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,f.“ ABSTRACT

i Objectives: Vestibular adaptation time (VAT) refers to subjective assessment of vestibular stimulation in motion
[ 3 environment. While simple, the method is subjective and, hence, is naturally deemed inferior to the objective
Nt methods of assessment. Vestibulo-ocular reflex-induced nystagmus, however, can well be used as a quantified

measure in a Rotary Chair. Time constant (TC) has conventionally been defined as the time taken for nystagmus
to dissipate to 37% of its peak value. Hence, TC becomes an obvious, objective, and more reliable measure

*, i .
Corresponding author: for vestibular adaptation. The objective of this study is to compare the VAT and TC in aircrew and determine

Nandishwar Rathore, differences in outcome while using these two different methods.
Institute of Aerospace
Medicine, Indian Air Force, Material and Methods: Fifty-two healthy male military aircrew with mean age 25.7 + 4.25 years and median flying

experience of 325 h were enrolled in this study after obtaining written informed consent. In the rotary chair, velocity
step test was performed, in which the subjects were rotated at an angular velocity of 100°/s. On reaching this constant
nandishwar_rathore@yahoo. angular velocity, subjects reported perceived cessation of rotation (per-rotatory). Subsequently, on stopping the chair,
com the subjects perceived continued rotation in the opposite direction (post-rotatory). The test was then repeated by
rotating the subjects in opposite direction. The period from beginning of horizontal rotation till cessation of perceived
motion was recorded as the VAT. Simultaneously, the time taken for induced nystagmus to decay to 37% of its peak
was recorded by video-oculography and noted as TC. Values of VAT and TC were recorded in per-rotatory and post-
rotatory phases in both left and right directions and were statistically analyzed to assess any differences in the outcomes.
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Results: Mean VAT for the right and left rotation was found to be 28.22 + 6.95s and 27.74 + 6.55s, while mean TC

DOI for the right and left rotation was found to be 19.50 + 5.01s and 18.59 + 3.99s. Mean VAT was found to be 27.98 +

10.25259/TJASM_21_2024 6.74s and mean TC was found to be 19.05 + 4.54s. Bland-Altman graph found 95% of the data points within the
upper and lower limits of agreement.

ick :
Quick Response Code Conclusion: In our study, a higher mean VAT of around 28s and a mean TC of 19s can be attributed to the varying

onset and offset rates and angular velocities being used in different studies. Results indicate an offset of 8.925s
between values of VAT and TC. However, Bland-Altman plots indicate good agreement and ICC indicates mild
reliability between the two tests. This signifies that although there is good agreement between the values of the
two tests, further studies may be required to ascertain whether the two parameters may be used interchangeably
as a measure of vestibular adaptation.
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INTRODUCTION

Spatial orientation is crucial to flight safety. In the absence of visual and proprioceptive cues,
vestibular cues provide orientation about Earth and aid the aircrew in maintaining the desired
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attitude of the aircraft. The otoliths sense linear acceleration
and head tilt, while the semi-circular canals sense angular
acceleration. The vestibular organ detects linear and angular
velocity changes and converts them into neural signals, which
are sent to the central nervous system to reflexively regulate
physiological functions.!"! The vestibulo-ocular reflex (VOR)
refers to eye movements intended to help with perception by
maintaining a steady visual image on the retina during head
motion. The main mechanism involved is by moving the eyes
in an equal but opposite direction to the movement of the
head.™”

For all sensory systems, the perception of a prolonged or
repetitive stimulus generally declines over time through
habituation or adaptation at different levels in the nervous
system. While central habituation happens when an irrelevant
stimulus is disregarded, peripheral habituation develops
secondary to receptor desensitization. However, this results
in a fundamental shift in how the stimulus is perceived, as
evidenced by the opposite after-effect that appears when the
stimulus is eliminated.™

