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Abstract In this study, we compared direction detection
thresholds of passive self-motion in the dark between artistic gymnasts and controls. Twenty-four professional female
artistic gymnasts (ranging from 7 to 20 years) and agematched controls were seated on a motion platform and
asked to discriminate the direction of angular (yaw, pitch,
roll) and linear (leftward–rightward) motion. Gymnasts
showed lower thresholds for the linear leftward–rightward
motion. Interestingly, there was no difference for the angular motions. These results show that the outstanding selfmotion abilities in artistic gymnasts are not related to an
overall higher sensitivity in self-motion perception. With
respect to vestibular processing, our results suggest that
gymnastic expertise is exclusively linked to superior interpretation of otolith signals when no change in canal signals
is present. In addition, thresholds were overall lower for the
older (14–20 years) than for the younger (7–13 years) participants, indicating the maturation of vestibular sensitivity
from childhood to adolescence.
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Introduction
The vestibular system, located in the inner ear, provides the
brain with information about the direction and magnitude
of angular motion (encoded by the semicircular canals) as
well as the direction and magnitude of linear accelerations,
including changes in body orientation with respect to gravity (encoded by the otolith organs). Thus, vestibular processing plays a crucial role in the control of body posture
and body motion. These functions are not only important
in everyday life but also in professional sports such as artistic gymnastics. Artistic gymnastics is a highly demanding
sport that includes complex body motions performed on the
floor as well as on bars or balance beams. For each action,
an exact control of body posture is crucial (e.g., Louer et al.
2012). Indisputably, the sport-specific skill level as well as
factors such as muscular strength, flexibility, and coordination distinguishes high-performance gymnasts from the
normal population. In this study, we investigated whether
the perception of self-motion is different in artistic gymnasts when compared to controls.
To date, the impact of gymnastics expertise on the perception of self-motion, such as vestibular perception, is not
clear. On the one hand, it has been shown that gymnasts
outperform non-gymnasts in balance and postural control
(e.g., Carrick et al. 2007; Gautier et al. 2008; Hrysomallis
2011) and in the perception of body orientation (Bringoux
et al. 2000). Based on these results, one could assume that
artistic gymnasts have developed an increased sensitivity
for vestibular information (Bringoux et al. 2000). On the
other hand, performing gymnastics strongly stimulates
the vestibular system, which could lead to habituation
of vestibular responses. Vestibular habituation has been
described at the level of the vestibulo-ocular reflex (VOR;
see Blair and Gavin 1979; Clément et al. 2008; Jäger and

13

Exp Brain Res

Henn 1981). The VOR is defined by rapid compensatory
eye movements opposite to the direction of head rotation,
enabling visual stability of the external world during head
movements. A decrease in the velocity of the VOR has
been found in artistic gymnasts (Quarck and Denise 2005),
ice skaters (Alpini et al. 2009; Tanguy et al. 2008a, b), and
ballet dancers (Osterhammel et al. 1968; Tschiassny 1957).
It has been concluded that VOR modulation reflects vestibular habituation as a consequence of the repeated exposure
to angular acceleration during exercise (e.g., Quarck and
Denise 2005). However, some studies also found opposite
effects. For example, Lee et al. (2004) found an increase in
the velocity of compensatory eye movements as a result of
flight training in pilots. Thus, the exact nature of these VOR
modulations remains controversial. It is not clear whether
these modulations are driven by motor or sensory processes
and, more specifically, to what extent the vestibular part of
the visual–vestibular network is influenced by expertise,
since the visual system was involved during training and
VOR assessment.
Recently, we found that passive self-motion perception
can be improved via perceptual training in the light, but
the training had no influence on self-motion perception in
the dark (Hartmann et al. 2013). These results suggest that
improvements in self-motion perception were driven by an
alteration in those parts of the network processing visual
information rather than the vestibular parts of the network
alone. However, the near-threshold motion stimuli used in
this perceptual training cannot be compared with the powerful long-time stimulation of the vestibular system during
gymnastic training. Therefore, it remains an open question
whether vestibular thresholds can be improved by a more
extensive training of self-motion.
To address this question, we compared self-motion discrimination thresholds of artistic gymnasts and controls in
the dark. Participants were passively displaced by means
of a motion platform and asked to indicate the direction of
motion. These thresholds can be regarded as indicator of
vestibular sensitivity (Benson et al. 1986; Bertolini et al.
2012; Kingma 2005; Valko et al. 2012; MacNeilage et al.
2010).
Participants were asked to discriminate roll, pitch, and
yaw rotations as well as leftward–rightward translations (y,
see Fig. 1). Roll and pitch rotations coactivate the semicircular canals and the otolith organs, and are part of most (if
not all) gymnastic movements (Bechter et al. 2009). Therefore, we expected the largest difference between artistic
gymnasts and controls for these thresholds. Yaw (semicircular canals) and linear leftward–rightward motions (otoliths) lead to isolated activations of either vestibular subsystem (Merfeld 2012). These motions occur less often
during gymnastic training, and we therefore expect smaller
differences for these thresholds. Moreover, we assessed two
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Fig. 1  Coordinate system with the linear (x, y, z) and angular (yaw,
pitch, roll) motion directions

