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Abstract

We investigated the vestibular perception of position, velocity, and time (duration) in humans with rotational stimuli including
low velocities and small amplitudes. The participants were categorized into young, middle, and old age groups, and each
consisted of 10 subjects. Position perception was assessed after yaw rotations ranged from 30 to 180° in both clockwise and
counterclockwise directions. For each position, the rotation was delivered at two or more different velocities ranging from 15 to
120°/s. Position perception tended to underestimate the actual position and was similar during the slow and fast rotations.
However, the trends of underestimation disappeared in the old age group. Velocity perception was evaluated by forcing the
selection of the faster direction in each pair of rotations toward two positions (30° and 60°) with velocity differences from 0 to
20°/s. Velocity discrimination was similar between the rotation amplitudes or among the age groups. For duration perception,
participants chose the rotation of longer duration for three test paradigms with different amplitudes (small vs. large) and durations
(short vs. long) of rotation. The accuracy of discriminating duration was similar across the test paradigms or age groups, but the
precision was lower in the older group and altered significantly according to the test paradigm. In conclusion, vestibular
perception can be assessed using rotations of low velocities and small amplitudes. The perception of position and duration is
affected by aging. The precision of duration perception can be influenced by the interactions between the amplitude and duration
of motion.
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Introduction

Spatial perception is a high-level brain function essential for
daily activities [1]. Accurate spatial perception is ensured by
multisensory interactions of visual, vestibular, proprioceptive,
and efference copy signals, which occur throughout the brain
[2, 3]. Among these cues, the vestibular signals dominate the
perception of our body position and velocity in darkness,
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during visual deprivation, or in the absence of visual land-
marks [4]. The vestibular signals originate from the labyrinth
[5], are refined in the brainstem and cerebellar circuits [6], and
are then relayed to the cortical areas [7]. Diverse cortical re-
gions, especially the parietoinsular cortex, are associated with
vestibular motion perception in humans [8, 9]. The
temporoparietal cortex comprising the angular and superior
temporal gyri has recently been highlighted as the area
encoding the position and duration of motion (time) simulta-
neously or estimating the position by computing the velocity
and time information during vestibular-guided navigation
[10]. Dysfunction of those brain regions may generate spatial
misperception with or without velocity misperception, alter-
natively called vertigo (false motion sense) or dizziness (spa-
tial disorientation without false motion sense) [11].

From a clinical perspective, evaluating the perception of
the body position, the velocity, and duration of motion may
be informative in assessing the functional integrity of the
higher-level uni-/multi-modal vestibular perceptual pathways
[10, 12—14]. In previous studies, the perception of body
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position was evaluated using passive whole-body rotation [10,
14]. The perception of the velocity of motion has also been
assessed using the latency of the sensory-perceptual-motor
reaction by evaluating the response time when the subjects
felt a rotation [10, 12, 13]. Meanwhile, perception of the du-
ration of motion was rated with the discriminative ability
using the probability of accurately selecting the longer rota-
tion [10]. These algorithms have been validated through a
series of experiments but may require further exploration with
different parameters for motion stimuli. Previous studies,
however, have adopted rather fast rotation ranging from 80
to 360°/s [10, 14]. Thus, it is required to develop a low-
velocity rotation protocol to evaluate vestibular perception in
patients with vestibular disorders, especially in those with se-
vere vertigo during rapid motion. For patients with motor
dysfunction, the test paradigm for velocity perception needs
to be simplified [10, 12, 13]. The perception of the duration of
motion seems more complicated. If the temporoparietal cortex
perceives body position by simply integrating the velocity
over time, precise estimation of the duration as well as veloc-
ity is essential for accurate perception of the body position.
However, the estimation of duration is known to be altered in
experiments using saccadic eye movements or visual stimula-
tion [15, 16]. Thus, the perception of duration may be affected
differently when different vestibular stimulus paradigms are
adopted. Lastly, the aging effects, if any, should be deter-
mined for position, velocity, and duration perception.

This study aimed to determine the applicability of slow
rotation for evaluating pure perceptual tasks at the position,
velocity, and duration of motion. We also tested the duration
perception during diverse vestibular stimuli and tried to probe
the way in which the brain codes the duration information
associated with vestibular signals. Finally, we investigated
the effect of aging on these perceptions.

