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bstract

Coordination in biological systems requires a continuous updating of the perception-action cycle. How the different sources of sensory information
ontribute uniquely to performance is still debated. Here, we directly compared the role of vision and kinesthesis by means of a tracking task
n which the left wrist mimicked the passive motions imposed on the right wrist with a torque motor. The passive movements were perceived
isually (alien hand) or kinesthetically (own hand), or a combination thereof (own hand, feel and see). Tracking occurred according to the same
isodirectional) or opposite (mirror-image) directions. Findings revealed that visual tracking was performed most successfully in the isodirectional
nd kinesthetic tracking in the mirror-image mode. Tracking was most successful when both sources of sensory information were present. These

esults suggest that vision and proprioception obey direction-dependent constraints that are consistent with extrinsic and intrinsic reference frames
ithin which the perception-action cycle resides. Thus, each sensory modality contributes uniquely as a function of the spatial requirements of the

racking task, rather than one being superior over the other.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In biological systems, a continuous updating of the
erception-action cycle is required to generate purposeful
ontext-dependent actions. Among the different sensory modal-
ties, vision and proprioception are most critical for planning
nd guiding movements. Both sources of sensory information
re usually integrated to generate a single estimate of limb posi-
ion in space. How these sources of sensory information relate to
ach other and what their unique contribution is, remains a mat-
er of debate. The traditional view has been that vision dominates
roprioception but alternative evidence exists [33].

More recently, the role of sensory information has also
een debated intensively within the context of movement

oordination [18,30,35]. Paradigms addressing coordination
ynamics between two effectors have been most prominent.
his has resulted in the identification of stable coordina-
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ion states, generally referring to the in-phase and anti-phase
odes. Intermediate modes are less stable and the differences

n stability become amplified with increases in movement
requency [12]. For example, in bimanual coordination, the
imultaneous timing of homologous muscle activation (in-
hase, mirror-image mode with respect to the midline of the
ody) results in more stable coordination than alternated acti-
ation (anti-phase, parallel mode) of these muscle groups
9,15,29,32]. Besides the stabilizing effect of muscle grouping,
patial constraints (isodirectionality) have also been reported to
ontribute to the stabilisation of these coordination dynamics
18,22,32]. More specifically, bimanual isodirectional move-
ents involving homologous muscle groups are more stable than

on-isodirectional movements involving non-homologous mus-
le groups, with the remaining conditions (when only one of both
rinciples applies) positioned in between [29,30]. In general,
he muscle grouping constraint prevails over the isodirectional

onstraint during bimanual coordination.

The prominence of isodirectional coupling has also been doc-
mented during coordination of an effector with a visual target
r during between-person coordination [31,32]. Tracking tasks

mailto:kaat.alaerts@faber.kuleuven.be
dx.doi.org/10.1016/j.bbr.2006.12.024
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and varied form trial to trial to prevent prediction and anticipation (see Fig. 2).

The left hand piece was constructed similarly but enabled free rotation of
the wrist. Shaft encoders were connected to the rotating axis (accuracy = 0.088◦)
to record angular displacement of the left and right wrist. Data were sam-
pled at 1000 Hz (Signal software, Version 2.02; Cambridge Electronic Design,
30 K. Alaerts et al. / Behavioural B

equiring movement of the active limb in the same direction
n extrinsic space as the visual stimulus are performed more
ccurately than tasks involving movement in opposite direc-
ions [8,20,23,32,37]. This is consistent with a more generic
rinciple in visual perception whereby isodirectional stimuli are
ore preferably grouped into a perceptual unit or ‘gestalt’ than

on-isodirectional stimuli [4,14,36]. However, when applied to
imanual coordination, perceptual grouping of visual feedback
timuli does not always result in a stabilisation of coordination
7], because this is also mediated by the degree of congruency
etween the performed pattern and the perceived visual feedback
24,25].

