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Abstract Detection of asymmetries has been a mainstay
of using vestibular reflexes to assess semicircular canal
function. However, there has been relatively little work on
how vestibular stimuli are perceived. Suprathreshold
vestibular perception was measured in 13 normal healthy
controls by having them compare the relative sizes of two
yaw (vertical-axis rotation) or sway (right—left translation)
stimuli. Both stimuli were 1.5 s in duration with a staircase
used to adjust the relative size of the stimuli to find a pair
of stimuli perceived as equal. Motion stimuli were deliv-
ered in darkness using a hexapod motion platform, and
visual stimuli simulating motion were presented on a
screen in the absence of platform motion. Both same
direction (SD) and opposite direction (OD) stimuli were
delivered in separate runs. After a two-interval stimulus,
subjects reported which movement they perceived as lar-
ger. Cumulative distribution functions were fit to the
responses so that the relative magnitudes of the two stimuli
perceived as equal could be determined. For OD trial
blocks, a directional asymmetry index was calculated to
compare the relative size of perceived rightward and left-
ward motion. For all trial blocks, a temporal asymmetry
index (TAI) was used to compare the relative size of the
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first and second intervals. Motion OD stimuli were per-
ceived as equal in all subjects in yaw and all but one in
sway. For visual OD stimuli, two subjects had slightly
asymmetric responses for both sway and yaw. The TAI
demonstrated asymmetry in 54 % in yaw, in which the
second interval was perceived to be larger in all but one
subject who had an asymmetry. For sway, only two sub-
jects had a significant asymmetry. Visual stimuli produced
a similar rate of asymmetry. The direction and magnitude
of these asymmetries were not significantly correlated with
those seen for motion stimuli. Asymmetries were found in
a fraction with the TAI in SD stimuli for motion in yaw
(42 %) and sway (33 %), as well as for vision in yaw
(60 %) and sway (43 %). The precision at discriminating
SD motion stimuli decreased significantly with age, but
there was no difference in OD motion or visual stimuli.

Keywords Vestibular - Semi-circular canals - Otoliths

Introduction

Detection of asymmetry has been a corner stone of mea-
suring human vestibular function. The earliest and still
most widely used test of vestibular symmetry is caloric
irrigation (Barany 1921) that makes use of the vestibulo-
ocular reflex. Rapid head rotation has also been shown to
localize vestibular asymmetries in humans (Halmagyi and
Curthoys 1988; Crane and Demer 1998) as have vestibular
evoked myogenic potentials (VEMP) (Welgampola and
Colebatch 2005). Both of these are now commonly used
clinical tests. An acute asymmetry in vestibular function is
perceived as vertigo, for example, as commonly occurs in
vestibular neuronitis (Strupp and Brandt 2009) or acute
surgical lesions (Levine et al. 1990). However, in many
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patients, the vertigo will resolve even if the lost peripheral
vestibular function does not recover. Also, there is evi-
dence that vestibular reflexes and vestibular perception
arise from different mechanisms (Merfeld et al. 2005a, b).
Thus, it is not surprising that patient’s subjective vertigo
symptoms are often poorly correlated with vestibular
function measured using reflex testing (Kanayama et al.
1995; Perez et al. 2003).

There have been studies to establish the motion per-
ception thresholds in healthy humans (Benson and Brown
1989; Kingma 2005; Grabherr et al. 2008; MacNeilage
et al. 2010; Mallery et al. 2010), but these studies have
made the assumption that perceptual thresholds are sym-
metric with similar thresholds in opposite directions of
movement. However, there is some evidence that normal
subjects may have asymmetric motion perception thresh-
olds for fore-aft motion (Benson et al. 1986), and direc-
tional bias may also be the source of some asymmetry in
perceptual thresholds (Merfeld 2011). A recent study in the
current laboratory has demonstrated that significant rota-
tional and translational perceptual asymmetries occur in
about a third of healthy individuals for a given test con-
dition (Roditi and Crane 2012). The goal of the current
study is to determine whether such perceptual asymmetries
extend into the realm of suprathreshold perception in
healthy humans.

