlying grasping in
humans, they leave open the question of whether such circuit in
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humans has a special role in the coding of grasp type. Some studies
varied the size and shape of the objects, but subjects were
requested to reach towards and grasp the object by using a PG in
all cases [12-15]. Other studies, asked subjects to perform non-
visually-guided isometric grip tasks [16-18] which were not
comparable to the above mentioned studies and to the reach-to-
grasp tasks used with monkeys. One study in our lab considered
reach to grasp movements towards objects differing in size, and
subjects were not instructed on how to grasp the object [19]. This
brought to the execution of a natural PG movements for small
objects and a natural WHG for large objects. Significant activity
was detected within hAIP for PG but not for WHG movements.
Although suggestive of differential activity within a key grasping
area depending on the type of performed grasp, the different
pattern of activation for the two types of grasp could have arisen
from the different size of the stimuli and not from the diverse
posture assumed by the hand. Indeed, physiological studies have
reported a subset of neurons within AIP that respond to the visual
presentation of 3D objects in the absence of action [5-7]. The
critical manipulation appears to be the use of the same object
while instructing the subjects to use different grips.

Therefore, we studied the kinematics and the fMRI activation
pattern in right handed humans during the performance of
a reach-to-grasp movement towards stimuli affording different
types of grasp in ‘natural’ and ‘constrained’ conditions. For the
natural grasp conditions subjects used a PG for the small stimulus
and a WHG for a large stimulus. These conditions were termed
respectively “PGS” and “WHGL” (Fig. 1). These natural
conditions were compared with ‘constrained’ grasp conditions in
which, irrespective of the size of the stimulus, the subject was
instructed to consistently use either a PG or a WHG. These
conditions were named “WHGS” and “PGL”, respectively

(Fig. 1).
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We also performed a kinematic experiment to examine whether
the stimuli used for the fMRI experiment were able to elicit
differential kinematic patterning for PG and WHG [22], and
whether such a pattern was modified when the subjects were
constrained in the use of a type of grasp which was incongruent
with respect to the to-be-grasped stimulus.

We took advantage of evidence from single unit recordings in
monkeys [4,23] to address two critical questions: (i) whether varying
hand conformation within the same class of grasp according to
different types of grasp (e.g., PG and WHG) requires similar
visuomotor transformations; and (ii) whether central mechanisms for
the guidance of grasping are sensitive either to object size, type of
grasp or the match between type of grasp and stimulus size (e.g.,
WHGS). Although our previous study [19] suggested that only
precise grasping movements directed towards small stimuli signifi-
cantly drive activity within hAIP, it is quite possible that hAIP may
be also specialized for 3D object processing, regardless the nature of
the task and/or that hAIP may be specialized for precise grasping
movements independently from stimulus size. Therefore comparing
brain activity for natural and constrained grasps towards the same
stimulus provides an ideal opportunity to understand the functional
contribution of relevant key areas for grasping.

MATERIALS AND METHODS

Functional MRI

Subjects Nineteen healthy subjects (12 female and 7 male; age
range: 19-30 years) participated in the experiment. They were all
right-handed as measured by the Edinburgh Handedness
Inventory [24] and they had no neurological or psychiatric
history, or any motor pathology; vision acuity was normal or
corrected-to-normal. All gave informed written consent before
entering the scanner room. The study was approved by the

Constrained WHG

Natural WHG
(WHGL)

(PGS)

(PGL) (WHGS)

Reaching small Reaching large
(RS) (RL)

Figure 1. Stimuli and experimental design. Subjects viewed one of the two stimuli and performed three different tasks. In the PG tasks (PGS and
PGL), they grasped the stimulus with a PG; in the WHG tasks (WHGL and WHGS), they grasped the stimulus with a WHG; in the reaching tasks (RS and
RL), they touched the stimulus the knuckles, with the hand closed like in a fist. Subjects were informed about the movement to perform (PG, WHG or
reaching) with a sound delivered through headphones. All actions had to be performed with the right hand. Stimulus dimension was randomized
across and within subjects.

doi:10.1371/journal.pone.0001108.g001
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University of Padua Ethics Committee. Three subjects were not
included in the analysis due to the presence of strong head motion.

