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Vestibular perceptual learning improves
self-motion perception, posture, and gait
in older adults

Check for updates

Daniel C. Fitze 1,5 , Matthias Ertl1,2,3,5, Lorenz Radlinger4 & Fred W. Mast 1

Vestibular motion perception declines with age, increasing the risk of falling substantially. We
performed a two-week perceptual learning intervention using a self-motion direction discrimination
task (2800 training trials per person) on a 6 degrees of freedommotion platform in healthy older adults
(n = 40, aged 70–88 yr). Linear inter-aural and angular roll tilt vestibular thresholds improved with
training (95% credible interval for pre/post difference), suggesting altered sensitivity post-training.
Moreover, improved perceptual abilities transfer to actual posture (reduced sway) and gait
parameters. Passive self-motion discrimination training provides a new and promising way
to counteract age-related sensory decline. It can reduce the risk of falling, and thereby maintain
individual autonomy and quality of life.

Perceptual learning is the most basic form of learning. It is preserved
throughout life, and it improves the ability to detect and recognize sensory
stimuli. It occurs in all sensory modalities1, and numerous studies have
provided compelling demonstrations that perceptual abilities improve after
an intense training. Thismeans that subtle differences in sensory stimuli that
remained unnoticed before training can be successfully discriminated after
training. Thus, the extraction of information from sensory input improved2,3.

Interestingly, perceptual learning opens new possibilities to counteract
declining sensory abilities as a function of age. A case in point is the ves-
tibular organ in the inner ear, which is required for postural stability, secure
stance, and locomotion. Its roughly 100,000 receptors have a motion
direction sensitivity, and the ascending afferent information reaches a
network of subcortical and cortical areas4.

Just like any other sensory modality, the vestibular system suffers a
structural decline with age. The number of hair cells decreases steadily
throughout life, while the decline of the regular and irregular vestibular
afferents and central neurons begins aroundmid-life5. Functional vestibular
decline manifests itself in various tests of vestibular function6. Vestibular
evoked myogenic potentials (VEMPs) start to decrease after the age of 50-
60, and reflexive eyemovements during the head impulse test (HIT) decline
after the age of 70-90. On the perceptual level, vestibular thresholds are
stable in young participants7, and they start to increase at the age of 408,9.
This age-related vestibular decline is correlated with impaired cognitive
functions [e.g., spatial navigation,memory, attention;10–12], an increased risk
of dementia13,14, and an increased risk of falling15,16. Vice versa, there is

evidence of impaired cognitive abilities in vestibular patients17–20, empha-
sizing the relevance of vestibular information to cognitive functions.

Changes in perceptual thresholds are the hallmark of perceptual
learning, which has been demonstrated in the vestibular domain in younger
participants (age < 35 years) for roll tilt motions [for a description of the
motion profiles used in this study, see Fig. 2 and section Vestibular
stimulation;21,22]. Vestibular perceptual learning leads to a better dis-
crimination of self-motion direction. Proper detection of self-motion is
crucial for everyday locomotion23–25.

We investigate vestibular perceptual learning in older adults to coun-
teract age-related sensory impairment. To our knowledge, no attempt has
been made to improve vestibular perceptual thresholds in a large sample of
older adults. However, visual perceptual learning has been shown success-
fully in vision tests in college baseball players26 and older adults27.

The rate of fall-related death or serious injury is highest in people over
60years of age15.While there arewide-rangingprocedures and campaigns to
improve balance and prevent falls in older adults, no intervention directly
targets the vestibular componentof postural control. Sensory informationof
vestibular origin plays a crucial role in the control of posture and balance28,29.
For example, vestibular dysfunction in a posturographic measurement is
linked to the risk of falling30. Moreover, mid-frequency (i.e., 0.5 Hz) roll tilt
vestibular thresholds31, and inter-aural vestibular thresholds32 are correlated
with quiet stance postural sway in young adults. Similarly, vestibular roll tilt
thresholds have been shown to correlate with the likelihood of being able to
successfully complete (i.e., stand for 30 s) a balance task in a sample of adults
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over the age of 408. This correlation is strongest when participants are
standing on foam with eyes closed during the posturographic
measurement25,32,33, thus further emphasizing the contribution of vestibular
over visual and proprioceptive cues. Perceptual training of 0.5 Hz roll tilts
was associated with a decrease in body sway, when standing on foam22.