When the entire body is passively rotated in the dark around
the vertical mid-body axis (Z-axis), nystagmus, which is
characterized by a slow phase in the opposite direction of
rotation, and perception of rotating in the same direction
is experienced. As the cupulas of the horizontal semi-
circular canals return to their resting position, both these
effects decay exponentially to zero after 30-60 s of rotation
at constant velocity. On deceleration to rest, the cupulas are
deflected in a direction opposite to the initial rotation. Now,
the nystagmus occurs with its slow phase component in the
same direction as the preceding rotation, and perception
of rotation is experienced in the direction opposite to the
original rotation. These post-rotatory effects also decay
exponentially as the cupulas return to their resting position.™

Vestibular adaptation time (VAT) is the simplest method of
subjective assessment of vestibular stimulation in a motion
environment. The sensation of rotation occurs due to cupular
deflection during angular rotation of the vestibular system
and ceases when the cupula gains back its shape. However,
being a subjective measure of vestibular stimulation, it is less
reliable and can be biased. Several studies have used VAT to
demonstrate vestibular adaptation.>®

Nystagmus induced due to VOR in the absence of visual
cues can be measured. In vestibular testing, the time decay
constant or time constant (TC) refers to the time taken for
the nystagmus to decay to 37% of its peak slow phase eye
velocity.”?! This is an objective parameter which reflects
vestibular adaptation. The TC has been suggested to be
a measure of velocity storage.'” Furthermore, its value
is consistent, reproducible, and not influenced by the
participant’s mental or arousal state.!'!]
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VAT is a subjective parameter; however, it is of practical
significance as it quantifies the duration of time for which
aircrew gets disoriented during the rotary motion of an
aircraft. When assessing VAT, subjective differences in
its evaluation might result in inaccurate results. Thus, an
objective parameter may provide more consistent findings. As
VAT and TC are measures of the velocity storage mechanism
of vestibular apparatus, there is a likelihood of correlation
between the subjective (VAT) and objective parameters
(TC). As there is paucity of literature on this correlation, this
study aims to compare the VAT and TC and determine any
significant difference in the outcomes of the two methods.!
The objective of the study is to find the VAT and TC during
velocity step test (VST) and compare the two parameters.

MATERIAL AND METHODS

The study was carried out at the neurovestibular laboratory
at the Department of Acceleration Physiology and Spatial
Orientation at the Institute of Aerospace Medicine. The study
group consisted of 52 military aircrew. All the subjects were
male and their age ranged from 22 to 45 years with the mean
age of 25.73 years. Their flying experience ranged from 95 to
3000 h with average flying hours of 549.8 h. The volunteers
were in full flying medical category. Subjects were asked to
refrain from alcohol 48 h,['>" coffee 6 h, and smoking
2 h!I before the test. From each subject, written informed
consent was obtained. All subjects were briefed regarding
the study and timely reporting of cessation of sensation of
rotation in the rotary chair. An observational cross-sectional
design was used for the study.

Rotational chair testing

This was performed using a Rotary Chair designed by
NeuroEquilibrium™ Diagnostic Systems Pvt. Ltd. with its
own proprietary software for test analysis. The subject was
positioned and secured to the rotary chair with the head
adjusted so that both lateral semi-circular canals were close to
the plane of stimulus (30° forward tilt).”! Static calibration
was done before each experiment. The instantaneous eye
position was recorded using video-oculography. During
rotation, the subject was instructed to keep his/her neck
stable, eyes open, and refrain from moving eyes voluntarily.
The VST was used to measure per- and post-rotatory TC
during rotations in both right and left directions.!®!

Velocity step test

The VST has two steps. In the first step, the chair was
accelerated in one direction at 100°/s* until it attained a pre-
set constant velocity of 100°/s. This velocity was maintained
for a designated duration of time of 45 s for recording of
nystagmus.' This was termed per-rotatory phase and
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during this phase a sudden burst of nystagmus was noted as
the chair was accelerated (per-rotatory nystagmus). However,
the nystagmus decays exponentially as the chair rotates at a
constant velocity. The time taken for the nystagmus to decay
to 37% of its peak value was noted as per-rotatory TC.[*"!