Methods
Subjects

We recruited 30 healthy volunteers (23 women, mean age =
48.5 £ 15.9), 10 for each age group (ages 20-39, 40-59, and
60 or older). The mean age was 29.9 + 6.1 for the young age
group, 49.2 + 6.3 for the middle age group, and 66.3 £ 2.1 for
the old age group. All participants were right handed, and
none of them had previous vestibular disorders, hearing loss,
or other neurological disorders. The integrity of cognitive
function was screened with a mini-mental state examination,
and the mean score was 28.5 £ 1.5. The experiments were
conducted in accordance with the Declaration of Helsinki.
All participants provided written informed consent prior to
participation. The experimental protocol and consent form
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were approved by the Institutional Review Board of Seoul
National University Bundang Hospital (B-1801/445-304).

Experimental Apparatus and Setup

To deliver head-restraint whole-body rotation, we used a ro-
tation chair that was operated with a trapezoid velocity profile,
0.15 s of fixed acceleration and deceleration periods with an
intervening period at various constant velocities. The chair
acceleration/deceleration applied in the study ranged from
100 to 800°/s* according to the target velocity. In addition,
by changing the velocity and time parameters, we were also
able to rotate the chair with various amplitudes. The subjects
sat in the chair and fixed their heads and bodies using
restraining belts. Goggles with a cover and headphones with
white noise were applied to eliminate any visual and auditory
cues, as in previous experiments [10, 12, 13]. The experiments
consisted of position, velocity, and duration tasks and all par-
ticipants performed the experiments in the same order (posi-
tion—velocity—duration).

Position Task

Vestibular perception of body position was evaluated by
rotating the participants rightward or leftward (clockwise
or counterclockwise around the yaw axis). The ampli-
tudes of rotation were 30°, 60°, 90°, 120°, 150°, or
180°, and the participants were then instructed to report
their positional estimates verbally for the given six po-
sitions after each rotation. Because we attempted to de-
termine the applicability of slow velocity rotation, each
rotational position was delivered at two or three differ-
ent velocities ranging from 15 to 120°/s. Specifically,
velocities of 15 and 30°/s were used for 30° rotation;
30 and 60°/s for 60° rotation; 60 and 90°/s for 90°
rotation; 60, 90, and 120°/s for 120° and 150° rotation;
and 90 and 120°/s for 180° rotation. We defined “slow
rotation” as 15°/s for 30° rotation; 30°/s for 60°; 60°/s
for 90°; 60°/s and 90°/s for 120° and 150°; and 90°/s
for 180° rotations. In contrast, “fast rotation” was de-
fined as 30°/s for 30° rotation, 60°/s for 60°, 90°/s for
90°, 120°/s for 120° and 150°, and 120°/s for 180°
rotation. In each trial, subjects were rotated back to
the starting position after collecting their responses,
and a pause of 30 s was given before the next trial to
prevent any post-rotational cues that might affect the
vestibular perception of position. Before the experi-
ments, the participants had a practice trial for each of
the 6 positions (30° to 180°) with auditory feedback for
their position estimation. In the experiment, each partic-
ipant underwent a total of 28 trials without auditory
feedback. The order of rotations for different positions
and velocities was randomly determined (Fig. 1).
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Fig. 1 Schematics of experimental design and data analysis for vestibular
perception. In the duration (time) perception task, paradigm 1 created a
time difference by velocity difference only; paradigm 2 assigned a longer

Velocity Task

This task assessed the vestibular perception of moving veloc-
ity. Unlike previous studies that measured the thresholds for
motion perception [10, 12, 13], we adopted a method for eval-
uating the perception of velocity difference. This was funda-
mentally identical to the method for assessing duration per-
ception in the previous study [10]. The subjects were rotated
either rightward or leftward first, and returned to the original
position, and then were rotated in the opposite direction. The
rotation velocity was 10°/s, 15°/s, 20°/s, or 30°/s for one di-
rection and 10°/s for the other direction. Thus, the velocity
differences between the rotations in either direction were 0°/
s, 5°/s, 10°/s, and 20°/s. The velocity task was performed for
two different amplitudes of rotation: small (30°) and large
(60°). After each rotation, the participants verbally reported

Logit (P) = fx + intercept

duration of rotation to smaller amplitude; paradigm 3 assigned a longer
duration to larger amplitude. /3 = beta coefficient of a generalized linear
regression model with a linear fit or logit fit

the direction of the “faster” rotation. The participants had two
practice trials with auditory feedback for their velocity percep-
tion and then underwent 16 experimental trials without feed-
back. The order of rotation within each trial (faster and slower)
and for entire test trials was randomly assigned (Fig. 1).