The aforementioned observations have led to speculations
bout the mediating role of afferents and efferents in these gen-
ral coordination principles. Interestingly, Bingham et al. had
articipants judge the degree of stability in two visually pre-
ented oscillating dots and found that the judgments of phase
ariability varied according to an asymmetric U-shaped func-
ion of mean relative phase, i.e., a mean relative phase of 180◦
as judged to be intrinsically more variable than a mean relative
hase of 0◦ [3]. The observed similarity between the aforemen-
ioned movement coordination and perception results led them
o conclude that the movement coordination principles were
artly mediated by perceptual processes. Others have expressed
stronger position in this debate, suggesting that the movement
oordination phenomena are solely due to perception [18]. How-
ver, what has remained largely unresolved so far is whether
nd how the visual and kinesthetic afferents contribute uniquely
o coordinated behaviour in general and to the preference for
istinct directional relationships between the moving limbs in
articular.

In the past, various paradigms have addressed the role of sen-
ory information by assessing changes in motor performance as a
esult of removing or distorting the role of vision (prism glasses)
nd/or proprioception (tendon vibration), or by studying specific
atient groups. Here, we used a tracking task in which the role
f visual and proprioceptive information as well as their combi-
ation was directly compared within a perception-action setup.
he task required the left wrist to match, as accurately as pos-
ible, the cyclical passive motion imposed on the right wrist by
eans of a torque motor. The passive movement consisted of a

uperposition of sine waves and was perceived visually (alien
and) or kinesthetically (own hand), or a combination thereof
own hand, feel and see). Participants tracked the imposed
rist motion according to the same (isodirectional) or opposite

mirror-image) directions. Finally, tracking performance was
ssessed at three different cycling frequencies (0.5, 1.0, and
.5 Hz) to determine how the different sensory modalities coped
ith increased time pressure.
It was hypothesized that availability of both sensory modali-

ies resulted in superior perception of limb motion as compared
o each modality separately as a result of inter-sensory inte-
ration. With respect to tracking direction, visual tracking was

ypothesized to be superior in the isodirectional mode and pro-
rioceptive tracking in the non-isodirectional or mirror-image
ode. Finally, increases in speed were predicted to result in
more prominent performance deterioration in the separate as
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ompared to the combined sensory modalities. Even though the
resent tracking task differs substantially from a typical biman-
al coordination task, the results will be interpreted in view of
he currently known coordination principles.

. Materials and methods

.1. Subjects

Participants were 10 male and 8 female volunteers (aged 19–27 years) with-
ut any known neuromuscular disorders. All participants were right-handed, as
ssessed with the Edinburgh Handedness Questionnaire [19] and were naive
bout the purpose of the experiment. Informed consent was obtained before the
xperiment, and the experimental procedure was approved by the local Ethics
ommittee for Biomedical Research at the Katholieke Universiteit Leuven.

.2. Task

A purpose-built apparatus (see Fig. 1) was used to impose flexion-extension
ovements to the right wrist. The apparatus consisted of two separate units (left

nd right), both fitted with a forearm rest to support it in a natural position,
nd a hand piece for insertion of the hand palm. Motion of the right wrist joint
as induced by means of an AC servo motor (AMK DV764, Goedhard PMC,
elmond, NL) that was mounted underneath the right unit and coupled to the

otating shaft of the manipulandum via a 1:10 redactor (Alpha Gearbox, Type
P120). The motor generated a continuous but irregular sinusoidal motion of a
rogrammable amplitude, frequency and duration, allowing rotation of the wrist
rom −30◦ (flexion) to +30◦ (extension), relative to a 0◦ position (whereby
he forearm and the palmar surface of the hand were aligned). The movement
onsisted of a superposition of sine waves with varying amplitude and frequency
ig. 1. Schematic view of the experimental conditions: (A) visual tracking, (B)
inesthetic tracking, and (C) visuo-kinesthetic tracking.
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ig. 2. Example trace of the imposed passive movement on the right limb.

ambridge, UK) and low-pass filtered (second-order Butterworth with cut-off
requency at 8 Hz, with zero-lag). The angular displacement signals of the two
and pieces were stored for further analysis.

.3. Procedure

Subjects were seated in front of the apparatus with their shoulders positioned
n slight abduction (10–20◦), elbows at 90◦ and forearm supported in a neutral
ro-supination position. Participants were instructed to match the movement of
he motor-driven right hand with their left hand as accurately as possible, taking
nto account amplitude, velocity and direction.

