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Abstract

We investigated perceptual learning in self-motion perception. Blindfolded participants were
displaced leftward or rightward by means of a motion platform, and asked to indicate the direction
of motion. A total of eleven participants underwent 3360 practice trials, distributed over twelve
(Experiment 1) or six days (Experiment 2). We found no improvement in motion discrimination in
both experiments. These results are surprising since perceptual learning has been demonstrated for
visual, auditory, and somatosensory discrimination. Improvements in the same task were found
when visual input was provided (Experiment 3). The multisensory nature of vestibular information
is discussed as a possible explanation of the absence of perceptual learning in darkness.
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Introduction

Perceptual learning is a basic form of learning and refers to the ability to improve perception
(Fahle 2004; Herzog and Esfeld 2009). Perceptual learning occurs by the repeated exposure
to stimuli. For example, wine experts are able to precisely discriminate properties of a wine
such as the year of production whereas for novices red wines taste more or less the same
(e.g., Owen and Machamer 1979). Most research in perceptual learning has been carried out
in the visual domain (see Fahle and Poggio 2002, for a review). Participants are able to learn
to better discriminate contrast (Adini et al. 2002; Adini et al. 2004; Sowden et al. 2002; Yu
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et al. 2004), line orientation (Fahle and Edelman 1993; Herzog and Fahle 1997; Poggio et al.
1992) or motion direction (Koyama et al. 2004; Kuai et al. 2005; Liu and Vaina 1998).

Perceptual learning has also been demonstrated in auditory, tactile or olfactory perception
(e.g., Bao et al. 2004; Sathian and Zangaladze 1998; Wilson and Stevenson 2003). To our
knowledge, no study has yet examined perceptual learning in vestibular perception. The
vestibular system, located in the inner ear, encodes angular and linear acceleration, including
the direction of gravity (Merfeld 2012). Therefore, the vestibular system plays a key role in
spatial orientation and self-motion perception.

Besides numerous cortical projections (Lopez et al. 2012) the vestibular system is involved
in reflexive behavior such as the vestibulo-spinal reflex (responsible for balance and
postural control), vestibulo-autonomic reflex (responsible for regulating blood flow to the
brain) and the vestibulo-ocular reflex (VOR; responsible for visual stability during head
movements). The VOR has been thoroughly investigated to better understand the vestibular
input to oculomotor mechanisms (e.g., Kingma et al. 2001). Interestingly, changes in VOR
characteristics such as a lower gain (ratio between compensatory slow phase eye velocity
and head angular velocity) have been found in ice skaters (Alpini et al. 2009; Tanguy et al.
2008), ballet dancers (Osterhammel et al. 1968; Tschiassny 1957), and gymnasts (Quarck
and Denise 2005). What these experts have in common is that self-motion perception plays
an important role for their skills. In these studies, the modulation in VOR gain was
interpreted as a result of vestibular habituation due to repeated powerful vestibular
stimulation during performance. Conversely, Lee et al. (2004) found higher VOR gain
values in pilots compared to controls. In addition, VOR gain values improved in pilots
through training. Lee and colleagues (2004) proposed that these modulations are caused by
vestibular adaptation and VOR plasticity rather than habituation. However, the exact nature
of VOR modulations is not yet clear. All expert groups mentioned above practiced body
movements while they were exposed to visual input at the same time. Therefore, VOR
modulations may be caused by visual as well as vestibular changes in the reflex arc.
Nevertheless, these studies demonstrate the impact of training on visual-vestibular
interaction.

The aim of this study was to investigate whether vestibular perception alone can be
improved via training of passive self-motion perception®. Using a motion platform,
blindfolded participants were displaced leftward or rightward (yaw rotation around the
longitudinal body axis or linear translation along the interaural axis; Experiment 1 and
Experiment 2) with a velocity that was around their individual threshold of self-motion
perception. The participants indicated the direction of self-motion (left-right discrimination).
Given that there are improvements in performance in almost any perceptual task, we
expected perceptual learning also in the vestibular domain. In addition, participants were
trained in self-motion perception in a structured visual environment (Experiment 3).

