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Abstract

Vestibular perceptual thresholds provide insights into sensory function and have shown clinical and functional relevance.
However, specific sensory contributions to tilt and rotation thresholds have been incompletely characterized. To address this
limitation, tilt thresholds (i.e., rotations about earth-horizontal axes) were quantified to assess canal-otolith integration, and
rotation thresholds (i.e., rotations about earth-vertical axes) were quantified to assess perception mediated predominantly
by the canals. To determine the maximal extent to which non-vestibular sensory cues (e.g., tactile) can contribute to tilt
and rotation thresholds, we tested two patients with completely absent vestibular function and compared their data to those
obtained from two separate cohorts of young (<40 years), healthy adults. As one primary finding, thresholds for all motions
were elevated by approximately 2—35 times in the absence of vestibular function, thus, confirming predominant vestibular
contributions to both rotation and tilt self-motion perception. For patients without vestibular function, rotation thresholds
showed larger increases relative to healthy adults than tilt thresholds. This suggests that increased extra-vestibular (e.g.,
tactile or interoceptive) sensory cues may contribute more to the perception of tilt than rotation. In addition, an impact of
stimulus frequency was noted, suggesting increased vestibular contributions relative to other sensory systems can be targeted
on the basis of stimulus frequency.
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Introduction

Vestibular perceptual thresholds, quantified using whole-
body direction recognition tasks, represent the smallest pas-
sive self-motion cue that an individual can reliably perceive
(Merfeld 2011). Vestibular thresholds have potential for
future clinical applications (Kobel et al. 2021b) as they have
been shown to be sensitive to vestibular disorders (Agrawal
et al. 2013; Bremova et al. 2016; King et al. 2019) and some
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threshold measures correlate with balance performance met-
rics that quantify amount of sway during quiet stance bal-
ance tasks (Karmali et al. 2021; Wagner et al. 2021). Past
research quantifying vestibular contributions to self-motion
perception have assessed vestibular thresholds in the com-
plete absence of vestibular function in order to quantify the
maximal extent by which non-vestibular cues (e.g., tactile,
somatic graviception) contribute to self-motion perception
(Valko et al. 2012). While these initial efforts were able
to identify predominant vestibular contributions to self-
motion perception, as perceptual thresholds were elevated
by ~ 1.5-85 times relative to healthy controls, the experimen-
tal design focused on determining the impact of stimulus
frequency (i.e., duration of motion stimuli) for only a limited
set of tilt and rotation trajectories (Valko et al. 2012). Subse-
quent investigations have since focused on comprehensively
quantifying the factors influencing tilt and rotation thresh-
olds in healthy populations of young adults (Wagner et al.
2022), however, without assessing measures in the complete
absence of vestibular function, the contributions of vestibu-
lar and non-vestibular contributions to motion perception
cannot be fully understood.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00221-023-06650-5&domain=pdf
http://orcid.org/0000-0001-5067-8520

1874

Experimental Brain Research (2023) 241:1873-1885

The semicircular canals are sensitive to angular veloc-
ity (Fernandez and Goldberg 1971) and due to their ana-
tomic orientations, can be stimulated by rotations about
earth-horizontal or earth-vertical axes. Even though both
motions include rotation, for rhetoric simplicity, rotations
about earth-horizontal axes will be referred to as “tilts”
and rotations about earth-vertical axes will be referred to
as “rotations”. Using this nomenclature, rotations primarily
stimulate the respective canals in the plane of rotation that
are sensitive to the angular velocity being applied. In con-
trast, tilts provide concurrent canal and otolith stimulation
due to: (a) the angular velocity that stimulates the canals and
(b) the resulting re-orientation of the head relative to gravity
(“tilt”), which stimulates the otoliths. Figure 1 depicts roll
tilt and roll rotation stimuli.

Past efforts quantifying vestibular contributions to per-
ceptual threshold tasks have not assessed potential impact
of axis of rotation (i.e., tilts in comparison to rotations in the
same plane of motion). However, in the complete absence
of vestibular function, yaw rotation thresholds were elevated
by ~5 to 15 times relative to the normative data, while roll
tilt thresholds were only elevated by ~ 1.5-3 times (Valko
et al. 2012). Since (1) yaw rotations and roll tilts have dif-
ferent axes of rotation, earth-vertical and earth-horizontal,
respectively, and (2) these patients had no residual vestibular
function (i.e., canals or otoliths), this suggests a greater role
for non-vestibular cues (e.g., tactile/interoceptive) for tilts
relative to rotations.

In healthy young adults (<40 years old), our past study
(Wagner et al. 2022) quantified the difference between tilts
and rotations (i.e., impact of axis of rotation) across multiple
frequencies (0.2-2 Hz) for vestibular perceptual thresholds.
Overall, we identified an influence of axis of rotation (i.e.,
difference between tilts and rotation) that was dependent on
frequency for roll and pitch motions as well as for and trajec-
tories designed to maximally stimulate the right-anterior and
left-posterior (RALP) and left-anterior and right-posterior
(LARP) vertical canal pairs. For higher frequencies (i.e., at
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Fig. 1 Depiction of roll tilt (A) and roll rotation (B) experimental
paradigms. Axis of rotation is denoted by dashed arrows while rota-
tional stimuli are denoted by solid arrows. Roll tilt stimuli are rota-
tions about an earth-horizontal axis assessed while upright. Axis of
rotation for roll tilt is along a naso-occipital axis and is not pictured
for illustrative simplicity. Roll rotation stimuli are rotations about an
earth-vertical axis assessed while supine
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2 Hz), tilt thresholds were indistinguishable from rotation
thresholds, suggesting that high-frequency tilt responses
are mediated primarily by the vertical canals (Wagner et al.
2022)—representing an angular velocity response. At lower
frequencies (i.e., below ~ 1 Hz), tilt thresholds were signifi-
cantly lower than rotation thresholds (Lim et al. 2017; Suri
and Clark 2020; Wagner et al. 2022), presumably reflecting
beneficial contributions from the added otolith stimulation.
However, whether non-vestibular cues might help explain
these frequency effects has yet to be fully investigated.

Particularly, an impact of body orientation may play a
role as when assessing the vertical canals, tilt and rotation
thresholds are assessed using two different body orienta-
tions (upright and supine, respectively, as depicted in Fig. 1).
Past research has suggested that perceptual sensitivity may
be modulated by absolute body orientation (Hummel et al.
2016; MacNeilage et al. 2010) with decreases in perceptual
sensitivity (i.e., increased thresholds) noted when percep-
tion is measured in non-upright body orientations, includ-
ing supine (Hummel et al. 2016; MacNeilage et al. 2010).
Thus, changes in body orientation could contribute to the
differences previously identified between rotation and tilt
thresholds.

