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Abstract: Several human imaging studies have described the neural network involved in power grip
under visual control and the subset of cortical areas within this network that are sensitive to force
modulation. As there is behavioral evidence for late maturation in even simple hand motor tasks
involving visual feedback, we aimed at identifying the neural correlates of these developmental changes.
Subjects from three developmental age groups (9–11, 15–17, and adults) performed the same power grip
task in both a functional magnetic resonance imaging and an event-related potential (ERP) session. Trials
started with a visual target indicating whether to squeeze at 20%, 40%, or 75% of their maximum and
online visual feedback on the actual amount of force was provided. Longer reaction times and more
shallow slopes of the force curve characterized the behavior of the younger age groups, especially the
children. Both neurophysiological methods detected both general as well as force modulation-specific
maturational changes. General development was characterized by decreasing ERP amplitudes and
increasing deactivation of an extended network, closely resembling the so-called “default” network. The
most pronounced developmental changes specific for force control were observed in an ERP component
and brain regions involved in feedback processing. In contrast to adult subjects, we found evidence for a
stronger dependency on visual feedback information in the younger age groups. Our results also suggest
that the ability to deactivate task-irrelevant networks might be a late developmental achievement. Hum
Brain Mapp 28:69–84, 2007. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

The neural basis for power grip and associated hand force
control [Napier, 1956] under visual feedback have been ex-

tensively studied in the past, as these functions play a major
role for humans in their daily life. While the neuronal net-
work involved in the power grip and associated force con-
trol under visual feedback is well described [Ward and
Frackowiak, 2003], a maturational description thereof is
largely lacking.

Although hand movements and power grip are phyloge-
netically old functions, and thus thought to mature early in
life, there is evidence that aspects of these functions that are
under visual or external control undergo more protracted
maturational refinement. Behavioral developmental studies
have reported that force control, especially under visual
feedback, has not reached adult levels in children ages 6–10
[Deutsch and Newell, 2001]. In addition, there is evidence
that externally guided force control develops later than an-
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ticipatory grip force control in 3- to 6-year-old children
[Blank et al., 1999], although the study leaves open whether
subsequent maturation continues to be slower.

These late behavioral improvements might rely on both
structural and functional maturation of the underlying net-
work. Transcranial electromagnetic stimulation studies sug-
gest that, although the most prominent development of the
corticospinal motor pathways occurs before age 10, some
central maturation continues at least up to age 13 [Eyre et al.,
1991; Koh and Eyre, 1988; Muller et al., 1991, 1997; Nezu et
al., 1997] and parallels further gains in motor speed [Muller
and Homberg, 1992]. However, it remains unclear how these
findings are related to functional cortical maturation as mea-
sured by electroencephalography and hemodynamics. Re-
cent structural MRI studies investigating developmental
changes in white and gray matter volumes [see Casey et al.,
2005, for a review] have found differential patterns of mat-
uration for white and gray matter. While white matter has
been shown to increase in volume and density until young
adulthood [Giedd et al., 1999; Gogtay et al., 2004; Paus et al.,
1999; Pfefferbaum et al., 1994], gray matter volume in most
regions decreases after the age of 10–12 [Gogtay et al., 2004;
Sowell et al., 2004]. These studies on gray matter loss suggest
that regions subserving primary motor and sensory func-
tion, including the primary sensorimotor areas near the
interhemispheric margin and the precentral gyrus as well as
the occipital pole [Gogtay et al., 2004] mature earliest, fol-
lowed by temporal and parietal cortices and higher-order
association areas. These latter regions are thought to play a
major role in integrating primary sensorimotor processes
and modulate attention [Gogtay et al., 2004; Sowell et al.,
2004]. This is consistent with the previously described be-
havioral differences in maturation of force control with and
without visual feedback.

Power grip under visual control activates an extended
motor network in adults, involving the contralateral pri-
mary sensorimotor cortex, the ipsilateral cerebellum, the
superior parietal cortex, and the ventrolateral thalamus as
well as premotor and parietal regions [Binkofski et al., 1998;
Ehrsson et al., 2000; Kollias et al., 2001; Ward and Frackow-
iak, 2003]. Within this network, activity in several regions is
modulated by the amount of force employed. Single-cell
recording studies in monkeys have reported force-sensitive
neurons in primary motor cortex (M1) [Evarts, 1968; Hepp-
Reymond et al., 1978], primary somatosensory cortex (S1)
[Wannier et al., 1991], supplementary motor area (SMA)
[Smith et al., 1975], and thalamus [Anner-Baratti et al., 1986].
In humans these findings have been largely replicated with
the description of a linear relationship between force and
activity in those regions [Cramer et al., 2002; Dai et al., 2001;
Dettmers et al., 1995; Ehrsson et al., 2000; Peck et al., 2001;
Ward and Frackowiak, 2003]. Some of these studies have
identified additional brain areas responsive to force modu-
lation, such as the ipsilateral cerebellum, cingulate, prefron-
tal, and parietal cortices. Studies using scalp-recorded event-
related potentials (ERPs) identified various components of
the movement-related cortical potentials that are responsive

to changes in the force level applied [Siemionow et al., 2000;
Slobounov et al., 2002; Slobounov and Ray, 1998]. Peak
amplitude at the central electrodes, thought to reflect activ-
ity in contralateral primary motor cortex [Halder et al., 2005;
Toma et al., 2002], has been shown to be particularly sensi-
tive to this force parameter.

The aim of this study was to describe general matura-
tional changes in the neuronal control of power grip and
associated force control under visual feedback. We expected
to find general as well force modulation-specific late matu-
rational effects within regions and components related to
visuomotor integration processes, needed to transform the
online visual feedback information into appropriate motor
adjustments. In contrast, evidence of late maturation was
not expected in primary areas, such as M1. Two imaging
methods, ERPs and functional MRI (fMRI) were used to
elucidate differential aspects of late development. Concern-
ing ERP analyses, we focused on two previously identified
components: the motor component, which has been shown
to modulate activity with force, and second, a visual feed-
back-related component. While we expected the fMRI to
show a stable active network involved in hand control over
the investigated age range, we aimed at identifying further
neural correlates of protracted maturation that are specific
for graded motor control under visual feedback.

