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PREFACE
The human equilibrium system is often considered to be the sixth sense that enables one to
maintain balance and keep a stable gaze, both in rest and during movements of the head or the
whole body. However, in contrast to the other five senses, the functions of the contributing
components and their mutual interactions have not been fully unmasked yet. Research on the
human vestibular system is therefore not the ‘playground’ of physicians alone. The last
centuries, researchers from all science disciplines have tried to puzzle out the synergy of the
different components that contribute to a stable balance. As long as those different
components work concordantly like a well oiled machine, one often remains unaware of that
ingenious yet complex synergy. Unfortunately, just like the best computers or machines, the
different components of the human equilibrium system malfunction more than once. Several
studies have shown that dizziness and vertigo constitute an important share in the most
common complaints reported in the doctor’s practice. A recent study by Neuhauser et al.
(2008) mentions a lifetime prevalence of vertigo and dizziness of over 20 %. Apart from the
physical discomfort, the impact of vestibular complaints on the patient’s social and
professional life is often considerable. Despite the technological innovations and the
enormous amount of research that has been conducted, diagnosing a vestibular problem
remains challenging. It not only requires a profound knowledge of all different contributing
components, it also demands function tests that allow the evaluation of all end organs
separately.
The high social importance and the ingenuity of the vestibular system have inspired me to
devote this doctoral dissertation to the human equilibrium system in general and the otolith
system in particular. In this dissertation I have (further) developed two different techniques to
assess the otolith function – the unilateral centrifugation (UC) test and the ocular vestibular
evoked myogenic potentials (oVEMPs) – and mutually compared them to determine their
similarities. Although the results of healthy subjects are indispensable in modelling the otolith
system, the pathological data of vestibular patients are equally crucial since they provide the
ideal conditions to verify certain hypotheses. Similarly, vestibular research has a big interest
in altered gravitational states such as microgravity. Those exceptional environments also
provide an excellent basis to study the impact of (the ‘absence’ of) gravity on the human body
as shown in one of the studies described here. A more detailed description of my research
objectives and the different studies that were conducted to achieve those objectives, are
described in the first chapter of this dissertation.
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CHAPTER ONE
General introduction

General introduction
1. Anatomy and physiology of the human vestibular system
Given the multidisciplinary character of this dissertation, some notion of the anatomical and
physiological aspects of the human vestibular system is helpful for a better understanding of
the following chapters. This chapter therefore provides a brief overview of the anatomy and
physiology of the human equilibrium system and the different techniques used to assess its
function. For more information the reader is referred to the reference list.

1.1. A multisensory system
To maintain balance, guarantee a stable gaze and orient themselves in space, humans can rely
on a multisensory system that combines information from different input systems. The
peripheral vestibular system in the inner ear, the visual system and the proprioceptive system
provide the most important information on posture and balance, but there is also a
contribution of the auditory system and the gravitoceptors in the intestines. The vestibular
organs deliver information on the angular and linear accelerations of the head and on the
repositioning of the head with respect to the gravitational vector. Information on the position
and movements of the head with respect to the surroundings is provided by the visual system.
The vestibular and visual input is combined with the input of the proprioceptive system. The
latter allows one to determine the position and movement of the head and the whole body
with respect to its support surface through the muscle tension and the position of the joints.
All information is centrally integrated in the vestibular nuclei and the cerebellum to develop a
subjective perception of the position of the head and whole body with respect to the
environment, and to produce motor reflexes. Those reflexes allow a person to maintain
balance, stabilize his gaze and spatially orient himself, both in rest and during movements of
the head or the whole body.
Figure 1.1. Right-handed reference frame used to
quantify

the

6

degrees

of

freedom

that

characterize each movement in space. The x-axis
is referred to as the naso-occipital axis and the yaxis as the interaural axis. The z-axis corresponds
to the body vertical. Rotations along the x, y and
z-axis are denoted as roll, pitch and yaw
respectively.
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Each movement of the head can be considered as a combination of three translations and three
rotations. To characterize those six degrees of freedom, an orthogonal right-handed headbound reference frame is defined as illustrated in figure 1.1. The x-axis is defined as the axis
connecting the occiput and the nose and will be referred to as the naso-occipital axis. The yaxis, also denoted as the interaural axis, connects the right and the left ear. The z-axis along
the body vertical completes the reference frame. Rotations along the x, y and z-axis are
denoted as roll, pitch and yaw respectively.

1.2. The peripheral vestibular system
1.2.1. Anatomical aspects
The peripheral vestibular organs are located in the inner ear or labyrinth, which consists of a
bony and membranous part. The bony labyrinth can be divided into three different parts: (1)
the three semicircular canals (SCCs), (2) the vestibule containing the otolithic organs and (3)
the cochlea (figure 1.2). Whereas the latter is crucial in processing sound, the other two areas
comprise the vestibular organs (Honrubia and Hoffman, 1998; Tortora and Grabowski, 2000).

Figure 1.2. The vestibular labyrinth located in the inner ear (left image), consists of a membranous
and bony part (right image). The latter comprises three mutually orthogonal semicircular canals
(SCCs) that detect angular accelerations and two otolith organs (saccule and utricle) in the vestibule
that are responsible for the detection of linear accelerations and reorientations of the head.
Adapted from Purves et al. (1997).

The membranous labyrinth is located within the bony labyrinth and consists of a series of sacs
and tubes filled with endolymph. The density (ρ = 1006 kg/m³) and the viscosity (η = 1 cP) of
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endolymph is similar to that of water of 20 °C (Rabitt et al., 2003). Similar to intracellular
fluid, endolymph has a high concentration of potassium ions [K+] and a low concentration of
sodium ions [Na2+]. In the perilymph, the fluid filling the space between the bony and
membranous labyrinth, the concentrations are reversed.
The three SCCs (horizontal or lateral, anterior or superior and posterior or inferior) are almost
perpendicular to each other with the horizontal canal making an angle of almost 30° with the
xy-plane (Della Santina et al., 2005). They respond to angular accelerations with the largest
sensitivity for rotations about an axis perpendicular to the plane in which the canal is situated
(Ewald’s first law). The canals in the left and right labyrinth are coplanar with the horizontal
SCCs lying in exactly the same plane and the anterior SCC of one labyrinth being parallel to
the posterior SCC of the contralateral labyrinth (figure 1.3).

Figure 1.3. Orientation of the semicircular canals
(SCCs) in the head. Due to the coplanar
orientation of the semicircular canals in both
inner ears, each rotation is detected bilaterally,
but the stimulation pattern is reversed: excitation
of one canal corresponds to inhibition of the
contralateral canal. This so called push-pull
principle is also described in paragraph 1.2.4 of
this chapter.
Courtesy of F. Wuyts.

The utricle and saccule are two membranous sacs that form the otolithic organs in the
vestibule and they are responsible for the detection of linear accelerations and reorientations
of the head (Tortora and Grabowski, 2000).

1.2.2. Detection of acceleration
To detect accelerations and reorientations of the head, the vestibular organs are equipped with
sensory parts containing hair cells and corresponding hairs or cilia (Lysakowski and
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Goldberg, 2003). There are two types of hair cells (goblet-shaped type I and cylindrical type
II, for more information the reader is referred to Lindeman 1969a and b) and each hair cell
consists of 50 to 200 hairs, stereocilia, that increase stepwise in length towards one kinocilium
that is placed eccentrically and serves as reference. The stiff cilia are made out of actin
filaments and are mutually connected with tip links that are able to open or close the ion
channels when the cilia deflect. In rest, the hair cells have a cell potential of -50 to -60 mV,
which causes the release of neurotransmitters in the synaptic cleft between the hair cell and
the afferent nerve innervating that cell, and produces up to 70 to 90 action potentials per
second. Mechanical deflections of the cilia can alter the cell potential by changing the influx
of the positive ions into the hair cells resulting in an increased or decreased firing rate (figure
1.4). As soon as the cilia deflect towards the kinocilium, the tip links will gain length and will
cause a further opening of the ion channels resulting in an increased influx of positive ions
(K+ and Na2+). Due to this depolarisation of the hair cell, the release of neurotransmitters and
concomitantly the number of action potentials in the afferent nerve increases. In this case, the
hair cell is excited. When the cilia deflect in the opposite direction (away from the
kinocilium), the shortened tip links will close off the ion channels and therefore cause a
decrease in cell potential. The hyperpolarized cell will limit the release of neurotransmitters
with a decreased amount of action potentials as a consequence. This situation is referred to as
an inhibition of the hair cell.

Figure 1.4. Activation pattern of the afferent nerve innervating a hair cell. A deflection of the cilia
towards the kinocilium causes an excitation of the hair cell and an increased firing rate of the afferent
nerve innervating that hair cell. A deflection in the opposite sense causes an inhibition and
concomitant decrease in firing rate of the afferent nerve.
Adapted from Goldberg and Hudspeth (2000).
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The firing rate of action potentials is a function of the cell potential, which in its turn depends
on the amplitude and the direction of the deflection of the cilia. The asymmetrical sigmoid
function curve (figure 1.5) indicates that a hair cell is more sensitive to deflections of the cilia
towards the kinocilium than away from it (Ewald’s second law; Halmagyi et al., 1990-1991).
As will be described in the following paragraphs, the deflection of the cilia is based on the
inertia principle.

Figure 1.5. The firing rate of the afferent nerve
as a function of the deflection of the stereocilia
with

respect

to

the

kinocilium.

The

asymmetrical sigmoid illustrates Ewald’s second
law.

1.2.3. The otoliths
The saccule and the utricle are oval structures (with a maximum length of about 3 mm) that
lie in the vestibule and are connected through the small ductus reuniens. Both otoliths contain
a sensory part, the macula, which covers less than 1 mm². The curved macula contains hair
cells surrounded by supporting cells. The utricular macula contains up to 30.000 hair cells
whereas the saccular macula only contains 16.000. The macula is covered with the otolith
membrane in which the cilia are embedded (figure 1.6). On top of that 50 µm thick otolith
membrane lie thousands of hexagonal calcium carbonate crystals with a size of 0.5 to 10 µm
and a density that is twice as big as that of water (figure 1.7). Those so called otoconia are
important for the detection of (linear) movements since they will shift with respect to the
macula due to the inertia principle as soon as the head is accelerated or decelerated, causing a
deflection of the cilia as described in the previous paragraph. Due to a larger density of the
otoconia than that of endolymph, the utricular and saccular maculae are sensitive to
gravitational changes when the head is tilted. Purely based on the deflection of the hair cells,
the brain can not distinguish between an acceleration and a backward tilt or a deceleration and
a forward tilt (this is called the Einstein’s equivalence principle). Possible mechanisms that
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are used to solve the ambiguity are described in Mayne (1974), Angelaki et al. (2001), Bos
and Bles (2002) and Vingerhoets (2008) among others.

Figure 1.6. Schematic overview of the otolith membrane containing the sensory part of the utricle and
saccule.
Adapted from Kahle and Frotscher (2006).

Figure 1.7. Microtomographic scan of the
human otoconia. The white bar in the lower
right corner represents 10 µm.
Courtesy of A. Lysakowski.

The utricle and saccule are divided into two hemi fields, separated by the striola (figure 1.8).
The utricle is divided into a lateral and medial partition, the saccule into an inferior and
superior partition (Lindeman, 1969a and b; Jaeger et al., 2008). In the utricle, all kinocilia are
directed towards the striola, whereas in the saccule the kinocilia are directed away from the
striola, creating a morphological polarisation (Tribukait and Rosenhall, 2001). Hair cells with
the same polarisation vector transduce their signal to the same afferent neuron and those hair
cells are denoted as the terminal field of that neuron. The combination of the terminal field
10
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and the corresponding neuron is called a functional unit. In my master’s thesis I have shown
that there is a predominance of the lateral utricular partition over the medial partition
(Buytaert, 2007). The contribution of the lateral partition to the ocular counterrolling (see
further) has been shown to be almost three times larger than that of the medial partition.
Due to the quasi horizontal orientation of the utricular macula, the utricle will mainly detect
horizontal linear accelerations. The saccule on the other hand will mainly detect vertical linear
accelerations with the gravitational acceleration being one of the most important examples.

Figure 1.8. The utricle is divided into two
hemi fields, separated by the striola. All
utricular kinocilia are directed towards the
striola,

creating

a

natural

polarisation

indicated by the vector arrows.

1.2.4. The semicircular canals
The sensory part of each SCC is located in the ampulla, an enlargement of the canal on the
utricular side. The cilia of the hair cells are embedded in the cupula which divides the ampulla
into two parts and has the same density as the endolymph filling the SCCs (figure 1.9).
Whereas a linear acceleration or a repositioning of the head causes a shift of the otoconia in
the otoliths, an angular acceleration will cause a deflection of the cupula resulting in a
depolarisation or hyperpolarisation of the hair cells in the crista ampullaris, which is located
at the base of the cupula. In the horizontal SCC the kinocilia are directed towards the utricle
and in the vertical canals they are directed away from the utricle, causing a morphological
polarisation as well. In contrast to the otoliths where the maculae are multi directional, all
polarisation vectors of one canal have the same direction and sense. Due to the paired
orientation of the SCCs in both labyrinths (figure 1.3), an excitatory stimulation of one canal
results in an inhibition of the contralateral canal. This mechanism is called the ‘push pull’principle, and it increases the sensitivity of the vestibular system. The otoliths also follow the
‘push pull’-principle, but there, simultaneous excitation and inhibition of different functional
units occurs within the same labyrinth as well.
Similar to the otoliths, the detection mechanism used by the SCCs is not flawless since it is
not only relatively insensitive to rotations below 0.1 Hz and above 10 Hz (Newlands and
11
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Wall, 2006), but it is also only able to detect changes in rotation (i.e. accelerations or
decelerations). As soon as the acceleration has returned to zero and the subject is rotating at a
constant velocity (or standing still), the cupula returns to its original position with a time
constant of approximately 4.2 s (Dai et al., 1999). The velocity storage mechanism, a central
integration mechanism, prolongs the sensation of rotation about 17 s (Dai et al., 1999), but
afterwards other cues (visual and/or somatosensory) have to provide the sensation of rotation.

Figure 1.9. The ampulla of the each semicircular canal (left figure) is divided into two parts by the
cupula (enlargement in the right figure). The cupula contains the sensory part of the semicircular
canal.
Adapted from Kahle and Frotscher (2006).

1.2.5. Innervation of the peripheral vestibular system
The vestibulo-cochlear nerve (VIIIth cranial nerve) receives afferent information from the
cochlea (pars cochlearis) and the peripheral vestibular system (pars vestibularis). The
vestibular part on its turn can be subdivided into an inferior and superior part with the inferior
part mainly receiving input from the saccule and the posterior SCC and the superior part
mainly receiving afferent input from the utricle and the horizontal and anterior SCCs (figure
1.10). A very small fraction of the saccular afferents also courses in the superior vestibular
nerve (de Burlet, 1924 and 1929). The bipolar cell bodies of the vestibular organs are located
in the ganglion of Scarpa, situated at the base of the internal acoustic meatus. From this point
further afferentiation towards the vestibular nuclei and the vestibulo-cerebellum takes place.
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The otolith afferents can be subdivided into two different classes based on the discharge
pattern: regular units with a relatively steady discharge rate and irregular units with an
irregular firing rate. The distinction is based on the normalized coefficient of variation (CV)
of the interspike interval during spontaneous discharge (Goldberg et al., 1984). A neuron is
considered to be regular if the CV is less than 0.1 and irregular as soon as the CV is larger
than 0.1 (Young et al., 1977; Hullar et al., 2005). Whereas the first class is mainly sensitive to
static tilts, the latter is mainly responsive to dynamic situations (Goldberg, 2000).
Apart from the afferent pathways leaving the vestibular hair cells, there is a small fraction
(about 5 % of the 20.000 nerve fibers; Bergström, 1973; Büttner-Ennever, 1999) of efferent
pathways providing input from the vestibular nucleus interpositus and nucleus lateralis that in
turn receive input from the cortex.

Figure 1.10. Innervation of the peripheral vestibular labyrinth. The inferior part of the vestibular
nerve innervates the saccule and the posterior semicircular canal (SCC), the superior part mainly
innervates the utricle and the horizontal and anterior SCCs.
Adapted from Goldberg and Hudspeth (2000).

1.3. Vestibular driven reflexes
One of the most important reflexes that guarantee a stable gaze, both in rest and during
locomotion, is the vestibulo-ocular reflex (VOR) (Cohen and Gizzi, 2003). In a simplified
approach the VOR can be modelled as a three-neuron reflex involving Scarpa’s ganglion, the
vestibular nuclei and the oculomotor nuclei (Ito, 1975; Leigh and Zee, 1999a; Furman and
Cass, 2003). This reflex is responsible for generating rapid, compensatory eye movements to
stabilize the gaze by sending information to the extra ocular muscles. The compensatory eye
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movements can be smooth or saccadic, but their direction is always opposite to the head
movement. Three types of VOR can be discriminated:
•

The angular VOR (aVOR) which is generated by the SCCs as a response to a head
rotation. Due to the head rotation detected by the SCCs, the eyes will move in the
opposite sense of the head rotation until they have reached the limit of their motion
within the orbits. At that point a quick reset has to occur to allow a refixation of the
image (figure 1.11). The typical jigsaw pattern with the slow pursuit phase and the
quick saccadic reset phase is known as nystagmus (figure 1.11, inset). Although the
slow phase is the actual compensatory eye movement, the nystagmus is named after
the quick phase. Based on the transfer properties of the SCCs, it can be seen that there
is only a limited range of frequencies that can be detected adequately (Melvill Jones,
1972).

Figure 1.11. Principle of nystagmus.
When the head is rotated to one side,
the eyes will move in the opposite
direction until a reset is needed. This
creates a typical jigsaw pattern
(inset), denoted as nystagmus.
Adapted from Purves et al. (1997).

•

The translational VOR (tVOR) is activated during translations of the head and is
generated by the otoliths. The tVOR can generate horizontal, vertical or vergent eye
movements depending on the direction of the translation. Since natural head
movements mostly consist of a combination of a translation and rotation, both the
aVOR and tVOR are simultaneously activated (Leigh and Zee, 1999a and b). The gain
of the tVOR depends on the (imaginary) distance to the fixation target (Angelaki,
2004; Liao et al., 2009).

•

Ocular counterrolling (OCR) occurs when the static orientation of the head changes
with respect to the gravitational vector (head tilt). The OCR is also mediated by the
otoliths and in contrast to the aVOR and tVOR, the gain of this reflex is rather low
(about 10-20 %; Cohen and Gizzi, 2003).
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The VOR is not solely responsible for a stable gaze, but is combined with the visually
mediated reflexes as well. The latencies of the latter however, are much larger than those of
the VOR (>70 ms compared to 7-10 ms), accentuating the importance of the VOR in
generating a stable gaze during locomotion (Leigh and Zee, 1999b; Kingma, 2003).
Apart from the VOR, two additional vestibular driven reflexes can be distinguished. The
vestibulospinal and vestibulocollic reflex (VSR and VCR respectively) are responsible for
maintaining postural stability during motion, and stabilizing the head with respect to the
gravitational vector by stimulating skeletal and neck muscles.

2. Vestibular function testing
Due to the complexity of the vestibular system there is not just one single test that allows the
function assessment of all different vestibular organs and pathways. Whereas in the beginning
only the horizontal SCC could be investigated, vestibular function testing has rapidly evolved
during the last decades allowing an objective and quantitative investigation of all different
end organs separately (CHABA, 1992). In the following paragraphs the most common
techniques that constitute the battery of vestibular tests are briefly described. The more
advanced unilateral centrifugation (UC) test and the ocular vestibular evoked myogenic
potential (oVEMP) test are further elaborated since those tests are the main focus of this
dissertation.

2.1. Assessment of the semicircular canal function
In most vestibular laboratories around the world, a function assessment of the (horizontal)
SCCs is the first step in vestibular function testing. Prior to the rotatory test and caloric testing
(both extensively described in Maes (2010)) which are considered to be the ‘gold standard’
for (horizontal) SCC function testing, oculomotor system tests are performed to uncover
possible abnormal eye movements that can interfere with the interpretation of the vestibular
tests. In addition, those tests can provide information on abnormalities of the central nervous
system. They consist of multiple tests to detect the presence of spontaneous or gaze-evoked
nystagmus, and investigate the integrity of the pathways responsible for smooth pursuit,
saccadic eye movements and optokinetic nystagmus (Wuyts et al., 2003a). The latter is a
tracking response closely related to smooth pursuit, but it differs from it in that it is elicited by
tracking a field (that covers the full visual field) rather than a discrete target (Hain and
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Rudisil, 2008). Ocular motor tests are performed using electro oculography (EOG), video
oculography (VOG) or scleral search coils (SSCs), described in paragraph 2.5 of this chapter.

2.1.1. The rotatory test
The (horizontal) aVOR and (horizontal) SCC function can be assessed using Earth vertical
axis rotation (EVAR) of the whole body. Currently, the most widely used rotational paradigm
is the sinusoidal harmonic acceleration test (SHAT) during which the subject is gently rotated
from the left to the right at a certain frequency of the order of 0.05-0.1 Hz (Wolfe et al., 1978;
Wall, 1990). Since the test outcome is influenced by the subject’s mental alertness, they
should always be asked to perform a mental task during the rotation. The outcome parameters
include the gain (the ratio of the eye and head velocity) and the phase (delay between the eye
and head movement).

2.1.2. Caloric testing
Because of its close proximity to the middle ear cavity a second test to assess the horizontal
SCC function exists. During caloric testing the subject is sitting in a tilted chair so that the
horizontal SCCs align with the vertical plane. Both ear canals are stimulated thermally by
consecutively irrigating them with warm (44 °C) and cold (30 °C) water. This nonphysiological stimulus changes the density of the endolymph causing gravitational induced
convective currents in the vertically placed horizontal SCC. Whereas warm water causes a
decrease in density resulting in an upward movement of the cupula and a concomitant
depolarisation of the (ipsilateral) hair cells, cold water causes an increase in density resulting
in a downward movement of the cupula and a concomitant hyperpolarisation of the
(ipsilateral) hair cells. Based on the slow component velocity of the nystagmus at the
maximum of the response, labyrinth and nystagmus asymmetry and the total responsiveness
of the SCCs can be calculated. Since the caloric stimulation is a unilateral stimulus, an
intravestibular conflict arises which often causes nausea.
Whereas the caloric test has a greater specificity, the rotatory test has a larger sensitivity for
peripheral vestibulopathy, underlining the complementary character of both tests (Arriaga et
al., 2005).
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2.1.3. The head impulse test
The Halmagyi head impulse test (HIT) or head thrust test (HTT) is a routine, quick screening
test for SCC and VOR function (Halmagyi and Curthoys, 1988; Halmagyi et al., 1990b).
Whereas the rotatory and caloric test examine the low-frequency range of the VOR, the HIT
provides qualitative information on the high-frequency range. During the HIT the examiner
briskly (accelerations of up to 4000 °/s²) and randomly turns the subject’s head from the left
to the right while the subject is fixating a predefined target. An intact SCC and VOR function
will immediately result in compensatory eye movements that allow the subject to keep the
eyes fixated on the target. The inability to keep the eyes fixated on the target may indicate a
central or peripheral vestibular lesion (Schubert et al., 2004; Wuyts, 2008). This results in
catch up saccades when the head is accelerated to the lesioned side. Originally only the
horizontal SCCs were investigated using the HIT, but the test paradigm has been extended to
rotations in the left anterior – right posterior (LARP) plane and right anterior – left posterior
(RALP) plane to assess the anterior and posterior vertical SCCs as well (Aw et al., 1996).
The use of lightweight, high frame rate video goggles enables the examiner to extract
quantitative information such as eye velocity and VOR gain (Bartl et al., 2009; Ulmer et al.,
2009; Weber et al., 2009; 2010a and b).

2.2. Assessment of the saccular function: The cervical vestibular
evoked myogenic potential test
Despite its primary role in detecting linear accelerations and changes in head position with
respect to the gravitational vector, the saccule has retained its ancestral acoustic sensitivity
(von Békésy, 1935; Ferber-Viart et al., 1999; Sheykholeslami and Kaga, 2002). The function
test that is used to assess the saccular and inferior vestibular nerve function makes use of this
principle. Cervical vestibular evoked myogenic potentials (cVEMPs) are ipsilateral inhibitory
responses elicited by (loud) air conducted sound (ACS) that are mediated by the VCR, and
they reflect the saccular and inferior vestibular nerve function (Colebatch et al., 1994;
Robertson and Ireland, 1995). The transmission of the high intensity stimuli require an intact
middle ear function since the response can be abolished or attenuated in conductive hearing
losses with air bone gaps of 8.75 dB or more (Bath et al., 1999). In such a case, bone
conducted sound can be an alternative to evoke the cVEMP response (Sheykholeslami et al.,
2000 and 2001a; Welgampola et al., 2003). Nevertheless it seems a less favourable stimulus

17

Chapter 1
to selectively investigate the saccules since Welgampola et al. (2003) and Halmagyi et al.
(2005) have shown that bone conducted stimuli also activate utricular afferents.
In

most

laboratories

the

evoked

potentials

are

recorded

from

the

contracted

sternocleidomastoid (SCM) muscle in the neck (hence the name cervical VEMP), but they
can be measured at different locations as well (Murofushi et al., 1999; Sheykholeslami et al.,
2001b). The reflex arc responsible for this response initiates in the saccular macula and
travels through the inferior vestibular nerve to the vestibular nuclei. From there, signals are
sent to the motor neurons of the contracted ipsilateral SCM muscle via the vestibulospinal
tract (Wilson et al., 1995; Murofushi et al., 1996; Uchino et al., 1997). The cVEMP response
consists of a clear biphasic waveform with a positivity1, about 13 ms (referred to as ‘p13peak’) and a negativity about 23 ms (referred to as ‘n23-peak’) after the stimulus onset (figure
1.9). A second biphasic negative-positive complex (‘n34 – p44’) occurs in about 40-60 % of
all healthy subjects, but is of cochlear origin and should not be included in the analysis of the
response (Colebatch et al., 1994; Robertson and Ireland, 1995). The cVEMP amplitude has
not only been shown to be dependent on the intensity of the sound used to evoke the response,
but also on the tonic SCM muscle contraction level (Colebatch et al., 1994; Lim et al., 1995;
Robertson and Ireland, 1995).

Figure 1.12. Typical cVEMP response (recorded
with 95 dB nHL tone bursts of 500 Hz lasting 6
ms; linear envelope, rise/plateau/fall time = 2
ms).

Whereas in the beginning only the presence or absence of the cVEMP response was used as
an indicator of saccular function, nowadays more parameters such as the threshold2 of the
1
It is a neurophysiological convention that a positivity is indicated by a downward deflection, and a negativity
by an upward deflection (Mallik and Weir, 2005; Mapelli and D’Angelo, 2007).
2
The threshold corresponds to the lowest sound intensity that can evoke a cVEMP response at a predetermined
SCM muscle contraction level.
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stimulus intensity, the latencies of the p13 and n23-peaks and the interaural ratio, the
asymmetry between the left and right saccule, are extracted from the test outcome. The latter
however requires a bilaterally constant SCM muscle contraction level to allow a reliable
comparison of both sides. Vanspauwen et al. (2009) therefore developed a feedback system
allowing the subject to keep the SCM muscle contraction steady and avoid artificially
introduced asymmetries. In addition, they used the mean rectified voltage of the SCM
contraction level to correct the cVEMP peak-to-peak amplitudes, allowing a more reliable
comparison of the left and right response.
For more information on the historical framework, the evolution and the methodology of the
cVEMP test, the reader is referred to the doctoral dissertations of Vanspauwen (2009) and
Maes (2010).

2.3. Assessment of the utricular function
Although both tests to assess the utricular function – the unilateral centrifugation (UC) test
and the ocular vestibular evoked myogenic potential (oVEMP) test – constitute the core of
this doctoral dissertation and they are further elaborated in the next chapters, this paragraph
already provides a brief overview of the origin of the responses and the methodology that was
originally used to record those responses.

2.3.1. The unilateral centrifugation test
2.3.1.1. Origin
Rotatory chairs can not only be used to assess the horizontal SCC function, they also underlie
the unilateral centrifugation (UC) test for unilateral utricular function testing. For that
purpose, the rotatory chair is equipped with a linear sled that allows a translation along the
interaural axis during the rotation. The stimulation technique that underlies the UC test in its
current shape was conceived by Wetzig et al. (1990). They were the first to add a
(differential) centrifugal force to the constant gravitational force to stimulate the utricles.
Their ideas were largely based on findings by Yegorov and Samarin (1970), von Baumgarten
and Thümler (1979) and Diamond and Markham (1989) who studied the influence of changed
gravitational conditions (e.g. hyper- and hypogravity during parabolic flight) on the otolith
system. They hypothesized that a functional asymmetry between both utricles contributes to
the susceptibility to space motion sickness. In normal situations on Earth such an asymmetry
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is centrally compensated, but in a novel gravitational condition the asymmetry becomes
unravelled.
The technique of unilateral centrifugation as proposed by Wetzig et al. (1990) was further
elaborated and verified in vestibular patients with a unilateral loss (Wetzig et al., 1992; Clarke
et al., 1996; Clarke and Engelhorn, 1998; Wuyts et al., 2003b).

2.3.1.2. Methodology
During the UC test the subject is seated upright in a rotatory chair (figure 1.13) and rotated
about an Earth vertical axis at a relatively high velocity (350 – 400 °/s). To eliminate any
contributions of the SCCs, a steady state phase is built in after the acceleration phase to allow
the cupula of the horizontal SCCs to return to its original position. The rotation induces a
centripetal acceleration ac (ac = ω²r with ω the angular velocity of the chair and r the distance
to the axis of rotation) that is combined with the gravitational acceleration3 and it is the
combination of both that is being detected by the utricles. The vector sum of the centripetal
and gravitational acceleration is referred to as gravito-inertial acceleration (GIA), and the
subject perceives the GIA as the ‘spatial’ vertical.

Figure 1.13. Experimental set up of the
unilateral centrifugation (UC) test. The subject
is secured with a five point belt and the head is
stabilised with a head-rest and two flexible
arms. A set of infrared video goggles is used to
record the ocular counterrolling (OCR) that is
evoked

by

the

combined

rotation

and

translation. The measurement is performed in
total darkness except from a chair-fixed faint
fixation LED presented at a distance of 1 m. On
the background, the 5 fixation points that are
used for the calibration, are visible.

3
As described earlier, Einstein’s equivalence principle states that it is physically impossible to distinguish
acceleration due to gravity from acceleration due to motion. On Earth, the downward force of gravity acting on
the otoconia is therefore equivalent to an upward acceleration of the head in the absence of gravity. This is why
the gravitational acceleration vector in figure 1.14 is depicted as an upward vector, instead of as a downward
gravitational force vector.

20

General introduction
Using an angular velocity of 400 °/s and assuming a distance of 4 cm to the axis of rotation, a
centripetal acceleration of 1.95 m/s2 (= 0.2 g with g the gravitational acceleration which
equals 9.81 m/s²) is generated, which causes a tilt of the GIA of 11.24° (= arctan[0.2]) with
respect to the Earth vertical. Since both utricles are placed symmetrically around the head
centre (Nowé et al., 2003), they are stimulated equally but oppositely as long as the axis of
rotation is aligned with the head centre as illustrated in figure 1.14. In that case no tilt is
detected since the net tilt of the GIA is 0°. However, as soon as the axis of rotation is
translated, the stimulation profile for the left and right utricle differs. In the extreme situation
where the axis of rotation is aligned with one of the utricles, that utricle is only stimulated by
the gravitational acceleration, whereas the contralateral utricle is stimulated by the
gravitational and a centripetal acceleration.

Figure 1.14. Stimulation profile for both utricles for three different positions of the axis of rotation.
The combination of the gravitational acceleration (g) and the centripetal acceleration (ac = ω²r), is
called the gravito-inertial acceleration (GIA). The subject perceives the GIA as the ‘spatial vertical’
and has a strong sense of roll tilt in the opposite direction. The central image depicts the situation
where the axis of rotation is in between both utricles. Since both utricles are stimulated equally but
oppositely, no net tilt is detected. In the left and right illustrations, the axis of rotation is aligned with
one utricle, only exposing the contralateral utricle to a centripetal acceleration. In these situations, the
tilt of the GIA is maximal.

Early studies (Clarke and Engelhorn, 1996) mention an average interutricular distance of 7
cm, but MRI studies by Nowé et al. (2003) have shown that it is gender dependent: the mean
(± standard error) interutricular distance is 7.45 (± 0.08) cm for males and 6.99 (± 0.06) cm
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for females. An angular velocity of 400 °/s therefore yields an centripetal acceleration of 3.63
m/s² (= 0.37 g) and 3.41 m/s² (= 0.35 g) or GIA vector tilt of 20.31° and 19.15° respectively.
As demonstrated by Bles and de Graaf (1993) and Kaufman et al. (2001), the altered GIA
causes a change in spatial orientation, i.e. the subject will feel tilted towards the utricle that is
exposed to the largest GIA tilt. Not only the self perception changes during an altered GIA,
the combined rotation and translation also induces OCR, i.e. ocular torsion. The amount of
OCR is a linear function of the apparent gravito-inertial tilt of the head during the lateral
translation as was shown by von Baumgarten and Thümler (1979), Wetzig et al. (1990),
Diamond and Markham (1998a), Clarke et al. (1999), Kondrachuk (2003) and Wuyts et al.
(2003b) . As already described in paragraph 1.3 of this chapter (Vestibular driven reflexes),
the gain of the OCR is rather low. Since the OCR linearly depends on the GIA tilt, which in
turn depends on the angular velocity, this low gain explains why a relatively high rotation
velocity is required to obtain a measurable amount of OCR. A GIA tilt of 20° for example
results in an OCR of about 4-5°. Based on the OCR, the utricular sensitivity and the
preponderance of the right and left utricle can be assessed separately.
Although OCR is a more objective and quantitative measure (Clarke et al., 1996; Clarke and
Engelhorn, 1998; Wuyts et al., 2003b; Helling et al., 2006), some studies record the subjective
visual vertical during the rotation instead (Wetzig et al., 1992; Böhmer and Mast, 1999;
Clarke et al., 2001 and 2003). This method is briefly described in paragraph 2.4.2 of this
chapter.
During the translation of the chair a linear Coriolis acceleration is generated, given by αcor =
2vω, where v represents the velocity of the linear displacement and ω the angular velocity of
the chair. By keeping the velocity of the linear displacement sufficiently low, the Coriolis
acceleration can be kept low enough to be neglected.