Finally, a generalized increase in sensitivity for the verti-
cal canals in comparison to the horizontal canals has been
proposed based upon recordings of vestibular afferent neu-
rons (Yang and Hullar 2007). However, direct comparisons
between vertical and horizontal canal perceptual metrics
have yet to be completed as past studies have historically
focused on either assessing the vertical canals (Wagner et al.
2022) or horizontal canals (Grabherr et al. 2008) in isola-
tion. As high-frequency RALP tilt and LARP tilt thresholds
reflect predominantly vertical canal function, comparison
of these thresholds to yaw rotation thresholds would allow
insights into the relative sensitivity to angular velocity of the
horizontal and vertical canals. Additionally, as each of these
thresholds are measured while upright—horizontal canals
sensing rotation about an earth-vertical axis (i.e., rotations)
and vertical canals sensing rotation about an earth-horizon-
tal axis (i.e., tilts)—quantification of these measures in the
same subjects will allow insights into potential differences
in sensitivity between tilts and rotations (i.e., changes in
axis of rotation) without confounding the effects of body
orientation.

Thus, in order to unravel the relative contributions of the
non-vestibular factors that impact tilt and rotation motion
perception, this project compared a wide-ranging set of
vestibular perceptual thresholds between two patients with
a complete absence of vestibular function and two cohorts
of healthy controls. Roll rotation and roll tilt thresholds
were assessed at both low (i.e., 0.5 Hz) and high (i.e., 2 Hz)
frequencies to assess changes in roll perceptual sensitivity
modulated on the basis of frequency and axis of rotation
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(i.e., tilts vs. rotations). Additionally, angular velocity
thresholds in three semicircular canal planes were assessed
to determine potential differences in perceptual sensitivity
driven by differences in horizontal or vertical canal stimula-
tion and differences between tilts and rotations (i.e., changes
in axis of rotation). Such efforts aim not only to investigate
the vestibular contribution to motion perception, but also to
validate threshold measures as an assessment for peripheral
end-organ function.

Methods
Participants

Two participants with neuro-fibromatosis type II (NF-2) and
complete bilateral surgical ablation of the labyrinths second-
ary to vestibular schwannoma removal completed vestibular
perceptual threshold assessments. Our past research suggests
that patients identified with severe bilateral vestibular hypo-
function of the horizontal semicircular canals on the basis
of traditional clinical testing (e.g., calorics, rotational test-
ing) did not exhibit uniform degradation in function across
all peripheral end-organs as evidenced by superior-inferior
z-axis translation and roll tilt thresholds which were equiva-
lent to normative data (Priesol et al. 2014). However, both
patients included in this study underwent bilateral trans-
cochlear nerve sections with labyrinthectomies, ensuring
complete bilateral vestibular deafferentation. Both of these
patients are current auditory brainstem implant (ABI) users
and were included in previous studies of vestibular con-
tributions to motion perception (Valko et al. 2012). These
patients were identified through an earlier nationwide search,
and substantial efforts were undertaken to find additional
patients meeting this strict inclusion criteria. However, we
were unable to identify additional qualifying patients locally
or nationally who were willing to participate in our research
efforts.

Patient A is a 34-year-old female who underwent right-
and left-side labyrinthectomies at age 9 and 18, respectively.
She currently competes in triathlons and is an avid runner.
Patient B is a 37 year-old male. He underwent labyrinthec-
tomies for the right-side at age 5 and at age 20 for the left-
side. He reports difficulty perceiving motion when flying
and has limp secondary to spinal tumors leading to lower
limb weakness. However, he denies difficulty with his bal-
ance on a daily basis, is an avid traveler, and is able to ride
a bicycle. Previously, as part of the initial study for which
these participants were recruited (Valko et al. 2012), both
underwent thorough neurological examinations in addition
to Semmes—Weinstein monofilament testing to determine
pressure sensation of the trunk and buttocks. Despite spinal
tumors, no significant differences between both patients to

healthy control subjects were noted on pressure thresholds.
As well, outside of hearing and vestibular impairments, no
significant sensory abnormalities were noted in either patient
(Valko et al. 2012).

As the outlined experimental protocol encompassed
approximately 5 h of testing for the two bilateral loss
patients, roll tilt and roll rotation thresholds and the thresh-
olds for angular velocity stimuli aligned in the planes of
the semicircular canals were assessed in two different
groups of healthy controls. Roll tilt and roll rotation thresh-
olds were assessed in a group of ten young adults (6F/4M;
27.23 +£4.77 years); a subset (n=06) of these data were pre-
viously published (Wagner et al. 2022). Thresholds assess-
ing functional canal pairs (i.e., yaw rotation, LARP tilts,
RALP tilts) were completed in 32 young adults (15F/17M;
28.10+4.39) as part of a larger ongoing experimental pro-
tocol. All control participants denied a history of vestibular
disorders, neurological disorders, major health conditions
(e.g., cancer), or recent orthopedic injury. All participants
provided written informed consent. This study was approved
by the Ohio State University Institutional Review Board and
was performed in line with the principles of the Declaration
of Helsinki.

Motion stimuli and psychophysical threshold tests

Thresholds assessing roll stimuli were assessed using three
different motions: (1) “roll tilt” stimuli (i.e., earth-horizontal
rotations about a naso-occipital axis) in which the subject
was tilted from an upright position, provided a response,
and then returned upright prior to the next stimulus, (2) “roll
tilt with return” in which the subject was tilted from and
returned to upright prior to providing a response, and (3)
“roll rotation” thresholds utilizing roll rotations about an
earth-vertical axis while supine. Figure 1 depicts roll rota-
tion and generalized roll tilt motion stimuli. Figure 2 pro-
vides a depiction of the two roll tilt trajectories.

