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Summary

The purpose of this study was to establish the self-

motion perception threshold, in roll, in the visual-

vestibular interaction (VVI) state, creating an oculo-

gyral illusion, and to compare this threshold to the

self-motion perception threshold in darkness. A fur-

ther aim was to investigate the dynamics of the

threshold at a low frequency range (0.1-1 Hz) of sinu-

soidal rotation.

Seven healthy subjects were tested. A motion plat-

form was used to generate motion. Single cycles of

sinusoidal acceleration at four frequencies (0.1, 0.2,

0.5 and 1 Hz) were used as motion stimuli. To avoid

otolith stimulation, subjects were rotated about a ver-

tical axis in supine position. To evoke an oculogyral

illusion subjects were instructed to fixate their gaze

on a cross-shaped object aligned with their head,

which rotated with them.

The results show a lowering of the self-motion percep-

tion threshold in the VVI state, significant for the fre-

quencies 0.1 and 0.2 Hz (p<0.05). In all the subjects,

visual fixation on the cross evoked an oculogyral illu-

sion. The threshold in both tested conditions was fre-

quency dependent: it decreased with increasing fre-

quency values. However, this effect was consistently

stronger in darkness across all frequencies (p<0.05).

In conclusion, the application of sinusoidal rotation

during roll at low frequencies in the VVI condition

evokes oculogyral illusion. This interaction lowers

the self-motion perception threshold compared to

that measured during rotation in darkness. This test-

ing method could be of practical benefit in clinical

application for revealing brain dysfunction involving

integrative mechanisms of perception.
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Thresholds for self-motion perception in roll
without and with visual fixation target - the visual-
vestibular interaction effect

Introduction

The perception of self-motion is based on integrated

information from several sensory systems, although the

vestibular and the visual ones contribute the most. The

vestibular detection threshold is higher than the visual

one especially at low frequencies of sinusoidal rotation,

due to the high-pass characteristics of the vestibular

end organ (Kolev et al., 1996; Grabherr et al., 2008). In

our daily life both signals usually interact in a way that

improves our self-motion perception, lowering the

threshold for its detection. However, there exist situa-

tions in which the environment creates sensory conflict,

e.g. when one is sitting inside a moving vehicle and

watching an object that is stationary with respect to

oneself. Even so, the functional organization of our

brain system is such that this conflict situation actually

helps us to assess whether we are moving or not. This

has been demonstrated by a number of experiments,

including our earlier ones (Kolev et al., 1996; Benson et

al., 1989; Doty, 1969; Clark and Stewart, 1968; Nijhoff

and Roggeveen, 1956; Hallpike and Hood, 1953;

Graybiel et al., 1948). These experiments involved

measurement of the detection threshold for self-motion

when a subject is rotated in yaw while fixing his gaze on

an object aligned with his head, which moves together

with him. This is a condition of visual-vestibular senso-

ry conflict. While the vestibular receptors send informa-

tion for rotation, the information from the visual system

is consistent with absence of motion. The currently

accepted hypothesis explaining the mechanism under-

lying the lowering of the threshold seen in these studies

is that of the perception of apparent motion of the object

in the visual field associated with angular acceleration

of the body, a phenomenon known as oculogyral illu-

sion (Graybiel and Hupp, 1946).

There are situations in which individuals (e.g. aircraft

pilots or astronauts during flight) are rotated in roll

only. And in some situations during roll rotation, the

orientation of the head and the body with respect to

the gravitational vertical is changed. In such a condi-

tion, there is not only canal stimulation, but also otolith

stimulation. Therefore, the afferentation of both

vestibular receptors (semicircular canal and otolith) is

integrated in the process of perception of self-motion.

In this condition, cues from another sensory system,

i.e. the somatosensory system, are also integrated

into this process.
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To understand the mechanisms underlying the per-

ception of self-motion at threshold level, it is important

to clarify how visual afferentation interacts with the

vertical vestibular canal cues in the detection of self-

motion. Therefore, the purpose of this study was: i) to

establish perception thresholds for self-motion, in roll,

at low frequencies (0.1, 0.2, 0.5, and 1 Hz), in a state

of visual-vestibular interaction (VVI), without concomi-

tant otolith and somatosensory stimulation; ii) to com-

pare these thresholds to those obtained in total dark-

ness when the vestibular canal system alone is stimu-

lated; and iii) to investigate whether the effect is fre-

quency-dependent.

