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bstract

The role of directional compatibility was investigated during the production of in-phase and anti-phase coordination patterns involving both arms
s well as the head. Our first aim was to compare the quality of coordination between both arms when symmetrical arm posture manipulations were
sed to disentangle muscle homology from the mutual direction of limb motions in extrinsic space. Findings revealed that in-phase coordination,
haracterized by the simultaneous activation of homologous muscle groups, was resistant to posture manipulations. Conversely, during anti-phase
oordination, the influence of extrinsic direction became more prevalent whereby isodirectionality in extrinsic space contributed to stabilization of
nti-phase coordination patterns. The second aim was to study the effect of periodic head movements upon the assembling of a coordinative synergy
mong the body segments. The findings demonstrated that the in-phase patterns were hardly affected by directionality of head motion. Conversely,
he anti-phase patterns were more vulnerable to the directional influence of head movements, showing less accurate and stable coordination during

on-isodirectional than isodirectional head motions. These observations underscore the robust nature of coordination patterns based on muscle
omology, even in the absence of symmetric arm positions. Moreover, isodirectional head movements became easily integrated with the overall
oordination pattern, whereas head–limb coupling was poor when the head moved anti-directional with the limbs.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In everyday life, we often manage to perform complicated
oordination skills involving many joint and muscle combi-
ations with little effort and high efficiency. Bernstein was
lready intrigued by this phenomenon which he referred to

s the degrees-of-freedom problem [2]. His profound insights
ave inspired an intensive research program into the constraints
hat govern interlimb coordination. Constraints emerge within
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he context of the performer and his surroundings and refer to
asic rules that enable the central nervous system to control the
any degrees-of-freedom evident in biological systems, includ-

ng humans. Two basic coordination constraints have received
rominent attention in the context of cyclical bimanual coordi-
ation tasks: the egocentric and the allocentric constraint.

On the one hand, the egocentric constraint refers to a
reference for simultaneous activation of the homologous
uscle groups (in-phase, relative phase Φ = 0◦), often resulting

n mirror-symmetric movements with respect to the body
idline and corresponding to movements in opposite direc-

ions (non-isodirectional) in extrinsic space. However, these

irectional relationships depend on the particular task context
medio-lateral movements in the present case). When homolo-
ous muscles are activated in alternation (anti-phase, Φ = 180◦),
oth limbs often move in the same direction (isodirectional)
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n extrinsic space. The anti-phase coordination mode is usually
ess stable than the in-phase mode, such that when cycling fre-
uency is increased and a critical frequency is reached, a phase
ransition occurs from anti-phase towards in-phase movements
8,12]. The higher vulnerability of anti-phase as compared to
n-phase coordination modes has been demonstrated extensively
n the literature, using various intrinsic or extrinsic perturbations
4,5,13,25]. Conversely, in-phase coordination has proven to be
ighly resistant to such experimental perturbations.

On the other hand, the allocentric constraint refers to a
eneral preference to move the limbs in the same direction in
xtrinsic space. Whereas this constraint was initially demon-
trated during coordination of the nonhomologous limbs [1],
ore recent studies have also shown its effects during coordi-

ation of the homologous limbs, most notably during bimanual
oordination [19,23–25]. More specifically, in-phase and anti-
hase coordination patterns are produced more successfully
hen occurring in the same as compared to different directions

n extrinsic space. However, the allocentric constraint is subor-
inate to the egocentric constraint under these circumstances,
ointing to the dominance of muscle homology as an organizing
rinciple during bimanual coordination [18,23]. Overall, these
ndings suggest that the mutual directional relations between
imultaneous limb motions play a critical role during interlimb
oordination. This question ultimately revolves around the
mpact of directional compatibility on interlimb coordination
nd, more generally, around the influence of spatial parameters
n general [3,6,22]. The present study further explored the role
f directional (in)compatibility during bimanual coordination.
his was accomplished by means of two different experimental
trategies that were developed across two experiments.