Apparatus The goal-directed actions were performed by the
use of a grasping apparatus, a metal-free rotating table mounted
on a plexiglass structure which allows the presentation of real 3D
stimuli. The grasping apparatus could be rotated to each of the
two faces, upon which the stimuli were attached, between trials.
The experiment was conducted within an illuminated room.
During the experiment, the subjects lay supine within the magnet
with the head tilted at an angle (~30 deg) and supported with
a foam wedge, that permitted direct viewing of the stimuli without
mirrors. Such direct viewing avoids introducing additional
transformations required by mirror-viewing [14,25]. The
grasping apparatus was placed approximately 15 cm above the
subject’s pelvis in order to present the stimuli at a comfortable and
natural grasping distance without the need for shoulder
movements. In order to maintain constant the hand starting
position constant across subjects and trials subjects wore a metal-
free belt upon which a pad was attached. The hand was in
a relaxed position laying with the palm upon the pad.

Stimuli The stimuli consisted of two spherical plastic objects of

different dimensions (small stimulus: 3 cm diameter; large stimulus:
6 cm diameter). We used a regular geometric shape rather than
functional objects (i) for comparability with macaque neurophysio-
logy studies [26,27] and (i) to examine grasping in a general manner
rather than the left-hemisphere network specialized for functional
objects such as tools [28]. Care was taken to chose a stimulus
dimension which elicited two different types of grasp: PG and WHG.
We confined our investigation to these two types of grasp for two
main reasons: (i) according to Napier [3,29] PG and WHG have to be
considered as the two main types of grasp from which other grasps
can be derived; (ii) neurophysiogical studies have clearly identified
distinct neuronal populations subserving these two types of grasp [4].
All subjects naturally adopted a PG to grasp the small stimulus and
a WHG to grasp the large stimulus.

Task procedures Subjects were requested to perform three
different actions towards either the small or the large stimulus (Fig. 1):
(i) grasping the stimulus independently from its size with a PG; (ii)
grasping the stimulus independently from its size with a WHG; (ii)
reaching the stimulus and touch it with the knuckles of the hand,
maintaining it in a closed fist (the fist posture was similar for both
small and large objects) (Fig. 1). This type of reaching action was
chosen as to minimize distal involvement. Subjects were instructed to
unfold the action at a natural speed and were informed about the
type of movement to perform through a sound delivered by
pneumatic MR-compatible headphones: (i) PG -low tone (duration:
200 ms; frequency: 1,7 kHz); (ii) WHG-high tone (duration: 200 ms;
frequency: 210 Hz:); Reaching-a double tone was delivered (two
tones of 70 ms duration: 445Hz, staggered by a 60 ms silence).
Subjects were specifically instructed to start their action toward the
stimulus only when the sound was delivered.

From the control cabin beside the scanner room it was possible
to monitor the person inside the scanner through a glass.
Therefore it was possible to control whether the subjects
responded to the sounds and whether they were performing the
action corresponding to the presented tone. Trials in which
subjects did not grasp or reach the object appropriately and/or the
movement started before the presentation of the sound were
discarded and they were not included in the analysis.

Experimental design The experiment was conducted by
using an event-related design. Inter Stimulus Interval (ISI) varied
from 3 to 8seconds with a ‘long exponential’ probability
distribution [30]. ISIs distribution was fully randomized across
trials in each run for each subject. Action towards the stimulus
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(PG, WHG or reaching) and stimulus dimension (small or large)
were manipulated as to create six different conditions (Fig. 1): 1,
“Natural PG towards the small object” (PGS); 2, “Constrained PG
towards a large object” (PGL); 3, “Natural WHG towards a large
object” (WHGL); 4) “Constrained WHG towards a small object
(WHGS); 5)“Reaching towards a small object” (RS); 6) “Reaching
towards a large object” (RL). A total of 360 trials was administered
(60 trials per condition) in a randomized order. Trials were divided
in 4 runs of 90 trials each, with a short rest between runs.

