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ABSTRACT

The thesis investigates how the otolith organs of the vestibular system, specifically the 

utricles, assist motion perception and aid visual stabilization, during translational lateral whole- 

body acceleration.

It was found that high gradients of acceleration facilitate the detection of motion and that, for 

low acceleration gradients, motion perception in normal subjects relies on a ‘velocity’ threshold 

detection process. Experiments in patients without vestibular function indicated that, for the stimuli 

employed, the somatosensory system could be as sensitive to linear motion as the vestibular system.

The interaction between the horizontal linear vestibulo-ocular reflex (LVOR) and visual 

context was characterized in the following experiments.

Subjects were accelerated transiently in darioiess, or while viewing earth-fixed or head-fixed 

targets. From onset, the eye velocity response to head translation was enhanced with acceleration 

level and target proximity, but was only slightly reduced by fixation of head-fixed targets. This 

suggested that the gain of the LVOR pathway was adjusted before or immediately after motion 

onset by a parameter depending mainly on viewing distance and less on the knowledge of probable 

relative target motion. For high relative target velocities, LVORs improved ocular fixation over 

what would be attained by pursuit alone, although fully compensatory eye movements were not 

always produced.

The LVORs of patients who underwent unilateral vestibular deafferentation suggested that the 

utricular area generating transaural LVORs is the macular region lateral to the striola.

Psychophysical ejq)eriments based on a reading task established the functional role of the 

LVOR for stabilising vision during high-frequency sinusoidal whole-body acceleration. Unlike 

normal subjects, visual acuity in patients without vestibular function was not better during self- 

motion than during display oscillation.

Finally, the LVOR interaction with canal-ocular reflexes was studied using isolated and 

combined translational/rotational stimuli. The results showed that, shortly after motion onset, canal 

stimulation enhances the LVOR evoked by head translation.
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Chapter One - General introduction

1

General introduction

Several sensory systems contribute to the maintenance of balance and orientation in space, 

but the vestibular system of the inner ear evolved exclusively for this purpose. Vestibular signals 

indicate head position and movement in space and, in addition to providing the perception of head 

motion/orientation also subserve reflexes controlling eye, head and body position.

A. THE VESTIBULAR SYSTEM

The sensory receptors of the vestibular system are located in a complex of canals and 

vesicles (the membranous labyrinth which is filled with endolymph) surrounded by perilymph in 

turn encased by the osseous labyrinth. The vestibular apparatus consists of three semicircular canals 

(lateral, anterior and posterior) and two otolith organs, the utricle and sacculc (Fig. 1-1). The three 

canals which are approximately oriented at right angles to each others, with the horizontal canal 

parallel to the orbitomeatal plane, sense coplanar angular acceleration (Curthoys et al. 1977). The 

semicircular canals of the two ears operate in pairs, the anterior duct of one side being in the same 

plane as the posterior duct of the opposite side. The otolith organs are approximately oriented in a 

vertical plane for the saccule and in a horizontal plane for the utricle, each of them detecting 

coplanar linear acceleration. The receptor end organs which perform the transduction of head 

motion into neural signals are the crista ampulla for the semicircular canal and the macula for the 

otolith organs. Each receptor is made up of aggregations of sensory cells from which hairs project 

into a gelatinous substance (called cupula for the crista ampulla); it is the bending of these cilia 

which stimulates the receptor cells. For instance, during rotational head acceleration, the 

endolymphatic fluid within the semicircular ducts lags behind the canal rotation, because of its 

inertia. This fluid movement within the semicircular canal results in the bending of the cupula 

which activates the receptor cells of the ampulla. The gelatinous matter embedding the cilia of the 

utricular and saccular maculae is further covered by a layer of calcium carbonate crystals called 

otoliths (also statoliths, otoconia, statoconia). During linear acceleration, a sliding movement of the 

otolith layer occurs, since the latter has a higher density than the surrounding endolymph, which

16



Chapter One - General introduction

produces a bending of die sensory hairs sdmulating the sensory nerve ending. The inputs from die 

ampuUa and macula receptors are conveyed via the fibers of the vestibular nerve mainly to the 

vesdbular nuclei within the brainstem but also to the ipsilateral cerebellar cortex. This information 

on head motion and head position with respect to gravity is analyzed by the central nervous system 

in conjunction with information from the visual system and from general proprioceptive receptors 

throughout the body. As a result of this analysis, motor outputs are generated to maintain 

equilibrium.

Antenor SCD

Posterior SCD

Macula (utricule)

Macula 
\  (saccule)

Crista
ampullaris

CRISTA AM PULLA MACULA

CupulaPerilymphatic space
Ampulla
(endolymphatic space)

Hair cell

Semicircular duct

Otoliths

Gelatinous
“matrix

Hair cell

Fig. 1-1: Anatomy of the vestibular system and of its sensory receptors, the crista ampulla and the 

macula. SCD: semicircular duct.

B. EARLIER MAJOR FINDINGS ON THE VESTIBULAR SYSTEM

In order to situate the present work within the historical frame of investigations on the 

vestibular apparatus, die following paragraph summarizes a few major findings from earlier

17



Chapter One - General introduction

publications (more details and references to articles published before 1935 are to be found in 

Stevenson and Guthrie 1949).

Despite an early application of the term ‘labyrinth’ to the inner ear in the century by 

the Greek Galen, the anatomy of the ear, and in particular the vestibular system, was only precisely 

described during the XVII**’ and XVni* centuries through the works of Duvemey (1683), who gave 

an accurate account of the bony labyrinth, Cotunni (1760), who showed that the labyrinth was 

entirely filled with fluid, and Scarpa (1789), who discovered the membranous labyrinth, described 

the saccule and utricle, and distinguished the fluid contents of the bony and membranous labyrinth 

as perilymph and endolymph. However, it was not until the middle of the XIX* century that the 

physiology of the auditory and of the vestibular system was elucidated. Flourens (1830) found that 

section of the semi-circular canals in pigeons produced head movements varying according to the 

canal injured and suggested that the acoustic nerve consisted of a cochlear part concerned with 

hearing, and a vestibular part concerned with equilibrium. A few years later, Meniere (1861) 

observed that vertigo could be due to an affection of the inner ear. Meanwhile, Von Helmholtz 

(1862) elucidated the mechanism of hearing and recognized that the semicircular canals played no 

part in hearing (1862) in contrast with Duvemey’s hypothesis that the cochlea was the site of the 

actual organ of hearing, while the semicircular canals acted as amplifiers. In 1874, Breuer noted 

that animals subjected to rotation exhibited head movements similar to those observed by Flourens 

in pigeons and was the first to point out that the movements of the eyes during rotation in humans 

was a labyrinthine reflex. The same year, Crum Brown suggested that the canals were associated 

with the sense of position. However, it was not until later than Bérâny (1907) worited out a series of 

tests for semicircular canal function. Tests for the otolith organs were first proposed by ()uix (1929) 

who also provided an interesting way to visualize their topology, as reported below for the utricular 

macula;

'‘Faites une flexion dans I ’articulation entre la première et la seconde phalange des doigts 

jusqu ’à ce que l ’angle entre les deux dernières phalanges et la première, qui reste dans le plan de 

la paume, soit de 140°. La surface du plan des deux dernières phalanges est un peu plus petite que 

la moitié de celle de la première phalange et de la paume de sorte que le rapport entre les deux 

plans de la main correspond à celui des deux parties du lapillus.

Pour placer la main, après lui avoir donné la forme d ’un lapillus, dans la même situation 

dans l ’espace qu’à un lapillus dans la position ordinaire de la tête, serrez les deux bras 

verticalement contre les côtés du corps, puis donnez aux avant-bras une supination de sorte que les 

paumes soient tournées vers le haut et qu ’elles se trouvent dans le plan horizontal; enfin faites une 

flexion dans l ’épaule en avant de 19°. '
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Chapter One - General introduction

English version: 'Fold your fingers to create 

an angle o f 140° between the medial and 

proximal phalanges (which stay coplanar to 

the palm). To position the hand, now a 

scaled-representation o f the otoconial layer, 

in the same orientation as the macula for an 

upright head position, bring your upper arms 

to your sides and your forearms in the 

horizontal plane with your palms turned 

upwards. Then rotate your shoulder 19° 

forM’ards. ’

Fig. 1-2: Representation with the hands of the 

shape and position of the utricular macula for 

an upright head position (from Quix 1929).

At the time, many discussions were held about whether pressure (Quix 1923). traction 

(Magnus 1924) or shearing forces (Breuer 1891, Steinhausen 1935) on the otoconial layer upon the 

underlying surface of the sensory epithelium was the adequate stimulus for the otolith organs. 

Shearing forces acting parallel to the surface of the macula were established as the adequate 

stimulation following X-ray observ ations of otolith membrane movement in fish by de Vries (1950) 

and Vilstrup and Vilstrup (1952) and studies in human of oculomotor responses and motion 

perception produced by linear acceleration (e.g. Miller 1962, Bos et al. 1963).

C. AIMS OF THE THESIS

Nowadays, whereas caloric and rotational tests are commonly used in neuro-otology 

clinics to assess semicircular canal function, investigations of otolithic dysfunction remain confined 

to research laboratories. This lack of otolith testing in routine clinical investigations is probably 

largely due to technical reasons; the equipment required to generate the accelerator}' stimulus (e.g. 

parallel swing, centrifuge, tilt device, linear accelerator) are cumbersome and therefore only found 

in a few research centers. Also, the design of well-controlled experiments is difficult as otolitliic 

stimulation has to be isolated from activation of other sensory modalities also dependent on inertial 

forces (e.g. skin-receptors) and from artifactual concurrent movements (e.g. head rotations which 

would result in semicircular canal activation). The current perceptual experiments and motor 

response studies are based on the fact that the otolith organs can sense not only dynamic
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Chapter One - General introduction

translational head acceleration but also change in head orientation with respect to the gravitational 

vector (Gresty 1996, for review). Thus, perceptual testing includes perception of the subjective 

vertical, of linear translatoiy acceleration and of the visual vertical. Eye movement studies include 

responses to linear translation, linear motion combined with angular motion, head tilt and off- 

vertical axis rotation. More recently, motor reflexes in the limbs, neck and trunk have also been 

under examination. The number of current studies related to the otolith organs reflects the growing 

interest of the scientific community in this part of the vestibular system and in its role for the 

maintenance of equilibrium.

The work presented hereafter concentrates on the utricular detection of translational 

interaural head acceleration. The reason for employing lateral accelerations was that earlier 

e?q)eriments performed in the laboratory had shown that such stimuli were adequate in evoking 

strong linear vestibulo-ocular reflexes (LVORs) and therefore investigations using this type of 

stimuli seemed worth pursuing. As mentioned previously, vestibular signals not only trigger reflex 

responses but also produce the perception of motion. Both aspects were investigated in the present 

work as indicated in the following brief presentation of the ch^ters of this thesis.

Chapter 2 introduces the main techniques and equipments employed to carry out the 

different experiments.

Chapter 3 describes tests exploring the effect of stimulus waveforms on perception of 

passive motion. The concept of these experiments was inspired by the description of macular 

afferent response to linear forces, showing that otolithic neurons comprise regular units responding 

to acceleration and irregular units responding to acceleration and its gradient (Fernandez and 

Goldberg 1976). Thus, this part of the thesis investigates if such neural findings are mirrored at a 

perceptual level, with a dependency of thresholds for detection of linear motion on acceleration 

profiles.

The next ch^ters (4-7) focus on ocular reflex responses to head translation. During head 

motions occurring in everyday life, the pursuit, optokinetic and vestibular systems interact to 

preserve visual stability. As visually-guided eye movements are limited in frequency to around 1 

Hz, in velocity to around 50°/s and have a response latency above 100 ms, it is around and above 

these limits that vestibulo-ocular reflexes (VORs) can play a useful role for the maintenance of 

ocular fixation. Up to now, most studies of the LVOR have concentrated on the frequency response 

to oscillatory motion, while short-latency responses have been neglected. The LVORs evoked 

within the first hundred milliseconds of interaural head acceleration were therefore chosen as the 

main subject of the eye movement studies (Chapters 4, 5, 7).

Chapter 4 studies the influence of visual context on the LVORs and investigates whether 

short-latency oculomotor responses to head translation depend on the distance of ocular fixation 

and on the motion of the object of regard, as would be e?q)ected from geometrical consideration.

C huter 5 describes LVORs evoked in patients during transient interaural acceleration in 

darkness, before and shortly after they had undergone unilateral vestibular neurectomy. These
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Chapter One - General introduction

patients with acute unilateral loss of vestibular function were tested in order to explore any 

directional organization of the horizontal LVOR pathway.

Eye movement recordings are essential in describing the dynamics of VORs but they only 

provide indirect estimates of the functional role of these reflexes for the maintenance of visual 

stability. To obtain a more direct evidence that LVORs do contribute to visual stability, a 

psychophysical ejq>eriment was designed (Chapter 6); subjects were asked to recognize numbers 

intermittently presented on a display, during sinusoidal whole-body motion, target motion or 

concomitant target and subject motion.

All the chapters introduced so far deal with isolated linear interaural acceleration. As 

linear accelerometers, the otolith organs respond similarly to head tilts which produce ocular- 

counterrolling and to head translations which evoke eye movements in opposite direction to head 

acceleration. Thus, a decision on the type of eye movements required to corrq)ensate for the actual 

head motion/position has to be made at a central level. To do so, information from other sensory 

systems and in particular from the other part of the vestibular system, the semicircular canals, could 

be used to determine the origin of the otolithic signal: head tilt or head translation. This idea has 

previously been advanced to explain that, during oscillatory motion, LVOR gains are enhanced by 

concurrent semicircular canal stimulation. The experiments reported in Chapter 7 investigate the 

latency for such an interaction between utricular and canalicular activation; eye movements evoked 

during transient combined translational and rotational acceleration are compared to the short 

latency responses evoked during isolated linear and rotational accelerations.

In Chapters 3-6, patients with defective vestibular function were tested to estimate the role 

of the vestibular system in the responses observed in normal subjects. The potentials of the various 

experiments presented in this thesis for the establishment of a routine clinical test of otolith 

dysfunction are discussed in the general conclusion (Chuter 8).

References not found in Stevenson and Guthrie 1949 and not included in the list of references 

at the end of this thesis:

Breuer J (1874) Ueber die funktion der Bogengange des Ohrlabyrinthes. Med. Jb., Wien, 6: 762-124

Breuer J (1891) Uber die Funktion der Otolithen-apparates. Pflueger Arch. Ges. Physiol. 48: 195- 

306

Quix FH (1923) L’examen clinique de la fonction des otoliths. Ann. Mal. Oreil. Larynx 62, no. 3

Steinhausen W (1934-1935) Über die durch die Otolithen ausgelôsten Krâfte. Pflügers Arch. Ges. 

Physiol. 235: 538-544
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Chapter Two - Materials and methods

Materials and methods common to several 

experiments described in this thesis

The difierent e?q)eriments presented in this thesis investigated the perception of motion and the 

eye movements produced by translational accelerations delivered along the subjects’ interaural axis. The 

first part of this chuter describes the acceleratory device used to generate the various translational 

stimuli. Then, the techniques adopted to record ocular responses are introduced. This is followed by the 

definition of the configurations between subjects and visual targets which were enq)loyed in eye 

movement studies (Ch^ters 4-7). The end of this chuter describes the techniques involved in the 

analysis of eye movement recordings; the data analysis process was similar for all studies involving eye 

movemait recordings since they all enç)loyed transient stimuli. Techniques or ^ a ra tu s  ^ecific to one 

e^eriment are described in the associated chapter.

A. LINEAR ACCELERATORY DEVICE

Translation along the interaural axis was provided by a bogie mounted on wheels with 

pneumatic tyres and powered by two linear motors (Davy Linear Motors Ltd). The bogie ran on a 

precision levelled 7-m long linear track (Fig. 2-1). The motor thrust units were located in the lower 

part of the bogie, on each side of a reaction plate which was situated along the middle of the track. 

The motors were servo-controlled by velocity feedback from a tacho-generator driven by a friction 

wheel ruraiing on the track. The chair could be moved by the experimenter with a joystick on the 

control panel, by the subject wiüi a joystick on the bo^e or via an analogue iiçut coimected to a 

conqjuter.

Subjects were seated içright with their knees and torso restrained with pressure pads. Their head 

was either fixated with clanqrs ^ l i e d  laterally around the ears or, for experiments employing search-coil 

recordings, with a dental bitd)ar secured to the frame of the coil system and a hard rubber head rest In 

this case, the upper part of the chair which included lateral head clamps was removed and replaced by the 

finme of the magnetic field.
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Fig. 2-1: Bogie employed to dispense the linear acceleration stimuli.

A personal computer was used to generate the stimuli and to record the experimental data (e.g. 

chair velocity feedback from the tacho-wheel. acceleration signals, eye movements). Head and target 

accelerations in the direction of motion were measured with precision piezo-resistive linear 

accelerometers, passband DC -> 1 kHz. mounted on a bitebar or secured with surgical tape on the 

subject’s forehead or target display.

Fig. 2-2: Control panel and computer used to carry out the experiments (bogie in the background).
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B. EYE MOVEMENT RECORDING TECHNIQUES 

1. Electro-oculography (EOG)

Most of the experiments employed bitemporal direct current EOG recordings which were 

filtered at 80 Hz (2"̂  order Butterworth filter) and digitally san^led at 250 Hz. A few monocular 

recordings of both eyes were made but they were rejected due to their high noise levels and drifts which 

hindered any precise measurements. Before j^plying the electrodes (Biolect-S Ag/AgCl), the skin was 

cleaned with a prqjaration cream (ARBO-PREP, Medizin Technologie) containing a mildly abrasive 

substance to reduce skin resistance. To avoid drift on the recording, care was taken to leave the electrodes 

on the skin for about 10 minutes before starting the e>q3eriment and fans were used to prevent the subjects 

from sweating Tests were only started after stable eye movement calibrations liad been obtained Also, 

care was taken to place the electrodes clear fixim the clamps, in order to avoid recording artifacts which 

might have been produced by an acceleration-created pressure between skin and electrodes. Eye 

movement calibrations were performed before and after each test session with fixations at 10° or 12° 

left and right from the target centre. In addition, tlie linearity of the EOG was ascertained on a few 

subjects from 0° to ±7° in 1° steps and from 0° to ±30° in 5° steps.

Fig. 2-3; Configuration of head clamping and bitemporal EOG recordings employed in the majority of studies.

2, Scleral search-coils

Binocular scleral search coils (C.N.C. Engineering, Seattle USA) were employed to record 

three-dimensional eye positions (horizontal, vertical and torsional) and to assess vergence. Lenses were 

applied w ith the help of a comeal anaesthetic; 2 drops applied 5 minutes before lens insertion (Minims
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Benoxinate hydrochloride 0.4%, Chauvin pharmaceuticals). As the intraocular pressure rises because of 

the lens suction (Robinson 1963), experiments with search-coils were limited in time to 20 minutes. A 

third search coU was tq)ed to the subject's forehead to monitor angular head movements which could 

occur despite the use of a dental bitebar attached to the chair. The open cubic fiame (78 cm wide, 63 cm 

h i ^  61 cm deq)) sipportmg the Helmholtz coils was screwed on the top of the chair structure (which 

had been moditied for the purpose of this e?q)eriment) and secured ûom deforming under acceleration by 

tensioned stays. The subject's eyes were centred with req)ect to the Helmholtz coils. CoU signals were 

recorded with a bandwidth of 0-400 Hz (-3 dB, analogue filter) and digitised on-line at 1 kHz. Eye 

movement calibrations were performed for horizontal and vertical angles of ±2° and ±6.5°. Calibrations 

of torsional coU movements were performed with a precision gimbal simulating three-dimensional 

movements of the globe. QfiF-line analysis of the raw signals provided angular eye and head positions in 

Pick co-ordinates relative to the chair-fixed coU system german et al. 1987).

3. Infra-red corneal reflection detectors

The infia-red detectors (IRIS system, Skalar Medical) were mounted on a dental bite with 

additional head band siqjpoit Care was taken to fix the head to the fiame of the bogie with clangs which 

did not encroach on the detector mounting. Nevertheless, recordings indicated anti-conq)ensatory eye 

movements which were proportional to head acceleration and unrelated to target distance, starting fiom 

chair acceleration onset and lasting about 100 to 150 ms, as observed during acceleration steps of 0.2g.

Chair velocity

Infrared

EOG

50 ms motion onset

Fig. 2-4: Infrared and EOG recordings obtained in a patient without vestibular function during translational 

lateral acceleration of 0.2g and ocular fixation on a 60 cm-distant earth-fixed target Artifact starting at 

motion onset and lasting about 150 ms can be observed on the infrared signal
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Since these anti-compensatoiy responses were also present in a patient without vestibular 

function (Fig. 2-4), it was concluded that they were artifacts due to slqipage of the infia-red support fiame 

and not genuine eye movements. The infia-red technique was therefore not adequate to measure short- 

latency responses. However, this technique was employed for a few experiments in order to measure 

vergence before stimulus onset and at 400 ms after motion, i.e. when the recordings were not influenced 

by eariy motion artifacts. Eye movement calibrations were performed on targets at ±5°, ±10° and ±15° in 

the horizontal plane.

C. SUBJECT-TARGET CONFIGURATIONS FOR EYE MOVEMENT 

STUDIES

The effect of visual context on ocular reqx>nses to head acceleration and the interaction between 

VORs and visual following mechanisms were investigated using different configurations between 

subjects and targets (Table 2-1).

Experim

VIS-VOR

ents in the tig 

FK-VOR

ht

VIS

Experiments it 

darkness 

PASSIVE 

GAZE

Î

IT

Chapter 4: Visual modulation of 

the LVOR

X X X X X

Chapter 5; LVOR after unilateral 

vestibular deafferentation

X

Chuter 6; LVOR and visual 

stability

X X X X

Chuter 7: Interaction between 

LVOR and AVOR
X X

Table 2-1: Configurations between subject and target used in eye movement studies (described in the following 

pages); IT; IMAGB^ARY TARŒT.

When testing a subject, the configuration (i.e. VIS-VOR, FTX-VOR, VIS, PASSIVE GAZE, 

IMAGINARY TARGET) was only altered once all the motion stimuli had been delivered for aU selected 

target distances.
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(a). VIS-VOR condition

Subject acceleration only, earth-fixed target.

The subject was translated and asked to keep 

looking at the centre of an earth-fixed target;

VORs and VGEMs were expected to be 

generated.

Note: I ’GKM =  Visually-guided eye movement

(b). FIX VOR condition

Concomitant subject and target acceleration. 

Subject and target were moved together; any 

VOR would have to be suppressed to allow 

fixation of the target.
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/(c). VIS condition Target translation only. 

The subject remained stationary, head 

restrained, while visually pursuing the target 

physically displaced by the bogie on which a 

load of 70 kg was placed to produce similar 

chair displacements as during VIS-VOR: 

VGEMs were tested in isolation.

Alternatively, the subject sat on the 

bogie which remained stationary in front of a 

tangent screen on which the target was back- 

projected via a mirror-galvanometer.

Previous recordings of chair 

velocity feedback were used to calculate the 

position command fed to the mirror 

galvanometer in order to provide compzunble 

RTDs as during VIS-VOR.

Note: RTD = Relative target displacement

Fig. 2-5: Subject/target configurations (VIS-VOR, FIX-VOR, VIS) employed in eye movement studies.

Note: fhe target distance from the subjects’ nasion was 30, 40, 60 or 280 cm.

2. Experiments in the dark

The linear track was located in a windowless room in which direct and liuninescent lights were 

covered with black tape (or fabric). Room lights were extinguished 1 s before chair motion and 

reilluminated once the displacement was completed. Subjects were either instructed to gaze passively 

ahead or to imagine an earth-fixed target
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(a). PASSIVE GAZE condition

To minimise the effect of target distance which may modulate the LVOR, a grey screen (1.2 m 

X 1.2 m) was placed at 1.5 m from the subjects who were instructed ‘to look at the screen without fixating 

any particular point on it, and to gaze passively ahead once in total darkness \

(b). IMAGINARY TARGET condition

Before each stimulus, the subjects were positioned in front of a target situated at 60 cm from 

their nasion, a distance making a compromise between ease of fixation and proximity (parameter 

enhancing LVOR reqx)nses). They were required to keq) their eyes in the direction of this target once 

they were put in total darkness.

3. Determination of relative target motion

For all e?q)eriments in the light, subjects were asked to keep watching the target central point. 

The quality of ocular fixation was estimated by comparing the oculomotor re fu s e s  to the relative target 

displacements (°) or velocities (7s).

For VIS-VOR and VIS with the target mounted on the bogie, RTDs and RTVs were calculated as:

1) RTD = arctan(chair position/target distance)

with chair position obtained after digital integration of the bogie velocity feedback.

Since chair velocity feedback was recorded, RTVs were calculated as a direct function of this 

signal rather than by differmtiating the RTDs, in order to reduce noise and drift due to the digital 

processing:

2) RTV = (chair velocity/target distance) x cos ^(arctan(chair position/target distance)).

For VIS with the target projected on a tangent screen, the angular position of the mirror was recorded and 

was therefore used to calculate RTDs and RTVs:

3) RTD = arctan(distance mmor-screen x tan(minor angular position)/distance subject-screen).

4) RTVs were calculated by digitally differentiating the RTDs.

Note: RTV = Relative target velocity
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D. ANALYSIS OF EYE MOVEMENT RECORDINGS

Recordings were analysed ofT-iine using an interactive computer program (D. Buckwell). 

Both for EOG and search-coil recordings approximately 10 % of the data were discarded because of 

blinks, drifts or saccades present during the 200 ms preceding chair motion. Eye velocity signals were 

obtained from the digitized position recordings by differentiation using a central difference algorithm (±1 

point Bahill and McDonald 1983).

1. Desaccading

Saccades were visually identified both on eye position and eye velocity signals and were 

removed 1) from the eye position recordings by replacing them with straight lines whose slopes were 

estimated means of the pre- and post-saccadic slow-phase velocities and 2) from the eye velocity signals 

by joining the pre- and post- saccadic points with straight lines (Fig. 2-6).

5 cm

4°

50 °/s

100 ms

Fig. 2-6: Removal of a saccade from traces of eye position (middle curves, left picture) and eye velocity 

(bottom curves, left picture). The top curve of the left picture shows chair displacement, fhe picture on the right 

zooms in the area surroimding the saccade; the lower curves of the position and velocity recordings are the 

desaccaded signals.

2. Averaging

Recordings were averaged separately for each direction of chair motion and for each relative 

target displacement. Motion onsets were defined with a cursor placed on the velocity feedback signals
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and were used to synchronize the averages of the recordings Means were made on time records of 1(X)0 

ms. including an qx)ch of 250 ms before chair motion, and were digitally filtered at 30 or 75 Hz. The 

averages for each subject {Individual averages) were pooled together to obtain grand averages describing 

the mean responses from a group of subjects.

3. Curve fitting

Cur\ e filling tecluiiques wliich used a least-square error estimation procedure (CSS-Statistica, 

StatSoft USA) were employed; 1) to reduce tlie influence of noise on the measurements made on the 

recordings and 2) to find the best algebraic functions describing sets of experimental data.

4. Vergence and plane of ocular fixation

Vergence was defined as the position of the right eye subtracted from the position of the left eye. 

When subjects fixate a tangent screen, changes in gaze direction will usually modify vergence while the 

distance of the plane of ocular fixation which is parallel to the inter-ocular axis remains constant. In our 

experiments employing pure linear acceleration, tlie relative target displacements were parallel to the 

subjects’ inter-ocular axis and therefore, to assess if the subjects were looking at the correct planes of 

target translation, vergence was not measured on its own but was used to determine the distance behveen 

the inter-ocular axis and the plane of visual fixation. This distance (d) which takes both vergence and 

direction of gaze into account was calculated as;

d = (Inter-ocular distance)/(tan(Leye + a) - tan(Reye - a)) where Leye and Reye are the angular 

deviations of botli eyes from primary gaze and a  is the angular eye position in primary gaze (Fig. 2-7).

Leye/A Reye.

K  X---------

Fig. 2-7: Calculation of the distance (d) of the plane on which the subject’s eyes converged.

K: inter-ocular distance; a  and -a: angular {position of tlie left/right eye in primary gaze; Leye and Reye; horizontal 

deviation of the left/right eye from primarv gaze.
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Chapter Three - Perception of linear motion

Perception of motion direction during passive lateral 

whole-body translation

A. ABSTRACT

This study investigated whether perception of lateral displacement is related to the 

dynamic response of the otolith organs to acceleration. To do so, thresholds for detection of 

direction of whole-body interaural acceleration were determined for various stimulus profiles, in 

normal subjects and patients without vestibular function (LDs). For acceleration steps, acceleration 

thresholds at 67% correct detection of motion direction were similar for eight normal subjects 

(mean 4.84 cm/s^ (range 2.9-6.3)) and five LDs (mean 5.65 cm/s^ (4.85-6.6)). Velocity thresholds 

were 7.93 cm/s for normal subjects (73% of correct responses) and 9.67 cm/s for LDs (69% of 

correct responses). For linear and parabolic accelerations, acceleration thresholds for 74% of 

correct responses were in normal subjects (N = 9), 12.1 cm/s^ (7.3-20.4) for a ramp with gradient of 

acceleration = 2.8 cm/s^, 19.2 cm/s^ (10.4-35.3) for a ranq) with gradient = 7.9 cm/s^ and 16.7 

cm/s^ (10.5-25) for a parabola with gradient rising from 0 to 13.5 cm/s^. The respective thresholds 

for two of the three LDs who were able to detect motion direction were 13.2 and 20 cm/s^; 21.4 and 

30.6 cm/s^;18.4 and 19.1 cm/s^. The corresponding velocity thresholds for normal subjects were

21.2 cm/s (5.2-50.3), 22.0 cm/s (7-56.6) and 22.2 cm/s (9.5-43.7). In normal subjects, the lowest 

thresholds were obtained for acceleration steps, indicating that higji acceleration gradients facilitate 

motion perception (peak gradients of 22 cm/s^ for liminal acceleration steps). For linear and 

parabolic accelerations, mean velocity thresholds were conq)arable, which suggested that the 

process of motion perception follows an integration of acceleration, but a high inter-subject 

variability was observed. For all stimuli, the ranges of thresholds for normal subjects and LDs 

overtyped showing that detection of motion was not a sole prerogative of the otolith organs but 

could also be performed using somatosensory cues.
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B. INTRODUCTION

The reliability of tests using ‘perceptual’ estimates of self-rotation to evaluate semicircular 

canal function is now well established (Metcalfe and Gresty 1992, Brookes et al. 1993, Brookes et 

al. 1994, Kanayama et al. 1995). Such perceptual tests can provide useful alternatives to vestibulo- 

ocular testing, particularly for assessing vestibular function in patients with abnormal eye 

movements, such as congenital, nystagmus, ophthalmoplegia. No similar tests are presently being 

used to evaluate otolith dysfunction, despite the existence of numerous studies on perception of 

linear acceleration; perception of verticality (during sustained linear acceleration as produced by a 

centrifuge, or sustained gravitational force as generated by a tilting device) or perception of linear 

horizontal/vertical whole-body motion with the subjects positioned in various orientations relative 

to the axes of motion (Guedry 1974 for review).

One of the first extensive studies on perception of linear motion (Walsh 1960, 1961) 

reported thresholds for the detection of sinusoidal lateral accelerations in LDs that were nearly ten 

times higher than in normal subjects, and concluded that normal subjects relied on vestibular 

signals to detect their motion direction. These promising findings did not however result in the 

establishment of a routine clinical test of otolith function. Despite the potential of other sensors to 

perform the task, such as skin mechanoreceptors or, as suggested by Mittelstaedt (1992), gravity 

receptors located in the trunk, later studies on motion perception were carried out with normal 

subjects and usually assumed that the otolith organs were responsible for the process of motion 

detection. This assumption seemed justified by a study in normal subjects showing that detection 

thresholds of linear motion increase as stimulus frequencies decrease (Benson et al. 1986b). This 

frequency dependency of the thresholds was similar to the frequency response of the irregular 

otolith units described by Fernandez and Goldberg (1976); they recorded the activity of otolith 

neurones in monkeys subjected to linear forces and demonstrated the existence of regular units 

responding to acceleration and of irregular units responding to acceleration and its gradient. 

However, in contrast with Benson's results which indicated that both acceleration and its gradient 

play a role in motion detection, Melvill Jones and Young (1978) reported that sensitivity to motion 

direction of linear acceleration steps was dependent on velocity. This suggests that the process of 

motion perception might be influenced by acceleration profile characteristics since different stimuli 

were used in these two independent studies. If motion perception does depend on stimulus 

waveforms, some acceleration profiles may activate more specifically the vestibular organs and 

therefore provide a better basis for the design of a test of otolith function.

In order to elucidate the role of the vestibular system for motion perception, the present 

study investigates in normal subjects and LDs the influence of stimulus profiles on detection of 

motion direction during constant, linear and parabolic whole-body lateral accelerations.
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C. MATERIALS AND METHODS

1. Apparatus

Sensitivity to motion is affected by cues from the visual, auditory, proprioceptive and 

somatosensotory systems. For the present experiment, some of these cues were removed or limited 

to try to isolate the contribution of the vestibular system to motion perception. The bogie described 

in chapter 2 (section A) was used to deliver the translational stimuli.

'

Fig. 3-1: Pressure pads preventing differential movements of parts of the body and curtain excluding 

visual cues and feeling of air-flow during whole-body translation.

The subject’s head was restrained by wide lateral pressure pads (circular surface of 16 cm 

in diameter), Fig. 3-1. Any noise from the environment was totally masked with ear defenders 

located inside the pressure pads. However, some sounds from the bearings could still be heard as 

they were transmitted through the head clamps; they did not give any indication of motion direction 

but to hinder the subjects from concentrating on these sounds, white noise (sound intensity of 65
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dB) was dispensed through earphones located inside each ear defender. Experiments were 

conducted in total darkness; before each stimulus, the room light was switched off and a lightproof 

curtain enveloping the chair prevented the subjects from discerning any light from the laboratory 

environment For chair motion with high velocity, the curtain also excluded the feeling of air-flow.

Chair vibrations could not be excluded; their magnitude increased with chair velocity and 

reached up to 45 cm/s^ peak along the axis of motion for the linear and parabolic accelerations 

described hereafter. Since vibrations alone could produce sensations of motion, subjects were asked 

to indicate the direction rather than the perception of motion.

2. Experiment 1: acceleration steps

(a). Stimuli

Fifty unidirectional stimuli were randomly dispensed to the right and to the left (25 stimuli 

for each direction). The various levels of acceleration were obtained by multiplying the amplitude 

of a 'reference' waveform which was an acceleration step of 26.2 cm/s^ lasting 3.7 s and followed 

by a short period of deceleration (overall chair displacement of 239 cm). Due to static friction of 

the chair over the track, a reduction of the acceleration level resulted in a decrease of the 

acceleration period down to 2.3 s for an amplitude of 2.6 cm/s^ (overall chair displacement of 6.6 

cm). The subjects received feedback of the direction they had moved, from the short deceleration 

phases as well as from the returns of the chair at supra-liminal accelerations to the track centre.

(b). Threshold determination

The acceleration threshold was defined as the acceleration which would yield a proportion 

of correct detection equals to 0.67. An adaptive psychophysical procedure was employed in order to 

find a precise estimate of the threshold in a limited number of stimuli. Adaptive procedures are 

characterised by a set of rules determining the evolution of the test so that a maximum number of 

stimuli are dispensed at liminal levels (Hall 1981):

1. Starting point: an initial acceleration of 10.6 cm/s^ was chosen in order to assess the proportion 

of correct detections at accelerations higher than the estimated threshold of around 6 cm/s^, and to 

give the subjects some easy stimuli to start with.

2. New acceleration level: after each trial, a coefficient w was read into a table having and as 

entries; w equals n^-nf, where is the number of correct responses and «j- is the e?q)ected number 

of correct responses at one acceleration level, after T trials and for a probability of correct detection 

equal to 0.67. When the absolute value of w was greater than 1.3, indicating that the current level
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was too far from the threshold, the stimulus amplitude was decreased if w was positive and 

increased otherwise. An initial step of +/- 8 dB corresponding to a multiplicative coefficient of 0.4 

or 2.5 was used to modify the stimulus amplitude. For each change in step direction, the step size 

was halved up to a minimum size of 1 dB corresponding to a multiplication factor of 0.89 or 1.12.

3. End of the experiment; after 50 stimuli.

4. Threshold determination: the proportion of correct responses was calculated for each acceleration 

level. Then, a psychometric function P(x) was fitted to the data using a least square error estimation 

procedure.

P(x)= 1/(1 + exp(-(x-a))/6)

where P(x) is the proportion of correct responses at an acceleration level x, a corresponds 

to the midpoint of the psychometric function and b to its spread.

The acceleration threshold was determined as the abscissa of the point corresponding to 

P(.x) = 0.67 (Fig. 3-2).

100 - -

I
O
co
•E

f
P(x) = 1/(1 + exp(-(x - a)/b))

102 4.85

Acceleration (cm/s-)

Fig. 3-2: Proportions of correct responses vs. acceleration levels in one subject. The data points (circles) 

were fitted with the psychometric function defined by a = 4.087 cm/s^ and b = 0.693 cm/s^ (Coefficient of 

correlation = 0.99). The threshold of 4.85 cm/s* was obtained by finding the point of the psychometric 

function whose ordinate was 67%.
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3. Experiment 2: linear and parabolic accelerations

(a). Stimuli

This experiment did not enq)loy an adaptive procedure for the following reasons. Firstly, 

the minimum number of 100 stimuli required (2 profiles x 50 stimuli) was not compatible with a 

reasonable test duration. Secondly, due to chair stiction on the track, the multiplication of a 

reference waveform would have produced inaccurate acceleration onsets which would have been 

sensed as small jolts. Thirdly, the limited track length of 7 meters prevented the use of 

suprathreshold accelerations which are necessary with adaptive psychophysical techniques, bearing 

in mind that smooth motion onsets had to be delivered.

Instead of using an adaptive procedure, 3 fixed waveforms, 2 linear and 1 parabolic 

accelerations, were generated. They all included a signal compensating for the chair stiction, thus 

assuring smooth and controlled motion onsets: this signal lasting 1.5 s was conq)osed of three 

velocity ramps which created slight chair vibrations without generating motion. The linear stimuli 

comprised a lower acceleration ramp (SlowR) which attained 28.4 cm/s^ and 1.4 m/s in 9.9 s, 

constant gradient of 2.8 cm/s^, and a higher acceleration ramp (FastR) which attained 56.2 cm/s^ 

and 2 m/s in 7.1 s, constant gradient of 7.9 cm/s^. The parabolic waveform (Par) produced an 

acceleration of 60.4 cm/s^ and a velocity of 1.83 m/s in 8.9 s, with a gradient rising from 0 to 13.5 

cm/s^, thus providing the smoothest motion onset and intersecting the gradients of the 2 linear 

accelerations. These stimuli reached high acceleration levels as preliminary experiments on normal 

subjects showed that motion detection failed for stimuli with smooth onsets and final accelerations 

lower than 20 cm/s^. The three acceleration profiles were randomly ordered, and presented ten 

times to the subjects: 5 times in each direction of motion.

To reach strong accelerations while keeping gentle motion onsets, the maximum length of 

the track was used. Therefore, before each stimulus, the chair was driven to one end of the track 

without the subjects being informed of their location. This was done by using a subliminal 

acceleration consisting of a single cycle sinewave (bell shape for the velocity signal) with a peak 

value of 2.7 cm/s^, a period of 25 s, and a maximum velocity of 20 cm/s. During these ‘positioning’ 

stimuli, the subjects were asked to count the number of flashes of a head-fixed light emitting diode 

(LED) situated at 40 cm. The LED, switched on and off with a square wave whose frequency varied 

between 0.4 and 1.4 Hz, reminded the subjects not to indicate their motion direction, and also 

distracted them from trying to guess their final location. One might suggest that a visual cue could 

lower the thresholds of motion perception, in which case the accelerations of 2.7 cm/s^ used during 

the positioning’ stimuli might have been too high. However, the LED could safely be used as 

Benson and Brown (1989) have shown that head-fixed visual displays do not lower the detection 

thresholds of linear motion.

Note: Stiction (STatic frICTlON) = value o f the limiting friction just before slipping occurs.
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Velocity Acceleration Gradient of acceleration

5 cm's 15cm/s^

100 cm's 30cn^s^ 8 cnVs^

2s

Fig. 3-3: Velocities (1^ column), accelerations (2'“' column) and gradients o f acceleration (3*̂** column) 

associated to acceleration steps row, example at one acceleration level), linear accelerations (2"*̂  

row, SlowR and 3"* row, FastR) and parabolic acceleration (4* row. Par). The velocity signals are 

recordings of the chair velocity feedback, and were used to estimate the associated accelerations and their 

gradients which were low-pass filtered at 1 Hz for noise removal.

To estimate the subjects’ reaction times, the following stimulus was presented four times 

during testing: slow onset comparable to the other stimuli but followed after approximately 2 s by a 

sudden acceleration step of 1.9 m/s .̂ The average delay between this sudden acceleration and the 

motion of the joystick was considered as the ‘reaction time’ of the subject. It was calculated to try 

to take into account the inter-subject variability on the time elapsed between feeling of motion 

direction and indication.

Two 5-minute breaks were included during the test to keep the subjects alert and 

concentrating on their task.
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(b). Threshold determination

The analysis techniques differed from the one employed for acceleration steps as 

ejq)eriments with linear and parabolic accelerations did not employ adaptive psychophysical 

procedures. Thresholds were determined in two ways: Analysis 1 determined the time when the 

subjects had indicated 67% of correct responses whereas Analysis 2 was based on the average 

latencies of the subjects’ indications (including the incorrect ones). For both analyses, rightward 

and leftward displacements were combined to obtain 10 responses for each subject and stimulus 

profile.

Analysis 1; thresholds defined as acceleration levels corresponding to 67% of correct detection

For analogy purposes with e?q>eriment 1, the acceleration thresholds were defined as the 

acceleration levels yielding 67% of correct detections of motion direction. Only responses obtained 

before chair deceleration were considered. For each acceleration profile, the subject’s ‘reaction 

time’ was subtracted from the times at which 6 and 7 directions of motion had been correctly 

recognised. The accelerations (Acc6 and AccT) corresponding to the two calculated times were 

obtained from the average chair velocity feedback. The threshold was defined as: Acc6 + 0.67 x 

(Acc7 -Acc6).

Analysis 2: thresholds defined from response latencies

For each subject, the proportions of correct indications taking into account initial responses 

only and the mean latencies of the responses including those incorrect were determined. The 

subject's reaction time was subtracted from these mean latencies to yield estimates of the times at 

which motion direction was detected. From the chair velocity feedback, the accelerations associated 

to these estimated times were determined and defined as thresholds.

4. Subjects and instructions

(a). For acceleration steps

Eight normal subjects (mean age 38 y.o., range 24 to 50 y.o.) with no history of 

neurological or otological disorders and 5 LDs (Table 3-1; mean age 41 y.o., range 31 to 63 y.o.) 

took part in the e?q)eriments. Bilateral loss of vestibular function was assessed by caloric irrigation 

(30/44°C) and rotational testing on a Bârâny chair during velocity steps of 60°/s in darkness.

Noie: Analysis 2 was based on Young et al. (1966) and Melvill Jones and Young (1977), who showed that 
the time taken to detect supra-liminal step accelerations was related by a hyperbolic function to the 39 
acceleration magnitude, such that stimulus detection occurred at an approximately constant velocity.
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Instruction: ‘The chair will either move to your right or to your left. Push the joystick in the 

direction you perceive your motion, before the chair decelerates which gives you around 3 s to act. 

I f  you cannot decide on your direction o f  motion, leave the joystick in its central position. ' Subjects 

were allowed to correct their responses. If they failed to indicate a direction before the chair slowed 

down, a wrong response was associated to the stimulus as it was estimated that they could not sense 

their motion direction.

Patients Age Etiology Conunents

PI 31 Childhood meningitis Deaf

P2 35 Idiopathic

P3 38 Idiopathic

P4 40 Removal of bilateral acoustic neuromas Deaf

P5 63 Meningitis Deaf

Table 3-1; Summary of the patients’ clinical data

(b). For linear and parabolic accelerations

Nine normal subjects (mean age: 35 y.o., range: 23 to 49 y.o.) and 3 LDs (PI, P2, P4, 

Table 3-1) were tested. All LDs and four of the normal subjects had taken part in the experiment 

with acceleration steps, six months earlier.

Instruction: same as for acceleration steps, with the additional e?q>licit recommendation to indicate 

motion direction as soon as it could be sensed.

D. RESULTS

As expected, there was no effect of motion direction on the number of erroneous 

indications made by normal subjects and LDs. On average, the subjects indicated a wrong direction 

during 34% of rightward and 30% of leftward acceleration steps and during 22.7% of rightward and 

25.0% of leftward linear and parabolic accelerations.
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1. Acceleration thresholds

(a). For acceleration steps

100 -
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Note: SD = Standard deviation

Fig. 3-4: Psychometric functions (continuous line for normal subjects and dashed line for LDs) fitted to 

the average proportions of correct responses (circles for normal subjects and stars for LDs) vs. 

acceleration levels, for 8 normal subjects and 5 LDs. Bars at the bottom of the graph show the 

percentages of stimuli dispensed around one acceleration level (black bars for normal subjects and 

white bars for LDs). Interval bars connected to the data points show +1 SD for the proportions of correct 

responses.

Note 1: as the adaptive procedure delivered tlie maximiun number of stimuli for every other acceleration 

level, only results corresponding to these levels are plotted. The percentage of stimuli delivered at one 

acceleration level a was calculated as: percentage delivered at level a + 0.5 x (percentage delivered at the 

level below a + percentage delivered at the level above a).

Note 2: the mean threshold for a group of subjects can only be estimated on this figure, since the data points 

were calculated from the logistic functions associated with each subject; this calculation enabled us to take all 

subjects into account for each level of accelerations.

The choice of the imderlying psychometric function was validated by the strong 

correlation between predicted and observed proportions of correct responses, mean coefficients of 

correlation of 0.92 (range; 0.73 - 0.99) for normal subjects and 0.91 (range: 0.8 - 0.99) for LDs. The 

mean thresholds for 67% correct detections of direction were 4.84 cm/s  ̂ (range: 2.88 - 6.28 cm/s^) 

in normal subjects and 6.85 cm/s  ̂ in LDs; 4.85 and 6.59 cm/s^ (idiopathic), 5.63 and 12.30 cm/s" 

(meningitic), 4.97 cm/s" (neurectomy). The patient with 12.3 cm/s  ̂ took part in other similar
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experiments, and on later retesting, lowered his threshold to 6.2 cm/s^ showing an ability to learn 

how to detect motion direction for low acceleration levels (new mean threshold for LDs of 5.65 

cm/s^, new range; 4.85 - 6.6 cm/s^). He reported concentrating on perception of pressure on his 

body. The purpose of employing an adaptive procedure was to generate a maximum number of 

stimuli at liminal intensities. As can be observed in Fig. 3-4, the majority of the stimuli, 70% for 

normal subjects and 67% for LDs, was dispensed at acceleration levels between 3.9 cm/s^ and 6.5 

cm/s^ therefore bracketing threshold values. The minimum and maximum acceleration steps were 

delivered at 2 and 11 cm/s^.

(b). For linear and parabolic accelerations

Normal subjects

Proportions o f  correct responses

The minimum of 7 correct responses necessary to determine thresholds with Analysis 1 

was not obtained for one subject during SlowR and for four others during Par. Taking into account 

all subjects including those presenting less than 7 correct responses, the average percentages of 

correct responses at deceleration onsets were 76.6% (range: 50-90%) for SlowR, 88.9% (70-100%) 

for FastR and 72.2% (60-100%) for Par. Similar mean values and identical ranges were obtained 

when only the first responses (i.e. ignoring any late corrective indication) were considered: 74% for 

SlowR, 86% for FastR and 74% for Par. These percentages indicated that detecting motion 

direction was more difficult during Par and SlowR than during FastR.

Taking these percentages into consideration, both techniques of analysis were slightly 

adjusted to improve the comparison of thresholds associated to each stimulus. Analysis 1 was 

divided into three conq)arisons between two stimuli only, excluding the results from the subjects for 

whom thresholds could not be determined for at least one of the two waveforms. For Analysis 2, 

threshold values for FastR corresponding to a proportion of correct response for the whole group of 

subjects equal to 74% (percentages obtained for SlowR and FastR) were calculated: to do so, for the 

subjects whose proportion of correct detection for FastR was higher than for SlowR, the responses 

with the longer latencies were considered as undetected direction (therefore, the corresponding 

latency was ignored), until the percentage of correct detection was equal to the percentage for 

SlowR and at least greater than 60%.

Thresholds

Table 3-2 shows that thresholds obtained with both analyses were similar. However, 

Analysis 2 had the advantages of including data from all subjects and of being based on the same 

numbers of correct responses, making the conq)arisons between stimuli easier. Therefore, the 

following paragraphs will focus on the results obtained with this second technique.
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FastR SlowR Par

cm/s^ % cm/s^ % cm/s^ %

ANALYSIS 1

FastR / SlowR (8) 25.9 (13.6-43.6) 89 14.4 (9.9-20.9) 80

FastR / Par (5) 22.6(13.6-32.1) 92 19.1 (14.2-29.9) 84

Par / SlowR (4) 12.2 (9.9-16.6) 82 16.4 (14.2-20.3) 87

ANALYSIS 2 (9) 19.2 (10.4-35.3) 74 12.1 (7.3-20.4) 74 16.7 (10.5-25.0) 74

Table 3-2: Acceleration thresholds (mean and range), proportions o f correct responses indicated at 

deceleration onset (Analysis 1) or proportions of correct initial responses (Analysis 2). The numbers in 

brackets in the first column are the numbers of subjects taken into account.

Note: for Analysis 2, the acceleration threshold associated to FastR was 23.1 cm/s^ for a percentage o f correct 

responses o f 86%.

It appears that acceleration levels at which motion direction was detected were dependent 

on stimulus profile, which is most evident when the two linear accelerations are considered. This 

inq)lies that acceleration was not the sole parameter influencing the process of motion perception.

The average response latencies were 2.9 s (range: 1.4-5.1) for SlowR, 1.6 s (0.8-3.0) for 

FastR and 2.7 s (1.8-3.8) for Par, values already corrected with the mean reaction time of 490 ms 

(range: 302-760 ms). Thus, subjects indicated their motion direction earlier during FastR than 

during SlowR and Par, but the highest mean acceleration thresholds were obtained for FastR. This 

suggests that the other parameter which ought to be taken into account to explain motion perception 

is velocity; the tenq)oral integration of acceleration. Incidentally, as the stimulus durations were 

always more than twice the mean latencies for signalling motion direction, it can be concluded that 

the chair was accelerated for a sufficient time to permit motion perception and therefore threshold 

determination.

