Experimental Brain Research (2024) 242:385-402
https://doi.org/10.1007/500221-023-06754-y

RESEARCH ARTICLE q

Check for
updates

Vestibular contributions to linear motion perception

Megan J. Kobel'® . Andrew R. Wagner' - Daniel M. Merfeld' %34

Received: 8 June 2023 / Accepted: 23 November 2023 / Published online: 22 December 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Vestibular contributions to linear motion (i.e., translation) perception mediated by the otoliths have yet to be fully charac-
terized. To quantify the maximal extent that non-vestibular cues can contribute to translation perception, we assessed ves-
tibular perceptual thresholds in two patients with complete bilateral vestibular ablation to compare to our data in 12 young
(<40 years), healthy controls. Vestibular thresholds were assessed for naso-occipital (“x-translation”), inter-aural (‘“y-trans-
lation™), and superior-inferior (“z-translation”) translations in three body orientations (upright, supine, side-lying). Overall,
in our patients with bilateral complete vestibular loss, thresholds were elevated ~2—-45 times relative to healthy controls.
No systematic differences in vestibular perceptual thresholds were noted between motions that differed only with respect to
their orientation relative to the head (i.e., otoliths) in patients with bilateral vestibular loss. In addition, bilateral loss patients
tended to show a larger impairment in the perception of earth-vertical translations (i.e., motion parallel to gravity) relative
to earth-horizontal translations, which suggests increased contribution of the vestibular system for earth-vertical motions.
However, differences were also noted between the two patients. Finally, with the exception of side-lying x-translations, no
consistent effects of body orientation in our bilateral loss patients were seen independent from those resulting from changes
in the plane of translation relative to gravity. Overall, our data confirm predominant vestibular contributions to whole-body
direction-recognition translation tasks and provide fundamental insights into vestibular contributions to translation motion
perception.
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Introduction et al. 2016; Priesol et al. 2014; Van Stiphout et al. 2021) and
central vestibular disorders (King et al. 2019; Lewis et al.

Vestibular perceptual thresholds, quantified using whole- ~ 2011a, b), thus, have been proposed to have potential future

body direction-recognition tasks, represent the smallest
magnitude of passive self-motion which can be reliably
perceived (Merfeld 2011). Vestibular perceptual thresholds
are sensitive to peripheral (Agrawal et al. 2013; Bremova
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clinical applications. However, widespread implementation
of vestibular thresholds is contingent upon the ability for
thresholds to specifically target vestibular function (Kobel
et al. 2021b). Previous research efforts have focused on
quantifying the maximal extent that non-vestibular afferent
cues (e.g., tactile, somatosensory, somatograviception) can
contribute to vestibular thresholds through assessing these
passive self-motion direction-recognition tasks in patients
with complete bilateral surgical ablation of vestibular func-
tion. These earlier efforts identified predominant vestibu-
lar contributions to self-motion perceptual thresholds, as
thresholds were elevated by ~ 1.5-85 times in the complete
absence of peripheral vestibular input (Kobel et al. 2023;
Valko et al. 2012). These measures are therefore referred to
as “vestibular thresholds” due to the predominant vestibular
sensory contributions, despite potential non-vestibular sen-
sory contributions. However, past studies have focused on
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quantifying the impact of stimulus frequency (i.e., duration
of motion stimuli (Valko et al. 2012)) or comprehensively
assessing rotation and tilt motion perception (Kobel et al.
2023) and potential factors influencing perception of linear
motion remain incompletely characterized.

For linear motions sensed by the otoliths (i.e., the utri-
cle and saccule), perceptual sensitivity has been reported
to be influenced by multiple experimental characteristics
including (1) motion relative to the head/otoliths, (2) motion
relative to gravity (i.e., earth-vertical vs. earth-horizontal),
and (3) body orientation (e.g., upright, supine, side-lying)
(Agrawal et al. 2013; Benson et al. 1986; Kobel et al. 2021a;
MacNeilage et al. 2010). Yet, the only prior quantification
of vestibular contributions to translation perception in the
absence of vestibular function focused only on the assess-
ment of the impact of stimulus frequency for inter-aural
y-axis translations (“y-translations”) and superior—inferior
z-axis translations (“z-translations”) while in an upright
body orientation (Valko et al. 2012). Thus, insight into the
maximal extent to which non-vestibular influences may play
arole in these factors proposed to influence translation per-
ception are limited.

Our past study (Kobel et al. 2021a) in young (<40 years
of age), healthy adults quantified the impact of these three
factors proposed to influence perceptual sensitivity of trans-
lations. We assessed y-translations, naso-occipital x-axis
translations (“x-translations”), and z-translations in three
body orientations (upright, supine, and side-lying). Overall,
when assessing the impact of motion relative to the head/
otoliths, we identified that thresholds for x-translations and
y-translations, with predominant utricular contributions,
were lower than z-translation thresholds, with predominant
saccular contributions (Kobel et al. 2021a) in line with past
results (Agrawal et al. 2013; Benson et al. 1986; Bremova
et al. 2016; Kingma 2005). These results have been inter-
preted to suggest that perceptual assays may capture aspects
of peripheral sensitivity (Agrawal et al. 2013; Karmali
et al. 2017; Kobel et al. 2021a) as afferent recordings show
enhanced sensitivity of the utricle relative to the saccule
(Fernandez and Goldberg 1976). However, if differences
in motion perception sensitivity on the basis of a motion
relative to head (i.e., motions with predominant sensory
contributions from the utricle or saccule) are impacted by
peripheral afferent input have yet to be assessed. By meas-
uring thresholds for multiple motions relative to the head/
otoliths, this allows quantification of the maximal extent
that non-vestibular (e.g., tactile, somatic graviception) cues
can contribute to differences in perceptual sensitivity on the
basis of changes in axis of motion.

In addition, in healthy young adults, we identified that
thresholds for earth-vertical (i.e., parallel to gravity) motions
were approximately 2x higher than thresholds for earth-
horizontal (i.e., perpendicular to gravity) motions (Kobel
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et al. 2021a) in seeming contrast to past results (MacNeilage
et al. 2010). This impact of motion relative to gravity when
assessed while upright, supine, and side-lying was only seen
for motions with predominant utricular contributions (i.e.,
y-translations, x-translations) and not those with predomi-
nant saccular contributions (i.e., z-translations) yielding two
earth-horizontal and two earth-vertical motions for each axis
of motion relative to the head (Fig. 1; Kobel et al. 2021a).
MacNeilage et al., (2010) did not identify a main impact of
gravity for an experimental paradigm which only included
y-translation and z-translation stimuli while upright and side-
lying, yielding one earth-vertical and one earth-horizontal
motion per axis of translation. As such, inclusion of multiple
earth-horizontal conditions allowed identification of a main
effect of motion relative to gravity. In addition, a previous
study of thresholds in patients with complete bilateral vestib-
ular loss revealed earth-vertical z-translation thresholds were
~8-50 times elevated relative to healthy control data while
earth-horizontal y-translations thresholds were only ~ 1.5—4
times higher (Valko et al. 2012). Together, these studies sug-
gest that the previously observed effect of motion relative
to gravity on vestibular thresholds may be mediated by the
otoliths given their role in the encoding of gravity and lin-
ear acceleration (i.e., translation) (Fernandez and Goldberg
1976). However, this prior study of patients with vestibular
loss only included upright thresholds and two different axes
of translation relative to the head. Thus, whether this impact
of motion relative to gravity is truly vestibular in origin and
if a differential effect of gravity is seen on the basis of end-
organ stimulation has yet to be determined.