thresholds for each of the four different types of motion:
once with a short motion duration (0.5 s) and once with a
longer motion duration (3 s). Previous studies showed that
self-motion perception thresholds depend on the duration of
motion (Grabherr et al. 2008). Given that slow motions are
less typical for gymnastic motion sequences, we expected
that differences between artistic gymnasts and controls
would be more evident for the shorter motion durations.
To conclude, this study aims to evaluate whether artistic gymnasts differ from controls in self-motion perception.
Moreover, this study was motivated by potential applications. If self-motion perception thresholds are lower in
artistic gymnasts, an adapted version of our paradigm could
be used as a tool to support the evaluation of young talents
or to develop a novel training approach. Furthermore, this
is to the best of our knowledge the first study investigating
self-motion perception thresholds in children and young
adults. Previous studies with older participants (between 20
and 70 years) found an increase in thresholds as a function
of age (Kingma 2005; Roditi and Crane 2012a, b). Here,
we are able to further investigate the relationship between
age and self-motion perception in a young sample.

Method
Participants
Forty-eight participants were recruited for this study. Half
of the participants were artistic gymnasts (mean age: 13.2,
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Fig. 2  Acceleration, velocity,
and displacement as a function of time for the two angular
motion durations 3 s (upper
panel) and 0.5 s (lower panel)

ranging from 7 to 19, all female) and the other half served
as control group (mean age: 13.9, ranging from 7 to 20, all
female). The artistic gymnasts trained on average for 21.4 h
per week (SEM = 0.96), and the average year of training was 8.6 (SEM = 0.79). They were recruited from the
regional (n = 18) and national (n = 6) elite sport center
for artistic gymnasts in Bern/Switzerland and Magglingen/
Switzerland, respectively. The gymnasts’ sample included
National and European champions in various disciplines in
artistic gymnastics. None of the participants in the control
group was engaged in sport activity of more than 4 h per
week. All participants completed a questionnaire to assess
health and possible vestibular-related disorders such as
dizziness, vertigo, or neurological issues. None of them
indicated any history of vestibular disorder. The study was
approved by the local Ethics Committee. All participants
gave informed consent prior to the study (respectively, their
parents when participants were under 16 years, following
the guidelines of the local Ethics Committee).
Apparatus and motion stimuli
Motion stimuli were generated by means of a 6-degree-offreedom electric motion platform (6DOF2000E, MOOG
Inc., East Aurora, NY; see Fig. 1 in Hartmann et al. 2012,
for an image of the apparatus). We used single-cycle sinusoidal acceleration motion profiles (Grabherr et al. 2008).
We tested pitch, roll, yaw, and y translation motion stimuli