SUBJECTS AND METHODS

Subjects

Groups of 17 adults, 17 adolescents, and 26 children par-
ticipated in the study. All subjects were healthy, with no
history of medical or psychiatric disease, and had normal or
corrected to normal vision. All were right-hand dominant as
assessed by the Edinburgh Handedness Inventory [Oldfield,
1971]. All adult subjects and the parents of children and
adolescents gave written informed consent to participate in
this study. Due to ghosting artifacts and major head move-
ment (over 2 mm) during the fMRI measurement, nine chil-
dren had to be excluded. Thus, for all analyses, 17 adults
(mean age, 25 � 3 years; 9 males), 17 adolescents (mean age,
16 � 0.5 years; 7 males), as well as 17 children (mean age, 10
� 0.5 years, i.e., during final corticospinal maturation; 8
males) were included. The study was approved by the local
ethics committee and was conducted in accordance with the
guidelines determined in the Helsinki Declaration. Partici-
pation was rewarded with 60 SFr in the case of adults and
with gift coupons in the case of children and adolescents.

Task and Procedure

ERP and fMRI were measured sequentially in two sepa-
rate counterbalanced sessions (mean time between sessions:
13 � 8 days). In the same study three further visual exper-
iments (not reported here) were run. The order of the exper-
iments was counterbalanced across subjects and identical for
both sessions.

During the ERP-recordings stimuli were presented on a
computer monitor placed 60 cm in front of the subjects. During
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the fMRI measurement subjects saw the stimuli via a mirror
attached to the MR-coil on a translucent screen. For both ses-
sions the task was displayed with identical visual angle.

The force device (ALEA Solutions, Zurich, Switzerland)
consisted of a sphygmomanometer bulb connected to a
blood pressure transducer via a 10-m silicon tube. The trans-
ducer translated air compression into an analog signal that
was digitized at 12 bit resolution with 100 Hz. During the
ERP session, each time the signal changed a marker was
written online into the EEG indicating the amount of force
exerted at 8 bit resolution. These markers allowed a contin-
uous force trajectory to be calculated offline as an additional
channel along with the EEG for the event-related analyses. A
more detailed description of this force task can be found
elsewhere [Halder et al., 2005].

Maximum voluntary hand contraction (MVC) was deter-
mined just before the experiment in each recording session
(EEG/fMRI) and after a minimal practice session consisting
of about 10 bulb squeezes per target force level using 20%,
40%, and 75% of their MVC (power grip). Participants were
instructed to squeeze the bulb ballistically (reach the re-
quested target force level as quickly and accurately as pos-
sible and then release immediately, no holding) with their
right hand after visual target presentation. Continuous feed-
back on the applied force was presented on the screen. The
task was divided into 18 pseudorandomized blocks (six
blocks per force level). Each block lasted for 30 s and con-
sisted of eight squeezes with targets presented on the aver-
age every 4 s using a Stimulus Onset Asynchrony of 4000
� 500 ms, which varied in a pseudorandomized fashion.
Breaks of 15 s were inserted after each block. Thus, the
duration of each experimental session was 13.25 min.

The display consisted of a set of concentric rectangles on
a white background. The grayscale value of the outer rect-
angle represented the target force level. Within this frame, a
second “response” rectangle (7 � 7.5 cm) indicated the
amount of force exerted when squeezing the ball by chang-
ing grayscale values. Trials began when the frame turned
from white to gray (target) and a small inner rectangle
turned from green to red. Participants were instructed to
ballistically squeeze the ball as hard as necessary to match
the response grayscale value to that of the target. To indicate
achievement of the task, the innermost rectangle turned
from red to green again when the response force was within
a tolerance of 10% MVC of the target value. Each trial lasted
for 2 s and ended with the target frame turning white again.

Behavioral Analysis

Performance data was pooled over both experimental ses-
sions. Reaction time (measured from target presentation to
force onset), peak amplitude, and slopes (ascending/de-
scending) of the force trajectory (calculated between force
onset (for descending slope: force peak) and the point with
the steepest slope) as well as movement variability (from
0–100 ms to include the ascending slope of the force trajec-
tory in all groups, calculated individually as the standard
deviation of the averaged force trajectories in the same time

interval) were analyzed using multivariate analysis of vari-
ance (MANOVA; three force levels by three groups). With
the exception of reaction time, all behavioral analyses were
conducted with values transformed to %MVC.

ERP Recordings

The continuous EEG was recorded using a cap (FMS, Mu-
nich, Germany) with 64 channels at 500 Hz/channel, filter set
to 0.1–70 Hz (Brainproducts, Munich, Germany). Electrode
positions included all 10–20 system electrodes and the addi-
tional electrodes Fpz, FCz, CPz, POz, Oz, Iz, AF1/2, F5/6,
FC1/2/3/4/5/6, FT7/8/9/10, C1/2/5/6, CP1/2/3/4/5,TP7/
8/9/10, P5/6, PO1/2/9/10, OI1/2 plus two electrodes below
the outer canthus of each eye. O1�/2� and Fp1�/2� were placed
5% (about 2 cm) more laterally for even coverage [Brem et al.,
2005]. Impedances for over 80% of the electrodes were kept
below 20 kOhm. The few electrodes (less than 1.5%) with high
impedances (between 40–60 kOhm) nonetheless delivered re-
liable EEG-signal [Ferree et al., 2001].

EEG Analysis

Using Brainvision Analyzer Software (Brainproducts) and
custom programs, the continuous raw data were re-referenced
offline to average reference [Lehmann and Skrandies, 1980],
bandpass-filtered from 0.3–70 Hz and eyeblink-corrected by
means of independent component analysis [Jung et al., 2000].
Continuous raw data with artifacts exceeding �80 �V at any
electrode were excluded for subsequent analysis. Epochs from
�500 to 1000 ms were defined according to the force trajectory-
onset and averaged. Separate averages for each force condition
were calculated. The mean number (�SD) of sweeps over all
subjects was 42 � 6 for the high, 43 � 4 for the medium, and
43 � 4 for the low force level.