Duration Task

This task aimed to evaluate the perception of rotation duration.
As in the velocity task, the participants were instructed to
verbally indicate the direction in which they felt the rotation
was “longer.” The task comprised a pair of rightward and
leftward rotations, and the difference of rotation duration
was set to 0, 0.5, 1, 2, and 4 s. In addition, we adopted three
different paradigms to evaluate whether duration perception is
altered during vestibular-guided navigation. In paradigm 1 (10
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trials), we created a difference in the duration of rotation by
delivering rotations at different velocities (20 vs. 30°/s) but
with a fixed amplitude of 30° in either direction. For the same
duration of rotation (duration difference = 0), we tested sub-
jects twice using a 30° rotation at 10°/s and 20°/s in either
direction. In paradigm 2 (8 trials), we adopted different veloc-
ities and amplitudes to assign longer durations for smaller
amplitudes (i.e., 0.5 s longer for the rightward rotation by
applying 30° rightward rotation at a velocity of 15°/s and
60° leftward rotation at a velocity of 40°/s). In paradigm 3
(8 trials), different velocities and amplitudes were used to
assign a longer duration for rotation of larger amplitude (i.e.,
0.5 s longer for rightward rotation of 60° at a velocity of 30°/s
and leftward rotation of 30° at a velocity of 20°/s). During the
second and third paradigms, the same duration of rotation
(duration difference = 0) could not be adopted. Thus, we pro-
vided a pairwise rotation consisting of 60° rightward at 30°/s
and 30° leftward at 15°/s, or vice versa (2 trials).

We hypothesized that the responses do not differ among
the paradigms if a common, centralized, and dedicated timing
mechanism operates for vestibular perception. All participants
underwent 6 practice trials with auditory feedback for the
duration perception. After then, a total of 28 experimental
trials were randomly conducted without feedback (Fig. 1).

Statistical Analyses

We calculated the mean and standard deviation of the partic-
ipants’ responses for each amplitude of rotation in the position
task, and those of the probability choosing “rightward rotation
was faster or longer” for the velocity and duration tasks. We,
then, compared the perception of position, velocity, and dura-
tion with the ideal values using a single-tailed paired ¢ test.
The ideal values for the position task corresponded to the
rotational amplitude. The ideal value for the velocity and du-
ration tasks was 0.5 when the velocity or duration of rotation
was equal in both directions. In contrast, the ideal value was 1
(when the rightward rotation was faster or longer) or 0 (when
the leftward rotation was faster or longer) when the velocity or
duration of rotation differed between the directions. These
analyses were performed for the data of entire subjects and
each subgroup.

The relationship between vestibular perception and actual
stimuli during the position, velocity, and duration tasks was
explored using a generalized linear model (Fig. 1). For the
position task, we used a linear fit without an intercept term.
The regression slope, (3, represents the amount of change in
the perceived position corresponding to the amount of change
for the actual stimuli (delivered position). Thus, a 3 value of 1
indicates an ideal positional perception. In contrast, perceptual
underestimation or overestimation is indicated when (3 is less
than or larger than 1. For the velocity and duration tasks, we
adopted a logit fit. The intercept value of the regression
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equation could determine the probability to select “rightward
rotation was faster or longer” in the rotation without a velocity
or duration difference between the rightward or leftward rota-
tion. /3 is the amount of change in the logarithm of the odds,
log (p/[1 — p]), in response to the amount of change in the
velocity or duration difference. With a higher 3 value, the
discrimination in velocity or duration occurs within a narrow
range. Therefore, the accuracy and precision of discriminative
ability increase with an ideal intercept value and higher /3
value.

The univariate model was adopted to estimate the regres-
sion value for the whole group and each subgroup. The mul-
tivariate model with an interaction term, which is one of the
ways of testing the homogeneity of the regression slope, was
adopted to evaluate any difference among the subgroups in the
vestibular perception of position, velocity, and duration. For
this, the covariates (i.e., the rotational velocity (slow vs. fast)
for the position task, the rotational amplitude (small vs. large)
for the velocity task, the paradigms (1, 2, and 3) of rotation for
the duration task, and the age groups (young, middle, old) for
all tested tasks) and their interactions with the actual stimuli
were included in each model. A p value of less than 0.05 was
defined as the level of statistical significance. All statistical
analyses were performed using the MATLAB statistical tool-
box (Matlab R2018a, The MathWorks, Inc., USA).