In Experiment 1, arm posture was manipulated to disentan-
le muscle homology from isodirectionality of limb motions in
xtrinsic space. This resulted in a factorial combination of mus-
le homology and extrinsic direction during the production of
yclical arm motions around their cranio-caudal axis. Based on
revious studies with different tasks, it was hypothesized that
oordination patterns involving the simultaneous activation of
omologous muscle groups would be performed with higher
ccuracy and stability than patterns based on nonhomologous
uscle groups. Moreover, it was hypothesized that isodirec-

ional movements would proceed with higher accuracy/stability
han non-isodirectional movements.

In Experiment 2, head movements were added to determine
heir impact on bimanual coordination quality. As a single undi-
ided segment positioned on top of the longitudinal body axis,
he head occupies a unique position in the human body as a direc-
ional stabilizer/destabilizer but its role in interlimb coordination
as hardly been explored (for exceptions see [9,10,15,16]).

A previous study already documented the impact of head
ovements on the quality of homologous limb coordination

16]. In the present study, head movements were added to
imanual coordination modes and their effects were assessed

o address two specific questions. A first question pertained to
he impact of the head on coordination when it moved isodi-
ectionally versus non-isodirectionally with the upper limbs.
ased on the allocentric constraint, it was hypothesized that
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sodirectional head movements would have a stabilizing effect
nd non-isodirectional head movements a destabilizing effect on
imanual coordination. Secondly, we investigated the differen-
ial effect of moving either the head or one arm anti-directional
o the other segments. This allowed us to assess whether head
ersus arm movements have a differential impact on multil-
mb coordination. These questions were addressed during the
roduction of in-phase and anti-phase bimanual coordination
odes.

. Materials and methods

.1. Participants

Eleven participants (8 females, 3 males) were involved in Experiment 1 (aged
9–27, mean 22 years) and 20 (12 females, 8 males) in Experiment 2 (aged
8–36, mean 26 years). All were right-handed as determined by the Oldfield
uestionnaire [17] and were paid for their participation. They were not previously
nvolved in a similar experiment. None of them exhibited overt sensory-motor
eficits and all were able to move their limbs within the full range of motion. They
eceived information about the experimental procedures and provided written
nformed consent. The experiment was approved by the local Ethics Committee
f Biomedical Research at K.U.Leuven and was performed in accordance with
he standards of the 1964 Declaration of Helsinki.

.2. Apparatus and task

The participants were positioned supine on a padded wooden table (breadth:
25 cm, length: 250 cm). The head and both upper limbs were attached to
ustom-built manipulanda that allowed rotations around the cranio-caudal axis
f the respective segments. All limbs were attached to the manipulanda and
ere positioned in such a way that postural stability was minimally affected.
dditionally, subjects were fixated by a belt spanning over the hip and clamping

he body to the table. This prevented that postural instabilities occurred as a
onsequence of large reaction forces. Even at high frequencies, the participants
ere able to perform the motions in a stable fashion. Angular motions were reg-

stered by means of three incremental shaft encoders (Hengstler, 1000 counts
er revolution, accuracy = 0.36◦, sampling frequency = 200 Hz), mounted at the
xis of rotation of each manipulandum (Fig. 1).

A computer was used to sample and record the data and to signal the start and
nd of a trial. Each trial lasted 15 s and consisted of two frequencies, paced by
real-time toolkit (KUKA-roboter, accuracy = 10−7 s). The first 5 s was paced

t 1.58 Hz and was used as a warm up period, followed by 10 s at a frequency
f 3 Hz for Experiment 1 and 2 Hz for Experiment 2. This implies that a full
ycle (from leftward to rightward rotation, and vice versa) had to be produced in
33 and 500 ms in Experiments 1 and 2, respectively. The imposed frequencies
iffered between both experiments because the cycling frequency at which head
ovements can be made comfortably is lower than that for arm movements.
nly the last 10 s of each trial was analyzed.

Participants were encouraged to move according to their full range of motion.
he task required in-phase and/or anti-phase coordination patterns with the
pper limbs (Fig. 2). The in-phase coordination mode was characterized by the
imultaneous timing of activation of homologous muscle groups for both arms
hereas the anti-phase mode required an alternated activation of the homologous
uscles.