2.3.1.3. Clinical application
The main outcome parameters of the original UC paradigm are the utricular gain and
preponderance (dominance of the left or right utricle) (Wuyts et al., 2003b). In the next
chapter a new stimulation paradigm and concomitant model to analyze the test outcome will
be described extensively, resulting in additional utricular (and semicircular canal)
characteristics. The clinical usefulness will be further discussed in chapters three and four
describing the test reliability and the test results in both healthy controls and patients with a
specific vestibular pathology. Although the UC test has been proven to be an efficient
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utricular function test, it is not widely distributed since it requires specialized, relatively
expensive equipment.

2.3.2. The ocular vestibular evoked myogenic potential test
2.3.2.1. Origin
Research on vestibular evoked myogenic potentials (VEMPs) is a rapidly evolving research
field. After the discovery of the cVEMP test for saccular function testing, different methods
for evoking and recording VEMPs have been explored. In 2005, a new type of VEMPs was
described by Rosengren and colleagues (Rosengren et al., 2005)4. They found that bone
conducted vibration (BCV) evokes myogenic potentials that can be recorded from the extra
ocular muscles. The latency of those myogenic potentials is too short to be a blink or startle
reflex (Iwasaki et al., 2007; Smulders et al., 2009). In addition, the responses can not be of
auditory origin since profoundly deaf patients also present those responses to the BCV
(Rosengren et al., 2005; Iwasaki et al., 2007, Chihara et al., 2009a). The evoked potentials are
no tendon or facial reflexes since patients with a bilateral vestibular loss (due to systemic
gentamicin treatment) but with normal trigeminal and facial nerve function have absent
responses (Iwasaki et al., 2008a and 2009) and patients with a unilateral vestibular loss have
lateralized responses (Iwasaki et al., 2008a and 2008b). McAngus Todd et al. (2007) were the
first to refer to them as ocular vestibular evoked myogenic potentials (oVEMPs). From that
point on many studies were published investigating the exact origin of the oVEMP and the
most optimal methodology to evoke and record the oVEMP responses.
Animal studies suggest that semicircular canal neurons are rarely activated by low-intensity
bone conducted vibration, in contrast to otolith neurons (Curthoys et al., 2006). The review by
Curthoys (2010) summarizing the neurophysiological evidence underlying the oVEMP test,
states that BCV stimulates both the utricular and saccular irregular afferents. Nevertheless it is
mainly the portion of irregular utricular afferents situated in the striolar zone of the utricle that
is responsible for the oVEMP response. Not only is the saccule known to have only sparse
connections to the extra ocular muscles (Isu et al., 2000; Brantberg, 2009), patients with a
superior vestibular neuritis but with a fully functional inferior vestibular nerve as shown by
the preserved cVEMPs, have absent or greatly reduced oVEMPs. Reversely, patients with an
4

The origin of the oVEMP response and its interpretation was already presented in 2004 by Todd (Todd et al,
2004a; b and c) during the XXIII Bárány Society Meeting, but it was only in 2007 (McAngus Todd et al, 2007)
that the article was accepted for publication.
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inferior vestibular neuritis and unaffected superior vestibular nerve have bilateral oVEMPs
and absent or greatly reduced cVEMPs (Curthoys et al., 2009).
Similar to the cVEMP response, the oVEMP response is characterised by a biphasic potential
with a negative peak about 10 ms after the onset of the stimulation (referred to as ‘n10-peak’)
and a positivity after about 15 ms which we will refer to as 'p15-peak' (figure 1.15). It is
suggested that the latter can be affected by instructions and therefore is not purely utricular
(Iwasaki et al., 2008a).

Figure

1.15.

Typical

bilateral

oVEMP

response to bone conducted vibration applied
at the Fz position at the forehead. OD =
oculus dexter (right eye), OS = oculus sinister
(left eye).

The fact that the oVEMP is primarily characterized by a negativity indicates that it is a
(crossed) excitatory response5, as opposed to the cVEMP, which is an (ipsilateral) inhibitory
reflex (Colebatch and Rothwell, 2004, Iwasaki et al., 2007; Iwasaki et al., 2008b; Jombik et
al., 2008; Todd et al., 2009). The n10-potential of the oVEMP to BCV arises from activation
rather than inhibition of the contralateral inferior oblique eye muscle. In the 1960’s this
crossed character was already shown in cat by Suzuki et al. (1969). They found that electrical
stimulation of the afferents innervating the utricular macula selectively activated the
contralateral inferior oblique eye muscle, as also appears to be the case with BCV to evoke
oVEMPs in humans.

2.3.2.2. Methodology
The oVEMP is collected from the extra ocular muscles using a five electrode configuration as
depicted in figure 1.16. The active (non-inverting) electrode is placed on the bony infraorbital ridge (below the eye) and the reference (inverting) electrode is placed approximately
5

According to the neurophysiological conventions, an excitation is characterized by a negativity, whereas an
inhibition is represented by a positive peak (Mapelli and D’Angelo, 2007).
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1-2 cm below the active electrode. A fifth electrode is placed on the chin or the sternum of the
subject and serves as the ground electrode. That electrode configuration is important since it
maximizes the contribution of the inferior oblique eye muscle and minimizes the
contributions of the other eye muscles or a corneo-retinal component. An upward
(superomedial) gaze brings the inferior oblique eye muscles even closer to the surface,
allowing the surface electrodes to easily record their myogenic activity (Curthoys et al.,
2009). The oVEMP response is therefore optimized by looking up rather than with a primary
gaze (Rosengren et al., 2005; Jombik and Bahyl, 2005; Iwasaki et al., 2007; McAngus Todd
et al., 2007). Govender et al. (2009) showed a clear increase in oVEMP amplitude with
increasing vertical gaze. This phenomenon is very similar to the contraction of the SCM in
cVEMP recording, where Colebatch et al. (1994) demonstrated the dependency of the
cVEMP amplitude on the level of tonic muscle activity.
Figure 1.16. Experimental set up to record the
oVEMP response to bone conducted vibration
applied at the Fz position using a mini shaker
(Brüel and Kjær, type 4810). Five electrodes are
used to record the responses. The active electrode
is placed on the bony infra-orbital ridge and the
reference electrode is placed approximately 1-2
cm lower. The fifth electrode on the chin serves
as ground electrode.

Given the novel character of the oVEMP test, no real standards for the stimulation paradigm
are defined in literature so far. Different studies have been performed to investigate the
influence of parameters such as the type of stimulation, the location where the stimulation is
applied,... Our results of one of such studies are extensively described in chapter 5. Another
study was conducted in cooperation with Dr. Miriam Welgampola from the Royal Prince
Alfred Hospital (Sydney, Australia) and is described elsewhere (Welgampola et al.,
manuscript in preparation).
As described earlier, the oVEMP is evoked by BCV generating compressional and shear
waves, which travel through the skull and constitute head accelerations that are sufficient to
stimulate the most sensitive utricular receptor cells (Curthoys et al., 2006). However,
oVEMPs can also be evoked using ACS or galvanic vestibular stimulation (GVS) (Cheng et
al., 2009; Curthoys, 2010; Sung et al., 2010). Air conducted sound has the advantage of
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allowing unilateral stimulation whereas BCV is a bilateral stimulus. The oVEMPs to ACS
however have the disadvantage of being small and unreliable, and high sound intensities are
required to evoke the responses. In addition, the origin of the ACS evoked oVEMPs is still
under debate (Curthoys et al., 2010). In one of his reviews, Curthoys (2010) asserts that the
populations of neurons being stimulated by ACS and BCV are probably not the same. It
appears that the ACS responses are a subset of the BCV responses, which is also suggested by
the different transduction mechanisms. It is possible that the oVEMPs evoked by ACS are not
purely of utricular origin and also contain a saccular contribution as suggested by Cheng et al.
(2009) who performed a comparative study between the three aforementioned types of
stimulation. They found that GVS evoked oVEMPs can contain large electrical artefacts,
making that type of stimulation less favourable. In addition, they obtained the highest
response rate and largest oVEMP amplitudes using BCV. Bone conducted vibration therefore
remains the preferred stimulus. Although it can be applied using a tendon hammer or a mini
shaker, the latter is to be preferred since the variability of a ‘computer-driven’ mini shaker is
lower than that of a ‘man-driven’ tendon hammer (unpublished results).
A comparative study by Iwasaki et al. (2008b) investigating the influence of the stimulus
waveform showed that tone bursts are to be preferred. Typically tone bursts of 500 Hz with a
linear envelope are being used. The influence of the slopes and the duration of the plateau
phase however has not been studied so far. The choice of the frequency is based on the fact
that 500 Hz is the major frequency used for human clinical testing (Curthoys, 2010). Rauch et
al. (2004) showed the frequency-dependency of (c)VEMPs and found the best responses and
lowest thresholds for 500 Hz (“frequency tuning”; Park et al., 2010). Those results were
confirmed by Rosengren et al. (2009) who found that a 500 Hz stimulus maximizes the
prevalence and amplitude of the (c)VEMP for a given sound exposure level. Other
frequencies have been used as well and in some cases those frequencies result in more
pronounced oVEMPs (Chihara et al., 2009b; Curthoys et al., 2009), but in most laboratories
500 Hz is being used as the only frequency nevertheless.
The location where the vibration is applied not only influences the oVEMP latencies and
amplitudes, but also the shape of the biphasic response. Lin et al. (2009) performed a
comparative study between four different positions in 10 healthy subjects and they found the
largest amplitudes at the Fpz position (above the glabella). Nevertheless, the Fz position
which corresponds to the junction of the midline and the hairline, is the location used by most
labs (Iwasaki et al., 2008a and 2008b; Curthoys et al., 2009; Nguyen et al., 2010).
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As opposed to the stimulus intensity using ACS, the intensity of BCV is somewhat more
difficult to quantify. Most of the time the force level offered at the forehead is determined and
expressed on a decibel force level (dB FL) scale. It is determined as:
dB FL = 20 ⋅ log

F
F0

F0 is a reference force of 1 µN. However, given the wide variation of skull properties in
humans, it is almost impossible to determine which fraction of the applied force actually
stimulates the utricles. Iwasaki et al. (2008b) have already shown that only a small fraction of
the applied stimulation offered at Fz can be detected at the mastoids. They found an
attenuation factor of about 100, which was also found earlier by von Békésy (1960). These
issues were also addressed by Todd (2010), who concluded that the specification on the input
force level or acceleration of the mini shaker tells almost nothing about the actual signal
delivered to the otoliths.
All aforementioned differences underline the importance of mentioning the exact stimulation
paradigm that is used to evoke the oVEMPs.

2.3.2.3. Clinical application
The main outcome parameters of the oVEMP test are the latencies of the n10 and p15-peaks
recorded below both eyes and the latency difference between those two peaks. For clinical
purposes, the peak-to-peak amplitude should not be used as an absolute parameter since it
depends on multiple factors that are often difficult to quantify. First of all, the oVEMP
amplitude has been shown to depend on the visual angle as described earlier. In addition, it
seems that the oVEMP amplitude depends on the intensity of the stimulation (which is – as
described in the previous paragraph – difficult to quantify as well) and some other factors
such as the location where the stimulus is applied (e.g. Lin et al., 2009). However, since BCV
applied at a midline position such as Fz simultaneously stimulates both utricles with a similar
intensity, the amplitudes of the oVEMP responses recorded below both eyes can be used to
determine the level of utricular asymmetry. The ‘interocular ratio’ (IOR) is determined using
a version of the standard formula for vestibular asymmetry calculations (Jongkees et al.,
1962) and calculated as:

IOR =

amplOS − amplOD
⋅ 100%
amplOS + amplOD
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where amplOS and amplOD represent the peak-to-peak amplitudes recorded below the left and
right eye respectively. Most other authors use absolute values in their definition of the IOR
(e.g. Iwasaki et al., 2007; Curthoys et al., 2009; Nguyen et al., 2010), but the value without
the absolute values immediately allows to distinguish between a preponderance of the left or
right labyrinth (negative or positive IOR respectively) and is therefore preferable.
The oVEMP test has been described in many patient groups (e.g. unilateral vestibular
hypofunction: Chou et al., 2009; vestibular schwannomas: Iwasaki et al., 2009; superior canal
dehiscence: Rosengren et al., 2008). However, for a correct interpretation of the anomalous
results, reference data from healthy subjects are indispensable. A set of reference values is
collected in the study described in the sixth chapter of this dissertation.
2.4. Other vestibular tests
2.4.1. Off vertical axis rotation
When performed at constant velocity, off vertical axis rotation (OVAR) can be used to
activate the otolith organs and otolith-ocular reflex without stimulating the SCCs (Darlot et
al., 1988; Furman et al., 2003). In contrast to the unilateral centrifugation test however, the
OVAR test is unable to provide lateralized information. The low specificity and sensitivity of
the OVAR test further reduces its usefulness (Furman et al., 2003). In addition, OVAR can
produce motion sickness which is certainly to be avoided for clinical use (Guedry, 1965;
Benson and Bodin, 1966; Dai et al., 2010).

2.4.2. Subjective visual vertical and horizontal
For several years the subjective visual vertical (SVV) or subjective visual horizontal (SVH)
has been used as an easy, cheap and quick method to assess the otolith function (Kingma,
2006). During this test the subject is sitting upright or with the body tilted to one side in the
roll plane in a completely darkened room and is asked to align a dimly lit light bar with the
true gravitational vector (SVV) or horizontal (SVH). Whereas healthy subjects can accurately
align the bar with a precision of 2° (Dai et al., 1989), misalignments of more than 2.5°
indicate an acute unilateral otolithic dysfunction of peripheral or central origin, with a tilt
deviation towards the ipsilateral side of the peripheral lesion and towards the contralateral
side of the central lesion (Tribukait, 2006; Halmagyi and Curthoys, 2000; Zwergal et al.,
2009). Since Pavlou et al. (2003) and Tribukait (2006) have shown that the test outcome of
the SVV and SVH is not only influenced by the otoliths but also by the horizontal SCCs, the
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usefulness of this subjective test is rather limited. Although Aranda-Moreno and JáureguiRenaud (2005) stated that the sensitivity of the SVV increased with a body tilt, several studies
demonstrated that in such a situation the test outcome is influenced by the initial position of
the light bar (Hoppenbrouwers et al., 2004; Pagarkar et al., 2008; De Vrijer et al., 2009; Saeys
et al., 2010; Tarnutzer et al., 2010). A third disadvantage of the SVV or SVH test is the fact
that test results are subject to variation over time due to central compensation (Takai et al.,
2006). It should also be noted that Betts and Curthoys (1998) have shown that the SVV and
SVH are not orthogonal, suggesting different mechanisms underlying both reponses. A simple
comparison of the results of studies using the SVV and the SVH is therefore not trivial.
Variants of the original SVV and SVH paradigm have been described as well and the applied
method often depends on the available equipment. They include SVV during unilateral
centrifugation to increase the test sensitivity (Böhmer and Mast, 1999; Clarke et al., 2001;
Helling et al., 2006), the head tilt response test (Geisinger et al., 2010) and the subjective
haptive vertical (Schuler et al., 2010).

2.4.3. Galvanic vestibular stimulation
Galvanic vestibular stimulation (GVS) is a simple and safe way to elicit vestibular reflexes.
The stimulus is usually delivered by a controlled current source at levels of about 1 mA with
an anodal electrode on the mastoid process behind one ear and a cathodal electrode behind the
other ear (Fitzpatrick and Day, 2004). The simplicity of the technique however belies the
complexity of the body response it evokes. The small galvanic current modulates the
spontaneous discharge rate of the vestibular afferents and causes body sway in the direction of
the anode, involuntary eye movements and an illusory perception of movement (Lund and
Broberg, 1983; Fitzpatrick and Day, 2004). The effects of the GVS show large interindividual
differences further complicating the interpretation of the test results. Unlike most previously
described tests, GVS affects both the SCCs and otoliths making it hard to identify the location
of the lesion. MacDougall et al. (2005) however showed that a detailed analysis of GVSinduced eye-movement allows differentiating between a number of vestibular dysfunctions
such as unilateral vestibular loss and vestibular neuritis. Nevertheless, GVS is clinically not
frequently used.
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2.4.4. Posturography
Apart from the tests to assess the VOR and the VCR, the integrity of the VSR can be
examined using posturography, which comprises all techniques used to assess postural control
in the upright position both in static and dynamic conditions (El-Kashlan et al., 1998; Duarte
and Freitas, 2010). Posturography tests often use force platforms to quantify parameters such
as the angle of body sway (Nashner, 1971; Nashner et al., 1982; Shepard et al., 1993; Weber
et al., 1993; Bauer et al., 2010). However, the diagnostical value of those tests has been
questioned by several investigators and their sensitivity is often relatively low (CHABA,
1992). Wall and Black (1983) for example found abnormal fixed platform posturography test
results in only 66 of the 110 (60 %) patients diagnosed with a vestibular disease. Similarly, Di
Fabio (1995) found a sensitivity of 53 % in a group of 571 patients with a peripheral
vestibular deficit. He concluded that static and dynamic platform posturography lack
sensitivity when applied isolated, but that combining different types of posturography test
with other vestibular test can significantly increase the overall sensitivity to detect vestibular
deficits.

2.5. Recording of the vestibular responses
As described in the previous paragraphs, the interpretation of many vestibular tests is based
on the (compensatory) ocular responses that are evoked by the stimulation of the vestibular
system. To record those evoked eye movements, three main techniques exist: electro
oculography or electro nystagmography, video oculography or video nystagmography and
scleral search coils.

2.5.1. Electro oculography
Electro oculography (EOG) or electro nystagmography (ENG) uses the dipolar character of
the eyeball with the cornea constituting the positive and the retina the negative pole. The
potential difference is generated by metabolic processes in the retina and is called the corneoretinal potential (CRP). Since the magnitude of the components of the CRP vector is
proportional to the amplitude of the eye movement, EOG allows a quantitative assessment of
changes in eye position. Surface electrodes placed around the eye allow the detection of
horizontal and vertical eye movements although the accuracy of the latter is lower due to
possible artefacts caused by eye blinks, eye lid movements or muscular activity near the
eyebrow (Wuyts et al., 2003a). Because of the dependency of the CPR on the skin impedance
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and ambient light, eye movements should be calibrated frequently by letting the subject
perform saccades between fixed points with known visual angles (Honrubia, 2000). Although
EOG is relatively inexpensive, non-invasive and generally well tolerated (Baloh and
Honrubia, 1990), the technique also has some additional disadvantages to the earlier
mentioned restrictions. Apart from the inability to accurately detect vertical movements, EOG
does not allow the detection of pure ocular torsion or very small eye movements (Baloh and
Honrubia, 1990; Bhansali and Hornubia, 1999). Retinal abnormalities that can occur in
certain patients also limit the usefulness of EOG in those patients.

2.5.2. Video oculography
As a consequence of the invention of lightweight, high frame rate and relatively inexpensive
video cameras, video oculography (VOG) or video nystagmography (VNG) has recently
become the preferred method to record eye movements during vestibular testing. Whereas in
the beginning VOG was restricted to the measurement of horizontal and vertical movements
(2-D VOG), three-dimensional VOG has been developed to extract the OCR as well, which is
for example elicited during the unilateral centrifugation test. Since most vestibular tests
requiring VOG are performed in darkness, infrared video cameras govern the main
component of the video goggles. When an unobstructed visual field is required, the video
goggles are equipped with so called ‘hot mirrors’ covered with a layer that reflects infrared
light and lets the visible light pass.
To track the horizontal and vertical eye movements a circle is fitted around the pupil and the
movements are quantified using the Hough transform (Hough, 1962; Clarke et al., 2002). A
geometrical correction accounts for an eccentric gaze. Unlike the ENG, the VOG system only
requires a single calibration since the VOG signal is not influenced by the CRP. The torsional
component is determined via cross correlation of the grey scale information contained in a
specific segment in the iris (Kingma et al., 1995 and 1997). However, when the number of iris
striations is low and the iris appears relatively smooth, it is impossible to accurately determine
the OCR which limits the use of the video goggles in some subjects. Groen (1997) has shown
that more than one signature (e.g. 36 landmarks uniformly distributed over a wide annular iris
strip) should be used to increase the robustness of the torsional component detection, and to
enable the correction for systematic errors due to misplaced pupil centers. As shown by Bos
and de Graaf (1994), a misdefined pupil center can lead to significant errors that depend on
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the location of the landmark and that can even amount to the order of the measured amount of
ocular torsion.
Although corrections can be made for partial eyelid closure (Haslwanter and Moore, 1995),
VOG is unable to measure eye movements when the eyes are completely closed. In any case
it is essential that the video goggles are firmly attached to the subject’s head to avoid artefacts
due to a shift of the cameras with respect to the head.

2.5.3. Scleral search coils
Although scleral search coils (SSCs) are considered to be the gold standard technique for
measuring eye movements, they are seldom used in clinical settings (Collewijn, 1998). The
technique originally required the scleral contact lens with the embedded wire coil to be
sucked by an external source to firmly adhere to the cornea (Robinson, 1963), but due to the
extreme discomfort and the possibility of damaging the cornea Collewijn and colleagues
developed a new technique (Collewijn et al., 1975). They used a flexible silicone ring that
concentrically fitted to the cornea. By applying a slight pressure to evacuate the fluid between
the ring and the eye, a negative pressure is created allowing the lens to remain firmly in place
without the use of suction. The subject equipped with the SSCs is then placed in an
alternating current magnetic field created by external field coils and the amplitude of the eye
movements is based on the elicited voltages in the induction coil on the lens (Jacobson et al.,
2008). In contrast to the earlier described techniques, very high spatial (about 0.01°) and
temporal (more than 1000 Hz) resolution can be obtained using the scleral search coils
(Collewijn, 1998; Leigh and Zee, 1999c). The high costs inherent to the technique, the
invasive character of the recording technique and the time consuming set up most of the time
outweigh the advantages and the use of SSCs is therefore mostly limited to research
applications.
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3. Research objectives
As already became clear in the previous paragraphs, the human equilibrium is an ingenious
yet complex synergy of multiple sensors. Despite the technological innovations and the
enormous efforts of scientists from different scientific fields during the last decades, the
function of the vestibular organs in the inner ear and their interaction with the other sensors
responsible for a stable balance and gaze has not been fully unmasked yet. In addition,
evaluating each subunit individually has been shown to be challenging. This dissertation
therefore aims to unravel a (small) piece of this complex puzzle and focuses on the human
otolith system and its function assessment. The main objectives of this dissertation can be
summarized as follows:
1. Develop a new paradigm to assess the utricular function based on the unilateral
centrifugation (UC) test and a physiological model to interpret the test outcome.
2. Assess the reliability and robustness of the newly developed model and stimulation
paradigm for unilateral centrifugation.
3. Optimize the test protocol for the ocular vestibular evoked myogenic potential (oVEMP)
test and assess its reproducibility.
4. Investigate the similarities between the UC and the oVEMP test, and assess the
complementary character of both tests with the cVEMP test.
5. Investigate the influence of vestibular pathologies and microgravity on the otolith
function.
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4. Outline of the dissertation
To achieve the research objectives described in the previous paragraph, different studies were
set up. The results of those studies are reported in the following chapters. Most studies were
conducted in the Antwerp University Research centre for Equilibrium and Aerospace
(AUREA) in the Antwerp University Hospital (Edegem, Belgium).
Chapter 2 describes the new paradigm that was developed for the unilateral centrifugation
test. Concomitantly with the new test paradigm, a physiological model to interpret the test
outcome was developed. The theoretical background of that model and the experimental set
up used to assess its validity are described as well. In chapter 3 the reliability and robustness
of the newly developed model are investigated using a test-retest set up. Chapter 4 provides
normative values and reference data for patients with specific vestibular pathologies for the
utricular function test using a sinusoidal translation paradigm during unilateral centrifugation.
Chapter 5 deals with the recently introduced ocular vestibular evoked myogenic potential
(oVEMP) test that is also used to assess the utricular function and determine the level of
utricular asymmetry. In that chapter the original test protocol is optimized by introducing a
calibration procedure to increase the accuracy of the calculations of the level of utricular
asymmetry. In addition, the influence of the repetition rate of the stimulus on the test outcome
is investigated. Similar to the third chapter where the reliability of the UC test is assessed,
chapter 6 investigates the repeatability of the oVEMP test. That chapter also provides
normative data.
In chapter 7 both previously described tests are compared in a healthy population to
investigate their similarities. In addition, their complementary character with the cervical
vestibular evoked myogenic potential (cVEMP) test is demonstrated, allowing a thorough
assessment of the human otolith system. All three tests are used to investigate the influence of
a specific vestibular pathology on the human otolith system in chapter 8. Apart from the
influence of a pathology, the effects of microgravity on the otolith system are studied as well.
The preliminary results of the SPIN study, commissioned by the European Space Agency and
investigating those effects are described in chapter 9.
The final chapter, chapter 10, summarizes the major findings of the previously described
studies (both in English and Dutch) and provides recommendations for future studies.
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CHAPTER TWO
A new model for utricular function
testing using a sinusoidal translation
profile during unilateral centrifugation

Parts of this chapter have been published as:
Buytaert KI, Nooij SAE, Neyt X, Migeotte P-F, Vanspauwen R, Van de Heyning PH, Wuyts
FL. A new model for utricular function testing using a sinusoidal translation profile during
unilateral centrifugation. Audiol Neurotol 2010; 15 (6): 343-352.

A new model for utricular function testing
Abstract
The utricle plays an important role in orienting ourselves with respect to gravity. The
unilateral centrifugation test allows a side by side investigation of both utricles. During this
test the subject is rotated about an Earth vertical axis at high rotation speeds (e.g. 400 °/s) and
translated along an interaural axis to consecutively align the axis of rotation with the left and
the right utricle. A simple sinusoidal translation profile (0.013 Hz, amplitude = 4 cm) was
chosen. The combined rotation and translation induces ocular counterrolling (OCR), which is
measured using 3D video oculography. This OCR is the sum of reflexes generated by both the
semicircular canals and the utricles. In this chapter we present a new physiological model that
decomposes the total OCR in a canal and a utricular contribution, modelled by a second-order
transfer function and a combination of two sine functions respectively. This model yields
parameters such as canal gain, cupular and adaptation time constants and a velocity storage
component for the canals. Utricular gain, bias, phase and the asymmetry between the left and
the right utricle are characteristic parameters generated by the model for the utricles. The
model is presented along with the results of ten healthy subjects and two patients with a
unilateral vestibular loss due to acoustic neuroma surgery to illustrate the effectiveness of the
model.

Key words: Utricular function test, unilateral centrifugation, physiological model, ocular
counterrolling.
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1. Introduction
Patients with vestibular problems represent a relatively large group in our society (7.4 %
lifetime prevalence of vestibular vertigo (Neuhauser et al., 2005)). A proper therapy is based
on a correct diagnose, which in turn is based on history taking, imaging methods, as well as
functional testing of the vestibular system. During the past century, the laboratory evaluation
of the human vestibular system has largely evolved. Whereas in the beginning only the
horizontal semicircular canals could be evaluated side by side using caloric testing, the
clinician now has access to all separate organs using an extended test battery including
vestibulo-ocular reflex (VOR) testing with the use of motorized rotation chairs, cervical
vestibular evoked myogenic potentials (cVEMPs) for predominantly saccular function
evaluation and the subjective visual vertical (SVV) test for the otolith function assessment.
Advanced methods include unilateral centrifugation (UC), galvanic stimulation, video head
impulse tests etc. The first chapter and the review by Wuyts et al. (2007) provide an overview
of most of those techniques.
In the past two decades, technology advancement has enabled the detailed exploration of the
otolith system with the elaboration of the UC test (Clarke et al., 1996; Clarke and Engelhorn,
1998; Wuyts et al., 2003b) as initially conceived by Yegorov and Samarin (1970), von
Baumgarten and Thümler (1979) and Wetzig et al. (1990). Throughout the past years, we
have built up an extensive experience in the unilateral centrifugation test (method described in
detail in Wuyts et al. (2003b)) both in healthy subjects and patients with specific (vestibular)
lesions. In that test, subjects are rotated about an Earth vertical axis at a velocity of
400 degrees per second. After rotating at a constant velocity for several seconds, the subject is
gradually (0.2 cm/s) translated 4 cm to the right (and kept at that position for several seconds),
and afterwards 4 cm to the left along an interaural axis. This will be referred to as the
trapezoidal translation profile (see figure 2.1 A-D). As MRI-studies have shown, the
interutricular distance is almost 8 cm and both utricles are placed symmetrically around the
head centre (the midpoint of the line joining the two labyrinths) (Nowé et al., 2003).
Therefore the axis of rotation will cross one of both utricles at certain moments during the
translation. At these points, the contralateral utricle is exposed to the combination of the
gravitational acceleration and a centripetal acceleration (the vector sum of both is called the
gravito-inertial acceleration) of 0.4 g (with g the gravitational acceleration which equals 9.81
m/s²), corresponding to an apparent roll-tilt of 21.7 degrees, while the ipsilateral utricle is
only exposed to gravity.
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Figure 2.1. Unilateral centrifugation using a trapezoidal translation paradigm. A: Angular velocity
profile. B: Interaural translation profile. C: Centripetal acceleration (in g-units) at the left utricle (US),
the right utricle (UD) and the head centre (HC). D: Example of an OCR response (Ψ). Vertical spikes
on the trace are due to eye blinks. The first vertical line delineates the end of the acceleration (3 º/s²).
The interval between the two first vertical lines corresponds to the steady state phase of 90 s. The
second vertical line indicates the start of the translation and the last vertical line marks the start of the
deceleration (-2.5 º /s²).

The combined rotation and translation induces ocular counterrolling (OCR), i.e. ocular
torsion, which is measured using three-dimensional video oculography. The amount of OCR
is a linear function of the apparent gravito-inertial tilt of the head during the lateral translation
as was shown by von Baumgarten and Thümler (1979), Wetzig et al. (1990), Diamond and
Markham (1998a), Clarke et al. (1999), Kondrachuk (2003) and Wuyts et al. (2003b) . Using
this method, the utricular sensitivity and the preponderance of the right and left utricle can be
assessed separately. In most cases the measured OCR is indeed a linear function of the
gravito-inertial tilt and relevant values for the sensitivity (slope) and preponderance
(intercept) can be obtained. However, in several cases a drift can be observed during the
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‘plateau phases’ where the axis of rotation is aligned with one of the utricles as illustrated in
figures 2.2 A and B. This drift makes the calculation of the linear regression less reliable.

Figure 2.2. Tilt of the gravito-inertial acceleration (GIA) vector (scale on the right side of the graph)
and the evoked ocular counterroll (OCR; axis on the left side of the graph) during unilateral
centrifugation using the trapezoidal translation profile (figure A). Vertical spikes on the trace are due
to eye blinks. In this case a clear ‘drift’ is present during the acceleration and plateau phases, causing a
clear non linear behaviour when we plot the OCR as a function of the tilt of the GIA vector (figure B).

To explain the presence of this drift, contributions of the semicircular canals were also
included in the model. Thus, the unilateral centrifugation generated OCR was modelled by a
sum of contributions of both the semicircular canals and the utricles. We applied a
methodology similar to that of the analysis of the VOR that is generated by the semicircular
canals during Earth vertical rotation as developed in the seventies by e.g. Wilson and Melvill
Jones (1979). The essence of that approach is that the semicircular canals are modelled by a
second-order transfer function, characterized by parameters such as time constants, gain and
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phase. The most frequently used and elegant stimuli for this type of systems are sine waves.
This approach has ever since been used by most of the clinical labs where patients with
vertigo are investigated (Wuyts et al., 2003a). Inspired by the methodology, we therefore
adopted that approach and extended it to the utricles. Instead of imposing a trapezoidal profile
to stimulate the utricles, the subjects are repeatedly translated sinusoidally from left to right
along an interaural axis.
In this chapter, we present a new physiological model for the OCR induced by unilateral
centrifugation and generated by both semicircular canals and utricles. We show the
applicability of this new model to the sinusoidal translation pattern, yielding additional
parameters that describe physiological characteristics of the semicircular canals and both
utricles. We also show the added value of this modification to the trapezoidal based unilateral
centrifugation test.

2. Subjects and methods
2.1. Subjects
Ten (4 male and 6 female) healthy subjects and 2 patients with a unilateral vestibular
deafferentiation (uVD; one left uVD and one right uVD) due to acoustic neuroma surgery
were tested in this study. The data of the uVD patients were shown to illustrate the validity of
the model. The study was approved by the Institutional Review Board of the Antwerp
University Hospital and all subjects gave their written informed consent.

2.2. Test protocol
During the unilateral centrifugation, the subject was seated in a vertical axis rotating chair
(Neurokinetics Inc, Pittsburgh, USA) and securely fastened with a five-point belt (see figure
1.13). The head was stabilised with a head-rest and two flexible arms (Mitutoyo, USA) that
could be fixated against the forehead. Video oculography was used to record and analyze 3D
eye movements yielding horizontal, vertical and torsional coordinates in real time at a rate of
25 Hz. Horizontal and vertical coordinates of both eyes were measured tracking a circle fitted
to the pupil. The amount of OCR was calculated by means of cross correlation of the grey
level information contained in a specific segment in the iris. A more detailed description of
the video goggles and the OCR detection can be found in Kingma et al. (1995 and 1997). All
measurements were performed in total darkness except from a chair-fixed faint fixation LED
presented at a distance of 1 m. That fixation LED was used to suppress horizontal nystagmus
41

Chapter 2
and keep the eyes close to primary position. Prior to the rotation, the video system was
calibrated using five fixation points that were presented under predetermined, fixed angles (0
degrees, 10 degrees left, right, up and down). A 30 s baseline was recorded as a reference. At
the beginning of the trial, the axis of rotation was aligned with the centre of the head and the
chair was accelerated with 3 °/s2 to a constant velocity of 400 °/s. Then, after a period of 90 s
at this velocity, the chair was translated sinusoidally along the interaural axis at a frequency of
0.013 Hz. Maximum displacement was 4 cm to either side. Measured at the centre of the
head, this induced a maximum interaural acceleration (ac = ω²r with ω the angular velocity of
the chair and r the distance to the axis of rotation) of 1.95 m/s2 (= 0.2 g), which is equivalent
to a tilt of the gravito-inertial acceleration (GIA) of 11.24 degrees (= arctan[0.2]) at the head
centre. An inclinometer (Watson Ind Ltd, Gravitational inclinometer ADS-100A, UK) placed
at the centre of the chair was used to indicate the tilt of the GIA at the head centre. At the
maximum distance, the contralateral utricle was subjected to a centripetal acceleration of 0.4
g, and the subject was exposed to an apparent tilt of 21.7 degrees (= arctan[0.4]).
Due to the chair translation a very small linear Coriolis acceleration was generated. That
Coriolis acceleration is given by αcor = 2vω, where v represents the velocity of the linear
displacement (0.002 m/s) and ω the angular velocity of the chair. The maximum Coriolis
acceleration of 0.0029 g that could be detected, was considered to be negligible. After 4
cycles (equivalent to 307.7 s) the axis of rotation was again aligned with the centre of the
head and the chair was decelerated (-2.5 °/s2). The protocol is depicted in figure 2.3 A-C,
together with an example of the OCR response (figure 2.3 D).
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Figure 2.3. Unilateral centrifugation using a sinusoidal translation paradigm. A: Angular velocity
profile. B: Interaural translation profile. C: Centripetal acceleration (in g-units) at the left utricle (US),
the right utricle (UD) and the head centre (HC). D: Example of an OCR response (Ψ). Note that the
start (t = 0 s) and stop (t = 133.3 s) of the angular yaw acceleration of the chair elicit an OCR
response that is still present at the start of the translation (t = 223.3 s). The fit of the model described
by equations (2.1) – (2.5) (see further) is overlaid. The first vertical line delineates the end of the
acceleration (3 º/s²). The interval between the two first vertical lines corresponds to the steady state
phase of 90 s. The second vertical line indicates the start of the translation. The last vertical line
marks the start of the deceleration (-2.5 º/s²). The response that is recorded after the sinusoidal
translation profile is not taken into account. Vertical spikes on the trace are due to eye blinks.