In the second step, the chair was decelerated to a complete
stop at 100°/s* and this was termed post-rotatory phase.
Sudden deceleration again caused nystagmus (post-rotatory
nystagmus) in the opposite direction as the cupula is
deflected in the opposite direction and was also perceived as
motion in the opposite direction. Nystagmus again decayed
exponentially and the post-rotatory TC was noted.®”!

The entire procedure was then repeated with the initial
rotation in the opposite direction. For both steps in both
directions, VAT was also noted as the period from initiation
of rotation to complete cessation of perceived rotation. The
duration of rotation in the Rotary Chair was fixed (45 s)
by original equipment manufacturer for the recording of
nystagmus; however, some subjects had per-rotatory VAT
>45 s and, thus, had to be excluded as the subsequent rotation
of the rotary chair in opposite direction interfered with the
recording of per-rotatory VAT.

Statistical analysis

The Statistical Package for the Social Sciences (SPSS)®
version 26.0 for Windows (SPSS Inc., Chicago, IL) was used
for analysis. Shapiro-Wilk test was used to establish normality
for the data acquired. Descriptive statistics were compiled to
calculate the means and standard deviation of VAT and TC
in all phases of measurements. To identify any systematic
differences between VAT and TC, Bland-Altman graph
was plotted using Microsoft Excel. Intraclass correlation
coeflicient (ICC) was used for reliability analysis between the
subjective (VAT) and objective measures (TC) of vestibular
adaptation. Level of significance was set at P < 0.05.

RESULTS

The demographic data of the 52 military aircrew are
presented in Table 1. The large standard deviation in flying
hours can be attributed to the seven experienced pilots who
had more than 1700 h of flying experience. The median flying
hours of aircrew was 325 h (Interquartile range: 275-400 h).

Using the Shapiro-Wilk test for normality, data of VAT and TC
in the right and left, per- and post-rotatory phase of the rotary
chair were found to be normally distributed. Table 2 shows
the descriptive statistics of VAT and TC showing average
values during all phases and directions of rotation. An offset
of around 8 s can be seen between the means of the two tests.

Table 3 shows the descriptive statistics of VAT and TC in
both per-rotatory and post-rotatory phases in both directions

Table 1: Demographic data.

Range Mean+SD Median
Age (years) 22-45 25.73+4.25 25
Flying hours (h) 95-3000 549.84633.5 325

SD: Standard deviation

of rotation. A similar offset can also be seen in the means
of VAT and TC in various phases. It is also notable that the
range of data points of VAT, as well as their 95% confidence
interval, is similar in all the phases of measurements. The
range of data points of TC within the 95% confidence limit is
also comparable to other phases of measurements. This again
indicates the normal distribution of data points in various
measurements.

As these two parameters, VAT and TC, are subjective and
objective measures of the same mechanism, that is, vestibular
adaptation, it is prudent to identify any systematic differences
between the measurements or possible outliers. This can be
done using Bland-Altman plots for VAT and TC in their
corresponding phases.

As reflected in the Bland-Altman plots [Figures 1-4], it is
understood that 95% of the data points in all the phases
of measurements fall within the upper and lower limits of
agreement with an average bias of 8.925 s ranging from 6.57 s
to 10.85 s. This shows good agreement between the values of
VAT and TC in the corresponding phases of measurements.

Furthermore, the ICC was used for reliability analysis. ICC
for all values of VAT and TC in their corresponding phases
of measurements was 0.326 (P = 0.081, 95% CI: —-0.174-
0.613) for the right per-rotatory, 0.364 (P = 0.054, 95%
CI: -0.107-0.635) for the right post-rotatory, 0.627 (P = 0.000,
95% CI: 0.350-0.786) for the left per-rotatory and 0.491
(P = 0.009, 95% CI: 0.113-0.708) for the left post-rotatory
phase. The mean ICC was found to be 0.428 (P = 0.024, 95%
CI: 0.004-0.672). The ICC indicates mild reliability between
the two tests in various phases of measurements.