In Experiment 1, the position of the arms was manipulated, i.e., in adduction
lose to the legs or abducted at shoulder level, resulting in a modulation of the
utual direction between limb movements in extrinsic space (Fig. 2, panel A).
his manipulation results in a factorial design to disentangle the influence of

sodirectionality with respect to the egocentric versus allocentric space.

In Experiment 2, head movements were included and the positions of the

rms were manipulated in such a way that directionality in extrinsic space was
isentangled from muscle homology, such that three experimental conditions
f in-phase and anti-phase coordination were obtained: (a) the head moved
sodirectionally with the arms (head iso) (Fig. 2, panel B 1 and 2), (b) the
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ig. 1. Top-view of the experimental set-up showing the registration methodol-
gy.

ead moved non-isodirectionally with the arms that were moved in the same
irection (head non-iso) (Fig. 2, panel B 3 and 4), and (c) the head moved isodi-
ectionally with one arm and non-isodirectionally with the other arm, or, one
rm moved in a direction that differed from the isodirectional head–arm cou-
le (limb non-iso) (Fig. 2, panel B 5 and 6). Each task condition consisted
f 4 registered trials, resulting in a total of 16 trials for Experiment 1 and
4 trials for Experiment 2. A practice session preceded the experimental ses-
ion to ensure that participants were able to perform all required coordination
atterns.

.3. Procedure

At the start of the experiment, participants were informed about the exper-

mental procedure and the different task conditions. They were instructed to
otate their arms and, if required, their head (Experiment 2) without inter-
uption, using the full range of motion and following the pace provided by
he metronome at 180 beats per minute (Experiment 1) and 120 beats per

inute (Experiment 2). The pace was lowered in Experiment 2 to allow par-

t
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icipants to make comfortable head movements. Following the instructions,
he participants performed a short practice trial for each condition to ensure
hat these were well understood. If the instructions were not sufficiently clear,
he conditions were demonstrated by moving the participants’ limbs passively.
he order of the trials was counterbalanced across subjects. Following the
ready” command from the experimenter, an auditory cue indicated the start
f a trial.

.4. Data analyses

The data analyses focused on the quality of interlimb coordination, as
etermined by means of the relative phase. Through subtraction of the phase
ngles of two signals measured simultaneously, a quantification of the relation
etween these signals is obtained. This difference in phase angle, also referred
o as the relative phase (Φ), characterizes the coordination pattern observed
etween two segments [8]. Relative phase was calculated using the formula
= θ1 − θ2 = tan−1[(dX1/dt)/X1] − tan−1[(dX2/dt)/X2] adapted from Kelso et al.

14], whereby θ1 refers to the phase angle of the first segment at each sample,

1 is the position of the segment after rescaling the interval [−1, 1] for each
scillation cycle, and dX1/dt is the normalized instantaneous velocity. The same
otation, with 2 as the subscript, applies to the motion of the other segment.
his formula provides a continuous estimate of relative phase. Subsequently,

he phase error represented by the absolute deviation from the target relative
hase (Φ = 0◦ for in-phase or Φ = 180◦ for anti-phase) was computed to obtain
measure of coordinative accuracy. To determine relative phase consistency,

he S.D. scores of relative phase were computed across each trial and averaged
cross trials belonging to the same condition.

In summary, two analyses were done. First, the relative phasing between
imbs was computed for the trials of Experiments 1 and 2. Secondly, the coor-
ination between the moving head and limbs was determined for the trials of
xperiment 2.

.5. Statistical analyses

In Experiment 1, the statistical analyses focused on the quality of coordina-
ion between the limbs. The absolute error (AE) and standard deviation (S.D.) of
elative phase were analyzed by means of 2 × 2 (coordination mode × direction)
nalyses of variance (ANOVA). Coordination mode referred to the in-phase ver-
us anti-phase pattern, whereas direction referred to limb movements in the same
ersus different directions in extrinsic space.