Tracking was performed according to three sensory conditions (i.e., visual,
inesthetic and visuo-kinesthetic) and two directional requirements (i.e., isodi-
ectional and non-isodirectional motion). The isodirectional mode (ISO) referred
o matching of the right hand with the left hand by means of motion in the
ame direction in extrinsic space (i.e., a non mirror-image mode), whereas the
on-isodirectional mode (N-ISO) required motion of the two hands in opposite
irections in extrinsic space (i.e., a mirror-image mode, relative to the midline
f the body).

The three sensory conditions referred to the sensory modality afforded by the
arget (right) hand, as illustrated in Fig. 1. In the visual condition, subjects were
nstructed to match with their left hand the visually perceived motion of the right
and of a third person that was inserted into the hand piece (visual tracking alien
and). The third person (female, aged 23) inserted her hand into the hand piece
s if it were the subject’s own hand. The third person was positioned lower than
he performer to avoid distraction. Moreover, the participants were instructed
ot to pay attention to the presence of the third person. In the proprioceptive
ondition, the subject was blindfolded and could only ‘sense’ the movement of
is own right wrist imposed by the torque motor (kinesthetic tracking own hand).
n the third condition, the subject observed and sensed the imposed movement of
is/her right wrist (visuo-kinesthetic tracking own hand). Sensory feedback of
he actively moved left hand was the same for all tracking tasks, i.e., vision was
ot allowed such that proprioceptive information prevailed. Accordingly, our
otation of the three aforementioned tracking conditions is primarily focused
pon the sensory modality(ies) available with respect to right hand movement.
lease note that it was not possible to map all right-hand conditions onto the left
and to obtain a more balanced experimental design. For example, focal vision
f both hands simultaneously was not possible because of the large between-
and distance. Therefore, we restricted the left hand conditions to the kinesthetic
ensory modality only.

Each tracking task was performed at three different speeds: 0.5 Hz (slow),
Hz (medium) and 1.5 Hz (fast). In total, 18 task conditions were presented (3

ensory conditions × 3 speeds × 2 directions). At initiation of each of the 18
xperimental conditions, a practice trial was performed, followed by the record-
ng of four test trials. This resulted in a grand total of 72 recorded trials (3
ensory conditions × 3 speeds × 2 directions × 4 trials). A short pause (5 min)
as inserted after 48 trials. To prevent anticipation of the imposed right wrist
otion, three different sets of continuous, quasi-random, sinusoidal displace-
ent series (duration of 30 s) were used randomly across the 72 recorded trials.

he quasi-random character of each of the displacement series was ensured by
arying the amplitude continuously between ±30◦ (see Fig. 2). The order of
resentation of the test trials was also randomised for each subject.

During tracking, participants were instructed to maintain their driven right
and ‘as relaxed as possible’. Although electromyographic (EMG) recordings
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f muscle activity of the passively moved hand were not monitored in the present
tudy, previous pilot work revealed that there was no overt muscle activity of
he passively moved hand during kinesthetic tracking (unpublished data).

.4. Analysis of tracking performance

.4.1. Relative phase
The accuracy and consistency of tracking performance was assessed by

eans of relative phase measurements. The relative phasing between joint angle
airs was obtained from the instantaneous phase of each signal, derived from
he Hilbert transform [5,6,10]. Relative phase was defined as the subtraction of
he phase angle of the left (actively moved) from the right (passively moved)
rist according to the following formula [16]:

= θRW − θLW = tan−1
[

(dXRW/dt)

XRW

]
− tan−1

[
(dXLW/dt)

XLW

]

here θRW refers to the phase of the right wrist movement at each sample,

RW is the position of the right wrist after rescaling to the interval [−1, 1] for
ach cycle of oscillation, and dXRW/dt is the normalized instantaneous velocity.
ubsequently, measures of tracking accuracy and consistency were determined.
he mean absolute error of relative phase (AE�) reflected the deviation from the

arget relative phase (0◦ for ISO tracking and 180◦ for N-ISO tracking) (tracking
ccuracy). The standard deviation of relative phase (SD�) referred to the spread
f relative phase measures around the mean (tracking consistency).

.4.2. Amplitude deviation
Values of amplitude deviation (AMPDEV) between the perceived (motor-

riven) motion and the corresponding active (left hand) motion were derived
rom the continuous displacement series of each hand (sampling rate = 100 Hz)
nd refer to the accuracy of amplitude tracking. The AMPDEV scores were cal-
ulated according to the following formula: AMPDEV = mean (|XRW| − |XLW|),
hereby XRW is the angular position of the right wrist and XLW is the angular
osition of the left wrist.