Past research has suggested that assessing perceptual
measures in non-upright body orientations (e.g., supine)
leads to global decreases in perceptual sensitivity (Hum-
mel et al. 2016; MacNeilage et al. 2010) due to meas-
uring perception in a position where daily motion is not
routinely experienced. Our previous results from healthy
young asymptomatic participants, however, suggest that
for linear motion, these body orientation effects at least
were partially driven by orientation relative to gravity.
We identified that z-translations across all body orienta-
tions (e.g., upright, supine, side-lying) were equivalent and
earth-horizontal y-translation and x-translation thresholds
were equivalent, regardless of body orientation (Kobel
et al. 2021a). These results suggest that changes in body
orientation from upright (e.g., supine, side-lying) do not
necessarily lead to systematic increases in threshold (i.e.,
decreased perceptual sensitivity), and rather that previous
identified changes may reflect changes in orientation to
gravity and/or changes in availability of useful non-ves-
tibular cues for motion perception (e.g., tactile). Assess-
ment of perceptual thresholds in the absence of otolith
function decouples the effects of orientation relative to
gravity from the effect of motion relative to the otoliths.
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Fig.1 A Graphical depiction of our experimental paradigm. Axes
(x-axis, y-axis, z-axis) refer to direction of translation in head coordi-
nates, which is depicted by arrows. Conditions that are earth-vertical
(i.e., motions are parallel to gravity) are highlighted by blue boxes.
All other translations are earth-horizontal (i.e., translations are per-
pendicular to gravity). B Example threshold tests for a healthy con-
trol and Patient B for an upright z-translation motion for 2 Hz stimuli.
Red dots represent the subject’s binary response with O indicating

Thus, this allows insight into the impact of body orienta-
tion independent of changes modulated on the basis of
motion relative to the head and motion relative to gravity.
Thus, to unravel the relative contributions of the non-
vestibular factors impacting translation motion perception,
this project compared a comprehensive set of vestibular
perceptual thresholds between patients with a complete
absence of vestibular function and a cohort of healthy
controls. Translation thresholds were measured at multi-
ple frequencies, and with the head and body positioned to
allow motion trajectories that altered the orientation of the
motion relative to the head and relative to gravity. As ori-
entation relative to gravity is defined on the basis of both
motion relative to the head and body orientation, these
influences cannot be definitively disambiguated within the
confines of gravity on earth. However, through assessing
in the absence of peripheral vestibular function, we aimed
to determine the maximal extent that sensory cues that
were not peripheral vestibular afferent cues can influence
factors that contribute to linear motion sensitivity.

perceived downward and 1 perceived upward motion. The solid blue
line corresponds to the estimated psychometric curve using a maxi-
mum likelihood estimate via a bias-reduced generalized linear model
and a probit link function. The standard deviation (o) of this cumu-
lative Gaussian distribution corresponds to the reported threshold,
which is the stimulus level which corresponds to 84.1% of responses
correct. The mean of the fitted curve (u) corresponds to the bias

Methods
Participants

Two participants with neuro-fibromatosis type II (NF-2)
and complete bilateral surgical ablation of the labyrinths
were enrolled to complete vestibular perceptual thresh-
old assessments. In order to ensure complete bilateral
vestibular ablation, we recruited patients who had both
undergone bilateral trans-cochlear nerve sections with
labyrinthectomies to remove vestibular schwannomas
bilaterally. Our past research suggests that patients iden-
tified with severe bilateral vestibular hypofunction of the
horizontal semicircular canals on the basis of traditional
clinical testing (i.e., calorics, rotational testing) did not
exhibit consistent loss of function across all end-organs.
While these patient exhibited elevated yaw rotation
thresholds, consistent with horizontal canal dysfunction,
z-translation and roll tilt thresholds were equivalent to
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healthy control data, suggesting otolith and vertical canal
peripheral function was at least partially intact (Priesol
et al. 2014). As well, others have reported that in patients
identified with bilateral loss, clinical measures of otolith
function (i.e., vestibular evoked myogenic potentials) do
not reveal consistent abnormalities which are associated
to vestibular perceptual thresholds (Agrawal et al. 2013),
suggesting that clinical testing is insufficient to confirm
absence of vestibular function. By only enrolling patients
who underwent bilateral trans-cochlear nerve sections
with labyrinthectomies, we could ensure surgical confir-
mation of complete bilateral vestibular deafferentation
to determine the maximal extent to which non-vestibular
cues contributed to motion perception.

Both participants enrolled were included in an earlier
study (Valko et al. 2012) that focused on determining
the vestibular contributions to whole-body direction-
recognition tasks when measured across a broad range of
frequencies. However, we were unable to identify addi-
tional patients meeting this strict criteria (i.e., bilateral
trans-cochlear nerve sections) who were willing to par-
ticipate in our research efforts despite substantial efforts
to enroll additional participants through local and nation-
wide searches over a span of several years. Patient A is a
34-year-old female who underwent right- and left-sided
labyrinthectomies at age 9 and 18, respectively. She cur-
rently competes in marathons and triathlons. Patient B
is a 37-year-old male who had a right-sided labyrinthec-
tomy at age 5 and a left-sided labyrinthectomy at age
20. He reports difficulty perceiving motion when flying.
However, he is a frequent traveler, and denies difficulty
with his balance on a daily basis and is able to indepen-
dently ride a bicycle. Both Patient A and Patient B have
profound hearing loss when unaided. Both are current
auditory brainstem implant (ABI) users and retain open
set verbal communication with the use of the ABI. For the
earlier initial study, both patients underwent neurological
exams and no other substantial sensory abnormalities out-
side of hearing and vestibular function were reported. As
well, assessment of pressure sensation on the trunk and
buttocks using Semmes—Weinstein monofilaments was
completed at the time of the initial evaluation. Despite
the presence of spinal tumors in both patients, pressure
thresholds were comparable between patients and normal
control subjects (Valko et al. 2012).

Translation thresholds were also measured in 12 young
healthy adults (6F/6M; 26.57 +4.01 years); these data
were previously published (Kobel et al. 2021a). All con-
trol participants denied a history of vestibular disorders,
neurological disorders, major health conditions (e.g., can-
cer), or recent orthopedic injury.
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Motion stimuli and psychophysical threshold tests

In head coordinates, translation perception was assessed
using naso-occipital x-axis translations (“x-translations”),
inter-aural y-axis translations (“y-translations”), and supe-
rior-inferior z-axis translations (“z-translations”). Each
translation was provided while the padded chair affixed to
the motion device was positioned upright, supine, and on-
side (Figs. 1 and 2) using both 1 Hz and 2 Hz stimuli (i.e.,
motions lasting 1 s and 0.5 s, respectively). Past evidence
suggests that lower frequency stimuli maximize vestibular
contributions (Valko et al. 2012). However, 1 and 2 Hz stim-
uli were included to assess potential frequency effects and to
ensure that the bilateral loss patients could complete testing
at the displacement limits of our equipment for at least one
frequency for each motion condition. Order of testing was
randomized to the extent possible across body orientations
for x-translations, y-translations, and z-translations. Thresh-
olds for 1 Hz were always collected prior to 2 Hz motion
stimuli.