To identify general, temporally stable differences ob-
served between children and adults (where the most pro-
nounced differences were expected) low-resolution electro-
magnetic tomography (LORETA) analysis was conducted
over the whole time range of the ERP segment (�500 to 1,000
ms). Time frame to time frame comparison with a two-
sample t test using a bootstrapping correction for multiple
testing [Nichols and Holmes, 2002] was conducted for the
average of all force levels between children and adults,
resulting in a t value time course for all 2,934 LORETA
voxels. These values were subsequently transformed to ei-
ther 100 (if that time point within the voxel differed signif-
icantly between the groups) or zero. The mean value for a
voxel over the time segment therefore indicates the fraction
of the period (in percent) during which there was a signifi-
cant difference in the ERPs for that voxel.

In order to identify components of interest, global field
power (GFP) was calculated for each subject and condition.
GFP peaks [Lehmann and Skrandies, 1980] are thought to
represent temporally stable map configurations also called
microstates. These microstates reflect the stable states of a
neural network and can be linked to specific steps in infor-
mation processing [Steger et al., 2000]. We focused on the
peak activity of two previously identified ERP components

� Late Maturation of Hand Motor Control �

� 71 �



characteristic to this task [Halder et al., 2005]: the peak of the
movement-related cortical potential occurring 0–100 ms af-
ter movement onset, where force-related amplitude modu-
lation has been reported [Halder et al., 2005; Slobounov and
Ray, 1998]. And second, a feedback-related component,
which was expected later (200–400 ms). Peak detection on
group-wise overall grand means of the GFP curves was used
to identify these components after visual inspection in these
particular time ranges. Subsequently, the topographical map
derived from the peak of each segment was used to calculate
the force level specific covariance of individuals [Brandeis et
al., 1992]. Peaks in the covariance channel thus indicated
best fit of the mean topographical map with individual files.
The peak locations were mapped to the individual GFP
curves and the amplitudes and latencies of these were then
exported for each force level. MANOVA was used to iden-
tify maturational changes.

In order to search for the spatial sources of the group
differences between children and adults in the components
identified above, the individual ERP datasets were used to
compute the distributed LORETA solution of each [Pascual-
Marqui et al., 1994, 1999] based on standardized mean elec-
trode positions. Only the highest force level was tested
(highest signal-to-noise ratio). Eye electrodes were excluded
due to localization errors introduced by nonuniform sam-
pling of scalp potentials [Gottselig et al., 2004]. Group com-
parisons were based on independent sample t tests [Nichols
and Holmes, 2002]. All LORETA results are reported in the
Talairach coordinate system [Talairach and Tournoux, 1988].

fMRI Acquisition

Imaging was performed on a 1.5 T Philips Intera system
(Philips Medical Systems, Best, The Netherlands). For func-
tional imaging, 268 volumes each consisting of 28 axial slices
(whole brain coverage) were acquired with BOLD contrast
weighted echo planar imaging (TR � 3 s; TE � 55 ms, TA
� 2.57 s; image matrix � 64 � 64; interleaved slice acquisition,
slice thickness � 5 mm; no interslice gap; flip angle � 90°). The
resulting voxel size was 3.5 � 3.5 � 5 mm. The first four scans
of each session were discarded to allow for stabilization of
T1-related saturations effects. Subjects were fitted with ear-
plugs and the head was padded to minimize head movements.

fMRI Data Analysis

Preprocessing and statistical analysis were done using
SPM2 (Wellcome Department of Cognitive Neurology, Lon-
don, http://www.fil.ion.ucl.ac.uk/spm). The data were first
slice-scan-time corrected, realigned and unwarped [Anders-
son et al., 2001], and subsequently normalized to the Mon-
treal Neurological Institute (MNI) template (new voxel size
3 � 3 � 3 mm). Spatial smoothing with a 9-mm full-width at
half-maximum isotropic Gaussian kernel was performed to
enhance statistical power in global random effects analyses.
Unsmoothed data were used for the region of interest (ROI)
analyses.

While resembling a block design, our test also included
variability between trial onsets. We thus used an event-related

analysis, modeling individual movement onsets as single
events and convolved them with the canonical hemodynamic
response function for a more accurate estimation of the exper-
imental effects [Mechelli et al., 2003]. Movements of the differ-
ent force levels were coded separately. Global scaling was
performed to remove global signal drifts across individual time
series. The data were highpass temporally filtered with a fre-
quency cut-off period of 320 s. No lowpass filter was applied.

In order to identify the network generally involved (dis-
regarding age) in the task the subjects’ contrasts of all force
levels (against resting blocks) were entered into a one sam-
ple t test. The negative contrast (baseline � force) was also
calculated. General age-related effects were tested by corre-
lating these individual contrasts with age (log transformed).
To identify the network responsive to force modulation over
all age ranges (disregarding age) a linear parametric modu-
lation with force (mean individual %MVC per force level)
was conducted per subject and subsequently entered into a
one sample t test. Again, we tested for positive as well as
negative effects. To test specifically for developmental force
modulation related effects, the correlation of age (log trans-
formed) with the individual parametric modulation con-
trasts was calculated. Regions of interest were defined as the
significant clusters and mean percent signal change was
extracted for each force level using MarsBar (v. 0.38.2) soft-
ware [Brett et al., 2002].

Results are reported in the Talairach stereotactic system of
coordinates [Talairach and Tournoux, 1988]. P values for
global analysis were corrected for multiple comparisons
using either the stringent family-wise error (FWE) correction
or the false discovery rate (FDR) correction. A corrected
significance level of P � 0.05 was adopted for the FWE
correction and P � 0.01 for the FDR correction.

Figure 1.
Performance across groups and force levels computed from force
curves. A: Reaction time in milliseconds for each force level and
group. B: Ascending and descending slopes (in %MVC/ms) for
each force level and group.
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RESULTS

Behavior

Mean reaction time (over all groups) was 449 � 122 ms for
the low force condition, 405 � 98 ms for the medium and 350
� 80 ms for the high force condition. Figure 1A shows the
reaction times by group and force level. Main effects of force
(F(2,47) � 55.8, P � 0.001) and group (F(2,48) � 7.126, P
� 0.01) as well as a force by group interaction (F(4,96)
� 3.469, P � 0.011) were detected. The main effect of force
was due to systematically increased reaction times for lower
forces (P � 0.001 for all force comparisons). Post-hoc ANO-
VAs revealed that the interaction was due to different reac-
tion times at the two lower force levels (F(2,48) � 7.608, P
� 0.001), and was absent for the higher force levels. While
adults showed only a trend (P � 0.06) for reaction time
differences between the low and the medium condition,
both adolescents (P � 0.01) and children (P � 0.001) showed
a strong reaction time modulation between these force lev-

els. The main effect of group was largely due to the longer
latencies in the children compared to adults (P � 0.01 at all
force levels).