In Experiment 2, the statistical analyses were divided into two parts, i.e., the
uality of coordination between the limbs and between the head and limbs. With
espect to interlimb coordination, two analyses were conducted. First, a 2 × 2
head direction × coordination mode) ANOVA with repeated measures on both
actors was applied to task conditions 1–4 (Fig. 2, panel B 1–4). Head direction
onsisted of two levels, referring to head rotations in the same (head iso) versus
ifferent (head non-iso) directions as compared to both arms. This analysis
ocused on the role of head direction on interlimb coordination. Second, a 2 × 2
segment direction × coordination mode) ANOVA was applied to conditions 3–6
Fig. 2, panel B 3–6). Segment direction consisted of two levels whereby either
he head moved non-isodirectionally with the isodirectional arm–arm couple
head non-iso) or one arm moved non-isodirectionally with the isodirectional
ead–arm couple (limb non-iso). The latter analysis compared the effect of
ncompatible head versus arm movements on the quality of coordination. The
ame analyses were applied to the coordination data between the head and limbs.
n the latter case, data were averaged across both body sides because statistical
nalysis did not reveal any differences between the left and right side. The level
f significance was set at α = 0.05.

. Results

The results of Experiments 1 and 2 will be discussed consecu-

ively. The absolute error and standard deviation of relative phase
AEΦ and S.D.Φ) were used to quantify coordination accuracy
nd stability, respectively. A complete statistical report of all
ependent measures is provided in Tables 1 and 2.
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Fig. 2. Overview of the experimental conditions for Exp

Table 1
Results of the statistical analysis of Experiment 1 (coordination between limbs,
relative phase) with respect to AEΦ and S.D.Φ with respect to the homologous
limbs

d.f. F

AE S.D.

Coordination mode 1–10 39.54*** 58.72***

Direction 1–10 8.82* 6.86*

Coordination mode × direction 1–10 5.22* 7.77*

* p < .05.
*** p < .001.
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eriment 1 (panel A) and Experiment 2 (panel B).

.1. Experiment 1: effect of symmetrical limb position
anipulations on interlimb coordination

The 2 × 2 (coordination mode × direction) ANOVA revealed
ignificant main effects for coordination and direction with
espect to AEΦ and S.D.Φ (Table 1).

In general, scores were lower during in-phase (AEΦ = 14.96◦,
.D.Φ = 12.38◦) than during anti-phase coordination

AEΦ = 47.39◦, S.D.Φ = 39.88◦). Both measures were also
ower during isodirectional (AEΦ = 27.13◦, S.D.Φ = 23.39◦)
han during non-isodirectional coordination of the limbs
AEΦ = 35.21◦, S.D.Φ = 28.88◦). Also the interaction between
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Table 2
Results of the statistical analysis of Experiment 2 (relative phase) with respect to AEΦ and S.D.Φ during coordination of the homologous limbs (A) and coordination
between head and limbs (B)

d.f. F

AE S.D.

(A) Coordination between both arms
Head direction × coordination mode

Head direction 1–17 9.44** 33.58***

Coordination mode 1–17 2.65 5.50*

Head direction × coordination mode 1–17 8.16** 9.58**

Segment direction × coordination mode
Segment direction 1–17 8.61** 21.23***

Coordination mode 1–17 6.55* 5.67*

Segment direction × coordination mode 1–17 0.91 1.47

(B) Coordination between the head and the limbs
Head direction × coordination

Head direction 1–17 144.00*** 85.32***

Coordination mode 1–17 0.26 9.74**

Head direction × coordination mode 1–17 8.49** 31.55***

Segment direction × coordination
Segment direction 1–17 95.29*** 69.46***

Coordination mode 1–17 15.37*** 0.04
Segment direction × coordination mode 1–17 26.08*** 57.21***

* p < .05.
**

*
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p < .01.
** p < .001.