IThe perception of passive whole-body motion is based on visual, auditory, vestibular, somatosensory, proprioceptive, and
viscerosceptive signals. In the present study, participants were displaced in darkness and exposed to white noise. Therefore, we regard
vestibular signals as the main source of self-motion information (see also Benson et al. 1986; Bertolini et al. 2012; Kingma 2005;
Valko et al. 2012).

Exp Brain Res. Author manuscript; available in PMC 2014 June 02.
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Self-motion discrimination training may be useful for improving performance in patients
suffering from vestibular deficits

Method

Participants

Vestibular disorders such as vertigo and dizziness have a one year prevalence of 20%
(Lempert and Neuhauser 2009; Neuhauser et al. 2008). People suffering from vestibular
disorders often experience problems with balance and self-motion perception, resulting in
impaired life quality. Previous studies showed that the threshold for self-motion direction
discrimination in patients with vestibular loss is higher when compared to healthy controls
(Cutfield et al. 2011; Mallery et al. 2010; Valko et al. 2012) but see also Gianna et al.
(1996). These results point to the potential importance of perceptual learning, which could
possibly lead to increasing recruitment of extra-vestibular acceleration detection in patients
with vestibular loss (Mittelstaedt 1992, 1996). This study therefore serves as a first step in
evaluating self-motion discrimination training in healthy participants. If perceptual learning
manifests itself in healthy participants, it is by all means conceivable to evaluate this
approach as a possible tool in vestibular rehabilitation.

Perceptual learning is typically specific to the trained stimuli and there is usually little or no
transfer to untrained stimuli (e.g., Beard et al. 1995; Fine and Jacobs 2002; Karni and Sagi
1991; Schoups et al. 1995). Recently, however, some studies found transfer effects of
learning under certain conditions (Aberg et al. 2009; Huang et al. 2008; Jeter et al. 2007; Li
et al. 2009; Polat 2009; Xiao et al. 2008). For the main experiment of this study (Experiment
2), we chose a linear leftward-rightward translation for training. To assess whether learning
in self-motion perception is specific for the trained motion direction, we assessed several
transfer conditions before and after the training, such as forward-backward translation,
upward-downward translation, and yaw-rotations. Moreover, we assessed transfer effects
within the same motion direction across different durations of motion stimuli (1 s, 2, 55).
In a previous study, we were able to demonstrate that motion-detection thresholds depend on
the frequency of motion (Grabherr et al. 2008).

Given that this is the first study on perceptual learning in self-motion perception, we could
not rely on previous experience about how to design the training such as the optimal number
or the optimal distribution of trials. These factors turned out to play an important role in
other domains of perceptual learning (Hussain et al. 2009; Tsodyks and Gilbert 2004;
Wright and Sabin 2007). We first designed a pretest (Experiment 1) and then modified
parameters for the main experiment (Experiment 2).

A total of 14 participants from the University of Bern took part in this study: four
participants in Experiment 1 (2 female, 2 male, age range from 23 to 29), seven participants
in Experiment 2 (5 female, 2 male, age range from 21 to 28, none of the participants took
part in Experiment 1), and five participants in Experiment 3 (2 female, 3 male, age range
from 24 to 29, 2 participants took part in Experiment 1). All participants completed a
questionnaire to assess health and possible vestibular disorders such as dizziness, vertigo, or

Exp Brain Res. Author manuscript; available in PMC 2014 June 02.
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hearing problems. None of them indicated any history of vestibular disorders. All
participants gave informed consent prior to the study.

Apparatus and motion stimuli

A 6-degree of freedom electric motion platform served to generate motion stimuli
(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). Peak velocity, acceleration, and displacement (all proportional) of the
motion stimuli were adjusted according to participants’ thresholds. The duration of the
motion stimulus in the training phase was constant for all participants (2 s). Previous studies
showed that self-motion velocity thresholds depend on the duration of the motion. In
particular, thresholds increase for motion durations of 2 s and longer while they are similar
for short motion durations (Benson et al. 1989; Grabherr et al. 2008; Soyka et al. 2011).
These findings suggest that there is more room for improvement for longer motion
durations. We did not choose motion durations longer than 2 s in order to keep the trial
duration (and consequently the duration of a training session) in a reasonable range. A PC
with a MATLAB-based custom-made software was used to control the motion platform and
recording of participants’ responses.

