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In the present functionalmagnetic resonance imaging experiment,
study participants performed a dynamic tracking task in a preci-
sion grip con¢guration. The precision level of the force control
was varied while the mean force level of 5N was kept constant.
Contrasts cancelling error rate di¡erencesbetween the conditions
showed activation of nonprimary motor areas and other frontal
structures in response to increasing precision constraints when

the precision of force control could still be increased, and of right
primary and associative parietal areas when the precision of the
produced force control reached its maximum. These results sug-
gest that the network of frontal and parietal areas, usually work-
ing together in ¢ne control of dexterity tasks, can be di¡erentially
involved when environmental constraints become very high.
NeuroReport16:1271^1274�c 2005 LippincottWilliams &Wilkins.
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INTRODUCTION
The capacity to precisely control low fingertip forces has
been acquired in parallel to brain development [1,2]. A
specific network of sensorimotor areas seems to be involved
in the control of skilled finger movements in humans [3,4].
Frontal nonprimary motor areas [such as ventral and dorsal
premotor areas (PMv, PMd), supplementary motor area
(SMA), cingulate motor cortex] and the primary motor
cortex (M1) compose this network that also extends to the
parietal lobe via connections to association areas such as the
posterior parietal cortex [5]. The aim of the present study is
to better understand the relative contributions of the
nonprimary frontoparietal network components and M1 in
a specific aspect of dexterity, that is, low force control in
thumb–index grip (i.e. the precision grip [6]).
Using functional magnetic resonance imaging (fMRI),

Ehrsson and collaborators [3] and Kuhtz-Buschbeck and
colleagues [7] confirm the implication of the nonprimary
frontoparietal network and M1 in the control of precision
grip. However, they do not permit insight into the relative
contributions of the network components to the precision of
force control because they either compared different force
levels with similar precision demands [3], or covaried
precision demands with different tasks [7]. It is known that
blood oxygenation-level-dependent (BOLD) activity of
several sensory and motor areas, taking part in the
nonprimary frontoparietal network of interest, varies with
the magnitude of produced muscular force [8–11]. More-
over, both cited studies used static tasks consisting of
maintaining a constant level of force production, whereas,
often, precision grip tasks ask for dynamic force control.
Also, it is known that the BOLD signal is less sensitive to
static than dynamic force control [11].

In the present fMRI experiment, we studied the relative
contributions of the nonprimary frontoparietal network
components and M1 in dynamic precision grip force control
while the required precision of the control was varied but
not mean force level. Because for the highest precision levels
the study participants were not always successful, and error
is known to influence BOLD signal in some of the regions of
interest (for example cingulate areas [12]), we performed
specific contrasts that cancelled differences in error rate
between precision levels. In that way, we were able to
analyse the cerebral network implicated in grip force control
with high precision constraints.

MATERIALS AND METHODS
Study participants: Eleven normal, right-handed volun-
teers (eight men and three women), screened for fMRI
compatibility, participated in this study. All participants
gave written, informed consent and were paid for their
participation. The experiment was approved by the public
assistance of Paris Hospitals and the local ethic committee
(CCPPRB RBM 01-04).

Experimental design: Participants held a circular force
transducer between the thumb and the index finger of the
right hand. The produced fingertip forces were online
translated into the vertical position of a cursor, placed in the
middle of a computer screen. The cursor moved up (down)
with the participant’s increasing (decreasing) squeezing
force. The task goal was to track a force curve passing on the
screen with the cursor. The curve was a set of points
randomly generated around a 572N value and filtered at
4Hz (second-order low-pass Butterworth filter), giving the
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feeling of an unpredictable curve. We varied the precision
level of the force control by using five cursor sizes,
representing five conditions: 0.2, 0.3, 0.4, 0.5 and 0.6N.
Each condition, taking 25 s, appeared twice in a session and
was never presented twice in a row. The total experiment
consisted of five sessions. The order of the conditions was
counterbalanced between sessions and participants. The
total scanning time was 40min. The participants were
trained for the task 1 week before the fMRI acquisition to
ensure stable performance.