Imaging parameters Images were acquired with a whole-
body 3 T scanner (Siemens Magnetom Trio, TIM system) equipped
with a standard Siemens 12 channels coil. Functional images were
acquired with a gradient-echo, echo-planar (EPI) T2*-weighted
sequence in order to measure blood oxygenation level-dependent
(BOLD) contrast throughout the whole brain (47 contiguous axial
slices acquired with descending interleaved sequence, 64 x64 voxels,
3.3%3.3x3 mm resolution, FOV = 210x210 mm?, flip angle =90°,
TE = 30 ms). Volumes were acquired continuously with a repetition
time (TR) of 3 s; 117 volumes were collected in each single scanning
run (5:51 minutes; 4 scanning runs in total). High-resolution T1-
weighted images were acquired for each subject (3D MP-RAGE,
176 axial slices, data matrix 256x256, 1 mm isotropic voxels,
TR =1859 ms, TE = 3.14 ms, flip angle =22°).

Data analysis Data analysis was performed using the software
package SPM5 (Wellcome Department of Imaging Neuroscience,
University College of London, UK-http://www.fil.ion.ucl.ac.uk/
spm). The first four scans for each session were excluded from data
analysis because of the non-equilibrium state of magnetization. For
each subject, images underwent motion correction and unwarping,
and each volume was realigned to the first volume in the series. The
mean of all functional images was then co-registered to the
anatomical scan, previously corrected for intensity inhomogene-
ities. EPI images were then normalized adopting the MNI152
template, supplied by the Montreal Neurological Institute (http://
www.mnimcgill.ca/) and distributed with the software SPM.
Finally, images were smoothed using a 6.6x6.6x6 mm FWHM
3D Gaussian kernel (twice the native voxel size). High-pass filtering
was also applied to remove low-frequency drifts in signal.

At the first level, for each single subject the different types of
action corresponding to the six experimental conditions (PGS,
PGL, WHGL, WHGS, RS and RL, see Fig. 1) were modelled as
separate event types (duration: 2 s). Regressors were defined on
the timing of presentation of each experimental condition, and
these functions were convolved with a canonical, synthetic HRF
(haemodynamic response function) and its first-order temporal
derivative in order to produce the individual models [31]. Errors
(incorrect actions) were modelled as a seventh condition of no
mterest. For each subject, all regressors were incorporated into
General Linear Models [GLM-32], and motion correction
parameters created during the realignment stage, were included
in the analysis as a covariate of no interest. This was done in order
to model residual effects due to head motion. Individual models
were separately estimated and contrasts were defined in order to
pick out the main effects of each experimental condition. Then for
each subject the reaching related activation was subtracted from
the correspondent reach-to-grasp related activation. This pro-
cedure, which has been adopted in several previous neuroimaging
studies on grasping [13,15] allows for the detection and isolation of
activations confined to hand shaping. The subtraction was applied
to all four grasping conditions (PGS-RS; PGL-RL; WHGS-RS;
WHGL-RL) for each subject and the resulting contrasts were then
entered into a second level analysis in which subjects served as
a random effect. The resulting SPM{¢} maps reflected areas in
which variance related to the experimental manipulation was
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captured by the HRF adopted in the GLM. Clusters were reported
only if surviving a threshold of p<.05 (FWE-corrected for multiple
comparisons). Coordinates of the resulting significant activations
were converted to the Talairach reference space [33] using the
nonlinear transformation procedure developed by Dr. Matthew
Brett (mni2tal, available at http.//www.mrc-cbu.cam.ac.uk/Im-
aging/Common). To localize activations we used the Talairach
Daemon database implemented in the brain atlas developed by
the Neurology University Hospital of Muenster (available at
http://www.neuro03.unimuenster.de/ger/t2tconv/index.html)
and the Duvernoy atlas [34]. Further, the SPM Anatomy Toolbox
[35] based on three-dimensional probabilistic cytoarchitectonic
maps was used to determine the probability associated with
activity peaks revealed by the random effects analysis: all the
detected activations were associated with a probability value equal
or greater than 50% within the respective cytoarchitectonic map
(motor, premotor and somatosensory cortices) [36-37].