Data Availability Statement

Anonymized data will be shared by request from any qualified
investigator.

Results
Position Task

The descriptive results of vestibular perception of position for
the whole group and subgroups are presented in Table 1. In
the whole group, the participants underestimated the rotated
position for the rightward rotation of 60° and 120-180° and
for the leftward rotation of 90-180° (single-tailed paired ¢
test). This perceptual underestimation for each position was
similarly observed during both slow and fast rotations in the
young and middle-aged groups but not in the old age group.

The generalized linear model with a linear fit showed that,
for the whole data set, the perceived position was clearly cor-
related, even though underestimated, with the actual rotational
position (5 = 0.850 (95% CI = 0.832-0.867), p < 0.001). In
the subgroup analyses, the estimated J was similar between
slow and fast rotation (3 = 0.850 vs. 0.851, p > 0.05). The old
age group (G = 0.921) had a larger regression value than the
young (3 = 0.824, p < 0.001) and middle (G = 0.806, p <
0.001) age groups (Fig. 2).
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Table 1

Dataset for experiments

Position task

Stimulation (°) - 180 - 150 - 120 -90 - 60
Ideal perception (°) — 180 - 150 - 120 -90 - 60
Whole group - 151 - 128 - 101 =77 - 56
Slow rotation - 153 - 125 - 105 =79 =57
Fast rotation - 149 — 130 -97 -75 - 54
Young age group — 149 - 129 -102 =75 -59
Middle age group - 149 - 119 -9 =71 —48
Old age group - 156 - 137 - 107 - 86 - 60
Velocity task

Stimulation -20 - 10 -5

Ideal probability” 0 0 0

Whole group 0.00 0.03 0.08

Short rotation 0.00 0.07 0.10

Long rotation 0.00 0.00 0.07

Young age group 0.00 0.00 0.05

Middle age group 0.00 0.05 0.10

Old age group 0.00 0.05 0.10

Time task

Stimulation -4 -2 -1 -0.5
Ideal probability 0 0 0 0
Whole group 0.07 0.18 0.19 0.19
Paradigm 1! 0.00 0.10 0.10 0.10
Paradigm 2! 0.20 0.40 0.43 0.33
Paradigm 3' 0.00 0.03 0.03 0.13
Young age group 0.03 0.17 0.20 0.13
Middle age group 0.03 0.13 0.17 0.27
Old age group 0.13 0.23 0.20 0.17

-30 30 60 90 120 150 180
-30 30 60 90 120 150 180
-33 33 49 82 101 128 151
-33 32 49 79 101 128 147
-32 33 48 85 101 127 154
-30 32 48 77 87 127 141
-30 32 48 75 98 118 146
-38 35 50 95 118 138 165
0 5 10 20
0.5 1 1 1
0.46 0.92 0.97 0.98
047 0.93 0.97 1.00
0.45 0.90 0.97 0.97
0.55 0.90 0.95 1.00
0.38 0.95 0.95 1.00
0.45 0.90 1.00 0.95
0 0.5 1 2 4
0.5 1 1 1 1
043 0.80 088 087 089
0.38 0.90 0.93 100 097
R=0.60%  0.63 070 060  0.70
L=033* 0.87 1.00 1.00 1.00
0.48 0.90 090 097 097
0.35 0.77 097 080 090
0.45 0.73 077 083 080

The value in the light-gray cell is statistically different from the ideal value (single-tailed # test, p < 0.05)
T The probability of choosing the right is denoted by 1 while that of selecting the left is denoted by 0
*In paradigm 1, duration difference was created by only velocity difference. In paradigms 2 and 3, a longer duration of rotation assigned to smaller and

larger amplitude of rotation, respectively

*In paradigms 2 and 3, the same duration of rotation was impossible to set. For those paradigms, a pairwise rotation consisting of 60° rightward at 30°/s
and 30° leftward at 15°/s, or vice versa were applied. The probability was 0.33 when the leftward rotation (L = 0.33) was larger and 0.60 when the

rightward rotation was larger (R = 0.60)
Velocity Task

The descriptive results of the probabilities of correctly choos-
ing the direction with a faster rotation at each velocity differ-
ence are presented in Table 1. For the whole data set, the
probabilities were near ideal except for a velocity difference
of 5%s (single-tailed paired ¢ test). In the subgroup analyses for
each age and position group, the probabilities were also ideal
across the entire range of velocity differences tested.

