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Maintaining equilibrium while riding a horse is a challenging task that involves complex
sensorimotor processes. We evaluated the relative contribution of visual information
(static or dynamic) to horseback riders’ postural stability (measured from the variability
of segment position in space) and the coordination modes they adopted to regulate
balance according to their level of expertise. Riders’ perceptual typologies and their
possible relation to postural stability were also assessed. Our main assumption was
that the contribution of visual information to postural control would be reduced among
expert riders in favor of vestibular and somesthetic reliance. Twelve Professional riders
and 13 Club riders rode an equestrian simulator at a gallop under four visual conditions:
(1) with the projection of a simulated scene reproducing what a rider sees in the real
context of a ride in an outdoor arena, (2) under stroboscopic illumination, preventing
access to dynamic visual cues, (3) in normal lighting but without the projected scene
(i.e., without the visual consequences of displacement) and (4) with no visual cues.
The variability of the position of the head, upper trunk and lower trunk was measured
along the anteroposterior (AP), mediolateral (ML), and vertical (V) axes. We computed
discrete relative phase to assess the coordination between pairs of segments in the
anteroposterior axis. Visual field dependence-independence was evaluated using the
Rod and Frame Test (RFT). The results showed that the Professional riders exhibited
greater overall postural stability than the Club riders, revealed mainly in the AP axis. In
particular, head variability was lower in the Professional riders than in the Club riders in
visually altered conditions, suggesting a greater ability to use vestibular and somesthetic
information according to task constraints with expertise. In accordance with this result,
RFT perceptual scores revealed that the Professional riders were less dependent on the
visual field than were the Club riders. Finally, the Professional riders exhibited specific
coordination modes that, unlike the Club riders, departed from pure in-phase and
anti-phase patterns and depended on visual conditions. The present findings provide
evidence of major differences in the sensorimotor processes contributing to postural
control with expertise in horseback riding.
Keywords: head stability, postural stability, head-trunk coordination, visual information, field dependenceindependence, horseback rider, expertise, riding simulator
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INTRODUCTION

et al., 2004; Bizid and Paillard, 2006; Stambolieva et al., 2011).
Overall, these studies showed that the contribution of vision
to the regulation of postural balance tends to decrease with
expertise, while somesthetic and vestibular information become
more critical. For example, experts in soccer, surfing, dance,
and gymnastics can use the remaining sensory modalities to
compensate for a lack of vision in unstable postures (e.g., Perrin
et al., 1998; Vuillerme et al., 2001a,b; Paillard et al., 2006, 2011).
Studies on horseback riding have investigated various topics
such as equine gait (e.g., Galloux et al., 1994; Peham et al.,
2004), horse-rider interactions (e.g., Lagarde et al., 2005; Byström
et al., 2009; Wolframm et al., 2013; Münz et al., 2014), rider
muscle activity (e.g., Terada, 2000; Terada et al., 2004), rider
joint position (e.g., Kang et al., 2010), and rider body movements
(e.g., Münz et al., 2013; Byström et al., 2015; Eckardt and Witte,
2016; Engell et al., 2016). However, very little research has
been devoted to the use of sensory information in horseback
riding and none has been devoted to the contribution of
sensory information to rider postural stability. Some authors
have suggested that expert riders use mainly proprioceptive
information rather than visual information to control the horse’s
pace (Laurent and Pailhous, 1982; Laurent et al., 1989). Others
have emphasized the importance of haptic information for
coordination between the rider’s movements and those of the
horse (e.g., Lagarde et al., 2005). Indeed, various contacts (e.g.,
with the saddle, rein, stirrup) and pressures (between the rider’s
pelvis and the horse’s saddle, primarily) are produced during the
horse/rider interaction in riding. They provide rich and patterned
somesthetic information (proprioceptive and tactile) that are of
utmost importance to the rider in regulating and coordinating
his/her movements with those of the horse. Thus, an interesting
question is whether the contribution of somesthetic information
to postural stability increases with expertise in horseback riding
at the expense of vision, as was observed in other sports activities.
A related question concerns interindividual differences in
the use of sensory information for spatial orientation, and
more specifically the visual field dependence-independence (e.g.,
Witkin, 1950; Oltman, 1968; Paillard, 1971; Isableu et al., 1997,
2010). It has been proposed that Field Dependence (FD) or
Independence (FI) reflects the weight each individual assigns to
visual or non-visual information (Isableu et al., 1997, 2003, 2010,
2011; Bringoux et al., 2016). At one extreme, field-dependent
subjects are affected by the surrounding visual field and are thus
assumed to rely predominantly on visual information, while, at
the opposite end of the continuum, field-independent subjects
are less affected by the visual surroundings and so are assumed
to rely more on somesthetic and vestibular cues. The influence
of this perceptual typology has been observed regularly in both
perceptual orientation and postural tasks (e.g., Witkin, 1950;
Crémieux and Mesure, 1994; Collins and De Luca, 1995; Luyat
et al., 1997; Golomer et al., 1999; Kluzik et al., 2005; Rousseu and
Crémieux, 2005; Slaboda et al., 2011).
Visual field dependence-independence is of particular interest
for the present study as it has been shown both to be related
to expertise in sport (e.g., Liu, 2003; Guillot and Collet, 2004;
Rousseu and Crémieux, 2005) and to induce interindividual
differences in postural control (e.g., Golomer et al., 1999; Isableu

Horseback riding is a challenging task that requires regulating
postural balance while sitting on a moving base of support.
To control their balance, riders need to adapt their movements
to those of the horse while picking up information in the
environment to direct the horse toward the intended goal.
Stabilizing the head in this context is very challenging and
yet crucial for motor performance. Because the head contains
the visual and vestibular systems that play a decisive role in
balance control, its stabilization in space is important for optimal
processing of visual and vestibular information (e.g., Gresty
and Bronstein, 1992; Amblard et al., 2001) and therefore, to
provide a stable base for action (e.g., Ripoll et al., 1986; Clément
et al., 1988; Pozzo et al., 1990). In the present study, we sought
to assess whether (i) postural stability1 , and more specifically
head stability, is a signature of expertise in horseback riders,
(ii) the contribution of visual information to riders’ postural
stability is reduced among expert riders in favor of vestibular
and somesthetic reliance, and (iii) expert riders adopt specific
postural coordination modes to preserve head stability.
Balance control involves the visual, vestibular and somesthetic
systems. The contribution of vision to balance has received
the greatest attention in the literature and has been tested
in numerous conditions including the suppression of visual
afferences by eye closure (e.g., Perrin et al., 1998; Perrot et al.,
1998; Callier et al., 2001; Rougier et al., 2003), the stimulation
of the central or peripheral visual field (e.g., Berencsi et al.,
2005), the deterioration of visual acuity or the reduction of the
visual field (e.g., Laurent et al., 1989; Schmid et al., 2008), the
inclination or displacement of the visual environment (Isableu
et al., 1997, 2010, 2011; Gautier et al., 2008), the selective
suppression of dynamic visual cues by stroboscopic illumination
(e.g., Amblard et al., 1985) or their gain in a ground optical
flow (e.g., Baumberger et al., 2004). The results of these studies
highlighted the importance of vision in balance control, but
these conclusions should be moderated in the context of sporting
expertise. Indeed, sports activities involve complex sensorimotor
skills and constrain the subjects to act and process multiple
information sources (proprioceptive, tactile, auditory, etc.) with
a particularly high level of accuracy and rapidity.
To be efficient, the expert develops, through years of training,
optimal responses to both external and internal constraints
(Ericsson et al., 1993; Ericsson and Lehmann, 1996). In particular,
the contribution of sensory information to postural control
evolves with training and differs according to the level of
practice (Era et al., 1996; Perrot et al., 1998; Bringoux et al.,
2000), the type of physical activity (Hosseinimehr et al., 2009),
and the specificity of gesture, support, task, or position in the
environment within the same sport or sport family (Robert
1 In

the dynamical systems perspective, stability has a precise definition related
to a system’s response to a change in initial conditions or to a perturbation (e.g.,
Strogatz, 1994). In this view, the term postural stability refers to the stability of the
underlying movement dynamics (e.g., Newell et al., 1993). In the present paper, we
use the term “postural stability” in its most widespread sense in the literature on
postural control, which supposes a reduced amount of variability of the segments
in space.
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are provided by studies on postural regulation in a sitting
position (e.g., Forssberg and Hirschfeld, 1994; Vibert et al.,
2001; Keshner, 2003, 2004). In these studies, participants sat
on a sled that was translated in anteroposterior directions
(Forssberg and Hirschfeld, 1994; Vibert et al., 2001; Keshner,
2003, 2004), sideways (Vibert et al., 2001), or rotated in the
sagittal plane (Forssberg and Hirschfeld, 1994). In most studies,
the participants’ legs and shins were resting horizontally in
front of them (Forssberg and Hirschfeld, 1994; Keshner, 2003,
2004) and visual information was suppressed (Vibert et al., 2001;
Keshner, 2003, 2004). Overall, the results showed that the head
lagged behind the trunk in response to the perturbation (e.g.,
Forssberg and Hirschfeld, 1994; Vibert et al., 2001; Keshner, 2003,
2004) and that somatosensory information generated at the pelvis
level, and not vestibular information from the head, appears
to trigger postural responses during sitting (e.g., Forssberg and
Hirschfeld, 1994; Keshner, 2003, 2004). These interesting results
do not help to understand the contribution of vision because
the availability of visual information was not manipulated: vision
was either suppressed by eye closure (Vibert et al., 2001) or
darkness (Keshner, 2003, 2004), or was available in all conditions
(Forssberg and Hirschfeld, 1994). Also, the important differences
between these studies and horseback riding situations in terms
of the sitting position (closed vs. open coxo-femoral angle), the
nature of the movements of the base of support (linear translation
in the horizontal plane vs. pitch and vertical movements) and
their rhythmicity (discrete vs. cyclic) do not allow to generalize
these results to riders’ postural coordination modes.
The purpose of the present study was to evaluate the relative
contribution of visual information to head and trunk stability
in Club and Professional horseback riders and the coordination
modes adopted to regulate balance depending on expertise.
With this aim, the participants were asked to ride a riding
simulator while facing a dynamic virtual scene under four
visual conditions: in normal lighting allowing the participants
to access dynamic visual cues (continuous simulated scene
condition), under stroboscopic illumination, preventing access to
dynamic visual cues (stroboscopic simulated scene condition), in
normal lighting with full visual access to the fixed surroundings
but without the projected scene and thus without the visual
consequences of the displacements corresponding to the context
of a ride (no simulated scene condition) and with no visual cues
(no vision condition).