Past assessment of roll tilt thresholds in bilateral vestib-
ular loss revealed the smallest elevations relative to other
motion stimuli (specifically yaw rotations, y-translation,
z-translations) (Valko et al. 2012). This, in turn, suggests an
increased contribution of non-vestibular cues. Therefore, we
implemented the previously described “roll tilt with return”
trajectory to reduce the impact of static cues (e.g., tactile)
on motion perception. All three motions were assessed at
0.5 Hz and 2 Hz to assess potential frequency effects. Past
data in healthy participants, suggests that tilt responses at
0.5 Hz reflect integration of canal and otolith cues, as tilt
thresholds are lower than rotation thresholds, while tilt
responses at 2 Hz are dominated by canal angular velocity
cues, as thresholds measured using tilt and rotation stimuli
are equivalent (Lim et al. 2017; Wagner et al. 2022).
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A Roll Tilt and verbally reported perceived motion direction that was
’ - recorded by the experimenters. All participants were seated

o \‘ in a chair secured to a Moog (Aurora, NY) 6DOF platform.
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In order to maximize vestibular contributions to motion test-
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Fig.2 Depiction of the two roll tilt stimuli experimental paradigms.
For both trajectories, approximate head in space is depicted in the
upper panel for a leftward tilt while stimulus tilt angle is depicted
in the lower panel. For roll tilt stimuli (A), subjects were tilted from
upright and provided a response indicating perceived direction of tilt.
After the response, subjects were immediately returned to upright
prior to the next stimulus presentation. For roll tilt with return stimuli
(B), subjects were tilted from upright and then returned to the upright
position. After returning to upright, subjects provided response indi-
cating perceived direction of tilt away from upright

Additionally, thresholds for angular velocity rotations that
aimed to predominantly isolate the functional canal pairs
were assessed. The horizontal canals were assessed using
2 Hz yaw rotations and vertical canal pairs were assessed
using 2 Hz RALP (right-anterior left-posterior) and LARP
(left-anterior right-posterior) tilts (i.e., earth-horizontal rota-
tions aligned 45° between the roll and pitch planes). A fre-
quency of 2 Hz was used as past results in healthy controls
suggest that, at this frequency, RALP and LARP tilts reflect
predominantly canal function, without substantial otolith
contributions (Wagner et al. 2022).

The psychophysical procedures and motion paradigms
implemented have been previously published in detail (e.g.,
Chaudhuri et al. 2013; Grabherr et al. 2008; Karmali et al.
2016). Vestibular perceptual thresholds were quantified
using a standard one-interval direction recognition task
(e.g., “did I turn right or left?”’). Subjects reported perceived
motion using buttons in each hand. For some motion con-
ditions, Patient B experienced difficulty pressing buttons
after prolonged testing secondary to right hand weakness

@ Springer

phones, ~60 dB Sound Pressure Level (SPL) of white noise
was presented during motion trajectories. Both bilateral loss
patients wore their ABI processor during testing and white
noise was provided via Bluetooth streaming in order to pro-
vide a cue for motion onset and offset.

Provided motion stimuli were single cycles of sinu-
soidal acceleration ([a(f) =A sin(2zft)], A =amplitude,
f=motion frequency) in which peak acceleration (A),
peak velocity (v,), and total displacement are proportional
(v,=Alnf= Zpr or Ap=2fv, =A/2zf*). This yields a unidi-
rectlonal bell-shaped velomty trajectory that yields mono-
tonic unidirectional displacement (Benson et al. 1986; Grab-
herr et al. 2008). Roll rotation and tilt thresholds began at a
starting displacement of 5° for 0.5 Hz stimuli and 2.5° for
2 Hz stimuli. Yaw rotation, RALP tilt, and LARP tilt began
at 2.5°. Starting stimuli were chosen to be above threshold,
including for bilateral loss patients for most of the motion
trajectories. For each threshold block of 100 trials (i.e., 100
motions), only 1 stimulus type (e.g., 0.5 Hz roll rotation)
was provided. Subjects were instructed on which motion
was being assessed and practice trials in the light and dark
were provided until the participants reported comfort with
the task and motion stimuli.

A 4-down/1-up (4D/1U) adaptive staircase procedure was
implemented in which stimulus size decreases after four con-
secutive correct responses and increases after each incorrect
response in order to estimate perceptual thresholds. Until the
first incorrect answer, a 2D/1U staircase which halved stimu-
lus magnitudes after two correct answers was implemented
in order to optimize efficiency of stimulus presentation.
After this initial staircase, step sizes and stimulus magni-
tudes were selected using Parameter Estimation by Sequen-
tial Testing (PEST) rules (Taylor and Creelman 1967). On
average, each test (consisting of 100 trials) required approxi-
mately 16 min for 0.5 Hz stimuli, and approximately 8 min
for 2 Hz stimuli. Testing sessions were 2-to-3 h with breaks
given between each threshold measure unless shorter testing
sessions were requested by the participant.

Data analysis
In order to obtain estimate of thresholds, psychometric

curves were fit to the binary (e.g., left/right) experimental
data (Chaudhuri and Merfeld 2013; Lim and Merfeld 2012;
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Merfeld 2011). Gaussian cumulative distribution psychomet-
ric functions defined by the standard deviation (o; threshold)
and mean (u; bias) were fit using a maximum likelihood esti-
mate via a bias-reduced generalized linear model and a pro-
bit link function. Precision of estimates can be impacted by
inclusion of lapses (i.e., errors made independent of the test
stimulus magnitude), thus, a lapse-identification algorithm
was implemented (Clark and Merfeld 2021). This algorithm
implements a standard delete-one jackknife procedure when
fitting the psychometric function to identify probable outli-
ers (i.e., lapses). The standard error of parameter estimates
were also calculated using this algorithm (Quenouille
1956; Tukey 1958). For all thresholds presented, results are
reported in terms of peak stimulus velocity (i.e., deg/s) as
past data suggest that the brain relies on velocity for motion
perception (Grabherr et al. 2008; Valko et al. 2012). All
fits were completed in MATLAB using the Statistics and
Machine Learning Toolbox version 11.4.

For control participants, thresholds for control subjects
displayed a lognormal distribution in line with earlier stud-
ies (Benson et al. 1986; Bermuidez Rey et al. 2016). Thus,
we report geometric means and the corresponding 95%
confidence intervals (CIs), and statistical analyses for the
control participants were performed using log-transformed
threshold data. Separate linear mixed effects models were
used to assess thresholds for our control participant cohorts.
For all models, subject was included as a random effect and
fixed effects included motion trajectory (i.e., yaw, RALP,
or LARP; roll tilt, roll tilt with return, or supine roll rota-
tion). For roll rotation and roll tilt thresholds, frequency
and a frequency by trajectory interaction were included as
fixed effects in order to assess potential differences between
motion trajectories on the basis of stimulus frequency.
Due to the small sample size, the Kenward-Roger method
(Kenward and Roger 1997) was used to approximate the

denominator degrees of freedom of the F distribution for all
analyses. All models were fit via restricted maximum likeli-
hood methods. Post hoc testing with Bonferroni adjustments
for multiple comparisons were made when appropriate.