.5. Statistical analyses

The AE�, SD� and AMPDEV scores were determined for each trial and
ubsequently averaged across the four test trials of each condition. Three-way
3 sensory condition × 3 speed × 2 direction) analyses of variance for repeated
easures (ANOVA) were performed using Statistica software (version 6.0). Sig-

ificant results of interest were examined post-hoc with planned comparisons
PC) (equivalent to the t-test for independent samples) with Bonferroni correc-
ion. Other significant results were explored with Tukey HSD post-hoc tests.
he α-level of significance was set to α = 0.05.

. Results

.1. Absolute error of relative phase (AE�)

The 3 × 3 × 2 ANOVA of AE� revealed a main effect of
ensory condition [F(2, 34) = 6.87, p = 0.003], indicating that
EФ was significantly lower in the visuo-kinesthetic track-

ng condition (V + KT) (M = 39.35◦, SE = 1.64) as compared to
he visual (VT) (M = 45.27◦, SE = 1.70) or kinesthetic tracking
ondition (KT) (M = 44.31◦, SE = 1.55) [planned comparisons
ith Bonferroni correction: F(1, 17) = 19.87, p = 0.00 and F(1,
7) = 6.61, p = 0.04]. However, a highly significant sensory
ondition × direction interaction [F(2, 34) = 10.455, p = 0.00]
ndicated that this effect varied as a function of the direc-

ional requirement (i.e., ISO versus N-ISO) (see Fig. 3A).
ost-hoc analysis (planned comparison with Bonferroni cor-
ection) revealed that AE� was significantly lower for V + KT
M = 38.24◦, SE = 2.02) than for VT (M = 47.57◦, SE = 1.99) in
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ig. 3. The sensory condition × direction interaction for AE� (A) and SD� (B)
n = 18). ISO isodirectional, N-ISO non-isodirectional; **p < 0.01.

he N-ISO mode [F(1, 17) = 25.48, p = 0.00], whereas AE�

as lower for V + KT (M = 40.54◦, SE = 1.51) than for KT
M = 45.94◦, SE = 1.39) in the ISO mode [F(1, 17) = 15.48,
= 0.0032].

The aforementioned interaction also allowed us to look into
ifferential direction effects within each sensory condition (see
ig. 3A). Visual tracking (VT) was performed with significantly
maller absolute error scores in the ISO (M = 42.97◦, SE = 1.52)
s compared to the N-ISO mode (M = 47.57◦, SE = 1.99) [F(1,
7) = 22.167, p = 0.0012]. Conversely, during kinesthetic track-
ng (KT), AEФ scores were lower during N-ISO (M = 42.68◦,
E = 1.98) than during ISO tracking (M = 45.94◦, SE = 1.39)
F(1, 17) = 5.129, p = 0.037]. No difference in AEФ between
racking in the ISO (M = 40.54◦, SE = 1.51) and N-ISO mode
M = 38.24◦, SE = 2.02) was observed during V + KT [F(1,
7) = 2.443, p > .1].

The main effect of speed was highly significant, indicating
hat tracking accuracy deteriorated with increasing speed [F(2,
4) = 397.82, p = 0.00]. In addition, the speed × sensory condi-
ion interaction was also significant [F(4, 68) = 3.10, p = 0.022].
ost-hoc tests (Tukey HSD) revealed that the aforementioned
ensory condition effect was slightly more pronounced at higher
peeds. The three-factor interaction was not significant [F(4,
8) = 1.70, p > .1].
.2. Standard deviation of relative phase (SDФ)

Overall, the SD� scores showed similar tendencies as those
ound for AE� (see Fig. 3B). The main effect of sensory con-
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ition was significant [F(2, 34) = 21.45, p = 0.00], as well as
he sensory condition × direction interaction [F(2, 34) = 10.07,
= 0.00]. Post-hoc analysis revealed that V + KT (M = 31.61◦,
E = 0.88)] showed significantly less relative phase variability

han VT [M = 37.79◦, SE = 0.75) in the N-ISO mode, whereas
+ KT [M = 33.24◦, SE = 0.53) showed less variability than KT