Acquisition: The grip forces were sampled at a frequency
of 100Hz by a Labview program. Imaging was carried out
with a 3T whole-body Brucker Imager (fMRI centre,
Marseille, France). The experience began with the acquisi-
tion of a high-resolution structural T1-weighted image for
anatomical coregistration (15min, voxel size 1� 0.75�
1.22mm). The functional images were acquired using a T2*-
weighted echo-planar sequence at 20 axial slices (repetition
time 1.66 s, interleaved acquisition, slice thickness 3mm,
interslice gap 1mm, 64�64 matrix of 3�3mm voxels). The
slices, acquired parallel to the anterior commissure–poster-
ior commissure plane, covered the frontal, parietal and
occipital lobes. A total of 790 volumes per participant were
submitted for analysis.

Analysis: To verify whether the mean force production
was similar for all precision levels (i.e. about 5N), we
averaged the force production for each experimental
condition over the whole duration of the experiment. To
verify whether the participants modified the precision of
their force control as a function of cursor size, we calculated
the mean distance between the midpoint of the cursor and
the required force imposed by the curve-to-track. An
adaptation of the force control to higher precision con-
straints corresponds to less distance between the midpoint
of the cursor and the curve-to-track. Finally, we calculated
the percentage of time spent by each cursor outside the
curve (i.e. the error rate).
Statistical parametric mapping software (spm99) was

used for image processing and analysis (http://www.fil.ion.
ucl.ac.uk/spm/) (for details see [12], except for spatial
smoothing 6�6�6mm). Data were analysed by modelling
the five experimental conditions by a box-car convolved
with the haemodynamic response function.
The following T-contrasts between cursor size conditions

have been analysed: 0.2–0.6, 0.3–0.6, 0.4–0.6, 0.5–0.6N.
Because the error rate covaried with cursor size, we
performed interaction contrasts that cancelled as much as
possible the influence of error rate on the differences in
BOLD signal obtained in the simple contrasts (see the
Results section).
Individual differences between regressor coefficients

(or ‘activation differences’) were tested in a random effect
analysis. The cluster locations of activation differences are
reported using an uncorrected significance threshold for
active voxel of either p¼0.001 for the simple contrasts, or
p¼0.01 for the interaction contrasts. The SPM99 coordinates
were converted from MNI (Montreal Neurological Institute)
coordinate space to Talairach space and analysed with help
of the Talairach atlas [13]. The clusters with an extent of at
least 10 voxels (for the simple contrasts) or 5 voxels (for the
interaction contrasts) were analysed.

RESULTS
The mean force level produced by the participants was 5N
for all cursor sizes. The precision of force control increased
with decreasing cursor size (Fig. 1). Thus, the participants
modified the precision of their force control as a function of
cursor size. The error rate increased exponentially with the
decrease of cursor size (Fig. 1). Comparing cursor 0.2 with
0.3N, the steep increase in error rate can be explained by the
stagnation of the precision of the force control: the precision
of the participants’ force control reached its maximum
whereas the required precision imposed by the cursor size
still increased.

The smallest cursor size condition evoked more activation
in several brain structures than the largest one (Fig. 2a, Table
1). The contrast 0.3–0.6N induced less activity differences
(Fig. 2b, Table 1). For the contrast 0.4–0.6N, only the left
SMA proper (SMAp) was found. The contrast 0.5–0.6N did
not show significant activity differences.