(see Fig. 1). The duration of the motion stimuli was 0.5
or 3 s. See Fig. 2 for acceleration, velocity, and position
parameters for each motion duration. A PC with a Matlab-based custom-made software was used to control the
motion platform and to record participants’ responses. Statistical analysis was performed with IBM SPSS Statistics
19.
Procedure
Participants were seated in a chair that was mounted on
the motion platform. Seat belts were fastened around participants’ shoulders, torso, and hips. Their heads were
restrained with a helmet and fixation straps. An adjustable
foot rest served to position the feet. To minimize a possibly confounding influence of visual or auditory cues on
self-motion perception, participants were blindfolded and
exposed to white noise presented via in-ear headphones.
Eight different self-motion velocity thresholds were
recorded in separate blocks (roll, pitch, yaw, and y translation, each 0.5 and 3 s). Participants were asked to press
either the button in their left or right hand, according to
the instructions provided before each block. For y translation and yaw and roll rotation, participants were asked
to press the left button when they experienced a leftward
motion and the right button when they experienced a
rightward motion. For pitch rotation, they were asked to
press the right button when they experienced a forward
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rotation and the left button when they experienced a backward rotation (the experimenter made clear what forward
and backward rotation means by demonstrating a forward and backward bow). The participants were asked to
respond after the motion had stopped. In case the participants were uncertain about the direction of self-motion,
they were instructed to make their best guess. No feedback
was provided. The order of the different types of motions
was counterbalanced across participants. The blocks with
the two different durations of the same motion were never
presented in succession. The blocks were separated by a
short break in which the lights were switched on. After the
fourth block, a longer break was provided (10 min) where
participants came out of the chair in order to relax and
diminish discomfort and fatigue. A complete experimental
session (including debriefing) lasted about 1 h and 45 min.
Thresholds were determined by means of a two-alternative
3-down 1-up adaptive staircase procedure following a
PEST algorithm (Leek 2001; Taylor and Creelman 1967).
In this procedure, three correct responses in a row are
needed in order for the velocity level to be reduced. The
velocity level is increased after each incorrect response.
The initial peak velocity at the beginning of the procedure
was well above threshold (starting velocity values were
8°/s for angular motion and 0.06 m/s for linear motion,
which equals to accelerations of 0.38 m/s2 for 0.5 s and
to 0.06 m/s2 for 3 s y translation stimuli). After three correct responses, the velocity was reduced by the factor
2 (e.g., from 8 to 4°/s for angular motions). As soon as
participants give an incorrect response, the factor according to which the velocity of the next motion is raised (or
reduced again after three further correct responses in a
row) changes according to the algorithm described in Taylor and Creelman (1967). The procedure stopped when
five maximum reversals and six minimum reversals were
reached. A maximum reversal is defined by three correct
responses in a row after an incorrect response. A minimum
reversal means an incorrect response following at least
three correct responses. The last minimum reversal was
reached on average after 64 trials. See Fig. 3 for an example of a staircase history.
During the staircase procedure, the motion platform was
not repositioned after each trial. Motion stimuli were generated online by a custom-made software (based on Matlab). The direction of each motion was chosen randomly
by the software. However, the direction of motion sometimes needed to be reversed by the experimenter in order to
account for the displacement limits of the device. Moreover, the experimenter controlled for the motion directions
of the initial trials in such a way that the participants’
position was upright and centered when motion intensities reached a near-threshold level (around 1° for angular
motion).
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Fig. 3  Example of a 3-down, 1-up staircase procedure of a participant for 0.5-s pitch rotation. Each motion stimulus is indicated by a
circle. White circles represent reversals that are defined as incorrect
response after three correct responses (minimum reversal) or as the
third correct response in a row after an in correct response. The dotted line represents the estimated threshold, defined as the mean of the
last minimum and maximum reversal. Initial peak velocity was (8°/s),
well above threshold