Materials and methods

Subjects

Seven healthy subjects (39±12 years, 3 females and 4

males; 5 right-handed and 2 left-handed) were recruit-

ed to participate in this study. Before being included in

the study, all the subjects were required to complete a

detailed vestibular diagnostic clinical examination to

confirm that they had normal vestibular function. The

vestibular screening examination consisted of caloric

electronystagmography, Dix-Hallpike testing, angular

vestibulo-ocular reflex (VOR) evoked by rotation, and

posture control measures. Furthermore, a short health

history questionnaire was administered; subjects were

asked to indicate any known history of dizziness or

vertigo, back/neck problems, and cardiovascular, neu-

rological and other physical problems. They were also

asked about their susceptibility to motion sickness.

Informed consent was obtained from all the subjects

prior to their participation in the study. The study was

approved by the local ethics committee and was per-

formed at the Massachusetts Eye and Ear Infirmary in

accordance with the ethical standards laid down in the

1964 Declaration of Helsinki.

Apparatus and motion stimuli

A motion platform (MOOG 6DOF2000E, Moog Inc., NY)

was used to generate motion. Single cycles of sinu-

soidal acceleration [a (t) = A sin (2πft) = A sin (2πt/T)]

were used, where A is the acceleration amplitude and f

is the frequency, which is the inverse of the period (and

duration) of the stimulation (T = 1/f). Since the motion

began at zero velocity, integration of the acceleration

yields an oscillatory velocity, v (t) = AT/(2π) [1- cos

(2πt/T)], and a lateral displacement Δ p (t) = AT/(2π)

[t - T/(2π) sin (2πt/T)]. Therefore, both the peak velocity

(v
max

= AT/π) and the total lateral displacement (Δ p =

AT2/2π) were proportional to the peak acceleration (A).

These motion profiles were chosen because they con-

tain no discontinuities in acceleration, velocity or posi-

tion, and because they were successfully utilized in our

previous study quantifying perceptual detection thresh-

olds for yaw rotation in the VVI state as a function of fre-

quency (Kolev and Nicoucar, 2014).

Visual stimuli

Subjects were exposed to visual stimulation while

seated in a chair. We used a cross constructed of 17

light-emitting diodes (LEDs) which was fixed 60 cm in

front of them at eye level creating a visual angle of 5

degrees so as to primarily engage foveal vision. The

rotation axis fell between the eyes and passed

through the center of the cross (Fig. 1). The cross,

which rotated with the chair, stayed in fixed alignment

with the subject’s head and subjects were asked to

look at the cross only during motion. The brightness of

the cross, which remained constant throughout the

experiment, was just enough to allow it to be detected

in darkness without illuminating the surrounding area.

Testing was randomized and thresholds were meas-

ured in the presence of the illuminated cross and in

complete darkness.

O.I. Kolev et al.
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Figure 1 - Schematic drawing of

the experimental set-up: Moog

platform, subject being tested,

and visual stimulus. Schematic

drawing of the stimulus used.
Abbreviations: VEST=vestibular stim-

ulus, OS=object in space.
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Experimental procedures

Subjects were seated in supine position in a horizon-

tally positioned chair with a five-point harness and

rotated in roll about an earth-vertical axis, both in dark-

ness and under visual stimulation. The subject’s head

was held in place by an adjustable helmet, and was

carefully positioned relative to the axis of rotation using

external landmarks. To minimize the influence of non-

vestibular motion direction cues, trials were performed

in the dark in a light-tight room. All skin surfaces expect

the face were covered (long sleeves, light gloves) and

a visor attached to the helmet surrounded the face.

Earplugs reduced external noise by about 20 dB and

the remaining auditory motion cues were masked by

white noise (circa 60 dB). Tactile cues were distributed

as evenly as possible using padding.

Thresholds for self-motion perception under visual

stimulation and in darkness were measured at four dif-

ferent frequencies: 0.1, 0.2, 0.5, and 1 Hz. Each fre-

quency was tested in a block of contiguous trials.

These four blocks of trials were separated by short

breaks. The order of blocks was randomized across

the subjects.