Methods
Subjects

Thirteen healthy human subjects (6 women, 7 men) aged
27-68 years (mean 41) participated in the study. All sub-
jects gave informed consent. All subjects completed stan-
dard video nystagmography (VNG) testing including
caloric testing and had results in the normal range (<20 %
asymmetry on caloric testing). Subjects also completed
visual acuity testing and audiometry to verify normal
hearing and vision. The protocol was approved by the
University of Rochester Research Science Review Board.

Platform motion

Motion stimuli were delivered using a 6-degree-of-freedom
motion platform (Moog, East Aurora, NY, model
6DOF2000E) similar to that used in other laboratories for
human motion perception studies (Grabherr et al. 2008;
Fetsch et al. 2009; MacNeilage et al. 2010) and in the
current laboratory (Roditi and Crane 2012). Subjects were
seated in a padded racing seat (Corbeau, Sandy UT, model
FX-1) mounted on the platform. A four-point racing style
harness held the body in place. The head was held in an
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open-face motorcycle helmet with a chinstrap. Helmets
were available in 6 sizes to allow each subject to be fit
appropriately. Once the subject was seated, the helmet was
firmly attached to the motion platform using a custom-built
structure that allowed adjustment for the subject’s size and
comfort. The back of the helmet was pushed against a
headrest to ensure head motion was coupled to the
platform.

Sounds from the platform were masked using a white
noise stimulus reproduced from two platform-mounted
speakers on either side of the subject. No masking noise
was used between stimuli. The motion stimuli were
delivered in complete darkness with no visual feedback
available.

Visual flow

During visual flow, the platform remained stationary, and
subjects viewed a visual stimulus consisting of a star field
that simulated movement of the observer through a ran-
dom-dot cloud. Visual coherence was fixed at 90 %. Even
though the stimulus delivery made no sound, a white noise-
masking sound similar to that used during motion stimuli
was used. The stimuli were presented on a horizontal
color LCD screen that measured 115.6 by 64.8 cm with
a resolution of 1,920 x 1,080 pixels (Samsung model
LN52B750U1FXZA). The subject was seated 50 cm from
the screen that filled a 98° field of view in azimuth.

Experimental procedure

Prior to stimulus delivery, the subject heard a 500 Hz,
0.125 s single tone to signal that the next stimulus was
ready. The stimulus was delivered immediately after the
subject pressed the start button. After the stimulus was
delivered, two 0.125 s tones were played in rapid succes-
sion to indicate that the stimulus had been delivered and
suggest that one of the two response buttons should be
pressed. Thus, this was a two-interval forced choice task.
Tones were played from speakers mounted to the motion
platform to eliminate any potential auditory localization
cues. When a response button was pressed, a key click
sound was played, which did not depend on the accuracy of
the response, but indicated that the subject’s selection had
been recognized by the program. If no response was
entered within 2 s, a “timeout sound” was played (a low-
frequency buzz).

Opposite direction (OD) stimuli
The subject was moved in one direction followed by a

motion in the opposite direction. Each direction of motion
was a sine wave in acceleration lasting 1.5 s (0.66 Hz) with
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Fig. 1 Motion profile. Each presentation of the stimulus consisted of
2 intervals of motion: one fixed and one variable. Both intervals are
1.5 s in duration. In this example, the first interval (solid black line)
was fixed at a displacement of 15 units (either degrees or centimeters)
and peak velocity of 20 units/s. The second interval had a variable
amplitude. Variable interval A has a smaller amplitude than the fixed
interval by 5 units. Variable interval B is larger amplitude than the
fixed interval by 5 units

the second stimulus starting immediately after the first
stimulus ended (Fig. 1). It was important that the subjects
make their decision by comparing the two intervals. To
achieve this, one of the two intervals always had a fixed
displacement of 15° or 15 cm, and thus, the peak velocity
was 20° or cm/s, and the peak acceleration was 42° cm/s/s.