We investigated whether improvements of vestibular sensitivity via
perceptual learning transfers to balance performance, thus showing a causal
relationbetween the distinctmetrics. Indeed, seeminglydistantmetrics such
as vestibular perceptual thresholds, postural sway, subjective visual verti-
cality, or the vestibular ocular reflex have been shown to be closely related.
They all estimate the standard deviation of a Gaussian distribution
describing the underlying neural noise34.

In addition to posturography, we include gaitmeasures. Vestibular loss
or hypofunction is associated with clinical and functional deficits in gait,
such as lateral gait deviation and tendency to fall, insecure gait with postural
instability or severely slowed gait with fear of falling35,36. Gait also changes
with age37 and impairments are an early indicator of the onset of mild
cognitive impairment and Alzheimer’s disease38,39. It is therefore important
to better understand the relationship between gait and vestibular thresholds,
since impaired vestibular responses are also associatedwith the onset ofmild
cognitive impairment14.

Taken together, increased roll tilt thresholds in older age are correlated
with a decline in balance test performance8.Head accelerationduring roll tilt
motion is interesting because it resembles head accelerationduring the onset
of a fall to the side. In this study, we want to go beyond correlation and alter
roll tilt thresholds via vestibular perceptual learning, and assess balance
abilities and gait before and after training. Declining balance skills are a
serious health threat for older adults. To date, vestibular perceptual learning
in older adults has not yet been investigated with a large sample. We expect
an improvement in vestibular roll tilt thresholds, posturography and gait
measures as a result of roll tilt training. Inter-aural translations did not yield
altered thresholds in young adults21, and thus, changes due to inter-aural
translation training are not expected.

Results
We computed vestibular perceptual thresholds (VPT, roll tilt and inter-
aural translation), posturography, and gait before, during, and after training
vestibular self-motion discrimination (Fig. 1).

Half of the participants were randomly assigned to the roll tilt training
condition and the other half to the inter-aural training condition. Roll tilt and
inter-aural thresholds were estimated for all participants. The vestibular
training consisted of seven sessions, each of which had 400 trials of self-
motiondiscriminationwith feedback. Response bias and vestibular threshold
are derived from the psychometric function in all conditions40,41. Posterior
distributions of the estimated parameters and differences between them are
described by their median and the 95% quantile interval (QI). The estimates
are credibly smaller or larger than 0 when its entire 95% QI falls below or
above zero. If zero is included in the interval, no difference can be inferred.

A full account of the estimated parameter values can be found in
Supplementary Table 1.1, all differences betweenmeasurement time points
(pre/post, pre/mid) in Supplementary Table 1.2, and estimated pre-post
differences in posturography and gait in Supplementary Table 2.1, Sup-
plementary Table 2.2, and Supplementary Table 3.1, Supplementary
Table 3.2, respectively.

Vestibular perceptual thresholds
Datawere excludedwhen thepsychometric function couldnotbe estimated.
This was the case in five participants, because the predetermined fixed
intensities used for the estimation of inter-aural translation thresholds did
not contain stimuli with sufficiently large peak velocities. The same was the
case for the estimation of roll tilt thresholds for one participant. One
additional dataset was excluded due to an inconsistent usage of the response
format. Roll tilt threshold estimationwas successful for all 20 participants in
the roll tilt training group, and for 19 participants in the inter-aural training
group (transfer condition). Inter-aural threshold estimation was successful
for 18 participants in the roll tilt training group (transfer condition),
and for 17 in inter-aural training group. Figure 2A,C show the estimated