Each motion stimulus was preceded by a low-pitched
tone (2,000 ms before motion onset). A high-pitched tone
was played 500 ms after motion offset in order to indicate
that the motion had stopped and to prompt the participants
to respond. When the motion had stopped and the response
was given, the next trial was triggered by the experimenter
with a delay of approximately 3 s. This resulted in an interval between motion stimuli of at least 6.5 s: 0.5 ms duration of the offset-motion-tone + at least 1 s until response
was given (non-speeded responses) + 3 s delay between
response and triggering of the new trial + 2 s low-pitched
tone before motion onset of the next motion stimulus.
Data analysis
Self-motion direction detection thresholds were computed
by averaging the peak velocity of the last minimum and
the last maximum reversal (see, e.g., Hartmann et al. 2013;
Grabherr et al. 2008). This procedure results in a threshold
value of 79.4 % correctly detected trials.
Due to technical problems, six datasets were lost (1.6 %).
The remaining thresholds were log-transformed to normalize their distribution (Berry 1987; Keene 2007). Threshold
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Table 1  Mean self-motion
perception thresholds for each
type and duration of motion

The age range of younger
participants was 8–13 and that
of older participants 14–19

Duration

Younger participants

Older participants

All participants

0.5 s

3s

0.5 s

3s

0.5 s

3s

Pitch (°/s)
Roll (°/s)
Yaw (°/s)

0.38
0.40
1.27

0.72
0.65
1.09

0.28
0.22
0.54

0.52
0.43
1.16

0.33
0.30
0.83

0.61
0.53
1.12

Y (m/s2)

0.05

0.03

0.03

0.02

0.04

0.03

data from five out of the eight motion conditions violated
normal distribution, as revealed by the Kolmogorov–
Smirnov test (p < 0.05). After log transformation, normal
distribution was no longer violated (for all p > 0.229).
In order to investigate possible effects of age and to
account for different amount of training years for older and
younger gymnasts, we created the variable age (younger,
older) based on the median split (13 years). The mean age
of the younger group was 10.1 and that of the older group
16.9. For the gymnasts, the mean years of training in the
younger group was 5.2 and in the older group 12.0.
The four different types of motion (pitch, roll, yaw, and
y translation) were analyzed by means of separate repeated
measures analysis of variance (ANOVA) with the betweenvariables group (gymnasts vs. controls), age (younger vs.
older), and the within-variable duration of motion (500 vs.
2,000 ms). The ANOVAs were performed on the log thresholds. For the sake of clarity, we report non-log means. All
reported means are back-transformed log means. Thresholds for the angular motions (pitch, roll, and yaw) are
expressed in °/s, whereas thresholds for the linear motion
(y) are expressed in m/s2.

Results and discussion
Mean thresholds for each type and duration of motion
are summarized in Table 1. Moreover, mean threshold of
the gymnasts and controls for each type of motion for the
younger and older group is presented in Fig. 4. Statistical
results for the four different types of motion are presented
in Table 2. The most important findings are summarized
below.
Pitch rotation
Most importantly, there was neither a main effect of group
nor any interaction with group. Notably, however, the
interaction between group and age was nearly significant
(p = 0.052). For the older group, thresholds tended to be
lower for gymnasts (M = 0.35, SEM = 0.10) when compared to controls (M = 0.43, SEM = 0.09), while the opposite was true for the younger group (see Fig. 4). Moreover,
there was a main effect of age: Thresholds of the older

