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Abstract:

This study aimed to verify the effect of visual afference (eyes open — EO vs. eyes closed — EC) on in-
phase (IP) and anti-phase (AP) homolateral inter-limb coordination performance in relation to age. Forty
individuals (12 youths, age=12+1 years; 16 young adults, age=24+3 years; 12 older adults, age=59+11 years)
performed [P and AP synchronized (80, 120, and 180 bpm) hand and foot flexions and extensions. Variability
of IP and AP movements was obtained by calculating the within-subject standard deviation of each condition.
Significant interactions between coordination mode x age and coordination mode % age x visual afference
showed joint effects on IP and AP variability, while no main effects emerged. In the IP-EO condition, post-
hoc analysis showed higher (p=.0003) variability in older adults (24.8+6.6 s) with respect to young adults
(10.5£10.9 s), whereas in the IP-EC condition, older adults showed higher (p=.03) variability (23.4+10.7 s)
with respect to both youths (13.7£8.6 s) and young adults (24.1412.2 s). In both AP conditions, older adults
showed lower (p<.002) variability values (EO=9.5+12.1 s; EC=4.6+7.5 s) with respect to the other age groups,
with only the youth group showing differences between EO (16.6£12.1 s) and EC (23.6+8.4 s) conditions.
Findings show that the age-related worsening of inter-limb coordination is independent of the use of visual
afferences. In contrast, at developmental age, visual perception seems to play a differential role depending
on the coordinative task complexity (IP/AP). It becomes crucial only in the AP condition, with a lower
variability in the EO than in the EC condition indicating youths’ tendency to rely more on visual information
for stabilizing complex inter-limb coordination performance.
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Introduction governed by a variety of constraints acting at dif-

Inter-limb coordination is an important aspect
of motor function and represents a complex self-
organizing system subject to individual (e.g., bi-
opsychological), task-related and contextual con-
straints (Swinnen & Carson, 2002). According to
the “isodirectionality principle” (Bogaerts, Buek-
ers, Zaal, & Swinnen, 2003; Swinnen, 2002), cy-
clic flexion-extensions of the hand and its ipsilat-
eral foot are easily and stably associated when the
two segments oscillate with the same direction (e.g.,
in-phase, IP). Conversely, great control and atten-
tional efforts are required when ipsilateral limbs
move in opposite directions (e.g., anti-phase, AP;
Baldissera, Borroni, & Cavallari, 2000; Serrien,
Li, Steyvers, Debaere, & Swinnen, 2001; Serrien
& Swinnen, 1998; Swinnen, Jardin, Meulenbroek,
Dounskaia, & Hofkens-Van Den Brandt, 1997). In
general, the stability of inter-limb performances is

ferent levels of the motor system (Carson & Kelso,
2004). Such constraints come into play in relation
to frequency of execution (Capranica, Tessitore, Ol-
ivieri, Minganti, & Pesce, 2004; Capranica, Tessi-
tore, Olivieri, & Pesce, 2005; Jeka & Kelso, 1995;
Kelso, 1984; Serrien & Swinnen, 1998), amplitude
(Peper & Beek, 1998), loading (Baldissera & Caval-
lari, 2001), direction (Capranica, et al., 2004, 2005;
Meesen, Wenderoth, Temprado, Summers, & Swin-
nen, 2006), mechanical perturbations (Kay, Saltz-
man, & Kelso, 1991), mobility impairments (James,
et al., 2017), and sensory feedback (Kelso, Fink,
DeLaplain, & Carson, 2001; Salesse & Tempra-
do, 2005; Salesse, Temprado, & Swinnen, 2005).
Furthermore, an inter-limb coordination pattern
emerged during lifespan, with performance de-
velopment in youths, maintenance in adults, and
decrement in older individuals (Capranica, et al.,
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2004, 2005; Cortis, et al., 2009; Serrien, Swinnen,
& Stelmach, 2000). Finally, in relation to athletic
expertise evaluations of [P and AP coupling of the
ipsilateral limbs proved that acute and chronic ex-
ercise elicit beneficial effects on the efficiency of
complex motor behaviors of individuals (Capranica,
et al., 2004, 2005; Cavallari, Cerri, & Baldissera,
2001; Cortis, et al., 2009, 2011, 2013; Moscatelli, et
al., 2016; Tessitore, et al., 2011).