Fig. 1 | Design and experimental equipment.
A Visualization of the training and assessment
process. Assessments of vestibular perceptual
threshold (VPT) measurements, posturography,
and gait analysis were conducted on day 1, day 5, and
day 10. At all other days, participants performed a
1 h training session. B Motion platform used for
assessment of vestibular perceptual thresholds and
training during seven sessions. C Participant
standing on force plate (eyes closed, on foam).
D Participant walking across the sensor carpet
(GAITRite®). The pictograms in (B–D) are pub-
lished on Zenodo68.
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psychometric functions with the corresponding threshold values in Fig. 2B,
D before and after training. All included participants were able to perform
the perceptual task. There is no evidence for a response bias in any of the
conditions (all 50% QIs contain 0).

The impact of training is shown in Fig. 3. After completion of seven
sessions, inter-aural vestibular thresholds decreased with inter-aural dis-
crimination training (pre/post =−1.74 cm/s, 95% QI [−3.29;−0.58]), and
roll tilt thresholds decreased with roll tilt discrimination training (pre/
post =−0.2 °/s, 95%QI [−0.41; 0.0]; Fig. 3: B). Hence, vestibular perceptual
learning was successful.

After only three sessions (day 5), however, there was no reduction in
thresholds (roll tilt pre/mid =−0.05 °/s, 95% QI [−0.25; 0.13]; inter-aural
pre/mid = −0.97 cm/s, 95% QI [−2.55; 0.31]; Fig. 3: A). Thus, vestibular
perceptual learning did not lead to noticeable changes in perceptual
thresholds after three sessions. Only after seven sessions of training were we
able to measure substantial changes in thresholds; Fig. 3: B)

Moreover, after completion of the seven training sessions, there was no
substantial transfer from inter-aural discrimination training to roll tilt per-
ception thresholds (pre/post =−0.05 °/s, 95% QI [−0.25; 0.13]), and, like-
wise, no transfer was found from roll tilt perception training to inter-aural
translation thresholds (pre/post =−1.04 cm/s, 95% QI [−2.41; 0.12]). This
suggests that vestibular perceptual learning is specific to the trained task.

Posturography and gait analysis
Posturographic and gait measurements were considered for all participants
who completed the perception training. Posturographic measurements
from one participant were excluded due to obvious measurement error.

To quantify a participant’s quiet standing balance, the trajectory of the
center of pressure (COP) over time was analyzed42. The perceptual roll tilt
training reduced the distance traveled by the COP (pre/post =−40.73 cm,
95%QI [−66.74;−15.13]; Fig. 4A) during the 30 smeasurement interval in
the difficult condition where the participants stood on foam with the eyes
closed and gaze to the front. Training inter-aural translation discrimination
did not change the length of the COP trajectory.

Six gait parameters were measured (see Supplementary Table 3.1 for
complete list) during six walking conditions: walking self-paced, slower or
faster walking while looking forward and walking self-paced with the head
reclined. Overall, gait was influenced by inter-aural training, but not by roll
tilt training. Most affected was stride velocity with increased velocity in the
slow (pre/post = 15.44 cm/s, 95%QI [8.49; 22.41]; Fig. 4 B), and head back
(pre/post = 7.18 cm/s, 95%QI [0.39; 14.05]; Fig. 4 B) conditions, suggesting
an effect of interaural training on walking speed. In the fast (pre/post =
−8.09 cm/s, 95% QI [−14.98; −1.33]; Fig. 4B) condition, however, a
decreased velocity was found. Stride length (pre/post = 10.35 cm, 95% QI
[5.83; 14.92]; Fig. 4C), stride time (pre/post =−0.18 s, 95% QI [−0.23;