General 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 head was restrained with
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 (Experiment 1 and Experiment 2) and exposed to white noise presented via
in-ear headphones during both the threshold assessment and the learning phase.

Each motion stimulus was preceded by a low-pitched tone (2000 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. Participants were asked to press
either the button in their left or right hand, according to the instructions provided before
each recording session. In case the participants were uncertain about the direction of self-
motion, they were instructed to make their best guess. 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. Feedback was provided to speed up learning (Herzog and Fahle 1997). In
the training phase, participants received an error tone after each incorrect response. In
addition to the trial feedback, participants were informed about the percentage of correct
responses after each block.

In order to assess learning and transfer effects, self-motion velocity thresholds were
recorded before and after the training phase. 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. This procedure converges at a threshold value of 79.4% correctly

Exp Brain Res. Author manuscript; available in PMC 2014 June 02.
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detected trials (Leek 2001). The initial peak velocity at the beginning of the procedure was
well above threshold (starting values were 0.06 m/s for linear motion and 8°/s for angular
motion). The procedure stopped when three maximum reversals and four 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 43 trials. In
order to increase the reliability of the threshold measurements, the threshold of each of the
six different motion conditions was assessed twice in separate recording sessions. Within the
recording sessions, the order of the different motion conditions was random. The threshold
values were then defined as the mean peak velocity of the last minimum and the last
maximum reversal of the two sessions. The threshold value also served as a point of
reference for determining the peak velocity for the motion stimulus during training. We
aimed for a velocity level that produces around 65-75% correct responses at the beginning
of the training. Since the thresholds that we obtained produced a higher number of correct
responses (79.4%), the values used for the training was about 15% lower than the threshold
value (see Herzog and Fahle 1997, for a similar approach).

Data analysis

We calculated d prime (d = zyjt rate — Zfalse alarm rate) fOr €ach block as the performance
measure. Given that we used a two-alternative forced choice task, hit rate was defined as the
number of correct rightward detections divided by the total number of rightward trials, and
false alarm rate was defined as number of incorrect rightward responses divided by the total
number of leftward trials (Aberg and Herzog 2012). Learning effects during the training
phase were assessed by means of the individual regression slopes of d’ as a function of
blocks. Improvement in performance as a result of training leads to a positive regression
slope. Regression slopes were tested against zero by means of a one-sample t-test (with the
exception of Experiment 1 where no statistical significance tests were performed). Note that
when performance in the first block was outside the intended range of 65-75% correct
responses, the velocity level was slightly adjusted for the following blocks. These initial
blocks were not included in the data analysis.

In order to assess transfer effects, we calculated the threshold ratio (threshold post training /
threshold pre training) for each motion condition and participant. A ratio of 1 indicates no
change through training, and a ratio smaller than 1 indicates an increase in sensitivity. The
threshold ratios were tested against 1 by means of one-sample t-tests (with the exception of
Experiment 1 where no statistical significance tests were performed).

Experiment 1

The aim of Experiment 1 was twofold. We wanted to assess the shape of the learning curve
(continuous progress or saturation) and whether there is a difference between perceptual
learning of translations (based on otolith input) and perceptual learning of rotations (based
on semicircular canal input). While the interpretation of angular motion is straightforward,
the interpretation of linear motion is more difficult because otolith signals per se cannot
distinguish between linear acceleration and a tilt of the gravity vector (Einstein’s
equivalence principle), thus leading to ambiguous sensory information.