et al., 2003, 2010). Several studies have shown that experts tend
to be more field-independent in a number of physical activities
such as acrobatic sports (e.g., Liu, 2003; Guillot and Collet, 2004;
Rousseu and Crémieux, 2005). Moreover, some studies have
highlighted a relationship between perceptual typologies and
postural performance (e.g., Isableu et al., 1997; Golomer et al.,
1999; Isableu et al., 2003, 2010) showing that field-dependent
subjects were less stable than field-independent subjects in
postural tasks, in particular when visual conditions were altered
(through the inclination of the visual frame, the suppression of
dynamic visual information using stroboscopic illumination or
the suppression of visual information).
To date, no study has investigated interindividual differences
or the relationship between perceptual typologies and
sensorimotor performance in horseback riders (Olivier et al.,
2012). Addressing these questions could help understand the
differences between expert and non-expert riders in the weight
they assign to visual information and in their ability to use
non-visual information to regulate balance. Based on the results
of previous studies, it can be expected that expert riders would be
less dependent on the visual field, leading them to better stabilize
their head compared to novice riders.
Beyond perceptual aspects, addressing the question of postural
stability in riders also raises the question of the coordination
modes used to regulate balance. Postural coordination during
upright stance has been studied intensively in various contexts
and according to different theoretical approaches (e.g., Nashner
and McCollum, 1985; Assaiante and Amblard, 1993, 1995;
Bardy et al., 1999; Faugloire et al., 2005). Overall, these studies
have shown that head stability—and more generally postural
stability—can be achieved through different coordination modes
which were found to evolve with development (Assaiante
and Amblard, 1995), motor learning (e.g., Zanone and Kelso,
1992; Vereijken et al., 1997; Faugloire et al., 2006, 2009),
and expertise in sports activities (Marin et al., 1999; Gautier
et al., 2009). In particular, Marin et al. (1999) compared the
postural coordination modes adopted by novices and experts
in gymnastics in terms of hip-ankle relative phase. Their
results showed that increasing the difficulty of the postural
task produced a change from an in-phase pattern between the
ankle and the hips (almost synchronized flexion-extension of
the joints) to an anti-phase pattern (joints moving in opposite
directions) occurring earlier in non-gymnasts than in gymnasts.
The fact that expert gymnasts were able to maintain the inphase pattern at greater task difficulties than non-gymnasts
demonstrates that expertise in gymnastics leads to a functional
modification of existing postural coordination modes.
In horseback riding, riders have to anticipate and compensate
for the horse’s movements in a sitting posture. While the
maintenance of stance in an upright posture, either on a stable
or an unstable base of support, involves mainly the ankle, hip
and knee joints (e.g., Nashner and McCollum, 1985; Bardy et al.,
1999), riders primarily regulate balance through movements of
the pelvis, trunk and neck (Vitte et al., 1995; Silva e Borges
et al., 2011; Janura et al., 2015). Thus, the results obtained
in studies on postural coordination in an upright stance do
not apply to horseback riding situations. Interesting insights
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(i) Our first hypothesis was that expert riders produce lower
postural displacements and deploy more efficient postural
control from the top of the head to the lower trunk leading
them to better stabilize their head.
(ii) Our second hypothesis was that the contribution of
visual information to riders’ postural stability is reduced
among expert riders in favor of vestibular and somesthetic
reliance, leading experts to maintain head stability better
in visually altered conditions than less experienced riders.
This differential reliance is also expected to be revealed by
specific perceptual typologies according to expertise, with
Professional riders being less dependent on the visual field
than Club riders.
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(iii) Our third hypothesis was that expert horseback riders
exhibit specific coordination modes to maintain a high level
of postural stability, as has been observed in studies on
postural coordination and expertise in other sports (Marin
et al., 1999; Gautier et al., 2009).

TABLE 1 | Mean characteristics of the Professional and Club riders
(standard deviation in parentheses).
Professional riders

METHODS
Participants
Twenty-five participants were divided into two groups based on
their level of horseback riding expertise. The characteristics of the
two groups of participants are presented in Table 1. One group
was composed of 12 elite Professional riders who specialized
in show jumping and cross country riding. These members of
the French National Horseback Riding School had a minimum
of 20 years of practice and had participated in international
competitions. The other group was composed of 13 Club riders
who were ranked “Galop 5” by the French Riding Federation and
had no particular specialty in any of the equestrian sports. Some
of them had participated in competitions at a regional level. All
of the participants were novices in the use of a riding simulator.
All of the participants had normal or corrected-to-normal
vision, and reported no balance disorder, injury or pathology that
might affect their ability to perform tests on a riding simulator.
Local ethical approval from the Université Paris-Sud EA 4532
ethics committee was granted for this study. Each participant
signed an informed consent statement after receiving oral and
written descriptions of the procedure.

Number of participants

12 [2 women]

13 [7 women]

Age

38.33 years (7.05)

29.85 years (6.07)

Height

179.58 cm (8.47)

171.23 cm (10.43)

Weight

70.75 kg (8.62)

64.54 kg (9.65)

Years of practice

29.67 years (5.48)

10.23 years (6.02)

Years of practice in competition

16.67 years (6.14)

1.54 years (2.18)

Amount of practice per week

36.17 h/week (6.56)

1.31 h/week (1.75)

vertically. In order to minimize peripheral visual information,
opaque black curtains were placed parallel to the rider’s line
of vision on either side of the experimental set-up from the
edges of the projection screen to the back of the simulator.
SimPiste software (Persival Industrie, Saumur, France) was used
to create a computer-generated movie projected on the screen.
The resulting 3D animated scene represented a classic situation
of a ride in a show jumping arena from the rider’s viewpoint and
was synchronized with the simulator’s movements. The visual
environment included several fences around which the horserider pair moved at a gallop. Thus, the visual scene simulated
displacement around the fences and the mechanical movements
of the simulator maintained a gallop pace with no jumps.

Procedure and Experimental Design

Apparatus

The experimental session began with the assessment of the
participants’ visual field dependence using a portable Rod and
Frame Test (RFT; Oltman, 1968). In this test, participants are
required to adjust a rod enclosed within a square frame on
the physical vertical. The frame and the rod were tilted 18◦
clockwise or counterclockwise from the vertical, where the
frame effect has been found to be maximal (Zoccolotti et al.,
1993). Each of the four resulting conditions was presented
five times, resulting in 20 randomized trials. Clear and stable
differences have been found among subjects’ scores on the RFT
and have led to the establishment of the well-known dimension of
“field dependence–independence” (Oltman, 1968; Gueguen et al.,
2012): Field Dependent participants (FD) align the rod on the
framework, whereas Field Independent participants (FI) align the
rod on the gravitational vertical.
Next, the participants were invited to mount the riding
simulator and were equipped with the Fastrack receivers. After
a short period of familiarization (30 s) with the simulator, four
visual conditions were presented in a randomized order as
separate 50-s trials. The mechanical horse’s movements were
similar in every visual condition and reproduced a gallop gait.
The participants were instructed to “look straight ahead and
to stabilize their posture as in real practice” for each of these
conditions.
– In the no simulated scene condition (No scene), the virtual
scene was not projected and the participants faced the white
projection screen under normal lighting. In this condition,
continuous visual information was available from the fixed

Figure 1 illustrates the set-up used in this experiment. The
participants rode the riding simulator Persival (Persival
Industrie, Saumur, France) from the French National Horseback
Riding School at a simulated gallop (stride cycle frequency of
1.4 Hz, vertical displacement amplitude of 17 cm). The use of
a riding simulator ensured that the same motion of the base
of support was applied to every participant. Displacements
of the participants’ head and trunk were measured with an
electromagnetic tracking system (Fastrack, Polhemus Inc.,
Colchester, VT, USA), sampled at 40 Hz. Three receivers were
placed on the participants: on the top of the head, on the seventh
cervical vertebra (C7), corresponding to the base of the neck,
and on the third lumbar vertebra (L3), which corresponds to the
center of the lordotic curve of the lower back. The receiver on
the top of the head was attached to the rider’s helmet and the
other two were attached directly to the skin using double-sided
adhesive and medical cloth tape. The transmitter was located
90 cm above and 35 cm behind the back of the simulator saddle,
on a shelf attached to the ceiling. The receivers attached to
the head, C7, and L3 were within 52, 72, and 112 cm of the
transmitter, respectively, leading to a positional resolution of
0.0025, 0.0163, and 0.095 cm, respectively (the resolution of
electromagnetic tracking system measurement is affected by the
distance between the transmitter and the receiver).
The participants sat on the saddle of the Persival simulator at
a distance of 3.20 m from the projection screen (1.92 × 1.36 m),
creating a visual angle of about 33.40◦ horizontally and 23.99◦

Frontiers in Human Neuroscience | www.frontiersin.org

Club riders

4

January 2017 | Volume 11 | Article 11

Olivier et al.