Patients

Two of the 3 LDs had results within the normal subjects’ ranges for all stimuli (Analysis

2). PI had thresholds close to the mean values of normal subjects: 13.2 cm/s^ for SlowR 

(proportion of correct responses of 60%), 21.4 cm/s^ for FastR (80%) and 18.4 cm/s^ for Par (80%). 

This subject was accustomed to the test and reported that he concentrated on the pressure exerted 

on his body, by the clangs, to detect his motion direction. P2 had thresholds in the lower part of the 

normal range for SlowR (20 cm/s^, 90%), FastR (30.6 cm/s^, 70%) and Par (19.1 cm/s^, 70%) and 

as normal subjects, was unaware of the way he detected motion. P4, who had a normal threshold of 

4.97 cm/s^ for acceleration steps, only indicated between 40 and 50% of correct responses for linear 

and parabolic stimuli, which shows her inability in detecting motion direction for displacements 

with low acceleration gradients.
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2. Velocity thresholds

(a). For acceleration steps

Response latencies were measured for each subject at the acceleration levels associated to 

a proportion of correct responses between 63 and 85% (mean 74%, for conq)arative purposes with 

linear and parabolic accelerations). The average latencies were 1.55 s (range: 1.33-2.06) for normal 

subjects and 1.59 s (range: 0.93-2.07) for LDs. The corresponding velocities were estimated from 

the chair velocity feedback. Even with no adjustment to take into account the subjects' reaction 

times, low values were obtained both for normal subjects, 7.93 cm/s, (range 5.5-10.6; mean 

proportion of correct responses of 73%), and LDs, 9.67 cm/s, (range: 6.2-12.7; 69% of correct 

responses).

(b). For linear and parabolic accelerations

The mean velocity thresholds obtained for the different stimuli were close: 21.2 cm/s 

(range: 5.2-50.3) for SlowR, 22.0 cm/s (range: 7-56.6) for FastR and 22.2 cm/s (9.5-43.7) for Par. 

However, high intra- and inter-subject variabilities of the thresholds associated to the different 

stimuli were observed as shown by the following examples: Subject 1 had thresholds of 36 cm/s for 

SlowR, 9 cm/s for FastR and 21 cm/s for Par, while Subject 2 had respective values of 14, 22 and 

26 cm/s.

To demonstrate that detection of motion direction based on ‘velocity’ information can only 

occur for a minimum level of acceleration, a further experiment was performed with 5 normal 

subjects using a stimulus reaching high velocity but low acceleration: a linear acceleration profile 

generating 7.2 cm/s^ and 52 cm/s in 12.6 s was employed. The mean proportion of correct 

responses was 49.6% (range 35 to 63%) showing the inability of every subject to detect the 

direction of motion.

Velocity thresholds for the two LDs who could indicate motion direction were in the lower 

part of the normal ranges: 26.4 and 49.3 cm/s for SlowR, 23.2 and 42.4 cm/s for FastR, 22.3 and

28.3 cm/s for Par.

3. Intra-subject variability in the detection of motion for identical stimuli

The intra-subject variability in signalling motion during a specific stimulus was estimated 

by calculating the standard deviation of each subject’s response latencies for each acceleration 

profile, after removal of the minimum and maximum values. For acceleration steps, SDs were 

calculated at the levels yielding between 63 and 85% of correct responses, corresponding to a mean
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percentage of correct responses of 74% conq)arable to those obtained for linear and parabolic 

accelerations. In normal subjects, the average SD in response latencies was 0.49 s (range: 0.28- 

0.61) for a mean latency of 1.55 s, showing a high intra-subject variability which could be 

attributed to the fact that subjects were only instructed to signal motion direction before chair 

deceleration. For linear and parabolic accelerations, the mean SDs in response latencies were 0.82 s 

(range: 0.39-1.38) for SlowR, 0.77 s (0-21-1.28) for FastR and 1.02 s (0.46-1.85) for Par. As 

mentioned earlier, the mean latencies were 2.9 s for SlowR, 1.6 s for FastR and 2.7 s for Par. Thus, 

high intra-subject variabilities were also obtained for these stimuli despite the e?q)licit instruction to 

signal motion as soon as possible. Comparable variabilities were observed in patients for 

acceleration steps (mean SD of 0.46 s (range: 0.33-0.59) for a mean latency of 1.59 s), for linear 

accelerations (mean SD of 1.2 s (range: 1.06-1.33) for a mean latency of 4.1 s for SlowR and mean 

SD of 0.65 s (0.42-0.79) for a mean latency of 2.4 s for FastR) and for parabolic accelerations 

(mean SD of 0.95 s (0.61-1.20) for a mean latency of 3.2 s).

4. Did the motion stimuli evoke eye movement reflexes?

For acceleration steps around 50 cm/s^, only weak eye movements are evoked in darkness 

(see Chapter 4). Therefore, eye movements were not recorded during the acceleration steps 

dispensed in the present experiment, as they were below 11 cm/s^. On the other hand, as the linear 

and parabolic accelerations reached iq> to 60 cm/s^, eye movements were recorded in three subjects 

who were instructed to try to keep gazing passively ahead but above all to concentrate on their 

perception of motion direction (EOG recordings). Eye movements, which were only present for 

39% of the stimuli, usually started at acceleration levels around 20 cm/s^, and in 91% of the cases 

were in a compensatory direction, i.e. opposite to the direction of motion. The presence of 

compensatory eye movements was not related to the correctness of motion direction indications.

E. DISCUSSION

1. Thresholds for motion perception; comparison with the literature

(a). Acceleration thresholds

Table 3-3 reviews the perceptual thresholds reported by other laboratories for accelerations 

along the nasooccipital (X) and interaural (Y) axes of the subjects (axes of motion which have 

yielded conçarable results; see Guedry (1974) and Gundry (1978) for thresholds to rostrocaudal (Z) 

axis stimuli, accelerations in the vertical plane and vibratory movements).
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Source Device

and acceleration profile

Xaxis Y axis Perception of:

Walsh
(1960 and 1961)

Parallel swing: 
sustained sinusoid

1.8 1.9 and 3.8 motion

Young et al. 
(1966)

Cart:
discrete step

5.9 motion direction

Greven et al. 
(1974)

Parallel swing: 
sustained sinusoid

4.5 3.5 motion

Benson et al. 
(1986a)

Sled:
sustained sinusoid

2.5 3.2 motion

Benson et al. 
(1986b)

Sled:
single sinusoid cycle

6.3 5.7 motion direction

Benson and Brown 
(1989)

Sled:
single sinusoid cycle

3.7 motion direction

Hlavacka et al. 
(1996)

Parallel swing: 
sustained sinusoid

2.3 motion

Present experiment Cart, discrete step 4.8 motion direction

Cart, ramp (SlowR) 12.1 motion direction

Cart, ramp (FastR) 19.2 motion direction

Cart, parabola 16.7 motion direction

Table 3-3: Thresholds (cm/s') for detection of motion in the horizontal plane along the subject’s X or Y 

axes.

Findings of higher thresholds for detection of direction than for detection of movement 

suggest that the first task requires a more complex discrimination using more sensory information. 

In the following, only experiments on perception of motion direction are discussed.

Thresholds for acceleration steps along the Y axis estimated in the present study were 

similar to those reported by Benson et al. (1986b and 1989) who used a similar psychophysical 

procedure but single sinewave stimuli. However, those thresholds were 2 to 3 times lower than for 

linear and parabolic accelerations. A comparable variability was observed between the two 

experiments on detection of motion direction along the X axis (Young et al. 1966, Benson et al. 

1986b). This variability only appears when noticing that the threshold of 5.9 cm/s^ quoted for 

Young’s study was obtained with a technique of analysis different to Benson’s. In the former study, 

a curve was fitted to the latencies of indications of motion plotted against acceleration levels. This 

curve could be shifted up and down, and the amount of vertical translation yielded the acceleration 

threshold. This acceleration threshold did not correspond to a proportion of correct responses 

around 67% as for Benson’s results and ours, but indicated that for accelerations lower than 5.9 

cm/s^, no detection of motion direction would be possible, i.e. the proportion of correct responses 

would be equal to the chance level of 50%. For a similar experiment but with vertical motion along 

the subjects’ Z-axis (Melvill Jones and Young 1978), the proportions of correct responses were
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found to exceed 67% for acceleration steps above 14.7 cm/s^. For accelerations of 5 cm/s^ and 6.9 

cm/s^, the proportions of correct indications were 42% and 55% respectively. However, if the curve 

described by Young et al. (1966) had been fitted to these data, a threshold lower than 5.9 cm/s^ 

would have been obtained. Thus, it can be estimated that for Young’s study (1966), the acceleration 

thresholds yielding a proportion of 67% correct responses were around 10 or 15 cm/s^. In 

conclusion, the acceleration thresholds reported by the three e?q)erimenters who studied perception 

of motion direction showed a high variability (Young et al. 1966, Benson et al. 1986b, present 

study).

(b). Velocity thresholds

Mean velocity thresholds obtained for linear and parabolic accelerations (from 21.2 to 22.2 

cm/s) and subjects’ reaction times (mean; 490 ms) were similar to the values reported for 

acceleration steps along the Z-axis (21.6 cm/s and 370 ms, Melvill Jones and Young 1978) and 

along the X-axis (22.6 cm/s and 600-700 ms. Young et al. 1966). These latter e?q)eriments 

suggested that detection of motion was velocity-dependent as response latencies were inversely 

proportional to acceleration magnitudes (reaction times were defined as the asynq)totic latency 

values for infinite accelerations). The motion detection delays measured by Glasauer and Israël 

(1995) during step accelerations were compatible with a velocity threshold theory, but a low 

velocity threshold (14 cm/s) was observed; this low value may be explained by the instruction to 

the subjects which was to indicate motion, and not direction (study not included in Table 3-3 as 

investigation concerned with the perception of displacement magnitude). Alternatively, the velocity 

levels providing the perception of motion may be themselves dependent on acceleration gradients at 

motion onset (see below) which would also explain the low velocity thresholds (7.9 cm/s) obtained 

with our acceleration step profiles.

(c). Effect of initial acceleration gradients

Both acceleration and velocity thresholds were lower for constant than for linear or 

parabolic accelerations in which cases a signal reducing the effect of chair stiction on the track had 

been included in the velocity command to the bogie. These results suggest that the initial 

acceleration gradient influences motion perception, since the acceleration steps created a jolt at the 

onset of motion which seemed to facilitate the detection of their direction: during the first hundreds 

of milliseconds following chair motion, the maximum gradient of acceleration for linear and 

parabolic stimuli was 8 cm/s  ̂ (FastR), which was lower than the estimated gradient of 20 cm/s^ for 

the steps dispensed around threshold levels. In contrast with Benson’s e?q)eriments and ours in 

which stimuli started from a stationary position, acceleration steps in the study by Young et al.
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(1966) were dispensed once the acceleratcry device had reached a constant velocity of 60 cm/s. 

This technique, used to avoid static friction of the device on the track, may explain the higher 

velocity and acceleration thresholds reported by Young (or estimated Jfrom Young's data, see 

section E.l.a.) compared to those obtained with our acceleration steps.

(d). Parameters influencing motion perception

Young et al. (1966) reported that sensation of motion direction during translational 

acceleration is dependent on displacement velocities. Similarly, with linear and parabolic 

accelerations, i.e. when the effects of early acceleration gradients are reduced, the detection of 

motion direction appears to be sensitive on velocity of the translation. However, all studies 

suggesting that velocity is the main factor contributing to motion perception also indicate that a 

minimum level of acceleration is needed for perception to occur. Similarly to our results showing 

that subjects were unable to detect motion direction for a low linear acceleration reaching high 

velocity (7.2 cm/s^ and 52 cm/s at 12.6 s), Melvill Jones and Young (1978) showed that subjects 

indicated more than 66% of correct directions only for acceleration steps above 14.7 cm/s^ and 

Young et al. (1966) that a theoretical minimum acceleration of 5.9 cm/s^ should be present for any 

motion detection process to take place.

However, as argued by Benson et al. (1986b), when velocity thresholds are determined 

from response latency measurements, one cannot conclude that detection is performed when a 

velocity signal representing a true integration of the vestibular iiq)ut exceeds a critical value. An 

integration of the acceleration signal yielding to a similar ‘velocity’ response could be part of the 

detection process in which, for exanq)le, the level of certainty of the subjects on their motion 

direction is integrated in time until a critical threshold is reached at which point the subjects 

indicate their motion direction. If the latencies of the subjects’ responses do depend on the 

integration of confidence levels about the direction of motion, stimuli with sudden motion onset 

could set the initial confidence value at a level above the chance level of 0.5. This would bias the 

process of motion perception towards lower velocity thresholds.

(e). Variability between studies, between subjects, and witbin subjects

When considering the different thresholds of motion perception published during the past 

50 years (Guedry 1974, Gundry 1978 for review), a huge variability among studies can be noted. 

The discrepancies can be attributed to differences in psychophysical procedures, instructions to the 

subjects, planes and axes of translation, and equipment used to produce the acceleratory stimuli. 

Many e?q)eriments have also reported large inter-individual variabilities which may have originated 

from differences in attention between subjects, in their reluctance to make errors but also in their
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adopted tactics to perform the task. In addition, the present e?q)eriment has shown high intra-subject 

variabilities, possibly inherent to the difficulty in signalling when a sensation begins.

(f). Perception of tilt during translational acceleration

The subjective indications of motion during horizontal linear acceleration have been 

perception of motion, perception of motion direction and perception of tilt (Guedry 1974 for 

review). In the present experiment, no subject rq>orted the perception of tilt. Tilt sensations have 

been observed during sinusoidal acceleration (Glasauer 1995) and explained by a partial 

reinteipretation of the imposed linear acceleration as a tilt of the gravitational vertical: the otolith 

organs measure both gravitational and translational accelerations, which add iq) to one 

gravitoinertial vector; as the amplitude and direction of this vector change during lateral motion, a 

sensation of roll motion can be induced. However, Mesland and Bles (1996) have shown that the 

perception of tilt occurring during interaural sinusoidal acceleration depends on the subject’s pre

knowledge of the accelatory device and therefore of its possible range of motion: for accelerations 

lasting less than 35 s, 9 out of 14 naïve subjects reported a perception of tilt at O.lg. For three 

subjects who knew the device, at least 10 minutes of stimulation were necessary to induce any tilt 

perception. The perception of tilt is also more distinct for larger acceleration amplitudes and longer 

stimulus durations (Glasauer 1995, Mesland and Bles 1996). As our subjects saw the chair prior to 

testing and were submitted to accelerations lower than 0.06g for less than 10 s, it is actually not 

surprising that they did not report any tilt sensation.

2. Can motion perception be attributed to utricular stimulation?

With no auditory or visual cue, no head rotation, and no differential movement of parts of 

the body, detection of linear motion could be dependent upon the sensitivity of 1) the otolith organs 

to acceleration and its gradient, 2) the somatosensory system to pressure changes on the body and

3) ‘truncal’ graviceptive receptors. This latter system defined by Mittelstaedt (1992) for Z-axis 

accelerations has however not yet been investigated for Y-axis accelerations.

From the absence of phase dependency upon frequency for the subjective reports of motion 

during sinusoidal vertical oscillation, Melvill Jones and Young (1978) concluded that motion 

detection originates from somatosensory receptors rather than from vestibular signals. A more 

direct way used to assess the respective role for motion perception of the vestibular and 

somatosensory system has been to test subjects with spinal lesion or defective vestibular function.

Thus, Walsh (1961) reported that individuals with high spinal lesions have normal 

sensations of linear velocity during oscillation on a parallel swing, which implies that the vestibular 

system is able to detect linear motion, without excluding a similar ability for the somatosensory
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receptors. Since patients with bilateral absence of vestibular function had higher thresholds than 

normal subjects, Walsh concluded that, in normal subjects, the otolith organs perform the task of 

detecting low-intensity accelerations. In the present study, similar thresholds for LDs and normal 

subjects were obtained with acceleration steps, which shows that non-vestibular receptors could be 

at least equally sensitive as the utricles for detecting lateral whole-body motion. For linear and 

parabolic accelerations, one LD had normal thresholds, one had values in the lower range of normal 

subjects and the last patient was unable to detect motion direction. Thus, during this latter 

experiment, the vestibular system was probably the main contributor for the discrimination of 

motion direction in normal subjects, but somatosensory inputs could produce normal thresholds in 

LDs, apparently when attention was directed on body feelings.

Overlapping ranges between normal subjects and patients with deficient vestibular 

function have been reported in other perceptual studies. Young et al. (1966) mentioned in the 

discussion of their paper that some alabyrinthine patients, seated in a cart, performed nearly as well 

as normal subjects for detecting motion direction during sinusoidal displacements in the horizontal 

plane. Overlapping ranges between normal subjects and LDs have also been observed in 

e?q)eriments on perception of postural vertical which concluded that tactual and proprioceptive cues 

can be used by some patients to perceive body orientation (Clark and Graybiel 1964, Graybiel 

1968, Bisdorff et al. 1995). Yet, as mentioned earlier, during oscillatory motion on a parallel swing, 

Walsh (1961) has shown in deaf LDs a ten-fold increase in acceleration thresholds, compared to the 

normal data. A high threshold for sensation of linear motion on a parallel swing was also observed 

by Jongkees and Groen (1950) in one patient with total loss of semicircular canal function but able 

to perceive linear acceleration when rotated eccentrically on a Bârany chair or tilted in a position 

chair. When considering all these studies, it spears  that LDs improve their perception of motion 

when seated in a chair as opposed to lying on a parallel swing, which suggests that somatosensory 

receptors are probably more strongly activated when partial clanging is used to stabilise the 

subjects on the acceleratory device.

Israël and Berthoz (1989) reported that LDs are unable to stabilise their gaze on imaginary 

earth-fixed targets during lateral displacements in the dark. However, although patients were not 

able to estimate the amount of cart displacement, they were as good as normal subjects in 

indicating their motion direction during transient accelerations, but not during sinusoidal stimuli. 

This study suggests that the somatosensory system is more powerful in detecting motion during 

transient than during sustained stimuli, in accordance with our experiments showing bigger 

differences between normal subjects and LDs for linear and parabolic accelerations than for 

acceleration steps. Also, it indicates that tests based on estimation of the magnitude of linear whole- 

body displacement may yield better assessments of vestibular function than those based on 

estimation of motion direction. For instance, similarly to the perceptual tests of semi-circular canal 

function (Metcalfe and Gresty 1992), patients could be passively moved in one direction and then 

asked to position themselves, using a joystick, back to their starting point. One parameter which 

might differ between normal subjects and LDs is the accuracy over many trials to perform the task.

50



Chapter Three - Perception of linear motion

3. Conclusion

The present study suggests that several aspects of the translational acceleration profiles are 

used to produce the perception of motion. Provided that initial acceleration gradients are limited 

and that acceleration levels sufficiently high are used, motion detection seems to follow a velocity 

signal. However, the observation of high inter-subject and intra-subject variabilities prevents any 

definite statement. Labyrinthine defective subjects could perform in the normal range which shows 

that receptors other than vestibular can play a role in the process of motion direction discrimination. 

It is therefore apparent that to estimate the contribution of vestibular signals in motion perception, 

somatosensory (information from the skin, muscles and joints) as well as visual and auditory cues 

should be limited. However, the elimination or distortion of normally correlated inputs may in turn 

reduce the perceptual responses of vestibular origin, making the process of motion perception due 

to vestibular signals difficult to unveil.
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Chapter Four - Visual modulation of the LVOR

Reflex eye movements evoked by transient lateral 

acceleration: visual enhancement and suppression

A. ABSTRACT

Three-dimensional binocular scleral search-coils and bitenqx)ral electro-oculography were used 

to record eye movements of normal subjects e?qx)sed to translational interaural accelerations 

^proximating steps of 0.05g, 0. Ig and 0.2g (duration 350 to 650 ms) followed by similar deceleration 

phases. For e?q)eriments in darkness, subjects were either instructed to gaze passively ahead or to imagine 

a 60 cm-distant earth-fixed target. For e?q)eriments in the li^ t, they viewed an earth-fixed (VIS-VOR) or 

head-fixed target (FIX-VOR) at 30,60 or 280 cm. To assess the possible contribution of VCjEMs to target 

fixation during subject acceleration, eye movements were also recorded with the subjects stationary and 

viewing a target diq)laced laterally (VIS) with RTDs corr^arable to those for VIS-VOR.

Latency of the horizontal ocular response to linear head acceleration was 35 ms, while the 

latency for VGEMs, assessed during VIS, was 100 ms. With the instruction to gaze passively into the 

darkness, nystagmus with slow-phases in opposite direction to head acceleration was evoked. Slow-phase 

velocities wa^e proportional to acceleration over the range tested; 44°/s/g at 400 ms after motion onset 

When subjects tried to direct their eyes to a 60 cm-distant imaginary earth-fixed target, eye movements 

with catch-iq) saccades were evoked At 400 ms after motion onset, the slow^hase velocity conqxrnents 

were at least 3.7 times h i^er than during passive gaze. However, the proportionality of slow-phase 

velocities with acceleration was lost with lower gains obtained for higher acceleration levels. For 0.2g 

accelerations, the mean slow^hase eye velocity was 37.57s for a RTV of 76.57s. During VIS-VOR, eye 

velocities were enhanced with acceleration level and target proximity fiom the earliest stage of the 

réponses, showing that the gain of the horizontal LVOR pathway was adjusted before or immediately 

after motion onset by viewing distance. At 80 ms after motion onset, therefore before pursuit mechanism 

could enhance ocular fixation, LVOR gains (eye velocity/ relative target velocity) were of similar 

magnitudes for all combinations of accelerations and distances (mean 0.32, no data for 0,05g or 280 cm). 

Full ocular compensation was always achieved within 300 ms of motion onset, except for the most 

demanding condition of 0.I7g-30 cm. In this case, the slow^rhase eye velocity of 747s measured before

1 Note: g  = magnitude o f the gravity vector (9.81 m/s^)
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chair deceleration at 300 ms did not reach the compensatory level of 867s but was still much greater than 

during VIS (447s). The shorter latencies and stronger slow^hase velocities of the eye movements evoked 

during VIS-VOR, conq>ared to VGEMs, yielded to smaller saccadic conqx)nmts during VIS-VOR (16% 

of the overall responses at 300 ms, for 0.2g-30 cm) than during VIS (53%). At 80 ms after motion onset, 

the average eye velocities were already 34 % lower for FIX-VOR than for VIS-VOR, but the most 

maiked siqjpression of eye movements appeared around 102 ms (SD 10 ms). Nearly complete 

sippression was achieved for all conditions within 300 ms of motion onset; for 0.2g-30 cm, eye velocity 

at 300 ms was less than 5.47s. Resetting quick-^hases were often generated to partially condensate for 

the slow-phases which moved the eyes away fiom the target centre; the mean magnitudes of the quick- 

phases were always less than half the pre-saccadic eye positions.

Torsional réponses were variable in direction for one of the four subjects tested with search- 

coils whereas for the remaining three subjects, the pre-saccadic torsional slow^hases were towards the 

left shoulder for rightward eye movements and vice versa, for all test conditions. The torsional responses 

which followed stimulus onset were at least partially due to the presence of horizontal eye movements as 

plots of torsional vs. horizontal ocular réponses were condarable for VIS, VIS-VOR and FIX-VOR. For 

longer delays after motion onset (100 to 300 ms), an increase of torsion with acceleration level was found 

in two subjects.

We conclude that 1) in darkness, imagination of close earth-fixed targets enhances the 

magnitudes of the slow-phase eye movements but does not produce compensatory levels particularly for 

h i^er accelerations; this suggests that VGEMs or visual cues are necessary to indrove the ocular 

following provided by LVORs; 2) in the light, both at the earlier and later stages of the responses, and 

particularly for close target distances or high accelerations, the horizontal LVOR indroves ocular fixation 

over what would be attained by VGEMs alone, although perfect target fixation is not always achieved; 3) 

the early LVOR (< 80 ms after motion onset) depends less on the knowledge of probable target motion 

(i.e. target earth-fixed or head-fixed) than on viewing distances; 4) a mechanism different fiom the pursuit 

system is used to partially cancel the early LVOR during fixation of head-fixed targets; 5) acceleration- 

related torsion is not clearly observed for the first 300 ms following the onset of translational motion 

possibly due to the low^ass characteristic of torsional redonses to purely linear acceleration.

B. INTRODUCTION

The vestibulo-ocular reflexes function to stabilise binocular fixation on visual targets during 

head movements. The VORs can be parsed into two subsystems: the angular VORs which are driven by 

the semicircular canals responding to angular head acceleration and the linear VORs which are driven by 

the otolith organs redonding to linear head acceleration. The present chuter focuses on the human linear 

VOR.

Sinusoidal lateral linear motion in darkness, which was the stimulus initially used to sturfy the 

horizontal LVOR in human subjects, produces only weak eye movements (Jongkees and Phildszoon
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1962, Niven et al. 1965), except at frequencies above 1 Hz (Tokita et al. 1981). In later studies, more 

robust LVORs were obtained by asking subjects to imagine proximal earth-fixed targets (Buizza et al. 

1979, Baloh et al. 1988a, Skipper and Barnes 1989, Paige 1991, Shelhamer and Young 1991, Gas et al. 

1992). Contemporaneous ejqjeriments performed in the h ^ t  confirmed the importance of how closely 

one is viewing a target in determining the magnitude of conq)ensatoiy LVORs during linear head 

translation (Baloh et al. 1988a, Skipper and Barnes 1989, Paige 1989,1991, Oas et al. 1992). Distance of 

ocular fixation is, however, not the sole parameter influencing LVOR magnitude. For instance, it has 

been shown that the human LVOR evoked with earth-fixed targets can be partially siçpressed for linear 

oscillations below 4 Hz using head-fixed targets (Paige et al. 19%).

AU the studies mentioned above estimated the performances of the LVOR and of its suppression 

during steady-state sinusoidal motion, leading either to no precise control of target distances when 

imaginary targets were used or to a possible contribution of VGEMs when e?q)eriments were performed 

in the Ught In contrast, sharp onset translational accelerations ofifer a purer picture of how the LVOR 

behaves and provide information on latency structure; predictabiUty does not influence the response 

magnitude and LVORs can be studied before any contribution of VGEMs. Adopting such a protocol of 

examining the ocular responses to acceleration transients, the present study aimed to determine the 

relative importance of fixation distance and knowledge of possible relative target motion on the incipient 

LVORs.

Transient stimuU have previously been employed to show that the velocity of the LVORs 

evoked at short latency after motion onset increases ^proximately lineariy with the proximity of 

imaginary targets, both in humans (Busettini et al. 1994) and in monkeys (Schwarz and MUes 1991, Bush 

and MUes 1996). However, whereas short-latency reqxrnses are close to conqrensatory levels in monkeys, 

LVORs are largely undercoirqrensatory in humans (Busettini et al. 1994). Also, in earlier experiments 

with EOG recordings (Bronstein and Gresty 1988, Bronstein et al. 1991), latencies of 35 ms were reported 

for the horizontal human LVOR, whereas latencies of 17 ms have recently been measured with search- 

coils for the vertical LVOR in monkeys (Bush and MUes 19%). Ertqrloying different acceleration levels 

(0.05g, 0. Ig and 0.2g), real earth-fixed targets to assure precise ocular fixation (distance of 30,60 and 280 

cm) and search-coU recordings in addition to EOG, the present study aimed to vaUdate the findings on the 

human LVOR gains and latencies. Also investigated were the latencies for the emergence of an LVOR 

modulation with target distance and for the achievement of fuU ocular compensatiori

Since studies for transient linear acceleration have so far only described eye movements evoked 

with real or imaginary earth-fixed targets, a further aim of die present eqieriments was to provide data of 

LVOR siçpression at short latency; to do so, responses evoked with earth-fixed and head-fixed targets 

were compared. For transient rotational accelerations during fixation of head-fixed targets, Johnston and 

Sharpe (1994) showed that the angular VOR is markedly sippressed at a latency of 120 ms after motion 

onset, and that a partial cancellation of the ocular responses is also present in a few subjects at a shorter 

latency. As the LVOR is strongly dependent on viewing distance, it was thought that its siçpression could 

be more efficient than the siqjpression of the AVOR. The effect of visual context on LVORs was also
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investigated by comparing the results of e?q)eriments performed with real targets to the ocular responses 

obtained in darkness, with relax gaze or imagination of earth-fixed targets.

Finally, the search-coU recordings ençloyed in part of the present study allowed us to examine 

the presence of a torsional conçonent in the eye movement responses to linear acceleration, as observed 

in previous oqperiments (Lichtenberg et al. 1982, Merfeld et al. 1996). This conçonent would originate 

fiiom the fact that both head tilt, which induces the coir^ensatory reqx)nses of ocular-counterrolling, and 

intCT-aural acceleration, lead to similar patterns of otolithic stimulation.

C. MATERIALS AND METHODS

1. Summary table of the various experiments

Table 4-1 summarises the three main ejqjeriments which were performed to characterise the 

ocular reqx)nses to linear acceleration, in normal subjects.

E)qperiment N Recording

technique

Condition* Distance

(cm)

Acceleration‘s

A 4 Search-coil Dark-PASSIVE GAZE 150 0.2g

VIS-VOR 30,60 0.1g,0.2g

FIX-VOR 30,60 0.1g,0.2g

VIS 30 0.2g

B 6 EOG Dark-PASSIVEGAZE 150 0.05g, O.lg, 0.2g

Dark - IMAŒNARY TARGET 60 0.05g, O.lg, 0.2g

VIS-VOR 30,60,280 0.05g, O.lg, 0.2g

VIS 30,60, 280 0.05g, O.lg, 0.2g

C 15 EOG Dark-PASSIVEGAZE 150 0.2g

Table 4-1: Test conditions and eye movement recording techniques.

“ For eîqjeriments A and B, the order of presentation of test conditions and target distances was changed for each 

subject. However, a test condition was performed with every target distance and acceleration level before changing 

the subject/target configuration for the next test.

^ Distances of ocular fixation before room lights were switched off are indicated for experiments carried out in 

darkness.

Ten randomly-ordered stimuli were di^jensed at each acceleration level (5 rightwards and 5 leftwards). The 

different acceleration levels were interleaved within a same sequence of stimuli. One sequence of stimuli 

correqwnded to one test condition and one target distance. Approximate acceleration levels are given in this table.

55



Chapter Four - Visual modulation of the LVOR

2. Experiments with search-coil recordings (experiment A, Table 4-1)

(a). Stimuli

For experiments in the light, two step-like accelerations were dispensed: 0.08g or 0.17g were 

reached within 50 ms, maintained for 60 ms and 40 ms later, acceleration levels of O.lg and 0.24g were 

attained and maintained for 150 ms before deceleration occurred (Fig. 4-1), (accelerations noted O.lg and 

0.2g in the following). As the whole e?q)eriment was restricted in time to 20 minutes due to coil wearing 

(see chuter 2, section B.2.), the number of acceleration levels and target distances had to be limited. 

During VIS-VOR and FIX-VOR, the target was placed at 30 or 60 cm from the subjects’ nasion. During 

VIS, only the highest relative target displacement, i.e. 30 cm distant target and 0.2g acceleration, was 

diq)ensed as the main purpose of testing pursuit was to measure the latency of visual following. 

Experiments in darkness were only performed with the stimulus chosen to test LVORs in patients (see 

chapters 5 and 6), i.e. PASSIVE GAZE and 0.2g acceleration; the search-coil data were used to vahdate 

the results obtained with EOG in 21 normal subjects, and to add information on vergence changes in 

darkness. As visual acuity declines in time when wearing coils, tests in the dark were performed at the 

end of the experimental session.

Exp. with EOG

O.lg

‘0.05g’200 ms

Exp. with S-Coil

‘0.2g’

‘O.lg’

fig. 4-1: Acceleration transients used to evoke LVORs during interaural lateral motion. ËTqpeiiments with 

search-coil recordings (E)q). with S-Coil) concentrated on ocular responses evoked within 300 ms of stimulus onset.

(b). Visual target

Rectangular acrylic-sheet targets subtending visual angles of 37° in width and 27° in height and 

patterned with vertical white and black stripes with spatial frequency of 0.25 cycle/° were used. Targets
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with high-œntrast were eirq)loyed in order to provide strong visual references. The target centre was a 

black dot of 0.2° in diameter included in a white square (1.3° x 1.3°) which facilitated precise fixation.

(c). Subjects

Four normal subjects (Sl-> S4) gave their informed consent to the study (26, 36, 38 and 50 y.o.; 

mean 37 y.o ). All subjects had normal vision for near viewing. Due to time limitation, only 3 subjects 

were tested in darkness (SI, S3 and S4). The inter-ocular distances of the 4 subjects were 60, 62, 63 and 

63 mm

(d). Eye movement analysis

Individual averages (see chuter 2, section D.2) which contained separate signals for the right 

and left eyes were used to study vertical and torsional ocular responses. The envelope of the noise 

present during the 150 ms preceding stimulus onset was 0.0155° (SD 0.004°) on individual average 

recordings. For horizontal eye movements, as no asymmetry with direction of translation was observed, 

averages of the left eye position for leftward chair displacements were combined with the corresponding 

averages of the right eye position for rightward chair displacements, and averages of the left eye for 

rightward chair diq)lacements were combined with averages of the right eye for leftward chair 

displacements. Individual averages were pooled to obtain grand averages which contained between 27 

and 38 stimuli for the various e?q)erimental conditions. Averages for both eyes were combined for 

velocity measurements.

Velocity averages were obtained fiom the horizontal eye/head position averages aftCT 

differentiation and filtering at 100 Hz. Velocities at 80 ms after motion onset were calculated using the 

equations of straight lines fitted to the velocity signals over the interval 70-90 ms. Measurements were 

made at 80 ms, i.e. at the time when the signal/noise ratios for responses evoked before the onset of 

pursuit eye movements were maximum. After observation of the recordings from the search-coil placed 

on the subjects’ forehead, it was found that linear head acceleration was acconqjanied by small ipsilateral 

horizontal head rotations, probably caused by the bitd)ar pulling tangentially on the teeth. These head 

rotations, measured on grand averages, had similar characteristics for VIS-VOR and FIX-VOR. At 0.2g, 

their duration firom motion onset was 99 ms (SD 6 ms), their maximum amplitude and velocity were 

0.088° (SD 0.014°) and 1.49 °/s (SD 0.198 °/s). At O.lg, their duration, maximum anq)litude and velocity 

were 85 ms (SD 10.1 ms), 0.036° (SD 0.0043°) and 0.6 °/s (SD 0.138 °/s). Both velocities of the eye 

movements relative to the coil field (EVF) and velocities relative to head velocity (EVH) were 

determined (Tables 4-4 and 4-5). The actual eye velocity reqronse to the translational acceleration would 

be EVF if ocular condensation for the artifactual head rotation was ideal and EVH in the absence of eye 

movement réponses to head rotation. Thus, the eye velocity responses to the translational stimuli were
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bracketed by the values for EVF and EVH. Since EVF and EVH measurements yielded to similar 

conclusions concerning the effect of visual context on the LVORs, only one eye velocity measurement 

(EVF) is mentioned in the following paragraphs and shown in the figures.

According to the technique employed for latency measurements of pursuit (Carl and Gellman 

1987), angular VOR (Johnston and Sharpe 1994) and vertical LVOR (Bush and Miles 19%), latencv of 

the responses was defined as the point in time when a regression line along the baseline (constant velocity 

near zero) intersected a regression line along the response. The regression line along the baseline of the 

eye velocity signal was obtained over the 80 ms epoch preceding stimulus onset (Fig. 4-2). The time at 

which the amplitude of the eye velocitv was more than 3 SDs above this line was then defined. Starting 

from this time, a straight line was fitted to the next 30 ms of the eye velocity reqxinse. and the 

intersection with the regression line along the pre-stimulus eye velocity was then determined.

A comparable technique was used to measure the latency of the sharp decrease in eye 

acceleration occurring during the FIX-VOR condition (Fig. 4-3). In this case, the intersection between the 

line 3 SDs below the linear fit obtained for eye velocity measurements at 80 ms (Fitl) and the eye 

velocity signal was determined (point A, Fig. 4-3). Then, the 20 ms interval preceding this point was 

fitted with a straight line (Fit2). In ten out of the sixteen measurements (2 accelerations x 2 distances x 4 

subjects), the slope of Tit2’ was less than half the slope of ‘Fitl’, showing that a strong suppression effect 

was already present, the ‘suppression’ latency was then defined as the intersection between Fitl’ and 

Fit2’. In the remaining six cases, the slope of Fit2’ was greater than half the slope of Fitl’, which 

showed only slight attenuation in eye acceleration. The 20 ms interval following the intersection point 

between the line 3 SDs below Fit2’ and the eye velocity signal (point B, Fig. 4-3) was then fitted with a 

straight line Fit3’ In all cases, Fit3’ had a slope less than half the slope of ‘Fit2’; the suppression’ 

latency was then defined as the intersection between Fit2’ and Fit3’ (point C, Fig. 4-3).

2°/s
-80 ms

50 ms

30 ms

0 ms

latency 
47 ms

Fitl + 3 SDs

Fig. 4-2: Procedure used to determine response latencies shown on the eye velocity average record obtained for 

FIX-VOR, 30 cm - 0.2g, in one subject (Search-coil recordings). Fill : linear fit of the eye velocity baseline during 

tlie 80 ms preceding stimulus onset; Fit2; regression line along tlie reqxinse in tlie 30 ms interval following tlie 

intersection between eye velocity and the line 3 SDs above F itl.
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10 cm/s

Fit2

20 ms

Fig. 4-3: Procedure used to measure ‘suppression’ latencies shown on the eye velocity average record obtained 

for FIX-VOR, 30 cm - 0.2g, in one subject (Search-coil recordings). In this case, the slope of Fit2 was more tlian 

half the slope of Fitl. Fitl: linear fit over the interval 70 to 90 ms after motion onset; Fit2: linear fit over the 20 ms 

epoch preceding tlie intersection point A; FiO: linear fit over the 20 ms interval following the intersection point B. 

Point A: intersection between the line 3 SDs below Fitl (dashed line) and the eye velocity signal; Point B: 

intersection between the line 3 SDs below Fit2 and the eye velocity signal; Point C: intersection between Fit2 and 

Fit3, the abscissa of point C was defined as the ‘siçpression’ latency, llie top curve shows the chair velocity 

feedback.

3. Experiments with EOG recordings (experiments B and C, Table 4-1)

(a). Stimuli

Acceleration steps lasting approximately 650 ms and followed by similar decelerations were 

generated: three magnitudes were employed: 0.()5g, O.lg. and 0.24g (noted 0.2g hereafter), with a rise 

time of 40-60 ms (Fig. 4-1). For VIS-VOR and VIS, the target was placed at 30, 60 or 280 cm fiom the 

subjects’ nasion. Accelerations were limited to 650 ms. since for 0.2g. the relative target displacements at 

650 ms for a target at 30 or 60 cm were respectively 56° and 37° and tlierefore longer stimuli would not 

have given more information on the ocular re fu ses  to linear acceleration. Tests in darioiess were 

conducted with PASSIVE GAZE or imaginary earth-fixed targets at 60 cm.
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(b). Visual target

The target (rectangular surface, 79 cm wide, 55 cm high) consisted of a succession of 4 cm-wide 

vertical white and black strqres. The target centre was a cross included in a circle of 1.8 cm in diameter.

(c). Subjects

In experiment B, six normal subjects (mean age 38 y.o., range; 24 to 48 y.o.) were tested. Four 

had normal vision, the other two wore their habitual contact lenses during the whole ejqrerimenL Fifteen 

more subjects were tested in darkness with PASSIVE GAZE and 0.2g accelerations steps (ejqperiment C), 

in order to provide a normative database for evaluation of otolithic function in patients (ch^ters 5 and 6, 

mean age of 33 y.o., range: 23-49 y.o., for the 21 normal subjects tested in e?qperiments B and C).

Three subjects with bilateral loss of vestibular function (32 y.o., childhood meningitis, 35 y.o. 

idiopathic, 41 y.o. bilateral neurectomies for acoustic neurinoma) were also tested for PASSIVE GAZE 

and VIS-VOR (target at 30 or 60 cm) with 0.2g acceleration steps. All patients had absent nystagmic 

reqronses to caloric irrigation (30/44°C) and to step rotation of 60°/s delivered with the subjects sitting in 

darkness on a Bârany chair.

(d). Eye movement analysis

Individual averages were calculated on raw and desaccaded eye movements for each 

combination of distances and accelerations. Recordings for leftward and rightward displacements were 

combined as no asymmetry in the réponses was observed. The grand averages included between 50 and 

60 eye movement responses and therefore the noise inherent to EOG recordings was reduced: the 

ançlitude of the envelope of noise in the grand averages measured during the 150 ms preceding motion 

onset was 0.174° (SD = 0.034°).

Estimates of eye movement latencies were obtained on individual averages by measuring the 

delays between head/target acceleration onset and the time when the eye movements exceeded the level 

of noise present during the 150 ms preceding acceleration onset (Fig. 4-4). On individual averages, the 

mean angrlitude of the noise envelq)e was 0.42° (SD = 0.1°) which prevented, on the early parts of the 

recordings, the use of a method such as curve fitting to produce more precise measuremaits.

Eye velocities were obtained fiom the derivatives of a curve fitted to the position signal; a least- 

square error estimation procedure was used to fit intervals of the data centered around the points in time at 

which velocities were required. For ejqreriments in the dark, the slow-phase cumulative eye positions 

recorded between 300 and 500 ms following motion onset were fitted with linear functions as it was 

noticed that, in this time interval, eye positions usually increased linearly with time, corresponding to 

^proximately constant eye velocities (Fig. 4-4).
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50 ciWs 
chair velocity

eye movement'

latency

0 ms 3(X) ms 500 ms

Fig. 4-4: Latencj and velocity measurements made on EOG recordings of ocular responses to 0.2g 

acceleration steps, lop trace: chair velocity feedback. Middle traces: overlay of raw eye movement recordings 

obtained in one subject for one direction of motion. Bottom trace: average of the raw recordings and indication witli 

dashed lines of latency and velocity measurements.

D. RESULTS

Lateral eye movements were predominant but small torsional responses were also consistently 

observed. Vertical reqx)nses w ere negligible, of small amplitude and inconsistent in direction.

1. Horizontal eye movements

(a). Qualitative analysis

The stimuli evoked eye movements with slow^hases in opposite direction to head motion. 

During the acceleration periods, one or two quick-phases were often observ ed.

In darkness, with the instruction to gaze passively outwards, a nystagmus of small amplitude 

was obtained. Imagination of an earth-fixed target increased the magnitude of the slow-phases and 

inverted the direction of the quickqjhases (Fig. 4-5).
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IMAGINARY TARGET

Normal subject

PASSIVE GAZE

PASSIVE GAZE (Parient)

cm/s

100 ms

Fig. 4-5: Examples of raw eye movements recorded in darkness for 0.2g acceleration steps (E(Xj recordings) for 

PASSIVE GAZE and IMAGINARY I'ARGET. The ocular response to linear acceleration was absent in the patient 

witli loss of vestibular function.

30 cm /s - Chair v e l.

2 °  -  E ye pos. (S 4 )

10 ° /s  - Eye ve l. (S 4 )

1° - E ye pos. (S 3 )

5 °/s  - E ye vel. (S 3 )

1.3 s1 s0 s
ligh t o f f m otion  on set

Fig. 4-6: Raw position records for the left and right eyes (L and R) and averages of the velocities of both eyes 

showing the nystagmic eye movements obtained in two subjects (S3 and S4) during 0.2g acceleration in 

darkness (PASSIVE GAZE).
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With PASSIVE GAZE, eye velocities on EOG recordings appeared to reach approximately 

constant v alues after 300 ms of motion. This was also observed with search-coil recordings (Fig. 4-6), for 

which two of the 3 subjects tested did produce eye velocities reaching roughly stable levels after 300 ms 

of motion (SI, S3). Eye velocities of the third subject increased with time, yielding parabolic eye 

movements (S4). This subject’s recordings also included the fewest and smallest resetting quick-phases 

but the highest slow-phase eye velocities, which suggested a difference in mental set from the two other 

subjects.

For experiments in the light resetting quick-phases were evoked during FIX-VOR whereas 

catch-up saccades were generated during VIS-VOR and VIS (Fig. 4-7). Saccadic activity decreased with 

lower accelerations and further target distances. Fig. 4-7 also shows that during VIS-VOR, reqx)nses 

started earlier, reached higher slow-phase eye velocities and contained less saccadic intrusions than during 

VIS.

RTD

eye
position

  right eye
  left eye

(a) VIS

/ RID
f eye 
'' position 

{VIS-VOR)

(h) VIS- VOR and FIX- VOR

motion
onset eye

position
{FIX-VOR)

Fig. 4-7: Examples of raw position recordings for the left and right eyes obtained with 0.2g accelerations 

during VIS (pursuit, (a) - top curves), VIS-VOR (LVOR combined with pursuit, (b) - lower curves) and FIX- 

VOR (LVOR suppression, (b) - lower curves); target at 30 cm. The RTDs corresponding to VIS-VOR and VIS 

are indicated with dotted/dashed lines.

63



Chapter Four - Visual modulation of the LVOR

100 ms

Chair v e loc ity  
20 cm /s

N orm al subject

Patient

Fig. 4-8: Examples of raw recordings obtained in a normal subject and a patient without vestibular function 

during 0.2g acceleration step and a 30 cm-distant earth-fixed tai^et (EOG recordings).

In labyrinthine defective subjects, ocular leqxinses were absent during PASSIVE GAZE (Fig. 4- 

5), delayed and including frequent saccades during subject motion in the light (Fig. 4-8).

(b). Latencies of the slow-phases

The most reliable latency estimations were made for e?q)erimeots ençloying close taiget 

distances and high accelerations. For a target at 280 cm or an acceleration of 0.05g, the initial eye 

movements were too small compared to the noise level to make precise measurements. Since the baseline 

noise which interferes with latency measurements was on individual averages 27 times h i^er for EOG 

than for search-coil recordings, the smallest latencies were obtained with search-coils (Table 4-2). Inter- 

subject variability was observed but, latencies during subject motion were always 50 to 1(X) ms shorter 

than during VIS. These differences in latency allowed us to distinguish, during subject acceleration, the 

eariy part of the responses, evoked at less than 100 ms (see section (d)), which is presumed to be of pure 

utricular origin friom the later reqxmses (section (e)) due to combined VOR and visual guidance.

For search-coil e?q)eriments, the two subjects with less angular head movements during the first 

80 ms of motion onset had the shortest eye movement latencies: 34.4 ms (SD 8.6 ms) for VIS-VOR and 

38.8 ms (SD 10.2 ms) for FIX-VOR. At 80 ms, their head movements were 0.010“ (SD 0.02“), i.e. 8 times 

smaller than those observed in the two other subjects: 0.087° (SD 0.05°).

Latencies were also measured in the dark, for PASSIVE GAZE, as this parameter was used to 

assess otolith function in patients (chuter 6). Latencies of 37, 55 and 61 ms were obtained for the 3 

subjects tested with search-coil recordings (mean 51 ms), thus in the lower part of the range of latencies 

measured for the 21 subjects tested with EOG: friom 32 to 130 ms (mean 79 ms, SD 29 ms).
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VIS
0.2g O.lg

VIS-VOR 
0.2g O.lg

FIX-VOR 
0.2g O.lg

E(Xj 30 cm 144 148 58 67

130-164 141-158 41-82 52-82

60 cm 140 160 63 77

135-165 146-182 37-82 57-93

Search-coil 30 cm 99 49 43 50 44

95-103 38-57 28-54 34-62 30-57

60 cm 46 38 45 48

29-58 21-53 25-59 40-61

Table 4-2: Latencies (mean and range, expressed in ms) measured on individual averages for the different test 

conditions in the light

(c). Latencies of the first quick-phases

VIS VIS-VOR FIX-VOR

0.2g O.lg 0.2g O.lg 0.2g O.lg

EOG 30 cm 244 242 248 230

210-280 205-275 220-300 200-250

60 cm 245 256 253 —

225-285 215-300 >200 —

SC 30 cm 186 203 202 187 295

158-202 180-250 155-248 150-208 190-448

60 cm 230 196 303 271

206-244 178-214 232-350 200-346

PASSIVE GAZE IMAGINARY TARGET

0.2g O.lg 0.2g O.lg 0.05g

439 423 245 234 242

>296 >308 210-280 180-270 165-415

Table 40: Latencies (mean and range, expressed in ms) of the first saccade observed among the ten ocular 

responses produced by each subject for each test condition. SC: search-coil recordings

Note: results for PASSIVE GAZE are those obtained in experiment B, when subjects were also tested with an 

im^inary target.

For a target distance of 280 cm or an acceleration of 0.05g, saccades were rarely generated. For 

the other conditions in the light, or in the dark with imaginary targets, the earliest saccades were usually
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produced between 200 and 250 ms after stimulus onset (Table 4-3). The longest saccadic latencies were 

obtained with PASSIVE GAZE as assessed with EOG (Table 4-3) and search-coils (mean of 388 ms for 

the three subjects tested, range; 320 - 516 ms).

(d). Ocular responses evoked within 100 ms of motion onset

For the most demanding condition of 30 cm-0.2g, measurements with search-coils showed that, 

at 80 ms after stimulus onset, eye movements were on grand averages, 0.135° for VIS-VOR, 0.091° for 

FIX-VOR and 0° for VIS (head-fixed co-ordinate system). These eye movements were too small to be 

precisely measured with EOG recordings. Therefore, only results obtained with search-coil recordings 

(Table 4-1) are presented in this section.

Planes of ocular fixation (calculation defined in chapter 2, section D.4.)

Combining all conditions in the light, the average absolute variation, at 80 ms after stimulus 

onset, ftom vergence before motion was 0.013° (SD 0.012°). The worse vergence variation measured on 

individual average was 0.05° both for a 30 cm and 60 cm distant target corresponding to real fixation 

distances on tangent planes at 29.8 and 58.9 cm. Thus, convergence appropriate to target distance was 

preserved for all subjects. For PASSIVE GAZE, vergence changed firom around 300 ms after the room 

light was switched ofif for the three subject tested. At 80 ms after motion onset, eye positions converged 

on planes at 124 cm (SD 6.9 cm), 104 cm (SD 16.7 cm) and 124 cm (SD 6.7 cm); average distance of 117 

cm.

Velocities

For 0.2g acceleration steps. Fig. 4-9 shows that, 1) during VIS-VOR and FIX-VOR, a 

modulation with target distance occurred fiom the earliest stage of the ocular responses, before VGEMs 

commenced (VIS condition); 2) during FIX-VOR, a strong reduction of the increases in eye velocities 

took place around the latency of pursuit.

Measurements of eye velocities at 80 ms after motion onset are indicated for all conditions in 

Table 4-4 which shows that, 1) response enhancements with target proximity were present both for 0. Ig 

and 0.2g, 2) eye velocities were increased with acceleration levels, 3) ocular condensation was never 

achieved at such short latencies for the acceleration levels and target distances under consideration. The 

subject with the highest artifactual rotational head velocities at 0.2g did not show, for an earth-fixed target 

at 30 cm, the e jec ted  increase of eye velocity with acceleration stimulus. When eye velocities within the
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magnetic field were corrected for angular head velocities, all subjects showed an increase of eye velocit> 

with target distances and acceleration levels for VIS-VOR and FIX-VOR.