Fig. 2 | Pre post performance comparison.
A Psychometric functions pre (green) and post
(orange) training for the inter-aural translation
group. B Individual (grey) pre and post thresholds
for the inter-aural translation training group.
Population-level thresholds are shown in color.
C Psychometric functions pre (green) and post
(orange) training for the roll tilt group.D Individual
(grey) pre and post thresholds for the roll tilt
training group. Population-level thresholds are
shown in color. The motion profile pictograms were
created using a 3D head model published on
Zenodo69?.
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−0.13]; Fig. 4D) and swing-% (pre/post =−1.63%, 95% QI [0.93; 2.34];
Fig. 4E) were changed only in the slow condition, with longer strides, a
shorter stride time and a greater proportion of the gait cycle spent in the
swing phase. From the increased proportion of the gait cycle spent in the
swing phase follows a reduced proportion spent in the double support phase
(not shown in Fig. 4, see Supplementary Table 3.2). Stride width was not
influenced by either of the two training conditions.

Discussion
This study providesfirst evidenceof vestibular perceptual learning in people
above the age of 70 years. In line with our hypothesis, vestibular perceptual
thresholds decreased in the roll tilt training group.Unexpectably, thresholds
also improved in the inter-aural group. In fact, vestibular perceptual training
led to a substantial improvement of perceptual thresholds by 33.7% for the
inter-aural translation and by 21.3% for the roll tilt training group. This is in
the same order of magnitude as the improvement reported by Klaus et al.21

for roll tilt at 0.2 Hz, thus exceeding other approaches like noisy galvanic
vestibular stimulation, which led to a reduction of vestibular thresholds by
14% [roll tilt at 0.5 Hz, ref. 43].

The training also reduced postural sway, which is in line with previous
findings showing improvements in a young cohort (20–32 years) using the
same frequency of stimulus motion (0.5 Hz) for vestibular perceptual
learning22,31. A participant in our study reported after the training that s/he
was able tomore easily put on their socks while standing on one foot.While
this is just an anecdote, it is exactly the type of improvement that we are
trying to achieve in real life (even thoughwe do not recommend this type of
behavior for adults older than 70). Improved vestibular perception enables
to efficiently counteract slight body sway, which could ultimately result
in a fall.

Postural improvements were found with eyes-closed, and standing on
foam. This is the condition, which reliesmost on vestibular signals, as vision
is blocked and proprioception is disturbed by unstable stance. All other
conditions allow for strong contributions of non-vestibular signals, and
posturographymeasures were not altered by vestibular perceptual learning.

Our study is among the first investigating the relationship between
vestibular perceptual thresholds and gait parameters. The analysis of the
walking conditions (slow, normal, normal with head tilted back, and fast)
showed relevant changes in the slow-walking condition,with four improved
parameters (stride velocity, stride length, stride time, swing-%). Overall,
participants took larger steps and walked faster, which might be due to
increased confidence in their balance capabilities while walking. This
resulted in a more dynamic gait pattern after inter-aural training. In addi-
tion to this, we found increased stride velocity in the head-back condition
and a reduced stride velocity in the fast-walking condition. This is consistent
with the pattern observed in patients with visual, proprioceptive and ves-
tibular deficits, where the strongest increase in gait variability is observed

during slowwalking andnormalizes during fastwalking44. Interestingly, gait
parameters only changed in the inter-aural training group, but parameters
were shifted in the same directions in the roll tilt training group.

The pre-/post-training assessments indicated that participants
increased theirwalking speed after the training (longer stride length, shorter
stride time, increased swing phase and stride velocity). Cautious gait
(shorter stride length, decreased swing phase and increased stride width) is
typically known in older adults with frontal gait disorder45 and patients with
severe bilateral vestibulopathy44. While there were changes in both training
groups,we canonly claimwith ahighdegree of certainty an improvement of
gait parameters for the inter-aural training group. This group primarily
trained the perception of signals generated by the otolith organs. So far,
studies investigating the relation between vestibular function and gait
parameters attribute gait stability to canal rather than otolith function46,47. It
has to be pointed out, however, that vestibular evoked myogenic potentials
(VEMPs), the method commonly used for assessing otolith function is
influenced by a variety of factors such as muscle activity and electrode
placement, and VEMPs show a large interpersonal variability48. Therefore,
the absence of changes in otolith function inprevious studies could bedue to
the method used. The advantage of perceptual thresholds is their direct
relation to individual perceptual performance, which is not the case for
reflexive responses like VEMPs. Using perceptual thresholds also provides
the possibility to selectively target a certain axis of motion along which the
discrimination deviates from the norm values.