Fig. 4  Mean direction detection thresholds of passive self-motion
for the older (a) and younger (b) artistic gymnasts and controls for
the four different motions (data averaged over 0.5-s and 3-s motion).
Pitch, roll, and yaw thresholds are expressed in velocity units (°/s)
and y translation thresholds are expressed in acceleration units (m/s2).
The asterisk indicates a significant difference between gymnasts and
controls for the linear leftward–rightward motion (y). Error bars
depict ±1 SEM

group (M = 0.38, SEM = 0.07) were lower when compared
to the younger group (M = 0.52, SEM = 0.07). There was
also a main effect of duration of motion: Thresholds for the
shorter motion (M = 0.33, SEM = 0.08) were lower when
compared to the longer motion (M = 0.61, SEM = 0.04).
Roll rotation
Most importantly, there was neither a main effect of
group nor any interaction with group (see Table 2). There
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Table 2  Results of the analysis of variance with the variables group, age, and duration of motion
Pitch rotation

G
A
D
G × A
G×D
A × D
G × A × D

Roll rotation
F

p

Yaw rotation

F

p

ηp2

0.17
5.06*
44.65*
3.99
1.44
0.03

0.681
0.030
<0.001
0.052
0.236
0.863

<0.01
0.11
0.52
0.09
0.03
<0.01

0.89
21.32*
37.25*
1.96
0.41
0.94

0.352
<0.001
<0.001
0.168
0.524
0.338

4.04

0.051

0.09

0.08

0.777

Y translation

F

p

ηp2

0.02
0.33
0.46
0.04
0.01
0.02

0.61
4.02
2.61
0.14
<0.01
5.82*

0.440
0.051
0.114
0.714
0.974
0.020

0.01
0.08
0.06
<0.01
<0.01
0.12

1.10
5.16*
8.63*
7.00*
0.10
2.05

0.301
0.028
0.005
0.011
0.757
0.160

0.025
0.11
0.17
0.14
<0.01
0.05

<0.01

0.49

0.486

0.01

0.02

0.893

<0.01

ηp2

F

p

ηp2

Dependent variables for pitch, roll, and yaw rotation were velocity thresholds (°/s) and for y translation acceleration thresholds in (m/s2 )
G = group (gymnasts vs. controls), A = age, D = duration of motion (0.5 s vs. 3 s)
* Significant F values (p < 0.05)

was a main effect of age: Thresholds of the older group
(M = 0.31, SEM = 0.05) were lower when compared to
the younger group (M = 0.51, SEM = 0.05). There was
also a main effect of duration of motion: Thresholds for the
shorter motion (M = 0.30, SEM = 0.03) were lower when
compared to the longer motion (M = 0.53, SEM = 0.06).
Yaw rotation
As for pitch and roll, there was neither a main effect of
group nor any interaction with group (see Table 2). Unlike
roll and pitch, there was no main effect of duration of
motion, but duration of motion interacted with age. Bonferroni post hoc tests revealed significant lower thresholds for
the shorter motion (M = 0.54, SEM = 0.19) when compared to the longer motion (M = 1.16, SEM = 0.22) for the
older group only. Moreover, the main effect of age nearly
reached significance (p = 0.051): Thresholds of the older
group (M = 0.79, SEM = 0.18) tended to be lower when
compared to the younger group (M = 1.18, SEM = 0.18).
Y translation
There was no main effect of group, but group interacted
with age (see Table 2). For the older group, Bonferroni post
hoc tests revealed significant lower thresholds for gymnasts (M = 0.018, SEM = 0.007) when compared to controls (M = 0.034, SEM = 0.008). No difference between
gymnasts and controls was found for the younger group
(p = 0.530). Moreover, there was a main effect of age:
Thresholds of the older group (M = 0.024, SEM = 0.005)
were lower when compared to the younger group
(M = 0.036, SEM = 0.005). There was also a main effect
of duration of motion: Thresholds for the shorter motion
(M = 0.036, SEM = 0.006) were higher when compared to
the longer motion (M = 0.025, SEM = 0.003).
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Vestibular thresholds
In general, self-motion perception thresholds reported
in this study yielded comparable values to those found
in other studies. For example, yaw rotation thresholds
reported in Grabherr et al. (2008) for 2-s motion duration
was around 0.5°/s (the mean of the older group in this study
was 0.54°/s). Similarly, Grabherr et al. report yaw rotation thresholds between 1.5 and 2°/s for 5-s motion duration, while the mean yaw rotation threshold in our study
for the older group was 1.16°/s for 3-s motion duration.
Moreover, Soyka et al. (2011) reported thresholds for linear
self-motion discrimination of 0.018 m/s2 for a motion duration of 2.36 s. The mean linear self-motion threshold in the
older sample of our study was 0.02 m/s2.
Moreover, we found that pitch and roll rotation thresholds were lower when compared to yaw rotation thresholds.
This finding is consistent with other studies (e.g., Valko
et al. 2012). Two reasons can account for this finding: First,
roll and pitch rotation also stimulate the otolith organs,
while this is not (or much less) the case for yaw rotation
stimuli. Second, roll and pitch rotations evoke a more pronounced stimulation of extravestibular sensory self-motion
information, such as proprioceptive cues (see for example
Mittelstaedt 1996).
Thresholds as a function of age?
While no consistent influence of gymnastic expertise on
self-motion discrimination thresholds was found, there was
a significant (or nearly significant) main effect of age for all
motions. Can self-motion discrimination thresholds therefore be described as a function of age and consequently as
a function of sensory (vestibular) development in adolescence? A potential confound of age is body height. Given
that the axis of rotation was not head-centered, body size
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Fig. 5  Mean thresholds for 0.5 s (a) and 3 s (b) yaw rotation as a function of age. Dotted lines represent linear fits, and solid line represents
quadratic fit (illustrated only for 0.5 s duration). Note that R2 is based on the fit of the means for each age