Motion paradigms and psychophysical procedures
employed have been previously published in detail (e.g.,
Chaudhuri et al. 2013; Grabherr et al. 2008; Karmali et al.
2016). Vestibular thresholds were assessed using a standard
one-interval forced-choice direction recognition task (e.g.,
“did I move right or left?””). Subjects were instructed to
attend to motion in a single dimension for each set of trials
(e.g., did they move left/right, front/back, head/toes) and to
respond after motion offset which direction of motion they
perceived. When subjects were unsure, they were encour-
aged to make their best guess. Responses were reported
using buttons held in each hand. Patient B exhibited weak-
ness in his right-hand, thus, for some test sessions performed
in the right side-lying orientation (i.e., while lying on his
right arm), he provided verbal answers that were entered by
the experimenters.

Participants were seated in a padded chair on top of a
MOOG six degree of freedom platform (6DOF2003E; East
Aurora, New York) with the head secured in a helmet which
was mounted to the platform. Custom written software was
used to control the motion platform and implement the
staircase procedure. To minimize non-vestibular contribu-
tions to motion perception, the test room was light-tight
to remove visual cues and directional auditory cues were
masked with~60 dB sound pressure level (SPL) of white
noise during motion trajectories. Both bilateral loss patients
use an ABI for communication, thus this white noise stimu-
lus was provided via Bluetooth connectivity to provide a
cue for motion stimulus. Motion stimuli were single cycles
of sinusoidal acceleration [a(f) =A sin(2zft)] in which A is
the acceleration amplitude and f is the motion frequency.
This yields a bell-shaped velocity trajectory (Benson et al.
1989; Grabherr et al. 2008) in which peak acceleration (A),
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Fig.2 Depiction of our experimental set-up. Participants completed »
testing while upright (A), supine (B), and side-lying (C). Order of
testing in each position was counter-balanced across healthy control
participants

peak velocity (v,), and total displacement are proportional
(vp=Alnf=2fAp or Ap=2fv, =A/2zf). The platform did not
return to its starting position after each test motion; after
each motion trajectory, at least a 3 s pause was provided to
reduce potential motion after effects (Crane 2012a, b).

All 1 Hz and 2 Hz threshold tests had an initial velocity
of 0.16 m/s for the first trial. These starting stimuli were
chosen to be supra-threshold for most motion conditions,
including for the bilateral loss patients. Practice trials in the
light and dark were provided until the participants reported
comfort with the task. Practice was performed in the light to
ensure that the motion was supra-threshold for our bilateral
loss participants and to help diminish the potential impact of
fatigue by providing room light every ~ 10—12 min.

To optimize efficiency, an initial 2-down/1-up (2D/1U)
staircase was used in which stimulus magnitude was halved
after two consecutive correct responses until the first incor-
rect answer. After this initial staircase, a 4-down/1-up
(4D/1U) adaptive staircase procedure was implemented for
the vast majority of the data collection in which stimulus
size decreased after four consecutive correct responses and
increased after each incorrect response. Step sizes after the
initial staircase were selected using parameter estimation by
sequential testing (PEST) rules (Taylor and Creelman 1967).
For each threshold test of 100 total trials, only one type of
motion (e.g., upright 1 Hz z-translation) was assessed. Some
thresholds for the bilateral loss patients had to be terminated
early as the stimulus magnitude exceeded the displacement
limits. Prematurely terminated thresholds were repeated and
data from two or more sessions were combined to achieve
100 total trials for data analysis. Thresholds for 1 Hz
stimuli required ~ 12 min and thresholds for 2 Hz stimuli
required ~ 8 min. Testing for each subject was completed in
2-to-3-h sessions with breaks every ~30-40 min of testing.
Bilateral loss participants completed ~ 15 h of testing during
their visit to our lab over 2-3 days, thus, shorter test sessions
were often completed due to scheduling/time constraints and
to lessen the potential impact of fatigue.

Data analysis

Psychometric curves were fit to the binary (e.g., left/right)
experimental data to obtain estimates of thresholds as previ-
ously described in detail (Chaudhuri and Merfeld 2013; Lim
and Merfeld 2012; Merfeld 2011). A Gaussian cumulative
distribution psychometric function defined by the stand-
ard deviation (o; “threshold”) and mean (u; “bias”) was fit
using a maximum likelihood estimate via a bias-reduced
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generalized linear model and a probit link function. The
threshold parameter represents the “one-sigma” vestibular
threshold, as has been commonly reported (Bermidez Rey
et al. 2016; Karmali et al. 2021; Suri and Clark 2020; Valko
et al. 2012), and represents: (1) the standard deviation of
the underlying distribution function and (2) the stimulus
level that would be expected to yield 84.1% accuracy in the
absence of bias (Merfeld 2011). The bias-reduced method
used for fitting our psychometric functions accounts for the
known serial dependency associated with staircase methods
that have previously been shown to underestimate thresh-
olds (Chaudhuri and Merfeld 2013; Kaernbach 2001; Klein
2001). Inclusion of lapses (i.e., errors made by an observer
that are independent of the test stimulus) is likely to impact
the precision of estimates (Clark and Merfeld 2021; Wich-
mann and Hill 2001). Thus, a lapse-identification algorithm
(Clark and Merfeld 2021) was used that implements a stand-
ard delete-one jackknife procedure when fitting the psycho-
metric function to identify probable outliers. Standard errors
of the parameter estimates were also quantified using this
jackknife approach (Quenouille 1956; Tukey 1958). For all
thresholds, results are presented in terms of peak velocity
(i.e., cm/s, or deg/s). All fits were completed in MATLAB
using the Statistics and Machine Learning Toolbox version
11.4.

Similar to earlier studies (Benson et al. 1989; Bermudez
Rey et al. 2016), thresholds for the healthy control subjects
displayed a lognormal distribution; therefore, we report geo-
metric means and the corresponding 95% confidence inter-
vals (ClIs), and statistical analyses were performed using log-
transformed threshold data. As these translation threshold
data from healthy controls were previously published, prior
analyses were not repeated herein (Kobel et al. 2021a). But
these results from the healthy control participants, based
on statistical analyses, are summarized to facilitate com-
parison with our patients with absent vestibular function. In
brief, separate linear mixed effect models for each frequency
(i.e., 1 Hz and 2 Hz) were completed including fixed effects
of motion relative to gravity, motion relative to the head/
otoliths, body orientation and subject as a random effect to
account for repeated measures.