Mean peak amplitudes for adults (low: 26 � 4, medium:
42 � 4 and high 76 � 6% MVC), adolescents (23 � 5, 40
� 4 and 74 � 6% MVC), and children (26 � 7, 40 � 4 and
71 � 10% MVC) were in the expected range and indicated
that all groups were able to perform the task as requested.
This was supported by a very significant main effect
of force (F(2,47) � 1208.568, P � 0.001) without group
effects.

For the ascending force trajectory slope, effects of force
(F(2,47) � 162.1, P � 0.001) and group (F(2,47) � 8.589, P
� 0.001) as well as a force by group interaction (F(4,96)
� 6.858, P � 0.001) were detected. Higher force levels were
generally achieved through steeper slopes. Post-hoc ANO-
VAs revealed that these effects were stable for both the
higher and the lower forces tested separately. As all groups
showed significant differences between all force levels, ad-

TABLE I. LORETA results: general differences between children and adults

Anatomical region
(cytoarchitectural area) Hemisphere

Talairach
coordinates: x, y, z

Time of significant
difference (%)

Anterior cingulate (BA 24) L �3, 38, 8 58
Cingulate gyrus (BA 23) R 4,�32, 29 71
Cingulate gyrus (BA 31) R 4,�46, 29 58
Cingulate gyrus (BA 32) R 11, 24, 36 54

R 4, 24, 36 54
R 11, 17, 36 54

Cuneus (BA 18) L �3,�95, 22 58
L �17,�67, 15 54

Fusiform gyrus (BA 20) L �38,�11,�27 58
Inferior parietal lobule (BA 40) L �66,�32, 29 62

L �59,�32, 29 62
R 60,�32, 29 58

Inferior parietal lobule (BA 7) L �45,�67, 50 54
Inferior temporal gyrus (BA 20) R 53,�18,�27 62

L �52,�11,�27 58
Medial frontal gyrus (BA 6) L �3, 38, 36 54
Medial frontal gyrus (BA 9) R 4, 45, 22 58
Middle frontal gyrus (BA 10) L �38, 38, 8 62
Middle frontal gyrus (BA 9) R 39, 24, 36 71

R 32, 45, 22 58
R 53, 24, 36 67
L �24, 38, 36 67
L �38, 38, 36 62

Parahippocampal gyrus (BA 36) R 32,�32,�27 54
Posterior cingulate (BA 31) L �10,�67, 15 54
Precuneus (BA 7) L �17,�67, 50 54

L �3,�67, 50 54
Superior frontal gyrus (BA 10) L �31, 52, 22 54
Superior frontal gyrus (BA 6) R 4, 3, 64 54

L �3, 31, 57 54
Superior occipital gyrus (BA 19) L �38,�88, 22 62

R 32,�88, 22 58
Superior parietal lobule (BA 7) R 32,�74, 50 54

L �31,�46, 64 54
R 32,�53, 64 54
R 25,�53, 64 54
L �45,�60, 50 54

Supramarginal gyrus (BA 40) R 53,�46, 29 62

All regions exhibiting significant differences over more than 50% of the time are displayed.
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ditional normalizing was conducted within a case over the
force levels to eliminate the general slope differences be-
tween the groups. This reduced the interaction to a trend (P
� 0.094) and indicates that the steeper slopes in adults
accounts for much of the interaction. Very similar results
were obtained for the descending slope (Fig. 1B).

Movement variability within subjects was investigated in
the time segment from 0–100 ms including the ascending
slope of the force trajectory. No significant group effects
were found. However, movement variability increased with

higher force levels (F(2,47) � 23.503, P � 0.001), with signif-
icant differences between all force levels (P � 0.001).

ERPs

General group differences between children and adults

LORETA revealed generally higher activity in several re-
gions in children compared to adults. Those included the
cingulate, posterior cingulate, bilateral middle frontal gyri,

Figure 2.
A: Motor component. B: Feedback-related component. Upper
part: Topographical ERP maps for each force level and group for
the two time segments of interest. Lower part: Corresponding
localization of the ERP differences between children and adults in

the highest force condition using LORETA. Slices ranging from z �
�41 to z � 57 in 7-mm steps, blue regions indicating less activity
in adults (P � 0.01, see text).
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and bilateral inferior parietal lobules. See Table I for a more
detailed description.

Motor component

Figure 2A (upper part) shows the motor component for
each group and force level. The lower left panel shows the
sources identified as significantly different between children
and adults for the high force condition. Table II lists the
activation loci displaying developmental differences (t
value � 5; corrected P � 0.01). Children showed enhanced
activity in several regions, including cuneus and posterior
cingulate. Latencies did not differ between groups and
conditions. However, amplitudes showed the expected
modulation with force, with differences between the high-
est and the other force levels (P � 0.001). No significant
difference could be detected between the lower two force
levels.

