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Abstract: Behavioral studies have provided important insights into the mechanisms governing interlimb
coordination. In this study, we combined kinematic and functional magnetic resonance imaging (fMRI)
analysis to investigate the brain cortical and subcortical areas involved in interlimb coordination and the
influence of direction of movement and of body segment position on the activity of those areas. Fifteen
right-handed healthy subjects were studied while performing cyclic in-phase and antiphase hand and foot
movements with the dominant, right limbs, with the upper limb positioned either prone or supine, and in front
or behind with respect to the trunk. When contrasting antiphase to in-phase movements, fMRI analysis
demonstrated an increased recruitment of a widespread sensorimotor network (including regions in the
frontal and parietal lobes, bilaterally, the cingulated motor area, the thalami, the visual cortex, and the
cerebellum) considered to function in motor, sensory, and multimodal integration processing. When contrast-
ing the anterior to the posterior position of the upper limb with respect to the trunk, we found different
recruitment patterns in the frontal and parietal regions as well as the preferential recruitment of the basal
ganglia, the insula, and the cerebellum during the first condition and of regions located in the temporal lobes
during the second one. Different brain areas are engaged at a different extent during interlimb coordination.
In addition to the relative difficulty of the movement, the different cognitive and sensorial loads needed to
control and perform the motor act might be responsible for these findings. Hum Brain Mapp 28:218–227, 2007.
© 2006 Wiley-Liss, Inc.
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INTRODUCTION

Neurophysiological studies in healthy individuals have
demonstrated that rhythmic voluntary movements of flex-
ion-extension of ipsilateral limbs require a different effort
and attention if they are performed in the same angular
direction (in-phase, “easy association”) than when they are
performed in different directions (antiphase, “difficult asso-
ciation”) [Baldissera et al., 1982, 1991]. In addition, in the
difficult association, increase in the frequency of task execu-
tion leads to shortened performance because of the reversal
to the in-phase movement [Baldissera et al., 1991]. No influ-
ence has been reported yet on the role of the of upper limb
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position (i.e., prone or supine) on the behavioral observa-
tions [Baldissera et al., 1982].

Among the mechanisms involved in the maintenance of
limb coordination, the role of peripheral control, in particu-
lar the H-reflex modulation [Baldissera et al., 1998], and that
of a central regulation of limbs synchronization have been
postulated. Although these two mechanisms are likely to be
involved at a different extent during the performance of
in-phase and antiphase movements of flexion-extension of
the ipsilateral limbs, this aspect has not been fully elucidated
yet. In addition, whereas several studies have investigated
the role of peripheral modulation [Baldissera et al., 1998,
2002], only a few reports have focused on CNS-associated
changes [Colier et al., 1999; Ehrsson et al., 2000; Debaere et
al., 2001]. The results obtained by these latter studies seem to
indicate that in-phase and antiphase movements activate a
similar brain network.

The analysis of coordination processes is of particular
interest for gaining insight into the organization of volun-
tary movements. The study of bimanual coordination of
ipsilateral hand and foot coordination patterns has allowed
the identification of several coordination constrains, which
include the mechanical characteristics of joints and muscles,
the organization of the neuronal substrates that control
movements, and the external sources of feedback. It is worth
noting that these constrains are not mutually exclusive and
their relative contributions vary according to the task per-
formed. In bimanual movement coordination, the traditional
theory that homologous muscle coactivation is mainly re-
sponsible for the in-phase movements symmetry has been
confuted by an experiment by Mechsner et al. [2001], who
hypothesized that sensorimotor coordination is independent
of any muscular constraint, but it is rather exclusively of a
spatial/perceptual origin. Although the findings of Mechs-
ner et al. [2001] are still a matter of debate and have not been
replicated by other authors [Salter et al., 2004; Riek and
Woolley, 2005], they brought the attention on the influence
of the manipulation of limb spatial arrangement on volun-
tary movement coordination. Considering ipsilateral hand-
foot coordination, different studies would suggest that di-
rectional and spatial rather than muscular constraints have a
dominant impact on coordination [Baldissera et al., 1982,
1991; Salesse et al., 2005]. However, the only spatial arrange-
ment considered in these studies was the prone or supine
position of the forearm. A variable that has not been con-
sidered in the assessment of in-phase and antiphase move-
ments of ipsilateral limbs is the influence of upper limb
position, i.e., in front or behind with respect to the trunk, on
the performance of these movements.