For the two patients with vestibular loss, 95% ClIs of the
threshold (o) parameter estimate were calculated for each
motion condition and differences between vestibular thresh-
olds were considered meaningful if 95% Cls did not include
any overlap. This approach is conservative, which is appro-
priate given the small patient sample size. This approach
enabled quantitative assessments of whether threshold
measures differed between motion conditions and relative to
healthy controls to determine the degree to which thresholds
were elevated in the absence of vestibular function.

To assess our three main hypotheses on vestibular
contributions to linear motion perception, three separate
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comparisons were used: (1) impact of motion relative to the
head/otoliths was assessed comparing thresholds and asso-
ciated 95% ClIs between y-translation, x-translation, and
z-translation thresholds for earth-horizontal translations
and separately for earth-vertical translations, (2) impact of
orientation relative to gravity was determined by comparing
CIS for earth-vertical thresholds to earth-horizontal thresh-
olds for each head axis of translation (i.e., separately for
x-translations, y-translations, and z-translations), and (3)
finally, to determine potential impact of body orientation,
earth-horizontal thresholds obtained for each head axis of
motion (e.g., upright y-translation, supine y-translation) were
compared. In addition, impact of frequency of translation
stimuli was evaluated through comparing thresholds and
95% CIs between 1 and 2 Hz thresholds.

Results

Table 1 provides translation thresholds and accompanying
95% Cls for each axis of translation relative to the head in
each body orientation. Patient B was able to complete 1 Hz
upright z-translation thresholds, however, a substantial bias
(> 100% of estimated thresholds) was observed. Staircase
stimulus selection only provides accurate threshold estimates
when biases are small relative to the threshold parameter
(i.e., less than 50%) (Merfeld 2011). Thus, this threshold
was not included in final data analyses but is presented in
Table 1 for completeness. No other threshold for Patient A
or Patient B displayed bias parameter estimates that were
greater than 30% of the estimated threshold. Bias values and
accompanying 95% Cls for each axis of translation relative
to the head in each body orientation are provided in Table 2.

Overall, both patients displayed translation thresholds
that were approximately 2—45 times greater than healthy
controls. The 95% Cls of the individual patient threshold
estimates did not overlap with those healthy controls, sug-
gesting that these were meaningful elevations (Figs. 3, 4,
5 and 6). Patient thresholds normalized by the respective
control threshold (i.e., ratio of the patient threshold to the
geometric mean of the control threshold) for all motion
conditions are provided in Table 3 for both Patient A and
Patient B.

Effect of motion relative to head

Thresholds for each body orientation and each axis of
head motion are shown in Fig. 3 for both 1 Hz and 2 Hz
stimuli. To assess impact of motion relative to the head, all
earth-horizontal thresholds for each axis of translation (i.e.,
x-translation, y-translation, and z-translation) were com-
pared to each other. Similarly, all earth-vertical thresholds
were compared to assess if systematic differences between
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Table 1 Translation velocity thresholds (cm/s) for controls (n=12) and patient A and patient B with complete bilateral vestibular loss
Controls (n=12) Patient A Patient B
1 Hz 2 Hz 1Hz 2 Hz 1 Hz 2 Hz
x-translations
Upright
Threshold (cm/s) 0.438 0.273 3.698 1.221 7.090 4.863
95% CI 0.404-0.475 0.254-0.294 2.444-4.953 0.759-1.684 5.231-8.948 3.326-6.400
Supine
Threshold (cm/s) 1.364 0.816 48.858 28.219 14.832 5.547
95% CI 1.268-1.468 0.727-0.916 14.651-83.064 13.713-42.724 10.104-19.559 3.093-8.002
Side-lying
Threshold (cm/s) 0.613 0.389 6.087 8.697 12.576 13.740
95% CI 0.577-0.652 0.349-0.435 3.596-8.578 6.172-11.222 8.833-16.319 10.164-17.317
y-translations
Upright
Threshold (cm/s) 0.636 0.350 1.786 0.891 3.158 2.465
95% CI 0.582-0.694 0.316-0.387 1.082-2.489 0.568-1.215 1.799-4.517 0.505-4.425
Supine
Threshold (cm/s) 0.647 0.491 2.908 5.875 6.484 2.583
95% CI 0.614-0.683 0.443-0.543 2.108-3.709 3.720-8.030 3.375-9.593 1.873-3.294
Side-lying
Threshold (cm/s) 1.541 0.650 38.355 11.475 10.696 20.130
95% CI 1.449-1.638 0.594-0.710 12.191-64.501 6.664-16.286 6.521-14.870 10.257-30.001
z-translations
Upright
Threshold (cm/s) 1.404 0.639 25.736 28.219 5.576* 7.125
95% CI 1.272-1.550 0.578-0.706 17.208-34.263 13.713-42.724 4.361-6.791° 4.595-9.655
Supine
Threshold (cm/s) 1.200 0.675 6.853 1.491 13.765 3.358
95% C1 1.094-1.316 0.616-0.741 4.668-9.038 1.026-1.955 9.773-17.756 2.413-4.303
Side-lying
Threshold (cm/s) 1.153 0.508 3.386 2.667 7.619 3.099
95% CI 1.044-1.273 0.439-0.588 2.268-4.505 1.912-3.423 4.192-11.047 2.060-4.138

Geometric mean thresholds are presented for control participants with 95% confidence interval (CI) surrounding the mean values. Control data
was previously published (Kobel et al. 2021a, b), and is presented for comparison purposes. For patients, individual thresholds are presented and
the 95% CI surrounding the threshold parameter is estimated from the psychometric function; the standard error of the threshold estimate was
calculated using a delete-one jackknife approach (Clark and Merfeld 2021)

“Indicates that for the motion condition, the bias parameter estimate was more than 100% of threshold, suggesting that threshold estimates may
be inaccurate; these data are presented for completeness but are not included in final analyses

thresholds modulated on the basis of motion relative to head
were identified.

In healthy controls—i.e., individuals without surgical
removal of otoliths—1 Hz and 2 Hz x- and y-translation
thresholds, motions with predominant utricular contribu-
tions, were on average lower than z-translation thresholds,
a motion with predominant saccular contributions (Kobel
et al. 2021a). For Patients A and B—individuals without
otolith organs—no systematic differences between x-trans-
lation, y-translation, and z-translation thresholds were seen
when comparing earth-horizontal motions or earth-vertical
motions for either 1 Hz or 2 Hz stimuli.