Since the seminal work of Woodworth (1899), a
role of vision in all aspects of movement has been
proposed of having an impact on motor planning,
control, and evaluation. According to the isodirec-
tionality principle (Bogaerts, et al., 2003), visual
perception of the motions of hand and foot might
improve stability of their coordination. However,
the effect of vision differed as a function of both
neuro-muscular coupling and coordination mode
(Salesse, et al., 2005), with the presence of visual
feedback able to stabilize IP and destabilize AP per-
formances under dissimilar neuro-muscular cou-
pling (e.g., prone vs. supine movements), while not
effecting conditions of similar neuro-muscular cou-
pling. Also, bimanual coordination seemed to be in-
fluenced by perceptual information, with increased
stability of movements when visual feedback was
present (Byblow, Chua, Bysouth-Young, & Sum-
mers, 1999) and integration of the senses from dif-
ferent sources (e.g., vision, audition, and proprio-
ception) being more important during AP than IP
(Abedanzadeh, Abdoli, & Farsi, 2005). These re-
sults shed light on complex interactions between
motor and perceptual constraints during execution
of coordination patterns (Salesse, et al., 2005).

Despite the findings on hand-foot coordination
suggest that perceptual afferences play a role in di-
rectional constraints of healthy adults (Salesse &
Temprado, 2005; Salesse, et al., 2005; Serrien, et
al., 2000) and stroke patients (Debaere, Van Ass-
che, Kiekens, Verschueren, & Swinnen, 2001), no
information is available on healthy youths and old
individuals. This may be relevant not only to fur-
ther our understanding of the control and regulation
of different complex motor coordination patterns,
but also to optimize perceptual-motor training in
phases of life, in which motor coordination has still
not reached or is already descending from the level
of optimal functioning.

Therefore, the purpose of this study was to ver-
ify the role of visual afferences in IP and AP inter-
limb coordination performances in relation to age. It
has been hypothesized that: 1) availability of vision
could have a stabilizing effect on both IP and AP
inter-limb coordination patterns when compared
to no vision conditions; and 2) the destabilizing ef-
fect of visual information removal would differ be-
tween age groups.

Methods

Participants

The local Institutional Research Committee ap-
proved this study designed to evaluate the effect of
visual afference on inter-limb coordination perfor-
mances in young, adult and older individuals. Prior
to the evaluation, 40 male participants (12 youths:
12+1 years; 16 young adults: 2443 years; 12 older
adults: 59«11 years) were fully informed about the
procedures and the goal of the evaluation and pro-
vided their informed consent to participation. For
the participants under 18 years of age, consent was
obtained from their parents. Criteria for inclusion
in the study was the absence of the following con-
ditions: evidence or known history of neuromuscu-
lar disorder, cognitive impairment, wrist or ankle
arthritis, use of medications able to affect the test
performance, or injury to the wrist or ankle during
the previous six months. Older adults lived a fully
independent and noninstitutionalized lifestyle.

Procedures

After determining the leg preference (i.e., the
foot the individual placed first while attempting to
climb a flight of stairs beginning from a standing
position with feet together), participants were ad-
ministered inter-limb coordination test (Capranica,
et al., 2004). Participants seated shoeless on a table
with elbows and knees flexed at 90°. The position
allowed independent motion of the hands and lower
limbs in the sagittal plane. Participants were in-
structed to make cyclic homolateral hand and foot
movements in a continuous fashion for the total
duration of a trial (60 s) and to preserve spatial and
temporal requirements of the movement patterns.
The experimental condition was tested in two coor-
dination modes: IP (i.e., associations of hand exten-
sion with foot dorsal flexion and hand flexion with
foot plantar flexion) and AP (i.e., association of hand
flexion with foot dorsal flexion and hand extension
with foot plantar flexion). Each test condition was
performed at three frequencies (80, 120, and 180
bpm), as dictated by a metronome. A 2-minute rest
was given between test conditions, during which
participants were allowed to stand. After 15 s of the
required metronome pace, a “ready-go” command
led to the start of a trial. All hand-foot coordination
patterns were performed with both normal vision
(eyes open — EO) and while being blindfolded (eyes
closed — EC), in arandomized order. During the EO
condition, participants were instructed to fix their
gaze on a target positioned on the wall, while in the
EC condition they were required to maintain their
eyes closed while wearing a black mask.
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Variables

Using a stopwatch, an observer measured the
time of correct execution (in seconds) of the homo-
lateral hand and foot coordination (the time from the
beginning of the movement up to when the individ-
ual failed to meet either the spatial or the temporal
task requirements). To avoid disagreement among
observers, a single competent observer scored the
performances. The literature (Capranica, et al.,
2004) showed significant high test-retest stabili-
ty coefficients for both IP (range: 0.95-0.96) and
AP (range: 0.72-0.98) data and this measurement
of gross time and phase transitions proved to be ef-
fective in discriminating for age (Capranica, et al.,
2004; Cortis, et al., 2009) and expertise (Capranica,
et al., 2005; Cortis, et al., 2009).