may have influenced vestibular thresholds for roll and pitch
rotation because greater distance of the head with respect to
the axis of rotation resulted in stronger otolith stimulation.
As a result, we decided not to interpret the results for roll
and pitch rotations as function of age. Moreover, the main
effect of age for y translation may be driven by the interaction between age and group (lower thresholds of gymnasts
for the older group). However, we found effects of age for
yaw rotation thresholds where tangential and centripetal
forces do not depend on body height. In addition to this,
yaw thresholds were not influenced by expertise. To further
analyze the effect of age, we computed a regression analysis for the 0.5- and 3-s motion duration with age as predictor. Age turned out to be a significant predictor for the
0.5-s duration yaw rotation thresholds, βstandardized = −0.42,
t = −3.12, p = 0.003, R2 = 0.18 but not for the 3-s duration
yaw rotation thresholds, βstandardized = −0.016, t = −0.12,
p = 0.913, R2 = 0.02. The mean yaw rotation thresholds
for each age and the linear fits for the 0.5- and 3-s duration
are illustrated in Fig. 5a, b. For 0.5-s duration, yaw rotation
thresholds seem to reach a plateau around 16 years. Thus,
mean thresholds can be best described by a quadratic function (see Fig. 5a).

General discussion
The aim of this study was to compare self-motion perception thresholds of artistic gymnasts with those of controls.