2.3. Modelling of ocular response during unilateral centrifugation
The ocular torsional position of each eye was fitted to a physiologically based mathematical
model to determine the level of utricular asymmetry. In the following part, only the response
of one eye will be described. Figure 2.3 clearly shows that both the angular acceleration of the
chair (figure 2.3 A) and the lateral translation (figure 2.3 B) induce an OCR response (figure
2.3 D). While the part of the response induced by the lateral translation can be attributed to
the utricles (Clarke et al., 1996), the angular acceleration induced component is most likely
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linked to the semicircular canals according to Smith et al. (1995). In order to isolate the
utricular response, it is necessary to include the angular acceleration induced contribution in
the model, because it has not faded out completely at the start of translation. Thus, the total
OCR response (Ψ) can be described by (Nooij, 2008):
Ψ = ΨSCC + ΨU

(2.1)

where ΨSCC represents the semicircular canal contribution related to the yaw angular
acceleration, and ΨU the utricular contribution that is related to the centripetal acceleration. To
investigate the dynamics of the component ΨSCC, five trials of the OCR were recorded using
the velocity profile of figure 2.3 A, but without the translation (see figure 2.4). When the left
and right utricles are equally sensitive to centripetal acceleration, the net utricular contribution
equals zero (see figure 2.3 C), leaving only the semicircular canals to contribute to the OCR.

Figure 2.4. Example of ocular counterrolling (Ψ) observed during acceleration of 3 º/s2 to 400 º/s
followed by continuous rotation during 5 minutes (300 s). The velocity profile is indicated by the
dotted line (abscissa on the right). The OCR pattern shows a clear response to the start and stop of the
acceleration, indicated by the vertical lines. The fit of equation 2.2 is overlaid (ASCC = 0.4 s, k = 0.7,
τc = 4.4 s, τa = 173.9 s). Vertical spikes on the trace are due to eye blinks.

The OCR response showed characteristics similar to those of the slow phase velocity of
horizontal nystagmus during vertical axis acceleration. It contained a velocity storage
component (Raphan et al., 1979) that prolonged the effective time constant of the cupular
response and an adaptation component, accounting for the gradual decay during the
acceleration (Oman and Young, 1969; Malcolm and Melvill Jones, 1970). Combining those
properties with a first order model of the cupular dynamics yielded the following transfer
function (Laplace notation, see also Robinson (1981), Furman et al. (1989) and Appedix A.1):

ΨSCC ( s )
τ s
τcs
1
= ASCC ⋅
⋅ a ⋅
ω head ( s)
1 − k τ a s + 1 (τ c (1 − k )) s + 1
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where ASCC is a scaling factor, τa the adaptation time constant and τc the cupular time constant.
The factor k assumes a value between 0 and 1 and accounts for velocity storage. The velocity
storage time constant, τVS, is then given by τVS = τc/(1-k).
Despite the intricate push-pull phenomena that govern the medial and lateral utricular
partitions as demonstrated by Uchino et al. (1999), we hypothesize in a first approximation
that contributions of the utricles are linearly additive as long as the axis of rotation remains
confined between or at the two utricles. This linearity was also assumed in the previous model
by Wuyts et al. (2003b). Thus the utricular induced OCR was assumed to be proportional to
the magnitude of the interaural acceleration:
ΨU (t ) = α US ⋅ ω (t ) 2 ⋅ (RUS + R (t ) ) + α UD ⋅ ω (t ) 2 ⋅ (RUD + R (t ) )

(2.3)

where the first part of the right-hand side describes the contribution of the left utricle
(subscript US) and the second part describes the contribution of the right utricle (subscript
UD). The parameter α is a proportionality constant and ω(t) is the angular velocity of the
chair. RUS is the distance between the left utricle and the head centre, RUD between the right
utricle and the head centre. The mean (± standard error, se) interutricular distance equals (7.45
± 0.08) cm for males and (6.99 ± 0.06) cm for females and the utricles were assumed to lie
symmetrically around the centre of the head (Nowé et al., 2003). Therefore RUD = -RUS (= RU)
and equation (3) can be simplified:
ΨU (t ) = α US ⋅ ω (t ) 2 ⋅ (RU + R(t ) ) − α UD ⋅ ω (t ) 2 ⋅ (RU − R (t ) )

(2.4)

R(t) is the distance between the axis of rotation and the centre of the head. It equals 0 when
the chair is on centre and during the translation phase R(t) is given by:
R(t ) = R max ⋅ sin(2πf (t − dt ))

(2.5)

where Rmax is the translation amplitude (0.04 m) and f the translation frequency (0.013 Hz).
The term dt was incorporated to account for possible phase differences between the actual
translation of the chair and the ocular response. It can be positive as well as negative, similar
to the VOR phase during the SHAT with Earth vertical axis rotation.
The ocular torsion (position) data was fitted by the model described by equations (2.1) - (2.5)
to obtain individual values for the parameters ASCC, τc, τa, τVS, αUS, αUD and dt. An example of
a model fit is depicted in figure 2.3 D. Other examples are shown in figure 2.5.
Utricular asymmetry (UA) was present when the proportionality constants αUD and αUS
differed in magnitude and was defined as:

UA =

α US − α UD
⋅ 100%
α US + α UD

(2.6)
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Since αUS and αUD are both positive, UA ranges between -100% and 100% (complete
unilateral loss on the left or right side respectively). In case of a perfect symmetry (αUS =
αUD), UA equals zero. Additional parameters used to characterize the response were the bias
and amplitude AU of the total utricular response ΨU. Both bias and AU can be derived from
equation (2.4) and are given by:
Bias = (α US − α UD ) ⋅ ω 2 ⋅ RU (2.7)
AU = (α US + α UD ) ⋅ ω 2 ⋅ Rmax (2.8)

The utricular gain was calculated as AU /11.24 degrees (response/stimulus at head centre).
A Matlab procedure (version R2007a, The MathWorks Inc, USA) using the LevenbergMarquardt algorithm (described in Appendix A.2) was created to perform the least squares
curve fit and calculate the characteristic parameters (Levenberg, 1944; Marquardt, 1963). The
fit procedure is based on an iterative procedure, as well as the knowledge of the frequency of
the sine and the interutricular distance, i.e. average values are adopted for either men or
women. Data points of the OCR response are removed when beyond 2 standard deviations of
the residuals between fit and data points for the entire curve. The fit procedure was ended
after maximally 15 repetitions or a R2-value of at least 0.92 (R² represents the amount of
variability that is explained by the model, with R² = 1 corresponding to a perfect fit). Table
2.1 provides the boundaries on the parameters that were used during the fitting procedure, as
well as the initial values that were given to the parameters to start that procedure. It should be
noted that even in case of a uVD ear, none of the variables was manually set to zero.
Table 2.1. Lower and upper boundaries and the initial parameter values that were used during the
fitting procedure.
Lower

Upper

Initial fit

boundary

boundary

value

τc [s]

3

12

4.2

τa [s]

10

700

200

Parameter
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k

0

1

0.75

ASCC [s]

-15

15

1

2

αUS [s / m ⋅ ° ]

0

2

1

2

αUD [s / m ⋅ ° ]

0

2

1

dt [s]

-20

20

0
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3. Results
Figure 2.5 depicts the response of the left eye of a healthy subject and table 2.2 (top row)
gives an overview of the model parameters obtained in the left eye of 10 healthy subjects. The
averaged 95 % confidence intervals of the fitted parameters are given in table 2.3 (top row).
Those confidence intervals are determined during the fitting procedure and represent the
uncertainty of the final value of each fitted parameter. Thanks to the Levenberg-Marquardt
algorithm and the fact that outlying measurements are excluded by the fitting procedure, a
robust fit is guaranteed even in the presence of artefacts, for example due to eye blinks of the
subject. On average, an R2-value of 0.92 is obtained.
Negative angles represent counterclockwise torsion, positive angles represents clockwise
OCR from the subject’s point of view. The different phases of the protocol (baseline,
acceleration, steady state and translation) are delineated with vertical markers.
Figure 2.5 also depicts the test outcome of two patients with a unilateral vestibular loss (left
and right uVD respectively) due to an acoustic neuroma surgery. As could be expected, the
traces of the uVD patients are shifted (vertically) to one side, especially during the translation
phase. The direction of the shift depends on the side of the lesion. A left uVD results in
pronounced counterclockwise OCR, a right uVD in pronounced clockwise OCR. This shift
(‘asymmetry’) can be explained as follows: Before the start of the rotation, i.e. during 30 s
stand still (part I in figure 2.5) and in full darkness, the OCR is per definition equal to zero.
This is the baseline of the entire test.
In part II the chair is accelerated at 3 °/s², giving rise to a response from both the SCC and the
utricle of the unaffected side. This stimulation induces horizontal nystagmus which is
suppressed thanks to the continuous use of a fixation light. Apart from the nystagmus, the
acceleration stimulates the SCC that produces an OCR, according to the 2nd order transfer
function as described by Furman et al. (1989) in equation (2.2). The acceleration also exerts a
gradual centrifugal force (proportional with ω²R) on the unaffected utricle, generating an
OCR as well. Both OCR responses from the SCC and the utricle are added in the model.
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first vertical lines corresponds to the acceleration phase (part II). Part IV indicates the sinusoidal translation of the chair, after a steady state of 90 s (part III).

torsion, positive angles represents clockwise OCR from the subject’s point of view. Part I represents the pre-rotation baseline. The interval between the two

As already mentioned in the legend of figures 2.1 – 2.3, vertical spikes are due to eye blinks of the subject. Negative angles represent counterclockwise

τa = 12.6 s, dt = 0.30 s, UA = -15.6 %, bias = 0.34° and utricular gain = 0.300. The parameters of the two patients with a unilateral loss are given in table 2.2.

fit of the model described by equations (2.1) – (2.5) is overlaid. For the healthy subject this yields following parameters: ASCC = 0.29 s, τc = 4.24 s, τa = 353 s,

(dash dotted line) and the right side (dashed line). In case of a unilateral loss, a clear shift of the (sinusoidal) profile towards the affected side is present. The

Figure 2.5. Test outcome of the unilateral centrifugation test in a healthy subject (dotted line) and in a patient with a unilateral vestibular loss on the left side
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14.1

(14)

22

[s]

τVS
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2
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0
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0

0.71

(0.28)

0.70
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2
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0.8
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2

[%]

UA
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[°]

bias

Utr.

0.10

0.12

(0.069)

0.233

gain

[-0.139, -0.059]

[4.45, 5.25]

[5.62, 7.32]

[-0.117, -0.107]

CI left uVD

CI right uVD

[625, 775]

[-75, 103]

[182, 358]

[s]

[s]

[s]
[0.84, 8.44]

τa

τc

ASCC

[0.145, 0.255]

CI 10 HS

Marquardt algorithm was used.
αUS

[0.56, 0.58]

[-0.004, 0.004]

[0.648, 0.652]

[s / m ⋅ ° ]

2

αUD

[-0.009, 0.009]

[0.706, 0.714]

[0.695, 0.705]

[s / m ⋅ ° ]

2

[1.30, 1.56]

[2.27, 2.45]

[0.72, 0.88]

[s]
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vestibular deafferentiation (uVD) due to an acoustic neuroma surgery. To perform the curve fit and determine the characteristic parameters the Levenberg-

Table 2.3. Averaged 95 % confidence intervals (CI) of the fitted parameter for the ten healthy subjects (HS) and for the two patients with a unilateral

uVD

Right

uVD

Left

(SD)

Mean

10 HS

MSCC

ASCC

gain (dimensionless); SD = standard deviation.

acoustic neuroma surgery. MSCC represents the maximal amplitude of the OCR during the acceleration phase. UA = utricular asymmetry; Utr. gain = utricular

Table 2.2. Model parameters of the left eye for ten healthy subjects (HS) and two patients with a unilateral vestibular deafferentiation (uVD) due to an
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Then, in part III of the graph, the rotation chair is at full speed (400 °/s). The OCR due to
stimulation of the SCCs damps out, governed by the 2nd order transfer function (see higher).
Indeed, the canals are only stimulated by acceleration. During this damping out of the SCC
response, the net stimulus for the vestibular system is the continuous rotation and thus a
centripetal acceleration of 0.2 g, oppositely directed for left and right vestibular systems. In
case of both functional utricles, this would generate for both utricles an OCR of opposite sign,
so that it cancels out. However, in case of the patient with a uVD, the unaffected utricle
already generates a measurable OCR, corresponding to a stimulation of 0.2 g. The utricular
mediated OCR is added to the OCR generated by the SCCs that is gradually damping out.
Although it looks as a baseline, it is certainly not to be considered as such. It is a line around
which the subsequent sine pattern oscillates, but this line is damping out, so in general it is not
horizontal. We defined the bias as the amplitude of this line, after compensation for the SCC
generated OCR, i.e. after the line is imaginarily put horizontal, and purely a utricular
contribution. When the ‘bias line’ is relatively horizontal, the time constant τA from the SCC
is relatively small. When a clear shift is observed till the end of the sinusoidal part, a large τA
is obtained.
In the beginning of part IV of the graph, the chair starts to translate to the left, so the axis of
rotation moves to the right of the patient and at the end of the first quarter of a cycle, the axis
passes through the right utricle. In case of a left uVD this is the only functional utricle. In a
healthy situation the opposite (left) side would generate an OCR corresponding to a stimulus
of 0.4 g, but since the left vestibular system is deafferentiated, no utricular mediated OCR is
generated. Therefore, this response is identical to the zero OCR that was obtained at the very
start of the experiment before rotation, except for the canal contribution. When the chair
moves to the centre position, at full speed, the only functional utricle produces again its OCR.
This erroneously could be seen as a baseline, but it is not. Moreover, the OCR that is observed
when the chair symmetrically moves to both eccentric positions is symmetric around this ‘net’
OCR. In healthy subjects, this net OCR is indeed zero, because of the cancelling out of each
utricular response, but in uVD-patients this is not the case. In the trapezoid approach (Wuyts
et al., 2003b) this net OCR was called the intercept. The shift of the OCR response is also
reflected by the proportionality constant α which is zero for the side of the uVD yielding a
complete asymmetry of 100 % (-100 % in case of a left uVD and 100 % in case of a right
uVD), as illustrated in table 2.2.
In addition to the vertical shift of the OCR traces of the uVD-patients, the amplitude of the
sine is lower than that of the healthy subject as well, reflecting the lower utricular gain for the
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uVD-patients compared to the healthy subjects. The gain of the latter is almost two times
larger than that of the patients (see table 2.2). Table 2.3 provides the 95 % confidence
intervals on the fitted parameters as obtained by the mathematical fitting procedure.

4. Discussion
The subjective visual vertical test is often used to assess utricular function. However, ocular
counterrolling appears to be a more direct method to assess the utricular function without the
confounding influence of central processing (Tarnutzer et al., 2009). Thanks to recent
advances in image analysis, the appropriate analysis of 3D video oculographic data has
enabled a refined extraction of OCR that is evoked during stimulation of the peripheral
vestibular system. As a response to the improved analysis methods, new stimulation methods
have emerged during the past decade to investigate the vestibular organs in detail (Clarke et
al., 2003; Wuyts et al., 2003b). A refinement of those methods is crucial to obtain detailed
unilateral characteristics. Concomitant with new analysis and stimulation paradigms, models
to interpret the test outcome need to be improved. The current chapter offers thus a second
generation unilateral centrifugation paradigm where the original trapezoidal stimulation
profile that was used in previous studies (Wuyts et al., 2003b) is replaced by a sinusoidal
profile. The whole approach is based on a physiological model of OCR, generated by the
utricles and the semicircular canals. The latter comprises the combined left and right canal
function, similar to the angular VOR during sinusoidal harmonic acceleration tests (SHATs)
on standard Earth vertical rotation chairs (Wolfe et al., 1978; Wall, 1990). Similar to the
previous model for the angular VOR, the current model can not differentiate between the left
and right canal function.
In addition to the previous approach of the unilateral centrifugation test using a trapezoidal
translation profile where only a gain and preponderance factor (dominance of one of both
utricles) could be calculated, the current model yields parameters both for the canals and for
each utricle. It should be noted that the presented model could be used with different
translation profiles, even with trapezoidal translations. After all, the sine in equation (2.5) can
be replaced by any stimulation paradigm. Nevertheless we chose a sinusoidal translation
because of the aforementioned correspondance to the SHAT for semicircular canal function
testing yielding parameters such as asymmetry, gain and phase. In addition, in system theory,
the most common test paradigms for transfer functions are sines and step functions. Step
functions however are causing a large discomfort due to the Coriolis effect.
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Apart from that, the current analysis offers a more robust and reliable approach to determine
unilateral utricular characteristics for the following reasons: (1) It incorporates gender
differences regarding the distance between the utricles which was not done in previous
models (Clarke and Engelhorn, 1998; Wuyts et al., 2003b). (2) The response characteristics of
the model are determined at the single frequency of the used sine wave. Since it is known that
the utricular mediated linear VOR is frequency dependent (Crane et al., 1997; Paige et al.,
1998), it is preferred to determine the model parameters for a specific frequency, instead of
using a trapezoid paradigm, that has intrinsically a broad spectrum of frequencies. Moreover,
the use of a sine has the advantage that the input-output function is quantifiable in terms of
gain and a phase whereas other excitation profiles are much more complicated to
parameterize. Obviously, when comparing data from different labs, it is recommended to
mention the frequency of the sine wave, as it is standard practice for Earth vertical axis
rotation testing to determine the angular VOR characteristics. In this study we only used one
fixed frequency that falls below the perception threshold, so other frequencies should be
tested as well. On the other hand, the frequency dependency of the OCR gain in this low
frequency domain is fairly limited (Clarke et al., 1999). (3) The analysis of the raw data is
based on the knowledge of the sine wave stimulation, increasing significantly the robustness
of the fitting procedure. (4) This approach uses the OCR response generated during the entire
test procedure comprising the acceleration, steady state rotation and translation phases. This is
in contrast to methods of unilateral centrifugation where only parts of the plateau phases are
used to determine the outcome parameters. Finally (5), it incorporates the canal contribution
which appears to be very interindividually variable, so it seems very difficult to neglect it. In a
first approach, the canal generated OCR could be neglected by waiting longer before starting
the actual sideways translation. Figure 2.4 clearly shows however that the canal generated
OCR is only damped out after 5 minutes of constant rotation in this healthy subject. In case of
an affected vestibular system, the time constants may be largely affected and remaining
effects could still be present after 5 minutes of constant rotation before the start of the
translation. An increased steady state phase would lengthen the test procedure considerably,
which is in case of patients with vertigo, who have to rotate at such high speeds (e.g. 400 º/s),
surely to be avoided.
When compared to the previous published data of the trapezoidal unilateral centrifugation, the
utricular gain factor that was calculated for the ten healthy subjects using the sinusoidal
translation profile (average = 0.233, SD = 0.069) corresponds to the gain that was found in the
earlier study with the trapezoidal translation profile (average = 0.232, SD = 0.054 (Wuyts et
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al., 2003b)). In the two patients with a uVD, the utricular gain was halved. Those findings
corroborate the linear and additive character of the utricular response as was already proposed
by other authors (von Baumgarten and Thümler, 1979; Wetzig et al., 1990; Diamond and
Markham, 1998a; Clarke et al., 1999; Kondrachuk, 2003; Wuyts et al., 2003b). The bias, the
offset value of the utricular response, corresponds to the intercept of the linear regression
model by Wuyts et al. (2003b) and is correlated with the asymmetry. For clinical purposes it
has to be interpreted together with the other variables such as the utricular gain.
As expected, the proportionality constant (α) of the utricular contribution was zero for the
uVD-side, yielding a complete asymmetry of 100 % (-100 % in case of a left uVD and 100 %
in case of a right uVD). The fact that in case of uVD patients, the model fitting results in a
zero for the α of the defected side, is a validation of the model. If this would not be the case
for a known uVD pathology, the presented model would not be realistic. That asymmetry was
also reflected by the shift of the OCR traces, especially during the translation phase. The shift
of the traces depended on the side of the uVD and could be explained as follows: In case of a
uVD, only the unaffected utricle will be stimulated throughout the test procedure. The subject
will feel tilted to the unaffected side throughout the entire experiment, except for those
moments that the axis of rotation is perfectly aligned with the unaffected utricle.
Consequently both eyes will counterroll towards the affected side (counterclockwise in case
of a left uVD, clockwise in case of a right uVD) to compensate for the apparent tilt resulting
in the observed shift of the OCR trace.
The fact that the average asymmetry factor of the healthy subjects differs from zero,
corroborates the findings by von Baumgarten and Thümler (1979), Diamond and Markham
(1992) and Peterka (1994). They found a functional asymmetry between the left and the right
utricle that might be explained by differences in size or weight. The small sample size of the
here presented group may be too small to generalize these findings.
Unlike the linear model that was used to interpret the test outcome of the trapezoidal
translation (Wuyts et al., 2003b), the current model not only allows the calculation of utricular
characteristics, but it also enables the calculation of specific canal parameters. One of those
parameters is the cupular time constant, which indicates how long it takes for the cupula to
return to its original position after the onset of the constant angular acceleration. The reported
average cupular time constant τC of 4.64 s (SD = 0.44 s) for the 10 subjects is very well in
accordance with the results found by Dai et al. (1999), who obtained a cupular time constant
of 4.2 s (SD = 0.6 s). In the same study Dai and colleagues found a velocity storage time
constant of 16.7 s (SD = 5.2 s), whereas it is 22 s (SD = 14 s) in the present study. The results
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from the present study do not differ significantly (Wilcoxon matched-pairs signed-ranks test,
p > 0.05) from those of the study by Dai et al. (1999). It should be remarked that the data
reported by Dai et al. comprise the canal characteristics based on a horizontal VOR model and
not on the torsional VOR model as in our study, but it is physiologically very unlikely that the
mechanical cupular time constant, determined by elastic, inertial and viscous properties would
be different for both models.
The large intersubject differences (reflected by the relatively large standard errors) especially
for the adaptation time constant τa could be due to a large interindividual variability in central
nervous system processing and should be investigated further. Nevertheless, the here
presented model allows such a large (natural) variability.
Whereas the utricular gain accounts for the responsiveness of the utricles, the maximal canal
contribution (MSCC) can be seen as a measure for responsiveness of the semicircular canals.
The minus sign indicates a counterclockwise torsion (from the subject’s point of view). As
described by Smith et al. (1995), that counterclockwise direction is due to the direction of the
angular acceleration (clockwise in the present study). Despite the larger intersubject
differences in MSCC, the canal contribution is significantly lower in the uVD patients than in
the healthy subject. It should however be noted that MSCC is a combined output of left and
right SCC system, whereas even a hypofunction could lead to normal OCR, generated by the
canals at this phase of the stimulation paradigm, i.e. on centre rotation.
The current model does not incorporate a possible prevalence of the medial versus lateral
partitions of the utricles, neither any possible dominant projection from the utricles to ipsi- or
contralateral eye muscles. This explains why we did not elaborate yet on a possible
disconjugacy between both eyes. Nevertheless, the presence of any disconjugacy would not
affect the principle of the presented model.

5. Conclusion
The drift as seen with the original unilateral centrifugation paradigm using a trapezoidal
translation profile (Wuyts et al., 2003b), has initiated the search for an alternative approach.
By including the contribution of the semicircular canals, the overall OCR response obtained
during the unilateral centrifugation test can be described more adequately. The sinusoidal
translation profile significantly improves the robustness of the fitting procedure and yields
additional parameters describing physiological characteristics of each of both utricles. The
model proves to be robust to fit different types of responses, from healthy subjects to patients
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with a unilateral vestibular loss. The outcome parameters that can be compared with their
counterparts from the literature are very much in accordance with them. The present model
therefore appears to be very useful both in clinical and experimental settings to further exploit
OCR induced by unilateral centrifugation, yielding physiological characteristics of the
vestibular organ, comprising the semicircular canals and both utricles.
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Appendix
A.1. The Laplace transformation
The Laplace transform is an integral transform that transforms a function into its moments
(Lagrange, 1773; Widder, 1945; Deakin, 1981 and 1982). Similar to the Fourier transform,
the Laplace transform can be seen as a transformation from the time to the frequency domain
and often provides a simplified description of the investigated function. In general, the (one
sided) Laplace transform is given by:
∞

F ( s ) = L{ f (t )} = ∫ e − st f (t ) dt
0

There, s is a complex frequency variable that can be denoted as s = σ + iω, with σ and ω both
real numbers. If σ equals zero, then the Laplace transform corresponds to the Fourier
transform and the Laplace transform therefore can be seen as a generalisation of the Fourier
∞

transform. The set of s-values for which the integral

∫e

−σt

f (t ) dt exists, is called the

0

region of convergence. The inverse transform is given by:

L−1 {F ( s )} = f (t ) =

σ + iω

1
lim e st F ( s ) ds
2π i ω →∞ σ −∫iω

Most of the times F(s) is written as a combination of functions with a known inverse Laplace
transform to simplify the aforementioned inverse transform. Not only is the Laplace transform
a linear operator, easy transformation rules exist for translations, scaling, differentiations and
integrations. The inverse Laplace transform of the SCC contribution to the total OCR,
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ΨSCC ( s )
τ s
τcs
1
= ASCC ⋅
⋅ a ⋅
ω head ( s)
1 − k τ a s + 1 (τ c (1 − k )) s + 1
is therefore given by:

τ C ⋅τ A
SCC (t ) = ASCC ⋅ K1 
 τ + (k − 1) ⋅τ
A
 C

τ C ⋅τ A
ASCC ⋅ K 2 
 τ + (k − 1) ⋅τ
A
 C

( k −1)⋅( t −t start _ acc )
 − (t −tstart _ acc )

τC
  + ...
⋅e τA
−e




( k −1)⋅( t −t stop _ acc )
 − (t −tstop _ acc )

τC

⋅e τA
−e





In the equation above, K1 is the inclusion parameter for the first part (K1 = 0 for t < tstart_acc and
K1 = 1 for t ≥ tstart_acc) and K2 for the second part (K2 = 0 for t < tstop_acc and K2 = 1 for t ≥
tstop_acc). The first part of the equation hence represents the response to the start of the
acceleration, the second part the response to the stop of the acceleration.

A.2. The Levenberg-Marquardt algorithm
The Levenberg-Marquardt algorithm that was first suggested by Levenberg (1944) and later
optimized by Marquardt (1963) is primarily used for least squares curve fitting problems. It is
an iterative algorithm that aims to minimize the sum of the squares of the deviations:
n

σ ( P ) = ∑ [ y i − f ( xi , P )]

2

i =1

The function f(xi, P) represents the model function that is used to fit the n empirical pairs (xi,
yi) with the vector of parameters P. The initial fit values for P are replaced by a new estimate
P + δ in each iteration step, where δ is determined using following approximation:
f ( xi , P + δ ) ≈ f ( xi , P ) + J i δ
In this approximation Ji represents the gradient of the function f with respect to P. When this
first-order approximation is introduced in the definition of σ(P), this yields:
n

σ ( P + δ ) = ∑ [ y i − f ( xi , P ) − J i δ ]

2

i =1

At its minimum, the gradient of σ(P) with respect to δ will be zero. Deriving the equation
above and setting that result to zero yields a set of linear equations that can be solved for δ:
( J T J )δ = J T [ y − f ( P)]
The ith row of the Jacobian matrix J corresponds to Ji. The ith component of the vectors f and y
are f(xi, P) and yi respectively. To allow a faster convergence, this algorithm was slightly
adapted to the subsequent equation, the ‘true’ Levenberg-Marquardt algorithm:
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( J T J + λ diag ( J T J ))δ = J T [ y − f ( P)]
In this equation, λ is a damping factor which is adjusted in each iteration step. The iteration
stops as soon as the calculated step δ or the reduction of σ(P + δ) falls below predefined
limits.
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CHAPTER THREE
Reliability of utricular function testing
using a sinusoidal translation profile
during unilateral centrifugation

Parts of this chapter have been published as:
Buytaert KI, Vanspauwen R, Van de Heyning PH, Wuyts FL. Reliability of utricular function
testing using a sinusoidal translation profile during unilateral centrifugation. Human Physiol
2010; 36 (3): 274-281 (invited paper).
Also published as: Buytaert KI, Vanspauwen R, Van de Heyning PH, Wuyts FL. Reliability
of utricular function testing using a sinusoidal translation profile during unilateral
centrifugation. ФИЗИОЛОГИЯ ЧЕЛОВЕКА 2010; 36 (3): 31–38.

Reliability of utricular function testing using UC
Abstract
The unilateral centrifugation test is one of the few vestibular tests that evaluate the utricles
side by side. During this test, a subject is rotated about an Earth vertical axis at high rotation
speeds (e.g. 400 °/s) and translated sideways along the interaural axis to align the axis of
rotation consecutively with the right and the left utricle. The combined rotation and
translation induces ocular counterrolling (OCR), which is measured using three-dimensional
video oculography. In the previous chapter, a new model has been proposed to analyze the
OCR. The model is based on contributions from both the semicircular canals and the utricles.
Concomitant with the new model a new stimulation profile using a sinusoidal translation
profile during the unilateral centrifugation has been introduced (Buytaert et al., 2010a). The
current study presents the test-retest reliability as well as the robustness of the new
stimulation method, based on data of 67 healthy subjects. Test-retest reliability was based on
repeated measurements of a group of subjects. To test the robustness of the new sinusoidal
translation paradigm, we investigated the effect of a different amplitude of the sinusoidal
translation (6 cm instead of 4 cm) and of an offset in translation (from -3 to +5 cm, instead of
from -4 to +4 cm) on the parameters. Several statistical measures were used to reflect the
reliability: intraclass correlation (ICC) coefficient, the ‘coefficient of variation of the method
error’ and the ‘minimal difference’ (MD). All relevant variables from the physiological model
for the OCR induced by unilateral centrifugation show a good to excellent reliability during
the test-retest study and the relevant parameters remain unaffected by the changes applied to
the translation profile as predicted by the model. Additionally, all observed differences are
smaller than the MD-values calculated in the test-retest part of the study.

Key words: utricular function, unilateral centrifugation, ocular counterrolling, sinusoidal
translation paradigm, test-retest reliability, robustness.
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1. Introduction
The continued refinement in the function testing of the vestibular end organs enabled the
(partial) unfolding of the complexity of the otolith system and its intricate interconnection
with other sensory and motor systems. A detailed function testing and knowledge of that
otolith system is crucial since vestibular patients represent a relatively large group in our
population (7.4 % lifetime prevalence of vestibular vertigo (Neuhauser et al., 2005)).
However, not only in daily clinical settings a profound knowledge of the vestibular system is
indispensable. In astronautics it is hypothesized that a (functional) asymmetry between the
otoliths might contribute to the susceptibility to space motion sickness (von Baumgarten and
Thümler, 1979; Diamond and Markham, 1991 and 1992; Peterka, 1994). To test the otolith
asymmetry hypothesis, a reliable and repeatable test to assess the unilateral function of the
otoliths is needed. Whereas the cervical vestibular evoked myogenic potential (cVEMP) test
can be used to assess unilateral saccular function (Colebatch et al., 1994; Welgampola and
Colebatch, 2001a, Vanspauwen et al., 2009), both utricles can be tested separately using the
unilateral centrifugation test (Wetzig et al., 1992; Clarke et al., 1996; Clarke and Engelhorn,
1998; Wuyts et al., 2003b; Buytaert et al., 2010a).
During that test, a subject is rotated about an Earth vertical axis at high rotation speeds (e.g.
400 °/s) and translated sideways along the interaural axis to align the axis of rotation
consecutively with the right and the left utricle. The combined rotation and translation induces
ocular counterrolling (OCR), which is measured using three-dimensional video oculography.
Initially, a trapezoidal stimulation profile was used by most investigators, where the chair was
gradually translated up to 3.5 or 4 cm along the interaural axis and kept at that position for
several seconds. During those ‘plateau phases’ the axis of rotation passed through either the
left or the right utricle and OCR was recorded. Since the OCR at the extreme positions was
often drifting considerably, causing a certain degree of hysteresis, the method had to be
improved. In addition, consistent OCR during the acceleration phase of the rotation chair
could be observed in healthy subjects although no unilateral utricular stimulation took place at
that time of the stimulation. In order to explain this and the aforementioned drift, we
developed a new physiological model for the OCR taking both the contribution of the
semicircular canals and the utricles into account. Concomitantly, we adopted a different
stimulation pattern, being a simple sinusoidal translation profile (frequency = 0.013 Hz,
amplitude = 4 cm) instead of the trapezoidal profile in previous studies (Clarke et al., 1996;
Clarke and Engelhorn, 1998; Wuyts et al., 2003b). The semicircular canal contribution to the
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OCR is modelled by a second-order transfer function characterised by a canal gain, a cupular
and adaptation time constant and a velocity storage component. The contribution of both
utricles was modelled separately by two sine functions, yielding characteristic parameters
such as gain, bias, phase lag and the asymmetry between the left and the right utricle. This
model is described in detailed in chapter two and also published as Buytaert et al. (2010a).
This chapter reports on the reliability of the new model-based approach. First, the test-retest
reliability was assessed by testing a group of subjects on two different days. Next, the
robustness of the new sinusoidal translation paradigm was studied. Hereto, we investigated
the effects of an altered amplitude of the sinusoidal translation (6 cm instead of 4 cm) and
since the model incorporates the amplitude of the interaural translation, it was expected that
the relevant parameters remain unaffected by the change from 4 to 6 cm. Thirdly, to mimic a
misalignment of the subject during the test, an offset in translation (from -3 to +5 cm, instead
of from -4 to +4 cm) was applied and its effect on the parameters was investigated.

