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In the past decade, functional neuroimaging has proved

extremely useful in mapping the human motor circuits involved

in skilled hand movements. However, one major drawback of

this approach is the impossibility to determine the exact

contribution of each individual cortical area to precision

grasping. Because transcranial magnetic stimulation (TMS)

makes it possible to induce a transient ‘virtual’ lesion of discrete

brain regions in healthy subjects, it has been extensively used

to provide direct insight into the causal role of a given area in

human motor behaviour. Recent TMS studies have allowed us

to determine the specific contribution, as well as the timing and

the hemispheric lateralisation, of distinct parietal and frontal

areas to the control of both the kinematics and dynamics of

precision grasping. Moreover, recent researches have shown

that the same cortical network may contribute to language and

number processing, supporting the existence of tight

interactions between processes involved in cognition and

actions. The aim of this paper is to offer a concise overview of

recent studies that have investigated the neural correlates of

precision grasping and the possible contribution of the motor

system to higher cognitive functions such as language and

number processing.
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Introduction
‘The special relationship we indubitably enjoy with the

material universe is to a very great extent the result of the

special virtues of our hands’ [1]. Fine manipulative skills

and precise tool use are unique attributes of the human

species. Although some non-human primates are also able

to perform sophisticated hand movements, including the

use of simple tools, the human manipulative superiority
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arises most probably from the intimate interactions

between motor skills and higher cognitive functions.

In the past decade, functional neuroimaging studies have

reopened several major questions in human motor neuro-

science. One important issue is the neural correlate of

skilled hand movements and, particularly, of precision

grasping. Neuroimaging studies have shown that, in

addition to the corticospinal system [2], precision grasp-

ing crucially involves an extensive cortical network, in-

cluding the dorsal (PMd) and ventral (PMv) premotor

cortex and the supplementary motor area (SMA) and a

mosaic of areas located in the intraparietal (IP) sulcus [3–

5]. When using tools or manufactured objects, the acti-

vated areas extend to the convexity of the inferior parietal

lobule [6–8]. Although it is sensible to assume that each

motor-related area has a specific contribution to precision

grasping, neither functional imaging studies, nor clinical

studies have allowed us to answer this question definitely.

Because transcranial magnetic stimulation (TMS) may be

used to induce transient ‘virtual lesions’ of discrete brain

areas in healthy subjects while performing a motor task

[9], TMS has provided invaluable insights into neural

mechanisms responsible for motor control. Several recent

TMS studies have allowed us to determine how various

parietal and frontal areas contribute to the visuomotor

transformations underlying grasping movements.

Another intriguing finding in functional neuroimaging is

the considerable overlap that exists between the cortical

areas controlling skilled hand movements and those

involved in higher cognitive functions, such as language

and number processing. These results have challenged

the view that the motor circuits are exclusively dedicated

to controlling actions and have provided new insights into

the deeply rooted interactions between actions and cog-

nition.

The present review offers an overview of recent studies

that have shed light on the neural correlates of precision

grasping and on the possible contribution of this system to

higher cognitive functions such as language or number

representation.

Neural correlates of hand preshaping
When reaching for an object, one crucial step is to adjust

the hand posture to its intrinsic features (size, shape and

orientation) [10,11]. Both electrophysiological studies in

monkeys [12–15] and functional neuroimaging in

humans [3,16�,17�,18��] have shown that a cortical

circuit consisting of the anterior part of the IP sulcus

(AIP) connected to PMv is responsible for processing
www.sciencedirect.com
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visuospatial information about the object [14,19]. Within

that ‘grasping circuit’, the exact contribution of AIP and

PMv is still unclear and reversible inactivation of these

two areas in monkeys have failed to differentiate their

role in precision grasping [20,21]. Moreover, it is note-

worthy that a recent neuroimaging study has questioned

the existence of such a ‘grasping circuit’ dedicated to

grasping movements [18��].