This study was designed to gain additional insight into
the role of central control on coordination of ipsilateral hand
and foot movements. In particular, the main questions we
wished to address were the following. One, are the behav-
ioral and functional magnetic resonance imaging (fMRI)
differences observed by previous studies during in-phase
and antiphase movements of the ipsilateral limbs confirmed
when changing the position of the right upper limb? To

answer this question, we measured the same kinematic vari-
ables previously measured in a seminal study on ipsilateral
hand and foot coordination [Baldissera et al., 2001] and we
evaluated how these variables and the corresponding brain
patterns of cortical activation differed between in-phase and
antiphase ipsilateral hand and foot movements when con-
sidering a wide spectrum of positions of the upper limb (i.e.,
prone or supine, anterior or posterior with respect to the
trunk). Two, which are the brain patterns of cortical activa-
tions related to the different positions of the right upper
limb? In this context, a similar pattern of cortical activations
independently of the position of the right upper limb would
confirm the role of a “muscular constraint” on the control of
hand and foot coordination. Conversely, the change of the
movement-associated brain patterns of cortical activations
according to the position of the upper limb would support a
role of the central control. Three, does a different position of
the upper limb modify the subjects’ preferences toward
antiphase movements instead of the in-phase ones. This
would support the theory of an influence of postural mech-
anisms on voluntary movement execution.

PATIENTS AND METHODS

Subjects

We studied 15 right-handed [Oldfield, 1991] healthy indi-
viduals (9 women, 6 men; mean age, 21.6 years; range, 20–26
years). Local ethics committee approval and written in-
formed consent from each subject were obtained prior to
study initiation.

Experimental Design

The experiment has been performed in two different ses-
sions. During the first one, a detailed instrumental analysis
of movement kinematic was performed. On the second oc-
casion, performed within 3 days from the previous one,
fMRI was acquired. During both experimental sessions, sub-
jects lied in a lateral left position, with the right leg sup-
ported by a cushion, with the hip flexed at 40°, the knee
flexed at 40°, and the ankle left free.

During both sessions, the subjects were asked to perform
two different movements: cyclic in-phase flexion-extension
of the hand and foot; and cyclic antiphase flexion-extension
of the hand and foot while maintaining four different posi-
tions of the right upper limb, with the arm pointing toward
the head of the subject (Fig. 1): prone-anterior: shoulder 0°,
elbow flexion of 90°, forearm prone; supine-anterior: shoul-
der 0°, elbow flexion of 90°, forearm supine; prone-posterior:
shoulder extent of 40°, elbow extent, forearm prone; supine-
posterior: shoulder extent of 40°, elbow extent, forearm su-
pine.

In-phase movements implied simultaneous dorsal flexion
of the foot and flexion of the hand toward the head of the
subject, or plantar flexion of the foot and flexion of the hand
away from the head of the subject, when the upper limb was
positioned in front with respect to the trunk. Conversely,

� FMRI Study of Interlimb Coordination �

� 219 �



they implied simultaneous plantar flexion of the foot and
flexion of the hand toward the head of the subject, or dorsal
flexion of the foot and flexion of the hand away from the
head of the subject when the upper limb was positioned
behind the trunk (Fig. 1).

Instrumental Study of Kinematic

Hand and foot kinematic movements were derived using
a six-video camera system (Elite; BTS) after placing six pas-
sive markers on the right side of the body in the following
positions: the head of the fifth metatarsus, the lateral malle-
olus, the fibula head, the lateral homerus condyle, the
styloid ulnae, and the head of the fifth metacarpus. The
sampling frequency was 100 Hz. Each of the eight move-
ments studied (in-phase and antiphase in each of the four
positions) was tested at spontaneous and maximum speeds.
The sequence of the positions was randomly selected. Each
movement lasted 15 s with a 30-s pause between two con-
secutive movements. In each position, we considered as first
movement the one chosen by the subject at spontaneous
speed. We decided to analyze the first movement chosen in
the different experimental conditions to test whether the
manipulation of the position of the upper limb might influ-
ence the performance of coordinated hand and foot move-
ments. This would support the theory of an influence of
postural mechanisms on voluntary movement execution.

Analysis of Kinematic

Hand and foot kinematics were shown using curves in
which the movement range was reported on the y-axis and
the time on the x-axis (Fig. 2). These curves were filtered by
a low-pass filter of 6 Hz. During kinematic analysis, the
following variables were measured: the frequency of hand
and foot movements, expressed in Hz; the delay between

hand and foot movement; and the error time. The delay has
been analyzed by localizing on the hand and foot curves the
median point of the range of movement. The median point
of the earlier segment was then projected on the curve of the
other segment. The two points resulting on the delayed
segment curve were then projected on the y-axis for showing