Feedback component

Figure 2B (upper part) shows the topography of the feed-
back-related component for all force levels and groups. The
lower right panel shows the spatial origin of the difference (t
value � 5; corrected P � 0.01) between children and adults
at the highest force level. The differences were located pri-
marily in parietal and occipital visual regions, but also in the
posterior cingulate (see also Table II). For latencies, a signif-
icant group difference was found (F(2,48) � 3.814, P � 0.05),
with post-hoc t tests, revealing that this difference was due
to prolonged latencies in children, while adults and adoles-
cents did not show a group difference. Concerning ampli-
tudes, significant general as well as force control–specific
group differences were found (main effect group: F(2,48)
� 18.349, P � 0.001; group by force interaction: F(2,48)
� 3.814, P � 0.05). Post-hoc tests indicated that amplitudes
were generally higher in both children (P � 0.001) and
adolescents (P � 0.001) compared with adults. The interac-
tion mainly contrasted adults vs. children, as children
showed significant positive amplitude modulation within

the higher force levels (high vs. medium and high vs. low),
while adults showed decreasing amplitudes with increasing
force levels (high vs. medium and high vs. low).

fMRI

Main effects of handgrip

The network activated (disregarding age and force level)
included the expected regions, such as M1, S1, cerebellum,
SMA, basalganglia, a large cluster in visual occipital areas, as
well as parietal areas (superior parietal lobule, precuneus). We
also detected a sizeable network consistently downregulated
with the task, which, in addition to a large cluster in the
posterior cingulate, included parietal areas as well as ipsilateral
M1/S1, and bilateral superior temporal gyri. Figure 3 shows
activated (red) and deactivated (green) regions of the second-
level analysis, including all participants (FWE, P � 0.05, cluster
size ke � 20). A complete listing of activated and deactivated
clusters is given in Table III.

Linear correlation between BOLD signal and force

Figure 4 shows regions in which activity was enhanced
with increasing force disregarding age (see also Table IV).
Those included the contralateral sensorimotor cortex and
SMA, the ipsilateral cerebellum, as well as several visual
occipital regions. No negative effects were detected.

General developmental findings

To identify general age-related changes, we conducted a
correlation analysis between individual main effects of hand-
grip and age (log transformed). No positive effects were found.
Instead, a significant negative correlation with age was re-
vealed (see Fig. 5A and corresponding Table V). This could
indicate either decreased activation (decreased positive BOLD
effect) or increased deactivation (increased negative BOLD ef-
fect) with age. Masking with the generally deactivated network
revealed the same results, indicating that the ability to deacti-
vate this network is enhanced with age.

Force modulation-specific developmental findings

Correlation between age (log transformed) and the indi-
vidual parametric contrasts identified bilateral cerebellum
as well as a region in contralateral M1 and in the right
inferior parietal lobule, contralateral thalamus, and right
superior temporal gyrus. These significant clusters (Fig. 5B;
Table V) were subsequently defined as ROIs and individual
values for each force level were extracted to visualize the
group differences in force modulation (Fig. 6). In almost all
these regions, force modulation was present in children and
adolescents but absent in adults. This general observation
was tested using MANOVA (six ROIs, three force levels) for
each group separately. While children (F(2,15) � 45.665, P
� 0.001) and adolescents (F(2,15) � 13.342, P � 0.001) ex-
hibited significant main effects of force, this effect was ab-
sent in adults.

Figure 3.
Main effects of handgrip in fMRI. Activated areas are shown in red,
deactivated areas in green. FWE correction, P � 0.05, ke � 20.
See also corresponding Table III.
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DISCUSSION

Network Involved in Hand Movement With
Visual Feedback

Our developmental study largely replicates previous
findings concerning the fMRI-derived spatial network in-
volved in adult hand movement control under visual

feedback [Binkofski et al., 1998; Ward and Frackowiak,
2003]. In addition, the ERP-derived temporal sequence of
activations within this network closely resembles the one
previously described for adults performing the task at
constant force [Halder et al., 2005]. As expected, contralat-
eral M1 and S1, ipsilateral cerebellum, SMA, and other
premotor regions as well as parietal regions were acti-

TABLE II. LORETA results: location of brain regions with significant, component-
specific ERP differences between children and adults in the highest force condition

Anatomical region
(cytoarchitectural area) Hemisphere

Talairach
Coordinates: x, y, z T

Motor component
Angular gyrus (BA 39) L �45,�74, 36 �5.15
Cuneus (BA 19) L �3,�88, 29 �5.2

L �17,�88, 36 �5.05
Inferior parietal lobule (BA 40) R 53,�53, 36 �6.23
Inferior temporal gyrus (BA 19) L �45,�74, 1 �5.44
Lingual gyrus (BA 19) R 11,�60, 1 �5.2

L �10,�60, 1 �5.15
Middle occipital gyrus (BA 19) L �45,�74, 8 �5.44

L �45,�81, 8 �5.44
L �45,�81, 1 �5.44
L �38,�81, 15 �5.44

Middle temporal gyrus (BA 21) R 60,�60, 1 �5.35
Posterior cingulate (BA 30) R 4,�60, 8 �5.2

R 11,�53, 8 �5.2
Precentral gyrus (BA 44) R 46, 17, 8 �5.39
Precuneus (BA 31) L �17,�60, 22 �5.35

L �17,�67, 22 �5.35
Supramarginal gyrus (BA 40) L �59,�46, 22 �5.05

L �52,�46, 22 �5.05
Feedback component

Cuneus (BA 17) R 4,�81, 8 �5.76
Cuneus (BA 18) R 4,�95, 8 �5.7
Cuneus (BA 19) L �17,�88, 36 �6.1

R 11,�81, 36 �6.05
Fusiform gyrus (BA 37) R 46,�46,�13 �5.53
Inferior frontal gyrus (BA 47) R 32, 24, �6 �5.88
Inferior occipital gyrus (BA 18) R 39,�88,�13 �6.67

R 32,�88,�13 �6.67
Inferior occipital gyrus (BA 19) L �45,�81, �6 �5.59
Inferior parietal lobule (BA 40) R 60,�39, 50 �7.24
Lingual gyrus (BA 19) R 18,�67, �6 �5.93

R 11,�46, �6 �5.42
Lingual gyrus (BA 30) R 18,�39, 1 �5.42
Middle frontal gyrus (BA 6) L �31, �4, 57 �5.53

L �31, �4, 50 �5.53
L �24, �4, 50 �5.53

Middle occipital gyrus (BA 19) L �38,�81, 15 �5.42
Middle temporal gyrus (BA 21) R 60,�53, 1 �6.1
Parahippocampal gyrus (BA 19) R 18,�46, �6 �5.42
Parahippocampal gyrus (BA 30) R 18,�39, �6 �5.42
Parahippocampal gyrus (BA 37) R 32,�39, �6 �5.48
Postcentral gyrus (BA 40) R 46,�32, 50 �7.24
Postcentral gyrus (BA 40) L �38,�32, 57 �6.67
Posterior cingulate (BA 23) R 4,�53, 15 �5.65
Precentral gyrus (BA 6) L �31,�11, 57 �5.53
Sub-Gyral (BA 6) L �24, 3, 50 �5.53
Superior parietal lobule (BA 7) L �31,�60, 43 �7.07
Superior temporal gyrus R 46,�32, 15 �5.65
Superior temporal gyrus (BA 22) L �52,�11, �6 �5.65
Superior temporal gyrus (BA 42) R 60,�32, 8 �5.82

ERP, event-related potential.
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vated. In addition, large activation was seen in visual
areas.