More research on vestibular thresholds in older adults is needed. There
are no vestibular threshold data available for older adults at the frequency
used in this study [0.5 Hz; see review: ref. 9]. Bermúdez Rey et al.8 reported
the best comparable inter-aural vestibular threshold for older adults (age
range: 60–80 years) of 1.15 cm/s at 1 Hz. The same study reported roll tilt
thresholds in the same participants as 0.67 and 1.74 deg/s at 0.2 and 1.0 Hz,
respectively. Since vestibular thresholds change as a function of
frequency9,49, a direct comparison of these values to our thresholds is not
possible. Inter-aural thresholds in older adults before training (5.14 and
4.69 cm/s) were increased by about a factor of 2 compared to the threshold
(2.3 cm/s) of a younger cohort [mean age: 36.8 years; ref. 9]. In line with
Bermúdez Rey et al.8, this suggests that sensitivity to translations, sensed
mainly by the otolith organs, is more impacted by age related decline than
rotations, which are detected by the semicircular canals. The average pre-
training threshold for roll tilt was 0.94°/s respectively 0.81°/s which is, as
expected, a slight increase compared to the median of 0.7°/s reported for a
younger population (mean age: 27.8 years). This is in line with some clinical
assessments of age effects on the peripheral vestibular organ, which show an
earlier onset of decline for the otolith organs compared to the canal
function6. Others argued that central compensation processes make up for
sensorydecline of the semicircular canals50.However, systematic assessment
of vestibular function of all five subcomponents of the vestibular organ

Fig. 3 | Posterior distribution of threshold differ-
ences for both motion profiles in the trained
condition. Quantile intervals not containing zero
are colored black, while those containing zero are
colored grey. A Differences after three training ses-
sions. B Differences after the full training (seven
sessions). For posterior distribution of threshold
differences for bothmotion profiles in the untrained
condition see Supplementary Fig. 1.
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showed inconsistent results. While one study found a higher prevalence of
canal rather thanotolithdysfunction inpeople of 70 years or older51, another
study reported stronger age effects (decline) for the otolith organs52. It is
important to note that clinical tests use reflex-basedmetrics like the VOR to
assess vestibular function, while vestibular perceptual thresholds also reflect
cognitive processes, as they require decision-making, which might explain
different findings between reflex- and perception-based methods.

In fact, we found in a previous study21, just like in this study, an
improvement in roll tilt perception via vestibular perceptual learning in
young participants. Contrary to our expectations we also found an
improvement in inter-aural translation perception due to perceptual
learning. In young participants, the age-related decline in inter-aural
translation perception did not yet occur, so that no compensation by ves-
tibular perceptual learning could take place. In addition to this, the training
protocols differed. In the current study, participants performed a total of
seven training sessions, each lasting about 60min, during which they were
exposed to a total of 2800 motion stimuli with 0.5 Hz frequency. In the
earlier study by Klaus et al.21, the training consisted of six sessions of about
90min and a total of 1800 trialswith 0.2 Hzmotions. The comparison of the
two studies yields important information about the training regime31. Klaus
et al.21 trained participants for 540min, compared to the 420min in this
study, but did not observe improvements in all movement conditions, and
weargue that thenumberof trials should bepreferred over trainingduration
in future studies. A shortermotionduration (e.g. 0.5 Hz in this study) allows
for a substantially higher number of stimuli per session and is probably
suitable for fall prevention, given that transfer effects from 0.5 Hz profiles to
lower frequencies have been demonstrated for the same motion axis31.