30 cm

60 cm

Chair velocity 
5 cm/s

VIS-VOR

PASSIVE GAZEEye
velocitv

\QVs

30 cm 
60 cm

nx-voR 30 cm

VIS

0 ms 100 ms

Fig. 4-9: Grand averages of the horizontal eye velocities recorded within 150 ms of stimulus onset. Le. before 

any saccadic contribution to target fixation, for 0.2g acceleration steps.

VIS-VOR (Vs) FIX-VOR (Vs)

RIV EVF EVH EVF EVH

.30 cm 02g mean

SD

15.73 3.70 5.20 

0.72 0.39

3.00 4.55 

1.28 0.67

O.lg mean

SD

8 87 2.93 3.40 

0.51 0.45

1.65 2.07 

0.36 0.38

60 cm 02g mean

SD

8.57 2.47 3.72 

0.30 0.70

1.56 2.91 

0.64 0.86

O.lg mean

SD

4.83 1.92 2.20 

0.17 0.34

1.18 1.68 

0.42 0.43

PASSIVi; GAZE 

(117 cm)
02g mean

SD

4.90 1.33 2.15 

0.85 0.22

Table 4-4: Relative target velocities and eye velocities for VIS-VOR and FIX-VOR, at 80 ms after 

motion onset. EVf : eye velocity within the magnetic field; EVH: eye velocity with a head-fixed co-ordinate 

system. Ihe mean values presented in this table were obtained from the grand averages. Ihe standard 

deviations were calculated from eye velocities measured on individual averages. The coefficients of
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correlation for the linear fit of the individual averages had a mean value between 0.78 (PASSIVE GAZE, SD 

0.13) and 0.91 (VIS-VOR 30 cm - O.lg, SD 0.05).

VIS-VOR condition

Fig. 4-10 (top curves) shows that ratios (eye velocity / RTV) were similar from onset of the 

ocular re fu ses  for both accelerations and target distances. For 0. Ig accelerations, i.e. when artifactual 

rotational head movements were the lowest the ratio (eye velocity for 30 cm / eye velocity for 60 cm) 

reached a constant level at 51 ms after motion, hence as soon as significant eye velocities allowed reliable 

measurements. This suggests that the gain of the LVOR pathway was set at a level proportional to target 

proximity before or shortly after motion onset. Similarity of gain magnitudes also indicates that eye 

velocity was approximately proportionally enhanced with acceleration levels. More precise measurements 

at 80 ms showed that gains were actually slightly influenced by target distances, with higher gains for 60 

cm-distant targets (Table 4-5). A slight decrease of gain with an increase in acceleration levels was also 

observed: this modulation can partially be attributed to the artifactual angular head movements which 

were greater at 0.2g than at O.lg but a possible ‘saturation’ of gain for high stimulus magnitudes cannot 

be excluded

u

1 a VIS-VOR

0.5 ^  VIS

0

0.5 VIS

-d^
FIX-VOR0

2000 100 300

time (ms)

Fig. 4-10: Ratios {Grand average of slow-phase eye velocity/relative target velocity) for the first 300 ms 

following motion onset, during VIS-VOR (top curves, the dotted line indicates a compensatory gain of 1), FIX- 

VOR (lower curves) and VIS (shown on both plots), a: 60 cm - O.lg, b: 30 cm-O.lg, c; 60 cm-0.2g, d: 30 cm-0.2g. 

In order to compare the reqx)nse sensitivity during VIS-VOR and FIX-VOR, the slow-phase eye velocity obtained 

during FTX-VOR was divided by tlie RIV  calculated for VIS-VOR The dotted line (lower plot) indicates that eye 

velocities should equal zero to provide perfect ocular fixation during FTX-VOR.
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EVF/RTV EVH / RTV

VIS-VOR FIX-

VOR

VIS-

VOR

FTX-VOR

30 cm - 0.2g 0.24 0.19 0.33 0.29

30 cm - O.lg 0.33 0.19 0.38 0.23

60 cm - 0.2g 0.29 0.18 0.43 0.34

60 cm - O.lg 0.40 0.24 0.46 0.35

PASSIVE GAZE (117 cm) - 0.2g 0.30 0.47

Table 4-5: Ratios (eye velocity/relative target velocity) at 80 ms after motion onset during VIS-VOR, 

FIX-VOR and PASSIVE GAZE. EVF: eye velocity within the magnetic field; EVH: eye velocity for a head- 

fixed co-ordinate system.

FIX-VOR condition

Initial gain profiles were alike those described for the VIS-VOR condition (Fig. 4-10). However, 

eye velocities for FTX-VOR were on average 34% lower than for VIS-VOR, at 80 ms after motion onset 

(fiiom Table 4-4, EVF). Artifactual head rotations were comparable for both conditions, thus did not cause 

the reduction in eye velocities observed for FIX-VOR. To determine the latency of this eariy attenuation 

in ocular responses, the grand averages of the eye velocities recorded during FTX-VOR were subtracted 

ftom those evoked during VIS-VOR and the point in time from which the resulting signal permanently 

exceeded the envelope of the noise present during the 200 ms preceding motion was determined. This 

time was not determined by a similar technique to the one mentioned for latency measurements, (see Fig. 

4-2), as the signals obtained after subtraction were small and therefore this technique would have given 

unreliable measurements. Delays only shortly greater than the latencies of the eye movements were 

measured (means of 54 ms for 60 cm-0.2g, 55 ms for 30 cm-0. Ig, 63 ms for 30 cm-0.2g and 78 ms for 60 

cm-0. Ig). Thus, a suppression of the LVOR was observed ft%)m the earliest stage of the ocular responses.

PASSIVE GAZE condition

For the average distance of the plane on which the subjects’ eyes converged (117 cm), the 

conpensatoiy eye velocity would be 4.5 7s at 80 ms after motion onset. The recorded eye velocity was 

1.337s on average, yielding a velocity gain of 0.3 equal to the gain obtained at the same acceleration level 

for a 60 cm earth-fixed target (Table 4-2). This suggests that the LVOR gain at short latency was not 

decreased during testing in darkness even though eye movements were not needed in this condition.
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(e). Ocular responses evoked from 100 ms after motion onset

In this section, the results obtained from the experiments carried out with EOG and search-coil 

recordings are taken into account.

Experiments in the daik: PASSIVE GAZE vs. IMAGINARY TARGET

Slow-phase eye velocities

The slow^hase eye velocities, measured on individual averages, increased with acceleration 

levels and were at least 3 times higher for IMAGINARY TARGET than for PASSIVE GAZE (Table 4-6, 

Fig. 4-11). However, for PASSIVE GAZE, the nystagmus evoked had slow^hase velocities proportional 

to head acceleration, whereas the ratios (eye velocity/head acceleration) decreased with acceleration for 

IMAGINARY TARGET (Table 4-7). Thus, there seems to be a limit to which imagination of earth-fixed 

targets can boost slow-phase eye velocities in proportion to increasing acceleration.

0.05g O.lg OZg

PASSrVl* GAZE 

EGG(N = 6) 

E(Xi(N = 6+15) 

Search-coil (N = 3)

2.2(1.0-4.9) 4.7 (2.1-8.3) 10.0 (5.1-14.5)

10.3 (4.7-21) 

12.16(5.7-23.5)

IMAGINARY TARGI: ! 

EOG(N = 6) 12.5 (8.6-17.1) 21.7(14.9-30.6) 37.5 (25.4-61.6)

Table 4-6; Slow-phase eye velocities (mean and range, expressed in °/s) measured on individual averages at 400 

ms after motion onset for experiments in darkness. Similar values were obtained with search-coil and EOG 

recordings. The coefficients of correlation for the linear fit were between 0.79 and 0.99 for individual averages.

100 ms 0.05g

02g
IMAGINARY TARGET

O.lg
Motion onset

0.05g
PASSIVE GAZE

Fig. 4-11: C/ra/it/averages of the desaccaded eye movements evoked in darkness (IMAGINARY TARGET (top 

curves) and PASSIVE GAZE (bottom curves)) during 0.05g, O.lg and 0.2g acceleration steps (six normal
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subjects). Deq)ite the inter-subject variability in eye velocity magnitudes (Table 4-6), ^xmd averages were made as 

similar trends of eye velocity witti head acceleration were obtained for all subjects.

0.05g O.lg 0.2g

PASSIVE GAZE 

RTV (7s) 

EV/RTV 

EV/Acc. ((7s)/g)

7.0

0.31 (0.14-0.70) 

44 (20-98)

14.2

0.33 (0.15-0.58) 

47 (21-83)

33.5

0.30(0.15-0.44) 

42 (21-61)

IMAGINARY TARGET 

RTV (7s)

EV/RTV 

EV/Acc. ((7s)/g)

17.4

0.72 (0.49-0.98) 

250 (172-342)

35.1

0.62 (0.42-0.87) 

217 (149-306)

76.5

0.49 (0.33-0.81) 

156 (106-257)

Table 4-7: Relative target velocities, eye velocity gains (EV/RTV) and ratios of eye velocity/head acceleration 

(EV/Acc) at 400 ms after motion onset for experiments in daiimess («qreriment B). Ranges are written in 

brackets after the mean values.

Note: RTVs were calculated with the fixation distance before room lights were switched off (150 cm). EVs were 

those rqx)rted in Table 4-6.

Planes o f ocular fixation during PASSIVE GAZE

E?q)eriments with search-coils suggested that inter-subject differences in eye velocities were not 

related to vergence levels; at 400 ms after motion onset, eye velocities of the three subjects tested were 

7.3, 5.7 and 23.5 7s for conq)arable fixation distances in the dark of 103,113 and 116 cm.

A sqiarate experiment which employed simultaneous infrared and EOG recordings confirmed 

the fact that diffa-ences in vergence did not produce the inter-subject variabihty in eye velocities. At 400 

ms after the onset of 0.2g accelerations, eye velocities unrelated to the planes of ocular fixation were 

obtained in the 4 subjects tested: 5.6, 9.5, 10.2, 13.5 7s for re^ective distances of 136, 57, 253 and 51 

cm. Incidentally, for these 4 subjects, the maximum difference between the velocity measurements 

obtained with infiared and ECXj recordings did not exceed 7.8%, which validated the use of the EOG 

technique to measure eye velocities at 400 ms after motion onset.

Saccadic contribution to compensatory eye movements during IMAGINARY TARGET

Imagination of earth-fixed targets produced eye movements containing saccades in the same 

direction as the slow-phases. For 5 of the subjects, 54% of responses recorded during the whole chair 

motion included 1 saccade and 30% included 2 saccades, all acceleration levels taken into account. The 

sixth subject produced 66% of pure slow-phase responses and 34% of eye movements including 1 

saccade.

At 500 ms after motion onset, the average eye position was about twice that theoretically 

required for compensation at 0.05g, whereas it was correct at 0. Ig and shghtly small at 0.2g (Table 4-8). 

For all accelerations, the slow-phase cotrqx)nents of the responses were always less than 50% of the
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overall eye movements indicating that saccades formed the major part of the gaze shift. The ratio 

desaccaded/raw eye movement diowed an increase with acceleration, but even at 0.2g, saccades still 

constituted about 56% of die re fu ses.

0.05g O.lg 0.2g

Eye movement 

magnitude (mean and 

range, in °)

Desaccaded EM 

Raw EM 

RTD

3.4 (1.1-5.5) 

10.6 (5.2-14.3) 

5.7

5.6(2.8-77)

13.6(10.1-17.7)

13.1

10.4 (7.3-15)

23.4 (17-28.5) 

28

Ratio of Desaccaded/Raw EM 0.32 (0.21-0.38) 0.41 (0.22-0.55) 0.44 (0.26-0.54)

Table 4-8: Desaccaded and raw eye movements (EM, mean and range) produced at 500 ms after motion onset 

during lateral accelerations of 0.05g, O lg, and 0.2g (IMAGINARY TARGET at 60 cm). RTD = associated 

relative target di^Iacement.

Note: A ratio (Desaccaded/Raw EM) equals to 0.32 does not mean that exactly 32 % of the ocular reqx)nse was 

composed of slow-phases and 68% of saccades. In desaccading, saccades were replaced by slow-phases, and 

therefore slightly more than 68% of the raw record was actually composed of saccades.

Once motion was convicted, the final eye positions were close to conq)ensatory levels at 0.05g. 

For 0. Ig and 0.2g, the final RTDs were outside the oculomotor range, and therefore no comparison with 

recorded eye positions was made.

Experiments in the light

Planes o f ocular fixation (assessed with search-coil recordings)

The distances of the planes of ocular fixation were measured at 300 ms, when the deviations 

fiom the planes on which the eyes converged before stimulus onset were maximum. During VIS-VOR, 

the maximum deviations fiom the viewing distances before stimulus onset were respectively 0.41 cm and 

0.92 cm for the 30 and 60 cm distant targets. During FTX-VOR, smaller deviations were obtained: 0.036 

cm for 30 cm and 0.065 cm for 60 cm. Therefore, vergence was very well preserved for e?q)eriments in 

the light

Times for ocular compensation

In the following tables, for experiment A (search coUs), only eye velocities within the magnetic 

field are reported as angular artifactual head movements were negligible in the time intervals under 

consideration.

VIS-VOR condition (Table 4-9, Fig. 4-10 and 4-12)

For the less demanding conditions, 0.05g, 280 cm, or O.lg-60 cm, eye velocities matched 

relative target velocities (< 16°/s) within 200 ms from motion onset (Table 4-9), whereas conq)ensatory

72



Chapter Four - Visual modulation of the LVOR

eye velocities were only achieved after 250 ms for 0. lg-30 cm and 0.2g-60 cm (velocities between 35 and 

487s). For the most demanding condition of 0.2g-30 cm, search-coil recordings showed that 

condensation was never complete despite an indiovement with time towards condensatory levels (Fig. 

4-10 and 12); at 300 ms, the slow-phase eye velocity was 74.57s for an RTV of 85.87s. From the EOG 

recordings, it was estimated that the condensatory velocity of 85.77s was reached after 271 ms fiom 

stimulus onset (see note beneath Table 4-9).

0.05g

VIS-VOR

O.lg 0.2g

FIX-VOR 

O.lg 0.2g 0.05g

VIS

o.lg 0.2g

Exp A
30 cm 

60 cm

267 ms 300 ms

34.77s 74.57s (0.87)

190 ms 260 ms 

13.97s 38.97s

165 ms 290 ms 

1.327s 2.917s

190 ms 285 ms 

0.657s 2.17s

300 ms 

44.47s (0.48)

Exp B
30 cm 

60 cm 

280 cm

167 ms 255 ms 271 ms

15.87s 42.47s 85.77s

150 ms 164 ms 285 ms

5.767s 12.57s 48.1 7s

130 ms 130 ms 130 ms

1.177s 2.437s 4.637s

182 ms 256 ms 300 ms

16.27s 43.97s 68.17s (0.60)

150 ms 238 ms 270 ms

4.917s 20.97s 53.47s

130 ms 200 ms 216 ms

1.007s 3.557s 8.157s

Table 4-9: Times after stimulus onset when the slow-phase eye velocities reached compensatory levels.

Note: For search-coil recordings (E)q)eriment A), compensatory levels were defined as gains (eye velocity/RTV) 

above 0.95 for VIS-VOR and VIS, or below 0.05 for FIX-VOR. For EOG recordings (Experiment B), such a 

criterion could not be used due to the noise levels present after differentiation of the eye position signals. Therefore, 

for these recordings, eye positions were subtracted from the associated RTDs and the time when the resulting signal 

reached a constant level was measured.

EBgher velocities were measured with EOG recordings; this was probably partially due to the difficulty on 

EOG recordings of isolating saccades fiom slow-phase eye movements having high velocities and therefore, the 

‘desaccaded’ recordings presumably included some saccadic conponents. Values of 130 ms indicate that 

compensatory levels were achieved shortly after the onsets of ocular reqxrnses but eye velocities could not be 

precisely measured earher.

Values o f 300 ms indicate that compensatory levels were not reached at 300 ms, in which case the ratios 

(eye velocity/ RTV) are written in brackets.

VIS condition

For all combinations of accelerations and target distances, except 0.2g-30 cm, condensatory 

slow-phase velocities were reached, but usually with longer delays than for VIS-VOR. For 0.2g-30 cm, 

eye velocity during VIS was much lower than during VIS-VOR (Fig. 4-10) and only reached 44.47s at 

300 ms after stimulus onset (search-coil recordings).
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Fig. 4-12: Slow-phase eye velocities for VIS-VOR and FIX VOR (grand averages) vs. RTVs calculated for VIS- 

VOR, O.lg - 60 cm (top plot) and 0.2g - 30 cm (lower plot), for the first 300 ms following motion onset Eye

velocities reached compensatory levels for the easiest condition only; ideal velocities for ocular compensation are 

indicated with dotted lines; (y = x) for VIS-VOR and (y = 0) for FIX-VOR. Eye velocities obtained during FTX-VOR 

were plotted against the RTVs calculated for VIS-VOR for comparison with the eye velocity r e f u s e s  obtained 

during VIS-VOR.

FIX-VOR condiüon

A suppression effect was noticeable from response onset as described previously, but was mostly 

marked around pursuit latency when the rate of change in eye velocity was quickly reduced (Fig. 4-9 and 

Fig. 4-10). The mean latencies of these turning points in eye velocity were 104 ms (SD 10 ms) for 0.2g-30 

cm, 96 ms (SD 7 ms) for 0. lg-30 cm. III ms (SD 8 ms) for 0.2g-60 cm and 97 ms (SD 9 ms) for 0. lg-30 

cm. From these points, velocity gains which should equal zero for perfect gaze stabilisation strongly

74



Chapter Four - Visual modulation of the LVOR

declined for the next 100 ms before reaching more stable levels (Fig. 4-10). Full LVOR sippression was 

achieved for O.lg acceleration steps within 200 ms after motion, and around 290 ms for 0.2g. The small 

residual eye velocities shifted the subject’s eyes away fiom the target but resetting saccades towards the 

target cattre partially corrected this drift.

Saccadic contribution to visual stabilization

As mentioned earlier, only slow-phase eye movements were evoked for 0.05g acceleration or a 

target at 280 cm. During VIS-VOR, at 0. Ig and 0.2g, saccades only constituted between 9 and 16% of the 

overall response obtained with search-coils and between 0 and 8% with EOG. During VIS, saccades were 

more often generated both at O.lg and 0.2g, and particulariy for 0.2g-30 cm, due to the long latency and 

low slow-phase velocity of VGEMs. For this condition, search-coil recordings showed that, on average, 

half of the ocular response was corrçosed of saccades (Table 4-10).

VIS-VOR 

O.lg 0.2g

n x -v o R  

o.lg 0.2g

VIS

o.lg 0.2g

Experiment A 

30 cm 

60 cm

87.1% 

88.5 %

84.2 % 

90.8 %

63.2 % 

76.1%

55.6 %

87.7 %

47.1%

Ejq)eriment B 

30 cm 

60 cm

95%

100%

92%

96%

83%

89%

71%

78%

Table 4-10: Proportions of slow-phases constituting the overall ocular responses, assessed from the grand 
averages obtained for VIS-VOR, F1X-VOR and VIS, at 300 ms after motion onset

Note: for VIS-VOR and VIS, ratios of (Desaccaded eye movement/Overall eye position) were calculated. For FEX- 

VOR, the inverse ratios were determined as saccades were in opposite direction to the slow-phases; a ratio of 50% 

means that the saccades corrected half of the gaze shift produced by the slow-phases. As previously mentioned, the 

extraction of saccades from the raw records was more difficult with EOG than with search-coil recordings due to the 

noise inherent to the EOG technique. Therefore, it is possible that the ‘desaccaded’ EOG recordings still contained 

some saccadic components which would ejqîlain the fact that the ratios (desaccaded eye movement/overall eye 

position) were lower for ejq>eriment A which employed search-coils than for experiment B which employed EOG.

2. Vertical eye movements

During VIS-VOR, small vertical eye movements occurred usually in a downward direction 

whatever the direction of head motiotL During the first 300 ms of motion, their maximum absolute 

values, measured on individual averages, were observed for 30 cm-0.2g; mean 0.24°, SD 0.133° for 

horizontal responses around 10°. During VIS and FDC-VOR, the direction of vertical eye movements was 

variable even for a same direction of chair/taiget motion The maximum absolute vertical deviations were
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0.10° (SD 0.07°) for FDC-VOR, 30 cm-0.2g (horizontal responses around 0.69°) and 0.33° (SD 0.25°) for 

VIS (horizontal reqx)nses around 8.2°). Thus, whatever the condition, vertical reqx)nses were negligible.

3. Torsional eye movements

Torsional responses included slow-phases and saccadic conponents synchronised with the 

horizontal reqx)nses. Torsional eye movements, which depended on horizontal and vertical eye positions, 

have previously been observed during voluntary horizontal eye movements (Straumann et al. 19%). In 

our expaiments, vertical gaze before stimulus onset was similar at O.lg and 0.2g as the two acceleration 

levels were interleaved within each test condition (VIS-VOR - 30 cm, VIS-VOR - 60 cm, FDC-VOR - 30 

cm or FDC-VOR - 60 cm). Since the maximum deviations in baselines of vertical eye positions between 

VIS-VOR, FDC-VOR and VIS were 2.87° (SI), 1.77° (S2), 2.10° (S3), and 1.21° (S4), it was concluded 

that vertical gaze did not influence the comparison of the torsional reqx>nses presented below. In order to 

compare the results of the present experiments with studies of ocular countenolling responses to head tilt, 

all measurements were made on position signals.

(a). Slow-phase responses preceding the first quick-phases

For 3 subjects, the slow-phases observed during the different tests (VIS-VOR, FDC-VOR, VIS, 

PASSIVE GAZE) were intorsions for lateral eye movements in the tenqxrral direction, and extorsions for 

lateral eye movements in the nasal direction. That is, a rightward horizontal eye movement was 

associated with a torsion of the ipper pole of the eyes towards the left shoulder and vice-versa The 

torsional slow-phases were in the direction ejpected if the linear acceleration was partially interpreted as 

a tilt: rightward head accelerations (which produce leftward horizontal eye movements) change the 

direction of the gravitoinertial vector in the same direction as head tilts to the left shoulder which produce 

torsion to the right shoulder. To investigate whether torsion during subject motion was at least partially 

due to the interaural acceleration, plots of torsional vs. horizontal responses for VIS were conpared to the 

plots obtained for VIS-VOR and FDC-VOR (conparison only possible for 0.2g-30 cm, see Table 4-1). 

Torsion for identical horizontal eye positions was equal to or occasionally stronger during VIS than 

during VIS-VOR and FDC-VOR in two subjects, and was the smallest during VIS in the third subject To 

further assess any effect of acceleration, plots of torsional vs. horizontal responses obtained at O.lg were 

conpared to those obtained at 0.2g for each specific test condition (VIS-VOR - 30 cm, VIS-VOR - 60 

cm, FDC-VOR - 30 cm, or FDC-VOR - 60 cm). It was found that for horizontal eye movements of less 

than 0.15°, torsion was corrparable whatever the acceleration level and the condition (VIS-VOR or FDC- 

VOR), for the three subjects (Fig. 4-13). This torsion was less than 0.1° but constituted an important part 

of the torsional responses present before saccade generation: mean values of 0.13° for FDC-VOR, 0.14° 

for VIS and 0.27° for VIS-VOR. For greater horizontal eye movements as observed during the VIS-VOR
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condition, torsional re^nses for 0.2g were twice and 1.6 times higher than the reqx)nses for O.lg in two 

subjects, whereas the third subject had similar rehouses for both acceleration levels (Fig. 4-13).

The fourth subject (S3) had negligible torsional eye movements during VIS, and responses in 

opposite direction to the one obser\ ed in the three other subjects for VIS-VOR with a 30 cm distant target 

(intorsion for adducting eye and extorsion for abducting eye). Acceleration level did not have any effect 

on the torsion present for small lateral eye movements both during VIS-VOR and FIX-VOR. For VIS- 

VOR, the effect of acceleration at longer latency was variable.

In all subjects, a reduction in torsion with time was usually observed during the suppression task 

(Fig. 4-13, see FIX-VOR curve), particularly for the lower acceleration even though lateral eye 

movements were themselves not reduced. For VIS-VOR, torsional slow^hases were usually proportional 

to the square-root of the lateral eye movements (Fig. 4-13).

Finally, torsional re^nses plotted as a function of lateral eye movements were comparable for 

tests in darkness and in the light (for S3, conparison with VIS-VOR - 30 cm omitted as torsion was in the 

opposite direction).

30 cm - 0.2g

0.5 lor.

50 ms

tors.

hor.VIS-VOR

tors.
1 IX-VOR

hor. 
t- ' tors.

VIS-VOR - 0.2g .

^  V IS -V O R -O .lg

FIX-VOR - 0.2g

I

►
Horizontal eye position0.5°

VIS

B

Fig. 4-13: Averages of the horizontal and torsional right eye positions recorded in one subject during VIS- 

VOR, FIX-VOR and VIS, for 0.2g acceleration and a target at 30 cm. Only the slow-phases present before 

saccades were generated are shown. A: temporal responses. R torsional vs. horizontal responses. Torsional 

responses were present in all test conditions. For lateral eye movements smaller than 0.5°, plots were similar for VIS- 

VOR and FIX-VOR. In this subject, even for the larger horizontal eye movements, torsion was comparable during 

VIS-VOR whatever the acceleration level, suggesting that torsion was related to horizontal eye movements rather 

than to acceleration.
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(b). Quick-phases

During gaze calibration, voluntary horizontal saccades included torsional components for three 

subjects (S2, S3, S4); torsion to the r i ^  shoulder for rightward horizontal saccades, and vice versa. On 

average, the torsional saccadic ançlitudes were 0.26° and 0.6° during horizontal saccades to the 

calibration marks at 2.0° and 6.5°. Each torsional saccadic conqx)nent associated with the voluntary 

saccades was followed by a small drift whose direction dq)ended on subjects and gaze direction For the 

fourth subject (SI), the torsional components were usually absent during leftward voluntary saccades.

hi the following, only the saccades intemqjting the initial slow-phase reqxinses are considered. 

For VIS, the torsional saccadic corrqxinents were not related in direction with horizontal saccades, for SI 

and S2, and were in the same direction as horizontal saccades for S3 and S4 (i.e. torsion towards the right 

shoulder associated to rightward horizontal eye movements). For VIS-VOR, all four subjects had 

torsional saccades in the same direction as horizontal saccades and therefore in the opposite direction to 

the pre-saccadic torsional slow-phases for three of them. For FIX-VOR and PASSIVE GAZE, SI 

presented torsional quick-phases non-correlated in direction with the horizontal quick-phases, while the 

other subjects had similar torsional responses than for VIS-VOR. No analysis was made of the post- 

saccadic reqxinses due to variability among subjects and conditions.

E. DISCUSSION

1. Horizontal eye movements

(a). Ocular responses evoked within 100 ms of motion onset

Latencies

For the two subjects with negligible artifactual head rotations (Search-coil recordings), an 

average latency of 36 ms was obtained for e?q)eriments with earth-fixed targets. Similar latencies have 

been previously reported for the human LVOR during transient linear accelerations: 34 and 38 ms 

(Bronstein et al. 1988, 1991), around 30 ms (Fig. 2 of the p ^ e r  by Busettini et al. 1994). However, 

shorter latencies (17 ms) have been reported in monkeys for the vertical LVORs during fall at 0.7g (Bush 

and Miles 1996). Species difference could e?q)lain the shorter latencies, but also the high acceleration 

employed in the latter study. Snyder and King (1992) found in monkeys a latency of 28 ms during 

eccentric head rotation with a linear acceleration conqx)nent of 0.12g. Thus, the reported human latencies 

around 30 ms might be overestimations of the true latency due to the relatively low accelerations, fiom 

0.08g to 0.17g, dispensed in the present and previous e?q)eriments (Bronstein et al. 1988, 1991, Busettini 

et al. 1994). Alternatively, as mentioned in the next paragr^h, LVORs seem more dependent on 

concurrent semicircular canal stimulation in humans than in monkeys and therefore a longer latency of
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the human LVOR would reflect a more coirq)lex processing of otolithic afierents in human subjects than 

in monkeys.

If the latency of the human LVOR is truly around 30 ms, it would be much higher than the 

latencies rqx)rted for transient angular accelerations: 4-13 ms (Johnston and Shaipe 1994) and 6-15 ms 

(Maas et al. 1989). This diflerence in latencies could then be attributed to a more con^lex processing 

necessary to yield îçjpropriate eye velocities finm otolithic signals than from canalicular afferents.

Finally, the latencies for VGEMs (99 ms (SD 4 ms), search-coil recordings) were at least 3 times 

greater than LVOR latencies and were comparable to those reported by Carl and Gellman (1987) for 

ramp velocity stimuli: 100 ms, SD 5 ms. This indicates that the LVOR could play an essential role to 

stabilise vision shortly after the onset of head movement.

Short-latencv responses with earth-fixed targets

As recently reported for pure linear accelerations in humans (Busettini et al. 1994), in monkeys 

(Bush and Miles 1996) and for eccentric head rotation in monkeys (Snyder and King 1992), the present 

study shows that LVORs are modulated with viewing distances fiom the earliest stage of the reqxrnses. 

However, this early modulation was not powerfiil enough for the target distances used in the present 

e?q)eriment as the LVOR gain at 80 ms after motion onset did not exceed 0.40, and the maximum eye 

velocity recorded for the most demanding condition of 30 cm-0.2g was only 3.7 °/s. This contrasts with 

the gain of the human AVOR which is around 0.95 during the first 80 ms of 22 °/s stq) rotation, with 

earth-fixed targets (Johnston and Sharpe 1994). Low LVOR gains (defined as maximum eye speed 

achieved/ maximum relative target speed) have also been rqrorted in humans by Busettini et al. (1994): 

0.71 for an imaginary target at 1 m and 0.39 for a target at 25 cm (measurements probably made around 

150 ms, see Fig. 2 of their paper). Using identical methodologies, Schwarz and Miles (1991) found much 

higgler LVOR gains in monkeys (1.03 for a target at 1 m and 0.78 for a target at 25 cm).

Chuter 7 of this thesis shows that, in humans, the gain of the eye movement reqxrnses to the 

tangential acceleration occurring during eccentric rotation is approximately unity within 120 ms of 

motion, whereas the gain of the responses to isolated linear motion is ^roxim ately a half. In contrast, 

the ocular response to eccentric head rotation is in monk^s an algdrraic sum of the responses to isolated 

translation and rotation (Sargent and Paige 1991). Thus, both cues on target distances and simultaneous 

stimulation of the horizontal semicircular canals seem necessary to adjirst the gain of the hirman LVOR at 

a fully compensatory level.

LVOR suppression

The signals resulting firom the subtractions between eye movements evoked during the FIX- 

VOR and VIS-VOR conditions had similar latencies to the LVOR reponses, showing that fiom response
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onset, g e  velocities wCTe smaller during FIX-VOR than during VIS-VOR. At 80 ms after motion, the eye 

velocities recorded for FIX-VOR were on average 33% lower than for VIS-VOR. Similarly, within the 

first 100 ms of transient yaw rotations, eye velocities obtained in human subjects viewing earth-fixed 

targets can be reduced by 12 to 35% during atterrqjted AVOR cancellation (Barr et al. 1976, Gauthier and 

Vercher 1990, Johnston and Sharpe 1994). Such an early AVOR siç>pression was not observed by 

Gauthier and Vercher (1990) when visual context (i.e. head-fixed target, earth-fixed target or acceleration 

delivered in darkness) and direction of the transient head rotations were urçredictable. Therefore, 

mechanisms based on the knowledge that no relative motion between subject and target will occur seem 

able to attenuate the vestibulo-ocular reflexes at short latency. A parametric modulation of the early 

LVOR with fixation distance has been demonstrated (Busettini et al. 1994, present study). A similar 

parametric adjustment of the LVOR by the desire to sippress any eye movement is conceivable; 

however, its effect spears weaker than the effect of viewing distances. Alternatively, as suggested by 

Barr et al. (1976) for AVOR suppression, a neural signal of vestibular origin acting on a central 

mechanism concerned with qratial localisation may be switched on by the suppression task before motion 

began, and therefore may produce an apparent reduction of the LVOR gain at short latency.

hi summary, conpared to the effect of target distances, the knowledge of the possible need for 

eye movements (target earth-fixed or head-fixed) did not have a strong effect on the short latency LVOR. 

At these short latencies, the main adjustment in LVOR gain depended on target distances and could have 

been mediated via the state of vergence or/and accommodation (Paige 1991, Schwarz and Miles 1991) 

but also by independent estimates of target distance (Snyder and King 1992).

(b). Ocular responses evoked from 100 ms after motion onset

Experiments in darkness

As previously reported for sinusoidal stimuli (Baloh et al. 1988a, Skipper and Barnes 1989, 

Israël and Berthoz 1989, Shelhamer and Young 1991, Oas et al. 1992), slow-phases evoked by step 

accelerations were in opposite direction to head displacement while quick phases brought the eyes back 

towards the primary position for PASSIVE GAZE and were in the same direction as the slow-phases 

when imagining earth-fixed targets. Slow-phase velocities during IMAGINARY TARGET were 3.7 to 

5.7 times higher than during PASSIVE GAZE, but the proportionality of slowphase velocity with 

acceleration was lost Comparable increases in slowphase velocity (multiplication factor fix)m 1.5 to 10) 

when using imaginary targets have previously been observed (Baloh et al. 1988a, Skipper and Barnes 

1989, Shelhamer and Young 1991, Oas et al. 1992).

80



Chapter Four - Visual modulation of the LVOR

Testing the LVOR in darkness: with or without imaginary target?

Do the enhanced reqx)nses obtained when imagining earth-fixed targets characterize die LVOR 

better than the weaker reqxinses produced with PASSIVE GAZE? Conçaiisons of the ocular reqxmses 

evoked in normal and alabyrinthine subjects (Baloh et al. 1988a) and of the slow-phase eye velocities 

attained with subjects moving and imagining earth-fixed targets to those induced with the subjects 

stationary and imagining moving targets (Skipper and Barnes 1989) indicate that reqxinses obtained with 

imaginary targets are enhanced LVORs rather than summations of an LVOR obtained with PASSIVE 

GAZE and a component due to the predictability of the stimuli. This was almost certainly the case in our 

study because the stimuli were abnqit making difficult the construction of a mental image of self-motion. 

Thus, responses evoked with IMAGINARY TARGET seem to give a proper measure of the LVOR. 

However, for the purpose of clinical LVOR evaluation, the task of gazing passively into the darkness is 

easier to e?q3iain to patients than imagining an earth-fixed target, and was therefore the condition 

employed to test LVORs in our patients (Chapters 5 and 6).

Experiments in the light

As previously rqxirted for sinusoidal higji-fi^uency stimuli (Baloh et al. 1988a, Shelhamer and 

Young 1991, Oas et al. 1992), slow^hase eye movements obtained during VIS-VOR reached higher 

velocities than those evoked during VIS. Consequently, fewer saccades were generated in the former case 

to maintain ocular fixation. Thus, due to the long central delay and eye velocity saturation of VGEMs, 

LVORs can in^rove visual fixation during linear head acceleration by generating compensatory eye 

movemaits shortly after fast and unpredictable head motion and by assisting pursuit mechanism during 

more sustained head acceleration.

LVOR suppression

In the present study, a strong reduction in the rate of change of eye velocity was measured 

around 102 ms (SD 10 ms) after stimulus onset, which was close to the pursuit latency of 99 ms (SD 4 

ms). Johnston and Sharpe (1994, Table 1) also obtained very similar latencies for smooth pursuit (mean 

115 ms, SD 16 ms) and the stronger conqxrnmt of the AVOR cancellation (mean 119 ms, SD 28 ms). As 

their latencies for the AVOR (between 4 and 13 ms) were shorter than those for the LVOR (36 ms), the 

activation of pursuit mechanism could explain the latencies of the strong conqronent in AVOR 

surpression, whereas any contribution of pursuit to LVOR cancellation should only be expected at around 

130 ms.

During sustained angular motion, findings such as the modulation of horizontal AVOR in 

darkness with imaginary head-fixed target (Barr et al. 1976, McKinley and Peterson 1985) or the partial 

siqrpression of torsional VOR during roll head rotation with head-fixed target (Leigh et al. 1989) indicated 

that surpression of ocular responses was not performed by the pursuit system alone. Robinson (1981) 

suggested that a signal related to planned head movements could cancel the AVOR. However, this
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mechanism has a long latency (200-300 ms) and was probably not enq>loyed in the present study since it 

applies to planned voluntary or very predictable head movements. It has also been proposed that a 

mechanism reducing the gain of the AVOR is turned on during head motion (Lisberger 1990, Cullen et al. 

1991, Huebner et al. 1993). This mechanism independent fiom the pursuit system could rely on a 

voluntarily gated vestibular irqrut cancelling the signals in VOR pathways (Cullen et al. 1991) or on a 

neural signal representing relative target velocity and acting on the AVOR gain (Huebner et al. 1993). 

The latencies for such mechanisms to be switched on following motion onset are however still unknown. 

Alternatively, as it has been suggested that LVORs and eariy ocular following are synergistic and share 

central pathways (Busettini et al. 1991, 1994), the combination of LVOR signals and knowledge that the 

target is head-fixed may switch on the pursuit-fixation mechanism, using vestibular irqrut, before the 

target is seen to move.

In the present study, eye velocities measured at 300 ms do not allow us to conclude if the long 

term siqrpression of ocular reqx)nses to linear acceleration was based exclusively on the pursuit system or 

on a concurrent reduction of the LVOR gain; if one assumes that eye velocities obtained with earth-fixed 

targets (74 °/s) were due to LVORs (30 °/s) added to pursuit eye movements (44 °/s), eye velocities with 

head-fixed targets (4 °/s) could have resulted fixrm the subtraction of pursuit eye movements to the 

LVORs.

2. Torsional eye movements

Small torsional signals which included slow- and quick-phase con^nents synchronised with 

the horizontal eye movements were present during gaze calibrations and for all e?q)erimental conditions. 

During subject translation, the slow-phase torsional responses, observed before any saccades were 

generated, were in the direction e?q)ected if lateral acceleration was likened to a tilt, for the three subjects 

who showed a constant pattern of torsional reqxrnses: intorsion was associated to lateral eye movements 

in the temporal direction and extorsion to lateral eye movements in the nasal direction However, as 

reported by Ott and Eckmiller (1989), we found that horizontal pursuit alone could produce the same 

combination of horizontal and torsional eye movements. For comparable anqrlitudes of lateral eye 

movements (< 0.15°), torsion was similar during all conditions including the pure visual-following task 

and was independent of acceleration levels both for VIS-VOR and FIX-VOR, For greater lateral eye 

movements and therefore longer delays after stimulus onset, an enhancement of the torsional response 

with acceleration level was observed in two subjects. Thus, torsion speared to be more related to 

horizontal eye position than to acceleration level and probably reflected ‘false torsion’ associated to 

measurements in Fick co-ordinates. Previous studies have shown that the dynamics of ocular counter

rolling produced by translational head acceleration exhibits low-pass filter properties (Lichtenberg et al. 

1982, Paige and Tomko 1991, Merfeld et al. 1996). Therefore, the absence in the present e?q)eriment of 

clear acceleration-related torsional eye movements was probably due to the fact that only ocular 

responses evoked during the first 300 ms following the onset of abrupt motions were investigated.
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Alternatively, the lack of clear acceleration-related torsion may have been due to the relatively low 

accelerations employed in the present study. With head-fixed targets, around 2° of torsion have been 

rqx)rted when using sinusoidal accelerations of 0.7g peak (Merfeld et al. 1996).

3. Conclusion

Lateral eye movements produced by translational accelerations are fiom onset increased with 

target proximity and acceleration level. For close viewing (30 and 60 cm), although eye velocities evoked 

during subject motion only reached compensatory levels after 200 ms of acceleration onset, target 

foveation was achieved better than with visually guided eye movements alone. This agrees with the 

psychophysical experiments presented in chuter 6 in which, for oscillatory motions above 1 Hz, normal 

subjects recognised numbers better when they were oscillated while fixating a close earth-fixed display 

than when stationary and following the display being moved with identical relative displacements. The 

present study also shows that viewing head-fixed targets attenuates the ocular responses, before visual- 

following mechanisms can contribute to target fixation. The early eye velocity reqx)nses (< 80 ms) were 

however more effectively modulated with viewing distances than with the use of head-fixed targets. A 

more marked suppression of eye movements occurred around 100 ms after motion onset. This second 

conponent of suppression may originate fiom a mechanism independent fiom the pursuit system or 

alternatively fiom an early generation of visual following eye movements produced by the simultaneous 

presence of LVORs and neural signals related to the subject’s mental set of cancelling any eye 

movements.
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Chapter Five - LVOR after unilateral vestibular deafferentation

Translational vestibulo-ocular reflex after unilateral 

vestibular deafferentation

A. ABSTRACT

Horizontal eye movements evoked by lateral whole-body translation in darkness were 

studied in nine patients who underwent unilateral vestibular nerve section. Preoperatively, all had 

preserved caloric function on both sides. Subjects were instructed to gaze passively outwards while 

sitting upright on an electrically powered bogie which delivered acceleration steps of 0.24g. At 400 

ms after motion onset, asymmetries in the average slow-phase eye velocities produced by rightward 

vs. leftward head motions were <13% in normal subjects (N = 21). One week before surgery, 

patients’ responses were mostly symmetrical. One week after surgery, responses in all patients were 

diminished or absent with acceleration towards the operated ear causing marked asymmetries which 

averaged 56% (SD 33%) after correction for spontaneous nystagmus. Six to ten weeks after surgery, 

responses regained symmetry. Thus, early after vestibular nerve section, a single utricle produces a 

normal LVOR only with ipsilateral head translation. Therefore, afferents for the LVOR seem to 

originate from the mid-lateral area of the utricular macula where hair cells are stimulated in their 

on-direction during ipsilateral head translation. Corrqrensation may depend on recovery of the off- 

directional responses fi'om lateral hair cells of the remaining utricle.

B. INTRODUCTION

The directional organisation of the angular vestibulo-ocular reflex is now well established. 

In the horizontal plane for example, a rotational head acceleration to the right results in relative 

movement of the endolymph in the lateral semicircular ducts to the left. Movement of the 

endolymph toward the utricle results in excitatory activity in the hair cells of the right ampulla and 

away from the utricle results in inhibitory activity in the hair cells in the left ampulla (Fig. 5-1). 

These activities result in excitation and inhibition in the vestibular nuclei and fibres of the medial
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longitudinal fasciculi; this produces excitatory and inhibitory influences in the appropriate 

motoneurones to stimulate conjugate eye movements to the left.

In contrast, the directional organisation of the horizontal linear vestibulo-ocular reflex 

(LVOR) which produces compensatory eye movements during interaural head translation (Chapter 

4) is still not well understood.

Each utricular macula is sensitive to acceleration in both directions along the interaural 

axis due to the opposing orientations of its hair cells. The mid-lateral area of the utricle is activated 

by ipsilaterally directed head acceleration (i.e. head acceleration towards the lateral area of the 

utricule) whereas the mid-medial region is excited by medially directed acceleration (i.e. head 

acceleration towards the medial part of the utricle), (Fig. 5-2).
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Fig, 5-1; Vestibulo-ocular pathway for head 

rotation in the horizontal plane.
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Fig. 5-2: Hair cell orientations of the right 

utricular macula. Arrowheads point towards 

kinocilia and indicate excitatory deflections of 

hair bundles. A: anterior; P; posterior; L: Lateral; 

M: medial. Dashed lines define the middle third 

of the macula.

The medial area of the macula is larger than the lateral one both in monkeys (Fernandez et 

al. 1972) and humans (Rosenhall 1972). Correspondingly, 75% of peripheral utricular neurones 

respond to ipsilateral tilt which corresponds to a medially directed acceleration and only 25% to 

contralateral tilts (Fernandez and Goldberg 1976). Therefore, the overall sensitivity of a single 

utricle should be biased towards medially directed head acceleration. Accordingly, patients with 

acute unilateral vestibular lesions show a loss of roll tilt perception when the affected ear is 

medially accelerated on a centrifuge (Dai et al. 1989). So far, eye movements induced by linear
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translational acceleration have not been recorded in such a groiq) of patients.

The present study investigated in nine patients with acute surgical lesions of one labyrinth 

whether the remaining utricle generates an LVOR response for both direction of head motion 

(possibly with a bias towards medially directed acceleration) as to be expected if both the medial 

and lateral areas of the utricle provide afference for the LVOR. Alternatively, if only one of these 

regions feeds into the LVOR pathways, lesioning one labyrinth should result in a unilateral loss of 

ocular response.

C. MATERIALS AND METHODS (see chapters 2 and 4, experiments with PASSIVE 

GAZE)

Subjects were accelerated along their interaural axis with 0.24g acceleration steps lasting 

650 ms before deceleration occurred (Fig. 5-5). The head was fixed by periaural clamps which 

avoided pressure over the mastoid bone and therefore could be used shortly after surgery (Fig. 2-3). 

Horizontal eye movements were recorded with bitemporal EOG, as eye search-coils would not have 

been tolerated by the patients after surgery. Subjects were asked to look at a grey screen at 150 cm 

before room lights went off, and to gaze passively ahead once in darkness.

The LVOR was quantified by the average slow-phase eye velocity produced between 300 

and 500 ms after the onset of chair movement. The asymmetry of the LVOR responses was 

calculated as |R - L| / |R + L| x 100, where R and L are the respective velocities of rightward and 

leftward eye movements.

LVOR velocities at 400 ms and slow-phase velocities of the spontaneous nystagmus 

present after surgery were measured by fitting the eye position signals with straight lines, using a 

least-square error estimation procedure.

Nine patients were tested before and after they had undergone selective unilateral 

vestibular nerve section for treatment of Meniere's disease (N = 7) or during removal of a small 

acoustic neuroma (N = 2), (mean age 39 y.o., range 23 to 54 y.o ). Before surgery, they had normal 

or only moderately reduced caloric fimction on the affected side, except for one patient with an 

acoustic neuroma who had a minimal response on the side of the tumour, and normal caloric 

responses on the healthy side. Hearing was decreased to a variable extent in all patients on the 

affected side and was normal on the healthy side except in one patient with Meniere's disease who 

had high frequency hearing loss. All patients were tested on the day before surgery and one week 

after surgery. Only five of them were tested again after six to ten weeks, as the other four subjects 

were not available. All drugs known to interfere with vestibular or central nervous system function 

were stopped at least two days before testing.

Normative data for the LVOR were obtained fi*om 21 healthy subjects between 22 and 49 

years of age (mean 34 y.o., experiments B and C, PASSIVE GAZE, described in chapter 4).
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D. RESULTS

1. Summary of the measurements obtained in normal subjects and patients

In normal subjects, slow-phase velocities of the LVOR ranged from 4.7 to 21 °/s (mean; 

10.3 °/s). Only small asymmetries between leftward and rightward responses occurred, not 

exceeding 13% in any subject (mean directional preponderance: 6.4%) (Fig. 5-3).

20

15

10

5

15 200 5 10

LVOR right (7s)

Fig. 5-3: LVOR slow-phase velocities in 21 normal subjects. LVOR left represents a compensatory eye 

movement to the left during rightward translation. Straight lines indicate maximum asymmetry of ± 13%.

As the inter-subject variabilities were lower after calculation of asymmetries than for 

velocity measurements, the main emphasis for the analysis of the patients’ results was placed on 

symmetry findings.

LVORs in patients were considered abnormal when they exceeded the ranges of eye 

velocities or asymmetries observed in the normal group. Pre- and post-operative LVOR velocities 

and asymmetries are summarised in Table 5-1 and Fig. 5-4. Strong correlations were obtained 

between eye movements and regression lines: before surgery, 1 week after surgery for accelCTation 

away from the lesion and for follow-up the average coefficient of correlation was 0.91 (SD 0.08). 

One week after surgery for acceleration away from the lesion, lower coefficients were obtained due 

to the lower amplitude of eye movements: mean 0.80 (SD 0.14). Similar values were obtained for 

measurements of the spontaneous nystagmus: mean 0.79 (SD 0.24).
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Acceleration 

towards lesion

Acceleration 

away from lesion

Asymmetry®

Before surgery 

(N = 9)

1 week after surgery^

(N = 9)

6-10 weeks after surgery 

(N = 5)

9.7 °/s 

(2.6 - 16.2) 

4.0 7s 

(-0.5 - 10.7) 

10.8 7s 

(3.8 -18.0)

11.0 7s 

(3.6 -15.9) 

12.5 7s 

(7.4 - 20.9) 

9.6 7s 

(3.7-13.3)

8.6%

(-13.2 - 32.8) 

56%

(15.0-105.1)

-1.9%

(-15.3-4.4)

Normal subjects (N = 21) 10.3 7s (4.7-21) 6.4% (0 - 13)

Table S-1; LVOR velocities (mean and range) before and after unilateral vestibular deafferentation, at 

400 ms after motion onset (PASSIVE GAZE).

“ In normal subjects, means were calculated with the absolute values of asymmetry. In patients, positive 

asymmetries indicated stronger responses with acceleration towards the intact ear (ipsilaterally directed 

acceleration of the remaining utricle).
 ̂ Postoperative LVOR velocities were corrected for the slow-phase velocities of the spontaneous nystagmus 

which averaged 3.5°/s, range 0.7 - 8.4“/s.

80&

■40
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Fig. 5-4: LVOR asymmetries in 9 patients before and after vestibular nerve section. Positive values 

indicate stronger responses with acceleration towards the intact ear (ipsilaterally directed acceleration with 

regard to the remaining utricle). Horizontal lines delineate normal range.
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2. Velocities and asymmetries of the LVOR in patients

(a). Before surgery

For eight patients, LVOR responses were within the normal range of velocities before 

surgery, averaging 10.6 °/s with head acceleration towards the affected ear and 11.9 7s in the 

opposite direction. Two of these patients showed abnormal asymmetries of 27 and 33% with 

weaker responses when accelerated towards the affected ear. The ninth patient had low eye 

velocities averaging 3.1 7s and a slight asymmetry of 18%. None of the three patients with 

asymmetrical responses had obvious spontaneous nystagmus (i.e. more than 0.5 7s).

(b). One week after surgery

Postoperatively, patients experienced rotational vertigo and had spontaneous nystagmus 

towards the intact ear testifying acute unilateral loss of vestibular function. Neurological function 

was normal in all except for an ipsilateral YII*̂  nerve palsy, which subsequently recovered 

completely, in one patient who had an acoustic neuroma removed. When patients were tested on 

the seventh postoperative day the spontaneous nystagmus was usually suppressed in the light but 

still present in the daik. Therefore, the individual LVOR responses were corrected by subtracting 

the slow-phase velocities of the spontaneous nystagmus (mean: 3.5 7s; range: 0.7-8.4 7s), which 

were obtained from the desaccaded and averaged eye position signals present during the 500 ms 

preceding motion onset.