Each run of trials included 4 sets of interleaved condi-
tions that were independently randomized for each subject:
(1) a set in which the first interval was of variable dis-
placement and to the right, (2) a set in which the first
interval was variable and to the left, (3) a set with the
first interval fixed and to the right, and (4) a set with the
first interval fixed and to the left (Table 1). Each set
included two staircases: one in which the variable interval

Table 1 Summary of the two interval forced choice techniques used

Stimulus combination Magnitude Vector
comparison  addition
=
<---------. FiI'St Left
>
. - > Second Left
=
=-=@ Second Right
o

The columns to the right show the correct responses for the perceived
magnitudes shown on the left. The upper arrow in each series rep-
resents the first interval, with the lower arrow representing the second
stimulus. Using the magnitude comparison (MC), task subjects were
asked to identify whether the first or second interval was larger. Using
the vector addition (VA), task subjects were asked to determine
whether the end point was right or left of the starting point

started at the minimum displacement (1 cm or deg), and
one in which the variable interval started at the maximum
displacement (29 cm or deg). The minimum displacement
was sub-threshold in some subjects yielding a peak
velocity of 1.3 c¢cm or deg/s. The mean threshold previously
found in the current laboratory was 1.3 deg/s in yaw and
1.7 cm/s in sway (Roditi and Crane 2012). Thus, each
block of trials included 8 independent, interleaved stair-
cases. The stimuli were adjusted such that if the subject
indicated the variable interval was larger, the next stimulus
was reduced by 4 cm. Conversely, if it was perceived to be
smaller, the next stimulus was 4 cm larger. A reversal in
the perceived size of the stimulus within a staircase
reduced the step size by half, until a minimum step size of
1 cm was reached. The staircase then continued at the
minimum step size, unless there were 3 responses in the
same direction. In this scenario, the step size doubled up to
the maximum of 4 cm. The variable interval was adjusted
based on prior responses to converge on the point of sub-
jective equality (PSE) when the subject was equally likely
to identify either interval as larger. This method tended to
focus the majority of stimuli near the PSE. Each staircase
contained 21 pairs of stimuli, and thus, a block included
168 pairs of stimuli and took about 45 min to complete.

Same direction (SD) stimuli

Similar to OD stimuli runs, each interval consisted of a sine
wave in acceleration. Because the displacement of the
platform was limited to about 35 cm, the method used to
deliver the stimuli was changed so that the sum of the
intervals was a constant 30 cm. However, when the two
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Fig. 2 Diagram demonstrating same direction (SD) stimulus times

intervals were equal, each would be 15 cm, the same as the
fixed interval in the OD task. Sets of stimuli in the right-
ward and leftward directions were interleaved, which
allowed the full range of platform motion to be used
(Fig. 2). Each movement direction still had two randomly
interleaved staircases, which started at the minimum and
maximum displacement, respectively. Thus, each SD block
included a total of four independent staircases, and a total
of 84 stimulus pair presentations. The stimuli were adjusted
based on subjects’ responses, as in the OD stimuli runs.

Responses

Responses were collected using a three-button control box
that the subject held. The center button was pressed by the
subject to initiate each stimulus. The two buttons at either
end were used to identify the relative magnitudes of the
two motion intervals in this forced choice task. Two
strategies for reporting the relative magnitudes of motion
or tasks were investigated. The first method was magnitude
comparison (MC). Using this method, the subject was
encouraged to press one button to indicate that the first
stimulus was larger and another button to indicate that the
second stimulus was larger. A second method using vector
addition (VA) was also investigated. Using this method,
subjects were asked to indicate the end point relative to the
starting point (Table 1). Both methods required that the
answer be entered within 2 s, and if no response was
entered the trial was ignored.