2. Subjects and methods
2.1. Unilateral centrifugation test and theoretical model
A detailed description of the test paradigm and the theoretical model to interpret the test
outcome can be found in the second chapter and will only be discussed briefly. During the
unilateral centrifugation test, the subject was seated in an Earth vertical axis rotating chair
(Neurokinetics Inc, Pittsburgh, USA) and securely fastened with a five-point belt. The head
was stabilised with a head-rest and two flexible arms (Mitutoyo, USA) that could be fixated
against the forehead. At the beginning of the trial, the axis of rotation was aligned with the
centre of the head (the midpoint of the line joining the two labyrinths) and the chair was
accelerated with 3 °/s2 to a constant velocity of 400 °/s. Then, after a period of 90 s at this
velocity, the chair was translated sinusoidally along the interaural axis at a frequency of 0.013
Hz. Maximum displacement was 4 cm to either side. Since the utricles are placed
symmetrically around the head centre, the axis of rotation crossed each utricle several times
during the sinusoidal translation profile yielding a unilateral stimulation. After 4 cycles the
axis of rotation was aligned with the centre of the head again and the chair was gently
decelerated (-2.5 °/s2). This will be referred to as the ‘reference’ paradigm.
Three-dimensional video oculography was used to record the ocular counterrolling (OCR) of
both eyes evoked by the combined rotation and translation. The video goggles allowed the
detection of horizontal, vertical and torsional coordinates in real time at a rate of 25 Hz.
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Horizontal and vertical coordinates of both eyes were measured tracking a circle fitted to the
pupil. The amount of the OCR was calculated by means of cross correlation of the grey level
information contained in a specific segment in the iris. A more detailed description of the
video goggles and the OCR detection can be found in Kingma et al., 1995 and 1997). All
measurements were performed in total darkness except from a chair-fixed faint fixation LED
presented at a distance of 1 m. To calibrate the video system, five fixation points were
presented under predetermined, fixed angles (0 degrees, 10 degrees left, right, up and down)
and a 30 s baseline was recorded as a reference prior to the rotation.
The test outcome of each eyes was modelled using the physiological model described in the
second chapter and in Buytaert et al. (2010a) and both the semicircular canal and utricular
parameters (cupular and adaptation time constant, velocity storage component, canal scaling
factor, utricular gain, time delay and utricular asymmetry) were extracted for further analysis.

2.2. Study design
The study was organised in two parts. In the first part we repeated the unilateral centrifugation
test using the sinusoidal translation profile on two different test days to determine the testretest reliability using different statistical techniques (see paragraph 2.3). Thirty seven healthy
subjects (11 females and 26 males) with an average age of 25.3 years (SD = 6.7 years) were
recruited for that purpose. The average time between the two measurements was 130 days
(SD = 84 days).
In the second part we tested the robustness of the unilateral test method by changing the
translation paradigm. The effects of two different sinusoidal translation profiles were
investigated and compared to the results of the ‘reference’ translation profile. Seventeen
subjects (13 females and 4 males; average age = 21.9 years, SD = 1.6 years) were tested with
an amplitude of 6 cm (after being tested with the 'reference' protocol). Since the theoretical
model incorporates the amplitude of the sinusoidal translation (Rmax in equation (2.5)), it was
hypothesized that the increased amplitude would not alter the characteristic parameters.
The second change in the translation paradigm consisted of a fixed offset that was given to the
subject during the translation. Instead of translating the subject from -4 to +4 cm, a sinusoidal
profile with an offset of 1 cm to the right (translation from -3 to +5 cm) was used. That offset
was used to verify if the model would be able to cope with small misalignments of the
subject, which could compromise the unilateral character of the test. For that purpose, another
thirteen subjects (11 females and 2 males; average age = 22.2 years, SD = 1.7 years) were
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tested with the ‘reference’ and the offset profile (on the same day) and the results of both runs
were compared.
The study was approved by the Institutional Review Board of the Antwerp University
Hospital and all subjects gave their written informed consent.

2.3. Statistical analysis
For the test-retest part of the study (part one), possible differences between the measurements
were investigated using paired Student T-tests. Possible correlations between the time
between the two measurements and the differences of the test-retest measurement were
determined using Pearson’s R (parametric) and Spearman's rho (non parametric) correlation
tests. To assess the reliability of the test protocol, three additional coefficients for each
parameter were calculated. First of all the intraclass correlation (ICC) coefficient was
calculated using a two way random effect model (average measures). The ICC coefficient is
considered to be the key indicator of relative test reliability (Weir, 2005). In accordance with
other authors (Versino et al., 2001; Maes et al., 2009; Vanspauwen et al., 2009), we adopted
following rankings: an ICC coefficient below 0.4 represents a poor reliability, a coefficient
between 0.4 and 0.75 represents fair to good reliability and values above 0.75 are considered
to represent an excellent reliability.
Second we determined the coefficient of variation of the method error CVME (Steel et al.,
1997). The value of CVME (expressed as a percentage) reflects the amount of variation in the
differences between the parameters on the two different days and is relative to the size of the
mean differences. The CVME is calculated as:
CVME =

2 ⋅ ME
⋅ 100%
mean of test 1 + mean of test 2

(3.1)

whereas ME represents the method error, given by:
ME =

SD
2

(3.2)

The method error is based on the standard deviation (SD) of the differences between the
repeated tests and is therefore also a measure of reliability between the test-retest
measurements. The reason that we opt for the CVME is that it is normalized and expressed as a
percentage, regardless of the dimensions of the parameter as opposed to the ME. The lower
the CVME value, the higher the reliability.
The last reliability coefficient we calculated was the ‘minimal difference’ (MD)-value for
each parameter (Weir, 2005). The MD-value represents the minimum difference between two
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different measures in the same subject which is considered to be real and not due to a
measurement error or biological variability. It is calculated as:

MD = SEM ⋅ 1.96 ⋅ 2

(3.3)

The standard error of measurement (SEM) is an index of absolute reliability and according to
Weir et al. (2005) and Maes et al. (2009) it is calculated as:
SEM = SD'⋅ 1 − ICC

(3.4)

whereas SD’ is the standard deviation of both measurements of all subjects.
The interpretation of the MD-value is as follows: if test-retest differences are larger than the
MD, 95 % of those differences would reflect real differences.
For the second part of the study (robustness of the test protocol), a paired test set up was used
as well. Results obtained with the altered translation profile were compared to those of the
‘reference’ paradigm using paired Student T-tests. Possible differences were compared with
the MD-values that were calculated during the first part of the study. Throughout the
complete statistical analysis a significance level of 5 % was adapted. Statistical analysis was
performed using SPSS 16.0 (SPSS Software®, SPPS Inc, Chicago, IL, USA).

3. Results
Figure 3.1 (A – D) represents the results of one subject that participated in both parts of the
study.

3.1. Part one: test-retest reliability
Although thirty seven subjects were tested during the test-retest study, data of only seventy
one eyes could be included in the data analysis. Three subjects had a tear in one eye which
thwarted the detection of the OCR resulting in a too low signal to noise ratio to be processed.
For each parameter the paired Student T-tests gave no significant difference (p > 0.05)
between the two test days. In addition, the correlation tests gave no significant correlations (p
> 0.05) between the time between the two measurements and the test-retest differences.
Table 3.1 summarizes the averaged differences (with standard deviations SD) between the test
and retest measurements for all parameters. In addition, that table also provides the three
coefficients of reliability: the ICC coefficient, the CVME and the MD-value.
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translation, after a steady state of 90 s (interval between the second and the third vertical marker). Vertical spikes on the trace are due to eye blinks.

delineates the baseline. The interval between the two first vertical lines corresponds to the acceleration phase (3 °/s²). The third vertical line indicates the start of the

(translation from -3 cm to +5 cm instead of from -4 cm to +4 cm). Each time the fit of the model described by equations (2.1) – (2.5) is overlaid. The first vertical line

second test day (retest measurement); (C) the paradigm where the amplitude of the sine is increased from 4 cm to 6 cm; (D) the paradigm where an offset of 1 cm is given

Figure 3.1. Test outcome of the unilateral centrifugation test in a healthy subject using (A) the ‘reference’ paradigm on the first test day; (B) the ‘reference’ paradigm on the
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Table 3.1. Averaged differences (with standard deviations SD) and reliability coefficients for the testretest measurements. The ‘test’ values represent the parameters that were recorded on the first day; the
‘retest’ values were recorded on the second test day. UA = utricular asymmetry; Utr. gain = utricular
gain; ICC coeff = intraclass correlation coefficient (dimensionless); CVME = coefficient of variation of
the method error [%]; MD = minimal difference (in the corresponding unit of the unilateral
centrifugation test parameter).
N = 71

ASCC

τc

τa

τVS

dt

UA

Utr. gain

eyes

[s]

[s]

[s]

[s]

[s]

[%]

[dimensionless]

0.016

-0.24

15

-10

-0.13

-6.6

-0.006

(0.083)

(0.86)

(174)

(29)

(1.46)

(15.8)

(0.048)

ICC coeff

0.82

0.51

0.69

0.45

0.69

0.60

0.84

CVME [%]

37.4

11.8

58.8

90.6

55.5

24.6

20.0

MD

0.125

1.44

199

48

2.48

27.7

0.068

<‘retest’ ‘test’>
(SD)

The ICC coefficients indicated that reliability was excellent for the gain and the scaling factor
ASCC (ICC coefficient > 0.80) and fair to good for all other parameters (ICC coefficients
between 0.45 and 0.69). The excellent reliability of the gain was also reflected by the low
CVME (20%). Although the ICC coefficient was 'only' 0.51 for the cupular time constant τc,
the CVME was the lowest for that parameter. Reliability was the lowest for the velocity storage
time constant since the ICC coefficient was 0.45 and the CVME was 90.6 %.
3.2. Part two: robustness of the model
For the second part of the study the OCR of both eyes was successfully analyzed for all
subjects. All statistical tests (paired Student T-tests) indicated that only the gain was affected
by the change of the amplitude (p = 0.002). Nevertheless, the mean difference between the
gain of the 'reference' paradigm (average = 0.233, SD = 0.062) and the gain of the test with
the amplitude of 6 cm (average = 0.204, SD = 0.053) was smaller than the MD-value
calculated in the first part of the study (test-retest part). Table 3.2 summarizes the mean
values (and SD) for all parameters for the two consecutive measurements ('reference'
paradigm and paradigm with increased amplitude, denoted as '6 cm') and illustrates that the
differences between them are smaller than the MD-values calculated in part one.
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Table 3.2. Mean values and differences (with standard deviations SD) for the seventeen subjects (34
eyes) that were tested with the ‘reference’ paradigm (denoted as ‘reference’) and with the paradigm
where the amplitude of the sinusoidal translation profile was increased to 6 cm (denoted as ‘6 cm’).
The differences were calculated as ‘6 cm’ – ‘reference’. The * indicates the statistical significant
difference between the utricular gain (Utr. gain; dimensionless) of the 'reference' and gain '6 cm'
measurement (p = 0.002). UA = utricular asymmetry.
ASCC

τc

τa

τVS

dt

UA

Utr.

[°]

[s]

[s]

[s]

[s]

[%]

gain*

Mean ‘reference’

0.16

5.27

159

38

1.1

21

0.233

(SD)

(0.11)

(0.69)

(167)

(24)

(1.5)

(30)

(0.062)

N = 34 eyes

Mean ‘6 cm’

0.19

5.05

169

32

1.4

26

0.204

(SD)

(0.11)

(0.63)

(211)

(21)

(1.3)

(26)

(0.053)

<’6 cm’ - ‘reference’ >

0.021

-0.13

18

-2

0.3

4

-0.014

(SD)

(0.054)

(0.30)

(155)

(26)

(1.2)

(27)

(0.089)

Statistical analysis (paired Student T-tests) indicated that there was no significant influence of
the offset on the parameters of the utricular function test (p > 0.05). Consequently, all
differences between the 'reference' and the 'offset' paradigm that can be found in table 3.3
were smaller than the MD-values calculated in the first part of the study.
Table 3.3. Mean values and differences (with standard deviations SD) for the thirteen subjects (26
eyes) that were tested with the ‘reference’ paradigm (denoted as ‘reference’) and with the paradigm
where an offset was given during the translation (translation from -3 cm to +5 cm instead of from -4
cm to +4 cm; denoted as ‘offset’). The differences were calculated as ‘offset’ – ‘reference. UA =
utricular asymmetry; Utr. gain = utricular gain (dimensionless).
ASCC

τc

τa

τVS

dt

UA

Utr.

[°]

[s]

[s]

[s]

[s]

[%]

gain

Mean ‘reference’

0.17

5.28

174

44

1.0

36

0.205

(SD)

(0.11)

(0.80)

(195)

(41)

(1.6)

(22)

(0.084)

Mean ‘offset’

0.16

5.06

191

41

3.1

33

0.194

(SD)

(0.13)

(0.80)

(176)

(43)

(1.2)

(30)

(0.057)

<’offset’ – ‘reference’>

-0.01

-0.12

28

-3

1.7

-4

-0.002

(SD)

(0.11)

(0.75)

(138)

(35)

(1.8)

(33)

(0.059)

N = 26 eyes
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4. Discussion
Human vestibular function testing has evolved largely the past decade. New computer based
methods have led to a more profound knowledge of the equilibrium system, which in turn
enabled the refinement of the stimulation paradigms to investigate that system. The current
chapter deals with the reliability and the robustness of such a second generation stimulation
paradigm (Buytaert et al., 2010a). As described in the previous chapter, we refined the
original model of unilateral utricular function testing as proposed by von Baumgarten and
Thümler (1979) and further elaborated by Clarke et al. (1996) and Wuyts et al. (2003b). Our
model incorporated the contribution of the semicircular canal to the OCR that is mainly
present during the start up phase of the test, which was not the case in previous studies
(Clarke et al., 1996; Clarke and Engelhorn, 1998; Wuyts et al., 2003b). Concomitantly with
the new model, a sinusoidal translation profile instead of the original trapezoidal profile was
implemented to stimulate the utricles. Obviously, given its novel character, literature on
comparable test-retest measurements is almost non-existent so far. As described in the second
chapter (Buytaert et al., 2010a), the slope that was defined by Wuyts et al. (2003b) using a
trapezoidal translation profile corresponds to the gain of the sinusoidal profile. Wuyts and
colleagues performed a test-retest study on sixteen subjects and found no differences between
the two test days using a Wilcoxon matched-pairs signed-ranks test. They found a CVME value
of 18 %, which is slightly lower than the CVME value found using the sinusoidal translation
profile (20 %). It should be mentioned however that Wuyts and colleagues used the combined
results of the left and the right eye, whereas in this study the responses of the separate eyes
are being processed. Diamond and Markham (1991) and Markham and Diamond (2000)
revealed disconjugate eye torsion during altered gravitational situations such as parabolic
flights where one can experience intermittent periods of microgravity and 1.8 g. Further
research is needed to determine if such disconjugacy is also present during eccentric rotation
experiments or if the results of both eyes can be averaged.
The current study deals with two sorts of variability: variability caused by test-retest
variability and variability due to methodological errors. A third type of variability that is due
to the Levenberg-Marquardt algorithm to perform the least square fit is beyond the scope of
this dissertation and will be addressed in a different publication.
Despite the scarce literature, it is known in vestibular testing that a large intersubject
variability exists. This is mainly due to the fact that vestibular parameters are measured only
indirectly, through other reflexes, such as the vestibulo-ocular reflex, the subjective visual
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vertical or ocular counterrolling. The here reported ICC values as well as the CVME and the
MD-values give appropriate limits. In general, the rather limited test-retest variability (part
one of this study) indicates that the reproducibility is satisfactorily high. Nevertheless, subtle
changes in patients may not be detected based on the analysis of a single parameter. Further
studies will elaborate on the combination of several parameters to better describe those subtle
changes that occur during pathological processes.
The causes of methodological variability due to misalignment or an improper choice of the
sinusoidal amplitude are addressed in the second part of this study. The increase of the
amplitude of the sine wave from 4 to 6 cm has almost no impact on the fitted parameters of
the model. Since the amplitude of the sinusoidal translation is incorporated in the model,
those results could be expected. The fact that the utricular gain is significantly decreased
(from 0.233 (SD = 0.062) in the ‘reference’ paradigm to 0.204 (SD = 0.053) in the paradigm
with the increased amplitude) may be explained by the fact that beyond 4 cm, the stimulation
pattern for the medial and the lateral partitions of the left and the right utricle changes.
Whereas the medial partitions of both utricles are excited and the lateral partitions of both
utricles are inhibited as long as the axis of rotation is situated between the two utricles, this is
not the case when the axis of rotation is beyond 4 cm (Buytaert, 2007). If for example the
subject is translated 6 cm to the right, the medial partition of the right utricle will be excited
while that of the left utricle will be inhibited. For the lateral partitions, the situation is
reversed. In my master’s thesis I have shown that there is a predominance of the lateral over
the medial utricular partition and this may cause the change in utricular gain. Nevertheless,
the observed differences are still smaller than the MD-value calculated in the test-retest part
of the study.
Finally, misplacing the subject, so that the centre of the head is no longer the centre of the
sinusoidal stimulation profile, results in changes that appear to be minor with respect to the
changes due to test-retest. Indeed, when compared to the MD-value that identifies real
changes due to structural or other changes, the effects due to a small misplacement are
negligible.
In general, the MD-values for all parameters are to be retained (see table 3.1). They indicate
how much a value may change for a given variable to be considered as truly altered, caused
by factors like disease, drug effects or similar.
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5. Conclusion
The here presented data indicate that the new sinusoidal unilateral stimulation test for
utricular function evaluation is robust and has a good reliability.
It therefore can be considered as an appropriate test to be used in a clinical setting to
investigate patients with suspected otolith deficits.
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CHAPTER FOUR
Normative values of the unilateral
centrifugation test

Parts of this chapter have been submitted to Laryngoscope as:
Buytaert KI, Van de Heyning PH, Wuyts FL. The unilateral centrifugation test using a
sinusoidal translation profile as a method to investigate the effect of gentamicin on the utricle.

Normative values of UC
Abstract
The unilateral centrifugation (UC) test has been shown to be a reliable test for unilateral
utricular function testing. The refinement of the stimulation paradigm and the introduction of
a physiological model to interpret the test outcome – both described in the second chapter –
have enabled a refined extraction of utricular and semicircular canal characteristics. In this
study normative data were collected in 200 healthy subjects (104 males and 96 females)
between 18 and 58 years old (mean = 25.1 y, SD = 5.5 y). The possible influence of age and
gender were studied. In addition to that, 33 patients that were subdivided into two groups
were subjected to the UC test using the sinusoidal translation paradigm as well. The first
group consisted of 26 patients with a vestibular schwannoma. Sixteen of them had undergone
a unilateral vestibular deafferentiation whereas the other 10 had not. The remaining 7 patients
were classified as definite Ménière’s disease patients that were treated with intratympanic
gentamicin (ITG). They were tested prior to and after the ITG treatment and the differences
were compared to the ‘minimal difference’ (MD)-values that were calculated in the previous
chapter.
Results showed a large interindividual variability in most parameters. The age and gender
appeared to have no influence on the test outcome, except on the utricular gain which weakly
decreased with increasing age (Pearson’s R = -0.168). The vestibular schwannoma
significantly affected the responsiveness of the utricles and canals and the level of utricular
asymmetry. Similarly, the ITG treatment caused a decrease in utricular gain and increase in
utricular asymmetry and bias. The UC thus provides an efficient test for utricular function
evaluation and follow-up.

Key words: unilateral centrifugation test, sinusoidal translation profile, normative values,
vestibular schwannoma, Ménière’s disease, intratympanic gentamicin treatment.

75

Chapter 4
1. Introduction
The refinements of the stimulation paradigm of the unilateral centrifugation test described in
the second chapter have enabled a more refined extraction of unilateral utricular
characteristics (Buytaert et al., 2010a). In addition to those utricular parameters, the applied
stimulation paradigm and the theoretical model that was developed to interpret the test
outcome, allow to assess characteristics of the (horizontal) semicircular canal function. In the
previous chapter it has been shown that the newly developed paradigm and concomitant
model are reliable and robust (Buytaert et al., 2010b). Nevertheless, for use in clinical settings
not only the reliability and robustness of a test are crucial, reference values are indispensable
as well. When reference values are gathered, the possible effects of gender and age should be
taken into account since other vestibular test have been proven to be age and/or gender
dependent (Welgampola and Colebatch, 2001b; Su et al., 2004; Nguyen et al., 2010). Those
reference values allow the interpretation of abnormal patient data. As example, we chose two
different groups of clearly discernable patients. The first group consisted of patients with a
unilateral vestibular schwannoma, the second group of patients with unilateral Ménière’s
disease treated with intratympanic gentamicin (ITG). The latter group was tested prior to and
after the ITG injection. Based on the ‘minimal difference’-values calculated in the previous
chapter (Buytaert et al., 2010b) it is possible to investigate if the ITG injection significantly
influences the utricular system and hence follow the evolution of each patient.

2. Subjects and methods
2.1. Unilateral centrifugation test
For a detailed description of the test paradigm for unilateral centrifugation using the
sinusoidal translation, the reader is referred to the second chapter of this dissertation. That
chapter equally contains the physiological model that was used to model the averaged test
outcome of both eyes. Both the semicircular canal and utricular parameters (cupular and
adaptation time constant, velocity storage component, maximal canal contribution, bias,
utricular gain, time delay and utricular asymmetry) were extracted for further analysis.
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2.2. Study design
The study was organised in two parts. In the first part of the study, normative data were
collected in 200 healthy subjects6 (96 females and 104 males) with an average age of 25.1 y
(SD = 5.5 y, age range = [18.0, 57.6] y). None of the selected subjects reported any auditory,
vestibular, neurological or visual problems (apart from the standard refractive errors).
In the second part of the study the UC test using the sinusoidal translation profile was
performed in 33 patients (16 females and 17 males) with an average age of 52 y (SD = 10 y,
age range = [28, 69] y). Two different vestibular pathologies were discerned based on clinical
history taking, magnetic resonance imaging (MRI) and the results of other vestibular function
test such as the caloric test, the rotatory test, the head impulse test, the cervical vestibular
evoked myogenic potential (cVEMP) test and electrocochleography. The MRI images
confirmed the presence of a unilateral vestibular schwannoma in 26 of the selected 33
patients. Of those 26 patients, 10 were not subjected to a surgical deafferentiation of the
vestibular nerve (unilateral vestibular deafferentiation, uVD) and the other 16 were tested
after the uVD surgery. In those patients no data were collected prior to the surgery.
The remaining 7 patients were classified as ‘definite Ménière’s disease’-patients (Beasley and
Jones, 1996) and were treated with ITG (passive diffusion of gentamicin through the round
window membrane during 1 hour; Van de Heyning et al., 2005). The UC was performed (on
average 5 days) prior to and (on average 1.8 months) after the treatment and those patients
were mainly selected to investigate the feasibility of a follow-up of the utricular function by
means of the UC test.
The study was approved by the Institutional Review Board of the Antwerp University
Hospital and all subjects gave their written informed consent.

2.3. Statistical analysis
In the first part of the study, descriptive statistics (mean, standard deviation and 95 %
confidence and prediction intervals) were used to describe the test outcome in the 200 healthy
subjects. To investigate the possible influence of age and gender, ANCOVA and correlation
tests were used. In the second part of the study, data of the patients with a vestibular
schwannoma (with and without a uVD) were compared to the normative data using a KruskalWallis test for each parameter, with a Mann-Whitney U or unpaired Student T-test as post hoc
test. In case of a post hoc analysis, the Bonferroni correction was applied.
6

The data of 66 of those healthy subjects were also used in the studies described in the previous chapter.
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Since all patients with Ménière’s disease were tested prior to and after the ITG treatment,
their results could be compared pair wise using Wilcoxon matched-pairs signed-ranks tests. In
addition, the differences were compared to the ‘minimal difference’ (MD)-values calculated
in the study described in the previous chapter (Buytaert et al., 2010b). The MD-value is the
minimum difference between two measurements in the same subject which is considered to
be real, due to factors such as drugs, disease or similar and not due to a measurement error or
biological variability (Weir, 2005).
A binary logistic regression model was determined to distinguish between the uVD patients
and the Ménière’s disease patients that had undergone an ITG treatment.
In order to keep enough statistical power, no different groups were defined for right and left
sided lesions. To allow a correct comparison of the healthy controls and the vestibular patient
regardless of the side of the lesion, we therefore calculated the absolute level of utricular
asymmetry |UA| and the absolute bias, |bias|. Since the sign of both parameters depended on
the side of the lesion and both the left and right lesions were almost equally present, the
average and median value would give a distorted image when comparing them to the healthy
population.
Throughout the complete statistical analysis a significance level of 5 % was adapted.
Statistical analysis was performed using PASW 18.0 (SPSS Software®, SPPS Inc, Chicago,
IL, USA).

3. Results
3.1. Part one: normative data
Of all 200 healthy subjects, data were successfully collected in 196 of them. In 15 of them the
response of only one eye could be processed since the OCR data of the other eye were too
noisy due to eye blinks or partial eyelid closure to guarantee a reliable test result. In the
remaining 4 subjects the results of both eyes could not be analyzed due to a low signal to
noise ratio. Evidently, they were omitted in the further analysis. Table 4.1 summarizes the
descriptive statistics for all parameters. It should be noted that even in the population of 200
subjects without any vestibular complaints, three of them (a 22 year old female, a 22 and a 25
year old male) had a lateralized response (UA = ± 100 %). In contrast to the patients with a
unilateral response, the gain of those three did not differ significantly from that of the other
healthy controls. Even when those three subjects were omitted, the average UA differed
significantly from zero (one sample T-test, p < 0.001).
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Table 4.1. Descriptive data of the unilateral centrifugation test performed in 200 healthy subjects (104
males and 96 females) between 18 and 58 years old. SD = standard deviation; CI = confidence
interval; PI = prediction interval; UA = utricular asymmetry; Utr. gain = utricular gain.
N = 200

Mean

SD

95 % CI

95 % PI

τc [s]

5.06

0.68

[4.97, 5.15]

[3.73, 6.39]

τa [s]

200

160

[178, 222]

[0, 514]

τVS [s]

31

21

[28, 34]

[0, 72]

MSCC [°]

2.6

1.3

[2.4, 2.8]

[0.1, 5.1]

Bias [°]

-0.50

0.97

[-0.63, -0.37]

[-2.40, 1.40]

dt [s]

1.39

0.92

[1.26, 1.52]

[-0.41, 3.19]

UA [%]

-18

25

[-21, -15]

[-67, 31]

Utr. gain

0.217

0.066

[0.208, 0.226]

[0.087, 0.346]

The ANCOVA-tests did not expose any influence of the age or gender on any of the
characteristic parameters, except on the utricular gain which was significantly influenced by
the age (p = 0.036). A Pearson’s R correlation test indicated that the gain linearly decreased
with increasing age, although that correlation was very weak (R = -0.168). The weak
correlation is also illustrated in figure 4.1.

Figure 4.1. Utricular gain as a function of the age, based on the results of 200 healthy subjects
between 18 and 58 years old. A very weak decreasing trend (R = -0.168) is present.
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3.2. Part two: patient data
All 33 patients completed the UC test successfully, but the binocular OCR data of three
vestibular schwannoma patients with a uVD were too noisy for a reliable analysis. In two of
them monocular data could be used, the third subject was omitted in the further analysis.
A comparison of the parameters of the healthy controls and the vestibular schwannoma
patients showed clear differences in the maximal canal contribution MSCC (Kruskal-Wallis, p
< 0.001), the utricular gain (Kruskal-Wallis, p < 0.001) and the absolute level of utricular
asymmetry |UA| (Kruskal-Wallis, p < 0.001). A post hoc analysis using Mann-Whitney Uand unpaired Student T-tests and taking the Bonferroni correction into account, showed that
these differences were mainly situated between the healthy controls on one side and both
vestibular schwannoma patient groups (with and without uVD) on the other hand. The
maximal canal contribution was significantly higher in healthy controls (mean = 2.5°, SD =
1.2°) than in the group of vestibular schwannoma patients with a uVD (mean = 1.59°, SD =
1.4°; p = 0.006, unpaired Student T-test) and without a uVD (mean = 1.34°, SD = 0.52°; p =
0.001, Mann-Whitney U-test). Similarly the utricular gain was also higher in the healthy
controls (mean = 0.220, SD = 0.065) than in the group of vestibular schwannoma patients
with (mean = 0.111, SD = 0.042; p < 0.001, unpaired Student T-test) and without (mean =
0.132, SD = 0.072; p = 0.002, Mann-Whitney U-test) a unilateral resection of the vestibular
nerve. The absolute level of utricular asymmetry on the other hand increased due to the
vestibular schwannoma and even further after a uVD. Not only was |UA| significantly lower
in the healthy controls (mean = 37 %, SD = 27 %) than in patients with a uVD (mean = 99.78
%, SD = 0.75 %; p < 0.001, unpaired Student T-test), the asymmetry in the latter group was
more distinct than in the group of vestibular schwannoma patients without a uVD (mean = 60
%, SD = 23 %; p = 0.001, Mann-Whitney U-test). This group of patients with a vestibular
schwannoma but without a uVD did not differ from the group of healthy controls when the
Bonferroni correction was taken into account (corrected p = 0.078, Mann-Whitney U-test).
The ITG treatment of the 7 patients with definite Ménière’s disease significantly affected the
utricular gain (p = 0.028, Wilcoxon matched-pairs signed-ranks test), the absolute bias (p =
0.018, Wilcoxon matched-pairs signed-ranks test) and the level of utricular asymmetry (p =
0.018, Wilcoxon matched-pairs signed-ranks test). The remaining parameters were
unaffected. Table 4.2. provides an overview of the individual patient data, along with the MDvalues that were determined in the study described in the third chapter (Buytaert et al.,
2010b). There it can be seen that, although significantly different, not all differences are
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smaller than the MD-values. The changes in the absolute level of utricular asymmetry are the
most distinct. There, in all patients except in the 5th patient, the pre-post differences were
larger than the MD-value.
Table 4.2. Absolute differences (∆) between the UC characteristics recorded before and after an
intratympanic gentamicin treatment in 7 patients with definite Ménière’s disease. The ‘minimal
difference’ (MD)-values that were calculated in the study described in the third chapter are given as
well. If the difference is larger than the MD-value, there is a chance of 95 % that the difference is due
to the ITG treatment and not due to biological variability or measurement error. Utr. gain = utricular
gain; UA = utricular asymmetry.
∆ Utr. gain

∆ |Bias|

∆ |UA|

[dimensionless]

[°]

[%]

1.

0.104

2.04

54.9

2.

0.015

1.54

99.1

3.

0.069

0.84

74.3

4.

0.084

1.09

69.3

5.

0.043

0.08

6.8

6.

0.038

0.55

31.1

7.

0.024

1.71

78.5

MD

0.068

1.50

27.7

Patient

A binary logistic regression model showed that the combination of the absolute level of
utricular asymmetry and the utricular gain allowed to distinguish between patients with a
uVD and patients with definite Ménière’s disease after the ITG treatment with a classification
correctness of 85 % (With the logit z defined as z = (-0.16 ± 0.16) x |UA| + (28 ± 16) x gain +
(10 ± 16)). If all aforementioned canal and utricular characteristics were taken into account
into the logistic regression model, a 100 % correct classification was achieved. It should be
noted that the number of patients should be increased to generalize these findings.