Vision in Riders’ Postural Control

FIGURE 1 | Experimental set-up.

initiation of the simulator’s motion and participants’ adaptation
phase to it, we considered position data from the fifth second
to the end of each trial. Two types of dependent variables were
computed from the position data. First, the variability of the
displacement of each segment (head, C7, L3) was quantified
by computing the standard deviation of the position along the
anteroposterior (SDAP ), mediolateral (SDML ), and vertical (SDV )
axes. These measurements were used to quantify the degree of
stability of the head, the cervical segment (upper trunk) and the
lumbar segment (lower trunk) in space (the lower the standard
deviation of position, the more stable the segment is in space).
Second, we evaluated the coordination modes the riders used
to stabilize their posture. Because the control of the hips, trunk
and neck impacts mainly the displacements of the upper body
in the AP axis, we analyzed postural coordination along this
axis. Coordination modes were computed from position data
in the AP axis using the mean relative phases φL–C , φL–H , and
φC–H between the lumbar and the cervical segments, the lumbar
segment and the head, and the cervical segment and the head,
respectively (Figure 2A). The standard deviations of the mean
relative phases (SDφL–C , SDφL–H , SDφC–H ) were computed as
measurements of the within-participants dispersion around the
mean relative phase.
Prior to relative phase computation, position data were filtered
with a recursive second-order Butterworth filter with a cutoff
frequency of 2 Hz. For each pair of segments, we computed the
point estimate of relative phase (e.g., Zanone and Kelso, 1992)
using the maximum position of each segment in the AP axis for
every movement cycle:

surroundings, constituting a stable reference frame for postural
control.
– In the continuous simulated scene condition (Cont scene),
the animated virtual scene from SimPiste was projected on the
screen with normal lighting. In this condition, the visual scene
reproduced what a rider sees in the real context of a ride in a
show jumping arena, with forward displacements and turns in
the virtual environment.
– In the stroboscopic simulated scene condition (Strob
scene), the animated virtual scene was projected on the screen
but its dynamic visual cues were eliminated by stroboscopic
illumination (2.8 flash/s). In this condition, visual information
was reduced to static visual cues in order to evaluate the various
contributions of static visual cues vs. dynamic visual cues,
available in normal lighting, to postural stability (Amblard and
Crémieux, 1976; Amblard et al., 1985).
– In the No vision condition (No vision), the participants wore
opaque glasses (swimming goggles covered with opaque adhesive
tape) that prevented access to environmental information. This
condition assessed the general contribution of vision to the riders’
postural stability.
The Strob scene and No vision conditions corresponded to
visually altered conditions in which the availability of dynamic
visual cues (Strob scene) or the totality of the visual scene
(No vision) was suppressed. The No scene condition was used
as a reference condition in which postural control was expected
to be facilitated by the presence of fixed surroundings (e.g., Lee
and Lishman, 1975; Guerraz et al., 2001).
The participants were given a few minutes’ break between
conditions. The experiment took about 40 min to complete from
the RFT to the last vision condition on the simulator.

φrel =

Data Analysis
The raw position data collected by the magnetic tracking system
were processed and analyzed using Matlab software (R2009b, The
MathWorks Inc., Natick, MA, USA). In order to eliminate the
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(t1 − t2 )
× 360◦
(t1 − t0 )

(1)

where t0 and t1 are the time of occurrence of two successive
maximum positions along the AP axis for the reference segment,
and t2 is the time of occurrence of maximum position of the
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the temporal domain. A mean relative phase of 0◦ (corresponding
to an in-phase coordination mode) indicates that the two
segments were moving synchronously forward and backward.
A relative phase of 180◦ (corresponding to an anti-phase
coordination mode) indicates that the two segments were moving
in opposite directions. Other relative phase values indicate a
lead or a lag of one segment with respect to the other: for
φL–C and φL–H , values between 0 and 180◦ indicate that the
movement peak of the lumbar segment preceded the movement
peak of the cervical segment and the movement peak of the
head, respectively; for φC–H , values between 0 and 180◦ indicate
that the movement peak of the cervical segment preceded the
movement peak of the head.
Finally, RFT perceptual scores revealing errors in the
gravitational vertical estimation due to the tilted frame were
computed using Nyborg and Isaksen’s method 1974.

Statistical Analysis
Levene’s tests were conducted on SDAP , SDML , and SDV to
assess the homogeneity of variance between the Professional
and Club riders for each vision condition (No scene, Cont
scene, Strob scene, No vision) and each segment (head, C7,
L3). Of the 36 resulting comparisons, only two were significant
(at an uncorrected significance level of 0.05) with the standard
deviation of the head being higher for the Club riders than
for the Professional riders in the AP axis in the No Vision
condition (uncorrected p = 0.028) and in the ML axis in
the Cont scene condition (uncorrected p = 0.034). Since the
variances of the groups were homogenous overall, we conducted
separate Expertise (Professional riders, Club riders) × Segment
(Head, Cervical, Lumbar) × Vision (No scene, Cont scene,
Strob scene, No vision) ANOVAs with repeated measures on the
two last factors on SDAP , SDML , and SDV . In order to address
our second hypothesis, planned comparisons of least-squares
means were used to compare specifically head variability between
the Professional and Club riders in the different conditions of
vision.
Rayleigh Uniformity Tests conducted on φL–C , φL–H , and
φC–H for each trial and each participant revealed that relative
phase distributions were significantly directional (i.e., not
uniform), ps < 0.05. One of the Club riders presented a
distribution that did not differ from a uniform distribution
in several trials (ps > 0.05) and was thus removed from the
analyses on coordination modes. Levene’s tests conducted on
φL–C , φL–H , and φC–H for each vision condition revealed no
significant difference between the variance of the Professional
and Club riders (uncorrected ps ≥ 0.063). These results,
plus the fact that the range of mean relative phase values
over participants did not exceed 180◦ in every experimental
condition, allowed us to conduct analyses of variance2 on
φL–C , φL–H , φC–H , and on their standard deviations. For
each variable, we conducted an Expertise (Professional riders,
Club riders) × Vision (No scene, Cont scene, Strob scene,

FIGURE 2 | Illustration of the coordination modes with different relative
phase values. (A) Illustration of the relative phases computed (φL–C , φL–H ,
φC–H ). (B) In-phase coordination between the referent segment (bold line) and
the segment represented by the dotted line (the segments move
synchronously in the same direction resulting in a relative phase of 0◦ ); relative
phase of −30◦ (=330◦ ) between the referent segment (bold line) and the
segment represented by the dash-dotted line. (C) Anti-phase coordination (the
segments move synchronously in opposite directions, resulting in a relative
phase of 180◦ ) between the referent segment (bold line) and the segment
represented by the dotted line; relative phase of 150◦ between the referent
segment (bold line) and the segment represented by the dash-dotted line.

second segment. In other words, the time difference between the
position peaks of the two segments is expressed in degrees relative
to the period of the reference segment.
Each trial (corresponding to one visual condition) comprised
about 65 movement cycles. Mean relative phases and their
standard deviations were computed in a circular fashion
(Batschelet, 1981) over the 65 resulting discrete relative phase
values. Figures 2B,C illustrates different relative phase values in
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2 When the range of distribution does not exceed 180◦ , circular statistics
(Batschelet, 1981; Mardia and Jupp, 2000) and regular linear statistics result in
virtually identical outcomes.
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The ANOVAs also revealed main effects of Vision on SDAP
[F (3, 69) = 5.07, p = 0.003] and SDML [F (3, 69) = 7.75, p < 0.001],
but not on SDV [F (3, 69) = 0.76, p = 0.522]. Holm-Bonferroni
post-hoc tests showed that SDAP was significantly lower in the
No scene condition than in the No vision condition, p = 0.010,
and that SDML was significantly greater in the Cont Scene
condition than in the No scene and the No vision conditions,
ps ≤ 0.007.
The main effects of Vision can be further specified by the
significant Segment × Vision interactions observed on SDAP and
SDML (Figure 4). For SDAP , the Segment × Vision interaction
[F (6, 138) = 4.86, p < 0.001] indicated that the vision condition
influenced the anteroposterior variability of the head and cervical
segment, but had no effect on the lumbar segment (Figure 4A).
More precisely, Holm-Bonferroni post-hoc tests showed that the
No scene condition led to lower anteroposterior variability of
head movements than the No vision condition (p < 0.001)
and that the variability of C7 in the anteroposterior axis was
significantly lower in the No scene condition than in all other
vision conditions (ps ≤ 0.002). There was no other significant
difference in segment variability between vision conditions for
the AP axis.
For SDML , the Segment × Vision interaction [F (6, 138) =
2.73, p = 0.015] also indicated that lumbar segment variability
was not influenced by the vision condition unlike variability of
the head and cervical segment (Figure 4B). Holm-Bonferroni
post-hoc tests conducted on SDML showed that both the Cont
scene condition and the Strob scene condition led to greater
mediolateral variability of head movements than the No vision
and No scene conditions (ps ≤ 0.012). Mediolateral variability of
the cervical segment was significantly greater in the Cont scene
condition than in the No scene condition (p = 0.001). There
was no other significant difference in segment variability between
vision conditions for the ML axis.
Finally, the ANOVA conducted on SDML indicated that
the Expertise × Segment × Vision interaction was close to
significance [F (6, 138) = 2.16, p = 0.051]. The Expertise ×
Segment × Vision interactions were not significant for SDAP and
SDV [Fs(6, 138) ≤ 1.21, ps ≥ 0.302], and there were no significant
Vision × Expertise interactions in any axis of movement [Fs(3, 69)
≤ 2.00, ps ≥ 0.122].

No vision) ANOVA with repeated measures on the second
factor.
For each significant effect, we conducted post-hoc
comparisons with corrected p-values according to the HolmBonferroni procedure. The results were considered significant at
the level of 5% and the effect size was estimated using partial eta
squared (η2p ).

RESULTS
Postural Stability
In order to address our main hypotheses with conciseness, we
describe the results of the three separate ANOVAs conducted on
SDAP , SDML , and SDV together for each main effect and each
interaction in the following paragraphs (Table 2).
The ANOVAs revealed a significant main effect of Expertise
on SDAP [F (1, 23) = 5.64, p = 0.026] showing that anteroposterior
motion was greater for the Club riders (mean ± SE: 2.58 cm ±
0.09) than for the Professional riders (mean ± SE: 2.27 cm ±
0.10). The main effect of Expertise was not significant for SDML
[F (1, 23) = 3.76, p = 0.065] and SDV [F (1, 23) = 1.37, p = 0.254].
The main effect of Segment did not reach significance for
SDAP [F (2, 46) = 2.89, p = 0.066] but was significant for SDML
[F (2, 46) = 23.56, p < 0.001] and SDV [F (2, 46) = 18.68, p < 0.001].
Holm-Bonferroni post-hoc tests showed that for both axes, head
variability (mean ± SE: SDML = 1.37 cm, ± 0.11; SDZ = 5.17 cm,
± 0.09) was greater, ps < 0.001, than the variability of the cervical
segment (mean ± SE: SDML = 0.86 cm, ± 0.04; SDV = 4.76 cm,
± 0.05) and the lumbar segment (mean ± SE: SDML = 0.73 cm,
± 0.04; SDZ = 4.71 cm, ± 0.06), which did not differ from each
other, ps > 0.20.
The Expertise × Segment interaction was significant for SDV
[F (2, 46) = 3.95, p = 0.026], revealing that the head was more
stable along the vertical axis for the Professional riders (mean ±
SE: 4.97 cm ± 0.13) than for the Club riders (mean ± SE: 5.34 cm
± 0.12), p = 0.047. No influence of expertise was found for the
cervical segment and the lumbar segment, ps > 0.95 (Figure 3).
The Expertise × Segment interactions were not significant for
SDAP [F (2, 46) = 0.14, p = 0.867] and SDML [F (2, 46) = 2.76, p =
0.074].