The generalized linear model with a logit fit showed that,
for the entire data set, the intercept and /3 values were — 0.129

(—0.425-0.168) and 0.374 (0.295-0.453). Thus, the probabil-
ity of selecting “rightward rotation was faster” was 0.47
(0.38-0.56) when equal velocity was applied in both direc-
tions. None of the subgroups showed an intercept significantly
apart from 0 (ideal value). The probability of selecting “right-
ward rotation was faster” at zero velocity difference, therefore,
was not significantly different from the ideal probability (0.5)
in all subgroups. Likewise, the estimated (3 was also similar
between short and long rotation (3= 0.373 vs. 0.377, p > 0.05)
and among the young (0.439), middle-aged (0.385), and old-
aged (0.323) groups (p > 0.05) (Fig. 3).
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Duration Task

The descriptive results of the probabilities of correctly decid-
ing the direction of rotation with a longer duration are present-
ed in Table 1. For the whole data set, the probabilities were
generally close to but significantly different from the ideal
values across all the differences tested except when the differ-
ence in the rotation duration was 0 (single-tailed paired ¢ test).
In the subgroup analyses, however, the results were dissimilar
among the three paradigms tested. When the difference was
created by the velocity difference alone, the probabilities were
ideal for each duration difference. When a longer duration was
applied to smaller amplitudes of rotation, the probabilities
significantly deviated from the ideal values for all differences
tested. In contrast, when a longer duration was applied to
larger amplitudes of rotations, the probabilities were ideal,
except when the difference of duration was 0.5 s. In a pairwise
rotation consisting of 60° rightward at 30°/s and 30° leftward

at 15°/s or vice versa (the duration was equal, but the rotation-
al velocity was different), the probability was 0.6 when the
rightward rotation had a larger amplitude (60°). In the reverse
situation, the probability was 0.33. In both cases, the values
were not different from the ideal value (0.5) but were signif-
icantly different from each other (p = 0.039, paired ¢ test).
With aging, the probabilities were more likely to deviate from
the ideal values.

The generalized linear model with a logit fit showed that,
for the entire data set, the intercept and (3 values were —
0.016 (— 0.195-0.163) and 0.862 (0.730-0.995). The prob-
ability of responding that the “rightward rotation was lon-
ger” was 0.50 (0.45-0.54) after the rotations with equal
duration. None of the subgroups had an intercept value sig-
nificantly different from 0 (ideal value), which indicates that
the probability of selecting “rightward rotation was longer”
after the rotations with the same duration were not different
from the ideal value (0.5). In other words, duration

Fig. 3 The result of the velocity Whole data Short rotation Long rotation
task. The generalized linear 1 estimated regression s 1 3@ ¢ 1 ii s
regression model with a logit fit logit(p) = I
. . -0.13 +0.37*x
shows the relationship between P vl
the estimated probability and o observed mean 0.5 [ 0.5 ¢
actual Yelocity di.ffefen.ce. The 0.75F logit(p) = logit(p) =
regression slope is similar g 00T -026+038%
regardless of the subgroup by =y
rotation amplitude or age Z o5t
:é_ { Young Middle old
) ! e | e
0.25F
0.5 I 0.5 i 0.5 E
) I L“g-iﬁ’l’; Iggziz(m; 39% k())glhz(p); 32%
O? | | 1 OQOE ()0II ()0II
20 -10-5 0 5 10 20 20 0 20 20 0 20 20 0 20

Velocity difference (°/s)
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Fig. 4 The result of duration task. The generalized linear regression with
a logit fit shows the relationship between the estimated probability and
actual time difference. Compared to paradigm 1 (the difference in rotation
duration was created by the velocity difference only), the regression slope
decreases in paradigm 2 (a longer duration of rotation was assigned to

discrimination was accurate. In contrast, the estimated 3, the
indicator for precision, was significantly different across the
test paradigms and age groups. Compared with 3 in para-
digm 1 (1.966), in which the difference in rotation duration
was created by the velocity difference only, the § value
decreased significantly in paradigm 2 (0.288, p < 0.001),
in which a longer duration was applied to a smaller ampli-
tude of rotation, and increased significantly in paradigm 3
(3.352, p = 0.013), in which a longer duration was applied
to the larger amplitude of rotation. In the analyses by age
subgroups, the 3 value was significantly decreased in the old
(0.589) compared with the young (1.332, p < 0.001) and
middle (0.946, p = 0.021) age groups (Fig. 4).