Figure 1.
Limb positions during the prone-anterior (A) and the prone-posterior conditions of the experiment (B). In panel A, the upper arm is
positioned as follows: shoulder in neutral position, elbow flexed at 90°, and forearm in prone position. The lower limb is positioned with
both hip and knee flexed at 40°. In B, the upper arm is positioned as follows: shoulder extended at 40°, elbow in maximal extension,
and forearm in prone position. The lower limb is positioned with both hip and knee flexed at 40°. The kinematic acquisition was done
with markers placed on the head of the fifth metatarsus, the lateral malleolus, the fibula head, the lateral homerus condyle, the styloid
ulnae, and the head of the fifth metacarpus. The subjects were asked to move simultaneously their hand and foot, both in phase (black
arrows) and antiphase (white arrows). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 2.
Kinematic curves of hand and foot during an antiphase movement.
The x-axis reports the acquisition time and the y-axis the move-
ment range in degree. The movement frequency has been com-
puted as the number of flexion-extension movements during the
acquisition time and expressed in Hz. The delay has been analyzed
by localizing on the hand and foot curves the median point of the
range of movement (A and B). The median point of the former
segment (foot) was then projected onto the curve of the latter
one (B1). The two points resulting on the delayed segment curve
were then projected on the y-axis to show the delay as a range of
movement degree. The delay of each acquisition was computed as
mean of the delay for each single movement, with a negative sign
given to the foot and a positive one the hand.
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the delay as a range of movement degree. The delay of each
acquisition was computed as mean of the delay of each
single movement, with a negative sign given to the foot and
a positive one to the hand. The error time was measured as
the seconds of errors during the 15-s trial acquisition, with
an interruption of the movement in a segment or with an
inversion of the movement direction between hand and foot.
The subject’s spontaneous movement was considered to be
the easiest one in each of the eight conditions.

Kinematic Statistical Analysis

The comparisons between the movements of hand and
foot and between in-phase and antiphase movements, in
relation to the kinematic variables, were performed using
the nonparametric Wilcoxon test. The comparisons of the
same kinematic variables concerning the same movement in
the four different conditions were performed using the non-
parametric Friedman test for multiple measurements. The
variables related to the supine-posterior condition were
evaluated using the Mann-Whitney test for independent
samples. This condition was analyzed separately from the
others because of a between-subject difference in the choice
of the first movement (i.e., in-phase vs. antiphase; see Re-
sults).

Functional MRI Acquisition

Using a block design (ABAB), where five periods of acti-
vation were alternated with six periods of rest, the subjects
were scanned while performing the eight tasks previously
described, split into eight different runs. During the active
phases of each run, each subject was instructed to perform
only a specified movement, while during the rest phase the
subjects lied with the limbs fixed in the previously described
positions (see Experimental Design). Upper limbs switched
locations during the pause from a run to another. Foam
cushions were used to avoid excessive head and shoulder
movements. The movements were paced by a metronome at
1 Hz frequency. This frequency was selected after a prelim-
inary analysis of the kinematic data of a group of healthy
individuals, who did not take part to the present study (data
not shown), in order to have similar between-subject task
performance in the different experimental conditions and
therefore to avoid a possible bias on fMRI results related to
a different between-subject task performance. Subjects were
trained to perform the tasks until they could make the
movements in a relaxed manner before performing the
study. They were also instructed to keep their eyes closed
during fMRI acquisition and they were monitored visually
during scanning by two observers that remained in the
scanner room during the entire fMRI acquisition to ensure
accurate task performance and to check for additional move-
ments (e.g., mirror movements). The sequence of the runs
was randomly selected by the two observers. Motor function
assessment was performed for all the subjects at the time of
fMRI acquisition using the nine-hole peg test (9-HPT) and
the maximum finger-tapping frequency [Herndon, 1997].
The maximum finger-tapping rate was observed for two 30-s

trial periods outside the magnet, and the mean frequency to
the nearest 0.5 Hz entered the analysis.

Brain MRI scans were obtained using a 1.5 T machine
(Vision; Siemens, Enlargen, Germany). In order to have MRI
scans in the radiological convention and to reduce the im-
pact of the acquisition scheme on fMRI data realignement,
the subjects were registered on the scanner console as lying
in a lateral position. Sagittal T1-weighted images were ac-
quired to define the anterior-posterior commissural (AC-PC)
plane. Functional MR images were acquired using a T2*-
weighted single-shot echo-planar imaging (EPI) sequence
[repetition time (TR) � 3.0 s; echo time (TE) � 66 ms; flip
angle (FA) � 90°; matrix size � 128 � 128; field of view
(FOV) � 256 � 256 mm]. Twenty-four axial slices, parallel to
the AC-PC plane, with a thickness of 5 mm, covering the
whole brain were acquired during each measurement. Shim-
ming was performed for the entire brain using an auto-shim
routine, which yielded satisfactory magnetic field homoge-
neity.