TABLE 2 | Results of the Expertise × Segment × Vision ANOVAs conducted on SDAP , SDML , and SDV .
SDAP
F

p

SDML
η2p

F

SDV

p

η2p

F

p

η2p
0.056

Expertise

5.64

0.026

0.197

3.77

0.065

0.141

1.37

0.254

Segment

2.89

0.066

0.112

23.56

0.000

0.506

18.68

0.000

0.448

Vision

5.07

0.003

0.181

7.75

0.000

0.252

0.76

0.522

0.032
0.147

Segment × Expertise

0.14

0.867

0.006

2.76

0.074

0.107

3.95

0.026

Vision × Expertise

1.76

0.163

0.071

2.00

0.122

0.080

0.91

0.438

0.038

Segment × Vision

4.86

0.000

0.175

2.73

0.015

0.106

0.96

0.453

0.040

Segment × Vision × Expertise

0.46

0.837

0.020

2.16

0.051

0.086

1.21

0.302

0.050

Significant differences are indicated in bold. ηp2 = Partial Eta Squared.
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altered conditions, we conducted planned comparisons of leastsquares means on SDAP , SDML , and SDV for the head only for
each vision condition (Figure 5).
We found that the position of the head was significantly less
variable for the Professional riders than for the Club riders in the
anteroposterior axis (SDAP ) in the Strob scene [F (23) = 7.37, p =
0.012] and in the No Vision [F (23) = 4.93, p = 0.036] conditions.
In the mediolateral axis, the position of the head was significantly
less variable for the Professional riders than for the Club riders
in the Cont scene [F (23) = 5.09, p = 0.033] and in the Strob
scene [F (23) = 5.60, p = 0.026] conditions. In the vertical axis,
the difference between Professional and Club riders was close to
significance in the Strob scene condition [F (23) = 3.93, p = 0.059],
in the No Vision condition [F (23) = 3.62, p = 0.070] and in the
Cont scene condition [F (23) = 3.57, p = 0.072]. Other differences
were not significant, ps ≥ 0.186.

Visual Field Dependence-Independence and Head
Stability
A t-test comparing the RFT perceptual scores of the Professional
and Club riders revealed a significant difference between the two
groups [t (23) = 4.53, p = 0.044]. The 13 Club riders achieved a
mean error of 7.30◦ (SE ± 1.35◦ ) and the 12 Professional riders a
mean error of 4.13◦ (SE ± 0.49◦ ). These results indicated that the
Professional riders were less dependent on the visual field than
were the Club riders.
To evaluate the relation between perceptual style and postural
stability, we performed Pearson’s correlation analyses between
RFT scores and head variability. We found significant positive
correlations between the standard deviations of the head in the
ML axis and the RFT scores in all conditions of vision: Cont scene
[r(24) = 0.54, p < 0.001], Strob scene [r(24) = 0.55, p < 0.001], No
scene [r(24) = 0.39, p < 0.001], and No vision [r(24) = 0.23, p =
0.014]. We also found a significant positive correlation between
head stability along the V axis and RFT scores in the Cont scene
[r(24) = 0.15, p = 0.048] and No vision [r(24) = 0.23, p = 0.013]
conditions. Finally, no significant correlation was found between
head displacements along the AP axis and RFT scores.

Coordination Modes
Analyses of the variability of segment position revealed
significant differences between the Professional and Club riders.
In particular, the Professional riders were found to stabilize
their head better in the anteroposterior axis than the Club
riders. The following analyses were conducted to assess whether
this better stabilization was associated with specific postural
coordination modes in the anteroposterior axis. For each
variable, we conducted an Expertise × Vision ANOVA with
repeated measures on the second factor. The results of these
analyses are reported in Table 3. Figure 6 presents the mean
relative phases for the Club and Professional riders in the four
vision conditions.

FIGURE 3 | Mean standard deviation of segment position for the Club
riders and the Professional riders in the three axes of movement. The
Expertise × Segment interaction was significant for SDV and not significant for
SDAP and SDML . See the text for details. *p < 0.05. The error bars represent
standard error.

Contribution of Visual Information to Head
Stability Depending on Expertise
Effect of Expertise on Head Stability
The ANOVAs presented in the previous section revealed a main
effect of Expertise on SDAP and some interactions involving
Expertise for SDML and SDV . In order to specifically address our
second hypothesis that head variability would be lower for the
Professional riders compared to the Club riders under visually
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Coordination between the Lumbar and Cervical
Segments (φL–C and SDφL–C )
The ANOVA conducted on φL–C revealed a main effect of
Expertise [F (1, 22) = 8.20, p = 0.009] with a mean relative phase
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FIGURE 4 | Segment × Vision interactions on SDAP (A) and SDML (B). No Sc, no simulated scene condition; Cont Sc, continuous simulated scene condition;
Strob Sc, stroboscopic simulated scene condition; No vision, No vision condition. *p < 0.05. See the text for details. The error bars represent standard error.

of 188.27◦ (SDφL–C = 24.24◦ ) for the Club riders and of 153.99◦
(SDφL–C = 22.67◦ ) for the Professional riders. This result
shows that unlike the Club riders who exhibited an anti-phase
pattern between the lower and the upper trunk, the movement
cycle of the upper trunk appeared sooner after the movement
cycle of the lower trunk in the Professional riders. The main
effect of Vision [F (3, 66) = 1.77, p = 0.161] and the Expertise
× Vision interaction [F (3, 66) < 0.99, p = 0.043] were not
significant.
The ANOVA conducted on SDφL–C revealed a main effect
of Vision on the within-participants dispersion around the
mean relative phase [F (1, 66) = 3.26, p = 0.027]. However,
Holm-Bonferroni post-hoc tests revealed no significant difference
between vision conditions from pairwise comparisons, p ≥ 0.18.
The main effect of Expertise [F (1, 22) < 0.15, p = 0.694] and the
Expertise × Vision interaction were not significant [F (3, 66) <
0.19, p = 0.898].

Coordination between the Cervical Segment and the
Head (φC–H and SDφC–H )
The ANOVA conducted on φC–H revealed a main effect of Vision
[F (3, 66) = 3.09, p = 0.033] and a significant Vision × Expertise
interaction [F (3, 66) = 3.18, p = 0.030]. Holm-Bonferroni posthoc tests showed that φC–H differed between the No vision (mean
φC–H = −10.30◦ , SD ± 24.66◦ ) and the Cont scene (mean φC–H
= 14.74◦ , SD ± 34.13◦ ) conditions for the Professional riders
only (p = 0.037), and that no other difference between vision
conditions was significant for either group of participants. The
main effect of Expertise was not significant [F (1, 22) < 0.66, p =
0.427].
The ANOVA conducted on SDφC–H showed no main effect
of Expertise [F (1, 22) < 1, p = 0.52] or Vision [F (3, 66) = 2.53,
p = 0.064]. However, the Vision × Expertise interaction was
significant [F (3, 66) = 7.08, p < 0.001]. Holm-Bonferroni post-hoc
tests specified that the within-participants dispersion around the
mean relative phase was lower in the No vision condition than
in the Cont scene condition (p = 0.033) and in the No scene
condition (p = 0.036) for the Professional riders only.

Coordination between the Lumbar Segment and the
Head (φL–H and SDφL–H )
The ANOVA conducted on φL–H revealed a main effect of Vision
[F (3, 66) = 4.59, p = 0.006]. Holm-Bonferroni post-hoc tests
showed a significant difference between the coordination modes
in the No vision condition (φL–H = 152.4 ± 47.16◦ ) and the Strob
scene and No scene conditions, ps ≤ 0.050, with mean relative
phases of 172.16◦ (± 42.59◦ ) and 168.01◦ (± 44.36◦ ) for the
Strob scene and the No scene conditions, respectively. No other
difference between vision conditions was significant. The main
effect of Expertise [F (1, 22) = 2.66, p = 0.117] and the Expertise ×
Vision interaction were not significant [F (3, 66) = 2.24, p = 0.092].
The ANOVA conducted on SDφL–H showed no main effect
of Expertise [F (1, 22) < 1, p = 0.77] and Vision [F (3, 66)
= 1.33, p = 0.27], but revealed a significant Expertise ×
Vision interaction [F (3, 66) = 4.95, p = 0.004]. However,
Holm-Bonferroni post-hoc tests revealed no significant difference
from pairwise comparisons (ps ≥ 0.156).
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DISCUSSION
The purpose of this study was to evaluate the relative
contribution of visual information to head and trunk stability
in Club and Professional horseback riders and the coordination
modes adopted to regulate balance according to expertise. Modes
of spatial referencing were taken into account to determine the
riders’ perceptual typology and its possible relation to postural
stability.
Before addressing our main hypotheses, it should be noted
that overall expertise levels and vision conditions, the head
exhibited larger displacements than the upper trunk and the
lower trunk in the mediolateral and vertical axes. We did not find
such an effect of body segment along the anteroposterior axis:
the displacements of the head, the upper trunk and the lower
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take place to maintain balance in response to the perturbations
induced by the simulator’s movements.
We can also note several general results independent of
expertise regarding the influence of vision condition on the
stability of the different levels of the spine. First, we observed
no influence of the vision condition on the variability of the
lumbar segment. This result suggests, unsurprisingly, that the
stability of the lower trunk is influenced mainly by the mechanical
perturbations of the support surface and not by the visual
information available. Second, the head and the cervical segments
were significantly more stable in the AP axis when the riders faced
the white projection screen (No scene condition) than in the
other vision conditions. This result is in accordance with previous
research that showed the stabilizing effect of fixed surroundings
(e.g., Lee and Lishman, 1975; Guerraz et al., 2001). Third, we
found no influence of the vision condition on postural stability
along the V axis. A likely explanation is that the magnitude of
the mechanical perturbations induced by the movements of the
riding simulator along the vertical axis has much more influence
on postural stability than the visual information available.