Data analysis

A Gaussian cumulative distribution function was fit over
the fraction of rightward (VA task) or second interval
larger (MC task) 0—1.0. The mean of the function occurs at
the point where the responses are divided equally between
the two possible responses, also known as the point of
subjective equality (PSE). The function was fit to the data
using an established Monte Carlo maximum-likelihood
criteria allowing for a small lapse rate as previously
described (Wichmann and Hill 2001a, b), used by others
(Fetsch et al. 2009; MacNeilage et al. 2010), and previ-
ously described in the current laboratory (Roditi and Crane
2012). The bootstrapping method of this technique

@ Springer

permitted fits to be repeated several times to determine the
range of uncertainty in the curve fit parameters.
Directional asymmetry could be determined for OD
trials by determining the magnitude of the variable inter-
vals of leftward (L, and L) and rightward (R; and R,)
displacement at the PSE (Fig. 3). A directional asymmetry
index (DAI) was calculated using the following formula:

DAIZlng((R] —|—R2+30)/(L| +L2+3O)) (1)

Thus, the DAI is the base 2 log of the sum of all rightward
displacements over the sum of all leftward displacements at
the point for each test condition where these were per-
ceived as equal. Because each of the four sets of staircases
contains a constant interval of 15 cm or deg, 30 is added to
both the rightward and leftward displacements. R is the
magnitude of rightward motion when it was varied during
the first interval, and R, is the magnitude of rightward
motion when it was varied during the second interval.
Similarly, L; and L, represent the staircases where the
leftward motion was variable. Thus, this method has the
effect of providing an average across all the staircases
within a trial block. It would not be appropriate to report a
DAL for only a subset of test conditions because it would
not be able to differentiate between a dynamic and tem-
poral asymmetry. With this calculation, the DAI would be
zero when the right and left motions were perceived
equally, 1.0 when the rightward motion had to be twice the
left motion to be perceived as equal, and —1.0 when the
leftward motion had to be twice the right motion.

A temporal asymmetry index (TAI) was determined for
OD trials by comparing the relative magnitude of the first
interval with the second interval at the point they were
perceived as equal, using an equation analogous to the one
used to calculate the DAI:

TAI = Ing((Rl + L] + 30)/(R2 + L2 + 30)) (2)

For SD trials, the TAI was also calculated similarly.
However, because there was no constant interval and the
sum of the two intervals was always 30 cm or deg, the
equation is slightly different:

TAI = log, ((Ry + L1)/((30 — Ry) + (30 — Ly))) (3)

Using this scale, a TAI of zero indicates the two intervals
are perceived equally. A positive TAI indicates that the
first interval had to be larger to be perceived equal to the
second interval, thus, a positive TAI implies that if the two
intervals were the same size, the second would be per-
ceived as larger.

Because the duration of the two intervals was constant,
and DAI and TAI are calculated based on the ratio of two
values, it does not matter whether the magnitude is mea-
sured in distance, peak velocity, or peak acceleration.
However, the constant used here (30 deg or cm) would



Exp Brain Res (2012) 219:369-379 373
Fig. 3 Sample data from a trial 1 A =Y

in an individual subject (no. 1)

for a rare trial block 0.8 R, =17.89

demonstrating both a directional . - em mm mm mm = » 9

and temporal asymmetry. The 06 -
subject was shown visual 4 # Stimuli
motion at 90 % coherence 0.4 - ° 1
consistent W}th r(.>tat10n.. The 0.2 | PSE =289 (2.15 - 3.54) @ 5
task was to identify which Sigma = 1.14 @ 10
interval was larger (MC). 0 gma=1. ) ) 4 ‘
Results from 8 independent

randomly interleaved staircases

are shown. Each panel o 1B o

represents two staircases, one in Q

which the variable interval g 0.8 | L,=12.99

started at a maximum value — . >

(29°) and the other at which it 8 0.6 -

started at a minimum value (1°), = 4 m__——_———

which tended to converge to a 8_ 0.4+

similar PSE during the trial nq:-’

block. Data points are sized o 02+ P_SE =2.01(1.48-2.47)

proportional to the number of = Sigma = 0.69

stimulus presentations at each :é 0 ‘ ‘

level. The value of the PSE in =

deg is given with the 95 % @ 1

confidence interval in ® rC ®

parenthesis. In every panel, the £ o8l L, =18.86 (O]