We found that this activated network was spatially stable
over the developmental age range studied. In addition, we
detected several areas that showed strong deactivation (nega-
tive BOLD effects compared to the baseline condition). Those
include ipsilateral M1, the posterior cingulate, parietal (precu-
neus), and also temporal regions. While such deactivation of
the ipsilateral M1 is thought to represent interhemispheric
inhibition through the corpus callosum [Allison et al., 2000;
Hamzei et al., 2002], it remains unclear whether deactivation
can generally be considered an inhibitory process. Instead, this
deactivation may reflect a default mode of brain function that
has recently been characterized [Fransson, 2005; Greicius et al.,
2003; Greicius and Menon, 2004; Laurienti, 2004; Raichle et al.,
2001]. It has been suggested that this default network, which
resembles the deactivation observed here, is downregulated
during specific goal-directed behaviors. This interpretation of
deactivation during our task is of particular interest, as it
closely resembles the network found to show late unspecific
maturation (see below).

Effects of Force

All investigated behavioral parameters proved responsive
to force modulation. As expected, higher force was generally
coupled with increased slopes of the force trajectory. In
addition, we found a robust pattern of systematic reaction
time changes with force levels in all age groups character-
ized by an inverse relationship between amount of force and
reaction time. This most probably reflects the increased de-
mands on movement preparation at lower forces, as these
require a more controlled or skilled movement. Electro-
physiologically, we replicated the expected force modula-
tion at the peak of the movement-related cortical potential
[Siemionow et al., 2000; Slobounov and Ray, 1998]. This
effect was stable over the investigated age range. No latency
differences could be detected. These findings are thus in
agreement with the proposed early maturation of primary
motor cortex. Correspondingly, fMRI revealed force modu-
lation in most of the expected areas when age was disre-
garded. These included contralateral primary sensorimotor
cortex, ipsilateral cerebellum, SMA, as well as several re-
gions in the visual cortex (for regions exhibiting differential
force modulation with age, see below).

General Developmental Findings

Typical general (i.e., not force control-specific) develop-
mental changes were observed in our data. Decreasing re-
action times with ongoing development have repeatedly
been reported across numerous studies, tasks, and methods.
Furthermore, children had shallower slopes (both increasing
and decreasing) to their force trajectories than adults and
adolescents, which is in agreement with earlier reports on
the maturation of hand force control under visual feedback
[Smits-Engelsman et al., 2003].

No positive correlation with age was found in fMRI, sug-
gesting that no area was more active in the adult subjects

compared to the younger age groups. This is in line with the
general ERP differences. In this respect, the fMRI analysis
indicated an early maturation of the spatial extent of this acti-
vated network. This contrasts with other developmental find-
ings in the motor system, where enhanced activity in primary
motor cortices with age has been reported in a bimanual se-
quential finger tapping task [Schapiro et al., 2004]. A possible
explanation for these contrasting findings might be the differ-
ences in the tasks used. Whereas power grip is thought to be a
phylogenetically old function, coordinated sequential finger
tapping skills might undergo specific development and further
improvement with exposure after reading age to precision
devices such as computers. Another possible explanation is the
lack of controlling variables predictive of M1 activity, such as
force and rate of force deployment. The confounding effects of
interhemispheric inhibition in the bimanual task might also
contribute. In the present study, neither ERP nor fMRI indi-
cated any further general maturation in contralateral primary
motor hand area.

In contrast, the network deactivated by the task was nega-
tively correlated with age, exhibiting a general developmental
difference. This network closely resembles the so-called “de-
fault network” [Raichle et al., 2001], which was shown to be
active at rest and downregulated during goal-directed behav-
ior. In addition, it has been suggested that the ability to deac-
tivate this network is lost in Alzheimer’s disease [Greicius et al.,
2004], and that the default network is linked to the ability of
memory encoding [Daselaar et al., 2004]. While adults showed
a robust deactivation, the deactivation in the younger age
groups was less pronounced or absent. We speculate that the
lack of deactivation in the developmental groups might be
responsible for their generally enhanced ERP amplitudes, al-
though enhanced baseline activity (representing noise) likely
contributes somewhat to the amplitude differences. Such en-
hanced noise, however, cannot explain the whole extent of
amplitude differences observed during the ERP segment (Fig.
7, upper part). The LORETA analysis over the whole time
segment further supports the idea that the lack of deactivation
in children observed in the fMRI data is visible as additional
ERP activity. The most consistent differences over the ERP
segment were found in voxels of the (posterior) cingulate,
bilateral middle frontal gyri, as well as parietal areas, in line
with the fMRI results of reduced deactivation in children in
these regions (Fig. 7).

It is worth noting that the motor component within the
ERP segment did not show decreasing amplitudes with age
(Fig. 7). It could be argued that children showed shallower
slopes in their force trajectories, which has been shown to
reduce movement-related ERP peak amplitude. Alterna-
tively, the inability to deactivate the previously described
default network might lead to cancellation of electric fields,
thus reducing GFP amplitudes. The topographies of the
motor-related component (Fig. 2A) would favor such a sce-
nario, as the posterior positivity (probably coming from
posterior cingulate) seems indeed to partially cancel the
contralateral frontocentral negativity.
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TABLE III. Location of brain regions activated (positive BOLD) and deactivated (negative BOLD)
disregarding age (FWE, P < 0.05)

Anatomical region (cytoarchitectural area) Hemisphere
Talairach coordinates:

x, y, z t Z

Activation (positive BOLD)
Brainstem (red nucleus) L �6,�24,�11 7.93 6.31
Cerebellum R 21,�50,�18 18.91 �7.84
Cerebellum (declive) L �33,�68,�17 15.61 �7.84