Postural Stability and Horseback Riding
Expertise
Our first hypothesis was that Professional riders would produce
lower postural displacements and deploy more efficient postural
control from the top of the head to the lower trunk, leading
them to better stabilize their head. Our findings support this
hypothesis. First, riding expertise appears to be characterized
by the ability to minimize postural displacements in the
anteroposterior axis. Overall body segments (i.e., head, upper
trunk, and lower trunk) and vision conditions, the Professional
riders exhibited greater postural stability in the anteroposterior
axis than the Club riders. Overall vision conditions, the
Professional riders also exhibited greater head stability in the V
axis than the Club riders, while there was no significant difference
in the stability of the upper trunk and the lower trunk based on
the level of expertise. These findings suggest that postural stability
of the overall upper body in the AP axis and more specifically of
the head in the V axis is a signature of expertise in horseback
riding. However, a closer look at the results according to vision
conditions is needed to specify the influence of expertise on
postural stability.

Relative Contribution of Sensory
Information to Riders’ Postural Stability
Depending on Expertise

FIGURE 5 | Head variability depending on vision condition and
expertise for the three axes of movement. No sc, no simulated scene
condition; Cont sc, continuous simulated scene condition; Strob sc,
stroboscopic simulated scene condition; No vision, No vision condition.
*p < 0.05. See the text for details. The error bars represent standard error.

Our second hypothesis was that the contribution of visual
information to riders’ postural stability is reduced among expert
riders in favor of vestibular and somesthetic reliance, leading
the experts to maintain head stability better in visually altered
conditions. Based on our hypothesis, we expected the selective
or total suppression of static and dynamic visual cues to induce
greater displacements of the head in the Club riders than in the
Professionals.
We found no difference in head stability between the
Professional and the Club riders in the two unrestricted visual

trunk remained in the same range of motion in the AP axis.
This suggests that the inverted pendulum model of balance often
used to describe quiet standing (e.g., Winter et al., 1997; Peterka,
2002) does not apply to postural regulation in horseback riding.
This is a first indication that more complex coordination patterns
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TABLE 3 | Results of the Expertise × Vision ANOVAs conducted on the mean relative phases and their standard deviations.
Lumbar-Cervical (φL–C )

Lumbar-Head (φL–H )

Cervical-Head (φC–H )

Mean (φ)

F

p

η2p

F

p

η2p

F

p

η2p

Expertise

8.20

0.009

0.271

2.66

0.117

0.108

0.66

0.427

0.029

Vision

1.77

0.161

0.074

4.59

0.006

0.173

3.09

0.033

0.123

Expertise x Vision

0.99

0.401

0.043

2.24

0.092

0.092

3.18

0.030

0.126

Expertise

0.15

0.694

0.007

0.08

0.775

0.004

0.42

0.522

0.019

Vision

3.26

0.027

0.129

1.33

0.271

0.057

2.53

0.064

0.103

Expertise x Vision

0.19

0.898

0.009

4.95

0.004

0.184

7.08

0.000

0.243

Standard deviation (SDφ)

Significant differences are indicated in bold. ηp2 = Partial Eta Squared.

AP axis was less variable for the Professional riders than for the
Club riders in the No vision condition. However, we found no
significant difference along the ML and V axes. These findings
reveal that experts handle the absence of visual information better
than less experienced riders to maintain head stability in the AP
axis.
In order to complete our analysis on the relative contribution
of sensory information to postural stability, we examined the
relations between perceptual typologies, postural stability and
expertise in horseback riding. The perceptual scores obtained
with the RFT revealed that the Professional riders were less
dependent on the visual field than the Club riders. This
predominant perceptual typology in experts agrees with previous
findings in other physical activities (e.g., Golomer et al., 1999; Liu,
2003; Guillot and Collet, 2004; Rousseu and Crémieux, 2005) and,
in line with our second hypothesis, suggests that expert horseback
riders rely more on vestibular and somesthetic information
than less experienced riders. This enhanced reliance on nonvisual information likely explains the greater head stabilization
observed in the Professional riders in visually altered conditions
(i.e., No vision and Strob scene conditions) compared to the Club
riders (Isableu et al., 2003, 2010; Brady et al., 2012). Correlation
analyses showed that field dependence–independence scores
measured with the RFT were positively correlated with the
variability of the head along the ML and V axes. This result
provides an additional demonstration of the effect of perceptual
typology on postural control (e.g., Isableu et al., 2010, 2011).
The joint analysis of postural stability and perceptual typology
highlights a major result of the present study. Except for the
mediolateral variability of the head in the Cont scene condition
discussed above, the Club riders managed to maintain a level
of head stability similar to the Professional riders when visual
information was available, whether the visual environment
was fixed (No scene condition) or simulated displacements
corresponding to a ride (Cont scene condition). In fact, in
these unrestricted visual conditions, the Club riders could rely
on visual information to stabilize their head in space. Given
that the Club riders tended to be field-dependent, the postural
task was considerably harder in visually altered conditions.
The Club riders appeared unable to reweight the sensory
information to respond to the lack of visual cues. In contrast,

conditions (Cont scene and No scene) for the different axes of
movement (AP, ML, V). The only exception was head variability
in the ML axis in the Cont scene condition, with the Club riders
exhibiting greater head displacements than the Professional
riders. One possible explanation for this result might be that
Club and Professional riders use different strategies during the
turns simulated by the visual scene. Indeed, the riding simulator
reproduces the perturbation of the chosen pace (gallop in our
case) with a fixed orientation of the mechanical horse. Thus,
unlike a real ride, the back of the mechanical horse does not
turn in the horizontal plane when the visual scene indicates
a curved trajectory of the route. The riders might have dealt
with this discrepancy differently depending on their level of
expertise. It is also possible that the Club riders did not use
the visual information provided by the simulated scene with
sufficient efficiency to stabilize their head in the ML axis as
well as the Professional riders. Solving this question would
necessitate a coupling between movement measures and data
from the simulated visual scene that is not currently available
with the Persival simulator. This coupling would represent a
major evolution of the apparatus for research purposes.
The results obtained under stroboscopic illumination were
in accordance with our hypothesis. In this condition, the Club
riders exhibited greater head displacements compared to the
Professionals. The difference was significant in the AP and ML
axes, and close to significance in the vertical axis. Dynamic
visual cues have been shown to play a major role in postural
stabilization during upright stance (e.g., Amblard and Crémieux,
1976; Amblard and Carblanc, 1980; Amblard et al., 1985). In
particular, postural stability was found to be severely impaired
under stroboscopic illumination (Amblard and Crémieux, 1976;
Paulus et al., 1984; Amblard et al., 1985; Assländer et al., 2015),
though with some interindividual differences (Crémieux and
Mesure, 1994; Isableu et al., 2010, 2011). The present findings
highlight these interindividual differences in relation to sports
expertise. Suppressing dynamic visual cues differently affected
head stability depending on the level of expertise in horseback
riding: the Club riders appear to rely more on dynamic visual cues
than the Professionals in order to control head stability.
The results obtained in the absence of visual information also
agreed with our hypothesis. The position of the head along the
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than the rider’s postural stability in unrestricted visual conditions.
However, this conclusion does not tell us if there are different
sensorimotor processes involved in expert and non-expert riders
to reach the same level of head stability in unrestricted conditions
of vision. The experts’ ability to use vestibular and somesthetic
information in altered visual conditions does not necessarily
mean that they do not use visual information when it is available.
Also, the fact that head stability was equivalent in experts and
non-experts does not necessarily mean that they adopted similar
motor behaviors to achieve this level of stability. Fully addressing
these questions would necessitate a complete specific design (e.g.,
Oie et al., 2001; Peterka, 2002). Nevertheless, the present results
on postural coordination modes do provide initial insights.

Postural Coordination Modes
Our third hypothesis was that horseback riding experts would
exhibit specific coordination modes to maintain a high level
of postural stability. Research has shown that when two joints
oscillate together, they are strongly attracted toward in-phase
(relative phase close to 0◦ ) or anti-phase (relative phase close to
180◦ ) patterns. These two attractive states have been identified
in numerous joint pairings, including bimanual (e.g., Yamanishi
et al., 1980; Kelso, 1984), arm-leg (e.g., Kelso and Jeka, 1992),
elbow-wrist (e.g., Kelso et al., 1991), ankle-wrist (e.g., Carson
et al., 1995), and ankle-hip (e.g., Bardy et al., 1999; Faugloire
et al., 2005). The execution of patterns differing from in-phase
and anti-phase often requires intensive practice (e.g., Zanone
and Kelso, 1992; Faugloire et al., 2006, 2009). The results of
the present study demonstrate that these spontaneous modes
found in many effector systems are also found in the postural
coordination of horseback riders in the anteroposterior axis:
The Club riders exhibited an anti-phase coordination mode
(segments moving synchronously in opposite directions) both
between the lower trunk and the upper trunk and between
the lower trunk and the head, and an in-phase coordination
mode (segments moving synchronously forward and backward)
between the upper trunk and the head.
Interestingly, the Professional riders adopted coordination
modes that departed from pure in-phase and anti-phase patterns.
In particular, they exhibited a mean relative phase of 154◦
between the lower and the upper trunk (φL–C ) in every vision
condition, while the Club riders adopted an anti-phase pattern
(mean φL–C = 188◦ ). In other words, the Professional riders
anticipated the anteroposterior movements of the upper trunk
compared to the Club riders: the maximal position of the cervical
segment occurred sooner in the Professional riders than in the
Club riders, for whom the maximal position of the cervical
segment (forward) was almost perfectly synchronized with the
minimal position of the lumbar segment (backward).
Another interesting result is that, unlike the Club riders,
the Professional riders exhibited changes in coordination modes
between the cervical segment and the head depending on
available visual information. The Club riders exhibited a close
to in-phase coordination mode with a slight lag of the cervical
segment with respect to the movement of the head (indicated
by the negative values of the relative phases) in every vision
condition (mean φC–H ranging from −8.83◦ in the Cont

FIGURE 6 | Mean relative phases in degrees between the cervical
segment and the head (φC–H ), between the lumbar segment and the
head (φL–H ), and between the lumbar and the cervical segments (φL–C )
according to visual condition and expertise. No sc, no simulated scene
condition; Cont sc, continuous simulated scene condition; Strob sc,
stroboscopic simulated scene condition; No vision, No vision condition. See
the text for statistical significance. The error bars represent standard error.