RESULTS

To test our specific experimental hypotheses we performed three
planned contrasts: (i) in order to assess whether there was
a differential level of activity depending on the size of the stimulus
we compared activity for the ‘small’ stimulus versus activity for the
‘large’ stimulus independently from type of grasp; (i) in order to
explore whether there was a differential level of activity depending
on grasp type we compared activity for PG versus activity for
WHG independently from stimulus size; and (iil) to ascertain the
level of congruency between the stimulus and the grasping schema
produced differential activation patterns, brain activity for natural
and constrained grasps was compared.

2

Contrast estimate at:

SMALL

Natural and Constrained Grasp

Activity related to object size

The contrast comparing activity for the small sized object with
activity for the large sized object independently from type of grasp
[(PGS+WHGS)>(PGL+WHGL)] did not reveal any significant
difference in activity. Similarly, the opposite contrast comparing
activity for the large sized object with activity for the small sized
object independently from type of grasp [PGL+WHGL)>
(PGS+WHGS)] lead to non-significant results. Therefore the
hypothesis that the ‘size’ computation may account for the
differential activations within key areas concerned with visuomotor
grasping can be ruled out.

Activity related to different types of grasp

The contrast comparing PG with WHG [([PGS+PGL)>
(WHGS+WHGL)] revealed a significant difference in activity
located in the left anterior part of the intraparietal sulcus (hAIP;
Fig. 2 and Table 1) for PG, but not for WHG. We located the
focus of activation at the junction of the aIPS and the postcentral
sulcus (PCS) in the left hemisphere of all 19 subjects. The opposite
comparison, contrasting activity for WHG with activity for PG
[(WHGS+WHGL)>(PGS+PGL)] did not lead to any significant
result. Hence, the hypothesis that hAIP activity modulates with
respect to grasp type was supported.

Activity related to natural versus constrained grasps
The comparison of constrained versus natural grasps [(PGL+
WHGS)>(PGS+WHGL)] showed a significant difference in
activity within the dorsal premotor cortex (dPMC; Fig. 3 and
Table 1) bilaterally and the left pre-central gyrus corresponding to

HPG OWHG

/ol

LARGE

Type of stimulus

Figure 2. Group statistical map for the contrast comparing type of grasp (PG vs WHG). The contrast revealed difference of activity only within the
left alPS (p<<0.05, FWE corrected). The group statistical map is superimposed on the canonical brain of the MNI series in sagittal (a) axial (b), and
coronal (c) sections. (d) This panel shows contrast estimate. Talairach coordinates of areas in which the level of activity significantly differed between

conditions are reported in Table 1.
doi:10.1371/journal.pone.0001108.g002
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Table 1. Brain regions showing significant differences in activation for the contrasts comparing precision grip versus

Natural and Constrained Grasp

whole hand

. grasp (PGS+PGL)>(WHGS+WHGL) and natural versus constrained grasps (PGL+WHGS)>(PGS+WHGL).
Contrast Side Area BA k p (cluster level) p (voxel level) t X y z
(PGS+PGL)>(WHGS+WHGL) L alPS 40 19 .000 .001 6.27 —33 —42 49
(PGL+WHGS)>(PGS+WHGL) L Pre-central gyrus 4 142 .000 .000 9.18 —36 —20 48
: L Pre-central gyrus 6 .000 6.58 —40 —14 59

L Post-central gyrus 3 .002 6.13 —40 —-22 59

R Post-central gyrus 3 14 .000 .000 6.93 52 —20 40

R Pre-central gyrus 6 10 .002 .003 5.99 40 -10 54

* For each local maxima brain structure, Brodmann area (BA), number of activated voxels (k), Talairach coordinates and statistical significance
: (p<<0.05 FWE corrected) for t-tests comparisons are reported (for both cluster-and voxel-level). L = Left; R=Right; cluster size: =10. All coordinates fall within the central
: area (probability: 50~100%) of the probabilistic cytoarchitectonic maps of reference (Eickoff et al., 2005).

. doi:10.1371/journal.pone.0001108.t001

the primary motor cortex (M1; Fig. 4 and Table 1). The opposite
comparison for both areas, [PGS+WHGL)>(PGL+WHGS)| did
not lead to any significant result. Thus, in line with our prediction,
asking subjects to grasp the same object with different types of
grasp allows to uncover differential levels of activity within key-
areas involved in visuomotor grasping.