oth factors reached significance for both measures and is
isplayed for S.D.Φ in Fig. 3. Whereas the adopted direction
id not differentially affect the in-phase coordination mode
p > 0.05), it had a significant effect on anti-phase coordina-
ion (p < 0.05). Anti-phase coordination was performed with
igher accuracy and consistency when the limbs moved in
he same as compared to different directions. This suggests
hat anti-phase coordination was more sensitive to extrinsic

irectional constraints than in-phase coordination. The same
attern was observed in the results obtained for AEΦ (not
hown).

ig. 3. Interaction between direction and coordination mode with respect to S.D.
f relative phase (p = 0.019) between the limbs (Experiment 1).
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.2. Experiment 2: effects of head movements on interlimb
oordination

We will first focus on the coordination between the homol-
gous limbs and subsequently on the coordination between the
ead and limbs (head–limb coordination) (Fig. 2B, conditions
–4).

.2.1. Interlimb coordination
Conditions 1–4 (Fig. 2B) were analyzed by means of a 2 × 2

head direction × coordination mode) ANOVA on the coordina-
ion performance between the arms as indicated by AEΦ and
.D.Φ (see Table 2A).

The main effect of head direction was significant for
oth measures, showing more stable and accurate coordi-
ation between both arms when the head moved in the
ame (head iso: AEΦ = 17.10◦, S.D.Φ = 17.69◦) than in the
pposite direction as compared to both arms (head non-iso:
EΦ = 21.23◦, S.D.Φ = 27.48◦). The main effect for coordina-

ion mode was only significant for S.D.Φ, showing more stable
oordination when the limbs were moved according to the in-
hase (S.D.Φ = 20.94◦) as compared to the anti-phase mode
S.D.Φ = 24.23◦).

The head direction × coordination mode interaction reached
ignificance for AEΦ and S.D.Φ. The results revealed that

nti-phase coordination was more sensitive to the directional
nfluence of head rotation than in-phase coordination (Fig. 4).

While the anti-phase pattern was performed slightly better
han the in-phase pattern during isodirectional head move-
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ig. 4. Interaction between head direction and coordination mode with respect
he respective experimental conditions are depicted in the lower panel.

ents, it was performed worse when non-isodirectional head
ovements were produced. Post hoc analyses showed that

nly a significant difference between both head conditions was
bserved for the anti-phase but not for the in-phase coordina-
ion mode: p < 0.0002 for S.D.Φ, and p < 0.025 for AEΦ. This
uggests again the higher vulnerability of anti-phase coordi-
ation to directional (in)compatibility effects induced by the
ead.

For conditions 3–6 (Fig. 2B), the data were analyzed by
eans of a 2 × 2 (segment direction × coordination mode)
NOVA on AEΦ and S.D.Φ separately (see Table 2, panel
). Segment direction consisted of two levels referring to

ither the head that moved in opposition to both arms or
he arm that moved in opposition to the head and the other
rm. Both main effects reached significance for AEΦ and
.D.Φ. The main effect for segment direction suggested a
reater disturbance of stability and accuracy between both
rms when the head (AEΦ = 22.18◦, S.D.Φ = 27.48◦) as com-
ared to the arm (AEΦ = 17.76◦, S.D.Φ = 18.38◦) was moved
n opposite directions. This suggests that the head direction
ad a powerful influence on coordination of the homologous
rms.

The main effect of coordination mode also reached signifi-
ance for both measures: lower error scores were obtained during

n-phase (AEΦ = 17.37◦, S.D.Φ = 20.48◦) than anti-phase coor-
ination (AEΦ = 22.57◦, S.D.Φ = 25.38◦). The interaction
ffects did not reach significance. Overall, anti-phase coor-
ination was again more sensitive to directional interference,

a
T
m
n

and S.D. of relative phase (p = 0.019), with respect to the homologous limbs.

hereas in-phase coordination appeared to be more resistant
o these manipulations, presumably because it benefited from
omologous muscle coupling.