For our patients, due to the small sample size, 95% con-
fidence intervals (Cls) of the threshold parameter using the
estimated standard error from the jack knife fit were calcu-
lated for each motion condition. Thresholds were considered
meaningfully different from each other if the 95% Cls did not
overlap. While a conservative approach, this enabled quali-
tative assessment of whether differences in thresholds were
solely by chance. To assess our main hypotheses assessing
vestibular contributions to roll rotation, three separate com-
parisons were assessed: (1) impact of axis of rotation was
assessed by comparing 95% ClIs of roll tilt thresholds to roll
rotation thresholds for both 0.5 Hz and 2 Hz stimuli, (2)
impact of frequency was assessed by comparing 0.5-2 Hz
for roll tilt and roll rotation thresholds, (3) impact of roll tilt
trajectory was evaluated by comparing roll tilt and roll tilt
with return thresholds at both frequency stimuli. Finally, to
assess vestibular contributions to angular velocity thresholds
aligned in the three semicircular canal pairs, we compared
95% ClIs between yaw rotation, RALP tilt, and LARP tilt
thresholds.

Results
Roll rotation and roll tilt thresholds

Roll rotation and roll tilt thresholds for control participants
(n=10) and patients A and B are shown in Table 1, and
biases are shown in Table 2. Thresholds normalized as a
ratio relative to the geometric mean of healthy controls
are shown in Table 3. Figure 3 displays all roll thresholds

Table 1 Roll rotation and roll

A . Control (n=10) Patient A Patient B

tilt velocity thresholds for

control (n=10) and Patient A 0.5 Hz 2 Hz 0.5Hz 2 Hz 0.5 Hz 2 Hz

and Patient B with complete

bilateral vestibular loss Supine roll rotation
Threshold (°/s) 1.286 0.382 10.780 1.389 18.00 2.948
95% CI 1.153-1.433 0.327-0.421 7.040-14.520 0.899-1.878 11.39-24.62 2.044-3.851
Roll tilt
Threshold (°/s) 0.598 0.400 1.112 4.089 1.278 2.559
95% CI 0.534-0.670 0.344-0.464 0.960-1.264  2.788-5.390 0.913-1.744 1.701-3.417
Roll tilt with return
Threshold (°/s) 0.726 0.517 2.502 3.396 1.705 1.555
95% CI 0.627-0.841 0.467-0.573 1.690-3.314  2.391-4.402 1.048-2.361 1.050-2.060

Geometric mean thresholds are presented for control participants with 95% confidence interval (CI) sur-
rounding the mean values. For patients, individual thresholds are for each condition and the 95% CI sur-
rounding the threshold parameter is estimated from the psychometric function; the standard error of the
bias estimate was calculated using a delete-one jackknife approach (Clark and Merfeld 2021)

@ Springer
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Table 2 Mean biases for roll rotation and roll tilt stimuli for control participants (n=10) and bias parameter estimates for Patient A and Patient

B with complete bilateral vestibular loss

Control (n=10) Patient A Patient B
0.5Hz 2 Hz 0.5 Hz 2 Hz 0.5Hz 2Hz
Supine roll rotation
Bias —0.0476 —0.0625 —0.0846 —0.3526 1.4553 1.0217
95% C1 — 0.6380, 0.5429 —0.2351, 0.1101 —0.3871, 0.3392 — 1.8386, 0.0429 —2.4760, 5.3865 0.1173, 1.9260
Roll tilt
Bias 0.0007 0.0316 —0.7866 —0.3512 0.0412 0.0381
95% CI —0.4914, 0.4929 —0.3689, 0.4321 — 1.1861, — 0.3487 —0.3393, 0.3631 —0.3859, 0.4683 —0.6938, 0.7700
Roll tilt with return
Bias 0.0449 0.0251 —0.1241 -0.9173 0.7205 0.7243
95% CI —0.2548, 0.3446 —0.2670, 0.3172 —0.1312, - 0.1171 —0.9275, — 0.9071 0.2270, 1.2141 0.2426, 1.2059

Mean biases are presented for control participants with 95% confidence interval (CI) surrounding the mean values. For patients, individual bias
estimates are for each condition. The 95% CI is estimated from the psychometric function; the standard error of the bias estimate was calculated

using a delete-one jackknife approach

Table 3 Normalized vestibular velocity thresholds for Patient A and
Patient B as a ratio of the geometric mean of controls for each thresh-
old motion condition

Patient A Patient B

0.5 Hz 2 Hz 0.5 Hz 2 Hz

Supine roll 8.383 3.636 14.002 2.292
Roll tilt 1.860 10.223 2.137 4.279
Roll tilt+return 3.446 6.569 2.348 2.142
Yaw - 11.480 - 34.533
RALP - 6.043 - 7.651
LARP - 8.371 - 7.656

RALP right-anterior left-posterior, LARP left-anterior right-posterior

across both frequencies and Fig. 4 displays each roll motion
(supine roll rotation, roll tilt, roll tilt with return) for con-
trol participants and each patient. In bilateral loss patients,

roll thresholds were approximately 2—8 times higher rela-
tive to control participants. No significant overlap was noted
between the 95% confidence intervals for the control par-
ticipants and the patients, indicative of a meaningful eleva-
tion in thresholds, supporting that vestibular inputs were the
predominant contributors to roll motion perception for each
of the six roll conditions (supine roll rotation, roll tilt, and
roll tilt with return—each at both 0.5 and 2 Hz).

Impact of axis of rotation

In healthy control participants, our results are consistent
with our reported past findings that include a subset (n=6)
of this dataset (Wagner et al. 2022). Overall, there was a
significant main effect of axis of rotation (F(1,67.92)=4.79,
p=0.0321) as supine roll rotation thresholds (i.e., earth-ver-
tical axis of rotation) were significantly higher than upright
roll tilt thresholds (i.e., earth-horizontal axis of rotation).

Fig.3 Average thresholds for
control participants, Patient

A and Patient B with com-
plete bilateral vestibular loss

at 0.5 Hz and 2 Hz for supine
roll rotation (panel A), roll tilt
(panel B), and roll tilt with
return (panel C). Error bars for
controls represent 95% Cls of
the mean. For the patients, error
bars represent the 95% CI of the
threshold parameter estimate

100
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84 84
. B|® c
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A significant frequency by axis of rotation interaction was
also seen (F(2, 51.08)=7.56, p=0.0013). Roll rotation
thresholds at 0.5 Hz were higher than 0.5 Hz upright roll
tilt and roll tilt with return thresholds (F(1,65.02)=9.79,
p=0.0026). Thresholds for 2 Hz roll rotation, 2 Hz roll tilt,
and 2 Hz roll tilt with return were not significantly different
(F(1,65.12)=0.01, p>0.99) (Fig. 3).