PSE is positive indicating the s - mm mm mm = =

first interval was larger than the z 06 1L < > .

second interval when they were ®©

perceived as equal. When (= 04l

similar stimuli in opposite ©

directions are compared (a and g 0.2+t PSE =3.86 (2.98 - 4.69)

d, b and d), the PSE was 5 Sigma = 1.44

significantly larger when ® 0 - -

leftward motion was presented L

first (¢ and d). This indicates a . -~
directional asymmetry where D

the leftward stimuli were ' 08l R,=11.10

presented larger to be perceived

as equal. The magnitudes of the 0.6 - < .

variable stimuli at the PSE are == = P

shown. a The first interval is 0.4

variable and to the right. b The

first interval is fixed and to the 0.2} PSE =3.90 (3.38 - 4.28)

right. ¢ The first interval is Sigma = 0.86

variable and to the left. d The 0 ’ * © ‘ ‘ ‘
first interval is fixed and to the -15 -10 -5 0 5 10 15
left

have to be adjusted appropriately if the calculation were to
be done in the velocity or acceleration domains.

The Spearman rank-order coefficient was used to mea-
sure the significance of correlation between continuous
variables. Two different axes of motion were examined
(yaw and sway), each with both self-motion and visual
motion. Pairs of stimuli were both SD and OD, with the
method of comparison being vector addition (VA) or
magnitude comparison (MC). The student’s ¢ test was used
to compare results between the VA and MC tasks with the
level of statistical significance defined as p < 0.05.

abs(Interval 1) - abs(Interval 2) cm

Results

A total of 13 human subjects participated in these experi-
ments although due to time constraints and subject avail-
ability not every subject completed every test condition
(Table 2). The vector addition (VA) task was not well
suited to visual motion because many subjects found it
ambiguous if the stimulus represented self-motion through
a fixed environment or an environmental motion, thus
magnitude comparison (MC) was predominately used for
visual motion tasks. For each run of trials, curve fits were
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Table 2 Subjects with conditions completed

Subject Prior Age Motion Vision
Opposite direction Same direction Opposite direction Same direction
Yaw Sway Yaw Sway Yaw Sway Yaw Sway
1 1 38 MC,VA MC,VA MC MC MC MC MC MC
2 21 30 MC,VA MC,VA MC MC
3 20 30 VA VA MC MC MC MC MC MC
4 8 29 VA MC,VA MC MC MC
5 18 29 MC,VA MC,VA MC MC MC MC
6 19 29 MC,VA MC,VA MC MC MC MC MC MC
7 10 27 MC,VA MC,VA MC MC MC MC MC MC
8 14 68 VA VA
9 13 45 MC,VA MC MC MC MC MC MC MC
10 16 30 MC MC MC MC MC MC
11 50 MC MC MC MC MC MC MC MC
12 4 65 MC MC MC MC MC
13 2 68 MC MC MC MC MC MC MC MC

The vector addition (VA) task was only meaningful with opposite direction (OD) stimuli. The magnitude comparison (MC) task could be used
for both OD and same direction (SD) stimuli. The columns contain MC or VA to indicate which conditions were completed in each subject. All
but one of the subjects (no. 11) participated in a prior study of symmetry near the threshold (Roditi and Crane 2012), and the subject numbers

used in the prior study are listed under “Prior” for comparison

performed on the responses to determine the PSE between
the two stimuli (Fig. 3).

In a group of subjects, both the VA and MC tasks were
applied in different testing sessions (Table 2). In these sets
of runs, the two tasks yielded similar results (95 % confi-
dence intervals over lapped) in all but one set (subject no.
4, sway motion). When these conditions were compared
using paired ¢ tests, the results were not significantly dif-
ferent (p > 0.1 for all). Results from the VA and MC tasks
are shown using separate symbols (Figs. 4, 5) but are
otherwise averaged and discussed together since both tasks
produced similar results.