Effect of orientation relative to gravity

Vestibular thresholds for earth-horizontal and earth-verti-
cal motions are displayed in Fig. 4 for healthy controls and
both bilateral loss patients. In healthy controls, thresholds
for earth-vertical motions (i.e., linear motion parallel to
gravity) were approximately a factor of 1.5 to 2 higher than
earth-horizontal motions (i.e., linear motion perpendicular
to gravity) for both x-translations and y-translations at 1 Hz
and 2 Hz. For z-translation thresholds, earth-vertical and
earth-horizontal thresholds were equivalent. These data sug-
gest that motions with predominant utricular contributions
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Table 2 Mean biases for control (n=12) and bias parameter estimates for patient A and patient B with complete bilateral vestibular loss

Control Patient A Patient B
1 Hz 2 Hz 1 Hz 2 Hz 1Hz 2 Hz
x-translations
Upright
Bias 0.224 0.153 0.033 —0.005 0.853 —-0.028
95% CI —0.038, 0.486 —0.047,0.354 0.022, 0.040 —0.006, —0.004 0.832, 0.879 —0.032, -0.025
Supine
Bias —0.111 —0.038 2.590 0.465 6.20 -0.562
95% CI —0.46, 0.246 —0.252,0.176 2.466, 2.725 0.448, 0.482 6.162, 6.249 —0.566, —0.558
Side—lying
Bias 0.071 -0.135 -1.29 -0.741 —1.00 -0.432
95% CI —0.148,0.290 —-0.507,0.237 —2.73,0.127 -0.737, -0.747 —1.042, —0.968 —0.443, -0.422
y-translations
Upright
Bias 0.031 —-0.017 —0.0014 0.055 0.540 -0.072
95% CI —0.041,0.102 —0.107,0.073 0.004, —0.006 0.055, 0.056 0.543, 0.545 —0.204, 0.059
Supine
Bias 0.142 —0.006 0.7964 —0.0871 —-0.357 —-0.0257
95% CI —0.029,0.314 —0.081, 0.068 0.787, 0.805 —0.083, —0.091 —0.340, -0.374 —0.028, —0.024
Side-lying
Bias 0.124 0.258 1.925 0.427 3.946 -2.572
95% CI —0.219, 0.466 0.032, 0.485 2.024, 1.827 —0.059,0.912 3.916, 3.976 —2.591,-2.553
z-translations
Upright
Bias 0.063 0.027 -1.569 0.756 5.788? —-0.247
95% CI —0.087,0.213 —0.006, 0.06 —1.501, —1.638 0.769, 0.742 5.746, 5.830* —0.242, - 0.252
Supine
Bias —0.031 0.214 0.583 -0.014 2.211 0.066
95% CI —0.346, 0.284 —0.254,0.682 0.565, 0.602 —0.013, -0.015 2.174,2.248 0.064, 0.070
Side-lying
Bias -0.115 —0.091 0.652 —-0.1128 1.092 0.0703
95% CI —0.270, 0.040 0.152, 0.031 0.1029, 1.202 -0.111, -0.115 0.005, 2.179 0.068, 0.073

Mean values are presented for control participants with 95% confidence interval (CI) surrounding the mean values. Control data was previously
published (Kobel et al. 2021a, b), and is presented for comparison purposes. For patients, individual bias estimates are for each condition esti-
mated from the psychometric function; the standard error of the bias estimate was calculated using a delete-one jackknife approach (Clark and

Merfeld 2021)

®Indicates that for the motion condition, the bias parameter estimate was more than 100% of threshold; value was excluded from analyses but is
presented for completeness

are preferentially impacted by gravitational cues in healthy
adults (Kobel et al. 2021a).

Overall, Patient A displayed qualitatively similar eleva-
tions in earth-vertical thresholds relative to earth-horizontal
thresholds for 1 Hz stimuli but a consistent effect of orienta-
tion relative to gravity was not seen for 2 Hz stimuli. Thresh-
olds for Patient A were 14-28 times higher than healthy
controls for earth-vertical x-, y- and z-translations, while
earth-horizonal x-, y-, and z-translation thresholds were
2.5-22 times higher. For 1 Hz stimuli, the 95% Cls sur-
rounding Patient A’s earth-vertical translation thresholds did
not overlap with earth-horizontal thresholds, suggesting that

@ Springer

the increase in thresholds was meaningful. For 2 Hz stimuli,
earth-vertical y- and x-translation thresholds were similar
to the corresponding earth-horizontal thresholds; however,
2 Hz earth-vertical z-translations were still elevated relative
to earth-horizontal z-translation thresholds. The diminished
effect of orientation relative to gravity at 2 Hz may reflect
the increase in non-vestibular contributions previously iden-
tified at higher frequencies of motion (Valko et al. 2012).
However, the effect of orientation relative to gravity
for Patient B was less consistent relative to Patient A. For
Patient B, earth-vertical thresholds were 6-30 times higher
in comparison to controls and earth-horizontal thresholds
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Fig.3 Average thresholds for control participants and patient A and
patient B with complete bilateral vestibular loss for upright, supine,
and side-lying thresholds across each axis of motion in head coordi-
nates. Error bars for controls represent 95% Cls of the mean. For the

were approximately 5-25 times higher. While thresholds
for Patient B tended to be higher for earth-vertical motions
in comparison to earth-horizontal thresholds, the 95% Cls
for earth-vertical and earth-horizontal thresholds over-
lapped for most conditions except 2 Hz y-translation and
2 Hz x-translation thresholds. Thresholds for 2 Hz y-trans-
lations showed increases in earth-vertical thresholds, but

patients, error bars represent the 95% CI of the threshold parameter
estimate. x=naso-occipital x-translations; y=inter-aural y-transla-
tion; z=superior—inferior z-translation

2 Hz x-translations showed an opposite pattern, with
earth-horizontal thresholds being higher than earth-
vertical thresholds. The contradictory finding for 2 Hz
x-translation may have resulted from the large increase
in earth-horizontal side-lying x-translations thresholds for
this subject (see “Impact of body orientation™).
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Fig.4 Average thresholds for control participants and for patient A
and patient B with complete bilateral vestibular loss for earth-hori-
zontal and earth-vertical motions. Error bars for controls represent
95% Cls of the mean. For the patients, error bars represent the 95%

Overall, in healthy controls, 1 Hz earth-vertical thresh-
olds were higher than the average of both earth-horizontal
thresholds by 2.60x%, 2.402x%, and 1.19% for x-translations,
y-translations, and z-translations, respectively. For Patient A,
1 Hz earth-vertical thresholds were higher by 9.98x%, 16.34X,
and 5.02x for x-translations, y-translations, and z-transla-
tions. For Patient B, earth-vertical x-translations were 1.5%X
higher while earth-vertical y-translations were 2.2X higher
than earth-horizontal.
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CI of the threshold parameter estimate. Patient B thresholds for 1 Hz
earth-vertical z-translation threshold (upper right panel) exhibited a
significant bias (> 100%), thus is excluded as this threshold estimate
may be inaccurate

For 2 Hz thresholds, overall, a smaller impact of orienta-
tion relative to gravity was noted. Healthy control thresholds
were 2.45%, 1.54%, and 1.08X higher for earth-vertical rela-
tive to earth-horizontal thresholds for x-translations, y-trans-
lations, and z-translations. For Patient A, earth-vertical
thresholds were 5.69%, 3.39%, and 13.57% higher for x-trans-
lations, y-translations, and z-translations, while Patient B
displayed elevations of 0.59%, 7.97x%, and 2.21x for earth-
vertical thresholds. Thus, as a whole, larger elevations in
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Fig.5 Average thresholds for control participants and patient A and
patient B with complete bilateral vestibular loss for x-translations,
y-translation, and z-translations for each body orientation. Error bars

earth-vertical thresholds, as quantified by ratio of earth-
vertical relative to earth-horizontal thresholds, were seen
for both patients relative to healthy controls. For Patient B
1 Hz and 2 Hz ratios for x-translations were not significantly
elevated, reflecting the large impact of body orientation on-
side-lying earth-horizontal thresholds, as noted above.