In both of the patients with bilateral vestibular loss, a
qualitatively similar pattern to our control participants was
noted. Thresholds for 0.5 Hz supine roll rotation thresholds
were meaningfully higher than both 0.5 Hz roll tilt and
0.5 Hz roll tilt with return thresholds. Roll rotation thresh-
olds for 0.5 Hz stimuli were ~ 8—14 times higher in compari-
son to normative data while both 0.5 Hz roll tilt thresholds
(with and without return) were only ~2 times higher. At
2 Hz, Patient B displayed equivalent thresholds for roll rota-
tion, roll tilt, and roll tilt with return. However, for Patient
A, 2 Hz roll tilt thresholds for both motion trajectories (i.e.,
with and without return) were higher than supine roll rota-
tion, as indicated by non-overlapping 95% Cls, suggesting
increased sensitivity for higher frequency supine rotations
relative to upright tilt thresholds (Fig. 4).

Impact of stimulus frequency

In our control participants, a significant main effect of fre-
quency (F(1,61.39)=9.17, p=0.004) was identified across
all thresholds, as 2 Hz thresholds were overall lower than
0.5 Hz thresholds (Fig. 3). Roll tilt thresholds were equiva-
lent at 0.5 Hz and 2 Hz for both roll tilt (F(1,51.01)=0.40
p>0.99) and roll tilt with return (F(1,51.01)=1.86,
p=0.452) motion trajectories. However, for supine roll rota-
tions, 2 Hz thresholds were significantly lower than 0.5 Hz
thresholds (£(1,51.01)=43.03, p <0.001). These results are
consistent with a previously published dataset that included
a subset of these data (Wagner et al. 2022).

0.5Hz 20Hz 0.5Hz 20Hz

For roll rotations, in our patients with bilateral vestibular
loss, 2 Hz thresholds were meaningfully lower than 0.5 Hz
thresholds for both Patient A and Patient B. As well, roll tilt
with return thresholds for 2 Hz were equivalent to 0.5 Hz
thresholds, as indicated by overlapping CIs. However, for
roll tilt stimuli, 2 Hz thresholds were meaningfully higher
than 0.5 Hz thresholds for both patients.

Impact of roll tilt stimuli paradigm

A significant main effect of trajectory (i.e., roll tilt vs.
roll tilt with return) was not seen for healthy controls, as
roll tilt and roll tilt with return thresholds were equivalent
(F(1,61.46)=0.05, p=0.8265) and no significant differences
between thresholds for each paradigm were seen at either
0.5 Hz and 2 Hz (p > 0.05). Similarly, for both Patient A
and Patient B, thresholds for roll tilt and roll tilt with return
were equivalent at 2 Hz, as indicated by overlapping 95%
CIs. However, for 0.5 Hz thresholds, Patient A exhibited
thresholds for roll tilt with return which were meaningfully
elevated relative to roll tilt thresholds by ~2.25 times. For
Patient B, the 0.5 Hz roll tilt with return threshold was ~1.3
times higher than standard roll tilt, which was not considered
a meaningful elevation on the basis of overlapping 95% Cls.

Angular velocity thresholds in three canal planes

All 2 Hz angular velocity thresholds for each of the stimuli
aligned with the three canal planes for control participants
(n=32) and the two bilateral loss patients are listed in
Table 4 and associated biases are listed in Table 5. Thresh-
olds are shown in Fig. 5 for 2 Hz yaw rotation, RALP tilt
and LARP tilt. In healthy control participants, 2 Hz yaw
rotation thresholds were equivalent to 2 Hz RALP tilt
(F(1,74)=1.02, p=0.6304) and LARP tilt thresholds
(F(1,74)=4.43, p=0.1164).
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Table 4 Velocity thresholds (deg/s) for 2 Hz motions for control
(n=32) and Patient A and B with complete bilateral vestibular loss

Control (n=32)  Patient A Patient B
2 Hz Yaw
Threshold (°/s)  0.6260 7.1879 21.621
95% C1 0.5726-0.6844 6.383-7.737  19.382-23.860
2 Hz RALP tilt
Threshold (°/s)  0.6117 3.697 4.680
95% CI 0.5674-0.659 3.404-3.988 4.216-5.143
2 Hz LARP tilt
Threshold (°/s)  0.5563 4.657 4.253
95% C1 0.5109-0.6588 4.223-5.091  3.940-4.579

Geometric mean thresholds are presented for control participants
with 95% confidence interval (CI) surrounding the mean values. For
patients, individual thresholds are for each condition and the 95% CI
surrounding the threshold parameter is estimated from the psycho-
metric function; the standard error of the threshold estimate was cal-
culated using a delete-one jackknife approach

RALP right-anterior left-posterior; LARP left-anterior right-posterior

Table 5 Mean biases for control (n = 10) and bias parameter estimates
for Patient A and Patient B with complete bilateral vestibular loss

Control (n=32)  Patient A Patient B
2 Hz Yaw
Bias —0.0255 — 1.4149 1.0032
95% CI —0.3646,0.3136 —3.5077,0.6779 —4.6109,6.6173
2 Hz RALP tilt
Bias —0.0859 —0.8979 —0.1523
95% Cl —0.4894,0.3177 — 1.8386,0.0429 — 1.4646, 1.1599
2 Hz LARP tilt
Bias —0.0988 —0.6674 —2.3474
95% CI —0.5434,0.3458 —1.7239,0.3891 —3.7733,-0.9214

Mean biases are presented for control participants with 95% confi-
dence interval (CI) surrounding the mean values. For patients, indi-
vidual bias estimates are for each condition. The 95% CI is estimated
from the psychometric function; the standard error of the bias esti-
mate was calculated using a delete-one jackknife approach