The horizontal LVORs were asymmetrical in all patients. Before correction for 

spontaneous nystagmus, the differences between eye velocities evoked by acceleration away and 

towards the lesioned side were 3.2 to 24.1 times higher than the velocities of the slow-phase 

nystagmus; the value of 3.2 was obtained in a subject with eye velocities of 1.5 7s for acceleration 

towards lesion, 10.0 7s for acceleration away from lesion and a spontaneous nystagmus velocity of 

2.6 7s. After correction for spontaneous nystagmus, responses were markedly diminished or absent 

(3 patients with eye velocities lower than 1.2 7s) when head acceleration was directed towards the 

operated ear which correqmnded to a medially directed translation of the remaining utricle (Fig. 5- 

5). In contrast, responses were almost unchanged with head acceleration towards the intact side 

(Table 5-1) which represented an ipsilaterally directed translation of the intact utricle. The 

differences in eye velocities measured before and after surgery were significant for acceleration 

towards the operated ear (p = 0.015) and non significant for acceleration towards the intact ear (p =

0.77, Wilcoxon signed ranks test). Thus, when the slow-phase velocities of the post surgical 

nystagmus were subtracted from the response magnitudes, LVORs for motion to the intact side 

were similar to pre-operative responses whereas LVORs for motion to the lesioned side were 

strongly diminished.
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Asymmetries ranged from 15 to 105% and thus invariably exceeded the normal limit of 

13%. The smallest asymmetry of 15% was observed in the patient with preoperative caloric 

hypoactivity on the affected side due to an acoustic neuroma. The only asymmetry above 100% was 

obtained in one patient with negligible eye velocities (0.47 °/s) in the same direction of head 

acceleration during stimuli towards the lesioned side. There was no association between response 

asymmetries and velocities of spontaneous nystagmus; e.g., two out of the five patients with 

asymmetries greater than 60% had negligible spontaneous nystagmus velocities (below 1 °/s).

b efo re  su rg ery

e y e  p o sit io n

ch a ir  v e lo c ity

100 ms

o n e  w eek  a fte r  su rg ery

10 w e e k s  a fte r  su rgery

r head a c c e le r a tio n

Fig. 5-5: Average recordings, for each direction of motion, of the desaccaded LVORs evoked in a 

patient before, one week after and ten weeks after leftsided vestibular nerve section. Note postoperative 

asymmetry of the LVOR with weak response for acceleration towards the operated ear (LVOR not corrected 

for spontaneous nystagmus). After ten weeks, responses are bilaterally restored. Chair velocity feedback is 

presented for all test sessions. The lower cinve is the corresponding head acceleration.
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(c). Six to ten weeks after surgery

After six to ten weeks, LVORs were symmetric (< 13% asymmetry) in four out of the five 

subjects tested (Fig. 5-4). One patient had a slight asymmetry of 15%, with smaller responses when 

accelerated away from the lesion (13.2 °/s for acceleration away from lesion vs. 18.0 °/s for 

acceleration towards lesion).

Eye velocity mean (10.2 °/s) and range (3.7 - 18 °/s) obtained in these 5 patients were 

comparable to the pre-operative values and to the measurements made in normal subjects.

E. DISCUSSION

Early after unilateral vestibular deafferentation, LVOR responses were normal with head 

acceleration towards the intact ear, but small or absent with acceleration in the opposite direction, 

indicating that a single utricule is directionally polarised with respect to the LVOR.

1. Is the LVOR asymmetry a canalicular effect?

The observed directional polarisation of the single utricle was unexpected considering the 

predominance of peripheral utricular neurones responding to ipsilateral head tilts (Fernandez and 

Goldberg 1976) which represent a medially directed acceleration. Therefore, we speculated that the 

response bias might reflect the asymmetric resting activity of canal related neurones in the 

vestibular nuclei causing spontaneous nystagmus. The asymmetries, however, persisted even after 

subtracting the slow-phase velocities of the spontaneous nystagmus. Moreover, pre- and post

operative response asymmetries occurred in the absence of any relevant spontaneous nystagmus. 

Therefore, our observations appear to reflect a true dynamic response asymmetry due to unilateral 

loss of utricular input.

2. The LVOR after unilateral vestibular deafferentation

The only animal study on LVOR asymmetries after unilateral vestibular loss has been 

performed by Wadan and Dieringer (1994) in hemilabyrinthectomized frogs sinusoidally 

accelerated along their interaural axis. They found that abducens nerve responses were abolished on 

the contralateral side of the lesion but well preserved on the lesion side, which agrees with our 

finding that a single utricle generates a contraversive LVOR only.
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Evidence in humans is restricted to two patients who were investigated by combined 

angular and linear motion after vestibular neurectomy (Barratt et al. 1987). In normal subjects, the 

horizontal angular VOR is enhanced when the head is placed anteriorly to the axis of rotation due 

to concurrent linear interaural acceleration. The two patients showed VOR enhancement only when 

they were accelerated towards the intact utricle which corresponds to the asymmetry observed in 

the present study.

3. Functional organisation of the LVOR

The concept that each utricle provides afferents only for the contraversive horizontal 

LVOR is supported by the effects of selective stimulation or lesion of peripheral utricular 

structures. Local electrical stimulation of the utricular macula was first acconq)lished by Fluur and 

Mellstrom (1970) in cats who observed horizontal eye movements only when activating the mid

lateral region; hair cells in this area respond maximally to ipsilaterally directed head acceleration 

due to the orientation of their polarisation vectors (Goldberg et al. 1990), Fig. 5-1. The resulting 

horizontal nystagmus with contraversive slow-phases represents the appropriate compensatory eye 

movement for an ipsilateral acceleration. However, using a similar technique Curthoys (1987) was 

unable to elicit any horizontal eye movement from stimulation of the utricle in guinea pigs.

Stimulation of the entire utricular nerve in cats produces mainly torsional and vertical, but 

also small horizontal eye movements which are always contraversive (Suzuki et al. 1969; 

Tokumasu et al. 1971).

In summary, both our findings and data from animal experiments would support the 

hypothesis that excitation of the hair cells of the mid-lateral region by ipsilateral linear head 

acceleration provides the input for the LVOR. This utricular signal induces contraversive eye 

movements (Fig. 5-6).

However, Uchino and co-woikers proposed another model of the LVOR organisation 

which is based on the identification of mono- and disynaptic connections from the utricle to the 

ipsilateral abducens nucleus (Schwindt et al. 1973, Uchino et al. 1994). This arrangement would be 

difficult to reconcile with the results from the stimulation and lesion studies cited above which 

consistently suggest that the LVOR is transmitted to the contralateral abducens nerve. Uchino et al. 

(1994) proposed that these fast projections might carry a baseline LVOR signal that is independent 

of viewing distance. This hypothesis, however, has not found support from findings in monkeys 

(Snyder and King 1992) and humans (chapter 4) where an eariy, non-visually modulated LVOR 

response has not been observed.
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LVOR

MRLR

VN

UT

Head acceleration

Fig. 5-6: Proposed pathway for the horizontal LVOR
LR : lateral rectus muscle MR: medial rectus muscle 

MLF: Medial longitudinal fasciculus 
UT: Utricle
VN: vestibular nucleus HI: oculomotor nucleus VI: abducens nucleus

Thus, the presented evidence suggests that the horizontal LVOR originates from the mid- 

lateral region of the macula where the ^propriately polarised hair cells reside. In contrast, hair 

cells in the mid-medial region of the utricle which are equally responsive to interaural acceleration 

may control torsional ocular compensation of static head tilts in the roll plane. When stimulating 

this area Fluur and Mellstrôm (1970) observed skew-torsional eye movements as required to 

compensate for ipsilateral head tilts. Accordingly, patients with acute unilateral vestibular 

deafferentation show ocular cycloversion deficits for ipsiversive head tilts (or contraversive linear 

head acceleration), as to be expected if the medial utricular area alone provides the input for ocular- 

counterolling (Dai et al. 1989, Curthoys et al. 1991, Wolfe et al. 1993).

4. Compensation of the LVOR

Symmetry of the LVOR was restored after six to ten weeks in most of our patients. Some 

early compensation may have occurred within the first few postoperative days or even before 

surgery due to long-standing labyrinthine disease, particularly in the patient with an acoustic 

neuroma who showed only a mild asymmetry one week after surgery.
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Takeda et al. (1990) investigated the time course of LVOR compensation in monkeys 

using head eccentric rotation. After unilateral otolith deafferentation, VOR enhancement in the 

head eccentric condition was reduced to about one third (asymmetries were not investigated). The 

preoperative level of VOR enhancement was recovered six to eight weeks after surgery. Similarly, 

recovery of equilibrium after selective utricular nerve section takes three to four weeks in monkeys 

(Igarashi et al. 1972). Compensation of unilateral utricular loss, however, is not always conqjlete. 

Msual roll tilt perception in response to interaural linear acceleration remains slightly asymmetrical 

even six months after vestibular surgery (Dai et al. 1989).

LVOR compensation appears to depend on input from the intact utricle. In monkeys with 

well compensated unilateral utricular lesion, LVOR compensation breaks down after subsequent 

contralateral utricular nerve section resulting in a permanent loss of the LVOR (Takeda et al.

1990).

Recovery of a bidirectional LVOR could be achieved by the vestibular nucleus ipsilateral 

to the intact ear if it utilises the responses of the lateral hair cells during acceleration in their off- 

direction. This principle, however, seems not to work in the acute stage of unilateral loss when 

resting activity in the vestibular nucleus contralateral to the lesion tends to be depressed; this is 

probably caused by cerebellar inhibitory output ("cerebellar shutdown") which acts as an early 

defence mechanism to minimise vestibular asymmetry (McCabe et al. 1972). Due to their low 

resting discharge, otolithic neurones on the intact side would easily be driven into inhibitory cut

off, which explains why, at this stage, LVOR responses in patients were severely depressed for 

excitation of the hair cells of the lateral utricular area in their off-direction. During compensation, 

however, activity on the intact side may recover and even exceed preoperative levels as observed in 

canal related neurones (Newlands and Perachio 1990). If this also applies to otolithic neurones, the 

push-pull arrangement between a single vestibular nucleus and the ocular motoneurones could be 

used to re-establish a linear bidirectional modulation of the LVOR over a wide range of 

acceleration levels.

5. Conclusion

The organisation of the LVOR proposed in the present study relies on eye movement 

recordings of the LVOR response to interaural acceleration in patients who had undergone 

unilateral vestibular deafferentation. Shortly after surgery, LVORs were depressed for acceleration 

towards the lesioned side but normal for acceleration towards the intact ear. Bidirectional responses 

were restored within the next weeks following surgery. These fmdings suggest that afferents for the 

LVOR originate from the mid-lateral area of the utricular macula and that compensation may 

depend on recovery of the off-directional responses from hair cells in the lateral part of the 

remaining utricle.
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Psychophysics of the utricular control of visual 

stabilisation

A. ABSTRACT

The study investigates the association between disorders of linear vestibulo-ocular reflex 

and impairment of visual acuity during whole-body translation along the interaural axis. Horizontal 

LVORs were elicited in darkness with the subjects instructed to look passively ahead while being 

translated by 0.24g acceleration steps. Normal subjects (N = 21) produced symmetrical LVORs 

(directional preponderance < 13%) with short latencies (< 130 ms) and slow-phase velocities 

greater than 4.7 °/s. The LVORs of 14 patients with bilaterally absent caloric responses were 

abnormal: absent (N = 2), asymmetrical (N = 8), with diminished velocities (N -  4) or prolonged 

latencies (N = 6). For the visual acuity tests, subjects were oscillated at 0.5, 1.0 and 1.5 Hz while 

viewing an earth-fixed target (distance = 40 cm), or inversely, they stayed stationary while the 

target was translated. A third condition investigated LVOR suppression during concomitant subject 

and target motion. The visual task was to recognise numbers presented on a three-digit LED display 

at the time of maximum translational velocity (42 cm/s). For all test conditions, visual acuity of 

both the normal and the patient groups declined as the fi'equency of the oscillations increased. At 1 

and 1.5 Hz, normal subjects invariably recognised more numbers during whole-body motion and 

fixation of an earth-fixed target than during isolated target motion, whereas most patients showed a 

parallel performance deterioration during both conditions. In patients, low dynamic visual acuity 

during whole-body motion was correlated with absent or delayed LVOR responses. These findings 

demonstrate the functional role of the LVORs in stabilising vision during high frequency head 

translation and fiixation of earth-fixed objects. In addition, for concomitant subject and target 

motion, visual acuity in normal subjects was preserved at 0.5 and 1 Hz, but impaired at 1.5 Hz, 

while patients’ data were variable. These results show that, when there is no relative motion 

between subject and visual target, incomplete suppression of the LVORs can slightly degrade vision 

in normal subjects during high-fi-equency translation.
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B. INTRODUCTION

Eye movement recordings have shown that the combination of linear vestibulo-ocular 

reflexes and visually-guided eye movements occurring during linear head motion produces stronger 

conçensatory ocular responses than those which would be obtained by a pursuit task alone. This is 

particularly true for head motion encountered during locomotion (Cappozzo 1981), i.e. for transient 

acceleration (Chapter 4) and motion at frequencies above 0.5 Hz (Baloh et al. 1988a, Shelhamer 

and Young 1994). However, the results from these studies provided only inferential evidence that 

the LVORs accomplish a functionally useful improvement of ocular fixation during head motion, as 

no direct assessments of visual acuity were made. In contrast, the contribution of canal-ocular 

reflexes in the maintenance of vision has been demonstrated by asking normal subjects to recognise 

numbers during whole-body rotation (Benson and Barnes 1978). A similar psychophysical 

technique has been used to show that a display spears  slightly clearer during vertical whole-body 

vibration than during vibration of the target (Viveash et al. 1994). However, any contribution of the 

LVOR to this slight enhancement in vision could not be quantified as the ejq)eriments were 

performed with head unrestrained, therefore involving both angular and linear movements.

Studies investigating the visual consequences of defective VCRs in patients with absent 

caloric responses have employed isolated angular head acceleration and combined angular-linear 

acceleration (Gresty et al. 1977, Chambers et al. 1985, Bronstein and Hood 1987, McGath et al. 

1989, Grossman and Leigh 1990, Takahashi et al. 1991, Bhansali et al. 1993) but have neglected 

isolated linear acceleration. These various e?q)eriments aimed to correlate deficiency of canal- 

ocular reflexes with objective measurements of dynamic visual acuity and oscillopsia (i.e. blurring, 

bouncing, or jiggling of the visual world). An attenq)t to relate otolithic failure to impairment of 

dynamic visual acuity was reported for patients with bilateral vestibular failure by Clack et al. 

(1985) who studied static ocular counterrolling and the ability to recognise stationary objects while 

riding in a car. This approach, however, could not separate during the visual acuity test, ocular 

responses due to pure linear acceleration from those due to the simultaneous angular head motion.

The aim of the present study was to demonstrate that the LVOR stabilises vision during 

purely linear head motion. To do so, normal subjects were asked to recognise numbers while a 

target display or themselves were oscillated. In order to demonstrate the vestibular origin in normal 

subjects of any visual stabilisation during head motion, patients with absent caloric responses were 

also tested. In addition, these patients provided the opportunity to examine any correlation between 

abnormal LVOR recordings, objective measurements of dynamic visual acuity and reports of 

oscillopsia.
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C. MATERIALS AND METHODS

1. Patients’ clinical data (Table 6-1)

Fourteen patients (mean age: 46 y.o., range: 31 to 69 y.o.) were selected for their 

bilaterally absent nystagmic responses to caloric irrigation (30/44°C) in the light and in darkness. 

Seven of these patients presented residual horizontal semicircular canal function when assessed 

during rotational testing in darkness on a Barany chair: gains (slow-phase eye velocity/stimulus 

velocity) between 0.1 and 0.4 were observed during velocity steps of 60°/s and sinusoidal 

oscillations of 0.2 Hz at 60 7s peak velocity. For corresponding rotational stimuli, gains in normal 

subjects are around 0.6 (SD 0.2) (Baloh et al. 1984, Honrubia et al. 1985). Horizontal pursuit (laser 

dot oscillating at 0.1, 0.2 and 0.4 Hz, displacement ±17°, peak velocity from 11 to 43 °/s) and 

optokinetic eye movements (full-field drum rotating around the subjects at a constant velocity of 40 

°/s) were normal in all subjects. Neurological examination was slightly abnormal in one patient (P8, 

see Table 6-1).

Patients were asked to grade any symptom of oscillopsia by choosing one of the following 

sentences which most closely q)plied to them at the time of testing (categorisation based on the one 

employed by Bronstein and Hood 1987):

0 .1.do not have oscillopsia.

1. I have oscillopsia but it has never been bothersome, (e.g. whilst running or driving a 

bumpy road).

2. My oscillopsia interferes with some of my activities, (e.g. sport, driving, counting 

objects or reading whilst I am moving).

3. My oscillopsia makes me unable to function normally in my daily activities, (It is there 

even during light activities such as walking).

Before they answered the questionnaire, the following information was given: ‘ When you 

move the world may appear to ‘jump ‘bob up and down \ move to and fro, or blur. This visual 

sensation is known as oscillopsia, differing from the giddiness and/or unsteadiness associated with 

your balance problem. Many patients experience oscillopsia during activities involving movements 

o f the head, e.g. walking, running, riding a car or simply when rapidly turning the head. As a result 

o f this, they find problems with visual tasks whilst they are moving, such as identifying faces or sign 

posts, counting or sorting objects out. Other eye problems such as double vision and short 

sightedness are not the subject o f this questionnaire ’.
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Patient Age Etiology AVOR gain 

60 7s 

Step 0.2 Hz

Oscillopsia

grade

Comments

PI 34 Sarcoid Absent Absent 2 - moderate

P2 35 Idiopathic 0.27 0.25 2 - moderate

P3 41 Idiopathic 0.26 0.35 1 - mild

P4 40 Idiopathic 0.23 0.13 3 - severe

P5 52 Meningitis Absent Absent 2 - moderate Bilateral hearing impairment

P6 31 Idiopathic O il 0.12 2 - moderate

P7 57 Idiopathic Absent Absent 2 - moderate

P8 57 Idiopathic Absent 0.07 3 - severe Mild cerebellar syndrome 

with ataxia of the extremities

P9 42 BUat. ACN Absent Absent 2 - moderate Bilateral hearing impairment

PIO 61 Idiopathic 0.13 0.08 3 - severe

P ll 69 Ototoxic 0.43 0.3 2 - moderate

P12 33 Meningitis Absent Absent 1 - mild Bilateral hearing impairment

P13 55 Meningitis Absent Absent 2 - moderate Bilateral hearing impairment

P14 45 Idiopathic 0.22 0.1 2 - moderate

Table 6-1: Summary of the patients’ clinical data. Bilat. ACN : removal o f bilateral acoustic neuromas.

2. Eye movement recordings

Horizontal LVORs were recorded with bitemporal EOG during transient linear 

acceleration steps of 0.24g, delivered in darkness (for more details, see chapters 2 and 4, 

e>q)eriments with PASSIVE GAZE). At least five stimuli were applied for both directions of 

motion, and additional stimuli were dispensed when artefacts were observed during recording. 

Subjects faced a 150 cm-distant grey screen and were instructed to gaze passively ahead once in 

darimess. Stimuli started one second after room lights had been switched off. EOG signals were 

acquired at 250 Hz sanq>ling rate, digitally filtered at 30 Hz, desaccaded and averaged separately 

for each direction of motion. LVOR latency was defined as the time when the eye position signal 

departed from and stayed outside the envelope of the baseline EOG noise present during the 200 ms 

preceding motion (Fig. 4-4). Slow-phase eye velocity was assessed over the interval 300 to 500 ms 

after stimulus onset by measuring the slope of the EOG signal (Fig. 4-4). Velocity asymmetry was 

expressed using the directional preponderance formula;

|R - L|/|R + L| X 100, R and L being the velocities of rightward/leftward eye movements.
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Normative data were obtained from 21 healthy subjects (mean age: 33 y.o., range from 23 

to 49 y.o.) (see chapter 4, experiments B and C, PASSIVE GAZE).

3. Measurements of dynamic visual acuity

Translatory motion along the interaural axis was provided by the bogie described in 

chapter 2 (Section A). Sinusoidal motion was delivered for 45 s at 0.5, 1 and 1.5 Hz, at an average 

peak chair velocity of 42.4 cm/s, generating peak head accelerations of 1.37 m/s^, 2.65 m/s^ and 3.8 

m/s^. The three main experimental conditions were VIS-VOR (subject translation, earth-fixed 

target), VIS (subject stationary, target translated by the bogie) and FIX-VOR (subject and target 

moved together) (see chapter 2, section C. 1). The presentation order of the three test conditions was 

randomised (see Appendix F. 1 at the end of this chapter). All frequencies were dispensed for one 

experimental condition before modifying the subject/target configuration for the next test. Stimuli 

were first presented at 0.5, and then at 1 and 1.5 Hz so that the subjects started the ejq)eriment with 

the least demanding task.

Before each stimulus, the target was positioned at 40 cm in front of the subject’s nasion; 

relative peak target velocities of 61 °/s were thus obtained during VIS-VOR and VIS (see Appendix 

F.2). Consequently, the effect of the LVOR on visual stability was studied around the limits of 

visually-driven responses which break down when the target velocity exceeds 40-60 °/s or when the 

frequency of oscillatory motion is higher than 1-2 Hz (Barnes 1979, Baloh et al. 1988b).

The target was a three-digit number produced by 7-segment red LED displays and 

controlled by the computer used to generate the translational stimuli. A biconcave lens (diameter 38 

mm) with a focal length of 50 mm was mounted at 8.7 cm from the display to decrease its size from 

8 X 20 mm^ (height x width) to an apparent size of 2.9 x 7.3 mm^, thus subtending 1° of arc in 

width. Experiments were conducted with a dim background illumination to avoid disturbing 

reflections from the room on the lens. For each trial, 42 numbers were presented at 1 s intervals, for 

55 ms around the time of maximum chair velocity (Fig. 6-1). Numbers were intermittently 

presented so that they could only be recognised by accurate ocular fixation. Subjects were asked to 

press a push-button, whose state was stored on computer, whenever they recognised a ‘5’ among 

the three digits. A numeral sequence was created for each frequency of motion and used for the 

three experimental conditions. To avoid artefacts related to task difficulty, all three lists consisted 

of the same numbers which were just organised in different orders. Twenty numbers contained the 

digit ‘5’, either as hundreds, tens or units. This digit was not included in the first two numbers of a 

sequence and in no more than 3 consecutive numbers. The subjects’ responses for the first two 

numbers were ignored in order to minimise anxiety effect. Two types of ‘errors’ occurred: a ‘miss’ 

was defrned as a failure to signal a presented *5' and a false recognition’ as an indication of a '5' 

when the display did not contain one (Fig. 6-1). Twenty misses would have been recorded if the 

subject had not made any indication and 20 false recognitions if he had signalled every number
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appearing on the display. The differences in visual acuity between VIS-VOR and VIS reflected the 

contribution of the LVORs for the maintenance of vision during head motion. These differences 

were quantified by an OTOLITH SCORE which was equal to the number of errors made during 

VIS minus the number of errors made during VIS-VOR.

At the beginning of a test session, a STATIONARY condition was employed two or three 

times in which both subject and target remained stationary. This served to familiarise the subjects 

with the task and to adjust the target size if they made more than 3 errors. For three patients with 

reduced visual acuity due to refractive errors the lens had to be brought nearer to the display, which 

increased the apparent size of the numbers. Three other patients and four of the fourteen normal 

subjects tested (mean age; 34 y.o., range from 23 to 49 y.o.) wore their glasses during the whole 

experiment.

Head acceleration

Chair velocity

Shutter signal

1 s

Display 574 248 839 345 156 317

Subject
response

Evaluation / false
recognition

Fig. 6-1: Examples of motion stimulus, target display and responses from one subject during VIS-VOR 

at 1 Hz (peak cbair velocity of 42 cm/s and peak bead acceleration of 2.6 m/s )̂. The shutter signal 

indicates when a number was present on the display.

4. Statistical analysis

LVOR measurements and dynamic visual acuity performances of the patients were 

compared to the normative data using the Wilcoxon-Mann-Whitney test for independent samples. 

For comparison of visual acuity scores within a group of subjects, the Wilcoxon signed ranks test
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for related samples was employed. In the patient group, the Fisher exact probability test for 2 x 2 

contingency tables was used to measure the association between two dichotomous variables (e.g. 

good/bad LVOR latencies vs. good/bad dynamic visual acuity scores).

D. RESULTS

1. Translational vestibulo-ocular reflexes

Normal subjects’ LVORs had a mean velocity of 10.3 °/s (range 4.7 - 21 °/s), a mean 

asymmetry of 6.4% (range 0 -13%) and a mean latency of 76 ms (range 32 - 130 ms) (see chapter 

4, PASSIVE GAZE, for more details on the normative data). Fig. 6-2 shows typical responses 

recorded in a normal subject and patients with abnormal LVORs. Table 6-2 indicates that LVORs 

were absent in two patients while the remaining 12 had evidence of partial but abnormal LVOR 

function; i.e. values outside the normal range for at least one of the measurements. Compared to 

normal subjects, these 12 patients presented significantly reduced LVOR velocities (z = -2.42, p < 

0.05), larger asymmetries (z = -2.57, p < 0.05) and delayed responses (z = -2.5, p < 0.05).

Patients LVORvel. (°/s) Asymmetry (%) Latency (ms)

PI 3.35 1.5 45

P2 6.9 20.3 90

P3 9 21.1 60

P4 8.75 4.0 300

P5 3.5 37.1 150

P6 8.6 28 100

P7 absent response

P8 9.7 17.5 165

P9 10.2 40.2 225

PIO 5.6 17.9 85

P ll 3.95 1.3 60

P12 absent response

P13 7.75 4.5 275

PI4 9.45 42.8 175

Mean* 6.2 19.6 144

Table 6-2: Velocities, asymmetries and latencies of the LVOR in patients with absent caloric responses.

(Values outside the range of normal subjects are indicated in bold)

* Results from only 12 patients were used to determine the mean values of asymmetry and latency (P7 and 
P12 not taken into account).
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Four of the five patients with low LVOR velocities or absent responses and three of the 

nine remaining patients with normal LVOR velocities had absent angular VORs during rotational 

testing (Tables 6-1 and 6-2), ^  = 0.13, Fisher exact test of low/normal LVOR velocity vs. 

absent/residual AVOR). Five of the six patients with short latency LVORs (< 130 ms) had residual 

angular VORs whereas six of the eight patients with long latencies or absent LVORs did not have 

any ocular responses to rotation (p = 0.051, Fisher exact test of short/long LVOR latency vs. 

residual/absent AVOR). In spite of the non-significant relationships between LVOR findings and 

AVOR gains, the results suggested that otolithic disorder roughly paralleled the severity of 

horizontal canal dysfunction.

1 m/s

Chair velocity

Normal subjects:
typical LVOR response

10°

Patients:

Low LVOR velocity 
(Pll)

Absent LVOR 
(F7)

Long latency LVOR 
(P4)

Asymmetrical LVOR 
(PI 4)

100 ms

Fig, 6-2: Examples of individual averages of the LVOR responses recorded in a normal subject, and in 

patients with vestibular deficit

Etiology was not related to type and severity of LVOR abnormalities; the seven patients 

with idiopathic vestibular loss who formed the largest subgroup had heterogeneous findings ranging 

from isolated mild asymmetry to total loss of LVOR responses.
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2. Dynamic visual acuities

Most of the errors were misses both in normal subjects (85%) and patients (87%). As 

similar conclusions were reached when misses alone or added misses and false recognitions were 

considered, only the findings based on the total numbers of errors are presented in the following. 

Errors commonly occurred on the second or third consecutive number containing a ‘5’. This did not 

influence the comparison of visual acuity between the tests since the same numeral sequences were 

used for all three conditions. The average numbers of errors during the STATIONARY condition 

were 0.6 in normal subjects and 1.2 in patients, which were not significantly different (z = -1.34, 

p= 0.18) and which showed similar ability in performing the reading task in the absence of motion.

The figure below summarises the results obtained in normal subjects and patients 

(individual scores and summary tables are given in Appendix F. 1)

0.5

NORMAL SUBJECTS20

■  VIS-VOR

#  FIX-VOR

10

0

PATIENTS

1.5 0.5

20
♦  VIS 

■  VIS-VOR

#  FIX-VOR

0

0

1.5

Frequency (Hz) Frequency (Hz)

Fig. 6-3: Means and quartile ranges (interval bars) of the number of errors made for each test condition 

by 14 normal subjects (left plot) and 13 patients with absent caloric responses (right plot).

In normal subjects, all three conditions yielded similar results at 0.5 Hz with low mean 

numbers of errors (< 3.07). At 1 Hz, the number of errors for VIS was significantly higher than at 

0.5 Hz (Wilcoxon T = 12, p < 0.01). From 1 to 1.5 Hz, each subject’s performance declined for 

VIS-VOR and VIS (T = 0, p < 0.001). Two subjects did not show a decline in visual acuity for FIX- 

VOR at 1.5 Hz, but the mean number of errors for the group was significantly higher than at 1 Hz 

(T = 2.5, p < 0.001). Normal subjects reached mean OTOLITH SCORES of 5.5 (range; 0 -13) at 1 

Hz and 7.0 (range: 3 - 13) at 1.5 Hz. The two subjects with OTOLITH SCORE = 0 at 1 Hz had only 

made 1 and 2 errors during the VIS condition. These results in normal subjects suggest that during 

head motion and fixation of earth-fixed targets, the limitation of the pursuit system in providing fast
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and robust eye movements at 1 and 1.5 Hz is partially compensated by the LVOR. However, 

decline of visual acuity during concomitant subject and target motion indicates that the LVOR can 

also impair vision by being incompletely suppressed at high frequency.

Patients’ results were within the normal ranges for all test conditions at 0.5 Hz and for VIS 

whatever the oscillation frequency (Fig. 6-3 and Appendix F.l); these findings are in accordance 

with the patients’ normal pursuit-optokinetic eye movement recordings and normal ability to 

perform the task in the STATIONARY condition. Their scores during FIX-VOR were not 

significantly different than for normal subjects, at all frequencies. Similar dynamic visual acuities 

were observed during VIS and VIS-VOR for all frequencies (p > 0.05, Wilcoxon signed rank test. 

Fig. 6-3). Thus, unlike normal subjects, most patients could not enhance their dynamic visual acuity 

during VIS-VOR; their OTOLITH SCORES averaged -0.6 at I Hz compared to 5.5 in normal 

subjects (z = -3.47, p < 0.001) and -0.2 at 1.5 Hz compared to 7 in normal subjects (z = -3, p < 

0.005). At 1.5 Hz, only four patients had OTOLITH SCORES in the normal range ( > 3), (Fig. 6-4). 

All of them had short latency LVORs whereas eight out of the ten patients with abnormal 

OTOLITH SCORES had either prolonged latencies or absent LVORs; this association between 

LVOR latencies and OTOLITH SCORES was statistically significant (Fisher exact test, p < 0.05).

10

-10

100 200 300 absoit LVOR

LVOR latency (ms)

Fig. 6-4: OTOLITH SCORES during linear motion at 1.5 Hz vs. LVOR latencies in 14 patients with 

absent caloric responses. The shadowed box indicates the ranges obtained in normal subjects.

Fig. 6-3 shows that for each test condition, a high variability was present in the scores of both 

the normal and patient groups. However, the highly significant levels obtained for the statistical 

tests between two frequencies or two conditions (matched samples) suggest that this variability was 

largely due to an inter-subject variability in ability to perform the reading task during target or head 

motion (some subjects were better than others for all conditions and frequencies of oscillation) 

rather than to a lack of correlation betw een the numbers of errors made for each test condition.
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Such a correlation is investigated in the following for oscillations at 1.5 Hz; it is at this 

frequency that a relationship between scores for the three conditions can be most easily observed 

since the data ranges were larger than at 0.5 or 1 Hz.

NORMAL SUBJECTS PATIENTS

FIX-VORFIX-VOR

VISVIS
VIS-VOR VIS-VOR

Fig. 6-5: Three-dimensional plots of the number of errors (FTX-VOR vs. VIS vs. VIS-VOR at 1.5 Hz) 

made by 14 normal subjects (left plot) and 13 patients with vestibular loss (right plot). Each point 
represents a triplet obtained for one individual subject and composed of {Number of errors made during VIS 
(X axis); Number of errors made during VIS-VOR (Y axis); Number of errors made during FIX-VOR (Z 
axis)}. The lines connecting each point to the X-Y plane are shown to help the visualisation of the number of 

errors made for each condition.

In normal subjects, the results for the three test conditions appeared to be related, with 

performances during FIX-VOR depending equally on the performances during VIS and VIS-VOR 

(Fig. 6-5). This can be more precisely assessed with the linear equation of the 3-dimensional fit of 

the data points: FIX-VOR = 0.48 x VIS-VOR + 0.33 x VIS (coefficient of correlation = 0.75; 0.48 

and 0.33 are standardised regression weights, i.e. the raw weights which would have been obtained 

had we first standardised all of our variables to a mean of 0 and a standard deviation of I; the 

magnitude of the standardised weights allows us to compare the relative contribution of each 

independent variable in the prediction of the dependent variable). The high coefficient of 

correlation and the regression weights much greater than 0 indicate that inter-subject variability 

during each test condition was due to a difference in subjects’ ability to perform the reading task 

during chair motion.

In contrast, the patients’ data did not show such a clear pattern; scores for FIX-VOR 

seemed slightly dependent on VIS-VOR but not on VIS (Fig. 6-5). This was coiroborated by the 

linear equation for the fit of the patients’ scores: FIX-VOR = 0.19 x VIS-VOR - 0.0025 x VIS 

(coefficient of correlation = 0.19; 0.19 and 0.0025 standardised weights). Therefore, the variability 

of the patients’ scores in the three test conditions could not only be explained by a difference in 

ability to perform the reading task during 1.5 Hz oscillations. In other words, unlike normal
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subjects, their results during FIX-VOR could not be estimated from their scores during VIS-VOR 

and VIS.

Fig. 6-5 also shows that some combinations of scores were not present in normal subjects 

(e.g. bad performance during VIS-VOR but good results during VIS). To investigate further which 

combinations did not exist, the numbers of errors made by each subject at 1.5 Hz were categorised 

as bad (number of errors equal or above 75*̂  percentile of the normal range), average (number of 

errors between 25 and 75* percentile) or good (number of errors equal or lower than 25* percentile) 

(see i^)pendix F.l). Table 6-3 shows that only 7 exclusive combinations of the categorised 

performances for the 3 test conditions were observed, which is in accordance with the high 

coefiRcient of correlation and regression weights obtained for the linear fit of the normal subjects’ 

data. The two combinations never observed between VIS-VOR and VIS were: good performance 

during VIS-VOR but bad performance during VIS, and inversely. This finding can be easily 

understood when remembering that the ocular responses produced during VIS-VOR were composed 

of VGEMs, the eye movements evoked during VIS, and of LVORs due to head acceleration. Thus, 

bad performances during VIS demonstrated weak VGEMs and therefore to obtain good 

performances during VIS-VOR, LVORs had to be very powerful, which did not occur in our normal 

subjects. Inversely, good performances during VIS showed strong VGEMs, therefore only LVORs 

in the lower part of the normal range were needed to produce at least average scores during VIS- 

VOR.

VIS-VOR VIS FIX-VOR N

Good Good Good 3
Good Average Average 1

Average Good Good 1
Average Average Average 2
Average Bad Average 1

Bad Average Bad 3
Bad Bad Average 3

Table 6-3: Categorisation of the performances (good, average, bad) observed in 14 normal subjects 

during the visual acuity tests, for 1.5 Hz oscillation. N = number of subjects presenting the combination of 

performances specified on the same row of the table (total = 14).

A slightly surprising combination of scores was observed for three subjects who performed 

badly during VIS-VOR, within the quartile range during VIS and badly during FIX-VOR; an 

average or good score was expected during FIX-VOR since the combination of scores for VIS-VOR 

and VIS suggested a weak LVOR, which would therefore be easily suppressed. This slightly 

une?q)ected result m i^ t  be attributed to subjects who were disturbed when being oscillated at high 

frequency and were therefore unable to concentrate on the reading task as well as during target 

motion alone.
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Fig. 6-6 shows a shift of the patients’ data towards elevated VIS-VOR scores compared to 

the normal subjects’ data; all patients had bad VIS-VOR scores (i.e. >7). Four patients (P5, P ll, 

P12, P13) had a pattern of performances never observ ed in normal subjects and which corresponded 

to what was expected from patients with total absence of vestibular function: no improvement 

diuing VIS-VOR of the visual acuity observed during VIS (absent LVORs) and excellent 

performances diuing FIX-VOR (no LVORs to suppress).

FIX-VOR

VIS-VORVIS

Fig. 6-6: Superposition of the three-dimensional plots showing the number of errors (FIX-VOR vs. VIS 
vs. VIS-VOR at 1.5 Hz) made by 14 normal subjects (squares) and 13 patients with vestibular loss 
(circles and patients’ numbers). The triangle in the VIS vs. VIS-VOR plane shows the area corresponding to 

OTOLITH SCORES in tlie normal range (i.e. number of errors during VIS > number of errors during VIS- 

VOR + 3). The dashed line (VIS-VOR = 7) shows the limit between average and bad VIS-VOR scores.

As previously shown (Fig. 6-4), four patients had normal OTOLITH SCORES (PI, P2, P3 

and P6; Fig. 6-6). Two of them (PI and P6) had a combination of scores between VIS-VOR (bad), 

VIS (average) and FIX-VOR (bad) reported in Table 6-3. Unlike normal subjects, patients P2 and 

P3 were able to suppress their eye movements dining FIX-VOR (good score) despite only average 

or bad performances during VIS.
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3. Oscillopsia ratings

All 14 patients e?q)erienced oscillopsia in everyday activities which was rated mild by two, 

moderate by nine and severe by three subjects (Table 6-1). The comparison of the results from 

patients with mild and severe oscillopsia did not show any apparent association between oscillopsia 

severity ratings and LVOR findings or OTOLITH SCORES. Statistical tests measuring associations 

of categorical data were not available due to the relatively low number of patients tested.

E. DISCUSSION

1. Otolith function assessed with eye movement recordings

All patients had abnormal LVOR recordings, showing mild deficiency to absence of 

LVORs. Dysfunctions of the utricules and semicircular canals appeared to be related (see LVOR 

results), as could be expected from their anatomical proximity, common vascular supply and 

innervation. Table 6-4 shows that most of the studies of LVORs in patients with bilaterally absent 

caloric responses have reported concurrent impairment of otolith function.

Source Test Otolith function 

Norm. Impaired Abs.
Tokita et al., 1981 

Bronstein and Gresty, 1988 

Bronstein etal., 1991 

Baloh et al., 1992 

Baloh et al., 1995

Vertical acceleration - Passive gaze 

Horizontal acceleration - light 

Horizontal acceleration - ligjit 

Horizontal acceleration - Passive gaze 

Horizontal acceleration - Passive gaze 

Imagine head-fixed target

2 3 

1

1 2 

2

2 1

3

Table 6-4: Review of previous studies of the LVORs evoked by linear acceleration in patients with 

bilaterally absent caloric responses. (Patients with vestibular deficit due to labyrinthectomy or vestibular 

neurectomy not taken into account).

Note: otolith function was assessed by measuring sensitivities of the responses (eye velocity/head velocity or 

acceleration) for experiments in the dark and LVOR latencies for tests in the light; Norm. = normal. Impaired 

(from slight to severe impairment), Abs. = absent.
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2. Dynamic visual acuity in normal subjects

The role of the LVOR for visual stabilisation during linear head motion was demonstrated 

in this chapter using a psychophysical technique. A comparable approach had previously been 

employed to show that the AVOR contributes to the maintenance of visual acuity during angular 

head oscillation in the horizontal plane (Benson and Bames 1978): in this e^eriment, subjects 

were asked to 'read as quickly and as accurately as possible ’ a display containing a “8 by 8” digit 

matrix, during target/subject oscillations at frequencies between 0.5 and 10 Hz (peak velocity of 30 

°/s). During VIS, their percentages of misread numbers, 6.3% at 0.5 Hz, 15.3% at 1 Hz and 25.1% 

at 1.5 Hz (inteqjolation of the data obtained at 1 and 2 Hz) were proportional to the numbers of 

errors obtained in our subjects; 3.1, 7.4, 13.6 respectively. Thus, the observed decline of visual 

acuity with frequency was conqjarable in both studies; this decline reflected the frequency response 

of pursuit obtained with eye movement recordings (Carpenter 1977, Baloh et al. 1988b). During 

VIS-VOR, vision was well preserved up to 8 Hz for rotational oscillation (Benson and Bames 

1978), whereas reading ability was already affected at 1.5 Hz for translational oscillation (present 

study). Similarly, when normal subjects are viewing earth-fixed targets, the AVOR gain during 

rotation is close to unity from 0.2 Hz to 3.2 Hz (Barr et al. 1976, Ferman et al. 1987; Demer et al.

1991), whereas during translation, the LVOR gain is close to unity up to 1 Hz but then declines to 

0.61 at 4 Hz (Paige et al. 1996; target distances from 20 to 135 cm). As for angular acceleration 

(Benson and Bames 1978), the present study shows, for linear acceleration, that the difference in 

visual acuity between VIS-VOR and VIS (called OTOLITH SCORE in this chapter) increases with 

frequency. Therefore, the effect of the LVOR during head motion and fixation of earth-fixed targets 

was predominant at high frequency even though perfect ocular target fixation was not achieved at 

1.5 Hz.

The decline with frequency observed for the FIX-VOR condition was consistent with eye 

movement recordings of LVOR suppression showing that subjects are able to suppress LVORs fully 

at 0.5 Hz, well at 1 Hz but incompletely at 2 Hz (Paige et al. 1996, head-fixed target at 20 and 135 

cm). In the present study, visual acuity at 1 and 1.5 Hz was better during FIX-VOR than during 

VIS. This agrees with the eye movement recordings presented in chuter 4 indicating that LVOR 

suppression does not entirely rely on the pursuit system but also on the knowledge of possible 

relative motion between subject and target. In contrast, Benson and Bames (1978) reported that 

AVOR suppression was closely related both in frequency and gain to the dynamics of the pursuit 

system, which is slightly surprising since studies on eye movement recordings during rotations with 

head-fixed target have also argued that AVOR suppression relies both on the pursuit system and on 

a cognitive modulation of the reflex (Barr et al. 1976, McKinley and Peterson 1985, Johnston and 

Sharpe 1994).
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3. Diagnosis of otolith dysfunction using dynamic visual acuity tests

Differences between normal subjects and patients with deficient vestibular function were 

most obvious when visual acuity was tested during oscillation at 1.5 Hz; therefore only the results 

obtained at this frequency are discussed hereafter. During VIS-VOR, all patients had scores in the 

lower part or below the normal range (Fig. 6-6). However, the most important measurement for the 

diagnosis of otolith dysfunction was the OTOLITH SCORE which, by conq)aring visual acuity 

scores during VIS-VOR to the performances during VIS, removes part of the inter-subject 

variability due to a difference in the subjects’ ability to perform the reading task during target or 

self-motion. Eight of the fourteen patients did not improve their visual acuity during VIS-VOR 

conq>ared to VIS and two others had OTOLITH SCORES below the normal range (i.e. < 3), which 

demonstrated the role of the vestibular system in the maintenance of visual stability during head 

motion. Visual acuity during VIS-VOR was more influenced by absent or delayed LVORs than by 

low velocity or asymmetrical LVORs: none of the four patients with normal OTOLITH SCORES 

had absent or long latency LVORs (three of them had asymmetrical responses while the fourth had 

low eye velocities) while 8  of the 10 patients with abnormal OTOLITH SCORES had absent or 

long latency LVORs.

During FIX-VOR, performances in normal subjects were closely related to performances 

during VIS and VIS-VOR. Therefore, relating FIX-VOR scores to the performances during VIS- 

VOR and VIS can improve the detection of otolithic dysfunction. For instance, in the present 

e?q)eriment, two of the four patients with normal OTOLITH SCORES had better performances 

during FIX-VOR than what was expected from normal subjects having comparable performances 

during VIS-VOR and VIS. These two patients presented only slight LVOR abnormalities (one with 

low velocity LVORs, the other with asymmetrical responses). Thus adding results from the FIX- 

VOR condition to the OTOLITH SCORES may help to assess mild otolithic dysfunction. This 

lower power of the FIX-VOR test conq)ared to the usefulness of the OTOLITH SCORE might 

originate from the strategies that subjects use to suppress any residual LVOR; as mentioned earlier, 

both the pursuit system and cognitive cues can provide partial suppression of unwanted eye 

movements.

Bad OTOLITH SCORES reflected absent or long-latency LVORs. However, one has to be 

cautious with this finding as it might originate friom the fact that eye movements were recorded in 

darkness (PASSIVE GAZE), condition which generates high variability in eye velocities even 

among normal subjects. It is worth noting that Baloh et al. (1995), who measured eye velocities, 

reported that 2 of the 3 patients presenting abnormal responses when tested with an imaginary head- 

fixed target had eye velocities within the normal range for testing in the dark with no instruction 

(Table 6-4). LVOR recordings in the light for relative target motion with characteristics above the 

performance of visual following might have shown that all three parameters (latency, asymmetry, 

velocity) are useful to explain impaired dynamic visual acuity .
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4. Oscillopsia in patients with deficient vestibular function

Only three of the 14 patients with clearly diminished or absent vestibular function rated as 

severe the oscillopsia they experienced during everyday life, and no relationship was found 

between LVOR findings, dynamic visual acuity measurements and oscillopsia ratings. Similarly, 

low associations between oscillopsia symptoms and objective measurements of dynamic visual 

acuity have been reported during head rotation (McGath et al. 1989, Bhansali et al. 1993). Illusory 

movements of the visual world are caused by a failure to maintain the image of an object on a local 

area of the retina. Thus, it has been proposed that when the VOR is non-fimctional, patients are able 

to stabilise gaze by using other adaptive mechanisms such as, (1) enhanced use of cervical and 

optokinetic information (Gresty et al. 1977, Kasai and Zee 1978, Chambers et al. 1985, Bronstein 

and Hood 1986), (2) anticipation of head motion by central programming of compensatory eye 

movements (Gresty et al. 1977, Kasai and Zee 1978), (3) restriction of head movements and 

generation of small saccades for inadequate VOR control of eye movements (Gresty et al. 1977, 

Bronstein and Hood 1987). It has also been suggested that the degree of oscillopsia depends on 

idiosyncratic elevated thresholds for the detection of retinal image motion (Gresty et al. 1977, Wist 

et al. 1983, Bronstein and Hood 1987). Therefore, the absence of correlation in the present study 

between eye movement recordings, visual acuity measurements and symptoms of oscillopsia could 

have been anticipated, particularly as our measurements were restricted to linear head motion along 

the interaural axis whereas natural locomotion involves three-dimensional linear and angular head 

accelerations.

5. Conclusion

During locomotion, the head oscillates laterally at predominant frequencies ranging from 

0.6 to 1.6 Hz (Waters et al. 1973, Cappozzo 1981, 1982, Grossman et al. 1988, 1989, Bloomberg et 

al. 1992). Therefore, this study demonstrates a likely functional role of the horizontal LVOR in the 

maintenance of visual acuity during the lateral head translations occurring in everyday activities. 