Using the same magnet, a brain dual-echo turbo spin echo
(TSE) sequence (TR/TE � 3300/16,98; echo train length � 5;
24 axial slices, 5 mm thickness) with the same orientation as
the fMRI data set and a brain sagittal 3D T1-weighted mag-
netization-prepared rapid acquisition gradient echo (MP-
RAGE) sequence (TR/TE � 11.4/4.4; FA � 15°; FOV � 256
� 256; matrix size � 256 � 256; slab thickness 160 mm; voxel
size � 1 � 1 � 1 mm3) were also acquired.

fMRI Analysis

All image postprocessing was performed on an indepen-
dent computer workstation (Sun Sparcstation; Sun Micro-
systems, Mountain View, CA). fMRI data were analyzed
using the statistical parametric mapping (SPM99) software
[Friston et al., 1995]. Prior to statistical analysis, all images
were realigned to the first one to correct for subject motion,
spatially normalized into the standard space of SPM, and
smoothed with a 10 mm 3D Gaussian filter. Before proceed-
ing with spatial normalization, realigned images were care-
fully checked. None of the subjects showed head displace-
ments above 3 mm. Changes in blood oxygenation level-
dependent (BOLD) contrast associated with the performance
of the motor tasks were assessed on a pixel-by-pixel basis
using the general linear model [Friston et al., 1995] and the
theory of Gaussian fields [Worsley and Friston, 1995]. Spe-
cific effects were tested by applying appropriate linear con-
trasts. Significant hemodynamic changes for each contrast
were assessed using t-statistical parametric maps (SPMt).
The activations during the performance of the different tasks
and the comparisons between the different tasks were in-
vestigated using a random-effect analysis using a one-sam-
ple t-test or two-sample t-test for unpaired data as appro-
priate. Cluster of voxels with a height threshold P � 0.001
(uncorrected) and an extent threshold P � 0.05 (corrected)
were considered as significant. The following comparisons
were decided a priori: in-phase vs. antiphase movements,
prone vs. supine position of the right upper limb, anterior
vs. posterior position of the right upper limb with respect to
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the trunk, and evaluation of first chosen movement in the
supine-posterior condition.

To achieve a more precise definition of the anatomical
locations of activated regions in each individual, MP-
RAGE images from each subject were coregistered to the
corresponding fMRI data sets and normalized into the
same standard space. Then, fMRI results were superim-
posed onto these high-resolution images. Within each
region of statistical significance, local maxima of signal
increase were determined and their location was ex-
pressed in terms of x-, y-, and z-coordinates into standard
SPM space (Montreal Neurological Institute coordinates).
A 3D anatomical atlas was also used to increase confi-
dence in the definition of the anatomical locations of the
activated areas [Duvernoy, 1999].

RESULTS

Kinematic Analysis

In the conditions of prone-anterior, supine-anterior, and
prone-posterior, all the subjects chose as first movement the
in-phase hand and foot movement. In the condition of su-
pine-posterior, six subjects chose the in-phase association,
whereas nine subjects preferred the antiphase association.

The analysis of the movement frequency, performed by
combining the four conditions, showed significantly higher
frequency during the in-phase compared with the antiphase
condition (in-phase � 1.63 � 0.53 Hz, mean � SD; antiphase
� 1.36 � 0.50 Hz; P � 0.001). The same results were obtained
when considering the four conditions separately (Table I).
In-phase movements had the maximum frequency with the
forearm in prone position (positioned both anterior and
posterior to the trunk) both at spontaneous and at maximum
speed (P � 0.001; Table I). Conversely, antiphase move-
ments had the maximum frequency with the forearm in
supine position (positioned both anterior and posterior to

the trunk) both at spontaneous and at maximum speed (P
� 0.001; Table I).

The movements performed in the two conditions with the
upper limb in front of the trunk had the same frequency of
those performed with the upper limb behind the trunk (in
front � 1.46 � 0.54 Hz; behind � 1.53 � 0.51 Hz; P � NS).

In the supine-posterior condition, the frequency of the
movements performed as first choice did not differ between
the two groups of subjects doing different associations (in-
phase as first choice � 1.68 � 0.74 Hz; antiphase as first
choice � 1.77 � 0.48 Hz; P � NS).

The analysis of the delay between hand and foot move-
ment showed a delay of the hand in all the conditions (6.8
� 11.9°). In Table II, the number of subjects with a delay of
hand or foot in the four conditions is reported. Considering
the delay during a given movement (i.e., in-phase and an-
tiphase movements at a spontaneous and maximum speed)
in the four different conditions, a significant difference was
found only during the antiphase movement at maximum
speed (P � 0.05). The delays were greater with the upper
limb positioned behind the trunk than in front of the trunk
(P � 0.05).