Discussion

This study evaluated the perception of position, velocity, and
duration upon vestibular stimulation in healthy subjects.
Position perception tended to underestimate the rotational po-
sition, which was apparent for the larger amplitude of rotation.
The position perception did not differ between slow and fast
rotations. Velocity and duration perception could be success-
fully evaluated using the discrimination task. Velocity percep-
tion did not differ by the amplitude (small vs. large) of rota-
tion, while duration perception depended on the interactions
between the amplitude (smaller vs. larger) and duration (short
vs. long) of rotation. Lastly, in the old age group, the trend of
underestimation of positional perception was absent and the
precision of discriminative ability for motion duration was
reduced while accuracy remained intact.

small amplitude, red regression line) and increases in the reverse
paradigm (paradigm 3, purple regression line). In the old age group (red
regression line), the regression slope significantly decreases compared to
young and middle age groups

In the position task, the vestibular perception was signifi-
cantly lower than the actual rotational position. Previous stud-
ies have shown that the accuracy of position perception may
differ according to the study paradigm. In a study that
adopted four rotational positions at 90, 180, 270, and 360°
in each direction [14], position perception was near perfect.
However, the protocol with a wide position interval and a
small number of choices may not be enough to evaluate spa-
tial perception precisely. In contrast, a study that adopted 12
positions with a 30° interval in each direction demonstrated
perceptual underestimation for the rotational position [10].
Furthermore, a simplified protocol having adopted six posi-
tions with a 30° interval in each direction also showed a trend
of perceptual underestimation for the position, which was
identical to that of the previous study [10]. In detail, the
regression slope between the perceived and actual positions
in healthy participants was approximately 0.87 in the previ-
ous study [10] and 0.85 in our study. The reason for under-
estimation may be the decay of velocity information in the
peripheral vestibular nerve or central velocity storage net-
works that are engaged in both self-motion perception and
reflexive eye movements [17]. During constant velocity rota-
tion, the velocity information to move the eyes is rapidly
reduced, with a time constant of 4 to 5 s in the peripheral
nerve [18], while it reduced three times more slowly in the
central vestibular system [6, 19]. However, given that all the
rotations were delivered for less than 2 s, the loss of velocity
information in the peripheral nerve or central velocity storage
could not account for the perceptual underestimation of posi-
tion. Instead, we propose two explanations. First, if there is a
neural integrator in the temporoparietal cortex that computes
position from the velocity and time signals, the
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underestimation may be attributed to the physiologic leak
(preventing the bias accumulation from biological noises) of
the neural integrator likewise in the velocity and position
neural integrator located in the brainstem and cerebellum [6,
19-21]. Second, in normal conditions, the cortical regions
coding the velocity information may be tuned to use velocity
information from both vestibular and visual systems. Thus,
vestibular information alone may be insufficient to estimate
the velocity perfectly, which in turn leads to positional un-
derestimation. In this regard, the effect of aging on the rela-
tionship between the perception and actual position also has a
twofold hypothetical explanation. With aging, the physiolog-
ical leak of the neural integrator may decrease or the cortical
area for velocity coding may bias toward the vestibular sys-
tem than the visual system, resulting in paradoxical near-
perfect positional estimation in the old age group.

Lastly, one of the objectives of this study was to test wheth-
er the relatively low-velocity rotation is also useful in evalu-
ating vestibular position perception. No significant difference
was found in the relationship between the perceptual and ac-
tual positions according to the velocity applied, indicating that
slow rotation can also reliably evaluate the vestibular percep-
tion of position.

In the velocity task, the healthy participants accurately and
precisely discriminated the velocity regardless of the rotation
amplitude in all age groups. Previous studies evaluated motion
perception in comparison with the vestibulo-ocular reflex
(VOR) using an acceleration (°/s%) threshold [10, 12, 13].
The VOR thresholds were lower than the perceptual thresh-
olds in both young and older subjects. The VOR was gener-
ated more sensitively for the young than for the old, but the
threshold for motion perception was similar between young
and old subjects [12]. Therefore, the similar accuracy for de-
termining the velocity difference across age groups in our
study was similar to previous results. When evaluating motion
perception, determining the velocity difference may be less
straightforward than the methods adopted in previous studies
[10, 12, 13]. However, compared with previous studies that
required the integrity of perceptual-motor reaction, the method
adopted in this study may be useful for patients with motor
dysfunction. The feasibility should be further evaluated in
patients with vestibular symptoms from various causes.