The subjects were rotated in roll in two visual condi-

tions randomized between them: i) in total darkness;

ii) while fixating their gaze on the illuminated cross (of

LEDs), which was aligned with midline of the subject’s

head and rotated together with him/her (Fig.1); the

subjects were rotated either clockwise or counter-

clockwise. A brief, low-pitch “warning” tone was deliv-

ered 2 s before the onset of each motion stimulus. At

the end of each trial a brief high-pitch sound was emit-

ted to indicate that the subject needed to respond.

The subjects were instructed to push the button in

their left hand if they had perceived a counterclock-

wise rotation, or the one in their right hand if they had

perceived a clockwise rotation. If the subjects were

uncertain of the direction of motion, they were instruct-

ed to make their best guess and press one of the two

buttons accordingly. Before each test session a few

supra-threshold practice trials were performed to

establish that the subject understood the task and to

minimize training effects. The button pushes were

noted by the experimenter and recorded via computer.

An adaptive two-alternative categorical forced-choice

procedure (Treutwein, 1995; Leek, 2001) was used in

all conditions. For this procedure, thresholds were

measured using a 3-down, 1-up staircase paradigm

(Kolev and Nicoucar, 2014; Leek, 2001), where 3-

down means that the subject has to correctly detect

the direction of motion for three motion stimuli in a

row in order for the acceleration level to be reduced,

and 1-up means that the acceleration level is

increased every time the subject makes a mistake.

This 3-down, 1-up paradigm targets a threshold at

which the subject correctly detects motion 79.4% of

the time (Leek, 2001), which we accepted as our

threshold criterion. Typically, trials began well above

threshold (starting values were 5.1 deg s-1 for condi-

tion 1 HZ, 10.2 deg s-1 for 0.5 Hz, 8.8 deg s-1 for 0.2

Hz, and 4.1 deg s-1 for 0.1 Hz). Testing continued until

each test demonstrated nine direction reversals in the

adaptive track: five minimum and four maximum

direction reversals. Minimum reversals occur when

the subject makes an error and the stimulus level

goes up. Maximum reversals occur when the subject

correctly detects motion at a given acceleration level

three times in row immediately after incorrectly

detecting motion on the previous trial. Threshold was

defined as the mean of the last two – one minimum

and one maximum – reversals.

The significance of the change in self-motion percep-

tion threshold was analyzed with two-way repeated

measures ANOVA (SigmaPlot for Windows 11.0,

SysStat Soft Inc., Tulsa, OK) with two within-subject

factors: ‘visual signal’ (darkness and cross visual fixa-

tion) and ‘frequency’ (0.1, 0.2, 0.5 and 1 Hz). For post-

hoc analysis we applied the Newman-Keuls test. The

level of significance was fixed at p<0.05.

Results

The individual data referring to the two visual condi-

tions – with visual and without visual fixation – are pre-

sented in figure 2. Figure 3 shows the mean values

and SEM, and the statistical significance of the

Threshold for self-motion perception in roll
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Figure 2 - The indi-

vidual self-motion

perception thresh-

old data of all the

subjects.
The subjects were

tested in roll during

vertical axis sinusoidal

acceleration, both in

darkness and in the

visual-vestibular inter-

action condition (visual

fixation on the cross).

The trials were per-

formed at four stimula-

tion frequencies 0.1,

0.2, 0.5 and 1 Hz.
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results. The two-way repeated measures ANOVA

showed a significant effect of the factor ‘frequency’

(F = 11.43, p<0.001), and of the interaction ‘visual sig-

nal’ x ‘frequency’ (F = 2.86, p<0.05). These results

indicate a dependence of the frequency values on the

kind of ‘visual signal’ – visual fixation or darkness.

The self-motion perception thresholds measured dur-

ing rotation with visual fixation on a cross constructed

of LEDs were significantly lower than those measured

during rotation in darkness (Newman-Keuls test,

p<0.05) for the lowest frequencies: 0.1 Hz and 0.2 Hz

(Fig. 3). This threshold reduction was almost twofold

at the frequency of 0.1 Hz. The threshold reductions at

the higher frequencies (0.5 Hz and 1 Hz) did not reach

the level of significance. The thresholds in the visual

fixation condition were dependent on the stimulus fre-

quency, increasing when the frequency decreased

(Fig. 3). This increase was most pronounced at 0.1

Hz. There was a significant difference between thresh-

olds at the frequencies 0.1 Hz and 1 Hz (Newman-

Keuls test, p<0.05). Differences were also found

between the other frequencies, but these did not

reach significant values (Fig. 3). The variability

between subjects decreased with increasing frequen-

cy. It was highest at 0.1 Hz, as shown in figure 2.