the Professional riders, who were more field-independent, were
able to maintain a high level of head stability regardless of the
availability of visual information. These results strongly suggest
that the capacity to reweight the relative contribution of different
sensory information depending on environmental conditions is
a more prominent indicator of expertise in horseback riding
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scene condition to −2.75◦ in the Strob scene condition). By
contrast, the Professional riders adopted coordination patterns
ranging from +14.74◦ in the Cont scene condition to −10.30◦
in the No vision condition (Figure 6). When the simulated
scene was projected on the screen, the Professional riders
anticipated the cervical segment’s movements with respect to
the head’s movements (positive φC–H of +14.74◦ in the Cont
scene condition). When no visual information was available,
the Professional riders adopted a coordination pattern similar
to the Club riders with the movement of the cervical segment
following the head movement with a slight delay (negative φC–H
of −10.30◦ in the No vision condition). Again, it is interesting to
note that this cervical-head coordination mode observed when
no visual information was available was also adopted by the
Club riders in every other vision condition. This result reveals
that, although the Professional riders were able to stabilize their
head better than the Club riders in visually altered conditions,
they did not rely only on vestibular and somesthetic information
in unrestricted visual conditions. The specific relative phase
between the cervical segment and the head exhibited by the
Professional riders in the Cont scene conditions suggests that
the experts did use visual information in this condition to adapt
their postural coordination modes to environmental conditions.
This interesting result is difficult to discuss further and would
have to be connected to other dependent variables such as the
flexion-extension of the neck and the visual search behavior of
the participants.
Finally, we found that the coordination between the lumbar
segment and the head (φL–H ) depended on the vision condition
over the two levels of expertise, with a significant difference
between the No vision condition (φL–H = 152.42◦ ) and every
other vision condition (φL–H ranging from 168.01◦ in the No
scene condition to 172.16◦ in the Strob scene condition). Figure 6
(middle panel) strongly suggests that this effect of vision is due
mainly to a change in the coordination mode of the Professional
riders who exhibited relative phases between the lumbar segment
and the head ranging from 164.33◦ in the Cont scene condition
to 132.42◦ in the No vision condition, while the Club riders
maintained an anti-phase coordination mode in every vision
condition. This result is likely to be the direct consequence of
the behavior observed on the two underlying levels of lumbarhead coordination, namely lumbar-cervical and cervical-head
coordination.

and pitch perturbations of the chosen pace, it did not produce
any horizontal movements, either in yaw or in translation.
Consequently, the mechanical perturbations were only partially
similar to a real ride. In addition, there was a discrepancy between
the visual information provided by the projected visual scene
and the mechanical horse’s motion. Given the current technical
constraints of riding simulators, it seems that only a study in the
field could overcome these limitations, though with all the other
difficulties that this method would entail. A related issue concerns
the possibility to match precisely the data from the projected
visual scene and movement measures. This coupling would help
understand more finely how riders react to the different events
simulated in the visual scene, such as the aforementioned turns.
This might have helped interpret the difference in head stability
in the mediolateral axis between the Professional and Club riders
that we observed only when the simulated visual scene was
projected.
Another limitation concerns the size of the visual field
occupied by the projected scene. The simulated scene used in
the present study was limited to the participants’ central visual
field, thereby reducing the possibility of using peripheral vision
which is known to play an important role in postural control
(e.g., Pavard et al., 1976; Amblard et al., 1985). A multi-sided
immersive environment would make it possible to strengthen
and extend the conclusions of the present study. Another,
non-exclusive, perspective would be to collect and combine
additional data about pelvis orientation, angular displacements
(of the hips, neck and knees), and/or horse-rider interactions,
for example. Indeed, the new insights we have gained through
the study of horseback riders’ postural control encourage further
investigations to better understand the highly complex task that
is horseback riding.

CONCLUSIONS
The present study demonstrates a differential contribution of
visual information to postural stability in horseback riding
depending on expertise. First, compared to the Club riders,
the Professional riders exhibited greater head stability in the
anteroposterior axis when vision conditions were altered. Second,
RFT perceptual scores revealed that the Professional riders
were less dependent on the visual field than the Club riders.
Third, we found that the more dependent the riders were on
the visual field, the greater their head variability. These results
suggest that expert horseback riders rely more on vestibular
and somesthetic information to stabilize their head in space
than less experienced riders. Our assessment of the coordination
modes between the different levels of the spine completes
and specifies this conclusion. Unlike the Club riders, who
exhibited similar in-phase or anti-phase patterns in the different
vision conditions, the Professional riders exhibited changes
in coordination modes depending on the visual information
available. Thus, even though the expert riders proved to be
less dependent on visual information to stabilize their head
than the non-expert riders, they appeared to make use of
visual information when it was available to adapt their postural
coordination modes. The combination of stability, perceptual

Limitations and Perspectives
The present study is the first to investigate the contribution
of visual information to postural stability and the postural
coordination modes in horseback riding depending on expertise.
As such, several experimental features can potentially be
enhanced in future work. Using an equestrian simulator
enabled us to overcome difficulties encountered in studies on
horseback riding such as controlling and reproducing the horses’
movements, facilitating data collection, and manipulating vision
conditions. However, while the projected visual scene simulated
the horizontal displacements corresponding to a ride, including
turns, the mechanical horse’s orientation was fixed. Therefore,
while the riding simulator faithfully reproduced the vertical

Frontiers in Human Neuroscience | www.frontiersin.org

13

January 2017 | Volume 11 | Article 11

Olivier et al.

Vision in Riders’ Postural Control

FUNDING

typology and postural coordination measures therefore strongly
suggests that expert riders are better able to reweight sensory
information in order to control their posture according to task
constraints.

Part of data analysis and the writing of this paper was supported
by the “Institut Français du Cheval et de l’Equitation” (IFCE) and
the “Fonds Eperon” as part of the “RiderFeel” proposals.

AUTHOR CONTRIBUTIONS

ACKNOWLEDGMENTS

AO, LL, and EF designed the study. AO and SB performed the
experiments. AO and EF analyzed the data and AO, EF, LL, and
BI wrote the manuscript.

We sincerely thank the Saumur National Riding School (ENE)
for their welcome and all of the riders for their participation.

REFERENCES

collection at the trot in high-level dressage horses ridden on a treadmill. Hum.
Mov. Sci. 41, 1–8. doi: 10.1016/j.humov.2015.01.016
Callier, J., Oysel, S., Hausmann, I., and Tordi, N. (2001). “Equilibre statique bipodal
sous deux conditions visuelles en fonction du sexe chez des gymnasts de 910 ans,” in Nouveauté Conceptuelles Instrumentales et Clinique, ed M. Lacour
(Paris: Solal De Boeck), 65–69.
Carson, R. G., Goodman, D., Elliott, D., and Kelso, J. A. S. (1995). Asymmetries
in the dynamics of interlimb coordination. Adv. Psychol. 111, 255–288.
doi: 10.1016/s0166-4115(06)80013-0
Clément, G., Pozzo, T., and Berthoz, A. (1988). Contribution of eye positioning
to control of the upside-down standing posture. Exp. Brain Res. 73, 569–576.
doi: 10.1007/bf00406615
Collins, J. J., and De Luca, C. J. (1995). The effects of visual input on open-loop
and closed-loop postural control mechanisms. Exp. Brain Res. 103, 151–163.
doi: 10.1007/bf00241972
Crémieux, J., and Mesure, S. (1994). Differential sensitivity to static visual cues
in the control of postural equilibrium in man. Percept. Mot. Skills 78, 67–74.
doi: 10.2466/pms.1994.78.1.67
Eckardt, F., and Witte, K. (2016). Kinematic analysis of the rider according to
different skill levels in sitting trot and canter. J. Equine Vet. Sci. 39, 51–57.
doi: 10.1016/j.jevs.2015.07.022
Engell, M. T., Clayton, H. M., Egenvall, A., Weishaupt, M. A., and Roepstorff,
L. (2016). Postural changes and their effects in elite riders when actively
influencing the horse versus sitting passively at trot. Comp. Exerc. Physiol. 12,
27–33. doi: 10.3920/cep150035
Era, P., Konttinenf, N., Mehto, P., Saarela, P., and Lyytinent, H. (1996). Postural
stability and skilled performance-a study on top-level and naive rifle shooters.
J. Biomech. 29, 301–306. doi: 10.1016/0021-9290(95)00066-6
Ericsson, K. A., Krampe, R. T., and Tesch-Römer, C. (1993). The role of deliberate
practice in the acquisition of expert performance. Psychol. Rev. 100, 363–406.
doi: 10.1037/0033-295x.100.3.363
Ericsson, K. A., and Lehmann, A. C. (1996). Expert and exceptional performance:
evidence of maximal adaptation to task constraints. Annu. Rev. Psychol. 47,
273–305. doi: 10.1146/annurev.psych.47.1.273
Faugloire, E., Bardy, B. G., Merhi, O., and Stoffregen, T. A. (2005). Exploring
coordination dynamics of the postural system with real-time visual feedback.
Neurosci. Lett. 374, 136–141. doi: 10.1016/j.neulet.2004.10.043
Faugloire, E., Bardy, B. G., and Stoffregen, T. A. (2006). The dynamics
of learning new postural patterns. J. Mot. Behav. 38, 299–312.
doi: 10.3200/jmbr.38.4.299-312
Faugloire, E., Bardy, B. G., and Stoffregen, T. A. (2009). (De)Stabilization of
required and spontaneous postural dynamics with learning. J. Exp. Psychol. 35,
170–187. doi: 10.1037/0096-1523.35.1.170
Forssberg, H., and Hirschfeld, H. (1994). Postural adjustments in sitting humans
following external perturbations: muscle activity and kinematics. Exp. Brain
Res. 97, 515–527. doi: 10.1007/bf00241545
Galloux, P., Richard, N., Dronka, T., Leard, M., Perrot, A., Jouffroy,
J. L., et al. (1994). Analysis of equine gait using three-dimensional
accelerometers fixed on the saddle. Equine Vet. J. (Suppl. 26), 44–47.
doi: 10.1111/j.2042-3306.1994.tb04872.x
Gautier, G., Marin, L., Leroy, D., and Thouvarecq, R. (2009). Dynamics of
expertise level: coordination in handstand. Hum. Mov. Sci. 28, 129–140.
doi: 10.1016/j.humov.2008.05.003