.2.2. Head–limb coordination
The analysis of head–limb coordination focused on the

uality of coordination between the head and limbs and was con-
ucted for conditions 1–4 and 3–6 separately. The results of the
tatistical analysis are presented in Table 2B. With respect to con-
itions 1–4, the head direction × coordination mode ANOVA
evealed a significant main effect for head direction, implying
ncreasing AEΦ and S.D.Φ scores when the head moved in the
pposite as compared to the same direction as both arms. Mean
cores were AEΦ = 32.63◦, S.D.Φ = 25.72◦ for the head-iso con-
ition and AEΦ = 64.64◦, S.D.Φ = 43.41◦ for the head non-iso
ondition. The main effect of coordination mode also reached
ignificance for S.D.Φ. The coordination mode × head direction
nteraction reached significance for both AEΦ and S.D.Φ mea-
ures (see Table 2B) and is shown in Fig. 5. The main result
s that both AEΦ and S.D.Φ scores increased from the condi-
ion with isodirectional to non-isodirectional head movements.
dditionally, we found that non-isodirectional head movements

ead to an increase of both AEΦ and S.D.Φ scores for anti-
hase coordination, whereas for in-phase coordination there was

large increase of AEΦ and only a moderate increase of S.D.Φ.
his latter difference between the AEΦ and S.D.Φ measurement
ight result from the fact that AEΦ reflects a complex combi-

ation of the constant error and the standard deviation. In other
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Fig. 5. Interaction between head direction and coordination mode with respect to AE (p = 0.006) and S.D. of relative phase (p = 0.000) for head–limb coordination.
The respective experimental conditions are depicted in the lower panel.

Fig. 6. Interaction between segment-direction and coordination mode with respect to AE and S.D. of relative phase for head–limb coordination. The respective
experimental conditions are depicted in the lower panel.
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ords, it can be assumed that non-isodirectional head move-
ents induced a constant phase offset in the in-phase pattern of

he arms.
However, the most important result of the coordination

ode × head direction interaction is that both the in-phase
nd the anti-phase coordination pattern deteriorated when
he head moved non-isodirectional as compared to isodirec-
ional.

Analysis of conditions 3–6 resulted in a significant main
ffect for segment direction: higher AEΦ and S.D.Φ scores
ere found during the condition with non-isodirectional
ead movements (AEΦ = 64.64◦, S.D.Φ = 43.41◦) as com-
ared to the non-isodirectional limb movements (AEΦ = 33.92◦,
.D.Φ = 28.78◦). Thus, the coupling between the head and
oth arms was more accurate and consistent when the
ead was moved isodirectionally with one arm and non-
sodirectionally with the other (limb non-iso) as compared to
on-isodirectionally with both arms (head non-iso). The main
ffect of coordination mode was only significant for AEΦ,
emonstrating that head–limb coordination was less accurate
uring in-phase (AEΦ = 56.12◦) than during anti-phase coordi-
ation of the arms (AEΦ = 42.44◦).

The interaction effect reached significance for both measure-
ents (Fig. 6). With respect to AEΦ, head–limb coordination

howed lower error scores when the arm moved non-
sodirectionally with the remaining two segments (limb non-iso)
s compared to the head (head non-iso) but the decreases in
rror were more pronounced during anti-phase than during in-
hase coordination. In other words, AEΦ scores pertaining to
ead–limb coordination decreased from the condition with non-
sodirectional head movements with both limbs (head non-iso)
o the condition with isodirectional head movements with one of
oth limbs (limb non-iso) and this effect was more pronounced
uring anti-phase coordination.

With respect to S.D.Φ, the interaction conveyed that
ead–limb coordination was less consistent during anti-phase
han during in-phase coordination when the head moved non-
sodirectionally with the two arms, whereas, the opposite effect
as obtained when the arm moved non-isodirectionally with a
ead–limb couple. In other words, whereas head–limb coordi-
ation was not much affected by the direction of the arm or
ead segment during in-phase coordination, S.D.Φ decreased
improved) dramatically from the head non-iso to the limb non-
so condition during anti-phase coordination. Thus, head–limb
oordination improved when the head was isodirectionally cou-
led with one of both arms as compared to non-isodirectional
ead motions with both arms.