L �30,�71,�19 15.59 �7.84
R 30,�65,�17 15.53 �7.84

Cerebellum (culmen) L �33,�60,�25 14.58 �7.84
Cerebellum (pyramis) R 6,�68,�24 9.12 6.92
Cerebellum (nodule) L �3,�54,�25 7.14 5.87
Cingulate gyrus (BA 32) L �9, 14, 38 8.45 6.58
Claustrum L �27, 18, 5 9.54 7.11

R 30, 18, 7 6.71 5.61
Cuneus (BA 18) R 15,�98, 13 9.09 6.9

L �15,�99, 10 8.69 6.71
Inferior frontal gyrus (BA 9) L �50, 4, 27 10.24 7.42

L �56, 7, 27 10.14 7.38
R 50, 7, 30 9.78 7.22

Inferior frontal gyrus (BA 44) L �59, 9, 13 6.5 5.48
Inferior frontal gyrus (BA 45) R 27, 29, 4 5.7 4.96
Inferior occipital gyrus (BA 18) L �33,�79, �4 14.35 �7.84

R 33,�82, �6 14.35 �7.84
Inferior parietal lobule (BA 40) R 48,�36, 46 12.88 �7.84
Inferior parietal lobule (BA 40) L �53,�22, 23 7.24 5.92
Insula (BA 13) L �39, �2, 19 8.37 6.54

R 42, 3, 3 6.58 5.53
Left brainstem L �3,�39,�13 6.28 5.34
Lentiform nucleus (putamen) L �21, �5, 9 9.12 6.92

R 21, 15, 5 7.06 5.82
R 15, 9, �3 8 6.34

Lentiform nucleus (lateral globus pallidus) R 18, 0, 0 7.94 6.31
Lentiform nucleus (lateral globus pallidus) R 18, �5, 9 5.98 5.15
Medial frontal gyrus (BA 6) L �6, 3, 52 10.58 7.56
Middle frontal gyrus (BA 46) R 50, 44, 6 8.02 6.35

R 42, 39, 26 7.77 6.22
Middle occipital gyrus (BA 18) R 42,�76, �9 14.26 �7.84
Middle occipital gyrus (BA 19) R 36,�84, 12 13.16 �7.84

L �27,�87, 7 12.32 �7.84
R 30,�78, 23 11.42 �7.84
L �45,�73, 4 11.31 7.84
R 39,�70, 3 10.22 7.41
R 48,�79, 1 10.2 7.4

Posterior cingulate (BA 30) L �30,�75, 12 11.92 �7.84
Precentral gyrus (BA 4) L �36,�21, 54 15.63 �7.84

L �36,�20, 62 15.25 �7.84
Precuneus (BA 7) L �30,�50, 49 9.57 7.12
Right brainstem R 6,�36,�16 6.67 5.59
Superior frontal gyrus (BA 6) R 9, 6, 63 8.13 6.41

R 12, 9, 60 8.07 6.38
Superior parietal lobule (BA 7) R 30,�53, 47 12.76 �7.84

R 33,�50, 49 12.61 �7.84
Supramarginal gyrus (BA 40) L �42,�27, 43 12.75 �7.84
Thalamus (ventral posterior lateral nucleus) L �15,�17, 9 8.66 6.69

Deactivation (negative BOLD)
Angular gyrus (BA 39) R 50,�66, 28 9.67 7.17
Anterior cingulate (BA 24) R 3, 29, 7 7.34 5.98
Cingulate gyrus (BA 31) L �3,�45, 41 12.13 �7.83

R 12,�54, 28 12.06 �7.83
Fusiform gyrus (BA 37) L �30,�36,�11 7.15 5.87
Inferior temporal gyrus (BA 20) R 56, �7,�20 8.38 6.55
Insula (BA 13) R 42,�14, 15 10.89 7.68
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Maturation of Force Control Under Visual
Feedback Condition

In addition to general maturation of the network in-
volved in hand movement control under visual feedback,
we could also identify developmental differences specific
to force modulation. Reaction time differences between
the age groups depended in part on the force level. The
decrease of reaction times was most pronounced at the

lowest and probably most demanding force level. Electro-
physiologically, we detected force modulation-specific
maturation effects as well. The feedback-related compo-
nent showed much higher amplitude differences between
the groups compared to the rest of the segment. For this
component, the additional activity appeared to be due to
activity in middle occipital gyrus and parietal areas, as
shown by the LORETA localization. This is in line with
the hypothesis of enhanced use of visual feedback in
children [Konczak et al., 2003; Smits-Engelsman et al.,
2003], and with their slower force release, which might
point to the need for concurrent visual feedback monitor-
ing. As higher forces were accompanied by stronger con-
trast changes during visual feedback, we expected this
component to modulate with force as well. However,
while children showed this expected modulation in the
ERP data, the adults showed reduced amplitudes with
increasing force. This pattern in adults is unexpected, as
reduced attention to visual feedback should lead to more
similar, but not to decreasing feedback-related ampli-
tudes across increasing force levels. It could be speculated
that this amplitude reduction indicates a change from
feedback-based strategy at lower and more demanding
force levels to internal model-based movement control at
higher force levels. This would be in agreement with
previous electromyographic studies suggesting that
forces above 50% MVC are controlled differently than
forces below this level [Huesler et al., 2000; Suzuki et al.,
1994]. Interestingly, a recent study using the same task at
constant force showed large training/repetition effects in
this component, which were interpreted as decreased
need for visual feedback with movement repetition
[Halder et al., 2005]. No difference in force modulation
was found in occipital areas in fMRI. This most probably
reflects the poor time resolution in fMRI, as the same
visual area is expected to be involved in target processing.

Figure 4.
Linear correlation between BOLD signal and force for all subjects
(FWE correction, P � 0.05, ke � 0). See also corresponding Table
IV.