M = 35.02◦, SE = 0.55) in the ISO mode. In addition, post-hoc
nalysis indicated that KT exhibited lower variability of relative
hase than VT in the N-ISO mode [F(1, 17) = 24.17, p = 0.00],
hereas tracking in the ISO mode was performed equally con-

istent in the KT and VT condition [F(1, 17) = 0.02, p = 0.88].
The sensory condition × direction interaction revealed also

hat for VT, SD� was significantly smaller in the ISO mode
M = 34.91◦, SE = 0.66) than in the N-ISO mode (M = 37.79◦,
E = 0.75) [F(1, 17) = 21.35, p = 0.00]. Marginally significant
ifferences in SDФ between tracking in the ISO and N-ISO
ode were found for V + KT [F = (1, 17) = 3.42, p = .082] and
T [F = (1, 17) = 3.10, p = 0.096].
The main effect of speed revealed that consistency of all

atching tasks severely deteriorated with increasing speed [F(2,
4) = 250.57, p = 0.00]. None of the remaining main effects or
nteractions reached significance [all, p > 0.2].

.3. Amplitude deviation (AMPDEV)

The 3 × 3 × 2 ANOVA revealed main effects of sensory con-
ition [F(2, 34) = 8.26; p = 0.012], direction [F(2, 34) = 53.06;
= 0.00], and speed [F(2, 34) = 42.64; p = 0.00]. The first two
ffects resulted from, respectively, larger amplitude overshoot
n VT (M = 5.01◦, SE = 0.52) as compared to KT (M = 2.37◦,
E = 0.57) and V + KT (M = 2.86◦, SE = 0.50), and a larger
mplitude overshoot in the ISO (M = 4.49◦, SE = 0.41) as com-
ared to the N-ISO mode (M = 2.33◦, SE = 0.35). AMPDEV
cores were significantly larger during tracking at medium
M = 4.73◦, SE = 0.33) and fast (M = 5.05◦, SE = 0.58) as com-
ared to low speeds (M = 0.46◦, SE 0.48).

In addition, a significant sensory condition × speed interac-
ion [F(4, 68) = 2.97; p = 0.025] was found. Post-hoc (Tukey
SD) exploration of this interaction revealed that the aforemen-

ioned sensory condition effect was only significant at the highest
peed (1.5 Hz). The three-factor interaction was not significant
F(4, 86) < 1].

. Discussion

In the present study, the role of sensory modalities in the con-
ext of the perception-action cycle was investigated by means of

tracking paradigm in which participants matched with their
eft hand the passive movements imposed on their own (feel, or
ee and feel) or an alien’s right hand (see). To our knowledge,
his is the first time that the role of these sensory modalities is
irectly compared in the context of unimanual tracking. Superior
racking performance was observed when vision and kinesthe-

is were simultaneously available as compared to each sensory
odality separately. Furthermore, the superiority of each sen-

ory modality was shown to depend on tracking direction: vision
as superior during isodirectional tracking and kinesthesis dur-
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ng non-isodirectional (mirror-image) tracking. Whereas similar
rinciples of sensory processing across modalities are some-
imes implicitly assumed [18], the present findings shed light
n the unique impact of both sources of sensory information
n direction-dependent constraints during the perception-action
ycle. Moreover, even though the present tracking task dif-
ers from a typical interlimb coordination task, the observations
fford a deeper understanding of the general coordination prin-
iples, as discussed next.

.1. Tracking of movement direction

Tracking of direction was primarily assessed by the rela-
ive phase relationship between the tracked and tracking limb.
ur results clearly supported distinctive direction-dependent

onstraints in visual and kinesthetic tracking. Visual tracking
f the alien hand was performed more accurately when the
ctive and passive limb moved in the same direction in extrin-
ic space (isodirectional) as compared to motion in opposite
irections (non-isodirectional), as confirmed by the absolute
rror and SD scores of relative phase. In contrast, kinesthetic
racking was more accurate under the non-isodirectional (i.e.,

irror-symmetry with respect to the midline of the body) than
sodirectional mode, as inferred from the absolute error of rela-
ive phase.