DISCUSSION

Efforts to quantify vestibular adaptation have been made
time and again with varying results. The test wherein VAT
was measured by noting the subjective cessation of turning
sensation by the subject was termed “cupulometry” and
was measured as early as in 1948 by Hulk and Jongkees.!"”!
They obtained an increasing duration of turning sensation
from 9.5 s to 21.2 s on increasing the angular velocities
from 9°/s to 52°/s in 50 subjects. Similar experiment
was performed on 200 subjects by Aschan et al. in 1952
and they obtained increasing duration of sensation
cupulograms from 5.6 s to 23 s for the same set of angular
velocities.!"*!
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Figure 1: Bland-Altman plot of vestibular adaptation time and time
constant in the right per-rotatory phase. SD: Standard deviation.
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Figure 2: Bland-Altman plot of vestibular adaptation time and time
constant in the right post-rotatory phase. SD: Standard deviation.

Brand in 1968 also measured the VAT in 24 subjects with
varying angular velocities and found a duration of 24.5 s
at 60°/s angular rotation.”! By giving repetitive stimuli of
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Table 2: Descriptive statistics of VAT and TC.
Tests Mean SD Range 95% CI
Minimum Maximum Differences Lower Upper Differences
VAT (s) 27.98 6.74 14.07 44.39 30.32 27.06 28.9 1.84
TC (s) 19.05 4.54 8 33 25 18.43 19.67 1.24
VAT: Vestibular adaptation time, TC: Time constant, SD: Standard deviation, CI: Confidence interval
Table 3: Descriptive statistics of VAT and TC in per- and post-rotatory phases in both directions.
Tests Mean SD Range 95% CI
Minimum Maximum Differences Lower Upper Differences

VAT (s)

RT_PER 30.33 6.62 16.56 4247 2591 28.49 32.18 3.69

RT_POST 26.11 6.69 14.07 39.74 25.67 24.25 27.98 3.73

LT_PER 29.2 6.89 18.44 44.39 25.95 27.28 31.12 3.84

LT_POST 26.27 5.89 15.4 42.72 27.32 24.63 27.91 3.28
TC (s)

RT_PER 19.48 5.21 9 33 24 18.02 20.93 291

RT_POST 19.53 4.86 8 30 22 18.18 20.89 2.71

LT_PER 19 4.02 11 26 15 17.87 20.12 2.25

LT_POST 18.19 3.95 9 26 17 17.09 19.29 2.2
VAT: Vestibular adaptation time, TC: Time constant, SD: Standard deviation, CI: Confidence interval, RT: Right, LT: Left.
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Figure 3: Bland-Altman plot of vestibular adaptation time and time
constant in the left per-rotatory phase. SD: Standard deviation.
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Figure 4: Bland-Altman plot of vestibular adaptation time and time
constant in the left post-rotatory phase. SD: Standard deviation.

varying angular velocities over 9 days, a decreasing trend

of VAT was discovered which was attributed to habituation
processes which are akin to the “tolerance” which develops
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on repeated exposures to other forms of unfamiliar
labyrinthine stimulation.">?!! Howard et al, in 1998,
measured VAT in 10 subjects while rotating at an angular
velocity of 72°/s and onset and offset rates of 28.5°/s* and
found it to be 24.4 5.

In the present study, we found an average VAT of 27.98 +
6.74 sin a sample of 52 male military aircrew. Similar studies
to quantify VAT have been done with varying results and
these studies are shown in Table 4. The results are comparable
to some of the studies; however, since these studies have
varying onset, offset rates, and angular velocities, the results
cannot be statistically compared.

Louis Levy first measured the average duration of nystagmus
in 541 aviators in 1919.%%) Since then, many studies have
measured TC for nystagmus, post-rotation at various angular
velocities. They have been compiled in Table 5.