4. Discussion
Although the unilateral centrifugation test has been shown to be a robust and reliable test for
utricular function testing (Clarke and Engelhorn, 1998; Clarke et al., 2003; Wuyts et al.,
2003b; Buytaert et al., 2010a and 2010b), effects of age and gender on the test outcome have
hardly been studied. In this study reference data of healthy controls were collected to address
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that issue and allow a correct interpretation of (abnormal) patient data. In the analysis we
deliberately chose to analyze the results of the averaged results of the left and the right eye.
This is a first approximation since a possible disconjugacy of both eyes is not taken into
account this way. Disconjugate torsional eye movements can provide additional information
on the otolith-ocular interaction, but to incorporate a possible disconjugacy, the theoretical
model described in the second chapter (Buytaert et al., 2010a) needs to be refined even
further. This however was beyond the scope of this chapter.
The fact that the results of the UC test could not be analyzed in all subjects underlines the
difficulties that are inherent to the extraction of ocular torsion using 3D video oculography
(Jacobson et al., 2008). Nevertheless, UC data were successfully analyzed in 196 healthy
controls. Within this group of adults between 18 and 58 years old, no effects of gender or age
were found, except on the utricular gain. Although very weakly, the utricular gain appeared to
linearly depend on the age. The dependency of the vestibulo-ocular reflex (VOR) on the age
was previously shown by Wall et al. (1984) who also found a decreasing gain with increasing
age. It should be noted that their findings were based on the horizontal angular VOR (aVOR)
induced by sinusoidal rotation, whereas this study focuses on the ocular counterrolling
induced by unilateral centrifugation. However, it seems very unlikely that the origin of the
age dependency would be different for both subtypes of the VOR.
The fact that even in healthy subjects a clear asymmetry between the left and right utricular
system exists, corroborates the findings by von Baumgarten and Thümler (1979), Diamond
and Markham (1992) and Peterka (1994). They found a functional asymmetry between the
left and right otolith system that might be explained by differences in size and/or weight.
They hypothesized that such an asymmetry is centrally compensated in normal situations, but
in a novel gravitational condition the asymmetry becomes unravelled.
In the second chapter (Buytaert et al., 2010a) a correspondence between the outcome
parameters of the theoretical model and some literature values was found (e.g. the utricular
gain: Wuyts et al., 2003b; the cupular and velocity storage time constant: Dai et al., 1999).
There only 10 healthy subjects were investigated whereas in this study 200 healthy controls
were subjected to the UC test. Nevertheless, the correspondence still holds. In general it
should be noted that a considerable interindividual variability in the canal and utricular
characteristics exists as illustrated by the relatively large 95 % prediction intervals. A large
intersubject variability in (angular) VOR responses was already described by Wall and Black
(1984) and could be extended to the variability in OCR, leading to a relatively broad spectrum
of utricular and canal characteristics. The large interindividual variability is mainly due to the
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fact that those characteristics are only measured indirectly through the VOR. Despite this
large normative range, statistically significant differences between the healthy controls and
the selected vestibular patients existed.
As expected the responsiveness of the canals and utricles, characterised by the maximal canal
contribution MSCC and the utricular gain respectively, was significantly lower in patients with
a vestibular schwannoma than in healthy controls where both labyrinths fully contribute to the
OCR. In patients with a uVD, the utricular gain was halved as could be expected with only
one contributing labyrinth. Those findings corroborate the linear and additive character of the
utricular response as was already proposed by other authors (von Baumgarten and Thümler,
1979; Wetzig et al., 1990; Diamond and Markham, 1998a; Clarke et al., 1999; Kondrachuk,
2003; Wuyts et al., 2003b). Similarly, the maximal canal contribution was largely reduced as
well. The mal- or dysfunction of one of the labyrinths was also reflected in the (absolute)
level of utricular gain. In case of a uVD, a complete asymmetry of 100 % could be expected,
as predicted by Buytaert el al. (2010a) and demonstrated with earlier paradigms (e.g. Wuyts et
al., 2003b). This was the case in 15 of the 16 uVD patients. In the remaining patient a slightly
lower (97.41 %) asymmetry ratio was obtained, due to a relatively low signal to noise ratio
which influenced the fitting procedure.
Remarkably the canal and utricular responsiveness did not appear to decrease further after
surgery. It should be noted however that in this study no paired set up was used, i.e. the
patients that had a surgical vestibular deafferentiation were only tested after and not prior to
the surgery, so no generalisation can be made.
Apart from patients with a vestibular schwannoma, a second group of vestibular patients was
investigated. Seven patients that were treated with ITG showed similar characteristics to the
patients with a uVD. They also had a reduced utricular gain and increased level of utricular
asymmetry. In addition, the absolute bias, which is strongly correlated with the level of
utricular asymmetry, was increased as well. The ITG treatment, also referred to as (partial)
chemical labyrinthectomy (e.g. Rauch and Oas, 1997), significantly decreased the utricular
gain but it did not halve it as was the case in the uVD patients. The level of utricular
asymmetry largely increased in 5 patients, but in the other 2 patients the impact was rather
low (from -0.67 % to -37.79 % and from -3.14 % to -9.89 %). These observations can be
explained by the fact that the gentamicin does not affect all vestibular afferents and the fact
that there is a considerable amount of interindividual variability in patients treated with ITG
(Chia et al., 2004; Cohen-Kerem et al., 2004; Carey, 2005; Alles et al., 2006; Xu et al., 2010).
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The unilateral centrifugation test thus provides an adequate tool to assess the impact of the
ITG on the utricular system.

5. Conclusion
The unilateral centrifugation test has been shown to be an adequate test for utricular function
testing. Although a considerable amount of variability in outcome parameters is present in
healthy subjects, clear differences with vestibular schwannoma and Ménière’s disease patients
exist. In the latter patient group, the UC test has been shown to provide a tool to assess the
impact of an ITG treatment on the utricular system. Future studies should focus on different
types of vestibular pathologies to set up a model that allows distinguishing between those
different pathologies based on the outcome of the UC test and other vestibular tests such as
the rotatory test, the caloric test, and the cervical vestibular evoked myogenic potential
(cVEMP) test.
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CHAPTER FIVE
Influence of the repetition rate of the
stimulation on the ocular vestibular
evoked myogenic potentials (oVEMPs) to
bone conducted vibration

Parts of this chapter have been submitted to Otology & Neurotology as:
Buytaert KI, Blaivie C, Van de Heyning PH, Wuyts FL. Influence of the repetition rate of the
stimulation on the ocular vestibular evoked myogenic potentials (oVEMPs) to bone
conducted vibration.

Influence of repetition rate on oVEMPs
Abstract
The ocular vestibular evoked myogenic potential (oVEMP) test evoked by bone conducted
vibration (BCV) has been hypothesized to assess the otolith-ocular function and evaluate the
superior vestibular nerve. Since different labs use different repetition rates of the BCV to
evoke the oVEMP response, we performed a comparative study to investigate the effect of
that repetition rate of the stimulation on the test outcome. In addition, we introduced a
calibration procedure to optimize the calculation of the level of otolith asymmetry. Eighty five
healthy subjects (58 females and 27 males; average age = 33 years, SD = 14 years) were
studied using different stimulation rates of the BCV. The repetition rate of the stimulation was
gradually varied from 3 to 31 stimuli per second (3-5-7-9-11-13-21-31 stimuli per second).
The sequence was repeated in the opposite direction immediately after the first sequence and
all other settings were kept constant. Bone conducted vibration (tone bursts, linear envelope,
500 Hz and 6 ms duration) was applied to Fz (Fz corresponds to the junction of the midline
and the hairline) using a mini shaker (Brüell & Kjær, type 4810) to evoke the oVEMPs. The
responses to 50 stimuli were averaged and the latencies of the n10 and p15-peak were
determined, as well as the asymmetry ratio between the (calibrated) peak-to-peak amplitudes
of the responses below both eyes. Repeated measures ANOVA tests indicated that there were
no significant effects (p > 0.05) of the BCV repetition rate on the oVEMP parameters. The
reproducibility of the test outcome was investigated using intraclass correlation (ICC) and the
highest ICC coefficients were obtained with 11 stimuli per second. At 5 stimuli per second the
lowest reproducibility was observed and when a stimulation rate of 21 or 31 stimuli per
second was used, the n10-p15-complex was less clearly discernable due to additional peaks
prior to the n10-peak. Those additional peaks complicated the analysis. We therefore
conclude that a stimulation rate of 11 Hz is most optimal since a) it has the highest
reproducibility and b) it decreases the test time, which is certainly to be preferred for use in
clinical settings. The tests used to verify the calibration procedure showed that the calibration
is an added value to the current test protocol and improves the accuracy of the utricular
asymmetry calculation.

Key words: oVEMP, bone conducted vibration, repetition rate, calibration procedure.
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1. Introduction
Ocular vestibular evoked myogenic potentials (oVEMPs) have attracted much interest as a
new clinical vestibular test (Iwasaki et al., 2008b; Curthoys et al., 2009; Rosengren et al.,
2010). The oVEMP test is hypothesized to evaluate the crossed utriculo-ocular reflex and the
superior vestibular nerve (Brantberg and Mathiesen, 2004; Iwasaki et al., 2007; Iwasaki et al.,
2008b and 2009; Todd et al., 2009; Curthoys, 2010). The short latency responses are recorded
beneath the eyes and they can be evoked both by air conducted sound (ACS) and bone
conducted vibration (BCV) (McAngus Todd et al., 2007; Cheng et al., 2009). Since Cheng et
al. (2009) have shown that BCV results in a higher response rate and larger oVEMP
amplitudes than ACS, most labs use BCV to evoke oVEMPs. The oVEMP response consists
of a number of peaks, but it is the earliest negative peak at a latency of about 10 ms – hence
the name n10 – that is of greatest interest (Iwasaki et al., 2008a), followed by a positive peak
(p15) after about 15 ms. In contrast to the p13-peak of the cVEMP response which is an
inhibitory (vestibulospinal) response, the n10 response of the oVEMP is an excitatory
(vestibulo-ocular) response (Colebatch and Rothwell, 2004; Iwasaki et al., 2007; Jombik et
al., 2008). Since bone conducted vibration activates the otoliths simultaneously on both sides
of the head, lateralization can only be demonstrated when only a single vestibular organ is
functioning, as opposed to the unilateral centrifugation test that evaluates the utricles side by
side (Clarke and Engelhorn, 1998; Iwasaki et al., 2007; Buytaert et al., 2010).
Even though BCV has been shown to be the preferred stimulation method to evoke the
oVEMPs (Cheng et al., 2009), the most adequate test settings are still unclear and different
labs use different stimulation paradigms. One of those differences is the repetition rate of the
stimuli. Some sources use a repetition rate of 3 or 5 stimuli per second (Iwasaki et al., 2007;
Iwasaki et al., 2008a; Lin et al., 2009), but responses recorded at a rate of 21 stimuli per
second have been reported as well (Curthoys et al., 2009). Wuyts et al. (2001) demonstrated
that, against all expectations, for electrocochleography the repetition rate of the applied
stimulus indeed has a huge effect on the outcome. Hence, the current study investigates the
influence of the stimulation rate to investigate the possible effect on the oVEMP test outcome,
and additionally identifies the most optimal stimulation conditions for the oVEMP test.
Obviously, all other parameters such as the stimulus intensity and the location where the
vibration is applied, are kept fixed.
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2. Subjects and methods
2.1. Subjects
Eighty five healthy subjects (58 females and 27 males) with an average age of 33 years (SD =
14 years; age = [20, 63] years) underwent the oVEMP test to BCV. None of the healthy
subjects reported any auditory, vestibular, neurological or visual problems (apart from the
standard refractive errors). The study was approved by the Institutional Review Board of the
Antwerp University Hospital and all subjects gave their written informed consent.

2.2. oVEMP test to BCV and calibration procedure
During the test, subjects lay supine on a bed with the head supported by a pillow, so that their
head was horizontal or pitched forward with their chin close to the chest. The subject was
asked to look upwards at a small red cross on the ceiling as long as the stimulation persisted
since oVEMP amplitude was shown to be optimized with a gaze upward rather than straight
ahead (Rosengren et al., 2005; Jombik and Bahyl, 2005; Iwasaki et al., 2007; McAngus Todd
et al., 2007). On average a visual vertical angle of about 30 to 40 degrees above the visual
straight ahead was achieved and maintained during the stimulation. The subjects were also
asked to avoid blinking during the recording of the oVEMPs.
To record the oVEMP response, EMG electrodes (Ambu® Blue Sensor N, Ambu A/S,
Ballerup, Denmark) were placed on the skin below the eyes. The active (non-inverting)
electrode was positioned on the bony infra-orbital ridge and the reference (inverting)
electrode was placed approximately 1-2 cm below the active electrode. A fifth electrode was
placed on the chin or the sternum of the subject and served as the ground electrode. The
electrode impedance was always kept below 5 kΩ.
Prior to the recording of the oVEMPs, a ‘calibration’ of the amplifiers was performed. We
asked the subject to perform vertical saccades between fixed crosses on the ceiling,
corresponding to angles of 30 degrees. Whereas in other studies (e.g. Nguyen et al., 2010),
electrodes are replaced when the asymmetry of the response of both eyes is more than 25 %,
we used a different approach. The amplification factors of the DC amplifier that were
obtained during the calibration (vertical saccades) differed in general for both eyes, e.g. 2.5
µV/° for the left eye versus 3.0 µV/° for the right eye. The ratio of those factors was used to
correct the peak-to-peak oVEMP amplitudes recorded below both eyes. The calibration
procedure was verified in five healthy volunteers by deliberately changing the electrode
placement, to mimic an exaggerated asymmetry between both electrode pairs. One of those
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electrode configurations is depicted in figure 5.1. Since both electrode pairs were used to
record the same response, it was expected that the peak-to-peak amplitudes for both would
effectively be the same after correction with the calibration factors.

Figure 5.1. Electrode placement to verify the
calibration procedure. The brackets indicate the
electrode pairs that are used to record the
responses. The upper electrode serves as active
(non-inverting) electrode in both pairs. The
electrode on the chin is the ground electrode.

To evoke the oVEMP response, bone conducted vibration was applied perpendicularly to Fz
(Fz corresponds to the junction of the midline and the hairline) using a hand held mini shaker
(Brüel and Kjær, type 4810, Naerum, Denmark) fitted with a short bolt (26 x 3.5 mm) that
terminated in a Bakelite cap of 15 mm in diameter. Tone bursts of 500 Hz lasting 6 ms (rise
and fall time = 2 ms, plateau time = 2 ms) were used. The repetition rate was varied from 3 to
31 stimuli per second in different steps (3 – 5 – 7 – 9 – 11 – 13 – 21 – 31 stimuli per second
and the same sequence in the opposite direction) and the responses to 50 repetitions of the
stimulus were averaged. The mini shaker was kept at the same position throughout the entire
experiment and subjects were asked to fixate the same point (a red cross on the ceiling) during
each set of vibrations. Stimulus intensity was kept at a constant level of 140 dB FL1
throughout the entire experiment. Surface potentials were amplified, band-pass filtered at 20500 Hz and sampled at 10 kHz for a period of 50 ms from the stimulus onset.
For each subject and each repetition rate, the latencies of the n10 and p15-peaks, the latency
difference and the peak-to-peak amplitude were determined for both eyes. In addition, the
interocular ratio (IOR) and corrected interocular ratio (cIOR) were determined using a version
of the standard Jongkees formula for asymmetry calculations in vestibular testing (Jongkees et
al., 1962):

IOR =

1

amplOS − amplOD
⋅ 100%
amplOS + amplOD

The force level was detemined using a piezoresistive force sensor that was placed on the bolt below the
Bakelite cap.
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amplOS represents the peak-to-peak amplitude below the left eye (oculus sinister, OS) and
amplOD below the right eye (oculus dexter, OD). The definition of cIOR is identical to that of
IOR except that the peak-to-peak amplitudes were replaced by the ‘calibrated’ peak-to-peak
amplitudes. Since most other studies (e.g. Iwasaki et al., 2007; Curthoys et al., 2009; Nguyen
et al., 2010) use absolute values in their definition of the IOR, we also calculated those ratios
(|IOR| and |cIOR|). Nevertheless we preferred the signed values (without absolute values)
since the sign could immediately indicate a possible preponderance of the left or the right
otolith system (negative or positive IOR respectively).

2.3. Statistical analysis
The results of both runs (increasing and decreasing repetition rate) were compared pair wise
using paired Student T-tests for each parameter of each eye at each repetition rate. When no
differences were found, the results of both runs were averaged. In addition, intraclass
correlation (ICC) coefficients (two-way mixed model) were calculated to assess the test-retest
reliability between the two consecutive sequences. In accordance with other authors (Versino
et al., 2001; Maes et al., 2009), we adopted following rankings: an ICC coefficient below 0.4
represents a poor reliability, a coefficient between 0.4 and 0.75 represents fair to good
reliability and values above 0.75 are considered to represent an excellent reliability.
The parameters obtained with the different stimulation rates were compared using repeated
measures ANOVA tests, taking the age and gender into account as well. Statistical analysis
was performed using PASW Statistics 18.0 (SPSS Software®, SPSS Inc, Chicago, IL, USA)
and the significance level was set at 5 %.

3. Results
3.1. Verification of the calibration procedure
Even though one could expect equal oVEMP amplitudes when the electrode configuration as
depicted in figure 5.1 was used, they differed significantly as depicted in figure 5.2. That
difference was also reflected by the ‘asymmetry ratio’ calculated as: (largest amplitude –
smallest amplitude)/(largest amplitude + smallest amplitude) x 100 %.
Not only the oVEMP amplitudes differed, the magnitude of the vertical saccades was
different as well. When the ratio of the amplitudes of the vertical saccades was used to
‘correct’ the amplitudes of the oVEMP response, the artificially introduced asymmetry largely
disappeared as illustrated in table 5.1.
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Figure 5.2. oVEMP responses recorded in two subjects using the electrode configuration as depicted
in figure 5.1. The top trace shows the response recorded with the upper electrode pair, whereas the
lower trace depicts the response recorded with the electrode pair indicated with the left brace in figure
5.1. Left and right traces are from 2 different subjects. Although both electrode pairs were used to
record the same response, the peak-to-peak amplitudes are significantly higher for the lower electrode
pair (lower curves). When the amplification factors are taken into account, both amplitudes are almost
the same again. Left trace: uncorrected asymmetry = 20.1 %, ‘corrected’ asymmetry = 1.6 %; right
trace: uncorrected asymmetry = 17.6 %, ‘corrected’ asymmetry = 0.9 %.
Table 5.1. Validation of the calibration procedure using the electrode configuration depicted in figure
5.1. The uncorrected and corrected asymmetry ratios are compared. The asymmetry ratio is defined as
(largest amplitude – smallest amplitude)/(largest amplitude + smallest amplitude) x 100 %. For the
corrected asymmetry, the ratio of the amplitudes of the vertical saccades that are collected prior to and
after the oVEMP recordings (i.e. the calibration) is taken into account.
Uncorrected

Corrected

asymmetry [%]

asymmetry [%]

1.

15.3

0.1

2.

13.8

1.6

3.

20.1

1.7

4.

17.6

0.9

5.

15.4

2.3

Subject

3.2. Influence of the repetition rate
The response rate to 5 stimuli per second is significantly lower than that to the other repetition
rates (chi-square test, p < 0.001). Only 63 of the 85 subjects showed a clear oVEMP response
with 5 stimuli per second whereas for 11 stimuli per second for example the response rate was
100 %. When a stimulation rate of 21 or 31 stimuli per second was used, additional peaks
were detected prior to the actual n10-p15 oVEMP complex which complicated the analysis.
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These ‘artefacts’ are illustrated in figure 5.3, which depicts the response (one sequence) of
one healthy subject to all different stimulation rates.

Figure 5.3. oVEMP responses of a healthy subject to the different stimulation rates. The arrows
indicate the ‘artefacts’ that complicate the detection of the n10-p15 oVEMP complex. OD = oculus
dexter (right eye), OS = oculus sinister (left eye).
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Comparison of the different parameters for both runs performed at the same stimulation rate
showed no significant differences (paired Student T-test, p > 0.05), so the results of both runs
were averaged. Figure 5.4 shows the mean latencies of the n10 and p15-peaks for the
responses recorded below both eyes in all 85 subjects. The IOR, cIOR and their absolute
values (|IOR| and |cIOR|) are given in figure 5.5.

Figure 5.4. Mean latencies of the n10 and p15-peaks of the oVEMP responses recorded below both
eyes in 85 healthy subjects as a function of the repetition rate of the stimulus. The error bars are based
on the standard deviation (SD). OD = oculus dexter (right eye), OS = oculus sinister (left eye).
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Figure 5.5 (previous page). The interocular ratio (IOR), the corrected interocular ratio (cIOR) and
their absolute values representing the level of utricular asymmetry as a function of the stimulation
rate, based on the oVEMP responses of 85 healthy subjects. The error bars represent the standard
deviation (SD).

In figure 5.6 the intraclass correlation (ICC) coefficients of the IORs are given to represent
the test-retest reliability. Since the response rate to 5 stimuli per second was too low and
additional peaks were present when 21 or 31 stimuli were used, no reliability analysis was
performed on those frequencies and they were omitted in the figure.
Reproducibility was highest when a stimulation rate of 11 Hz was used, since the largest ICC
coefficients were obtained there.
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Figure 5.6. Intraclass correlation (ICC) coefficients in 85 healthy subjects for the n10 and p15
latencies and the latency difference (lat. diff.) for the right eye (figure A; previous page) and the left
eye (figure B). The ICC coefficients for the interocular ratio (IOR), the corrected interocular ratio
(cIOR) and their absolute values are depicted in figure C. An ICC between 0.4 and 0.75 represents a
fair to good reliability and values above 0.75 are considered to represent an excellent reliability. OD =
oculus dexter (right eye), OS = oculus sinister (left eye).

Repeated measures ANOVA tests showed no significant effect of the stimulation rate (p >
0.05) for the n10 and p15 latencies, the latency difference, the IOR and cIOR (and the
absolute values of both ratios), not even when the gender and the age were taken into account.
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For each repetition rate, the IOR and cIOR did not differ significantly from zero (one sample
T-test, p > 0.05), whereas the |IOR| and |cIOR| did (one sample T-test, p < 0.001 for each
repetition rate).
When the peak-to-peak amplitude of the oVEMP response was plotted as a function of the
repetition rate, a significant (increasing) trend could be found in some subjects, but no general
correlations were present. In any case the IOR, calculated using the peak-to-peak amplitudes,
remained unaltered as shown previously by the repeated measures ANOVA tests.

4. Discussion
Given the novel character of the oVEMP test, uniform standards for the stimulation paradigm
are still under debate. Different labs use different settings, which might result in a different
test outcome. Therefore, a detailed study on the influence of the stimulation paradigm on the
test outcome is needed. Differences between the different labs include the type op stimulation
(air conducted sound or bone conducted vibration (McAngus Todd et al., 2007)), the location
where the stimulation is applied to (Lin et al., 2009) and the repetition rate of the stimulus.
The current study investigates the impact of the latter and the results may contribute to a
(partial) standardization of the test settings.
Although Lin et al. (2009) found larger oVEMP responses in 10 subjects when the bone
conducted vibration was applied to Fpz (above the glabella), we opted to apply the BCV to
the Fz position which corresponds to the junction of the midline through the forehead and the
hairline since previous studies in our lab showed a higher response rate and better
reproducibility when the BCV was applied there (unpublished results).
Even though all 85 healthy subjects showed bilateral oVEMP responses, the response rate was
lower when a repetition rate of 5 stimuli per second was used. This lower response rate is
most likely due to interference with the 50 Hz mains frequency. That interference complicates
the detection of the different peaks (n10 and p15). Therefore frequencies that are a divisor of
50 or 60 Hz (mains frequencies in different parts of the world) should not be used as a test
frequency since those frequencies can suffer from aliasing.
Not only the 5 Hz appears to be a less favorable frequency, the higher repetition rates that
were used in the current study (21 and 31 Hz) are less optimal since extra peaks prior to the
n10-p15-complex are registered as well. The exact origin of those peaks is still unclear but the
overlap of the 50 ms registration windows might be a (partial) explanation since at a
repetition rate of 31 Hz, stimuli are only 32 ms spaced apart.
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When the remaining repetition rates were compared using the repeated measures ANOVA
test, no differences were found (p > 0.05). Nevertheless we suggest using a repetition rate of
11 Hz since the ICC coefficients indicate that reproducibility is highest when that stimulation
rate is applied. Apart from the better reproducibility, the 11 Hz repetition rate has the
additional advantage of being almost 4 times faster in comparison to the stimulation rate of 3
stimuli per second that is being used by many labs (e.g. Iwasaki et al., 2007 and 2008a). Since
patients have to avoid blinking during the oVEMP recording, an increased stimulation rate not
only shortens the recording time significantly but it decreases the chance of blink artefacts.
Also, some patients suffer from vertigo when looking up for a while, so a reduced test time
offers a great advantage.
The fact that the |IOR| and |cIOR| both significantly differ from zero corroborates the findings
by von Baumgarten and Thümler (1979), Diamond and Markham (1992), and Peterka (1994)
who found a functional asymmetry between the left and the right utricle which might be
explained by differences in size or weight.
Apart from the study of the influence of the repetition rate on the oVEMP test outcome, we
also refined the calculation of the level of oVEMP response asymmetry. To date, most labs
already ask the subject to perform vertical saccades prior to the oVEMP recording to verify
the set up. Some of them (e.g. Nguyen et al., 2010) replace the electrodes as soon as the
difference between the two eyes is more than 25 %, but we elaborated this ‘calibration
procedure’. Similar to the cVEMP test where a corrected amplitude is calculated using the
contraction level of the sternocleidomastoid muscle to determine the level of saccular
asymmetry (Vanspauwen et al., 2009), a ‘correction’ of the oVEMP amplitudes was
introduced in this study. The correction was based on the amplification factors that were
obtained from the vertical saccades that were collected immediately before and after the
oVEMP recordings. Even though the responses recorded during the vertical saccades not only
contain an electromyographic component and contain a corneo-retinal potential as well
(which is not present in the oVEMP response), the procedure that was used to verify the
validity of the calibration procedure indicates that the vertical saccades are a good measure to
optimize the calculation of the level of oVEMP response asymmetry.

5. Conclusion
To evoke oVEMPs using BCV at Fz we advise a stimulation rate of 11 stimuli per second
since a) reproducibility is highest according to the largest ICC coefficients and b) it decreases
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the test time approximately by a factor 4. That decreased test time reduces the chance of blink
artefacts and the risk to increase vertigo in the patient, which is certainly to be preferred for
use in clinical settings. By using the ratio of the amplitudes of the vertical saccades that are
recorded prior to and after the oVEMP recordings to ‘correct’ the peak-to-peak oVEMP
amplitudes, the calculation of the level of utricular asymmetry can be refined. This calibration
procedure is therefore an added value to the current oVEMP test protocol.
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CHAPTER SIX
Test-retest reliability and normative
values of ocular vestibular evoked
myogenic potentials (oVEMPs) to bone
conducted vibration

Parts of this chapter have been submitted to Clinical Neurophysiology as:
Buytaert KI, Blaivie C, Van de Heyning PH, Wuyts FL. Test-retest reliability and normative
values of ocular vestibular evoked myogenic potentials (oVEMPs) to bone conducted
vibration.

Reliability and normative values of oVEMP
Abstract
Ocular vestibular evoked myogenic potential (oVEMPs) have already been studied in
different groups of patients with specific vestibular disorders, but for a correct interpretation,
normative values are indispensable. Additionally, knowledge of the reliability of the oVEMP
test is essential. Both aforementioned issues are addressed in this study. The influence of the
age and gender on the oVEMP test outcome was studied in 104 healthy subjects (68 females
and 36 males; average age = 34 years, SD = 16 years). To assess the reliability of the test, a
test-retest setup was used where twenty two subjects (18 females and 4 males; average age =
26.3 years, SD = 6.4 years) were tested twice on different days with an average interval of 2
months. Bone conducted vibration at 500 Hz (max. intensity = 140 dB FL) was applied to Fz
using a mini shaker (Brüell & Kjær, type 4810) to evoke the oVEMPs and the responses to 50
stimuli were averaged. Latencies of the n10 and p15-peak were determined, as well as the
asymmetry ratio between the peak-to-peak amplitudes of the responses below both eyes.
Agreement between the parameters on the two different test days was demonstrated by
intraclass correlation (ICC) tests and repeated measures ANOVA tests. All parameters
showed a good to excellent reliability. The ‘minimal difference’ (MD)-values for the different
parameters were calculated using the test-retest measurements as well. The oVEMP test thus
not only has been shown to be a reliable test, the normative values that are collected are
essential for the interpretation of abnormal patient data. The MD-values provide an important
tool for follow-up studies.

Key words: oVEMP, bone conducted vibration, test-retest reliability, normative values.
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1. Introduction
Since it was first described by Rosengren et al. (2005) and Iwasaki et al. (2007), the ocular
vestibular evoked myogenic potential (oVEMP) test has found its way in many (vestibular)
laboratories. oVEMPs have already been studied in different groups of patients with specific
vestibular disorders (Iwasaki et al., 2008; Rosengren et al., 2008; Welgampola et al., 2008;
Iwasaki et al., 2010), but to correctly interpret all those results, a set of normative values is
indispensable. Only thanks to the presence of reference data from healthy subjects,
conclusions on pathological results can be made. It is known that some other vestibular
outcome measures are influenced by age and gender. The amplitude of the cervical VEMP
response, which is a measure of the saccular function and the vestibulocollic reflex, for
example decreases with increasing age (Welgampola and Colebatch, 2001; Su et al., 2004;
Nguyen et al., 2010). Therefore, when such a set of normative oVEMP data is gathered, the
possible influence of age and gender should be studied and, if necessary, included as well.
Apart from the necessity for reference data, the reliability and reproducibility of the oVEMP
test has to be assessed before that test can find its way into daily clinical settings. The current
study addresses both aforementioned problems.
Although different types of stimuli exist (air conducted sound, bone conducted vibration
using a tendon hammer), only oVEMPs evoked by bone conducted vibration (BCV) using a
mini shaker (Brüel & Kjær, type 4810, Naerum, Denmark) will be discussed in this study.
The choice of this type of stimulus is based on multiple reasons. First of all Cheng et al.
(2009) have shown that bone conducted vibration results in a higher response rate and larger
oVEMP amplitudes than air conducted sound and secondly, a mini shaker can create a more
regular and reproducible stimulus than a tendon hammer.

2. Subjects and methods
2.1. oVEMP test to BCV and calibration procedure
The electrode configuration to record the oVEMP response and the calibration procedure that
was performed prior to and after each oVEMP measurement are identical to those described
in the previous chapter. For a detailed description, the reader is referred to that chapter.
To evoke the oVEMP response, BCV with a maximal intensity of 140 dB FL was applied
perpendicularly to Fz (Fz corresponds to the junction of the midline and the hairline) using a
hand held mini shaker (Brüel & Kjær, type 4810, Naerum, Denmark) fitted with a short bolt
(26 x 3.5 mm) that terminated in a Bakelite cap of 15 mm in diameter. Tone bursts of 500 Hz
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lasting 6 ms (rise and fall time = 2 ms, plateau time = 2 ms) were used. Based on the study on
the influence of the repetition rate of the BCV on the oVEMP described in the previous
chapter, a repetition rate of 11 Hz was used. The responses to 50 repetitions of the stimulus
were averaged and each measurement was repeated. The mini shaker was kept at the same
position and subjects were asked to fixate the same point (a red cross on the ceiling) during
each set of vibrations. Surface potentials were amplified, band-pass filtered at 20-500 Hz and
sampled at 10 kHz for a period of 50 ms from the stimulus onset.
For each subject and each oVEMP recording, the latencies of the n10 and p15-peaks, the
latency difference and the peak-to-peak amplitude were determined for both eyes. Based on
those peak-to-peak amplitudes, the interocular ratio (IOR) was determined using a version of
the standard Jongkees formula for asymmetry calculations in vestibular testing (Jongkees et
al., 1962):

IOR =

amplOS − amplOD
⋅ 100%
amplOS + amplOD

amplOS represents the peak-to-peak amplitude below the left eye (oculus sinister, OS) and
amplOD below the right eye (oculus dexter, OD). In addition to the IOR, the ‘corrected’ IOR
(cIOR) was determined using the same formula as above, but with the amplitudes replaced by
the ‘calibrated’ peak-to-peak amplitudes (chapter five). In correspondence with other sources
(e.g. Iwasaki et al., 2007; Curthoys et al., 2009; Nguyen et al., 2010), the absolute values of
those ratios were determined as well. The reason why the IORs without the absolute values
were included, was that those values allow to immediately determine a possible
preponderance of the left or the right otolith system (negative or positive IOR respectively).

2.2. Study design
The study was organised in two parts. In the first part we collected oVEMP responses in 104
healthy subjects (68 females and 36 males) with an average age of 34 years (SD = 16 years;
age = [19, 64] years) to determine a set of normative values. The influence of gender and age
were studied as well. None of the selected subjects reported any auditory, vestibular,
neurological or visual problems (apart from the standard refractive errors).
In the second part of the study, we repeated the oVEMP test using BCV on two different test
days to determine the test-retest reliability using different statistical techniques (see paragraph
2.3). Twenty two healthy subjects (18 females and 4 males) with an average age of 26.3 years
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(SD = 6.4 years) were recruited for that purpose. The average time between the two
measurements was 66 days.
The study was approved by the Institutional Review Board of the Antwerp University
Hospital and all subjects gave their written informed consent.

2.3. Statistical analysis
When normative oVEMP data were collected in the healthy volunteers (part one of the study),
two consecutive measurements were performed using exactly the same protocol. Possible
differences between those two measurements were investigated using paired Student T-tests.
When no differences were present, the results of both consecutive recordings were averaged.
Apart from that, we investigated the influence of the age and gender of the subject on the
oVEMP parameters using ANCOVA tests. For all parameters the average value, the standard
deviation and the 95 % confidence and prediction intervals were determined.
For the test-retest part of the study (part two), possible differences between the repeated
measurements were investigated using repeated measures ANOVA tests, taking the time
between the two measurements into account as a covariate. To assess the reliability of the test
protocol, three additional coefficients for each parameter were calculated. First of all the
intraclass correlation (ICC) coefficient was calculated using a two way random effect model
(average measures). The ICC coefficient is considered to be the key indicator of relative test
reliability (Weir, 2005). In accordance with Versino et al. (2001), Maes et al. (2009),
Vanspauwen et al. (2009), and Buytaert et al. (2010b; chapter three), we adopted following
rankings: an ICC coefficient below 0.4 represents a poor reliability, a coefficient between 0.4
and 0.75 represents fair to good reliability and values above 0.75 are considered to represent
an excellent reliability.
Second we determined the coefficient of variation of the method error CVME (Steel et al.,
1997). The value of CVME (expressed as a percentage) reflects the amount of variation in the
differences between the parameters on the two different days and is relative to the size of the
mean differences. The CVME is calculated as:
CVME =

2 ⋅ ME
⋅ 100%
mean of test 1 + mean of test 2

(6.1)

whereas ME represents the method error, given by:
ME =
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The method error is based on the standard deviation (SD) of the differences between the
repeated tests and is therefore also a measure of reliability between the test-retest
measurements. The reason that we opt for the CVME is that it is normalized and expressed as a
percentage, regardless of the dimensions of the parameter as opposed to the ME. The lower
the CVME value, the higher the reliability.
The last reliability coefficient we calculated was the ‘minimal difference’ (MD)-value for
each parameter (Weir, 2005). The MD-value represents the minimum difference between two
different measures in the same subject which is considered to be real and not due to a
measurement error or biological variability. It is calculated as:

MD = SEM ⋅ 1.96 ⋅ 2

(6.3)

The standard error of measurement (SEM) is an index of absolute reliability and according to
Weir (2005), and Maes et al. (2009) it is calculated as:
SEM = SD'⋅ 1 − ICC

(6.4)

whereas SD’ is the standard deviation of both measurements of all subjects.
The interpretation of the MD-value is as follows: if test-retest differences are larger than the
MD, 95% of those differences would reflect real differences.
Throughout the complete statistical analysis a significance level of 5 % was adapted.
Statistical analysis was performed using PASW 18.0 (SPSS Software®, SPPS Inc, Chicago,
IL, USA).