The variability of IP and AP movements was
calculated according to previous studies (Bogaerts,
etal., 2003; Salesse, et al., 2005), in which the stand-
ard deviation (SD) was used as a measure of (in)
consistency of the inter-limb performance. There-
fore, variability (in seconds) was obtained by cal-
culating subject’s SD for the three execution fre-
quencies, thus obtaining a single value for IP and
AP, respectively. Low SD represents similar values
across the three frequencies of execution (low vari-
ability), while high SD represents higher differences
across frequencies (high variability).

Statistical analysis

Preliminary analyses. To verify quality of data,
preliminary analyses were run to replicate the ef-
fects of age, coordination mode and execution fre-
quency on the time of correct performance that are
reported in the literature (Capranica, et al., 2004,
2005; Cortis, et al., 2009, 2011, 2013; Moscatelli, et
al., 2016; Tessitore, et al., 2011). Therefore, means
and SD of the time (s) of correct execution of IP
and AP modes at the three frequencies of execution
(80, 120, and 180 bpm) during EO and EC condi-
tions in youths, young and older adults were calcu-
lated and submitted to a 3 (Age: youths, young and
older adults) x 2 (Coordination Mode: IP and AP)
x 3 (Execution Frequency: 80, 120, and 180 bpm)
ANOVA with repeated measures.

Main analyses. Variability of IP and AP was
then submitted to a 2 (Visual Afference: EO and
EC) x 3 (Age: youths, young and older adults) x 2
(Coordination Mode: IP and AP) ANOVA with re-
peated measures for two of the three factors. Alpha
level of .05 was selected for significance through-
out the study. If the overall F test was significant,
post-hoc Fisher’s protected least significant differ-
ence comparisons with Bonferroni corrections were
used. To provide meaningful analysis for signifi-
cant comparisons from small groups, Cohen’s effect
sizes (ES) were also calculated, considering trivial
ES<0.2, small ES=0.3—-0.6, moderate ES=0.7-1.2,
and large ES>1.2.

Results

Preliminary analyses. In both EO and EC con-
ditions, inter-limb coordination showed main effects
for Age (p<.0001), Coordination Mode (p<.0001),
Execution Frequency (p<.0001), and the interac-
tions Coordination Mode x Age (p<.005), and Co-
ordination Mode x Execution Frequency x Age
(p<.0001). Better performances (i.e., longer time
of correct execution) were found in the IP condi-
tion and at slower execution frequencies, with youth
and young adult subgroups showing a ceiling effect
at 80 bpm. In general, performances were best in
young adults, intermediate in youths, and poorest
in older adults, with age-related performance dec-
rements more pronounced during AP and fastest
movements, which tended to floor effects (Figure 1).
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Figure 1. Means and standard deviations of in-phase and
anti-phase inter-limb coordination performances in the eyes
open (A) and eyes closed (B) conditions for youths, young
and older adults.

Main analyses. No main effects for coordination
mode, age category, or visual afference emerged for
IP and AP variability (Figures 2 and 3). Interac-
tions showed the differences for Coordination Mode
x Age Category (F(2, 37)=35.6; p<.0001) and Co-
ordination Mode x Age x Visual Afference (F(2,
37)=5.8; p=.007). Only the three-way interaction
was analysed further because it included the two-
way interaction. In the IP-EO condition, post-hoc
analysis showed a higher (p=.0003; ES=1.59) vari-
ability in older adults (24.8+6.6 s) with respect to
young adults (10.5+10.9 s), whereas in the IP-EC
condition, older adults showed a higher variability
(23.4£10.7 s) with respect to both youths (p=.03;
ES=1.00) and young adults (p=.03; ES=0.81). In
both AP conditions, older adults showed lower

135



Cortis, C., Pesce, C., Capranica, L.: INTER-LIMB COORDINATION DYNAMICS...

Kinesiology 50(2018) Suppl.1:133-139

(p<.002; ES range: 1.64-2.94) variability values
(EO=9.5£12.1 s; EC=4.647.5 s) with respect to the
other two age groups, with only the youth group
showing the differences (p=.02; ES=0.85) between
EO (16.6£12.1 s) and EC (23.6+8.4 s) conditions.
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Figure 2. Means and standard deviations of the variability
of in-phase inter-limb coordination performances in the eyes
open and eyes closed conditions for youths, young and older
adults.
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Figure 3. Means and standard deviations of the variability
of anti-phase inter-limb coordination performances in the
eyes open and eyes closed conditions for youths, young and
older adults.