Exp Brain Res. Author manuscript; available in PMC 2014 June 02.
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Participants performed a total of 12 training sessions. Each session lasted around 40 minutes
and consisted of four blocks of 70 trials. In each session, 140 leftward and 140 rightward
motion stimuli were presented in a random order, resulting in a total number of 3360 trials.
The blocks were separated by a short break of 2 min. The training took place from Monday
to Friday of two consecutive weeks and on Monday and Tuesday of the third week. Two
participants were trained with leftward-rightward linear translation stimuli, and the other
two with leftward-rightward yaw rotation stimuli. For the former group, the following
thresholds were assessed before and after the training: linear leftward-rightward motion (y
axis; with 1's, 2 s, and 5 s duration), linear upward-downward motion (z axis; 2 s), linear
forward-backward translation (x axis; 2 s), yaw rotation to the left and to the right (2 s). For
the latter group, the following thresholds were assessed: yaw rotation to the left and to the
right (with 1 s, 2 s, and 5 s duration), roll and pitch rotation (2 s), and linear leftward-
rightward motion (y axis; 2 s). See Fig. 1 for an overview of the different motions.

Results and discussion of Experiment 1

Fig. 2a shows the regression slopes of the participants who were trained on linear self-
motion, and Fig. 2b those of the participants who were trained on angular self-motion. The
small positive regression coefficients and the two negative regression slopes show no
consistent learning effect for translation or for rotation. The mean d’ in the first two sessions
(Block 1-8) was 1.05 for all four participants (SEM = 0.07; ~ 70.3% correct responses)
whereas the mean d’ in the last two sessions (Block 40-48) was 1.00 (SEM = 0.08; ~ 68.4%
correct responses). The absence of learning was also confirmed by the threshold ratios.
There was no selective or systematic reduction in self-motion perception threshold after the
training (see Fig. 2c and d).

Given the large number of training sessions (12) and the large number of total trials (3360),
the absence of learning was surprising. However, visual perceptual learning does not purely
depend on the number of total trials, but also on the distribution of the trials per training
sessions. It has been shown that a minimal number of trials within a daily session is
necessary for improvements between sessions (Aberg et al. 2009; Hauptmann et al. 2005;
Wright and Sabin 2007). Aberg et al. (2009) found no learning in a Chevron task with 160
trials per session whereas learning took place with 400 trials per session. The number of
daily trials in Experiment 1 was 280. One possible reason for the absence of learning could
therefore be that the number of daily trials was not above the critical minimal number of
trials needed for perceptual learning. In Experiment 2, we increased the number of daily
trials from 280 to 560.

Only Participant 1 who trained linear self-motion showed a slight tendency to improve
threshold (see Fig. 2c). In Experiment 2, all participants trained linear leftward-rightward
translation. This condition allows for investigating transfer effects within otolith-based
motion perception and possible transfer effects to canal-based motion perception.

Experiment 2

Seven participants were tested in Experiment 2. None of them participated in Experiment 1.
They were trained on linear leftward-rightward self-motion (2 s duration). In contrast to

Exp Brain Res. Author manuscript; available in PMC 2014 June 02.
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Experiment 1, participants performed eight blocks of 70 trials per day during six days. In
each session, 280 leftward and 280 rightward motion stimuli were presented in a random
order, resulting in a total of 3360 trials (same as in Experiment 1). A daily session lasted
about 80 minutes, and each block was separated by a short break of 2 min. After Block 4, a
longer break was provided in which participants came out of the chair for 4-8 min in order
to counteract any potential discomfort and fatigue effects.

The following thresholds were assessed before and after the training in order to assess
learning and transfer effects: linear leftward-rightward motion (y axis; with 1s,2s,and 5 s
duration), upward-downward translation (z axis; 2 s), linear forward-backward translation (x
axis; 2 s), and yaw rotation to the left and right (2 s).

Results and discussion of Experiment 2

Fig. 3a shows the mean d’ for each block. The linear regression slope for d’ is negative,
showing no overall learning effects and individual regression slopes did not differ
significantly from zero, [t(6) = —1.03, p = .344, mean regression slope: —.005 (SEM = .011)].
The mean d’ in the first session (Block 1-8) was 1.18 (SEM = 0.07; & 69.5% correct
responses) and the mean d’ in the last session (Block 40-48) was 1.08 (SEM = 0.08; ~
69.3% correct responses). The individual slopes show that the absence of learning was a
general pattern (Fig. 3b).