TABLE III. (continued)

Anatomical region (cytoarchitectural area) Hemisphere
Talairach coordinates:

x, y, z t Z

Medial frontal gyrus (BA 10) R 3, 49, �5 10.47 7.52
Middle frontal gyrus (BA 8) R 27, 25, 43 7.74 6.21
Middle temporal gyrus (BA 21) L �53,�12,�15 9.29 7

R 39, 7,�33 6.25 5.32
Parahippocampal gyrus (hippocampus) L �27,�18,�17 7.56 6.11

R 27,�18,�19 6.1 5.22
Precentral gyrus (BA 4) R 39,�23, 62 10.46 7.51
Precentral gyrus (BA 6) L �45,�13, 31 7.06 5.82
Precuneus (BA 19) L �36,�80, 40 11.3 7.83
Superior frontal gyrus (BA 9) L �9, 54, 25 5.83 5.04
Superior frontal gyrus (BA 8) L �24, 23, 49 8.73 6.72
Superior temporal gyrus (BA 39) L �59,�57, 28 6.46 5.45
Superior temporal gyrus (BA 22) R 48,�15, 1 9.98 7.31

L �48,�32, 7 6.86 5.7
L �65,�40, 10 6.69 5.6

Uncus (BA 28) L �27,�10,�25 6.11 5.23

BOLD, blood oxygenation level-dependent; FWE, family-wise error.
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Some clusters with group-specific force modulation dif-
ferences were located at the edge of the core motor re-
gions in the case of contralateral M1 and ipsilateral cere-
bellum with their prominent force modulation in all three
groups. This might indicate further force modulation-
specific focalization with age in these regions. However,
most of the investigated clusters showed positive modu-
lation with force in children and partly adolescents, but
no force modulation was seen in adults. These clusters

thus show similar developmental changes as detected in
the ERP feedback component, thereby suggesting a role in
feedback processing. In addition, some of these clusters,
such as the bilateral cerebellum and the inferior parietal
lobule, are involved in visuomotor transformation [Vail-
lancourt et al., 2003]. However, no significant correlation
was found, indicating that the relationship between this
component and fMRI-derived ROIs is not simply linear or
involves a combination of different, simultaneously acti-

Figure 5.
Age differences in fMRI. A: General age differences. B: Force-specific age differences. FDR
correction, P � 0.01, ke � 0. See also corresponding Table V.

TABLE IV. Location of brain regions in which increasing BOLD signal was linearly correlated to peak force of hand
grip (disregarding age; FWE, P < 0.05)

Anatomical region (cytoarchitectural area) Hemisphere Talairach coordinates: x, y, z T Z

Cerebellum (culmen) L �27,�51,�20 6.06 5.23
R 18,�48,�18 10.53 7.6

Cuneus (BA 18) L 0,�93, 5 7.95 6.36
L 0,�89, 18 9.61 7.2

Inferior parietal lobule (BA 40) L �50,�25, 21 5.29 5.37
Insula (BA 13) L �42, �6, �5 6.04 5.21

R 50,�19, 20 6.79 5.69
L �42,�14, 9 8.56 6.68

Lentiform nucleus (putamen) L �30, �3, �5 6.06 5.22
Lingual gyrus (BA 18) R 12,�78, 7 8.53 6.67

R 9,�70, 6 8.64 6.73
R 12,�67, 1 8.75 6.78
L �15,�70, 1 9.99 7.37

Lingual gyrus (BA 19) L �15,�50, �3 7.38 6.04
R 9,�56, �7 10.99 7.78

Medial Frontal gyrus (BA 6) L �6, �9, 50 5.51 4.85
Postcentral gyrus (BA 3), including Precentral gyrus (BA 4) L �39,�24, 54 11.96 �7.78

BOLD, blood oxygenation level-dependent; FWE, family-wise error.
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Figure 6.
Percent signal change in ROIs with force-specific maturation in fMRI for all age groups separately.

TABLE V. Location of brain regions with general as well as force specific developmental fMRI effects
(FDR, P < 0.01)

Anatomical region (cytoarchitectural area) Hemisphere Talairach coordinates: x, y, z t Z

General age-related differences
Cingulate gyrus (BA 31) R 6,�39, 41 5.03 4.49
Inferior parietal lobule (BA 39) R 48,�65, 39 4.91 4.41
Inferior temporal gyrus (BA 20) L �59,�10,�20 4.41 4.03
Insula (BA 13) R 39,�14, 12 5.3 4.69

R 39,�20, 4 4.28 3.93
Insula (BA 22) L �39,�24, �4 6.2 5.3
Middle frontal gyrus (BA 8) R 27, 28, 40 5.31 4.7
Middle frontal gyrus (BA 9) L �27, 31, 32 4.35 3.98

L �27, 40, 37 4.08 3.77
Middle temporal gyrus (BA 21) L �48,�15,�12 4.86 4.37
Posterior cingulate (BA 23) R 6,�48, 25 5.16 4.59
Precentral gyrus (BA 6) R 59, 1, 11 4.46 4.07
Precuneus (BA 7) R 3,�59, 36 5.25 4.65
Superior temporal gyrus (BA 22) R 56, �3, 3 4.46 4.07

R 48,�18, �2 4.24 3.9
Superior temporal gyrus (BA 39) R 53,�57, 28 4.65 4.21

Force-specific age-related differences
Cerebellum (anterior lobe) L �30,�57,�27 5.14 4.58
Cerebellum (declive) R 9,�65,�12 5.29 4.68

R 27,�65,�17 5.03 4.49
L �27,�65,�22 4.86 4.37
L �15,�71,�17 4.79 4.32

Inferior parietal lobule (BA 40) R 56,�28, 32 4.81 4.33
R 59,�22, 23 4.57 4.15
R 50,�31, 26 4.26 3.91

Precentral gyrus (BA 4) L �27,�26, 68 5.35 4.72
Thalamus L 0,�22, 18 4.27 3.92
Superior temporal gyrus (BA 22) R 48, 6, �5 4.64 4.21

FDR, false discovery rate.
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vated ROIs. In addition, the ROIs might not be selectively
active during the feedback processing step.

CONCLUSIONS

The network activated in hand movement and force con-
trol under visual feedback appears largely stable in its spa-
tial extent over the ages 9–28. Interestingly, the most prom-
inent general developmental difference was found for the
ability to deactivate a different “default” network indepen-
dent of the force level applied. We suggest that this late
maturational effect corresponds to the almost generally en-
hanced ERP amplitudes at younger ages. More specific de-
velopmental differences in the control of force modulation
were shown to be related mostly to feedback processing and
less to motor core regions.
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