Behavioural Experiment
Subjects Twelve subjects (4 men, 8 women; aged 2025 years)
volunteered to participate. All showed right-handed dominance
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[24] and were naive as to the experimental design or purpose.
None reported visual or psychomotor dysfunction.

Stimuli, apparatus and procedure The stimuli and the
procedures were similar in all respects to those described for the
fMRI experiment. Infrared reflective markers (0.25 mm diameter)
were taped to the following points on the subjects’ right upper
limb: (1) wrist-dorsodistal aspect of the radial styloid process; (2)
thumb — ulnar side of the nail; and (3) index finger—radial side of
the mnail. Markers were fastened using double-sided tape.
Movements were recorded using an ELITE motion analysis

Figure 3. Group statistical map for the contrast comparing natural and constrained grasp: dPMC activation. The contrast revealed difference of
activity within the dPMC bilaterally (p<<0.05, FWE corrected). The group statistical map is superimposed on the canonical brain of the MNI series in
sagittal (a), axial (b), and coronal (c) sections. d) This panel shows contrast estimate. Green circles indicate brain areas whose level of activity was
significant between conditions. Talairach coordinates for these areas are reported in Table 1.

doi:10.1371/journal.pone.0001108.g003
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Figure 4. Group statistical map for the contrast comparing natural and constrained grasp: M1 activation. The contrast revealed differential
activation within the left M1 (p<<0.05, FWE corrected). The group statistical map is superimposed on the canonical brain of the MNI series in sagittal
(a), axial (b), and coronal (c) sections. d) this panel shows contrast estimate. Talairach coordinates for areas in which the level of activity significantly

differed between conditions are reported in Table 1.
doi:10.1371/journal.pone.0001108.9g004

system (Bioengineering Technology & Systems [B|T|S]). Four
infrared cameras (sampling rate 100 Hz) placed 120 cm away from
each of the four corners of the table captured the movement of
markers in 3D space. Co-ordinates of the markers were
reconstructed with an accuracy of 0.2 mm over the field of view.
The standard deviation of the reconstruction error was 0.2 mm for
the vertical (Y) axis and 0.3 mm for the two horizontal (X and Z)
axes. The experimenter was given on-line computer screen feedback
of the three-dimensional position of each marker—if one marker was
missing during task performance the trial was manually discarded.
Experimentation continued until the required number of successful
trials was collected. A block of trials (N = 10) for each experimental
condition (PGS, PGL, WHGL, WHGS) was administered.

Data processing In order to ascertain possible differences at
the level of movement planning, initiation time was calculated as the
time between the presentation of the tone and the release of a switch
embedded within the hand starting location. The ELIGRASP
software package (B|'T'|S|) was used to analyze the data and provide
a 3-D reconstruction of the marker positions as a function of time.
The data were then filtered using a finite impulse response linear
filter (transition band=1 Hz, sharpening variable=2, cutoff
frequency = 10 Hz). Following this operation, the tangential speed
data for the wrist marker were used to determine the onset of the
movement using a standard algorithm (threshold for movement
onset was ~5 cm/s). Movement onset was taken as the earliest time
at which movement of the wrist occurred. Movement offset was
taken at the latest time at which the movement of the thumb and
index finger occurred. As for the fMRI experiment the analysis was
confined to the grasp component. Specifically, only the dependent
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variables which have demonstrated robust ‘type of grasp’ effects in
previous research [e.g., 10, 22] are considered. (i) the amplitude of
maximum grip aperture (the maximum distance between the thumb
and index finger); (i) the time of maximum peak grip aperture.
Further, to evaluate the degree of accuracy at end grasp, the grasp
angle variability (standard deviations of the angle between the index
finger and thumb markers at the end of the grasp) was computed.
This latter parameter was calculated only for PGS and PGL
conditions given that the configuration assumed by the hand for
WHGL and WHGS did not allow for a precise determination of
such measure.

The mean value of each measure for each subject was analysed
with an Analyses of Variance (ANOVA; 0.05 alpha level of
significance). The within-subjects factors were type of grasp (PG,
WHG), and stimulus size (large, small). Bonferroni corrections
were applied to the contrasts of interest (throughout the text
significant values are indicated). Preliminary analyses were
conducted to check for normality, univariate and multivariate
outliers, with no serious violations noted.