This ability to preserve vision is inq)aired in patients with bilateral vestibular failure which includes 

utricular deficiency. However, when the head of the subject and the object of regard are moving 

together (such as reading while riding in a car), incon^lete LVOR suppression can reduce visual 

acuity in normal subjects.
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F. APPENDICES

1. Results obtained in normal subjects and patients for the dynamic visual 

acuity tests

A: normal 

su b je c ts

VIS-VOR 

test freq. (Hz) 

0.5 1 1.5

VIS 
test freq. (Hz) 

0.5 1 1.5

FIX-VOR 

test freq. (Hz) 

0.5 1 1.5

S
T

Test order

SI miss 8 7 9 5 11 16 8 13 11 0 VIS, VIS-VOR, FIX-VOR

false 0 0 0 1 2 1 0 0 0 0

S2 miss 2 0 5 3 14 18 0 0 6 1 VIS-VOR, FIX-VOR, VIS

false 1 1 1 0 0 0 0 0 1 1

S3 miss 3 3 9 3 9 17 2 1 6 2 VIS, VIS-VOR, FIX-VOR

false 1 2 5 2 1 1 2 4 2 0

S4 miss 0 0 2 0 3 6 1 0 1 0 VIS-VOR, FIX-VOR, VIS

false 0 0 0 1 1 0 0 0 0 0

S5 miss 3 1 0 1 5 9 0 0 2 1 FIX-VOR, VIS, VIS-VOR

false 2 1 4 0 3 0 1 0 0 0

S6 miss 0 0 3 1 6 7 0 1 2 0 VIS-VOR, FIX-VOR, VIS

false 2 0 4 2 2 11 0 0 2 0

S7 miss 0 0 7 1 10 13 0 0 7 0 VIS, VIS-VOR, FIX-VOR

false 1 0 1 1 2 1 1 0 3 0

S8 miss 0 2 5 0 2 11 0 2 6 1 VIS, VIS-VOR, FIX-VOR

false 1 0 1 1 0 0 0 1 2 0

S9 miss 2 1 2 5 4 9 0 3 3 0 VIS-VOR, VIS, FIX-VOR

false 2 2 3 4 1 1 0 0 0 0

SIO miss 0 0 2 0 3 5 0 0 3 0 VIS-VOR, VIS, FIX-VOR

false 0 2 1 0 0 1 0 0 0 1

Sll miss 1 1 6 1 4 14 0 0 6 0 VIS, VIS-VOR, FK-VOR

false 0 0 0 0 0 1 1 0 1 0

S12 miss 1 0 0 2 0 7 1 0 0 0 FIX-VOR, VIS, VIS-VOR

false 2 1 4 3 1 7 1 1 4 1

SI3 miss 2 2 6 2 9 19 0 0 8 0 VIS, VIS-VOR, FIX-VOR

false 0 0 1 0 2 1 2 0 0 0

S14 miss 0 1 7 4 8 13 0 0 7 0 VIS-VOR, FTX-VOR, VIS

false 0 0 0 0 0 1 0 0 2 0
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B:
patients

VIS-VOR 

test freq. (Hz) 

0.5 1 1.5

VIS 

test freq. (Hz) 

0.5 1 1.5

FIX-VOR 

test freq. (Hz) 

0.5 1 1.5

S

T

Test order

PI miss 0 5 6 1 7 12 0 0 7 0 VIS, VIS-VOR, FIX-VOR

false 2 3 2 1 3 3 0 1 3 0

P2 miss 0 5 7 0 3 14 0 0 2 0 VIS-VOR, FIX-VOR, VIS

false 0 1 1 0 0 3 0 0 1 0

P3 miss 0 0 9 0 3 19 0 0 3 0 VIS-VOR, FIX-VOR, VIS

false 0 0 2 1 0 0 0 0 0 0

P4 miss 4 14 19 4 12 18 2 1 8 1 FIX-VOR, VIS, VIS-VOR

false 0 0 0 0 0 0 0 0 0 0

P5 miss 0 3 13 0 1 5 0 0 0 1 FIX-VOR, VIS-VOR, VIS

false 1 0 0 0 1 1 2 0 1 0

P6 miss 1 2 9 0 8 15 0 2 8 0 VIS-VOR, VIS, FIX-VOR

false 1 1 0 1 1 0 0 2 2 2

P7 miss 7 8 16 1 6 14 3 3 11 1 FIX-VOR, VIS, VIS-VOR

false 1 0 0 1 0 0 2 2 2 1

P8 miss 4 12 10 5 12 12 5 2 8 2 VIS-VOR, FIX-VOR, VIS

false 0 2 1 2 1 1 1 2 2 1

P9 miss 1 6 19 1 1 8 1 2 13 0 VIS, VIS-VOR, FIX-VOR

false 0 0 0 0 0 0 1 1 0 0

PIO miss 3 3 4 0 4 8 0 1 3 2 VIS, VIS-VOR, FTX-VOR

false 1 3 4 0 1 2 0 2 1 1

Pll miss 3 4 15 4 5 16 0 1 0 2 VIS-VOR, VIS, FIX-VOR

false 2 2 2 1 3 1 2 1 0 1

P12 miss 1 8 15 0 5 14 0 0 0 0 FTX-VOR, VIS-VOR, VIS

false 0 0 0 1 0 0 0 0 1 0

PI 3 miss 1 0 8 0 2 5 0 0 1 0 VIS, VIS-VOR, FIX-VOR

false 0 3 1 1 2 4 0 1 0 0

P14 miss 2 13 20 0 7 6 1 VIS, VIS-VOR

false 1 0 0 1 1 0 1

Table 6-5: Numbers of misses (first row) and false recognitions (second row) for each visual acuity test 
A: in 14 normal subjects; B: in 14 patients with absent responses to caloric testing. The last column 

indicates the order in which the three test conditions were delivered. Abnormal scores i.e. outside the normal 

ranges are indicated in bold. ST = STATIONARY condition.
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Normals 0.5 Hz IH z 1.5 Hz Patients 0.5 Hz IH z 1.5 Hz

SI -2 6 8 PI 0 2 7

S2 -0 13 12 P2 0 -3 9

S3 1 5 4 P3 1 3 8

S4 1 4 4 P4 0 -2 -1

S5 -4 6 5 P5 -1 -1 -7

S6 1 8 11 P6 -1 6 6

S7 1 12 6 P7 -6 -2 -2

S8 0 0 5 P8 3 -1 2

S9 5 2 5 P9 0 -5 -11

SIO 0 1 3 PIO -4 -1 2

S ll 0 3 9 P ll 0 2 0

S12 2 0 10 P12 0 -3 -1

S13 0 9 13 P13 0 1 0

S14 4 7 7 P14 -2 -5 -14

Table 6-6; OTOLITH SCORES in 14 normal subjects and 14 patients with vestibular failure. Scores 
below the normal range are indicated in bold.
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Normal

subjects

VIS-VOR 
frequency Hz

0.5 1 1.5

VIS 

frequency Hz

0.5 1 1.5

FIX-VOR 

frequency Hz

0.5 1 1.5

OTOLITH SCORE 

frequency Hz

0.5 1 1.5

mean 2.43 1.93 6.29 3.07 7.36 13.57 1.43 1.86 6.57 0.64 5.43 7.29

median 2 1.5 6 2.5 8 14 1 0 7.5 0.5 5.5 6.5

min. 0 0 2 0 1 6 0 0 1 4 0 3

max. 8 7 14 9 14 20 8 13 11 5 13 13

25**' per. I 1 4 1 4 10 0 0 3 0 2 5

75* per. 4 2 7 5 11 18 2 3 9 1 8 10

SD 2.28 1.98 2.95 2.50 4.25 4.55 2.21 3.57 3.37 2.20 4.13 3.24

R

Patients

VIS-VOR 

frequency Hz 

0.5 1 1.5

VIS 
frequency Hz 

0.5 1 1.5

FIX-VOR 
frequency Hz 

0.5 1 1.5

OTOLITH SCORE 

frequency Hz 
0.5 1 1.5

mean 2.54 6.54 12.5 1.92 6.23 13.46 1.46 1.85 5.92 -0.71 -0.64 -0.14

median 2 6 11 1 5 14 0 1 4 0 -1 0
min. 0 0 8 0 1 6 0 0 0 -6 -5 -14

max. 8 14 19 7 13 19 6 5 13 3 6 9

25* per. 1 3 9 1 3 10 0 0 1 -1 -3 -2

75* per. 4 8 16 2 9 17 2 3 10 0 2 6

SD 2.33 4.07 4.22 2.14 3.85 4.07 2.03 1.77 4.86 2.16 3.13 6.85

Table 6-7: Summary tables of the numbers of errors and OTOLITH SCORES observed for each visual 

acuity test A: in 14 normal subjects; B: in 13 patients with absent caloric responses (P14 ignored as no 
data were obtained for the concomitant motion condition), min = minimum, max = maximum, per. = 

percentile.

115



Chapter Six - LVOR and visual stability

2. Justification for approximating the exact relative target velocity

In theory, oscillatory motion of a subject viewing an earth-fixed target does not produce 

strictly sinusoidal relative target velocities, as shown below :

If Linear velocity of the bogie = A.sin(w.t)

Then Linear displacement of the bogie = -(A/w).cos(w.t)

Relative target displacement = arctan[-(A/(d.w)).cos(w.t)j 

Thus Relative target velocity = (A/d).sin(w.t)/(l+(A/(d.w))^.(cos(w.t))^)

Approximate relative target velocity = (A/d).sin(w.t)

The following figure shows that the distortion occiuring when assimilating the exact relative 

target velocity to its approximate formula is negligible (The lowest frequency employed in our 

experiment was used for the figure as it is at this frequency that the distortion is maximum).

full line = approximate relative target velocity 
dotted line = exact relative target velocity

frequency = 0.5 Hz

Fig. 6-7: Justification for approximating the exact relative target velocity.

A = peak velocitx of the bogie 

w = 27t.f, where f is the frequency of oscillation 

t = time

In the present study: A = 42 cm/s and f = 0.5, 1 or 1.5 Hz.
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Interaction between linear and angular vestibulo- 

ocular reflexes during transient motion

A. ABSTRACT

The interaction between linear and angular vestibulo-ocular reflexes was studied for 

motion in the horizontal plane by comparing the eye movement responses to pure head rotation, 

isolated linear motion and combined angular and linear motion. Pure linear acceleration was 

delivered along the subject’s interaural axis by a bogie running on a straight-line track. Angular 

motion was provided by a chair rotating around a vertical axis, the subject sitting either with his 

head centered on the axis or placed 40 cm forwards from the axis. The rotating chair was 

accelerated at approximately 300 °/s  ̂ to 127 °/s peak angular velocity, which generated for 

experiments with the head positioned eccentrically a tangential head acceleration comparable to the 

acceleration step of 0.24g delivered during isolated translation. To provide perfect ocular 

compensation in response to head motion, eye movements evoked during head eccentric rotation 

should equal the sum of the responses produced during isolated rotation and isolated translation. At 

120 ms after motion onset, i.e. when strong and consistent responses were observed for all 

conditions while visually guided eye movements were still negligible, the average eye velocity 

(28.2 °/s) evoked during eccentric rotation with the subjects gazing passively ahead into the 

darkness was 1.6 times greater than the sum of the eye velocities produced by isolated translation 

(3.6 °/s) and isolated rotation (13.5 °/s). With a fixation target at 60 cm, the estimated eye velocity 

evoked by the inter-aural acceleration present during combined linear and angular motion was 13.5 

°/s, which was 2.3 times greater than the eye velocity of 5.8 °/s produced by isolated linear motion. 

These results suggest that shortly after motion onset the LVOR evoked by head translation is 

enhanced by concurrent canal stimulation. This early enhancement of the LVOR during head 

eccentric rotation provides eye movements close to compensatory levels before visual following 

can contribute to target fixation.
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B. INTRODUCTION

Natural behaviour entails concurrent angular and linear head motions (Cappozzo 1981, 

1982, Grossman et al. 1988), which must be compensated by eye movements for the maintenance 

of stable foveal images. For transient acceleration, visual following which has a latency around 100 

ms (Carl and Gellman 1987, chapter 4) is too slow to provide adequate compensation shortly after 

motion onset, thus ocular fixation must rely on the VOR which has a latency of 10 ms for angular 

head rotation (Johnston and Shaipe 1994) and around 30 ms for head translation (Chuter 4). Eighty 

milliseconds after the onset of transient motions and with earth-fixed targets, the gain of the angular 

VOR (AVOR) evoked during isolated rotation is close to unity (Johnston and Shaipe 1994) whereas 

the gain of the linear VOR (LVOR) evoked during pure translation is around 0.35 (Chapter 4).

It is now accepted that the semicircular canals drive the AVOR during pure angular head 

accelerations while the otolith organs drive the LVOR during isolated linear accelerations. As 

gravity sensors, the otolith organs also respond to head tilts, in which cases counter-rotation of the 

eyes, in the reverse direction fi“om that of the head when inclined onto one shoulder, is generated 

instead of lateral eye movements. Thus, it has been proposed that the low LVOR gains during pure 

linear acceleration were caused by the lack of appropriate context such as concomitant head 

rotation. For instance, stimulation of the otolith organs will indicate head tilt during simultaneous 

head rotation in roll, and translational acceleration during concurrent head rotation in yaw. 

Therefore, information derived from semicircular canal stimulation can be used to select the 

appropriate eye movement responses to activation of the otolith organs. This assumption was 

backed by e?q)eriments in which subjects were rotated with their head positioned forwards from the 

vertical rotational axis, thus inducing concurrent angular and linear head accelerations; it was 

observed that the compensatory eye movements associated with the linear tangential acceleration 

had greater gains than previously reported for pure linear motion (Gresty et al. 1987). However, the 

responses evoked in the same groiq) of subjects by purely translational accelerations equal to the 

tangential accelerations generated during eccentric rotations were not measured. Therefore, it could 

not be ascertained that the eye movements produced during combined linear and angular 

accelerations were summations of A VORs in response to head rotation with enhanced LVORs in 

response to the tangential acceleration delivered simultaneously with yaw head motion.

The aim of the present study was to assess more precisely the interaction between LVORs 

and A VORs by dispensing rotations, with head centered and off-axis, and pure translations. Stimuli 

were chosen so that the linear acceleration occurring during eccentric rotation was equal to the 

acceleration delivered during isolated translation and so that angular motion was the same for 

rotation with head centre and off-axis. Since the LVOR gain is dependent on visual context (chuter 

4), tests were performed both in daikness and with a fixation target.
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C. MATERIALS AND METHODS

Twelve subjects (mean age 34 y.o., range 24 - 48 y.o.) with normal vision and vestibular 

function were tested.

1. Stimuli

The bogie described in chapter 2 was used to generate pure linear acceleration. 

Acceleration steps of 0.24g (rise time 60 ms), associated to velocity ramps reaching 1.5 m/s in 600 

ms were provided along the subject’s interaural axis; a similar deceleration period followed (Fig 5- 

5 and 7-4).

Pure angular acceleration around a vertical axis was generated by a rotating chair driven 

by a velocity servo-controlled torque motor. Subject’s head was centered on the rotational axis (Fig. 

7-1, left) and the angular motion stimulus calculated for head eccentric rotation was employed (see 

below).

Fig. 7-1: Subject’s position during rotational stimuli, head centered (left) and head eccentric (right).

For combined linear and angular acceleration, subjects were seated on the rotating chair 

with head displaced forwards 40 cm from the rotational axis (Fig. 1, right). The chair was fitted 

with an occipital head rest, with auricular head clamps and with restraining pads for the legs and 

hips. In addition to the angular acceleration, the subject’s head was exposed to a centripetal 

acceleration (magnitude = (angular velocity)^ x eccentricity) and to a tangential acceleration 

(magnitude = angular acceleration x eccentricity). The velocity of the rotating chair was equal to
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(bogie velocity/distance between head and rotational axis) which provided a profile of tangential 

acceleration, acting along the interaural axis, similar to that delivered on the bogie. The angular 

acceleration was approximately 300 °/s^ and the angular velocity was 127 °/s at 430 ms, before 

deceleration occurred. All measurements were made before 250 ms, at which point the angular 

velocity was 75 °/s, the centripetal acceleration, 0.07g, and the tangential acceleration, 0.24g. 

Because of torque limitation, the tangential linear head acceleration was of smaller magnitude than 

the linear acceleration delivered by the bogie for the first 130 ms after movement onset (Fig. 7-4).

Ten stimuli were (licensed for all testing conditions.

2. Visual targets

For each condition, stimuli were first presented in the dark so that the subject would be 

less likely to construct “imaginary targets”. For trials in darkness (described in chapter 2, section 

C.2.a, PASSIVE GAZE), the subjects previewed a grey screen at 1.5 m while in the light they 

fixated a target at 60 cm (described in chapter 4, section C.3.b). Subjects were instructed to gaze 

passively ahead when in darkness and to keep fixating the target centre when in the light.

3. Eye movement recordings and stimulus transduction

Lateral eye movements were recorded with bitemporal EOG and stored on corrqruter at 

250 Hz sarrqrling rate. Before each test, EOG recordings were calibrated by saccadic fixation of 

target points at ±12°. Interaural head acceleration was transduced by a precision piezoresistive 

accelerometer taped to the subject’s forehead. Velocity feedbacks from the bogie and from a 

tachometer mounted on the axis of the rotating chair were also recorded.

4. Relative target displacements

Formula (1) (Fig. 7-2) shows that for a rotation a°, a distance head-rotational axis a cm 

and an earth-fixed target at a+b cm from the rotational axis;

RTD = a  + p = a  + arctan(a.sin(a)/(b+a.sin(a).tan((a)/2))), (Fig. 7-2).

For a = 40 cm, b = 60 cm and a  < 10°, the RTD approximates to:

RTDapprox = a  + arctan((a.o^/b); (for a  = 10°, RTD^^x = 10° + 6.64° vs. RTD^^t = 10°

+ 6.54°).
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Since (angular velocity x a = linear velocity), arctan(a x â d̂/b) equals arctan(bogie 

position/b) which is the RTD for pure linear acceleration dispensed by the bogie.

Therefore, if fully compensatory eye movements are obtained, ocular responses for 

eccentric rotation should be the sum of the responses evoked during centric rotation and during pure 

translation (Fig. 7-3).

The quality of ocular following was characterised by ‘displacement gains’, (eye 

position/relative target displacement), which indicate the contribution of slow-phase eye 

movements to ocular following, and velocity gains’ to indicate the retinal stability of the target 

image.

target

o

p = arctan(d/(b + (a - c)))

d = a.sin(a)

a - c = a - d/tan(a)
= a - a.sin(a)/tan(a)
= a.sin(a).((l - cos((x))/sin(a))
= a.sin(a).(tan(((x)/2))

P = artan(a.sin(a)/(b + a.sin((x).tan((a)/2)))

(1) (X + p = a  + artan(a.sin(a)/(h +  a.sin(a).tan{(a)/2)))

e = (a + b)sin(a) 
f + a = (a + b)cos(a) 
a  + p = arctan(eZf)

(2) a  + p = arctan((a + h)sin(a)/((a +  h)cos(a) -  a)))

Fig. 7-2: Geometry of ocular compensation during eccentric rotation.

0 - center of rotation: a = distance between head and rotational axis; b = distance between head and target 

before chair rotation. Formulae ( 1 ) and (2) are equal, and give the eye rotation necessary to compensate for 

chair rotation during fixation of earth-fixed targets. The advantage of formula ( 1 ) is to separate the ocular 

response a  compensating for head rotation from P, the response compensating for head translation; during 

centric rotation a = 0 and RTD = a.

5. Eye movement analysis

Qulck-phases of less than 40 ms duration were removed by interpolating a straight line 

between the beginning and the end of the saccade. Traces with fast phase resettings lasting more 

than 40 ms were ignored because the slow phase interpolation was then not reliable. These quick- 

phase resettings occurred during tests in darkness and. at latency less than 240 ms. were observ ed in 

22 % of the recordings during pure rotation, in 23 % of the cases during eccentric rotation and in

121



Chapter Seven - Interaction between LVOR and AVOR

only 7 % of the responses during pure translation. Between 5 and 10 records were taken into 

account for each subject and each stimulus, responses for leftward and rightward displacements 

being combined. The individual averages were pooled together to obtain 6 grand averages 

corresponding to the various experimental conditions. For velocity measurements, a second-order 

polynomial function was fitted with a least square error procedure to the grand averages of the 

desaccaded eye position signals over an epoch of 80 ms surrounding the time under consideration. 

Velocities were obtained by calculating the first derivative of the fitting function. The means of the 

correlation coefficients between eye position averages and fitted curves were 0.97 for experiments 

in the daik and 0.98 for experiments in the light.

Rot. Ch. 
Vel.

20°/s

Bogie
Vel.

13 cm/s

RTDs

100 ms

Fig. 7-3: Determination of the relative target displacements from chair velocity feedback. In theory, the 

RTD due to the inter-aural acceleration generated during eccentric rotation equals the RTD produced during 

pure translatory motion. Rot: Rotational/Rotation; Ch: Chair, Vel: Velocity; Ecc: Eccentric, Cent: Center.

D. RESULTS

Fig. 7-4 shows raw records obtained for the different stimuli. For all conditions, slow- 

phase eye movements were opposite to chair motion and were enhanced with fixation targets. For 

motion in the dark, quick^hases towards primary gaze were evoked whereas eye movements 

almost devoid of saccades were produced in the light.
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20 cm/s

0.2g

200 ms

25 7 s

Fig. 7-4: Examples of raw eye movements recorded in one subject during pure translation (left column), 

pure rotation (central column) and combined angular and linear motion (right column). The upper 

traces are the chair velocity feedbacks and the lower traces, the interaural head acceleration profiles. Eye 

positions are shown on the third row; L and D indicate the responses obtained in the light and in darkness, 

respectively.

1. Ocular responses in the dark

Time after 

stimulus onset

LVOR ALVOR AVOR ALVOR - AVOR

60 ms 0.2° ± 0.2 0.4° ± 0.4 11.7°/s 0.2° ± 0.3 6.7°/s 0.2° 5.0°/s

120 ms 0.4° ± 0.4 3.6°/s 1.6° ±0.6 28.2°/s 0.7° ± 0.6 L3.5°/s 0.9° 14.7°/s

180 ms 0.7° ± 0.5 6.7°/s 4.0° ± 0.8 49.8°/s 2.1° ±0.9 33.9°/s 1.9° 15.9°/s

240 ms 1.2° ±0.6 9°/s 7.2° ± 1.4 74.5°/s 4.2° ± 1.0 56°/s 3.0° 18.5°/s

Table 7-1: Amplitudes (mean ± 1 SD) and velocities of the slow-phase ocular responses evoked in 

darkness during pure translation (LVOR), combined linear and angular displacement (ALVOR) and 

isolated rotation (AVOR). Velocities do not show SD as they were measured on grand average records.
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Time from 

stimulus onset

Translation Eccentric rotation Rotation

60 ms 0.12° 3.8°/s 0.36° 14.8°/s 0.28° 11.7°/s

120 ms 0.48° 8.2°/s 1.89° 35.8°/s 1.49° 28.3°/s

180 ms 1.15° 13.1°/s 4.85° 64.2°/s 3.83° 50.7°/s

240 ms 2.11° 18.7°/s 9.47° 91.5°/s 7.49° 72.5°/s

Table 7-2: Relative target displacements and velocities calculated with a target distance of 150 cm, for 

the different stimuli.

Slow-phase eye velocities were always smaller than what would be required for fixation on 

a 150 cm distant target (Tables 7-1 and 7-2). Slow-phase eye positions were smaller than the RTDs, 

except at 60 ms after stimulus onset during pure translation and rotation with head eccentric; these 

overcompensatory eye positions were probably artefacts due to the difficulty in making accurate 

measurements at such a short latency.

At 240 ms after the onset of pure translation, both the average slow-phase eye velocity of 

9°/s and the eye position of 1.2° were about half the RTV and RTD.

During rotation, ocular responses evoked with head eccentric were always greater than 

those evoked with head centered. At 240 ms, the slow-phase eye velocities were 56 °/s for head 

centered and 74 °/s for head eccentric rotations; these velocities were 0.78 and 0.81 times lower 

than the respective RTVs. The corresponding eye positions were 4.2° with head centered and 7.2° 

with head eccentric, for RTDs of 7.5° and 9.5°.

From 120 ms after motion onset, differences in anq)litudes and velocities between the 

responses evoked during rotation with head eccentric and with head centered were at least twice 

greater than the anq>litudes and velocities of the eye movements evoked during pure translation 

(Table 7-1). The enhancement in eye movements obtained by placing the subject’s head forward 

from the rotational axis can however not be definitely attributed to an LVOR enhanced by 

concurrent canal stimulation; the differences in ocular responses during centric/eccentric rotations 

would be overcompensatory LVORs in response to the tangential acceleration occurring during off- 

axis rotation as they were equal or greater than the RTDs and RTVs calculated for isolated linear 

motion. This suggests that the canal-ocular reflex might also have been augmented by concurrent 

utricular stimulation. Moreover, the increase in eye movements during head eccentric rotation was 

close to the difference during head centered rotation between ocular responses and relative target 

motion characteristics. Thus, an enhancement of the AVOR gain to a unity value by concurrent 

stimulation of the otolith organs could also e?q)lain the ocular responses recorded with head 

eccentric rotation. The definitive finding from these experiments in daikness is that the eye 

movements produced during off-axis rotations are greater than the result of a strict summation of 

the LVORs and A VORs evoked during isolated stimulation (Fig. 7-5, see appendix page 129).
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ALMTests in darkness

AM

LM100 ms

ALM - AM
motion
onset

LM

Fig. 7-5: Grand averages o f the slow-phase eye movements obtained in darkness. The lower traces 

compare the eye movements produced during pure translation (LM) to the difference in ocular 

responses during head centered and head eccentric rotations (ALM-AM). The later deflections in the 

curves for AM and ALM are due to large amplitude fast phase resettings not removed from the raw data.

2. Ocular responses in the light

During translational stimuli, gains of slow phase eye positions were consistently less than 

unity, especially for the more reliable measurements made after 120 ms from motion onset (Table 

7-3). Eye velocity reached a compensatory value of 46 °/s at 240 ms. At that time, the slow-phase 

eye position was 3.4° for a RTD of 5.1°.

During angular motion with head centered and head eccentric, both slow phase eye 

velocities and eye positions closely matched the relative target motion characteristics (gains close 

to 1, see Table 7-3). At 240 ms, the compensatory eye velocities were 128 °/s with head eccentric 

and 78 °/s with head centered. The corresponding eye positions were 10.2° and 6.3°.

Differences in eye velocities evoked by rotation with head centered and eccentric were 

approximately twice the LVORs evoked during pure translation before 120 ms, but were 

comparable to the ocular responses produced at 180 and 240 ms, when VGEMs could contribute to 

the target fixation. These differences were however lower than the RTVs calculated for pure 

translation, except at 240 ms.

Slow-phase eye positions resulting from the subtraction of the responses recorded during 

eccentric and centric rotations were at 120 ms and 180 ms significantly greater than the ocular 

responses obtained during pure translation (Fig. 7-6, see appendix page 129).
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As AVORs were close to compensatory levels during pure rotation while LVORs were 

undercompensatory during pure translation, the difference between head eccentric and head 

centered responses was probably due to an enhancement of the LVOR by concurrent angular 

stimulation rather than to an increase of the AVOR by concurrent otolithic stimulation.

Time from 

motion onset

LVOR ALVOR AVOR ALVOR- 

AVOR

60 ms 0.2° ± 0.2 

0.9

5.6°/s

0.6

0.4° ± 0.5 

1.2

17.6°/s

0.9

0.2° ± 0.2 

0.8

8.2°/s

0.7

0.2° 9.4°/s

120 ms 0.4° ± 0.4 

0.36

5.8°/s

0.28

1.7° ±0.5 

1.0

40.1°/s

0.85

0.9° ± 0.4 

1.0

26.6°/s

0.94

0.8° 13.5°/s

180 ms 1.3° ±0.7 

0.44

22.9°/s

0.7

4.6° ± 1 0.9 75.8°/s

0.9

2.7° ±0.8 

0.85

51.7°/s

1.02

1.9° 24.1°/s

240 ms 3.4° ± 1.0 

0.66

46.3%

1.0

10.2° ±2.1 

0.95

127.6%

1.07

6.3° ± 1.6 

0.95

78.3°/s

1.08

3.9° 49.3°/s

Table 7-3: Amplitudes (mean ± 1 SD) and velocities of the slow-pbase ocular responses evoked in the 

light during pure translation (LVOR), combined linear and angular displacement (ALVOR) and 

isolated rotation (AVOR). Velocity measurements do not show SD as calculated from average data. Position 

and velocity gains are indicated in italics.

ALM
Tests in the light

AM

LM

100m s
ALM - AM

LM

motion
onset

Fig. 7-6: Grand averages of the slow-pbase eye movements obtained in the light The lower traces 

compare the eye movements produced during pure translation (UVQ to the difference in ocular 

responses during bead centered and bead eccentric rotations (ALM-AM).
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E. DISCUSSION

1. Gains of the vestibulo-ocular reflexes

During pure rotations, the AVOR velocity gain of 0.77 at 240 ms from motion onset was 

slightly smaller than the gains of 0.9 previously obtained for transient accelerations (Gauthier and 

Vercher 1990, Johnston and Shaipe 1994), but similar to the gains reported for high frequency 

sinusoidal acceleration (Barr et al. 1976, Baloh et al. 1984). During combined linear and angular 

motion, the ALVOR gain in darkness was around 0.8, thus close to the gains of 0.88 reported for 

sinusoidal stimuli at 1.5 Hz (Gresty and Bronstein 1986).

Fixating a close earth-fixed target produces stronger ocular responses than those recorded 

in darkness, but whereas compensatory velocity gains were obtained during head rotations, 

undercompensation was present during the first 200 ms following the onset of isolated translational 

motions. These findings are in agreement with previous reports in humans on the effect of viewing 

on the short latency AVORs (Johnston and Sharpe 1994) and LVORs (chuter 4).

2. Stimulation of the utricles during eccentric rotation by interaural 

acceleration

As for oscillatory motion above 0.5 Hz (Gresty and Bronstein 1986, Gresty et al. 1987, 

Koizuka et al. 1993), eye velocities were higher during eccentric rotation than during centric 

rotation. The present study demonstrates that this increase in eye velocities is present before 

VGEMs can contribute to the responses. Thus, the enhancement of the ocular responses can be 

attributed either to the centripetal head acceleration or to the tangential acceleration, which add to 

the pure angular acceleration during off-axis rotation. However, it has been shown in cats that 

during eccentric rotation, linear acceleration in the sagittal plane decreases the amplitude of the 

horizontal VOR (Angelaki and Anderson 1991). Similarly, Koizuka et al. (1993) reported that at 

low frequency oscillations, when the centripetal acceleration was higher than the tangential force, 

higher gains were recorded during pure rotation than during eccentric rotation. From 0.32 Hz, when 

tangential acceleration was greater than centripetal acceleration as in the present study, gains 

during eccentric rotation were greater than during pure rotation. Furthermore, gain enhancement 

during eccentric rotation is abolished by turning the subject into the ear-out position (Takeda et al. 

1990, Sargent and Paige 1991, Koizuka et al. 1993). Therefore, during eccentric rotation with head 

facing outwards, it is the tangential acceleration which enhances the ocular responses obtained 

during pure rotation. Takeda et al. (1990, 1991) have shown in monkeys that this tangential 

acceleration activates the utricle: after bilateral ablation of the otolith organs, gains during eccentric 

and centric rotations were equal to 0.66 whereas preoperative value of 0.75 for centric and 1.1 for
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eccentric rotation had been obtained. The gain enhancement produced by otolith stimulation was 

only observed at 1 Hz but not at 0.5 Hz when the tangential acceleration was too low to produce 

any noticeable effect on eye movements.

3. Eye movements during eccentric rotation: combination of linear and angular 

vestibulo-ocular reflexes or enhanced angular VOR by stimulation of the 

utricles?

Utricular stimulation could increase eye movements during eccentric rotation by 

modifying the gain of the AVORs rather than by generating LVORs. Ejqjeriments in the dark 

showed undercompensatory VOR gains for all stimuli, so the enhanced eye velocities during 

eccentric rotation could be both ejq>lained by the presence of LVORs and by an enhancement of the 

AVOR gains towards compensatory levels by concurrent utricular stimulation.

With target fixation and before visual following could enter into play, the AVOR was 

conq)ensatory during pure rotation thus the increased eye velocity during eccentric rotation 

probably emanated from the generation of an LVOR rather than from an enhancement of the 

AVOR which would then be overcompensatory for the rotational head velocity. At short latencies, 

eye velocities generated during head eccentric rotations were greater than the sum of the velocities 

evoked during isolated rotation and translation, which suggests that the LVOR gain is enhanced 

during concurrent canal stimulation. This enhancement of the early LVOR by concurrent canal 

stimulation may be attributed to the added information brought by the canals on the type of head 

motion taking place. Using this information, the brain can quickly determine if the otolithic signal 

originates from a linear head translation which will usually be accompanied by yaw head rotation 

or from a change of the head orientation with respect to gravity which will then be accompanied by 

head roll motion. Once this determination is made, appropriate and fully effective LVORs can be 

generated.

In contrast with our results, it has been shown in monkeys that the oculomotor responses to 

steady state oscillation with head eccentric reflect the algebraic sum of canalicular and otolithic 

VOR components (Sargent and Paige 1991). This difference might be due to species’ variability as 

it has been shown that monkeys have better LVOR gains than humans during pure translation 

(Busettini et al. 1994) or orientation of the manoeuvre (in the study by Sargent and Paige (1991), 

the vertical canals were stimulated when the LVOR was determined which could have induced an 

interaction between the AVOR with a tilt-LVOR).
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4. Conclusion

Following motion onset (< 240 ms), slow-phase eye movements evoked by combined 

linear-angular head motion are greater than the sum of the LVORs produced during linear motion 

with the AVORs produced during isolated rotation, for matched rotational and translational 

accelerations. With target fixation, the translational component of the combined linear-angular 

VOR is probably due to an LVOR enhanced by concurrent semicircular canal stimulation. In the 

dark, both the LVOR and AVOR might have been increased by simultaneous translational and 

rotational head accelerations.

Appendix: Comparison of the eye positions measured on individual averages during 
pure translation, pure rotation and head-eccentric rotation.

Wilcoxon matched-pairs signed-ranks tests of (ALVOR - AVOR) > LVOR.
Wilcoxon statistic, sample size = 12, no ties (Significant p values (< 0.05) are highlighted in bold).

Experiments in darkness:
At 60 ms: = 63, p = 0.032
At 120 ms: = 69, p = 0.0081
At 180 ms: = 77, p = 0.0005
At 240 ms: = 77, p = 0.0005

Experiments in the light:
At 60 ms: = 48, p = 0.2593
At 120 ms: = 70, p =0.0061
At 180 ms: = 64, p = 0.0261
At 240 ms: = 48, p = 0.2593
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8

General conclusion

The otolith organs of the vestibular system signal dynamic translational head acceleration 

and head orientation with respect to the gravitational vector. The direct measurements of visual 

acuity during whole-body translation (Chapter 6) provided the first psychophysical demonstration 

that otolithic inputs are used to stabilize vision during head acceleration. A second role of the 

otolith organs is to assist in the control of human posture as has been clearly demonstrated from 

studies in astronauts showing that the altered otolith input (gravitational otolith inputs are reduced 

by a minimum of a thousand-fold in orbit) is the source of the postural imbalance observed in 

astronauts upon landing from shuttle flight (Paloski et al. 1993).

Since the otolith organs play a significant role both for vision and postural control, it is 

important to be able to identify pathophysiology in patients with suspected otolithic disease (e.g. 

reports of abnormal sensation of tilt) and therefore to find reliable indicators of normal otolith 

function. Both sensations and reflexes (postural and ocular) associated to head motion can in theory 

provide such indicators. Since the brain integrates signals provided by the otolith organs with inputs 

fi-om other sensory modalities yielding an integrated picture of body motion and position, 

investigations of otolith function have to take into account other sensory inputs such as vision, 

somatosensory receptors or concurrent semicircular canal stimulation. For perceptual experiments, 

these extraneous cues have to be minimized to bring out the role of the otolith organs, while studies 

on reflex responses can utilize them to enhance signs of otohth function.

Perception of motion reUes on sensory inputs, central processing of the afferent signals and 

also on factors such as mental state of the subjects or habituation to the stimuh. Thus, all these 

factors have to be taken into account, when one tries to relate perceptual measurements to the 

known mechanism of a specific sensory organ.

The study reported in Chapter 3 underlined the difilculty in assuring appropriate 

stimulation of the vestibular system while minimizing motion cues given by other sensory inputs. 

Visual, auditory, extraneous head movements and differential movements of parts of the body were 

eliminated but somatosensory and vibration cues were more difficult to control. To reduce 

somatosensory information, form-fitting molds could be used to spread out tactile cues over a large
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contact area, thereby keeping relatively small the peak pressure at any one part of the skin. 

Elimination of vibrations and frictional contacts will be more difficult to achieve since it will ideally 

require the construction of a new acceleratoiy device perhaps based on air bearing technology.

The measurements of motion perception reported in Chapter 3 showed a high intra- and 

inter-subject variability, which was probably partly due to the difficulty in signaling when a 

sensation begins. A second problem associated with response latency measurements is the difficulty 

in providing accurate estimates of the subjects’ reaction times, i.e. the delays between perception 

and indication of motion. Thus, such perceptual measures strongly depend on the subjects’ 

willingness to guess or to wait before hazarding an opinion. Forced-choice methods in which 

perceptual indications are given either once the stimulus has been completed or at a specific time 

during the stimulus can help to reduce the variability of the results. Psychophysical procedures 

based on signal detection theory have also been developed to try to take into account inter-subject 

differences in performing well-defined tasks. In a signal detection experiment, the experimenter 

presents a signal only on some trials, e.g. on 50% of the trials in a given session. If the subjects are 

very willing to guess, they will often report that they detect the stimulus even when none was 

presented; the ‘guessing’ strategy adopted by the subject depends upon factors such as 

rewards/punishments associated with particular responses and knowledge of the probability that a 

stimulus will be presented. The selected strategy can be estimated from the responses given by the 

subjects for the trials without stimulus. Procedures from the signal detection theory have not been 

widely used so far to study the perception of whole-body motion. This is probably partly due to the 

difficulty in finding an adequate absent’ stimulus since motion usually involves vibration which 

creates the problem of differentiating between motion perception and perception of vibration 

inherent to the stimulus. One way to try to get round this obstacle would be to vibrate the motion 

device even when it is not moving, as a control condition, but the matching of vibration with and 

without motion will be extremely difficult to achieve. A second reason for the lack of signal 

detection procedures in vestibular research may originate from the use in this technique of frequent 

and brief stimuli: motion stimuli are complex in the sense that they are only fully characterized by 

several related parameters (acceleration, velocity, frequency content) and therefore as discussed in 

Chapter 3, brief stimuli may create high acceleration gradients which can, for instance, hinder a 

perception process based on velocity information.

The perceptual experiments presented in this thesis suggested that for low initial gradients 

of acceleration and acceleration levels higher than >10 cm/s^, motion detection occurs when a 

velocity threshold is reached. However, as mentioned in Chapter 3, since measurements were based 

on latency of the subject’s responses, one cannot conclude that response latencies were governed by 

a true integration of the otolithic signal rather than by the time required for central processing. This 

latter explanation is based on models proposed to account for the inverse dependence of response 

time on strength of the stimulus (Laming 1973), as observed for acoustic stimuli (Sanford 1972): 

some specific feature of the stimulus is integrated over successive temporal intervals until the
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accumulated value exceeds a critical limit; the point in time at which the subject signals detection is 

then governed by the decision procedure.

It might be argued that our measurements were influenced by habituation phenomena, i.e. 

decrease of the feeling of motion due to sustained acceleration. However, such effects which have 

been reported for angular motion only occurred for stimulus duration exceeding 30 s (Guedry 1974). 

Since the mean response latencies of our subjects were less than 3 s and since each motion stimulus 

included an abrupt deceleration followed by a return of the chair at supraliminal acceleration at the 

centre of the tract, habituation phenomena were probably negligible in our study.

In summary, a well-controlled experiment carried out with a device specially designed for 

perceptual studies and employing a more elaborate psychophysical procedure may increase the 

differences in motion perception between normal subjects and patients without loss of vestibular 

function. However, the need for a very specialized equipment implies that a test of the otolith organs 

based on perception will be diflicult to use for routine clinical investigations.

The investigations based on eye movement responses to linear acceleration (Chapters 4-7) 

provided more encouraging results for the development of a reliable test of otolith function as they 

showed clear differences between normal subjects and patients with vestibular disorders. A second 

advantage of these studies over perceptual experiments was their short duration.

In normal subjects, it was found that the LVORs evoked during transient inter-aural 

accelerations are from onset increased with acceleration magnitudes and target distances and could 

be slightly suppressed with head-fixed targets. It was also shown that simultaneous head rotation 

enhanced the early eye movement responses to translational head acceleration. The summary 

findings obtained in three groups of patients investigated in the different experiments are as follows:

1) Patients with complete loss of vestibular function had no short-latency LVORs and no 

eye movements in the dark; their results proved the vestibular origin of the ocular responses in 

normal subjects.

2) Patients with bilaterally absent responses to caloric testing presented mild to severe 

abnormalities of the LVORs.

3) The asymmetrical LVOR responses observed in patients tested shortly after unilateral 

vestibular neurectomy led us to suggest a functional polarization of the utricule in human subjects.

4) Patients suffering from benign paroxysmal positional vertigo, which is assumed to result 

from utricular damage, were also tested (Appendix K, Anastasopoulos et al. 1997). No pronounced 

abnormality was observed in the eye movements evoked during isolated translational acceleration.

These results in patients indicate that incomplete damage of otolith function remains 

difBcult to detect, probably due to compensation mechanisms; e.g. unilateral damage was only 

observed in the acute stage.
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Data for the LVOR responses to interaural acceleration were obtained for motion in 

darkness and in the light. The advantage of tests in darkness is that due to the absence of visual 

following, measurements can be made when strong ocular responses are present. Its drawback is the 

variability of response magnitudes observed in normal subjects which prevents the detection of mild 

otolithic impairment.

By providing a strong visual context, thereby reducing the variability of the normative data, 

tests with target fixation seem likely to yield more precise diagnostics of otolith fimction. However, 

only the search-coil recording technique produces accurate and reliable measurements of the short 

latency responses present before visual following contributes to target fixation; alternative recording 

techniques are not useful, either because they cannot be properly secured on the subject’s head 

during abrupt acceleration (infra-red detectors) or because they have a low temporal resolution 

(video-oculography). EOG can be employed, but because of its inherent noise levels, only 

measurements of severely impaired eye movements are possible. At present, eye search-coils are not 

widely available. They are also cumbersome to use and not tolerated by every subject. Alternative 

techniques could be sought, such as the use of a light-weight accelerometer taped over the closed 

^ e lid  of one eye (Brown and Day, 1997). This approach might provide both convenience of use and 

accurate measurements.

Chapter 4 presented the first and so far only study on suppression of short-latency LVORs. 

Future projects in this area could explore the influence of predictability of the relative target motion 

on the suppression gain; this would be similar to the experiments reported by Gauthier and Vercher 

(1990) who showed that the early angular VOR suppression is not observed when visual context 

(earth-fixed vs. head-fixed target) is unpredictable. Also, the LVOR is known to be dependent on 

other sensory inputs, e.g. acoustic cues (Buizza et al. 1979), so it would be interesting to investigate 

whether strong tactile cues indicating that the target will remain stationary with respect to the 

subject can enhance LVOR suppression: to do so, the subjects could hold the visual target which 

will remain fixed to the acceleratoiy device. Finally, by employing different ^ ^ s  of visual targets, 

the relative importance of peripheral and central vision for LVOR suppression could be e^glored. 

The main drawbacks for all these studies are that search-coil recordings will be required since eye 

movements are expected to be small and a proper head stabilization removing any extraneous 

rotational head movements will have to be assured.

The psychophysical ejq)eriment presented in Chapter 6 has the advantage of being quick to 

perform and easy to analyze. This technique demonstrated the usefiilness of LVORs in visual 

stabilization but yielded only rough estimates of otolith function in patients. Thus, it could be used 

to quickly assessed the severity of otolith impairment but eye movement recordings will have to be 

employed concurrently to provide more detailed information.
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From the LVORs in patients who underwent unilateral vestibular nerve section, it was 

concluded that compensation for the loss of LVORs for acceleration towards the lesioned side might 

be achieved through the use of the signals provided by the bending in their off-direction of the hair- 

cells located in the lateral part of the utricular macula. However, the possibility that the medial part 

of the utricule also plays a role in this recovery process caimot be excluded. To understand better 

the compensation process for the loss of one utricule, it would be interesting to cany out two tests of 

otolithic function in a same group of patients. For instance, the comparison of the time courses of 

recovery for the linear VORs produced by translational acceleration and for ocular torsion evoked 

during centrifugation may help to clarify the bases of the compensation mechanisms.

Clinical research into the LVORs is just at its begirming. To further our understanding of 

this reflex which as we have shown does contribute to the complex task of maintaining stable vision 

during head motion, future studies should involve patients with circumscribed lesions of the central 

visual and vestibular pathways. At present, the most critical concerns for the establishment of a 

reliable test of otolith function seem to be the need for accurate and user-friendly eye movement 

recording techniques and the availability of devices providing well-controlled head acceleration. 

While linear acceleratory devices are currently not readily available, rotating chairs are widely used 

for routine clinical investigations of vestibular fimction. Therefore, eccentric rotation with the head 

placed away from the axis (as employed in Chapter 7) provides at present a more convenient and 

easier way to carry out clinical evaluation of otolithic ^sfimction (Barrat et al. 1987, Koizuka et al. 

1993). However, eccentric rotation is far from ideal to provide accurate diagnoses, since: 1) 

translational acceleration is combined with head rotation and centripetal acceleration and is 

therefore not as pure a stimulus as isolated whole-body translation, 2) proper control of head 

position and movement is difBcult to achieve, 3) it is not possible to differentiate between 

abnormally low LVOR and absent interaction between utricular and canalicular afferents.
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Appendix B

Thresholds for Perception of Lateral Motion in Normal Subjects and Patients 
with Bilateral Loss of Vestibular Function

C L A IR E  C. G IA N N A ,' S E V E R IN  H E IM B R A N D ,' T A D A S H I N A K A M U R A ''  and 
M IC H A E L  A. G R E S T Y '
From the ' M R C  N euro-oto logy unit, IIM B U , N ational H ospital, Queen Scjuare, London, UK, and -D epartm ent o f  O tolaryngology, 
Yagarnata U niversity School o f  M edicine, Japan

Gianna CC, Heimbrand S, Nakamura T, Gresty MA. Thresholds fo r  perception  o f  lateral m otion in norm al subjects and  
pa tien ts  with bila teral loss o f  vestibular function. Acta Otolaryngol (Stockh) 1995; Suppl 520: 343 346.

Thresholds for detection o f direction of whole-body lateral linear acceleration were determined for normal (N ) and 
labyrinthine defective ( LD) subjects. Thresholds for 67% correct detection o f direction o f acceleration steps for 5 LDs 
(mean 5.65 cm/s-, peak gradient =  25 cm/s'^) were not significantly different from 8 Ns (mean 4.84 cm/s-, peak gradi
ent =  22 cm/s^). High inter-subject variability was found both among the 7 Ns and 3 LDs for detection o f parabolic 
accelerations with some individuals being unable to detect their motion direction. Mean Ns thresholds were 15.2 cm/s- for 
a ramp with gradient o f acceleration =  2.8 c m /s\ 26.4 cm/s- for a ramp with gradient =  7.9 cm/s^ and 20.2 cm/s- for a 
parabola with second derivative =  1.52 cm/s"*. Thresholds for LDs were respectively 19.1 cm/s-, 32 cm/s- and 26.7 cm/s-.
The lower thresholds for acceleration steps demonstrate the important effect o f acceleration gradient on motion detection.
For all stimuli, thresholds for some LDs could be in the range o f Ns showing that somatosensory signals can play a 
significant role in detecting lateral acceleration. K ey words: m otion perception , linear acceleration, otolith , vestibular loss, 
som atosensorv.

IN T R O D U C T IO N

W alsh ( 1) showed tha t LDs were nearly 10 limes less 
sensitive than Ns in detecting sinusoidal lateral linear 
acceleration, and concluded tha t Ns relied on signals 
from  the vestibular system to perform  the task. M ore 
recently, studies o f  Fernandez et al. (2) have dem on
strated  the existence o f both  “ regular” and “ irregu
la r” o to lith  units responding respectively to accelera
tion and its gradient. The present study exam ined the 
influence o f acceleration gradient on thresholds o f 
linear m otion perception by determ ining thresholds 
o f  detection for constan t, linear and parabolic accel
erations. C om parison o f thresholds in Ns and LDs 
enabled us to evaluate the potential o f each accelera
tion profile for detecting vestibular dysfunction.

M A T E R IA L  A N D  M E T H O D S

Subjects were seated, w hole-body restrained, on a 
linear m otor-pow ered bogie which accelerated them 
along the inter-aural axis on a precision levelled 
track. They were isolated from  wind efleet by a 
cu rta in  su rrounding  the chair, and auditory  and vi
b ration  cues to direction o f m otion were excluded or 
m asked with white noise. The stim ulus was generated 
by a com puter which also recorded the velocity feed
back from  the chair, and  the position o f a joystick 
contro lled  by the subjects.

Experiment I: acceleration steps
W e tested 8 Ns (age range 24 to 50 years, m ean 38)
and 5 LD s (age range 31 to  64 years, mean 41; 2

(T 1995 Scandinavian University Press. ISSN 0365-5237

idiopathic , 2 meningitic, 1 b ilateral acoustic neuri
nom a, 3 were also deal). Subjects were instructed to 
signal their perceived m otion direction using a direc- 
tionally congruent joystick.

Stimuli: F ifty stimuli were dispensed in a random  
leftw ard-rightw ard o rder (25 stimuli for each direc
tion). T he stim ulus was an acceleration step from  rest 
o f variable am plitude and duration  o f 2.3 to 3.7 s, 
delivered in to tal darkness. This was followed by a 
short period o f deceleration and return  to the initial 
position in the light, which gave the subjects feedback 
on the way they had moved.

Procedure'. The threshold for perception o f  m otion 
direction was defined as the acceleration which would 
yield a probability  o f correct detection equal to 0.67. 
The stim ulus am plitudes were determ ined by an 
adaptive psychophysical procedure (3) which con
trolled the evolution o f the test so tha t a m axim um  
num ber o f stimuli was dispensed close to  the 
th reshold  level. F or threshold determ ination , a psy
chom etric function o f the form  P(a) =  l/(1 +  
exp( —(a — m ))/s) [where P (a) is the p roportion  o f 
correct responses at an acceleration level a, m is the 
m idpoint o f the psychom etric function, and s its 
spread] was fitted to the da ta  using least squares 
estim ation. Threshold  was determ ined as the abscissa 
o f the po in t whose ord inate was 0.67 (Fig. 1).

Experiment 2: parabolic and linear accelerations 
To minim ize the elTect o f the jerk  com ponent o f m o
tion on detection  threshold , fu rther experim ents were 
conducted  using linear and parabolic accelerations.
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4.6 7.6

AoceloaüoD levd (cm/s^)

10,6

Fig. I. Average data from 8 Ns and 5 LDs. I) Curves: 
Percentage of correct detections vs acceleration levels:
O data from Ns, ------  logistic function associated; * data
from L D S , logistic function associated. 2) Bars: Per
centage of stimuli vs acceleration levels for: ^  Ns; B LDs. 
Note 1: 70"/i of the stimuli for Ns and 67% for LDs were 
dispensed between 3.9 and 6.5 cm/s- therefore surrounding 
threshold values which validates the adaptative procedure 
employed. Note 2: as the adaptative procedure delivered 
the maximum number of stimuli for every other accelera
tion, only results corresponding to these levels are plotted. 
Percentage of stimuli at one acceleration level a = % at level 
a + 0.5* {'Yii at (a — 1 ) -h'Xi at (a -t- 1 )).

Subjects were 7 Ns (age; 23 to 50 years, m ean 35) and
3 LDs (age: 31 to 40 years, mean 35). Every LD and
4 o f the Ns took part in experim ent 1, 6 m onths 
before experim ent 2. Subjects were required to indi
cate their perceived direction o f m otion w ith a jo y 

stick as soon as possible and  were allow ed to  correct 
their responses.

Stimuli: The linear stim uli ( Fig. 2) com prised  a 
lower acceleration ram p (Slow R ) which a tta ined
28.4 cm /s- in 9.9 s with a gradient o f 2.8 cm/s'* and a 
higher acceleration ram p (F a s tR ) which a tta ined
56.2 cm /s- in 7.1 s w ith a g radient o f 7.9 c m /s \  The 
parabolic waveform  (P ar) produced an acceleration 
o f 60.4 cm/s^ in 8.9 s with a gradient rising from  0 to
13.5 c m /s \  thus intersecting the gradients o f  the 2 
linear accelerations. High levels o f acceleration  were 
generated as prelim inary experim ents show ed tha t 
stimuli w ith a slow onset and a final value low er than 
20 cm /s- did not enable the subjects to  detect their 
m otion direction. The test consisted o f 30 stim uli 
random ly ordered: 5 for each com bination  o f acceler
ation profile and direction. Subjects were given peri
odic rests to  aid concentra tion . In add ition  a 
“ m inim um  reaction tim e” was estim ated for each 
subject from  his responses to  d irectionally  unam bigu
ous high acceleration steps to  which he m ade sure 
and p rom pt responses.

M ethod o f  analy.ds: T hreshold  was defined as the 
acceleration level yielding 67% o f correct detections 
o f m otion direction. R ightw ard and leftward trials 
were com bined to ob ta in  10 responses to each stim u
lus profile. F o r each acceleration profile, the “ m ini
m um  reaction tim e” was sub tracted  from  the latency 
o f the response to estim ate the actual tim e at which 
directionality  was detected. The times for correct 
responses were then ordered and the acceleration 
levels corresponding  to  the 6 ''’ and 7"’ longest la ten 
cies were calculated. The threshold  was taken as 2/3 
between these aecelerations.

VELOCITY

F a s tR

Par

SlowR

ACCELERATION

FastR

P a r

S low R

Fig. 2. Linear (SlowR and FastR) and parabolic (Par) 
accelerations. Top curves: velocity feedbacks from the chair. 
Bottom curves: corresponding accelerations.