Two recent TMS studies have investigated the role of

AIP and PMv in humans [22��,23�] by inducing a transient

virtual lesion of either area in healthy subjects performing

a standard grip-lift task. It has been shown that a bilateral

lesion of AIP was necessary to alter the preshaping of

either hand, suggesting that, in humans, both AIP con-

tribute crucially to hand shaping, irrespective of the hand

used [22��]. This finding is compatible with neuroimaging

studies showing a bilateral recruitment of AIP in tasks

requiring unimanual movements [3–5,8,19,24], as already

suggested by monkey experiments [25]. Other recent

TMS studies have also highlighted the role of AIP in

controlling the hand preshaping ‘on-line’, when an ‘error’

was detected during the hand transport, for example

when the object size or orientation was unexpectedly

changed after movement initiation [26,27��]. This

indicates that AIP not only contributes to the hand

preshaping during movement preparation, but is also

involved in monitoring errors in hand conformation on-

line.

In contrast to AIP, a unilateral lesion of either PMv was

found sufficient to impair selectively the preshaping of

the right dominant hand, indicating that both PMv are

necessary to perform visuomotor transformation of intrin-

sic features of the object [11,19], a finding consistent with

neuroimaging studies demonstrating a bilateral activation

in both PMv when subjects manipulate [3] or grasp an

object [4,5]. Besides its contribution to hand shaping,

PMv was also found to influence the timing of the

intrinsic hand muscle recruitment. However, we found

that only lesions of the left PMv altered the recruitment

of intrinsic muscles of the right hand, in accordance with

monkey experiments showing that an inactivation of PMv

influences the timing of the agonist–antagonist muscle

recruitment in the contralateral hand [28]. These results

suggest that, at an early stage of the movement prep-

aration, both PMv are involved in the visuomotor trans-

formations, leading to the appropriate hand preshaping

and that, once a given hand is selected to perform the

movement, only the contralateral PMv is involved in the

grasping implementation.

To sum up, it is sensible to assume that AIP feeds PMv

with visuospatial information about intrinsic properties of

the object, whereas PMv implements the motor aspect of

the grasp component; then a feedback loop from PMv to

AIP permits to compute any mismatch between the grasp
www.sciencedirect.com
conformation and the object intrinsic properties if a

change in object orientation occurs [14]. This view is

compatible with the high connection probability found

between PMv and AIP in humans [29��] and with the fact

that grasping small objects led to an increase in the

effective connectivity between these two areas, probably

because fine movements highly rely on on-line control

[18��]. Finally, it has been shown that, during movement

preparation, the contribution of AIP to hand shaping

occurs about 50 ms before that of PMv, supporting the

classical view that AIP and PMv interact serially [11,19].

Neural correlates of grip force control
Another crucial parameter that has to be controlled once

the fingers are positioned around the centre of mass of the

object is the force exerted on this object. The so-called

grip force has to be precisely scaled in order to prevent the

object from slipping or from being damaged [30]. Scaling

the grip force according to the weight and frictional

properties of the objects is programmed anticipatorily,

an ability thought to rely on internal models [31]. Studies

in brain-damaged patients indicate that lesions encom-

passing parts of the occipital and parietal lobes alter the

ability to anticipate the grip forces correctly [32] and

patients with cerebellar lesions apply too high grip force,

revealing a strategy to compensate for their inappropriate

grip force anticipation [33]. These observations suggest

that both the parietal cortex and cerebellum are crucially

involved in the implementation and/or the storage of the

object internal models. Neuroimaging studies have

shown that both the cerebellum and the SMA are

involved in the grip force adjustment when the object

weight changes unpredictably [34,35��], whereas IP areas

are rather involved in monitoring the difference between

the predicted and the actual object weight, without

implementing the corrective motor command [35��].

In particular, it has been shown that TMS-induced

lesions of AIP led to an increase in grip force [22��],
suggesting that the subjects overestimated the weight of

the object, exactly as reported in experiments in which

the object is unexpectedly replaced by a lighter one [30].

Interestingly, only a virtual lesion of the left, but not

right, AIP produced such an effect. Therefore, it is

sensible to assume that the left AIP is involved in the

implementation – or the retrieval – of object internal

models [31]. Additionally, it has been shown that this

process is performed by AIP about 150 ms before the

fingers contact the object [22��], namely 100 ms after AIP

processed hand preshaping. This corroborates the view

of Jenmalm et al. that IP areas monitor the mismatch

between the anticipated and actual object weight in order

to update the internal model and, if required, to trigger a

correction [35��]. Importantly, this TMS study of Davare

et al. [22��] demonstrates that the left hemispheric dom-

inance not only concerns high-level processes such as

hand–tool interactions [8,36–38], but also applies to more
Current Opinion in Neurobiology 2007, 17:644–648
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elementary aspects of movements, such as the repres-

entation of object dynamics.