All the subjects reported oculogyral illusions during

rotation with visual fixation on the cross. They

described that initially upon acceleration during the

sinusoidal rotation they perceived that the cross rotat-

ed slightly with respect to them, showing a small

angular displacement. The direction of the cross dis-

placement coincided with the direction of rotation of

the subjects. Upon deceleration the cross rotated

again slightly but this time in the direction opposite to

that of their own rotation. The perceived cross rotation

corresponds to the eye movements caused by the

VOR which has a lower threshold compared to the

threshold for the perception for self-motion, as shown

by Seemungal et al. (2004).

Self-motion perception thresholds in total darkness

also showed frequency dependence, being highest at

0.1 Hz and lowest at 1 Hz. The threshold was signifi-

cantly higher at 0.1 Hz than at the three other frequen-

cies: 0.2, 0.5, and 1 Hz (Newman-Keuls test, p<0.05)

(Fig. 3). The between-subjects variability decreased

with increases in the frequency. At the lowest frequen-

cies (0.1 Hz and 0.2 Hz), the variability of the self-

motion perception threshold was higher than that at

the same frequencies in the visual fixation condition

as shown in figure 2.

Discussion

The present study shows the thresholds for self-

motion perception in roll during sinusoidal head-cen-

tered rotation at low frequencies, ranging from 0.1 to

1 Hz, with and without visual fixation and with the sub-

ject in supine head and body position during which the

head does not change its orientation with respect to

the gravitational vertical. The study revealed that self-

motion perception thresholds are frequency-depend-

ent under both visual conditions: they decrease as the

frequency increases. This effect is more pronounced

in the condition of total darkness. When subjects fix-

ate their gaze on a cross-shaped object that rotates

with them and is aligned with their head, i.e., when

oculogyral illusions are created, the thresholds for

perception of self-motion are lower than with the same

type of rotation in total darkness. In other words,

under conflicting conditions, VVI facilitates the per-

ception of self-motion in roll.

It is interesting to compare the vestibular thresholds

for self-rotation in roll and yaw because of the differ-

ent patterns of occurrence and use of roll-only stimu-

lations and yaw-only stimulations in everyday activi-

ties. Head motion in yaw is more natural; it is also uti-

lized more frequently in daily activities to obtain infor-

mation about the environment.

The findings reported in previous studies comparing

self-motion perception thresholds during rotation in

roll and yaw in total darkness are inconsistent. While

some authors found no difference in perceptual

thresholds during Z and X axis rotation (Clark and

O.I. Kolev et al.

102 Functional Neurology 2015; 30(2): 99-104

Figure 3 - Plot of mean velocity ±

SEM values of self-motion per-

ception threshold tested during

sinusoidal acceleration in the

visual-vestibular interaction con-

dition (visual fixation on the

cross) and in darkness.
The trials were performed at four

stimulation frequencies 0.1, 0.2, 0.5

and 1 Hz. * Significant difference bet -

ween both conditions (p<0.05); 

^ significant difference between the

frequencies used (p<0.05).
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Stewart, 1970), others reported significantly higher

thresholds for the X axis (Benson et al. 1989; Meiry,

1965) during rotation about a vertical axis. Compa -

rison of perceptual thresholds for self-motion in dark-

ness during sinusoidal roll rotation (those found in the

present study) with those recorded during sinusoidal

yaw rotation in an earlier study (Kolev and Nicoucar,

2014) reveals that the threshold was higher during X

axis rotation at the low frequency of 0.1 Hz.

The lowering of the perceptual thresholds under differ-

ent VVI conditions was established during yaw vertical

axis sinusoidal rotation in earlier experiments (Kolev

et al., 1996; Benson et al., 1989; Doty, 1969; Clark

and Stewart, 1968; Nijhoff and Roggeveen, 1956;

Hallpike and Hood, 1953; Graybiel et al., 1948; Kolev

and Nicoucar, 2014).