The analysis of the error times did not show differences
between error times of hand and those of foot. The error
time, during the 15-s acquisition, was significantly higher
during the antiphase movements than during the in-phase
ones (antiphase � 1.41 � 2.1 s; in-phase � 0.21 � 1.2 s; P
� 0.001; Table III). No difference was found in the error
times when considering the anterior or the posterior position
of the upper limbs with respect to the trunk.

Structural MRI

No abnormalities were detected on brain dual-echo scans
of all the subjects.

TABLE I. Kinematic results showing the mean frequency (�2 standard deviations) of hand and foot movements in
the four experimental conditions

Prone-anterior Supine-anterior Prone-posterior Supine-posterior

In-phase spontaneous frequency (Hz) 1.30 � 0.32 1.19 � 0.36 1.50 � 0.34 1.18 � 0.41
In-phase maximum frequency (Hz) 2.07 � 0.43 1.86 � 0.38 2.11 � 0.39 1.84 � 0.52
Antiphase spontaneous frequency (Hz) 1.02 � 0.25 1.17 � 0.35 1.00 � 0.37 1.35 � 0.38
Antiphase maximum frequency (Hz) 1.37 � 0.37 1.68 � 0.5 1.40 � 0.4 1.89 � 0.51

TABLE II. Kinematic results showing the number of subjects having a hand and foot delay in the
different test conditions

Prone-anterior Supine-anterior Prone-posterior Supine-posterior

Hand Foot Hand Foot Hand Foot Hand Foot

In-phase spontaneous frequency 8 2 8 3 7 2 6 3
In-phase maximum frequency 5 2 4 4 5 3 6 2
Antiphase spontaneous frequency 7 4 9 4 7 2 9 3
Antiphase maximum frequency 8 2 7 2 10 4 4 2
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fMRI

During fMRI acquisition, all subjects performed the tasks
correctly and no additional movements were noted.

Between-Task Comparisons

In-phase vs. antiphase movements

No areas showed a more significant activation during
in-phase vs. antiphase movements. On the contrary, the
comparison of antiphase vs. in-phase movements showed a
more significant activation of the ipsilateral cingulated mo-
tor area (CMA; SPM space coordinates: 14, �28, 48; P
� 0.001), ipsilateral middle frontal gyrus (MFG; SPM space
coordinates: 50, 20, 30; P � 0.001), bilateral precentral gyrus
(SPM space coordinates: �48, �6, 38 and 42, �8, 30; P
� 0.001), bilateral inferior frontal gyrus (IFG; SPM space
coordinates: �32, 38, �6 and 50, 28, 2; P � 0.001), bilateral
thalamus (SPM space coordinates: �18, �20, 8 and 18, �22,
6; P � 0.001), bilateral precuneus (SPM space coordinates:
�14, �66, 42 and 30, �50, 48; P � 0.001), contralateral
infraparietal sulcus (IPS; SPM space coordinates: �26, �46,
58; P � 0.001), ipsilateral inferior parietal lobule (SPM space
coordinates: 54, �38, 34; P � 0.001), ipsilateral cuneus (SPM
space coordinates: 14, �72, 12; P � 0.001), and posterior lobe
of the contralateral cerebellar hemisphere (SPM space coor-
dinates: �28, �64, �22; P � 0.001; Fig. 3, Table IV).

Prone vs. supine position of right upper limb

No significant differences were detected.

Anterior vs. posterior position of right upper limb
with respect to trunk

The comparison between the anterior vs. the posterior posi-
tion of the right upper limb with respect to the trunk showed
a more significant activation of the ipsilateral CMA (SPM space
coordinates: 8, 14, 38 and 6, 22, 22; P � 0.001), ipsilateral
postcentral gyrus (SPM space coordinates: 34, �40, 50; P
� 0.001), bilateral MFG (SPM space coordinates: 32, 38, 22 and
�32, 50, 6; P � 0.001), ipsilateral IFG (SPM space coordinates:
52, 18, 4; P � 0.001), bilateral IPS (SPM space coordinates 14,
�68, 46 and �22, �62, 40; P � 0.001), ipsilateral caudate tail
(SPM space coordinates: 34, �42, 6; P � 0.001), bilateral insula
(SPM space coordinates: 34, 20, 6 and �46, 8, 6; P � 0.001),
contralateral thalamus (SPM space coordinates: �22, �24, 14; P
� 0.001), bilateral vermis (SPM space coordinates: 0, �54, �6;
P � 0.001), and the posterior lobe of the contralateral cerebellar
hemisphere (SPM space coordinates: �32, �68, �28; P � 0.001;
Fig. 4). On the contrary, the comparison between the posterior
vs. the anterior position of the right upper limb with respect to
the trunk showed a more significant activation of the contralat-
eral MFG (SPM space coordinates: 0, 50, 22; P � 0.001), con-
tralateral angular gyrus (SPM space coordinates: �50, �68, 34;
P � 0.001), ipsilateral head of caudate nucleus (SPM space
coordinates: 8, 10, 2; P � 0.001), bilateral precuneus (SPM space
coordinates: 2, �56, 30 and �32, �80, 42; P � 0.001), ipsilateral
middle temporal gyrus (SPM space coordinates: 50, 12, 34; P
� 0.001), and contralateral MT/V5 complex (SPM space coor-
dinates: �58, �60, 22; P � 0.001; Fig. 5, Table IV).