Contrary to a previous study22, reporting training effects already after
1300 trials performed over a 5-day period, we could not detect an
improvement in thresholds for older adults at the intermediate assessment

which was performed after 1200 trials. This discrepancy is likely due to
different age groups; older adults might need a more intense training for
perceptual improvement, which can be caused by reduced brain plasticity53.
It is alsopossible that declining attentional capacities can impair the learning
gain, as shown in visual perceptual learning54.

The practicability of vestibular perceptual training for fall prevention
depends on precise knowledge about the required training regime. At this
point in time, the evidence provided by this study is promising because not
onlydowe see lower thresholds fordetecting thedirectionofmotion stimuli,
but it also leads to an improvement in posture and gait. In future studies,
however, it will be important to compare the perceptual training to standard
interventions, and to assess the frequency of falls in real life.More research is
also needed to fine tune the training regime, to determine how much
training is necessary to preserve the training efffects for longer than 24 h,
and to eventually implement the training for patients (e.g., vestibular
hypofunction, stroke rehabilitation).

Unlike other countermeasures to prevent falls, vestibular perceptual
learning is targeting selectively the sensory processing level. A correlation of
perceptual sensitivity with posture has been shown in previous studies31,32,34,
but the underlying mechanism is still unknown.We assume that improved
vestibular sensitivity allows for faster evidence accumulation. This will help
to prevent a fall at the earliest stage by precisely detecting slight displace-
ments of the body earlier. This leads to faster and more accurate planning
and coordination of the motor execution of countermeasures and thus
allowing for an earlier interception of a potential fall, before its trajectory
unfolds.

Vestibular perceptual learning has the advantage for targeted inter-
ventions. The increase in sensitivity is expected for the trained motion
direction, since transfer effects are rather limited21,55,56. The available studies
on vestibular perceptual learning point towards lacking or small transfer

Fig. 4 | Difference in posture and gait parameters.
Quantile intervals not containing zero are colored
black, while those containing zero are colored grey.
A Change in path length of the center of pressure
with participants standing on foam, eyes closed (see.
Fig. 1 C). B–E Change in gait parameters.
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acrossmotion types (translations, rotations) andplanes (roll, pitch, yaw) but
transfer effects between motion frequencies in close vicinity (e.g., from
0.2 Hz to 0.5 HZ) have been reported22. Vestibular perceptual learning does
not replace existing and recommended activities such as gait, balance and
functional training, andTaiChi15, but it rather complements thembecause it
targets specifically the perceptual discrimination abilities at the individual
threshold, which is hard to achieve with any othermethod.Moreover, it can
be used in older adults who are lacking themotivation for sports like TaiChi
or for persons with a reduced mobility range. Concrete implementations of
targeted vestibular interventions therefore needmore careful consideration
of fall prevention and balance training programs.

No data is available on the persistence of performance improvements
due tovestibular perceptual learning, but a studyon subliminal conditioning
of vestibular perception reported that the initial positive effects lasted for less
than20min57.However,we conducted thefinal assessmentoneday after the
last training, and it is therefore safe to claim, that the positive training effects
last at least for 24 h. Longer lasting effects have been reported in visual
perceptual learning, where the retention of performance improvements can
last up to 18 months58.

In this study, we demonstrated that vestibular perceptual training can
be used to lower perceptual thresholds, while improving posture and gait
parameters. We argue that improved training protocols can provide a
unique andnovel intervention for fall prevention.Measuring thresholds can
help to identify particularly vulnerable individuals, which can be targeted by
an individualized vestibular perceptual training. Thereby, vestibular per-
ceptual training can help to reduce fall related health costs.

Methods
Participants
Forty community-dwelling adults aged 70–88 years old (13 female) without
impaired mobility participated in this study. This convenience sample was
recruited through newspaper advertisements, in senior university or various
local senior groups. Participantswith a history of neurological or psychiatric
condition, with an ear or vestibular disorder, with a balance disorder, with
balance-related medication or with a severe cold were excluded from par-
ticipation. Participation was compensated with 200 CHF. All participants
gave informed consent prior to the study. The study was carried out in
accordance with the Declaration of Helsinki and ethical approval was
obtained from the Ethics Committee of the Human Sciences Faculty of the
University of Bern (2020-04-00004).