RALP right-anterior left-posterior, LARP left-anterior right-posterior

Patient A and Patient B had thresholds which
were ~ 6—12 times larger than control participants
(Table 3). An overlap between 95% Cls between the
patients and the controls was not seen for any threshold,
suggesting a meaningful elevation. For both Patient A and
Patient B, on the basis of 95% CIs, 2 Hz yaw rotation
(i.e., earth-vertical rotation) thresholds were meaningfully
elevated relative to both 2 Hz RALP tilt and 2 Hz LARP
tilt (i.e., earth-horizontal) thresholds, suggesting an impact
of axis of rotation. RALP and LARP tilt thresholds were
equivalent to each other.
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Fig.5 Average angular velocity thresholds for control participants
and Patient A and Patient B with complete bilateral vestibular loss for
2 Hz yaw rotation, RALP tilt, and LARP tilt thresholds. Error bars for
controls represent 95% CIs of the mean. For the patients, error bars
represent the 95% CI of the threshold parameter estimate

Discussion

Overall, we showed that vestibular tilt and rotation thresh-
olds, quantified using whole-body direction recognition
tasks, were approximately 2—35 times larger for individuals
with a complete absence of vestibular function in compari-
son to young, healthy adults of roughly the same age. As
these tasks were designed to minimize non-vestibular sen-
sory cues (i.e., tested in complete darkness, white noise to
remove auditory cues), this suggests that in the absence of
vestibular function, these patients were able to use available
pertinent sensory cues (e.g., tactile, somatosensory) to ena-
ble motion perception. Since it seems reasonable to presume
that these patients utilize every cue possible to substitute for
their total vestibular loss, the obtained thresholds for these
patients represent the minimal stimulus amplitudes at which
we expect non-vestibular cues to contribute for these thresh-
old tasks when performed by participants with healthy ves-
tibular systems. This primary finding of elevated thresholds
in complete absence of vestibular function also confirms the
predominant contribution of vestibular inputs to threshold
level tilt and rotation motion stimuli.

We also showed that thresholds for tilt (i.e., earth-hori-
zontal rotation) stimuli were less influenced by vestibular
loss in comparison to rotation (i.e., earth-vertical rotation)
stimuli. This was true for multiple trajectories including roll
stimuli as well as stimuli aligned in the anatomic planes of
the semicircular canals (i.e., RALP and LARP). As well,
lower frequency (i.e., 0.5 Hz) rotation stimuli showed larger
elevations in thresholds relative to high-frequency (i.e.,
2 Hz) stimuli in the absence of vestibular function. These
findings are in line with past studies (Valko et al. 2012) sug-
gesting increased non-vestibular contributions for tilts (i.e.,
earth-horizontal rotations) and for high-frequency transient
stimuli.
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Roll rotation and roll tilt thresholds
Impact of axis of rotation

In line with past data (Lim et al. 2017; Wagner et al. 2022),
our control subjects demonstrated reduced thresholds for
0.5 Hz roll tilts (i.e., earth-horizontal rotations) relative to
roll rotations (i.e., earth-vertical rotations), while roll tilt
and roll rotation thresholds were equivalent at 2 Hz. In our
bilateral vestibular loss patients, we also identified a reduc-
tion in 0.5 Hz roll tilt thresholds for both motion trajectories
(i.e., roll tilt and roll tilt with return) in comparison to 0.5 Hz
supine roll rotation thresholds.

While a similar trend was identified between our bilateral
loss patients and control participants, the magnitude of this
effect was starkly different. For the bilateral loss patients,
0.5 Hz roll rotations were approximately 10 X higher than
0.5 Hz roll tilt thresholds while this difference was only
approximately a factor of two in healthy adults, suggesting
different mechanisms may be driving this effect. Enhanced
perception of low-frequency tilts in individuals with intact
vestibular function has been posited to reflect multi-sen-
sory integration of canal and otolith cues (Lim et al. 2017,
Wagner et al. 2022). For tilt stimuli (i.e., earth-horizontal
rotations), which by definition contain rotational cues and
re-orientations of the head relative to gravity, the tilt cue is
four times larger for 0.5 Hz stimulus than a 2 Hz stimulus
for an equal peak velocity stimulus. At lower frequencies of
rotation, the canals are less sensitive to rotational stimuli,
thus, the absolute displacement of the head relative to grav-
ity increases to approach the level at which otolithic afferents
are sensitive to tilts (Lim et al. 2017; Wagner et al. 2022).
In our bilateral loss patients (i.e., without otolith afferents),
the larger tilt components at lower frequency stimuli may
instead introduce more prominent tactile cues (e.g., pressure
of shoulders on side of chair, shifting of weight through the
back and/or buttocks). Thus, enhanced tilt perception rela-
tive to rotation perception (i.e., changes in axis of rotation)
at low frequencies in healthy controls likely reflects benefi-
cial contributions of the otoliths enhancing roll tilt motion
perception relative to roll rotation, while this qualitatively
similar phenomenon in the bilateral loss patients without
otolith contributions likely reflects increased availability of
tactile cues for the tilts experienced at the higher threshold
levels for these patients.

Change in the axis of rotation for a given plane of motion
is also accompanied by changes in body orientation (i.e.,
roll tilt is measured while upright, roll rotation is measured
while supine). Past studies of visual motion and whole-body
motion perception have posited that absolute body orienta-
tion may influence perceptual sensitivity with non-upright
orientations leading to a reduction in the reliability of per-
ceptual estimates (Graybiel and Patterson 1955; Hummel

et al. 2016; MacNeilage et al. 2010; Mikellidou et al. 2015).
While 0.5 Hz rotation thresholds measured while supine
were higher than 0.5 Hz tilt thresholds measured while
upright, 2 Hz rotation and tilt thresholds were equivalent,
despite differences in body orientation during measurement.
As such, our data do not support a generalized decrease in
perceptual sensitivity when thresholds are measured with
the body oriented in non-upright positions (e.g., supine).

Impact of stimulus frequency

For young healthy adults, roll rotation velocity thresholds
demonstrated behavior consistent with a high pass filter—
as thresholds were lower for higher frequency stimuli (i.e.,
2 Hz) relative to lower frequencies (i.e., 0.5 Hz) (Lim et al.
2017; Wagner et al. 2022). Qualitatively similar to our con-
trol data, in patients with complete bilateral vestibular loss,
we showed that 0.5 Hz supine roll rotation thresholds were
meaningfully higher than 2 Hz thresholds. However, for our
bilateral loss patients, supine 0.5 Hz roll rotation thresh-
olds were approximately 10 X higher than 2 Hz thresholds
whereas for our control subjects 0.5 Hz roll rotation thresh-
olds were only approximately 2 X higher.