In the present study, a mean T'C of 19.05 + 4.54 s was found.
The results are comparable to some of the studies mentioned
above; however, it can be seen that normative values of TC

Table 4: Comparable VAT in similar studies.
Sr. Investigator (year) N Angular VAT (s)
No. velocity
(*/s)
1. Hulk and Jongkees (1948)1"77 50 9 9.5
52 21.2
2. Aschan et al. (1952)08! 94 9 5.6
52 23
Brand (1968) 24 60 245
Howard et al. (1998)%?! 10 72 24.4
Kumar (2019)2* 30 30 35.16
45 42.71
60 51.92
6. Present study 52 100 27.98
VAT: Vestibular adaptation time
Table 5: Comparable TC in similar studies.
Sr. No. Investigator (year) n Angular TC (s)
velocity (°/s)
1. Brand JJ (1968)!¢! 16 60 15.1
2. Ahmed M (2014)¥ 100 100 16.4
3. Howard et al. (1998)2 10 72 15.5
4. Karch et al. (2018)12% 47 60 10.36
240 6.73
5. Present study 52 100 19.05
TC: Time constant

46

vary depending on the parameters of measurement such as
angular velocity as well as rates of angular acceleration and
deceleration. The studies mentioned above differ in the values
of angular velocity or angular acceleration/deceleration
which could affect the TC as the semi-circular canals
behave as mechanical integrators, sensing the accumulation
of angular acceleration over time.” Due to this reason,
variations in TC can be seen even if angular velocity is same
as in the study by Ahmed."” Cupular deformation is a result
of both acceleration as well as the duration of the accelerative
force. Thus, higher angular velocity in VST will cause greater
deformation in cupula due to exposure to accelerative forces
for a longer period. This will lead to higher slow phase eye
velocity in the resulting nystagmus.® On the other hand, the
values of TC are relatively stable over wide range of angular
velocities (0-250°/s), but show a decreasing trend over
120°/s.127)

The adaptation of the canal-cupula system to rotation occurs
through peripheral as well as central mechanisms. St George
et al. found that the TC for the peripheral canal-cupula
adaptation was 7.3 5.l Baloh et al. also found that in the
absence of any acceleration or deceleration, the visco-elastic
forces will cause the cupula to return to its resting position in
4-7 s.”) However, a central brainstem mechanism prolongs
the fast canal-cupula adaptation, causing the signals that
drive both the VOR and the perception of rotation to outlive
the peripheral signal of head rotation. This is referred to
as the “velocity storage” mechanism and it prolongs the
TC of nystagmus decay to 15-30 s in the absence of visual
input. 30!

In our present study, we found an average VAT of 27.98 +
6.74 s and a mean TC of 19.05 + 4.54 s which are comparable
to several previous studies. Moreover, even after an extant
literature search, no study indicating the comparison
between VAT and TC could be found.

In Bland-Altman plots, there is an average bias of 8.925
indicating that on average, values of VAT are higher than
that of TC by 8.925 s. Similar differences can be seen in the
studies mentioned above as well.*??! Notably, 95% of the
data points in various phases of measurements fall within
the upper and lower limits of agreement indicating good
agreement between the measured values of VAT and TC.
The ICC indicates mild reliability between the two tests
in various phases of measurements. A larger sample size
might be needed to obtain good reliability between the two
measures. Both agreement and reliability must be good
to unequivocally state that the two measures can be used
interchangeably.

The limitation of this study is that although visual stimulus
is completely blocked, proprioceptive sensations do interfere
with the accurate reporting of VAT by the subject. Due to the
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pre-set duration of the rotation of the chair by OEM, data
of subjects with VAT >45 s were discarded. Furthermore,
the onset and offset rates of rotation in rotary chair (100°/s)
could not be changed to see their effect on VAT and TC.

CONCLUSION

The study brought out that even though there is a difference
between the means of VAT and TC, there is good agreement
between the corresponding values of the two tests. However,
mild reliability indicates that further studies with a larger
sample size are required to ascertain whether the two tests
can be used interchangeably. Literature on comparison
between the subjective and objective measures of the
vestibular system is scarce. Future studies can be planned to
compare the two parameters at varying angular velocities,
onset and offset rates to better test the agreement between
the two tests.
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