Vestibular stimulation
A six degrees of freedommotion platform (6DOF2000E, MOOG Inc., East
Aurora, NY, USA) was used for the vestibular perceptual training as well as
for estimating the vestibular perceptual thresholds. While on the platform,
participants were blindfolded and seated on a padded chair (5-point har-
ness). The head was firmly secured to the motion platform and white noise
was presented via noise-cancelling headphones (Sony WH-1000XM3,
Japan) to mask the sound generated by the motion platform. The partici-
pants’ responses were recorded by means of button presses on a game
controller (Logitech G F310, Switzerland). The motion platform was con-
trolled by PlatformCommander59 an open source software for interfacing
motion platforms. Roll tilt consisting of a combination of linear acceleration
and angular acceleration in the roll plane (rotation axis at the level of the
participant’s hips), and inter-aural translation consisting of acceleration
along the inter-aural axis were used. All motion stimuli consisted of single
cycles of sinusoidal acceleration with a frequency of 0.5 Hz. The peak
velocities were predefined based on a pilot study (see 4).

Posturography
The posturography measurement was performed in upright stance on a
force plate (Type 9286BA; Kistler, Winterthur, Switzerland) with hanging
arms under six conditions. The gaze was either directed straight ahead or
towards the ceiling, with eyes open or closed. The same test with gaze
straight-ahead was performed while standing on foam rubber (AIREX

Balance-pad Elite, Switzerland), eyes closed and eyes open. Balance had to
bemaintained for 30 s per stance condition. Path length andmean distance
of the center of pressure (Cop) from the center of the trajectory were
extracted from the force plate data. These calculations were performed
according to Quijoux et al.42 implemented in Julia (https://gitlab.com/dr_e/
forceplate).

Gait analysis
Participants’ gait was recorded under four conditions using a pressure-
sensitive carpet (GAITRite®, CIR System, Sparta, NJ, USA). In each con-
dition, the walk started 1.5m in front of the carpet and stopped 1.5 m after
the carpet’s end. The carpetwas crossed twice at a self-selectedpace,with the
gaze directed forward or toward the ceiling. Crossings at slower and faster
than self-selected pace were performed once facing forward. Stride length,
stride time, stride velocity, stridewidth, the percentage of the gait cycle spent
in the swing phase, and the percentage of the gait cycle spent in the total
double support phase were calculated by the PKMAS ProtoKinetics
Movement Analysis Software (version 5.08C2i4).

Procedure
Each participant spent 3 performance assessment days, and 7 training days
in the lab. No appointmentswere scheduled over theweekend (betweenday
5 and 6 in Fig. 1D).

Performance assessment. Vestibular perceptual thresholds, posturo-
graphy parameters, and gait parameters were measured before (pre; day
1), during (mid; day 8), and after completion (post; day 10) of the training
program (see fig 1D). Roll tilt and inter-aural translation thresholds were
measured in all participants using the method of constant stimuli. The
predefined peak velocities for inter-aural translations were 1.0 cm/s,
4.4 cm/s, 7.8 cm/s, 11.2 cm/s, 14.6 cm/s, 18.0 cm/s, 21.4 cm/s and 0.5 °/s,
1.75 °/s, 3.0 °/s, 4.25 °/s, 5.5 °/s, 6.75 °/s, 8.0 °/s for roll tilts. All stimulus
intensities were presented in random order with 20 repetitions each.
Before each threshold measurement block, the participants were able to
(re)accustom themselves with the task in a practice block with supra-
threshold stimuli.