3. Results
3.1. Part one: normative values
Ninety two (88.5 %) of the 104 tested healthy volunteers showed bilateral oVEMP responses,
4 of the 104 (3.8 %) had unilateral oVEMP responses and 8 of all tested subjects (7.7 %) had
bilateral absent responses. A chi-square test to determine a possible effect of the gender on the
response rate showed no statistically significant influence (p > 0.05). Multinomial logistic
regression indicated that there was a weak influence of the age on the response rate.
The paired Student T-tests that were used to determine possible differences between the two
measurements that were subsequently performed in each subject indicated that there were no
differences between them. The results from both measurements could therefore be averaged
and those averaged values were used to investigate the effect of age and gender on the
different parameters. The ANCOVA tests that were used for that purpose indicated that there
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was no effect of the gender except on |cIOR| (p = 0.003). Women had a significant lower
|cIOR| (11.9 %, SD = 8.5 %) than men (19 %, SD = 14 %).
To study the influence of the age, two different approaches were used. In the first approach
the age was kept as a continuous variable and used as a covariate. The age had a significant
influence on the OS n10 latency (p = 0.042), the OD n10 latency (p = 0.046), the OS latency
difference (p = 0.047) and the OD latency difference (p = 0.002). However, when the
influence of the age was further investigated using Pearson’s R correlation tests, weak
correlations between the aforementioned parameters were found (R = 0.257 for the correlation
age – OS n10 latency, R = 0.228 for the correlation age – OD n10 latency, R = -0.231 for the
correlation age – OS latency difference and R = -0.330 for the correlation age – OD latency
difference). The negative correlation between the age and the latency difference points to a
decreasing latency difference with increasing age, which is in line with the positive
correlation between age and n10 latency (increasing latency with increasing age). Those weak
correlations are also illustrated in figures 6.1 and 6.2.

Figure 6.1. Correlation between the n10 latency and the age, both for the response recorded below the
left eye (oculus sinister, OS) and the right eye (oculus dexter, OD). Linear trend lines are added to
illustrate the weak positive correlation (increasing latency with increasing age). Dashed line = trend
line for OS (R = 0.257), full line = trend line for OD (R = 0.228).
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Figure 6.2. Correlation between the latency difference (lat diff) and the age, both for the response
recorded below the left eye (oculus sinister, OS) and the right eye (oculus dexter, OD). Linear trend
lines are added to illustrate the weak negative correlation (decreasing latency difference with
increasing age). Dashed line = trend line for OS (R = -0.231), full line = trend line for OD (R = 0.330).

In the second approach, the tested subjects were divided into 3 categories based on their age.
We adopted the age categories defined by Nguyen et al. (2010) to make a comparison
possible: [19yr, 30yr], ]30yr, 50yr] and ]50yr, 64yr]. The two way ANOVA tests again gave
similar results as the previous tests.
Table 6.1 summarizes the mean value, the standard deviation and the 95 % confidence and
prediction intervals for all parameters. Only for the |cIOR|, separate values for men and
women are given.
Table 6.1 (next page). Normative values based on the oVEMP responses of 104 healthy volunteers (68
females and 36 males) between 19 and 64 years old. Only the absolute value of the interocular ratio
based on the calibrated peak-to-peak amplitudes recorded below both eyes (|cIOR|) was affected by
the gender, hence the two different values for that parameter only. Pearson’s R correlation coefficients
are given when a correlation between the oVEMP parameter and the age was present. CI = confidence
interval; PI = prediction interval; OS = oculus sinister (left eye); OD = oculus dexter (right eye); lat
diff = latency difference; IOR = interocular ratio based on the peak-to-peak amplitudes recorded below
both eyes; cIOR = IOR based on the corrected peak-to-peak amplitudes.
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95 % CI

95 % PI

10.68

Standard
deviation
0.58

[10.57, 10.79]

[9.56, 11.79]

Correlation with
age
R = 0.257

OS p15 lat [ms]

15.32

0.99

[15.13, 15.51]

[13.38, 17.26]

Cot correlated

OS lat diff [ms]

4.67

0.89

[4.50, 4.84]

[2.91, 6.42]

R = -0.231

OD n10 lat [ms]

10.65

0.57

[10.54, 10.76]

[9.53, 11.77]

R = 0.228

OD p15 lat [ms]

15.10

0.89

[14.93, 15.27]

[13.35, 16.84]

Cot correlated

OD lat diff [ms]

4.44

0.78

[4.29, 4.59]

[2.91, 5.97]

R = -0.330

IOR [%]

2

21

[-2, 6]

[-40, 40]

Cot correlated

cIOR [%]

0

18

[-3, 3]

[-35, 35]

Cot correlated

|IOR| [%]

17

14

[14, 20]

[-10, 44]

Cot correlated

|cIOR| [%] ♀

11.9

8.6

[10.2, 13.6]

[-5.0, 28.8]

Cot correlated

|cIOR| [%] ♂

19

14

[16, 22]

[-8, 46]

Cot correlated

N = 104

Mean

OS n10 lat [ms]

The |IOR| and |cIOR| differed significantly from zero as shown by a one-sample T-test (p <
0.001).

3.2. Part two: test-retest reliability
Repeated measures ANOVA tests indicated that there were no significant differences between
the parameters collected on the different days (p > 0.05), not even when the time between
those two days was taken into account. Apart from those repeated measures ANOVA tests,
reliability was quantified using intraclass correlation. All parameters showed good to
excellent reliability as demonstrated by the ICC coefficients in table 6.2. Reliability was
highest for |cIOR| (ICC coefficient = 0.82) and lowest for the p15 latency below the left eye
(ICC coefficient = 0.53).
In addition to the ICC coefficients, three additional coefficients of reliability were calculated.
The coefficient of variation of the method error CVME stayed below the 5 % threshold for the
n10 and p15 latencies. Since the mean IOR and cIOR is close to zero for both measurements,
the CVME is not useful for those two parameters. The MD-values for the n10 latency were
identical for the left and right eye (0.79 ms) and slightly lower than those for the p15 latency
(1.52 ms for the left eye and 1.32 ms for the right eye). All reliability coefficients indicate a
better reliability of the cIOR than of the IOR, which shows that the calibration procedure
indeed is an added value to the oVEMP test protocol.
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Table 6.2. Reliability coefficients for the oVEMP test obtained in twenty two healthy volunteers that
were tested twice on different days (average time between measurements = 66 days). OS = oculus
sinister (left eye); OD = oculus dexter (right eye); lat diff = latency difference; (c)IOR = interocular
ratio based on the (calibrated) peak-to-peak amplitudes recorded below both eyes; ICC coeff =
intraclass correlation coefficient; CVME = coefficient of variation of the method error; MD = minimal
difference. ** Since the means of the two separate measurements are close to zero, the CVME is not
useful for this parameter.
N = 22

ICC coeff

CVME

MD

OS n10 latency

0.72

3.85

0.79

OS p15 latency

0.53

3.67

1.52

OS lat diff

0.75

11.18

0.95

OD n10 latency

0.78

4.19

0.79

OD p15 latency

0.68

4.23

1.32

OD lat diff

0.66

13.89

1.33

IOR

0.77

**

27.41

cIOR

0.79

**

21.15

|IOR|

0.78

74.97

16.08

|cIOR|

0.82

53.52

11.54

4. Discussion
In this study we collected oVEMP responses in 104 healthy subjects to determine a set of
reference values which are indispensable when a test is introduced into clinical practice. It
should already be noted that small methodological or hardware differences between different
research groups could result in small disparities in normative values, as already pointed out by
others (e.g. Nguyen et al., 2010). Those differences draw attention to the fact that each group
should define its own set of reference values for the used methods and hardware. The fact that
not all subjects had bilateral responses was probably an indication that the specificity of the
oVEMP test is not 100 %. Literature on the specificity and sensitivity of vestibular tests in
general and the oVEMP test in particular is scarce, and should be addressed in future studies.
However, it is very unlikely that in a study group of 104 volunteers with no vestibular
complaints, 8 of them had bilateral absent responses.
In addition to the reference values that were collected, we also determined the test-retest
reliability. Literature on the test-retest reliability of the oVEMP test is rather scarce and the
fact that different experimental set ups are used in the different labs also complicated the
comparison. To our knowledge, this is the first published study that describes other reliability
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coefficients than the ICC coefficient. The latter coefficient of reliability was also used in a
study by Nguyen et al. (2010). Based on their broader age range (22 to 59 year compared to
20 to 37 year in our study) artificially higher ICC coefficients could be expected due to the
larger between-subject variability. That however was not the case, since on average, they
found lower ICC values. The smaller sample size and the fact that they used slightly different
testing parameters (repetition rate of 5 Hz instead of 11 Hz and tone bursts of 3 ms instead of
6 ms) therefore should be considered as an explanation for the discrepancy between our
results and those of Nguyen and colleagues.
Although the ICC coefficient is considered to be the key indicator of test reliability (Weir,
2005), it should be noted that the ICC coefficient can be low even when the within-subject
variability is very small. Even though reliability was good to excellent for all parameters, we
therefore included other reliability coefficients such as the method error and the coefficient of
variation of the method error.
The ‘minimal difference’ (MD)-values indicate how much a value may change between two
measurements in the same person to be considered as truly altered, caused by factors like
disease, drugs or similar. Since both the oVEMP test and the unilateral centrifugation (UC)
test are hypothesized to assess the utricular function and the level of utricular asymmetry
(Clarke and Engelhorn, 1998; Clarke et al., 1999; Wuyts et al., 2003b; Clarke et al., 2003;
Buytaert et al., 2010a), it seems obvious to compare the results of both tests. In the third
chapter we performed a test-retest study in 37 healthy subjects using the unilateral
centrifugation test. There we determined the MD-value for the level of utricular asymmetry
(UA) which corresponds to the cIOR of the oVEMP test and obtained a MD-value of 27.7 %
which is higher than the 21.15 % obtained with the oVEMP in this study. These results could
suggest that the oVEMP test is a more sensitive test. However following things should be kept
in mind: the exact pathways for the oVEMP are still under debate. The oVEMP appears to
primarily measure the (phasic) responses of the irregular afferents in the striolar zone of the
utricle (Curthoys et al., 2009; Todd et al., 2009, Curthoys, 2010), whereas the UC test consists
of a tonic stimulus that not only stimulates the striolar region but also the lateral and medial
partitions. It is therefore perfectly plausible that UA and cIOR represent different
characteristics which make a comparison difficult. A more detailed comparison of both tests
is performed in the next chapter.
Using the UC test, it was also shown that – even in healthy subjects – the average level of
utricular asymmetry significantly differed from zero, which was also the case for the |IOR|
and |cIOR| obtained using the oVEMP test. Those findings again corroborated the findings by
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von Baumgarten and Thümler (1979), Diamond and Markham (1992) and Peterka (1994) who
found a functional asymmetry between the left and the right utricle which might be explained
by differences in size or weight. Nevertheless it is unclear why that asymmetry (|cIOR|) was
lower in women than in men, so further research is needed.

5. Conclusion
The here presented data indicate that the oVEMP test using bone conducted vibration with a
repetition rate of 11 Hz applied to Fz has a good reproducibility and can therefore be
considered to be an appropriate clinical test to investigate the otolith system in detail. The
reliability coefficients again indicate that the calibration procedure to correct the peak-to-peak
oVEMP amplitudes as described in the previous chapter improves the reliability of the
calculation of the level of utricular asymmetry.
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CHAPTER SEVEN
Comparative study: the unilateral
centrifugation test, the ocular and
cervical vestibular evoked myogenic
potential (o- and cVEMP) test

Parts of this chapter have been submitted to Otology & Neurotology as:
Buytaert KI, Van de Heyning PH, Wuyts FL. Comparative study between the ocular
vestibular evoked myogenic potential (oVEMP) test, the unilateral centrifugation (UC) test
and the cervical vestibular evoked myogenic potential (cVEMP) test.

Comparison oVEMP – UC – cVEMP
Abstract
Since the ocular vestibular evoked myogenic potential (oVEMP) test was first described, the
origin of this vestibular response has been studied extensively. It has been suggested that the
oVEMP test mainly assesses the utricular function and therefore is complementary to the
cervical vestibular evoked myogenic potential (cVEMP) test for saccular function. In this
study we collected data of both VEMP tests to assess their complementary character, and also
compared the results to those of the unilateral centrifugation (UC) test, which also measures
the utricular function. To evoke the oVEMP response, bone conducted vibration (tone bursts,
linear envelope, 500 Hz and 6 ms duration, repetition rate 11 Hz, max. intensity = 140 dB FL)
was applied to Fz (Fz corresponds to the junction of the midline and the hairline) using a hand
held mini shaker (Brüell & Kjær, type 4810). The cVEMP response was evoked using air
conducted sound (tone bursts, 500 Hz and 6 ms duration, linear envelope, repetition rate 5.26
Hz, max. intensity = 100 dB nHL). The unilateral centrifugation test was performed using a
sinusoidal translation profile (0.013 Hz, amplitude = 4 cm, rotation speed = 400 °/s). Data
were collected in 31 healthy subjects (21 females and 10 males) with an average age of 24.9 y
(SD = 3.9 y). The parameters quantifying the level of asymmetry (‘corrected’ interocular ratio
for oVEMP, interaural ratio for cVEMP and utricular asymmetry for UC) were compared
using Pearson’s R correlation tests. The study results show that the asymmetry factors from
all three vestibular tests are uncorrelated. We therefore conclude that not only both VEMP
tests are complementary, but the oVEMP and UC test as well. The oVEMP and UC test assess
different characteristics of the utricle, similar to the rotatory test, the caloric test and head
impulse test for semicircular canal function testing.

Key words: oVEMP, bone conducted vibration, cVEMP, air conducted sound, unilateral
centrifugation, ocular counterrolling.
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1. Introduction
Since the ocular vestibular evoked myogenic potential (oVEMP) test was first described by
Rosengren et al. (2005), researchers have studied the exact origin of this vestibular response.
Bone conducted vibration (BCV) mainly stimulates the irregular utricular afferents and it
therefore has become more widely accepted that oVEMPs are an indicator of utricular
function (Curthoys, 2009). It could therefore be expected that the level of utricular asymmetry
based on the calibrated peak-to-peak oVEMP amplitudes (the ‘corrected’ interocular ratio,
cIOR; described in chapter five) corresponds to the level of utricular asymmetry determined
with the unilateral centrifugation (UC) test using a sinusoidal translation profile (chapter two;
Buytaert et al., 2010a). After all, before the introduction of the oVEMP, the UC test was
considered to be the primary test for utricular function testing (Clarke et al., 1996; Clarke and
Engelhorn, 1998; Wuyts et al., 2003b). A recent refinement of the UC stimulation paradigm
and an improved model to analyze the test results enabled a more detailed extraction of
utricular characteristics (chapter two; Buytaert et al., 2010a). We therefore compared both
tests in a healthy study population.
Apart from the comparison between the oVEMP and UC tests, we also collected cervical
vestibular evoked potentials (cVEMPs) in all subjects. The cVEMP test is used as indicator of
saccular and inferior vestibular nerve function (Colebatch et al., 1994), and could therefore be
complementary to both utricular tests, allowing a full assessment of the otolith system.

2. Subjects and methods
2.1. Study design
Thirty one healthy subjects (21 females and 10 males) with an average age of 24.9 years (SD
= 3.9 years) were recruited for this study. None of the subjects reported any auditory,
vestibular, neurological or visual problems (apart from the standard refractive errors). Prior to
the UC, oVEMP and cVEMP tests, each subject had to undergo a standard hearing test using
air and bone conducted sound. The high intensity stimuli used for the cVEMP test require an
intact middle ear function since the response can be abolished or attenuated in conductive
hearing losses with air bone gaps of 8.75 dB or more (Bath et al., 1999). Since the hearing
levels were determined using steps of 5 dB nHL, we excluded a subject from the study if the
air bone gap at 500 Hz, the test frequency of the cVEMP, was 10 dB nHL or more.
The study was approved by the Institutional Review Board of the Antwerp University
Hospital and all subjects gave their written informed consent.
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2.2. The oVEMP test to bone conducted vibration (BCV)
For a detailed description of the oVEMP test and the preceding calibration procedure, the
reader is referred to the two previous chapters. Identical settings to those in chapter 6 were
used.
For each subject the latencies of the n10 and p15-peaks and the latency difference below both
eyes were determined. The peak-to-peak amplitudes were also determined, taking the
calibration factors of the vertical saccades into account. Based on those calibrated peak-topeak amplitudes, the ‘corrected’ interocular ratio (cIOR) was determined using a version of
the standard Jongkees formula for asymmetry calculations in vestibular testing (Jongkees et
al., 1962):

cIOR =

amplOS − amplOD
⋅ 100%
amplOS + amplOD

amplOS represents the calibrated peak-to-peak amplitude below the left eye (oculus sinister,
OS) and amplOD below the right eye (oculus dexter, OD). Although most sources use the
absolute value of the cIOR as defined in this study, we prefer the cIOR without the absolute
values for following reasons: 1) The signed values immediately allow to determine a possible
preponderance of the left or the right otolith system (negative or positive cIOR respectively).
2) They also allow a better comparison with the utricular asymmetry determined with the
unilateral centrifugation test described in the next paragraph. There no absolute values are
used either. 3) The distribution of the signed values is Gaussian.

2.3. The unilateral centrifugation test
The unilateral centrifugation test that is used to investigate both utricles side-by-side is
extensively described in chapters 2-4, so for a detailed description of the test protocol, the
reader is referred to those chapters. The averaged test outcome of both eyes was modelled
using the physiological model described in chapter 2 (Buytaert et al., 2010a) and both the
semicircular canal and utricular parameters (cupular and adaptation time constant, velocity
storage component, maximal canal contribution, bias, utricular gain, time delay and utricular
asymmetry) were extracted for further analysis, but is primarily the utricular asymmetry (UA)
that is of main importance in this study. It is calculated as:

UA =

α US − α UD
⋅ 100% ,
α US + α UD

with αUS and αUD representing the contribution of the left and right utricle respectively.
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2.4. The cVEMP test to air conducted sound (ACS)
To evoke the cVEMP response, air conducted sound (ACS) was offered unilaterally as tone
bursts of 500 Hz lasting 6 ms (linear envelope, rise and fall time = 2 ms, plateau time = 2 ms)
with a repetition rate of 5.26 Hz using insert earphones (E-A-RTONE Gold®, E-A-R,
Indianapolis, USA). The first measurement was performed at 95 dB nHL and when a response
was present, the sound intensity was decreased in steps of 5 dB nHL until the threshold was
reached. When no response was present, the sound intensity was increased to a maximum of
100 dB nHL. On each side two consecutive cVEMP threshold determinations were
performed.

Figure 7.1. Experimental set up of the cVEMP test using air conducted sound. The cVEMP is
recorded unilaterally from the contracted sternocleidomastoid (SCM) muscle. Feedback on the
contraction level of the SCM muscle is given via a dial on the screen.

To record the cVEMP response, four surface EMG electrodes (Ambu® Blue Sensor N, Ambu
A/S, Ballerup, Denmark) were placed on the skin. The two active electrodes were placed on
the skin overlying the medial portion of the contracted sternocleidomastoid (SCM) muscle
belly. The reference electrode was placed on the upper part of the sternum and the ground
electrode on the forehead. In every subject, the distance between the active electrodes and the
reference electrode was kept constant for each side. Skin – electrode impedances were kept
below 5 kΩ. The subjects were instructed to contract the SCM muscles unilaterally by turning
their head opposite to the stimulated side and by pushing their cheek against their hand, while
they were in a sitting position (Vanspauwen et al., 2009). The mean rectified voltage (MRV)
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of their SCM contraction level was monitored and feedback was given to the subject via a dial
on a computer screen (figure 7.1). The subject had to keep the contraction level constant at a
predefined target level, which was defined individually prior to the cVEMP recordings
(Vanspauwen et al., 2009) since the cVEMP amplitude was shown to be proportional to the
SCM contraction level (Colebatch et al., 1994; Lim et al., 1995; Robertson and Ireland, 1995).
The target levels in the studied subjects varied between 150 and 190 µV.
For each subject the latencies of the p13 and n23-peaks, the latency difference and the peakto-peak amplitude were determined for both sides. Similar to the cIOR for the oVEMP test,
the interaural ratio (IAR) was calculated to determine the level of saccular asymmetry:

IAR =

amplleft − amplright
amplleft + amplright

⋅100%

amplleft and amplright represent the peak-to-peak amplitude recorded on the left and right side
respectively, both corrected for the MRV of the SCM contraction level. The results of both
runs were averaged when no statistical significant differences were present.

2.5. Statistical analysis
For both the cVEMP and oVEMP test, the results of the two consecutive runs were compared
pair wise using a paired Student T-test. When no statistically significant differences were
present, the results of both runs were averaged. Comparison of the characteristics of the three
otolith tests (asymmetry ratios of all three tests and latencies of the cVEMP and oVEMP
complexes) was done by means of Pearson’s R correlation tests. Throughout the complete
statistical analysis a significance level of 5% was adapted. Statistical analysis was performed
using PASW 18.0 (SPSS Software®, SPPS Inc, Chicago, IL, USA).

3. Results
The UC test was successfully completed in all subjects although in three subjects the OCR
data of one eye were too noisy due to eye blinks. In those subjects, the calculation of the UA
was therefore based on the results of one eye instead of on the averaged results of both eyes.
Except for one subject that had bilaterally absent oVEMPs, all subjects showed bilateral
oVEMP responses. Despite the bilaterally absent oVEMPs, both other tests were successfully
completed in that one subject.
In two subjects, the muscle contraction level of the sternocleidomastoid muscle was too low
to guarantee reliable cVEMP recordings. In one subject the cVEMP response was abolished
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despite a sufficient contraction of the sternocleidomastoid muscle. The UC and oVEMP test
however were performed successfully in all three of them.
The paired Student T-tests indicated that there were no differences between the two
consecutive measurements for both the cVEMP and oVEMP test and the results were
therefore averaged for both tests.

Figure 7.2. The ‘corrected’ interocular ratio (cIOR) based on the calibrated peak-to-peak oVEMP
amplitudes as a function of the utricular asymmetry (UA) determined by means of the unilateral
centrifugation test using a sinusoidal translation profile. Both variables are uncorrelated (Pearson’s R
correlation test, p > 0.05).

Figure 7.2 shows both the cIOR and the UA for all subjects. As illustrated by this scatter plot
and shown by the Pearson’s R correlation test, the cIOR and UA were uncorrelated (p > 0.05).
A repeated measures ANOVA taking the age and gender into account confirmed the
difference between both asymmetry ratios (p = 0.033).
A similar analysis was performed for the comparison between the cIOR of the oVEMP and
the IAR of the cVEMP test on one hand and the UA of the UC and the IAR of the cVEMP test
on the other hand. Figure 7.3 shows the first relationship, figure 7.4 depicts the latter.
Pearson’s R correlation tests showed that the IAR of the cVEMP test was uncorrelated with
the cIOR of the oVEMP and the UA of the UC test (p > 0.05 for each comparison).
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Figure 7.3. Scatter plot of the ‘corrected’ interocular ratio (cIOR) based on the calibrated peak-topeak oVEMP amplitudes and the interaural ratio (IAR) based on the cVEMP p13-n23 amplitudes,
corrected for the (averaged) muscle contraction level. Both variables are uncorrelated (Pearson’s R
correlation test, p > 0.05).

Figure 7.4. Scatter plot of the utricular asymmetry (UA) determined by means of the unilateral
centrifugation test using a sinusoidal translation profile and the interaural ratio (IAR) based on the
cVEMP p13-n23 amplitudes, corrected for the (averaged) muscle contraction level. Both variables are
uncorrelated (Pearson’s R correlation test, p > 0.05).
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For both VEMP tests, a comparison between the latencies of the earliest, characteristic peaks
(p13 of the cVEMP and n10 of the oVEMP) showed no correlation either (p > 0.05). Within
one test, the results of the responses recorded from the left and right side were strongly
correlated (cVEMP p13: p < 0.001, Pearson’s R = 0.84; oVEMP n10: p < 0.001, Pearson’s R
= 0.89).

4. Discussion
In this study we compared the results of three otolith tests – the cVEMP, oVEMP and UC test
– to assess their complementary character. Whereas the comparison of the first two tests has
been previously studied (e.g. Iwasaki et al., 2008b; Chou et al., 2009; Curthoys et al., 2009;
Curthoys, 2010), a study on the comparison of the last two has – to our knowledge – not been
published so far. The fact that the cVEMP was uncorrelated with both other tests was not
unexpected since it is known that the cVEMP test mainly assesses the saccular and inferior
vestibular nerve function, whereas both other tests are mainly used to investigate the utricular
and superior nerve function (Wetzig et al., 1990; Clarke and Engelhorn, 1998; Wuyts et al.,
2003b; Rosengren et al., 2005; Iwasaki et al., 2007; Buytaert et al., 2010a; Curthoys et al.,
2010). The complementary character of both VEMP tests was already mentioned by many
authors (e.g. Iwasaki et al., 2008b; Chou et al., 2009; Curthoys et al., 2009; Curthoys, 2010).
Surprisingly, the oVEMP and UC test appeared to be uncorrelated as well. Since both the
cIOR of the oVEMP test and the UA of the UC test reflect the level of utricular asymmetry,
they were expected to be identical. That however was not the case in the studied population of
31 healthy controls.
Although the UC test is more time consuming than the oVEMP test and requires more
specialized, expensive equipment, both tests appear to offer complementary information.
Whereas the BCV of the oVEMP applied by the mini shaker is a phasic (high frequency)
stimulation of the irregular afferents, mainly located in the striolar region of the utricle
(Curthoys et al., 2006), the UC is a tonic (low frequency) stimulation of the afferents in the
striolar region and the lateral and medial partition of the utricle. Nevertheless, according to
Clarke and Engelhorn (1996) it is mainly the hair cell population in the mid-medial area of the
utricular macula that is responsible for the OCR.
The complementary character of the UC and oVEMP test is similar to that of the rotatory test,
the caloric test and head impulse test (HIT) for horizontal semicircular canal function testing.
Whereas the rotatory and the caloric test are used to assess the low frequency response of the
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angular vestibulo-ocular reflex, the head impulse test assesses the high frequency range of the
functional spectrum.

5. Conclusion
We conclude that not only the cVEMP and the oVEMP test are complementary but the UC
and the oVEMP test as well. The UC and oVEMP test assess the low and high frequency
response of the utricle respectively, similar to the rotatory and caloric test and the HIT for
semicircular canal function testing.
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CHAPTER EIGHT
Influence of specific vestibular
pathologies on the otolith system

Parts of this chapter have been submitted to Experimental Brain Research as:
Buytaert KI, Van Nechel C, Duquesne U, Blaivie C, Van de Heyning PH, Wuyts FL. Ocular
vestibular evoked myogenic potentials (oVEMPs) after unilateral vestibular deafferentiation
due to vestibular schwannoma are complementary to unilateral centrifugation results.

Influence of vestibular pathology on the otoliths
Abstract
Ocular vestibular evoked myogenic potentials (oVEMPs) evoked by bone conducted vibration
(BCV) have attracted much interest as a new clinical test for the utricular function. It is
hypothesized that oVEMPs are mediated by crossed vestibulo-ocular pathways. Since it is
known that patients with a unilateral vestibular deafferentiation (uVD) due to a vestibular
schwannoma have only one functional vestibular system, they are the ideal test subjects to
verify that hypothesis. Therefore nine patients with a unilateral uVD due to a vestibular
schwannoma underwent the oVEMP to BCV after the uVD surgery. To assess the saccular
function a cervical VEMP (cVEMP) test was performed, and a unilateral centrifugation (UC)
test was used to investigate the utricular function. Results indicated that oVEMPs were
bilaterally absent in all patients, even below the eye of the affected side where a response
could be expected. In a separate study in 104 healthy subjects (chapter six) bilateral oVEMPs
were obtained in 89 % of all subjects and absent oVEMPs in only 8 subjects (7.7 %).
However, in this study we obtained absent oVEMPs in 100 % of the patients, which indicates
that the absence is not due to methodological issues. cVEMPs were absent only on the
affected side as could be expected. The unilateral centrifugation test gave an asymmetry of
100 % towards the affected side as could be expected as well. These results refute the posed
hypothesis and suggest that the concept of the oVEMP pathways should be revised. The
findings also suggest that oVEMP and UC test different vestibulo-ocular pathways.

Key words: oVEMP, vestibular schwannoma, unilateral vestibular deafferentiation, cVEMP,
unilateral centrifugation, ocular counterrolling.
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1. Introduction
Diagnosing vestibular disorder has been shown to be challenging due to the complexity of the
vestibular system. During the past century, electro nystagmography (ENG) has been used
routinely to evaluate the vestibular system. The usefulness of this technique however is
mostly limited to the evaluation of the horizontal vestibulo-ocular reflex (VOR) during Earth
vertical axis rotation, and the evaluation of each of both horizontal semicircular canals (SCCs)
during caloric testing. During the past decades, the function of saccule has been uncovered by
means of the cervical vestibular evoked myogenic potential (cVEMP) test (Colebatch et al.,
1994). Unilateral centrifugation (UC) on the other side has emerged as a test for the utricles
(Clarke and Engelhorn, 1998; Clarke et al., 1999 and 2003; Wuyts et al., 2003b; Buytaert et
al., 2010a). One of the most recently described techniques is the ocular vestibular evoked
myogenic potential (oVEMP) test evoked by bone conducted vibration (BCV) (Rosengren et
al., 2005; Iwasaki et al., 2008a and 2008b; Jombik et al., 2008; Curthoys et al., 2009; Iwasaki
et al., 2009). This test has attracted much interest as a new clinical test for the otolith-ocular
function. It is hypothesized that oVEMPs are mainly mediated by utriculo-ocular pathways
(Brantberg and Mathiesen, 2004; Iwasaki et al., 2007 and 2008b; Todd et al., 2009) and could
therefore be complementary to the cVEMP test, which assesses the saccular function and the
sacculocollic reflex (Colebatch et al., 1994; Todd et al., 2000; Welgampola and Colebatch,
2001a; Basta et al., 2005; Halmagyi et al., 2005; Vanspauwen et al., 2009; Curthoys, 2010).
Similar to the cVEMP response, the oVEMP response is characterized by a biphasic potential
with a negative peak about 10 ms after the onset of the stimulation (referred to as ‘n10-peak’)
and a positivity after about 15 ms which we will refer to as 'p15-peak'. The fact that the
oVEMP is primarily characterized by a negativity indicates that it is an excitatory response, as
opposed to the cVEMP, which is an inhibitory reflex (Colebatch and Rothwell, 2004, Iwasaki
et al., 2007 and 2008b; Jombik et al., 2008; Todd et al., 2009). Whereas the cVEMP response
is an ipsilateral response (Kushiro et al., 1999; Rosengren et al., 2010; Curthoys, 2010), the
oVEMP is hypothesized to be mediated by crossed pathways (Iwasaki et al., 2007; Brantberg,
2009; Curthoys, 2010; Rosengren et al., 2010). In this study we will focus on the “crossed
pathway”-hypothesis by testing patients with a unilateral vestibular deafferentiation (uVD)
due to a vestibular schwannoma. Since those patients have only one functional vestibular
system, they are the ideal test subjects to verify that hypothesis. If the ‘crossed pathway’hypothesis holds, it can be expected that the operated uVD-patients will only have an oVEMP
response below the eye of the uVD side. Apart from the oVEMP, the uVD patients are also
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subjected to the cVEMP test using a feedback system for the muscle contraction level of the
sternocleidomastoid muscle (Vanspauwen et al., 2009) and the unilateral centrifugation test
(UC) using a sinusoidal translation profile (Buytaert et al., 2010a). Whereas the first test is an
indicator of saccular and inferior vestibular nerve function, the latter test assesses the utricular
and superior vestibular nerve function, allowing a full assessment of the otolith system. Both
the cVEMP and UC test are known to adequately indicate a unilateral loss and therefore serve
as control measures for the oVEMP in this study.

2. Subjects and methods
2.1. Subjects
Nine patients (6 males and 3 females) with a unilateral vestibular deafferentiation (uVD) of
both the inferior and superior part of the vestibular nerve due to a vestibular schwannoma
were investigated after surgery. Five of them had a right uVD and 4 of them a left uVD. The
average time after surgery was 22 months (SD = 13 months). All subjects not only underwent
the oVEMP test, they were also subject to the cVEMP and the UC test. The study was
approved by the Institutional Review Board of the Antwerp University Hospital and all
patients gave their informed consent.

2.2. Otolith function testing
All three tests (cVEMP, oVEMP and UC) that were used to assess the otolith function of the
uVD patients, were identical to those described in the previous chapter. The comparison of
the different tests was based on the asymmetry ratios provided by each test: the interaural
ratio (IAR) for the cVEMP, the ‘corrected’ interocular ratio (cIOR) for the oVEMP and the
utricular asymmetry (UA) for the UC test. For all three tests the asymmetry ratio ranged from
-100 % to 100 %. Apart from the asymmetry ratios, the latencies (p13 and n23 of the cVEMP
response, and n10 and p15 of the oVEMP response) and latency differences were extracted
from both VEMP tests.

2.3. Statistical analysis
Comparison of the different test parameters (asymmetry ratios and latencies of the cVEMP
and oVEMP complexes) was done by means of correlation tests. Given the limited number of
patients, non parametric tests (Spearman’s rho correlation) were chosen. Statistical analysis
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was performed using PASW Statistics 18.0 (SPSS Software®, SPSS Inc, Chicago, IL, USA)
and the significance level was set at 5 %.

3. Results
Figure 8.1 shows the oVEMP traces of all nine subjects. Figure 8.2 shows the traces of one
left and one right uVD patient of the cVEMP. The results of the UC test are similar to those
depicted in figure 2.5 in chapter two. All nine uVD-patients showed bilateral absent oVEMP
response as illustrated in figure 8.1 and shown in table 8.1. Even at the ipsilateral side of the
uVD where a response could be expected, no oVEMP was recorded. Table 8.1 also lists the
results of the cVEMP and UC test for all patients. In one patient the MRV of the SCM
contraction level was too low to record a reliable cVEMP response. In the other eight patients
the cVEMP response was (unilaterally) absent on the ipsilateral side of the uVD.

Figure 8.1. oVEMP responses to bone conducted vibration applied at the Fz position of 9 patients
with a unilateral vestibular deafferentiation (uVD) due to a vestibular schwannoma (4 with a left uVD
and 5 with a right uVD). In none of them a clear n10-p15 complex is discernable, not even below the
eye ipsilateral to the side of the uVD.
OS = oculus sinister (left eye); OD = oculus dexter (right eye).
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Figure 8.2. cVEMP responses in two patients with a unilateral vestibular deafferentiation (uVD) due
to a vestibular schwannoma (left uVD in figure A and right uVD in figure B). The cVEMP response
is unilaterally absent on the side of the uVD. Although two consecutive threshold determinations are
performed, only one is depicted in these figures.