We found that—at least for the older group—artistic gymnasts outperformed controls in linear leftward–rightward
motion discrimination but not (or only by trend) for angular
motion discrimination. Linear leftward–rightward motion
is encoded by the otolith organs. This result suggests that
self-motion expertise is not associated with a general
increase in the sensitivity of self-motion perception but
may be specifically associated with superior otolith-based
vestibular processing. However, changes in body orientation with respect to gravity are processed by the otolith
organs. Consequently, an advantage in the processing of
otolith signals for gymnasts should also result in a better
performance for roll and pitch rotation discrimination. This
was not the case in our sample. An advantage of artistic
gymnasts’ expertise manifested itself only in the type of
motion where otolith input is processed in the absence of
a change in canal activity (there is also a canal signal during translation that signals zero angular motion). A further
difference between linear and angular motion is the extent
to which these motions evoke extravestibular cues. Given
that roll and pitch rotation lead to a tilt of the entire body,
these motions provide stronger somatosensory cues (e.g.,
in the skin surface around the gluteal region) and possibly
also stronger visceral cues than translational motion. Our
results suggest that gymnastic expertise is associated with
more efficient processing of self-motion information when
less extravestibular information is available and when the
angular velocity signals from the semicircular canals cannot be used in combination with the linear acceleration
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signal from the otoliths. Balance functions require accurate
perception of otolith inputs, which are immensely important for gymnastic feats. It is possible that the processing of
otolith signals is an important feature for superior performance in artistic gymnastics.
Although there were no significant differences between
the gymnasts and controls in the younger group, it was surprising that thresholds tended to be higher for the gymnasts
than for controls in the younger group. Gymnastic training
of several years in young children seems to have no effect
on basic self-motion perception (i.e., direction discrimination ability). Two reasons can account for the fact that
thresholds of gymnasts were lower in the older group. First,
training history is longer and training intensity is higher for
the older group, suggesting that extensive long-term experience in the control of self-motion can lead to more efficient
processing of translational self-motion perception. However, the difference between gymnasts and controls in the
older sample could also be the result of a selection effect: it
is possible that the younger group included gymnasts who
will not meet the necessary level of performance to become
a successful athlete in the future, whereas the gymnasts in
the older group have been successful in the past and perform on the highest level of expertise. Future studies are
needed in order to disentangle training versus selection
effects for superior self-motion perception performance.
It is also important to highlight that the artistic gymnasts’ thresholds were not significantly higher than those
of controls for any type of motion, ruling out a decrease
in vestibular sensitivity due to repeated training (habituation). These findings are interesting with respect to previous studies that found an influence of gymnastic expertise on the VOR (Alpini et al. 2009; Quarck and Denise
2005; Tanguy et al. 2008b). These studies pointed out that
the motions performed by the artistic gymnasts lead to a
repeated, high-intense stimulation of the vestibular system,
resulting in vestibular habituation. Our findings together
with those about the VOR indicate that habituation involves
the interaction of visual and vestibular information rather
than the level of “purely” vestibular perception alone. This
conclusion is in line with Balter et al.’s (2004) study in
which no difference in vestibular response to galvanic vestibular stimulation of gymnasts was found. Note, however,
that VOR changes may also reflect an adjustment of oculomotor rather than vestibular or visual–vestibular sensory
processes.
In addition to expertise-related findings, we observed
robust effects of duration and age for all motion thresholds.
In general, velocity thresholds were lower for the shorter
motion when compared to the longer motion. This finding
is not new and has been reported in earlier studies (Benson
et al. 1989; Grabherr et al. 2008; Soyka et al. 2011). Moreover, thresholds were lower in older when compared to
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younger participants. We cannot attribute these differences
to age alone for roll and pitch rotations (due to the conceivable confound body height) and for y translation (due to the
confound expertise). However, there was an effect of age
for yaw rotation thresholds where these possibly confounding factors were absent. To the best of our knowledge, this
was the first report of self-motion perception threshold in
children and young adults (7–20 years). Therefore, our yaw
rotation data can serve as baseline for the assessment of
young people showing signs of vestibular dysfunctions. In
our study, only the thresholds for the shorter motion (0.5 s)
decreased as a function of age, but not those for the longer
motion (3 s), Interestingly, Roditi and Crane (2012a) found
that yaw rotation discrimination thresholds for 2-s motion
duration were independent of age (age range between 20
and 70 years). They also tested yaw rotation discrimination thresholds for 1-s motion duration. The thresholds for
1 s could potentially be described as a function of age (see
Fig. 11h in Roditi and Crane 2012a). It seems to be important to consider motion duration when investigating the
effects of age in self-motion perception.
Moreover, previous studies focused on the impairment
in vestibular functions in the older age (e.g., Baloh et al.
1993; Maes et al. 2010; Paige 1994; Peterka et al. 1990).
These studies have shown that older participants (>50) have
an impaired ability in self-motion discrimination (Kingma
2005; Roditi and Crane 2012a, b). For example, Roditi
and Crane (2012a) found that leftward–rightward (and forward–backward) translation thresholds were significantly
higher for participants over 50 years. They suggested that
impaired self-motion discrimination with age was a perceptual consequence of otolith deterioration shown in physiological studies (Bergstrom 1973; Richter 1980; Rosenhall
1973). We highlight that age can have positive effects on
vestibular functions in a younger sample. Our results suggest that vestibular perception (at least canal-based vestibular perception of short motions) is still improving from
7 years onwards, presumably reaching a plateau in young
adulthood, and, according to Roditi and Crane (2012a)
and Kingma’s (2005) data, will start worsening at around
40 years. In this respect, our results are roughly in line with
a recent study on balance functions with children (Hsu
et al. 2009) suggesting that children reach adult balance
level at the age of 12 years (see also Steindl et al. 2006, for
a comparison between the development of different sensory
systems in balance functions).
It remains an open question why there was no difference between artistic gymnasts and controls for the
angular motions. Given that the angular motions (especially the pitch and roll) are most relevant for balance
control and part of many gymnastic feats (Bechter et al.
2009), we expected the largest difference particularly for
those motions. A possible explanation would be that any