for controls represent 95% ClIs of the mean. For the patients, error
bars represent the 95% CI of the threshold parameter estimate

Overall, Patient A displayed a larger impact of orienta-
tion relative to gravity as quantified by increase of earth-
vertical thresholds relative to the earth-horizontal thresh-
olds. When comparing Patient A and Patient B, thresholds
for all conditions were largely equivalent, as indicated by
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Fig.6 Average thresholds for control participants and patient A and
patient B with complete bilateral vestibular loss for x-translations,
y-translations, and z-translations across stimulus frequency. Error
bars for controls represent 95% Cls of the mean. For the patients,

overlapping 95% Cls. Thus, differences in the effect of
motion relative to gravity (i.e., earth-vertical vs. earth-hor-
izontal) on translation thresholds between patients may be
indicative of the known variability in threshold measures
and the large standard errors associated with increased
thresholds.
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error bars represent the 95% CI of the threshold parameter estimate.
Patient B thresholds for 1 Hz upright z-translation threshold (lower
left panel) exhibited a significant bias (> 100%), thus is excluded as
this threshold estimate may be inaccurate

Effect of body orientation

Figure 5 displays thresholds for motions performed in each
of the three axes of head translation across each body orien-
tation. In the control participants, differences in thresholds
across body orientation were consistent with the expected
changes in thresholds resulting from the aforementioned
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Table 3 Translation thresholds for patient A and patient B normal-
ized by the geometric mean of controls for each threshold motion
condition

Patient A Patient B
1 Hz 2 Hz 1 Hz 2 Hz
x-translation
Upright 8.446 4.466 16.190 17.784
Supine 35.811 34.593 10.871 6.800
Side-lying 9.923 22.338 20.502 35.292
y-translation
Upright 2.810 2.547 4.969 7.047
Supine 4.492 11.976 10.015 5.266
Side-lying 24.885 17.660 6.941 30.981
z-translation
Upright 18.327 44.167 - 11.152
Supine 5.713 2.207 11.474 4.972
Side-lying 2.938 5.249 6.610 6.098

Threshold values for Patient B for 1 Hz upright z-translation exhibited
a significant bias (> 100%), thus is excluded as this threshold estimate
may be inaccurate

impact of orientation relative to gravity on both x-trans-
lations and y-translation thresholds. All earth-horizontal
thresholds for x-translation and y-translations were equiva-
lent regardless of “upright” vs. “non-upright” (i.e., supine
or side-lying) body orientations. As well, no differences
in z-translation thresholds were noted between any of the
assessed body orientations (Kobel et al. 2021a). However,
in patients with complete bilateral vestibular loss, there was
evidence to suggest that body orientation impacted vestibu-
lar perceptual thresholds for some motion conditions, par-
ticularly x-translations.

For earth-horizontal thresholds, in our bilateral loss
patients, a consistent change in threshold based on body ori-
entation suggesting elevations of thresholds in non-upright
orientations was not identified for either z-translation or
y-translations. For both patients, 1 Hz and 2 Hz earth-hori-
zontal y-translation thresholds were equivalent when measured
in upright and supine orientations. A similar pattern was seen
for 1 Hz and 2 Hz earth-horizontal z-translation thresholds as
thresholds measured in supine were equivalent to side-lying
thresholds. The exception being 1 Hz thresholds for Patient A
as 95% Cls did not overlap, and thresholds displayed a small
elevation of the supine z-translation threshold relative to side-
lying z-translation (difference of 0.163 cm/s), potentially reflect
inherent variability in the data. However, for both patients,
1 Hz and 2 Hz side-lying (i.e., earth-horizontal) x-translation
thresholds were approximately 2—3 X higher than upright (i.e.,
also earth-horizontal) thresholds. The elevations in side-lying
x-translation thresholds were meaningful (i.e., 95% ClIs did
not overlap) except for Patient A’s 1 Hz thresholds. This also

partially reflects the higher uncertainty (i.e., larger standard
error) associated with higher threshold values.

A significant impact of body orientation was not identi-
fied for earth-vertical translation thresholds in our bilateral
loss patients. Specifically, for Patient A, all earth-vertical
translation thresholds (i.e., upright, supine, and on-side) had
overlapping 95% ClIs for both 1 Hz and 2 Hz stimuli. For
Patient B, 1 Hz earth-vertical thresholds were also largely
similar across the different axes of head translation (i.e.,
motion relative to head/otoliths). The one exception to this
was that Patient B displayed 2 Hz side-lying y-translation
thresholds (i.e., earth-vertical) that were higher than 2 Hz
x- and z-translation earth-vertical thresholds, suggesting a
possible effect of absolute body orientation.

Effect of frequency

Figure 6 shows thresholds for each body orientation and axis
of head translations across 1 Hz and 2 Hz stimulus frequen-
cies. For healthy controls, thresholds were lower for 2 Hz
translations in comparison to 1 Hz translations, consistent
with past data (Roditi and Crane 2012; Valko et al. 2012).
A similar pattern was seen for both of our patients with ves-
tibular loss, with 2 Hz thresholds being generally lower than
1 Hz thresholds, suggesting that lower frequency translations
(i.e., 1 vs. 2 Hz) may better reflect an isolated measure of
the vestibular contributions to linear motion perception. For
supine and side-lying y-translations, a seemingly opposite
pattern was seen for Patient B in which 2 Hz thresholds
were higher than 1 Hz thresholds. However, since the 95%
CIs overlapped between the two patients at each frequency
and between the two frequencies for each subject, this does
not appear to represent a meaningful difference and likely
reflects inherent variability in the threshold parameter.

Discussion

Our primary finding was that whole-body direction recog-
nition translation thresholds were between 2 and 45 times
larger for individuals with a complete absence of vestibu-
lar function in comparison to young, healthy adults. These
thresholds represent the stimulus magnitudes at which we
expect non-vestibular cues to contribute to linear motion
perception. As thresholds following bilateral vestibular abla-
tion were meaningfully elevated related to healthy controls,
these data confirm that vestibular translation thresholds are
dominated by vestibular cues.

Impact of motion direction relative to the head
and otoliths

We aimed to assess three factors previously proposed to
influence translation perception: (1) motion orientation
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relative to the head/otoliths, (2) motion orientation rela-
tive to gravity (i.e., earth-vertical, or earth-horizontal),
and (3) body orientation.