Absence of learning was confirmed when thresholds before and after training were
compared. None of the threshold ratios differed significantly from 1. Threshold ratio and
corresponding p values are displayed in Fig. 3c.

Previous research has shown that learning is more effective for participants who show a
higher threshold before the training phase when compared to participants with a lower
threshold (Fahle 1997; Fahle and Edelman 1993). One could therefore argue that a potential
reason for the absence of learning in our study was that participants were by chance good
performers, i.e., had a low initial threshold. However, this possible explanation can be ruled
out. First, the mean leftward-rightward linear threshold from our sample (.013 m/s) was
identical to the mean threshold for the same motion condition that we obtained for another
sample of 13 participants (also .013 m/s; unpublished data). This suggests that the thresholds
of the sample in this study were within a normal range. Second, there was no positive
correlation between the initial threshold value and learning gain (expressed as regression
slope). Surprisingly, this correlation even turned out to be negative, r = —.76, p = .047.
Therefore, participants with a low initial threshold tended to show a decrease in
performance. Note that, in the first session, percentage of correct responses ranged from
65% to 77%, showing that participants performed the task in the targeted level.

Since this was the first study on perceptual learning in self-motion perception, we could not
rely on specific parameters that have been established in previous studies. However, we used
a design that was based on previous studies in the visual domain where perceptual learning
has been demonstrated compellingly. For example, the presentation of stimuli with a
constant intensity during training is an established method in perceptual learning (e.g.,
Herzog and Fahle 1998; Yu et al. 2004). Here, we used a fixed set of trials whereby the

Exp Brain Res. Author manuscript; available in PMC 2014 June 02.
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velocity was individually adjusted based on participants’ thresholds. The individual
adjustment guaranteed that the difficulty at the beginning of the training was in an optimal
range for perceptual learning (Fine and Jacobs 2002). Another important factor for learning
is feedback. Herzog and Fahle (1997) found that feedback leads to a larger improvement in
perceptual learning when compared to no feedback or manipulated feedback. Here, we
provided trial by trial as well as block feedback. Furthermore, the number of trials is a
critical factor for learning. On the one hand, a minimal number of trials within sessions is
necessary for improvements between sessions (Aberg et al. 2009; Hauptmann et al. 2005;
Wright and Sabin 2007). On the other hand, too many trials have been shown to prevent
learning (Censor and Sagi 2009). The amount of 560 daily trials used in Experiment 2 was
above the critical minimal number of trials found in the visual and auditory domain (160
trials: Aberg et al. 2009; 360 trials: Wright and Sabin 2007) and below the amount of trials
that has been found to prevent learning (800 trials: Censor et al. 2006). Attention to the
stimulus is also an important factor for perceptual learning (Ahissar and Hochstein 2002; but
see also Watanabe et al. 2001). In the present study, each motion stimulus was preceded by a
tone with a fixed delay to the onset of the motion, allowing participants to focus their
attention to the subsequent motion stimulus.

Even though all these essential aspects of perceptual learning were considered, no
improvements in performance were found. Our results suggest that self-motion perception in
the dark cannot be improved via training. However, training has been shown to modulate
vestibular functions, for example in pilots (Lee et al. 2004). One possibility is that vestibular
functions improve only in the presence of a concurrent visual input. Here, we tested this
hypothesis.

Experiment 3

Five students participated in Experiment 3. The design was identical to Experiment 2 with
the following exceptions. First, participants performed the training without the blindfold,
i.e., they were exposed to a visually rich environment. To this end, we placed an image of a
landscape (250 x 118 cm) on the wall in front of the participants (with a distance of 200
cm). We also placed four objects between the participants and the wall (wooden sticks that
were hanging from the ceiling, two to the left and two to the right of the participants in
arbitrary positions). Second, participants performed only four instead of six sessions,
resulting in a total of 2240 trials (this change was made because participants in Experiment 3
reached a level of around 80% correct responses in the fourth session).