In the previous contrasts, the difference in error rate
covaried with the difference in required precision of the
force control. Therefore, we performed interaction contrasts
to cancel as much as possible the effect of error rate.
Knowing that the difference in error rate between the
cursors 0.2 and 0.3N was 34.4�17.3¼17.1%, and that for 0.3
and 0.6N 17.3�2.3¼15%, we analysed [(0.3–0.6N)–(0.2–
0.3N)] and [(0.2–0.3N)–(0.3–0.6N)]. The first contrast,
revealing brain activity related to the precision of grip force
control when the precision could still be increased, showed
activity in right cingulate areas, bilateral insula, right PMv
and PMd, left inferior and superior frontal gyrus, and some
foci in left associative sensory areas (green blobs in Fig. 2c,
Table 2). The inverse contrast, revealing brain activity
related to precision of force control when the level of the
produced force precision reached its maximum, even if the
precision constraints increased, mainly showed activity in
right associative and primary sensory areas (red blobs in
Fig. 2c, Table 2).
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Fig.1. Behavioural results as a function of cursor size, averaged over all
participants. Whiskers indicate standard deviation. Black circles: error
rate. The mean error rate was 2.371.4% for the cursor size of 0.6N,
4.172.6% for 0.5N, 8.373.9% for 0.4N, 17.375.3% for 0.3N and
34.476.1% for 0.2N. White bars: precision of force control. The mean
value for the precision of force control was 0.19870.024N for cursor
0.6N, 0.18770.027N for 0.5N, 0.18170.025N for 0.4N, 0.17670.025N
for 0.3N and 0.17570.024N for 0.2N.
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DISCUSSION
The aim of the present study was to analyse the cerebral
network implicated in dynamic precision grip force control
in a range comparable to that for fragile object manipula-
tion. At the behavioural level, we have seen that the
precision of the force control increased up to a certain level
and was stabilized for the highest required precision levels,
so that error rate increased steeply. Contrasting different
precision level conditions, we found an implication of the

nonprimary frontoparietal network, as previous studies on
this topic did. However, contrary to these studies [3,7], we
were able to attribute changes in BOLD signal to the
influence of required precision level. Firstly, we found
bilateral M1 significantly more activated in a condition in
which the participants controlled their grip force with very
high precision relative to the lowest one. This suggests that
in a unilateral grip force task, bilateral M1 plays a role in the
precision level of the force control. Secondly, when the
difference between precision levels decreased, significant
activity differences mostly persisted in the left SMAp.
Winstein and collaborators [14] also found a role of SMAp
in the precision of a movement task. The activity of this area
seems to be related to precision level variations of force and

Table1. Result of contrasts between cursor size conditions.

Cerebral structure Max Z x,y,z

0.2^0.6N
R inf. parietal lobule (BA 40), R sup. parietal
lobule (BA 7), R S1 (BA1, 2, 3)

4.82 28,�56,39

B post. cingulate (BA 23, 30, 31), B cuneus,
precuneus (BA17,18,19),R sup. parietal lobule
(BA 7), R angular gyrus (BA 39)

4.82 �1^67,7

R PMv, R sup. andmed. frontal gyri (BA 8,9),
R inf. frontal gyrus (BA 44, 46)

4.8 47,11,24

L angular gyrus (BA 39), L inf. parietal lobule
(BA 40), L sup. frontal lobule (BA 5, 7), L S1
(BA1,2,3),M1, PMd

4.79 �54,21,22

B SMAp, R pre-SMA, B cingulate gyrus
(BA23, 24, 31), B dorsal ant. cingulate (BA32)

4.73 �1,0,50

R thalamus 4.67 15,�21,14
R sup. andmed. frontal gyri (BA 9,10) 4.41 34,37,25
L PMv, L inf. frontal gyrus (BA 9, 44) 4.32 �51,5,16
L thalamus, L putamen 4.27 �19,�32,6
RM1, R PMd 4.16 31,�18,46
R insula, R inf. frontal gyrus (BA 45) 3.87 28,20,9
0.3^0.6N
Rpost. cingulate (BA 23, 30, 31) 4.62 2,�67,7
Rmed. and inf. frontal gyri (BA 9, 44, 45) 4.06 47,5,18
L rostral SMAp 4.03 �1,�6,50
L caudal SMAp 3.88 �6,�21,46
R insula 3.87 26,�12,7
R PMd 3.81 34,�6,47
R cingulate gyrus (BA 24), R dorsal ant.
cingulate (BA 32)

3.71 4,0,34

0.4^0.6N
L SMAp 3.99 �6,�15,52

Cerebral structures underlying the local maxima, in Talairach’s reference
space: R¼right hemisphere; L¼left hemisphere; B¼bilateral; BA¼Brod-
mann’s area. See the text for abbreviations of structures.