R E SU LT S 

E.xperinient I
C orrela tions between predicted, P (l) , and observed 
values were in the range r =  0.73/0.99 for Ns 
(tuean =  0.92) and 0.8/0.99 for LDs (m ean =  0.91) 
validating the logistic function. The m ean threshold 
for 67% correct detection o f direction for Ns was
4.84 cm /s- (range 2.88 to 6.28 cm/s") and for LDs
6.85 cm /s-; 4.85 and 6.59 cm /s- (id iopathic), 5.63 and 
12.30 cm /s- (m eningitic), 4.97 cm /s- (neurectom ies o f 
acoustic neurinom a). On later testing the patien t with
12.3 cm /s- lowered his threshold  to 6.2 cm /s- (new  
m ean threshold  for LDs =  5.65 cm /s-) show ing tha t 
he was able to develop his talents for detecting m o
tion. The adaptative procedure ensured tha t 70% o f 
the stimuli for Ns and 67% for LDs were dispensed at 
accelerations between 4.1 c m /s--6 .7  cm /s- and there
fore closely bracketing  threshold  values. Thresholds 
for Ns were com parable to those estim ated by Ben
son et al., who used single cycle sinusoids: 5.7 cm /s-



Perception thresholds o f  la tera l m otion  345

Table I. Thresholds, response latencies and percentages 
parabolic accelerations

o f  correct detectum for normal subjects, during linear and

Thresholds Latency
Correct

Mean & range (cm/s-) Mean & range (s) detections

FastR 6 subjects 26.4 (13.6/43.6) 2.8 (L4/4.2) 90'%,
SlowR 15.2 (9.9/20.9) 4.5 (2.9/6.3) 82'%,
FastR 4 subjects 23.7 (13.6/32.1) 2.6 (L4/3.6) 92'%,
Par 20.2 (14.2/29.9) 3.9 (3.3/4.9) 82'%,
SlowR 3 subjects 12.9 (9.9/16.6) 3.8 (2.9/5.1) 83'%,
Par 16.9 (14.2/20.3) 3.6 (3.3/4.0) 86'%,

(4) and 3.7 cm /s- (5). T he fact that mean thresholds 
for LDs and Ns were not significantly dilTerent and 
th a t some LD s could detect accelerations equal to  N s’ 
m ean th reshold  shows tha t som atosensory  signals can 
be as sensitive as vestibular inputs to detect direction 
o f acceleration steps.

Experintent 2
Thresholds fo r  tiormal subjects: Only 3 Ns indicated 

at least 70'%, o f  correct responses at each acceleration 
profile. F o r S low R, one subject and for Par, 3 sub
jects failed to  give the m inim um  o f 7 correct re
sponses required to determ ine thresholds. The mean 
percentage o f correct responses o f the 7 subjects were: 
77.1%, SlowR; 90'%,, F astR ; and 71.4%, Par, indicat
ing that m otion direction was m ore difficult to esti
m ate during  Par than during  linear accelerations. The 
intra-subject com parisons (T ab le  1) are given for 
subjects w ho could perform  both tasks.

FastR: the high percentage o f correct responses 
suggests tha t subjects were above threshold when in
dicating their m otion direction. T herefore the true 
thresholds m ight have been lower. The d istribution  o f 
thresholds was bim odal: 3 between 13.6 and
20.21 cm /s- and 4 between 30.45 to 43.6 cm /s- (all Ns 
considered). The wide range and the bim odal d istri
bution  o f thresholds m ay be explained by a difference 
in tactics am ong subjects to perform  the task.

SUnvR vs Par: since the percentages o f correct 
detection were sim ilar, the higher thresholds for Par 
reinforces the observation  tha t this stim ulus was the 
m ost difficult to detect. Inter-subject com parison o f 
the 6 subjects w ho had a th reshold  for SlowR and the 
4 who had one for Par, produced sim ilar differences 
in m ean values: 15.2 c m /s \  SlowR; 20.2 cm/s". Par.

Thresholds fo r  patients with bilateral vestibular deficit: 
Meningitis (deaf): SlowR: 17.2 cm/s" (p ro p o rtio n  o f 
correct responses =  90%), FastR : 20.0 cm /s- (100%), 
Par: 23.5 cm/s" (90%). The values o f this subject who 
was very fam iliar with the experim ent were within the 
range o f Ns. He reported  tha t pressure on his body due 
to inertial forces gave cues to  direction.

Idiopathic: SlowR: 20.9 cm /s- (90%), F astR .
33.4 cm /s- (90%), Par: 40.4 cm /s- ( 70'%,). These values 
were equal to  the worse thresholds in Ns. The patient 
was unaw are o f how he detected m otion.

Bilateral acoustic neurectomy (deaf): thresholds 
could not be determ ined as this patient (w ho had a 
norm al threshold o f 4.97 cm/s" for acceleration steps) 
only gave 60'%, correct responses for SlowR, 50'%, for 
FastR  and 60'%, for Par.

High inter-variability  am ong Ns (m aybe due to a 
difference in tactics o r a tten tion) during F astR  and 
Par (4/7 subjects with m ore than 70'%, correct re
sponses) m akes the differentiation with results for 
LDs difficult. For SlowR, 2/3 o f LDs could detect 
their m otion direction, their thresholds were within 
the limits o f  Ns but higher than N s’ mean value.

D ISC U SSIO N

Thresholds were lower for constan t than for linear or 
parabolic accelerations. T hus m otion detection is 
m ost sensitive when there is a high signal rate o f 
change o f acceleration at the onset o f m ovem ent. 
However, transduction  o f this jerk com ponent o f 
m otion is not a sole prerogative o f the otoliths: 
labyrin th ine defective subjects can perform  in the 
norm al range showing tha t som atosensory  receptors 
are sensitive in detecting jerk. Therefore, stimuli 
which onset with a high-signal acceleration derivative 
are no t a specific challenge to  o tolith  function. Be
cause o f their sm ooth onsets, linear and parabolic 
accelerations seemed m ore app ro p ria te  for a test 
o f the o to liths, but a high in ter-variability  am ong 
norm al subjects was observed; a different m ethod 
ology m ay limit this inter-variability  but probably  
at the expense o f test duration  and sim plicity o f 
set-up.
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ABSTRACT: To investigate the effect of velocity, acceleration, 
and gradient of acceleration on self-motion perception, thresh
olds for detection of direction of whole-body interaural accel
eration were determined for various stimulus profiles. For ac
celeration steps, acceleration thresholds at 67% correct 
detection of motion direction were similar for eight normals 
(mean 4.84 cm/s® (range 2.9-6.3), peak gradient = 22 cm/s®) and 
five labyrinthine-defective subjects (mean 5.65 cm/s® (4.85-6.6), 
peak gradient = 25 cm/s®). Velocity thresholds were 7.93 cm/s 
for a proportion of correct responses of 73% for normals and
9.67 cm/s for 69% of correct detection for avestibular subjects. 
For linear and parabolic accelerations, high intersubject vari
ability was observed both among nine normals and three laby
rinthine-defective subjects. Mean normal and avestibular sub
jects’ acceleration thresholds for 74% of correct responses 
were respectively 12.1 cm/s® (7.3-20.4) and 16.4 cm/s® (13.2-20) 
for a ramp with gradient of acceleration = 2.8 cm/s®, 19.2 cm/ 
s® (10.4-35.3) and 28.2 cm/s® (21.4-32.8) for a ramp with gradi
ent = 7.9 cm/s® and 16.7 cm/s® (10.5-25) and 20.6 cm/s® (18.4- 
24.2) for a parabola with second derivative = 1.52 cm/s'*. The 
corresponding velocity thresholds for normals were 21.2 cm/s 
(5.2-50.3), 22.0 cm/s (7-56.6), and 22.2 cm/s (9.5-43.7). The 
lowest thresholds were obtained for acceleration steps indicat
ing that a high acceleration gradient facilitates motion percep
tion. For linear and parabolic accelerations, motion perception 
seemed to follow an integration of acceleration, but a high in
tersubject variability was observed. For all stimuli, the range of 
thresholds for normals and avestibular subjects overlapped 
showing that detection of motion was not a sole prerogative of 
the otoliths but could also be performed using somatosensory 
cues.

KEY WORDS: Perception, Linear, Otolith, Vestibular, Somato
sensory.

INTRODUCTION
Perception tests related to the study of otolith function are either 
based on perception of tilt or perception of linear horizontal/ 
vertical self-motion. One of the first extensive studies on per

ception of linear acceleration [10,11] reported that thresholds for 
the detection of sinusoidal lateral linear acceleration in labyrin
thine defective subjects (LDs) were nearly 10 times higher than 
in normals (N s), and concluded that Ns relied on signals from 
the vestibular system to detect their motion direction. More re
cently, Benson et al. [1] determined detection thresholds of linear 
motion in normal subjects during single sine accelerations in the 
horizontal plane, and showed that in the X-axis, thresholds in
creased as the frequency of the stimulus decreased. This fre
quency dependency of the thresholds was similar to the fre
quency response of the irregular otolith units obtained by 
Fernandez and Goldberg [ 5 ], who recorded the activity of otolith 
neurons during the application of linear forces on monkeys and 
demonstrated the existence of regular units responding to accel
eration and of irregular units responding to acceleration and its 
gradient. In contrast with Benson’s results, Melvill Jones and 
Young [7] reported that sensitivity to motion direction of linear 
acceleration steps was dependent on velocity. The aim of our 
study was to determine thresholds for different acceleration pro
files (constant, linear, and parabolic acceleration) to establish 
whether motion perception was related to velocity as inferred by 
Melvill Jones and Young [7], or to acceleration and its gradient 
as expected from the dynamics of the otolith units. The compar
ison of thresholds in Ns and LDs enabled us to check if the 
vestibular system was the main detector of motion or if other 
cues (somatosensory) could also perform this task.

METHOD
Subjects were seated on a bogie mounted on pneumatic 

wheels,which accelerated them along the interaural axis on a pre
cision levelled 7-meter long linear track (Fig. 1 ). Their feet were 
resting on a small platform attached to the sled, and their knees, 
shoulders, and head were restrained by wide lateral pressure 
pads. The bogie was driven by a pair of linear induction motors 
that generated thrust against a reaction plate situated along the 
middle of the track. The motors were controlled by velocity feed-

" Requests for reprints should be addressed to Claire Gianna, MRC HMBU, Section of Neuro-otology, Institute of Neurology, National Hospital 
for Neurology and Neurosurgery, 8-11 Queen Square, London WCIN 3BG, UK.
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» m
FIG. I. Picture of the bogie u.sed in our experiment.

back frotii a tacho-generator driven by a friction wheel running 
along the track. The required velocity was generated by a com
puter that simultaneously recorded the velocity feedback of the 
bogie and the position of a joystick controlled by the subjects. 
Experiments were conducted in total darktiess: before each stim
ulus, the room light was switched off and a curtain surrounding 
the chair prevented the subjects from decerning any dim light 
emitted by some of the laboratory equipments. The curtain also 
avoided the feeling of air How. Any noise from the environment 
was totally masked with ear defenders. However, some weak 
sounds from the bearings could still be heard as they were trans
mitted through the head clamps; they did not give any indication 
of motion direction, but to hinder the subjects from concentrating 
on these sounds instead of their own feelings, white noise (sound 
intensity of 65 dB ) was transmitted to the subjects through ear
phones located inside the ear defenders.

Experiment I: Acceleration Steps

We tested eight Ns ( age range 24 to 49 years, mean 38 ) and 
five patients with bilateral vestibular loss (age range 31 to 64 
years, mean 41; two idiopathic, two meningitic, one bilateral 
acoustic neurinoma, three of whom were also deaf).

Instruction. “ The chair will either move to your right or to 
your left. Before the chair slows down, which gives you about 3 
s, you have to push the Joystick in the direction you perceive 
your body motion. If you cannot decide on your direction of

motion, leave the Joystick in its central position.” Subjects were 
allowed to correct their response. If no direction was indicated 
before the deceleration onset, a wrong response was associated 
to the stimulus.

Stimuli. Twenty-five rightwards and 25 leftwards acceleration 
steps followed by a brief period of deceleration were dispensed 
in a random order. After each stimulus, the chair was positioned 
back at the centre of the track with supraliminal accelerations, 
which gave the subjects a feedback on the way they moved. The 
various levels of acceleration were obtained by multiplying the 
amplitude of a reference acceleration step of 26.2 cm /s’ ampli
tude and 3.7 s duration. Due to starting friction of the chair over 
the track, a reduction of the acceleration level resulted in a de
crease of the acceleration period down to 2.3 s for an amplitude 
of 2.6 cm /s^

Procedure. An adaptive psychophysical procedure [ 1,6,91 
was employed to dispense a maximum number of stimuli around 
the acceleration threshold level, which was defined as the accel
eration step producing 67% of correct detection of motion direc
tion. The evolution of the test was controlled by the following 
rules:

1. Starting point: we chose an initial acceleration of 11 cm/s^ to 
assess the proportion of correct detections at accelerations 
higher than the estimated threshold of about 6 c m /s \  and to 
give the subjects some easily detectable stimuli to start with.

2. New acceleration level: after each trial, the Wald coefficient 
was computed according to the equation w = n, — nr, where 
n, is the number of correct responses and nj is the expected 
number of correct responses at one acceleration level, after T 
trials for a probability of correct detection equal to 0.67. When 
the absolute value of w was greater than 1.3, indicating that 
the current level was too far from the threshold, the stimulus 
amplitude was decreased if w was positive and increased 
otherwise. An initial step of ± 8 dB corresponding to a mul
tiplicative coefficient of 0.4 or 2.5 was used to modify the 
stimulus amplitude. Eor each change in step direction, the step 
size was halved until a minimum value of I dB corresponding 
to a multiplicative coefficient of 0.89 or 1.12.

3. End of the experiment: after 50 stimuli.
4. Threshold determination: the proportion of correct responses 

was first calculated for each level of acceleration. Then we 
assumed that the underlying psychometric function was of the 
form P(a) = 1 /[ 1 + e x p ( - ( a - m ) ) /s |,  [where P(a) is the 
proportion of correct responses at an acceleration level a, m 
corresponds to the midpoint of the psychometric function, and 
s to its spread], and fitted this function to our data using a 
least squares estimation procedure. From the fitted curve, the 
acceleration threshold was determined as the abscissa of the 
point whose ordinate was equal to 0.67. (Eig. 2).

Experiment 2: Parabolic and Linear Accelerations

Nine Ns (age: 23 to 49 years, mean 35) and three LDs (age: 
31 to 40 years, mean 35, bilateral vestibular loss (one meningitic, 
one bilateral acoustic neurinoma, one idiopathic), two of whom 
were deaf) were tested. Ab.sence of vestibular function was con
firmed by the absence of responses during velocity step rotations 
at 80°/s in the dark and during caloric tests at 30° and 44°C. 
Every LD and four of the Ns were subjects for the first experi
ment, which was carried out 6 months before Experiment 2.

Instruction. Same as for Experiment I, except that subjects 
were asked to indicate their motion direction as soon as they 
could sense it.
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F IG . 2 . P ro p o r tio n  o f  co rrect d e te c t io n  v s . a c c e le r a t io n  le v e l  in o n e  s u b 
je c t . A  le a s t -sq iia r e  error te c h n iq u e  w a s  u sed  to  lit th e  d a ta  (O )  w ith  a 
lo g is t ic  fu n c tio n  (c o n t in u o u s  c u r v e ) . T h r es h o ld  w a s  d e fin e d  as  th e  a c 
c e le r a t io n  c o n e s p o n d in g  to  a p ro p o r tio n  o f  co rrec t r e s p o n s e s  o f  ( f l % .

S tim u li.  T his second experim ent did not em ploy an adaptative  
procedure, as it w ould have been too tim e consum ing with at 
least 100 stim uli, because the m ultiplication o f  a reference w a v e
form w ould  have produced sm all Jolts at acceleration onsets due 
to the chair friction on the track, and also because o f  track length  
lim itation. T herefore, three predefined w aveform s, tw o linear, 
and one parabolic accelerations, including a signal com pensating  
for the chair friction, w ere generated. The linear stim uli ( Fig. 3 ) 
com prised a low er acceleration ramp (S lo w R ), w hich attained
28.4  c m /s -  and 1.4 m /s in 9 .9  s, constant gradient o f  2 .8  c m /s  ', 
and a higher acceleration ramp ( FastR ), w hich attained 56 .2  cm / 
s -  and 2 m /s  in 7.1 s, constant gradient o f  7 .9  c m / s \  The para
bolic w aveform  (P ar) produced an acceleration o f  60 .4  c m /s 
and a velocity  o f  1.83 m /s in 8 .9s, with a gradient rising from 0 
to 13.5 c m / s \  thus providing the sm oothest chair onset and in
tersecting the gradients o f  the tw o linear accelerations. T hese  
stim uli reached high acceleration levels as prelim inary experi
m ents show ed  that m otion detection failed  for stim uli with 
sm ooth onset and a final acceleration low er than 20  c m /s - .  These  
three acceleration profiles w ere random ly arranged, and pre
sented 10 tim es to the subjects: 5 tim es in each direction. B ecause  
o f  its long duration, the test w as d ivided into three parts, enabling  
the subjects to keep their concentration.

T o reach strong accelerations w hile keeping gentle chair on 
sets, the m axim um  length o f  the track (7  m eters) w as used. B e
fore each stim ulus, the chair w as driven to one end o f  the track 
w ithout the subject being inform ed o f  h is location. T his w as done  
by using a sublim inal acceleration consisting  o f  a sin g le -cy c le  
sine w ave o f  peak value 2 .7  c m /s -  and period o f  25 s. During 
this “ p o sition in g”  stim ulus, the subjects w ere asked to count the 
number o f  flashes o f  a light-em itting diode situated at 4 0  cm  from  
their ey es . T his light flashing at a frequency varied betw een  0 .4  
and 1.4 Hz during chair m otion rem inded the subjects not to 
indicate their m otion direction, and also  distracted them from  
trying to gu ess their hnal location. To estim ate the subject's re
action tim e from detection to indication o f  m otion direction, the 
fo llo w in g  stim ulus w as presented four tim es during the test to 
the subject: s lo w  onset com parable to the other stim uli but fo l
low ed  after approxim ately 2 s by a sudden strong acceleration. 
T he delay betw een  this sudden acceleration and the m otion o f  
the Joystick  w as considered as the “ reaction tim e”  o f  the subject.

A n aiy .sis . For each subject, the proportion o f  correct indica
tions, taking into account initial responses on ly , and the mean 
latencies o f  responses including those incorrect w ere determ ined  
for each acceleration  profile. To these mean latencies, the sub
je c t's  reaction tim e w as subtracted, y ield in g  an estim ate o f  the 
tim e at w hich directionality  w as detected. From the velocity  feed 
back o f  the chair, the velocities and accelerations associated  to 
these estim ated tim es w ere determ ined and defined as thresholds.

RESULTS

A c c e le r a t io n  T h re s h o ld s  (F ig . 4 )

A c c e le r a t io n  .steps. T o validate our assum ption concerning  
the form o f  the underlying psychom etric function, the correlation  
betw een  predicted and observed values w as calculated: correla
tion range =  0 .7 3 /0 .9 9  for N s (m ean  =  0 .9 2 )  and 0 .8 /0 .9 9  for 
L D s (m ean  =  0.91 ). M ean threshold for N s w as 4 .8 4  c m /s -  
( range 2 .88  to 6 .2 8  c m /s  - ) and for L D s 6 .85  c m /s -  (range 4 .85  
to 12.3 c m /s - ) .  W hen concentrating on pressure on his body, the 
LD with the highest threshold o f  12.3 c m /s ’ could  low er his 
value dow n to 6 .2  c m /s -  (n e w  mean threshold for L D s =  5 .65  
c m /s -  and new  range 4 .8 5 - 6 .6  c m /s - ) .  The majority o f  the ac
celeration steps, 70%  for N s and 67%  for LD s, w ere dispensed  
at acceleration lev e ls  betw een 3 .9  c m /s ’ to 6.5  c m / s \  therefore, 
c lo se  to the threshold values. The m inim um  and m axim um  ac
celeration steps d ispensed  to the subjects w ere 2 and 1 1 c m /s ’ .

L in e a r  a n d  p a r a b o l ic  a c c e le r a t io n s .  T he percentages o f  cor
rect responses g iven  by the nine N s for each stim ulus w ere as 
fo llow s: 74%  ( 5 0 -9 0 %  ) for S low R , 86% ( 7 0 -  100% ) for FastR, 
and 74%  ( 6 0 -  100% ) for Par. T his su ggests that m otion detection  
w as more difficult during parabolic and slow  linear acceleration  
than during high linear acceleration but a lso  that suhjects were  
above threshold w hen indicating their m otion direction during  
FastR. O nly five o f  the nine N s indicated at least 70%  o f  correct 
responses for each acceleration profile, and three subjects had 
on ly  60%  c o n e c t  answ ers during the parabolic acceleration. To  
be able to com pare the acceleration thresholds obtained for the 
different stim uli, w e calculated threshold values for FastR cor
responding to a proportion o f  correct response equal to 74% . For 
the subjects w h ose  proportion o f  correct detection for FastR w as 
higher than for S low R , the responses w ith the longer latencies  
were considered  as undetected direction until the percentage o f  
correct detection  w as equal to the percentage for S low R  and at 
least greater than 60% . With this calcu lation , acceleration thresh
olds for N s w ere 12.1 c m /s ’ (range 7 .3 - 2 0 .4 )  for S low R , 19.2 
c m /s ’ ( 1 0 .4 -3 5 .3  ) for FastR, and 16.7 c m /s ’ ( 1 0 .5 -2 5  ) for Par. 
T w o o f  the alabyrinthine subjects w ere within the range o f  nor
m als for all stim uli. The first LD, m eningitis, deaf, had thresholds  
c lo se  to the m ean value in Ns: 13.2 c m /s ’ for S low R  ( proportion  
o f  correct response o f  6 0 % ), 2 1 .4  c m /s ’ for FastR (8 0 % ), and
18.4 cm /s^  for Par (8 0 % ). T his subject w as accustom ed to the 
test procedure and reported that he concentrated on the pressure 
exerted on his body by the clam ps to detect his m otion direction. 
The second  patient, idiopathic, had thresholds in the low er range 
o f  norm als for S low R  (2 0  c m / s \  9 0 % ), FastR (3 0 .6  c m /s ’ , 
70% ) and Par (19 .1  c m / s \  70% ) and w as unaware o f  the w ay  
he detected m otion. The third patient, bilateral acoustic neurec
tom y, deaf, w ho had a normal threshold o f  4 .97  c m /s ’ for ac
celeration steps, on ly  indicated betw een  4 0  and 50% o f  correct 
responses for each stim ulus, w hich  sh ow s his inability to detect 
m otion direction.

Taking into account 73% o f  correct responses for acceleration  
steps w ould  still lead to low er acceleration thresholds than for 
linear and parabolic accelerations. T his show ed  the effect o f  high
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FIG. 3. Examples o f accelerations with their respective gradient and velocity used in our experiment. FastR and Par 
are the linear and parabolic acceleration presented in this figure. The acceleration step was varied between 2 and 11 
cm/s^.

gradient of accelerations on motion detection, as acceleration 
steps created a jolt at the onset of chair motion, which facilitated 
the detection of motion direction. Even when considering linear 
and parabolic accelerations only, motion perception did not seem 
to be related to acceleration level. Therefore, the question arose 
to know if motion perception was related to a different parameter 
such as velocity. Velocity thresholds were, thus, determined for 
the different stimuli.

Velocity Thresholds
Acceleration steps. Response latencies were measured for 

each subject at the acceleration levels associated with a propor
tion of correct responses between 63 and 85% (mean 74%, sim
ilar to the percentage obtained for linear and parabolic acceler
ation). The corresponding velocities were estimated from the 
chair velocity feedback. Even with no adjustment taking into 
account the subjects’ reaction time, low values were obtained 
both for Ns, 7.93 cm/s, 73% (range 5 .5-10.6), and for LDs,
9.67 cm/s, 69% (6 .2-12 .7).

Linear and parabolic accelerations. Similar mean values 
were obtained for the different acceleration profiles, but a high 
intersubject variability was noticed: 21.2 cni/s, StE = 5.12 for 
SlowR, 22 cm/s StE = 5.25 for FastR, and 22.2 cm/s StE = 4.1 
for Par. A high intrasubject variability was also observed when 
comparing velocity thresholds obtained for each subject for the 
different stimuli, as can be seen with the two following examples: 
subject 1 had thresholds of 36 cm/s for SlowR, 9 cm/s for FastR, 
and 21 cm/s for Par, while subject 2 had, respectively, 14, 22, 
and 26 cm/s. To show that any velocity detection could only 
occur for a minimum level of acceleration, a further experiment 
was performed with five normal subjects using a stimulus reach
ing high velocity but low acceleration: a linear acceleration was 
employed attaining 7.2 cm/s^ and 52 cm/s in 12.6 s. The mean 
proportion of correct responses was 49.6% (range 35 to 63%) 
showing the inability of every subject to detect motion direction.

Reaction time and response latencies. Latencies around 73% 
of correct responses were 1.5 s (range, 1.33-2.06) for acceler
ation steps, 2.9 s ( 1.4-5.1 ) for SlowR, 1.6 s (0 .8 -3 .0 ) for FastR, 
and 2.7 s ( 1 .8-3.8) for Par. The mean reaction time was 490 ms 
(302-760 ms).

Eye movements. For three of the normal subjects, we recorded 
eye movements during linear and parabolic acceleration with bi
temporal electrooculography. When present, eye movements 
were usually opposite to the head acceleration direction. How
ever, the presence or absence of compensatory eye movements 
was not related to a respectively correct or incorrect detection of 
motion direction.

DISCUSSION

Acceleration and velocity thresholds were lower for constant 
than for linear or parabolic accelerations, showing the importance 
of change of acceleration on motion detection. For slow onset 
stimuli (linear and parabolic accelerations), motion detection 
seemed to be sensitive to velocity but a high intersubject vari
ability was observed. This variability may have been due to a 
difference in attention, in tactics of the subjects to perform the 
task or in their reluctance to make an error.

Thresholds for Ns
Acceleration thresholds. For acceleration steps, the thresholds 

for normal subjects (mean 4.84 cm/s^) were similar to the ones 
reported by Benson et al. ([1]: 5.7 cna/s^, 30 subjects/[2] : 3.7 
cm/s^, 12 subjects) who used a similar adaptative procedure but 
single acceleration sinusoids. With linear and parabolic acceler
ations, producing smoother chair onsets than acceleration steps, 
higher thresholds were obtained: 12.1 cm/s^ for SlowR, 19.2 cm/ 
s^ for FastR, and 16.7 cm/s^ for Par. As acceleration steps con
tain high-frequency components of bigger amplitude than linear 
or parabolic accelerations, this increase in threshold is in accor-
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FIG. 4. Acceleration thresholds obtained in normals (mean, ±  1 standard 
deviation) and labyrinthine defective subjects (individual thresholds) for 
the different stimuli. The percentages o f correct detection are indicated 
for normal subjects (Ns). Results for FastR are given twice for Ns, before 
and after modification of the data to obtain 74% of correct responses 
instead of 86%, which makes the threshold for this stimulus more easily 
comparable to the results obtained for SlowR and Par.

dance with the experiments of Benson et al. [1] who showed that 
for acceleration in the X-axis, thresholds decreased as the fre
quency of the stimulus increased.

Velocity thresholds. Velocity thresholds obtained for linear 
and parabolic accelerations (from 21.2 to 22.2 cm /s) were sim
ilar to those obtained by Melvill Jones and Young [7]. In their 
experiment, acceleration steps of variable amplitude preceded by 
a low constant chair acceleration used to remove jolt due to the 
static friction of the cab in its track were employed. From the 
hyperbolic relation between response latency and acceleration 
magnitude, they obtained a velocity threshold of 21.6 cm/s (StD
5.3 cm /s) and calculated similar values for the study by Young 
et al. [12] for horizontal acceleration: 22.6 cm/s (StD 2.56). As 
our experiment, which showed that Ns were unable to detect 
motion direction for a low linear acceleration (reaching 7.2 cm/ 
s^ in 12.6 s), the study by Melvill Jones and Young [7] showed 
that subjects indicated more than 66% of correct motion direction 
only for acceleration above 14.7 cm/s^. So for all these studies, 
motion perception seemed to be related to velocity, but a mini
mum level of acceleration was needed to perform the task. As 
argued by Benson et al. [1], for these experiments in which ve
locity thresholds are determined from the measurements of re
sponse latency, one cannot conclude that detection was per
formed when a velocity signal exceeded a critical value, as an

integration of the acceleration signal yielding to a similar “ ve
locity”  response could be part of the detection process in which, 
for example, the level of certainty of the subject on his motion 
direction is integrated in time until it leads to a percentage of 
certainty above a critical threshold, at which point the subject 
will signal his motion direction.

Reaction times. Our mean reaction time of 490 ms was close 
to the values obtained by Melvill Jones and Young [7] of 370 
ms, and by Young et al. [12] of 600 and 700 ms.

LDs vs. Ns. Thresholds for LDs were in the lower range of 
those for Ns which showed that receptors such as cutaneous and 
internal visceral cues [ 8 ] could be equally sensitive as vestibular 
inputs for detecting self-motion. Analogous results seemed to 
have been found by Young et al. [12], as it is mentioned in the 
discussion of their article that some alabyrinthine subjects per
formed almost similarly to normal subjects for detecting motion 
direction in the horizontal plane. Overlapping ranges between Ns 
and LDs have also been shown in experiments on perception of 
postural vertical [3,4]. However, using a parallel swing to ac
celerate his subjects, Walsh [II] have shown that LDs were at 
least 10 times less sensitive than Ns to detect their motion. This 
difference with our results may be explained by the fact that 
clamping of the subjects in our experiment led to an activation 
of the skin receptors.
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COMMENTARIES
Gianna and colleagues elucidate an important aspect of motion detection, the influence of motion profile on detection thresholds. 

Up to now, motion detection was investigated under the assumption that it depends either on jerk (Benson et ah, 1986) or velocity 
(Young et al., 1966) thresholds. The present study shows that the truth lies in between, as so often in psychophysics. The brain seems 
to not only use one aspect of the stimulus but integrates multiple properties of the stimulus applied to yield the result.

From a physical point of view, motion onset, which should be detected, consists of a change in velocity and, depending on the 
profile, a change of the derivatives of velocity, acceleration, and jerk. Higher derivatives are not very useful for a system that has to 
deal with measurement noise. Thus, the question arises, why is detection of acceleration or jerk not enough for motion detection. A 
simple example illustrates this: a rectangular negative acceleration profile that follows constant velocity, will first decelerate the subject 
until a stop, and then accelerates the subject again in the opposite direction. In this case, at the point of return, there is no change of 
acceleration or jerk, but, nevertheless, the subject stops for a moment and then moves in the opposite direction. Motion detection in 
this case requires a representation of velocity (in the sense of a signal derived from acceleration and integrated over tim e), and if the 
subject can indicate when motion starts again, a threshold. Indeed, this seems to be the case as shown recently [1].

Of course, the considerations above do not require that the otoliths are involved; they apply to any sensory system measuring linear 
acceleration. Because the careful experimental setup of Gianna and colleagues has excluded virtually all sources of information that 
would indicate position or velocity, the sensory systems involved must work on an inertial basis. The question whether otolithic, 
cutaneous, or visceral cues are more important is quite difficult and can only be assessed by experiments with patients lacking, for 
example, cutaneous information.

However, one source of information may still be important: the vibrations generated by the wheels of the bogie. Because vibrations 
usually increase with increasing velocity, they may still serve as a motion indicator (but not as a direction indicator), especially for 
labyrinthine-defective (LD) subjects. The additional experiment applying a low acceleration but reaching high velocity, which showed 
an inability to detect motion direction, may also be a result of a velocity detection based on vibrations (or similar sources) but not on 
inertial sensory information.

The comparison with Walsh’s parallel swing experiment ( 1963) may support the importance of vibratory stimuli because a parallel 
swing in contrast to devices moving on wheels does not provide them. Direction of motion could still be inferred from somatosensory 
cues as soon as motion is detected.

Because LD subjects, in contrast to normals, have no possibility of differentiating between tilt and translation because of the lack 
of semicircular canal information, the question arises as to why LD subjects in the present study were able to tell at all that they were 
moved. Indeed, another study [2] examining the performance of LD subjects on a parallel swing by asking them to judge their 
displacement, found that instead of feeling linear displacement, LD subjects mostly reported tilting sensations. Those subjects had not 
seen the experimental device prior to testing. In the present study, LD subjects may have interpreted pressure cues as being an indicator 
for linear movement because they were aware of the stimulation procedure, and, therefore, their “ motion” detection was more a 
detection of a change of the direction of resultant acceleration, composed of gravity and translatory acceleration, than of linear motion.

Comparing the contradictory findings that labyrinthine-defective subjects are able in the present study to determine their motion 
direction but they are not able to make saccades in the direction of a previously presented target after linear displacement [3] in a 
similar sled experiment, also calls for a closer analysis of both tasks: a possible explanation is that goal-directed saccades require a 
path integration process that transforms a measure of translatory acceleration to saccade size, while the detected directional change of 
acceleration could easily be reinterpreted as motion onset, when subjects are aware that they will be translated and not tilted (see 
above).

Apart from the problems related to the LD subjects depicted above, the results presented motivate considerations about the under
lying mechanisms of motion detection: can a simple weighted linear combination of jerk and velocity information followed by a single 
threshold explain the present results, or is a more complex nonlinear interaction of the different inputs to be assumed? One hint that 
the latter may be the case is given by the difference in intersubject variability for the “jerk detection”  and “ velocity detection” 
experiments. However, answering these questions is probably not possible on the basis of the present results, but would need specific 
predictions of currently not available models, which then could be verified or rejected.

In summary, this article provides several long-lacking answers concerning the mechanisms of motion detection. Following exper
iments on models of motion perception will have to take into account the results presented. Because motion detection also seems to 
play an important role in path integration [1,4] the results should be of interest not only to the small motion detection community but 
to a wider audience, as well.

S. GLASAUER
Klinikum Grosshadern, NRO, Machioninistr. 15, D-81366, München, Germany 
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This article makes two important contributions to the study of thresholds to detection of linear motion.
First, it makes clear the importance of the higher derivatives of linear motion in its detection, as hinted at by several earlier studies. 

The low acceleration thresholds that were found for acceleration steps undoubtedly were related to the large acceleration gradient 
components as the authors point out— but by no means are they necessarily the result of otolith signal processing. As they discuss in 
comparing the similar results for LDs and normals, the activation of the skin receptors may very well have played a major roll in early 
motion detection when the acceleration derivatives are high. This is especially true for the experiments described, all of which start 
from a stationary position, rather than a rolling start to minimize the artifact of sudden onset of tactile cues associated with off-axis 
vibration.

The second important point is the confirmation of the Melvill Jones and Young finding of an effective “ velocity threshold” (2 1 -  
22 cm /s) for detection of the direction of linear acceleration, provided the onset jerk is not so great as to cue the motion through the 
haptic sensors. As found by both studies, the effective integration of acceleration is a relationship that holds quite well as long as the 
accelerations are sufficiently above threshold (greater than 10-15 cm /s“^).

Some related thresholds to linear acceleration were obtained by Mah et al. [I] using an air-bearing track and an exposure to 
ultrasmooth series of sine wave displacements. As indicated in the following summary, Mah et al. did not find any sensitivity to rate 
of change of acceleration:

‘ ‘This article investigated human perceptual thresholds to whole-body linear oscillation in a noiseless environment. This was an 
effort to resolve the disparities in the reported stimulus thresholds, which vary up to two orders of magnitude, and the uncertainty as 
to whether perceptual thresholds are sensitive to the rate of change in acceleration. It was found that the perceptual thresholds 
are more sensitive to whole-body linear motion than previously measured, and are not sensitive to the rate change of acceleration. 
There appears to be a higher sensitivity at I Hz, suggesting a different sensory modality. The perceptual threshold bandwidth is at 
least 3 Hz.”

L. R. YOUNG
MIT, Man Vehicle Laboratory, Rm 37219, Cambridge, MA 02139-4307 
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Gianna CC, Gresty M A, Bronstein AM. Influence o f  target distance and acceleration level on eye movements evoked by 
lateral acceleration steps. A d a Otolaryngol (Stockh) 1995; Suppl 520: 65 -6 7 .

Lateral eye movements produced by linear acceleration along the inter-aural axis were studied in 6 normal subjects. They 
were seated upright, whole-body restrained, and were exposed to randomised rightward/leftward steps o f 0.05 g, 0.1 g,
0.24g o f  600 ms duration. When viewing earth-fixed targets at 30, 60 or 280 cm from their eyes, mainly pure 
compensatory slow-phase eye movements were evoked at latencies around 50 ms measured for the closest viewing 
distances. At onset, slow-phase amplitude was modulated by acceleration and target distance. When the subjects were 
stationary and pursued moving targets at similar distances and accelerations, latencies around 140 ms were observed, and 
catch-up saccades were frequently made. From these experiments, we defined the dynamics o f the otolith-ocular reflex for 
various levels o f  acceleration and viewing distances. Key words-, otolith ocular reflex, linear acceleration, pursuit, distance.

INTRODUCTION

When studied in darkness, to remove the influence of 
visually guided eye movements (VGEMs), the angular 
VOR gives robust eye movements whereas the linear 
VOR produces weak responses. This difference may be 
explained by high eye movement dependency on visual 
distances during linear motion: for distance targets, 
strong compensatory eye movements will be necessary 
to respond to angular but not to lateral head motions. 
In some recent studies of the linear VOR, protocols 
controlling for viewing distances and excluding 
VGEM contributions were employed: in humans, ocu
lar fixation on a nearby earth-fixed target during 
sudden lateral accelerations produced otolith-ocular 
reflexes (OORs) at latencies shorter than in VGEMs 
(1); in animals, extinguishing a fixation target just 
before accelerating monkeys sideways in darkness 
evoked compensatory eye movements whose ampli
tude was inversely proportional to the target proxim
ity (2). Viewing distances and acceleration level were 
manipulated in the present study to characterise the 
dynamics of the short-latency OORs. We also define 
the role of the OOR during subject motion by compar
ing the responses evoked when the subject was moving 
(SM) to the responses obtained with the subject 
stationary and pursuing moving targets at similar 
distances and accelerations (Target motion: TM).

MATERIAL AND METHODS

Six normal subjects were studied, age range from 24 
to 50 years, mean 38. for SM, they were seated 
upright on an electrically-powered car, with knee, 
torso and head firmly restrained by pressure pads.

Motion stimuli were velocity ramps moving the chair 
unpredictably to the right or to the left. Three differ
ent acceleration steps were used: 0.05 g (0 to 0.24 m/s 
in 500 ms), 0.1 g (0 to 0.48 m/s in 500 ms) 
and 0.24 g (0 to 1.17 m/s in 500 ms). The sub
jects were asked to fixate the centre of an earth-fixed 
target situated at 30, 60 or 280 cm from their eyes. 
The target was a rectangular (79 cm high, 55 cm 
wide) flat cardboard with a pattern of vertical white 
and black stripes of 4 cm width having a dot at its 
center surrounded by a black (diameter 5 mm) and 
a white (diam. 15 mm) circles. For each target 
distance, 30 stimuli were dispensed, 5 for each 
acceleration and each direction. For TM, the 
subjects were seated stationary, head restrained, 
and the target was mounted on the chair. Lateral eye 
movements (recorded with bitemporal electro-culog- 
raphy and filtered at 80 Hz), velocity feed
back from the chair, and head/target acceleration 
were recorded on computer. The accelerometer 
was mounted on the subject’s forehead during 
SM or on target during TM in order to deter
mine the precise onset of the head/target acceleration. 
Raw data and desaccaded eye movements were aver
aged for each subject and each combination of dis
tances and accelerations. These individual averages 
were then pooled together to obtain 36 (18 slow- 
phase and 18 overall eye movements) grand averages 
corresponding to the various experimental setups (3 
distances x 3 accelerations, for SM and TM). 
Recordings for leftward and rightward displacements 
were combined as no asymmetry in the response was 
observed. Data were ignored if blinks or drifts oc
curred during the 200 ms preceding chair onset.

(( ) 1995 Scandinavian University Press. ISSN 0365-5237
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TARGET - 60 cm

4“

100 ms

SMChair
onset TM0.24g

SM.
0.1g

SM = TM0.05g

Fig. I. Grand averages of eye movements (including sac
cades) evoked during Subject Motion (SM) and Target 
Motion (TM) at 0.05 g, 0.1 g and 0.24 g, for a viewing 
distance of 60 cm. Dashed lines represent the reconstruction 
from the chain velocity feedback of the relative target 
displacement. Combination of OORs and VGEMs enables 
a better target tracking than VGEMs alone.

RE SU LT S 

Qualitative analysis
Both TM  and SM evoked com pensatory  eye m ove
m ents as can be seen in Fig. 1 show ing average 
records o f the responses at 60 cm for the 3 different 
accelerations. SM and TM  m ainly differed during the 
first 350 ms: short latency responses for SM enabled 
better following o f the relative target displacem ent 
tha t for TM . Raw  da ta  showed a m uch higher sac
cadic con tribu tion  during TM  than SM especially 
between 250 and 350 ms.

Latencies
Latencies were defined as the delay between head/ 
target acceleration onset and tim e when the eye 
m ovem ent exceeded the level o f noise present during 
the 150 ms preceding the acceleration onset.

The latencies were precisely m easurable only at 30 
and 60 cm, for 0.1 g  and 0.24 g. On grand  averages, 
the latencies were very sim ilar w hatever the accelera
tion and the distance: at 30 cm, from  48 to 65 ms for 
SM and  from  140 to  155 ms for TM ; at 60 cm, from  
40 to 50 ms for SM and  from  140 to  150 ms for TM . 
On individual averages, the shortest latency for SM 
was 37 ms and the longest one, 93 ms. F o r T M , the 
latencies were between 130 and 182 ms.

Dependence o f  the OOR on visual distances and 
accelerations
The O O R  was m odulated  in p roportion  to  accelera
tion level and viewing distance as can be seen on

0.24gTARGET - 60 cm
O.lg

0.05g
Head acceleration 

onset

0.5“

150 ms

Fig. 2. Grand averages of raw eye movements evoked 
during lateral whole-body accelerations at 0.05 g, 0.1 g and 
0.24 g, for a stationary fixation target at 60 cm. OOR is 
modulated from onset with acceleration level.

ACCELERATION
0.24g

30 cm

60 cm

Head acceleration 
onset 280 cm

0.5
150 ms

Fig. 3. Grand averages of raw eye movements evoked 
during lateral whole-body accelerations at 0.24 g. while 
ocular fixation on an earth-fixed target situated at 30, 60 or 
280 cm. OOR is modulated from onset with target distance.

Figs. 2 - 3  showing the average response a t 60 cm for 
the 3 accelerations and  at 0.24 g  for the 3 distances. 
A ccording to  task dem and, the strongest O O R s were 
ob ta ined  for the closest viewing distances and the 
highest accelerations.

Overall performances: TM  vs S M
Target at 30 cm. F o r the lowest acceleration, both 

TM  and  SM closely followed the relative target dis
placem ent. At 0.1 g, only SM produced an adequate 
eye m ovem ent during the first 350 ms. A t 0.24 g, the 
initial response (first 200 ms) for SM was m uch better 
than for T M , but did no t reach the am plitude for 
ideal com pensation . A fter 250 ms, m ultiple “ catch
u p ” saccades were generated bo th  during SM and
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TM, but they were of much bigger amplitude during 
TM. Saccades were evoked because the slow-phase 
eye velocity did not reach the amplitude enabling a 
smooth following of the target: the required velocity 
at 350 ms was 120°/s, the velocity attained during SM 
and TM were respectively 117°/s and 90°/s.

Target at 60 cm. No difference between TM, SM 
and relative target displacement at 0.05 g. For the 
highest accelerations, TM and SM differed until 
around 350 ms, which correspond to the end of the 
first catch-up saccades in TM, then in both condi
tions, mainly smooth eye movements were employed 
to follow the target.

Target at 280 cm. Whatever the acceleration, SM 
and TM closely matched the ideal compensatory eye 
movement.

So for every condition but 30 cm/0.24 g, the slow- 
phase eye movements for SM closely followed the 
relative target displacement, whereas TM only gave 
adequate responses for low acceleration (0.05 g) and 
far viewing distance (280 cm).

DISCUSSION

We have characterised the eye movement responses 
evoked by human subjects during lateral acceleration 
steps.
(i) Early stage (first 150 ms) of the responses: an 
important finding is the modulation, from onset, of 
the short-latency otolith-ocular reflex by the level of

acceleration and target distance. Therefore, OORs 
help to stabilise vision over a wide dynamic range, 
before the beginning of visually guided eye move
ments. This modulation on distances correlates with 
results, obtained in darkness with imaginary or pre
viewed targets, of combined linear and angular head 
movement in humans (3) and with those of pure 
linear acceleration in monkeys (2).
(ii) Latest stages: combination of OORs and
VGEMs gives a better target tracking than VGEMs 
alone.
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Abstract Eye movement responses were obtained from 
six normal subjects exposed to randomly ordered right
wards/leftwards linear acceleration steps of 0.05 g, 0.1 g 
or 0.24 g amplitude and 650 ms duration along the inter
aural axis. With the instruction to gaze passively into the 
darkness, compensatory nystagmus was evoked with 
slow-phase velocity sensitivity of 49° s~' When sub
jects viewed earth-fixed targets at 30 cm, 60 cm or 280 
cm, eye movements at 130 ms from motion onset were 
proportional to acceleration and inversely proportional to 
target distance, before the onset of visually guided eye 
movements. Our results show that a modulation with 
viewing distances of the earliest human otolith-ocular re
flexes occurs in the presence of pure linear acceleration. 
However, full compensation was not attained for the 
nearer targets and higher accelerations.

Key words Otolith ocular reflex • Linear acceleration • 
Eye movements • Vestibular function • Human

Introduction

Lateral (Niven et al. 1966; Buizza et al. 1979; Baloh et 
al. 1988; Skipper and Barnes 1989; Paige and Tomko 
1991; Shelhamer and Young 1991; Oas et al. 1992), ver
tical (Niven et al. 1966; Melvill Jones et al. 1980; Tokita 
et al. 1981; Baloh et al. 1988; Paige and Tomko 1991) 
and torsional (Lichtenberg et al. 1982; Paige and Tomko
1991) slow-phase eye movements in response to linear 
acceleration of the body have been described in man (Ni
ven et al. 1966; Buizza et al. 1979; Melvill Jones et al. 
1980; Tokita et al. 1981; Baloh et al. 1988; Skipper and 
Bames 1989; Shelhamer and Young 1991; Oas et al.
1992) and other primates (Paige and Tomko 1991). They 
are presumed to be otolith-ocular reflexes (OOR). Typi
cally, such responses have been evoked in darkness by

C.C. Gianna ( ^ )  ■ M.A. Gresty ■ A.M. Bronstein
MRC, Human Movement and Balance Unit, National Hospital,
Queen Square, London, WCIN 3BG, UK;
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sinusoidal accelerations and, except at frequencies above 
1 Hz (Tokita et al. 1981), the magnitudes of eye move
ments evoked tend to be small. The weakness of the re
sponses has been attributed to the importance of a visual 
context to “set” the OOR gain appropriately to target dis
tance (Barnes 1979). In support of this explanation, more 
robust OORs have been obtained in darkness with sub
jects imagining proximal targets, during oscillatory mo
tion (Buizza et al. 1979; Baloh et al. 1988; Skipper and 
Barnes 1989; Shelhamer and Young 1991; Oas et al.
1992), and, in the light, for abrupt linear motion (Bron
stein and Gresty 1988).

In humans, studies of the effects of imaginary targets 
during translational accelerations (Baloh et al. 1988; 
Skipper and Barnes 1989; Paige 1991; Oas et al. 1992) 
or during combined body rotations and translations (Gre
sty et al. 1987) have afforded no precise control of target 
distance and therefore no accurate quantification of the 
OOR performance. By recording eye movements of two 
subjects viewing an earth-fixed target, Paige (1989) in
vestigated the effect of target distance on the vertical 
OOR; however OORs could not be isolated from visual 
following responses as eye movements were recorded 
during sinusoidal accelerations, and pure vertical head 
acceleration could not be assured as generated without 
head fixation. In monkeys, more precise characterisat
ions of the OOR with target distance were performed in 
darkness using previewed targets and transient linear 
(Schwarz and Miles 1991) or combined linear and angu
lar accelerations (Snyder and King 1992). The present 
study aimed to quantify the dependence of the human 
OOR on both viewing distances and acceleration level 
during linear motion. The method adopted was to exam
ine the earliest responses to pure linear transient acceler
ations (Bronstein and Gresty 1988, Schwarz and Miles 
1991), as they have been shown to be absent in a labyrin
thine-defective subject and thus are probably of labyrin
thine origin (Bronstein and Gresty 1988).

Specifically the following question was addressed: 
how is the earliest component o f the human OOR modu
lated with viewing distance and acceleration during ocu

mailto:cgianna@ion.bpmf.ac.uk
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lar fixation of real targets and pure linear whole-body 
motion?

Materials and methods

For “subject motion”, subjects were seated upright on a linear mo
tor-powered bogie with their interaural axis parallel to the axis of 
chair motion and with knees, torso and head restrained with pres
sure pads (Bronstein and Gresty 1988; Brookes et al. 1990).

The motor command was a velocity triangle generating accel
eration steps lasting approximately 650 ms and followed by a sim
ilar period of deceleration; three amplitudes were employed: 0.05 
g, 0.01 g and 0.24 g\ rise time of 40-60 ms (Fig. 1). Head acceler
ation was measured by a precision piezo-resistive linear acceler
ometer, band pass D.C. to 1 kHz, which was mounted on the sub
ject’s forehead with surgical tape. During “target motion” it was 
attached to the target moving on the bogie. Velocity feedback from 
the bogie was recorded via a tacho-wheel running on a rail.

Experiments in darkness

Studies were performed in an internal, windowless room in which 
direct and luminescent light could be excluded to the satisfaction 
of dark-adapted observers. A grey screen (1.2 mx 1.2 m) was 
placed at 1.5 m from the subjects, who were instructed to look at 
the screen without fixating any particular point on it and to gaze 
passively ahead once in darkness. The room lighting was extin
guished 1 s before chair motion and reilluminated when the dis
placement was completed.

Experiments in the light

The target (rectangular surface, 79 cm wide, 55 cm high) consisted 
of a succession of 4-cm-wide vertical white and black stripes; this 
pattern produced both peripheral (optokinetic) and central (pur
suit) visual effects. The target centre was a circular pattern includ
ed in a circle of 1.8 cm in diameter, which enabled precise fixation 
whatever the target distance. During subject motion, the target was 
placed earth-fixed at 30 cm, 60 cm or 280 cm from the subject’s 
eyes. During target motion, the subjects were seated stationary, 
head restrained, at the same distances from the target, which was 
then mounted on the bogie on which a load of 70 kg was placed to 
produce similar chair motions as during subject motion. In both 
situations, subjects were asked to keep their eyes on the centre of 
the target.