. Discussion

Research on interlimb coordination has demonstrated that
irection plays an important role in the organization and con-
rol of coordination patterns. However, it is still a matter of

ebate whether direction should be understood within the con-
ext of an intrinsic or extrinsic reference frame. Neural coding
f spatial features of movement and their associated refer-
nce frames is one of the most dominant themes within the

i
w
e
[
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otor neurosciences. It is also an important topic within the
ontext of interlimb coordination because directional compat-
bility comes into play when more than one limb is moved.
n this respect, we have referred to two general principles:
gocentric and allocentric [23,24]. The first refers to the lon-
itudinal axis of the body as an intrinsic organizing principle
hereby simultaneous limb movements towards and away

rom the body midline are more preferred than other pat-
erns. This is often associated with the simultaneous timing
f activation of homologous muscle groups. The allocentric
onstraint refers to a general preference to move the limbs in
he same direction in extrinsic space. An important question
hat requires further attention pertains to the generalizability of
hese principles as well as their potential interactions. Moreover,
ombining movements of the limbs with other body segments
rompt us to consider their degree of directional compatibil-
ty.

In the present study, we used two experimental strate-
ies to explore the role of directional constraints in interlimb
oordination. First, use was made of posture manipulations
o dissociate between muscle homology and directionality in
xtrinsic space. Second, head movements were added to pat-
erns of bimanual coordination to investigate their impact on the
uality of interlimb coordination as well as head–limb coordi-
ation.

.1. Dissociating muscle homology and directionality in
xtrinsic space

Consistent with previous studies [4,18,20,21,24], Experiment
demonstrated that in-phase coordination between the arms was
enerally more accurate and consistent than anti-phase coordina-
ion. By comparing the adducted and abducted limb postures, it
as possible to disentangle directionality in extrinsic space from
uscle homology. More specifically, bimanual in-phase patterns
ith the limbs in adducted versus abducted posture were associ-

ted with non-isodirectional and isodirectional movements in
xtrinsic space, respectively. The converse arrangement was
btained during anti-phase coordination, i.e., the adducted pos-
ure was associated with isodirectional and the abducted posture
ith non-isodirectional movements. The findings revealed that

n-phase coordination, characterized by the simultaneous acti-
ation of homologous muscle groups, was resistant to posture
anipulations. This suggests that direction in extrinsic space did

ot have a prominent effect on the accuracy/stability of inter-
imb coordination characterized by neuromuscular coupling.
onversely, anti-phase coordination was performed more suc-
essfully when associated with isodirectional as compared to
on-isodirectional motions in extrinsic space. Thus, the influ-
nce of extrinsic direction became more prevalent in the absence
f muscle homology whereby isodirectionality in extrinsic space
ontributed to stabilization of anti-phase coordination patterns.
hese observations are generally consistent with earlier work
n which the interplay between both coordination constraints
as demonstrated during bimanual circle drawing, with the

gocentric constraint dominating over the allocentric constraint
23,24].
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.2. The influence of head motions on bimanual
oordination

In Experiment 2, the influence of head movements on biman-
al coordination was studied with special emphasis on the
ediating role of directional (in)compatibility. Our principal

bjectives were (1) to compare the influence of isodirectional
ersus non-isodirectional head motions on bimanual coordina-
ion, and (2) to compare the differential influence of head versus
rm motions as a directional (de)stabilizer on the quality of
oordination.

With respect to the first question, arm position was manipu-
ated in such a way that the influence of head motion direction
n bimanual coordination could be studied with directionally
omparable in-phase and anti-phase movements (Fig. 2, con-
itions 1–4). More specifically, by modulating arm posture, we
btained in-phase (muscle homology) and anti-phase (no muscle
omology) coordination patterns that were both characterized by
sodirectional movements in extrinsic space and therefore only
iffered with respect to the timing of activation of the homolo-
ous muscle groups. The impact of head movements that were
ither isodirectional versus non-isodirectional with the bimanual
imb patterns was studied.