Directional symmetry

The degree of directional asymmetry was measured using
the DAI. With the motion stimulus, the 95 % confidence
interval of the DAI included zero in all 13 subjects for yaw
motion (Fig. 4a) and in 12 of 13 subjects for sway
(Fig. 4b). The mean DAI was 0.04 £ 0.10 (mean £ SD)
for yaw and 0.02 &+ 0.13 for sway.

A visual stimulus simulating yaw rotation was per-
formed in a subset of 8 subjects, 2 of which had a DAI
slightly but significantly below zero (Fig. 4c). The mean
value was —0.09 &+ 0.09. For visual sway, a group of 7
subjects were tested, and 2 also had a DAI significantly
below zero (Fig. 4d) with a mean of —0.09 £ 0.27.

Thus, directional asymmetries were rare and when
present, were small when comparing OD yaw or sway
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motion. Asymmetries were slightly more common with
visual motion.

Order symmetry

The perceived magnitude of the stimulus often depended
on the order in which OD stimuli were presented (Fig. 5).
For yaw motion, 7 subjects had a TAI significantly dif-
ferent from zero. In 6 subjects (46 %), the first interval
stimulus had to be significantly larger for the two stimuli to
be perceived as equal, in 1 subject (8 %), the second
stimulus was significantly larger at the PSE, and for the
remaining 6 subjects, there was no significant difference
between the magnitude of the first and second intervals at
the PSE (Fig. 5a). For sway, in only two subjects, was the
PSE reached when the intervals were of significantly dif-
ferent magnitudes: In subject no. 2, the first interval was
larger, and in no. 12, the second interval was larger.
Average TAI for yaw motion was 0.09 & 0.20 (mean +
SD) and for sway motion was —0.01 £ 0.21. For yaw
vision, the TAI averaged —0.04 £ 0.25, and for sway
vision, it was 0.09 + 0.11.

For visual OD stimuli simulating yaw (Fig. 5¢), 2 of 9
required significantly larger first intervals to reach the PSE
and 3 of 9 required smaller first intervals. For visual sway
stimuli, 3 of 7 required significantly larger first stimuli to
reach the PSE (Fig. 5d).

There was a significant correlation between the TAI
for OD sway and yaw motion (R = 0.74, p = 0.004,
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two-tailed Spearman’s rank-order coefficient), but the
correlation was not significant between sway and yaw

vision (R = 0.39, p = 0.4).

There was not a significant

6 7 8 9 10 11 12 13
Subject

correlation between TAI for yaw motion and visual
(R=058, p=0.09) or for sway motion and visual
(R =027, p > 0.5).
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Fig. 6 Order asymmetry for SD stimuli. Solid symbols represent
motion in darkness, open symbols represent visual stimuli

Order effects were significantly different from zero in 5
of 12 subjects when evaluating SD yaw motion stimuli
(Fig. 6a). In two of these subjects (12 and 13), the effect
was large enough that the first interval had to be at least
50 % larger than the second for them to be perceived as
equal. With a visual yaw stimulus, 6 out of 10 had a sig-
nificant order effect.

Similarly, for SD sway motion, 4 out of 12 subjects
(Fig. 6b) demonstrated a significant difference in how the
magnitude of stimuli were perceived based on their order.
With visual sway stimuli, 3 out of 7 demonstrated a sig-
nificant order asymmetry.

There was no correlation between the TAI rotation and
sway motion (R = 0.23, p = 0.4) or rotation and sway
vision (R = 0.38, p = 0.35) for SD motion. When visual
and motion stimuli were correlated, there was no signifi-
cant effect for rotation (R = 0.45, p = 0.19) or sway
(R =0.07, p > 0.5).