Exp Brain Res

differences in self-motion perception in artistic gymnasts
are specific for the trained conditions. Three major differences between the training condition and the test condition of this study can be found. First, the motions that are
trained are more complex and more intense than the ones
we tested in this study. Second, gymnastic performance is
active and voluntary, thus involving intention, motor planning, and motor activity. Third, gymnasts perform selfmotion while they are at the same time exposed to visual
input, whereas no visual input was provided in this study.
The absence of an effect of expertise in untrained conditions is not unusual. For example, Asseman et al. (2004)
found that the advantage of elite gymnasts in postural control in the handstand does not transfer to upright standing postures (see also Asseman et al. 2008). Furthermore,
we recently found that self-motion perception thresholds
decreased via perceptual training in the light, but there
was no transfer to self-motion perception thresholds in the
dark (Hartmann et al. 2013). The removal of light has been
found to hamper performance in other tasks similarly for
gymnasts and controls alike (e.g., Asseman et al. 2008;
Sahli et al. 2011). These findings highlight the importance
of visual input in self-motion perception. Note, however,
that other studies on postural control found that expertise
reduces the dependency of vision (Croix et al. 2010; Paillard and Noé 2006; Vuillerme et al. 2001). Nevertheless,
it is possible that training-specific processing of vestibular
information (often in the context of concurrent visual information and motor activity) is modulated and does not transfer to self-motion perception in untrained conditions (i.e.,
passive self-motion perception in the dark). However, we
found improved performance in gymnasts for linear leftward–rightward motion, and possible explanations for this
finding are outlined above (see first paragraph of discussion). Moreover, a longitudinal study would be helpful in
order to disambiguate training-specific effects from selection effects.
To conclude, we provide new evidence that self-motion
perception is different in artistic gymnasts when compared
to controls. Interestingly, this difference was specific for the
linear motion. No difference was found for angular motions
that are an integral part of gymnastic motion sequences. It
is therefore unlikely that superior self-motion abilities in
artistic gymnasts are achieved by an overall higher sensitivity of the vestibular system. Moreover, we found an effect
of age on the sensitivity of self-motion perception. Thus,
functional plasticity of the vestibular system seems to be
driven by normal maturation rather than expertise in selfmotion. Given that the vestibular system is involved in the
control of the autonomic nervous system (e.g., heart rate
and blood pressure; see for example El Sayed et al. 2012)
and in other remote tasks, the limited malleability of the

vestibular system due to external influences might be protective against too much variance in these networks.
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