The following thresholds were assessed before and after the training in order to assess
learning and transfer effects: linear leftward-rightward motion (y axis; 2 s) and linear
upward-downward motion (z axis; 2 s). The thresholds were assessed in the visual condition
and in the blindfolded condition.

Results and discussion of Experiment 3

Fig. 4a shows the mean d’ for each block. The linear regression slope for d’ is positive,
showing a learning effect. Individual regression slopes differed significantly from zero, [t(4)
= 3.60, p =.023, mean regression slope: .04 (SEM = .01)]. The mean d’ in the first session

Exp Brain Res. Author manuscript; available in PMC 2014 June 02.
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(Block 1-8) was 0.85 (SEM = 0.08; ~ 65.3% correct responses) and the mean d’ in the last
session (Block 25-32) was 1.78 (SEM = 0.29; ~ 80.0% correct responses).

Learning was confirmed when thresholds before and after training were compared. The
threshold ratio for the trained motion (linear leftward-rightward) differed significantly from
1, t(4) = -3.61, p = .023, whereas the threshold ratio for all other motion conditions did not;
see Fig. 4b.

The results of Experiment 3 show that improving linear leftward-rightward self-motion
detection via training is possible. Future research needs to be carried out to further
investigate the nature of the visual cues and how they interact with the vestibular
information to provide learning. Most importantly, the results of Experiment 3 confirm that
the absence of learning in Experiment 1 and 2 cannot be explained by the parameters we
chose and highlight the importance of visual input in improving self-motion perception.

Discussion

The aim of this study was to demonstrate perceptual learning for self-motion perception. A
total of eleven blindfolded healthy participants underwent training with 3360 leftward or
rightward self-motion stimuli (Experiment 1 and Experiment 2). None of the participants
showed a reliable improvement in performance (the mean learning gain was even slightly
negative). These results are surprising given that large increases of performance through
training were found in other sensory domains with experimental protocols that were very
similar to the one we used here. However, reliable improvement in self-motion perception
was found when participants performed the same task while exposed to a structured visual
environment (Experiment 3).

Why does vestibular learning not occur without visual input? A peculiarity of self-motion
perception is that it is usually accompanied by visual information (we rarely move in
complete darkness or with eyes closed). Merfeld et al. (2010) compared leftward-rightward
roll tilt thresholds in the dark (vestibular only condition) with the same motion thresholds
measured when the lights were on (vestibular and visual condition). They found that
thresholds measured with lights on were lower than in the dark?, showing that visual
information contributes to self-motion perception. Merfeld et al.’s (2010) results also
demonstrate that vestibular thresholds do not represent peak performance. Rather, thresholds
are lowest when visual and vestibular cues are both available. In Experiment 1 and
Experiment 2, no visual self-motion information was provided. Therefore, training to
perceive inertial self-motion cues in isolation might not lead to improvements. When visual
input was provided (Experiment 3), perception of self-motion discrimination improved,
suggesting that visual input is a crucial factor for spatial orientation learning. Another
possible cause for the absence of learning in the dark could be that self-motion perception
while wearing a blindfold is an unfamiliar experience. However, in other domains, more
pronounced learning effects have been shown for unfamiliar (such as Gabor gratings; see
Dosher and Lu 1998) than for familiar stimuli (such as cardinally oriented lines; see Fine

2This was true when the duration of the motion was between 1-10s.
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and Jacobs 2002 for a review). Nevertheless, the fundamental multimodal character of
spatial orientation differentiates the vestibular system from other sensory modalities
(Merfeld 2012). Areas involved in self-motion perception, such as the insula, are highly
multimodal (e.g., Fasold et al. 2002; Lopez et al. 2012). No single brain region seems to
contain neurons that receive exclusively vestibular afferent signals (Lopez and Blanke
2011).