Age effects
There was no significant correlation between subject age

and either TAI or DAI (both signed values, and the abso-
lute value, p > 0.1 for all).
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suprathreshold vestibular perception. It has been demon-
strated that vestibular perception near the threshold can be
asymmetric in normal controls (Benson et al. 1986), and
this has been recently demonstrated in the current labora-
tory (Roditi and Crane 2011). All but one of the subjects
used in this study also participated in the prior study
(Table 2). A recent review suggested that that these
asymmetries may be caused by a bias (Merfeld 2011)
although there is also evidence that they may be due to
direction-specific differences in sensitivity near the
threshold (Roditi and Crane 2011). The current study
attempts to extend knowledge of vestibular thresholds to
stimuli that are well above the threshold of human per-
ception. It was found that the magnitude of yaw and sway
motion in opposite directions was perceived as equal, and
when the differences were significant, they were small.
There were no significant directional asymmetries in this
study despite these same subjects often showing directional
asymmetries near the threshold of perception as described
in a prior study in this laboratory (Roditi and Crane 2012).
Subject numbers are provided in Table 2. In the prior
study, subject no. 1 had a significant and consistent
asymmetry in sway thresholds, which was not evident here.
Significant threshold asymmetries were also previously
reported in subject nos 4, 12, and 13. Yaw threshold
asymmetry was less commonly present in subject no. 1.
Thus, it seems asymmetries at the perceptual threshold do
not translate into asymmetry in suprathreshold perception.
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Fig. 7 Sigma was significantly correlated with subject age for both
yaw and sway (p < 0.001)

An unexpected result was that the order in which the
stimuli were presented has a significant effect on their
perceived magnitude in a large subset of subjects. In yaw
motion, it was most common for the second interval to be
perceived as larger than the first. Thus, the first interval was
actually larger at the PSE. In sway, fewer subjects dem-
onstrated the bias with a nearly equal number of subjects
describing the first and second interval as appearing larger.

Using both MC and VA in otherwise similar conditions
tested the possibility of the existence of the order effect
being due to chance or the task itself. In 11 of the 12
conditions that were repeated using both methods, the
results were similar (Fig. 5), indicating that the task did not

lead to a difference in how these stimuli were perceived.
Also, if asymmetries occurred by chance, we would also
expect to see a similar rate of directional specific asym-
metries, and this was not observed.

The level at which this order asymmetry occurred was
investigated using a visual-only stimulus that was designed
to be analogous to the motion stimulus. The results were
similar to a motion-only stimulus in that there was usually
no directional asymmetry (the exception being subject no.
13 for a visual sway stimulus). The order asymmetry
continued, but was not well correlated with the order
asymmetry seen with motion. For example, in subject no.
1, there was a similar trend, but in subject no. 9, the effect
reversed direction for a visual stimulus (Fig. 5). Thus, the
order effects with motion stimuli were not directly dupli-
cated with visual stimuli.

Order effects were not limited to comparisons of OD
stimuli. With SD stimuli, about half the subjects demon-
strated a significant order effect with both visual and
motion stimuli; however, the effect was not well correlated
between the visual and motion tests or between sway and
yaw stimuli (Fig. 6).

One difference between OD and SD stimulus pairs was
that the OD stimuli compared a variable interval to a
constant interval while the SD stimuli compared two
intervals of variable magnitude. This was necessary
because the range of the motion platform was limited so
that OD stimuli could potentially be of larger magnitude
than SD stimuli. The largest differences (Fig. 6) were such
that one interval was just less than twice as large as the
other, which would correspond to PSEs at 10 and 20 cm.
Most stimulus pairs were considerably smaller such that
both intervals would be much closer to 15 c¢m, the constant
interval used in the OD blocks. Due to the similar range of
motion between the two, it is thought that this difference
did not substantially influence the results.