Amblard, B., Assaiante, C., Vaugoyeau, M., Baroni, G., Ferrigno, G., and
Pedotti, A. (2001). Voluntary head stabilisation in space during oscillatory
trunk movements in the frontal plane performed before, during and
after a prolonged period of weightlessness. Exp. Brain Res. 137, 170–179.
doi: 10.1007/s002210000621
Amblard, B., and Carblanc, A. (1980). Role of foveal and peripheral visual
information in maintenance of postural equilibrium in man. Percept. Mot. Skills
51, 903–912. doi: 10.2466/pms.1980.51.3.903
Amblard, B., and Crémieux, J. (1976). Rôle de l’information visuelle du
mouvement dans le maintien de l’eÌAquilibre
˛
postural chez l’homme.
Agressologie 17, 26–36.
Amblard, B., Crémieux, J., Marchand, A. R., and Carblanc, A. (1985). Lateral
orientation and stabilization of human stance: static versus dynamic visual cues.
Exp. Brain Res. 61, 21–37. doi: 10.1007/bf00235617
Assaiante, C., and Amblard, B. (1993). Ontogenesis of head stabilization in space
during locomotion in children: influence of visual cues. Exp. Brain Res. 93,
499–515. doi: 10.1007/bf00229365
Assaiante, C., and Amblard, B. (1995). An ontogenetic model for the sensorimotor
organization of balance control in humans. Hum. Mov. Sci. 14, 13–43.
doi: 10.1016/0167-9457(94)00048-J
Assländer, L., Hettich, G., and Mergner, T. (2015). Visual contribution to human
standing balance during support surface tilts. Hum. Mov. Sci. 41, 147–164.
doi: 10.1016/j.humov.2015.02.010
Bardy, B. G., Marin, L., Stoffregen, T. A., and Bootsma, R. J. (1999). Postural
coordination modes considered as emergent phenomena. J. Exp. Psychol. 25,
1284–1301. doi: 10.1037/0096-1523.25.5.1284
Batschelet, E. (1981). Circular Statistics in Biology. New-York, NY: Academic Press.
Baumberger, B., Isableu, B., and Flückiger, M. (2004). The visual control of stability
in children and adults: postural readjustments in a ground optical flow. Exp.
Brain Res. 159, 33–46. doi: 10.1007/s00221-004-1930-1
Berencsi, A., Ishihara, M., and Imanaka, K. (2005). The functional role of central
and peripheral vision in the control of posture. Hum. Mov. Sci. 24, 689–709.
doi: 10.1016/j.humov.2005.10.014
Bizid, R., and Paillard, T. (2006). Les activités posturales de footballeurs de niveau
national diffèrent-elles entre les attaquants et les défenseurs ? Sci. Sports 21,
23–25. doi: 10.1016/j.scispo.2005.12.003
Brady, R. A., Peters, B. T., Batson, C. D., Ploutz-Snyder, R., Mulavara, A. P.,
and Bloomberg, J. J. (2012). Gait adaptability training is affected by visual
dependency. Exp. Brain Res. 220, 1–9. doi: 10.1007/s00221-012-3109-5
Bringoux, L., Marin, L., Nougier, V., Barraud, P. A., and Raphel, C. (2000). Effects
of gymnastics expertise on the perception of body orientation in the pitch
dimension. J. Vestib. Res. 10, 251–258.
Bringoux, L., Scotto Di Cesare, C., Borel, L., Macaluso, T., and Sarlegna, F. R.
(2016). Do visual and vestibular inputs compensate for somatosensory loss
in the perception of spatial orientation? Insights from a deafferented patient.
Front. Hum. Neurosci. 10:181. doi: 10.3389/fnhum.2016.00181
Byström, A., Rhodin, M., Peinen, K., Weishaupt, M. A., and Roepstorff, L. (2009).
Basic kinematics of the saddle and rider in high-level dressage horses trotting
on a treadmill. Equine Vet. J. 41, 280–284. doi: 10.2746/042516409x394454
Byström, A., Roepstroff, L., Geser-von Peinen, K., Weishaupt, M. A., and Rhodin,
M. (2015). Differences in rider movement pattern between different degrees of

Frontiers in Human Neuroscience | www.frontiersin.org

14

January 2017 | Volume 11 | Article 11

Olivier et al.

Vision in Riders’ Postural Control

Lee, D. N., and Lishman, J. R. (1975). Visual and proprioceptive control of stance.
J. Hum. Mov. Stud. 1, 87–95. doi: 10.3758/bf03199297
Liu, W. (2003). Field dependence-independence and sports with a preponderance
of closed or open skill. J. Sport Behav. 26, 285–297.
Luyat, M., Olhmann, T., and Barraud, P. A. (1997). Subjective
vertical and postural activity. Acta Psychol. (Amst). 95, 181–193.
doi: 10.1016/s0001-6918(96)00015-7
Mardia, K. V., and Jupp, P. E. (2000). Directional Statistics. Chichester: Wiley.
doi: 10.1002/9780470316979
Marin, L., Bardy, B. G., and Bootsma, R. J. (1999). Level of gymnastic skill as
an intrinsic constraint on postural coordination. J. Sports Sci. 17, 615–626.
doi: 10.1080/026404199365641
Münz, A., Eckardt, F., Heipertz-Hengst, C., Peham, C., and Witte, K. (2013). A
preliminary study of an inertial sensor-based method for the assessment of
human pelvis kinematics in dressage riding. J. Equine Vet. Sci. 33, 950–955.
doi: 10.1016/j.jevs.2013.02.002
Münz, A., Eckardt, F., and Witte, K. (2014). Horse–rider interaction in dressage
riding. Hum. Mov. Sci. 33, 227–237. doi: 10.1016/j.humov.2013.09.003
Nashner, L. M., and McCollum, G. (1985). The organization of human postural
movements: a formal basis and experimental synthesis. Behav. Brain Sci. 8,
135–150. doi: 10.1017/s0140525x00020008
Newell, K. M., van Emmerik, R. E., Lee, D., and Sprague, R. L. (1993).
On postural stability and variability. Gait Posture 1, 225–230.
doi: 10.1016/0966-6362(93)90050-b
Nyborg, H., and Isaksen, B. O. (1974). A method for analysing performance in
the rod-and-frame test. II Test of the Statistical Model. Scand. J. Psychol. 15,
124–126. doi: 10.1111/j.1467-9450.1974.tb00564.x
Oie, K. S., Kiemel, T., and Jeka, J. J. (2001). Human multisensory fusion of
vision and touch: detecting non-linearity with small changes in the sensory
environment. Neurosci. Lett. 315, 113–116. doi: 10.1016/s0304-3940(01)
02348-5
Olivier, A., Faugloire, E., Biau, S., Lejeune, L., and Isableu, B. (2012). “Sensibilité
proprioceptive et stabilité de la tête: marqueur d’expertise chez les cavaliers,” in
Institut Français du Cheval et de l’équitation, ed Actes de la 38ème Journée de la
Recherche Équine: Sport de haut niveau (Paris. Saumur: IFCE), 119–127.
Oltman, P. (1968). A portable rod and frame apparatus. Percept. Mot. Skills 26,
503–506. doi: 10.2466/pms.1968.26.2.503
Paillard, J. (1971). Les déterminants moteurs de l’organisation spatiale. Cahiers
Psychol. 14, 261–316.
Paillard, T., Margnes, E., Portet, M., and Breucq, A. (2011). Postural ability
reflects the athletic skill level of surfers. Eur. J. Appl. Physiol. 111, 1619–1623.
doi: 10.1007/s00421-010-1782-2
Paillard, T., Noé, F., Riviere, T., and Vincent, M. (2006). Postural performance
and strategy in the unipedal stance of soccer players at different levels of
competition. J. Athl. Train. 41, 172–176.
Paulus, W. M., Straube, A., and Brandt, T. H. (1984). Visual stabilization of posture.
Brain 107, 1143–1163. doi: 10.1093/brain/107.4.1143
Pavard, B., Berthoz, A., and Lestienne, F. (1976). Rôle de la vision périphérique
dans l’évaluation du mouvement linéaire interaction visuo-vestibulaire et effets
posturaux. Le Travail Humain, 39, 115–138.
Peham, C., Licka, T., Schobesberger, H., and Meschan, E. (2004). Influence of
the rider on the variability of the equine gait. Hum. Mov. Sci. 23, 663–671.
doi: 10.1016/j.humov.2004.10.006
Perrin, P., Schneider, D., Deviterne, D., Perrot, C., and Constantinescu, L. (1998).
Training improves the adaptation to changing visual conditions in maintaining
human posture control in a test of sinusoidal oscillation of the support.
Neurosci. Lett. 245, 155–158. doi: 10.1016/s0304-3940(98)00208-0
Perrot, C., Moes, R., Deviterne, D., and Perrin, P. (1998). Adaptation posturales
lors de gestuelles spécifiques aux sports de combat. Sci. Sports 13, 64–74.
doi: 10.1016/s0765-1597(97)86902-x
Peterka, R. J. (2002). Sensorimotor integration in human postural control. J.
Neurophysiol. 88, 1097–1118. doi: 10.1152/jn.00516.2003
Pozzo, T., Berthoz, A., and Lefort, L. (1990). Head stabilization during
various locomotor tasks in humans. Exp. Brain Res. 82, 97–106.
doi: 10.1007/bf00230842
Ripoll, H., Bard, C., and Paillard, J. (1986). Stabilization of head and eyes on
target as a factor in successful basketball shooting. Hum. Mov. Sci. 5, 47–58.
doi: 10.1016/0167-9457(86)90005-9