RESULTS

The main factor type of grasp was significant for movement time
[F(1,11)=25.83, p<0.001; 1°,=0.69] and the amplitude of
maximum grip aperture [F(1,11)=32.06, p<<0.0001; 172p=().81].
Specifically, movement time was longer (743 vs 658 ms) and the
amplitude of maximum grip aperture was smaller (78 vs 110 mm)
for PG than for the WHG. These results indicate that the chosen
stimuli elicited differential kinematic patterns as previously

reported [22,38-39].
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The two way interaction stimulus size by type of grasp was
significant for initiation time [F(1,11)=21.31, p<<0.0001; I’]QP =0.85]
and the time of maximum grip aperture [F(1,11)=18.04, p<<0.0001;
112p =0.79]. As shown in Figure 5 initiation time was longer and the
time of maximum grip aperture anticipated for constrained (WHGS
and PGL) than for natural grasps (WHGL and PGS) (p,<<0.05). For
the measure ‘grasp angle variability’ ¢ test analysis revealed that
variability was higher for the incongruent PGL than for the
congruent PGS (p<<0.0001; Fig. 6).

DISCUSSION

The goal of the present study was to investigate whether key areas
within the visuomotor circuit underlying grasping are differently
alerted depending on grasp configurations and whether activity
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Figure 5. Graphical representation of the interaction type of stimulus
by type of grasp for initiation time and the time of maximum grip
aperture. a) The interaction between type of stimulus and type of grasp
indicate an increase in initiation time for constrained grasps with
respect to natural grasps. b) The interaction between type of stimulus
and type of grasp indicate that the time of maximum grip aperture was
anticipated for constrained grasps with respect to natural grasps.
Dotted lines refer to natural and constrained grasps towards the small
stimulus. Solid lines refer to natural and constrained grasps towards the
large stimulus.

doi:10.1371/journal.pone.0001108.g005
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+ |ndex finger

i Index finger

' Thumb

Figure 6. Grasp angle for natural and constrained precision grip
tasks. a) Pattern of grasp angle for a precision grip movement
performed towards the small stimulus (Natural conditions). Please note
the consistency of contact points for the index finger and the thumb. b)
Pattern of grasp angle for a precision grip movement performed
towards the large stimulus (Constrained conditions) Please note that for
this task variability for the index finger and the thumb contact points
increases.

doi:10.1371/journal.pone.0001108.g006

within these areas is modulated by the congruency between the
perceptual features of the to-be-grasped object and the type of
performed grasp. This was done by using both fMRI and kinematic
methods. Here we report evidence that activity within hAIPS varied
depending on grasp configurations, whereas activity within M1 and
the dPMC varied depending on the level of congruency between the
planned grasp and the to-be-grasped stimulus.

Activity related to different types of grasp

As reported here, several functional neuroimaging studies have
indicated that focal activation within the hAIP of the healthy brain
occurs in association with visually guided grasping [12-15,20].
Although in previous studies the size and shape of the objects was
varied, subjects were requested to use a PG in all cases [12-15].
Those that did ask subjects to perform a specific type of grasp (i.e.,
PG or WHG), related to the size of the to-be-grasped object,
considered only non-visually-guided isometric grip tasks [16-17] or
did not report separate data for different types of grasp [16].
Therefore whether hAIP has a special role in the coding for specific
types of hand shaping during reaching is essentially unknown.

Our findings add to this literature by showing that a significantly
greater level of activity in hAIP was found for PG than for WHG
tasks. This result shows that in humans, as in macaque, activity
within this area is tuned to type of grasp. Thus, in humans as in
monkeys, AIP has come to be viewed as a prototypic region
subserving various forms of grasp formation [5-7]. This conclusion is
bolstered by the result that hAIP did not activate significantly with
respect to object size. Thus, the different pattern of activation for the
two types of grasp could not have arisen from the different size of the
stimuli but from the diverse configuration assumed by the hand.