(c)(a)

(b)

Fig. 2. Activity di¡erences for the contrasts 0.2^0.6N (a), 0.3^0.6N (b), and for the interaction contrasts (c) [(0.3^0.6N)^(0.2^0.3N)] (green blobs)
and [(0.2^0.3N)^(0.3^0.6N)] (red blobs).Only activity di¡erences at the surface of the brain are visible. For corresponding anatomical structures, see
Tables1and 2.

Table 2. Results of the interaction contrasts.

Cerebral structure Max Z x,y,z

(0.3^0.6N)^(0.2^0.3N)
R cingulate and sup. frontal gyri (BA 24, 32) 3.99 10,2,39
R insula. 3.73 34,2,18
L inf. frontal gyrus (BA 45) 3.24 �46,17,11
L inf. parietal lobule (BA 40) 3.09 �43,

53,39
L insula 3.04 �35,

38,16
L sup. frontal gyrus (BA 8) 2.99 �17,8,45
L med. frontal gyrus (BA 9) 2.85 �14,23,35
R PMv 2.82 44,�3,34
L angular gyrus (BA 39) 2.74 �27,

62,23
R PMd 2.73 31,�6,47
R PMd R. sup. frontal and ant. cingulate gyri
(BA 8, 32)

2.6 10,23,41

(0.2^0.3N)^(0.3^0.6N)
B S1, paracentral gyrus (BA 5), 4.22 5,�56,53
R sup. parietal lobule (BA 7)
R inf. parietal lobule (BA 40), 3.98 44,�32,35
R S1 (BA 2)
R inf. parietal lobule (BA 40) 3.52 34,�53,45
Rmed. temporal gyrus (BA 22), 3.08 33,�59,10
R sup. temporal gyrus (BA 22, 39)
L sup. parietal lobule (BA 7) 3.07 �11,

62,55

See legend of Table1.
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movement control, suggesting a role of SMAp in the motor
adaptation to environmental (precision) constraints.
But further to this, the results of the two interaction

contrasts, cancelling the error rate differences between the
conditions, gave insight into the respective contributions of
the nonprimary frontal areas on the one hand, and the
associative parietal areas on the other hand. We found
nonprimary frontal structures, such as the right middle and
anterior part of the cingulate gyrus, right premotor cortex
and left inferior and superior frontal gyrus, activated in
response to increasing precision constraints but only in a
situation in which the precision of the force control could
still be increased. Some of these cerebral areas have been
found related to action monitoring [15], action planning [14]
and motivation to action [16,17]. This strongly suggests that
the frontal components of the frontoparietal network,
usually found in the fine control of low fingertip forces,
are involved in the process of adapting the force control to
environmental constraints.
In response to an increase in the precision constraints,

even if the precision of the produced force had reached its
maximum, we found activity of mainly the right primary
(BA 2) and associative parietal areas. It has been suggested
that activity in the right intraparietal sulcus is related to
additional demands in highly precise sensorimotor control
[3]. In a previous study, we also showed that primary and
associative sensory areas play an important role in ‘sensory
awareness’ when particular attention has to be paid to the
force production [18]. So, this strongly suggests that our
most precise cursor size condition was difficult, not because
the sensory information could not be processed more
‘precisely’, but because the force control could not be more
precise.

CONCLUSION
In a dexterity task with precision variation of force control, a
relationship exists between sensory processing and action
monitoring pathways, induced by the task requirements. By
increasing precision requirements, which saturated one of
the two systems, we were able to show differential
contributions of frontal and parietal areas in high dexterity.
For a dexterous control with high precision demands, the
factors limitating the performance quality can be sensory
processes or motor adjustments to adapt the output to the
strong requirements of the task. As long as the nonprimary
frontal and parietal areas can play their respective roles

together, the quality of the behavioural response can be
improved.
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development. Dordrecht: Klüwer Academic Publishers; 2001. pp. 219–260.