These results in our bilateral loss patients are consist-
ent with past threshold assessments across a wider range of
frequencies (0.5-5 Hz) which similarly identified a decrease
in thresholds with increasing frequency for stimuli intro-
ducing transient (i.e. non-static) motion cues including yaw
rotation, z-translation, and y-translation (Valko et al. 2012).
For roll rotation, as the participants are supine, the higher
frequency motion directions may induce larger forces on
the body and/or more shifting of the body in the chair and
thereby may provide more useful tactile cues. Thus, while
the modulation of roll rotation thresholds on the basis on
stimulus frequency in younger adults likely reflects differ-
ences in the sensitivity to angular velocity signal originating
from the vertical canals, in the absence of vestibular func-
tion, this may instead be a result of the increased availability
of tactile or alternative non-vestibular cues during the higher
frequency transient motion stimuli.

For healthy controls, thresholds for 0.5 Hz and 2 Hz roll
tilt and roll tilt with return motion trajectories were equiva-
lent—we have also previously identified these behaviors for
multiple planes of motion (i.e., roll, pitch, RALP, LARP)
for traditional tilt stimuli (Wagner et al. 2022). Also, quali-
tatively similar to our control data, equivalent thresholds
were seen for 0.5 and 2 Hz roll tilt with return (but not roll
tilt) thresholds in our bilateral loss patients. This suggests
that the availability of non-vestibular cues was not modu-
lated on the basis of stimulus frequency in the absence of
a static tilt cue. However, for traditional roll tilt thresholds,
2 Hz thresholds were significantly higher than 0.5 Hz thresh-
olds, potentially suggesting that, in the absence of vestibular
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function, the static tilt force introduced by the roll tilt stimuli
contributed to lower frequency tilts, but not for higher fre-
quency tilt stimuli. This difference modulated on the basis of
frequency may suggest a difference in temporal integration
of non-vestibular cues, particularly tactile cues. This may
also simply reflect that forces are proportional to accelera-
tion and acceleration increases with frequency for the same
peak velocity. As roll tilt and roll tilt with return thresholds
are equivalent at 2 Hz in our bilateral loss patients, indicat-
ing by overlapping 95% CIs, this may instead solely reflect
inherent variability in performance and our small sample
size.

Impact of motion trajectory

Previous assessment of vestibular thresholds in patients
without vestibular function revealed the smallest impact of
vestibular ablation relative to normative data for the per-
ception of roll tilt stimuli (Valko et al. 2012). As briefly
discussed in “Methods”, this previous study employed a
commonly implemented roll tilt paradigm (Fig. 2A) which
introduces a static tilt cue as the subject is tilted from upright
and provides a response indicating the perceived direction of
motion prior to returning to upright. We, therefore, imple-
mented a novel tilt paradigm in which subjects were tilted
and returned almost immediately to upright prior to provid-
ing a response (“roll tilt with return”, Fig. 2B). This motion
trajectory paradigm essentially removes the availability of a
static tilt cue by providing a nearly continuous angular rota-
tion stimulus with maximal static tilt occurring transiently
for just a fraction (i.e., 1/60th) of a second. For a constant
peak velocity stimulus, the tilt cue is 4 X smaller at 2 Hz than
0.5 Hz, thus, if static tilt cues are contributing to perceptual
sensitivity, we would expect to see to see a larger impact of
this novel stimuli for 0.5 Hz than 2 Hz tilts.

In healthy controls, although thresholds were ~ 1.2 times
higher for roll tilt with return motion in comparison to roll
tilt thresholds in healthy controls, no statically significant
differences were noted in thresholds measured using these
two motion trajectories for either both 0.5 Hz or 2 Hz tilts.
This is in agreement with our past reported finding in a
smaller sample size (n=6) which were also included in these
analyses for multiple planes of motion (Wagner et al. 2022),
this suggests that removal of the static tilt cue through this
paradigm does not consistently influence perceptual sensitiv-
ity in individuals with intact vestibular function.

In our bilateral vestibular loss patients, roll tilt thresh-
olds were overall elevated by approximately 2.3—6.5 times
relative to our normative data, while roll tilt with return
thresholds were approximately 1.8—10.3 times higher. As
thresholds are elevated with removal of vestibular cues,
this suggests that both motion paradigms capture a portion
of vestibular contributions to motion perception. As well,
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while roll tilt with return thresholds tended to be higher than
traditional roll tilt thresholds by ~ 1.5 times, no meaningful
differences between thresholds obtained from the differ-
ent paradigms were seen at 2 Hz for either of our bilateral
loss patients, as indicated by overlapping CIs. However, for
0.5 Hz stimuli, where a potential impact of motion trajectory
is expected to be captured due to the larger tilt displacement,
Patient A exhibited a threshold which was~2.5 times higher
for roll tilt with return in comparison to roll tilt. This eleva-
tion was considered a meaningful differences on the basis of
our conservative analysis. Patient B demonstrated a 0.5 Hz
roll tilt with return threshold which was ~ 1.3 times higher
than the traditional roll tilt paradigm, which was not con-
sidered a meaningful elevation on the basis of overlapping
CIs. As one of our bilateral loss patients demonstrated an
elevation in threshold with removal of the static tilt cue for
0.5 Hz stimuli using the roll tilt with return paradigm, this
suggests that static tilt cues may influence perceptual sensi-
tivity at higher tilt displacements (i.e., at lower frequencies).
However, as disparate behaviors were exhibited between our
two patients, this methodological question pertaining to best
practices for the delivery of tilt stimuli should be further
explored. Particularly, response confidence may play a role
in influencing thresholds obtained during these paradigms.
In the tilt with return paradigm, the participants may be able
to resolve motion ambiguity due to the longer exposure to
motion and potential comparisons between the tilt stimulus
and return to center. A measure of confidence in response
may more completely capture differences in motion percep-
tion obtained through these two paradigms.

Angular velocity thresholds in three-canal planes

In our healthy control participants, 2 Hz yaw rotation thresh-
olds were equivalent to 2 Hz RALP tilt and 2 Hz LARP
tilt thresholds, suggesting that for high-frequency motion
stimuli, velocity thresholds targeting the horizontal canals
are equivalent to thresholds targeting the vertical canal
pairs. In our bilateral loss patients, yaw rotation thresholds
were meaningfully higher than both RALP and LARP tilts,
while both vertical canal measures (i.e., RALP and LARP
tilt thresholds) were equivalent. This suggests greater non-
vestibular contributions to tilts (i.e., earth-horizontal rota-
tions), potentially reflecting contributions of the static tilt
and increased useful tactile cues (e.g., pressure cues on the
head from the helmet) introduced by the tilt stimuli. Of note,
during daily locomotion, the predominant frequency of yaw
head rotations is ~ 1 Hz compared to~2 Hz for pitch head
rotations (Grossman et al. 1988; Carriot et al. 2014; Zobeiri
et al. 2021). Thus, our bilateral loss patients routinely expe-
rience head pitch at frequencies assessed in this paradigm
and less routinely experience yaw rotations at the tested
frequency. As patients also presumably must up-weight
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non-vestibular cues for motion perception more so than
those with a healthy vestibular system, regular exposure to
head pitch at the assessed frequency may have played a role
in facilitating non-vestibular motion perception.