It is generally accepted that two main mechanisms

explain the lower threshold for self-motion perception

when a subject is rotated while viewing a head-fixed

target (Carriot et al., 2011). One mechanism is visual

suppression of the VOR through target fixation. To sup-

press the VOR the central nervous system must

encode a predictive eye pursuit command (Barnes,

1988; Barnes and Eason, 1988; Whiteside et al., 1965).

The other mechanism is retinal slip of the target follow-

ing eye drift caused by incomplete suppression of the

VOR (Carriot et al., 2011). These mechanisms have

been discussed in detail for yaw rotation; it should be

noted, however, that there are some differences in roll.

The VOR evoked in yaw is horizontal – along the left-

right axis –, while in roll it is torsional. However, there is

no torsional pursuit. Therefore, the VOR in this case

cannot be cancelled by a pursuit mechanism. In order

to make the subject’s brain apply retinal slip detection

mechanisms, a cross was used as the visual target. If

the target had been a LED spot of light, as in previous

experiments (Kolev et al., 1996; Kolev and Nicoucar,

2014), then retinal slip would have been impossible –

the effect would have mainly concerned the level of

alertness: the level of attention would have been high-

er. By using a head-centered cross, through the center

of which the X axis of rotation passes, we induced the

subject’s brain to utilize the retinal slip mechanism.

When interpreting the results of the two thresholds – in

roll and in yaw – in VVI, we have to consider that the

VOR under the two test conditions involves different

extraocular muscles innervated by different ocular

motor nerves and controlled by their respective motor

nuclei (Luxon, 1984; Leigh and Zee, 2006).

To be able to compare roll with yaw rotation perception

thresholds, the latter obtained from previous experi-

ments, we tested our subjects in a supine-seated posi-

tion (Fig. 1), i.e. the same position used in earlier stud-

ies on perceptual thresholds during sinusoidal yaw

rotation (Kolev et al., 1996; Kolev and Nicoucar, 2014).

Interestingly, comparison of thresholds in VVI in roll

(from the present study) and in yaw (from previous

ones) showed differences: the thresholds in roll were

increased at the higher frequencies: 0.5 and 1 Hz. The

difference between Z and X axis perceptual thresholds

could be explained either by a sensitivity difference at

canal level, or it could be a result of a mechanism of

amplification of central structures – the functioning of

different neural networks controlling perception in each

axis of rotation (Vasudevan and Bastian, 2010). It is

also possible that mechanisms at both levels – canal

and central nervous system – coexist.

An additional somatosensory signal which needs to be

considered when seeking to explain threshold lower-

ing is that caused by centrifugal force in the legs dur-

ing rotation.

It is also necessary to mention an interesting recent

finding (Kolev and Georgieva-Zhostova, 2014) which

supports the somatosensory hypothesis as an expla-

nation for the perceptual threshold difference in roll

(present results) compared with yaw rotation (Kolev

and Nicoucar, 2014): a difference in self-motion illu-

sions (evoked by caloric vestibular stimulation)

between vertical and supine body position, while the

subject’s head remains unchanged with respect to the

gravity vector (i.e. the vestibular afferentation remains

the same) (Kolev and Georgieva-Zhostova, 2014).

Finally, it is important to note that the phenomenon

described – the lowering of the perceptual threshold

for self-motion in visual-vestibular conflict conditions –

could potentially be of practical benefit in the clinic. It

could be used as a test for a variety of early stages of

brain dysfunction affecting areas involved in the inte-

grative mechanisms of perception. It could also detect

discrete sensory and/or motor lesions of peripheral

localization. Moreover, outside of the clinic it could be

used to select optimal candidates for certain profes-

sions in which correct perception of self-motion is crit-

ical, for instance, aircraft pilots or astronauts, and

operators of military or civil moving platforms.

In conclusion, the present study shows that sinusoidal

roll rotation in supine position at low frequencies (0.1-

1 Hz) induces a VVI when a subject fixates his/her

gaze on a cross-shaped object that, aligned with

his/her head, rotates together with him/her and cre-

ates an oculogyral illusion. This interaction lowers the

perceptual threshold for self-motion compared to the

same threshold during rotation in darkness. The effect

is frequency-dependent in both conditions but this

dependence is more pronounced in darkness.
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