Figure 3.
Random effect analysis showing, on a high-reso-
lution T1-weighted image in the standard SPM
space (neurological convention), regions of rela-
tive increased cortical activations (color-coded
for t-values) in healthy individuals during the per-
formance of cyclic antiphase vs. in-phase flexion-
extension of right dominant hand and foot. Sev-
eral areas are visible located in the frontal and
parietal lobes, bilaterally, the visual cortex, the
thalamus, and the cerebellum.

TABLE III. Mean error times (�2 standard deviations), expressed in seconds, in the different test conditions

Prone-anterior Supine-anterior Prone-posterior Supine-posterior

In-phase spontaneous frequency 0.00 0.00 0.13 � 0.53 0.07 � 0.43
In-phase maximum frequency 0.04 � 0.18 0.19 � 0.53 0.00 1.2 � 3.1
Antiphase spontaneous frequency 1.13 � 1.63 1.06 � 2.09 1.61 � 2.2 0.70 � 2.16
Antiphase maximum frequency 1.71 � 1.74 2.11 � 2.71 1.69 � 1.79 1.23 � 2.16
Mean error time 0.72 � 0.84 0.84 � 0.96 0.86 � 0.91 0.8 � 0.54

Each condition was acquired for 15 s.
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Evaluation of first chosen movement in supine-
posterior condition

During the performance of the first chosen movement, an
increased activation of the ipsilateral CMA (SPM space coor-
dinates: 8, 36, 24; P � 0.001) was observed when compared
with the performance of the second chosen movement (Fig. 4).

Interaction of spatially congruent vs. spatially
incongruent movements

This analysis was performed since kinematic analysis
showed an influence of pronation-supination on the strength
of the symmetry effect (maximum frequency with the
forearm in prone position during in-phase movements
and with the forearm in supine position for antiphase
movements). During spatially incongruent movements, a
more significant activation of the contralateral CMA (SPM
space coordinates: �4, �16, 26 and �8, �6, 44; P � 0.001),
bilateral MFG (SPM space coordinates: 30, 44, �4 and
�30, 38, �10; P � 0.001), bilateral thalamus (SPM space
coordinates: �20, �22, 16 and 6, �18, 14; P � 0.001), and
ipsilateral inferior parietal lobule (SPM space coordinates:
52, �40, 34; P � 0.001) was detected when contrasted to
spatially congruent movements.

DISCUSSION

In this study, we used kinematic analysis and fMRI to eval-
uate the influence of limb position on the performance of cyclic
in-phase and antiphase movements of the dominant limbs and
the neural pathways responsible for these movements.

In agreement with previous studies [Baldissera et al., 1982,
1991], kinematic analysis showed that, on average, in-phase
movements were performed at higher frequency with lower
time errors than antiphase ones. However, contrary to pre-
vious findings [Baldissera et al., 1982; Carson et al., 1995], we
showed that the position of the limbs can modify these
findings. In particular, in-phase movements had the maxi-
mum frequency with the forearm in prone position, whereas
antiphase movements had the maximum frequency with the
forearm in supine position. Conversely, the position of the
upper limb with respect to the trunk did not influence
movement speed. A common finding of previous works
aimed at investigating in-phase and antiphase hand and foot
movements was that in healthy subjects, in-phase move-
ments represented the preferential coupling, independently
of the prone or supine position of the forearm [Baldissera et
al., 1982, 1991]. In this study, we found that this behavior
tends to change when the upper limb is positioned behind
the trunk. In this case, the majority of the subjects studied
indeed preferred the antiphase coupling with the forearm in

TABLE IV. Summary of the fMRI results obtained from the comparison between the antiphase vs. in-phase
movements of the dominant hand and foot and from the comparisons between the in front vs. the behind position

of the dominant upper limb with respect to the trunk (and vice versa) in healthy subjects

Anatomical regions Side*

Antiphase vs. in-phase
movement (SPM

coordinates)

Anterior vs. posterior
position of the right upper

limb (SPM coordinates)