As previously reported in depth (Kobel et al. 2021a),
in this study of healthy adults, we identified differences
in perceptual sensitivity on the basis of motion relative
to the head (i.e., the otoliths) as y-translation and x-trans-
lation threshold thresholds were significantly lower than
z-translation thresholds. These results are in agreement
with multiple reports of other perceptual threshold data
(Benson et al. 1986; Bermudez Rey et al. 2016; Bremova
et al. 2016; MacNeilage et al. 2010; Roditi and Crane
2012; Valko et al. 2012). Past interpretation of this differ-
ential sensitivity has been proposed to potentially reflect
differences in peripheral sensitivity between the utricles
and saccules (Karmali et al. 2017; Kobel et al. 2021a).
Peripheral afferent recordings in the squirrel monkey have
identified a lower sensitivity of the saccule in compari-
son to the utricle (Fernandez and Goldberg 1976), puta-
tively due to the smaller surface area of the saccule and
the decreased number of hair cells (Merchant et al. 2000;
Naganuma et al. 2001, 2003; Takagi et al. 1988). However,
the extent to which peripheral anatomy can explain the
behavioral differences seen has been questioned, as otolith
afferent recordings in the rhesus monkey have revealed
similar gains for horizontal and vertical motions (Jamali
et al. 2009; Yu et al. 2012).

In our bilateral loss patients, we failed to identify sys-
tematic changes in perceptual thresholds on the basis
of motion relative to the head. Earth-vertical 1 Hz and
2 Hz thresholds were largely equivalent for all motions
relative to the head (i.e., x-translations, y-translations,
and z-translations) regardless of concomitant changes in
body orientation. Similarly, all earth-horizontal 1 Hz and
2 Hz thresholds were essentially equivalent regardless of
the orientation of the motion relative to the head, with
the exception of x-translations (discussed more below in
“Impact of body orientation”). However, due to the small
sample size, we may have failed to identify an effect that
would be uncovered when assessed in a larger population.

As the effect of motion relative to the head (i.e., rela-
tive to the otoliths) was seen only for those with intact
vestibular inputs, and not in our bilateral loss patients,
this effect of motion relative to the head may be at least
partially driven by the heightened sensitivity of the utri-
cular, relative to the saccular, end-organs in the control
subjects. However, this pattern may be driven by changes
in central processing and weighting of afferent vestibular
input. Further studies should examine potential differences
in motion perception sensitivity in patients with localized
damage to one otolith organ (i.e., isolated utricular pathol-
ogy, or isolated saccular pathology).
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Impact of gravity

The otoliths encode both linear acceleration and gravity, as
the afferent signal is proportional to the net gravitoinertial
force (GIF) (Fernandez & Goldberg 1976), rather than either
input in isolation. Einstein’s equivalence principle states that
all linear accelerometers must encode both linear accel-
eration and gravity equivalently; However, past literature
suggests neural processing can decompose this ambiguous
afferent signal into independent estimates of gravity and
linear acceleration through the use of internal models of
gravity (Angelaki et al. 1999; Merfeld et al. 1993, 1999).
This assertion is supported by data showing that reflexive
responses (Angelaki et al. 1999; Merfeld et al. 1999), per-
ceptual responses (Angelaki et al. 1999; Angelaki and Hess
1994; Merfeld et al. 1999), and neural encoding at multiple
levels including the vestibular nuclei, brainstem, and thala-
mus (Angelaki et al. 2004; Angelaki and Hess 1994; Laurens
et al. 2013a, b)are made in response to central estimates of
linear acceleration, rather than the net GIF encoded by the
otolith afferent neurons.

However, the majority of these past efforts have focused
on assessing the ability to resolve ambiguous otolith signals
to parse tilts from translations, and not the ability to dis-
ambiguate linear acceleration from co-linear gravitational
forces. Our past data in healthy young adults found that
earth-vertical translation thresholds were significantly higher
than earth-horizontal translation thresholds for y-translations
and x-translations (Kobel et al. 2021a, b). This suggests that
internal models of gravity influence translation perception,
as earth-vertical thresholds, where the translation stimulus
must be disambiguated from a co-linear gravitational force,
were significantly higher than earth-horizontal thresholds,
where the linear motion is independent of (i.e., perpendicu-
lar to) gravitational acceleration.

In the present study, patients with complete bilateral loss,
overall, tended to display earth-vertical thresholds that were
increased for all axes of head translations (x-translation,
y-translation, z-translation) when compared to earth-hori-
zontal thresholds, with larger increases relative to healthy
controls. These results suggest that vestibular loss led to
impaired internal models of gravity and decreased percep-
tual precision when patients were required to differentiate
co-linear translation from gravity leading to higher eleva-
tions of earth-vertical thresholds relative to healthy controls.
While speculative, this suggests that vestibular contributions
are more evident for the perception of earth-vertical motions
in comparison to earth-horizontal motions However, at this
time, we cannot be certain that this effect is not driven by
extra-vestibular cues (e.g., tactile, somatic graviception)
without manipulation of gravity. These results may also
reflect Weber’s law, a fundamental tenet of psychophys-
ics stating that the ratio between the difference threshold
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magnitude and stimulus intensity for any given stimulus is
constant. Gravity stimulates the otoliths when positioned in
the plane of gravity (i.e., during an earth-vertical motion)
resulting in an increased firing rate, thus, subjects must per-
ceive a change of this elevated firing rate resulting from a
linear acceleration. However, past vestibular studies have
noted behavioral violations of Weber’s law, in part depend-
ent on stimulus frequency (Mallery et al. 2010; Naseri and
Grant 2012), therefore, further focused studies are needed
to explicitly explore this hypothesis.

However, the effect motion relative to gravity was more
prominent and consistent in Patient A vs. Patient B as earth-
vertical thresholds were elevated by 9.98x—16.34xX relative
to earth-horizontal thresholds for Patient A while they were
only elevated by 0.5x—7.97x for Patient B The 95% CIs
of the threshold parameter estimate for earth-vertical and
earth-horizontal translations consistently failed to overlap
for Patient A, while a meaningful elevation in earth-vertical
thresholds was less consistently seen for Patient B. How-
ever, as thresholds between our two patients were largely
equivalent, this may reflect the variability inherent to our
small sample size.

The effect of orientation relative to gravity was also larger
at 1 Hz than at 2 Hz for both healthy controls and patients
with vestibular ablation. This effect of stimulus frequency
is consistent with past data that have posited increased non-
vestibular contributions to linear motion perception at fre-
quencies above 1 Hz—where non-vestibular inertial cues
(tactile, kinesthetic, somatic, etc.) are greatest—as transla-
tion thresholds were more elevated at 1 Hz than at 2 and
5 Hz in patients with bilateral vestibular loss (Valko et al.
2012).

In our healthy control group, an impact of orientation
relative to gravity was only seen for motions with predomi-
nant utricular contributions (i.e., y-translations and x-trans-
lations) and not those with predominant saccular contribu-
tions (i.e., z-translations). As humans are bipeds, and thus
motion typically occurs while upright, this was taken to sug-
gest that an absence of a gravity effect on superior-inferior
translations may reflect an ecological adaptation to human
motion whereby the brain has learned to adapt to compen-
sate for co-linear gravity and linear acceleration during gait
(Kobel et al. 2021a, b). However alternatively, this finding
may reflect a lower sensitivity of the saccule relative to the
utricle (Fernandez and Goldberg 1976). In our patients with
complete bilateral vestibular loss, a cohort without afferent
inputs from the utricles or saccules, earth-vertical thresholds
were elevated a similar amount across the different axes of
head translation (x-, y-, and z-translation). As these patients
were each ambulatory, and thus also experience motion each
day that is similar to that of healthy controls, this suggests
that the lack of an impact of orientation relative to grav-
ity on superior-inferior translations in healthy controls may

not reflect changes in ecological coding strategies and may
instead be a result of differences in peripheral encoding of
linear motion and/or the sensitivity of peripheral afferent
neurons.