Gautier, G., Thouvarecq, R., and Vuillerme, N. (2008). Postural control and
perceptive configuration: influence of expertise in gymnastics. Gait Posture 28,
46–51. doi: 10.1016/j.gaitpost.2007.09.007
Golomer, E., Crémieux, J., Dupui, P., Isableu, B., and Ohlmann, T. (1999).
Visual contribution to self-induced body sway frequencies and visual
perception of male professional dancers. Neurosci. Lett. 267, 189–192.
doi: 10.1016/s0304-3940(99)00356-0
Gresty, M. A., and Bronstein, A. M. (1992). Visually controlled spatial stabilisation
of the human head: compensation for the eye’s limited ability to roll. Neurosci.
Lett. 140, 63–66. doi: 10.1016/0304-3940(92)90682-W
Gueguen, M., Vuillerme, N., and Isableu, B. (2012). Does the integration
of haptic and visual cues reduce the effect of a biased visual reference
frame on the subjective head orientation? PLoS ONE 7:e34380.
doi: 10.1371/journal.pone.0034380
Guerraz, M., Gianna, C. C., Burchill, P. M., Gresty, M. A., and Bronstein,
A. M. (2001). Effect of visual surrounding motion on body sway
in a three-dimensional environment. Percept. Psychophys. 63, 47–58.
doi: 10.3758/bf03200502
Guillot, A., and Collet, C. (2004). Field dependence–independence in complex
motor skills. Percept. Mot. Skills 98, 575–583. doi: 10.2466/pms.98.2.575-583
Hosseinimehr, S. H., Norasteh, A. A., Abbasi, A., Tazji, M. K., and Hosseinimehr,
S. H. (2009). The comparision of dependency on vision and proprioception in
gymnastic, wrestling and soccer. Braz. J. Biomotr. 3, 332–338.
Isableu, B., Fourre, B., Vuillerme, N., Giraudet, G., and Amorim, M. A. (2011).
Differential integration of visual and kinaesthetic signals to upright stance. Exp.
Brain Res. 212, 33–46. doi: 10.1007/s00221-011-2693-0
Isableu, B., Ohlmann, T., Crémieux, J., and Amblard, B. (1997). Selection of
spatial frame of reference and postural control variability. Exp. Brain Res. 114,
584–589. doi: 10.1007/pl00005667
Isableu, B., Ohlmann, T., Crémieux, J., and Amblard, B. (2003). Differential
approach to strategies of segmental stabilisation in postural control. Exp. Brain
Res. 150, 208–221. doi: 10.1007/s00221-003-1446-0
Isableu, B., Ohlmann, T., Cremieux, J., Vuillerme, N., Amblard, B., and Gresty,
M. A. (2010). Individual differences in the ability to identify, select and use
appropriate frames of reference for perceptuo-motor control. Neuroscience 169,
1199–1215. doi: 10.1016/j.neuroscience.2010.05.072
Janura, M., Svoboda, Z., Cabell, L., Dvoráková, T., and Jelen, K. (2015). Effect of
repeated therapeutic horse riding sessions on the trunk movement of the rider.
Neuroendocrinol. Lett. 36, 481–489. doi: 10.1016/j.gaitpost.2011.10.305
Kang, O.-D., Ryu, Y.-C., Ryew, C.-C., Oh, W.-Y., Lee, C.-E., and Kang,
M.-S. (2010). Comparative analyses of rider position according to skill
levels during walk and trot in Jeju horse. Hum. Mov. Sci. 29, 956–963.
doi: 10.1016/j.humov.2010.05.010
Kelso, J. A., and Jeka, J. J. (1992). Symmetry breaking dynamics of human
multilimb coordination. J. Exp. Psychol. 18, 645–668. doi: 10.1037/0096-1523.
18.3.645
Kelso, J. A. S. (1984). Phase transitions and critical behavior in human bimanual
coordination. Am. J. Physiol. 15, R1000–R1004.
Kelso, J. A. S., Buchanan, J. J., and Wallace, S. A. (1991). Order parameters for the
neural organization of single, multijoint limb movement patterns. Exp. Brain
Res. 85, 432–444. doi: 10.1007/bf00229420
Keshner, E. A. (2003). Head-trunk coordination during linear anterior-posterior
translations. J. Neurophysiol. 89, 1891–1901. doi: 10.1007/s00221-004-1893-2
Keshner, E. A. (2004). Head-trunk coordination in elderly subjects during
linear anterior-posterior translations. Exp. Brain Res. 158, 213–222.
doi: 10.1007/s00221-004-1893-2
Kluzik, J., Horak, F. B., and Peterka, R. J. (2005). Differences in preferred reference
frames for postural orientation shown by after-effects of stance on an inclined
surface. Exp. Brain Res. 162, 474–489. doi: 10.1007/s00221-004-2124-6
Lagarde, J., Peham, C., Licka, T., and Kelso, J. A. S. (2005). Coordination
dynamics of the horse-rider system. J. Mot. Behav. 37, 418–424.
doi: 10.3200/jmbr.37.6.418-424
Laurent, M., and Pailhous, J. (1982). Contribution à l’étude de pointage
locomoteur, Application au saut en longueur et au saut d’obstacles en
équitation. STAPS 5, 1–13.
Laurent, M., Phung, R. D., and Ripoll, H. (1989). What visual
information is used by riders in jumping? Hum. Mov. Sci. 8, 481–501.
doi: 10.1016/0167-9457(89)90032-8

Frontiers in Human Neuroscience | www.frontiersin.org

15

January 2017 | Volume 11 | Article 11

Olivier et al.

Vision in Riders’ Postural Control

Vitte, E., Pozzo, T., and Soulie, D. (1995). Equilibre et équilibration. Méd. Sport 69,
177–180. doi: 10.1016/s1246-7391(98)85009-4
Vuillerme, N., Danion, F., Marin, L., Boyadjian, A., Prieur, J. M., Weise, I., et al.
(2001a). The effect of expertise in gymnastics on postural control. Neurosci.
Lett. 303, 83–86. doi: 10.1016/s0304-3940(01)01722-0
Vuillerme, N., Teasdale, N., and Nougier, V. (2001b). The effect of expertise in
gymnastics on proprioceptive sensory integration in human subjects. Neurosci.
Lett. 311, 73–76. doi: 10.1016/s0304-3940(01)02147-4
Winter, D. A., Prince, F., and Patla, A. (1997). Validity of the inverted
pendulum model of balance in quiet standing. Gait Post. 5, 153–154.
doi: 10.1016/s0966-6362(97)83376-0
Witkin, H. A. (1950). Individual differences in ease of perception of embedded
figures. J. Pers. 19, 1–15. doi: 10.1111/j.1467-6494.1950.tb01084.x
Wolframm, I. A., Bosga, J., and Meulenbroek, R. G. J. (2013). Coordination
dynamics in horse-rider dyads. Hum. Mov. Sci. 32, 157–170.
doi: 10.1016/j.humov.2012.11.002
Yamanishi, J. I., Kawato, M., and Suzuki, R. (1980). Two coupled oscillators as
a model for the coordinated finger tapping by both hands. Biol. Cybern. 37,
219–225. doi: 10.1007/bf00337040
Zanone, P. G., and Kelso, J. A. (1992). Evolution of behavioral attractors
with learning: nonequilibrium phase transitions. J. Exp. Psychol. 18:403.
doi: 10.1037/0096-1523.18.2.403
Zoccolotti, P., Antonucci, G., and Spinelli, D. (1993). The gap between rod
and frame influences the rod-and-frame effect with small and large inducing
displays. Percept. Psychophys. 54, 14–19. doi: 10.3758/bf03206933

Robert, G., Gueguen, N., Avogadro, P., and Mouchnino, L. (2004). Anticipatory
balance control is affected by loadless training experiences. Hum. Mov. Sci. 23,
169–183. doi: 10.1016/j.humov.2004.08.001
Rougier, P., Zanders, E., and Borlet, E. (2003). Influence of visual cues on upright
postural control: differentiated effects of eyelids closure. Rev. Neurol. (Paris).
159, 180–188.
Rousseu, C., and Crémieux, J. (2005). Perception de l’orientation visuelle chez des
experts en taekwondo. STAPS 65, 79–96. doi: 10.3917/sta.065.0079
Schmid, M., Casabianca, L., Bottaro, A., and Schieppati, M. (2008). Graded
changes in balancing behavior as a function of visual acuity. Neuroscience 153,
1079–1091. doi: 10.1016/j.neuroscience.2008.03.024
Silva e Borges, M. B., Werneck, M. J., da, S., Silva, M. de L. da, Gandolfi, L., and
Pratesi, R. (2011). Therapeutic effects of a horse riding simulator in children
with cerebral palsy. Arq. Neuropsiquiatr. 69, 799–804. doi: 10.1590/s0004-282x
2011000600014
Slaboda, J. C., Lauer, R. T., and Keshner, E. A. (2011). Continuous visual
field motion impacts the postural responses of older and younger
women during and after support surface tilt. Exp. Brain Res. 211, 87–96.
doi: 10.1007/s00221-011-2655-6
Stambolieva, K., Diafas, V., Bachev, V., Christova, L., and Gatev, P. (2011). Postural
stability of canoeing and kayaking young male athletes during quiet stance. Eur.
J. Appl. Physiol. 112, 1807–1815. doi: 10.1007/s00421-011-2151-5
Strogatz, S. H. (1994). Nonlinear dynamics and chaos. Reading, MA: AddisonWesley.
Terada, K. (2000). Comparison of head movement and EMG activity of muscles
between advanced and novice horseback riders at different gaits. J. Equine Sci.
11, 83–90. doi: 10.1294/jes.11.83
Terada, K., Mullineaux, D. R., Lanovaz, J., Kato, K., and Clayton, H. M. (2004).
Electromyographic analysis of the rider’s muscles at trot. Equine Comp. Exerc.
Physiol. 1, 193–198. doi: 10.1079/ecp200420
Vereijken, B., Van Emmerik, R. E. A., Bongaardt, R., Beek, W. J., and Newell, K. M.
(1997). Changing coordinative structures in complex skill acquisition. Hum.
Mov. Sci. 16, 823–844. doi: 10.1016/S0167-9457(97)00021-3
Vibert, N., MacDougall, H. G., de Waele, C., Gilchrist, D. P., Burgess, A. M.,
Sidis, A., et al. (2001). Variability in the control of head movements in
seated humans: a link with whiplash injuries? J. Physiol. (Lond). 532, 851–868.
doi: 10.1111/j.1469-7793.2001.0851e.x

Frontiers in Human Neuroscience | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Olivier, Faugloire, Lejeune, Biau and Isableu. This is an openaccess article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

16

January 2017 | Volume 11 | Article 11