Posterior vs. anterior
position of the right upper

limb (SPM coordinates)

Precentral gyrus R 42, �8, 30
Precentral gyrus L �48, �6, 38
Cingulated motor area R 14, �28, 48 8, 14, 38
Middle frontal gyrus R 50, 20, 30 32, 38, 22
Middle frontal gyrus L –32, 50, 6 0, 50, 22
Inferior frontal gyrus R 50, 28, 2 52, 18, 4
Inferior frontal gyrus L �32, 38, �6
Postcentral gyrus R 34, �40, 50
Infraparietal sulcus R 14, �68, 46
Infraparietal sulcus L �26, �46, 58 �22, �62, 40
Angular gyrus L �50, �68, 34
Precuneus R 30, �50, 48 2, �56, 30
Precuneus L �14, �66, 42 �32, �80, 43
Inferior parietal lobule R 54, �38, 34
Caudate head R 8, 10, 2
Caudate tail R 34, �42, 6
Thalamus R 18, �22, 6
Thalamus L �18, �20, 8 �22, �24, 14
Insula R 34, 20, 6
Insula L �46, 8, 6
Middle temporal gyrus R 50, 12, 34
Middle temporal gyrus L �58, �60, 22
Cuneus R 14, �72, 12
Vermis B 0, �54, �6
Cerebellar hemisphere L �28, �64, �22 �32, �68, �28

*R, right; L, left; B, bilateral.
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the supine position. This finding would suggest that body
and body segment positions might influence between-limb
coupling and coordination, thus supporting the hypothesis
of an interaction of postural mechanisms with voluntary
movements. In particular, these findings strengthen the role
of spatial and direction-dependent constrains in establishing
accurate hand and foot coordination patterns [Baldissera et
al., 1982, 1991, 2005; Salesse et al., 2005].

fMRI analysis demonstrated an increased recruitment of
the sensorimotor network (including several regions in the
frontal and parietal lobes, bilaterally, the CMA, the thalami,
the visual cortex, and the cerebellum) usually considered to
function in motor, sensory, and multimodal integration pro-
cessing during antiphase compared with in-phase move-
ments. Similar results, except for the activation of the visual
cortex and cerebellum, were obtained when considering
hand position influence on the previous contrast. Since all
the subjects were carefully monitored during task execution
and all the tasks were performed at a similar speed, which
was below the spontaneous speed chosen by the subjects in
the different experimental conditions, we can reasonably
rule out any influence related to the different task perfor-
mance on these findings. In addition, we carefully tried to
avoid possible influences of head and shoulder movements
on the observed patterns of brain activation by monitoring
carefully subjects’ performance during fMRI acquisition and

by checking the degree of head movement on realigned
images before fMRI statistical analysis.

In-phase movements of the ipsilateral hand and foot rep-
resent the intrinsic behavior of the motor system. Con-
versely, antiphase association requires a continuous atten-
tive effort to inhibit conflicting neuronal commands and to
maintain coordination. This increased attentional demand is
witnessed by the increased activation of regions in the fron-
tal lobes during antiphase movements, including the CMA.
In normal subjects, CMA activation has been found to be
related to the presentation of new motor tasks and perhaps
reflects relative task difficulty [Paus et al., 1993; Rao et al.,
1993; Jenkins et al., 1994]. In addition, the CMA has been
suggested to play an important role in conflict monitoring
[Carter et al., 1998; Botvinick et al., 1999]. Therefore, the
increased activity of the CMA observed in our study might
indicate that antiphase as compared with in-phase move-
ments were more difficult and required a higher level of
cognitive control, presumably to direct attention between
tasks or to monitor potential conflicts. More specifically,
increased cognitive control is mandatory when habitual be-
havior needs to be blocked to allow the execution of less
familiar actions, as was the case in our experiment. The role
of the CMA in the execution of spatially complex coordina-
tion tasks has been recently underlined by a study of Wen-
deroth et al. [2005], where the increased CMA activation was

Figure 4.
Random effect analysis showing, on a high-resolution
T1-weighted image in the standard SPM space (neu-
rological convention), regions of relative increased
cortical activations (color-coded for t-values) in
healthy individuals during the performance of cyclic
flexion-extension of right dominant hand and foot
with the right upper limb positioned in front vs.
behind with respect to the trunk. Several areas are
visible located in the frontal and parietal lobes, bilat-
erally, the caudate tail, the thalamus, and the
cerebellum.