Precision grasping and higher cognitive
function
A recurrent finding in functional neuroimaging over the

past decade is the considerable overlap between the

cortical areas controlling skilled hand movements and

those involved in higher cognitive functions [39], such as

language [40��] and number of representations [41–

43,44��]. These findings have challenged the view that

the ‘grasping circuit’ is exclusively dedicated to control-

ling actions, suggesting that that visuomotor transform-

ations underlying precision grasping are somehow

permeable to cognitive processes. Indeed, the frontal

and parietal areas involved in grasping movements may

also play a role in representing and communicating the

content and/or the meaning of actions.

As shown in the previous sections, both AIP and PMv are

endowed with specific processing mechanisms that lead

to the transformation of visuospatial information about

the intrinsic properties of an object into the appropriate

hand preshaping. These transformations are revealed by

the correlation between the grip aperture (i.e. the dis-

tance between the thumb and index finger) and the size

of the object to grasp during the transport of the hand. In

addition to the object intrinsic properties, Glover et al.
found that the initial grip aperture for grasping a wooden

block was also influenced by the word that participants

had to read before movement execution: the grip aperture

was larger when reading a word representing a large

object (e.g. ‘apple’) and smaller when reading the name

of a small object (e.g. ‘grape’) [45�]. The programming of

grip aperture was also influenced by concepts as abstract

as numerical magnitudes, as shown by the effect of small

(i.e. 1 or 2) and large digits (i.e. 8 or 9) on imagined [46��]
and actual grasp movements [47�]. Therefore, it can be

assumed that the fronto-parietal circuit responsible for

grasping is endowed with processes that automatically

take into account the magnitude estimates conveyed by

the names of graspable objects or by numbers.

Another fascinating property of the ‘grasping circuit’ is its

sensitivity to visual information. Indeed, several monkey

studies showed that the hand motor system is activated

not only during action execution but also during obser-

vation of graspable objects (canonical neurons, [48]),

without movement execution, as well as during obser-

vation of other individuals performing grasp movements

similar to those they encode during active grasp (mirror

neurons [49], see also reference [50]). In humans, the

sensitivity of motor-related areas to the observation of

manipulable objects has been shown by both functional

neuroimaging studies [6,51,52] and behavioural exper-

iments (visuomotor priming, [53–55]). Similarly, the

existence of a human mirror–neuron system during grasp-
Current Opinion in Neurobiology 2007, 17:644–648
ing observation finds its experimental support in TMS

experiments, demonstrating that the corticospinal system

becomes facilitated during observation of others’ actions

(for a review see reference [56]), and in brain imaging

data, showing that the observation of grasping acts per-

formed by other individuals activates a set of cortical areas

recruited during the execution of grasping movements

(see reference [50] for a review). Altogether, these results

suggest that the grasping circuit encodes grasp-related

properties in an abstract motor representation that can be

accessed either automatically, in the case of object or

action observation, or voluntarily, as in the case of action

execution or motor imagery [57].

The capacity to represent an action internally in the

absence of any motor contingency confers on the grasping

circuit a potential influence in the organisation of semantic

knowledge about graspable objects and makes this circuit a

privileged interface for matching our actions with the

actions of others, giving rise to inter-individual communi-

cation. In keeping with this assumption, it has been shown

that Broca’s area, the frontal area involved in speech

production, is also active during non-linguistic motor tasks,

such as hand action observation, imitation and motor

imagery [50,58,59]. The finding that Broca’s area shares

several morphological properties with a subregion of the

monkey PMv underlines the need to reconcile cytoarch-

itectonic and functional mapping of the monkey PMv in

order to determine whether this crucial part of the grasping

circuit can be considered as a precursor of the cerebral

substrate for language in humans [60�,61��]. Provided that

Broca’s area is able to code the characteristics of both our

and other’s actions, the involvement of this region in verbal

communication could be provocatively considered as an

occasional ‘epiphenomenon’, motivated by its premotor

origins (see reference [39]).
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