Stimulus presentation

For each experiment, a set of 30 randomly ordered stimuli, 10 for 
each acceleration level, were dispensed (5 leftwards, 5 rightwards). 
Target position did not vary within each set of trials. The presenta
tion order of target positions was different for each subject.

Subjects

Six subjects (three men and three women, aged 24-48 years, mean 
38 years) without history of neurological or otological disorders 
gave their informed consent to the studies: four subjects had nor
mal vision, the other two wore their habitual contact lenses during 
the whole experiment. The conditions of 0.24-g acceleration steps, 
in darkness and viewing a 30-cm or 60-cm target, were also per
formed, with consent, on three subjects with bilateral loss of ves
tibular function: 32 years old, childhood meningitis (deaf); 35 
years old, idiopathic; 41 years old, bilateral neurectomies for 
acoustic neurinoma (deaf). All three subjects had no nystagmus re
sponses to 30° and 44° caloric irrigation in darkness and no re

sponses to yaw rotation in darkness using velocity steps of 80° s“' 
and sinusoidal oscillations of 0.1-0.4 Hz with 60° s~' peak veloci
ty. The first subject undertook the experiment viewing a 30-cm- 
distant target, while the last two had a 60-cm-distant target.

Eye movement recording

Lateral eye movements were recorded with bitemporal electro-oc
ulography (EOG) filtered at 80 Hz (2nd order Butterworth filter) 
and digitally sampled at 250 Hz. To avoid drift on the recording, 
care was taken to leave the electrodes (Biolect-S Ag/AgCl) for 
about 10 min before starting the experiment, and fans were used to 
prevent subjects from sweating. Tests were only started after ob
taining stable eye movement calibrations. The EOG signal was 
calibrated before and after each condition, with fixations at +/-10° 
from the target centre, having previously ascertained the linearity 
of the EOG from 0° to 10° in 1° steps. Infra-red corneal reflection 
detectors were not adequate to measure short-latency responses, as 
artefacts due to slippage of the infra-red support frame were ob
served. The EOG technique did not allow us to measure vergence 
for experiments in darkness. However, preliminary investigations 
using the infra-red detectors showed that 1 s after darkness, i.e. 
just before chair motion, the vergence of each subject had reached 
a stable level, which was constant over many trials. Besides, as the 
stimuli were randomly ordered, a subject’s vergence could safely 
be considered as similar for every acceleration level and therefore 
did not affect our comparison of the eye movements evoked at dif
ferent acceleration amplitudes.

Eye movement analysis

Approximately 10% of the data were discarded because of blinks 
or drifts present during the 200 ms preceding chair motion. Sac
cades were visually identified both on eye position and eye veloci
ty signals and removed from the eye position recording by replac
ing them with straight lines whose slopes were estimated means of 
the pre- and post-saccadic slow-phase velocities. Raw data and de
saccaded eye movements were averaged for each subject and each 
combination of distances and accelerations. Means were made on 
time records of 1000 ms, including an epoch of 250 ms before 
chair motion. Motion onset was defined with a cursor placed on 
the chair velocity feedback record and was used as a time refer
ence to average the responses. Recordings for leftwards and right
wards displacements were combined, as no asymmetry in the re
sponses was observed. Individual means were pooled to obtain 
grand means over all subjects for the various experimental condi
tions, each grand mean included between 50 and 60 eye move
ment responses and therefore the noise inherent to EOG recording 
was reduced allowing accurate measurements: the difference be
tween the extreme noise levels measured during the 150 ms pre
ceding motion onset was 0.174° (SD 0.034°) on grand means and
0.42° (SD 0.1°) on individual means.

To estimate the quality of the responses, eye velocities were 
compared with the relative target velocities (RTV). The relative 
target displacement was calculated as the arctangent of chair dis
placement/target distance, where chair displacement was obtained 
after digital integration of the bogie velocity. Eye and relative tar
get velocities were obtained from the derivative of a curve fitted to 
the position data; a least-square error estimation procedure (CSS- 
Statistica; StatSoft, USA) was used to fit intervals of the data cen
tred around the points in time at which velocities were required. 
For experiments in the light, the fitted curve was a third-order 
polynomial and interval widths were 160 ms for relative target ve
locities above 15° s~’ and 400 ms otherwise. For low eye velocity,
1.e. little change in eye displacement, wider intervals had to be se
lected in order to reduce the influence of noise level. For experi
ments in the dark, the slow-phase cumulative eye position between 
300 and 500 ms following chair motion onset was fitted by a lin
ear function (Fig. 1). The goodness of curve fit was given by the 
coefficient of correlation between predicted and recorded respons
es (Table 1).
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Results

E xperim ents in the darkness

Q ualitative analysis o f  the responses

The acceleration steps provoked a nystagm us o f small 
am plitude with slow phase in a com pensatory direction. 
The cum ulative slow -phase eye displacem ent at 500 ms 
after the onset o f m otion attained 0.8° at 0.05 g and 3.2° 
at 0.24 g  on grand  m eans. No responses w ere obtained 
with the labyrinthine-defective subjects.

Relationship between slow -phase eye velocity  
and acceleration magnitude

Velocities were m easured on the m eans o f each subject 
and on the grand  m eans betw een 300 and 500 ms where 
there was a substantial response and good linearity (Fig. 
1); the coefficients o f correlation  for the linear fit were 
betw een 0.79 and 0.99 for individual m eans and 0.985 
and 0.997 for grand  m eans. Each subject produced an 
eye m ovem ent w hose slow -phase velocity increased 
nearly proportionally  with head acceleration (Fig. 2). 
The ratio eye velocity/head acceleration on grand m eans 
was 52, 51 and 44° s'" g“ ‘ for 0.05 g, 0.1 g  and 0.24 g, 
respectively (m ean 49° s~' g~*). The corresponding gains 
o f eye velocity (%) divided by chain velocity (m /s) were 
1 1.7, 13.5 and 13.9.

For experim ents in the dark, vergence was not con
trolled and therefore m ight have differed am ong subjects 
and induced the observed inter-subject variability in eye 
velocities. D espite this variability, grand  m eans were 
m ade as sim ilar trends o f eye velocity over head acceler
ation were obtained for all subjects (Fig. 2).

Eye p o sitio n

500 m s

c u rv e  fitting

Chair v e io c ity50
cm /s

Head a c c e ler a tio n
O .lg

1 0 0  m s

T = r ise  tim e, 40  ms

Fig. 1 M eans o f  the eye m ovem ents o f  one subject obtained in 
darkness for ().24-^(/ acceleration steps. The d a s h e d  lin e  show s the 
curve fitting made betw een 300  and 500  ms from m otion onset. 
The rise time o f  the acceleration step (T ) is the tim e it takes for the 
acceleration to change from 10% to 90% o f  its final mean level. 
O ften, as for this subject, the first saccades appeared at a late stage 
o f  the responses and therefore the fit to find the eye  velocity  at 
4 00  ms could be made on the raw data means

15
Interrupted lines: ve locities for each subject 

Full line: velocities on grand averages

10

5

.05 1 .24
A c c e le ra t io n  (g)

Fig. 2 V elocities measured on each individual mean betw een 300  
and 500  ms from motion onset for the dark condition

E xperim ents in the light

C om parison of effects o f acceleration and target distance 
on the eye m ovem ents evoked by subject m otion and by 
target motion.

Qiialitati\'e analysis

Figure 3 (left) shows raw records obtained at 0.24 g for a
30-cm -distant target during subject and target motion. In 
both situations, the acceleration steps evoked com pensa
tory eye m ovem ents, but the responses during subject 
m otion started earlier and contained few er saccades than 
during target motion: latencies o f 60 ms com pared with 
140 ms were obtained and the desaccaded eye m ove
m ents represented 92%  o f the raw responses com pared 
w ith 71%  at 400 ms from  m otion onset. S im ilar respons
es w ere recorded for all accelerations and target d istanc
es, but w ith few er saccades w ith far distances and low 
accelerations (not shown). W hen present, catch-up sac-

A ccele ra tlon ; 0 .2 4 g  

Target d is ta n c e : 3 0  cm

RTD RTD,
50 m s

SM SMTM ■TM

N orm al s u b |e c t A la b y r in th in e  s u b je c t

Fig. 3 E xam ples o f  raw eye m ovem ents evoked during lateral 
0.24-i? acceleration steps, with subject trying to maintain ocular 
fixation on a 30-cm -distant target: S M  (subject m otion) and TM  
(target m otion) show the responses obtained with the subject m ov
ing and fixating the earth-fixed target, or stationary and fo llow ing  
the m oving target, respectively. The d a s h e d  lin e  is the reconstruc
tion from the chair velocity  feedback o f  the relative target d is
placem ent (R T D ). W hen compared with normal responses, results 
from the alabyrinthine subject show  the absence o f  early responses 
during subject motion
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1; 3 0 c m , 0 .2 4 g  

2: 3 0  c m , O .OSg  

3: 2 8 0  c m , 0 .2 4 g

S u b je c t m o tio n

M o tio n

T a rg e t m o tio n

Fig. 4 Grand means of desaccaded eye movements evoked during 
subject motion and target motion for the following combinations 
of accelerations and viewing distances: 7, 30 cm/0.24 g, 2, 30 
cm/0.05 g, 3, 280 cm/0.24 g (six subjects). These three combina
tions enable us to see the influence of viewing distance for a con
stant acceleration and of acceleration for a constant viewing dis
tance. Note an early modulation of the OOR with acceleration and 
target distance, before significant visually guided eye movements 
occur (at approximately 150 ms from chair onset)

-  Subject motion
-  Target motion

20
*  30 cm 
O 60 cm

15

10

5

^  —
0

0.05 0.1 0.24

A c c e l e r o t i o n  ( g )

Fig. 5 Velocities at 130 ms from motion onset of the mean eye 
movements of six subjects during subject motion (full lines) and 
target motion (dashed lines) for the different combinations of ac
celerations and target distances

Table 1 Velocities at 130 ms 
of the relative target displace
ment (RTV), the grand means 
for subject motion (SMV) and 
target motion (TM̂ T). SDs were 
calculated with the eye veloci
ties obtained for each individu
al mean. The maximum differ
ences between eye velocity 
measured on grand means and 
the mean value of eye velocity 
measured on individual means 
considering data for subject 
motion and target motion were 
0.62° s-', 0.29° s-' and 0.28° 
s~‘ at 30, 60 and 280 cm, 

respectively

RTV (°/s) SMV (°/s) 

Mean SD

TMV

Mean

C/s)

SD

Gain
SMV/RTV

Gain
TMV/RTV

30 c m 0.24 g 44.4 20.3 5.28 3.59 2.86 0.457 0.081
O . l g 20.8 13.0 3.56 1.60 1.09 0.625 0.077
O.OSg 10.7 8.26 1.09 3.90 1.98 0.772 0.364

60 c m 0.24 g 22.3 11.2 3.38 2.60 1.13 0.502 0.117
0.1 g 10.6 7.84 2.34 2.35 1.23 0.74 0.222
O.OSg 5.36 4.77 0.14 3.13 0.89 0.89 0.584

280 c m 0.24 g 4.84 4.63 1.50 1.30 0.81 0.957 0.268
0.1 g 2.28 2.43 1.28 1.05 0.67 1.066 0.461
O.OSg 1.15 1.17 0.47 1.00 0.56 1.017 0.870

The coefficients of correlation between the grand mean eye positions and the fitting curves were 
greater than 0.986 for target motion and greater than 0.973 for subject motion

cades were generated at the absolute minimum latency of 
210 ms. In labyrinthine-defective subjects (Fig. 3, right) 
even during subject motion, responses did not begin be
fore 150 ms.

OOR modulation with target distance and acceleration

Since the OOR should increase with acceleration and de
crease with target distances, an analysis was made of the 
dependency of the OOR on these two parameters. Figure 
4 shows that the OOR was modulated by acceleration 
and viewing distance before the beginning of visually 
guided eye movements which occurred around 150 ms. 
This modulation is quantified in Fig. 5 and Table 1. Eye 
and relative target velocities were measured at 130 ms 
from the chair onset for each combination of accelera
tion/target distance. The criteria explained in Materials 
and methods to choose interval width for the curve fit
tings allowed us to make the measurements before the 
generation of saccades for tests with close targets and

high accelerations. For the other conditions, saccades 
were either absent or of small amplitude, in which case 
analysis was made on the desaccaded eye movements.

Figure 5 shows that, during subject motion, eye ve
locities were clearly modulated with target distances, at 
each acceleration, and reached a value of 20.3° s"̂  for 
0.24 g and 30 cm. Velocities measured during target mo
tion did not exceed 4° s~̂ ; any clear effect of target dis
tances or accelerations on these small, visually guided 
eye movements could therefore not be detected. A two- 
way ANOVA test for repeated measures design showed 
that the interaction between acceleration and target dis
tance was significant (F<0.005) for subject motion, 
which indicates a significant enhancement of eye veloci
ty with both variables (F<0.0001 for the isolated effect 
of target distance or acceleration), and was non-signifi
cant for target motion with P>0.13. Therefore, it can be 
assumed that the enhancement with these two variables 
during subject motion was produced by the OOR. Table 
1 shows that even for subject motion, ocular compensa
tion was only achieved for the far target, where gains of
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eye velocity over relative target velocity were around 1. 
OOR velocities were increased with the inverse of target 
distances but insufficiently to compensate for the rela
tive target movements in the nearer viewing conditions. 
For 0.24 g and 30 cm, the velocity gain was down to 
0.46.

Discussion

The data presented extend our understanding of the dy
namics of the otolith ocular reflex in man. In darkness, 
the OOR is proportional to acceleration over the range 
0.05 g-0.24 g. In the light, eye movements at onset 
showed gain modulation with target distance but were 
undercompensatory for the nearest targets.

Darkness

The gain, calculated as slow-phase eye velocity/head ac
celeration, estimated at 400 ms into motion, averaged 
49° s"' which is higher than those reported for sinu
soidal accelerations at frequencies ranging from 0.2 to 1 
Hz, 15-29° s“  ̂ g"' (Niven et al. 1966; Baloh et al. 1988; 
Skipper and Barnes 1989; Shelhamer and Young 1991). 
Inter-subject and inter-laboratory variability in OOR gain 
estimates are clearly high. The higher gains we recorded 
may be attributable to several factors: arousal may have 
been higher in our subjects because of the short, sharp 
stimuli used; our stimuli contained higher frequency 
components than the earlier studies, so there is the possi
bility that gain may be enhanced at high frequencies; 
there may be a non-linearity of response with gains pro
voked by transient stimuli being higher than gains in re
sponse to steady state stimuli. The only relevant evi
dence on this matter is from the study of Tokita et al. 
(1981), who found a flat gain characteristic (eye veloci
ty/head acceleration) between 0.7 and 5.0 Hz for the ver
tical OOR, which would suggest that the high gains we 
recorded might not have been an effect of stimulus fre
quency.

In the light

The OOR modulation with viewing distances appeared 
simultaneously to the modulation with acceleration lev
els (Fig. 4). This corresponds to results obtained by Sny
der and King (1992), in experiments in monkeys, who 
showed that the ocular responses were determined by 
head rotation alone for 10-20 ms following onset of ro
tation, by head rotation and viewing distance after 20-30 
ms and by head rotation, viewing distance and a concur
rent linear translation after 35-45 ms. Therefore, as soon 
as a signal from otolith origin was present, it was modu
lated by viewing distances, whereas initial responses 
originating from head rotation were independent of tar
get distances. Our results show that such modulation of

the earliest responses by viewing distances also occurs 
with pure linear acceleration.

Both in light and darkness, OOR velocity was propor
tional to acceleration, and in the light it increased linear
ly with the inverse of viewing distance. This dependency 
on the inverse of viewing distances is in accordance with 
results obtained in monkey for 0.04-g peak, bell-shaped 
acceleration profiles, along their interaural axis (Schwarz 
and Miles 1991). However, unlike the human data, the 
gain (eye velocity in darkness/required eye velocities for 
ocular fixation of an earth-fixed target as the same dis
tance as a target seen before chair motion) was under
compensatory for close target distance (16 cm) and over- 
compensatory for far target distance (150 cm). In the 
present experiments, with real earth-fixed targets, for ev
ery level of acceleration the velocity gain was compensa
tory for far viewing distances (280 cm) but undercom
pensatory for close target distances (30 cm).

Two main conclusions can be drawn from these re
sults. Firstly, the short-latency effect of target proximity 
on eye responses implies that the OOR gain is adjusted 
according to viewing distance before the onset of eye 
movements. The adjustment could be mediated via the 
state of vergence or/and accommodation (Paige 1991; 
Schwarz and Miles 1991) but also by independent esti
mates of target distance. Secondly, this adjustment is in
sufficient for close target viewing.
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Summary
Visual symptoms emerging after the loss of vestibular 
function are usually attributed to the dysfunction of 
semicircular Canal vestibulo-ocular reflexes, as they have 
been shown to stabilize vision during angular head 
movements. However, natural head displacements involve 
both angular and linear motion, and therefore visual 
instability may occur because of defective otolith-ocular 
reflexes (OORs) which are the eye movements evoked by 
linear head acceleration. In this paper, the relationship 
between OORs and visual acuity during linear head motion 
was studied in normal subjects and 14 patients with 
bilateral loss of caloric responses. OORs were elicited in 
darkness by step acceleration (0.24 g) of the whole body 
along the interaural axis. Latency, slow phase velocity 
and asymmetry of the OOR were measured from the de
saccaded and averaged electrooculographic trace. Visual 
acuity was assessed during sinusoidal lateral oscillation

Keywords; otolith-ocular reflex; vestibular; visual acuity

of the subject viewing an earth-fixed target, and vice versa 
with the subject stationary and the target moving at 0.5, 
1.0 and 1.5 Hz. The task was to recognize numbers 
flashing up on a three digit light-emitting diode visual 
display. Normal subjects had symmetrical OORs with short 
latencies (<130 ms). In patients, OORs were either absent 
fn = 2) or abnormal with asymmetries (n = 8), diminished 
velocities (n = 4) or prolonged latencies (n = 6). At high 
frequency oscillation (1.5 Hz), normal subjects invariably 
recognized more numbers during self-motion compared 
with target motion, whereas most patients did not. In 
patients, abnormal dynamic visual acuity was correlated 
with absent or delayed OOR responses. This is the first 
demonstration of a functional role of the OORs in that 
they contribute to visual stabilization during high frequency 
linear head motion. Bilateral vestibular failure commonly 
affects the OORs and thereby compromises dynamic 
visual acuity.

Abbreviations: EOG = electro-oculography; OOR = otolith-ocular reflex

Introduction
Natural head movements, as they occur during walking or 
running, involve both angular and linear acceleration 
(Cappozzo, 1981). The otolith-ocular reflexes (OORs) 
produce robust compensatory eye movements during linear 
head motion (Baloh et a l, 1988a; Bronstein and Gresty, 
1988), and are complementary to the canal-ocular reflexes 
which compensate for angular head motion. The utility of 
canal-ocular reflexes for visual stability has been demon
strated not only by eye-movement recordings (Pulaski 
et a l, 1981) but also by psychophysical studies (Benson

© Oxford University Press 1997

and Bames, 1978). In contrast, studies on the OOR have 
been restricted to eye-movement recordings which yield 
only indirect evidence of its visual consequences. Thus, it 
is still unknown to what extent the OOR contributes to 
visual stability during linear head motion. Furthermore, 
since research into the OOR has focussed on normal 
subjects with clinical aspects receiving little attention, it 
is still unknown whether patients with vestibular dysfunction 
experience symptoms related to specific deficiencies of the 
OORs. To explore the contribution of the OOR to visual
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stability, we investigated eye movements and dynamic 
visual acuity in healthy subjects and labyrinthine defective 
patients during linear acceleration.

Methods
Subjects
Fourteen patients were tested (mean age, 46 years; range,
31-69 years). The admission criterion for this study was 
bilaterally absent responses to caloric irrigation (30/44°C) 
both in the light and under Frenzel’s glasses. Aetiologies 
included meningitis (n = 3), ototoxicity (n = 2), neuro
sarcoidosis (n = 1), neurofibromatosis type II with removal 
of bilateral acoustic neuromas (n = 1) and idiopathic bilateral 
vestibular failure {n = 7). Four patients had profound 
bilateral hearing impairment due to meningitis (n = 3) and 
neurofibromas (n = 1). Clinical neurological examination 
was normal except in one patient who had a mild cerebellar 
syndrome with ataxia of the extremities. Electro-oculographic 
(EOG) recordings of pursuit (laser dot moving sinusoidally 
at 0.1, 0.2 and 0.4 Hz, target displacement ±17°, peak 
velocity from 11 to 43°/s) and optokinetic eye movements 
(full-field drum, rotating at a constant velocity of 40°/s) were 
normal in all patients.

In addition to caloric irrigation, vestibular investigations 
included rotational testing with velocity steps of 60°/s and 
sinusoidal oscillations (0.2 Hz, peak velocity 60°/s). Both 
test results were expressed as gains (slow phase eye velocity/ 
stimulus velocity). Seven patients had residual horizontal 
canal function with gains between 0.1 and 0.4 in at least one 
of these two rotational tests. Therefore, the patient sample 
was not a homogeneous group of subjects with complete 
vestibular loss but included patients with both loss and low 
levels of vestibular function. Patients were asked if they had 
experienced oscillopsia, defined as visual blurring or apparent 
motion of the visual surroundings during head movements, 
and its intensity was graded on a four-level rating scale based 
on that by Bronstein and Hood (1987): 0 = absent, i.e. no 
oscillopsia; 1 = mild, i.e. some oscillopsia which has never 
been troublesome; 2 = moderate, i.e. oscillopsia interfering 
with some activities, but not affecting the patient’s mobility; 
3 = severe, i.e. oscillopsia of disabling severity with gross 
interference in the patient’s mobility and daily activities.

The study also involved 26 normal subjects from whom 
two subgroups were drawn for normative data; the first group 
(n = 21; mean age, 33 years; range, 22^9  years) provided 
normative data for the OOR, the second group, which partly 
overlapped with the first (n = 14; mean age, 34 years; range, 
23-49 years) was tested for dynamic visual acuity. The 
normal subjects were free of neurological or otological 
disorders.

Informed consent to the study was obtained from all 
normal subjects and patients according to the guidelines of 
the National Hospital’s ethics committee which approved 
the study.

Otolith-ocular reflexes
In this study, we recorded the OORs evoked in darkness 
during transient accelerations, as previous experiments 
showed that this stimulus produces reliable eye movements 
(Lempert et al., 1996). Linear acceleration along the interaural 
axis was generated by a car powered by linear motors. 
Velocity feedback from the car was provided by a tachometer 
wheel running on the straight-fine track. Subjects were seated 
upright on the car with their body firmly restrained by 
pressure pads. The head was fixed by two periaural clamps 
and an occipital head rest. The stimulus consisted of a step 
acceleration of 0.24 g which reached its maximum after 
70 ms and lasted 650 ms. Pilot experiments with precision 
linear accelerometers firmly attached with surgical tape on 
the subjects’ forehead and mounted on a biteboard indicated 
that they both signalled acceleration onset simultaneously. 
Experiments in two subjects with magnified video-images of 
the forehead, obtained with a camera screwed to the chair, 
detected an average 0.56 mm head displacement relative to 
the chair at 180 ms after acceleration onset (chair movement 
38 mm). Thus head accelerations recorded with the forehead- 
mounted accelerometer and head stability in the chair were 
judged appropriate for our experiments. Between five and 10 
stimuli to the left and to the right were applied in a random 
sequence. Each stimulus started 1 s after room fights had been 
extinguished. If artefacts were observed during recording, 
additional stimuli were dispensed. Subjects were instructed 
to gaze passively ahead without fixating any particular point. 
To minimize the effect of target distance, which may modulate 
the OOR (Busettini et a i, 1994), they fixated a grey textured 
fabric screen at 150 cm distance until fights were extinguished. 
This far distance was chosen as an attempt to reduce the 
inter-subject variability in vergence which could have resulted 
from different abilities among subjects to maintain near 
fixation in the dark.

Horizontal eye movements were recorded by bitemporal 
EOG and digitized at a 250 Hz sampling rate. Care was 
taken to avoid pressure on the electrodes by placing them 
clear of the head clamps. Recordings were discarded if signal 
drift was >  1 °/s before onset of car motion. The raw recordings 
were filtered at 30 Hz and de-saccaded. Quick phases were 
easily identified as they always occurred in opposite direction 
to the slow phase eye movements. They were replaced by 
an average of the immediate pre- and post-saccadic slow 
phase eye velocities. To reduce noise levels, at least five 
responses were averaged for each subject and direction. The 
OOR slow phase velocity was measured over the interval 
from 300 to 500 ms after the onset of car movement when 
the eye velocity was steady and could be reliably measured 
by hand from the slope of the eye position signal (Fig. 1). 
EOG recordings did not allow us to measure vergence, but 
in recent experiments (partly reported in Gianna et al., 1997), 
with eye-search coils and the same grey screen at 150 cm, 
we found that inter-subject differences in eye velocity were 
not related to vergence level; at 3(X) ms after motion onset.
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Fig. 1 Otolith-ocular reflex (OOR) in response to step 
acceleration along the interaural axis. Top traces: chair velocity 
feedbacks for motion to the left. Middle traces: overlay of five 
raw eye-movement recordings obtained in one subject for one 
direction of motion. Two of these recordings contain nystagmic 
fast phases (upward deflection indicates rightward eye 
movement). Lower traces: average of the five raw recordings and 
indications of latency and velocity measurements.

eye velocities of the three subjects tested were 8.7, 6.3 and 
17.27s for fixation distances in the dark of 103, 113 and 
116 cm (velocities similar to those reported here with EOG; 
see Results). The velocity asymmetry of the OOR was 
expressed as a percentage using the directional preponderance 
formula for vestibular responses: IR -  LI/IR + LIX 100.

The latency of the OOR was measured for each direction 
from the averaged trace. Response onset was identified when 
the eye position signal departed from, and stayed outside, 
the envelope of the baseline EOG noise present during the 
200 ms preceding motion (Fig. 1). These measurements 
were useful to indicate abnormal response delays, but were 
probably slight overestimations of OOR latencies since 
recent measurements in our laboratory using scleral search 
coils in three normal subjects yielded slightly shorter 
latencies (37-61 ms, Gianna et al., 1997) than those reported 
in the present study (32-130 ms; see Results).

Dynamic visual acuity
For testing dynamic visual acuity, the car oscillated sinus
oidally for 45 s at 0.5, 1 and 1.5 Hz generating peak head 
accelerations of 1.37 m/s^, 2.65 m/s^ and 3.8 m/s^ for a peak 
chair velocity of 42 cm/s. The subjects were seated as 
described above and the target was placed at a 40-cm distance, 
resulting in a relative peak target velocity of 617s. Motion 
stimuli and target distance were selected to explore the 
influence of the OOR on visual stability around the upper 
lim its of the pursuit system (~1 Hz and 507s in humans; 
Baloh et a i ,  19886). For the ‘subject-motion’ condition, the

subject was moved in the car while the target was stationary 
(Fig. 2). For the ‘target-motion’ condition, the target was 
mounted on the car while the subject remained stationary. In 
the ‘concomitant-motion’ condition both subject and target 
were moved with the car at 40-cm target-eye separation. We 
presumed that, during target motion, pursuit was tested in 
isolation, whereas both the OOR and pursuit were activated 
during subject motion. In the concomitant-motion condition, 
any OOR would have to be suppressed.

The order of the three conditions was permutated using a 
Latin-square design to control for any effect of learning or 
fatigue on the results. Within one condition, stimuli were 
first presented at 0.5, and then at 1 and 1.5 Hz allowing the 
subjects to start with the least demanding task. The target 
was a three-digit number produced by a red light-emitting 
diode display. A biconcave lens was mounted on the display 
to decrease its size from 8X20 mm^ to an apparent size of 
2.9X7.3 mm^, thus subtending 1° of arc in width. Experiments 
were conducted with a dim background illumination. At the 
beginning of a test session, in order to familiarize the subjects 
with the task, they were repeatedly shown the target in static 
conditions (in which both the subject and target remained 
stationary). For three patients with reduced visual acuity, due 
to refractive errors, the lens had to be brought nearer to the 
display to achieve recognition of the digits in static conditions. 
Three other patients and four normal subjects wore their 
glasses during testing.

Each test consisted of a sequence of 40 numbers which 
were presented at 1-s intervals for 55 ms at the time of 
maximum positive or negative chair velocity. Twenty of these 
numbers contained the digit ‘5 ’. Subjects were asked to 
maintain ocular fixation on the target and to press a button 
whenever they recognized a ‘5 ’. The state of the indicator 
was stored on computer together with the velocity feedback 
from the car. To avoid artefacts related to task difficulty, the 
same numbers were presented for each test. Their order, 
however, was different for each frequency.

Two types of incorrect responses occurred: ‘misses’ and 
'false recognitions’. A miss was defined as a failure to signal 
a presented ‘5 ’ and a false recognition as an indication of a 
‘5 ’ when the display did not contain one. For each test, 
performance was quantified by the total number of correct 
recognitions. An ‘otolith score’ was calculated by subtracting 
the number of correct recognitions during target motion from 
the number of correct recognitions during subject motion. 
Thus, this otolith score quantified the contribution of the 
OOR to visual stability.

Statistical analysis
OOR measurements and dynamic visual acuity performances 
of the patients were compared with the normal data using 
the W ilcoxon-M ann-W hitney test (z value) for independent 
samples. For comparison of visual acuity scores within the 
normal group, the Wilcoxon signed ranks test (T  statistic) 
for related samples was employed. In the patient group, the
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Subject motion Target motion

Concomitant motion

Fig. 2 Experimental conditions. Subject motion; translation along the interaural axis with target earth- 
fixed. Target motion: stationary subject and target moves horizontally. Concomitant motion: subject and 
target moving together on the car.

Fisher exact test for 2 X 2 tables was used to measure the 
association between normal/abnormal response latencies and 
normal/abnormal otolith scores.

Results
O to lith -o cu la r  reflexes
In normal subjects, the acceleration steps provoked a 
nystagmus of small amplitude with slow phases in a direction 
opposite to chair motion (Fig. 1). The cumulative slow phase 
eye displacement (de-saccaded recordings) at 500 ms from 
motion onset attained 3.2° on average. Slow phase velocities 
of the OOR in the dark ranged from 4.7 to 21°/s (mean 
±  SD =  10.4 ±  4. l°/s). For comparative purposes, the 
compensatory eye velocity for target fixation at 150 cm 
distance, and in the light, would be 34°/s at 400 ms after 
motion onset. Asymmetries between leftward and rightward 
responses did not exceed 13% in any subject. Latencies 
varied from 32 to 130 ms (mean ±  SD =  79 ±  29 ms). 
Values outside this range were regarded as abnormal.

All patients had abnormal eye-movement responses. OORs 
were absent in two patients while the remaining 12 had 
evidence of partial but abnormal OOR function (Fig. 3). 
Compared with normal subjects, the patient group had 
significantly reduced OOR velocities, larger asymmetries and 
longer latencies (Table 1). Six patients had preserved OORs 
at short latency (< 130  ms), five of whom also had residual 
responses to rotational testing. Conversely, prolonged 
latencies or absence of OORs corresponded to absent

rotational responses in six out of eight patients indicating 
that otolith involvement roughly paralleled the severity of 
horizontal canal dysfunction. Aetiology was not related to 
type and severity of OOR abnormalities; the seven patients 
with idiopathic vestibular loss, who formed the largest 
subgroup, had heterogenous findings ranging from an isolated 
mild asymmetry to total loss of OOR responses.

D yn am ic visual acu ity
In normal subjects, at 0.5 Hz, all three conditions yielded 
similar dynamic visual-acuity performance with a number of 
correct recognitions close to the maximum of 40 (Fig. 4). 
Performances at 1 Hz were significantly lower than those at 
0.5 Hz for target motion (Wilcoxon T =  12, P  <  0.01) but 
not for subject motion. From 1 to 1.5 Hz, each subject’s 
performance declined for both conditions (T — 0, P  <  
0.001) but was invariably better for subject motion than for 
target motion (P  =  0, P  <  0.001). Normal subjects reached 
a mean otolith score of 5.5 (range, 0 -13) at 1 Hz and 7 
(range, 3-13) at 1.5 Hz. Otolith scores below these ranges 
were regarded as abnormal.

During concomitant motion, visual acuity was significantly 
lower at 1.5 Hz than at 1 Hz (P  =  2.5, P  <  0.001) indicating 
that the OOR was often incompletely suppressed at high 
frequencies. Four subjects, however, achieved almost full 
OOR suppression with a number of correct recognitions 
between 37 and 39. Performances for concomitant motion 
were significantly better than for target motion both at 1
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1 m/s

10°
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E

100 ms

Fig. 3 Individual averages of OOR response in a normal subject 
(A) and in patients with bilateral vestibular failure showing 
abnormal OORs: (B) low velocity; (C) absent OOR; (D) 
prolonged latency; (E) asynunetry. The top curve is the chair 
velocity feedback

(Wilcoxon r  = 1, two ties, P <  0.01) and 1.5 Hz (T =  0, 
P <  0.001) which suggests a separation of suppression from 
pursuit mechanisms.

An example of the performances expected in the context 
of vestibular failure is shown in Fig. 5A; the patient performed 
similarly during target motion and subject motion, i.e. there 
was no improvement in performance like that shown by 
normal subjects during subject motion. As no OOR had to 
be suppressed, his number of correct recognitions during 
concomitant motion was close or equal to the maximum of 
40 at all frequencies. In the patient group as a whole, similar

CM*rv

30

TM

20
0.5

Frequency (Hz)

Fig. 4 Dynamic visual acuity in 14 normal subjects: means and 
standard deviations of correct indications for each stimulus 
frequency. At 1 and 1.5 Hz, there was a statistically significant 
difference between SM and TM (P <  0.001), reflecting improved 
visual acuity due to the OOR. SM = subject motion; TM = 
target motion; CM = concomitant motion.

dynamic visual acuities were also observed during target 
motion and subject motion (Fig. 5B). Patients’ performances 
during target motion were not different from those of the 
normal subjects at any frequency, which agrees with their 
normal pursuit-optokinetic eye movements recorded with 
EOG. Unlike normal subjects, however, most patients could 
not enhance their dynamic visual acuity during subject 
motion (Fig. 5B); their otolith scores averaged -0.6 compared 
with 5.5 in normal subjects at 1 Hz (z = -3.47, P <  0.001) 
and -0.2 compared with 7 in normal subjects at 1.5 Hz 
(z =  —3, P <  0.005). At 1.5 Hz, only four patients had an 
otolith score in the normal range (^3) (Fig. 6). All of these 
four had preserved short latency OORs, whereas eight out 
of the 10 patients with abnormal otolith scores had either 
prolonged latencies or absent OORs; this association between 
response latencies and otolith scores was statistically 
significant (Fisher exact test, P <  0.05) (Fig. 6).

Thirteen patients took part in the concomitant-motion 
experiment which requires suppression of the OOR. At
1.5 Hz, performances were not significantly different 
between patients and normal subjects (34.1 versus 33.4 
average number of correct recognitions, P >  0.5) (Fig.

Table 1 Velocity, asymmetry and latency of otolith-ocular reflexes in normal subjects and 
patients with bilateral loss of caloric responses

Normal subjects 
(n =  21)

Patients 
{n - 14)

P(z)* Abnormal 
patients (n)

Velocity (°/s) 10.3 (4.7-21) 6.2 (0-14.3) <0.05 (-2.42) 5
Asymmetry (% f 6.4 (0-13) 19.6 (1.5-42.8) <0.05 (-2.57) 8
Latency (ms)^ 76 (32-130) 144 (40-300) <0.05 (-2.5) 6

Values are given as mean (range). *Wilcoxon-Mann-Whitney test comparing results from normal 
subjects and patients. ^Values for asymmetry and latency relate to the 12 patients with partially 
preserved OORs.



1010 T. Lempert et sl\. 

40

.5 30

1
ü

20

N

(A)

0.5 1

Frequency (Hz)

1.5

40

CM

c 30

2
SM -TM

0.5 1

Frequency(Hz)
1.5

Fig. 5 (A) Dynamic visual acuity in one patient with complete 
loss of OORs. Note a parallel decline of TM and SM as well as 
preserved acuity during CM, features which never occurred in 
normal subjects. (B) Dynamic visual acuity in 13 patients: means 
and standard deviations of correct recognitions for each stimulus 
frequency. From 0.5 to 1.5 Hz, there was no statistically 
significant difference between SM and TM. The main difference 
compared with the normal group (Fig. 4) is in the SM condition; 
performances for SM and TM were similar for all frequency in 
patients, but only at 0.5 Hz in normal subjects. SM = subject 
motion; TM = target motion; CM = concomitant motion.

5B). The six patients with preserved OORs at short 
latencies (< 130  ms) had suppression performances similar 
to those of normal subjects. Three patients with absent or 
low velocity OORs as assessed with eye-movement 
recordings (eye velocity < 4 .77s) had nearly complete 
suppression of the OOR in the dynamic visual acuity test 
(number of correct recognitions ^ 3 7 )  (Fig. 5A). The 
remaining four patients with various combinations of OOR 
abnormalities all showed incomplete OOR suppression.

All 14 patients experienced oscillopsia in their everyday 
lives which was rated mild by two, moderate by nine and 
severe by three subjects. Direct comparison of the results 
from patients with mild and severe oscillopsia did not

10
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8 0w

1 -5
O

-10

-1 5 L -

Normal

o

o
°  0 0

O

50 100 150 200  2 5 0
OOR latency (ms)

3 0 0  A bsent

Fig. 6 Relationship of OOR latency and dynamic visual acuity 
during linear self-motion at 1.5 Hz in 14 patients with bilateral 
vestibular failure. The otolith score (subject-motion score minus 
target-motion score) indicates the otolithic contribution to 
dynamic visual acuity. Only four patients’ values fell within the 
normal range, indicated by the top left box.

reveal any association between oscillopsia ratings and OOR 
findings or otolith scores.

Discussion
Physiological aspects o f the OOR
The role of the semicircular canals in ensuring gaze 
stability during head movements is well established but, 
until recently, no clear function for the OORs had been 
identified. The stimulus initially used to study the OORs 
in humans was sinusoidal lateral linear motion in darkness 
which evoked only weak horizontal eye movements 
(Jongkees and Philipszoon, 1962; Niven et al., 1966). The 
potential of the OOR in gaze stabilization became 
only evident when testing was performed under viewing 
conditions, in which case robust compensatory eye 
movement, augmented in proportion to target distance, 
were observed (Buizza et al., 1980; Bronstein and Gresty, 
1988; Paige, 1989; Schwarz and Miles, 1991). Furthermore, 
eye-movement recordings in animals (Fukushima and 
Fukushima, 1991; Borel and Lacour, 1992) and humans 
(Baloh et a i ,  1988a; Shelhamer and Young, 1994) have 
shown that the combination of OOR and pursuit during 
linear self-motion produces enhanced compensatory eye 
movements when compared with pursuit alone, particularly 
at frequencies above 0.5 Hz.

The neuronal basis of otolith-visual interaction has been 
identified by single cell recordings in the vestibular nucleus 
of the cat (Daunton and Thomsen, 1979; Xerri et al., 
1988). Most of the neurons excited by linear motion were 
also found to respond synergistically to visual linear 
motion. Visual influences dominated the neuronal activity 
at low frequencies up to 0.25 Hz, whereas the otolith 
contribution prevailed in the higher frequency range (Xerri 
et al., 1988).

As far as we are aware, however, the role of the OORs in
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maintaining visual acuity during head movements has never 
been directly shown. In this study, we have introduced a 
psychophysical approach to demonstrate that the OOR 
stabilizes vision during linear head motion beyond the 
frequency range of the pursuit system. The OOR contribution 
to visual stability was already apparent at 1 Hz but even 
more prominent at 1.5 Hz. An analogous experiment was 
performed by Benson and Bames (1978) to study the role of 
the horizontal angular vestibulo-ocular reflex in visual 
stability. They documented better reading abilities during 
subject angular oscillation than during target oscillation at 
frequencies between 0.5 and 10 Hz. In accordance with our 
findings during linear oscillations, the difference became more 
pronounced at higher frequencies when pursuit performance 
declined. However, in their subjects, visual acuity was 
preserved up to 9 Hz during angular motion, whereas we 
observed a decline of visual acuity at 1.5 Hz during linear 
self-motion in our normal group. Recordings of horizontal 
eye movements during angular and linear accelerations have 
shown a similar difference in oculomotor gains; in the light, 
the angular vestibulo-ocular reflex has a gain close to unity 
from 0.2 to 3.2 Hz (Ferman et al, 1987; Demer et al, 1991), 
whereas the OOR gain is close to unity up to 1 Hz but then 
declines to 0.61 at 4 Hz (Paige et a l, 1996).

Visual suppression of the OOR appears to be similarly 
limited by frequency; a decline in visual acuity at 1.5 Hz 
was observed in our normal subjects during concomitant 
motion. This corresponds to eye-movement recordings 
obtained in normal subjects fixating head-fixed targets at 
20 or 135 cm; subjects were able to suppress the OOR 
fully at 0.5 Hz, well at 1 Hz but incompletely at 2 Hz 
(Paige et al, 1996). Interestingly, our subjects achieved 
better performances during suppression than during pursuit 
at 1 and 1.5 Hz which is in agreement with previous reports 
that visual suppression of vestibulo-ocular reflexes may not 
rely on the pursuit system alone but also on other mechanisms 
such as cognitive modulation of the vestibular reflex gain 
(McKinley and Peterson, 1985, Baloh et a l, 1995).

C lin ica l a sp ec ts  o f  O O R  fu n c tio n
Clinical evidence for the visual effects of the OOR comes 
from our patients with bilateral vestibular failure and 
decreased visual acuity during high frequency self-motion. 
Our patients were selected on the basis of bilaterally abnormal 
caloric function. Otolith function was at least slightly 
abnormal in all patients and severity of otolith and canal 
involvement appeared to be related (see OOR results). 
Concurrent reduction of utricular and horizontal canal input 
may be expected but previous studies in individual patients 
with bilateral vestibular failure have found both sparing 
(Bronstein et a l, 1991; Baloh et a l, 1992) and severe 
impairment of the OOR (Tokita et a l, 1981; Baloh et al, 
1988a; Bronstein and Gresty, 1988; Israel and Berthoz, 1989). 
Detailed findings were reported by Baloh et a l  (1995), who 
investigated OORs during sinusoidal linear oscillation on a

parallel swing in three patients with bilateral absence of 
caloric responses. OOR velocities were normal in the light, 
at the low end of the normal range in the dark with mental 
arithmetic, but clearly decreased in the dark with imagined 
targets. However, the finding in the latter study, that patients 
had normal OORs in the light, is not surprising as the 
stimulus frequency of 0.8 Hz was just within the working 
range of the pursuit system. Therefore, OORs were not 
required to maintain target fixation.

A previous attempt to relate otolith eye movements to 
dynamic visual acuity was reported by Clack et a l (1985) 
who studied static ocular counter-rolling and the ability to 
recognize stationary objects while riding in a car, in patients 
with bilateral vestibular failure. This approach, however, 
cannot separate otolith responses to pure linear acceleration 
from concomitant angular head motion.

In the present study, poor visual stability during linear 
motion was associated with delay of OORs. Latencies may 
have been slightly over estimated both in normal subjects 
and in patients as the response onset was sometimes blurred 
by the background noise of the EOG even on the averaged 
traces. Nevertheless, this would not explain prolongations 
up to 300 ms that were observed in patients, but not in 
normal subjects.

Delay of OORs has occasionally been observed in 
individual patients with unilateral and bilateral peripheral 
vestibular lesions (Bronstein et a l, 1991). We now show that 
such abnormality has detrimental consequences for dynamic 
visual acuity; during sinusoidal linear motion, as used for 
the visual task in this study, any response delay would 
introduce a phase lag into the otolithic component of the eye 
movement which would interfere with accurate target fixation. 
Incongruous phase relationships between otolith and visual 
inputs have been shown to decrease the gain of the 
compensatory eye movements (Lathan et a l, 1995).

The impact of delayed OORs may be illustrated by 
considering the response to subject motion, at 1.5 Hz. The 
relative target velocity increases from zero to maximum 
within 167 ms, which is too fast for pursuit eye-movements 
with latencies around 125 ms to stabilize vision (Robinson, 
1965). The onset of acceleration, however, precedes 
maximum velocity by 333 ms. OORs with normal latencies 
around 60 ms may reach compensatory velocity before the 
numbers are presented at maximum relative target velocity. 
In contrast, latencies up to 300 ms, as observed in some 
patients, will induce an OOR only when it is no longer 
required, and therefore dynamic visual acuity during subject 
motion will be similar to, or worse than, that during target 
motion.

Neither OOR findings nor dynamic visual acuity during 
linear head motion correlated with the degree of oscillopsia 
that patients experienced under natural circumstances. This 
dissociation may be due to the fact that common activities 
such as walking and driving mainly require compensation of 
vertical linear and angular head movements, which were not 
specifically investigated in this study. Furthermore, visual
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acuity, which depends on retinal stabilization, does not 
necessarily correspond to the degree of oscillopsia which is 
the subjective perception of a moving visual scene during 
head motion (Biichele et a l,  1983; Wist et al., 1983). Retinal 
slip velocities may be reduced by various strategies that 
patients with bilateral loss of semicircular canal function 
employ, including restriction of head movement, enhanced 
use of cervical and optokinetic information (Gresty et a l,  
1977; Kasai and Zee, 1978; Chambers et ah, 1985; Bronstein 
and Hood, 1986), preprogramming of compensatory slow 
phases in predictable movement situations (Dichgans et a l,  
1973), saccadic substitution (Kasai and Zee, 1978) and 
recalibration of the saccadic and head motor system during 
gaze shifts (Dichgans et a l ,  1973). On the other hand, 
the degree of oscillopsia may also depend on perceptual 
adaptations resulting in increased tolerance to blurred or 
moving images (Biichele et a l ,  1983; Wist et a l, 1983; 
Bronstein and Hood, 1987).

Tokita et al. (1981) observed compensatory vertical eye 
movements during head free running in three patients with 
bilateral vestibular loss and absence of vertical OCRs and 
therefore suggested that cervico-ocular reflexes and central 
preprogramming may also be activated after bilateral loss of 
otolith function. However, vertical canal function, which may 
have contributed to the response, was not tested in these 
patients. Therefore, the precise mechanisms that compensate 
for OOR failure during natural head movements still await 
clarification.

In summary, we have shown that bilateral vestibular failure, 
which includes a dysfunction of the otolith-ocular reflex, 
causes a distinct impairment of visual acuity during 
translatory head movements. We expect this to be a small, 
but significant, component of the overall disability in these 
patients.
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Most natural head movements combine angular and linear components of head 
acceleration, and it is presumed that ocular compensation for the linear component 
of head motion is of otolithic origin (linear vestibulo-ocular reflex, LVOR). The 
nature of the interaction between canal and otolith components is, however, not 
clear, and it is not known whether the combined eye movement response is a linear 
summation of LVOR and angular (AVOR) reflexes.'*̂  In these experiments the 
LVOR obtained during combined angular and linear motion was estimated by 
subtracting the response to pure angular rotation (AVOR) from the response to 
combined angular and linear motion (ALVOR) obtained by rotation with the head 
eccentric. The result of this subtraction was then compared to the LVOR in response 
to isolated linear motion with a matched linear acceleration profile.

Subjects were seated upright on an electrically powered linear bogie. The motion 
stimuli were y-axis velocity ramps accelerating the subject to 0.25 g in less than 80 
msec (Fig. 1). Responses in the dark (LVORd) were obtained immediately after the 
subject fixated a gray screen (120 cm x 120 cm) at a distance of 1.5 m. The room 
lights were extinguished, and after 1 sec the bogie moved. The subjects were then 
seated on a Barany chair with the head placed forwards 40 cm from the axis of 
rotation (ALVOR). Chair motion parameters were adjusted to provide, in addition 
to the angular component, a tangential acceleration acting along the interaural axis, 
similar to that delivered on the bogie (FiG. 1). Because of torque limitations, the 
tangential linear acceleration during the combined canal-otolith stimulation was of 
smaller magnitude for the first 130 msec after the onset of the movement (0.15 g at 80 
msec). The ocular responses to isolated angular stimulation (AVOR) were obtained 
with the head of the subject centered on the axis of rotation using the same angular 
motion as during the eccentric head position. In order to standardize vergence angle, 
the subjects previewed the gray screen at 1.5 m in all conditions. Eye movements 
were recorded with bitemporal dc EGG with a flat response to 80 Hz. For each 
condition 12 healthy human subjects produced 10 responses for each right/left 
stimulus direction. The EGG signal was differentiated, and saccades were removed, 
interpolating a straight line between the beginning and the end of the saccade. The 
signals were averaged using stimulus onset for synchronization.

F ig u re  1, top record, shows the grand average (+1 SD) of eye displacement to 
isolated linear acceleration in darkness (LVGRd). The average amplitude of the 
slow-phase eye movements reached 0.7 deg at 180 msec from stimulus onset. Eye 
velocity increased with time, approaching an asymptote of approximately 10 deg/sec 
at about 250 msec after stimulus onset. The velocity of the slow-phase eye movement
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responses to rotation closely matched the velocity of the stimulus (averages with 1 
SD are shown in FiG. 1, upper records, ALVORd and AVORd) attaining a gain of 
approximately 0.8 at 60 msec after stimulus onset, when the head was centered, and 
of 1.2 with head eccentric.

The upper trace in F ig . 2 is the result of subtracting the grand average of 
slow-phase eye displacement during AVORd from that during ALVORd. The lower 
trace in F ig u r e  2 is the average of the slow-phase eye movements recorded on the

L V O R d ALVORd AVORd

0.25 g
A

' V
A

FIGURE 1. Grand averages +1 SD of the desaccaded eye movements of 12 subjects (upper 
records) recorded during pure linear acceleration (LVORd), combined angular-linear stimula
tion (ALVORd), and isolated angular stimulation (AVORd) in darkness. The two lower traces 
show the linear acceleration profile recorded from the subject’s forehead and the chair linear 
and angular velocity.

bogie. The difference, in amplitude and velocity, between the responses during head 
eccentric and head centered (ALVORd-AVORd) was greater than that obtained on 
the bogie (LVORd), although only the first 200 msec after stimulus onset are 
considered. The former would be compensatory for a target set at 1.6 m, whereas the 
eye movement obtained during LVORd would compensate for a target at 2.9 m. This 
study has shown that the linear component of combined linear and angular VOR is 
stronger than the linear reflex tested in isolation. The results suggest a nonlinear
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FIGURE 2. Comparison of the linear component o f the response during combined canal- 
otolith stimulation (ALVORd-AVORd) with the response to linear acceleration on the bogie 
in darkness (LVORd).

addition of otolith and canal reflexes that would result in more efficient vestibulo
ocular compensation during combined angular-linear head movements.
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Abstract The possibility of synergistic interaction be
tween the canal and otolith components of the horizontal 
vestibulo-ocular reflex (VOR) was evaluated in human 
subjects by subtracting the response to pure angular rota
tion (AVOR) from the response to combined angular and 
translational motion (ALVOR) and comparing this differ
ence with the VOR to isolated linear motion (LVOR). 
Assessments were made with target fixation at 60 cm 
and in darkness. Linear stimuli were acceleration steps 
attaining 0.25 g in less than 80 ms. To elicit responses to 
combined translational and angular head movements, the 
subjects were seated on a Barany chair with the head dis
placed forwards 40 cm from the axis of rotation. The 
chair was accelerated at approximately 300 deg/s^ to 127 
deg/s peak angular velocity, the tangential acceleration 
of the head being comparable with that of isolated trans
lation. Estimates of the contribution of smooth pursuit to 
responses in the light were made from comparisons of 
isolated pursuit of similar target trajectories. In the dark 
the slow phase eye movements evoked by combined ca
nal-otolith stimuli were higher in magnitude by approxi
mately a third than the sum of those produced by transla
tion and rotation alone. In the light, the relative target 
displacement during isolated linear motion was similar 
to the difference in relative target displacements during 
eccentric and centred rotation. However, the gain of the 
translational component of compensatory eye movement 
during combined translational and angular motion was 
approximately unity, in contrast to the gain of the re
sponse to isolated linear motion, which was approxi
mately a half. Pursuit performance was always poorer
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than target following during self-motion. The LVOR 
responses in the light were greater than the sum of the 
LVOR responses in the dark with pursuit eye 
movements. We conclude that, in response to transient 
motion, there is a synergistic enhancement of the transla
tional VOR with concurrent canal stimulation and that 
the enhancement of the LVOR in the light is not due 
solely to pursuit.