The findings demonstrated that the in-phase patterns were
ardly affected by directionality of head motion. Conversely,
he anti-phase patterns were slightly more accurate and stable
han in-phase during isodirectional head motions but clearly
ess accurate and stable during non-isodirectional head motions.
hese observations underscore the robust nature of coordina-

ion patterns based on muscle homology, even in the absence of
ymmetric arm positions. Conversely, anti-phase patterns were
ore vulnerable to directional relationships among body seg-
ents in extrinsic space. When the head moved along with both

rms, an isodirectional relation between the head and arms was
referred above a non-isodirectional relationship. These obser-
ations were also supported by the analysis of the coordination
etween the head and each of the upper limbs: AEΦ and S.D.Φ
cores were lower during isodirectional than non-isodirectional
ead motions. In other words, isodirectional head movements
ecame easily integrated with the overall coordination pattern,
hereas head–limb coupling was poor when the head moved

nti-directional with the limbs. The present results are gener-
lly consistent with earlier work addressing the impact of head
otions on the quality of coordination between the homologous

imbs (upper or lower) [16]. However, postures were symmetri-
al in the latter study, such that in-phase patterns were associated
ith non-isodirectional movements and anti-phase patterns with

sodirectional movements. Consequently, the quality of in-phase
mirror symmetric) homologous limb patterns was affected by
ddition of head movements whereas anti-phase patterns were
ot. This is because the head rotated in the same direction in
xtrinsic space as both limbs during anti-phase coordination,
hereas this solution was not possible during in-phase coordi-

ation. These findings point to the important role of extrinsic
irection on interlimb coordination.

In a second analysis, the influence of head versus arm motions
ithin the three-segment coordination pattern was determined.

f
t

n Research 187 (2008) 361–370 369

or this purpose, we compared whether coordination between
he limbs was differentially affected when either the head or
ne limb moved anti-directional with the other two segments
Fig. 2, conditions 3–6). The findings revealed that biman-
al coordination was much less stable and accurate when the
ead as compared to the arm was moved anti-directionally with
he remaining segments. This was confirmed during both the
n-phase and anti-phase coordination modes. This was also
eflected by the analysis of head–limb coupling, which was
uch less stable and accurate when the head was moved non-

sodirectionally with the other segments, as compared to the
rm (Fig. 6). Thus, non-isodirectional head movements lead
o a more pronounced disruption of head–limb coupling than
on-isodirectional arm movements. This destabilizing effect
f non-isodirectional head movements was particularly pro-
ounced during anti-phase coordination.

In summary, the present findings revealed that direction
s a principal constraint during the generation of patterns of

ultilimb coordination. This is not surprising because sin-
le cell recording studies have pointed to the modulation of
euronal activity as a function of movement direction [7,11].
urthermore, it has been shown that bimanual movements with

ncompatible directional specifications induce increased activity
n a parieto-premotor network, relative to compatible direc-
ional specifications [26]. This points to the recruitment of
xtra neural resources to cope with or overcome directional
nterference between the limbs. Whereas converging directional
elationships hardly impose increased demands on the central
ervous system, incompatible directions between movement
egments will require additional neural resources in cortical
reas involved in spatial planning and organization of move-
ent, unless these motions can be integrated into a unified

ommand structure for all effectors. During bimanual coor-
ination, direction can be interpreted within the context of
ntrinsic and extrinsic reference frames. Intrinsic directional
elationships between limbs that are supported by simultane-
us activation of homologous muscle groups are very prominent
nd promote a high degree of coordinative stability. However,
hen muscle homology is given up, direction in extrinsic space

tarts playing a more critical role: higher coordinative accu-
acy and stability is obtained when limbs move in the same
irection in extrinsic space. Addition of head movements plays
n important role in the balance between directional com-
atibility versus incompatibility. Overall, the findings support
coalition between egocentric and allocentric coordination

onstraints whereby the balance between both constraints is
ediated by head motions. One has to keep in mind, though,

hat these findings were obtained for the specific task used in
he present experiment. Further research on other head–limb
oordinations tasks is needed to confirm the present find-
ngs.
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