The multimodal nature of vestibular information manifests itself at the level of the VOR.
Eye movement recordings for athletes and pilots for whom self-motion perception plays a
crucial role show alterations in VOR parameters (Ahn 2003; Alpini et al. 2009; Lee et al.
2004; Quarck and Denise 2005), suggesting a malleability of visuo-vestibular interactions as
a result of training. However, it is an open question to what extent the VOR and self-motion
perception are governed by the same mechanisms (Merfeld et al. 2005b, a). The VOR has
been shown to differ from self-motion perception with respect to the “velocity storage”
mechanism, a central mechanism that modulates the afferent vestibular signals in order to
extend the duration of reflexive eye movements beyond the duration of the physical stimulus
(Raphan et al. 1979). It is possible that different processes underlie VOR and self-motion
perception (Grabherr et al. 2008; Sinha et al. 2008; Soyka et al. 2012). Our results suggest
that, at a minimum, different processes may be involved in VOR changes that can occur
after repeated self-motion in the dark (see for example Clément et al. 2008) and self-motion
perception in the dark (that did not change via perceptual training). However, we found
vision-dependent learning of self-motion perception, suggesting that self-motion perception
in the light might be related to changes in the VOR gain (since both can be changed via
training). In line with this, there is also evidence suggesting that self-motion perception may
be controlled by the same velocity storage network that also controls reflexive eye
movements (Bertolini et al. 2011; Bertolini et al. 2012; Okada et al. 1999).

In light of the present results, the idea of using self-motion perception training in darkness is
not promising. The finding that blindfolded healthy participants with a higher initial
threshold profited least from the training is in contrast to the idea that self-motion perception
training is beneficial for persons with a deficit in vestibular processing. Experiment 3
showed that improvements in self-motion perception in the light had a specific effect on the
threshold of the trained condition (leftward-rightward motion in the light) and did not
influence thresholds in the dark (“pure” vestibular threshold). This suggests that the
vestibular component of the visual-vestibular processing network remained unchanged. It
has been shown in other domains that learning in a crossmodal condition does not
necessarily transfer to the unimodal conditions (Alais and Cass 2010; but see Beer and
Watanabe 2009). Nevertheless, self-motion perception training could be helpful when visual
input is provided. To what extent such training could be helpful for patients with vestibular
deficits needs to be established in future work.

To conclude, we report an unexpected absence of learning in self-motion perception in the
dark. Improvements in the same paradigm were found when visual input was provided. We
speculate that the multimodal character of self-motion perception or the lack of a vestibular-
specific neuronal network could be a reason for the absence of learning in an isolated
vestibular condition.
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Yaw

Fig. 1.
Coordinate system with the linear (X, y, z) and angular (yaw, pitch, roll) motion directions.
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Fig. 2.

Performance (d prime; d’) for each of the 48 blocks for participants trained with leftward-
rightward linear motion (a) and leftward-rightward angular motion (b). The dotted line
shows the linear fit for each participant. Threshold ratios for each motion are displayed in
(c) and (d). The horizontal dotted line in (c) and (d) represent no change between pre and
post training threshold. Y = linear leftward-rightward motion, x = linear forward-backward
motion, z = linear upward-downward motion. The digits indicate the duration of the motion
ins.
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Fig. 3.

Mean d prime (d’) is shown for each of the 48 blocks (a). The dotted line represents the
linear fit. Individual d’ values are displayed in (b). The mean threshold ratios are displayed

in (c). The horizontal dotted line represents no change between pre and post training

threshold. P values show that none of the motion thresholds differed significantly from 1. Y
= linear leftward-rightward motion, x = linear forward-backward motion, z = linear upward-
downward motion. The digits indicate the duration of the motion in s. Error bars depict +/—-

1 SEM.
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Fig. 4.

Mean d prime (d’) is shown for each of the 32 blocks (a). The dotted line represents the
linear fit. The mean threshold ratios are displayed in (b). The horizontal dotted line
represents no change between pre and post training threshold. P values show that only the
trained motion thresholds (Y2) differed significantly from 1. Y = linear leftward-rightward
motion, z = linear upward-downward motion. The digits indicate the duration of the motion
in s. The dark frame indicates that thresholds were measured in the dark (blindfolded). Error

bars depict +/- 1 SEM.
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