Key words Vestibulo-ocular reflex ■ Otoliths •
Eye movements • Pursuit

Introduction

Visual stability during the high acceleration angular and 
translational transients which occur during natural head 
movements (Gresty 1973) is maintained by vigorous 
‘vestibular ocular reflex’ (VOR) eye movements, which 
compensate for both translational and angular compo
nents of motion (Gresty and Bronstein 1986; Snyder and 
King 1992; Viirre et al. 1986). The origin of the angular 
VOR (AVOR) is canalicular and the reflex has well-es
tablished dynamics. It is presumed that compensation for 
the translational component is of otolithic origin (Young 
1972). However, it is not known whether these compen
satory eye movements for the translational component of 
motion are separate otolith ocular reflexes summating 
with canal responses or originate from a synergistic en
hancement of canalicular and otolithic signals (Gresty et 
al. 1987).

In order to assess these possibilities, the experiments 
reported here evaluate the interaction of the LVOR with 
the AVOR. The translational VOR component in com
bined angular and translational motion was estimated by 
subtracting the response to pure angular rotation (AVOR) 
from the response to combined angular and translational 
motion (ALVOR) obtained by rotation with the head off 
axis. In theory, this difference should be equal to the 
LVOR, that is to say the response obtained with a 
matched isolated linear acceleration profile (see “Meth
ods”).

mailto:cgianna@ion.bpmf.ac.uk
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The gain of the isolated LVOR is lower in the dark 
(Baloh et al. 1988; Bronstein and Gresty 1988; Buizza et 
al. 1980; Lichtenberg et al. 1982; Niven et al. 1966) than 
when enhanced with vision in inverse proportion to tar
get viewing distance (Paige 1989; Schwarz et al. 1989). 
Accordingly the study also compared responses obtained 
in darkness and with fixation targets for the three condi
tions of motion (AVOR, LVOR, ALVOR).

Compensatory eye movements in the light may have 
components of smooth pursuit and optokinesis combined 
with vestibular reflex eye movements. Accordingly we 
independently assessed pursuit (of a large target) to esti
mate how much of the responses in the light might be 
driven by visually guided following.

Materials and methods

The experiment measured responses to linear motion, rotational 
motion and combined rotational-translational motion using motion 
transients to enhance the automaticity of responses.

Apparatus and stimuli 

Horizontal LVOR

Subjects were seated upright, with head and torso restrained, on a 
chair mounted on a chassis with four wheels (bogie) running on a 
linear track and powered by linear induction motors. The stimuli 
were velocity ramps accelerating the subject to 0.25 g in less than 
80 ms (Fig. 1). The bogie reached a velocity of 1.5 m/s at approxi
mately 600 ms before slowing down. The stimuli were dispensed 
unpredictably to the right or to the left.

For each condition, stimuli were first presented in the dark so 
that the subject would have less provocation to construct ‘imagi
nary targets’.

LVOR in the dark

The eyes of the subject first rested on a rectangular matt-grey 
screen (120 cmxl20 cm) placed at a distance of 1.5 m, before the 
room lights were extinguished. The blank screen was used to pre
vent the subject to fixate any particular point in space which could 
be taken as a reference point on which to construct an ‘imaginary 
target’. After 1 s the bogie moved. For each direction, at least five 
stimuli were dispensed (linear vestibulo-ocular reflex in the dark, 
LVORd).

LVOR in the light

The subject fixated the centre of an earth-fixed target consisting of 
a rectangular (79 cm wide, 55 cm high) flat board with black and 
white vertical stripes situated 60 cm from the eyes of the subject. 
A near target was chosen with the hope of boosting the otolith-oc
ular reflex responses according to the theoretical demand.

Combined translational and angular head movements

The subjects were seated on a Barany chair with the head dis
placed forwards 40 cm from the axis of rotation, the head and tor
so being firmly fixed to the chair with clamps. The chair was driv
en by a velocity servo-controlled, torque motor about a vertical ax
is. It was accelerated at approximately 300°/s^ to 127°/s peak an
gular velocity for 430 ms in either direction before being deceler

ated. The parameters of chair velocity were chosen to provide a 
profile of tangential acceleration, acting along the interaural axis, 
similar to that delivered on the bogie (Figs. 1, 2, third records 
from the top); the angular velocity was equal to (bogie veloci
ty/distance between head and axis of rotation). For a rotation of 
a°, a distance head-rotational axis a cm and an earth-fixed target 
at a+b cm from the rotational axis, the relative target displacement 
{RTD) equals; a-i-arctan{asina/[b+asinatan(«/2)]}. The second 
term of this formula is due to the translational head movements 
occurring during eccentric rotation, as during centric rotation a=0 
and RTD=a. For a=40 cm, 6=60 cm and a=10°, /?7’D=10°+6.54°. 
For angles <10°, the RTD simplifies to cr+arctan(aa^aj)/6) 
(=10°+6.64°). As angular velocityxa=l inear velocity, arc- 
tan(ax«^gj/6) equals arctan(bogie position/6) which is the relative 
target displacement for pure linear acceleration on the bogie. 
Therefore, if the eye movements are compensatory for each testing 
condition, we expect the responses from eccentric rotation to be 
the sum of the responses evoked during centric rotation and during 
pure translation. Because of torque limitations, the tangential lin
ear acceleration during the combined canal-otolith stimulation was 
of smaller magnitude for the first 130 ms after the onset of the 
movement (0.15 g at 80 ms). All measurements were made before 
250 ms, at which point the angular velocity was 75°/s and the cen
tripetal acceleration 0.69 m/s^.

After the ocular responses to five such stimuli in either direc
tion in the dark (ALVORd) had been recorded, the procedure was 
repeated in the light (ALVORI).

For trials in darkness the subjects previewed the grey screen at 
1.5 m, while in the light they fixated the target card at 60-cm dis
tances, as for isolated linear motion.

The ocular responses to isolated canal stimulation (AVOR) 
were obtained with the head of the subject centred on the axis of 
rotation with the same angular motion stimuli as given with the 
head eccentric. The same protocol was followed for recording in 
the dark (AVORd) and in the light (AVORl).

Pursuit

Pursuit was assessed independently by linear motion of the target 
image, which was back-projected onto a tangent screen facing the 
stationary subject. The pursuit stimulus (PURS) had the same 
waveform as the linear vestibular stimulus on the bogie. This was 
achieved by feeding the mirror galvanometer with the position sig
nal of the bogie, transformed to give an identical angular target 
trajectory: the mirror angular position was equal to arctan(bogie 
position/distance between mirror and screen). Target characteris
tics were identical to those for VOR measurements in the light.

Instructions

Knowledge of target distance and correspondingly vergence were 
controlled by using constant fixation targets at a constant distance. 
To control vergence angle for trials in darkness, the subjects’ eyes 
were initially in primary gaze focused on the grey screen, but no 
instructions were given to try to track its relative motion when put 
into darkness. In preliminary experiments, changes of the ver
gence angle were measured with a binocular infrared system (Iris, 
Scalar). The vergence changed within 1 s after the room lights 
were switched off and thereafter attained a constant phoria which 
was idiosyncratic for each subject. For trials in the light with a tar
get, subjects were instructed to maintain fixation on a central 
‘bull’s-eye’ on the target card, which subtended 0.2°.

Eye movement measurements

Lateral eye movements were recorded using bitemporal direct 
coupled electro-oculography (EOG) with a flat response to 80 Hz. 
EOG was used because pilot studies with infrared corneal reflec
tion oculography showed that the helmet and mask support for the 
sensors used in this latter device caused slippage and artefacts.



467

even with the use of a biteboard, during the sharp onset accelera
tion deployed in our study. The duration of the experiment, typi
cally 2 h, precluded the use of scleral-coil recordings.

EOG recordings transduced lateral movements as a ‘cyclopean 
eye’, as separate eye recordings had higher noise levels and drift, 
which hindered precise measurement. At the beginning and fol
lowing each stimulus condition calibrations were made using re
fixation saccades of 12° marks about the centre of the target card. 
The mean of the pre- and post-trial calibrations was used for as
sessing the amplitude of eye movements during the trial. Pre- and 
post-trial calibrations did not vary significantly even for experi
ments in the dark. After each stimulus, the bogie was repositioned 
in the light in front of the grey screen so that subjects were only in 
darkness for a few seconds at a time and did not dark-adapt.

Stimulus transduction

Tachometer recordings were also taken of the linear velocity of the 
bogie and of the angular velocity of the Barany chair. The laterally 
directed translational linear acceleration of the head was trans
duced by a precision piezoresistive accelerometer mounted with 
surgical tape on the forehead. Signals were acquired at 250 Hz 
sampling rate. Relative target displacement during body motion 
was obtained by digitally integrating tachometer signals and ap
propriate geometrical transformations.

Demands on ocular following imposed by the motion stimuli

As measured at 240 ms, pure translational motion resulted in an 
approximately parabolic target displacement attaining 5°±0.2 SD 
and a relative angular velocity of 45°/s. Pure angular motion re
sulted in a target displacement of 6.6°±0.5 SD and a velocity of 
67°/s. Head eccentric angular motion resulted in a target displace
ment of 10.7°±0.7 SD and a velocity of 109°/s. The translational 
component of head eccentric motion was responsible for a target 
displacement of 4.1 ° at a velocity of 42/s°.

Subjects

Twelve healthy humans (aged 24—48 years) with normal vision 
and vestibular function gave their informed consent to the study 
according to the guidelines of the local ethics committee.

Four subjects underwent the studies commencing on the rotat
ing chair whilst the remainder commenced on the linear accelera
tor. On the angular chair the order of conditions was eccentric, 
centred and pursuit as determined by decreasing order of discom
fort. Linear and angular studies were spaced by a rest period of at 
least 20 min whilst the subjects switched apparatus. No order ef
fects were observed.

Results

Responses in the dark 

VOR to isolated linear motion

Examples of raw responses to isolated linear acceleration 
in darkness are given in Fig. 1. Compensatory, slow 
phase horizontal eye movements of small amplitude in
terrupted by occasional saccades in the opposite direc
tion were evoked: such eye movement has been termed 
‘1-nystagmus’. (Fig. 1, LVORd). Figure 2 (upper record) 
shows the mean eye angular displacement for all subjects 
with 1 SD. The average amplitude of the slow phase eye 
movements reached 0.7° at 180 ms from stimulus onset. 
Their velocity increased with time approaching an as
ymptote of approximately 10°/s at about 250 ms after 
stimulus onset (Table 1).

Analysis

For each condition, subjects gave ten responses for each right/left 
stimulus direction. Traces containing fast phase resettings of dura
tion longer than 40 ms during the first 200 ms after the onset of 
the stimulus were rejected because they were thought to hinder 
slow phase interpolation, as its velocity was not expected to 
change linearly with time. Responses associated with blinks were 
also excluded. The position signal of the eye movement was dif
ferentiated, and saccades of less than 40 ms duration were re
moved, with interpolation of a straight line between the beginning 
and the end of the saccade. This resulted in between five and ten 
data records from each subject for each stimulus. The signals were 
averaged using the time of onset of the bogie, chair or pursuit 
stimulus for synchronisation. Leftward and rightward responses 
were combined, as no asymmetry was observed. The individual 
averages were pooled together to obtain seven grand averages cor
responding to the various experimental conditions. Each grand av
erage was derived from approximately 100 trials.

For velocity measurements at a chosen time interval after stim
ulus onset, a function was fitted following a least-square method 
to approximately 20 data points of the slow phase grand average 
around that time. In most cases a two-order polynomial function 
gave; a fit with high correlation. The mean of the R values of the 
estimates of the fittings for the calculation of the instantaneous 
slow phase eye velocities given in Table 1 was 0.97 (n=12)and that 
in Table 2, 0.98 (n=14). Substituting the time at the first derivative 
of this function yielded the instantaneous velocity at the particular 
time interval.

VOR gains were based on the computation of relative target 
position or velocity. Thus displacement gains at specified times 
were; defined as (eye position/relative target displacement). An 
analogous ratio was used for velocity gains.

VOR to angular and to combined angular 
and linear motion

The eye movement responses to rotation on the Barany 
chair consisted mainly of a compensatory slow phase, 
followed after a variable interval of about 250 ms by a 
fast phase resetting of eye position (Fig. 1). Averages 
with 1 SD are shown in Fig. 2, upper records (ALVORd 
and AVORd). The velocities of compensatory eye move
ments evoked with the head eccentric were slightly 
greater than those evoked with the head centred (Table 
1).

The difference between the amplitudes and velocities 
of the responses with head eccentric and head centred 
was greater than the amplitudes and velocities of slow 
phase eye movements obtained on the bogie. This is 
shown in Fig. 3 (upper records), where the upper trace is 
the result of subtraction of the grand average of slow 
phase eye movements obtained during AVORd from the 
grand average produced by the desaccaded eye position 
signal during ALVORd. The lower trace shows the aver
age of the slow phase eye movements recorded on the 
bogie. While the latter would be compensatory for a tar
get set at approximately 2.9 m, the slow phase ocular 
movements obtained during ALVORd would compensate 
for a target at about 1.6 m.
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Fig. 1 Exam ples o f  raw data 
show ing angular eye d isp lace
ment (u p p e r  r ec o r d s)  recorded 
during pure linear acceleration  
( le f t co lu m n ), com bined canal- 
otolith stim ulation (m id d le  c o l 
u m n ), and isolated canal stim u
lation (r ig h t c o lu m n ). The sch e-  
m a tic  at the lo p  show s the three 
different stim uli. L V O R d, A L V 
O R d  and A V O R d  are vestibulo
ocular responses evoked in the 
dark w hile LV O R l, A L V O R I  and 
A V O R l are responses obtained  
in the light to linear, com bined  
angular and linear, and angular 
motion, respectively. The u p p e r  
tr a c e s  o f  the lo w e r  rec o r d s  
show the profile o f  the linear 
acceleration along the inter-au
ral axis as recorded from the 
forehead o f  the subject and the 
lo w e s t tr a c e s ,  the bogie and 
chair linear and angular v e lo c i
ty respectively. Slight vibra
tions o f the bogie and interfer
ence from the linear induction  
motors produced the o sc illa 
tions observed on raw accelera
tion and eye m ovem ent records 
for linear m otion. However, 
this interference was reduced 
during the averaging process

LVOR d ALVOR d

3 deg

ALVORLVOR

3 deg

III

AVOR d

AVOR I

0.25 g

20 deg/s20 cm/s

' 50 ms

Responses in the light 

VOR to iso la ted  linear motion

Exam ples o f raw data are given in Fig. 1, and the average 
traces w ith 1 SD are shown in Fig. 2. The response to 
linear head m otion on the bogie consisted m ainly o f a 
slow phase com pensatory eye m ovem ent, w hich paral
leled the target trajectory with little saccadic activity for 
m ost subjects (exam ple in Fig. 1 ). The data from two 
subjects had to be excluded because o f small “catch-up” 
saccades, w hich could not be rem oved from  the d ifferen
tiated eye m ovem ent signal.

VOR to angular and to com bined angular  
and linear motion

The eye m ovem ent responses to rotation on the Barany 
chair consisted o f com pensatory slow phases, alm ost d e
void o f saccades (exam ples in Fig. 1 ). W hen the head

was centred on the axis o f rotation, the velocity of the 
slow phase eye m ovem ent closely m atched the velocity 
o f the stim ulus (Table 2). The com pensatory  eye m ove
m ents evoked with the head eccentric w ere o f greater 
m agnitude than those evoked with the head centred and 
coincided w ith the target trajectory (Table 2).

C om parisons betw een LVOR, AVOR, ALVOR 
and pursuit

The perform ance o f ocular follow ing w as characterised 
by ‘displacem ent g a in ’, the ratio o f eye displacem ent and 
target displacem ent at 60-m s intervals, indicating how 
close the eyes w ere to target, and ‘velocity g a in ’ to ind i
cate retinal stability o f the target im age. These quantita
tive relationships betw een responses evoked on the bogie 
and rotating chair are given in Table 2. The eye m ove
m ent com ponent produced by the tangential linear acce l
eration was estim ated by subtracting the averaged AV-
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Fig, 2 Grand averages+1 SD 
of the desaccaded eye move- 
meits of 12 subjects obtained 
in darkness {LVORd, ALVORd 
ax\6 AVORd) and in the light 
{L\ORl, ALVORI and AVORl). 
The later deflection in the aver
age curve for AVORd was due 
to hrge amplitude fast phase 
resettings not removed from the 
raw data. The upper traces of 
the lower records represent av
erages of the linear accelera
tion, as in Fig. 1

LVOR d ALVOR d AVOR d

3 deg

LVOR I

3 deg

AVORALVOR

0.25 g

20 cm/s

50 ms

20 deg/s

Table 1 Amplitudes (means±l SD) and velocities of evoked slow 
phase responses in the darkness during linear head displacement 
(LVORd), combined otolith-canal stimulation (ALVORd) and iso
lated angular stimulation (AVORd). Because of fast phase reset
tings, values for ALVORd and AVORd at 240 ms after stimulus 
onset were obtained from only seven subjects and less data records 
from each subject. No SD are shown for velocities as they were 
calculated from fitting average data

Time from LVORd
stimulus
onset

ALVORd AVORd

60 ms 
120 ms 
180 ms 
240 ms

0.2°± 0.2 
0.4°±0.4 
0.7°±0.5 
1.2°±0.6

3.6°/s
6.7°/s
9°/s

0.4°±0.4 
1.6°±0.6 
4.0°±0.8 
7.2°±L4

11.7°/s
28.2VS
49.87s
74.57s

0.2°±0.3
0.7°±0.6
2.1°±0.9
4.2°±1.0

6.77s
13.57s
33.97s
567s

ORl responses from ALVORI responses (Figs. 3, 4, low
er records; Table 2).

For linear motion on the bogie, the gains of compen
satory slow phase eye movements with respect to target 
displacement were consistently less than unity, especial
ly for the more reliable measurements at 120, 180 and 
240 ms. Velocity gains measured by curve fit from the 
grand averages were also less than unity except at 
240 ms. (In fact eye trajectory did attain target trajectory 
at about 300 ms after the onset of the movement.) Lateral 
head movements in the light resulted in faster slow phase 
velocity than those in the darkness (Fig. 3, middle re
cords, lowest trace). Comparison with the mean trajecto

ry of slow phase ocular movements during pursuit (PUR
SUIT in Fig. 3, middle records) shows that this enhance
ment cannot be due solely to the contribution of the pur
suit system, as it has a much longer latency than the ves
tibular responses. Furthermore, the LVORl is of greater 
magnitude than the sum of LVORd with pursuit.

In contrast to the undercompensatory responses to 
motion on the bogie, during both AVORl and ALVORI 
the eye movement trajectories were almost congruent 
with the target trajectory (Table 2) and both displace
ment and velocity gains were about unity.

For comparison with the gain of the slow phase re
sponses to the isolated linear stimulus within each sub
ject, the gain in the translational component of the head 
eccentric response was calculated after subtracting the 
eye and relative target displacements and velocities dur
ing pure angular motion from those measured during ec
centric head rotation (Table 2). This (ALVORl-AVORl) 
gain was significantly greater than the LVORl gain at 
180 ms (F<0.01) and 240 ms (F<0.03) on a Wilcoxon 
signed rank test.

The estimated eye movement component produced by 
the tangential linear acceleration (ALVORI-AVORl) had 
almost a 10-fold displacement gain and more than dou
ble the velocity gain of the slow phase eye movement 
during pursuit of the same target trajectory (Fig. 3, Table 
2) as measured at 180 and 240 ms when pursuit was un
der way.
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Table 2 Displacement (d) (means±lSD) and velocity (v) gains of 
evoked slow phase responses in the light during linear head 
displacement (LVORl), combined otolith-canal stimulation

(ALVORI), isolated angular stimulation (AVORl) and pursuit of 
the moving target for 10 normal subjects. No SD are given for 
gains in velocity as they were calculated from fitting average data

Time from
stimulus
onset

LVORl ALVORI AVORl ALVORl-AVORl
estimated

PURSUIT

d V d V d V d V d V

60 ms 0.9 (0.8) 0.6 1.2 (1.6) 0.9 0.8 (1.7) 0.7 1.2 1.3
120 ms 0.36 (0.36) 0.28 1.0 (0.3) 0.85 1.0 (0.36) 0.94 1.3 0.75
180 ms 0.44 (0.26) 0.7 0.9 (0.25) 0.9 0.85 (0.24) 1.02 1.06 0.8 O.l(O.l) 0.22
240 ms 0.66 (0.24) I.O 0.95 (0.2) 1.07 0.95(0.24) 1.08 0.95 1.05 0.2(0.1) 0.42

Fig. 3 Grand averages of eye 
movement responses under the 
various experimental condi
tions, showing the relative 
strengths of the responses to 
the linear (component of) mo
tion. Upper records comparison 
of the linear component of the 
response during combined ca
nal-otolith stimulation {ALV
ORd-AVORd) with the re
sponse to linear acceleration on 
the bogie in darkness {LVORd). 
Middle records comparison of 
the target trajectory {TARGET) 
with the eye movement evoked 
by linear head displacement in 
the light {LVORl) on the bogie, 
slow phase pursuit {PURSUIT) 
and the response to linear head 
acceleration in darkness 
{LVORd). Note that sum of 
PURSUIT and LVORd is 
smaller than the amplitude of 
LVORl. The LVORl is en
hanced compared with the 
LVORd, but this enhancement 
is not due to the addition of 
PURSUIT. Lower records com
parison of the linear component 
of the response during com
bined canal-otolith stimulation 
(ALVORl-AVORl) with PUR
SUIT

ALVOR d  -  AVOR d

LVOR d

LVOR

TARGET

LVOR d

r 1.5 deg

ALVOR I - AVOR I

puRsurr

I ' 25 ms

Discussion

The main findings of this study are that the translational 
component of the combined linear and angular VOR has 
higher gain than the linear reflex tested in isolation and 
that the compensatory eye movement lent by otolith 
stimulation is more powerful than that offered by smooth 
pursuit. In addition, comparisons with the literature indi
cate that the response to acceleration transients is of

higher gain than is reported for steady-state (sinusoidal) 
motion (see below).

Comparison of isolated LVOR 
with head-eccentric translational VOR

The enhanced VOR gain during combined canal-otolith 
stimulation is not simply the sum of the canalicular VOR
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TARGET

LVOR I

w ould theoretically  reduce the gain o f the ALVOR (Sny
der and King 1992) rather than increasing it.

In contrast w ith our results, it has been show n in m on
keys that the oculom otor response to steady-state oscilla
tion w ith the head eccentric reflects the algebraic sum o f 
canalicu lar and otolithic VOR com ponents (Sargent and 
Paige 1991). This m ight be explained by num erous fac
tors, including species, sensory context and orientation 
o f the m anoeuvre (head orientation changed relative to 
gravity, vertical canals stim ulated  when LVOR was de
term ined). However, an im portant factor could  be that 
the gain o f responses to transients may be higher than for 
steady state m otion, as discussed below.

ALVOR I - AVOR I

TARGET
r 1.5 deg

'  I  25 ms

Fiy. 4 Comparison of the target trajectories and the evoked eye 
movements in the light for isolated otolith stimulation (LVORl) 
and the linear component of response during combined otolith-ea- 
nal stimulation (ALVORl-AVORl). Note the closer matching of tar
get trajectory for ALVORl-AVORl

gain and the gain o f slow phases recorded during purely 
linear head displacem ents. W hile subjects were fixating 
a target at 60 cm in the light, their responses on the bogie 
were enhanced com pared with the responses in darkness, 
w hich is in accordance with previous studies show ing an 
enhancem ent o f the o to lith -ocular re 11 ex with target d is
tances (Baloh et al. 1988). However, these responses 
w ere still undercom pensatory during approxim ately the 
first 200 ms after stim ulus onset for the m agnitude o f lin
ear acceleration and target distance used in this study. In 
contrast, when both oto lith ic and canalicular receptors 
are appropriately  stim ulated, the oculom otor responses, 
as m easured during separate stim ulation, are potentiated, 
so that an alm ost ideal com pensation  results. D uring ec
centric rotation, naso-occipital acceleration was also 
present and therefore may be thought to be the cause o f 
the boost o f the ALVOR responses. However, it has been 
show n in the cat that linear acceleration in the sagittal 
plane during eccentric rotation decreases the am plitude 
o f the horizontal vestibulo-ocular reflex (A ngelaki and 
A nderson 1991). Furtherm ore, the acceleration along the 
naso-occipital axis was centripetal, w hich would produce 
divergence rather than convergence (Sm ith 1985) and

Transient versus steady-state sinusoidal response

The gain o f the slow phase responses in darkness both on 
the bogie and during rotations in an eccentric head posi
tion was higher than that reported in studies using sinu
soidal stim uli. For stim ulus frequencies betw een 0.2 and 
1.4 Hz, the gain in the LVORd ranged betw een 16° and 
29° s ' g - ' in hum ans (Baloh et al. 1988; B uizza et al. 
1980; Niven et al. 1966; S helham er and Young 1991; 
Skipper and Barnes 1989). S im ilarly, G authier and Ver- 
cher (1990) found higher gains for angular VOR re
sponses to rapid transient rotations than have been re
ported for sinusoidal motion. It is not resolved why ac
celeration steps enhance VOR gains. The effect may be 
due to the h igher frequency content o f the transient in ac
cordance with the study by Tokita et al. ( 1981 ) for verti
cal acceleration, show ing that although the o to lith-ocular 
reflex gain was constant from 0.1 to 0.7 Hz, it subse
quently  increased at the rate o f 20 dB /decade up to 5 Hz. 
This increase in gain with frequency is consistent with 
the existence o f irregular otolith units that respond to ac
celeration and its gradient (Fernandez and G oldberg 
1976). This gain enhancem ent w ith high frequency could 
have the function o f com pensating for the inherent tim e 
lag o f the onset o f response with respect to the stim ulus.

C om parison o f visually enhanced VOR with pursuit

The com parison o f the responses obtained on the bogie 
during fixation o f a stationary target w ith sm ooth pursuit 
evoked by target m ovem ent show s that com pensation 
during rapid linear head m ovem ents cannot be derived 
from  the latter, as they have a latency o f about 150 ms, 
due m ainly to the delay o f visual processing. The same 
applies for the com pensation o f the linear com ponent o f 
the head m ovem ent during rotation in an eccentric head 
position, during fixation o f a stationary target. It seem s 
that otolith ocular re Ilexes during both isolated linear 
translation and com bined otolith-canal stim ulation pro
vides better com pensation than that available through 
sm ooth pursuit.

Acknowledgements Financial support I'roni the CEC Human 
Capital and Mobility Program ERBCHBG 1792 0119 is gratefully 
acknowledged.
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The Mid-lateral Region of the Utricle 
Generates the Human Transaural Linear 

Vestibulo-Ocular Reflex
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The transaural linear vestibulo-ocular reflex (L-VOR) produces compensatory 
horizontal eye movements during lateral head accelerations and is a response to 
utricular stimulation. Unlike angular VORs, however, the directional organization of 
the L-VOR is still not well understood. Each utricular macula is sensitive to 
acceleration in both directions along the transaural axis because of the opposing 
orientations of its hair cells. The mid-lateral region of the utricle is activated by 
ipsilaterally directed acceleration, whereas the mid-medial region is excited by 
medially directed acceleration. To establish the contribution of these two clusters of 
hair cells to the L-VOR, we studied seven patients with only one functioning utricle 
in the acute stage after contralateral vestibular deafferentation.

Linear acceleration was provided in the dark by an electrically powered car 
running on a track. Patients were seated sideways on the car with their heads fixed by 
a bite board. The stimulus consisted of an acceleration step of 0.24 g lasting 650 msec. 
Five stimuli to the left and to the right were applied in a random sequence. 
Horizontal eye movements were recorded by bitemporal electrooculography. The 
raw recordings were desaccaded and the resulting slow-phase eye position was 
averaged for each subject and direction. The L-VOR velocity was quantified from the 
slope of the position signal between 300 and 500 msec after onset of chair movement. 
Postoperative L-VORs were corrected by subtracting the slow-phase velocity of the 
spontaneous nystagmus (mean 2.4°/sec). Asymmetry of the L-VOR was calculated 
from the directional preponderance formula: |R -  L|/|R + L| x 100.

We investigated 21 healthy subjects and seven patients who underwent vestibular 
neurectomy for treatment of Meniere’s disease (6) or acoustic neuroma (1). Patients 
were tested one day before (n = 6) and one week (n = 7) after surgery.

In normal subjects slow-phase velocities of the L-VOR ranged from 4.7 to 2r/sec 
(mean: 10.3°/sec). Asymmetries between leftward and rightward responses did not 
exceed 13% in any subject. Before surgery patients had L-VOR responses within the 
normal range of velocity. Mild asymmetries were observed in four patients. After 
surgery all patients had diminished, absent, or even reversed L-VORs when accelera
tion was directed towards the operated ear (mean: 2.8”/sec; range: -2.6 to 7.8®/sec). 
Responses were well preserved in the opposite direction (mean: 13.5°/sec; range: 7.1 
to 18J"/sec). Asymmetries invariably exceeded the normal limit of 13% (mean: 65%; 
range: 25 to 100%) (PiGS. 1 and 2).

'T. Lempert was supported by Deutsche Forschungsgemeinschaft.
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e y e  p o sitio n

c h a ir  v e lo c ity  
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100 ms

FIGURE 1. Averaged L-VOR responses from a patient with Meniere’s disease illustrating 
postoperative loss of the L-VOR with acceleration towards the operated ear.
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FIGURE 2. L-VOR velocities before and after surgery in seven patients. Responses are 
normalized with respect to the operated side. Open circles: preoperative; filled squares: 
fKJStoperative. Hatched area indicates normal range.

In conclusion, early after unilateral vestibular loss the remaining utricle gener
ates a normal L-VOR only when accelerated ipsilaterally. An explanation of this 
would be that L-VOR afferents originate from the mid-lateral sector of the utricular 
macula where hair cells are activated by ipsilateral translation. This agrees with 
observations in cats in which only stimulation of the mid-lateral region evokes 
horizontal eye movements.*
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Transaural Linear Vestibulo-Ocular Reflexes From a 
Single Utricle
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ABSTRACT: To clarify the directional sensitivity of a single utri
cle with respect to the transaural linear vestibulo-ocular reflex 
(L-VOR) we studied seven patients before and after vestibular 
neurectomy. Patients were seated upright in an electrically pow
ered car running on a linear track. Transaural acceleration steps 
of 0.24 g were applied randomly to the left and right in the dark. 
The slow phase velocity of the L-VOR was measured from the 
average of the induced compensatory eye movements. L-VOR 
asymmetry was calculated as (|R -L|/|R4-L| x  100) and is <  
13% in normals. Before surgery, responses were mostly sym
metrical. One week after surgery, however, all patients had di
minished or absent responses with medial acceleration of the 
remaining utricle. Asymmetries averaged 65% after correction 
for spontaneous nystagmus. Our findings indicate that afferents 
for the L-VOR originate from the lateral region of the macula 
where hair cells with ipsilateral on-directions are located.

KEY WORDS: Otolith, Utricle, Vestibulo-ocular reflex. Vestibular 
neurectomy.

INTRODUCTION

The transaural linear vestibulo-ocular reflex (L-VOR) produces 
compensatory horizontal eye movements during sideward head 
accelerations and is a response to utricular stimulation [1]. Un
like angular VORs, however, the directional organization of the 
L-VOR is still not well understood.

Each utricular macula is essentially sensitive to acceleration 
in both directions along the transaural axis due to the opposing 
orientations of its hair cells. The midlateral area of the utricle is 
activated by ipsilateral acceleration, whereas the midmedial re
gion is excited by contralateral (medial) acceleration [7] (Fig. 
1 ). The medial area is larger than the lateral one both in monkeys 
[5] and humans [9]. Correspondingly, 75% of peripheral utric
ular neurons respond to ipsilateral tilt, which is equivalent to a 
medial acceleration and only 25% to contralateral tilts [4]. 
Therefore, the overall sensitivity of a single utricle with respect 
to the L-VOR might be biased towards medially directed accel
eration.

To test this hypothesis, we studied seven patients with only 
one functioning utricle after contralateral vestibular deafferen- 
tation.

FIG. 1. Hair cell orientations o f the right utricular macula. Arrowheads 
point towards kinocilia and indicate excitatory deflections o f hair cells. 
A =  anterior, P =  posterior, M =  medial, L =  lateral.

METHOD

Transaural linear acceleration was provided in the dark by an 
electrically powered car running on a track. Patients were seated 
upright, interaural axis parallel to the track, with the head fixed 
by a bite board. The stimulus consisted of an acceleration step 
of 0.24 g lasting 650 ms. To determine the onset of acceleration 
a precision piezo-resistive linear accelerometer was mounted to 
the patient’s forehead with surgical tape. Velocity feedback from 
the car was provided by a tacho wheel running on the track.

' Requests for reprints should be addressed to Dr. Thomas Lempert, MRC Human Movement and Balance Unit, National Hospital for Neurology, 
8-11 Queen Square, London W Cl 3BG, UK.
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chair velocity 
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100 ms

FIG. 2. Averaged L-VOR responses from a patient with Meniere’s dis
ease illustrating postoperative loss o f the L-VOR with acceleration to
wards the operated ear. (A) 1 day before surgery; (B) 1 week after sur
gery.

Five stimuli to the left and to the right were applied in a 
random sequence, each of which started 1 s after lights were 
extinguished. To control for target distance that may modulate 
the L-VOR [10], patients were asked to look at a gray screen 
straight ahead at 150 cm distance before lights were extinguished.

Horizontal eye movements were recorded by bitemporal elec
trooculography. The raw recordings were desaccaded and the 
resulting slow phase eye position was averaged for each subject

and direction. The L-VOR velocity was quantified from the slope 
of the position signal between 300 and 500 ms after onset of 
acceleration. Asymmetry of the L-VOR was calculated using the 
directional preponderance formula:

|R  -  L |/ |R  + L | X 100.

We investigated seven patients who underwent selective ves
tibular neurectomy for treatment of Meniere’s disease [6] or in- 
tracanalicular acoustic neuroma [1]. They were between 25 and 
50 years of age (mean 39 years); one was female and six were 
male. Before surgery, all had preserved caloric function on both 
ears. Drugs that are known to interfere with vestibular or CNS 
function were stopped at least two days before testing. Patients 
were tested 1 day before (n = 6) and 1 week (n = 7) after 
surgery. Normative data for the L-VOR were obtained from 21 
healthy subjects between 23 and 49 years of age (mean: 33 
years).

RESULTS

In normal subjects slow phase velocities of the L-VOR in the 
dark ranged from 4.7 to 21°/s (mean: 10.5°/s). Only small asym
metries between leftward and rightward responses occurred not 
exceeding 13% in any subject (mean asymmetry: 6.4%).

Before surgery, all patients had L-VOR responses within the 
normal range of velocity. Three patients showed a moderate di
rectional preponderance between 28 and 41% with weaker re
sponses when accelerated towards the affected ear, whereas one 
patient showed a mild inverse asymmetry of 16%.

Postoperatively, patients experienced rotational vertigo and 
had spontaneous nystagmus towards the intact ear testifying 
acute unilateral loss of vestibular function. On the seventh post
operative day the spontaneous nystagmus was usually suppressed 
in the light but still present in the dark. Therefore, the individual 
L-VOR responses were corrected by subtraction of the slow 
phase velocity of the spontaneous nystagmus before the onset of 
chair motion (mean: 2.4°/s; range: 0 .6 -6 .7°/s). At this stage all 
patients had diminished or absent responses when acceleration 
was directed towards the operated ear, which corresponds to a 
medial acceleration of the remaining utricle. In contrast, the L- 
VOR was well preserved with acceleration towards the intact 
side. Directional preponderances invariably exceeded the normal 
limit of 13% (Fig. 2, Table 1).

DISCUSSION

Contrary to our hypothesis, we found that early after unilateral 
vestibular deafferentation the remaining utricle generates a nor
mal L-VOR only when accelerated ipsilaterally. In contrast, re
sponses are invariably smaller or absent with contralateral (m e
dial) acceleration. An explanation of this would be that L-VOR

TABLE 1
LATERAL LINEAR VOR BEFORE AND AFTER UNILATERAL VESTIBULAR SURGERY

Acceleration Towards Lesion 
(Mean; Range)

Acceleration Away From Lesion 
(Mean; Range)

Directional Preponderance* 
(Mean; Range)

Before surgery 9.2°/s 11.77s 16%
(n =  6) (5 .9 -1 7 .0 ) (9 .3 -1 4 .7 ) ( - 1 6 - 4 1 )

1 week after surgery 2.8°/s 13.57s 65%
(n =  7) ( -2 .6 - 7 .S ) (7 .1 -1 8 .5 ) (2 6 -1 0 0 )

* Positive values for directional preponderance indicate stronger responses with acceleration towards the intact ear (lateral 
acceleration of the remaining utricle).
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afferents originate from the midlateral sector of the utricular mac
ula where hair cells are activated by ipsilateral acceleration. This 
agrees with observations in cats in which only stimulation of the 
midlateral region evokes horizontal eye movements [6]. They 
are contraversive as required for compensation of an ipsilateral 
acceleration. Similarily, horizontal eye movements from stimu
lation of the entire utricular nerve are always contraversive [11] 
corresponding to an activation of afferents from the lateral re
gion.

The pronounced postoperative asymmetries of the linear VOR 
may be explained by cerebellar shut down, for instance, the de
crease of tonic firing in the intact vestibular nucleus as an early 
means of reducing the vestibular asymmetry [ 8 ]. When lateral 
hair cells of the remaining utricle are accelerated in their off- 
direction (medially) they may decrease tonic firing only to zero, 
thus reaching the inhibitory cutoff that restricts the vestibulo
ocular push-pull mechanism on the intact side.

Apparently, hair cells that are located medial to the striola do 
not contribute to the transaural linear VOR. Stimulation studies 
in experimental animals [6,11] and clinical data [2,3] rather sug
gest that the medial region supplies afferents for perceptual and 
ocular motor responses to static head tilts in the roll plane. This 
functional separation of utricular afferents seems to be essential 
for the central processing of otolith input: if both regions were 
connected to the same central vestibulo-ocular neurons, they 
would provide antagonistic information and thereby degrade the 
head acceleration signal.
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Horizontal Otolith-ocular Responses to Lateral Translation in Benign 
Paroxysmal Positional Vertigo
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Anastasopoulos D, Lempert T, Gianna C, Gresty MA, Bronstein AM. Horizontal otolith-ocular responses to lateral head 
translation in benign paroxysmal position vertigo. Acta Otolaryngol (Stockh) 1997; 117: 468-471.

Benign paroxysmal positional vertigo (BPPV) is assumed to result from utricular damage, but it is controversial if 
patients have manifest utricular dysfunction. Therefore, we investigated linear vestibulo-ocular reflexes (LVORs) during 
lateral whole-body translation in 14 patients with unilateral BPPV. Patients were subjected to linear acceleration steps 
of 0.24 g along the interaural axis, which were applied randomly to the left and right, both in the dark and in the 
light with a visual target at a distance o f 60 cm. The LVOR was measured by EOG from the slow phase velocity o f  
the averaged and desaccaded compensatory eye movement. In normal cases, maximum asymmetry o f LVOR velocity 
was 13% in the dark and 10% in the light. In patients, LVOR velocities were normal in the dark but mildly reduced 
in the light (p  <0.05). Five patients had mild LVOR asymmetries in the dark (range 18-38%) and two in the light 
(11 and 13%), but there was no consistent relationship to the affected side. The absence of gross changes of the LVOR 
may be explained either by minor utricular damage that is functionally irrelevant or by central compensation o f a 
chronic unilateral deficit. Key words: linear acceleration, oculomotor, utricle, vestibular compensation, vestibulo-ocular 
reflex.

INTRODUCTION
In their classical description o f benign paroxysmal 
positional vertigo (BPPV), Dix and Hallpike iden
tified unilateral utricular damage in one patient at 
autopsy. They observed loss of the otolith mem
brane and severe disorganization of the macular ep
ithelium, whereas the ampullae of the semicircular 
canals appeared normal (1). Subsequent studies have 
confirmed utricular lesions on the affected side in 
several patients (2, 3), while in others the maculae 
appeared normal (4). According to current thinking, 
BPPV is caused by dense particles which move 
within the endolymph of the posterior semicircular 
canal whenever head position is changed with re
spect to gravity (5, 6). These particles probably 
consist of utricular otoconia which have dislodged 
from the macula secondary to infection, ischemia, 
trauma or ageing. It is still unclear, however, 
whether otoconial loss and utricular damage in 
BPPV is sufficient to cause overt dysfunction of the 
otolith system.

Recently, measurement of linear vestibulo-ocular 
responses (LVOR) to lateral whole-body translation 
has emerged as a tool for assessment of utricular 
function (7, 8). The evoked compensatory eye move
ments are robust and symmetrical in normal cases 
(7) and grossly asymmetrical in patients with acute 
unilateral lesions (9). Therefore, we measured 
LVORs in 14 patients with unilateral BPV to investi
gate their utricular function.

MATERIAL AND METHODS
Linear acceleration along the interaural axis was 
provided by a car running smoothly on a track and 
powered by linear motors. Patients were seated up
right on the car facing sideways, with hips, shoulders 
and limbs restrained by pressure pads. The head was 
fixed by periaural clamps. The drive input to the 
motor was a velocity triangle generating an accelera
tion step which lasted 650 msec and was followed by 
a similar period of deceleration. Acceleration 
reached a maximum of 0.24 g after 70 msec. To de
termine the onset of acceleration a piezo-resistive 
linear accelerometer was mounted to the patients 
forehead. Velocity feedback from the car was pro
vided by a tachometer wheel running on the track. 
Between five and eight stimuli to the left and to the 
right were applied in a random sequence.

LVORs were elicited in the dark and in the light. 
Under dark conditions, chair movement started 1 sec 
after the room light had been extinguished. Patients 
were instructed to gaze passively straight ahead 
without fixating any particular point. To control 
for target distance which may modulate the LVOR 
(10) they were asked to look at a grey screen 150 cm 
straight ahead before the lights went off. Previous 
experiments have shown that the eyes reach an id
iosyncratic degree of convergence within 0.5 sec after 
turning off the lights (11). For LVOR testing under 
light conditions, patients fixated the centre of a card
board measuring 75 x 55 cm with black and white
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vertical stripes at a distance of 60 cm. Since LVORs 
interact with pursuit mechanisms in this condition, 
pursuit performance was studied in isolation by dis
playing a moving target of identical size, distance and 
relative velocity on a screen while the patient re
mained stationary.

Horizontal eye movements were recorded by bitem
poral electro-oculography (EOG), filtered at 80 Hz 
and digitally sampled at 250 Hz. The EOG signal was 
calibrated before and after each session with fixations 
at 12° left and right of the target centre. Recordings 
were analysed off-line using an interactive computer 
programme after filtering at 30 Hz. Saccades were 
identified visually and replaced by straight lines 
whose slope averaged the pre- and post-saccadic slow 
phase velocities. If signal drift exceeded 1 °/sec before 
onset of chair motion, recordings were discarded. To 
reduce noise levels, at least five responses were aver
aged for each subject, condition and direction. 
LVORs and pursuit velocities were quantified from 
the averaged curve by the slope of the eye position 
signal between 300 and 400 msec after onset of chair 
or target movement (Fig. 1). During this time interval 
the mean relative target velocity was 78.8°/sec. The 
asymmetry of the LVOR was expressed as a percent
age using the directional preponderance formula for 
vestibular responses: (R — L)I{R + L) x 100. In pa
tients, asymmetries were normalized with respect to 
the affected side.

We studied 14 patients (eight women, six men) 
aged 38-72 years (mean 50 years) with unilateral 
BPPV. The diagnosis was established by the observa
tion of typical nystagmus on Hallpike positional test
ing (12). Nine patients had idiopathic BPPV, whereas 
five had symptomatic BPPV due to previous vestibu
lar neuritis (2 patients), head injury (2 patients) and
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Stapedectomy for otosclerosis (1 patient). Caloric 
tesing was performed in 10 patients including the 2 
who had previously had vestibular neuritis, 1 of 
whom had a moderate canal paresis of 45% on the 
affected side. The other nine had symmetrical re
sponses. Disease duration varied between 1 month 
and 5 years (mean 1.1 years). Ten patients were 
acutely suffering from BPV at the time of LVOR 
testing, whereas four were asymptomatic.

Normative data for LVORs in the dark were ob
tained from 21 healthy subjects between 22 and 49 
years of age (mean 34 years, 8 women, 13 men). 
LVORs in the light and pursuit were recorded in 10 
of these subjects aged 22-45 years (mban 28 years).

RESULTS
The main findings are summarized in Table 1. Normal 
subjects had mean LVOR velocities of 10.3°/sec in the 
dark and 72.7°/sec under light conditions, measured 
between 300 and 400 msec after movement onset. 
Pursuit velocities averaged 53.4°/sec indicating a syn
ergistic enhancement of pursuit and otolith mecha
nisms during head translation in the light. In patients, 
absolute LVOR velocities in the dark were similar to 
those of the normal group. Responses in the light, 
however, were mildly but significantly reduced (p  
<0.05, t-test for independent variables). Pursuit 
velocities in patients were also slightly decreased but 
the difference was not statistically significant.

Asymmetries in normal subjects did not exceed 
13% in the dark and 9% in the light which were 
regarded as the upper limits of normal. Five patients 
had abnormal asymmetries in the dark ranging form 
18 to 38%. There was no consistent relationship to 
the affected side: two patients had weaker and three 
had stronger responses when translated towards the 
side with BPPV. Two patients had mild LVOR asym
metries in the light of 11 and 13%; one had a weaker 
and one had a stronger LVOR when moving towards 
the lesion side. These minor abnormalities were not 
related to age, pre-existing labyrinthine disorders and 
current activity of BPPV. The patient with the unilat
eral canal paresis had symmetrical LVORs of normal 
velocity.
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Fig. 1. Linear VORs in the light (LVOR-L) and in dark
ness (LVOR-D) and pursuit eye movements in response to 
body or target translation along the interaural axis in a 
normal subject. Top trace: relative target position. Dashed 
lines indicate interval for measurement o f mean eye velocity 
between 300 and 400 msec.

DISCUSSION
We could not detect any pronounced abnormalities 
of otolith-ocular responses in patients with BPPV. 
Only the LVOR under light conditions, which de
pends largely on the pursuit system was mildly re
duced. However, as there is also some age-related 
decrease of pursuit in patients, the contribution of 
otolith failure remains uncertain.
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Table I. Linear VORs in normal subjects and patients \\ ith benign positional vertigo

Normals Patients

Velocity (°/sec) Asymmetry ('%,)" Velocity (°/sec) Asymmetry (%)**
mean (range) mean (range) mean (range) mean (range)

LVOR dark 10.3 1 10.0 0
(4.7-21.1) (-1 0  -  +13) (3.4-16.9) (—38 — +28)

LVOR light 72.7 2 60.2 1
(51.5-79.8) ( - 9  -  +7) (38.1-81.3) (—11 — +3)

Pursuit 53.4 49.6
(29.9-72.7) (29.2-66.9)

“ In normals, positive values for asymmetry indicate stronger responses with leftward translation.
** In patients, positive values for asymmetry indicate responses with translation towards the affected ear.

Why are otolith-ocular reflexes generally normal in 
BPPV even if utricular damage can be assumed in 
most patients? One explanation may be a central 
compensation of the peripheral deficit. The horizon
tal LVOR becomes grossly asymmetrical early after 
unilateral vestibular nerve section: responses are de
creased or absent when acceleration is directed to
wards the lesion but well preserved in the opposite 
direction (9). However, symmetry is restored to pre
operative levels after 6-10 weeks. A similar time 
course of central compensation has been observed for 
other utricular functions such as postural balance 
(13), ocular torsion position (14) and roll-tilt percep
tion (15). Accordingly, LVORs should be compen
sated and symmetrical when BPPV results from a 
long-standing unilateral utricular lesion. Alterna
tively, when BPPV is caused by head trauma, expo
sure to ototoxic drugs or age-related degeneration, 
utricular damage is usually bilateral which should 
abolish LVORs altogether (8). In these conditions, 
however, otoconial loss is often incomplete (16-18) 
which may leave the overall function of the macula 
unaffected.

Five patients had an abnormal LVOR asymmetry 
but there was no systematic relation to the affected 
ear. This variability cannot be readily explained by 
partial utricular damage affecting hair cells of differ
ent orientation in different patients, since afferents 
for the LVOR appear to originate exclusively from 
the lateral hair cell cluster, which is activated by 
ipsilateral translation (9).

Prenons studies on utricular function in BPPV 
have yielded contradictory results. Markham et al. 
found abnormal ocular counter-rolling in 16/18 pa
tients with BPPV. The observed abnormalities were 
heterogeneous and included hypoactivity, hyperactiv
ity, disconjugate eye movements and inconsistencies 
on repeated testing. Five patients were abnormal 
when tilted to the affected side and eleven had bilat

eral deficits (19). In contrast, Takemori et al. ob
served ipsilateral abnormalities in only 2/15 patients, 
whereas 11 had deficits when tilted to the healthy 
side (20). Measurements of the visual vertical in 
BPPV have been similarly inconclusive: Brandt 
noted misalignment of the visual vertical in several 
patients (21) while Bôhmer and Rickenman did not 
observe a significant deviation in any of their 19 
patients (22).

In conclusion, conventional tests of utricular func
tion have failed to identify consistent abnormalities in 
patients with BPPV. This reflects the compensatory 
capacity of the otolith system but probably also our 
lack of sensitive methods to uncover partial and 
chronic utricular damage.
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