The higher level of activation in hAIP, together with the
observed kinematic pattern reflects the need for additional
sensory-motor control mechanisms for PG. This result is in line
with previous neurophysiological and behavioural reports [24,38].
In first instance, inactivation studies in which the monkeys were
mjected with a GABA-agonist (muscimol) in AIP [26] revealed
a clear impairment of the grasping behavior of the hand
contralateral to the inactivated hemisphere, with PG movements
being the most impaired. In second instance, precise placement of
two digits upon the surface area and the force during pulp-to-pulp
opposition engaging pairs of individual digits might be more
demanding in terms of neural control, especially when the size of
the grasped object would require more than two fingers for a stable
prehension (as for the PGL condition) [38] and subsequent
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manipulation. In this respect the present kinematic results confirm
this view: the time of maximum grip aperture was reached earlier
for PG than for WHG. This suggests that for a PG more time was
needed during the grasp closing phase as to determine more
precise contact points for subsequent manipulation. Therefore on
the basis of both kinematics and fMRI evidence it may be tenable
that the difference in activation between PG and WHG reflects the
need for additional sensory-motor control mechanisms for PG and
that hAIP may play a critical role in this behaviour [13].

Activity related to natural versus constrained grasps
Here we report evidence that the imposition of one grasp type for
both small and large objects resulted in mismatching of appropriate
grasp to object size which was evident at both behavioral and neural
level. In behavioral terms, the increase in initiation time for
constrained grasps suggest that the planning of a precise grasp for
a large diameter object not only infers inhibition of neural processes
for a whole hand grasp, but also activation of patterning for a large
aperture. Similarly, use of a whole hand grasp for a small diameter
object not only infers inhibition of neural processes for a precise
grasp, but also activation of patterning for a small aperture. In other
words, increasing the time to initiate the movement may indicate
that some sort of interference may arose during the planning of
unnatural grasps. Further, kinematic analysis suggests that such
possible interference effects carry over during action execution. The
anticipation of maximum grip aperture signifies that more time is
needed to close the hand upon the object. The increase in end-point
variability indicates that it might be more difficult to establish an
appropriate placement of two digits upon a larger surface area.

In neural terms, the dPMC and M1 were mostly alerted by the
mismatch between stimulus size and the type of adopted grasp.
The dPMC has been extensively studied during the last two
decades. A number of studies have demonstrated that the set- and
movement-related discharge of the dorsal premotor neurons is
correlated to parameters of reaching movements such as direction
and amplitude [40—43]. In these studies, however, only proximal
forelimb movements were taken into account, the contribution of
the distal forelimb movements to the neuronal discharge not being
considered until recently. Raos [44] demonstrated that within the
dPMC (area T2) a distal forelimb field also exists. Finger
movements can be evoked by intracortical microstimulation in
this field. Furthermore, single-neuron recording revealed the
presence in this area of many neurons related to distal actions [44].
The properties of these neurons have been investigated by use of
a behavioral paradigm that allows the study of neuronal discharge
during grasping of different 3D objects [45]. This study provides
compelling evidence that in the distal forelimb representation of
area F2 there are neurons that are selective for the type of
prehension required for grasping the object. These results indicate
an important role of the dPMC in the control of goal-related hand
movements. It was the first demonstration that neurons within the
dPMC are also involved in grasping execution. The activity of
these grasping neurons was not related to individual finger
movements, but to the grasping action as a whole. Specifically, the
proposal here is that area F2 grasping neurons has the role of
keeping in memory the motor representation of the object and
combine it with visual information as to continuously update the
configuration and orientation of the hand as it approaches the
object to be grasped. In this view the dPMC involvement during
goal-directed actions appears to be highly correlated with the
accuracy requirement of the ongoing movement [46]. The timing
of this correlations suggest that accuracy information is available
for movement planning and on-line monitoring.
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In humans the contribution of the dPMC to hand movements,
the time course of its involvement and its hemispheric dominance
is essentially unknown. Therefore the present results shed new
light on the functional mechanisms presiding over the control of
visually guided hand-grasping actions in humans. The increase of
activity within the dPMC for constrained grasps may provide the
evidence that in humans as in monkeys this area is involved in the
control of grasping. In order to resolve the mismatch between type
of grasp and stimulus size which occurs for the constrained
conditions this area shows an increase of activation which might be
necessary as to provide the necessary control. In this respect, we
demonstrate using functional neuroimaging that the dPMC may
play a crucial role in monitoring the configuration of fingers
during planning and execution of specific grasping actions. In this
respect the present findings add to what has been recently reported
by Davare and colleagues [47]. By means of TMS they produced
a transient virtual lesion of the dPMC in both hemispheres while
a subject performed a precision grip-lift task with their right hand.
It was found that a virtual lesion of the left dPMC impaired the
proper coupling between the grasping and the lifting of an object.
Hence, our result of an increase of activity within the dPMC for
constrained grasps may not only be indicative of an involvement of
this areas for the planning and the on-line monitoring of grasping
actions, but also that in providing the necessary control as to
correct the timing of the lifting phase with respect to the grasping
phase for an unnatural grasp. Indeed our constrained conditions
elicited an awkward finger positioning which might have
prevented the establishment of suitable contact points for lifting.
This hypothesis is in line with the present kinematic analysis of
maximum grip aperture and contact points. Importantly, the
pattern of the significant interaction for the time of maximum grip
aperture exactly corresponds to the pattern of activation observed
for the dPMC. To an anticipation of the time of maximum grip
aperture and an increase in grasp angle variability corresponded
grater activity for constrained than for natural grasps. This
indicates that in order to prolong the grasp closing phase-dictated
by a greater difficulty for the determination of suitable contact
points-the dPMC had to increase the activity level.