The UC test was performed in all nine patients, but in one of them, the test outcome was
unreliable due to a low signal to noise ratio. That ratio was low due to many eye blinks and an
oblique upward nystagmus, which thwarted the detection of the OCR. In all other patients, the
unilateral centrifugation test confirmed the complete unilateral loss as demonstrated by the
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asymmetry ratio (-100 % or 100 %; uVD on the left or right side respectively). In the
normative study described in chapter six using the same oVEMP methodology in 104 healthy
controls, only 7.7 % yielded absent oVEMPs. If the hypothesis holds true that 7.7 % is a false
negative rate of this test for the used methodology, then the chance of obtaining absent results
in all 9 subjects is 10-13 (χ² test). Our observations are therefore not due to chance.
Table 8.1. Test outcome of the oVEMP, cVEMP and unilateral centrifugation (UC) test in 9 patients
with a unilateral vestibular deafferentiation due to a vestibular schwannoma. The minus sign
represents an absent response, whereas the ‘+’-sign indicates a present response.
Time since sur = time since surgery; OS = oculus sinister (response below left eye); OD = oculus
dexter (response below right eye); asymm = asymmetry;
* = The muscle contraction level of the sternocleidomastoid muscle in the second patient was too low
to record a reliable cVEMP response.
** = In patient 4 the eye torsion data were too noisy due to eye blinks to guarantee a reliable response.

Pt

Age
[y]

Gender

Side of
schwannoma

Time
since sur
[months]

oVEMP

oVEMP

cVEMP

cVEMP

OS

OD

left

right

UC
asymm
[%]

1

68.6

Male

Right

12.5

-

-

+

-

100

2

57.6

Female

Right

24.6

-

-

*

*

100

3

44.1

Female

Right

23.3

-

-

+

-

100

4

34.3

Male

Right

19.6

-

-

+

-

**

5

67.5

Male

Right

1.7

-

-

+

-

100

6

53.5

Female

Left

23.7

-

-

-

+

-100

7

51.9

Male

Left

20.9

-

-

-

+

-100

8

56.1

Male

Left

24.7

-

-

-

+

-100

9

61.6

Male

Left

50.6

-

-

-

+

-100

4. Discussion
Since the oVEMP response has been hypothesized to reflect a crossed response, it could be
expected that patients with only one functional vestibular system due to a unilateral vestibular
deafferentiation of both the inferior and superior part of the vestibular nerve after a vestibular
schwannoma would have a response below one eye, namely the eye on the ipsilateral,
operated side of the lesion. However, in all nine patients we found bilateral absent responses
after resection of the vestibular schwannoma. In a group of healthy subjects however, only
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8% yielded absent responses when exactly the same methodology was used. This rules out
that the absent responses in the patient group are due to methodological issues.
Literature on postoperative data is rather scarce, especially on oVEMPs in patients where both
the inferior and the superior part of the vestibular nerve was deafferentiated. Most of the
available literature on VEMPs (both cVEMP and oVEMP) and vestibular schwannomas
discusses the preoperative situation (Murofushi et al., 1999; Ushio et al., 2009; Iwasaki et al.,
2010) or the situation where only a part (inferior or superior) of the vestibular nerve has been
resected (Tsutsumi et al., 2001; Magliulo et al., 2003).
Our hypothesis to explain the discrepancy between the absent oVEMP responses in the
presence of unilateral UC responses, consists of several parts. The first part has already been
addressed in the previous chapter, and deals with the differences in stimuli used in both tests.
In case of UC, the stimulus has a lateral direction, similar to a tilt in the roll plane.
Additionally, this stimulus is quasi static, i.e. tonic. The bone conducted tone bursts on Fz are
vibrations mainly in the pitch plane, although the 'ringing' of the skull can be considered to
generate a very complex stimulus. The 'jerks' of the bone vibration are high frequent and thus
phasic. Curthoys et al. (2006) showed that it is mainly the portion of phasic irregular afferents
from the striolar zone that respond to the jerk stimuli of the oVEMP. The pathway involved in
the transduction of the jerks (irregular afferents), may very well be quite different and
complementary to the pathway of the extra-striolar hair cells that are triggered during the
tonic UC stimulation. Secondly, we hypothesize that the phasic afferents function similar to
the sympathetic nervous system. Under resting conditions, i.e. no jerks, the hair cells from the
striolar zones of both utricles continuously send inhibitory input to the vestibular nuclei. In
case of a jerk, i.e. a push or a brisk impact on the head, both striolar zones are triggered and
these inhibitory signals are suppressed. We hypothesize that the disinhibitory signals from
both sides are added through the commissural fibers between both vestibular nuclei, and that
both sides need to provide a disinhibitory input. If this condition is not fulfilled, further reflex
pathways are not activated. In other words, to respond to a jerk stimulus, but utricles need to
be stimulated simultaneously. This could be the reason for the bilaterally absent oVEMPs in
case of a uVD. As soon as a part is intact (for example the superior or inferior branch of the
vestibulocochlear nerve), enough input is conveyed centrally and the reflexive pathways to
generate the appropriate eye movements are activated. The slow UC stimulus triggers the
extra-striolar zone, and these hair cells are excitatory, so one utricle is sufficient to generate
the appropriate conjugate eye movements as indicated by the UC traces. The fact that the UC
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test provides different results from the oVEMP thus suggests that both tests evaluate different
vestibulo-ocular pathways, and those tests are therefore complementary.

5. Conclusion
This study shows that the oVEMP and unilateral centrifugation test are complementary tests.
Whereas the oVEMP stimulus triggers the striolar zone, the UC triggers the medial and lateral
zones of both utricles. The difference in stimulation characteristic, phasic and in pitch plane
versus tonic and in the roll plane can explain the observed differences between both tests.
Moreover, a crossed and inhibitory/disinhibitory pathway should be taken into account. Based
on these observations, we conclude that oVEMP and the UC test evaluate different vestibuloocular pathways. The oVEMP test thus can not be seen as a replacement for the UC test to
evaluate the utricular function.
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Influence of microgravity on the human
otolith system
Preliminary data of the ESA SPIN study: Validation
of centrifugation as a countermeasure for otolith
deconditioning during space flight.
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Influence of microgravity on the otoliths
Abstract
In the framework of further space exploration, countermeasures to combat the drawbacks of
human space flights are essential. The here described study focuses on the influence of
microgravity on the otolith-ocular reflex and aims to verify the hypothesis of artificial gravity
being an adequate countermeasure for the deconditioning of the aforementioned reflex. The
so-called SPIN study, commissioned by the European Space Agency, serves as control
experiment for the Neurolab mission (STS-90) during which 4 crewmembers of the space
shuttle were subjected to in-flight centrifugation on the visual and vestibular investigation
system (VVIS). After their mission, they did not suffer from orthostatic intolerance and
spatial disorientation. In addition, the relevant parameters of the otolith-ocular interaction
remained unaffected. For this study cosmonauts from a long duration stay in the International
Space Station that were not centrifuged in-flight were tested on the VVIS (1 g centripetal
interaural acceleration; consecutive right-ear-out counterclockwise and left-ear-out clockwise
measurement) on 6 different days. Three measurements were scheduled about one and a half
to two months prior to launch and the remaining 3 immediately after their return from space
(on R+1, R+4, R+9; R = day of return from space). The ocular counterroll was measured on
several steady state moments before, during and after the rotation using infrared video
goggles and compared pair wise using Friedman tests. The perception of verticality was
monitored using an ultrasound system for perceptual evaluation. Optokinetic stimuli were
offered during the rotation and the interaction with the perception of verticality was
investigated. The preliminary results of 4 cosmonauts showed a large interindividual
variability. The OCR and perception of verticality appeared to be influenced by the exposure
to microgravity, but the statistical power was too low to confirm the differences statistically.

Key words: otolith-ocular interaction, microgravity, artificial gravity, centrifugation, ocular
counterrolling, visual and vestibular investigation system, otolith asymmetry, disconjugate
eye movements, space motion sickness.
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1. Introduction
The last decades, researchers have taken a great interest in altered gravitational environments.
The challenging conditions that are inherent to some of those environments not only require
technological innovations, but they provide the ideal setting to study the adaptability and
plasticity of the human body and brain. Space exploration has gained much interest and has
stimulated the research of a microgravitational environment1. However, the exposure of the
human body to microgravity has been shown to be challenging. Due to the ‘lack’ of Earth’s
gravity in space, different processes in the human body are disorganized. Up to 60 % of all
astronauts and cosmonauts2 (Davis et al., 1988) suffer from space motion sickness (SMS) and
spatial disorientation during the first days in space (Oman et al., 1986; Kornilova, 1997;
Jennings, 1998). Apart from that, bone decalcification, muscular atrophy and the
deconditioning of the otolith-ocular and vestibulo-sympathetic reflex are major disadvantages
during and after a (long) stay in microgravity. The issues that astronauts have to cope with are
often similar to those encountered by (vestibular) patients. From that point of view, not only
the astronauts and cosmonauts, but those patients also can benefit from space research.
On return from space the astronaut’s body has to readapt to a 1g-environment (g represents
the Earth’s gravitational acceleration, which corresponds to 9.81 m/s²). The first few days
after their return from space, a large percentage of all astronauts and cosmonauts (about 64 %,
Buckey et al., 1996; Fritsch Yelle et al., 1996) suffer from orthostatic intolerance3 and spatial
disorientation. The otoliths not only have a key role in the latter, several studies have shown
that the otoliths also play an important role in the activation of the sympathetic outflow in
response to postural changes (Doba and Reis, 1974; Essandoh et al., 1988; Ray et al., 1997;
Yates and Miller, 1998; Kaufmann et al., 1999). That activation triggers the vestibulosympathetic reflex that is responsible for the preservation of the blood flow to the brain
during orthostatic stress by changing the heart rate and vascular tone. Deconditioning of the
otoliths can therefore lead to the aforementioned orthostatic intolerance.

1

It is a common misconception that gravity is absent in space. At the orbital altitude of the International Space
Station (ISS; about 400 km above the Earth’s surface), the gravitational field is about 88 % of that at sea level.
The fact that astronauts and cosmonauts experience a state of ‘weightlessness’ is due to the centripetal
acceleration of the ISS in orbit that counteracts the gravitational acceleration acting on the body’s gravitoceptors.
The ISS and the astronaut are both in free-fall, creating the illusion of the astronaut ‘floating’ in the ISS. This
state of ‘weightlessness’ is often – although strictly speaking incorrectly – referred to as ‘microgravity’ or ‘zeroG’.
2
The terms ‘astronaut’ and ‘cosmonaut’ are both used throughout this chapter and refer to space travellers from
different nationalities. Space travellers enrolled in an American space program are referred to as ‘astronauts’,
whereas the term ‘cosmonaut’ is used for a space traveller enrolled in a Russian space program.
3
Orthostatic intolerance is the inability to maintain a sufficient blood flow to the brain during postural changes.
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In the framework of further space exploration, countermeasures to combat the drawbacks of
human space flights are essential. The here described study, commissioned by the European
Space Agency (ESA), focuses on the influence of microgravity on the otolith-ocular reflex
and aims to verify the hypothesis of artificial gravity being an adequate countermeasure for
the deconditioning of the otolith-ocular and the vestibulo-sympathetic reflex. This so called
SPIN study (full title: Validation of centrifugation as a countermeasure for otolith
deconditioning during space flights) serves as a control experiment for the Neurolab mission
that was performed in 1998. During that mission four crewmembers of the space shuttle
(STS-90) were subjected to in-flight centrifugation on a specially designed rotatory chair, the
visual and vestibular investigation system (VVIS). After their mission, those 4 astronauts did
not suffer from orthostatic intolerance and spatial disorientation (Moore et al., 2005). That
was remarkable since – as mentioned before – up to 64 % of all astronauts that were not
exposed to in-flight centrifugation suffer from orthostatic intolerance and spatial
disorientation. In addition, the relevant parameters of the otolith-ocular interaction remained
unaffected (Moore et al., 2001; 2003 and 2005). To validate the hypothesis that states that inflight centrifugation can serve as a countermeasure for the deconditioning of the otolith-ocular
and vestibulo-sympathetic interaction, the SPIN study aims to assess the otolith-ocular
interaction and the vestibulo-sympathetic reflex in six cosmonauts that were not exposed to
in-flight centrifugation. They were subjected to different test sessions on the VVIS and
multiple passive tilt tests prior to and after a 6 months stay in the International Space Station.
This chapter describes parts of the preliminary results of the SPIN study in four cosmonauts.

2. Subjects and methods
2.1. Study design
Each test sessions consisted of two tests. First of all the cosmonauts were rotated on the
VVIS, described in the next paragraph, while the ocular counterrolling (OCR) of both eyes
was measured using three-dimensional infrared video oculography. In addition, the
cosmonaut’s perception of verticality was monitored using an ultrasound system for
perceptual evaluation. For that purpose, the cosmonaut was asked to keep a joystick upright
(along the gravitational vector) throughout the entire experiment as if there was a tray on top
of the joystick that had to be kept horizontal (according to the cosmonaut’s perception). In
this chapter only a limited part of the recording was analyzed. We intentionally chose this
nonvisual, somatosensory measure of roll-tilt perception since visual estimates (such as the
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subjective visual vertical or horizontal described in chapter 1) are confounded by an offset
due to the OCR that simultaneously occurs (Curthoys, 1996; Clément et al., 2002). Three
different moments were selected: a 10 s baseline prior to the rotation, a 10 s period about 40 s
after the maximal velocity was reached, and a 10 s period after the stop of the VVIS. During
the rotation, the gain was defined as the indicated angle divided by the tilt angle of the
gravito-inertial acceleration (GIA) vector at the head centre. Prior to the rotation, the
ultrasound system was ‘calibrated’ by asking the subject to indicate specific angles (upright,
15°, 30° and 45° to the left and the right; 15° and 30° forward and backward). Linear
regression was used to determine the correspondence between the indicated angles and the
‘theoretical’, predetermined angles.
After the centrifugation test, the cosmonauts were subjected to a passive tilt test to investigate
the vestibulo-sympathetic reflex. Since this chapter mainly focuses on the impact of
microgravity on the otolith-ocular reflex, the results of that test are not discussed here.
Each test was scheduled on six different days: 3 sessions were held approximately one and a
half to two months prior to the launch to determine baseline (‘unstressed’) conditions
(baseline data collection, BDC). The remaining 3 sessions were held immediately after the
cosmonaut’s return from space on R+1, R+4 and R+9 (with R = day of return from space). All
sessions were held at the Gagarin Cosmonaut Training Centre (Moscow, Russia). For the
SPIN study, the cosmonauts were not centrifuged in-flight. The study was approved by the
Institutional Review Board of the ESA and the Antwerp University Hospital and all
cosmonauts gave a written informed consent.

2.2. The visual and vestibular investigation system (VVIS)
The VVIS, depicted in figure 9.1, is a mini centrifuge that allows Earth vertical rotation.
Although a configuration where the subject is lying on the back was also used during the
Neurolab mission, we only used the configuration where the cosmonaut is in an upright sitting
position. As opposed to the rotatory chair used for the unilateral centrifugation test, the VVIS
was not provided with a linear sled that allows translations along the interaural axis. Here, a
fixed distance of 0.5 m between the axis of rotation and the subject’s head centre was present.
The orientation of the seat – left-ear-out (LEO) or right-ear-out (REO) – and the direction of
the rotation – clockwise (CW) or counterclockwise (CCW) – could be chosen, but due to the
nauseating sensations during a ‘back to motion’-configuration reported during the Neurolab
mission (unpublished results), the direction of the rotation was adapted to the orientation of

142

Influence of microgravity on the otoliths
the seat so that the subject always faced the motion (CW rotation in LEO-configuration and
CCW rotation in REO-configuration). After a calibration of the video goggles and a recording
of a baseline, the cosmonaut was accelerated CCW in a REO set up at a rate of 30 °/s² up to
an angular velocity of 254 °/s. That velocity was chosen to obtain a centripetal acceleration of
1 g and a concomitant tilt of the GIA vector of 45° at the level of the head centre. After the
acceleration phase, a steady state phase was built in to allow the cupula of the (horizontal)
semicircular canals to return to its original position. A fixation LED was shown on the
monitor in front of the cosmonaut’s head, to determine the level of OCR. The monitor was
equipped with a special lens to allow optokinetic stimulation (OKS). That full visual field
stimulus consisted of vertical or horizontal bars moving from one side of the screen to the
other (20 s of stimulation alternated with 5 s of total darkness). The cosmonaut was asked to
passively follow the moving bars and this pursuit elicited optokinetic nystagmus (OKN) that
was characterized by the velocity vector of the slow component of the nystagmus (the reader
is referred to paragraph 1.3 (Vestibular driven reflexes) of the first chapter and figure 1.11 for
more information on nystagmus). The dynamic results were compared to the static results that
were collected prior to the rotation. The correlation between the orientation of the velocity
vector, the GIA tilt and the indicated subjective vertical was investigated during the rotation
as well. After the OKS, the level of OCR was determined again and the VVIS was gently
decelerated (-3 °/s²). Forty seconds after the chair had come to a complete stop, the level of
OCR was determined a last time. The orientation of the rotation chair was then changed to the
LEO-configuration and CW rotation, and the same protocol was repeated.

Figure

9.1.

The

visual

and

vestibular

investigation system is a mini centrifuge that
allows Earth vertical rotation. A fixed distance of
50 cm between the axis of rotation and the head
centre is present. The left-ear-out-configuration is
depicted.
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During the rotation, the heart and respiration rate were carefully monitored using a wireless
online electrocardiogram and a LifeShirt monitoring system (VivoMetrics Inc, Los Angeles,
CA, USA). The analysis of those data however was beyond the scope of this study.
2.3. Subjects
In this chapter the results of the VVIS experiments on four male cosmonauts are described.
However, not all four of them were able to complete all sessions. Due to medical issues, the
crew surgeon of the second cosmonaut did not allow participation in the R+1 and R+4
measurements. The third subject only completed the REO-rotation on the second day after his
return from space. The scheduled measurements on R+1 and R+9 were delayed one day in the
fourth cosmonaut due to organizational reasons. Table 9.1 provides an overview of the
different cosmonauts and the sessions they completed.
Table 9.1. Overview of the cosmonauts (Cosmo) that participated in the SPIN study and the test
sessions that they completed. # days in µG = number of days in microgravity; BDC = baseline data
collection; L-X = launch minus X days; R = day of return from space; LEO = left-ear-outconfiguration.

Age

# days

[year]

in µG

1.

46

2.

Cosmo

BDC 1

BDC 2

BDC 3

R+1

R+4

R+9

192

L-60

L-56

L-51

+

+

+

44

199

L-69

L-67

L-63

-

-

+

3.

35

199

L-68

L-64

L-62

+

+

4.

48

188

L-54

L-50

L-47

+

R+10

R+2, no
LEO
R+2

2.4. Statistical analysis
Given the low number of cosmonauts, it could be expected that the statistical power was too
low for a full statistical analysis. For completeness, a non parametric approach was
nevertheless used to investigate possible effects of the prolonged stay in microgravity. Results
however should be interpreted with care.
Since three sets of data were collected about one month and a half to two months prior to the
launch, those baseline data sets were compared pair wise using a Friedman test. If no
differences were present, the results of those 3 measurements were averaged. Afterwards the
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pre-flight values were compared to the post-flight data sets using Friedman tests as well. The
results of the REO and LEO-configuration were compared pair wise using Wilcoxon
matched-pairs signed-ranks tests. Similar tests were used to investigate possible differences
between the OCR of the left and the right eye.
Statistical analysis was performed using PASW Statistics 18.0 (SPSS Software®, SPSS Inc,
Chicago, IL, USA) and the significance level was set at 5 %.

3. Results
As was already illustrated in table 9.1, not all scheduled measurements could be completed.
Even when the data collection could be performed, results were not always analyzable.
Especially in the first two cosmonauts the signal to noise ratio of the eye data was often (very)
low due to blink artefacts and partial or full closure of the eyes. It was mainly the set of OKN
data that was affected and since less than 40 % of the OKN data was available, a statistical
analysis of those data was omitted in this preliminary results report, and postponed to the
moment when all SPIN data sets are available.

3.1. Ocular counterrolling
Comparison of the three baseline data sets using Friedman tests showed no differences in all
cosmonauts, so for each cosmonaut the results of those baseline measurements were averaged.
Figure 9.2 shows the binocular results for both runs at the three moments after the
acceleration that the OCR was determined. Prior to each acceleration, 2 baseline data sets
were collected, but since they did not differ significantly from each other nor from zero
(Wilcoxon matched-pairs signed-ranks test, p > 0.05) they were omitted in the figures.

Figure 9.2 (following two pages). Ocular torsion (ocular counterrolling, OCR) data of both eyes for
the four cosmonauts (Cosmo) that participated in the SPIN study. The OCR was recorded on 2
moments during the rotation (40 s after the stop of the acceleration – denoted as ‘40 s after acc’ – and
about 10 s before the start of the deceleration, denoted as pre-dec’) and once again about 40 s after the
rotation chair had come to a complete stop (denoted as ’40 s after dec’). BDC = baseline data
collection; R = day of return from space; REO = right-ear-out (configuration); LEO = left-ear-out
(configuration); OD = oculus dexter (right eye); OS = oculus sinister (left eye).
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The graphs in the previous pages show a large interindividual variability. In the REOconfiguration, the R+2 and R+4 OCR values that were recorded just prior to the deceleration
were consistently lower than the BDC value (except in the left eye of the fourth cosmonaut).
In the LEO-configuration, the second rotation of each session, that consistency was gone. The
statistical tests however were unable to confirm the differences between the pre- and postflight measurements (Friedman test, p > 0.05), nor could they indicate any differences
between the left and right eye (Wilcoxon matched-pairs signed-ranks test, p > 0.05). Although
the OCR appeared to evolve during the rotation (most of the times the OCR decayed,
although in some sessions the OCR increased), those differences were not significant
(Wilcoxon matched-pairs signed-ranks test, p > 0.05). In addition, a Wilcoxon matched-pairs
signed-ranks test indicated that those differences were identical in the REO and LEOconfiguration (p > 0.05). In both configurations (REO and LEO) and in each session, the OCR
had returned to the baseline (zero) value when the OCR was determined about 40 s after the
VVIS had come to a complete stop (Wilcoxon matched-pairs signed-ranks test, p > 0.05).

3.2. Subjective perception
Similar to the OCR, the perception of verticality did not change significantly during the three
BDC sets (Friedman test, p > 0.05), so the results of the three BDCs were averaged. The
calibration of the ultrasound system indicated that all 4 cosmonauts could estimate the
predetermined angles relatively accurately during the BDCs as illustrated by the slopes of the
linear regression in table 9.2 that approximated one. A slope that was smaller than 1 resulted
from the fact that the indicated angles were smaller than the predefined, ‘theoretical’ angles,
whereas a slope larger than 1 indicated an overestimation of the theoretical angles.
Table 9.2. Calibration slopes of the four cosmonauts that were tested on 6 different moments. The
results of the three baseline data sets (baseline data collection, BDC) were averaged since they did not
differ significantly. When the slope is smaller than 1, the cosmonaut underestimated the predetermined
angles. In case of a slope larger than 1, an overestimation of the predetermined angles occurred.
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Cosmonaut

BDC

R+1 / R+2

R+4

R+9 / R+10

1.

0.94

0.84

0.81

0.98

2.

0.87

-

-

0.67

3.

0.92

0.79

0.63

0.48

4.

0.97

1.01

1.18

1.14
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Although the post-flight evolution of the slope of the calibration was clearly different in the 4
cosmonauts (decrease of the slope in cosmonauts 1 and 3 on R+1/R+2 and R+4, increase in
cosmonaut 4), the Friedman test was unable to confirm those differences (p > 0.05).
When the pre-flight indicated angle of tilt during and after the rotation were compared to the
post-flight data, the Friedman tests indicated no statistically significant differences (p > 0.05).
Nevertheless, when the evolution of an individual cosmonaut was investigated, clear
differences were present. During the BDCs the third cosmonaut overestimated the GIA tilt,
whereas the remaining 3 underestimated the subjective tilt. That perception appeared to
change entirely post-flight. For example, on the second day after his return (R+2), the third
cosmonaut did not indicate any tilt during the REO-rotation.
In each session, the cosmonaut’s perceived angle of tilt returned to the baseline (zero) value
40 s after the rotation had come to a stop (Wilcoxon matched-pairs signed-ranks test, p >
0.05).
On none of the test days, statistically significant differences between the REO and LEOconfiguration were present (Wilcoxon matched-pairs signed-ranks test, p > 0.05) in the total
group of 4 cosmonauts although clear differences could be noted when the individual cases
were studied (figure 9.3). Especially post-flight the REO-LEO differences appeared to
become more distinct.

Figure 9.3. Differences in subjective perception gain of the right-ear-out (REO) and left-ear-out
(LEO)-configuration recorded during the different test sessions. BDC = baseline data collection; R =
day of return from space.
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4. Discussion
Deconditioning of the otolith-ocular and vestibulo-spinal reflex following adaptation to
microgravity has been proposed to be a key factor in the gaze control, locomotor and postural
problems in astronauts and cosmonauts on return to Earth (Homick and Reschke, 1977;
Young et al., 1984; Kenyon and Young, 1986; Young et al., 1986; Paloski et al., 1992; Dai et
al., 1994; Clément and Reschke, 1996; Merfeld, 1996; Moore et al., 2001). Ocular
counterrolling has therefore often been used as indicator for the effect of microgravity on the
otolith system. Previous studies in altered gravitational settings such as the microgravitational
environment in space or during parabolic flights have shown that such altered environment
significantly affects the torsional position of both eyes (Diamond and Markham, 1998a and b;
Markham and Diamond, 2000). About 75 % of the astronauts and cosmonauts that were not
exposed to in-flight centrifugation showed a decreased OCR post-flight, even after shortduration missions (Diamond and Markham, 1998b; Young and Sinha, 1998; Moore et al.,
2001 and 2003). In this study, the 3 cosmonauts from a long-duration mission that could be
tested on all post-flight sessions all showed a decreased OCR during the first rotation (REO,
CCW rotation) of the R+1 / R+2 and R+4 measurement. This decrease has been attributed to
the absence of the gravity-dependent dynamic stimulation of the otoliths (Clarke et al., 2000)
and has been found to persist for several days on return to Earth (Hofstetter-Degen et al.,
1993; Dai et al., 1994 and 1998; Clarke et al., 2000; Moore et al., 2001). Apart from the
otolithic contribution to the OCR, evidence for an extraotolithic contribution of the
somatosensory system and graviceptors has been found in human and animals (Krejcova et
al., 1971; Yates et al., 2000). The disorder of those systems due to the absence of gravity in
space can also account for the decreased OCR. The astronauts that were centrifuged in-flight
during the Neurolab mission, did not display such a decrease in OCR, indicating that the
exposure to intermittent periods of artificial gravity had prevented the deconditioning of the
otolith-ocular reflex (Moore et al., 2001). Whereas the more traditional countermeasures
(exercise, lower-body negative pressure devices or resistive garment) try to alleviate the
symptoms of the deconditioning, artificial gravity attempts to remove its cause (Meliga et al.,
2005). During the second rotation of each session (LEO, CW rotation), the consistency in
OCR decrease however disappeared due to unclear reasons. It seems unlikely that an
interindividually variable training effect occurs within one session, but that the effect has
disappeared at the start of the next session. Further research is thus needed to explain that
divergence.
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Although the recovery process is known to be very interindividual as well, the OCR values of
the investigated cosmonauts had almost returned to the baseline conditions on the last postflight measurement (R+9 / R+10).
Apart from the overall post-flight decrease in OCR, it could be noted that the altered
gravitational state appeared to have affected both eyes independently, causing disconjugate
eye movements. The disconjugacy score, reflecting the difference between both eyes, has
been proposed to be an indicator of space motion sickness (Lackner et al., 1987; Diamond and
Markham, 1991; Markham and Diamond, 1993; Markham et al., 2000). Retrospective studies
showed that astronauts or cosmonauts who suffered from space motion sickness had a
significantly higher disconjugacy score than those who did not suffer from SMS. The
considerable interindividual variability has been documented in several studies (Diamond and
Markham, 1998a and 1998b; Markham et al., 2000) and has been found to be consistent with
the otolith asymmetry hypothesis. That hypothesis was first proposed by von Baumgarten and
Thümler (1979) who stated that a functional asymmetry between the left and right utricles
might exist due to differences in size and/or weight. They hypothesized that the asymmetry is
well compensated in the normal Earth’s gravitational environment, but in altered gravitational
conditions where the central compensation is inadequate, the asymmetry gets unmasked.
Although no disconjugacy scores were calculated in this study, considerable differences
between both eyes were present, even pre-flight. However, statistical power was too low to
confirm those differences.
In a separate part of the SPIN study, the SPIN-D study (Validation of a specific drug against
g-level transition induced spatial disorientation and orthostatic intolerance), we investigated
the influence of different drugs on the vestibular and cardiovascular system in healthy
controls. There we found that the combination of promethazine and dextro-amphetamine
significantly affected the level of utricular asymmetry (Buytaert et al., 2010c). Since
promethazine has been proven to be relatively efficient for the treatment of SMS, those
findings corroborated the hypothesis of otolith asymmetry playing an important role in
evoking SMS. In this study we did not use the unilateral centrifugation test for the unilateral
assessment of both utricles, so no conclusions on the level of utricular asymmetry can be
made. Recent work by Nooij et al. (2011) however suggests that the utricular asymmetry is
not the only contributing factor, but that the canal system might be involved in generating
SMS as well.
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A combination of intermittent exposure to artificial gravity and pharmacological
countermeasures therefore might provide a solution to the problems that are inherent to an
exposure to microgravity.
The OCR changes – although not significant – that occurred during the rotation can be
attributed to the contribution of the semicircular canals. As demonstrated in the second
chapter (Buytaert et al., 2010a), the (horizontal) semicircular canals evoke an ocular torsion
that decays exponentially as soon as the acceleration becomes zero again. The time constant
of this decay shows a large interindividual variability as illustrated in chapter four, and that
variability largely accounts for the differences between the 4 cosmonauts seen during the
rotation.
Aside from the changes in OCR, the subjective perception of verticality was also affected by
the long-duration exposure to microgravity. Whereas OCR is mainly a reflex response
generated by the shearing (centrifugal) force acting on the utricular maculae (at the peripheral
level), the perceived tilt is a combination of multisensory integration presumably related to
higher cognitive levels (Clément and Deguine, 2010). During the rotation the cosmonaut
perceives the GIA as the vertical and therefore feels tilted in the roll plane. This is called the
somatogravic illusion (Gillingham and Wolfe, 1985). Consequently, to compensate for the tilt
of the GIA and keep the joystick with the imaginary tray ‘upright’, the cosmonaut will rotate
the joystick in the opposite direction. Whereas normal subjects tend to overestimate the roll
angle (Clément and Deguine, 2010), three of the four tested cosmonauts in this study were
able to adequately indicate the predetermined angles during the calibration of the pre-flight
sessions (slope of the calibration regression curves approaching one). Their experience as (jet)
pilot might account for this accuracy. During the rotation however they all slightly
underestimated the roll angle. While we recorded a decreased level of roll tilt on R+1 / R+2,
Clément et al. (2001) found an increase in subjective tilt perception on return to Earth. They
attributed the change in tilt perception to a central adaptation process due to the prolonged
exposure to weightlessness. In particular, they presumed that the overestimation of tilt in the
returning astronauts was the result of a reduction in the amplitude of their idiotropic vector
(the internal bias signal that is aligned with the upward head axis; Mittelstaedt, 1983). Similar
to the reports of Clément et al. (2001), this study does not support the ‘otolith tilt-translation
reinterpretation’-hypothesis (Young et al., 1984; Parker et al., 1985) since none of the
cosmonauts reported translation instead of tilt. The otolith tilt information is thus not
interpreted as translation after the exposure to microgravity, but the origin of the registered
reduction in perceived tilt in the present study remains unclear and requires further research.
152

Influence of microgravity on the otoliths
After the deceleration, all cosmonauts quickly indicated that they had returned to the ‘real’
upright position (corresponding to the gravitational vector), even post-flight. These findings
corresponded to those of Clément et al. (2001) and Clément and Deguine (2002).
5. Conclusion
The preliminary results of 4 cosmonauts already showed a large variability in responses after
a long duration stay in microgravity. Nevertheless, during the post-flight measurements (R+1/
R+2 and R+4) a decrease in OCR could be noted which was not present in the astronauts that
were exposed to in-flight centrifugation during the Neurolab mission. These findings suggest
that in-flight centrifugation indeed acted as countermeasure for otolith-deconditioning. In this
phase of the study however, the statistical power was too low to confirm the pre- and postflight differences. We therefore expect that the full extent of the influence of microgravity
will become clear when the remaining cosmonauts will be tested and a ground-based control
study will be performed.

Acknowledgements
The authors would like to thank the cosmonauts that participated in the SPIN study and the
European Space Agency for commissioning the study. Financial support was provided by
PRODEX and the Research Foundation Flanders (fellowship K.I. Buytaert).