Discussion and conclusions

The present results substantiate that inter-
limb coordination highly depends on mode and
frequency of execution, with isodirectional tasks
and slower execution frequencies resulting in bet-
ter performances, probably due to a lower request
of attentional monitoring (Capranica, et al., 2004,
2005; Cortis, et al., 2009; Kelso, 1994; Serrien, et
al., 2000). Findings also support the development
over lifespan and deterioration of the coordinative
capability (Capranica, et al., 2004; Cortis, et al.,
2009; Meinel & Schnabel, 1998; Spirduso, Francis,
& Macrae, 2005), with peak performances reached
during young adulthood and the poorest perfor-
mances occurring after the fifth decade of life. In

particular, age-related decrements were more pro-
nounced during the AP movements performed at
the faster velocities, during which older individu-
als showed a tendency towards a floor effect prob-
ably due to their difficulty to allocate attentional
resources in inhibiting the natural IP mode (Wuyts,
Byblow, Summers, Carson, & Semjen, 1998).
Regardless of visual afference, inter-limb co-
ordination performances of the youth, young
adult and older adult subgroups are comparable to
those reported for co-aged individuals (Cortis, et
al., 2009). Furthermore, youths and young adults
showed IP values in line with those reported for
open skills sport athletes (Moscatelli, et al., 2016;
Tessitore, et al., 2011). In the present study, young
adults showed better performances with respect to
older adults regardless of visual afference (EO/EC).
The apparently diverging pattern of age having ef-
fects on variability of performance in the less and
more complex coordinative task conditions (IP/AP)
(Figures 2 and 3) is attributable to a consistent-
ly worsened performance at old ages. In fact, the
lowest intra-individual variability at the advanced
age under complex task conditions, being coupled
with the lowest times of correct execution (Figure
1), probably reflects a floor effect. In the life phase
of optimal functioning, overall best IP and AP per-
formances have been reported in young and élite
team sport players (Cortis, et al., 2011; Tessitore, et
al., 2011), who must cope with situation uncertainty
and with the need to adapt their motor coordination
to variable conditions. The inter-limb coordination
advantage of athletes practicing sports that imply
variable conditions is paralleled and probably inter-
twined with high skills in attentional control (Pesce
& Bosel, 2001) and executive inhibitory function
(Di Russo, Taddei, Aprile, & Spinelli, 2006).
Findings from the present study show that vis-
ual perception did not affect [P and AP variabil-
ity in young and older adults. Although the early
study by Flowers (1975) suggested that the hemi-
sphere governing the dominant arm might be spe-
cialized in processing visual feedback, a few years
later Annett, Annett, Hudson, and Turner (1979)
hypothesized that the dominant hand was superior
not in the feedback processing, but rather in execut-
ing an initial plan that did not need many correc-
tions. This suggests that difference in accuracy is
not a result of differences in processing visual in-
formation, but of a dominant hemisphere advantage
in generating more consistent and accurate move-
ment features (Roy & Elliot, 1986). Because no sig-
nificant differences between body sides have been
reported while evaluating inter-limb coordination
performances (Capranica, et al., 2004, 2005), in this
study only data regarding the preferred body side
were collected. Therefore, it is possible that no dif-
ference with respect to visual afference emerged
because the non-dominant hemisphere relies more
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on proprioceptive information than the dominant
one (Goble & Brown, 2008).

Conversely, in youths an effect of visual percep-
tion emerged, with a higher variability during EC
only in the AP condition and a reverse, but nonsig-
nificant, trend in the IP condition. This result does
not support, at this developmental age, the destabi-
lizing effect of vision during non-homologous co-
ordination patterns previously observed in young
adults (Temprado, Swinnen, Carson, Tourment, &
Laurent, 2003). Instead, our finding suggests that
when the inter-limb coordination demands are com-
plex (AP), youths rely on visual afference to en-
sure performance stability, which is poorer when
they perform inter-limb coordination patterns rely-
ing on the proprioceptive feedback only (Figure 3).
Moreover, a greater visual weighing in stationary
and dynamic contexts has been reported in youths
with respect to adults, especially when involv-
ing hand position (Bremner, Hill, Pratt, Rigato, &
Spence, 2013). Finally, although during adulthood
people tend to weigh the senses in proportion to
their reliabilities within the context of the current
task, thus maximizing efficiency, youths tend to
rely more on visual perception with respect to the
older groups. When vision is no longer the most reli-
able sense, other modalities, such as proprioception,
are given greater importance during the perception
of the limb position (Nardini, Bedford, & Mare-
schal, 2010). It is therefore possible that the optimal
weighings of the senses would continue to improve
during adolescent (Bremner, et al., 2013), peaking
during adulthood and remaining stable during older
ages. The present study adds to this issue, suggest-
ing that the developmental trajectories of change
in considering visual and proprioceptive percep-
tions in inter-limb coordination differ in relation
to either more or less complex coordination modes.
When the coordination is less complex (IP), youths
are able to reach stability levels similar to those of
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