Impact of body orientation

Past data have suggested that body orientation may modulate
visual and vestibular perception, with non-upright orienta-
tions having been proposed to yield a decreased reliability
of sensory estimates; however, inconsistent results have
been previously noted in part dependent on availability of
sensory cues (Graybiel and Patterson 1955; Hummel et al.
2016; MacNeilage et al. 2010; Mikellidou et al. 2015). The
proposed effect of body orientation may reflect an increased
sensitivity to motions that occur in orientations that mirror
those typically experienced in daily life (i.e., while upright).
However, our data show that in general, earth-horizontal, as
well as earth-vertical, thresholds measured with the body
tilted away from upright (e.g., side-lying or supine) were
equivalent to thresholds measured when upright for healthy
controls as well as our bilateral loss patients without vestibu-
lar function. This suggests that overall changes in perception
on the basis of body orientation may be reflective of the
relatively large effect of motion direction relative to grav-
ity (i.e., ~two time increase in thresholds for earth-vertical
relative to earth-horizontal motions). As on earth, changes
in body orientation and changes in orientation relative to
gravity are inherently coupled, relative effects of change for
each factor on perceptual sensitivity cannot be definitively
parsed without artificial manipulations of gravity.

However, we did identify an impact of body orientation
for x-translations in our bilateral vestibular loss patients.
For both patients, side-lying earth-horizontal x-translation
thresholds were significantly higher than upright earth-
horizontal x-translation translation thresholds. Side-lying
earth-horizontal z-translations thresholds were equivalent
to upright earth-horizontal z-translation thresholds, sug-
gesting that this side-lying orientation did not lead to an
overall increase in vestibular thresholds and non-vestibular
contributions to side-lying x-translations may be unique to
this specific motion paradigm. In side-lying, a smaller sur-
face area of the body is supported by the chair relative to
the upright and supine orientations. In our set-up, only the
right side of the torso and legs rest on the lower edge of the
chair when in side-lying, while in upright and supine, the
majority of the body (i.e., buttocks and back) rests securely
on the chair. Useful tactile cues for motion perception may
therefore be reduced for x-translations, as sensing fore-aft
motion on this limited surface area is difficult, while z-trans-
lations can be perceived on the basis of head and/or buttocks
pressure.
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Beyond vestibular graviception, somatic graviception,
from graviceptors in the trunk, has been shown to contrib-
ute to gravitational vertical (Mittelstaedt 1983, 1995, 1996)
and may have provided additional extra-vestibular cues for
motion perception. Particularly, gravity’s pull on the abdom-
inal viscersa as may weight of blood pooling in the trunk
may influence perceived gravitational vertical (Mittelstaedt
1995, 1996; Mittelstaedt and Fricke 1988; Vaitl et al. 1997,
2002). Experiments with paraplegic and nephrectomized
subjects suggest afferent input from the kidneys (Mittelstaedt
1995, 1996; Mittelstaedt and Mittelstaedt 1996; Vaitl et al.
2002) and contributions from visceral mechanoreceptors in
the pericardium and inferior vena cava (Goodman-Keiser
et al. 2010; Kostreva and Pontus 1993a, b). Past research
suggests that somatic graviception and other visceral sig-
nals for motion perception can influence vestibular process-
ing (Catanzaro et al. 2014; Suzuki et al. 2012). As such,
somatic graviception cues, particularly those resulting from
re-orientation of the body in supine and side-lying, may
have influenced perception. As both patients reported spi-
nal tumors, these may have potentially influenced availabil-
ity and integrity of somatic graviceptive and other visceral
cues influencing motion perception. However, the impact of
interoceptive cues on motion perception has not been rigor-
ously assessed and future studies should further examine
potential influences.

Limitations

The primary limitation of this study was the number of bilat-
eral loss patients (n=2) that we were able to recruit. How-
ever, to state with certainty that the thresholds measured in
our patients only reflected contributions of other sensory
systems, and thereby define stimulus levels at which non-
vestibular contributions (e.g., tactile, somatic graviception)
can become relevant for motion perception, we required
individuals with a complete loss of vestibular function. To
ensure complete bilateral ablation, patients were selected on
the basis of having bilateral labyrinthectomies, and not bilat-
eral nerve sections. Both patients tested in this study were
included in a previous study (Valko et al. 2012). Reflect-
ing the rarity of this patient population, we were unable to
identify additional patients with a total bilateral loss of ves-
tibular function despite searches both locally and nationally
over several years. However, due to the large differences in
vestibular thresholds seen, this limitation did not preclude
our ability to draw inferences into vestibular contributions
to linear motion perception.

Of note, both of our bilateral loss patients are exception-
ally high performing and had previous vestibular experience
prior to surgical ablation. Patient A is actively participating
in competitive athletic events, including running, swimming,
and riding a bike. Similarly, Patient B is an avid international
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and domestic traveler and still rides a bike for recreation.
Both patients have had several years (i.e., 15+ years) to
adapt to the loss of vestibular function and presumably have
maximized use of non-vestibular cues for motion perception.
While we attempt to minimize non-vestibular contributions
to motion perception through testing in complete darkness
and masking directional auditory cues, the interface between
participants and the chair and helmet is unavoidable, thus, all
participants have access to tactile cues. As such, thresholds
obtained in our bilateral loss patients likely reflect the small-
est stimulus magnitudes at which non-vestibular cues can
contribute to linear motion perception. We posit that adults
with less experience in the substitution of vestibular cues
for motion perception would require larger stimuli to use
non-vestibular information for motion direction recognition.
Similarly, as both patients experienced vestibular afferent
input for several years prior to surgical intervention, their
ability to use non-vestibular information for motion percep-
tion may differ from those with congenital vestibular loss.

In addition, a neurological exam and test of pressure sen-
sation was last assessed ~ 10 years prior when both patients
were included in a previous study (Valko et al. 2012); thus,
changes in sensory function from these initial assessments
could have influenced our results. However, at both time
points, upright translation thresholds were assessed and were
similar for y-translations (1 Hz: 2.112 cm/s vs 2.4855 cm/s;
2 Hz: 1.227 cm/s vs. 1.6775 cm/s) and z-translations
(1 Hz: 31.890 cm/s vs. 25.736 cm/s; 2 Hz: 11.105 cm/s vs.
17.627 cm/s) suggesting that potential changes in sensory
function over time did not impact perceptual precision. Our
patients (age 34 and 37) were approximately 10 years older
than the mean of the HC participants included (26.57 years).
However, our previous data suggest that thresholds are on
average relatively constant up to age 40 (Bermudez Rey et al.
2016), thus a substantive effect of age is not expected to
influence the vestibular perceptual thresholds measured in
this study.
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