Lastly, we evaluated the ability to determine the rotation
duration. A previous study showed that healthy subjects can
accurately discriminate differences in rotation duration with a
velocity from 60 to 90°/s and rotation amplitude from 0 to
180° [10]. In this study, the discriminative ability was accurate
(determined by the intercept value of the generalized linear
model with a logit fit) regardless of the test paradigm or age
group. However, the precision (evaluated by the 3 values of
the generalized linear model) differed significantly across the
test paradigms or age groups. The precision was strongly de-
pendent on the interactions between the amplitude (smaller vs.

Si) @ Springer

larger) and duration (short vs. long) of rotation. Compared to
paradigm 1 in which the time difference was created only by
the velocity difference with fixed rotational amplitude, the
precision increased when the direction of the longer duration
of rotation was the same as that of the larger amplitude of
rotation. In the reverse paradigm, the precision decreased sig-
nificantly. It is still uncertain whether our brain has a central-
ized dedicated or distributed intrinsic timing mechanism [15].
The former encodes the duration in an absolute manner, while
the latter does so in a relative manner [15]. Therefore, the
alteration of precision in discriminating the duration would
favor the distributed and intrinsic timing mechanism in the
vestibular system. Another finding was that aging significant-
ly modulated the relationship between perceived and actual
duration differences. Time information encoded by either the
central or distributed timing mechanism requires further pro-
cessing that compares the encoded time to the reference mem-
ory to decide the duration [15]. The prior memory that it takes
more time to travel longer distances may affect duration per-
ception. Hence, older adults may depend more on the prior
memory for the decision of duration than the younger sub-
jects. Alternatively, the timing mechanism may actually de-
crease with aging. This postulation may be in line with the
increase in the prevalence of dizziness (spatial disorientation
without a sense of false motion) in aged people [22]. In addi-
tion, patients with vestibular disorders should be evaluated
further regarding their patterns of duration perception using
different methods applied in this study. However, the question
remains as to whether the temporoparietal region has a com-
mon neural substrate perceiving both position and duration
during vestibular-guided navigation or, alternatively, whether
it is a computing hub for the perception of position (p = | v dt)
[10]. Although our results do not strongly favor one possibil-
ity over the other, the dependency of duration perception on
the interactions between the amplitude and duration of rota-
tion would favor the former, or at least suggests the presence
of another neural substrate encoding the duration for position
perception, and the idea of a distributed timing mechanism.
In conclusion, vestibular perception can be assessed using
pure perceptual tasks, even using rotations of slow velocities
and short amplitudes. Position and duration perception are af-
fected by aging during vestibular navigation. The precision of
duration perception can be influenced even in healthy subjects
by the interactions between amplitude and duration of motion.

Authors’ Contributions Dr. E Kwon analyzed and interpreted the data
and wrote the manuscript. Dr. J.Y. Lee, J.M. Song, and H.J. Kim ana-
lyzed and interpreted the data and revised the manuscript. Drs. J.Y. Choi
and J.S. Kim designed and conceptualized the study, interpreted the data,
and revised the manuscript.

Funding This research was supported by Basic Science Research
Program through the National Research Foundation of Korea (NRF)
funded by the Ministry of Science and ICT (NRF-2017R1C1B1008582).



Cerebellum (2021) 20:509-517

517

Compliance with Ethical Standards

Conflict of Interest Drs. E Kwon, J.Y. Lee, H.J. Kim, J.M. Song, and
J.Y. Choi report no disclosures. Dr. J.S. Kim serves as an associate editor
of Frontiers in Neuro-otology and on the editorial boards of the Journal of
Clinical Neurology, Frontiers in Neuro-ophthalmology, Journal of
Neuro-ophthalmology, Journal of Vestibular Research, Journal of
Neurology, and Medicine.

Ethical Standard This study followed the tenets of the Declaration of
Helsinki and was performed according to the guidelines of the
Institutional Review Board of the Seoul National University Bundang
Hospital (B-1801/445-304).

References

1. MacNeilage PR, Ganesan N, Angelaki DE. Computational ap-
proaches to spatial orientation: from transfer functions to dynamic
Bayesian inference. J Neurophysiol. 2008;100(6):2981-96.

2. Angelaki DE, Cullen KE. Vestibular system: the many facets of a
multimodal sense. Annu Rev Neurosci. 2008;31(1):125-50.