Figure 5.
Random effect analysis showing, on a high-resolution
T1-weighted image in the standard SPM space (neu-
rological convention), regions of relative increased
cortical activations (color-coded for t-values) in
healthy individuals during the performance of cyclic
flexion-extension of right dominant hand and foot
with the right upper limb positioned behind vs. in
front with respect to the trunk. Several areas are
visible located in the frontal, parietal and temporal
lobes, and the caudate head.
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found during the performance of a bimanual task. Similar to
our results, this study also described an increased activation
of the precuneus, which was related to shifting attention
between different locations in space, which was necessary
for monitoring the trajectories of the left and right wrists
when both limbs moved in parallel.

The activation of other brain areas when contrasting the
antiphase to the in-phase movement also agrees with the
notion of the subject’s perception of antiphase movements as
a more complex/novel task. The thalamus [Brooks, 1995;
Parent and Hazrati, 1995] and the cerebellum have extensive
connections with the motor and somatosensory cortices and
are involved in motor programming, execution, and control
[Ehrsson et al., 2002]. Interestingly, the posterior lobe of the
cerebellum has been related to motor imagery [Grafton et al.,
1996], movement coordination [Ramnani et al., 2001], and
motor learning [Sakai et al., 1998]. Despite the fact that all
the subjects were trained to perform the tasks before fMRI
acquisition, we cannot rule out learning as a factor influenc-
ing our results. Activation changes related to motor learning
have been shown not only during the performance of com-
plex tasks [Karni et al., 1998], but also following simple
finger movements [Tracy et al., 2001; Morgen et al., 2004].
The parietal cortex is usually involved in the elaboration of
somatosensory inputs [Rizzolatti et al., 1997] and in move-
ment preparation and planning [Cohen and Andersen, 2002;
Leuthold and Jentzsch, 2002]. Furthermore, it also has ex-
tensive connections with regions of the frontal lobes, to
which it sends rich sensory information for movement con-
trol. The recruitment of a parietofrontal circuit has been
recently demonstrated in healthy individuals during implic-
itly imagined movements of the hands [Johnson et al., 2002].
As a consequence, mental imagery might yet be another
mechanism engaged during antiphase movement perfor-
mance. The possible role of mental imagery during an-
tiphase movements is also strengthened by the observed
increased recruitment of areas located in the occipital lobes,
which are known to be part of the visual network and have
extensive connections with motor areas [Pelphrey et al.,
2005]. A previous study [Debaere et al., 2001] found exclu-
sively an increased activation of the SMA and of the cingu-
late cortex during the performance of antiphase than in-
phase movements of the dominant limbs. The discrepancy
with our findings might be related either to the different
number of subjects recruited or to the different set of exper-
imental conditions, our data being obtained from the aver-
age of four different conditions.

Although the kinematic analysis did not show differences
in kinematic variables when considering the anterior and
posterior positions of the upper limb with respect to the
trunk, we investigated the brain patterns of activation re-
lated to the different positions of the upper limb with respect
to the trunk in order to test whether the activations of
different brain networks, related to the processing of differ-
ent aspects of the motor act, might be responsible for the
observed kinematic results. When comparing the anterior
vs. the posterior position of the upper limb with respect to

the trunk, we found that different frontal and parietal re-
gions were recruited during the two tasks, with a preferen-
tial recruitment of the basal ganglia, the insula, and the
cerebellum during the first condition and of regions located
in the temporal lobes during the second one. A possible
explanation of these observations is that the activation of
different frontal and parietal regions related to the different
position of the upper limb with respect to the trunk might be
related to a different processing of sensorial information to
control the motor act. The insular cortex has been shown to
play a role in cross-modal transfer of information [Had-
jikhani and Roland, 1998], which would be required in this
task to integrate effectively the felt position of the limbs with
their movements. In addition, the insular cortex has also
been implicated in the synchronization of movement kine-
matic [Mosier and Bereznaya, 2001] and has connections
with numerous cortical and subcortical motor regions [for a
review, see Augustine, 1996]. The temporal lobes contain
several areas involved in motion processing, in particular,
the MT/V5 complex [Barton et al., 1996]. Their increased
activations with the upper limb positioned behind the trunk
suggests that the perceived limb motion pattern is relevant
in order to generate fine hand-foot coordination.

The analysis of the first movement chosen in the supine-
posterior condition (the only condition showing a between-
subject difference in phase preference) exclusively demon-
strated an increased activation of the CMA. The role of the
CMA, in particular of the anterior portion of this region, in
action selection has been demonstrated by several studies
[Deiber et al., 1991; Cunnington et al., 2006]. This region has
been shown to play a crucial role in initiation, motivation,
and goal-directed behaviors [Devinsky et al., 1995].

All together, these results indicate that during unilateral
hand and foot movements, different neuronal pathways are
recruited at different extent according to the type of move-
ment (i.e., in-phase or antiphase) and the position of the
upper limbs. This is likely to occur to process the cognitive
and sensorial information needed to control and perform the
motor act.
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