Vestibular perceptual training. All participant were assigned to one of
two training conditions alternating according to recruiting order. The
conditions differed exclusively in the trained stimulus type: roll tilt or
inter-aural translation. Roll tilts involve the otoliths and semicircular
canals, while the inter-aural translation involves exclusively the otoliths
because of the absence of any rotatory component. Training consisted of
a two alternative one-interval forced choice discrimination task. This
means, participants were instructed to report the perceived direction (left
or right) of a self-motion stimulus. For visual perceptual learning, it has
been shown that task difficulty influences learning in older individuals60.
Therefore, the intensity of the training stimulus wasmaintained at a level
at which participants responded 65% correct. Based on the first threshold
measurement, peak velocity was adjusted to keep the participants’ dis-
crimination performancewithin ± 10% from65% correct, bymonitoring
the rolling mean over the last 60 trials. Each training session consisted of
400 trials and lasted approximately 60 min. Auditory feedback on the
correctness of the response was provided at the end of each trial.

Data analysis
The psychometric function relates an observers’ performance to stimulus
intensity (peak velocity) and has two free parameters40. These two para-
meters are the bias and threshold. The bias is the stimulus intensity that
yields the percentage correct midway between the lower and upper bounds
of the psychometric function. The threshold refers to the width of the
function’s transition (slope)41. Perceptual sensitivity is reflected in the slope
of the psychometric function. For parameter estimation, the psychometric
function can be formulated as a type of generalized linear model (GLM).
This regression-like approachpermits the inclusionof categorical predictors
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(e.g. time: pre, mid, post) in the basic statistical model in order to estimate
the psychometric functions of different conditions simultaneously61,62. A
Bayesian Hierarchical Generalized Linear Model with a logit link function
wasused to analyze the responses from the thresholdmeasurement sessions.
The probability of a rightward responsewas predicted by the stimulus (peak
velocity; positive = rightward), the time (pre, mid, post) and the training
status (trained Roll, trained I-A). Cell means coding was used for the
categorical predictors ‘time‘ and ‘trained`. This model was fit to the ves-
tibular data from all participants simultaneously. By using a hierarchical
GLM,we account for the fact that the data is based onmanyparticipants62,63.
Random effects were estimated for the within-subject variables (stimulus,
time). Varying effects were estimated for the within-subject variables (sti-
mulus, time). The vestibular bias and thresholds were calculated based on
the regression coefficients (bias =− b0/b1, threshold = 1/b1). Therefore, the
results are in the same units as the motion stimuli. Perceptual learning is
defined as a decreased threshold (increased slope of the psychometric
function) after training. The posterior distributions for the threshold
comparisons between themeasurement times resulted from computing the
difference of the respective posterior samples. For the posturography and
gait parameters, the pre/post difference for each parameterwas predicted by
condition. Cell means coding was used for the categorical predictors ‘time‘
and ‘axis trained`. To evaluate these differences, the 95% credibility interval
(95%CrI) of theposterior distributionwasused.When the entire 95%CrIof
a comparison was below 0, it was interpreted as strong evidence for per-
ceptual learning64,65. Bayesian inference was performed using brms and
cmdstanr66,67. Weakly informative priors were used for model estimation.
For the population-level intercepts a normal prior (mean = 0, SD = 1) and
for population-level slopes a student-t distribution (df = 3,mean= 0, spread
= 5) was used. Default priors provided by brms were used for all other
parameters. We obtained parameter estimates by sampling four indepen-
dentMarkovChains (MCMC) of 1000warm-up samples and 1000 samples
from the posterior distribution. The chains were visually checked and R-hat
statistics were calculated to ensure that the samples from the chains con-
verged to the same posterior distribution.

This study was preregistered on the Open Science Framework (OSF:
https://osf.io/3tahv/). The data is available on the same repository. In the
analysis, we had to deviate from the registered statistical model. We were
unable to recover theparametersof the registeredmodel and thereforeopted
for the model described above.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Vestibular response data, posturography, and gait data is available on OSF.

Code availability
R code to reproduce the statistical analyses, plots, and tables are available
on OSF.
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