3. Choi JY, Kim JS. Modulation of central nystagmus by vision, pro-
prioception, and efference copy signals: a systematic evaluation. J
Neurol. 2016;263(4):735-42.

4. Glasauer S, Amorim MA, Viaud-Delmon I, Berthoz A. Differential
effects of labyrinthine dysfunction on distance and direction during
blindfolded walking of a triangular path. Exp Brain Res.
2002;145(4):489-97.

5. Goldberg JM, Fernandez C. Physiology of peripheral neurons in-
nervating semicircular canals of the squirrel monkey. I. Resting
discharge and response to constant angular accelerations. J
Neurophysiol. 1971;34(4):635-60.

6. Laurens J, Angelaki DE. The functional significance of velocity
storage and its dependence on gravity. Exp Brain Res.
2011;210(3-4):407-22.

7. Brandt T, Dieterich M. Thalamocortical network: a core structure
for integrative multimodal vestibular functions. Curr Opin Neurol.
2019;32(1):154-64.

8. Brandt T, Dieterich M. The vestibular cortex. Its locations, func-
tions, and disorders. Ann N Y Acad Sci. 1999;871:293-312.

9. Ventre-Dominey J. Vestibular function in the temporal and parietal
cortex: distinct velocity and inertial processing pathways. Front
Integr Neurosci. 2014;8:53.

10. Kaski D, Quadir S, Nigmatullina Y, Malhotra PA, Bronstein AM,
Seemungal BM. Temporoparietal encoding of space and time dur-
ing vestibular-guided orientation. Brain. 2016;139(Pt 2):392—403.

11. Bisdorff A, Von Brevern M, Lempert T, Newman-Toker DE.
Classification of vestibular symptoms: towards an international
classification of vestibular disorders. J Vestib Res. 2009;19(1-2):
1-13.

12.  Seemungal BM, Gunaratne IA, Fleming IO, Gresty MA, Bronstein
AM. Perceptual and nystagmic thresholds of vestibular function in
yaw. J Vestib Res. 2004;14(6):461-6.

13.  Nigmatullina Y, Hellyer PJ, Nachev P, Sharp DJ, Seemungal BM.
The neuroanatomical correlates of training-related perceptuo-reflex
uncoupling in dancers. Cereb Cortex. 2015;25(2):554-62.

14. Cohen BS, Provasi J, Leboucher P, Israel 1. Effects of vestibular
disorders on vestibular reflex and imagery. Exp Brain Res.
2017;235(7):2181-8.

15. Burr D, Tozzi A, Morrone MC. Neural mechanisms for timing
visual events are spatially selective in real-world coordinates. Nat
Neurosci. 2007;10(4):423-5.

16.  Morrone MC, Ross J, Burr D. Saccadic eye movements cause com-
pression of time as well as space. Nat Neurosci. 2005;8(7):950—4.

17. Bertolini G, Ramat S, Bockisch CJ, Marti S, Straumann D, Palla A.
Is vestibular self-motion perception controlled by the velocity stor-
age? Insights from patients with chronic degeneration of the
vestibulo-cerebellum. PLoS One. 2012;7(6):¢36763.

18. Fernandez C, Goldberg JM. Physiology of peripheral neurons in-
nervating semicircular canals of the squirrel monkey. II. Response
to sinusoidal stimulation and dynamics of peripheral vestibular sys-
tem. J Neurophysiol. 1971;34(4):661-75.

19. Wearne S, Raphan T, Cohen B. Control of spatial orientation of the
angular vestibuloocular reflex by the nodulus and uvula. J
Neurophysiol. 1998;79(5):2690-715.

20. Arnold DB, Robinson DA. The oculomotor integrator: testing of a
neural network model. Exp Brain Res. 1997;113(1):57-74.

21. Godaux E, Cheron G. The hypothesis of the uniqueness of the
oculomotor neural integrator: direct experimental evidence in the
cat. J Physiol. 1996;492(Pt 2):517-27.

22. Furman JM, Raz Y, Whitney SL. Geriatric vestibulopathy assess-
ment and management. Curr Opin Otolaryngol Head Neck Surg.
2010;18(5):386-91.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer SRC



	Vestibular Perception in Time and Space During Whole-Body Rotation in Humans
	Abstract
	Introduction
	Methods
	Subjects
	Experimental Apparatus and Setup
	Position Task
	Velocity Task
	Duration Task
	Statistical Analyses
	Data Availability Statement

	Results
	Position Task
	Velocity Task
	Duration Task

	Discussion
	References