One possible explanation for the order effects seen
would be a perceptual after effect. The most extensively
described of these is the visual motion after effect (MAE)
or “waterfall illusion” initially described more than
175 years ago (Addams 1834). More recently, this has been
found to influence other areas of visual perception (Kohn
2007; Thompson and Burr 2009). Similar perceptual
aftereffects have been described with sound intensity
(Reinhardt-Rutland 1998), voice (Bestelmeyer et al. 2010),
proprioception (Seizova-Cajic et al. 2007), and even the
vestibular system (Crane 2012). The visual component of
this study was not designed to maximize visual MAE
because the stimuli had an intentionally degraded coher-
ence and the second stimulus was the same duration and
coherence as the initial stimulus, which would tend to
overpower any MAE. If a MAE were to occur in two
similar visual stimuli in opposite directions, the second
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would appear larger, and this would cause the TAI to be
positive. Although a slight positive was seen in sway
(Fig. 5d) and for the visual SD stimuli (Fig. 6), the oppo-
site effect was seen in yaw (Fig. 5c), implying that this was
not a major effect. Aftereffects in the vestibular system
with translation and are more subtle than visual MAE
(Crane 2012), and these results demonstrate only small and
inconsistent effects (Figs. 5, 6). The most consistent ves-
tibular effect was seen with the TAI with OD yaw stimuli
(Fig. 5a). A false perception of continued rotation after
yaw rotation has been described as is thought to be related
to velocity storage (Bertolini et al. 2011), although the
initial stimulus here was likely too short for velocity stor-
age to have been in issue. The effect may have been due to
an after effect in yaw, but such a phenomenon has not yet
been described with the relatively short stimuli used here.
Such effects would be expected to show up as a nonzero
TAI, but the mean TAI was near zero (Figs. 5, 6) sug-
gesting aftereffects likely did not have a significant influ-
ence. Aftereffects may explain the positive TAI seen with
yaw rotation in some subjects and in the average data
(Fig. 5a).

It is possible that these temporal asymmetries may have
been reduced by including a gap or interstimulus interval
between the stimulus pairs. This could occur because the
magnitude of the vestibular after effect (Crane 2012), as
well as velocity storage effects (Bertolini et al. 2011),
decays with time although some effect can still be present
several seconds after the initial movement. Including a
long interstimulus interval may have caused some recall
bias as subjects may not be able to accurately remember
the initial stimulus. Due to the large number of stimulus
presentations in each block, adding a long interstimulus
interval would add significant time to the experiment that
would contribute to subject fatigue. In this study, potential
vestibular aftereffects were instead controlled for by
including stimulus presentations in which the initial stim-
ulus could be in either direction so that any effect would
cancel out when determining direction-specific asymme-
tries. However, the observed temporal asymmetries are
likely to be a result of an aftereffect.

The standard deviation of the psychometric function was
a measure of the precision of differentiating the two
stimuli. It is known that function of the vestibular reflexes
declines with age (Stefansson and Imoto 1986; Tian et al.
2001), and this has been also shown for fore-aft perception
(Kingma 2005), as well as the perception of motion in
other directions (Roditi and Crane 2012). Based on these
data, it would be expected that the precision of responses
might decline with age. However, this did not occur with
visual stimuli or with motion stimuli in opposite directions
(Fig. 7b). There was, conversely, a strong correlation
between advancing age and decreased precision in
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differentiating same direction stimuli (Fig. 7a). Although
some of this may represent degeneration of the peripheral
otolith organs, it cannot explain why the decline in preci-
sion with age is limited to comparing two stimuli in the
same direction. It may be because comparison of opposite
direction stimuli involves evaluation of vestibular signals
that are less consistent than those from same direction.
Thus, precision in comparison of opposite direction stimuli
may be less dependent on end organ performance.

Conclusions

Perception of suprathreshold yaw and sway is directionally
symmetric but, the perceived magnitude is often dependent
on the order the stimuli are presented. Stimulus order
effects are present in both visual and vestibular stimuli
suggesting a higher order cognitive effect. With age, the
accuracy in comparing two movements in the same direc-
tion declines while comparison of movements in opposite
directions does not.
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