2. Leroi-Gourhan A. Le geste et la parole. Editions Albin Michel, Paris;

1964.

3. Ehrsson HH, Fagergren E, Forssberg H. Differential fronto-parietal

activation depending on force used in a precision grip task: an fMRI

study. J Neurophysiol 2001; 85:2613–2623.
4. Ehrsson HH, Kuhtz-Buschbeck JP, Forssberg H. Brain regions controlling

nonsynergistic versus synergistic movement of the digits: a functional

magnetic resonance imaging study. J Neurosci 2002; 22:5074–5080.

5. Rizzolatti G, Luppino G. The cortical motor system. Neuron 2001; 31:

889–901.

6. Napier JR. The prehensile movements of the human hand. J Bone Jt Surg
Br 1956; 38:902–913.

7. Kuhtz-Buschbeck JP, Ehrsson HH, Forssberg H. Human brain activity in

the control of fine static precision grip forces: an fMRI study. Eur J

Neurosci 2001; 14:382–390.
8. Dai TH, Liu JZ, Sahgal V, Brown RW, Yue GH. Relationship between

muscle output and functional MRI-measured brain activation. Exp Brain
Res 2001; 140:290–300.

9. Dettmers C, Fink GR, Lemon RN, Stephan KM, Passingham RE,

Silbersweig D et al. Relation between cerebral activity and force in the

motor areas of the human brain. J Neurophysiol 1995; 74:802–815.

10. Hepp-Reymond M, Kirkpatrick-Tanner M, Gabernet L, Qi HX, Weber B.

Context-dependent force coding in motor and premotor cortical areas.

Exp Brain Res 1999; 128:123–133.
11. Thickbroom GW, Phillips BA, Morris I, Byrnes ML, Mastaglia FL.

Isometric force-related activity in sensorimotor cortex measured with

functional MRI. Exp Brain Res 1998; 121:59–64.

12. Van Veen V, Holroyd CB, Cohen JD, Stenger VA, Carter CS. Errors

without conflict: implications for performance monitoring theories of

anterior cingulate cortex. Brain Cogn 2004; 56:267–276.

13. Talairach J, Tournoux P. Co-planar stereotaxic atlas of the human brain.
3-dimensional proportional system: An approach to cerebral imaging. New

York: Thieme Medical Publishers Inc.; 1988.

14. Winstein CJ, Grafton ST, Pohl PS. Motor task difficulty and brain activity:

investigation of goal-directed reciprocal aiming using positron emission

tomography. J Neurophysiol 1997; 77:1581–1594.
15. Gehring WJ, Knight RT. Prefrontal-cingulate interactions in action

monitoring. Nat Neurosci 2000; 3:516–520.
16. Rizzolatti G, Luppino G, Matelli. The organization of the cortical motor

system: new concepts. Electroencephalogr Clin Neurophysiol 1998; 106:

283–296.

17. Craig AD. Interoception: the sense of the physiological condition of the

body. Curr Opin Neurobiol 2003; 13:500–505.
18. De Graaf JB, Gallea C, Pailhous J, Anton J-L, Roth M, Bonnard M.

Awareness of muscular force during movement production: an fMRI

study. Neuroimage 2004; 21:1357–1367.

Acknowledgement:This study was performedwith grants from the French program Cognition and Information Processing,
obtained in collaborationwith Prof.Marc Maier.Wewould like to thank Dr Fre¤ de¤ ric Danion for the conception of the behavioural
partof the experiment.The experimentswereperformedin the fMRICentre ofMarseille of whichwewarmly thank the engineers,
especially Bruno Nazarian, for their help.We also thank Dr Jean-Michel Vitonwhowillingly took themedical responsibility for the

passage of the participants in the 3T fMRImachine.

1274 Vol 16 No 12 22 August 2005

NEUROREPORT C.GALLEŁ A ETAL.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