As the obtained threshold measures are ~6—12 times
larger in bilateral loss patients, the concomitant tilt stimulus
is substantially larger than those experienced at threshold
level for individuals with intact vestibular function, suggest-
ing that these non-vestibular cues can contribute to percep-
tion of tilts at relatively large stimulus magnitudes. However,
as all thresholds were meaningfully higher in bilateral loss
patients, and healthy controls responded at much smaller tilt
magnitudes with putatively decreased contributions of tactile
cues, this suggests that in healthy controls, angular velocity
thresholds in the planes of the vertical semicircular canals
are predominantly mediated by vestibular inputs.

While we found similar perceptual thresholds for motions
aligned in the planes of the horizontal and vertical canals in
healthy controls, afferent recordings suggest that the vertical
canals display increased sensitivity relative to the horizontal
canals in animals (Yang and Hullar 2007). This suggests that
perceptual thresholds in humans did not capture potential
differences seen in afferent sensitivity between peripheral
end-organs in animal models. This finding is in contrast
to translation thresholds (Agrawal et al. 2013; Kobel et al.
2021a), which have revealed differences in measures with
predominant utricular or saccular contributions that mirror
known differences in peripheral afferent sensitivity believed
to reflect differences in maculae size between the otoliths. In
past animal models, vestibular afferent sensitivity has been
previously demonstrated to be proportional to canal radius
(ten Kate et al. 1970; Yang and Hullar 2007). In multiple
species, including humans, the horizontal canals have been
found to have demonstrated a smaller radius in comparison
to vertical canals (Curthoys et al. 1977; ten Kate et al. 1970).
On the basis of observed canal radii in humans (Curthoys
et al. 1977), vertical canal sensitivity should be ~ 1.25 times
higher than the sensitivity of the horizontal canals. However,
on the basis of estimated macula size (Naganuma et al. 2001,
2003), utricular sensitivity should be ~2 times higher than
saccular sensitivity in humans. As such, the larger difference
between utricular and saccular sensitivity may have allowed
identification via behavioral perceptual measures. Future
studies should investigate the differences between vestibular
thresholds that preferentially target the semicircular canals
across a wider range of frequencies to fully assess behavioral
differences between horizontal and vertical canal measures.

Limitations and future work
A limitation of this study was the small number of bilat-

eral loss patients (n =2) that we were able to include in this
analysis. However, we required a complete bilateral absence

of vestibular function in order to state with certainty that
the thresholds measured reflected the maximal extent to
which extra-vestibular sensory systems could contribute
to motion perception. This approach was taken in order to
permit the identification of stimulus magnitudes at which
these non-vestibular contributions (e.g., tactile, somatic
graviception) become relevant for motion perception. Both
of the patients included in this current study were included
in an initial study quantifying vestibular contributions to
motion perception across a wider frequency range (Valko
et al. 2012). These patients were selected on the basis of
having undergone bilateral labyrinthectomies, and not solely
bilateral nerve sections, in order to ensure complete bilateral
vestibular deafferentation. We attempted to identify addi-
tional patients with total bilateral vestibular ablation both
locally and nationally through multiple searches over sev-
eral years, but we were unable to do so, reflecting the rarity
of this patient population. Due to the large differences in
vestibular thresholds relative to normative data, we posit
that our conclusion that the vestibular system serves as the
primary contributor to rotation and tilt motion perception
is valid. However, we acknowledge that we cannot conclu-
sively determine that those with healthy vestibular systems
are solely using vestibular cues for motion perception during
these perceptual tasks despite experimental controls to limit
non-vestibular sensory contributions. We can only conclu-
sively state that the thresholds obtained in our healthy par-
ticipants were well below the level at which sensory infor-
mation became available and useful for motion perception
in our bilateral loss patients.

Additionally, our two patients are exceptional perform-
ers in terms of their daily function. Particularly, Patient A
is competing at a high level of athleticism and Patient B is a
frequent, independent traveler. As well, as both underwent
labyrinthectomies over 15 years prior, they have likely opti-
mized use of non-vestibular sensory cues for motion percep-
tion and postural control. While our experimental design
aimed to limit non-vestibular sensory contributions through
testing in complete darkness, thus removing visual cues, and
through playing auditory white noise during motion, reduc-
ing useful auditory cues, the interface between the body and
the chair for testing is unavoidable. Thus, in our experimen-
tal paradigm, tactile cues for motion perception cannot be
eliminated. As our bilateral loss patients likely exhibit an
exceptional ability to use non-vestibular cues for motion
perception, it is possible that they were able to use non-
vestibular cues to a greater extent than the healthy controls.

As well, in the included patients, a neurological exam
and test of pressure sensation was last assessed almost
10 years prior when both participants previously com-
pleted vestibular perceptual threshold testing (Valko et al.
2012). In theory, changes in sensory function from these
initial assessments could have influenced our results.
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However, overall elevations in roll tilt and yaw rotation
thresholds relative to normative samples were similar
between time points, suggesting that other changes in sen-
sory function were unlikely to impact our results.

A more complete study design would have included
measuring RALP and LARP rotations (i.e., rotations
about an earth-vertical axis while supine and rotated 45
degrees) in addition to the measured tilts in our bilateral
loss patients to more clearly target isolated vertical canal
function. However, bilateral loss patients completed the
current test battery (~5 h) in addition to a separate test
battery assessing translation perception (~ 10 h). Thus,
these participants completed approximately 15 h of test-
ing over several days, while visiting the Ohio State Uni-
versity from out-of-state. We chose to not include RALP
and LARP rotations as our past research suggested that
plane of motion (i.e., roll, pitch, RALP, LARP) did not
systematically impact rotation or tilt thresholds (Wagner
et al. 2022). For our patients, 2 Hz roll tilt thresholds, for
both motion trajectories, were equivalent to RALP and
LARP tilt thresholds, suggesting a similar lack of impact
of motion plane in our bilateral loss patients. However,
future studies should directly test the potential effect of
motion plane on tilt and rotation thresholds.
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