The superiority of isodirectional tracking under visual infor-
ation conditions is consistent with previous work in coupling

n effector with an external visual stimulus [8,20,23,32,37]. Per-
ormance was found to be more optimal when the limb and visual
ignal were moved in the same as compared to different cou-
ling directions. This is reminiscent of a more general principle
n visual organization in perceptual gestalt theory, known as the
common fate law’. Wertheimer suggested that moving stimuli
n the same direction and with the same speed are observed as
erceptual units [34]. In line with this observation, Johannson
ound that when four (2 × 2) stimuli moved together up- and
ownwards, the stimuli moving into the same direction were
erceptually grouped as a whole whereas the stimuli moving in
pposite directions were not [13]. Similarly, when watching a
roup of moving stimuli, the sub-clusters with a common move-
ent direction were more easily recognized and detected than

hose that were not [1,2,17]. Accordingly, Bingham et al. showed
hat perception of visual stimuli moving in the same direction
ere judged as being more stable than those in different direc-

ions [3]. Thus, the general evidence suggests that visual stimuli
oving in the same direction are perceptually more salient than

ther motion structures and this principle extends to perception-
ction coupling conditions in which a visual stimulus is tracked
ith a limb. Similarly, in ergonomics, ‘direct drive’ (isodirec-

ionality) between movement of the control and the display is a
ery prominent principle in control-display relations to promote
ptimal performance [26].

In spite of the prominence of the isodirectional principle in

isual tracking, kinesthetic tracking was more successful during
he mirror-image than during the isodirectional mode. Using a
inesthetic tracking task in which one limb was synchronized
ith passive motion of the contralateral limb, Stinear found

p

d
p
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hat non-isodirectional tracking was performed with greater sta-
ility and accuracy than isodirectional tracking [27]. However,
his effect was only marginally confirmed in a later study [21].
he observed preference for mirror-image tracking is consis-

ent with findings in bimanual coordination whereby a strong
endency toward mirror-symmetric motion with respect to the

idline of the body has been observed [15,28,29,32]. As the
atter coordination mode requires simultaneous engagement of
omologous muscle groups in reference to the body midline, this
irror-symmetry tendency or ‘egocentric constraint’ may result

rom crossed facilitation of motor pathways between homolo-
ous muscles [11]. The allocentric constraint, on the other hand,
efers to a preference for isodirectional coupling [7,28]. To sum-
arize, our findings lend support to the hypothesis that direction

s primarily encoded relative to an intrinsic, egocentric reference
rame when proprioceptive afferent information prevails. Con-
ersely, vision affords movement encoding preferably relative
o an extrinsic or allocentric reference frame.

Comparing the different sensory modalities, no absolute
upremacy of one sensory modality over the other was evi-
ent. Rather, a selective direction-dependent preference was
bserved in which kinesthetic tracking was more success-
ul during the non-isodirectional mode and visual tracking
uring the isodirectional mode. When comparing combined
isuo-kinesthetic tracking with tracking under either modal-
ty alone, a significant improvement of tracking performance
as observed and direction-dependent differences disappeared:

dding vision to isolated kinesthetic tracking improved tracking
n the isodirectional mode significantly, whereas the addition of
inesthesis during visual tracking improved performance under
on-isodirectional conditions. Thus, kinesthetic and visual
nformation selectively improved mirror-symmetrical and isodi-
ectional tracking under dual-modality conditions, respectively.

.2. Amplitude estimation

Overall, a general overshoot in amplitude was observed
cross all three tracking conditions. This was substantially
ore pronounced for visual as compared to both kinesthetic

nd visuo-kinesthetic tracking. Thus, amplitude estimation was
ore successful when proprioceptive afferent information was

vailable. During kinesthetic tracking, the observed amplitude
vershoot may have resulted from overestimation of dominant
imb afferent sources, as tracking required matching of the

otion of the passively driven right (dominant) hand with the
on-dominant left hand. The converse arrangement was found
o induce amplitude underestimation [27]. Apart from that, our
ata also indicated a more pronounced amplitude overshoot dur-
ng isodirectional as compared to non-isodirectional tracking,
uggesting a facilitation of amplitude generation under the for-
er conditions. Finally, amplitude overestimation was also more

ronounced at increasing speeds, reflecting a general deteriora-
ion in estimation of limb position under increased temporal

ressure.

In summary, the present observations shed light on the
irection-dependent constraints that became evident during
erception-action coupling in the context of tracking. Kines-
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n which the direction-specific limitations of each modality were
vercome. These direction-dependent sensory effects are remi-
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