A further issue is concerned with the fact that a significant
activity increase within the dPMC was found for both hemi-
spheres. Bilateral premotor activity has been previously reported
for the ventral premotor cortex (vVPMC) in relation to “motor
errors” [48] and to motor response competition [49]. In this
respect evidence from neurophysiology indicate that the ventral
premotor region F5 is reciprocally connected with a sector of the
dorsal premotor cortex, area IF2vr, where grasping neurons are
located [44] . Importantly, area F2vr contains visuomotor neurons
similar to the corresponding IS5 neurons. Therefore, it might well
be that given the reciprocal connections also the dPMC shows
a similar activation pattern. When ‘errors’ are concerned with
grasping and more specifically when these errors needs to be
adapted on-line both hemispheres contribute to such process.
Given that grasping a large object with only two fingers (PGL) or
the small object with the whole hand (WHGS) are unusual ways to
interact with such objects, it can be hypothesized that those
movements are interpreted as a sort of “motor error”. Along these
lines, we suggest that the dPMC bilateral activation for in-
congruent prehension trials might reflect a processing concerned
with the on-line monitoring of a movement error which may
prevent the completion of the action goal.

A pattern of activity similar to that observed for the dPMC was
also found for M1. A number of neurophysiological studies have
emphasized the extensixe MI1 activity that occurs during
performance of grasping tasks [50-52], including the demonstra-
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tion that M1 neurons show remarkably different activity during
performance of different grip [27,53-56]. However, what is so far
lacking in the human neuroimaging literature on cortical control
of grasping is a systematic documentation of neuronal activity in
M1 during performance of different types of grasp. Here we
demonstrate that our experimental manipulation was able to
reveal that activity in M1 was modulated by the level of congruence
between type of grasp and stimulus size. The similar pattern of
activation for the dPMC and M1 confirm previous neurophysiolog-
ical evidence suggesting that F2 may control the execution of
grasping actions through their direct connections with M1 [45]. In
keeping with these lines of evidence it might well be that the dPMC
representation of stimulus size-specific grasp described in the present
study is transformed within M1 to recruit motor outputs to the hand
that can modify hand shape appropriate for successful grasp and
manipulation of the object [27].

The pattern of the significant interaction for the time of
maximum grip aperture mirrors exactly the pattern of activation
observed for the dPMC and M1. To an anticipation of the time of
maximum grip aperture and an increase in grasp angle variability
corresponded greater activity for constrained than for natural
grasps. This indicates that in order to guide an unnatural grasping,
and to determine suitable contact points, both the dPMC and M1
had to increase the activity level.

Conclusions
The present results shed new light on the functional mechanisms
presiding over the control of visually guided hand grasping actions.
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