153

CHAPTER TEN
Summary and conclusions
------------Samenvatting en conclusies

Summary and conclusions
1. Summary and conclusions
Diagnosing a vestibular problem is challenging due to the multisensory system that is
responsible for maintaining balance, orientation and a stable gaze, both in rest and during
movements of the head or the whole body. Unraveling the complexity requires a profound
knowledge of all contributing subsystems, and function tests that allow a separate assessment
of all individual end organs. The urge and the necessity to solve this complex puzzle results
from the high lifetime prevalence of vestibular complaints and disorders. Exact numbers on
the general population are scarce, but a recent study by Neuhauser et al. (2008) mentions a
lifetime prevalence of dizziness and vertigo of over 20 %. This percentage consists of a large
share of women who appear to be more susceptible to vestibular complaints than men
(Neuhauser and Lempert, 2009). Apart form the physical discomfort, the impact of vestibular
complaints on the patient’s work and social life is often considerable. In a study in 400
vestibular patients, half of them reported a substantial drop in work efficiency and a quarter of
them even had to change jobs due to the persistent vestibular complaints (Bronstein et al.,
2010). In the same study 57 % of the patients indicated that their social life was clearly
disrupted.
This doctoral dissertation therefore aims to shed light on some aspects of the human
equilibrium system in general and the otolith system in particular. As illustrated in the first
chapter, which provides an anatomical and physiological introduction, the latter system is
largely responsible for the detection of Earth’s gravity and therefore contributes
fundamentally to a stable balance and gaze. In that chapter I also summarize my research
objectives in following five points:
1. Develop a new paradigm to assess the utricular function based on the unilateral
centrifugation (UC) test and a physiological model to interpret the test outcome.
2. Assess the reliability and robustness of the newly developed model and stimulation
paradigm for unilateral centrifugation.
3. Optimize the test protocol for the ocular vestibular evoked myogenic potential
(oVEMP) test and assess its reproducibility.
4. Investigate the similarities between the UC and the oVEMP test, and assess the
complementary character of both tests with the cVEMP test.
5. Investigate the influence of vestibular pathologies and microgravity on the otolith
function.
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The first two research objectives are addressed in chapters 2 - 4, which focus on the UC test,
used to unilaterally assess the utricular function. In the first of those three chapters (Chapter
2), a new paradigm is developed to unilaterally stimulate the utricles. That paradigm consists
of a sinusoidal translation that is applied during a high speed rotation along an Earth vertical
axis. The combined rotation and translation induces ocular counterrolling (OCR) which is
measured using 3D video oculography. In this chapter, a new model is introduced to interpret
the test outcome. That physiological model decomposes the total OCR into a contribution of
the individual utricles and the combined input of the (horizontal) semicircular canals.
Whereas the first component is modeled using two sines, the latter is modeled using a secondorder transfer function. The Matlab implementation to extract the characteristic parameters
uses the Levenberg-Marquardt algorithm as least square curve fitting procedure. The newly
developed analysis offers a more reliable and robust approach to determine unilateral utricular
characteristics than any previous model for multiple reasons:
1. It incorporates the semicircular canal contribution which appears to be very
interindividually variable and therefore difficult to neglect.
2. It incorporates the gender dependency of the interutricular distance.
3. The sinusoidal translation allows to determine the response characteristics at a single
frequency. Given the frequency dependency of the VOR, this simplifies the analysis
in comparison with other excitation profiles such as a trapezoid translation that are
much more complicated to parameterize.
4. The algorithm used to analyze the raw signal is based on the knowledge of the
stimulation paradigm (sinusoidal translation), increasing significantly the accuracy of
the fitting procedure.
5. The analysis is not limited to small parts of the test outcome as was the case in
previous studies, but uses the entire signal to determine the outcome parameters.
The presented model thus appears to be very useful to assess the utricular and semicircular
function based on the OCR induced by unilateral centrifugation. In chapter 3 two different
perturbations of the stimulation paradigm are applied to investigate the robustness of the
model. Despite those small perturbations, the model still proves to be able to produce results
that are statistically identical to those of the unhindered stimulation. Not only the variability
due to methodological errors is addressed in the third chapter, the study described in chapter 3
also deals with the test-retest variability. The reported intraclass correlation (ICC) coefficients
and coefficients of variation of the method error indicate that the reproducibility is
satisfactorily high. In addition, the calculated ‘minimal difference’ (MD)-values provide an
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important tool for follow-up studies. The MD-value represents the minimum difference
between two measurements in the same subject that is considered to be real (due to the effects
of a pathology, a drug or similar) and not due to biological variability or measurement error.
In chapter 4 the MD-values are used in the follow-up of patients with Ménière’s disease that
were treated with intratympanic gentamicin (ITG). Since the ITG treatment causes a (partial)
chemolabyrinthectomy, the UC test is used to investigate to which extent the ITG affects the
utricular function. As expected, mainly the level of utricular asymmetry and the utricular gain
are affected.
Apart from the ITG follow-up study, chapter 4 also summarizes normative values for the UC
test and investigates the influence of the age and gender on the test outcome in 200 healthy
subjects between 18 and 58 years old. Apart from the test-retest reliability, reference values of
a healthy population are indispensable for the use of a test in clinical settings and the
interpretation of abnormal patient data. Although scarcely documented in literature, it is
known that a large interindividual variability exists in vestibular testing. This large variability
is mainly due to the fact that vestibular parameters are measured only indirectly, for example
through the vestibulo-ocular reflex, and it manifests itself in relatively large 95 % prediction
intervals. Despite the considerable amount of interindividual variability, the fourth chapter
shows that a combination of the outcome parameters of the UC test provides a tool to
distinguish between different types of vestibular pathologies.
The second pillar of this dissertation is the ocular evoked myogenic potential (oVEMP) test
which has only been introduced recently. The oVEMP response that can be recorded from the
inferior oblique eye muscle is hypothesized to be an excitatory response of the contralateral
utricle to bone conducted vibration (BCV) applied at the forehead. Given the novel character
of the oVEMP test and the fact that the exact origin of the oVEMP to BCV applied at the
forehead is still under debate, a large amount of methodological and physiological issues had
to be resolved to determine the exact origin of the response and optimize the recording
techniques. The last three years the number of oVEMP studies addressing both
aforementioned issues has increased exponentially. Quickly after the publication of the first
oVEMP studies, the oVEMP hardware was purchased in the Antwerp University Research
centre for Equilibrium and Aerospace (AUREA) where most of the research described in this
dissertation is conducted. The oVEMP studies described in this dissertation aim to optimize
the test protocol (research objective 3), but they do not pretend to unravel the fundamental
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origin of the oVEMP response, since basic neurophysiological research is needed for that
purpose.
Chapter 5 addresses an important issue that is neglected or hardly addressed in all published
oVEMP studies so far, namely the calibration of the experimental set up prior to each
measurement. This calibration procedure using the amplification factors to correct the
oVEMP amplitudes, improves the reliability of the calculation of the left-right asymmetry, the
interocular ratio (IOR). Without the calibration it is impossible to attribute recorded
asymmetries purely to an asymmetry of the utricular system since an asymmetrical placement
of the electrodes has a large impact on the IOR. Apart from the calibration procedure, the fifth
chapter also deals with the influence of the repetition rate of the bone conducted vibration
(BCV) that is used to evoke the oVEMP response. Based on results presented in that chapter,
we advise to use a stimulation rate of 11 Hz since a) the reproducibility is highest, and b)
compared to the 3 Hz that is used in most other studies, it decreases the test time
approximately by a factor 4. The decreased test time reduces the chance of blink artefacts and
the risk to increase vertigo in patients, which is certainly to be preferred for use in clinical
settings.
Similar to chapter 3, chapter 6 investigates the test-retest reliability of the oVEMP test using
the calibration procedure and the stimulation settings defined in the fifth chapter. The
reliability analysis not only shows a good to excellent reproducibility of the oVEMP test
outcome, it confirms the fact that the calibration procedure is indeed an improvement of the
test protocol since the reliability of the calibrated IOR appears to be larger than that of the
uncalibrated IOR. The normative values, also summarized in chapter 6, that are based on the
test outcome in 104 volunteers between 19 and 64 years old without any auditory, vestibular,
neurological or visual problems (apart from the standard refractive errors) can be used as
reference for the interpretation of (abnormal) patient data.
To investigate the similarities between the UC and oVEMP test (research objective 4), both
hypothesized to assess the utricular function, chapter 7 describes a comparative study in 31
healthy subjects. In addition, the complementary character of the cervical (c-)VEMP test
which is an indicator of the saccular function and vestibulocollic reflex, is investigated.
Surprisingly not only the cVEMP test appears to be uncorrelated to both other tests, the
results of the UC and the oVEMP test are uncorrelated as well. Although the UC test is more
complex and time consuming than the oVEMP test and requires more specialized equipment,
the oVEMP test can not replace the UC test. Both tests provide complementary information
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on the utricular function. Whereas the BCV to evoke the oVEMP is a phasic, high frequency
stimulation of mainly the irregular afferents in the striolar zone of the utricle, the
centrifugation is a tonic, low frequency stimulation of afferents in all zones of the utricle. A
similar complementary test character exists in the assessment of the semicircular canal
function. There, the rotatory and caloric tests assess the low frequency responses, whereas the
head impulse test is used to investigate the high frequency range of responses.
The complementary character is demonstrated again in chapter 8, where all three
aforementioned tests are performed in patients with a unilateral vestibular deafferentiation
(uVD) due to a vestibular schwannoma. Since those patients have only one functional
vestibular labyrinth, they are the ideal test cases to verify certain models and hypotheses as
was already shown in chapter 2. In this chapter, the hypothesis of the oVEMP being a crossed
response is challenged. Although that hypothesis suggests a lateralized response ipsilateral to
the side of the uVD, bilaterally absent oVEMPs were recorded in 9 uVD patients whereas
both other tests produce the expected lateralized response. Based on the response rate found
in chapter 6, it can be seen that the chance of this bilateral absence being a false negative in
all patients is 10-13. The controversial observations are thus not due to chance. These findings
not only confirm the complementary character of the oVEMP and UC, they also suggest the
presence of an extra mechanism in generating the oVEMP response. Instead of a simple
crossed pathway, we hypothesize the presence of inhibitory/disinhibitory pathways that are
responsible in generating the oVEMP response. Both the left and right side need to provide
disinhibitory input, otherwise the further reflex pathways are not activated.
Not only the abnormal patient data are indispensable in modeling the equilibrium system
adequately, extreme and exceptional environments such as microgravity can also provide the
ideal test conditions to verify certain hypotheses (research objective 5). In chapter 9 we
investigate the influence of microgravity on the otolith system and put the fact of (in-flight)
centrifugation being an adequate countermeasure for the deconditioning of the otolith-ocular
reflex into question. The so-called SPIN study, commissioned by the European Space
Agency, serves as control for the Neurolab mission during which the hypothesis of (in-flight)
centrifugation being an adequate countermeasure was first mentioned. The preliminary results
in four cosmonauts that participated in a long duration space flight show clear interindividual
differences in post-flight behavior. The three cosmonauts that could complete all three postflight sessions show a decreased level of OCR during the R+1 and R+4 measurements, in
contrast to the astronauts that were centrifuged in-flight during the Neurolab mission.
Unfortunately, the number of cosmonauts in this preliminary study report is too low to
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confirm the post-flight differences statistically. Similarly, the statistical power is too low to
confirm the presence of disconjugate eye movements (different OCR for the left and right
eye), which is suggested to be an indicator of susceptibility to space motion sickness. These
results however provide an excellent basis for future research.

2. Future research opportunities
The past years, technological progress has enabled a more detailed exploration of the human
equilibrium system. The discovery of new techniques to assess the vestibular function entails
several physiological and technical questions. In this dissertation two important techniques for
otolith function testing were further developed and optimized. The physiological model that
has been developed for the interpretation of the test outcome of the unilateral centrifugation
test has been proven to be an adequate tool for the assessment of the utricular function and
certain aspects of the semicircular canal function. Our studies however have already shown
that this model could be refined even further by taking a possible disconjugacy of both eyes
into account. Apart from the additional information on the left-right otolith asymmetry that
could be provided, the disconjugacy score could be used as a predictive tool for the
susceptibility for (space) motion sickness as suggested by the last study described in this
Ph.D. dissertation. The effectiveness of the newly developed paradigm and model has been
shown in two groups of patients with specific vestibular pathologies but should be extended to
a broader spectrum of pathologies. As soon as more patients with a known pathology are
tested, a multinomial logistic regression can be set up to determine the pathology of an
unknown patient based on a combination of the characteristics of the UC test and other
vestibular tests such as the rotatory test, the caloric test and the cervical VEMP (cVEMP).
Despite the considerable amount of research that has been conducted on the oVEMP the last
years, the number of research questions on its origin and the methodology to record the
oVEMP response remains high. In the first instance, a neurophysiological study is needed to
confirm the utricular origin, since some authors still challenge that origin (e.g. Welgampola
and Carey, 2010). That study should also be used to verify the formulated hypothesis that
suggests the presence of (dis)inhibitory (commissural) pathways apart from the crossed
pathways responsible for evoking the oVEMP. Secondly, a model should be set up that allows
to determine more adequately the stimulation level of the utricles based on the force level
applied at the forehead and external landmarks of the subject’s head. Only then appropriate
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conclusions can be drawn on the interindividual differences in the oVEMP test outcome in
general and the oVEMP peak-to-peak amplitudes in particular.
For both the UC and oVEMP test the database of normative values should be expanded with
older people since the elderly represent an important share in vestibular patients and reference
values from healthy elderly persons are currently scarce. Although no prominent effects of the
age were found in the investigated population, it is possible that in the elderly the response is
significantly affected by the age, as appears to be the case with the cVEMP test (Su et al.,
2004).

3. Samenvatting en conclusies
Het multisensorieel systeem dat verantwoordelijk is voor de ruimtelijke oriëntatie en dat
zowel in rust als tijdens bewegingen van het hoofd of het hele lichaam een stabiele houding
en blik garandeert, maakt het diagnosticeren van vestibulaire aandoeningen zeer uitdagend.
Het ontrafelen van dat complexe systeem vergt een diepgaande kennis van alle contribuerende
onderdelen en vereist functionele testen die een analyse van elk onderdeel afzonderlijk
toelaten. De drang en noodzaak om de complexe puzzel op te lossen, vloeien voort uit de
hoge levensduurprevalentie van vestibulaire klachten en aandoeningen. Exacte percentages
voor de gehele wereldbevolking zijn nagenoeg onbestaande, maar een recente studie van
Neuhauser et al. (2008) vermeldt een levensduurprevalentie van duizeligheid en vertigo van
meer dan 20 %. Het aandeel van de vrouwelijke bevolking in dat percentage blijkt groter te
zijn dan dat van mannen die schijnbaar minder te kampen krijgen met vestibulaire
aandoeningen (Neuhauser en Lempert, 2009). Naast de lichamelijke ongemakken is ook de
impact van de vestibulaire problematiek op het sociaal en professioneel leven niet te
onderschatten. In een onderzoek bij 400 patiënten, gaf ruim de helft aan dat de vestibulaire
klachten de werkefficiëntie substantieel verminderd hadden. Een kwart van de patiënten
diende omwille van de aanhoudende klachten zelfs van werk te veranderen (Bronstein et al.,
2010). In diezelfde studie gaf ruim 57 % van de ondervraagden aan dat de vestibulaire
problematiek hun sociaal leven zienderogen aangetast had.
Omwille van bovenstaande problematiek tracht deze doctoraatsverhandeling een aantal
aspecten van het menselijk evenwichtssysteem in het algemeen en het otolietsysteem in het
bijzonder te belichten. Zoals reeds aangegeven in het eerste hoofdstuk, dat als algemene
anatomische en fysiologische inleiding fungeert, draagt dat otolietsysteem fundamenteel bij
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tot een stabiele blik en houding. In hoofdstuk 1 vat ik eveneens de vijfledige doelstellingen
van mijn doctoraal onderzoek als volgt samen:
1. De ontwikkeling van een nieuw stimulatieparadigma om de utriculaire functie met
behulp van de unilaterale centrifugatietest (UC-test) te bestuderen en een fysiologisch
model om de resultaten van die test te interpreteren.
2. Het bestuderen van de herhaalbaarheid en de robuustheid van het ontwikkelde model
en unilaterale centrifugatieparadigma.
3. Het optimaliseren van het protocol om de ‘oculaire vestibulair uitgelokte
spierpotentialen’ (ocular vestibular evoked myogenic potentials, oVEMPs) uit te
lokken en op te meten en de reproduceerbaarheid van de oVEMP-test bepalen.
4. Het bestuderen van de overeenkomsten tussen de UC- en oVEMP-test en het nagaan
van de complementariteit van beide testen met de cervical (c-)VEMP-test.
5. Het bestuderen van de invloed van een vestibulaire aandoening of een (langdurige)
blootstelling aan micrograviteit op de otolietfunctie.
De eerste twee doelstellingen worden behandeld in hoofdstukken 2 tot en met 4, die zich op
de UC-test toespitsen. In het eerste van die drie hoofdstukken (Hoofdstuk 2) wordt er een
nieuw stimulatieparadigma ontwikkeld om de utriculi afzonderlijk te stimuleren. Dat
paradigma bestaat uit een sinusoidale verschuiving van een stoel die aan een hoge snelheid
rond een aardverticale as draait. De combinatie van de translatie en rotatie veroorzaakt een
oculaire tegenrol die met behulp van 3D video-oculografie opgemeten wordt. In dat hoofdstuk
wordt er eveneens een nieuw fysiologisch model geïntroduceerd dat een interpretatie van de
resultaten toelaat. Dat model splitst het totale torsioneel oogsignaal op in een bijdrage van de
afzonderlijke utriculi en een gecombineerde bijdrage van de (horizontale) halfcirkelvormige
kanalen. De eerste bijdrage wordt met behulp van 2 sinussen gemodelleerd, voor het tweede
deel wordt een tweede-orde transferfunctie gebruikt. De Matlab-implementatie om de
utriculaire en canalaire parameters te extraheren, maakt gebruik van het LevenberghMarquardt algoritme voor de kleinste-kwadraten fitprocedure. De hier ontwikkelde analyse
biedt een betrouwbaardere en robuustere bepaling van de utriculaire karakteristieken dan
reeds bestaande modellen omwille van volgende redenen:
1. het nieuwe model brengt de bijdrage van de halfcirkelvormige kanalen in rekening.
Aangezien die bijdrage een grote interindividuele variabiliteit blijkt te vertonen, is die
moeilijk te verwaarlozen.
2. de geslachtsafhankelijkheid van de interutriculaire afstand wordt in rekening gebracht.
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3. de sinusoidale translatie laat toe de respons op één enkele frequentie te bepalen.
Vermits de vestibulo-oculaire reflex (VOR) frequentie-afhankelijk is, is de analyse in
het geval van één enkele frequentie eenvoudiger dan wanneer er een ander
stimulatieparadigma, zoals een trapezoidale verschuiving, gehanteerd wordt.
Dergelijke paradigma’s zijn immers moeilijker te parametrizeren.
4. het algoritme dat gebruikt wordt om de ruwe data te analyseren, gaat uit van de kennis
van het stimulatieparadigma (sinusoidale translatie), waardoor de nauwkeurigheid van
de fitprocedure sterk toeneemt.
5. de analyse beperkt zich in tegenstelling tot voorgaande studies niet tot het gebruik van
enkele kleine onderdelen van het signaal, maar maakt gebruik van het volledige
signaal om de karakteristieke parameters te bepalen.
Het voorgestelde model blijkt dus zeer bruikbaar te zijn om de werking van de utriculi en de
halfcirkelvormige kanalen na te gaan door de oculaire torsie te bestuderen die door de
unilaterale centrifugatie opgewekt wordt. In hoofdstuk 3 worden twee verschillende
verstoringen van het stimulatieparadigma aangebracht om de robuustheid van het model na te
gaan. Ondanks die verstoringen blijkt het model nog steeds in staat om resultaten op te
leveren die statistisch gezien identiek zijn aan die van de onverstoorde metingen. Niet alleen
de variabiliteit ten gevolge van methodologische fouten, maar ook die ten gevolge van een
test-hertest wordt in het derde hoofdstuk behandeld. De gerapporteerde intraclass
correlatiecoëfficiënten en de variatiecoëfficiënt van de methodefout geven aan dat de
betrouwbaarheid bevredigend is. Daarenboven bieden de ‘minimale verschilwaarden’ een
belangrijke referentie voor follow-up studies. De ‘minimale verschilwaarde’ komt overeen
met het minimale verschil tussen twee metingen bij eenzelfde persoon dat niet het gevolg is
van de biologische variabiliteit of een meetfout, maar wel van een pathologie, medicatie of
iets gelijkaardigs. Die ‘minimale verschilwaarden’ worden in hoofdstuk 4 gebruikt om de
evolutie van patiënten met de ziekte van Ménière te volgen die met intratympanische
gentamicine (ITG) behandeld zijn. Aangezien een ITG-behandeling verondersteld wordt een
(gedeeltelijke) chemolabyrinthectomie te veroorzaken, hebben we met behulp van de UC-test
de impact van de gentamicine op het utriculair systeem bestudeerd. Zoals verwacht blijkt de
ITG-behandeling voornamelijk voor een toename van de utriculaire asymmetrie en een
afname van de utriculaire gain (de gain komt overeen met de ratio van de sterkte van de
reactie ten opzichte van de sterkte van de stimulus) te zorgen. Naast de ITG follow-up studie,
biedt hoofdstuk 4 een set van referentiewaarden voor de UC-test en wordt de eventuele
invloed van de leeftijd en het geslacht op de testresultaten in een groep van 200 gezonde
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vrijwilligers tussen 18 en 58 jaar oud bestudeerd. Dergelijke referentiewaarden zijn naast de
reproduceerbaarheid van de resultaten van cruciaal belang voor een klinische test en voor de
interpretatie van afwijkende patiëntgegevens. Ondanks het feit dat de literatuur weinig
melding maakt over interindividuele verschillen in vestibulaire testing, is het algemeen
geweten dat er een grote interindividuele variabiliteit bestaat. Die variabiliteit is voornamelijk
te wijten aan het feit dat de vestibulaire karakteristieken vaak indirect worden gemeten,
bijvoorbeeld via de vestibulo-oculaire reflex. Ze weerspiegelt zich in de relatief ruime 95 %
predictie-intervallen. Niettegenstaande die behoorlijk grote variabiliteit, toont het vierde
hoofdstuk dat een geschikte combinatie van de karakteristieken van de UC-test een
hulpmiddel biedt om een onderscheid tussen verschillende types van vestibulaire
aandoeningen te maken.
Naast de UC-test, vormen de recent ontdekte oculaire vestibulair uitgelokte spierpotentialen
een belangrijke pijler van deze doctoraatsverhandeling. De oVEMP-respons kan ter hoogte
van de inferior oblique oogspieren opgemeten worden. Men gaat ervan uit dat het een
excitatoire respons van de contralaterale utriculus is als reactie op de beengeleide vibratie die
ter hoogte van het voorhoofd aangebracht wordt. Het nieuwe karakter van de oVEMP-test en
het feit dat de exacte oorsprong van de respons nog steeds onder discussie is, benadrukken het
belang van diverse methodologische en fysiologische studies om de precieze origine van de
respons na te gaan en het meest geschikte testprotocol te bepalen. De voorbije drie jaar is het
aantal studies die beide aspecten bestuderen exponentieel toegenomen. Snel na het
verschijnen van het eerste oVEMP-artikel, werd de oVEMP-hardware aangekocht in het
Antwerps Universitair Research centrum voor Evenwicht en Aerospace (AUREA) waar ik het
grootste deel van het onderzoek dat in deze verhandeling beschreven is, heb uitgevoerd. De
oVEMP-studies die in deze verhandeling beschreven worden, zijn er in eerste instantie op
gericht om het testprotocol te optimaliseren (derde onderzoeksobjectief) en zijn in se niet
bedoeld om de fundamentele oorsprong van de oVEMP-respons bloot te leggen aangezien
daar fundamenteel neurofysiologisch onderzoek voor nodig is.
Hoofdstuk 5 beschrijft een belangrijk aspect dat in alle reeds gepubliceerde artikels genegeerd
of nagenoeg verwaarloosd wordt, namelijk de ijking van de experimentele opstelling
voorafgaand aan elke meting. De ijkprocedure die de oVEMP-amplitudes corrigeert met
behulp van de versterkingsfactoren van de DC versterkers, verhoogt de betrouwbaarheid en de
accuraatheid van de berekening van de links-rechts asymmetrie die ik de interoculaire ratio
(IOR) genoemd heb. Zonder die kalibratie is het immers onmogelijk om een opgemeten
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asymmetrie rechtstreeks aan een asymmetrie van het utriculair systeem toe te schrijven. Een
asymmetrische plaatsing van de elektrodes kan immers ook een grote invloed op de IOR
hebben. Naast de kalibratieprocedure bestudeert het vijfde hoofdstuk eveneens de invloed van
de herhalingsfrequentie van de beengeleide vibratie die gebruikt wordt om de oVEMP op te
wekken. Op basis van die resultaten raden we aan om een herhalingsfrequentie van 11 Hz te
gebruiken omdat de reproduceerbaarheid van de resultaten dan het grootst is. Daarnaast kan
de benodigde duur voor de meting bijna met een factor 4 verminderd kan worden door
gebruik te maken van een herhalingsfrequentie van 11 Hz in plaats van 3 Hz die in de meeste
studies gebruikt wordt. Een kortere meettijd verkleint niet alleen de kans op artefacten ten
gevolge van oogknippers, maar het reduceert ook de kans op een toename van de vertigo bij
vestibulaire patiënten. Beide aspecten zijn vanzelfsprekend van uitermate belang voor
klinische toepassingen.
Analoog aan het derde hoofdstuk bestudeert hoofdstuk 6 de betrouwbaarheid en
reproduceerbaarheid van de oVEMP-test waarbij er gebruik wordt gemaakt van de
ijkprocedure en de instellingen die in het vijfde hoofdstuk beschreven zijn. De
betrouwbaarheidsanalyse toont niet alleen aan dat de resultaten van de oVEMP-test goed tot
uitstekend reproduceerbaar zijn, ze bevestigt nogmaals dat de kalibratie wel degelijk een
verbetering van het testprotocol vormt. De betrouwbaarheid van de gekalibreerde IOR blijkt
immers beter te zijn dan die van de ongekalibreerde IOR. Het zesde hoofdstuk vat eveneens
de normatieve waarden samen die gebaseerd zijn op de testresultaten van 104 vrijwilligers
tussen 19 en 64 jaar oud zonder gehoors- of evenwichtsklachten en neurologische of visuele
aandoeningen (met uitzondering van myopie, hypermetropie en presbyopie). Ook die waarden
kunnen als referentie bij de interpretatie van (afwijkende) patiëntendata gebruikt worden.
Om de overeenkomsten tussen de UC- en oVEMP-test – beide gebruikt als utriculaire test –
na te gaan, beschrijft hoofdstuk 7 een vergelijkende studie die uitgevoerd werd bij 31
gezonde controlepersonen (vierde doelstelling). Daarnaast wordt ook de complementariteit
met de cVEMP-test nagegaan die als indicator van de sacculaire functie en de vestibulocollische reflex gebruikt wordt. Tegen alle verwachtingen in blijkt niet alleen de cVEMP-test
ongecorreleerd te zijn met beide andere testen, maar ook de resultaten van de UC- en
oVEMP-test blijken ongecorreleerd te zijn. Ondanks het feit dat de UC-test complexer en
tijdsrovender is en meer gespecializeerd materiaal vereist, kan de oVEMP-test de UC-test niet
vervangen. Beide testen geven bijgevolg complementaire informatie over de utriculus. Waar
de beengeleide vibratie om de oVEMP uit te lokken een fasische, hoogfrequente stimulus van
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voornamelijk de onregelmatige afferenten in de striolaire zone van de utriculus vormt, is de
centrifugatie een tonische, laagfrequente stimulus die bovendien afferenten over heel de
utriculus stimuleert. Ook bij de functietesten van de halfcirkelvormige kanalen bestaat een
gelijkaardige complementariteit. Daar worden de rotatietest en de calorische test gebruikt om
het laagfrequente responsspectrum te bestuderen, terwijl men met de zogenaamde head
impulse test de hoogfrequente respons kan bestuderen.
Het complementaire karakter van de drie eerder vernoemde testen wordt een tweede maal
aangetoond in hoofdstuk 8, waarin de drie testen bij patiënten met een eenzijdige vestibulaire
deafferentiatie ten gevolge van een vestibulair schwannoma uitgevoerd worden. Aangezien
dergelijke patiënten slechts één werkzaam vestibulair labyrinth hebben, vormen zij de ideale
testgroep om bepaalde modellen en hypotheses te verifiëren zoals dat reeds in het tweede
hoofdstuk werd gedaan. In dit hoofdstuk wordt de hypothese die stelt dat de oVEMP door
gekruiste banen gemedieerd wordt, in vraag gesteld. Hoewel we op basis van die hypothese
een éénzijdige respons ter hoogte van de aangetaste zijde verwachtten, blijkt de oVEMP bij 9
patiënten met een eenzijdige deafferentiatie bilateraal afwezig te zijn. Beide andere testen
leverden echter wel de verwachte gelateraliseerde respons op. Rekening houdend met de
respons die in het zesde hoofdstuk werd berekend, vonden we dat de kans dat de bilateraal
afwezige respons bij alle patiënten aan een vals-negatief testresultaat te wijten is, 10-13
bedraagt. Onze enigszins controversiële observaties zijn met andere woorden dus niet louter
toevallig. Ze bevestigen dan ook niet alleen het complementaire karakter van de oVEMP- en
de UC-test, ze suggereren bovendien een bijkomstig mechanisme dat verantwoordelijk is voor
het genereren van de oVEMP. Op basis van onze resultaten breiden wij de hypothese als volgt
uit: naast de gekruiste (zenuw)banen veronderstellen wij de aanwezigheid van
inhibitoire/disinhibitoire (commissurale) banen die verantwoordelijk zijn voor het genereren
van de oVEMP. Zowel de linker- als rechterzijde dient een disinhibitoire input te leveren,
zoniet worden de verdere reflexbanen die voor de oVEMP verantwoordelijk zijn, niet
geactiveerd.
Niet alleen de afwijkende patiëntendata blijken onmisbaar te zijn voor een adequate
modellering van het menselijk otolietsysteem, extreme en uitzonderlijke omstandigheden
zoals een blootstelling aan micrograviteit kunnen eveneens de perfecte testcondities vormen
ter validatie van bepaalde hypotheses. In hoofdstuk 9 ondezoeken we de invloed van
micrograviteit op het otolietsysteem (vijfde doelstelling) en gaan we na of centrifugatie
(gedurende het verblijf in de ruimte) een geschikte tegenmaatregel voor de deconditionering
van de otoliet-oculaire reflex vormt. De zogenaamde SPIN-studie die in opdracht van het
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Neurolabmissie waarin de eerder vermelde hypothese voor het eerst werd geformuleerd. De
preliminaire resultaten van vier kosmonauten die aan een langdurige ruimtemissie deelnamen,
tonen een grote interindividuele variabiliteit na terugkeer op aarde. Bij de drie kosmonauten
die alle post-flight sessies konden afwerken, is er een duidelijke afname van de oculaire
tegenrol zichtbaar tijdens de eerste rotatie van de R+2 en R+4-metingen. Die bevindingen
contrasteren met de resultaten van de astronauten die tijdens de Neurolab tijdens hun
ruimtevlucht gecentrifugeerd werden en waarbij er bij hun terugkeer op aarde geen
verschillen in oculaire torsie bleken te zijn. Het aantal kosmonauten in deze preliminaire
studie blijkt jammer genoeg te laag om de verschillen statistisch te bevestigen. De statistische
power blijkt eveneens te laag om de aanwezigheid van disconjugatie (een verschillende
oogtorsie voor het linker- en rechteroog) statistisch te bevestigen, waarvan de literatuur
suggereert dat het een indicator van ruimteziekte is. Bovenstaande resultaten vormen echter
een perfecte uitgangspositie voor toekomstig onderzoek.

4. Mogelijkheden voor toekomstig onderzoek
De voorbije jaren heeft de technologische vooruitgang een meer gedetailleerde ontdekking
van het menselijk evenwichtssysteem mogelijk gemaakt. De ontdekking van nieuwe
technieken om de werking van het vestibulair systeem na te gaan, bracht echter een hoop
fysiologische en technische vragen met zich mee. In deze doctoraatsverhandeling werden
twee belangrijke technieken om de otolieten te testen verder ontwikkeld en geoptimaliseerd.
Het fysiologisch model dat werd geconstrueerd om de resultaten van de unilaterale
centrifugatietest te interpreteren, bleek een geschikte tool te zijn om de werking van de
utriculi en bepaalde aspecten van de halfcirkelvormige kanalen na te gaan. Toch hebben onze
studies al aangegeven dat het model nog verder verfijnd kan worden door met een eventuele
disconjugatie van beide ogen rekening te houden. Naast de bijkomende informatie omtrent
een links-rechts asymmetrie die de disconjugatie kan leveren, zou de disconjugatiescore
gebruikt kunnen worden om de vatbaarheid voor ruimteziekte te voorspellen, zoals in de
laatste studie van deze verhandeling werd gesuggereerd.
De efficiëntie van het ontwikkelde paradigma en model werd reeds aangetoond bij twee
groepen patiënten met een specifieke vestibulaire pathologie, maar zou nog verder uitgebreid
moeten worden naar een breder spectrum van (vestibulaire) aandoeningen. Van zodra er
meerdere patiënten met een gekende pathologie getest zijn, kan er een multinomiaal logistisch
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model ontwikkeld worden. Dat model moet een diagnose van een willekeurige patiënt op
basis van een combinatie van de karakteristieken van de unilaterale centrifugatietest en andere
vestibulaire testen zoals de rotatietest, het calorisch onderzoek en de cervicale VEMP
toelaten.
Ondanks het behoorlijk grote aantal studies dat de afgelopen jaren naar de oVEMP is
gevoerd, is de nood naar onderzoek omtrent de exacte oorsprong en de beste meetmethodiek
voor de tweede techniek die in deze verhandeling beschreven wordt, nog hoog. In eerste
instantie dient een neurofysiologische studie de utriculaire oorsprong van de oVEMP
definitief te bevestigen aangezien die door een aantal onderzoekers nog steeds in vraag wordt
gesteld (bv. Welgampola and Carey, 2010). Bovendien dient die studie de hypothese die de
aanwezigheid van (dis)inhiberende (commissurale) reflexbanen veronderstelt, te valideren.
Die reflexbanen zouden naast de gekruiste reflexbanen voor het opwekken van de oVEMP
instaan. Vervolgens dient er een model ontwikkeld te worden dat op basis van het aangeboden
krachtniveau ter hoogte van het voorhoofd en enkele (uiterlijke) kenmerken van de schedel
een correctere bepaling van de intensiteit van de utriculaire stimulus toelaat. Immers, enkel
dan kan men op een betrouwbare manier de resultaten van de oVEMP in het algemeen en de
piek-tot-piek amplitudes in het bijzonder, van verschillende personen onderling vergelijken.
Los daarvan dient voor beide testen (UC en oVEMP) de database van referentiewaarden met
de resultaten van gezonde (i.e. vrij van vestibulaire klachten) bejaarden uitgebreid te worden.
Bejaarden vormen immers een belangrijk aandeel in de vestibulaire patiëntenpopulatie en
referentiewaarden van gezonde bejaarden zijn momenteel schaars. Hoewel er in de
onderzochte populatie geen opvallende leeftijdseffecten werden gevonden, is het perfect
mogelijk dat de testresultaten van bejaarden significant door de leeftijd aangetast worden
zoals dat bij de cervicale VEMP-test het geval is (Su et al., 2004).
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